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Pyrazinacenes are next generation N-heteroacenes and represent a novel class of stable n-type materials
capable of accepting more than one electron and displaying intriguing features, including prototropism,
halochromism, and redox chromism. Astonishingly, despite a century since their discovery, there have
been no reports on the conjugated polymers of pyrazinacenes due to unknown substrate scope and lack
of pyrazinacene monomers that are conducive to condensation polymerization. Breaking through these
challenges, in this work, we report the synthesis of previously undiscovered and highly coveted
conjugated polymers of pyrazinacenes. In order to understand the intricacies of conjugation extension
within the acene and along the polymer backbone, a series of electronically diverse four pyrazinacene
conjugated polymers were synthesized. Polymers synthesis required optimizing a few synthetic steps
along the 12-step synthetic pathway. The generated pyrazinacene monomers are not amenable to the
popular condensation polymerizations involving Pd or Cu catalysts. Gratifyingly, Pd and Cu free
dehydrohalogenation polymerization of the monomer with HgCl, resulted in high molecular weight
organometallic conjugated pyrazinacene polymers within a few minutes at room temperature. The dual
role played by the Hg(i) during the polymerization, combined with the self-coupling of the RHgCl
(intermediate), is at the core of successful polymerization. Notably, the self-coupling of intermediates
challenges the strict stoichiometric balance typically required for step-growth polymerization and offers
a novel synthetic strategy to generate high molecular weight conjugated polymers even with imbalanced
monomer stoichiometries. A combination of electrochemical studies and DFT-B3LYP simulations
indicated that the presence of the reduced pyrazine ring promotes interacene m-conjugation through
the metal center, in contrast to completely oxidized tetrazaazaanthracene. The extension of conjugation
results in ca. 2 eV lower reduction potential for polymers compared to the monomer, placing the LUMO
energy levels of these polymers on par with some of the best-known n-type polymers. Also, the
presence of NH protons in the pyrazinacene polymers show ionochromism and red-shift UV-vis
absorption maximum by ca. 100 nm. This work not only shows a way to realize highly desirable and
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units. Furthermore, the polymer's chain length and architecture
offer several indispensable properties, including processability,

1. Introduction

The delocalization of -electrons of the repeat unit along the
conjugated polymer backbone lowers the band gap and leads to
a red-shift in the absorption spectra of the polymer and enables
intrachain charge transport relative to individual monomeric
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mechanical flexibility, self-healing, and stretchability. These
properties not only simplify device fabrication but also enhance
device performance and lifetime.*™ Thus, polymerization
typically transforms an ineffectual monomeric unit into a solu-
tion-processable organic semiconductor material with tunable
optoelectronic and mechanical properties. Polymerization has
been shown to have a positive impact not only on small
aromatic molecules but also on fused acenes. The development
of polymeric acenes has resulted in significant enhancements
in properties for electronic and optoelectronic applications
when compared to the properties of individual acene units.'**
Polymeric acenes also overcome challenges associated with
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pure acenes, such as solubility and stability. For example, Bao
et al. showed conjugated polymers of pentacene are air-stable
and solution-processable, unlike pentacene small mole-
cules.' This breakthrough has inspired the emergence of
various functionalized acene oligomers and polymers that are
both soluble and stable.>®'®23 In terms of electronic structure,
recent studies have demonstrated that acene-based polymers
exhibit non-linear band gap alterations as the size of the
carbocyclic acene unit changes, and a zero-band gap conjugated
polymer of pentacene was synthesized.” Thus, the polymeri-
zation of acenes generates functional polymers with several
indispensable features that are not accessible in small
molecules.

While carbocyclic acenes primarily demonstrate p-type
characteristics, significant efforts have been channeled into
the creation of n-type acenes by replacing C-H groups with
electronegative nitrogen atoms. Nitrogen atoms are intricately
integrated into the aromatic framework of N-heteroacenes. The
strategic placement of nitrogen atoms within the acenes serves
to stabilize the frontier molecular orbitals (FMO), increase the
electron affinity, and invert the electronic behavior of acenes,
i.e., instead of hole transport, azaacenes show electron trans-
port behavior. Pyrazinacenes represent the next generation of N-
heteroacenes having high nitrogen content and are composed
of linearly fused pyrazine units, including dihydropyrazine
groups. The linearly fused pyrazine rings enable pyrazinacenes
to undergo multi-electron reduction and contribute to the
stabilization of the reduced states. Additionally, the presence of
multiple nitrogen atoms in the acene leads to the tautomeri-
zation of NH protons in these compounds. The NH protons on
the dihydropyrazines can be deprotonated in the presence of
anions, resulting in changes in the band gap, energy levels, and
optoelectronic properties. Electron-deficient pyrazinacenes
interact with anions through hydrogen bonding and anion-m
interactions, which are fundamental in many biological
processes and hence can be used as markers, sensors, and dyes
in medicinal applications.”** The presence of electron-
deficient pyrazine rings also makes pyrazinacenes less suscep-
tible to degradation through oxidation or dimerization, making
them more stable than their carbocyclic acene counterparts.
Consequently, pyrazinacenes represent a novel class of stable n-
type materials capable of accepting more than one electron and
displaying intriguing features, including prototropism, hal-
ochromism, and redox chromism.**** Considering the array of
applications in various fields, the conjugated polymers of pyr-
azinacenes will be of immense interest and useful in multiple
areas including organic electronics, energy conversion and
storage, electrochemical transistors, catalysis, and sensors.
Surprisingly, to date, there have been no reports on the conju-
gated polymers of pyrazinacenes.

The key reasons for no reports on the synthesis of conjugated
polymers of pyrazinacenes, even after a century since their first
discovery, are twofold. First, the lack of pyrazinacene monomers
that are conducive to condensation polymerization, resulting in
soluble conjugated polymers, has been a significant obstacle.
Second, the intricacies of pyrazinacene substrates’ scope and
the stability of linearly fused pyrazine rings when subjected to
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condensation polymerizations remain unknown. Breaking
through these challenges, in this work, we report the synthesis
of previously undiscovered and highly coveted conjugated
polymers of pyrazinacenes (Fig. 1). As mentioned earlier, the
polymerization of pyrazinacene chromophores is expected to
enhance the performance of the materials towards various
applications due to the extension of w-conjugation along the
chain and molecular wire effect. As the pyrazinacene monomer
is polymerized through the terminal fused ring of the acene, the
intricacies of conjugation extension within the acene and along
the polymer backbone will determine the polymer properties.
Therefore, in this work, we focused on (i) establishing the
synthetic pathway for generating soluble and solution-
processable conjugated polymers of pyrazinacenes via conden-
sation polymerization; (ii) varying the number of fused rings in
pyrazinacene as well as substituents on the rings to study their
impact on photophysical, and electrochemical properties, as
a means to uncover the intricacies of extension of conjugation
within the acene and along the chain.

2. Results and discussion
2.1 Synthesis of monomers

The nucleophilic aromatic substitution (SyAr) reaction between
dichlorodicyanopyrazine and aryl diamines is one of the effi-
cient and quicker ways to generate pyrazinacenes containing
multiple linearly fused pyrazine rings. A few hexaazapentacene-
based pyrazinacenes have been synthesized through this
approach by Miao and Hill groups.®**** However, none of these
derivatives have solubilizing chains, so the self-condensation
polymerization of these pyrazinacenes would result in insol-
uble oligomers beyond two repeat units. To impart solubility to
the polymers, hexaazapentacene monomers containing four
hexyloxy chains were synthesized as shown in Scheme 1.
Installing hexyloxy chains onto the hexazaacene monomers has
increased the required number of synthetic steps, but this is
imperative to generate soluble polymers. Synthesis of the
desired pyrazinacene monomers with pendant solubilizing
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Fig. 1 Pyrazinacene polymers synthesized and studies in this work.
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Scheme 1 Synthesis of TIPS protected pyrazinacene monomer precursors.

chains is synthetically challenging because chemical trans-
formations of pyrazinacenes containing multiple linearly fused-
pyrazine are highly structure specific; thus, synthesizing the
desired monomers required screening of reaction conditions at
a couple of synthetic steps (vide infra). Compounds 2-5 were
synthesized following typical synthetic conditions reported for
analogous compounds in the literature.***” The Sonogashira
coupling of dibromo dihexyloxy benzothiadiazole (5) with TIPS
acetylene, followed by the reduction of thiadiazole resulted in
the phenylene diamine compound 7. Nucleophilic aromatic
substitution reaction (SxAr) by 7 onto 2,3-dichloro-5,6-
dicyanopyrazine in 1,4-dioxane gave dihydrote-
traazacenedicyano compound 8. Oxidized 8 was subjected to
another nucleophilic aromatic substitution reaction by
dibromo dihexyloxy-phenylene diamine (10) to obtain the
desired dihydrohexaazaacene compound 11 in 39% yield. The
position of the hydrogens along the azaacene backbone can
vary, giving rise to tautomers having different optical and
electrochemical properties. Single crystal X-ray structure of 11
confirms that the hydrogens were on the middle pyrazine ring
(Fig. S5T). Compound 11 was air-stable and did not oxidize to all
pyrazine rings in the ambient atmosphere even though it
contains an antiaromatic dihydropyrazine ring. This excep-
tional stability can be attributed to several factors, including the
extended conjugation by the nitrogen lone pairs of the dihy-
dropyrazine via enamine formation, an increased number of
Clar rings, and delocalization of antiaromaticity. Desilylation of
11 gave the dialkynyl azaacene monomer N6P-Br in 68% yield.
Attempts to oxidize the dihydropyrazine to pyrazine using PbO,
was unsuccessful due to the electronic stabilization by delo-
calization and the presence of different substituents around
N6P-Br. The bromo substituents on 11 were useful to func-
tionalize the azaacenes further and generate electronically
diverse monomers. With this in mind, 11 was subjected to

4056 | Chem. Sci,, 2024, 15, 4054-4067

various Sonogashira cross-coupling reaction conditions with
trimethylsilylacetylene, which were unsuccessful (Table S17).
The Bunz***® group have previously used Stille cross-coupling
reactions to derivatize azaacenes. Taking cues from their
work, 11 was subjected to Stille cross-coupling reaction with two
alkynyl stannyl derivatives (R: ¢-Bu; Ph) in the presence of bis(-
benzonitrile)palladium(n) dichloride and P(¢-Bu); (Scheme 1).
We were gratified to see that both derivatization reactions
successfully resulted in azaacenes containing #-butyl acetylene
(compound 13) and phenyl acetylene (compound 14). The
observation that azaacenes were susceptible to Stille rather than
Sonogashira cross-coupling indicated that the presence of
amine base and/or Cu(i) salt in the Sonogashira coupling might
have interfered with the hydrogens of the dihydropyrazine
leading to no or undesired reaction. Desilylation of 13 and 14
gave two electronically diverse azaacene monomers, N6P-Bu
and N6P-Ph (Scheme 2). Alkyne substituents in both these
monomers are expected to extended 7-conjugation of the acene.
To understand the effect of the number of fused rings in the
azaacene repeat unit as well as the presence of the reduced pyr-
azine (dihydropyrazine) ring on the polymer's optical and elec-
trochemical properties, compound 9 was used as comparison. 9
was subjected to a desilylation reaction using TBAF, but the
starting material decomposed due to the strong nature of the
fluoride source. Next, KF in the presence of AgNO; in MeOH/THF
was used as a mild fluoride source for desilylation (Scheme 3).
Surprisingly, this resulted in expected desilylation as well as
unexpected nucleophilic aromatic substitution by methoxy groups
at the carbons containing cyano groups (17). This unexpected
outcome was leveraged to install two additional solubilizing
pendant chains onto 9, as shown in Scheme 3. For this, 9 was
subjected to nucleophilic aromatic substitution reaction by hex-
yloxy groups to generate 18, which was desilylated using KF/
AgNO; to generate tetrazaanthracene dialkynyl monomer (N4A).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of pyrazinacene (hexaazapentacene) monomers.
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2.2 Synthesis of polymers

N6P-Br was used to optimize the polymerization conditions
since its acene core is similar to the other two monomers (N6P-
Bu and N6P-Ph) and requires two less synthetic steps. N6P-Br
was subjected to Glaser-Hay polymerization because of its
mild reaction conditions, but unfortunately, this resulted in
only oligomers (Table 1). Synthesized azaacenes are air-stable;
nonetheless, to see if the presence of oxygen in the reaction
might be the reason for the lower degree of polymerization, the
monomer was subjected to Eglinton®® polymerization under
nitrogen, but the reaction was unsuccessful. Continuing our
efforts to replace oxygen, a modified Glaser-Hay polymerization
conditions reported by the Swager® group that involved Pd(u)
and Cu(i) catalysts and hydroquinone as an internal oxidant was
tested (Table S21). Unfortunately, the modified Glaser Hay
polymerization conditions with the internal oxidant was also
unsuccessful. Sonogashira polymerization of N6P-Br with diio-
dobenzene also did not yield any results. The limited success of
the attempted polymerizations can be attributed to the presence
of N-H protons on the dihydropyrazine ring of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pyrazinacene, which can interact with amine base and copper
catalyst and interfere with the polymerization, similar to what
we had observed for the Sonogashira cross-coupling of
compound 11 with alkynes. To avoid polymerization reactions
that involved amine base and copper, compound 11 was sub-
jected to Stille condensation polymerization with bis(tributyl-
stannyl) butadiyne®* (Table S31). To our surprise, even this
reaction also resulted in only oligomers.

We scouted the literature for mild polymerization conditions
for alkynes that do not involve amine base and Cu catalyst and
result in conjugated polymers. Dehydrohalogenation-polymer-
ization of the terminal diacetylenes with HgCl, in the presence
of triethylamine to generate conjugated Hg(u) containing rigid
rod polymetallynes caught our attention.**** Mercury forms di-
coordinated Hg(m) complexes (d*° configuration) with a linear
geometry suitable for generating linear rigid rod conjugated
polymers. A typical polymerization mechanism is shown in
Scheme 4. The advantage of this reaction is that Hg(u) plays two
roles: (i) it helps with the deprotonation of terminal acetylene
similar to that of copper through eta complex, and (ii) it forms
the o-acetylide co-ordination compound with the terminal
alkynes thus generating Hg(u) containing polymetallynes.>~°
Several Hg(u) alkynyl small molecule complexes and a few
polymers have been synthesized through a dehydrohalogena-
tion approach by reacting Hg(u) halide precursors and active
terminal alkynes in the presence of a base.>***°*% Both experi-
mental and theoretical studies have shown that the mercury
metal center is involved in extending the m-delocalization along
the polymer backbone. A handful of Hg(u) containing conju-
gated polymetallynes have been synthesized to take advantage
of the dm—p conjugation and the resultant spin-orbit coupling
between the mercury and organic spacer to generate highly
phosphorescent polymers.*® Since this polymerization does not
require a copper catalyst and generates Hg(u) containing small
molecule complexes and polymers in good yield at room
temperature, these polymerization conditions were tested on
pyrazinacenes. It is gratifying to report that the polymerization
of N6P-Br in the presence of HgCl,, triethylamine, in a mixture
of DCM and MeOH gave organometallic conjugated pyr-
azinacene polymer (PN6P-Br) with a decent number average
molecular weight (14 kDa).

The effect of the amine base on polymerization was screened
by changing the amine base and keeping the other reaction
conditions the same (Table 2). All the studied amines except
pyridine gave similar molecular weight polymers (M,: ca. 11
kDa), whereas pyridine gave a lower molecular weight polymer
(M,: 9 kDa). Next, triethylamine was kept as the amine, and the
equivalence of HgCl, was changed from 0.5 to 1.5 equivalents
with respect to the dialkyne monomer (Table 3). The change in
the degree of polymerization as the reactant's stoichiometric
ratio is varied does not follow the step-growth polymerization
model. The seminal Carothers equation shows that a strict
stoichiometry of monomers (A, and B,) is required for a step-
growth polymerization to realize high molecular weight poly-
mers. A slight imbalance in the stoichiometry leads to a drastic
reduction in the polymer molecular weight. Excess monomer
present in the polymerization mixture ends up as a terminal
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Table 1 Attempted alkyne—alkyne coupling polymerization conditions?
H
W e
CeH130 N NN CeHia Oligomers from
PO Migouaes o
CeHq30 N NN CeHqs
H Br
Il
H  N6P-Br
Entry [Cu] Base Solvent Temp. (°C) Time (h)
1 Cucl TMEDA® CH,Cl, 35 48
2 CucCl TMEDA® PhMe : ACN (2:1) 55 24
3 Cu(OAc), Pyridine PhMe 25 24
4 CuCl, CuCl, Pyridine CH,Cl, 25 7
5 CucCl, CuCl, Pyridine CHCl, 50 4
“ TMEDA: tetramethylethylenediamine. ° All reactions were performed with 15 mg of N6P-Br (1 eq.), Cu-source (2 eq.), base (6 eq.) in 1.8 mL of
solvent.
Step 1 In order to have better control over resultant polymer

fast

R—C=C—H + RyN == R—C=C—H~-NR;

fast
XHgX + R—C=C—H--NR; === R—C=C—H-NR;

(T-complex)

X—Hg—-X

fom

R_CEC_ng R_CECHNRS (o-complex)
@ €] G P
HNR3X A HgX

Step 2: Repeat
R—C=C—H--NR
3  ___» R—C=C-Hg—C=C—R
R_CEC_HQ_X (Tt-complex)

Repeat whole process
Excess HgX; shifts equilibrium towards R-C=C-HgX formation

Scheme 4 Typical dehydrohalogenation reaction mechanism of
terminal alkynes with HgCl,.

group, thus hindering further condensation of growing chains
resulting in low molecular weight polymers/oligomers. Contrary
to that, polymer molecular weight increased with the increase in
HgCl, equivalence until 1.25 and reached a plateau. The key
reason for the difference between conventional step-growth
polymerization and HgCl, containing organometallic polymer-
ization is that the RHgCl self-condenses to generate R,Hg and
HgCl,.***” The concentration of RHgCl increases in the reaction
mixture with the increase in HgCl, equivalence; RHgCl can
react with terminal alkyne as shown in Scheme 4 to generate
dialkynylmercury, which will elongate the polymer chain.
Alternatively, two RHgCIl molecules can self-react to generate
dialkynylmercury (RHgR) and HgCl, as shown in Scheme 5,
which will also elongate the polymer chain and regenerate the
(HgCl,) monomer respectively.

4058 | Chem. Sci., 2024, 15, 4054-4067

molecular weight and soluble polymer yield, optimized poly-
merization conditions (triethylamine, methanol, and DCM as
solvents in a 1:1: 3 ratio and 1 equivalent of HgCl,) were used
for all the four monomers (Scheme 6). The polymerization
mixture was concentrated, precipitated in methanol, and
filtered. The crude polymer was subjected to soxhlation with
methanol for all polymers. Diethyl ether was used as the second
purification solvent for PN6P-Br and PN4A, whereas acetonitrile
was used as the second purification solvent for PN6P-Bu and
PN6P-Ph. The precipitate left in the thimble was dried and used
for characterization. The synthesized polymers were soluble in
typical organic solvents used for conjugated polymers, such as
tetrahydrofuran, chloroform, and dichlorobenzene. The poly-
mer molecular weights were determined using gel permeation
chromatography (tetrahydrofuran as the eluent) against poly-
styrene standards. The number average molecular weights of
the copolymers are in the range of 15 to 22 kDa.

2.3 UV-vis absorption and emission properties

An increase in the number of fused rings from three (N4A) to
five (N6P-series) has increased the absorption maximum of
monomers by ca.100 nm (Table 4). This trend is also observed in
the polymers as well, the absorption maximum of hex-
aazapentacene polymers (PN6Ps: PN6P-Br, PN6P-Bu, PN6P-Ph)
is ca.100 nm red-shifted compared to tetraazaanthracene poly-
mer (PN4A). This suggests that even though the middle dihy-
dropyrazine ring is formally antiaromatic (4nm electrons), it
does not isolate hexazapentacene into two electronically inde-
pendent halves, each containing quinoxalines. Moreover, both
the absorption and emission spectra of hexaazapentacene
monomers show a fine structure typically observed in acenes,*
which also supports the extended conjugation in the acene
through the dihydropyrazine (Fig. 2). Bunz group and others
have suggested that the azaacenes containing dihydropyrazines
exhibit enamine conjugations involving the nitrogen lone pairs
of dihydropyrazine. Also, using nucleus-independent chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Amine base optimization for dehydrohalogenation polymerization®

H Br
CgHy30. ININ CeHys HQC|2 (1equiv.)  cgH,30 ’NIN Ny OCgHq3
L
CoHi CeHis DOMMeOHBase CoHi SN N N CeHis
Il '

(3:1:1),

RT, Time
" N6P-Br n
Entry Base Time (h) M,/M,, (kDa) Xn/Xy D
1 Diisopropylamine 1 12/18 11/16 1.5
2 Tetramethylethylenediamine 1 11/14 10/13 1.2
3 Diisopropylethylamine 1 12/18 11/16 1.5
4 Pyridine 1 9/11 8/10 1.2
5 Piperidine 1 11/16 10/15 1.4
6 Triethylamine 1 14/21 13/19 1.5

“ Where M, is the number average molecular weight, M,, is the weight average molecular weight, X, is number average degree of polymerization, X,,
is weight average degree of polymerization and D is the polydispersity index. All reactions were performed with 10 mg of N6P-Br (1 eq.) at RT. All
GPCs were reported after washing with MeOH/diethyl ether. Polymer molecular weights were determined using gel permeation chromatography
(tetrahydrofuran as the eluent) against polystyrene standards.

Table 3 HgCl, equivalents optimization for dehydrohalogenation All the hexaazapentacene monomers showed clear vibronic
polymerization* transitions but upon polymerization the absorption spectra
became broader with less defined vibronic transitions. Even
though the absorption maximum of PN6Ps is near the corre-

Il o . . L
CeHrsO I Y )i;imu HgCl, _ Mk cmo ’NIHIN‘ : :can sponding monomers, the polymers have an ill-defined vibronic
> I I -,

CoHis DCM MeOH TEA G0 . transition in the red-region of the spectra (ca. 530 and 580 nm)
R, Time Il ' (Fig. 2). This indicates that the m-electrons of azaacene repeat
" unit can delocalize beyond a single repeat unit and confirms the

CgH130

v N6P-Br

extension of w-conjugation along the polymer backbone
Entty  HgCl, (equiv.)  Time (h)  Muy/M, (kDa)  X./X, P  through the metal center. Thus, Hg(u), albeit weaker than the
conventional fully organic backbone, extends the m-conjugation

; g:gg i ?il/;s igl/is 1§ along the polymer backbone. Emission spectra of hex-
3 1.0 1 14/21 13/19 1.5 Aaazapentacenes is approximately a mirror image of the UV-vis
4 1.25 1 20/45 18/41 2.3
5 1.50 1 19/31 17/28 1.6

“ Where M, is the number average molecular weight, M,, is the weight
average molecular weight, X,, is number average degree of 2RHgX —~— RHQR + HgXZ
polymerization, X,,, is weight average degree of polymerization and P
is the polydispersity index. All reactions were performed with 10 mg
of N6P-Br (1 eq.) at RT. All GPCs were reported after washing with
MeOH/diethyl ether. Polymer molecular weights were determined RH gX + NR3 = R—H g—X
using gel permeation chromatography (tetrahydrofuran as the eluent) |V +
against polystyrene standards. NR
3

shift calculations it has been shown that the antiaromaticity in RHgX
R-Hg-X —>  R-HgX

these azaacenes is reduced due to delocalization.*® Thus, the

dihydropyrazine in the hexaazapentances, even though it is in \

the reduced form, extends the conjugation across the hex- NR; R--Hg—X
aazaapentance resulting in higher UV-vis absorption maximum.

Within the hexaazapentacene monomers, installing ¢-butylace- NR;

tylene and phenylacetylene in the place of bromide has slightly
red-shifted the absorption maximum due to extension of -
conjugation. The absence of significant changes to the
absorption peak pattern indicates that the hexaazaacene core is
still the effective chromophore in these substrates and the R2Hg + HgX2.NR3

alkynyl substituents have minimal effect on the major elec-  scpeme 5 Typical self-condensation reaction of organomercury
tronic transitions. intermediate (RHgCl) into R,Hg and HgCl,.
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Scheme 6 Synthesis of pyrazinacene polymers
drohalogenation polymerization with HgCL,.

using dehy-

absorption spectra with very small Stokes shift (ca. 10 nm)
typically observed in rigid molecular frameworks having acene-
type structures. Both the alkyne and hexyloxy substituents on
N4A have a significant effect on the N4A absorption and emis-
sion spectra. Unlike hexaazapentacene monomers, N4A has
broad peaks in both absorption and emission spectra and dis-
played ca. 140 nm Stokes shift. The deviation from typical
acene-like optical transitions in N4A indicates that the effective
chromophore responsible for optical transitions in N4A has
extended beyond the acene core. The emission spectra of PN4A
and PNG6Ps is similar to that of corresponding monomers.

A significant advantage of the dihydrohexaazaapentacenes is
that the acidic protons on the reduced pyrazine ring bestows
anion-dependent UV-vis absorption and emission properties
compared to the oxidized tetrazaanthracene. The impact of F~
and OH ™ anions on the UV-vis absorption and emission prop-
erties of monomers and polymers are studied. In the presence
of both these anions, all the dihydrohexaazaapentancene
monomers and polymers showed significant changes to the UV-
vis absorption (Fig. 3). Whereas, fully oxidized tetrazaan-
thracene monomer and polymer showed no significant changes
to the UV-vis absorption properties in the presence of studied
anions confirming that: (i) the NH protons are responsible for
observed spectral shifts; and (ii) interaction of anions with the
Hg(u), if it exists, is not the reason for the observed spectral

View Article Online
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changes. In general, the introduction of F~, and OH™ anions
into the PN6Ps solution suppressed the intensity of the existing
peaks (parent peaks) and three new major vibronic transitions
(range: 500-600 nm) appeared in the red-region of the spectra.
Polymer solutions change color from yellow to pink or purple
depending on the polymer and ions added. The spectral
changes i.e., the amount of suppression of parent peaks and the
intensity of the new transitions are higher for OH™ compared to
F . The spectral shifts are generally associated with the depro-
tonation of dihydropyrazine NH protons in the presence of F~
or OH . Similar shifts and color changes have been reported for
the monoanion formation in pyrazines.** The deprotonated
PN6Ps are stable against oxidation by ambient oxygen (purging
with air) and persist in solution. The formation of a nonsym-
metric diamagnetic Meisenheimer complex/C-F bond via
a nucleophilic attack® was ruled out as the shift in UV-Vis
spectra could be reversed back to the original state after work-
up with water. Emission spectra of dihydrohexaazapentacenes
monomers and polymers in the presence of F~ and OH™ shifted
from the parent emission peak by 80 to 100 nm similar to that of
UV-Vis absorption peaks (Fig. S9 and S1171). PN4A showed no
new emission peaks in the presence of studied anions instead
the intensity of the emission peak is suppressed.

2.4 Cyclovoltammetry and DFT-B3LYP simulations

Cyclic voltammetry of polymers and monomer-precursors is
performed (Fig. 4) to understand the role of Hg(u) on polymers
electrochemistry and obtain frontier orbital energy levels.
Alkyne-protected monomers i.e., monomer-precursors (11, 13,
14, and 18) are used instead of monomers for electrochemical
studies to avoid undesired electrochemical reactions. Electro-
chemical properties are affected by the number of pyrazine
units and the substituents. All the small molecules and poly-
mers did not show any oxidation peaks highlighting the elec-
tron deficient nature of the azaacenes studied here. Unlike the
UV-vis absorption data the N4A-precursor (18), which contains
lower number of fused rings than the hexaazaacene-precursors
(11, 13 and 14), reduces at smaller negative potentials high-
lighting the importance of presence of fully oxidized pyrazines
over hexaazapentacenes with a dihydropyrazine for accepting

Table 4 Comprehensive optical properties of polymers and monomers®

Stokes shift

Polymer/monomer M,/M,, (kDa) Xn/Xw yield” (%) 2305 THF (nm) Aex” (Nm) Amax THF (nm) (nm)
PN4A 22/35 26/38 94 386 386 527 141
N4A 388 390 481 93
PN6P-Br 15/37 14/34 89 458 437 480 22
N6P-Br 470 442 479 9
PN6P-Bu 21/36 19/33 93 474 455 488 14
N6P-Bu 477 450 487 10
PN6P-Ph 20/36 18/32 90 485 460 496 11
N6P-Ph 485 455 495 10

% Where M,, is the number average molecular weight, M,, is weight average molecular weight, X, is number average degree of polymerization and X,,
is weight average degree of polymerization. Polymer molecular weights were determined using gel permeation chromatography (tetrahydrofuran as
the eluent) against polystyrene standards. ° After Soxhlet extraction. ¢ Excitation wavelength for reported emission spectra.
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Fig. 2 Normalized UV-Vis absorption and emission spectra of monomers (a and b) and polymers (c and d) in tetrahydrofuran. Excitation

wavelengths are reported in Table 2.

electrons. The N4A-precursor, without the dihydropyrazine ring,
show two well-defined quasi reversible reduction peaks, while
the hexaazacene-precursors containing a dihydropyrazine ring
undergo reduction at larger negative potentials. The
hexaazapentacene-precursors showed a clear substitution-
dependent electrochemical behavior. N6P-Bu-precursor (13)
and N6P-Ph-precursor (14) showed two reduction peaks similar
to that of N4A-precursor (18) but at slightly larger negative
potentials. On the other hand, the N6P-Br-precursor (11)
showed only one reduction peak at a potential similar to that of
N6P-Ph-precursor. The presence of two (oxidized) pyrazine rings
in the N4A precursor make it more electron deficient, help
stabilize the FMOs and favor redox process at lower negative
potential. Whereas the lone pair of electrons on the nitrogens of
the reduced dihydropyrazine make hexaazapentacenes electron
rich via enamine conjugation, thus destabilizing the FMOs and
pushing the reduction potentials to larger negative potentials.
Simulations of molecular orbitals provide relative energy levels
and help in understanding the electronic structure of the repeat
units. More importantly, DFT simulations provide a detailed
account of the distribution of the electron density of the orbitals
across the repeat units including the metal center (Fig. 5). In
order to rationalize the electrochemical reduction behavior,
frontier molecular orbitals of monomers and dimers (contain-
ing one Hg(u) at the center) are simulated (Fig. 6, S13 and S14+).
The molecular geometries were optimized using density

© 2024 The Author(s). Published by the Royal Society of Chemistry

functional theory (DFT at genecp level, Stuttgart RSC 1997 ECP
was used for Hg, and B3LYP/6-311g(d,p) was used for all other
atoms). Indeed, the simulated FMOs of N4A are more stabilized
than the hexaazaacenes. The LUMO of N4A has the electron
density distributed across all the pyrazine nitrogens, whereas
the nitrogens in the middle pyrazine ring of hexaazapentacene
monomers have no electron density and act as nodal points.
The difference in the distribution of electron density along the
azaacenes stem from the oxidation state of pyrazine rings and
could be the reason for lower reduction potentials of N4A.
Within the hexaazapentacene monomers, installing ¢-butylace-
tylene and phenylacetylene in the place of bromide has further
extended the electron delocalization of acene core in the LUMO
of N6P-Bu and N6P-Ph, possibly facilitating two redox processes
in the alkyne substituents containing substrates. It is worth
noting that the LUMOs of the hexaazapentacene precursors are
higher than that of similar azaacene compounds reported in the
literature, showing that the addition of different substituents,
including alkoxy substituents, significantly affects the electron
afﬁnity-44,62,63

As a pleasant surprise, contrary to what has been observed
in monomers, the hexaazaacene polymers (PN6Ps) showed
reduction waves at smaller negative potentials than the PN4A
without any reduced pyrazine rings (Table 5). PN6Ps retained
the electrochemical behavior observed in monomer-
precursors. All the PN6Ps, including the PN6P-Br, showed

Chem. Sci., 2024, 15, 4054-4067 | 4061


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06552a

Open Access Article. Published on 02 February 2024. Downloaded on 3/5/2026 3:25:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article

3 5
~ —PN4A 4 —PN6P-Br
£ 7 | 'TE PN6P-Br F~ OH"
- — <
s —PNAAHFT g — PNGP-Br + F~
< |2
) —PN4A+OH |2
w1 z —PN6P-Br +

Rl OH
1 4
0 T T 1 T 0 T T T T
300 400 &90 680 700 800 300 400 500 600 700 800
5 _ avelength (nm) Wavelength (nm)
(c) o= |
= 3 .

4 - e —PN6P-Ph | —PN6P-Bu

2 PN6P-Ph E~ OH™ —'E PN(:gu F~OH"
&

23 — PN6P-Ph T2 - —PN6P-Bu +
S +F < F
&5 =
g 2 —PN6P-Ph | % —PNG6P-Bu +
; + OH w 1 - OH™

1 4

0 T T T T 0 T T T T

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 3 UV-vis absorption spectra of polymers before and after the addition of 10 equivalents of fluoride and hydroxide anions in tetrahydrofuran
recorded after 30 min of anion addition (inset shows color change of solutions after addition of anions).

two reduction peaks. More importantly, a remarkable drop in
the reduction potentials by ca. 2 eV for hexaazapentacenes
upon polymerization indicates that the Hg(u) is playing
a significant role in altering the redox properties of polymers
and stabilizing the reduced species (Table 5). Moreover, PN6P-
Ph showed relatively better redox peaks than the correspond-
ing monomer and other two hexaazapentacene polymers
(PN6P-Br and PN6P-Bu). Surprisingly, the reduction potential
dropped only by 0.2 eV for tetraazaanthracene upon poly-
merization. In order to understand for such a significant drop
in reduction potentials, simulations are performed on the
dimers containing the Hg(u) metal at the center. HOMO of the
dimers has no significant electron density on the metal center.
On the other hand, LUMO of the hexaazapentacene dimers has
electron density on the metal center as well as on the acene.
Whereas the LUMO of the tetrazaanthracene dimer has no
significant electron density on the metal center. This is also
evident in the change in frontier orbital energy levels of dimers
compared to that of monomers (Fig. 6, S13 and S147). Mostly,
the LUMOs of hexaazaapentacene dimers are affected due to
the incorporation of metal center. This indicates that metal
center facilitates the conjugation of hexaazapentancene
LUMOs along the polymer backbone but not for the tetra-
zaanthracene. As a result, the LUMO of PN6Ps is extended
along the polymer backbone through the metal centers. The
extension of the electron density through the Hg(u) bridge in

4062 | Chem. Sci,, 2024, 15, 4054-4067

the LUMOs helped PN6Ps to significantly lower the reduction
potential by ca. 2 eV. And the absence of such extension
through Hg(u) bridge in PN4A lowered the reduction potential
by only ca. 0.2 eV. Mulliken population analysis showed that
the Hg(un) does not contribute to the LUMO orbitals of the
Hg(u) bridged N4A dimer and indeed the spatial distribution
of the LUMO orbital showed no electron density on the Hg(u)
bridge. Whereas the Mulliken population analysis of Hg(u)
bridged hexazapentacenes indicated 5%, 6% and 4% electron
density on the Hg(u) center for N6P-Br, N6P-Bu, and N6P-Ph
dimers respectively (Fig. S121). Within the hex-
aazapentacenes the phenyl acetylene substituents stabilize the
reduced species through extended conjugation giving rise to
relatively reversible reduction waves. Thus, the pm orbital
interactions of the metal and hexaazapentacene provides
a pathway for the delocalization of electron density along the
polymer backbone and facilitate electrochemical reduction at
lower negative potential. The electrochemical studies have
unveiled a pivotal molecular design principle, the presence of
dihydropyrazine (reduced pyrazines) reduces the extension of
m-conjugation within the pyrazinacene but propitiously this
allows the extension of electron density between the repeat
units through the Hg(u) metal bridge and lowers the LUMO
energy level. Simulations of the singly occupied molecular
orbitals (SOMO) of dimers indicated that the odd electron is
fully delocalized throughout the dimer including the metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Cyclic voltammograms of monomer precursors (left) and polymers (right). Glassy carbon, platinum wire, and Ag/Ag* wire (0.01 M AgNO3
in 0.1 M TBAPF¢ solution of MeCN) were used as working, counter, and reference electrodes respectively. Monomer precursors were dissolved in
0.1 M TBAPFg solution of THF and polymer films were drop coated onto glassy carbon electrode and immersed in 0.1 M TBAPF¢ solution of
MeCN.

center (Fig. 7). Since the monomer-precursors and polymers (diphenylethynylmercury, and HgCl,) confirm that the
did not exhibit any oxidation potentials, the HOMO values observed redox peaks in polyazaacenes are arising from the
were calculated using the optical band gap obtained from thin polymer backbone as a result of conjugation between azaacene
film UV-Vis absorption band red-edge (see Fig. S8%). Electro- and Hg(u) and not from the Hg(u) center alone (see ESI Fig. S19
chemical studies of the control molecules and S207 for the control molecules cyclic voltammetry data).
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Fig. 5 DFT-B3LYP simulated HOMO and LUMO orbitals of dimers and the inset shows the Hg(i) p orbital contribution to the LUMO of the
dimers.
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Fig.6 DFT-B3LYP simulations of frontier molecular orbitals of N6P-Br
monomer (right) and dimer (left) to compare the change in HOMO and
LUMO energy levels upon bridging the monomers through Hg(i).

Table 5 Electrochemical properties of polymers and monomer-
precursors

Polymer/TIPS monomer Eg”*“ (eV) LUMO®'? (ev) HOMOY® (eV)

PN4A 2.31 -3.27 —5.40
18 (N4A TIPS) 2.85 —3.02 —5.87
PN6P-Br 2.17 —4.68 —6.85
11 (N6P-Br TIPS) 2.54 —2.70 —5.24
PN6P-Bu 2.13 —4.50 —6.63
13 (N6P-Bu TIPS) 2.50 —2.62 —5.12
PN6P-Ph 2.21 —4.42 —6.63
14 (N6P-Ph TIPS) 2.45 —2.70 —5.15

¢ From onset of thinfilm UV-Vis absorption spectra. > From reduction
peak onset in CV. ¢ HOMOY calculated from EgP* — LUMO® values.
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Fig. 7 DFT-B3LYP simulated SOMOs of radical anions of dimers.

3. Conclusions

In summary, we successfully overcame the synthetic challenges
associated with the polymerization of pyrazinacenes, resulting
in the generation of a series of highly sought-after and elusive
pyrazinacene polymers, nearly a century after their initial
discovery. The key strategies behind this successful synthesis
included the design of pyrazinacene monomers that would yield
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solution-soluble conjugated polymers and the identification of
a Pd and Cu-free dehydrohalogenation polymerization method.
Achieving these milestones required the optimization and
establishment of several synthetic steps within the 12-step
synthetic pathway and screening the polymerization of pyr-
azinacene monomers using various Pd and Cu-catalyzed
methods. Gratifyingly, pyrazinacenes undergo Pd and Cu-free
dehydrohalogenation polymerization with HgCl,, resulting in
high molecular weight organometallic conjugated pyrazinacene
polymers within just a few minutes at room temperature. The
dual role played by Hg(n) during the polymerization, coupled
with the self-coupling of the RHgCI intermediates, lies at the
core of this successful polymerization process. Notably, the self-
coupling of intermediates challenges the strict stoichiometric
balance typically required for step-growth polymerization.
Thus, HgCl,, unlike other popular transition metal halides
(such as PdCl,L, and PtCl,L,), offers a novel step-growth poly-
merization method to generate high molecular weight organo-
metallic conjugated polymers without the need for strict
monomer stoichiometry. A combination of electrochemical
studies and DFT-B3LYP simulations revealed that the presence
of reduced pyrazine rings (i.e., NH protons) promotes inter-
acene Tr-conjugation through the metal center, in contrast to
completely oxidized tetrazaazaanthracene. In terms of molec-
ular design principles, although dihydropyrazine reduces the
extension of m-conjugation within the pyrazinacene, it extends
the conjugation along the polymer backbone and lowers the
LUMO energy level. This extended conjugation results in an
approximately 2 eV lower reduction potential for the polymers
compared to the monomeric unit, placing the LUMO energy
levels within the range of —4.68 to —4.42 eV for these polymers,
which is comparable to some of the best-known n-type
polymers.®** Therefore, pyrazinacene conjugated polymers
offer a straightforward strategy for generating n-type polymers
with low-lying LUMOs capable of undergoing multi-electron
reduction. These pyrazinacene polymers hold great promise
across a wide range of applications, including organic elec-
tronics, energy conversion and storage, electrochemical tran-
sistors, catalysis, and sensors.®®*”® Additionally, they help to
narrow the gap between number of p-type and n-type polymers.
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