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Schwarz, and Stefan Hecht*!

Abstract: Among bistable photochromic molecules diarylethenes
(DAEs) possess the distinct feature that upon photoisomerization
they undergo a large modulation of their m-electronic system,
accompanied by a marked shift of the HOMO/LUMO energies and
hence oxidation/reduction potentials. The electronic modulation can
be utilized to remote-control charge as well as energy transfer
processes and it can be transduced to functional entities adjacent to
the DAE core, thereby regulating their properties. In order to exploit
such photoswitchable systems it is important to precisely adjust the
absolute position of their HOMO and LUMO levels and to maximize
the extent of the photoinduced shifts of these energy levels. Here,
we present a comprehensive study detailing how variation of the
substitution pattern of DAE compounds, in particular using strongly
electron-accepting and chemically stable trifluoromethyl groups
either in the periphery or at the reactive carbon atoms, allows for the
precise tuning of frontier molecular orbital levels over a broad energy
range and the generation of photoinduced shifts of more than 1
Furthermore, the effect of different DAE architectures o
transduction of these shifts to an adjacent functional group is
discussed. Whereas substitution in the periphery of the
has only minor implications on the
trifluoromethylation at the reactive carbon atoms stro,
the isomerization efficiency. However, this can be,
using a nonsymmetrical substitution pattern or by
donor groups, rendering the resulting photoswi
candidates for the construction of remote-controlled
systems.
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as molecular geom
and hence many
light. Consequent
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For the realiz
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of such “smart” systems diarylethenes
attractive class of photochromic
r of properties that render them
superior to others: in , the photochemical interconversion
between their open and closed form is very efficient, both
igomers are rmally stable, and they can be designed to
sess ogtanding fatigue resistance. Looking into the
ture two principal strategies can be identified how the
chromic reaction of DAEs can be translated into a remote-
able function:®™ Some examples in the areas of
tion,”! responsive supramolecular assemblies® or
logical targets'” rely on the modulation of
molecular Yeometry and flexibility of the DAE core upon
isomerization, though it is generally small compared to other
photoswitchable molecules, such as azobenzenes. The vast
ity of applications of DAEs, however, are based on the
d electronic changes occurring upon isomerization with a
anization of their s-electronic structure accompanied by a
nificant shift of the energies of their frontier molecular orbitals
igure 1a).

One way to utilize this feature in order to gain remote-control
over a specific function is to implement inter- or intramolecular
energy or charge transfer processes between the DAE and a
functional moiety, whose efficiency will be different in the two
isomeric forms. Exemplarily, the emission of fluorophores
attached to DAEs can be quenched by energy or electron
transfer typically to the ring-closed isomer with its reduced
energy gap."” Likewise other excited state processes such as
singlet oxygen sensitization!"" or triplet triplet annihilation' can
be reversibly quenched by DAEs. Another obvious application is
the photomodulation of conductance through single DAE
molecules™ as well as the charge transport through molecular
ensembles within organic electronic devices."" In recent work
we demonstrated that by combining DAEs and high-performing
organic semiconductors by a simple blending approach effective
photocontrol over charge carrier mobilities in transistors can be
achieved and flexible, non-volatile optical memories be
realized.l"” In these devices, the precise alignment of the HOMO
and LUMO levels of the two DAE isomers relative to the ones of
the semiconducting host material is the key to induce light-
induced reversible charge trapping by the photochromic
molecules. Consequently, to further improve these systems we
are highly interested in the underlying electronic structure-
property relationships of DAEs and want to understand: i) how to
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precisely engineer the absolute energetic positioning of the
HOMO/LUMO levels of the isomers and ii) how to maximize the
relative shifts in HOMO/LUMO energies upon isomerization.

In our previous work we found that introduction of chemically
inert trifluoromethyl (CF3) groups is particularly attractive: Either
in the periphery of the DAE structure at the terminal phenyl
groups, where they significantly improve the fatigue resistance
of the switching process,""™ or as a replacement of the methyl
groups in reactive a-position of the hetaryl rings, where a huge
impact on the oxidation and reduction potentials was
observed." To obtain a more systematic insight on the impact
of trifluoromethyl substitution on the photochemistry and in
particular on the electronic properties of DAEs, we now prepared
a set of model compounds possessing CF3 groups either in the
periphery or in the a-position within thiophene and thiazole
series and compared these with standard DAE derivatives
possessing electron neutral or donor groups (Figure 1b).

a)
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Besides relying on charge (or energy) transfer processes
another strategy to remote-contrgh functions is to transduce
electronic changes occurring within E core to an adjacent
functional group, such as a reactive a catalyst or a
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f one hetaryl ring (Figure 2b). The
isomeriza a coupling/decoupling with donor
or acceptor groups, plac ither on the opposite hetaryl ring or
in the opposite a-position of the same hetaryl ring. For all three

chitecturesg®amples of DAEs modulating the properties of a
can be found in the literature.!"® However, a direct
arison to evaluate which structure provides the largest
uction of electronic effects to a given functional unit upon
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Figure 2. Structural approaches for transducing the photoinduced electronic
changes of DAEs to an attached functional group by coupling/decoupling it
with electron-donating/-withdrawing groups (EDG/EWG): a) Incorporation of
the functional unit as the bridge. b) Attachment of the functional unit in the
periphery using donor/acceptor substituents either on the opposite (left) or the
same (right) thiophene ring. Below DAEs with redox active N, N-dimethylaniline
and triphenyltriazine moieties and differently placed trifluoromethyl groups to
evaluate their effect are shown.
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To address this question, model compounds 6-8 were
designed bearing redox active N,N-dimethylaminophenyl or
triphenyltriazine moieties in the periphery and the changes in
their oxidation or reduction potential, respectively, occurring
upon photoisomerization were monitored. Trifluoromethyl groups
were chosen as acceptor moieties, either in the form of 3,5-
bis(trifluoromethyl)phenyl substituents (6 and 7) or directly
attached to the a-position of the thiophene ring (8). Compound 6
can be regarded as a "mismatched" case since two effects are
opposing each other: The zn-system of the DAE becomes
extended during the course of cyclization, leading to a decrease
of the amine’s oxidation potential in the closed isomer, whereas
the established electronic coupling between the amine and the
acceptor group on the other thiophene ring should increase the
amine’s oxidation potential. In contrast, compounds 7 and 8
resemble "matched" cases, for which the change in conjugation
and coupling/decoupling of the acceptor units cooperate, i.e.
lowering the oxidation or reduction potentials of the amine or
triazine, respectively, upon ring-closure. Thus, for model DAEs 7
and 8 more pronounced potential differences between the
isomers are expected. Note that the bridge-functionalized
architecture has already been investigated by us in a previous
study." The reduction potential of a bridging maleimide
"matched" with acceptor substituents in the periphery was
reduced by 240 mV upon ring-closure, while the "mismatched"

derivative bearing donor groups showed a change of only 70 rgV.

This electronic difference was directly related to a differen
the function of the maleimide, i.e. the strength of the bindi
receptor via hydrogen-bonding interactions.

Here, we report on the synthesis and the photoch
well as the redox properties of various
trifluoromethylated DAEs. We discuss the implic
different substitution patterns on the absolute
frontier molecular orbital energy levels an
photoinduced shifts. Furthermore, we analyze th
substituent and conjugation effects in
“mismatched” DAE architectures to uncover the optimal strat
for achieving maximum electronic changes upon photoswitching.

Results and Discussion

Synthesis. The syntheses of DAEs 1-CyHs, 1-
CyFs, 3-CH;, 4-CH;, 5-CH;
previously"™® and followed t
coupling of pre-functj
blocks with the respect
(stepwise)  functionaliza
methylthien-4-yl)cyclopenten
analogous synthesis of DAEs

yHe, 2-
6 were repor§fd by us
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iodo-5-phenylthiophene 10  or
aminophenyl)thiophene 25 with
stoichiometric amounts of Cul a Due to the electron
withdrawing nature of the CF3; gr e resulting a-
trifluoromethylated thiophenes 11 a easily be
metalated in the adjacent Bagsition y LDA an®transformed
into their pinacolboronic est i ally were cross-coupled
with 1,2-dibromocyclopentene or the already
monofunctionalized a Es 3-CF;, 5-CF;,
and 6, respectively.

In the thiazole
trifluoromethylated
Fuchikami’'s meth
“trifluoromethyator”
However, atte
suggested 0.5 m
hands. The resultin
LDA

2-iodo-5-(4-N,N-dimethyl-
MSCF3

in presence of

nylthiazole 15 could be
to that of Urata and

generation of Hartwig’s
en = phenanthroline).”®

ial decomposition. To improve the
metalation step a bro substituent was introduced in the
4-position of the thiazole via 5-bromo-2-phenylthiazole 17, which
rdacted in alogen-dance-reaction® to 4-bromo-5-iodo-2-
nylthiaz 18 and was then trifluoromethylated in the 5-
jon using the [(phen)CuCFs] complex with excellent
jvity. The resulting 4-bromo-2-phenyl-5-
methylthiazole 19 could subsequently be lithiated at very

atures (-100 °C) and transformed into the
e 20, which however had again to be purified by
column ch¥matography lowering the vyield. Finally, cross-
coupling of the organostannane 20 with 1,2-
dibromocyclopentene 13 gave DAE 4-CF3, while the reaction of
eady monofunctionalized bromocyclopentene 22 with 4-
-2-phenyl-5-trifluoromethylthiazole 19 gave the
ymmetrically substituted analogue 4-mixed.
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Scheme 1. Synthesis of a-trifluoromethylated diarylethenes: (a) PhB(O
TMSCF;, Cul, KF, DMF/NMP 1:1, 50 °C, 24 h, 49%; (d) 1) LDA, T
Pd(OAc),, SPhos, K3PQy, toluene, 100 °C, 24 h, 46%,; (f) 2-bromo.

Pd(OAc),, SPhos, K3PO,, toluene, 100 °C, 16 h, 61%; (p)
DavePhos, EtOH/THF/DMF 4:4:1, 70 °C, 16 h, 43%; (r) 1
Na,COs, THF/EtOH, 75 °C, 4 h, 79%; (s) 1) n-BuLi, THF,
(u) 1) LDA, THF, -78 °C, 30 min, 2) (i-PrO)Bpin, -78 °C to rt, 30 mi
28, Pd(OAc),, SPhos, toluene, 100 °C, 20 h, 56%.

summarized in Table 1. They generally sh
closure upon UV irradiation with guantum yields

in the photostationary s
generally exceeding 90%,
Only derivative 6 possessi
substituent on +gi side of
marked exceptio
directions being
compared to the sy

absorb UV light.
a strong donor and acceptor
DAE structure represents a
ields in both isomerization
er of magnitude when
etrically donor or acceptor substituted
Hs, respectively.

Iso show the expected behavior for
with small deviations resulting
spectra (see section 1.2 of the

from the substituents. In

-dibromocyclopentene 13, PdCl,(PPh;),, DMF, 100 °C, 18 h, 18%; (o)
n, 2) (i-PrO)Bpin, -78 °C to rt, 16 h, quant.; (gq) 19, Pd(OAc),, Cs,CO,,
B(OBu)s, -78 °C to rt, 1 h. 3) 4-bromo-N,N-dimethylaniline, PdCl,(dppf),
to rt, 20 min, 78%; (t) TMSCF;, Cul, KF, DMF/NMP 1:1, 55 °C, 16 h, 69%;
romocyclopentene 13, PdCl,(dppf), KsPO,, dioxane, 100 °C, 18 h, 27%; (w)

Supporting Information) the ring-open isomer of 2-Ml shows a
weak, broad charge transfer (CT) band extending to the visible
range besides the strong n-nt* transition, which is a typical
property of DAEs substituted with the strongly electron-
withdrawing maleimide bridge."""'%! Potentially due to the
competing CT process the quantum yield for ring-closure is
somewhat smaller than for the corresponding
(perfluoro)cyclopentene-bridged DAEs. However, in contrast to
analogous dithiazolylmaleimides  bearing strong donor
substituents on the thiazole rings,''” cyclization of 2-Ml is still
possible with a reasonable efficiency. For DAE 7, a
bathochromically shifted absorbance is observed of both the
open and closed isomers as compared to that of prototype DAE
1-CyHe, reflecting the extension of the n-system by the
triphenyltriazine moiety. While ring-closure of 7 is associated
with a high quantum yield ®45 = 0.62, the reverse ring-opening
process is much less efficient when compared to 1-CyHe,
presumably due to stabilization of the closed isomer by the
elongated n-system.?®
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Table 1. Photophysical properties of investigated diarylethenes in acetonitrile (25 °C).
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-~

Amax | M (7 10° M cm™)

&

comp. PSS (An)® Pz (i)
open isomer closed isomer '
1-CyHq"® 284 (3.16) 548 (1.96) 97% (313 nm) 0.44 ( 313& ﬁ46 (546 nm
1-CyF¢"® 300 (3.45) 590 (1.54) 96% (313 nm) 0.58 (313 nM7 546 nm)
2-CyH"® 332 (1.80) 522 (1.34) 95% (313 nm) 0 ’. Am\e nm)
2-CyF¢"® 307 (3.11) 538 (1.13) 89% (313 nm) 5 (313 nm) 039 (546 nm)
W
310 (2.60), o
2-MI 376 (0.4, shoulden) 532 (1.10) 78% (313 nm) 4 (313 nm) 031 (546 nm)
A A
3-CH;" 278 (3.25) 520 (1.78) 98% (313 nm) \o~o 0093 (546 nm)
3-CF; 284 (3.31) 493 (2.01) 63% (300 nm) \n (300 nm) 0.076 (546 nm)
4-CH,"® 316 (2.13) 500 (1.55) 94% (3“ 0.021 (546 nm)
38% (280 nm) ﬁ
4-CF, 283 (2.53) 469 (1.72) 39% (300 nm) 0.067 0.11 (436 nm)
4-mixed 292 (2.33) 482 (1.67) ‘1% (300 nml 0.17 (300 nm) 0.013 (436 nm)
5-CH," 331 (4.33) 537 (2.66) 0.74 (313 nm) 0.0029 (546 nm)
0.51 (313 nm)
5-CF; 345 (4.02) 528 (4.05) 0.58 (365 nm) 0.011 (546 nm)
(e 326 (3.37) 570 (2.54) 0.051 (313 nm) 0.0022 (546 nm)
269 (6.27),
7 358 (3.28) 0.62 (313 nm) 0.0023 (546 nm)
311 (2.42),
8 346 (2.10) 0.77 (313 nm) 0.011.(546 nm)

[a] Amount of closed isomer in the PSS reach

between open and closed isomers,
position of the heterocycles has drama
the parent dithiazolylcyclopentene 4-CHjs,
trifluoromethylated analogue 4-

decreased by almost on
while at the same time the
0.11 is significantly higher wh

increasing effe

the closed IsO

n ring-opening was already
iazolylethenes!"”! and may
the closed isomer by
wing groups attached to the reactive
4-CF; the ratio of quantum yields for
is less favorable the population of
on UV illumination is only 39%,

the open
1.2 of the Supporting

=436 nm).

inefficient DAE photoswitch.

In order

investigate

elds for ring-opening, obtained by the initial slope method using

rendering the doubly CF3; substituted compound a rather

whether the usual DAE

photochemistry can be restored upon replacing only one of the
a-CH; groups by an o-CF; group, the nonsymmetrically
substituted derivative 4-mixed was synthesized. In fact, the
photochemical characteristics of 4-mixed are somewhere in
between those of the two symmetrical compounds 4-CH3 and 4-
CF;: The hypsochromic shift of the absorbance is smaller than
for 4-CF; (Figure 3a), the decrease of @45 to a value of 0.17 is
less pronounced, ring-opening is as efficient as for 4-CHs, and
the amount of the ring-closed isomer in the PSS of 84% is
reasonable. Importantly, these results show that an a-CF3; group
and its strong influence on the electronic properties of the DAE
scaffold (vide infra) may be utilized at least on one of the
heterocyclic building blocks without disturbing the efficiency of
photoisomerization too much.
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a)
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b) ——3-CH . . . )
3 Figure 4. Comparison V/vis spectra of 3-CH;, 6, and 8 showing the
differing iugation patte tween donor and acceptor groups. Solid lines
represe |

omers in acetonitrile (25 °C), dashed lines
represent calculate pure closed isomers as calculated from a

series of measured spectra at different stages of the irradiation for which the
photoconversion was determined by UPLC.

£/10* L mol" cm™

he reason for the severe loss of photocyclization efficiency
e of a-CF3 substitution on the hetaryl rings and its recovery

T == ] ; T : [28]
300 400 500 00 700 ground stat¥ conformations of the ring-open isomer<™ or due to

an alternating electronic structure leading to the population of
excited states with unfavorable orbital topologies for ring-
.l Notably, despite the pronounced donor-acceptor
ution of the thiophene rings in DAEs 5-CF; and 8
ocyclization in polar solvents is not prevented by the
mation of a twisted intramolecular charge transfer (TICT)
tate, as it is the case for DAEs bearing electron deficient
bridges in combination with electron rich hetaryl rings.!""*"
Comparison of the UV/vis spectra of the prototype DAE 3-
CH; with that of the model compounds 6 and 8 (Figure 4)
reveals the different conjugation paths between the aniline as a

Figure 3. Impact of CF; substitution on UV/vis spectra of a) di
4-CHj,, 4-CF;, and 4-mixed and b) dithienylethenes 3-CH3,
Solid lines represent spectra of pure open isomers in
dashed lines represent spectra of the pure closed isomer
a series of measured spectra at different stages of the irradiatio
photoconversion was determined by UPLC.

trends for a-CF3 substitution by co
and 3-CF; (Figure 3b). Again, repl

"functional unit" and the acceptor moieties, as claimed in
CF; imparts a hypsochromic shift of the ) Figure 2. The open form of DAE 8, with the donor and the
marked decrease of the quantum yield for acceptor being electronically coupled, shows the most
increased quantum yield for rj i bathochromically shifted absorbance of the investigated open
reduced amount of the i isomers. However, in the closed form the position of the
Surprisingly, when stri i absorbance band in the visible range is almost identical to that
are attached to the i

of unsubstituted 3-CHs;. This shows that the CF; group is
efficiently decoupled from the mn-system. In contrast, the
absorbance of the closed isomer of 6 is shifted bathochromically

by 50 nm, revealing the electronic coupling of the donor and the
acceptor after ring-closure.

well as the

closure with q
respectively, and

conversion to the closed
isomer in the PSS.
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[32]

a) crystallography (Figure 5b). Note that the other isomer
detected by UPLC/MS posse, an almost identical
absorbance spectrum and the sa ratio (Figure S11b).
The fact that there is no strong prefe r one of these

N—( CF; )N U_V N annulated isomers may be of import theoretical

Ph/( ) » Vis ! elucidation of the mechani uct formdtion. To the

S s” 'Ph Ph

present either the cleav: e C-S bond or the
transformation of the central xadiene core into a
discussed as the
ted state (Scheme
etry is broken as in 4-
nce for one of the two
the destabilization of
group could be expected

4-mixed

initial fatigue reacti
$1).5% However,
mixed, for both
possible annulate
intermediate rgili

considered for othe mally activated reactions of this kind.**
is substituted with a strong donor in
the per erally leads to a poor fatigue

resistance,'® attachmen®of «-CF; groups may lead to a
significant improvement. While 5-CH3 is one of the DAEs with
e worst fajiie resistance in our hands its analogue 5-CF;
ws only&ile decomposition after 11 switching cycles (see

e S10 in the Supporting Information). Together with the
nt efficiency of the photochromic isomerization and the
romically shifted absorbance of the open isomer (vide

Figure 5. a) Formation of two annulated isomers differing in the relative
positioning of the CH; and CF3; groups as by-products of the photochemical
isomerization of 4-mixed. b) ORTEP-drawing (50 % probability thermal
ellipsoids) of the molecular structure of the isolated annulated isom
4-mixed in the single crystal as determined by X-ray diffraction. Hyd
atoms and co-crystallized solvent (benzene) are omitted for clarity. ps as hetaryl substituents an interesting motif for

Modulation of HOMO and LUMO energies. In this work HOMO
Besides having a strong impact on absorbance and LUMO energy levels of DAE derivatives are calculated from
isomerization quantum yields trifluoromethyl s i
DAEs also alters their photochemical fatigue
reported  earlier,"®  substitution  with
methyl)phenyl groups in the periphery strongly su
formation of an annulated isomer®" as a by-product o
induced cyclization reaction. In contrast, DAEs bearing o-
groups exhibit significant fatigue upon repeated switching
between the open and closed isomerg (see section 1.3 o
Supporting Information). Qualitatively witching cycles
trifluoromethylated DAEs 3-CFj3,

ined by cyclic voltammetry in acetonitrile, according to the
ing equation (e = elementary charge):

vomonumo = -€ - E" — 4.8 eV 1

The offset of 4.8 eV represents the ionization potential of
ferrocene on the vacuum scale as postulated by Pommerehne
and coworkers.®¥ It is important to note that the utilization of
redox potentials as a measure for absolute and relative frontier

compared to their methylated analogue orbital energies is a rough estimate due to a number of
reveal a rather similar overall performance in reasons:’*®!

nature of the group in the o-gii i 1) Formally, electrochemistry is not able to directly measure
UV/Vis spectra and followi i MO levels of a neutral molecule as in the moment an electron is
UPLC/MS we noted th removed or introduced a new species evolves with an altered
hetaryl rings (3-CFs3, electronic structure. Furthermore, while HOMO and LUMO
typical selective formation i energies are scaled in vacuum, redox potentials are generally
slow decomposition of the obtained in solution in the presence of large amounts of an
photoproducts (see Section 1. the Supporting Information for  electrolyte. Thus, by using equation (7) electronic reorganization
details). Interes -CF; group is present (4- and the differing solvation energies of oxidized and reduced
mixed) two an which differ in the species are disregarded. However, if structurally similar
positioning of the -configured methyl and trifluoromethyl ~ compounds are compared, it can be assumed that solvation and
groups, i :1 ratio as the only by-products upon interaction with the electrolyte are comparable and that relative
prolon ieadiati igure 5a, Figure S11a). We could  energies are quite accurate within a margin of ca. 0.1 eV.®
isolat ted isomers and determine its Comparing values obtained in different solvents or between

structure by NMR spe (Figures S12-S13) and X-ray  solution and the solid state is problematic and unreliable.
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Table 2. Anodic and cathodic peak potentials[a] determined by cyclic voltammetry in acetonitrile and derived HOMO and LUMO energies.“’]

open isomer

closed isomer

D

o ESIV ESTIV Enomo! €V Erumo ! €V ESIV E2IV ESTIV Enomo / eV
1-CyHg"® 1.08 <-2.80 -5.88 - 0.24 0.53 -1.84‘ -5’ -2.96v
1-CyF¢"® 1.79 -2.40 -6.59 -2.40 0.76 - -1.27 ‘ -3.53
2-CyH"® 1.06 -2.38 -5.86 -2.42 0.61 0.88 ’ -5.A41 -3.19
2-CyF¢"® 2.001 2.1 -6.80 -2.69 1.35 - ' -1.08 ‘ -3.72
2-MI 1.63 -1.57 -6.43 3.23 1.10 - ‘ -1.21 -5.’ -3.59
3-CH,"® 0.79 <280  -559 - 0.03 o U -2.63
3-CF; 1.49 -2.70 6.29 -2.10 0.45 0.6\ M.zs -2.91
4-CH,"® 0.84 -2.85 -5.64 -1.95 040 061 .99 -5.20 -2.81
4-CF, 1.52 -2.39 -6.32 -2.41 0.88 N -5.68 -3.10
4-mixed 1.08 -2.50 -5.88 -2.30 0.68 0.90 -1? -5.48 2.93
5.CH,"® 0.13 <-2.80 4.93 ; ‘.37 ’ 2.40 443 2.40
5-CF; 0.42 2.78 -5.22 2.02 “3 s 2.22 -4.67 -2.58
6" 0.221 2.71 -5.02 -2.09 . -o.\ 0.09 -2.02 -4.67 278
7 0.93 2.21 -5.73 -2.5“ -1.91 -4.91 -2.89
8 0.40" <-2.80 -5.20 D 0.01 V 2.23 -4.81 -2.57

Approximate value due to overlapping onset of solvent

[a] All values are reported against the ferrocene/ferrocwdox couple used as external standard. [b] Epomonumo = -€ - E,f'”C1 —-4.8¢eV.[c]

2) Generally, the half-wave potential of a
peak is taken as a measure for the formal pote
process. However, in case of DAEs also irreversibl
are observed, in particular for oxidation of the open is
Therefore, we report peak potentials for all observed redo
waves. In case of fully reversible processes the differ
between the half-wave potential and thg peak potential amo,
to 29 mV and can be neglected.
which are due to a chemical rea
transfer, e.g. ring-closure for some rin

showing fully
ve to be treated with care. In
closed isomers are reversible
or quasireversib and LUMO levels can be
eV relating the ferrocene/ferrocenium
scale is under debate and a number
s with values between 4.5-54 eV

dation. E] E,*> = 0.64 V. [e] In methylene chloride. [f] E,** = 0.95 V.

in the literature.®*® Therefore, care has to be taken which
version scale is applied when comparing to literature data.
Though these arguments make the utilization of cyclic
oltammetry for the estimation of frontier orbital energies appear
rather unreliable, the procedure often is successfully applied for
the prediction of specific device properties in the field of organic
electronics.®” The method is an easy, cheap, and fast way to
select derivatives that fulfill specific energetic requirements out
of a collection of compounds. Thereby, for the reasons stated
above, comparing relative energies of structurally similar
derivatives is much more precise than their positioning on an
absolute scale. Note that in the literature®® correlations between
HOMO energies found by cyclic voltammetry with values
determined by ultraviolet photoelectron spectroscopy (UPS)
generally show a linear dependence even for structurally very
different compounds, though the slope may slightly deviate from
unity.
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Derived HOMO and LUMO levels of symmetrically substi
DAEs are collected in Figure 6, giving an overview over,
covered range of absolute frontier
extent of their modulation by the ph
similar representation, also including
derivatives reported earlier by
S21 of the Supporting Informatj

Figure
following

ar orbitals can be
covering more
¥ 2-CyFg) and at

systematically tun
than 2.4 eV for HO

potentials in
The variation

shifts HOMO levels of open and
al range of 0.95 eV and 0.61 eV,

respectively. By usi stituents with an intermediate

donor/acceptor character a precise fine-tuning of the
energetic levels can be achieved.

The nature of the bridging unit has an effect of similar
magnitude: Diarylperfluorocyclopentene derivatives
possess HOMO and LUMO energies about 0.5-1¢eV
lower than their perhydrocyclopentene analogues (1-
CyH¢/2-CyHs vs. 1-CyFe¢/2-CyF¢). The  electron-
withdrawing capability of the N-tert-butylmaleimide bridge
in the closed isomer is slightly smaller than that of
perfluorocyclopentene (2-MI vs. 2-CyFg), however, the
electron affinity of the open isomer of 2-Ml is strongly
increased (and higher than that of 2-CyFs) due to the
redox active carbonyl groups present in the bridge.
Substitution with a-CF3 groups has a strong effect on
HOMO and LUMO levels of open isomers, as can be seen
by comparing DAEs 3-CHs; and 3-CF; as well as 4-CH;
and 4-CF;, which show shifts between 0.5-0.7 eV. In
contrast, the effect on closed isomers is smaller with shifts
between 0.3 — 0.4 eV. The latter can readily be explained
by the quaternary carbon atoms, which decouple the CF;
groups from the m-system in the closed isomers. Thus, o-
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trifluoromethyl substitution significantly increases the
relative shifts of energy levels upon ring-closure. 2] y=1.0344 x-00587 o
e Further fine-tuning of absolute energy levels can be R?=0.9528
achieved by exchanging thiophene with thiazole
heterocycles in otherwise identical structures. For
analogous substitution patterns HOMO and LUMO levels

of thiazole derivatives are positioned between 0.1 — 0.5 eV > 1
lower in energy than their thiophene counterparts. \%

* Large relative shifts in HOMO and LUMO levels comparing w’ 5
open and closed isomers are obtained upon increasing *
acceptor substitution of the DAE scaffold. Thereby, o] ),;::160;?28(”'1607
dithienylethenes generally show a larger isomerization ’
induced variation than their thiazole analogues. Maximum ¢
relative shifts of more than 1 eV can be achieved using the 7 B2 5 5 2 3 B
strongly acceptor substituted DAE 1-CyFg as well as the Eiheor / €Y
a-CF3 substituted derivative 3-CFs. T

All together the variation of substituents, in particular using Figure 7. Correlation een experimental and theoretical (B3LYP/

HOMO (filled symbols) and LUMO (empty

chemically robust fluorinated groups, either in the periphery, in ~ PCM(ace
nd closed (red) isomers.

the bridge, or at the ring-closing carbon atoms represents a
versatile toolbox to specifically tailor the electronic properties of
DAE derivatives according to the energetic requirements within

the desired application. We have successfully applied this Tansduct;‘zf electronic changes to redox active groups.

a model on how much of the electronic changes
core can be transduced to an adjacent functional
nonsymmetrically substituted DAEs 6-8 were designed
redox markers and acceptor groups in different
ions (see Figure 2). In terms of modulating the
ty of an N,N-dimethylaniline group by the
ocess compounds 6 and 8 represent the
“mismatched” and “matched” case, respectively, for the coupling
with the acceptor group. For both compounds the first oxidation
esses are fully reversible in the ring-open and ring-closed
and can be assumed to be located at the N,N-
hylaniline unit (Figure 8). Note that, similar to symmetrically
-dimethylaniline substituted compounds 5-CHs; and 5-CFj,
r the closed isomer of 8 a two-electron oxidation wave is
observed. From the difference of the anodic and cathodic peak
currents it can be derived that two one-electron oxidation
processes with a potential splitting of less than 100 mV are
occuring.

toolbox for the construction of light-controllable organic thin film
transistors by incorporating specifically selected DAE switches
into various small molecule as well as polymeric semiconducting
matrices.”® Thereby, the alignment of the HOMO or LUMO
energies of the two isomers of a DAE with respect to that of
type or n-type semiconductor allowed for the reversible tr g
of holes or electrons within the matrix dependent on the
switching state of the DAE. From our work it has ome
evident that small variations in the relative en levels
between the DAE and the semiconductor direct

HSEh1PBE"" and B3LYP"" f
basis set we found that

continuum model (PCM) t
LUMO levels around the e
reduced such that we obta a surprisingly good linear
correlation (Fig e correlation is nearly unity
hereas there is a slightly
different offset for th o data sets. ed on this correlation it
is possifle to theoretl predict frontier orbital levels of de
novo i ivatives with specific electronic
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Figure 8. Cyclic voltammograms (dE/dt=1 Vs'1)
acetonitrile/0.1 M Bus;NPFs, b) 8 in acetonitrile/0.1 M BusN
methylene chloride/0.1 M BusNPFs. All concentrations wi
irradiation. For compound 6 only low conversion to the cl
achieved after extended irradiation of the electrochemical cell
that for a) and c) solutions became more concentrated during the
procedure due to long irradiation times needed in case of a) and high vol
of the solvent in case of c).

the expectation that the CF;
thiophene ring would decreas

comparing co
supra), it can
electronic changes
N,N-dimethylaniline
that co

6 is higher potentials, although both
sess the same redox behavior in

the first step as in the ring-open form of 6 the acceptor moiety at
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the opposite terminus of the DAE should not interfere with the
aniline.

In contrast, for the ring-close
dimethylaniline moiety being coupled to
3,5-bis(trifluoromethyl)phenyl group, it
oxidation would appear higher
oxidation of the closed iso

of 6, with the N,N-
tron-withdrawing

r which the m-electronic

group. Instead, it is
closed isomer of 6
er pQ¥ential than that of 8
at E,/'=0.01V. T closed form the effect of
the acceptor gro
conjugated DAE c
position of thefeta
electronic sys
carbon. As a
derivatives 6 and
closure all.

the difference between the two DAE
their relative potential shift upon ring-
the shift is slightly larger in the
a value of 390 mV, the shift of
350 mV for the "mismaic " compound 6 is comparable.

A similariatential shift of 300 mV between the open and

s observed for the reversible reduction of DAE 7
is ted at the triphenyltriazine moiety. As this
ound already represents the "matched" case, the synthesis
"mismatched" analogue was not attempted.

In this work we demonstrate that the HOMO and LUMO
energies of DAE photoswitches can be precisely tuned over a
range by donor/acceptor substitution in the periphery,
on of the bridging moiety, substitution with CF3 groups in
a-positions of the hetaryl rings, and exchange of thiophene
h thiazole heterocycles. Some of these derivatives exhibit
emarkable photoisomerization induced shifts of the energies of
their frontier molecular orbital energy levels of more than 1 eV.
By creating a large collection of electronically modulated DAEs,
by estimating the effects of structural modifications, and by
establishing a theoretical model based on correlating
experimental and computational data it is now possible to
custom-design specific DAE derivatives that fulfill energetic
requirements for potential applications, in particular in
combination with other (opto)electronically active materials to
reversibly enable and disable charge transport (or energy
transfer) between the building blocks. In the future we will be
able to use this insight to screen the electronic properties of
hitherto unknown DAE derivatives in silico and focus the
synthetic efforts only on the most promising candidates.

In contrast to the large electronic modulation induced within
the DAE core upon photoisomerization, transduction of these
intrinsic changes to an adjacent, wt-conjugated functional unit is
less pronounced. For model compounds possessing aniline or
triazine redox moieties potential shifts between 300 — 400 mV
were observed upon ring-closure. Thereby, different patterns of
substitution, involving acceptor groups with either "matched" or
"mismatched" effects on the m-electronic system of the DAE,
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turned out to have only a small influence. In light of the desired  [3]  J.M. Abendroth, O.S. Bushuyev, P.S. Weiss, C.J. Barrett, ACS Nano
property changes of functional units attached to DAEs, such as 2015, 9, 7746-7768.
binding motifs or catalytically active moieties, a larger [#1  E. Orgiu, P. Samori, Adv. Mater. 2 [827-1845.

modulation of electron density is certainly desired. Therefore, 1 2 M. Irie, T. Fukaminato, K. Matsuda, 5 ke, Chem. Rev. 2014,

. L . . 114, 12174-12277; b) M. Irie, Pure Appl. C 37, 617-626.

the electronic communication between the functional unit and [6] H.D.Samachetty, N.R. Branda, Pure Ap . 8. 2351-2350.
the DAE core should be increased by moving the functional unit 71 a) S. Kobatake, S. Takamj ikawa, M. Irie, Nature 2007,
closer to the DAE core, for example omitting the phenyl group, 446, 778-781; b) F. Terao, M. Irie, Angew. Chem. Int. Ed.
or perhaps more promising by using the functional unit itself ishi, S. Kobatake, Angew.
instead of one thiophene or thiazole heterocycle. Furthermore, Chem. Int. Ed. 2013 ; ima, M. Morimoto, M.
electronic modulation can potentially be increased using -M Irie, Chem. Sci. 20
substituents instead of CF; groups or by placing the acceptor (8
group at the free B-position of the thiophene ring. Research into
these directions is currently ongoing in our laboratories.

In addition to the remarkable electronic properties of a- ew. Chem. Int. Ed. 2014, 53,
trifluoromethylated DAEs, interesting insights into their maschke, L. Gomez, X. Ribas, A.
photochemistry were obtained. DAEs symmetrically substituted Jose, P. Pere . Seibt, G.H. Clever, Angew. Chem. Int. Ed. 2016,
with a-CF3 groups on both hetaryl rings show a strong reduction 55, 445-449.
of the cyclization quantum yield, whereas the ring-opening [9]  a)gaomasta, C.
quantum yield was significantly increased when compared to the
methyl substituted derivatives. Importantly, installing only one
CF3 group on one hetaryl ring restores the usual photochemical
behavior of DAEs. The combination of a 4-N,N-dimethylaniline
donor and a CF; acceptor placed in the two a-positions of one
thiophene moiety provides attractive new DAE derivatives, which
exhibit a marked bathochromic shift of the absorbance of the
open isomer, an increased quantum yield for ring-closure, agd
good fatigue resistance.
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