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Abstract: The mono- and bis-reduction of 6,13-
bis((triisopropylsilyl)ethynyl)quinoxalino[2,3-b]phenazine

(1) with potassium anthracenide in THF is reported. Both the
radical anion I and the dianion I*~ were isolated and
characterized by optical and structural (single-crystal X-ray
diffraction) methods. Solutions of the radical anion 1'~ were
stable in air for several hours and characterized by EPR
spectroscopy. Dianion 1°~ is highly fluorescent and photo-
stable.

Bis(triisopropylsilylethynyl)pentacene (TIPS-pen)
(Scheme 1) and its heteroaromatic congeners,!! including
the doubly alkynylated tetraazapentacene (TAP, 1),”! are
important semiconducting organic molecules.’! TIPS-pen is
a potent p-channel transporter, that is, the charge transport
occurs via hopping of holes, produced by the oxidation of its
electron-rich aromatic core. TAP, on the other hand, is an n-
channel transport material. At the electrode interface in
a thin film transistor, TAP is reduced to its radical anion 1°~
and the injected electrons then “hop” through adjacent
molecules; this process is responsible for charge transport in
this material. An important and not easily answered question
is whether there is charge pinning in TAP, particularly at the
semiconductor-source interface, and potentially also in the
thin film semiconductor itself.

In this context, charge pinning would entail that the
electron density of the formed radical anions is localized on
one or two of the nitrogen atoms—a reasonable assumption
on first glance. Does the charge reside at a specific locus of 1~
(the nitrogen atoms, form L) or is the charge delocalized over
the whole m-system (form D)?! This question is fairly
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Scheme 1. Reduction of 1 using [K(18-crown-6) (THF),] anthracenide
(2) in THF.

difficult to answer when one looks at working devices, for
example, transistors containing 1, because, even if charge
pinning would occur, the charge transfer between two
adjacent TAP molecules could be degenerate or possibly
without a significant activation barrier. Perhaps, more impor-
tantly, charge pinning could occur at the interface between
the metal and 1 during injection of electrons. In the absence of
charge pinning one would assume the charge transfer to have
a lower activation barrier. Besides the question of charge
pinning, the molecular and electronic structures of the radical
anion and the dianion of compounds such as 1 are completely
unknown. Thus, investigating their preparation, spectroscopic
properties, stability, and structure would not only be of great
fundamental interest, but is also important due to the eminent
role of 1 in charge transport in n-channel transistors.

In a first experiment, we treated a solution of 1 in THF
with [K(18-crown-6)(THF),] anthracenide (2). With one
equivalent of 2, we obtained a dark green-colored solution.
Upon slow diffusion of dry n-pentane into the reaction
mixture, dark crystals formed, which further characterization
showed to be the monoanion salt [K(18-crown-6)(THF),] 1.
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Upon addition of two equivalents of 2, the color of the
solution changed dramatically to red. Again, by slow diffusion
of dry n-pentane into the reaction mixture, [K(18-crown-
6)THF]",1*~ was isolated as dark red crystals. Figure 1 shows
the UV/Vis spectra of solutions of the isolated crystals of the
monoanion and dianion salts in diethyl ether. Starting with
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Figure 1. UV/Vis spectra of TAP (1) and its monoanion 1~ and dianion
12 in E4,0.

TAP (Aya =675 nm), the first reduction leads to a radical
anion with a 4,,,,~ 1400 nm, i.e., a fairly strong absorption in
the near IR. A kinetic scan of the absorption at 1 =792 nm
reveals that the monoanion is stable in dilute THF solution in
air for several hours. Upon further reduction, a dramatic blue-
shift of the absorption maximum is observed; the dianion
produced absorbs at A, =592 nm. A small feature around
792 nm is due to contamination of the dianion with a small
amount of the monoanion.

The dianion, in Et,O solution, is strongly emissive in the
red (A, =598 nm). The excitation spectrum overlaps with the
absorption spectrum. Both the absorption/excitation and
emission (Figure 2) of the dianion are blue-shifted from that
of neutral 1. The dianion has a higher fluorescence quantum
yield (95 % vs. 36 %) and shorter emission lifetime (6.1 ns vs.
13 ns) than 1. The Stokes shift of 1>~ is small (7 =169 cm™),
indicating that the S,-S, transition is a 7~ transition. Time-
dependent (TD) DFT CAM-B3LYP/6-311 ++ G** gas-phase
calculations confirmed the S-S, transitions of 1 (short-axis
polarization) and 1>~ (long-axis polarization) to be m—m*
transitions. The experimentally observed peak of 1 at A,,,,=
675 nm corresponds to a pure HOMO-LUMO transition with
a calculated excitation energy of 2.01 eV and an oscillator
strength of 0.26. The experimental peak of 1>~ at A, =
592 nm corresponds to the transition from the former
LUMO to the former LUMO+1 of the neutral and has an
excitation energy of 2.63 eV and an oscillator strength of 0.84
at the theoretical level of TDDFT/CAM-B3LYP/6-311 ++
G** (see the Supporting Information for more details). The
near-IR absorption of 1'~ originates from an excitation of an
electron from the former HOMO to the former LUMO of 1,
which is now singly occupied in 1'". The corresponding state is
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Figure 2. The excitation (solid) and emission (dotted) spectra of 1~
and 1%~ in dilute Et,0.

thus also a m—st* transition with a computed excitation energy
of 1.06 eV. Due to the open-shell nature of 1, its electronic
states are not easily interpretable in the molecular orbital
picture. In dilute solution, 1>~ is photostable. The absorption
and emission spectra of a dilute Et,O solution of 1*~, which
has been stored in the glove box for more than one month
under natural light, are unchanged.

The EPR spectrum (Figure 3) of the radical anion 1~
exhibits a detailed structure composed of hyperfine lines
corresponding to the interaction of the unpaired electron with
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Figure 3. Experimental (black) and simulated (gray) continuous-wave
(CW) X-band EPR spectra of 1~ in a toluene/THF mixture at room
temperature. Experimental parameters: temperature =298 K; micro-
wave frequency =9.38 GHz; microwave power =0.1 mW; modulation
amplitude=0.1 G; conversion time =120 ms; modulation frequen-
cy=100 kHz.

the azaacene ring (a(*'N)=1.9 G, a(*H)=0.55 and 0.50 G)
and the silyl groups (a('H)=0.48 G (methine protons)),
suggesting that the unpaired spin density is not confined to
the azaacene unit, but also spills over to the silyl substitu-
ents! As a result of the more extended m-system, the
observed nitrogen coupling constant is reduced compared to
the value for the radical anion of 1,4,5,8-tetraazaanthracene
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(a(*N)=2.4 G).”! We conclude, therefore, that, with regard
to EPR, 1" is delocalized. DFT calculations (Figure 4) also
show the absence of any charge pinning in the radical anion,
as the electrostatic potential map of 1°~ demonstrates that the
charge is distributed over the whole m-system. This is also the
case for dianion 1°~ in the absence of counterions.

Figure 4. Electrostatic potential (DFT, all same range and iso value).
Blue: positive value, red: negative electrostatic potential. Left: Neutral
TAP, middle: radical anion, right: dianion.

The molecular structures of 1~ and 1>~ are depicted in
Figure 5. Both compounds crystallize as centrosymmetric
molecules sitting on inversion centers. The important bond
lengths of the tetraazapentacene cores are summarized in
Figure 6. In 1, the K" ion is fully separated from the

Figure 5. Molecular structure of 1 (left) and 1>~ (right) in the solid
state. Hydrogen atoms and solvent molecules (THF) in 1° are omitted
for clarity. Atomic displacement parameters correspond to 50%
probability at 100 K.

heteroacene; it is coordinated by two THF molecules and the
18-crown-6 belt around its equatorial coordination sites. So,
the K* ion does not interact at all with the aromatic unit,
giving testament to the absence of charge pinning in 1"". In
the case of the dianion, the two potassium ions are not fully
screened from the aromatic face, yet inspection of the crystal
structure of 1*~ shows that the weak coordination of the
potassium ion does not seem to influence the bond lengths
significantly. The K1-C5 (3.240(2) A) and K1-C6 (3.264-
(2) A) bond lengths are fairly similar. Notably, the potassium
ions do not interact with the pyrazinic nitrogen atoms at all,
which is, at first glance, surprising, but upon inspection of the
electrostatic potential map (Figure 4), perhaps more under-
standable.
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Figure 6. Comparison of the bond lengths obtained from crystal data
of 1, 17, and 1*". The moderate change of different bond lengths is
visible; however, the sum of all unique bond lengths is 1.81 nm for 1,
its radical anion, and its dianion.

In conclusion, we have reduced TAP 1 and obtained both
its radical anion 1'~ and also its dianion 1*~. Both species were
investigated by UV/Vis and EPR spectroscopy as well by
single-crystal X-ray diffraction analysis. The dianion is
a singlet, while 1" is present as a radical. The reduction
does not increase the sum of the bond lengths in the aromatic
nucleus but does change some of the bond lengths. From the
structural data of 1, there is no discernible interaction
between the potassium ion and the aromatic nucleus in the
solid state. As a consequence, there is no detectable charge
pinning in TAP 17, even though the potassium cation is
present. The reason for the lack of charge pinning is probably
the size of TAP, which allows the negative charge to be easily
distributed over the whole molecule. That is perhaps not too
surprising as, if one looks at the LUMO), its coefficients are
equally distributed over the whole of the molecule. So, the
larger the molecule, we posit, the less of an issue charge
pinning is, even though electronegative atoms are present in
the molecular framework as in 1.

Experimental Section
All experiments were conducted in an argon-filled glove box. THF
was dried by passage through alumina using an SPS system. n-Pentane
was distilled over LiAlH, under argon. Diethyl ether was dried by
passage through alumina using an SPS system, and stored over NaK in
an argon-filled glove-box. [K(18-crown-6)(THF),] anthracenide was
prepared as reported previously.”!

Preparation of [K(18-crown-6)(THF),] "1 : Compound 1 (25 mg,
39 umol) and [K(18-crown-6)(THF),| anthracenide (21.5mg,
35 pmol) were dissolved in 8 mL of dry THF in a 20 mL vial and
stirred for 10 min to generate a dark green solution. Dark crystals
were formed by slow diffusion of dry n-pentane into the reaction
mixture. The crystals formed in one week at —30°C.

Preparation of [K-18-crown-6-THF]*,1>": Compound 1 (27 mg,
42 pumol) and [K(18-crown-6)(THF),] anthracenide (55 mg, 88 pmol)
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were dissolved in 8 mL of dry THF in a 20 mL vial and stirred for
10 min to generate a dark red solution. Dark red crystals were formed
by slow diffusion of dry n-pentane into the reaction mixture. The
crystals formed in one week at —30°C.

EPR measurements at X-band (9.38 GHz) were carried out at
room temperature using a Bruker ELEXSYS E580 CW EPR
spectrometer. CW EPR spectra were measured using 0.1 mW micro-
wave power and 0.1 G field modulation at 100 kHz, with a conversion
time of 120 ms. The spectral simulations were performed using
MATLAB 8.6 and the EasySpin 5.0.18 toolbox.*!

UV/Vis-NIR absorption spectra were measured on a Varian Cary
SE UV/Vis-NIR spectrophotometer or on an Agilent 8453 diode-
array UV/Vis spectrophotometer. The emission and excitation
spectra were recorded using an Edinburgh Instruments FLSP920
spectrometer equipped with a double monochromator for both
excitation and emission, operating in right angle geometry mode. All
solutions used in photophysical measurements had concentrations of
ca. 107°m in Et,0, except where stated. The fluorescence quantum
yields were measured using a calibrated integrating sphere (150 mm
inner diameter). All absorption and emission spectra were recorded
in standard quartz cuvettes (1 cm x 1 cm) under argon.
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