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The effects of branched vs. linear alkyl sidechains were investi-
gated in poly(2,3-dialkylthieno[3,4-b]pyrazine)s via GRIM polymer-
ization, focusing on molecular weight, processibility, and device
performance. New 2-ethylhexyl derivatives exhibited enhancement
in nearly all aspects, with photovoltaic devices exhibiting photo-
response out to 1300 nm and competitive specific detectivity
values for NIR photodetectors.

Conjugated polymers have grown to receive considerable inter-
est as they combine the electronic and optical properties of in-
organic semiconductors with the physical properties of
organic plastics, including flexibility and their lightweight
nature." Although commonly believed to be advanced
materials of the modern era, the synthesis and study of these
materials dates back to the 1830s.> Still, it was the first reports
of their conductive nature in the early 1960s that stimulated a
focused interest in conjugated polymers, particularly after the
first report of metallic conductivities in the 1970s. Since that
time, the study of conjugated polymers has continued to grow,
ultimately leading to the current field of organic electronics,
with various demonstrated applications including electrochro-
mics, organic field effect transistors (OFETs), organic light-
emitting diodes (OLEDs), and organic photovoltaics (OPVs).*™

An important advantage of conjugated polymers is the
ability to tune their optical, electronic, and mechanical pro-
perties on a molecular level via molecular design.*°"** In par-
ticular, considerable focus has been placed on tuning the
polymer bandgap (Eg), defined as the energetic separation
between the filled valence and empty conduction bands in the
bulk solid state material.'"'*'> This is particularly critical as
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the bandgap determines properties like the absorption onset,
the energy of any potential emission, and conductivity.

An important landmark in the controlled synthesis of con-
jugated polymers was the ability to synthesize regioregular
poly(3-alkylthiophene)s  (rr-PATs) via  catalytic  cross-
coupling.'® This began with the 1992 report of rr-PATs via
Kumada coupling from McCullough,'® followed by a related
study via Negishi coupling from Rieke later that same year."”
McCullough then reported a simplified method in 1999 that
involved the room temperature reaction of a dibromothio-
phene with an alkyl Grignard reagent, followed by Kumada
coupling.'® Based on the critical reaction with the Grignard
reagent, this method was named Grignard metathesis (GRIM)
polymerization."®>° This then became the basis for the devel-
opment of conditions allowing chain-growth polycondensa-
tions, now known by the general description catalyst-transfer
polymerization.!

Although the initial focus of GRIM polymerization was the
production of rr-PATs, McCullough expanded its application to
the preparation of regioregular poly(3-alkoxythiophene)s in
2005, resulting in low bandgap materials (E; < 1.5 eV) with E,
values of ~1.4 eV.>! This was then followed with a 2008 report
of GRIM-polymerized poly(2,3-dihexylthieno[3,4-b]pyrazine)
(PC4TP) with an E, of ~0.93 eV (Scheme 1).>* Although poly-
thieno[3,4-b]pyrazines had been previously produced via both
chemical oxidative polymerization with FeCl; and
electropolymerization,”*** the GRIM-polymerized material
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Scheme 1 Poly(2,3-dialkylthieno[3,4-blpyrazine)s via GRIM

polymerization.
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exhibited a lower E, and enhanced solution stability in com-
parison to the FeCl; polymerized analogue, as well as
enhanced processability over all previous materials, allowing
the first application of these materials to photovoltaic
devices.”?

Although bulk heterojunction (BHJ) OPV devices of PCsTP
exhibited low external quantum efficiency (EQE) values, the
device photoresponse extended out to 1250-1300 nm, one of
only two reported materials capable of this at the time.** As
such, these held promise for applications in NIR
photodetectors,”>° with further NIR device characterization
reported in 2013.>" Still, it was felt that the GRIM-polymerized
PC,TP was limited by its relatively low molecular weights (M,, =
4800-4900), which accounted for the higher E, in comparison
to the electropolymerized material (0.93 vs. 0.7 eV).>?

As the molecular weight was essentially independent of the
various conditions applied to the GRIM polymerizations, while
also only slightly higher than that produced via FeCl;-based
oxidative polymerization, it was concluded that this probably
indicated the solubility limit of these materials.”> In an
attempt to increase solubility, the GRIM polymerization of
thieno[3,4-b]pyrazines (TPs) with longer alkyl chain lengths (R
= decyl, dodecyl) were then investigated. Unfortunately, it was
found that the M,, decreased with the length of the sidechain,
which was concluded to be due to reduced solubility resulting
from side chain crystallization.**

An obvious next step would be to investigate the application
of branched alkyl sidechains, as such side chains generally
result in enhanced solubility due to steric and thermodynamic
effects.>>* Unfortunately, although the 2-ethylhexyl function-
alized TP (EHTP) and its dibromo derivative were first reported
in 2010, the products of these reported methods were not of
suitable purity for a meaningful polymerization study.
However, after optimized methods were developed in 2018 for
the production of analytically pure EHTP,*® it was felt time to
revisit these GRIM-polymerized materials once again.

As outlined in Scheme 1, treatment of EHTP with NBS at
low temperatures in DMF gave the brominated derivative
Br,EHTP in 67% yield. A challenge in purifying Br,EHTP is
that the conformational disorder of the sidechains gives the
product as an oil, rather than the solid products of the linear
alkyl analogues. As such, the precipitation methods used for
initial purification were not possible.”*** As purification was
thus fully dependent on chromatography, some product was
lost in order to obtain suitable purity, resulting in lower yields
compared to Br,CsTP.

GRIM polymerization was then carried out via the reflux
methods found optimal for the previous linear alkyl TPs.**>?
As shown in Scheme 1, Br,EHTP and methylmagnesium
bromide (1.05 equiv.) were heated at reflux for 1 h to promote
Grignard metathesis. The nickel pre-catalyst was then added,
followed by heating at reflux for another hour. The resulting
PEHTP was added to MeOH, isolated, and purified via Soxhlet
extraction with MeOH for 24 h. Extraction with CHCI; then iso-
lated the dark-purple polymer in 68% yield, identical to that
obtained for PCsTP. While PC,TP was only partially soluble in
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CHCI;,** PEHTP was found to be completely CHCI; soluble.
Furthermore, while saturated CHCI; solutions of PCgTP
occurred at ca. 5-10 mg mL™', PEHTP solutions were still not
saturated at 10 mg mL ™.

Polymer samples were then analyzed by high temperature
gel permeation chromatography (GPC) at 110 °C. Under these
conditions, PC¢TP was determined to have a M,, of 6700, with
a PDI of 1.56. While this M,, is a noticeable increase in com-
parison to the previous low temperature GPC data (4900 vs.
6700),%> the PDI also exhibited an increase from 1.48 to 1.56.
This new data would correspond to n = 22. In comparison,
PEHTP was found to have a M, of 7400 and a PDI of 1.39.
While this would appear to indicate a longer chain length, the
EHTP repeat is also higher molecular weight than C¢TP. As
such, the PEHTP data actually corresponds to a lower value of
n = 21, with the branched side chains not providing longer
chain lengths as hoped.

In terms of the TP homopolymers via GRIM polymerization,
the chain length of PEHTP was found to be essentially the
same as that produced for PC¢TP. At the same time, while solu-
bility may have been a limitation for PC¢TP, this was no longer
the case for PEHTP. As such, one must conclude that solubility
is not the limiting factor in terms of molecular weights
obtained via this method as previously thought.?**?

In a 2014 study focused on catalyst-transfer polymerization
of TP, Koeckelberghs and coworkers concluded that the low
M,, was due to a termination reaction where the catalyst disso-
ciated from the polymer, consistent with the weaker binding of
the Ni catalyst by electron-deficient polymers.>” While such
dissociation would stop the chain-growth process, this would
not necessarily stop polymerization as the polymer would still
have an active aryl-bromide terminus. Oxidative addition of
the dissociated catalyst into this C-Br bond could thus still
further chain growth." Furthermore, to assume dissociation is
due to the electron-deficient nature of the TP polymer reveals a
lack of understanding of these materials. While the pyrazine
ring of TP is electron-deficient, the TP thiophene is quite elec-
tron rich and has been shown to be similar to 3,4-ethylene-
dioxythiophene (EDOT) in that regard.’®* It is for this reason
that TPs are classified as ambipolar units, as they simul-
taneously act as both donors and acceptors.’®?° As the catalyst
association with the polymer occurs along the polymer back-
bone," this would correspond with the electron-rich nature of
the polymer, not the electron-poor.

As the polymerization of TPs seems to completely stop at a
particular point, this appears to be more consistent with a
case of catalyst poisoning, which typically occurs when a sub-
stance binds to the active sites of the catalyst resulting in de-
activation. As the TP nitrogens are known to be good Lewis
bases, with pK, values nearly identical to both pyrazine and
quinoxaline,”® the TP itself could bind the catalyst via nitrogen
coordination. However, as the polymerization initiates with a
large excess of TP, this does not account for the observed reac-
tivity. Conversely, as the polymer chain grows, trimeric units
provide a cleft of suitable size and orientation to bind tran-
sition metals via a tridentate chelation (Scheme 2). Such tri-
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Scheme 2 Catalyst binding by poly(2,3-dialkylthieno[3,4-blpyrazine)s.

dentate clefts have been previously proposed to account for
the iron binding of TP homopolymers found during FeCl;
polymerization. Furthermore, computational modelling of this
Fe-bound cleft revealed comparable strength and structure to
binding by the tridentate ligand 2,2":6',2"-terpyridine.”* The
strong metal binding of TP units is further supported by the
recent report of a TP capable of bidentate binding, along with
X-ray structures of its Ru complexes.”’ As ligand binding
increases significantly with increased denticity, the tridentate
clefts produced by the polymer backbone would provide much
stronger binding that could realistically poison the catalyst.
Thus, if the catalyst binding by the polymer is viewed as an
equilibrium process (Scheme 2), a greater number of binding
clefts would be produced with polymer growth, thus shifting
the equilibrium to the bound form via Le Chatelier’s principle.
Once shifted completely to the bond form, the catalyst would
be inactive.

Solution and thin-film UV-vis-NIR absorption spectra are
given in Fig. 1 for both PC,TP and PEHTP. Both materials
exhibit a lower energy transition in the NIR which is formally
assigned as an intramolecular charge transfer (ICT) from a
HOMO localized on the thiophene-based polymer backbone to
a LUMO localized along the pyrazine rings.’" Higher energy
transitions at wavelengths below 600 nm are assigned as
simple n-n* excitations.

As can be seen in Fig. 1, compared to PCsTP, PEHTP exhi-
bits a narrower spectral profile and a higher energy absorption
onset, corresponding to an E, of ca. 1.06 eV. The difference in
spectral profile can be at least partially attributed to the lower

—— PC4TP CHCl,
—— PC,TP film

]  —— PEHTP CHCl,
—— PEHTP film

Absorbance (arb. units)

400 600 800 1000 1200

Wavelength (nm)

1400

Fig. 1 Visible-NIR spectra of poly(2,3-dialkylthieno[3,4-blpyrazine)s
(solution and film spectra are normalized to each other within each
polymer pair, with the relative absorption intensities of the two polymers
determined from the analysis of 1: 1 blends of the two polymers).
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PDI of PEHTP, resulting in less contribution to absorption
from species providing the highest and lowest conjugation
lengths. This is further supported by the study of blend films
of 1:1 PC¢TP: PEHTP that confirm that while PEHTP exhibits
less absorption on both the high and low energy sides of the
ICT transition, the absorption around 1100 nm is stronger in
PEHTP.

The difference in E,; can be attributed to a number of
factors, beginning with the fact that the low E, of 0.93-0.95 eV
for PC,TP are only obtained after annealing at 100 °C.
Unannealed films of PC¢TP exhibit an E, = ca. 1.0 eV. In com-
parison, DSC analysis of PEHTP failed to reveal any clear T,
and all attempts to thermally anneal films resulted in no
changes in the thin-film spectra. The lack of increased order
with annealing is believed to be due to the greater disorder of
the branched sidechains. Other possible factors could include
the slightly shorter chain lengths of PEHTP as determined by
GPC, as well as the fact that the bulkier 2-ethylhexyl sidechains
likely contribute to additional steric interactions that limit the
extent of backbone planarity.

Using cyclic voltammetry, the frontier molecular orbital
energy levels of PEHTP were estimated to give HOMO and
LUMO energy levels of ca. —5.1 and —3.8 €V, respectively. This
corresponds to an electrochemical E, of 1.3 eV, with the differ-
ence between the electrochemical and optical E, considered to
be the exciton binding energy.'” The frontier orbital levels of
PEHTP are in relatively good agreement with those previously
determined for PCTP,*> and the somewhat destabilized
HOMO levels are consistent with the electron-rich nature of
the TP thiophene.

BH] OPV devices were fabricated from blends of PEHTP
and phenyl-Cg;-butyric acid methyl ester (PCBM) in order to
compare to the previous BH]J devices of PC¢TP. Devices were
optimized by varying the PEHTP:PCBM ratio, processing
solvent, and annealing time, with the best properties obtained
from unannealed 1:1 PEHTP : PCBM devices spun from chlor-
obenzene. The resulting J/-V plot and external quantum
efficiency (EQE) for a 1:1 PEHTP: PCBM device is shown in
Fig. 2.

Such 1:1 PEHTP : PCBM devices provide a photoconversion
efficiency (PCE) of 0.229%. While still very low, this is nearly
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Fig. 2 External quantum efficiency (EQE) and J-V plot of a 1:1
PEHTP : PCBM device.
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double that of optimized PC,TP : PCBM devices, which exhibi-
ted a maximum PCE of 0.13%.>" This increased PCE is due to
higher Jsc and fill factor values compared to PCgTP-based
devices, which is currently believed to be the result of the
enhanced processability of PEHTP, thus resulting in improved
interfaces in both the active layer and between the active layer
and transport layers. Such interfaces are known to play a sig-
nificant role on device performance, particularly on the result-
ing fill factor.”>** The EQE response of the device exhibits a
high-energy maximum at ca. 330 nm, with a low-energy
maximum at 1100 nm. This low energy maximum has both a
higher EQE and occurs at a longer wavelength than that found
for PC¢TP devices (1110 vs. 925 nm).>> PEHTP also contributes
to the device response down to ca. 1300 nm, similar to the pre-
vious response of PC,TP:PCBM devices. This is noteworthy
because of the various low E; polymers applied to photonic
devices, the number of such materials capable of NIR response
below 1000 nm still encompasses only about 20 polymers.>®

To evaluate the ability of these devices to act as NIR photo-
detectors, the noise current of the BH] device was determined
so that the specific detectivity (D*(1)) could be calculated. Such
D*(2) values reflect the ability to detect signals of weak
irradiation intensity and are considered the most critical para-
meter for NIR photodetectors,**™° with values >10"" Jones (cm
Hz* W) considered competitive with inorganic photo-
detectors. The respective responsivity (R(1)) and D*(1) values
for the PEHTP device are shown in Fig. 3. Within the NIR
region, maximum values of 0.033 A W' and 7.7 x 10° Jones
are found at 1110 nm, with D*(4) remaining above 10° Jones
out to 1210 nm. Furthermore, much like with the photo-
response shown in Fig. 2, the detectivity of these NIR photo-
detectors extend beyond 1000 nm, with measurable values
beyond 1300 nm.

As NIR photodetectors based on low E, polymers capable of
response below 1000 nm have now achieved D*(1) values >10"*
Jones, the values here can seem modest. Still, it must be noted
that most D*(1) values are determined solely from the dark
current,?”3° rather than relative to the total noise current as
done here for the PEHTP device. As such, D*(4) is generally
overestimated, as the measured noise current is usually much
larger than the theoretical shot noise limit.>””** Thermal noise

10
1.2x10 0.05
o

1.0x 10’ 7.7 x 109 Jones @ 1110 nm | ¢ o,
; 9]
z 8x10 2
s 3.0 x 19'?Jones 003 5
N 6x10°7
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a
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Fig. 3 Specific detectivity (D*(1) and responsivity (R(1) for a 1:1
PEHTP : PCBM device.
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contributions to the total noise current are thought to be sig-
nificant in organic NIR photodetectors, particularly those
based on low E, materials,”®*® with the overestimation of D*(1)
predicted to be greater than an order of magnitude when
based only on dark current.*® To illustrate this effect on D*(1),
the value of D*(1) for the PEHTP device at 1110 nm was also
determined using the dark current only, resulting in the con-
siderably higher value of 3.0 x 10'* Jones. This value compares
very well with the best reported organic NIR photodetectors,
placing it among the top six reported devices capable of detec-
tion beyond 1000 nm. At the same time, this also highlights
the very real problem with determining these values via dark
current alone, as this significantly overestimates the actual
detectivity of these devices. Nevertheless, the results here
exhibit significant promise and reflect the potential of TP
homopolymers for the future development of NIR photo-
detectors, particularly as these materials have much lower syn-
thetic complexity than other materials targeted for these
applications.

Conclusions

Poly(2,3-bis(2-ethylhexyl)thieno[3,4-b|pyrazine) was prepared
by GRIM polymerization and compared to its analogue utiliz-
ing linear hexyl sidechains. The shift from linear to branched
sidechains resulted in the expected enhancement of solubility
and processibility, although it did not provide higher mole-
cular weight material as hoped. As such, it is now clear that
the molecular weights of these materials are not solubility
limited as previously believed. To explain the limited mole-
cular weights of these polymers, a new catalyst poisoning
mechanism is proposed, based on the ability of TP homopoly-
mers to bind transition metals via chelation. Finally, the appli-
cation of the new polymer to BHJ OPV devices revealed a sig-
nificant improvement in device performance compared to the
previous hexyl analogue. Most importantly, these devices are
capable of photoresponse out to 1300 nm and NIR photo-
detectors based on this material exhibit specific detectivities
that place them among the best reported devices capable of
detection beyond 1000 nm.
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