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ABSTRACT: There are notably few literature reports of electron donor-acceptor oligoynes although they offer unique
opportunities for studying charge transport through ‘all-carbon’ molecular bridges. In this context, the current study
focuses on a series of carbazole-(C=C),-2,5-diphenyl-1,3,4-oxadiazoles (n = 1-4) as conjugated m-systems, in general, and
explores their photophysical properties, in particular. Contrary to the behavior of typical electron donor-acceptor systems,
for these oligoynes the rates of charge recombination after photoexcitation increase with increasing electron donor-
acceptor distance. To elucidate this unusual performance, detailed photophysical and time-dependent density functional
theory investigations were conducted. Significant delocalization of the electron density along the bridge indicates that the
bridging states come into resonance with either the electron donor or acceptor, thereby accelerating the charge transfer.
Moreover, the calculated bond lengths reveal a reduction in bond length alternation upon photoexcitation, indicating
significant cumulenic character of the bridge in the excited state. In short, strong vibronic coupling between the electron-
donating N-arylcarbazoles and the electron-accepting 1,3,4-oxadiazoles accelerates the charge recombination as the
oligoyne becomes longer.

in terms of charge transport. It is generally the case that
efficient and rapid charge transfer (i.e., a low fvalue) requires
a high degree of conjugation across the entire D-B—A system,
with efficient electronic coupling of the bridge (B) to both the
Ds and As.'” Notably, with longer bridges a mechanistic
change in the charge transport is seen from, for example,
charge superexchange, which 1is operative at shorter
distances, to charge hopping, which dominates at larger

Introduction

Light-induced charge generation and charge transport in
molecular materials, in general, and in covalent electron
donor-acceptor conjugates, in particular, is of broad interest.
For example, they are relevant to the development of novel
molecular systems for practical applications in either
information storage or organic semiconductor devices,

including photovoltaic cells, organic light emitting diodes, distances.

field-effect transistors, etc.!® The impact of these studies is Many different molecular bridges have been used to link
also of a fundamental nature; they help provide a more Ds and As. Typical bridges in D-B-A systems comprise
comprehensive understanding of the multifaceted processes oligo-phenylenevinylenes (oPVs),18-22 oligo-
associated with photochemical charge transfer, charge phenyleneethynylenes (oPEs),23-2 oligo-fluorenes

separation, charge shift, charge propagation, charge
recombination, etc. occurring in photosynthetic reaction
ensembles, redox proteins, and nucleic acids.’"1? End-capping
the bridges with various organic or organometallic donors
(Ds) and acceptors (As) makes control over the extent of
charge transfer through m-conjugated bridges across
relatively large distances possible.l3-1>  Intramolecular

(oFls),30-33  oligo-vinylfluorenes,?* ladder-OFls,35  oligo-
thiophenes,3¢-38 oligo-vinylthiophenes,?® oligo(ethynylene-
10,20-porphyrindiyl-ethynylene)s,*® oligo-phenylenes,*!-45
and others.3#¢ It is noteworthy that oligoynes [(C=C-),]
have only been partially studied as bridge units in this
context.*’-5° The majority of published studies on electron

coupling decays exponentially with increasing distance donor-acceptor oligoynes treats of diynes and triynes.>'53
between the Ds and As according to the electron-transfer rate In 1997, Biswas et al. reported one of the first studies of
constant kgr.!6 Consequently, the rates of charge separation asymmetrically ~substituted acetynyl and butadinyl
and recombination follow an exponential expression: kgr = bridges.’* Some of their initial observations are also
koepa. Here, ko is a kinetic pre-factor, Rp, is the distance reflected in the current work. A different example of push-
between the Ds and As, and f is the attenuation factor. The pull oligoynes comes from the Diederich group.>> Longer
latter reflects the intrinsic electronic properties of the bridge oligoyne bridges formed the focal point of their
1
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investigations but the main focus was on nonlinear optical
properties.

A deeper understanding of charge transfer processes
across oligoynes is crucial as they are of particular interest
in molecular electronics.5¢-¢° Qligoynes represent linear
chains of sp-hybridized carbon atoms that constitute the
ultimate one-dimensional molecular wire.61-%7 In
comparison to oligoenes, oligoynes possess limited
electron delocalization along the carbon backbone, which
exhibits appreciable bond-length alternation.®®%® In some
cases, significant backbone curvature is found in X-ray
structural studies.®’  Theoretical studies have been
reported both for hypothetical infinitely long polyyne
carbon chains [(C=C-).] and for finite length chains.®%7°
The synthesis of long oligoyne chains represents a
considerable challenge due to the rapid decomposition of
most R—(C=C-),H intermediates (R = alkyl, aryl,
heteroaryl)’%72 and the instability of the final R—(C=C-),R
products (where n > 4) under ambient conditions. Small
end-groups R are a particular concern in this regard. To
overcome this lack of stability, the use of bulky end-groups
R73-75 and encapsulation of the oligoyne backbone within a
rotaxane are known strategies to stabilize longer
symmetrical R—(C=C-),R systems.”6-7°

In a previous preliminary study, it was established that
triarylamine—(C=C-),diaryloxadiazoles display
intramolecular charge transfer.>® In the current study, we
combine tailored synthesis, solution electrochemistry (see
SI), and spectroscopy to probe charge separation,
transport, and recombination dynamics in a series of
unsymmetrical D-(C=C-),A systems 1-4. Importantly, the
oligoyne length is systematically varied in 1-4. On the one
hand, N-arylcarbazoles®® were chosen, because of their
electron donation and their bulky non-planar structures,
which are known to suppress oligoyne decomposition.®! In
addition, we attached t-butyl groups to the 3,6-positions of
carbazole to enhance the solubility and to prevent
unwanted side-reactions (e.g. dimerization).?? On the
other hand, we opted for 1,3,4-oxadiazoles, since they are
synthetically versatile, reversible electron acceptors, and
feature excellent chemical and photochemical stability,
including high photoluminescence quantum yields
(PLQY).838%  The electron-accepting oxadiazoles are
directly m-conjugated with the bridge, in contrast to
pyrrolidino-Cg, in which the conjugation is broken by the
sp? carbon of the pyrrolidine fragment.8

Results and Discussion

Synthesis. Caution: Great care should be taken when
handling oligoynes and their intermediates in bulk
quantities, due to their potential explosive instability.8¢

The syntheses of 2 and 6 have been reported previously
(Figure 1),%” while those of 1, 3, and 4 are described in the
Supporting Information. 3 (n = 3) and 4 (n = 4) were
characterized by single-crystal X-ray diffraction of
3-14EtOH, 4-EtOH and 4-2MeOH (Figures S1 and S2). The
crystal structures are similar and the latter two are
isomorphous. Each structure contains infinite channels
around the twofold axes, [1/4 y 1/4] in 3-%EtOH or [1/2 y

2
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1/4] in the other two structures, filled by randomly
disordered solvent molecules. In both 3 and 4 (Figure 2),
the angles between the planar carbazole system i,
phenylene rings iii and v and oxadiazole ring iv are small
(Table 1), but out-of-plane orientation of the phenylene
ring ii effectively precludes m-conjugation in the solid state.
As usual,®! the oligoyne rod shows a small but significant
bend and distinct alternation of triple and single bonds.

() o' 3.
“C%

4n=4

NH =
(J

Figure 1. Molecular structures of 1-6 studied in this work.
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Figure 2. X-ray molecular structures of 3 and 4.

Table 1. Intramolecular torsion angles (°) in 3 and 4.

3-%EtOH 4-EtOH 4-2MeOH

i/ii 58.6 55.1 533
ii/iii 70.0 66.2 65.6
i/iii 15.2 15.1 14.5
iii/iv 2.6 41 3.6
iv/v 9.0 7.7 7.6
Rod bend 10.8 12.0 11.6
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Photophysics. Electronic interactions in the ground state
were studied by a variety of photophysical methods.
Please note the lack of spectroscopic evidence for any
aggregation for the references/conjugates investigated in
the concentration range of the photophysical experiments
from 2.5x10% to 5x10°® M (Figure S4). A comparison
between the ground-state absorption spectra of the
conjugates and the reference molecules 5 and 6 reveals
sizable  perturbations from just the simple
superimpositions of the individual building blocks,
suggesting electronic interactions between donor and
acceptor moieties in the ground state (Figure 4). In
particular, maximum absorptions of carbazole and
oxadiazole develop in the region between 250 and 350 nm.
The perturbation is particularly visible in the long-
wavelength regions from 350 to 420 nm, where neither
carbazole nor oxadiazole show any appreciable
absorptions. It is important to note that the overall
absorption characteristics give rise to a strong dependence
on the length of the oligoyne bridges. At first glance, a
bathochromic shift evolves as the number of alkynes is
increased, which corroborates the m-conjugation of the
oligoyne. The latter has also been observed by Wang et al.
in their work on carbazole-oligoyne conjugates.”! A closer
look reveals, however, that coupling to the oxadiazoles
leads to additional red shifts and the appearance of new
absorptions, which are not relatable to any of the
individual building blocks.

In complementary molecular modeling using the CAM-
B3LYP range-separated density functional, the cc-pVDZ
basis set, and including a polarizable continuum solvation
model (PCM), we found only planar geometries for 1 and 2
in the ground state. In 3 and 4, a larger degree of freedom
enables the free rotation in the ground state (Figure 3).
The activation barriers for rotation around the phenyl
rings ii and iii range from 0.9 and 0.2 kcal mol! for 1 and 2
to less than 0.06 and 0.02 kcal mol? for 3 and 4. Such
small rotational barriers explain the differences seen in X-
ray analyses, where the ii/iii torsion angle are in the range
of 65°-70° (Table 1). As aresult, a nearly planar alignment
of the larger aromatic rings systems i/iii is achieved, which
allows tighter crystal packing (Figures S1-S2). At room
temperature and in solution, it is reasonable to assume a
high flexibility around this torsional motion in 3 and 4.
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Figure 3. Relative change in ground state energy upon CAM-
B3LYP/cc-pVDZ relaxed torsion scan varying dihedral angle
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Figure 4. Room temperature absorption spectra of 1-6 in
dichloromethane.
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Figure 5. Fluorescence spectra of 2 in solvents of different
polarity (MCH - methylcyclohexane, Tol - toluene, THF -
tetrahydrofuran, DCM - dichloromethane, DMF - NN -
dimethylformamide) with matching the absorption of OD
0.05 upon 350 nm excitation.

Influences of the torsional motion between the electron
donors and acceptors on the absorption characteristics
were confirmed independently in experiments. Decreasing
the temperature from, for example, 293 to 85 K results in
absorption spectra that feature vibrational fine structure
and red-shifted maxima for 3 (Figure S5).

A distinct dependence on solvent polarity has been noted
in 1-4 (Figure S6). As Figures S6b and 4 demonstrate, the
finely structured absorption, which is discernable for 2 in
non-polar solvents, is replaced by a featureless absorption
spectrum in the more polar solvents. In addition, the
rather sharp transitions in the 250 to 400 nm range found
in methylcyclohexane, transform into less sharp
transitions as the solvent polarity is changed. To shed light
on the electronic interactions between the photo- and
redox-active building blocks in their excited states, solvent
polarity dependent emission measurements were carried
out (Figures 5 and S7). In methylcyclohexane, the
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fluorescence spectra of all electron-donor-acceptor
conjugates are dominated by a rather sharp 385 nm
maximum along with some vibrational fine-structure. The
high-energy 385 nm maximum disappears
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Table 2. Fluorescence quantum yields (®) and lifetimes (Trcspc)-

Pp? Trespc / NS

Toluene DMF MCH THF DMF PhCN
1 0.71 0.38 1.07 2.56 4.12
2 0.46 0.09 0.53 2.41 1.61 3.39
3 0.013 0.033 0.05 (97%), 2.40 (3%) 0.23 (79%), 1.47 (21%) 0.32 (89%), 1.82 (11%) 0.72 (42%), 1.52 (58%)
4 0.005 0.002 0.12 (94%), 3.05 (6%) 0.06 (89%), 2.77 (11%) 0.17 (77%), 3.06 (23%) 0.10 (89%), 2.27 (11%)
5 0.41 0.36 6.92 - - -
6 0.36 0.32 1.1 - - -

a2Reasonable valuation of @ in the other solvents was precluded due to the lack of matching references.
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Figure 6. Molecular orbitals and their energies, predicted with TD CAM-B3LYP/cc-pVDZ single point calculation, based on the
relaxed ground state geometries for 1-4. MOs local to either electron donor or acceptor are shown in black and grey, those located
on the oligoyne molecular wire in orange and delocalized MOs ranging from green towards cyan and blue.

even upon a moderate increase in solvent polarity. At the
same time, a broad and low energy fluorescence is
detected. Its position and maximum red shift in more
polar solvents; a finding from which we conclude its
intramolecular charge transfer nature. In parallel, the
excitation spectra of 1-4 in solvents of different polarity
match the corresponding absorption spectra. The fine
structure is observed only in methylcyclohexane. While in
more polar solvents like THF and DMF, a significant
broadening of absorption is noted in the 390-500 nm
region (Figure S8). Insights into the role of the solvent
came from plotting the Kirkwood parameter versus the
fluorescence maximum. For all conjugates, a clear trend
appears - Figure S9 - from which we conclude a better
excited-state stabilization in solvents of higher polarity.
Please note that the fluorescence maxima remain constant
upon varying the excitation wavelength. As the length of
the oligoyne increases a dramatic drop of fluorescence

4

quantum yields from 0.71 for 1 to 0.005 for 4 is noted in,
for example, toluene. Finally, going from non-polar to polar
solvent an overall decrease in quantum yields is
observable (Table 2). This is in contrast to the results
presented by Biswas et al, who reported a lack of
quenching in an acetylene and butadiyne series (n = 1 and
2), when the solvent polarity was varied.>*

For a better understanding of the electronic structure,
absorption and fluorescence data, the molecular orbitals
(MOs) and excited states were analyzed. As shown in
Figure 6, the highest occupied and lowest unoccupied
molecular orbitals, HOMO and LUMO, respectively, are
widely spread over the molecular entities with significant
overlap. In line with the electrochemical trends, the HOMO
is mainly located on the carbazole electron donor, while
the LUMO is located on the electron-accepting oxadiazole.
A strong contribution from the oligoynes to occupied and
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unoccupied MOs shows the bridging states coming into
resonance with either the electron donor or acceptor and,
in turn, implies significant charge-transfer character.
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Increasing the length of the bridge in 1 to 4 has several
effects.
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Figure 7. a) S, excited state energy (black) and oscillator strengths for the Sy-S; transition of 1 in solvents of different polarity. b)

absorption spectra of 1 at 0 Kelvin for the Sy-S; transition (black), S; (red) and S; (blue), derived with the Frank Condon Herzberg
Teller approach. Discrete energy values were summed with a Gaussian distribution of 135 ¢cm™* FWHM and compared to
experimental absorbance spectra in MCH (black) and DMF (red). d) Predicted emission spectra of 1 at 0 Kelvin, utilizing the same
approach (purple) and experimental results in MCH (black) and DMF (red).

First, the HOMO-LUMO gap is reduced, implying a red shift
in absorption and fluorescence. Second, all molecular
orbitals that feature contributions from the oligoynes are
affected by the elongation of the spacer and reduce the
HOMO-LUMO gap. This effect is most pronounced for the
local MOs of the bridge (orange), but is also discernable for
the delocalized MOs (green, cyan, and blue) and implies
increasing electron acceptor strength of the oligoyne
wire.88 Notable is, however, that the local MOs on either
electron donor or acceptor (grey and black) are unaffected
by the length of the oligoyne.

Closer insights into the excited states were derived from
time-dependent DFT calculations (TD-DFT) with CAM-
B3LYP functional,® cc-pVDZ basis set"%* and PCM
solvation.’* Please note that reference calculations were
also carried out with the augmented triple { basis set aug-

5

cc-pVTZ with the same functional and with the wB97XD,%
LC- wHPBE,?® M06-2X,°7 M06-HF,”® and B3LYP functionals
with the cc-pVDZ basis.?® The larger basis set has minor
effects on the vertical energies (Figure S24). The results
with wB97XD and LC-wHPBE are in line with CAM-B3LYP.
In contrast to those methods, B3LYP does not include any
range separation corrections, and gives lower vertical
excitation energies and a more pronounced CT character
(Figure S25). As shown in Figure 7, the vertical excitation
energies for 1 decrease with increasing solvent polarity,
yielding an overall stabilization of 0.15 eV. At the same
time, the oscillator strength increases for the S,-S;
transition. Qualitatively, this is in line with the absorption
and fluorescence measurements, although CAM-B3LYP
tends to underestimate the solvent stabilization. Of great
relevance is the fact that the excited-state energy strongly
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(Figures 7 and S26-S27). For example, the S; excited state
is stabilized by 0.4 eV during planarization (90° vs. 0°),
which is more than one order of magnitude larger than the
corresponding S, stabilization. Therefore, we postulate the
replacement of random ground state conformation with a
planar arrangement upon excitation and excited-state
relaxation (Figure S28). Optimizations of all excited states
below the carbazole centered local excited singlet state
were performed to follow the geometrical changes along
the excited state relaxation. Additional frequency
(Figure S26-S27) or the single - triple bond lengths (Figure
11) along the wire assure reaching a stationary minimum
on the excited state potential energy surface. Based on the
frequency calculations a mixed approach of Frank Condon
Herzberg Teller (FCHT) was utilized to predict vibrational
resolved ground-to-excited-state absorption and excited-
to-ground-state fluorescence. 190-1%% Predicted and experi-
mental spectra are in good agreement as shown in Figure
7.
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Figure 8. Differential absorption spectra (visible and near-
infrared) obtained upon femtosecond flash photolysis (387
nm) of a) 5 and b) 6 in argon-saturated THF with several time
delays between 0 and 5500 ps at room temperature. a) Lower
left: Time absorption profiles of the spectra at 559 and 639
nm. Upper Right: Differential absorption spectra with the
depicted time delays. b) Lower left: Time absorption profiles
of the spectra at 449 and 586 nm. Upper Right: Differential
absorption spectra with the depicted time delays.
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To shed more light on the excited-state deactivation
pathways, transient absorption spectroscopy
measurements were performed. The experiments were
conducted in MCH, THF, PhCN, and DMF by following 387
nm excitation for 1-4, and 258 nm excitation for 5 and 6 on
either the fs-to-ns (fs-TAS) or ns-to-ps (ns-TAS) timescales.
Time-depended excited-state features and Kinetics were
inspected by means of multiwavelength and global/target
analyses using the R-package TIMP% and the graphical
user interface GloTarAn.'% Figure 8 shows the differential
absorption spectrum of 5 and 6 in THF upon 258 nm
excitation. In both cases, immediately after excitation,
transient maxima arise at 639 and 579 nm for 5 and 6,
respectively. For 5, the excited-state decay exceeds our
experimental resolution and based on the literature'®’ the
singlet-excited state transforms into the corresponding
triplet features within 6.2 ns. As such, intersystem
crossing (ISC) is the predominant deactivation for 5. For 6,
the excited state deactivates within 1.0 ns. In both cases,
the decays correlate well with the fluorescence lifetimes.
Additionally, a short time component of 24 and 56 ps for 5
and 6, respectively, evolved. We assign it to vibrational
cooling.

Comparing the differential absorption spectra of 2 to those
of 5 and 6, clear changes are already discernable in
methylcyclohexane: Transient absorption features evolve
with maxima at 612, 805, and 1186 nm together with
ground-state bleaching at 445 nm (Figure S10). All of
these features decay within 568 ps to the energetically
lower lying oxygen-sensitive triplet excited state via ISC.
As the position and the shape of the long-lived features
differ significantly from those found in 5, delocalization of
the triplet excited state within the molecule is implied.
Moreover, new transients appear in the NIR region directly
after photoexcitation, which are not seen in the references.
The 612 nm maximum resembles the singlet excited-state
transient seen for 5. Owing, however, to the presence of
the NIR feature and the red shifts in 1-4, we postulate that
the transients feature, at least, partial charge transfer
character. Importantly, their deactivation lifetimes
coincide with the fluorescence lifetimes. This is also
reflected in 3, for which the stimulated emission evolves
within 1 ps and decays simultaneously with the other 568
ps transients. Notably, the stimulated emission in 1, 2, and
4 in methylcyclohexane is masked by the positive
transients.

The situation clearly changes in polar solvents, including
DMF - Figure 9. Immediately upon excitation of 2, two
maxima at 567 and 1252 nm are discernable in the
differential absorption spectra. These are attributed to the
charge-transfer excited state. Such a scenario is in line
with the steady-state fluorescence measurements, which
indicate charge-transfer states in more polar media. As
time progresses, these transients are replaced within 1 ps
by new blue-shifted maxima at 551 and 1211 nm, as a
result of internal vibrational relaxation/solvent relaxation.
The blue shift continues for the next 3.6 ps, generating a
radical-ion pair state with maxima at 544, 805, and 1186
nm. The pronounced blue shift is rationalized on grounds
of vibrational cooling and relaxation of the singlet-excited
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state. With the help of FCHT we modeled the vibrationally
resolved transient absorption of the relaxed excited S;
state towards S, and S; (Figure S29). It nicely matches the
hypsochromic shifting NIR transient assigned for the
contact radical ion pair - vide infra. As such, the
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experimentally observed transient absorbance features,
which resemble the modeled absorbance of the populated
S; state including higher lying (mainly) singlet excited
states S,, shift towards higher energies, as the S; state is
more
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Figure 9. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash photolysis (387 nm) of 2
in argon-saturated DMF with several time delays between 0 and 5500 ps at room temperature. Lower left: Time absorption
profiles of the spectra at 597 and 1190 nm. Upper Right: Differential absorption spectra with the depicted time delays. b)
Deconvoluted species associated spectra (SAS) of CT (black), 1CSS (red), 3CSS (blue), and T; (green) in DMF as obtained by global
target analysis of time-resolved spectra on the sub-ps-to-ns timescale. c) Evolution of the population of the involved states in 2 in
DMF. d) Time absorption profiles at 529 and 1207 nm as well as the corresponding fits and residuals.

strongly stabilized than the higher lying S, and S; states.
Notably, charge recombination is biexponential with
lifetimes for 2 of 720 and 1489 ps; the second component
matches the fluorescence lifetime. Spectroscopic proof for
the formation of the charge-separated state was gathered
in pulse-radiolysis and spectroelectrochemical
measurements - Figure S11. Interestingly, biexponential
decays of the charge-separated state were noted in all
conjugates. In 3 and 4, the fluorescence decays are
likewise biexponential and are in reasonable agreement
with the charge-recombination dynamics. The detection of
biexponential fluorescence decays in 1 and 2 is most likely
to be unresolvable. On longer timescales, the fingerprints
of oxygen-sensitive triplet excited state features are noted.
The presence of a charge-separated state is even more
pronounced in solvents of lower polarity like THF, as the
charge recombination goes hand-in-hand with the

7

formation of the triplet-excited state (Figures S12-S15).
The charge-separated state deactivation occurs within a
time frame from 1027 ps for 1 to 114 ps for 4 in DMF
(Figures 9 and S16-S18). Table 3 lists all the lifetimes
obtained. Itis also interesting to note that the fluorescence
lifetimes are in sound agreement with the charge-
recombination dynamics.

This leads to several conclusions. First, the singlet charge-
separated state is emissive, which is rather unusual for
distance-separated electron-hole systems. Taking the
HOMO and LUMO molecular orbitals into account, the
partial character of the charge transfer, as well as the
difference in electrostatic potential between S, and S;
(Figure 10) we conclude a close contact between radical
cation and radical anion. Consequently, we refer to the
charge-separated state as a contact radical ion pair, which
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is known to emit.198199 Second, the match of the first
emission lifetime with the transient absorption kinetics
suggests that this state deactivates within less than 450 ps
at least partially into the Sy ground state. The population
of a second species (Figure 9, blue), baring the same
radical ion features in the transient absorption (Figure
S32), proofs the parallel mechanism of this singlet radical
ion pair state deactivation. Furthermore, the good spectral
match between both states points towards a similar
excited state energy, geometry and charge allocation. Hints
towards the nature of this second charge separated species
came from

Figure 10. Electrostatic potential difference map (-0.015 —
0.015 a.u. from blue to red) of a) 'CSS of 1 and b) 3CSS of 1
color mapped on the electron density (isovalue = 0.015 a.u.).

theory, as besides the singlet charge separated state
(*CSS/S,) a triplet state is predicted that fulfills all three
mentioned requirements (3CSS). With <0.1 eV and <0.02
eV for 1 and 4, respectively, the energies are in close
proximity those of the 1CSS (Figure S31). The electrostatic
potential difference in Figure 10 features a similar contact
radical ion character, although the oligoyne spacer is being
reduced to a bigger extend. Finally, the geometrical
bond lengths are comparable - showing an increased
cumulenic character for both, 'CSS and 3CSS compared to
So (Figure 11 and Figure S31).

To elucidate the potential-energy surfaces of these states,
we performed a scan, in which the average single and
triple bond lengths along the bridge of 4 are varied (Figure
11). Importantly, the potential surfaces of the triplet
charge separated state (3CSS, blue) and singlet charge
separated state (!CSS, red) cross and yield minima within
less than 0.05 eV. Based on the similar energy, geometry,
and charge delocalization, we assume an equilibrium
between singlet and triplet charge-separated states. While
the 1CSS deactivates in the sub nanosecond time regime
the 3CSS charge recombination takes places within 3.6 to
1.5 ns for 1 and 4 in DMF, respectively. Interestingly, the
decay Kinetic of the 3CSS species matches both: the
population of the local triplet state (T;) and the second
emission lifetime obtained for compounds 3 and 4.
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Considering the fast deactivation of the 3CSS, the energetic
and geometrical similarity with the 'CSS and the time
independent shape of the emission spectra we favor
delayed fluorescence (Figure 14) over spin forbidden
phosphorescence to be the cause of emission.

The analysis of the charge-transfer dynamics for 1-4
resulted in a number of interesting observations. Plotting,
for example, the charge-recombination rate constants as a
function of electron donor-acceptor distances revealed a
rate constant increase as the oligoynes are elongated
(Figure 13). At first, the charge-transfer processes between
the electron donor/acceptor and the bridge were
considered. This assumption is, however, not reflected in
the transient absorption spectra, as the observed features
clearly indicate the presence of the carbazole radical cation
and the oxadiazole radical anion. As such, the potential
change in the charge-transfer mechanism from
superexchange to hopping was also considered. To this
end, temperature-dependent femtosecond transient
absorption experiments were carried out - Figure $23.110
Importantly, the observations noted in room temperature
PhCN are in sound agreement with results obtained in
DMF (Figures S19-S22). The experiments revealed,
however, no appreciable changes in the charge-
recombination mechanism. We therefore also dismissed
this hypothesis. Acceleration of the charge-recombination
dynamics with increasing electron donor-acceptor
distance has previously been reported due to a change
from the superexchange to hopping mechanisms.!11112
Such a mechanistic exchange is, however, reflected by a
clear turnover in the dynamics as the bridge length
increases.

In our work, however, we observed the continuing
acceleration of the charge-recombination dynamics within
the 1-4 series. Such unusual distance dependences of
electron-transfer rates were previously reported by Kuss-
Petermann and Wenger in rigid rod-like donor-
photosensitizer-acceptor conjugates featuring p-xylene
bridges. In their system, increase of electron-transfer rates
with increasing donor-acceptor distances resulted from
the interplay of a strong distance dependence of
reorganization energy and a weak distance dependence of
electronic coupling.'’3-115 We included such a scenario in
our analysis but the electronic couplings changed
significantly within the 1-4 series (Table S3). One possible
explanation is a better electronic coupling once the
planarization takes place in the excited state. Another
notable impact are differences in the single and triple bond
lengths between the ground and excited state as the
oligoyne length is increased. The latter is reflected in the
ratio of the average lengths of C-C and C=C bonds: d(C-
C)/d(C=C), which approaches one in both 1CSS and 3CSS
(Figure 12).
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Figure 11. Sy (red) relaxed potential energy surface, varying
the average single and triple bond length in 4. Vertical excited
state energies for 1CSS (light red), 3CSS (blue) and T; (green),
calculated with TD-CAM-B3LYP/cc-pVDZ.

Table 3. Lifetimes obtained from the multiwavelength and the global/target analyses.

Compound Solvent T,/ ps T2/ ps T3/ ps T4/ pPS Ts / us
MCH <1 1322 - - -
THF <1 2.3 456 2719 1.9
1 PhCN 3.5 16 1049 7249
DMF <1 3.5 1027 3647 2.1
MCH <1 568 - - 2.6
THF 1.2 3.4 424 1990 0.6
2 PhCN 4.3 13 936 3423 19
DMF 1.0 3.6 720 1489 5.38
MCH 1.5 25 - - 4.0
THF <1 6 214 2046 0.54
3 PhCN <1 11 610 1270 37
DMF 1.1 6 383 1376 1.88
MCH 8.62 103 - - 2.8
THF 1 5 77 2465 0.45
4 PhCN <1 9 157 1772 43
DMF 2.1 7.6 114 1553 7.64

As the length of the oligoynes increases, significant
cumulenic character is noted for the bridge in the excited
state. A cumulenic rather than a oligoynic structure is
expected to accelerate any electron transfer in general, and
charge recombination in particular.31%6  The fast
intersystem crossing between 'CCS and 3CCS on timescales
in the range from 100 to 1000 ps, however, seems unusual.
Similarly, 'CT — 3(n-r*) transitions occur with 100 ps and
1 ns in solutions and thin films, respectively. A fast reverse
intersystem crossing was explained based on the mixing of
the states involved.''” In the current study, !CSS and 3CSS
are not only nearly identical energetically, but also in
terms of their geometries and bond lengths. In addition, T;
is still of cumulenic character and, therefore similar to 1CSS
and 3CSS, as demonstrated in the form of d(C-C)/d(C=C) in
Figure 12. This points to strong vibronic coupling between
the electron-donating N-arylcarbazoles and the electron-
accepting 1,3,4-oxadiazoles in CSS, 3CSS, and also T,
which, in turn, fosters significant second-order coupling
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effects to accelerate the intersystem crossing between 1CSS
and 3CSS in forward and backward directions.18-121

Notably, the Duschinsky transformation, which expresses
excited-state vibrational modes in terms of ground-state
vibrational modes, clearly indicates strong changes,
especially in the region of C-C and C=C stretching
vibrations. The off-diagonal elements in the Duschinsky
Matrix (J) and the shift vector (K) corroborate such a
transformation (Figure S30). Vibrations stimulated during
a transition between ground and charge-separated singlet
state and vice versa accompany the electron-transfer
process. This points towards vibrational couplings and
therefore acceleration of the charge-recombination, as the
dipole strength, correlated with transitions involving the
bridge centered stretch vibrations, increased within the 1-
4 series.
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From multiwavelength analyses of fs-TAS and ns-TAS, we
concluded a fairly complex deactivation pattern with at
least five different lifetimes. The shortest lifetime of ~1 ps
is assigned to relaxation processes and was detected only
through multiwavelength analysis. As such, on the basis of
the abovementioned observations and theoretical
investigation, we postulated the four-species kinetic model
shown in Figure 14.

sﬂ T1
cumulene ——'CSS
1.20 1 oligoyne  —v—*CSS
— 1.16 1 -
(&)
11}
(%]
5 1124
=
9
O 1.08
=
©
1.04 1
1 2 3 4
Compound

Figure 12. Ratio of the averaged C-C to C=C bonds, that is,
d(C-C)/d(C=C) for Sy (black), lowest T; (green), 'CSS (red)
and 3CSS (blue) in comparison to reference cumulenes (grey)
and oligoynes (orange). Details can be found in Figure S31.

23.5
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20.5 —————————
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Figure 13. Logarithmic plot of charge recombination rate
constant (kcr) vs electron donor-acceptor distance (Rpa) in
THF, PhCN, and DMF.

We tested its accuracy by means of Global and Target
Analyses (Glotaran)/TIMP. The resulting species-
associated spectra (SAS) and fits corroborate the
multiwavelength analysis. In 2, the first species is short-
lived with a lifetime of 3.6 ps in DMF and is assigned to the
CT state. As the CT decays, formation of the charge-
separated state, the radical cation and radical anion with
features at 544, 805, and 1186 nm, is noted. Interestingly,
the fluorescence decay of 2 in DMF is in good agreement
with the transient absorption kinetics.

10

In other words, the singlet charge-separated state (1CSS)
with a 720 ps lifetime is postulated, on the one hand, to
recombine to the ground state and, on the other hand, to
form the triplet charge-separated state (3CSS) as the third
species. The latter has a 1489 ps lifetime. Importantly,
3CSS bears the radical-ion-pair features. Experiments
involving magnetic field dependencies are precluded by
the relatively short lifetimes of 3CSS. In short, taking the
resolvable biexponential decay of the fluorescence in 3 and
4 and the theoretical considerations into consideration, the
following conclusions were drawn: 3CSS partially inverts to
ICSS, but at the same time its recombination yields the
neutral triplet-excited state, which is the fourth species.

In conclusion, we report here a series of electron donor-
bridge-acceptor conjugates, in which the electron transfer
rates increase by a factor of 9 when the electron donor-
acceptor distance is extended from 13.5 to 21.2 A
Significant delocalization of the electron density along the
bridge indicates that the bridging states come into
resonance with either the electron donor or acceptor and,
in turn, accelerate the charge transfer. Moreover, the
calculated bond lengths reveal a reduction in bond-length
alternation upon photoexcitation, indicating significant
cumulenic character of the bridge in the excited state.
Altogether, as the oligoyne becomes longer, significant
vibronic coupling between the electron donating N-

arylcarbazoles and the electron accepting 1,3,4-
oxadiazoles accelerates the charge recombination.
3.6ps c
1SS 3CSS
720 ps F I » —— 1489 ps
387 nm '|'1
5.28 us

Figure 14. Mechanistic model used to deconvolute the excited
state surfaces of 2 in THF, DMF, and PhCN via GloTaRan and
the obtained lifetimes in DMF. The shortest component was
omitted in the figure for the clarity of presentation.
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Supporting Information

Molecular synthesis. All reactions were conducted under a blanket of argon which was dried by passage
through a column of phosphorus pentoxide unless otherwise stated. All commercial chemicals were used
without further purification. Anhydrous solvents were dried through an HPLC column on an Innovative
Technology Inc. solvent purification system. Column chromatography was carried out using 40-60 pm mesh
silica (Fluorochem). NMR spectra were recorded on Bruker Avance-400, Varian Inova 500, Varian VNMRS-
600 and 700 spectrometers. Chemical shifts are reported in ppm relative to tetramethylsilane (0.00 ppm) or the
residual solvent signal. Melting points were determined in open-ended capillaries using a Stuart Scientific
SMP40 melting point apparatus at a ramping rate of 2 °C/min. Mass spectra were measured on a Waters Xevo

OTofMS with an ASAP probe.

Caution: Great care should be taken when handling oligoynes and their intermediates in bulk quantities, due to
their potential explosive instability. Melting/decomposition temperatures for 1-4 and 7 were >150 °C: they were

not heated above this temperature.

Intermediate compounds A,' B,2C,! D3 and E* were synthesized by literature procedures.



Synthesis of 1.
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A solution of compound A (0.202 g, 0.5 mmol) and compound B (0.280 g, 0.738 mmol) in pyridine (20 ml) was
degassed by bubbling argon for 30 min. PdCIy(PPh;), (17.5 mg) and Cul (6.0 mg) were added to the solution as
solids. The mixture was stirred at 22 °C for 16 h under Ar to yield a pale-yellow suspension. The solvent was
removed by vacuum evaporation. The residual yellow solid was chromatographed eluting initially with hexane-
DCM (3:1 v/v) to give the oxidative dimer of A, compound 7 as an off-white solid (84 mg). The column was
then eluted with DCM-diethyl ether (9:1 v/v) to give compound 1 (0.31 g, 95%) as off-white crystals after a

subsequent recrystallization from chloroform-ethanol.

Compound 7: '"H NMR (400 MHz, Chloroform-d) 8 8.15 (dd, J= 2.0, 0.6 Hz, 4H), 7.82 — 7.72 (m, 4H), 7.59 (d,
J = 8.7 Hz, 4H), 7.49 (dd, J = 8.7, 1.9 Hz, 4H), 7.41 (dd, J = 8.6, 0.6 Hz, 4H), 1.48 (s, 36H). 3C NMR (101
MHz, CDCl;) 6 143.44, 139.16, 138.72, 134.00, 126.34, 123.79, 123.74, 119.87, 116.35, 109.22, 81.45, 74.62,
34.76, 31.99. HR-MS (ASAP+) m/z calcd for Cs¢HsgN, [M]* 756.4443, found m/z: [M]" 756.4447. Anal. Calcd.
for CssHsgN,: C 88.84; H 7.46; N 3.70%. Found: C 88.77; H 7.52; N 3.57%.

Compound 1: 'TH NMR (400 MHz, Chloroform-d) & 8.20 — 8.15 (m, 4H), 8.12 — 8.07 (m, 2H), 7.78 (d, J = 8.5
Hz, 2H), 7.76 — 7.72 (m, 2H), 7.64 — 7.55 (m, 4H), 7.49 (dd, J= 8.7, 1.9 Hz, 2H), 7.42 (dd, /= 8.5, 0.6 Hz, 2H),
1.48 (s, 18H), 1.39 (s, 9H). 3C NMR (101 MHz, CDCls) 6 163.94, 155.52, 143.32, 138.83, 138.65, 133.18,
132.22, 126.85, 126.84, 126.54, 126.41, 126.10, 123.76, 123.68, 123.57, 121.02, 120.99, 116.33, 109.21, 91.77,
89.34, 35.13, 34.77, 32.01, 31.14. HR-MS (ASAP+) m/z calcd for C4HysN;0 [M]* 655.3563, found m/z: [M]*
655.3562. Anal. Calcd. for C4sHssN3;O: C 84.24; H 6.92; N 6.41%. Found C 84.24; H 6.89; N 6.31%.
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Synthesis of 3.

O O C>—</ Cul, Pd(PPh3 4
— + Br—=
O THF/Et3N, 60 °C

3 55%

To a solution of C (100 mg, 0.248 mmol) and D (113 mg, 1.2 eq) in THF/Et;N (5 ml / 5 ml), Pd(PPh;), (14 mg)
and Cul (3 mg) were added. The mixture was stirred at 60 °C under argon for 19 h. The solvent was removed by
vacuum evaporation and the product was purified by column chromatography using DCM-hexane (9:1 v/v) as
eluent to give 3 as a yellow solid (96 mg, 55% yield). Crystals were grown by slow evaporation of a solution of
3 in DCM-ethanol. 'H NMR (500 MHz, Chloroform-d) & 8.15 (m, 4H), 8.09 (d, /= 8.4 Hz, 2H), 7.77 (d, J= 8.4
Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.59 (m, 4H), 7.50 (dd, J = 8.7, 1.9 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 1.49 (s,
18H), 1.41 (s, 9H). '3C NMR (126 MHz, Chloroform-d) & 165.25, 163.86, 155.88, 143.79, 139.93, 138.76,
134.80, 133.81, 127.11, 127.06, 126.47, 126.38, 124.89, 124.51, 124.08, 124.03, 121.06, 118.92, 116.63, 109.45,
79.17,77.95, 77.34, 75.20, 68.18, 66.74, 35.40, 35.02, 32.23, 31.38. HR-MS (ASAP+) m/z calcd for CsoHssN;0
[M]* 703.3563, found m/z : [M]* 703.3574. Anal. Calcd. for CsoHssN;0-0.5EtOH: C, 84.26; H, 6.66; N, 5.78%.
Found: C, 84.61; H, 6.36; N, 5.44%
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Synthesis of 4.
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To a solution of the C (100 mg, 0.248 mmol) and E (121 mg, 1.2 eq) in THF/Et;N (5 ml/5 ml), Pd(PPh;), (14
mg) and Cul (3 mg) were added. The mixture was stirred at 60 °C under argon for 22 h. The solvent was
removed by vacuum evaporation and the product was purified by column chromatography using DCM-hexane
(4:1 v/v) to give 4 as a yellow solid (90 mg, 50% yield). Crystals were grown by slow evaporation of a solution
of 4 in DCM-methanol. "H NMR (500 MHz, CD,Cl,) & 8.18 (m, 4H), 8.10 (d, /= 8.4 Hz, 2H), 7.83 (d, /= 8.4
Hz, 2H), 7.77 (d, J= 8.4 Hz, 2H), 7.64 (dd, J = 11.2, 8.4 Hz, 4H), 7.53 (dd, J = 8.7, 1.9 Hz, 2H), 7.45 (d, /= 8.7
Hz, 2H), 1.49 (s, 18H), 1.42 (s, 9H). 3C NMR (176 MHz, CD,Cl,) & 165.01, 163.52, 155.69, 143.64, 140.00,
138.44, 134.79, 133.80, 126.73, 126.65, 126.20, 126.15, 125.14, 123.83, 123.72, 123.46, 120.86, 117.91, 116.37,
109.16, 77.83, 76.80, 76.36, 74.43, 68.09, 67.00, 64.24, 63.30, 34.99, 34.61, 31.63, 30.79. HR-MS (ASAP+) m/z
caled for C5,HysN3O [M]* 727.3563, found m/z : [M]" 727.3546. Anal. Calcd. for Cs;H4sN;0-0.5MeOH: C,
84.76; H, 6.37; N, 5.65. Found: C, 85.12; H, 6.15; N, 5.32.
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X-Ray Crystallography

Diffraction experiments were carried out for 3-2EtOH and 4-EtOH on a Bruker 3-circle diffractometer with a
SMART 6000 CCD area detector, using graphite-monochromated Mo-K,, radiation from a sealed tube. For
4-2MeOH on a Bruker D8 Venture 3-circle diffractometer with a PHOTON 100 CMOS area detector using Cu-
K, radiation from IuS microsource with focusing mirrors. The crystals were cooled using a Cryostream (Oxford
Cryosystems) open-flow N, cryostat. The structures were solved by direct methods using SHELXS software’
and refined by full-matrix least squares against F? of all reflections, using SHELXL program (version 2014/7)°
on OLEX2 platform’. The chaotically disordered solvent of crystallization could not be modeled; the final

refinement was carried out against the data corrected using solvent-masking procedure (OLEX2 SMTBX

program) based on the Bypass algorithm.®°

Table S1. Crystal data.

3-%EtOH 4-EtOH 4-:2MeOH
CCDC deposition no. 945614 945615 1823328
Formula CsoH4sN30-4C,HgO Cs,H4sN;0-C,HO Cs,H4sN;0-2CH,O
F.w. 726.92 773.97 791.99
T,K 120 120 131
A A 0.71073 0.71073 1.54184
W, mm-! 0.07 0.07 0.58
Symmetry monoclinic monoclinic monoclinic
Space group C2/c (no. 15) P2/c (no. 13) P2/c (no. 13)
a, A 56.9412(17) 29.649(3) 29.7266(8)
b, A 5.7064(1) 5.6349(5) 5.6315(2)
c, A 26.1782(7) 26.194(2) 26.3407(7)
B,° 100.7546(9) 99.449(3) 99.628(1)
v, A3 8356.6(11) 4316.9(7) 4347.5(2)
V4 8 4 4
Density, g cm3 1.156 1.191 1.210
26max, © 55 50 151
Measured reflections 26293 27289 52340
Unique reflections 9606 7609 8774
Reflections with [>20(I) 4857 1837 7381
Ry, 14.9% 31.2% 3.6%




Refined parameters 505 514 524
Solvent-accessible volume per unit | 873.9 (10.5%) 500.5 (11.6%) 523.4 (12.0%)
cell, A3

116.9 92.6 155.1

Masked electron count/unit cell

R; [ I>25(1)], wR; (all data)

5.2%, 11.5%

7.8%, 15.8%

4.1%, 9.9%




(4-EtOH) (4-2MeOH)

Figure S1. Crystal packing of 3-2EtOH, 4-EtOH and 4-2MeOH, showing the boundaries of the channels

containing disordered solvent (drawn using OLEX2 software).



(b)

Figure S2. Stacking of 3 viewed perpendicular (a) and parallel (b) to the oxadiazole plane.



Photophysical investigation.
All solvents used were of spectroscopic grade (99.5%) and were purchased from Sigma Aldrich.
Electrochemistry

Cyclic voltammetry and square-wave voltammetry were performed at room temperature, under argon
atmosphere, and the applied potential was controlled with a pAutolab III/FRA2 potentiostat from METROHM.
Current vs the applied potential was recorded by means of the software NOVA 1.10. Measurements were
carried out in a homemade cell containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF) as the
supporting electrolyte. A three-electrode configuration was used with a glassy carbon working electrode (3 mm
diameter), Pt wire acting as the counter electrode, and Ag/AgCl as the reference electrode. The Fc/Fc* redox

couple was used as an internal standard.

Spectroelectrochemical measurements were performed in a homemade three neck cell with a Pt gauze and a Pt
wire (working and counter electrodes respectively), using Ag wire as a pseudo-reference electrode. All the
experiments were carried out in dichloromethane under argon atmosphere with 0.2 M tetrabutylammonium

hexafluorophosphate (TBAPF;) as the supporting electrolyte.
Absorption and emission spectroscopy

UV/Vis spectra were recorded at room temperature using a Perkin Elmer Lambda 2 spectrometer. The data were
collected with the software UV WinLab using a slit width of 2 nm and a scan rate of 480 nm/min. Steady-state
fluorescence studies were carried out with a FlouroMax®-3 (Horiba Scientific). The quantum yields (QYs) were
determined using the comparative method, which involved the use of well characterized standard references:

POPOP, Coumarin 47, and Coumarin 102.
Time-resolved fluorescence studies

Fluorescence lifetimes were determined through the time-correlated single photon counting (TCSPC) technique
using a Fluorolog 3 (Horiba Jobin Yvon). The sample was excited with a NanoLED-405 from Horiba with
excitation wavelength 387 nm, and the signal was detected by a Hamamatsu MCP photomultiplier (type
R3809U-50). All measurements were conducted in cuvettes under argon atmosphere. The time profiles were
recorded for 1-4 at 380, 400, 450, and 550 nm, depending on the solvent. The fluorescence lifetimes were best
fitted by a single or a bi-exponential decay. In case of the latter, the longer component constituted a minor

influence.
Transient absorption spectroscopy

Femtosecond transient absorption studies were performed using 387 nm laser pulses (1 kHz, 150 fs pulse width,
energy between 200 and 300 nJ) from an amplified Ti:Sapphire fs laser system (Model CPA 2101 and 2110
Clark MXR), using transient absorption pump/probe detection systems (Helios and EOS, Ultrafast Systems). In

Helios visible white light (~400—770 nm) was generated by focusing a fraction of the fundamental 775 nm

10



output onto a 2 mm sapphire disk; for the (near) IR (780—1500 nm), a 1 cm sapphire was used. Ultrafast
Systems EOS Sub-Nanosecond Transient Absorption Spectrometer was employed to measure transient
absorption spectra with time delays of ~ 1 ns to 400 us with 1 ns time resolution. White light (~370 to >1600
nm) was generated by a built-in photonic crystal fiber supercontinuum laser source with a fundamental of 1064
nm at 2 kHz output frequency and pulse width of approximately 1 ns. All measurements were conducted in 2
mm quartz cuvettes under argon atmosphere. Obtained data were treated with the multi-wavelength, global, and
target analyses. In case of the multiwavelength analysis the kinetics were fitted either mono- or multi-
exponential. Temperature-dependent measurements were performed using a copper cuvette holder with an

integrated Peltier element to vary the temperature between 280 and 350 K.
Pulse radiolysis

The radiolytic reduction of 2 was conducted by electron pulse radiolysis in a N, saturated mixtures of 80%
toluene, 10% acetone and 10 % isopropanol. The sample was irradiated with high energy electron pulses (1MeV,
15 ns FWHM) by a pulse transformer type electron accelerator (Elit — Institute of Nuclear Physics, Novosibirsk,
Russia). The dose per pulse was measured by electron dosimetry'® and a dose of 100 Gy per pulse was selected.
These conditions lead to the formation of (CH;3),*COH,!!"!3 which is known as a strong reducing free radical

capable for the one-electron reduction of 2.4

The optical detection of the transients was carried out with a detection system consisting of a pulsed (pulser
MSP 05 — Miiller Elektronik Optik) xenon lamp (XBO 450, Osram), a SpectraPro 500 monochromator (Acton
Research Corporation), a R 9220 photomultiplier (Hamamatsu Photonics), and a 500 MHz digitizing
oscilloscope (TDS 640, Tektronix).
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Solution Electrochemical Studies. The redox properties of the D-B—As and their references were studied by
cyclic voltammetry (CV) and square-wave voltammetry (SWV) (Figure S3). The relevant CV data are
summarized in Table S2. The measurements were performed in dichloromethane with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFs) as supporting electrolyte. All redox potentials are
reported versus Ag/AgCl. The oxidation at 1.22 V for 1 remains nearly constant in 2-4 and is assigned to the
one-electron oxidation of the carbazole.® The irreversible reductions were recorded between -1.4 and -1.85 V
for all oxadiazole featuring conjugates. It should be noted that the reductions associated with the oxadiazoles in
2-4 were observed at less negative potentials than in 1. As the difference between the first oxidation and the

first reduction reflects the energy gap, a noteworthy trend of its substantial decrease in 1-4 series was observed.

Table S2. Electrochemical data.?

3 2 1 1
Compound Ejjp,es Eljzpead  Eljzrea  Elrnoe

1 - - -1.83 1.22
2 - - -1.75 1.22
3 - -1.61 -1.53 1.24
4 -1.61 -1.50 -1.39 1.23

@ Potentials in V (half-wave potentials: E;,;); scan rate 50 mVsl. Measurements were performed in
dichloromethane containing 0.1 M TBAPF, as supporting electrolyte with a glassy carbon as the working electrode, a
platinum counter electrode, and Ag/AgCl as the reference electrode.
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Figure S3. Cyclic (black) and square-wave (green) voltammograms of a) 1, b) 2, ¢) 3, and d) 4.
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Figure S4. Concentration-dependent UV-Vis absorption spectra of 2 in DCM.
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Figure SS. UV-Vis absorption spectra of 3 in 2-methyltetrahydrofuran at 85 and 293 K.
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Figure S6. Normalized absorption spectra of a) 1, b) 2, ¢) 3, and d) 4 in solvents of different polarity (MCH —
methylcyclohexane, Tol — toluene, THF - tetrahydrofuran, DCM - dichloromethane, DMF — N,N—

dimethylformamide).
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Figure S7. Room temperature fluorescence spectra of a) 1, b) 3, and c¢) 4 in solvents of different polarity (MCH

— methylcyclohexane, Tol — toluene, THF — tetrahydrofuran, DCM - dichloromethane, DMF — NN —
dimethylformamide) with matching the absorption of OD = 0.05 upon 350 nm excitation.
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Figure S8. Room temperature excitation spectra of a) 1, b) 2, ¢) 3, and d) 4 with the detection at the indicated

wavelengths in MCH, THF, and DMF.
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Figure S10. Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of a) 1, b) 2, ¢) 3, and d) 4 in argon-saturated MCH with several time delays between 0 and
5500 ps at room temperature. The lower left graphs depict time absorption profiles of the spectra. The upper

right spectra show differential absorption spectra with the depicted time delays.
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Figure S11. a) The spectroelectrochemical spectrum of 2 in DCM upon application of +1.3 V versus Ag/Ag™,

with TBAPF¢ used as the electrolyte. b) Differential absorption spectrum obtained upon electron pulse
radiolysis of 2 with the time delay of 5 us after the electron pulse.
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Figure S12. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 1 in argon-saturated THF with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 534 and 1150 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in THF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 1 in THF. d) Time

absorption profiles at 601 and 1214 nm as well as the corresponding fits and residuals.
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Figure S13. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 2 in argon-saturated THF with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 560 and 1276 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in THF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 2 in THF. d) Time

absorption profiles at 569 and 1294 nm as well as the corresponding fits and residuals.
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Figure S14. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 3 in argon-saturated THF with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 548 and 1183 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in THF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 3 in THF. d) Time

absorption profiles at 813 and 1298 nm as well as the corresponding fits and residuals.
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Figure S15. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 4 in argon-saturated THF with several time delays between 0 and 5500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 537 and 1267 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in THF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 4 in THF. d) Time

absorption profiles at 810 and 1264 nm as well as the corresponding fits and residuals.
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Figure S16. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 1 in argon-saturated DMF with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 503 and 1145 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in DMF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 1 in DMF. d) Time

absorption profiles at 501 and 1148 nm as well as the corresponding fits and residuals.
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Figure S17. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 3 in argon-saturated DMF with several time delays between 0 and 5500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 547 and 1201 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in DMF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 3 in DMF. d)

Time absorption profiles at 545 and 1225 nm as well as the corresponding fits and residuals.
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Figure S18. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 4 in argon-saturated DMF with several time delays between 0 and 5500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 570 and 1187 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in DMF as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 4 in DMF. d) Time

absorption profiles at 830 and 1218 nm as well as the corresponding fits and residuals.
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Figure S19. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 1 in argon-saturated PhCN with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 538 and 1190 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in PhCN as obtained by global target analysis of time-resolved

spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 1 in PhCN. d)
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Figure S20. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 2 in argon-saturated PhCN with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 586 and 1245 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), !CSS (red), 3CSS (blue), and T, (green) in PhCN as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 2 in PhCN. d)

Time absorption profiles at 808 and 1276 nm as well as the corresponding fits and residuals.
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Figure S21. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 3 in argon-saturated PhCN with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 621 and 1269 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), 'CSS (red), 3CSS (blue), and T, (green) in PhCN as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 3 in PhCN. d)

Time absorption profiles at 612 and 1269 nm as well as the corresponding fits and residuals.
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Figure S22. a) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash
photolysis (387 nm) of 4 in argon-saturated PhCN with several time delays between 0 and 7500 ps at room
temperature. Lower left: Time absorption profiles of the spectra at 548 and 1214 nm. Upper Right: Differential
absorption spectra with the depicted time delays. b) Deconvoluted species associated spectra (SAS) of CT
(black), !CSS (red), 3CSS (blue), and T, (green) in PhCN as obtained by global target analysis of time-resolved
spectra on the sub-ps to ns timescale. c¢) Evolution of the population of the involved states in 4 in PhCN. d)

Time absorption profiles at 839 and 1200 nm as well as the corresponding fits and residuals.
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Figure S23. Temperature dependence of the charge recombination for 1-4 in the 288 to 353 K temperature

regime based on the temperature-dependent femtosecond transient absorption experiments in benzonitrile.
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Figure S24. Vertical excitation energies for 4, calculated with CAM-B3LYP and cc-pVDZ basis set (black) and
augmented triple { auf-cc-pVTZ basis set (red).
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Figure S25. Vertical excitation energies of 1, calculated with B3LYP (black), wB97xd (red) and CAM-B3LYP

(blue). For all calculations the cc-pVDZ basis set was used.
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Figure S26. Torsion angle dependence of excited states energies of a) 1 and b) 2.
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Figure S27. Torsion angle dependence of excited states energies of a) 3 and b) 4.
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singlet (black, right scale).
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Figure S30. a) Duschinsky matrix for ground state to first excited state transition of 4. B ) Shift vector for
ground state to first excited state transition of 4. c¢) Dipole strength for ground state to first excited state
transition. Values are based on the transition from the vibrational fundamental state of S, to the respective C-C

and C=C stretch vibrational mode of S; (!CSS).
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dy d; d, d, dy d; d, d; d,

Figure S31. Top: CAM-B3LYP/cc-pVDZ optimized ground state structures for 1-4 and reference 4 in oligoyne
and cumulenic form. Label of the C-C and C = C bonds start from d, (central bridge bond) towards d_4
(carbazole) and d., (oxadiazole), respectively. Table: Individual bond lengths in pm, averaged single and triple
bond lengths and their ratio for the ground state singlet (So), lowest triplet excited state (T,), the singlet charge
separated state ('CSS), the triplet charge separated state (*CSS), and the local singlet excited state (S.g) for 1-4.

*Please note: Complete optimization convergence of the charge separated triplet state (Tcss) was hindered by

multiple potential surface crossing for 2 and 3.
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cumulene
<
donor bridge center acceptor _ d(c-c)/
d. d | d, | d ds d, 4 | a0 | a4 | 969 =0 g || MY
So 1432 1214 1431 1431 1214 1.8 0.00
T 140.0 1245 1359 138.0 1245 111 2.59
1SS 1381 1246 1375 137.8 1246 111 3.30
0SS 137.4 137.6 137.5 1307 | 1.05 3.39
S 143.0 1214  143.0 143.0 1214 118 4.17
S, 1429 1217 1373 1217 1429 141.0 1217 116 0.00
T, 140.2 1246 b 134.3 1355 1257 | 1.08 2.45
€55 1382 1253 137.7 1361 1254 | 1.09 3.11
iCsS 140.0 | 128.1 139.7 136.3 1282 | 1.06 || 3.28*
S 1426 1218 1371 1218 1427 140.8 1218 1.6 4.19
S 142.8 1218  142.8 139.8 1219 115 0.00
T 139.5 126.6 137.6 1344 126.7 | 1.06 2.25
1css 139.1 1254 1388 1352 1258 | 1.07 2.88
icss 1413 1260 1413 1357 1272 | 107 | 3.03*
S 142.6 1220 1364 1224 1365 1220 142.6 139.6 1221 1.14 4.19
So 1427 1218 1366 1222 1362 1222 1366 1218 1427 || 139.0 1220 1.14 0.00
T 1403 1247 | 127. ; 1309 1252 1396 | 1343 1265 | 1.06 2.07
1¢55 1402 1245 1246 1401 || 1349 1258 | 1.07 2.64
3CSS 1412 124.7 1248 1410 || 1348 1265 | 1.07 2.64
Sie 1427 1218 1366 1222 1362 1223 1366 1218 1427 || 1389 1220 114 4.19
oligoyne 1463 121.0 1463 1463 1210 121
cumulene 131.6 127.5 131.6 131.6
oligoyne 1457 1214 1381 1214 1457 143.2
cumulene 1315 1277 1291 127.7 1315 130.7
reference —
oligoyne 1455 1226 1373 1214 1373 1226 1455 141.4
cumulene 1315 127.8 1289 1279 1289 127.8 1315 130.2
oligoyne | 1454 1216 1370 1222 1365 1222 1370 1216 1454 | 1403
cumulene | 1314 127.8 1288 127.9 1287 127.9 128.8 1278 1314 | 129.8
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Figure S32. a) CAM-B3LYP/cc-pVDZ predicted vertical energies based on the optimized local triplet excited
state (T;) for 1-4. b) CAM-B3LYP/cc-pVDZ predicted vertical energies based on the optimized triplet charge
separated state (}CSS) for compounds 1 and 4.
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Table S3. Rate constant (kgr), reaction free energy (-AGgr®), activation free energy (AGgr*), reorganization
energy (1), and electronic coupling (¥pa) associated with back electron transfer from 'CSS to ground state in 1-4
in benzonitrile.

Compound ker/ st AGe®/ eV AGw] eV A eV Vo / cm-t
1 9.53 x 108 2.74 0.127 1.78 27
2 1.07 x 10° 2.69 0.077 1.92 11
3 1.64 x 10° 2.49 0.102 3.72 26
4 6.36 x 10° 2.35 0.126 3.72 80

The quadratic relationship between AGgr* and A gives two mathematical solutions. Considering that 4 is

expected to increase with increasing distance, only one solution is physically meaningful.
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