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In recent years, dyads in which molecular donor and acceptor moieties are chemically linked by a bridg-
ing ligand have emerged as attractive systems for light-driven catalysis. Their modular structure, control-
lable donor-acceptor distance, and their ability to undergo light-driven charge transfer, which is not
limited by diffusion, render such systems promising in light-driven charge-transfer reactions and light-
driven redox catalysis. Copper-catalyzed alkyne azide cycloaddition (CuAAC) is a particularly popular
synthetic strategy for coupling donor and acceptor moieties. This CLICK chemistry approach yields dyads
with a 1,2,3-triazole bridging motif. In this review, we discuss the complex role played by this triazole
linker to drive electron transfer (eT) in a respective triazole-bridged donor-acceptor dyad upon photoex-
citation. We review how structural and electronic properties of the bridge influence charge separation
and recombination rates. Furthermore, the role of the triazole bridge energetics in thermal as well as
oxidative and reductive photoinduced eT will be discussed. Finally, criteria for the design of dyads with
different eT properties are derived.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Electron transfer (eT) is a key step in biological and chemical
processes, e.g., for the conversion and storage of energy [1].
Inspired by photosynthesis, the development of artificial photo-
synthetic systems has become an increasingly important area of
research [2–4]. The catalytic activity in these systems is based on
long-lived and long-range charge separated states, which are
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Fig. 1. Schematic structure of 1- and 4-connected triazole-bridged D–A dyads and
the corresponding alkyne- and azide-substituted precursors. The building blocks
are clicked together via a copper-catalyzed alkyne-azide cycloaddition (CuAAC)
reaction.
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generated via eT processes initiated by light absorption [5–9]. Fun-
damental information on such light-induced eT processes has been
provided from systems in which a donor (D) and an acceptor
(A) molecular units are chemically linked by a molecular bridge
[10–17]. The main advantage of D-A dyads compared to the corre-
sponding bimolecular systems is that complex factors arising from
diffusion in solution and the inhomogeneous distribution of D-A
distances are eliminated. This, on the one hand, enables to obtain
important information about the dependencies of the eT processes
on, e.g., the D–A distance and the electronic coupling of the D- and
A-units in the excited state. On the other hand, the molecular
bridge can play a critical role in driving eT between the D- and
A-units rather than serving as an inert spacer, i.e., a molecular motif
that only tunes the D-A distance [18–22].

A very popular synthetic strategy for the coupling of D- and A-
units is the copper-catalyzed alkyne-azide cycloaddition (CuAAC,
see Fig. 1), forming a 1,4-disubstituted 1,2,3-triazole ring [23–
27]. This so-called CLICK-reaction is indeed a highly versatile and
high-yielding coupling procedure, compatible with many organic
and metal-organic functions, and operating at mild reaction condi-
tions. It can thus provide a straightforward and modular synthetic
access to a wide variety of D-A dyads.

Due to their functional diversity, 1,2,3-triazoles are versatile
buildingblocks [28–31] for awide rangeof applications, e.g., as ligand
inmetal complexes [32], H-bonddonor/acceptor [33], anion receptor
[34], anchoring group on metal surfaces [35], or linker promoting
[36–55]or preventing [18,45,46,56–70] intramolecular charge trans-
fer. The conjugated nature of the linker might seem promising to
drive eT across that bridge. However, its suitability as a linker in D–
A dyads is disputed in literature; literature examples report on sys-
tems inwhich intramolecular eT across the triazole-bridge efficiently
takes place within picoseconds [36–55] or nanoseconds [46,49,71–
76]. However, also systems are reported in which eT could not be
observed at all, despite favorable thermodynamics [18,45,56–70,77].

This review takes a critical perspective and discusses the role
played by the triazole bridge in enabling eT between D- and A-
units in D–A dyads. A quantitative and mechanistic comparison of
different triazole-bridged D–A dyads to draw general conclusions
about their photoinduced eT properties is quite difficult due to
the large parameter space to be considered when tuning the eT
properties. To derive inherent properties of triazole linkers on the
eT properties, we first focus on the dependence of the charge
separation and recombination rates (kCS and kCR) on structural
(flexibility M conjugation) and electronic properties (conjuga-
tion M connectivity) of the linker (Section 2.1). This includes the
D–A distance (dDA), the relative energy of the D-centered highest
occupied molecular orbital (HOMO, oxidation potential) with
respect to the A-centered lowest unoccupied MO (LUMO, reduction
2

potential), as well as the energy barrier (DG�) and driving force of
the eT (DG0, see Fig. 3a). In this context, we will differentiate –
depending on the relative energy of the bridge orbitals – between
through-bond and through-space eT. Subsequently, we discuss
the charge separation processes putting emphasis on themechanis-
tic differences between photoinduced oxidative and reductive pro-
cesses (Section 2.2) as well as between photoinduced and thermal
charge-transfer processes (Section 2.3). Finally, we will conclude
about the impact of the triazole bridge on the photoinduced charge
transfer processes based on the individual parameters mentioned
above. Selected examples illustrate specific factors of the triazole
bridges driving eT in D–A dyads. Overall, this review tries to provide
a comprehensive overview of the light-induced eT kinetics in
triazole-bridged D-A systems.

2. Modules of triazole-bridged D-A dyads and basic mechanistic
considerations

Most of the triazole-bridgedD–Adyads, forwhichcharge transfer
processes or photoredox properties have been investigated, consist
of a light-absorbing D-moiety bound to an A-unit either covalently
or by complexation to a metal ion (see Fig. 2). One of the most
popular choice of donor units are ZnII porphyrins (e.g. D1a and
D1b, cf. Fig. 2a) [38,41,46,48–51,57,59–63,65,66,70,73,75, 78–81],
followed by poly(fluorene) [40,44,45,52] and poly(thiophene) poly-
mers [42–44], BODIPY (see D4a and D4b in Fig. 2a) [58,67,
69,74,77,82] and organic push–pull dyes [36,37,54,83,84], as well
as RuII polypyridyl-type complexes (see D2a–c in Fig. 2a)
[18,67,71,72,76,85–89]. The most common acceptor units in D–A
dyads are fullerenes [38,48–51,53,54,59,60,70,73] (see A1 in
Fig. 2b), diimide chromophores (see A3a and A3b in Fig. 2b)
[46,55,72,90–92], Dawson-type (a2-P2W17O61) polyoxometalates
(POMs, see A2 in Fig. 2b) [75,77,78,93], and metal complexes (e.g.,
with central RuII [42–45,52,67,88,94], FeIV [88], NiII [87], CuII

[41,68,86], CoIII [36,37,64,84,85], ReI- [76], or RhIII-ions [18], cf. A4
and A5 in Fig. 2b).

In photoactive triazole-bridged D–A dyads (D–trz–A)
intramolecular charge separation (photoinduced eT, cf. Fig. 3b) can
take place after photoexcitation of either the D- or the A-unit,
depending on the chemical design of the particular dyad [46,55].
However, if external sacrificial reductants or oxidants are available,
intermolecular reductive (or oxidative) quenching of the excited
state can compete with the intramolecular photoinduced eT. If
the intermolecular quenching process is faster than the intramolec-
ular one, the resulting species containing a reduced (or oxidized)
photocenter can undergo a thermally driven intramolecular eT
(thermal eT). In other words, the thermal eT refers to D-to-A eT
which occurs in the electronic ground state after single-electron
reduction of the D- (see Fig. 3a) or oxidation of the A-unit.

According to the superexchange model, photoinduced D-to-A
eT occurs in a single, coherent step [95] in D–trz–A systems. In this
mechanism, it is assumed that no discrete bridge-centered states
are populated, but that bridge-centered orbitals contribute to the
electronic coupling of the D and A unit [95–98]. Mostly, a direct
coupling between the D- and A-unit of D–B–A dyads in the ground
state is negligible [95]. Generally, there are two superexchange
mechanisms that describe D-to-A eT:

� Let us first consider photoinduced eT processes after photoexci-
tation of the D-moiety: Electron transfer from the photoexcited
D to the A unit is mediated by the bridge-centered unoccupied
molecular orbitals (see Fig. 3b, left half). Such states are also key
when considering the (ground state) electron transfer
from a photoreduced donor to the acceptor unit, i.e., thermal
eT (D�––B–A ? D–B–A�–, see Fig. 3a).



Fig. 2. Structures of donor- (D1-D4, a) and acceptor-units (A1-A5, b) of selected triazole-bridged D-A dyads employed to study electron transfer (eT) processes (e.g., charge
separation and -recombination) across the triazole CLICK-bridges. The respective D- and A-moieties are categorized into metal complexes (D1, D2, A4, and A5), organic dyes
(D3, D4, and A3), fullerenes (A1), and Dawson-type polyoxometalates (A2).

Fig. 3. Schematic representation of thermal and photoinduced intramolecular through-bond eT processes in triazole-bridged D–A dyads mediated by superexchange: a)
Thermal eT (D�––trz–A? D–trz–A�–) occurring after reductive quenching of a D-centered photoexcited state by an external sacrificial electron donor. The D–to–A eT involves a
triazole-centered virtual state (D–trz�––A), i.e., it occurs via a LUMO-mediated superexchange eT. b) Photoinduced eT following excitation of the D- (left, oxidative photoinduced
eT) or A-moiety (right, reductive photoinduced eT). The effective photoinduced charge separation is mediated via a donor-to-bridge eT (D�+–trz�––A) or an acceptor-to-bridge hT
(D–trz�+–A�–), respectively. The charge recombination paths are indicated by dashed lines.
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� Let us now consider the charge transfer processes after photoex-
citation of the A-unit: When A is electronically excited, it can be
reductively quenched by intramolecular electron transfer from
the donor unit. Such intramolecular eT is generally considered
as photoinduced hole transfer and involves occupied molecular
orbitals centered on the bridge (see Fig. 3b, right half). These
orbitals are also essential in mediating thermally-driven elec-
tron transfer from the donor unit to the photo-oxidized acceptor
(having transferred its electron to a sacrificial oxidant).

Therefore, to design triazole-bridged dyads with predictable
eT characteristics, it is important to understand the role of the
structure and electronics of the triazole in driving eT.

3. Detailed investigations of charge transfer processes in
triazole-bridged D-A dyads

3.1. Through-bond vs. through-space eT

Before entering more detailed considerations about the struc-
tural and electronic properties of triazole-bridges that determine
3

the eT properties of their respective D–A dyads
[48,51,55,60,75,93,99,100], we consider possible electron transfer
mechanisms that can occur in molecular dyads [95]. Generally,
not only through-bond eT (intramolecular eT) across the bridge is
conceivable. Also through-space eT might be operative in dyads if
the D- and A-units can come sufficiently close to each other
[48,58,93,101]. The two mechanisms can be discriminated by vary-
ing the nature of the solvent. The kinetics of through-bond eT (cf.
Fig. 3) depends on the solvent polarity, while this is not the case
for through-space eT [48]. Without considering specific molecular
structures, it is noteworthy that both mechanisms require distinct
conditions to be met. Through-space eT quite generally requires a
high flexibility of the molecular linker [48,58,93,101] since it is
mediated by intramolecular p–p dipolar interactions between
the D- and A-units (orbital overlap). This flexibility allows the
molecular dyads to sample a large conformational space (both with
respect to the D-A distance and to the mutual D-A orientation).
Thereby, the dyad encounters molecular geometries which favor
through-space electron transfer [48]. Through-bond eT, on the
other hand, is sensitive to the energy levels of the donor, acceptor,
and bridging units and requires at least partial electronic coupling
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between the donor and the bridge as well as the bridge and the
acceptor unit. Therefore, through-bond eT is affected by the con-
nectivity of the triazole regarding the position of the carbon and
nitrogen atoms, which affects the energy levels of the different
units [48,55,60], and the conjugation of the linker [75]. According
to Marcus theory, the electron transfer in D–B–A systems is essen-
tially governed by the bridge energetics (DG�) and reorganization
energy (k). The latter term is dependent on many factors, such as
the conformational dynamics of the bridge and solvents [102].
With respect to solvent dependence, the literature on triazole-
bridged dyads [18,48,49,73,74] shows the expected behavior; as
with other bridging ligands, electron transfer efficiency increases
upon transition from non-polar to polar solvents [102–104]. There-
fore, we confine the following discussion to the influence of the
bridge conformation on charge transport in D–B–A molecules.

Linker flexibility. In the literature, D-A dyads have been synthe-
sized with linkers with very different flexibility, from fully rigid
bridges [38,46,48–51,55,57,60–62,64,67,72,75,76,82,86,89,92] to
flexible chains [40,42–45,47,51–54,57,63,65,66,69–71,73–75,77,
83,88,91,93,101]. Linker flexibility is achieved by elements that
allow rotation around bonds of sp3-hybridized atoms, such as in
alkyl chains. However, also mostly conjugated systems with some
degree of rotational flexibility can be designed, e.g., resorting to
non-para-substitution on phenylene-triazole-phenylene linkers
(see Fig. 4b) [48,49,51,60,105]. Changing the flexibility of the linker
does not a priori affect the electronic coupling in the dyads but
rather the average D-A distance (dDA). A high degree of flexibility
can enable a short D-A distance (dDA), as the dyad can at least par-
tially double back on itself (see structure of D1a–m4m–A1 in
Fig. 4c). Contrarily, high rigidity of the linker prevents this, but
allows a precise control of the D-A distance (see dDA of
D1a–p4p–A1 in Fig. 4a and c).

Controlling dDA can be a design advantage by analogy to photo-
synthetic systems, where the redox cofactors are embedded at
optimal mutual distances, essentially preventing charge recombi-
nation [48]. Between the two extremes, linkers are found with just
a few elements that afford flexibility such as rotation around bonds
of sp3-hybridized atoms [50,51,58–61,70,74,75,77,80,81,87,88,94,
106–108]. For these semi-rigid linkers, the D–A distance is not
easily identifiable. Consequently, some ambiguity in the nature
of the eT mechanism might arise since depending on the specific
orientation of the semi-rigid and semi-conjugated linker, both,
through-bond and through-space eT, might contribute to the
observed photoinduced eT [87,88].

There are reports in literature of D-A dyads with flexible [40,
42–45,51–54,57,63,65,66,69–71,73–75,83,88,91,93,101], semi-rigid
[36,41,50,58,68,77–81,84,87,93,94], and rigid triazole bridges
[23,38,46,48–51,55,57,60–62,72,75,76,82,86,89,92] showing pho-
toinduced eT. The timescale of charge separation is found to be
independent of the linker structure and can range from a few ps
[48–54] up to some ns and ls [46,49,71,76,79,82,86–89,
91]. For example, dyads with rigid linkers showing eT on sub-ns-
[48,49], ns- [46,76,82], and ls- timescale [71,86] are mentioned
in literature. Similarly, sub-ns eT processes have also been reported
for semi-rigid [50,51] and flexible [52–54] systems. This indicates
that sufficiently high electronic couplings can be achieved in any
approach linking D- and A-units. Consequently, it can be concluded
that each of the underlying design principles has its merits and pit-
falls, and none of them is generally ill- or well-suited for imple-
menting intramolecular eT reactions.

Of special interest are those systems that undergo ultrafast
intramolecular eT, i.e., that show intramolecular charge separation
on a ps-timescale. Such sub-ns processes have been reported for
flexible and rigid systems, although the charge transfer mecha-
nisms of the molecules studied in the two categories differ: Sys-
tems with flexible linkers that display ultrafast eT include, for
4

instance, polymer-based dyads (sET = 0.2 – 2 ps) [40,42–45]. In
polymers, mainly through-space eT and energy transfer (EnT) pro-
cesses occur due to the spatial proximity of the A- and photoex-
cited D-unit. The frequent through-space eT in polymers stems
from the flexibility of the polymer coil and the high number of
D- and A-units present on a single polymer chain. Similarly, fast
(sET < 20 ps) through-space eT has also been observed for flexible
and not-conjugated porphyrin-POM dyads [51,75]. Contrary, the
charge transfer processes in rigid systems rely on through-bond
eT [38,46,49,55,76]. Among the dyads with rigid linkers showing
sub-ns charge separation are a TPA-NDI (D3a–p4p–A3b) [55] and
a porphyrin–NDI (D1b–p1p–A3b) dyad [46]. It is important to note
that in these systems, the NDI acceptor unit rather than the donor
units were excited, so that charge separation occurs via a hole
transfer (hT, cf. Section 3.2).

One concern of using flexible linkers is that charge recombina-
tion might be enhanced since the D- and A-units are in proximity
in the geometry in which forward eT takes place. As a result, a
charge-separated state is formed in which the D- and A-units are
in proximity, which in turn can promote a rapid back-electron
transfer. This scenario is exemplified in a study by Campidelli
et al., who investigated porphyrin-fullerene dyads linked either
by a rigid (see geometry of p1p in Fig. 6c) or a flexible linker (1p)
containing a central phenyl group connected via methylene groups
at the meta-position that yields the linker flexibility [51]. Both
dyads show charge separation on the ps-timescale. However, the
studied dyads differ with respect to the eT mechanism: While
D1a–p1p–A1 shows through-bond eT, through-space eT occurs in
the dyad with the flexible linker (D1a–1p–A1). Nevertheless, the
rigidification of the linker slows down the charge recombination
to 650 ns in the rigid (D1a–p1p–A1) vs. 286 ns in the more flexible
dyad (D1a–1p–A1) [51]. Overall, charge recombination in triazole-
linked D–A dyads tends to take place faster in systems with flexible
linkers [38,40–43,45,46,48–51,54,55,73,79,80,83,84,86,93]. How-
ever, this effect is not strongly pronounced; most of the systems
with flexible linkers show charge recombination between 6 and
500 ns [45,51,54,73], while most rigid system do so between
400 ns and 2 ls [46,48,49,51,76].

The specific role of linker flexibility was also evaluated by Har-
riman et al., who studied the eT properties in a series of porphyrin-
POM (POM: Dawson-type (a2-P2W17O61) polyoxometalate) dyads.
The authors investigated the rigid and conjugated dyad
D1a–p4p–A2 as well as the flexible and non-conjugated dyads
D1a–p4–A2 and D1a–4–A2 (see Fig. 5) [75,93]. In D1a–p4p–A2
no oxidative electron transfer to the POM was observed despite a
sufficiently large driving force for eT of �1.16 eV [75]. Allowing
for a flexible linker (D1a–p4–A2 or D1a–4–A2) by integrating an
alkyl group, enabled eT on a characteristic timescale of 20 –
200 ps [75]. It is concluded that the triazole linker is a poor conduc-
tor of electronic charge resulting in slow through-bond eT despite a
high thermodynamic driving force. In the rigid dyad (D1a–p4p–A2)
eT occurs primarily via bimolecular processes between two dyad
molecules, i.e., it relies on diffusion-controlled intermolecular
interactions between the porphyrin triplet state as donor and the
POM as electron acceptor (sCS > 2 ns) [75]. In dyads with flexible
linkers, D-to-A eT occurs in circa 20 ps. This significantly shorter
sCS is caused by the flexible linker, which allows for the spatial
proximity between the photoexcited D- and A-units and thus facil-
itates through-space electron transfer; thereby it circumvents the
limitation of through-bond electron transfer (see Fig. 5). However,
this causes accelerated eT in both directions, namely, charge sepa-
ration and -recombination.

Similar observations were made when combining the same a2-
P2W17O61 polyoxometalate acceptor with perylene mono-imides
(PMI) as donors into D-A dyads [93]. In these systems, replacement
of a semi-rigid linker (phenylene-methylene group) by a shorter,



Fig. 4. Summary of electron transfer properties in triazole-bridged porphyrin-fullerene dyads of different flexibility, conjugation and connectivity: a) Correlation between the
donor-acceptor distance (abscissa: dDA), linker flexibility (ordinate: classification of the linker into rigid, semi-flexible, or flexible), linker connectivity (orange: 4-connected,
blue: 1-connected), and charge separation rate (diameter of the symbols: sCS,) of porphyrin-fullerene (D1a–A1) dyads in benzonitrile (PhCN) [38,48,49,73] and
tetrahydrofuran (THF) [38,48,50,51]. The respective regions of through-space and through-bond eT are highlighted in gold and grey, respectively. b) Structural formula of
selected conjugated, 4-connected linkers of different flexibility (m and p refer to themeta or para-substitution on the phenyl rings whereas 1 and 4 refer to the connectivity on
the triazole ring with respect to the D-moiety), i.e., p4p (rigid), p4m (semi-flexible), and m4m (flexible). c) Optimized 3D-structures of D1a–p4p–A1, D1–p4m–A1, and D1a–
m4m–A1 obtained at the DFT level of theory (C, N, H: B3LYP/Def2TZVP [109–111], Zn: B3LYP/Def2TZVP+LANL2DZ [109–112]). The respective dDA values correspond to center-
to-center distances as indicated by the double-arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Structural formulas of the triazole bridges of the porphyrin-POM dyads
D1a–p1p–A2, D1a–p4–A2, and D1a–4–A2. While only the rigid D1a–p1p–A2 is
fully conjugated, the flexibility of the linker increases following the order
p1p < p4 < 4 (see violet bar) [75]. It was found that the charge separation rates
(kCS, given in the right column of the figure) upon photoexcitation of the porphyrin-
unit (D1a) increase with increasing flexibility, due to decreasing distances between
the D- and A-unit as indicated in the schematic sketches on the right side. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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more flexible linker (two methylene groups) significantly acceler-
ated eT kinetics: While in the system exploiting the semi-rigid lin-
ker eT took place in > 10 ns, the flexible linker enabled eT in 20 ps
[93].

Conjugation of the linker. The conjugation of the bridge is clo-
sely related to its geometrical flexibility: Rigid linkers are almost
invariably conjugated and vice versa. Generally, photoinduced eT
is reported for dyads with both non-conjugated [38,46–48,55,72,
82,8577] and conjugated linkers [39–44,49–52,65,68,71,73,75,76,
78–82,86–89,91,92,101,106,108]. Using a conjugated linker does
not per se ensure fast charge separation (<1 ns), as demonstrated
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for RuII-NDI (D2a–p4p-A3a: 100 ns) [72], RuII-ReI (19 ns, [76]),
and porphyrin-POM dyads (e.g., D1a–p1p–A2: 50 ns) [46,75], for
example. However, sub-ns eT is found for both conjugated
[38,48,55] and non-conjugated triazole bridged D–A dyads [39–
43,47,50–52]. Thus, conjugated triazole linkers do not necessarily
lead to more active D–A dyads, nor does the use of rigid linkers.
In this context, we would like to point to work by Odobel et al.,
in which charge separation in rigid and conjugated porphyrin-
POM dyads is compared to flexible and non-conjugated dyads
(D1a–p1p–A2 vs. D1–4–A2, cf. Fig. 5) [75]. While D1a-p1p-A2 does
not show any evidence of charge-separation upon photoexcitation
of the porphyrin-unit, D1–4–A2 does due to its flexible and non-
conjugated linker, which enables through-space eT (see section
Linker flexibility). Nonetheless, both the flexible and non-
conjugated as well as the rigid and conjugated triazole linkers
are poor conductors of electronic charge causing slow through-
bond eT despite high thermodynamic driving forces.

In some cases, eT across the triazole bridge is even completely
blocked, although the process is thermodynamically feasible. These
include conjugated and rigid [18,36,37,62,64,67,84,85] as well as
non-conjugated and flexible dyads [18,45,56–60,63–66,69]. Refer-
ences that do not report photoinduced eT, draw this conclusion
from a comparison of the photophysical properties (e.g., absorption
characteristics and photoinduced dynamics) of triazole bridged D–
A dyads and reference systems. The latter contain either the
respective isolated building blocks (e.g., only the D-moiety or a
triazole-substituted D-moiety, see Fig. 1) [18,36,37,64,77,84,85]
or dyads in which the triazole bridge has been replaced by a differ-
ent linker unit (e.g., a phenylene- or alkyne-unit) [18,58,100].
These studies have the excitation of the D-moiety in
common. For example, transient absorption studies on RuII–CoIII

(D2c–p4–A4) [85], RuII–CuII [86], RuII–ReI [76], and RuII–RhIII

(D2a–p4p–A5) [18] dyads (4-connected, conjugated and rigid
dyads) reveal the population of a long-lived excited state with
excess electron density delocalized across the linker, rather than
a charge transfer from the RuII-ion to the respective acceptor metal
center of the dyads. Moreover, for the (semi–)flexible and non-
conjugated BODIPY-POM dyad (D4a–4–A2) time-resolved studies
reveal that rapid intersystem crossing or energy transfer processes
yield the population of long-lived D-centered triplet states [77].



Fig. 6. a) Features of the 1,2,3-triazole linker, i.e., the electron-donating or -accepting property of the triazole, when bound via the 4- (blue, C-atom) or 1-position (orange, N-
atom), respectively. Exemplarily, the geometry and HOMO (q = ±0.03, B3LYP/Def2SVP [109–111]) of a phenylene-triazole-phenylene linker are shown. That the HOMO extends
across the triazole and the phenylene moiety attached to the 4-position of the triazole underlines the electronic features of the triazole linker. b) Schematic illustration of the
impact of the triazole connectivity on the electronic properties of a respective triazole-bridged D–A dyad [48,55,60]: The electron-accepting character of the triazole when
bound via the 1-position to the D-unit causes a stabilization of the D-centered HOMO (dark orange) and destabilization of the A-centered LUMO (dark blue) with respect to
the 4-connected system. The corresponding D- and A-centered HOMO and LUMO, respectively, obtained by DFT (q = ±0.02, CAM-B3LYP/cc-pVDZ [115,116]) are shown
exemplarily for D3a–p4p–A3b. c) Structural formula of a 4- (p4p, top) and 1-connected linker (p1p, bottom). Effect of the triazole connectivity on the charge transfer
properties at the example of p1p- and p4p-bridged porphyrin-fullerene (D1a–A1) and TPA-NDI dyads (D3a–A3b): Generally, the charge separation (kCS, see gold bars) and
charge recombination rates (kCR, see green bars) of 4-connected dyads are accelerated compared to their 1-connected counterparts [48,55]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Similarly, no photoinduced intramolecular eT could be detected
with a series of catalytically-active dyads covalently assembling
cobalt-based hydrogen-evolving catalysts (see A4 in Fig. 4 and A7
in Fig. 8) with push–pull organic dyes (see D3b–CAA in Fig. 8)
[36,37,84]. Although eT from the D- to the A-unit is thermodynam-
ically allowed (–1.5 < DG0 < –1.1 eV) [18,36,37,64,76,77], no
charge-separated states are populated in either of these examples.
Since upon donor excitation through-bond eT occurs via a LUMO-
mediated superexchange mechanism (see Section 3.2), the absence
of charge separation can be rationalized by i) high Gibbs free ener-
gies for excited state eT (DG�), ii) high reorganization energies or
iii) too weak electronic couplings between the bridge and the
D-/A-moieties, respectively.

Triazole connectivity: carbon or nitrogen on the donor side? In
the CuAAC reaction, an azide- and an alkyne-substituted unit are
clicked together to form a 1,4-disubstituted 1,2,3-triazole ring (cf.
Fig. 1). Depending on the respective nature of D and A (either
azide- or alkyne substituted, see Fig. 1), the triazole bridge can
exist in two different constitutional isomers: either the donor moi-
ety is connected to the carbon atom (alkyne-substituted reactant),
i.e., at the 4-position of the triazole (4-connected) [36,37,41,43,44,
48,49,52,55,58–60,62,64,67,69,71–73,75–79,82,84–88,93,94,101], or
to a nitrogen atom (azide-substituted reactant), i.e., at the 1-
position of the triazole (1-connected) [38,42,45–48,50,51,53–55,5
7,60–62,65,66,74,75,81,89,92,113,114]. One of the main reasons
for selecting a specific isomer is certainly the synthetic accessibil-
ity of azide- and alkyne-substituted molecules that are linked
together and thus determine the constitution of the triazole bridge.
For example, there are only few examples of [Ru(bpy)3]2+-type
complexes that have been successfully functionalized with azide-
groups [26,92,113,114] and subsequently used in a CuAAC CLICK
reaction [42,45,89,92], notably because of the instability of the
azide-group which can be sensitive to heat, shock, and water
[23,72]. As a consequence, most of the dyads based on RuII polypyr-
idyl donor units (D2) are 4-connected [44,52,67,71, 72,76,85–88,
94]. Compared to these discrepancies for dyads with RuII

polypyridyl-like donors, the literature is balanced around
triazole-bridged dyads bearing 1- [38,46,48,50, 51,57,60–62,65,66
,74,75,81] and 4-connected [41,48,49,59,60,62,64, 69,73,75,78,79,
82] porphyrin donor units (D1), respectively.

Currently, the sole systematic studies comparing the properties
of the two triazole constitutional isomers (1- and 4-connected
dyads) rely on a series of porphyrin-fullerene (see units D1a and
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A1 in Fig. 2) [48,60] and TPA-NDI dyads (see units D3a and A3b
in Fig. 2) [55]. The studies investigate the influence of the triazole
connectivity for D-A dyads bearing rigid and conjugated
phenylene-triazole-phenylene linkers, i.e., p4p and p1p [48,55,60]
(see Fig. 6c), as well as e.g., m4m, p1m, or p4m [48,60] (see
Fig. 4b). 4-connected triazoles were found to act as electron-
donating groups, while 1-connected triazoles act as electron-
withdrawing groups. This is reflected in a higher oxidation poten-
tial of the D-unit in D-A dyads in which the D-unit is bonded to the
4-position instead of the 1-position of the triazole bridge [48,55].
This stems from the delocalization of the lone pair of the nitrogen
atom into the triazole p-system (cf. Fig. 6a), ultimately lowering
the electron-donating ability, i.e., the positive mesomeric effect
(+M�effect), of the donor moiety when connected to the
4-position of the triazole. This causes a destabilization of the
D-centered HOMO and a stabilization of the A-centered LUMO, in
4- with respect to 1-connected systems (cf. Fig. 6a and Fig. 4b).
For instance, the HOMO-LUMO gap (measured between the
D-centered HOMO and A-centered LUMO) of D1a–p4p–A1 is
0.02 eV smaller than that of D1a–p1p–A1 [48]. Moreover, De
Miguel et al. identified the charge separation rate in D1a-A1 dyads
to be three times higher when the porphyrin is linked to the 4-
than to the 1-position of the triazole [48]. This is due to the lower
HOMO-LUMO gap in the 4-connected systems and therefore the
lower driving force for the LUMO-mediated superexchange eT. This
is caused by a favorable influence of electron-donating and -
withdrawing effects on the D- and A-units, respectively. However,
for the studied systems charge recombination falls into the Marcus
inverted region [48,55]. Consequently, the lower HOMO–LUMO
gap causes a slightly faster charge recombination (e.g., 667 vs.
833 ns for D1a–p4p–A1 vs. D1a–p1p–A1, or 417 vs. 667 ns D1a–
p4m–A1 vs. D1a–p1m–A1) [48]. Similarly, the charge recombina-
tion rate of the D3a–p4p–A3b (7 ns) is higher than for the D3a–
p1p–A3b dyad (20 ns, see Fig. 6c) [55].

In summary, the fraction of literature reporting evidence for
light-driven eT across the triazole bridge does not seem to indicate
a functional preference for either of the isomers [38,41–45,49–52
,55,65,73–75,78,79,81,82,86,101]. However, there is an apparent
difference when considering the bridges facilitating sub-ns eT
[38,42,43,45,46,49–52,55]: such fast processes are more often
observed for 1-connected systems [38,42,45,46,50,51,55]. This
seems counter-intuitive with respect to the connectivity factors:
Due to the higher HOMO-LUMO gap the thermodynamic driving
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force of eT (DG0) is smaller in 1- with respect to 4-connected
dyads. However, the observed trend might also be a result of the
different donor units that were predominantly used: While many
1-connected dyads utilize the rather high-performing porphyrins
as donors [38,46,50,51,55,80], a substantial amount of 4-
connected dyads contained RuII polypyridyl donors, which gener-
ally do not show fast eT across triazole bridges
[43,52,67,72,86,107].
3.2. Oxidative vs. reductive photoinduced eT

Most triazole-bridged D-A dyads reported in the literature uti-
lize a photoactive electron donor (D-moiety). However, this is
not necessarily the most suited architecture to ensure, e.g., high
charge-separation rates and the population of long-lived charge-
separated states. For rigid and conjugated systems
[18,38,46,48,49,55,57,62,64,67,72,76,82,89], such as D1a–p4p–A1
or D3a–p4p–A3b (see Fig. 6c), only a few examples show excited
state eT upon photoexcitation of the donor (oxidative photoin-
duced eT M oxidation of the light-absorbing D-unit)
[38,46,48,49,55,72,76,82]. On the other hand, all these systems
show eT upon photoexcitation of the A-unit (reductive photoin-
duced eT M reduction of the light-absorbing A-unit) [46,55,89].
In addition, while only a minority of donor-excited dyads (rigid
and conjugated linkers) are capable of undergoing eT on a sub-ns
timescale [38,48,51], almost all the dyads with rigid and all with
conjugated linkers do so upon excitation of the acceptor [46,55].

In this context the rigid and conjugated porphyrin-NDI and
TPA-NDI dyads, namely D1b–p1p–A3a and D3a–p4p–A3b (cf.
Fig. 6b) [46,55] are noteworthy: In these dyads both the A- and
D-moieties are photoactive (e.g., absorb between 300 and
600 nm). Hence, they served as the basis for systematic studies
of the charge transfer properties after selective excitation of the
D- or A-unit [46,55]. These studies allow insights into the differ-
ences between light-induced hT and eT across the triazole bridge:
Upon photoexcitation of the D-unit of D1b–p1p–A3a, Odobel and
co-workers [46] observed a quenching process with a characteris-
tic time-constant of 9 ns. This was associated with excited state eT
from the singlet state since electron transfer from the triplet state
has an insufficient driving force. The accumulation of significant
amounts of charge-separated states was not observed, as, accord-
ing to Marcus theory, the recombination of charges should occur
much faster than charge separation. However, if the A-unit is
excited, the picture changes completely: Upon A-excitation about
90% of the photoexcited NDI singlet states decay with a character-
istic rate of 14 ps. This process has been identified as hT from the
photoexcited NDI to the porphyrin unit. The remaining 10% of the
photoexcited 1NDI* states undergo intersystem crossing, populat-
ing 3NDI states, followed by hT to D1b. Notably, the resulting
charge-separated triplet state shows a comparably long lifetime
(90 ns) due to the spin-forbidden nature of charge recombination.
Similarly, photoexcitation of the NDI-unit of D3a–p4p–A3b is fol-
lowed by ultrafast charge transfer (2 ps), i.e., hT from the photoex-
cited NDI towards the A3b-unit [55]. As a single exception, the
charge separation observed for a 1-connected RuII-tryptophan
dyad upon excitation of the tryptophan acceptor moiety is compa-
rably slow (3 ls) [89]. Nevertheless, this is consistent with the
generally slower excited-state eT reactivities observed for
triazole-bridged dyads with RuII donors [71,72,86–89], especially
in comparison to a respective bimolecular system (intermolecular
eT) [76].

The differences between the charge transfer properties can be
rationalized considering the underlying mechanisms, which in first
approximation are based on the relative energies of donor-,
bridge-, and acceptor-centered molecular orbitals (see Fig. 7):
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� Upon photoexcitation of the D-unit, eT occurs via LUMO-
mediated superexchange, i.e., through orbital mixing of unoccu-
pied orbitals, where the triazole bridge-centered p*-orbitals are
higher in energy than the respective p*-orbitals that are popu-
lated upon photoexcitation (e.g., upon pp* or metal-to-ligand
charge-transfer absorption) [95]. This means that the energy
barrier posed by the triazole determines if and how fast electron
transfer takes place. This leads to slow rates or rather to the hin-
drance of eT across the triazole bridge with an increasing energy
of the triazole-centered p*-orbital [18,46,55,57,58,64,70,75,77].
The energy of the triazole-centered p*-orbital determines the
Gibbs free energy for the formation of the triazole-centered
transition state (DG�), which can be significant. For example,
DG� in a RuII–RhIII (D2a–p4p–A5, [18]), a porphyrin-CoIII

(COOH-Ph–p–D1b–p4–A4 [64]), or a BODIPY-POM (D4a–4–A2
[77]) dyad was found to be high enough that through-bond eT
was shut down completely. Instead, long-lived triplet states
with excess electron density in proximity to the D-moiety are
populated [18,64,77].

� When the A-moiety is photoexcited, charge-transfer occurs via
hT since the bridge-centered MO lies energetically between
the D- (HOMO) and A-centered MOs. Since hT is a fully energet-
ically downhill process, the charge-transfer processes are faster
compared to LUMO-mediated superexchange when exciting the
D-unit [95].

In addition, the connectivity of the triazole influences the
dynamics of the charge transfer processes: In fully-conjugated
dyads the A-centered LUMO is destabilized [48] when the donor
is linked to the 1- compared to the 4-position (cf. Section 3.1 and
Fig. 6b). Thus, the free enthalpy for an excited state eT (DG�) is
higher in 4-connected dyads compared to their 1-connected coun-
terparts. This causes higher charge-separation rates (kCS) for 4-
than for 1-connected systems [48,55] (e.g., kCS is 9.6 or 5.5 ns�1

for D1a–p4p–A1 or D1a–p1p–A1, respectively [48]). Vice versa, it
can be expected that hT is faster in 4- than in 1-connected systems:
The 4-connection causes a destabilization of the D-centered HOMO
with respect to the 1-connected counterpart [48]. This leads to a
higher driving force for the hT process (DG0) in the 4- compared
to the 1-connected dyads. This trend is confirmed by the present
studies on D3a–p4p–A3b (kCS = 0.5 ps�1) and D1b–p1p–A3a
(kCS = 0.1 ps�1). Nevertheless, both dyads bear different D-units
(triphenylamine vs. ZnII porphyrin) [46,55]. To date, however, there
are no systematic studies in which only the triazole linkage is var-
ied, while all other structural and electronic parameters are held
constant.

In summary, upon photoexciting the D-unit, LUMO-mediated
superexchange eT occurs, with the energy barrier of the eT being
determined by the relative position of the p*-orbitals of the tria-
zole bridge [95]. This barrier (DG�) makes the triazole linker a poor
conductor of electronic charge, hindering through-bond eT despite
a high thermodynamic driving force (DG0)
[38,46,48,49,55,72,76,82]. However, for the systems which do not
show photoinduced oxidative eT, photoinduced reductive eT was
observed following excitation of the A-moiety [46,55,89]. The lat-
ter process is based on HOMO-mediated hT. This mechanism is
found to be much faster than the oxidative eT in triazole-bridged
dyads, which is reflected in comparably fast charge separation
(1 ps < sCS < 20 ps) [46,55]. The absence of photoinduced eT upon
D-excitation is observed in many dyads with different D- and A-
moieties, namely RuII complex [18], BODIPY [58] or porphyrin
[56,59,63,65,66] as D- and RhIII complex [18], fullerene [59],
organic dye [56,63], or porphyrin [58,65,66] as A-unit. Conse-
quently, two inherent characteristics for the triazole bridges
impact the electron transfer rates in D-A dyads: Triazoles are poor
charge conductors in through-bond eT upon D-excitation (high



Fig. 7. Schematic representation of the charge transfer mechanisms that occur upon excitation of the D- (a, LUMO-mediated superexchange eT) or A-unit (b, HOMO-mediated
hT). For illustration, the origin and excess electron density of the D1b–p1p–A3a dyad are shown in green (occupied p-orbitals) and violet (unoccupied p*-orbitals),
respectively. All shown molecular orbitals were obtained at the TD-DFT level of theory (q = ±0.01, CAM-B3LYP/cc-pVDZ [115,116]). The figure presents specific molecular
example for the more general concept depicted in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Structural formulas of the polyfluorene-RuII (a, D5–1–A6) and TPA-
cyanoacrylamide(CAA)-CoIII triad (b, D3b–CAA–4–A7) and summary of the pho-
toinduced charge transfer processes upon photoexcitation of the RuII-chromophore
or the TPA-CAA push-pull dye anchored on TiO2 (a) or NiO (b), respectively [52,84].
The intramolecular (kCS) and intermolecular (between dyad and metal oxide) eT
processes are indicated by gold and black arrows, respectively. In case of D3b–CAA–
4–A7, excess electron density is shifted from the TPA to the CAA moiety upon light-
absorption, followed by a sub-ps hole injection into the NiO substrate, i.e., reductive
quenching of the photo-oxidized TPA moiety. Subsequently, a thermal CAA-to-CoII

(CAA-to-A7) eT occurs. Note that the acceptor was electrochemically reduced from
the CoIII to the CoII oxidation state prior to excitation.
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DG�) but allow fast charge separation via a hT mechanism, i.e., pho-
toexcitation of the A-unit.
3.3. Excited state vs. ground state eT

While photoinduced intramolecular eT has been studied for
most triazole-linked D-A dyads, thermal eT, i.e., eT in the electronic
ground state of reduced or oxidized assemblies, has been studied
only occasionally (see also Fig. 3 and section 1 for introductory
remarks). The vast majority reports of thermally activated eT con-
8

cerns dyads with RuII polypyridyl-type as donor- or acceptor-unit
(e.g., D2a, see Fig. 2a) [52,71,72,86–89,92,94]. For instance, Aukau-
loo et al. attached a RuII-chromophore to several electron donors,
such as tryptophan, tyrosine, as well as NiII- and FeII-complexes,
or acceptors, e.g., NDI, NiII- and ReI-complex [71,72,76,87–
89,92,94]. In their experiments, the excited state of the photosen-
sitizer is quenched by a sacrificial electron donor or acceptor yield-
ing the reduced or oxidized species of the photoactive unit,
respectively. Subsequently, eT takes place to or from the secondary
unit of the dyad. The authors report on thermally activated eT on
the ns to ls timescale (between 20 ns and 31 ls), i.e., slower than
excited state eT, which can occur on the sub-ns timescale
[38,41,48,50,51,75,80,93]. While especially in dyads with RuII

donors no excited state eT across the triazole bridge was observed
[18,37,76,85], the studies of Aukauloo et al. reveal thermal eT across
a triazole bridge. From this, the following mechanistic conclusions
can be drawn: i) DG� for eT is smaller, ii) the reorganization energy
is smaller, and/or iii) the eT driving force (DG0) is higher for for-
mally reduced/oxidized dyads compared to the unmodified dyads
in the excited state. However, not only thermodynamic considera-
tions are important, but also kinetic factors have to be taken into
account. In particular, the molecular species resulting from oxida-
tion/reduction of the photoactive center are generally longer lived
that the excited-states of the respective photoactive units. Hence, a
larger temporal window is available for subsequent charge transfer
processes from the photoactive to the catalytically active unit.

Currently, the only system known to us in which thermally acti-
vated eT occurs across a triazole bridge on the sub-ns time scale is
a polyfluorene-RuII system (D5–1–A6) anchored on TiO2 (see
Fig. 8a) introduced by Schanze and co-workers [52]. In this dyad,
the photoexcited *RuII moieties bound to the metal oxide rapidly
inject electrons into the conduction band of TiO2 (<1 ps, see black
arrow in Fig. 8a) forming RuIII-units. Subsequently, eT from the
polyfluorene polymer backbone to the oxidized RuIII occurs within
0.5 ns (see gold arrow in Fig. 8a). The fast charge transfer is due to
the flexible polymer structure, which allows for sub-ns charge
transfer processes [40,42,43,45] (see section 3.1, Linker flexibility).
With respect to the polymeric systems that show sub-ns excited
state eT (between 1 and 200 ps) [40,42,43,45], the thermal eT in
D5–1–A7 is quite slow [52].

Another dyad that only shows thermal eT is composed of a TPA-
cyanoacrylamide (CAA) push-pull dye (D3b-CAA, see Fig. 8b) and a
Co complex acceptor (A7, see Fig. 8b). When D3b–CAA–4–A7 in
solution (A7 in the CoIII oxidation state) is electronically excited
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in the absence of electron donors no photoinduced eT is observed.
This is apparent from the absence of any spectral features pointing
to the formation of the reduced acceptor. Instead, a long-lived tri-
plet state with excess electron density on the cyanoacrylate (CAA)
moiety of D3b–CAA is formed within 150 ps [36]. A similar dyad,
D3c–CAA–4–A4 (with D3c corresponding to the D3b-unit without
the cyclopentadithiophene substituent), also showed no
intramolecular photoinduced eT in solution irrespective of the ini-
tial A4 oxidation state [37]. When D3b–CAA–4–A7 is bound to NiO
via the TPA-moiety [84], ultrafast hole injection (<1 ps) is observed
upon photoexcitation of the push-pull dye (D3b–CAA, see black
arrow in Fig. 8b). This yields a singly-reduced CAA-moiety. Appli-
cation of a reductive potential to the film extends the lifetime of
the reduced CAA and reduces A7 to the CoII state prior to excita-
tion. Under these conditions, hole injection is followed by eT to
A7, forming a CoI-center within 20 ns (see gold arrow in Fig. 8b).
This intramolecular eT occurs biphasic with the two characteristic
time constants <20 ns and 9 ls [84]. This is due to conformational
gating of eT, indicating that the flexible linker structure allows the
dyad to sample a conformational space until an intramolecular
geometry optimal for eT to take place is acquired. Consequently,
the intramolecular, thermal eT in D3b–CAA–4–A7 is slower than
in D5–1–A6, where the geometry is primarily determined by the
polymer structure [52,84].

The systems mentioned in this section exclusively show ther-
mal eT, i.e., eT in the electronic ground state, while no eT occurs
in the absence of electron donors/acceptors. In the examples, elec-
tron transfer from/to the dyad by sacrificial agents quenches the
photoexcited moiety, yielding a reduced [84] or oxidized species
[52]. The absence of photoinduced eT is attributed to its competi-
tion with other deactivation processes, such as relaxation back to
the ground state [52,84] or the population of bridge-centered
states [84]. If these processes occur faster than charge separation,
no excited state eT is observed. This can even be the case for dyads
that have excited state lifetimes of hundreds of ns, such as RuII

complexes. If, however, the excited state is quenched rapidly, then
the reduced or oxidized species can be long-lived enough to enable
eT.
4. Conclusion

CLICK chemistry presents an attractive approach to connect
important functional molecular building blocks. However, the
resulting triazoles are by no means innocent with respect to the
desired overall function of, e.g., the targeted molecular dyad. The
role of triazole-CLICK bridges in intramolecular, photoinduced
electron transfer (eT) processes in donor-bridge-acceptor (D–A)
dyads is complex: On one hand, these eT processes depend on
the structural (flexibility and conjugation) and electronic properties
(connectivity) of the triazole bridge, which determine if through-
bond or through-space eT occurs (donor-acceptor, dDA) as well as
the energy barrier (DG�) and driving force of the eT (DG0). On
the other hand, the eT processes also rely on structural factors
determined by the D- and A-moieties, such as the electronic cou-
pling of the D- and A-units to each other and to the triazole bridge,
respectively, as well as on mechanistic factors. In the latter case, it
is differentiated whether the electron transfer follows the excita-
tion of the donor (LUMO-mediated superexchange eT) or the
acceptor (HOMO-mediated hT).

This review highlighted specific examples selected from the lit-
erature on eT in triazole-bridged D–A systems to demonstrate the
factors associated with triazole bridges in relation to photoinduced
charge transfer processes. Specifically: i) the ability to control eT
rates through the flexibility and conjugation of the triazole linker
(Section 3.1) ii) the possibility to influence the relative energy of
9

the occupied D- and unoccupied A-molecular orbitals via the con-
nectivity (Section 3.1), iii) the poor conductivity of triazole bridges
in LUMO-mediated superexchange eT (reductive excited state eT,
Section 3.2), iv) the possibility to enable fast charge transfer via
oxidative excited state eT (HOMO-mediated hT, Section 3.2), and
v) the ability to obtain diffusion-limited charge separation through
thermally activated eT after quenching of the photoexcited dyad
(Section 3.3) was shown.

To this end, the following criteria can be derived for the design
of triazole-bridged D-A dyads with emphasis on electron transfer
properties:

� The charge-separation rate (kCS) but also the charge-
recombination rate (kCR) is higher for dyads with flexible link-
ers (through-space eT). However, the charge-recombination
rate (kCR) is lower for rigid dyads (through-bond eT).

� The energy barrier (DG�) for oxidative is higher than for reduc-
tive photoinduced eT. Thus, triazoles (irrespective of connectiv-
ity, flexibility, and conjugation) are poor conductors of
electronic charge upon donor excitation resulting in low
charge-separation rates (kCS) or even a kinetical hindrance of
through-bond eT.

� The charge-separation rate (kCS) for reductive photoinduced
eT (acceptor excitation) is higher in 1- compared to 4-
connected dyads.

� The driving force for eT (DG0) is higher in 4- than in 1-
connected dyads irrespective of the linker flexibility and
conjugation.
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