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ABSTRACT: The diarylethene moiety is one of the most extensively used
switches in the field of molecular electronics. Here we report on spectroscopic
and quantum chemical studies of two diarylethene-based compounds with a
non-C;-symmetric triethynyl terthiophene core symmetrically substituted with
RuCp*(dppe) or trimethylsilyl termini. The ethynyl linkers are strong IR
markers that we use in time-resolved vibrational spectroscopic studies to get
insight into the character and dynamics of the electronically excited states of
these compounds on the picosecond to nanosecond time scale. In
combination with electronic transient absorption studies and DEFT
calculations, our studies show that the conjugation of the non-C;-symmetric
triethynyl terthiophene system in the excited state strongly affects one of the
thiophene rings involved in the ring closure. As a result, cyclization of the
otherwise photochromic 3,3”-dimethyl-2,2":3’,2"-terthiophene core is in-
hibited. Instead, the photoexcited compounds undergo intersystem crossing
to a long-lived triplet excited state from which they convert back to the ground state.

B INTRODUCTION demonstrated photocyclization,"®"” thereby closely following
the observation of ring closure in terthiophenes in general'”
with and without substituents on the terthiophene core.”’
However, it should be noted that the literature regularly
reports a more commonly used diarylethene structure (1,2-
bis(2-methylthiophen-3-yl)ethene) where the positions of the
sulfurs differ to the ones presented here. This study utilizes
inverse diarylethenes, which have shown ring closure.”" One of
the main reasons for diarylethenes failing to cyclize is a result
of the parallel conformation, in which the central methyl
groups point in the same direction.'”** The addition of bulky

groups on the other hand promote the reactive antiparallel
23

The top-down approach in lithography is rapidly reaching its
theoretical limit, with the past decade showing solid-state
devices approaching the nanoscale.'™ The bottom-up
approach, that is fabricating molecular devices capable of
imitating macroscopic machinery, is therefore increasingly
attracting attention.””” In this bottom-up approach, the
reversible photoisomerization reaction of diarylethene that
has been studied extensively since the first report in 1988"° is
an often employed component for constructing novel
molecular electronic devices.'' ™" Diarylethene-based com-
pounds have proven to be thermally irreversible and resistant

to fatigue and to exhibit a highly efficient ring closure, making
them prime candidates for electronic switches 4,11,14,15 The motivation for investigating 1a and 1b is an extension of

The compounds of interest in this work, 1a and 1b shown in work (ﬁlwczlim.lclear. organometallic—substitu.teld .diaryl—
Figure 1, have diarylethene cores constructed using a """ in which the degree of sophistication of
thiophene bridging unit. The thienyl groups are attached at diarylethenes was increased by creating a multifunctional

form.

ethenes

the 2- and 3-positions of the central bridging thiophene ring, (photo and redox) switch. Ethyl;}zrg—l)zridged metallic complexes
Figure 2. Unlike more common bridging units, such as have been extensively studied” and found to exhibit
octafluorocyclopentene, diarylmaleic anhydride, or diaryl- electronic propertleszghat are influenced by the metal and the
maleimide,''®"7 thiophene has the potential to reduce carbon-rich bridges.”” Dinuclear organometallic compounds
expenses, due to a more efficient synthesis using less volatile
starting materials, which enables the scale up of production.'® Received: April 17, 2018
The terthiophene core explored in this research (Figure 2) has Published: July 20, 2018
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Figure 1. Studied la and 1b ethynyl-terthiophene compounds
terminated with trimethylsilyl (TMS) and RuCp*(dppe), respec-
tively.

Figure 2. Photochromic reaction of non-Cs-symmetric terthio-
phene,'® constructed of diarylethenes with a thiophene-bridging
unit (highlighted in red).

have been constructed with central diarylethene and ethynyl-
bridged metallic termini.*® Important17y, these compounds
retain their photochromic g)roperties1 ?% but can also be
switched electrochemically.'®'” From this research, further
insight was obtained on the electronic communication between
the termini in both the open and closed states.

The alignment of a thiophene bridge to diarylethenes
allowed for a terthiophene system to be investigated. The
electronic and bonding properties of 1a and 1b have been
previously elucidated by anodic spectro-electrochemistry.”’
Compound 1a did not show any anodic steps within the
accessible potential window nor was there any evidence for
photocyclization. Replacing the TMS groups in la with the
RuCp*(dppe) termini in 1b results in the appearance of three
consecutive oxidation steps.”” In the open form of 1b, it was
found that the lateral electrophores do not communicate
directly and oxidize independently. In view of previous
results” that showed that the introduction of ruthenium to
the system enhances photocyclization of diarylethene from
triplet excited states, ring closure appeared to be an attractive

9040

strategy to increase the electronic communication between the
electrophores. However, unlike the dinuclear analogs'”** UV/
vis spectro-electrochemistry of 1b showed no evidence of
cyclization in any of the three anodic steps.” Since the 3,3"-
dimethyl-2,2":3’,2"-terthiophene core by itself does show
photoreactivity,'®"” it is key to understand how the highly
conjugated ethynyl linkers in these systems inhibit photo-
cyclization, as this will pave the way for developing
photoreactive trinuclear systems with a variable degree of
electronic communication between the remote termini.

The generally accepted mechanism for cyclization is based
on the reversible electrocyclic reaction of the central 67-
electron system.'"*>**! Studies that follow these structural
changes in real time have commonly employed UV/vis
transient absorption spectroscopy.’” >’ Vibrational spectros-
copy has been taken advantage of by using picosecond time-
resolved Stokes and anti-Stokes Raman spectroscopy”” to
follow the cyclization mechanism with an experimental
temporal resolution of ~4 ps. However, femtosecond time-
resolved UV/vis—IR studies offer a significantly more detailed
view on such dynamics’ but as yet are absent. The ethynyl
groups have been demonstrated to be infrared markers that
sensitively respond to changes in the oxidation state.”** As
will be shown here, time-resolved infrared (TR-IR) spectro-
scopic studies that target these modes are therefore an ideal
means to monitor the changes that occur in the electronic
structure upon excitation of the trinuclear non-C;-symmetric
terthiophene compounds of interest. This, in turn, will allow us
to determine the underlying reasons for the photostability of
these compounds and suggest modifications to enable
cyclization.

B EXPERIMENTAL METHODS

Synthesis and Sample Preparation. Compounds la and 1b
were synthesized as reported in the literature.” Initially, dichloro-
methane (DCM) dried over 4 A molecular sieves was used as a
solvent. After the discovery of photo-oxidation of 1b in DCM (see
section S1 in SI) anhydrous (>99.9%), inhibitor-free tetrahydrofuran
(THF) purchased from Sigma-Aldrich was used as well as an
alternative solvent. In our nanosecond UV/vis transient absorption
and time-resolved IR absorption experiments, the solution was
pumped through a cell so that fresh sample was probed with each
laser shot. This was not possible for the femtosecond UV/vis transient
absorption experiments, but in these experiments, steady-state
absorption spectra taken before and after the experiments showed
no degradation of 1a in both solvents or of 1b in THF. The sample
concentrations were adjusted to obtain absorbances of 0.8—1 at the
pump wavelength (400 nm). All samples were prepared under an inert
atmosphere of dry nitrogen. The samples were bubbled with dry
argon prior to the measurements. Steady-state UV/vis and IR
absorption spectra of 1a and 1b are given in the SI, section S2.

Femtoscond Transient Spectroscopy. Time-resolved infrared
spectroscopy was performed using commercially available Ti:sapphire
lasers (Spectra-Physics Hurricane, 600 xJ, ~100 fs fwhm, and
Coherent, 2 mJ, ~50 fs fwhm). With the amplified output from these
lasers and an optical setup described elsewhere,”” mid-IR pulses with
a duration of 200 fs, a bandwidth of 150 cm™" and an energy of 1-3
uJ were produced. UV-pump pulses at 400 nm with energies of 4 yJ
were generated by doubling the amplified 800 nm output with a type
II BBO crystal and were delayed by mechanically adjusting the beam
path. The UV pump was focused and spatially overlapped with the
mid-IR probe, and a temporal resolution of ~200 fs (fwhm) was
determined as described previously.” The signals were recorded using
an electronically gated amplifier, an Oriel M260i spectrometer, and a
32 pixel MCT detector. The samples, in a flow cell equipped with
CaF, windows spaced by 1 mm, were placed in the mid-IR focus and
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pumped through the cell to ensure a fresh sample being measured
with each laser shot.

Femtosecond visible transient absorption experiments were
performed with the Spectra-Physics Hurricane system mentioned
above; 2.5% of the 800 nm fundamental light was used to generate a
white-light continuum from 350 to 850 nm by focusing on a CaF,
plate. The fundamental light used for the white-light generation was
passed twice over a delay stage, providing up to 3.6 ns time delay. The
sample cell was a 1 mm quartz cuvette. The pump light (400 nm) was
created as mentioned above and run at 500 Hz, using a mechanical
chopper to produce a nonpumped signal acting as a reference
measurement. The spectra were measured using a spectrograph
(Shamrock 193i with a 150 lines/mm grating) and a single diode
array (Hamamatsu NMOS $3901-512Q) detector. The readout was
done using fast electronics (TECS).

Nanosecond Transient Spectroscopy. Nanosecond transient
absorption was measured using an in-house assembled setup
described elsewhere.** A tunable Nd:YAG-laser system (NT342B,
Ekspla) produced the 400 nm pump pulse of 1 mJ that passed
through the sample orthogonal to the probe light. The white-light
source was a high-stability short-arc xenon flash lamp (FX-1160,
Excelitas Technologies) with a modified PS302 controller (EG&G).
Transient absorption spectra were measured on a gated intensified
CCD camera (PI-MAX3, Princeton Instruments) using a 10 ns gate.
The samples were continuously pumped through a 1 cm quartz
cuvette so that only fresh samples were measured.

DFT and TD-DFT Calculations. DFT and TD-DFT calculations
have been performed with the Gaussian09 software package.”
Compound la geometry optimization, electronic vertical transitions,
and frequency calculations were performed at the B3LYP/6-31G(d)
level of theory chosen for its good performance with this type of
molecular system.””™* Solvent effects (DCM) were included using
the Polarizable Continuum Model.** DFT and TD-DFT calculations
of 1b have been performed in vacuum at the CAM-B3LYP/
LANL2DZ level of theory.*”**

B RESULTS AND DISCUSSION

To obtain insight into the optically excited state of 1a and its
dynamics, we first performed femto- and nanosecond vis-
pump/vis-probe experiments in THF (Figures 3 and 4,
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Figure 3. Femtosecond UV/vis transient absorption spectra of 1a in
THEF excited at 400 nm. The DAS is shown in the SI, Figure S9.

respectively). Femto- and nanosecond transient spectra were
also recorded in DCM (SI, section S3, Figures S7 and S8),
with no appreciable difference as compared to THF. In both
solvents, 1a was optically excited with 400 nm photons. TD-
DFT calculations of the vertical transitions from the ground
state show that the transition with the lowest excitation energy
occurs at 3.11 eV (398 nm) with an oscillator strength of f =
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Figure 4. Nanosecond UV/vis transient absorption spectra of la in
THF excited at 400 nm.

0.7217 and that it is predominantly described by the HOMO
— LUMO (SI, section S4, Figure S10) excitation. The
calculated electronic absorption spectrum (SI, section S4,
Figure S13) is in good agreement with steady-state UV—vis
spectra of la (SI, section S2, Figure SS). In the transient
spectra (Figure 3) of la, we can distinguish three spectral
features. Initially, within a few picoseconds, a broad feature is
seen across the entire spectral window with two distinctive
maxima at 550 and 705 nm. From this state, it converts to a
second state that is blue-shifted by ca. 25 nm (evident from the
decay-associated spectra (DAS) shown in the SI, section S3,
Figure S9) but maintains similar spectral features, hinting that
the initial state is a hot singlet-excited state. Subsequently a
third feature showing a strong absorption at roughly 400—550
nm becomes apparent. This third transient species does not
decay within the 4 ns delay range accessible in our
femtosecond setup. The transient data matrix for the
femtosecond time domain was globally fitted using an open-
source program, Gloteran,” assuming a sum of exponential
time profiles and a sequential model (eq 1):

(1)

In this model, vertical excitation (hv) populates a hot singlet
state, S*, which is converted into a relaxed singlet state, S, with
a time constant of 7; = 7 + 2 ps. The transition from the
relaxed singlet state to the triplet state T (as follows from the
TR-IR data and TD-DFT calculations discussed below) takes
7, = 119 + 2 ps. The DAS, from the electronic differential
absorption measurements, of the S*, S, and T states of 1a are
given in the SI (section S3, Figure S9). In order to further
monitor the decay of these electronically excited molecules,
nanosecond transient absorption spectra were recorded for 1a
(Figure 4) excited at 400 nm. Singular Value Decomposition
(SVD)*° of the nanosecond transient spectra shows the decay
of a single transient species. We have, therefore, using model 2,
performed a global analysis of the nanosecond transient data
matrix assuming a sum of exponential time profiles and T—T
annihilation (described in detail in section SS in the SI):

hy ko ky kg
GS—>S$*>8§->T-=?

k
T 3 GS ()

From these fits, we find a lifetime of the triplet state of 73 =
22.7 + 0.5 ps; fits are shown in Figure S. The spectral features
in the visible region in the nanosecond time domain show no
evidence of other transient species, and the long lifetime
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Figure S. Decay of the transient absorption signal of 1a (1b) at 580
(650) nm in the nanosecond time domain. Spectral absorbances have
been normalized.

provides further evidence for triplet-state formation. For
aerated solutions, the rate of the T — GS conversion increased
for 1a (73, = 410 + 2 ns), again confirming that T is a triplet
state.

Complementary TR-IR experiments were performed to
obtain a better insight into the electronic structure of each
excited state and to determine what inhibits photocyclization
of 1a. The evolution of the TR-IR spectra of 1a after excitation
at 400 nm is shown in Figure 6. Adopting a target model (eq
1), global fits of the TR-IR spectra lead to time constants of 7,
=3.0+ 1 psand 7, = 114 + 2 ps for 1a, and the TR-IR decay-
associated spectra (TR-IR DAS) that are shown in Figure 6.
Comparison of the TR-IR DAS of the initial species (S*) with
that of the second species (S) reveals a narrowing of the
induced absorption band and its shift to a slightly higher
energy of ~3 cm™}, in line with the conclusion that vibrational
cooling of the hot excited singlet state occurs. The femto-
second TR-IR measurements thus confirm that the initial S*
state is a hot electronically excited state (note that the TA and
TR-IR transients have the same rates of decay). Importantly,
neither type of experiment indicates the presence of a ring-
closed species. Various parameters such as solvent polarity and

excitation wavelength have been changed to see whether under
different conditions cyclization might occur, but in all cases no
indication was found for cyclization or even a markedly
different transient behavior.

Figure 7 shows DFT and TD-DFT predicted IR absorption
spectra in the ethynyl stretching region for the ground and

3000 T T T T T T
—— Ground ” n
—— Singlet
2500 F | ——1U Triplet 1
—— Cyclised
— = TD Triplet
2000 +
=
o0
§ 1500 + %
n AN
% ’ \
o ’ ~ o
wo0f 7
1960 1970 1980
500 -
1960 2000 2040 2080 2120 2160

Wavenumber (cm™ 1)

Figure 7. Theoretically predicted IR absorption spectra of the ground
state, the lowest excited singlet state, and the lowest excited triplet
state of the open form of la as well as of the ground state of its
cyclized form. All calculated modes have been broadened to give a
fwhm of 4 cm™".

excited states of la, with frequencies scaled by 0.95 (which
closely follows what is reported in the literature®") and
presented in Table 1. Overall good agreement is observed
between the experimental and theoretical spectra. Experimen-
tally a ground-state (GS) bleach is observed at 2135 cm™". The
calculations show that this band actually consists of three
unresolved bands from the three different stretching modes of
the ethynyl linkers. The calculated highest-frequency mode at
2136 cm™' involves mainly the central thiophene ethynyl,
labeled €2 in Figure 1. The lower-frequency components at
2132 and 2131 cm™' are assigned to the symmetric and
antisymmetric stretching modes of the ethynyl linkers at the
lateral thiophenes (el and e3 in Figure 1). From the

2.5
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Figure 6. (left) Femtosecond TR-IR spectra of 1a in DCM and excited at 400 nm. (right) TR-IR decay-associated spectra (DAS) derived from the

TR-IR spectra of 1la.
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Table 1. Calculated Frequencies of 1a (Scaled by 0.95) and
Experimentally Observed Frequencies of 1a and 1b

Calculated Frequencies of 1a (cm™)

bond GS S T(TD) T(U) cyclized
el 2132 2054 1969 2014 2141
€2 2136 2074 2015 2048 2129
e3 2131 2095 2122 2119 2142
Measured Frequencies of 1a and 1b (cm™)
bond (compd) GS S T oxidized
el (1a) 2135 2069 2019
e2 (1a) 2075 2050
e3 (1a) 2097 2118
el (1b) 2050 1936 1936 1935%°
2 (1b) 1980 1980 1992%
e3 (1b) 2020 2030 2049

experimentally observed and theoretically predicted small
frequency differences one can thus conclude that in the
ground state all three linkers are more or less equivalent, and
that a complete delocalization of the vibrational excitation
occurs over the terthiophene backbone.

This is in marked contrast with the initial singlet excited
state (S in Figures 6 and 7), for which there is a lowering of
energy of the bands. This is observed in both the experimental
and theoretical spectra. The lower energy indicates a
weakening of the ethynyl bonds and is in line with what one
would expect, but much more surprising is the observation that
there are three very distinct bands, since this can only be
explained by assuming that the electronic excitation is not
equally delocalized over the three linkers. Our calculations
show that the main contributions to the experimentally
observed absorption bands at 2097, 2075, and 2069 cm™
come from e3, e2 and el, respectively (Figure 1). These
frequency differences nicely follow the changes in bonding
character that arise from the HOMO — LUMO transition (SI,
section S4, Figure S10), which takes the el C=C from a
bonding state in the HOMO to an antibonding state in the
LUMO. For the e2, C=C the antibonding character is less
pronounced than for el, and even less for the e3 C=C for
which the LUMO is almost nonbonding. The asymmetry of
the non-Cj;-symmetric terthiophene core thus has dramatic
consequences for the character of the excitation, which we can
now conclude is strongly localized on the el thiophene arm
and to a lesser extent on the €2 arm and leaves the e3 arm
practically unaffected.

TD-DFT calculations have also been performed for the
lowest excited triplet state (Figure 7). The agreement between
theory and experiment is in this case considerably less than
observed above for the lowest excited singlet state.
Interestingly, we find that calculations at the unrestricted
DFT (U-DFT) level lead to a much better agreement (see
Figure 7) indicating that a variational treatment apparently is
better able to recover the character of this state than the
perturbation approach used in TD-DFT (this has been found
to be the case for similar systems in the literature®>*).
Inspection of the modes calculated at the U-DFT level shows
that the mode calculated at 2014 cm™ is associated with the
asymmetric stretching mode of el and e2 with the major
contribution coming from el. The corresponding symmetric
stretching mode with e2 being most involved is found at 2048
cm™!, while the e3 stretching is solely responsible for the IR
absorption at 2119 cm™'. The latter mode is not directly

9043

apparent in the experimental TR-IR spectra because of its
overlap with the GS bleach, but on closer inspection can be
found by the shoulder that is visible at about 2110 cm™" and
the partial recovery of the GS bleach at a similar rate as the
population of the triplet state.

Previously we have concluded that in the lowest excited
singlet state the excitation is strongly localized on two of the
arms. Comparison of the IR absorption spectra of the lowest
excited singlet and triplet states shows that in the lowest triplet
state such a localization is even more pronounced. The
frequency of the e3 C=C stretch mode increases with energy
with respect to that of the lowest excited singlet state and
almost the same as in the ground state while at the same time
the absorption bands associated with the el and e2 C=C
stretch modes undergo a decrease in energy.

Figure 7 and Table 1 also present DFT-calculated IR
absorption bands for the ground state of the hypothetical
photocyclized form of la. Here we find symmetric and
antisymmetric combinations of el and e3 at 2141 and 2142
cm™!, respectively, while the stretch mode of the central e2
ethynyl group is calculated at 2129 cm™". Despite the lack of
experimental evidence for photocyclization, the DFT calcu-
lations do not exclude its occurrence. Relative to the GS, the S
is 61.3 kcal mol™" higher in energy. The T(U) is calculated to
be 42.8 kcal mol™ higher than the GS while the T(TD)
predicts it to be 36.5 kcal mol™" higher than the GS. The
energy of la is about 35 kcal mol™" higher for the cyclized
complex compared to the parent open-triangle form in the GS.
Hence, cyclization from the S state or the triplet state (either
the U or TD) is energetically feasible; albeit the TD calculated
triplet state energy is very close to that of the cyclized
compound. Therefore, it is likely there is a high activation
barrier in all the excited states that cannot be overcome.

Another possible reason that photoexcitation does not lead
to cyclization could be that the methyl groups do not have the
appropriate orientation for ring closure to occur. Previous
work'""? has shown that for the parallel conformer cyclization
is inhibited. Although DFT calculations do not show an
appreciable energy difference between the two forms, the
antiparallel form being a mere 0.1 kcal mol™" lower in energy,
NOESY measurements on 1a (SI, section S6, Figures S15 and
S16) provide no evidence for the presence of the parallel
conformer in the ground state. Upon excitation, the antiparallel
form might convert to the parallel conformer by rotation about
one of the bridging bonds, namely C;4—C,s or C,s—Cjyq
(Figure 1). SVD ? in the nanosecond time domain reveals
only a single transient species, while the picosecond dynamics
can be well explained by vibrational cooling and intersystem
crossing to the triplet manifold. The literature, backed up by
our NMR measurements (SI, section S6, Figure S17), also
rules out E/Z-isomerization as a possible reason for absence of
cyclization, as the brid%ing thiophene unit prevents the
formation of the E-form."

The TR-IR measurements backed up by the TD-DFT
calculations show that the HOMO has equal contributions
from the three arms but that the LUMO resides heavily on the
left side of 1a. These orbitals closely resemble the analogous
orbitals found in previous work’” on a model of 1b. In line
with our conclusions regarding the influence of the asymmetry
on the electronic properties, calculations on 1b* show that in
the oxidized form the spin density is asymmetrically
distributed, with the largest contributions from the thiophenes
involved in the el and e2 arms. The asymmetry by itself cannot
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be the only reason why 1a does not undergo ring closure, since
from previous studies it is known that non-Cj;-symmetric
terthiophene cores'®'” can cyclize. In the following, we will
argue that the attachment of the ethynyl-based substituents
onto the non-C;-symmetric terthiophene core leads to changes
in the conjugation, which in turn are expected to have a major
impact on the photocyclization pathway.

Our TR-IR studies show that electronic excitation has a
large influence on the bonding properties of the el ethynyl
linker: instead of the triple bond character it has in the ground
state, bonding becomes reduced. The same is true for the e2
ethynyl linker albeit to a lesser extent. In terms of valence bond
structures this implies that the contribution of the structure
depicted in Figure 8 to the electronic wave function is

1a(S &T)

Figure 8. Valence bond structure of 1a that gains importance in the
singlet and triplet excited states. Charge size and color annotated on
the arms indicate the degree of charge separation, the el arm thus
having a larger degree of charge separation than e2.

increased considerably in the electronically excited states. Our
observation that in the photoexcited triplet state bonding
characters are more reduced than in the photoexcited singlet
state demonstrates that in the triplet state this mesomeric
structure has an even larger contribution than in the singlet
state. This increased contribution has a major impact on the
conjugation in both states as becomes clear from the bond
lengths reported in Table S1, section S4 of the SI. The
calculations show that the el and e2 ethynyl bonds C,;—C,,
and C,;—C,, (numbered in Figure 1) lengthen in both Sand T
compared to GS, while for the e3 ethynyl bond C;,—C;,, the
change in bond length is much smaller. At the same time, they
show for the thiophene ring attached to el a sizable shortening
of the C;,—C,s bond (a change in the electron density of this
bond, from the HOMO to the LUMO, can be clearly seen in
the SI section S4, Figure S11) and a lengthening of C;3—Cy,
and C;;—C,4 bonds, giving rise to a quasi-inversion of single
and double bond character upon excitation. Finally, also the
C;s—C,s bond connecting the el and e2 thiophene arms
changes from a single into a double bond. Analogous but
smaller changes are observed for the e2 arm, while the e3 arm
is hardly affected. Cyclization is clearly a highly unfavorable
process for the mesomeric structure depicted in Figure 8. In
order to cyclize the C;3—C,, bond, which has been shown to
have double bond like characteristics in the excited state (SI,
section S4, Figure S11), would have to become unsaturated,
having a knock on effect on the conjugation throughout the
whole molecule. The increased contribution in the electroni-
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cally excited states thus provides a logical explanation for the
absence of photocyclization in both the singlet and triplet
states.

The insight that we have now acquired on the electronic
structure of la and how this structure changes upon
photoexcitation provides an excellent starting point for
assessing the influence of the ruthenium termini in 1b.
Importantly, 1b also enables us to compare the properties of
the photoexcited compound with those of the electrochemi-
cally oxidized one, which was not possible for la as
electrochemical studies of the latter have not been reported
yet. Figure 9 displays nanosecond UV/vis transient absorption
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Figure 9. Nanosecond UV/vis transient absorption spectra of 1b in
THF excited at 400 nm.

spectra of 1b. Nanosecond UV/vis transient absorption
experiments show that photoexcitation of 1b in THF
eventually populates the triplet state T (Figure 9). As a result
of the ruthenium termini absorption from T now occurs at ca.
650 nm and is thus strongly red-shifted from the ca. 480 nm
absorption observed for 1a. Global analysis of these data using
model S1 (SI, section SS) that assumes a sum of exponential
time profiles and triplet—triplet annihilation lead to a time
constant 7; = 8.3 + 0.5 us for the T — GS decay, which is a
factor three faster than that observed for 1a; fits are shown in
Figure S. This increase in decay rate is not surprising in view of
the increased spin—orbit coupling in 1b due to the Ru atoms.
Femtosecond UV/vis transient absorption spectra of 1b (SI,
section S7, Figure S18) show that the triplet state is populated
within the first 20 ps but do not provide a clear view on the
early time dynamics.

Previously, it has been shown that attachment of the
ethynyl-metal based substituents onto a symmetric terthio-
phene core does not impede cyclization."” In the present
experiments, in contrast, we do not observe any evidence for
cyclization. In fact, from the full recovery of the GS bleach in
Figure 9, it can be concluded that in THF 1b completely
reverts back to the GS.

TR-IR spectra of 1b are shown in Figure 10. Global analysis
of these spectra gives rise to two species with DAS that are
displayed in Figure 10. The final species can clearly be
associated with T, which is populated with a time constant of
7, = § + 2 ps. This is considerably faster than what is observed
for 1a but entirely in line with the strong spin—orbit coupling
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Figure 10. (left) Femtosecond TR-IR spectra of 1b in THF excited at 400 nm. (right) TR-IR decay-associated spectra (DAS) of 1b.

due to the presence of the Ru atoms™ that was previously
concluded to be responsible for the increased decay rate of the
triplet to the ground state. The assignment of the first species,
on the other hand, is not directly clear. It could be associated
with the initially excited singlet state, but this would imply that
the excited singlet and triplet states have very similar ethynyl
stretch frequencies, which in view of our observations for la
where distinct IR absorption spectra were observed for both
states would not directly be expected. Alternatively, the
narrowing of the bands in the DAS of the second species as
compared to those in the first species and the decay rate of the
first species would be in line with a vibrational cooling process
occurring in the triplet manifold. In that case intersystem
crossing would be faster than the ~1 ps time resolution of our
TR-IR experiments.

Comparison of the ethynyl vibrational characteristics of 1a
and 1b shows that in the ground state of 1b frequencies are
reduced by about 100 cm™, indicating delocalization of the
conjugation over the Ru termini; this is backed up by the
HOMO plot of 1b in the SI section 4 (Figure S12). However,
in the triplet state the ethynyl modes undergo the same
asymmetric frequency shifts in 1b as in 1a as can be concluded
from Table 1. We thus conclude that in both compounds
electronic excitation leads to very similar changes in the
electronic structure, and in particular to an increase of the
contribution of the mesomeric structure shown in Figure 8. In
section S4 (Figure S12) of the SI the LUMO+1 of 1b is
presented. The calculations of the 10 lowest energy vertical
transitions are presented in the SI section S4 (Figure S14),
which reveal one dominant transition associated with the
HOMO — LUMO+1 transition. The comparison of the
LUMO of 1a and the LUMO+1 of 1b confirms the similarities
between the excited states, especially when the LUMO/
LUMO+1 on the C4,—C;5 bond of the two compounds are
compared. It would therefore appear that modifying the arms
with the Ru termini, aiming thereby to change the asymmetry
in the character of the electronically excited states as well, does
not change the conjugation to such an extent that cyclization
becomes possible.

Interestingly, we find that the changes in the ethynyl
frequencies in the triplet state of 1b closely follow the changes
when 1b is oxidized (Table 1).”’ The asymmetry in the
electronic wave function of 1b* is further supported by the spin
density distribution, which is found to reside heavily on the
lateral side of 1b* between el and e2. Moreover, the electronic
absorption spectrum from the triplet state of 1b and the
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ground state of 1b" show similar features, both having strong
absorption bands with maxima at ca. 730 nm for 1b* (SI,
section S1 (Figure S3)) and ca. 680 nm for the T state (Figure
9). These spectroscopic markers thus indicate that 1b in its
lowest excited triplet state is similar to the ground state of the
one-electron oxidized form. This suggests that the photo-
induced promotion of an electron from the HOMO to the
antibonding LUMO (1a)/LUMO+1 (1b) and the complete
electrochemical removal of an electron from the HOMO both
result in a similar weakening of the el and e2 ethynyl
characteristics and modified conjugation in the terthiophene
core.

B CONCLUSIONS

To summarize, we have investigated two open-triangle
triethynyl terthiophene compounds, 1a and 1b, that show a
surprising photostability instead of switchable photocycliza-
tion. Visible transient spectroscopy has unveiled the decay
pathways of both compounds that populate the triplet state
manifold. Using the ethynyl groups as sensitive IR markers for
the electronic structure of these compounds in ground and
electronically excited states, we have shown that in both
compounds electronic excitation induces an electronic
asymmetry in the terthiophene core. The concurrent reduction
of electronic delocalization has far-reaching consequences, as it
increases the importance of mesomeric structures that do not
favor cyclization, as is indeed observed. Although the addition
of the Ru termini extends delocalization of the electronic wave
function in the ground state, it does not modify the electronic
structure of the electronically excited states as to enable
cyclization.

The present study has revealed what prevents photo-
cyclization in these asymmetric terthiophene compounds. It
thereby provides a solid starting point for designing novel
compounds in which asymmetry could be compatible with
gating electron and energy transfer using photocyclization and
electrochemistry. Such studies are presently underway.
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