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A pyrene-fused pyrazaacene with only four linearly-fused aromatic
rings is reported, which remarkably shows emission at red to NIR
wavelengths (i, = 687 nm). This exceeds the emission wavelengths
observed for azaacenes with the same number of linearly-fused rings.

Near infrared (NIR) emissive organic materials are receiving growing
interest because of their potential applications in light-emitting
diodes," sensing® and bioimaging,>* among others. Notably, current
optical communications use NIR wavelengths for transmission and
processing. Also, NIR light penetrates deeper into biological tissues
and is less damaging than visible and UV light, and thus offers
potential for non-invasive studies within the body. New advances
in these technologies depend on the development of NIR organic-
based materials and our abilities to model their emission
characteristics.

Pyrene-fused pyrazaacenes® (PPAs) have recently attracted
much attention as molecular materials for organic electronic
applications due to their enhanced stability. NIR-emitting PPA can
be in principle obtained by increasing the number of longitudinal
fused rings. This is well illustrated in the n-azaacene® series, in
which a progressive redshift of the emission bands is observed with
an increasing number of fused rings. Nevertheless, the emission
of PPA*® occurs at considerably lower wavelengths than those of
n-azaacenes® with an equal number of linearly-fused rings (Fig. 1).
For example, while an n-diazatetracene derivative 1 shows emission
at yellow wavelengths (Jem = 584 nm),” the pyrene-fused diaza-
tetracene 2 with the same number of linearly-fused rings emits
at blue wavelengths (lem, = 461 nm).® Therefore, to obtain NIR-
emitting PPA, a large number of linearly-fused rings would be
necessary, which would imply an additional synthetic effort.

Herein, we report PPA 3 with only four linearly-fused aro-
matic rings (Fig. 1), which remarkably shows emission at red to
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NIR wavelengths (4., = 687 nm), exceeding the emission wave-
lengths observed not only for PPA but also for n-azaacenes with
the same number of linearly-fused rings. This behaviour is
consistent with an emissive charge transfer state, as a result of
the highly polarised electronic structure of its aromatic core,
which is corroborated by comparative spectroscopic and electro-
chemical studies with a series of carefully selected reference
compounds together with theoretical calculations.

The synthesis of PPA 3 and reference compounds 4-6 was
achieved following the route depicted in Scheme 1. Pyrene
diketone 7 was obtained in two steps following a procedure reported
by Harris.’ #Butyl groups in the 2,7 positions were introduced in
order to enhance the solubility of the resulting compounds. Cyclo-
condensation of diketone 7 with 2,3-diamino-5,6-dicyanopyrazine
provided pyrene-fused tetracene 3 with two cyano groups and two
fused pyrazines in good yields (66%). To study the effects of the
number of fused pyrazine rings on the overall optoelectronic
properties, reference compound 5 with just one pyrazine ring was
synthesised in good yields (65%) by means of cyclocondensation of
diketone 7 with diaminomaleonitrile. Reference compounds 4 and
6 with a truncated conjugation along the K region (positions 9,10 of
the pyrene core) were synthesised in order to study the effects on the
optoelectronic properties. To do so, pyrene diketone 7 was first
transformed into diketal-protected 8 and then was subsequently
oxidised to pyrene diketone 9, following a previously reported
procedure.'® Compounds 4 and 6 were obtained by cycloconden-
sation of diketone 9 with 2,3-diamino-5,6-dicyanopyrazine and
diaminomaleonitrile in good yields (52% and 43%, respectively).
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Fig. 1 Structure of n-azatetraacene 1 and pyrene-fused azatetraacenes
2 and 3.
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Scheme 1 Synthesis of compounds 3—6.

Compounds 3-6 are soluble in a wide variety of organic solvents,
including CH,Cl,, CHCI; and THF.

The absorption spectrum of 3 (Fig. 2) displays two narrow
absorption bands centred at 354 (loge = 4.31) and 366 nm
(loge = 4.47) and a broad and intense absorption band centred
at 571 nm (log e = 3.94). The latter is consistent with its intense
purple coloration and also with an intramolecular charge trans-
fer process as a result of the highly polarised electronic structure
of its aromatic core. On the other hand, the K-truncated com-
pound 4 exhibits a yellow coloration and absorption bands that
are substantially blueshifted, as much as 126 nm, to 351 (log¢ =
4.25) and 445 nm (loge = 4.23). Compound 5 is orange and
displays absorption bands centred at 364 (loge¢ = 3.93) and
455 nm (loge = 3.44). The K-truncated compound 6 is pale
yellow and its absorption spectrum shows similar bands that
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Fig. 2 Normalised absorption spectra of 3—6 in CH,Cl,.
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are blueshifted, as much as 65 nm, to 347 (loge = 4.45) and
390 nm (loge = 3.98).

The lower energy singlet excited states of 3-6 were calculated
using time-dependent density functional theory (TD-DFT B3LYP-
CH,Cl,-6311g+(d2,p)/B3LYP-CH,Cl,-631(d,p)) in order to shed
light on the nature of the electronic transitions in the electronic
spectra. The simulated spectra of the TD-B3LYP reproduce reason-
ably well the experimental spectra (see Fig. S1, ESIt), and most
importantly, illustrate that truncating the conjugation along the K
region deactivates significantly the HOMO — LUMO transition.
TD-DFT predicts that the experimental band centred at 571 nm in
3 is described as an HOMO — LUMO transition (estimated at
633 nm) with a contribution from the HOMO—1 — LUMO
transition (estimated at 587 nm), which shows a significantly
reduced oscillator strength (~22 fold) in comparison to the
HOMO — LUMO transition. The picture is different for
K-truncated 4, where the band centred at 445 nm corresponds
to a HOMO—1 — LUMO transition (estimated at 463 nm). The
HOMO — LUMO transition (estimated at 623 nm) shows a
significantly reduced oscillator strength (~41 fold) in comparison
to the HOMO—1 — LUMO transition. Therefore the HOMO —
LUMO transition is not noticeable in the experimental spec-
trum of 4. The experimental band centred at 455 nm in the
spectrum of 5 is described as a HOMO — LUMO transition
(estimated at 482 nm) with a HOMO — LUMO+1 contribution
(estimated at 447 nm). The picture is again different for
K-truncated 6. The experimental band centred at 390 nm
corresponds to a HOMO—1 — LUMO transition (estimated at
377 nm). Remarkably, the HOMO — LUMO and the HOMO —
LUMO+1 transitions (estimated, respectively, at 454 and 413 nm)
show a significantly reduced oscillator strength (~20 fold) in
comparison to the HOMO—1 — LUMO transition. Therefore the
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Fig. 3 Normalised photoluminescence spectra of 3—6 in CH,Cl.

HOMO — LUMO and HOMO — LUMO+1 transitions are not
noticeable in the experimental spectrum of 6.

The photoluminescence spectra obtained for 3-6 (Fig. 3) show
almost featureless emission bands with some vibronic shoulders.
In all cases, the emission bands are almost mirror images of the
corresponding absorption bands. Remarkably, while 4, 5, and 6
emit in the visible region, pyrene-fused tetracene 3 displays a
featureless emission band centred at 687 nm that spans into the
NIR region up to 860 nm. The emission bands of 5 are batho-
chromically shifted (24 nm) when compared with 6. The same
trend was also observed in the emission spectra of 3 and 4 but at
a much higher extent, as the emission bands of 3 appear to be
bathochromically shifted (187 nm) when compared with those
of 4. A progressively redshifted fluorescence is discernible when
comparing 3 with 5 (151 nm) and 4 with 6 (14 nm), which is again
consistent with the longitudinal extension of the n-system with
an additional pyrazine ring.

Cyclic voltammetry evidences the electron-deficient nature
of 3-6 and also substantial differences in their redox properties
(Fig. 4). The extended pyrene-fused tetracenes 3 and 4 present a
complex redox behaviour. Two reduction waves are observed for 3.
However, three reduction waves are observed for 4; two of them
coincide with those observed for 3, while an additional reduction
wave with double current intensity appears in between. PPAs 5 and
6 display one reversible reduction wave at ~0.9 V that is also
present for 3 and 4. According to the first half-wave potential (E},,),
pyrene-fused tetracenes 3 and 4 are much easier to reduce than
PPAs 5 and 6, which is in agreement with the extra pyrazine rings
that stabilise considerably the electrochemically-generated anions.

The position of the energy levels was estimated from the optical
and electrochemical characterisation and was correlated with DFT
calculations (Table 1). The energy gaps estimated from the absorp-
tion onsets reflect that enabling the conjugation through the K
region lowers the HOMO-LUMO gaps. The HOMO-LUMO gap of 3
is 0.35 eV lower than that of 4. Meanwhile, the HOMO-LUMO gap
of 5 is 0.69 eV lower than that of 6. As expected, the HOMO-LUMO
gap decreases when the linear conjugation is extended from one to
two fused pyrazine rings. This is 0.24 eV when comparing 3 and 5,
and 0.58 eV when comparing 4 and 6. The experimentally-estimated
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Fig. 4 Normalised cyclic voltammograms of 3—6 in NBu4PFe/THF.

Table 1 Selected optical and electrochemical parameters for 3—6

;Labsa j-em EIl/Z b Elll/z b EIII/IZ b Egapc ELUMOd
3 571 687 —0.23 —0.95 — 1.85 —4.26
4 445 500 —-0.21 —0.65 —0.94 2.20 —4.20
5 455 538 —0.94 — — 2.09 —3.57
6 390 514 —0.95 — — 2.78 —-3.61

@ Measured in CH,Cl, (nm). > Measured in 0.1 M nBu,PF¢/THF (V), Ag
wire pseudoreference electrode referenced vs. SCE using ferrocene (Fc)
as internal standard (ELS°°®) = +0.48 V). ¢ Estimated from absorption
onset (eV). ¢ Estimated from CV Eonspr (€V) according to Ejymo =
—4.8 — e(Eonser — Ef») where Ejf, was measured in situ.

HOMO-LUMO gaps of 3-6 follow the same trends of those calcu-
lated by DFT (B3LYP-CH,Cl,-6311g+(d2,p)/B3LYP-CH,Cl,-631(d,p))
(Table S1, ESIT). The LUMO levels were estimated from the potential
onsets of the first reduction waves. The E; y\o values for 3 and 4 are
in the same range (—4.2 eV), which reflects the small influence of
conjugation along the K region on the LUMO. Similarly, the Eyymo
values for 5 and 6 are in the same range (—3.6 eV). Reasonably, the
Eruymo values for 3 and 4 are substantially lowered (~0.6 eV) in
comparison to 5 and 6 because of the extended conjugation with the
additional pyrazine ring. All the above indicate that the observed
optoelectronic properties are indeed an effect of the destabilisation
of the HOMO, while the LUMO is independent of the conjugation
along the K region. This is also consistent with DFT calculations
(Fig. 5), in which the shapes of the LUMO orbitals are nearly
independent when comparing 3 and 5 with their parent
K-truncated 4 and 6, respectively. Conversely, there are sub-
stantial differences in the shapes of the HOMO orbitals when
comparing 3 and 5 with their K-truncated analogues 4 and 6,
respectively. In the case of 3 and 5 the HOMOs are quite similar
and spread along the PPA core but with larger orbital coefficients
over the pyrene ring than on the pyrazine ring both compounds
possess a large double bond character on the K region, in
agreement with Clar rules."" In the case of K-truncated 4 and 6,
the shape of the HOMO differs completely from that observed in 3
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Fig. 5 Frontier orbitals for compounds 3-6.

and 5. The presence of the diketals suppresses the double bond
character on the K region and results in a HOMO with large
orbital coefficients over the lateral rings of the pyrene core. The
HOMO of K-truncated 4 and 6 corresponds to the HOMO—1 of 3
and 5, which is coherent with the differences in intensities found
in the simulated spectra. The experimental HOMO — LUMO
transition in 3 is consistent with an intramolecular charge
transfer state as the orbital coefficients in HOMO are mostly
localised on the pyrene moiety, while in the LUMO they are mostly
localised on the dicyanopyrazopyrazine.

Overall, we have shown that PPA 3 with only four linearly-
fused rings emits at red to NIR wavelengths (e, = 687 nm),
which is in contrast to the visible emission typically observed
for PPA and n-azaacenes with an equivalent number of linearly-
fused rings. This behaviour is consistent with an emissive intra-
molecular charge transfer state, as a result of the highly polarised
electronic structure of its aromatic core and the conjugation along
the K region. In fact, this combined experimental/theoretical
study illustrates the influence of the conjugation along the
K region on the oscillator strength of the HOMO — LUMO
transition, and thus, on the overall optoelectronic properties.
Nevertheless, the electron affinity is independent of the conju-
gation at the K region, as confirmed by cyclic voltammetry
measurements, which indicate that the observed emission is
indeed an effect of the destabilisation of the HOMO that is located
over the pyrene residue, while the LUMO remains unaltered over
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the pyrazine rings. Overall, this work illustrates that it is possible
to obtain PPA with enhanced properties by means of a suitable
functionalization, thereby opening new perspectives for PPA in
fields where NIR chromophores have already found applications.
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