A Photoinduced Mixed Valence Photoswitch
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The ground state and photoinduced mixed valence states (GSMV and PIMV, respectively) of a dinuclear (Dp**) ruthenium(ll)
complex bearing 2,2’-bipyridine ancillary ligands and a 2,2":4',4"":2",2""-quaterpyridine (Lp) bridging ligand were investigated

using femtosecond and nanosecond transient absorption spectroscopy, electrochemistry and density functional theory. It

was shown that the electronic coupling between the transiently light-generated Ru(Il) and Ru(lll) centers is Hoa ~ 450 cm™

in the PIMV state, whereas the electrochemically generated GSMV state showed Hpa ™~ 0 cm™, despite virtually identical Ru-

Ru distances. This stemmed from the changes in dihedral angles between the two bpy moieties of Lp, estimated at 30° and

4° for the GSMV and PIMV states, respectively, consistent with a through-bond rather than a through-space mechanism.

Electronic coupling can be turned on by using visible light excitation, making Dp** a competitive candidate for photoswitching

applications. A novel strategy to design photoinduced charge transfer molecular switches is proposed.

Introduction

In supramolecular donor-acceptor systems, electronic coupling
(Hpa) regulates electron transport between different molecular
fragments and other reactive processes.1=> Control over Hpa at
the molecular level gives access to technologically relevant
phenomena,® such as molecular wire behavior? and redox-8-11
or photoswitching,12-14 which can be applied in molecular
electronics. Ground state mixed valence (GSMV) systems,
where the same chemical fragment is present in different
oxidations states, represent attractive models to study
electronic coupling and electron transfer.15-18 Indeed, via
relatively simple techniques, such as UV-vis-NIR spectroscopy
coupled to electrochemistry,1® Hpa can be estimated by analysis
of the shape and intensity of the ground state intervalence
charge transfer absorption bands (GSIVCT) using the Mulliken-
Hush expression (eq. 1).20.21
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Here, Hpa is the electronic coupling in cm™, vimax is the energy in
cm~1 of the band maximum, Avi; is the FWHM in cm~t and rpa
is the distance between the donor and acceptor centroids in A.
This equation is valid for moderately coupled mixed valence
systems, and derived Hpa values are lower limits since electronic
coupling and wavefunction delocalization leads to real charge
transfer distances that are shorter than physical rpa.#1622-25
However, for efficient photon and charge management in solar
energy conversion schemes, control over Hpa in the excited
state is necessary.* One approach involves the estimation of
excited state redox potentials using ground-state
electrochemical potentials plus the energy stored in the
excited-state.26 Alternatively, they can also be estimated by
screening the photo-reactivity with a number of donor or
acceptor counterparts.2’” In contrast, transient absorption
spectroscopy (TAS) with NIR detection enables to directly study
Hpa in the excited state by monitoring the photoinduced IVCT
(PIIVCT) absorption bands, normally active in the NIR region.28-
32

Polynuclear Ru(ll) coordination complexes, widespread
chromophores and photocatalysts, populate metal-to-ligand
charge transfer (MLCT) excited states upon visible light
excitation.3337 In a hypothetical bimetallic {Ru'"Ru'(bpy)}
complex, population of a {Ru"Ru"(bpy*-)} MLCT state results in
a transient {Ru'"Ru"} photoinduced mixed valence (PIMV) core
that contains the excited hole.#383% The charge transfer
counterpart, in this case the excited electron, is not directly
engaged in PIMV interactions but is determinant for the
properties of the system.3840-42  Polypyridines undergo
significant structural rearrangements upon reduction,43-4°
resulting in semiquinoid or quinoid moieties where the dihedral
angles between pyridinic rings are notably decreased in
comparison to the non-reduced forms. For example, the
dihedral angle of 4,4’-bpy has been theoretically calculated to
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states of Dp™ complexes studied herein, as well as their electronic configuration and
their classification according to Robin and Day.

be 40.8°, and in solid compounds containing 4,4’-bpy it averages
18°, but in isolated compounds containing 4,4’-bpy*~ it averages
below 3.2°.50 Considering that coplanarity enhances
wavefunction overlap, we hypothesized that in a bimetallic
PIMV system bearing a judiciously designed polypyridine
bridge, the presence of the excited electron on the bridge (BL)
should have drastic effects on Hpa in the {Ru"(BL*")Ru'"'} excited
state. Hence, we selected a dinuclear ruthenium polypyridine
photosensitizer (Dpn*) (Figure 1), which is a {Ru(bpy)s} dimer
with a bridging ligand connected via the para position (Lp) to
the chelating nitrogen. This complex was studied both in the
ground and excited states, using spectroelectrochemistry,

nanosecond and femtosecond transient absorption
spectroscopy (nsTAS and fsTAS, respectively) and DFT
calculations. Here, we obtained clear experimental and

theoretical evidence of significant electronic coupling in the Lp*-
-bridged PIMV state, that was completely absent in the Lp-
bridged GSMV state as inferred from (spectro)electrochemical
mesurements.>! Thus, Dp™* represents a new class of molecular
photoswitch, which relies on photoinduced charge transfer,
rather than photoisomerizations,1214 to control electronic
coupling between electroactive units at the molecular level, and
can therefore be rationalized as a photo-triggered redox switch.
Our results illustrate that the fundamental differences between
ground state and photoinduced mixed valence systems can be
leveraged for photon and charge management in general, and
for the design of molecular photoswitches.

Results and Discussion

Dp% has a {Ru'(Lp)Ru"} configuration and is exceptionally
photostable, making it attractive for photocatalysis.3¢ Previous
investigations have focused on the ground and excited state
properties of Dp#*, but the key NIR region, and therefore Ru-Ru
electronic coupling, was not studied.>2 Dp** presents typical
MLCT absorptions in the visible, peaking at 481 nm in
acetonitrile.>2 We first performed DFT and TDDFT calculations
at the B3LYP level of theory employing a LanL2DZ basis set,
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Figure 2. Spectroelectrochemical measurements recorded during the two-electron
oxidation (top, potential scans from +1.2 to +1.5 V vs. Ag/AgCl) and one-electron
reduction (bottom, potential scans from —0.8 to —1.15 V vs. Ag/AgCl) of Dp* in 0.1 M
TBAPFs ACN electrolyte. Initial spectra (black) correspond to Dp** and the final spectra
to Dp* (red) and Dp3* (blue).

which is computationally cheaper than the def2SVP/6-
31+G(d,p) basis sets.52 Our results afford an excellent match
with the experimental absorption spectrum in acetonitrile
(Figure S1, Tables S1-S2). Electron density difference maps
(EDDMs) of the most intense electronic transitions indicate that
they are mostly of drn(Ru)=>n*(Lp) and dm(Ru)=>7*(bpy)
character (Figure S2).

The GSMV state (Dp>*) is the one-electron oxidized form of Dp**.
Electrochemical experiments reveal that both Ru ions are
oxidized at the same potential, featuring a single, two-electron
wave, and resulting in the doubly oxidized {Ru"(Lp)Ru'"} species,
Dpé*+.51 Using spectroelectrochemistry, it was shown that
oxidation of Dp#* resulted in the decrease of the MLCT bands
while the NIR region remains silent (Figure 2).51 The absence of
GSIVCT bands at every applied potential is consistent with no
sizeable Ru-Ru electronic communication, or Hpa ~ 0 cm~1,19,53-
55 Therefore, the elusive Dp>* intermediate species is a Class |
ground state mixed valence system where the Ru ions are

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Top left: Differential absorption 3D map obtained from nsTAS for Dp* in ACN upon 460 nm (21700 cm™!) excitation. Top right: Time absorption profile and corresponding
fit at 8300 cm~ and 19300 cm-!. Bottom left: Species associated differential spectrum of the 3MLCT(Lp) excited state. Bottom right: Concentration evolution over time.

electronically decoupled, with a localized
{Ru"(Lp)Ru'} electronic configuration.

The picture is very different in the MLCT excited state. (Dp*)*
shows emission at room temperature in ACN, with a maximum
at 14660 cm™1, and a photoluminescence lifetime of 2.35 ps.>2
Nanosecond TAS using 460 nm (21700 cm™1) excitation with
detection extended to the NIR was then used to address Ru-Ru
excited state electronic coupling. Upon light absorption, two
broad positive signals were detected at 17100 and 8340 cm1,
respectively, that decay monotonically to zero (Figure 3). Global
analysis of the data reveals only one exponential decay with a
2.21 pslifetime, which matches the one previously observed for
this 3MLCT(Lp) state.>2 The high-energy photoinduced
absorption centered at 17100 cm™1, is ascribed to the bridging
ligand radical anion, which, however, is NIR silent (Figure 2).52
The low energy NIR features in (Dp%)* are absent for the
prototypical [Ru(bpy)s]?* (Figure S3), therefore they must
originate from the interaction between {Ru(bpy)s} fragments
and are ascribed to PIIVCT absorptions. Similar NIR bands have
been observed for related bimetallic  ruthenium
polypyridines.2838-40 This indicates that (Dp**)* is a PIMV
system, with a {Ru'3(Lp*-)Ru'"%} electronic configuration. In
other words, the Ru ions are electronically coupled in the
excited state.

DFT and TDDFT calculations on the lowest triplet state
confirmed our assignments of a 3MLCT(Lp) state. A
corresponding orbital transformation (COT)>657 of the DFT
calculated electronic structure reveals the location of the
unpaired electrons (the excited hole-electron pair) in the MLCT
state (Figure 4). The excited electron lies on the bridging ligand,
consistent with reductive spectroelectrochemical experiments
(Figure 2) 51 whereas the excited hole is mostly localized on one

completely

This journal is © The Royal Society of Chemistry 20xx

of the Ru ions. The calculated electronic transitions yield an
excellent coincidence with the experimental nanosecond
transient absorption spectrum (Figure 4, Tables S3-S4), as in
other bimetallic ruthenium polypyridines showing PIIVCT
absorptions.2840 First, an intense transition (f>0.1) is calculated
at 19157 cm™! (#34), which, together with less intense
transitions down to 11000 cm™!, reproduces the broad
photoinduced absorption that extends from 19300 to 11100
cm~1. An additional transition is calculated at 22672 cm~1 (#53),
but it is located close to the ground state bleach region.
According to their EDDMs, these are of n*(Lp)>n*(bpy) and
dn(Ru)>7n*(bpy) character (Figure S4 and Table S3).
Furthermore, two very intense transitions (f > 0.1) are
calculated in the NIR, at 7185 (#6) and 7904 cm™! (#7),
respectively, matching the experimental PIIVCT band at 8340
cm™1, The transition involving the excited state #7 is mostly H-
1(B)=LUMO(B) (74%) in character (Table S3), and the EDDM
surface clearly shows it is a PIIVCT (Figure S4). This transition
can be seen as a “clean” Ru-Ru CT over a distance of 11.318 A,
keeping the electron density due to the excited electron on the
bridge roughly frozen at the lowest energy triplet state
distribution. The transition involving the excited state #6 arises
from the superposition of three different contributions. The
resulting state is in part PIIVCT in character due to the H-
1(B)>LUMO(B) (21%) and HOMO(B)>LUMO(B) (22%)
contributions, but also has a substantial w-n* composition
(Figure S4 and Table S3). Altogether, it seems to be a second
PIIVCT’ state in which the electron density of the bridge
accompanies the movement of the electron from one metal
center to the other. Both transitions are consistent with a
mostly localized nature of the excited hole in the MLCT state,
revealed by the COT analysis (Figure 4).
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Figure 4. a) Calculated electronic transitions for the singlet and triplet states of Dp**, and
experimental differential spectrum of the 3MLCT(Lp) state. b) Spin density (top) and
SOMOs (middle, bottom) for the lowest energy triplet state of Dp* computed after a
COT.

Therefore, the calculated electronic structure is a good
description of the PIMV system, which belongs to Robin and
Day’s Class 1.3

Quantification of Hpa in (Dp**)* following a “classica
Hush treatment of the PIIVCT transition or a more elaborated
“several states” approach as we employed before>8 is difficult.
On the one hand, there is a considerable non charge-transfer,
n-nt* mixed character of one of the observed transitions. On the
other hand, if the same superexchange mechanism as in
pyrazine and 4,4’-bpy-bridged systems is operative (vide infra),
it turns into, at least, a four-state problem, since 3{Ru"(Lp2-
JRu"} and 3LF {Ru"*(Lp)Ru"} or {Ru"(Lp)Ru"*} states are involved,
besides 3SMLCT {Ru"(Lp*-)Ru"} and {Ru"(Lp*~)Ru"}, in the donor-
acceptor mixed valence interaction. The absence of clear
experimental observation of those additional states precludes
any attempt to extract quantitative information. A simpler
alternative could involve the deconvolution of the strongly
overlapping low energy transitions using Gaussian profiles for
the fit, and individual analyses of each transition according to

|u

Marcus-
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Mulliken-Hush.223° This can be achieved if the molar extinction
coefficients of the 3MLCT(Lp) excited state, rather than those of
the ground state, are known. Spectroelectrochemistry is thus
not useful to this end but the excited state extinction
coefficients can be obtained by comparison of the transient
absorption spectrum of Dp#* with that of [Ru(bpy)s]?*, under the
same laser conditions.®? Thus, we measured nsTAS in the UV-
vis-NIR range using 460 nm (21700 cm™1) excitation for both
Dp#* (Figure 3) and [Ru(bpy)s]?* (Figure S3). This strategy is
strictly valid only if the quantum efficiencies for the population
of the lowest triplet state (nr) are known in both cases. For
[Ru(bpy)s]?, it is known that nr ~ 1.81 The excited-state decay
cascade of Dp#t is similar to that of [Ru(bpy)s]?*, since the
quantum efficiencies for intersystem crossing are expected to
be unitary, and the only excited state activity registered in
femtosecond TAS (fsTAS) of Dp#* (Figure S5) is a vibrational
cooling process. This implies that nr ~ 1 for Dp#*, allowing the
determination of molar extinction coefficient by comparative
actinometry. Using [Ru(bpy)s]?* as a reference, the transient
spectrum of (Dp**)* was converted from m(OD) to Ag units,®°
representing the difference of the extinction molar coefficient
of the excited state minus that of the ground state. Given that
the ground state of Dp#* doesn’t present NIR features, then, in
this region, Ag = g(PIIVCT). This is important since the Mulliken-
Hush treatment uses € and not Ag. After units conversion, the
NIR differential spectrum of (Dp**)* was deconvoluted using
three Gaussian functions (Figure 5). The highest energy
Gaussian (Vmax = 11876 cm1, gmax = 2201 M~1cm™1, Avy/; = 6065
cm™1) can be assigned to a mixture of w*-nt* within Lp*~and a
n*(Lp)=> n*(bpy) LL'CT (calculated transition #12 at 12304 cm~
1 Figures 4 and S6). The other two Gaussians (Vmax = 8988 cm™1,
E€max = 2915 M~1cm1, Avyy; = 2507 cm™2, and vimax = 7906 cm™L,
€max = 3466 M~lcm, Avy, = 1768 cm™l, respectively) are
ascribed to PIIVCT transitions (calculated transitions #6 and #7).
Using the spectral parameters of PIIVCT Gaussians and a DFT
calculated donor acceptor distance of 11.3 A in equation (1), Hpa
= 400 cm™ and 465 cm™! according to each Gaussian,
respectively. These values are modest for Class Il mixed valence
systems,>3.62-64 and are fully consistent with a mostly localized
configuration of the excited hole.

DFT-calculated Ru-Ru distances in Dp#* (11.314 A) and in (Dp**)*
(11.318 A) were too similar to explain the observed contrasting
experimental behavior. However, while Lp considerably
deviates from planarity with a dihedral angle of 30° in Dp**, Lp*~
is almost perfectly planar with an angle of 4° in (Dp#*)*. These
differences are commonly observed in polypyridine-type
ligands upon reduction, and show the prevalence of a
semiquinoid form in the radical anionic state.*3-4? In the related
[Ru(dpb)s]?*, dpb is 4,4’-diphenyl-2,2’-bipyridine,
planarization of dpb in the MLCT excited states leads to
extended delocalization and prolonged lifetimes in comparison
to [Ru(bpy)s]2*.6> The drastic consequences that planarization of
the bridging ligand has on Ru-Ru electronic coupling while these
ions are kept at virtually identical distances is consistent with
through-bond rather than through-space interactions, with an
active participation of Lp-centered orbitals and a bridge-
mediated superexchange mechanism.2166 The structural

where
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analogy between Lp and 4,4’-bpy is crucial in determining the
photoswitching behavior of Dp™. These bridging ligands are
based on biphenyl moieties, where the coordinating sites for
each electroactive unit (each 2,2’-bpy in Lp, or each pyridine in
4,4’-bpy) are separated and can rotate with respect to the
other. In contrast, when the bridging ligand is structurally
analogous to 2,2’-bpy or pyrazine, like 2,2’-bipyrimidine, 2,3-Di-
(2-pyridin)pyrazyl,67.68 2,35 6-tetrakis(2-pyridyl)pyrazine,?® or
pyrazine itself,30 the coordinating sites are not separated or
rotation is impeded. In these cases, the radical anionic forms of
the bridges promote similar electronic couplings than their non-
reduced forms, hampering any use as photoswitches.

The performance of Dp* as a photoswitch is based on the
interconversion of electromers (electronic isomers) with
different absorption spectra, i.e. the ground state and the
MLCT(Lp) state (Figure 6), instead of other types of isomers as
in traditional photoswitches. Any visible light that is absorbed
by Dp** leads to the formation of the same MLCT(Lp) state,
therefore any visible light input is useful for promoting
GS>MLCT(Lp) and switching electronic coupling.
GS=>MLCT(Lp) photoconversion yields are approximately 100
%, because, as discussed above, nt ~ 1 for Dp#*, and no triplets
other than MLCT(Lp) were detected in fsTAS (Figure S5). The
thermal reversibility is characterized by the MLCT(Lp)=>GS
lifetime of 2.21 ps. This is an important parameter that should
be tuned according to the desired application. Importantly, this
system does not present any evidence of fatigue at room
temperature. This stems from very high activation energies
required for the population of MC states,>2 which represent the
only known reaction pathway that could potentially lead to
photodecompostion. While long-term experiments are beyond
the scope of this study, routinary fsTAS experiment involves
three consecutive scans that take approximately 8 minutes
each, under 460 nm excitation at 1 kHz and 500 nJ per pulse.
During the course of these experiments, no significant changes
in the transient absorption spectra nor the steady state
absorption spectra of Dp% were detected. Therefore, Dp4
shows virtually full reversibility of the on-off (excitation-decay)
cycles.

Finally, it is worth to point out that it is impossible to prepare
PIMV systems like {Ru'™®(Lp°-)Ru'"%} using only redox inputs,
since the reduction potential of the bridging ligand and the
oxidation potential of the Ru ions are incompatible. Therefore,
the experimental determination of the electronic coupling
promoted by the reduced bridge is an asset exclusive of PIMV
systems.

Conclusions

In conclusion, in the {Ru(bpy)s} dimer Dp"™*, which benefits from
an excellent photostability and full reversibility of excitation-
decay (on-off) cycles, electronic coupling can be turned on by
using visible light inputs. We demonstrated the implementation
of photoinduced mixed valence interactions in the design of
molecular photoswitches. This should be guided by the
judicious design of bridging ligands, which determine ground

This journal is © The Royal Society of Chemistry 20xx

and excited state electronic couplings via the fundamental
differences of GSMV and PIMV systems.
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Figure 5. Gaussian deconvolution of the transient NIR differential absorption of Dp*+*
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spectrum is shown as a grey dashed curve

o o OO
o o o o o OO
S g 8 88§e
25 T T T T T T
MLCT(Lp)
20 ——GS ]
‘_g 15 |
=
[s2)
2 104 |
o
54 |
o T T A.Al A sl -
25 20 15 10
v/ 10%cm™’

Figure 6. a) Photoswitching behavior of Dp**. Any visible light input populates MLCT(Lp)
state, which returns back to the ground state with a microsecond lifetime. b) Absorption
spectra of the ground state (GS) and the MLCT(Lp) state of Dp** in acetonitrile at room
temperature. MLCT(Lp) absorption spectrum was reconstructed from the differential
transient absorption spectrum plus the ground state absorption spectrum.
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