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Azaquinoid-Based High Spin Open-Shell Conjugated
Polymer for n-Type Organic Field-Effect Transistors

Yunseul Kim, Dongseong Yang, Yeon-Ju Kim, Eunhwan Jung, Jong-Jin Park, Yeonsu Choi,

Younghyo Kim, Sanjay Mathur, and Dong-Yu Kim*

An open-shell quinoidal conjugated polymer exhibiting n-type semiconducting
behavior is successfully synthesized and characterized. An electron-deficient
azaaromatic unit is proven to reduce the energy levels of frontier orbitals via the
electronegative nitrogen atom and steric hindrance within the polymer back-
bone. A synthesized azaquinoidal bithiophene (azaQuBT) is a quinoidal bithio-
phene that is end-functionalized with a pyridine ring. The open-shell quinodial
conjugated polymer, poly(azaquinoidal bithiophene-thiophene), PazaQuBT-T,

is synthesized using azaQuBT and thiophene. The extended quinoidal building
block, which has an open-shell diradical character, induces low bandgaps,
redox amphoterism, and high-spin-induced paramagnetic behavior of the
resulting polymer. PazaQuBT-T achieves ambipolar charge-transport behavior
in organic field-effect transistor (OFET) devices. Through a PEIE treatment
onto the contact electrode, PazaQuBT-based OFETs exhibit unipolar n-channel
operation with electron mobility up to 0.98 cm? V-' s7. This work demonstrates
the development of novel open-shell conjugated polymers with high-spin char-

have attracted attention from researchers
because of their structural specificity and
unique and noteworthy characteristics
such as high electrical charge transport,
non-linear optical and magnetic proper-
ties, which are uncommon in organic
materials.l’] The quinoid structure is well
known for its resonance form of a general
aromatic structure, which has a planar
structure linked by double bonds between
each cyclic ring.™ In terms of electronic
state, the quinoid structure has a closed-
shell form. When the closed-shell quinoid
structure is extended, it can be converted
into an open-shell diradical structure due
to the tendency to recover aromaticity."!
These open-shell diradical characteristics
of quinoidal compounds could promote

acteristics and n-type semiconducting property.

1. Introduction

m-Conjugated systems are composed of alternating single and
multiple bonds, which have overlapping p-orbitals with delocal-
ized m-electrons in the molecules, leading to attractive features
such as optically low bandgaps and electrically semiconducting
properties.[!l These systems have been extensively investigated
for promising applications in organic photovoltaics, photo-
detectors, thermoelectrics, and organic field-effect transistors
(OFETs).12 Most 7-conjugated platforms, quinoidal compounds,
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interesting spin-induced magnetic behav-
iors and singlet fission processes.[®!

Isatin-terminated quinoids have been
used to incorporate quinoidal platforms
in the conjugated polymer backbone.! Isatin may contain hal-
ogen atoms at the 6-position, which allows Pd-catalyzed carbon—
carbon cross coupling polymerization (Stille and Suzuki cou-
pling) resulting in para-connected conjugation pathway in the
entire polymer backbone. Moreover, isatin-terminated quinoids
have crucial advantages because they are easily synthesized via
indophenine reactions under ambient conditions and allow easy
structural modification. To date, a few isatin-based quinoidal con-
jugated polymers have been developed by researchers, including
our group.®l Whereas most quinoidal small molecules have
demonstrated n-type field-effect transistor behaviors with strong
electron-withdrawing terminal units such as dicyanomethylene
groups, conjugated polymers composed of isatin-terminated
quinoids rarely exhibit n-type behaviors because of the rela-
tively weak electron-withdrawing nature of the isatin unit.”l A
conjugated polymer that contained S,S-dioxidized thienoqui-
noids demonstrated unipolar n-type semiconducting behaviors
because of its strong electron withdrawing S=0O groups.#*1°

To achieve n-type semiconducting behaviors, azaaromatic
compounds may be incorporated into the conjugated building
blocks. Azaaromatics contain electronegative nitrogen atoms
within the aromatic moieties. They exhibit an electron-deficient
nature, easily leading to reductions in the energy levels of fron-
tier orbitals and consequently facilitating easy electron injec-
tion." Moreover, the substitution of carbon with nitrogen
affects the alleviation of steric issues between copolymeriza-
tion counterparts such as thiophene derivatives because of the
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absence of an adjacent proton and non-covalent S—N intramo-
lecular interactions.!?! Therefore, the polymer could have a
coplanar conformation and enhanced 7-electron delocalization,
leading to efficient charge transport.['3]

In this study, we designed and synthesized a quinoidal
monomer consisting of an electron-deficient pyridine ring.
The monomer, azaquinodal bithiophene (azaQuBT), is char-
acterized compared with a quinoidal bithiophene (QuBT)
analogue, which has been reported by our group. AzaQuBT
was reacted with a thiophene counterpart via Stille polycon-
densation, resulting in the successful production of an open-
shell quinoidal-aromatic conjugated polymer, identified as
poly(azaquinoidal ~ bithiophene-thiophene) (PazaQuBT-T).
The replacement of pyridine from the benzene rings leads
to better coplanar conformation of the polymer backbone
because of the suppression of rotation between the quinoid
and thiophene counterparts. The spin characteristics and
electronic states of the open-shell quinoidal monomer and
polymer were investigated using electron spin resonance
(ESR) and Raman spectroscopy. The open-shell quinoidal
polymer exhibited a low band gap with broad absorption
up to the near-IR region, and amphoteric redox behavior.
In OFET devices, PazaQuBT-T demonstrated balanced
ambipolar charge transport behaviors in terms of hole and
electron mobilities of up to 0.35 and 0.46 cm? V! 571, respec-
tively. Polyethylenimine ethoxylate (PEIE)-treated OFETs
based on PazaQuBT-T exhibited unipolar n-channel opera-
tion with an electron mobility of =1.0 cm? V! s7L. This study
provides the introduction of an extended quinoidal platform
into the polymer backbone that allows the development of
open-shell conjugated polymers with high-spin characteris-
tics. In addition, we also demonstrate that the replacement
of azaaromatics with quinoidal building blocks can achieve
n-type semiconducting properties.

2. Results and Discussion
2.1. Synthesis
Alkylated azaisatin was obtained using a known synthetic

method, as shown in Scheme 1.1 The alkylated azaisatin was
reacted with thiophene under concentrated sulfuric acid, which

R
!
Br( Ny N s Tol, H,SO,
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is the indophenine reaction as in the method for creating other
isatin-terminated quinoids. The reaction mixture was purified
by column chromatography, and aza-quinoidal bithiophene
(azaQuBT) was obtained as the major product with a yield of
~40%. Similar to other isatin-terminated quinoids, azaQuBT
could theoretically have six geometric isomers because of
double-bond linkages into the quinoidal backbone.™ Under
ambient conditions, azaQuBT has virtually four geometrical iso-
mers, which are revealed by three spots on the thin-layer chro-
matography (TLC) plate. As shown in Figure S1 (Supporting
Information), azaQuBT is dragged in the TLC plate, a phenom-
enon that also occurs in column chromatography. Therefore,
it was difficult to isolate each isomer via column chromatog-
raphy, and the geometric structures of the azaQuBT isomers
could not be determined. As shown in Figure S2 (Supporting
Information), the 'H-NMR spectrum of azaQuBT exhibited
numerous and indistinguishable proton peaks in the aromatic
region (6 70-8.6 ppm), indicating that it remains as isomer
mixtures under ambient conditions. When the integral of the
two protons at the carbon next to the nitrogen atom in the aza-
isatin is 4, the total integral of protons in the aromatic region
is =8. AzaQuBT was also characterized via matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS), High resolution gas chromatography/mass
spectrometry (HRGC/MS) by fast atom bombardment (FAB),
and elemental analysis (EA).

PazaQuBT-T was copolymerized via a Stille-coupling reac-
tion between azaQuBT and 2,5-bis(trimethylstannyl)thiophene
as an aromatic counterpart (Scheme 1). It was purified via
Soxhlet extraction and obtained from the chloroform fraction.
The number-average molecular weight (M,) and polydispersity
index (P) of the polymer were measured to be 31.6 kDa and
3.02, respectively, using high-temperature gel permeation chro-
matography at 135 °C. The thermal properties of PazaQuBT-T
were characterized via thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), as shown in
Figure S5 (Supporting Information). The polymer has excel-
lent thermal stability, with a decomposition temperature (Ty)
of 394 °C (5 wt.% loss), as shown in Figure S5a (Supporting
Information). In addition, the DSC trace showed no obvious
thermal transitions in the 30-280 °C range, indicating that
the quinoidal polymer PazaQuBT-T is highly rigid (Figure S5b,
Supporting Information).

R = AN Cr2Hs

C1oH21

AzaQuBT

Pdj(dba);, p(o-tolyl);

AzaQuBT

Scheme 1. Synthetic routes to AzaQuBT and PazaQuBT-T.
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Figure 1. Energy-minimized conformation of a PazaQuBT-T trimer by theoretical calculation. a) Top view and b) side view.

2.2. DFT Calculations

To predict the conformational geometry and frontier mole-
cular orbitals (FMO), density functional theory (DFT) calcula-
tions were performed using the Gaussian 09 program at the
B3LYP/6-311G (d, p) level. The long alkyl chains were replaced
with methyl groups to simplify the calculations. As shown in
Figure S6 (Supporting Information), the quinoidal building
block, azaQuBT, is highly planar without any torsional angle,
similar to QuBT composed of benzene at the end of the mole-
cule. The frontier molecular orbitals of azaQuBT were deeper
than those of QuBT (Figure S6b, Supporting Information),
which were ascribed to the electron-deficient pyridine ring in
the terminal units.'®l As depicted in Figure 1 and Figure S7
(Supporting Information), the azaQuBT-T trimer exhibited an
extremely planar and linear conformation.’8 These results
reveal that substitution of a pyridine ring at the end of the qui-
noidal building block contributes to the elimination of torsional
angles between the thiophene counterparts. The highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mole-
cular orbital (LUMO) energy levels are calculated to be —5.04
and —3.71 eV, respectively.

2.3. Spin Characteristics

To investigate the diradical character of the quinoidal mono-
mers and polymer, the diradical character index (y,) and singlet-
triplet energy gap (AEs.t) were quantum chemically calculated.
The y, was estimated by the natural orbital occupation numbers
obtained by an unrestricted CASSCF calculation. The diradical
character of the molecules is quantified by y,. It can have a
value between 0 and 1, where a y, value of 0 represents a closed-
shell quinoidal structure and a y, value of 1 represents an open-
shell diradical structure. The calculated y, and AEgy are listed
in Table S1 (Supporting Information). The y, and AEst were
0.31 and —11.8 kcal mol™! for QuBT analogue, as confirmed by
our previous work, and 0.21 and —13.1 kcal mol™ for azaQuBT,
respectively. Although azaQuBT showed radical character by
open-shell diradical structure due to recover aromaticity into
an extended quinoidal platform, the diradical character of
azaQuBT is relatively weak than that of QuBT. Interestingly,
an azaQuBT-T repeat unit, which is composed of azaQuBT and
thiophene counterpart, demonstrated 0.41 of y, value. These
results suggest that the PazaQuBT-T polymer composed with
azaquinoidal building block and thiophene counterpart may
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show high spin characteristics due to increase concentration of
radicals in the 7-conjugated backbone.l><€]

Raman spectroscopy, with laser excitation at 532 nm, was
performed to investigate the electronic states of the monomers
and polymers in the films. In general, carbon—carbon bonds
within the conjugated molecules appear in the Raman vibra-
tion band in the region of 1300-1700 cm ™1 According to
the effective conjugation coordinate (ECC) theory, an intense
Raman band appears due to the bond-length-alternation
(BLA) of a mconjugated skeleton, corresponding to a collective
V(C=C/C—C) mode.'®l To predict Raman vibration, Raman
spectra of the azaQuBT and azaQuBT-T dimer were theoreti-
cally calculated by DFT calculation at the B3LYP/6-31G+ (d, p)
level (Figure S8, Supporting Information). According to simu-
lated Raman spectra, major Raman band of the azaQuBT mon-
omer was revealed at 1462 cm™, which corresponds to collective
p(C=C/C—C) stretching mode (see eigenvectors in Figure S9,
Supporting Information). In addition, major Raman bands of
the azaQuBT-T dimer were observed in 1434 and 1411 cm™;
the former corresponds to collective »(C=C/C—C) stretching
mode and the latter corresponds to the v(C=C) stretching
mode within the thiophene aromatic counterpart. Interestingly,
azaQuBT monomer and azaQuBT-T dimer exhibited a charac-
teristic Raman band at 1546 and 1537 cm™, respectively, which
corresponds to v(C=C/C—C) stretching mode at 3-position
in the azaisatin. As shown in Figure S10 (Supporting Infor-
mation), azaQuBT monomer have highest spin density at the
3-position in the azaisatin. Therefore, when open-shell struc-
ture is more formed within the azaQuBT, a characteristic
Raman band at =1540 cm™ would be more intense.

As shown in Figure S11 (Supporting Information), azaQuBT
exhibited a collective Y(C=C/C—C) Raman band at 1443 cm™,
which is the same value as that of QuBT. Moreover, for azaQuBT,
an additional Raman band appeared at 1551 cm™, which is
ascribed to the open-shell diradical due to gained aromaticity.” In
Figure 2a, the collective Raman band of PazaQuBT-T downshifted
to 1423 cm™! compared to that of the azaQuBT monomer because
of the extended m-electron delocalization in the conjugated back-
bone. Interestingly, the characteristic Raman peak appeared at
1550 cm™, corresponding to the stretching mode of the open-
shell diradical form. This Raman band became much stronger
and slightly downshifted compared to that for the azaQuBT
monomer, indicating an extended effective conjugated length and
a large amount of open-shell diradicals in PazaQuBT-T.

To evaluate the radical characteristics of the open-shell
monomer and polymer at the room temperature, X-band ESR
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Figure 2. a) Resonant Raman spectra of azaQuBT and PazaQuBT-T films at 532 nm laser. b) Electron spin resonance (ESR) spectrum of PazaQuBT-T

in powder.

measurements were performed in the solid state at 300 K. Both
the azaquinoidal monomer and polymer revealed a single ESR
signal at g = 2.005, larger than that of the carbon-centered rad-
icals, which had a g value of =2.003, as shown in Figure S12
(Supporting Information) and Figure 2b.!! The nitrogen atom
at the azaisatin termini affected 7-type carbon-centered radi-
cals delocalized within the conjugated backbone, leading to an
increase in the g-factor.?”) The monomer azaQuBT exhibited a
broad and single ESR signal with a weak shoulder peak. This
indicates that azaQuBT has an open-shell diradical form at
room temperature, and that the z-type carbon-centered radicals
generated at the end of the quinoids are affected by nitrogen
atoms. As shown in Figure 2b, PazaQuBT-T composed of
azaQuBT units exhibited a very intense single ESR signal. This
indicates that the polymer contains large amounts of open-shell
radicals within the polymer backbone, which agree well with
the results of DFT calculation and Raman analysis. A previ-
ously reported aromatic-quinoid conjugated polymer, PQuBT-
TV, which contains a quinoidal platform of the same length,
also exhibited a strong spin character. In addition, variable
temperature ESR (VI-ESR) measurements were carried out to
identify the spin state of radicals at the ground state. As shown
in Figure S13 (Supporting Information), both azaquinoid-
based monomer and polymer exhibited gradually increased
ESR signal with temperature. These results indicate that both
have thermally populated triplet state.?!l We demonstrated that,
for isatin-terminated quinoids, direct introduction of a longer
thienoquinoid ring into the conjugated polymer backbone is
an effective strategy for developing high-spin open-shell conju-
gated polymers.[

2.4. Electrochemical and Optical Properties

The electronic energy levels were obtained via cyclic voltammetry
(CV) using ferrocene as a reference, and measurements were
performed on quinoidal monomers and a polymer in solution
and film, respectively. The energy levels of HOMO and LUMO
were estimated from the onsets for the first oxidation and reduc-
tion potentials, respectively (Table 1). As shown in Figure S14
(Supporting Information), the oxidation and reduction potentials
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of azaQuBT were higher than those of QuBT. This indicates
that azaQuBT has lower HOMO and LUMO energy levels com-
pared to those of QuBT; the HOMO/LUMO energy levels are
—5.22/-3.84 eV for QuBT and —5.33/-3.94 eV for azaQuBT.
These results corroborate the DFT calculations, according to
which electron-deficient pyridine rings in azaQuBT induce
deeper FMO energy levels.[??l PazaQuBT-T also exhibited revers-
ible oxidation and reduction peaks, which reflect a quinoidal
character that enabled the formation of stable radical anions
and/or cations. (Figure 3a). Its HOMO and LUMO energy
levels are —5.03 and —3.74 eV, respectively. These energy levels
are higher than those of the corresponding azaQuBT monomer,
which is attributed to the electron-donating thiophene counter-
part in the polymer backbone. The electrochemical band gap
is reduced to 1.29 eV compared to that of azaQuBT (1.39 eV).
This result suggests that the replacement of pyridine rings at
the end of the quinoid induced a well-delocalized polymer back-
bone because of the reduced torsional angles with the thiophene
counterpart, which is consistent with the DFT calculation. Inter-
estingly, the first reduction signal exhibits excellent reversibility,
which is probably due to the high stability of the radical anion in
the azaquinoid building block.1?!

UV-vis-NIR absorption measurements were performed to
investigate the optical properties of PazaQuBT-T. As shown in
Figure 3b, PazaQuBT-T exhibited a broad absorption up to the
near-IR region and a narrow optical bandgap of 1.13 eV due to
small bond-length-alternation and extending s-electron delo-
calization of the azaQuBT building block. The absorption spec-
trum in solution showed two noticeable absorption maximum
peaks, which corresponded to a 0-1 transition peak at 845 nm
and a 0-0 transition peak at 967 nm. These two transition
peaks are attributed to H- and J-type aggregates; the former

Table 1. Optical and electrochemical properties of PazaQuBT-T.

Solution Film HOMO LUMO Egcv

(VI [eV]) [eV]?

ﬂmax [nm] EgOm [eV] ﬂ'max [nm] ngl [eV]

PazaQuBT-T 845, 967 113 813, 981 m -5.03 374 129

#)Determined by CV. Epomosiumo = 4.8 = (Eonsetox/ Ejonset, red) = Evja(ferrocene)) (eV).
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Figure 3. a) Cyclic voltammogram (CV) in a film and b) UV—vis-NIR absorption spectra in solution and film of PazaQuBT-T.

corresponds to 0-1 transition peak in the longer wavelength
region and the latter corresponds to 0-0 transition peak in the
shorter wavelength region. The azaQuBT unit is extremely
planar owing to its quinoidal structure; therefore, it is favorable
for stacking with H-type aggregates.’“™! The polymer film
exhibited an enhanced 0-1 transition peak compared to the
polymer solution, indicating that the polymer chains prefer to
form H-type aggregates in the thin film state.? Meanwhile,
the PazaQuBT-T film exhibited a broader absorption range and
slightly red-shifted absorption maximum peak compared to
those of the solution.

2.5. Microstructural Analysis

The molecular packing and structural order information of
PazaQuBT-T were investigated via 2D grazing incidence wide-
angle X-ray scattering (2D-GIWAXS). The 2D-GIWAXS images
are shown in Figure 4a, and their in-plane and out-of-plane pro-
files are shown in Figure 4b and Figure S15 (Supporting Infor-
mation), respectively. The 2D-GIWAXS parameters are listed in
Table S2 (Supporting Information). The pristine film exhibited
only a weak (100) diffraction peak in the in-plane direction, cor-
responding to lamellar stacking. However, the PazaQuBT-T in
the annealed film adopts a bimodal arrangement on the surface,

pristine

0.0 0.5 1.0 1.5 0.0 0.5

qy A"

gy A7

which is indication of co-existing edge-on and face-on arrange-
ments. Higher-order (h00) peaks were observed in the in-plane
direction, with a d-spacing of 26.4 A. In addition, (010) diffrac-
tion peaks appeared in both the in- and out-of-plane directions
with a d-spacing of =3.5 A. These (010) peaks are ascribed to
nm—m stacking, suggesting that highly planar quinoids could
induce strong intermolecular interactions. This result indicates
that the post-thermal treatment enhances structural ordering
and crystallinity. The surface morphology of the PazaQuBT-T
films was confirmed using atomic force microscopy (AFM)
images (Figure S16, Supporting Information). The AFM height
images revealed that both the pristine and annealed films have
smooth surface topographies with root-mean-square (RMS)
roughness values of 0.379 nm and 0.449, respectively. The RMS
roughness increased slightly with thermal annealing. These
observations indicate that thermal treatment improves the crys-
tallinity, which is consistent with the 2D-GIWAXS analysis.

2.6. OFET Devices

OFET devices with top-gate/bottom-contact (TG/BC) configu-
rations were fabricated to evaluate the charge transport prop-
erties of PazaQuBT-T. Polymer films were prepared via spin
coating using a 10 mg mL™ solution in o-dichlorobenzene,

(b) In plane

(100) ——250°C
—— pristine

al

(010)

l

(100)

Intensity (a.u.)

ul

0.5 1.0 1.5 2.0
q,, (A")

1.0 15

Figure 4. a) 2D-GIWAXS patterns of PazaQuBT-T of film in pristine and annealed at 250 °C, and corresponding line-cut in b) in-plane direction.
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Table 2. Device performance parameters of the OFET devices based on
PazaQuBT-T films in pristine and annealed at 250 °C.

Ann. Hole Electron
Condition
Hayg [Hrmax] Vlh[V] Icn/loff Hayg [Hmax] Vlh[v] Ion/loﬂ'
[em2 V7 sT) ratio  [em?V7'sT ratio
w/o 9.87x1073+ -154+17 10° 1.09x1072+ 224+17 10°

2.30%x10™ 2.58 x1073

250°C 0294003 —40.0+12 10° 0414004 31.5+29 10'
(0.35) (0.46)

0644019 267+14 102
(0.98)

250 °C? - - -

ATreated with 0.4 wt.% PEIE.

as detailed in the Supporting Information. The output and
transfer curves of the OFET devices are shown in Figure S17
(Supporting Information), and the performance parameters are
listed in Table 2. PazaQuBT-T exhibited a fairly balanced ambi-
polar operation in the OFETs. The OFET device constructed
using pristine films exhibited relatively low hole and electron
mobilities of 9.87 x 1073 and 1.09 x 102 cm? V' 571, respectively.
After thermal annealing at 250 °C, the best performance was
achieved, in terms of hole and electron mobilities of 0.35 and
0.46 cm? V7! 571 respectively. As mentioned in the morpho-
logical characterization, thermal annealing affects the higher
molecular packing and crystallinity of the film, leading to an
improvement in the charge carrier mobility of OFET devices.
Unfortunately, all OFET devices exhibited low I/l ratios,
which could be attributed to a high off current due to rich radi-
cals within the open-shell polymer backbone.

To produce unipolar n-type OFET devices, a thin PEIE layer
was coated onto the bottom-contact substrate with a Ni/Au source
and drain electrodes. The work function of Au can be lowered by
amine groups in the PEIE, which aids electron injection.*”! The
PEIE deposition condition was optimized via screening of the
concentration of the PEIE solution in 2-methoxyethaol. The best
concentration was determined to be 0.04 wt.%. The representa-
tive transfer curves of the optimized OFET devices are shown
in Figure 5a, and the device parameters are listed in Table 2.
The PEIE-treated OFETs exhibited unipolar n-channel opera-
tion with improved mobility compared to those of the OFETs
constructed using neat films without PEIE, suggesting that the
PEIE treatment is effective for injecting electrons and blocking
holes. The best electron mobility among the tested devices is
0.98 cm? V! 571, which is two times higher than that obtained
using a neat PazaQuBT-T film. Moreover, the PEIE-treated OFET
device demonstrated a decreased threshold voltage (Vi) and an
increased I,/ I & ratio. The improvement in the OFET character-
istics is due to reduced contact resistance for electron injection,
by applying the PEIE treatment. To further investigate the effect
of the PEIE treatment, the contact resistance (R) was evaluated
using the Y-function method (Figure 5b).2°l The contact resist-
ance values for the untreated and PEIE-treated OFET devices are
440 and 310 kQ, respectively. This result indicates that the contact
resistance for the electron injection was successfully reduced by
the PEIE treatment, leading to improved electron mobility and
diminished threshold voltage in PazaQuBT-T-based OFETS.
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Figure 5. a) Representative transfer curves of optimized OFET devices
based on annealed film with 0.4 wt.% PEIE. b) R, as function of the gate
voltage of PazaQuBT-T neat based- and PEIE-treated OFET devices.

3. Conclusions

A new quinoidal building block comprising electron-deficient
pyridine rings was designed and synthesized via a simple
indophenine reaction. This building block is identified to be
azaQuBT. The azaQuBT monomer exhibited deeper HOMO and
LUMO energy levels compared to those of the QuBT analogue
because of the electron-withdrawing ability of the pyridine rings.
Moreover, the azaQuBT with an extended quinoid structure was
ESR-active, indicating an open-shell diradical nature due to its
gain in aromaticity. The open-shell quinoidal-aromatic conju-
gated polymer, PazaQuBT-T, was synthesized via a Stille-coupling
reaction. PazaQuBT-T demonstrated more intense open-shell
characteristics and a stronger ESR signal at room temperature
than those of the corresponding azaQuBT building block. This
finding indicates that PazaQuBT-T possesses large amounts of
stable radicals along the polymer backbone, leading to high-
spin characteristics that are uncommon in organic materials.
The polymer exhibited broad absorption of up to 1200 nm and
a low band gap due to the extended quinoidal building blocks.
OFET devices fabricated with PazaQuBT exhibit balanced ambi-
polar charge-transport behaviors, resulting from the substitu-
tion of electron-deficient pyridine rings. OFET performance was
improved when the contact Au electrodes of the devices were
subjected to PEIE treatment. The PEIE-treated OFET devices
demonstrated unipolar n-channel operation with electron
mobility of up to 0.98 cm? V! s, In summary, this study pro-
vides an effective molecular design strategy for high-spin open-
shell conjugated polymers based on a quinoidal platform, and
demonstrates the development of n-type semiconducting mate-
rials via structural modification using electron-deficient azaaro-
matics. Furthermore, the open-shell organic semiconductors
based on quinoidal platforms could allow organic-based spin-
related applications beyond the field of organic electronics.

4. Experimental Section

Materials and Methods: All chemical reagents were purchased and
used as received. Thin layer chromatography (TLC) was performed on
silica gel-coated glass sheets. Gas chromatography-mass spectrometry
(GC-MS) was used to obtain mass data using a PerkinElmer Clarus
690 combined with a PerkinElmer Clarus SQ 8 T. 'H-NMR spectra
and *C-NMR were recorded on a Jeol 400 MHz (JNM-ECX400) and
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600 MHz Bruker Advance Neo spectrometers using CDCl; as the
solvent. Chemical shifts were reported as & values (ppm) relative to
internal tetramethylsilane (TMS). Matrix-assisted laser desorption/
jonization  time-of-flight mass  spectrometry (MALDI-TOF-MS)
analysis was carried out on an AXIMA Assurance (Shimadzu) with
o-cyano-4-hydroxycinnamic acid as the matrix. High resolution gas
chromatography/mass spectrometry (HRGC/MS) by fast atom
bombardment (FAB) analysis was performed on a JEOL JMS-700
spectrometer with 3-nitrobenzyl alcohol as the matrix. Elemental
analysis (EA) was performed using a UNICUBE (Elementar). The
number-average molecular weight (M,) and polydispersity index
(D) were determined by an Agilent Technologies PL-GPC220 series
gel permeation chromatography (GPC) with 1,2,4-trichlorobenzene
as the eluent at 135 °C. The data was calibrated against polystyrene
standards with narrow-polydispersity. Thermogravimetric analysis
(TGA) was carried out on a SDT Q600 (Waters) at a rate of 10 °C min™!
under nitrogen atmosphere. Differential scanning calorimetry (DSC)
was performed on a Q20 instrument (TA instruments) at a heating
rate of 10 °C min~' under nitrogen atmosphere. X-band electron spin
resonance (ESR) spectra were acquired using a Bruker EMXplus-9.5/2.7
spectrometer at a microwave frequency of 9.427 GHz. Ultraviolet-visible-
near infrared (UV-Vis-NIR) absorption spectra were collected on 500 PC
UV/Vis/NIR spectrophotometer (PerkinElmer). Cyclic voltammetry (CV)
measurement was performed using an Eco Chemie Autolab PGSTAT30
instrument with a three-electrode cell. The supporting electrolyte
was a degassed 0.1 M tetra-n-butylammonium hexafluorophosphate
(n-BuyNPFg) /CH,Cl, solution for solution and 0.1 M n-BuyNPF¢/CH3;CN
solution for film state, respectively. The testing was conducted at a
scan rate of 50 Mv s™. A gold electrode and an indium tin oxide coated
with the polymer films were used as the working electrode for solution
and film state, respectively. A platinum wire and an Ag/AgCl electrode
were used as counter and reference electrodes, respectively. A 0.1 m
ferrocene solution was used for calibration of CV measurements. The
half-wave potential of ferrocene (E;,(ferrocene)) was found to be 0.496
and 0.483 V for solution and film state, respectively, related to the
Ag/Ag* reference electrode. DFT calculation was conducted to optimize
the frontier molecular orbitals and molecular geometry at the B3LYP/6-
311+G (d, p) level using Gaussian 16 software. In addtion, DFT calculation
was performed to predict Raman vibration using the B3LYP/6-31+G (d, p)
level using Gaussian 16 software. Theoretical frequencies were scaled
uniformly by a scale factor of 0.964. Raman spectra were obtained using
an Andor Shamrock SR-500i-A spectrometer (Andor Tech) equipped
with a charge-coupled device (DDC) camara (DV420A-OE, Andor Tech).
A 532 nm laser (SCL-532 = 200T, Shanghai Dream Lasers Technology
Co., Ltd) was explored. Atomic force microscopy (AFM) was performed
in the tapping mode using a Nanoscopy V Multimode 8 instrument.
2D-grazing incidence wide-angle X-ray scattering (2D-GIWAXS)
measurements were performed using the synchrotron radiation source
3C beamline at the Pohang Accelerator Laboratory (PAL).

Synthesis of 2-Decyltetradecyl-6-Bromo-7-Azaindole  (1):  6-Bromo-
7-azaindole (2.0 g, 10.15 mmol) was dissolved in dry DMF (10 mL) in
one-neck flask. Sodium hydride (400 mg, 60% in mineral oil) was
dissolved in dry DMF at room temperature and stirred for 10 min.
6-Bromo-7-azaindole solution was slowly added to sodium hydride
solution in ice bath and stirred for 45 min. After removing the ice bath,
2-decyltetradecyl bromide (5.51 g, 13.20 mmol) was added slowly to
solution mixture, which was stirred overnight. The reaction mixture
was poured into water until no obvious bubble, extracted with ethyl
acetate for two times. The combined organic layers were dried with
anhydrous MgSO,, concentrated under reduced pressure. The crude
was purified with silica-gel chromatography with hexane and then
dichloromethylene:hexane (1:10, v/v) to afford a colorless oil (3.79 g,
yield: 70%). 'TH NMR (400 MHz, 1,1,2,2-tetrachloroethane-d,) & 7.75
(d, ] = 8.2 Hz, TH), 7.21-7.14 (m, 2H), 6.45 (d, | = 3.6 Hz, TH), 4.14 (d,
] =7.0 Hz, 2H), 1.94 (s, TH), 1.23-1.17 (m, 40H), 0.89 (t, ] = 6.7 Hz, 6H).
MS (GG, El, m/z): [M]* caled for C33H5;BrN,: 533.34; found: 533.00.

Synthesis of 2-Decyltetradecyl-6-Bromo-7-Azaisatin (2): To a two-neck
round flask equipped with a magnetic stir bar was added pyridinium
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chlorochromate (PCC) (1.51 g, 7.03 mmol) and silica gel (1.51 g). The
flask was purged with argon and added anhydrous 1,2-dichloroethane
(12 mL) and acetonitrile (18 mL). A solution of compound 1 (1.50 g,
2.81 mmol) in 1,2-dichloroethane (6 mL) was added to the reaction
mixture, which was stirred at room temperature. An aluminum
chloride (37.50 mg, 0.28 mmol) was added, and the mixture was
heated at 80 °C for 3 h. The reaction mixture was allowed to cool to
room temperature. The mixture was transferred to a separatory funnel,
and an organic layer was extracted with hexane. The organic layer was
concentrated in vacuo and subjected to flash column chromatography
(SiO,, hexane:toluene = 8:1 (v/v) to hexane:ethyl acetate = 9:1 (v/v) to
afford 2-decyltetradecyl-6-bromo-7-azaisatin (0.98 g, 1.74 mmol) in a
yield of 62% as an orange solid. 'H NMR (400 MHz, CD,Cl,): & 7.64
(d, ) =7.7 Hz, 1H), 7.28 (d, ) = 7.7 Hz, TH), 3.69 (d, | = 7.2 Hz, 2H), 1.97
(m, TH), 1.23-117 (m, 40H), 0.88 (t, ] = 6.9 Hz, 7H); 3C NMR (101 MHz,
CD,Cl,) 6 181.12, 164.58, 158.57, 149.91, 133.97, 123.26, 110.39, 43.69,
36.17, 32.00, 31.99, 31.41, 29.97, 29.76, 29.75, 29.72, 29.71, 29.69, 29.68,
29.43, 29.42, 26.17, 22.76, 13.95; MS (GC, El, m/z): [M+2H]*" calcd for
C3H5BrN,O,: 565.32; found: 565.00.

Synthesis of Azaquinoidal Bithiophene (azaQuBT) (3): To a 50 mL round
flask equipped with a magnetic stir bar was added thiophene (0.39 g,
4.26 mmol) and compound 2 (1.20 g, 2.13 mmol) in toluene of 15 mL,
and the mixture was stirred at room temperature. Concentrated sulfuric
acid (0.1 mL) was added dropwise to the solution mixture, which was
stirred at room temperature for 3 h. The reaction mixture was extracted
with chloroform, and the combined organic layers were dried over MgSO,.
After removal of the solvent under reduced pressure, the crude was purified
by column chromatography (SiO,, hex: EA=4:1 (v/v)) to afford azaquioidal
bithiophene (1.01 g, yield: 38%) as a blue solid. MS (MALDI-TOF-MS,
CHCl3): [M+H]* caled for CyoHi06BraN4O,S,, 1260.57; found, 1260.40;
HR-MS (FAB, m/z): [M+H]" calcd for CyoHs05Br,N4O,S,, 1258.6103, found,
1258.6202; EA: calcd for CyoHy6Br,N4O,S,: C, 66.75; H, 8.48; N, 4.45; O,
2.54; S, 5.09; found: C, 67.36; H, 8.597; N, 4.39; O, 3.063; S, 5.148.

Synthesis of Poly(Azaquinoidal Bithiophene-Thiophene) (PazaQuBT-T):
Compound 3 (503.83 mg, 0.4 mmol) and 2,5-bis(trimethylstannyl)
thiophene (163.90 mg, 0.4 mmol), Pd,(dba); (7.33 mg, 2 mol%) and P(o-
tolyl); (9.74 mg, 8 mol%) were added with anhydrous toluene (12 mL)
into a two-neck round flask. The reaction mixture was stirred and heated
for 24 h at 110 °C under argon atmosphere, and then cooled to room
temperature. The crude polymer was precipitated in methanol: HCl
(11, v/v) and purified by Soxhlet extraction with methanol, acetone,
hexane, and chloroform. The chloroform fraction was collected and
reduced in vacuo, and then the polymer was filtered and dried, affording
PazaQuBT-T (250 mg, yield: 53%). GPC: M, = 31.6 kDa, D = 3.02.

DFT Calculation for Diradical Characteristics: The singlet and triplet
open-shell structures were simulated using DFT calculations, which
are conducted in the gas phase using the Gaussian 16 A.03 software
package. Geometry optimization and frequency simulation were
performed by DFT calculations using the functional (U)B3LYP with
the 6-311G (d, p) basis set. The singlet-triplet energy gap (AEs_1) in the
open-shell system was carried out under the same level of theory, where
AEs_1 = Es — E7. The diradical character indice (yo) were calculated based
on the CASSCF(6,6)/6-31G level with NBO analysis and was described
by the following equations

(-71)°
Yo (1+77) M
T= (”HONOZ_”LUNO) @)

where T is the orbital overlap between the corresponding orbital pairs
(calculated by the occupation numbers of natural orbitals) and nHONO
and nLUNO are the occupation numbers of the highest occupied and
lowest unoccupied natural orbitals, respectively.

Device  Fabrication: Top-gate/bottom-contact (TG/BC) field-effect
transistors with Au and Ni (15 and 3 nm thick) source and drain contacts
was prepared with a lift-off photolithography onto Corning Eagle 2000 glass
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substrates. The channel length (L) and channel width (W) were 20 pm and
1.0 mm, respectively. The patterned substrates were successively cleaned
in an ultrasonicator with DI water, acetone, and iso-propanol for 10 min
each, and treated with UV/ozone for 30 min. The polymer was dissolved
in anhydrous ortho-dichlorobenzene (0-DCB) to produce a 10 mg mL™
solution. Spin-coating was done using the polymer solution onto the glass
substrates at 1500 rpm for 1 min. After deposition of the organic layer, the
films were annealed at 250 °C for 20 min. The dielectric layer was formed by
spin-coating using poly(methyl methacrylate) (PMMA, Aldrich) to obtain a
500 nm thick layer, which was baked at 80 °C for 2 h. An aluminum top-
gate electrode (50 nm thick) was finally evaporated with a shadow mask
to produce the final device. The transistor characteristics were measured
by a Keithley 4200-SCS instrument. Fabrication and electrical testing were
carried out in a nitrogen-filled glovebox.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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