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ABSTRACT

A molecular ensemble comprised of a phenothiazine (PTZ) electron donor, a photoisomerizable
dithienylethene (DTE) bridge, and a Ru(bpy);>" (bpy = 2,2’-bipyridine) electron acceptor was
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was to perform flash-quench transient absorption studies in which the Ru(bpy)s;>" unit is excited

selectively (“flash”) and its SMLCT excited-state is quenched oxidatively (“quench”) by excess
methylviologen prior to intramolecular electron transfer from phenothiazine to Ru(IIl) across the
dithienylethene bridge. However, after selective Ru(bpy)s>" 'MLCT excitation of the dyad with the DTE

bridge in its open form, '"MLCT — 3MLCT intersystem crossing on the metal complex is followed by
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triplet-triplet energy transfer to a 3m-n* state localized state on the DTE unit. This energy transfer
process is faster than bimolecular oxidative quenching with methylviologen at the ruthenium site
(Ru(Ill) is not observed), only the triplet-excited DTE then undergoes rapid (10 ns, instrumentally
limited) bimolecular electron transfer with methylviologen. Subsequently, there is intramolecular
electron transfer with PTZ. The time constant for formation of the phenothiazine radical cation via
intramolecular electron transfer occurring over two p-xylene units is 41 ns. When the DTE bridge is
photo-isomerized to the closed form, PTZ* cannot be observed any more. Irrespective of the wavelength
at which the closed isomer is irradiated, most of the excitation energy appears to be funneled rapidly into
a DTE-localized singlet excited-state from which photoisomerization to the open form occurs within

picoseconds.

INTRODUCTION

Aside from azobenzene and its derivatives, dithienylethenes (DTEs) represent one of the most popular
classes of molecules that can be switched by light between two stable isomeric forms.! Two important
assets of DTEs are their fatigue resistance and the high reversibility of their photoisomerization
reactions.” DTE switching units can easily be incorporated into purely organic molecular ensembles as
well as into molecular constructs with metal centers.>'! A particularly intriguing aspect of DTE research
is the question how the two isomeric forms mediate long-range charge and energy transfer processes: In
general, the photocyclized form exhibits a greater extent of n-conjugation than the open isomer,!? and
hence there might be a possibility to control the efficiency of charge or energy transfer between distant
donors and acceptors by photoswitching of a DTE bridging unit or “wire”. There have been direct
investigations of light-induced conductance switching in DTE molecules by integrating them into a
break junction circuit, and it was found that the resistance of the DTE unit decreases from 526+90 MQ

to 4+1 MQ upon photochemical ring-closure.'® Already prior to these STM investigations, there had
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been work on donor-bridge-acceptor molecules in which the possibility of photonic switching of
photoinduced intramolecular electron transfer was investigated, but such research was not always
crowned with success.>* 1417 A common problem in this context is that phototriggering of the electron
transfer event can in many cases also induce photochemical isomerization of the DTE unit.'® Additional
complications may arise from competing energy transfer processes because the closed isomer with its
extended m-conjugation may act as an efficient trap for the excitation energy.!> 19-24

For investigations of photoinduced electron transfer porphyrins and d® metal diimine complexes are
very attractive photosensitizers. Prior work on DTE systems with appended Ru(bpy);?* and Os(bpy)s>*
(bpy = 2,2’-bipyridine) units has shown that photoexcitation of these metal complexes ultimately
populates an energetically low-lying triplet excited state of the DTE unit from where photoisomerization
occurs on a nanosecond time scale.!> Because of this quenching of the emissive *MLCT excited-state of
Ru(bpy);** and Os(bpy)s>* by DTEs, investigation of excited-state electron transfer is difficult in such
systems. In this research project we aimed to explore whether it would instead be possible to investigate
ground-state electron transfer reactions involving photogenerated Ru(bpy)s** attached to a DTE unit and
a suitable electron donor. For this purpose, we synthesized a molecule comprised of a phenothiazine
(PTZ) electron donor, a photoswitchable DTE bridge, and a Ru(bpy);?* photosensitizer (Ru) as shown in
Scheme 1. The plan was to use nanosecond laser pulses to excite selectively the ruthenium moiety of
this molecule while it is dissolved in acetonitrile in presence of a large excess of the electron acceptor
methylviologen. From research on numerous biological and artificial donor-bridge-acceptor systems
with Ru(bpy)3?" photosensitizers it is known that this will generate Ru(bpy)s:** and methylviologen
radical monocation on a nanosecond time scale.?>?7 Subsequently, intramolecular electron transfer from
PTZ to Ru(Ill) may occur, and this is a ground-state process which is no longer in competition with
photoisomerization reactions associated with the DTE bridge. Our initial goal was to determine the
difference in reaction kinetics for intramolecular PTZ-to-Ru(III) electron transfer in the open (DTEo)
and closed (DTEc) form of the molecular bridge in order to assess to what extent long-range charge

transfer rates can be controlled by photoswitchable DTE spacers. However, our efforts have been only
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partially successful: While it is possible to measure the kinetics of PTZ" formation in the Ru-DTEo-PTZ
molecule (Scheme 1, top), this turned out to be impossible for the Ru-DTEc-PTZ isomer (Scheme 1,
bottom). Nevertheless, the results obtained on the open isomer are interesting in their own right because
they provide new insight into charge and energy transfer processes in DTE systems with appended
transition metal complexes. To the best of our knowledge, we report here on the first study of flash-

quench triggered electron transfer in photoswitchable DTE systems.

Ru-DTEo-PTZ

Ru-DTEc-PTZ

donor bridge acceptor

Scheme 1. The two isomers of the ruthenium-diethienylethene-phenothiazine molecule investigated in

this work.

RESULTS AND DISCUSSION

Synthesis. The synthesis of PTZ-DTEo-Ru is described in detail in the Supporting Information. The
closed isomer Ru-DTEc-PTZ is obtained in nearly quantitative yield by irradiating solutions of the open

isomer Ru-DTE0-PTZ with a portable UV lamp giving 254 nm light output. According to '"H NMR



spectroscopy, the photostationary state obtained in CD3CN solution under these irradiation conditions

contains more than 90% of the closed isomer.

Photophysical and electrochemical properties. Figure 1 shows UV-Vis spectra of the two isomers
from Scheme 1 in acetonitrile solution. One observes the metal-to-ligand charge transfer (MLCT)
absorption associated with the Ru(bpy)s;?* unit centered around 450 nm, predominantly bpy-localized n-
n* absorptions at 290 nm,?® and a PTZ-localized excitation near 250 nm.?*-3° In both isomeric forms the
DTE unit contributes significantly to the absorption between 300 nm and 370 nm, and in the closed
isomer the absorption band extending from ~460 nm to ~750 nm is caused by the DTEc unit. At least
with respect to singlet excited-states one may thus conclude that the energetically lowest lying excited
state is Ru(bpy)s;**-localized in Ru-DTEo-PTZ and DTE-localized in Ru-DTEc-PTZ. To what extent

this is also true for triplet excited states is a separate question that will be addressed below.

Ru-DTEo-PTZ
1004 = RU-DTECc-PTZ
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Figure 1. UV-Vis spectra of the two isomers of the Ru-DTE-PTZ molecule in acetonitrile solution.

Figure 2 shows cyclic voltammograms of the two isomers from Scheme 1 measured in acetonitrile
solution in presence of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) electrolyte. Traces
of decamethylferrocene (MeioFc) were added to the solutions for internal voltage referencing, and the
reversible signals at -0.51 V vs. Fc¢/Fc (Fc = ferrocene) are due to the MeioFc'/MeioFc couple (dashed

vertical line).3! The PTZ unit exhibits a reversible oxidation at a potential of 0.27 V vs. Fc*/Fc (Table
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1), in line with prior investigations.’?> The Ru(bpy)s:**/Ru(bpy)s>* couple appears as a quasi-reversible
wave at 0.97 V vs. Fc¢'/Fc, consistent with previous studies.?® In the closed isomer, a DTE-localized
oxidation process is observed as a reversible wave centered at 0.54 V vs. Fc*/Fc. Indeed, the closed
forms of DTEs are known to exhibit oxidations below 1 V vs. Fc*/Fc while the open isomers are usually
oxidized at higher potentials;3-3* in our case the oxidation of the DTEo unit falls out of the investigated
potential range. At an electrochemical potential of about -1.4 V vs. Fc*/Fc one observes a reduction
wave that is most likely due to a reduction process involving the bridging DTE moiety.3 At potentials
of ca. -1.7, -1.9, and -2.2 V vs. Fc'/Fc occur the common bpy-reductions of the Ru(bpy)s>" complex.?®

All electrochemical potentials are summarized in Table 1.
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Figure 2. Cyclic voltammograms of the two isomers of the Ru-DTE-PTZ molecule in CH3CN in
presence of 0.1 M TBAPFs electrolyte. The reversible wave at -0.51 V vs. F¢*/Fc (dashed vertical line)

is due to decamethylferrocene which was added to the solutions for internal voltage referencing.

The Ru-DTEo0-PTZ isomer is emissive after excitation into the MLCT absorption band at 450 nm or
532 nm (data not shown). The luminescence band coincides spectrally with that of the isolated
Ru(bpy);** complex in acetonitrile solution, and therefore the emission of Ru-DTEo0-PTZ is assigned to
the common *MLCT luminescence of Ru(bpy)s?*. By contrast, the closed isomer is non-luminescent in
acetonitrile solution, which is no surprise given the absorption data discussed above: In Ru-DTEc-PTZ

the lowest singlet excited-state is DTEc-localized (Figure 1), hence it is plausible that the lowest triplet



excited state is localized on the DTEc unit as well. Indeed, prior work has demonstrated that a triplet
state of DTE can be populated efficiently from the Ru(bpy)s*" *MLCT state by triplet-triplet energy
transfer; in some selected systems with emissive d® metal diimine complexes this phenomenon even

served as a basis for obtaining photoswitchable luminescence properties.36-37

Table 1. Second and third column: Electrochemical potentials (in V vs. Fc*/Fc) for the individual
redox-active components of the open and closed isomer of the Ru-DTE-PTZ molecule. Last column:
Reduction potentials for the isolated components of the Ru-DTE-PTZ molecule in reference compounds

or in the free Ru(bpy)s>" complex.

in molecular ensemble in reference compound

Ru-DTEo0-PTZ Ru-DTEc-PTZ from the literature

PTZ 0 0.27 0.28 0.372

DTE* 0.54 DTEo: 1.3 DTEc: 0.63°
Ru(TI/IT) 0.97 0.94 0.89¢

bpy ™ 1.7 1.7 -1.68°

bpy™° -1.9 -1.9 -1.88¢

bpy ™ 2.1 2.1 2,159

a From reference 38. ® Measured on the DTE-ref molecule from Scheme 4.35 ¢ From reference 28. 9 From
reference 39.

When irradiating a CH3CN solution of Ru-DTEo-PTZ with visible or UV light, the SMLCT emission
intensity rapidly decreases, which we interpret as a manifestation of photochemical isomerization of the
DTE spacer from the open to the closed form. Direct evidence for this phenomenon comes from the

transient absorption data in Figure 3.
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Figure 3. (a) Blue trace: Transient absorption spectrum measured in a 200-ns time window after
excitation of a ~2-10" M acetonitrile solution of Ru-DTEo0-PTZ at 532 nm with laser pulses of 10 ns
width.*® Green trace: Result of a subtraction of the UV-Vis spectrum of Ru-DTEo-PTZ in CH3CN from
that of Ru-DTEc-PTZ. (b) Red trace: Transient absorption spectrum measured in a 200-ns time window
after excitation of a ~2-10 M acetonitrile solution of Ru-DTEc-PTZ at 532 nm with laser pulses of 10
ns width.*? Green trace: Result of a subtraction of the UV-Vis spectrum of Ru-DTEc-PTZ in CH3CN

from that of Ru-DTEo-PTZ.

The blue trace in Figure 3a shows a transient absorption spectrum detected in a 200-ns time window
starting immediately after exciting the Ru-DTEo-PTZ compound in CH3CN at 532 nm with 10-ns laser
pulses.*® The detected spectrum is markedly different from the spectral signature of SMLCT-excited
Ru(bpy)s*" for which one commonly observes a bleach around 450 nm (due to Ru(Ill)) and a positive
transient absorption signal around 380 nm (due to bpy).*' Here, there are two positive transient
absorption signals, the more intense one maximizing near 560 nm and the weaker one centered around
400 nm. The green trace which is superimposed on the transient absorption data in Figure 3a is the result
of a subtraction of the UV-Vis spectrum of Ru-DTEo-PTZ from that of Ru-DTEc-PTZ.*?> This derived
spectrum corresponds very well to the experimentally observed transient absorption spectrum, indicating

that one essentially observes the accumulation of DTE ring-closure photoproducts in this transient



absorption experiment.*? Despite selective excitation of the ruthenium unit, ultimately the excitation
energy seems to arrive at the DTE unit where induces photochemical isomerization. The most plausible
explanation for this behavior is the presence of an energetically low lying triplet excited state on the
DTE unit (even in the open isomer) which is fed from the 3SMLCT state of Ru(bpy)s>* by triplet-triplet
energy transfer as illustrated in the right part of Scheme 2.5 From the 3mn-n* state of DTEo,

photochemical ring-closure can then occur.
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Scheme 2. Qualitative energy level scheme for the Ru-DTE-PTZ molecule.

When performing the exactly same transient absorption experiment with an acetonitrile solution of
Ru-DTEc-PTZ, one obtains the spectrum represented by the red trace in Figure 3b. This spectrum is
essentially a mirror image of that observed for the open isomer in Figure 3a (blue trace) and corresponds
to the subtraction of the absorption spectrum of Ru-DTEc-PTZ from that of Ru-DTEo-PTZ (green trace
in Figure 3b). We conclude that one essentially detects the accumulation of DTE ring-opening
photoproducts in this experiment. In the case of the closed form of DTE, the excitation energy may
arrive at the photochemically active unit either by singlet-singlet energy transfer directly from the
'MLCT state or through a sequence of 'MLCT to *MLCT intersystem crossing (isc) and triplet-triplet

energy transfer. Depending on which pathway is taken, photoisomerization then either occurs from a -

n* or a 3m-n* state (left part of Scheme 2).°®3¢ Photoisomerization of DTEs can occur within a few
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picoseconds from singlet excited states, while the lowest triplet state was previously found to react on a
nanosecond time scale. When monitoring the transient absorption signals of Ru-DTEo-PTZ or Ru-
DTEc-PTZ at 590 nm as a function of time (data not shown), the photoproducts are found to build up
within the 10 ns duration of the laser excitation pulse. Thus, we cannot temporally resolve the
photoisomerization reactions with our nanosecond equipment.

Scheme 2 illustrates why the photophysical and photochemical behavior of the Ru-DTEo-PTZ and
Ru-DTEc-PTZ molecules is essentially independent of the excitation wavelength: Irrespective of
whether the initial excitation occurs into the Ru(bpy)s>" complex (e. g. at 450 nm or 532 nm) or directly
into a DTE absorption (e. g. at 355 nm), and regardless of whether the DTE unit is in its open or in its
closed form, the excitation energy always ends up on the DTE unit from where photoisomerization can
occur. In a sense, the metal complex thus acts as a sensitizer for DTE isomerization.®®#¢ One might
expect different photoisomerization quantum yields depending on whether photoexcitation leads to
population of a 'n-n* or a *rn-n* state on the DTE unit, but investigation of this aspect is beyond the

scope of the current study.

Flash-quench studies of the open isomer with methylviologen. Figure 4a shows the transient
absorption spectrum obtained after 532-nm excitation of a freshly prepared acetonitrile solution
containing ~2:10° M PTZ-DTEo-Ru and 50 mM methylviologen (MV?*). The resulting spectrum,
detected in a 200-ns time window starting immediately after the 10-ns laser pulse,*® provides clear
evidence for the formation of reduced methylviologen: Both the sharp and intense absorption at 397 nm
as well as the majority of the broad band extending from 460 nm to 720 nm can readily be attributed to
methylviologen monocation (MV™).26 32 Thus, the flash-quench method illustrated in Scheme 3 seems to
work for the Ru-DTEo0-PTZ compound: Following pulsed Ru(bpy)s?* irradiation (“flash”), the excitation
energy is used for a bimolecular electron transfer process from which MV™ is the resulting reduction

product.
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Figure 4. (a) Transient absorption spectrum obtained from an acetonitrile solution containing ~2-10° M
Ru-DTEo0-PTZ and 50 mM methylviologen after excitation at 532 nm with 10-ns laser pulses. The data
was acquired in a 200-ns time window.*? (b) Transient absorption spectrum obtained from the reference
molecule Ru-ref (Scheme 4) under analogous experimental conditions. (¢) Result of a spectro-
electrochemical investigation of reference molecule PTZ-ref (Scheme 4); the absorption spectrum was
acquired after application of an electrochemical potential of 0.5 V vs. Fc'/Fc to a dichloromethane

solution of PTZ-ref.
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Scheme 3. The flash-quench method as originally envisioned for investigation of intramolecular PTZ-

to-Ru(Ill) electron transfer in the Ru-DTE-PTZ molecule.
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Scheme 4. Molecular structures of three reference molecules.

Figure 4b shows the transient absorption spectrum measured on a reference compound called Ru-ref
(Scheme 4) in presence of 50 mM MV?" in acetonitrile in the same spectral range. This compound was
available from a recent study and, in a flash-quench experiment with methylviologen, exhibits rapid (ter
= 24 ns) intramolecular electron transfer from the attached tetramethoxybenzene unit to photogenerated
Ru(bpy);**.3? The oxidized tetramethoxybenzene unit has only very weak absorptions in the spectral
range considered here, and therefore the spectrum shown in Figure 4b essentially represents the spectral
signature of MV™ without significant interference from other absorbing species (including the ruthenium
complex and attached organic moieties).!> There is great similarity between the transient absorption
spectra in Figure 4a and Figure 4b: As marked by the vertical dotted arrows, there are common local
absorption maxima at 397 nm, 565 nm, 608 nm, and 677 nm. However, the spectrum of Figure 4a
contains an additional side-band at 518 nm which is absent in the spectrum of Figure 4b, and which can
therefore not be attributed to MV™*. With the help of the spectrum in Figure 4¢ the additional absorption
at 518 nm is identified as a spectral fingerprint of PTZ": The spectrum in Figure 4c is the result of a
spectro-electrochemical investigation of a molecule named PTZ-ref in Scheme 4.3? Specifically, it is the
UV-Vis spectrum of a dichloromethane solution of PTZ-ref measured under application of an

electrochemical potential of 0.5 V vs. Fc'/Fc.3? Because charge-neutral PTZ is spectroscopically
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innocent in the relevant spectral range, the spectrum shown in Figure 4c corresponds essentially to the
one-electron oxidation product PTZ*. The dashed vertical double arrow in Figure 4 shows that the
absorption maximum from Figure 4c coincides precisely with the additional absorption side-band in
Figure 4a that is not caused by MV™. We conclude that the transient absorption spectrum of Ru-DTEo-
PTZ in Figure 4a is essentially a superposition of MV*™ and PTZ" photoproducts — in fact it closely
resembles previously reported transient absorption spectra of ruthenium-phenothiazine dyads

investigated by the flash-quench technique with methylviologen.?”-3%-3%44
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Figure 5. (a) Temporal evolution of the transient absorption signals at 397 nm and 518 nm from Figure

4a. (b) Temporal evolution of the transient absorption signals at 397 nm and 518 nm from Figure 6b.

Figure 5a shows the temporal evolution of the transient absorption intensity from Figure 4a at 397 nm
(purple trace) and at 518 nm (blue trace). The optical density at 397 nm raises with an instrumentally
limited rate constant of ~8-107 s”!, i. e., MV™ is formed within the duration of the laser pulse. Such rapid
kinetics at a concentration of 50 mM in MV?" is consistent with the previously determined rate constant
of 2.4-10° M™! s°! for the bimolecular electron transfer reaction between isolated Ru(bpy);>" complex and
MV?" in CH3CN at 25°C.2® However, the blue trace in Figure 5a contains more important information:
At 518 nm there is an initial rapid increase of the optical density, followed by a significantly slower rise
which is only complete after ~200 ns. The initial fast increase is attributed to the formation of MV™; as

seen from Figure 4b, this species has a non-negligible extinction at 518 nm. The subsequent slower rise
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is attributed to the formation of PTZ" by an intramolecular electron transfer event. The rate constant for
this process is 2.4-107 s™! which is clearly not an instrumentally limited value.

Our original hypothesis was that photogenerated Ru(bpy);*" would be the redox partner for
intramolecular electron transfer with PTZ (Scheme 3). Therefore, we measured the temporal evolution
of the transient absorption signal at 450 nm and were surprised to find that there are virtually no changes
in optical density at this wavelength on a nanosecond time scale (data not shown). The Ru(IIl) oxidation
product commonly displays an easily detectable bleach at 450 nm due to the disappearance of the
'MLCT absorption of Ru(bpy)s>*. Intramolecular electron transfer with PTZ would be expected to lead
to a bleach recovery with a rate constant of 2.4-107 s°!, corresponding to the rate at which PTZ" is
formed. The absence of any detectable MLCT bleach at 450 nm indicates that Ru(IIl) is either never
produced or it reacts with a rate constant greater than 108 s!.

Prior work on DTE systems with covalently attached Ru(bpy)s>" complexes has demonstrated that the
lowest 3r-r* state of the DTE unit is populated from the MLCT state within picoseconds.>* 1323 In the
flash-quench experiment, quenching of the Ru(bpy)s?>* *MLCT state by MV?* is limited by diffusion and
can only occur on the order of ~1 ns when MV?" is present at 50 mM concentration (this is near the
solubility limit of ~80 mM in CH3CN at 25°C). Thus, even in presence of a large excess of MV?*,
intramolecular triplet-triplet energy transfer to the lowest 3n-n* state of DTEo is likely to be the most
efficient MLCT depopulation process. The question then is whether 3n-n*-excited DTEo can be
oxidized by MV?*. The reference molecule DTEo-ref (Scheme 4) is oxidized at an electrochemical
potential of 1.3 V vs. Fc*/Fc.33 The precise energy of the DTEo *n-r* state is not known, but an upper
limit of 2.1 €V can be set because this is the energy of the lowest Ru(bpy)s** MLCT state.?® On this
basis, we estimate an electrochemical potential for oxidation of 3r-m*-excited DTEo of -0.8 V vs.
Fc'/Fc. In acetonitrile, MV?" is reduced to MV™ at a potential of -0.84 V vs. Fc*/Fc.?® Consequently,

bimolecular electron transfer between *n-n*-excited DTEo and MV?' appears thermodynamically

feasible even though it may be slightly endergonic. Photoisomerization from the 3n-m* state is known to
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be relatively slow (nanosecond time scale; Scheme 2),°*3¢ hence bimolecular electron transfer with
MV?2* followed by intramolecular PTZ-to-DTEo" electron transfer may indeed be a competitive reaction
sequence.

In an effort to find additional experimental support for our proposed reaction sequence we attempted
to determine the spectral signature of the oxidized DTEo-ref molecule from Scheme 4 in an independent
spectro-electrochemistry experiment, in order to be able to search for spectral signs of this species in
transient absorption studies. However, as reported already in a recent publication, the first two
oxidations of the respective DTEo unit occur at nearly the same potential and hence the one-electron
oxidized form cannot be observed in spectro-electrochemistry.?> Instead, one only detects the closed
form of the twofold oxidized species, which is the result of an electrochemically induced ring-closure
reaction as commonly observed for DTEs.!#

One further piece of information supports the hypothesis of PTZ" formation via intramolecular
electron transfer involving DTEo™ as a redox partner, namely the magnitude of the rate constant with
which PTZ" is formed: In the Ru-DTEo-PTZ molecule the PTZ and DTE units are connected to each
other via two p-xylene spacers. Our own recent studies of phototriggered electron transfer with PTZ
units demonstrated that rate constants on the order of 107 s! are typically observed for charge transfer
events across two p-xylene, two p-phenylene or one fluorene unit.*+¢ For electron transfer from PTZ to
the ruthenium center in Ru-DTEo-PTZ the observed rate constant of 2.4-107 s”! is at least three orders of

magnitude too large.

Flash-quench studies of the closed isomer with methylviologen. Figure 6b (red trace) shows the
transient absorption spectrum obtained after 532-nm excitation of a freshly prepared acetonitrile solution
containing ~2-10 M PTZ-DTEc-Ru and 50 mM methylviologen (MV?"). The spectrum was detected in
a 200-ns time window starting immediately after the 10-ns laser pulse,*’ i. e., under exactly the same

conditions as the transient absorption spectrum of the open isomer from Figure 4a. For better
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comparison with the closed isomer, the spectrum obtained from Ru-DTEo-PTZ has been reproduced in

Figure 6a (blue trace).
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Figure 6. (a) Transient absorption spectrum obtained from an acetonitrile solution containing ~2-10° M
Ru-DTEo0-PTZ and 50 mM methylviologen after excitation at 532 nm with 10-ns laser pulses. The data
was acquired in a 200-ns time window.*® (b) Red trace: Transient absorption spectrum obtained under

identical conditions for Ru-DTEc-PTZ. Green trace: Result of a subtraction of the UV-Vis spectrum of

Ru-DTEc-PTZ in CH3CN from that of Ru-DTEo-PTZ.

The sharp signal at 397 nm in Figure 6b is indicative of MV™, but most of the absorbance expected for
the MV™ monocation between 460 nm and 720 nm is absent. It appears that the respective MV*
absorptions are masked by a process that causes negative absorbance changes in the relevant spectral
range; this is particularly evident between 520 nm and 600 nm where the AOD signal becomes negative.
The green trace in Figure 6b is the result of a subtraction of the ground-state absorption spectrum of Ru-
DTEc-PTZ from that of Ru-DTEo-PTZ. The superposition of the two traces in Figure 6b strongly
suggests that the MV™ absorptions between 460 nm and 720 nm cannot be observed because
photoisomerization of DTEc to DTEo is a competitive process after photoexcitation of Ru-DTEc-PTZ.
This makes sense because in the case of the closed isomer, a DTE-localized !n-n* state can be populated

after Ru(bpy)s?" 'MLCT excitation (Scheme 2). Photoisomerization of DTEs from singlet excited states
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is known to be about three orders of magnitude more rapid than from triplet excited states.’* !> Thus, a
significant portion of the excitation energy seems to be funneled directly into rapid DTEc — DTEo
isomerization, while another portion of the excitation is obviously used to generate MV* (Figure 6b).
Specifically, we assume that another portion of the excitation energy ends up in a DTE-localized 3n-n*
state which lives long enough to undergo bimolecular electron transfer with MV?*, Scheme 2 shows that
this is thermodynamically possible. There is no simple experimental way to support this hypothesis, but
given the undisputable observation of reduced methylviologen and photochemical ring-opening, it is a
very plausible reasoning. The primary oxidation product of bimolecular electron transfer between MV2*
and PTZ-DTEc-Ru is likely to be DTEc" because photoexcited DTEc is even easier to oxidize than
photoexcited DTEo (see Figure 2 and Table 1 for ground-state potentials).

From the data in Figure 5b we learn that the absorption at 518 nm reaches a maximum within the laser
pulse and then rapidly decreases to reach a AOD-value that is essentially constant on a microsecond time
scale. The fast rise within the laser pulse is likely to reflect formation of MV™ (possibly including a
fraction of PTZ") before a second process, presumably photoisomerization, leads to a reduction of the
AOD-value which is complete after 25 ns. Given the fact that the rate for bimolecular electron transfer
with methylviologen is already limited by diffusion, there is no possibility to accelerate electron transfer
with respect to the competing photoisomerization reaction. Consequently, the spectrum from Figure 6b
cannot be disentangled any further, and we are forced to conclude that we can neither observe PTZ" nor

any other oxidized component of the Ru-DTEc-PTZ molecule in our flash-quench experiment.*’

SUMMARY AND CONCLUSIONS

The main purpose of the current study was to assess to what extent flash-quench transient absorption
studies are useful for investigation of phototriggered electron transfer in donor-bridge-acceptor systems

containing photoisomerizable DTE units and d® metal diimine photosensitizers. To the best of our
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knowledge, our paper represents the first report of a photoswitchable donor-acceptor system investigated
by the flash-quench method. The most important conclusion is that regardless what excitation
wavelength is used and irrespective of which DTE isomer is considered, in the PTZ-DTE-Ru molecule
the excitation energy always ends up on the DTE unit. In the case of the open isomer the excitation
energy is fed into a 3n-n* state of the DTE unit while in the closed isomer it is a 'n-n* state, only a small
fraction of the excitation energy appears to end up in the *m-n* state of the closed DTE. This is
important because photoisomerization from the 3n-n* state occurs only on a nanosecond time scale
while the 'm-m* state reacts within picoseconds.®®¢ Since bimolecular electron transfer with
methylviologen can only occur on a nanosecond time scale, the flash-quench procedure can only be
applied successfully to the open isomer, while for the closed form there is too much interference from
photoisomerization side reactions.

In Ru-DTEo0-PTZ, the ultimate oxidation product of the flash-quench sequence is PTZ*. It appears
plausible that the rate-determining step (k = 2.4-107 s!') for the formation of this species is
intramolecular electron transfer to flash-quench generated DTE*. Without the use of the flash-quench
method, the Ru-DTEo-PTZ molecule simply photoisomerizes and intramolecular electron transfer
cannot be observed. Thus, at least for the open isomer of our dyad the applied method leads to (partial)
success. The finding that DTE is directly involved as a redox partner in intramolecular electron transfer
with PTZ (and not just as a bridge mediating electron transfer between PTZ and ruthenium) is
noteworthy.

In agreement with prior investigations we find that the Ru(bpy)s** complex acts as a sensitizer for

DTE photoisomerization,®®8¢

but for investigations of phototriggered intramolecular electron transfer in
systems containing DTE units in their closed forms it represents a rather poor choice. Thus, it appears
much more promising to investigate the switching of electron transfer in DTE molecules by focusing on
mixed-valence systems, where phototriggering of charge transfer is not required and where detection of

intervalence absorption bands can occur in spectral ranges in which undesired photoisomerization

reactions cannot be induced unintentionally.?> 4852 However, as long as one is interested in charge
18



transfer phenomena involving the open forms of DTEs, the flash-quench method can provide insight

that cannot be obtained from simple photoexcitation.

EXPERIMENTAL SECTION

Commercially available chemicals were used as received without further purification. Solvents where
dried by standard methods. Preparative column chromatography occurred on Silica Gel 60 from
Machery-Nagel. For NMR spectroscopy Bruker Avance DRX 300 and Bruker B-ACS-120 instruments
were employed. Electron ionization mass spectrometry (EI-MS) was performed on Finnigan MAT8200
instrument, for elemental analysis a Vario EL III CHNS analyzer from Elementar was used. Cyclic
voltammetry measurements were made using a Versastat3-200 potentiostat from Princeton Applied
Research equipped with a glassy carbon working electrode, a silver counter electrode, and a silver wire
quasi-reference electrode. The supporting electrolyte was a 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFs). Decamethylferrocene (MeioFc) was added for internal voltage
referencing. Nitrogen gas was bubbled through the dried solvent before starting voltage sweeps at 100
mV/s. UV-Vis spectra were measured on a Cary 300 instrument from Varian. Steady-state luminescence
spectra were measured on a Fluorolog-3 instrument (FL322) from Horiba Jobin-Yvon, equipped with a
TBC-07C detection module from Hamamatsu. For transient absorption spectroscopy, we used an
LP920-KS instrument from Edinburgh Instruments, equipped with an iCCD camera from Andor and an
R928 photomultiplier. The excitation source was a Quantel Brilliant b laser equipped with an OPO from

Opotek. All spectroscopic measurements occurred in aerated acetonitrile solution.

19



ACKNOWLEDGMENT

Financial support by the Deutsche Forschungsgemeinschaft through grants number INST186/872-1

and WE4815/1-1 is gratefully acknowledged.

SUPPORTING INFORMATION PARAGRAPH

Synthetic protocols and characterization data for the Ru-DTEo -PTZ molecule and all intermediate

reaction products. This material is available free of charge via the Internet at http://pubs.acs.org.

REFERENCES

(1) Feringa, B. L., Molecular Switches. Wiley-VCH: Weinheim, 2001.

(2) Irie, M., Chem. Rev. 2000, 100, 1685-1716.

(3) Belser, P.; De Cola, L.; Hartl, F.; Adamo, V.; Bozic, B.; Chriqui, Y.; Iyer, V. M.; Jukes, R. T. F.;

Kuhni, J.; Querol, M.; Roma, S.; Salluce, N., Adv. Funct. Mater. 2006, 16, 195-208.

(4) Jukes, R. T. F.; Adamo, V.; Hartl, F.; Belser, P.; De Cola, L., Coord. Chem. Rev. 2005, 249,

1327-1335.

(5) Roberts, M. N.; Nagle, J. K.; Finden, J. G.; Branda, N. R.; Wolf, M. O., Inorg. Chem. 2009, 48,

19-21.

(6) Ko, C.C.; Yam, V. W. W., J. Mater. Chem. 2010, 20, 2063-2070.

(7) Gilat, S. L.; Kawai, S. H.; Lehn, J. M., Chem. Eur. J. 1995, 1, 275-284.

20



(8) Chan, J. C. H.; Lam, W. H.; Wong, H. L.; Zhu, N. Y.; Wong, W. T.; Yam, V. W. W., J. 4m.

Chem. Soc. 2011, 133, 12690-12705.

(9) Guerchais, V.; Ordronneau, L.; Le Bozec, H., Coord. Chem. Rev. 2010, 254, 2533-2545.

(10) Andréasson, J.; Pischel, U.; Straight, S. D.; Moore, T. A.; Moore, A. L.; Gust, D., J. Am. Chem.

Soc. 2011, 133, 11641-11648.

(11) Brayshaw, S. K.; Schiffers, S.; Stevenson, A. J.; Teat, S. J.; Warren, M. R.; Bennett, R. D.;

Sazanovich, I. V.; Buckley, A. R.; Weinstein, J. A.; Raithby, P. R., Chem.-Eur. J. 2011, 17, 4385-4395.

(12) Peters, A.; McDonald, R.; Branda, N. R., Chem. Commun. 2002, 2274-2275.

(13) He, J.; Chen, F.; Liddell, P. A.; Andreasson, J.; Straight, S. D.; Gust, D.; Moore, T. A.; Moore,

A. L. Li, J.; Sankey, O. F.; Lindsay, S. M., Nanotechnology 2005, 16, 695-702.

(14) Endtner, J. M.; Effenberger, F.; Hartschuh, A.; Port, H., J. Am. Chem. Soc. 2000, 122, 3037-

3046.

(15) Jukes, R. T. F.; Adamo, V.; Hartl, F.; Belser, P.; De Cola, L., Inorg. Chem. 2004, 43, 2779-2792.

(16) Fukaminato, T.; Tanaka, M.; Doi, T.; Tamaoki, N.; Katayama, T.; Mallick, A.; Ishibashi, Y.;

Miyasaka, H.; Irie, M., Photochem. Photobiol. Sci. 2010, 9, 181-187.

(17) Liddell, P. A.; Kodis, G.; Moore, A. L.; Moore, T. A.; Gust, D., J. Am. Chem. Soc. 2002, 124,

7668-7669.

(18) Karnbratt, J.; Hammarson, M.; Li, S. M.; Anderson, H. L.; Albinsson, B.; Andréasson, J.,

Angew. Chem. Int. Ed. 2010, 49, 1854-1857.

(19) Hurenkamp, J. H.; de Jong, J. J. D.; Browne, W. R.; van Esch, J. H.; Feringa, B. L., Org. Biomol.

Chem. 2008, 6, 1268-1277.

21



(20) Raymo, F. M.; Tomasulo, M., J. Phys. Chem. A 2005, 109, 7343-7352.
(21) Raymo, F. M.; Tomasulo, M., Chem. Soc. Rev. 2005, 34, 327-336.
(22) Myles, A. J.; Gorodetsky, B.; Branda, N. R., Adv. Mater. 2004, 16, 922-925.

(23) Indelli, M. T.; Carli, S.; Ghirotti, M.; Chiorboli, C.; Ravaglia, M.; Garavelli, M.; Scandola, F., J.

Am. Chem. Soc. 2008, 130, 7286-7299.
(24) Tian, H.; Yang, S. J., Chem. Soc. Rev. 2004, 33, 85-97.

(25) Bjerrum, M. J.; Casimiro, D. R.; Chang, 1.-J.; Di Bilio, A. J.; Gray, H. B.; Hill, M. G.; Langen,

R.; Mines, G. A.; Skov, L. K.; Winkler, J. R.; Wuttke, D. S., J. Bioenerg. Biomembr. 1995, 27, 295-302.

(26) Sun, L. C.; Burkitt, M.; Tamm, M.; Raymond, M. K.; Abrahamsson, M.; LeGourriérec, D.;
Frapart, Y.; Magnuson, A.; Kenéz, P. H.; Brandt, P.; Tran, A.; Hammarstrom, L.; Styring, S.; Akermark,

B.,J. Am. Chem. Soc. 1999, 121, 6834-6842.
(27) Walther, M. E.; Wenger, O. S., ChemPhysChem 2009, 10, 1203-1206.

(28) Roundhill, D. M., Photochemistry and Photophysics of Metal Complexes. Plenum Press: New

York, 1994.
(29) Hanss, D.; Wenger, O. S., Inorg. Chem. 2008, 47, 9081-9084.
(30) Hanss, D.; Wenger, O. S., Inorg. Chem. 2009, 48, 671-680.

(31) Noviandri, I.; Brown, K. N.; Fleming, D. S.; Gulyas, P. T.; Lay, P. A.; Masters, A. F.; Phillips,

L., J. Phys. Chem. B 1999, 103, 6713-6722.
(32) Walther, M. E.; Wenger, O. S., Inorg. Chem. 2011, 50, 10901-10907.

(33) Browne, W. R.; de Jong, J. J. D.; Kudernac, T.; Walko, M.; Lucas, L. N.; Uchida, K.; van Esch,

J. H.; Feringa, B. L., Chem. Eur. J. 2005, 11, 6414-6429.

22



(34) Browne, W. R.; de Jong, J. J. D.; Kudernac, T.; Walko, M.; Lucas, L. N.; Uchida, K.; van Esch,

J. H.; Feringa, B. L., Chem. Eur. J. 2005, 11, 6430-6441.
(35) He, B.; Wenger, O. S., J. Am. Chem. Soc. 2011, 133, 17027-17036.
(36) Yam, V. W. W.; Ko, C. C.; Zhu, N. Y., J. Am. Chem. Soc. 2004, 126, 12734-12735.

(37) Wenger, O. S.; Henling, L. M.; Day, M. W.; Winkler, J. R.; Gray, H. B., Polyhedron 2004, 23,

2955-2958.

(38) Borgstrom, M.; Johansson, O.; Lomoth, R.; Baudin, H. B.; Wallin, S.; Sun, L. C.; Akermark, B.;

Hammarstrom, L., Inorg. Chem. 2003, 42, 5173-5184.

(39) Furue, M.; Maruyama, K.; Oguni, T.; Naiki, M.; Kamachi, M., Inorg. Chem. 1992, 31, 3792-

3795.
(40) The signal was integrated over the first 200 ns interval.
(41) Yoshimura, A.; Hoffman, M. Z.; Sun, H., J. Photochem. Photobiol. A 1993, 70, 29-33.

(42) The raw data from Figure 1 were used for this purpose, i. e., the original absorbance data before

converting optical densities to extinction coefficients.

(43) We had used an ordinary quartz cuvette for these measurements. In prior investigations by other
researchers optical flow-through cells were used but the same problem was encountered, see for

example ref. 15.
(44) Wenger, O. S., Acc. Chem. Res. 2011, 25-35.

(45) Walther, M. E.; Grilj, J.; Hanss, D.; Vauthey, E.; Wenger, O. S., Eur. J. Inorg. Chem. 2010,

4843-4850.

(46) Wenger, O. S., Chem. Soc. Rev. 2011, 40, 3538-3550.

23



(47) Because of the rapidity of the photoisomerization from the singlet excited state prior work has
come to the conclusion that even the use of optical flow-through cells does not lead to a marked

improvement of the situation, see ref. 15.

(48) Tanaka, Y.; Ishisaka, T.; Inagaki, A.; Koike, T.; Lapinte, C.; Akita, M., Chem. Eur. J. 2010, 16,

4762-4776.

(49) Tanaka, Y.; Inagaki, A.; Akita, M., Chem. Commun. 2007, 1169-1171.

(50) Motoyama, K.; Koike, T.; Akita, M., Chem. Commun. 2008, 5812-5814.

(51) Motoyama, K.; Li, H. F.; Koike, T.; Hatakeyama, M.; Yokojima, S.; Nakamura, S.; Akita, M.,

Dalton Trans. 2011, 40, 10643-10657.

(52) Fraysse, S.; Coudret, C.; Launay, J.-P., Eur. J. Inorg. Chem. 2000, 1581-1590.

24



SYNOPSIS TOC

A Ru(bpy)s?>" (bpy = 2,2’-bipyridine) photosensitizer, a phenothiazine electron donor and a
photoisomerizable dithienylethene unit were connected together in a covalent molecular ensemble. The
photophysical and photochemical properties of the resulting molecule were investigated by transient
absorption spectroscopy with particular focus on the photochemical behavior in presence of excess
methylviologen as an oxidative quencher. Phototriggered electron transfer processes were found to be in

competition with photoisomerization reactions.
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