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ABSTRACT: Unlike naphthalene diimides, perylene diimides, and
other classes of n-type conjugated polymers with numerous derivatives

that enable understanding of structure—property relationships, the N

electronic structure and properties have not been reported for any BBL P 0 N

derivative of ladder poly(benzimidazobenzophenanthroline) (BBL). _

Herein, we report the synthesis and properties of BBL-P, a phenazine go.s MeChan'_cal
derivative of BBL. In acid solution, BBL-P has a broad absorption 206 Properties
spectrum with a lowest energy absorption peak at 840 nm due to 3 s i !
protonation-enhanced intramolecular charge transfer. Compared to and I { { : {

BBL, BBL-P thin films have decreased crystallinity with face-on 802

molecular orientations on substrates, resulting in a substantially Field-Effect P

decreased field-effect electron mobility of 1.2 X 10™* cm?/V s. BBL-P Transistors 3060 sFeequeonc;s(on;eo zy

films have excellent mechanical properties exemplified by a Young
modulus of 11 GPa. The results demonstrate that BBL-P is a promising
n-type semiconducting polymer and provide new insights into the effects of backbone structure on electronic structure, thin film
microstructure, and charge transport properties of conjugated ladder polymers.

B INTRODUCTION reported the n-type semiconducting charge transport proper-
ties of BBL in 2002,°7'° leading to the demonstration of this
ladder polymer as the first conjugated polymer-based high-
performance, n-channel field-effect transistors (OFETs)."" The
n-type semiconducting properties of BBL have since been
extensively investigated and successfully used in various device

applications including organic photovoltaics (OPVs)," "

organic electrochemical transistors (OECTs),"*™"° organic

field-effect transistors (OFETs),”'”~"" organic thermoelec-
. 20-22 23

trics, and supercapacitors.” Recently, ground-state charge

transfer between neutral BBL and a neutral polythiophene

derivative was observed, resulting in highly conducting

By virtue of their double-stranded or all-polycyclic architec-
tures, 7-conjugated ladder polymers have an ideal persistent
ribbon-like conformation that is free of torsional disorders.
They are thus promising for applications in organic electronics
and optoelectronics as well as for basic understanding of
structure—property relationships in semiconducting polymers.
Among the most widely studied 7-conjugated ladder polymers
is the prototype n-type semiconducting polymer, ladder
poly(benzimidazobenzophenanthroline) (BBL) (Chart 1).!
Although first synthesized in 1966 by van Deusen,' more

than a decade before the discovery of doped conducting polymer blend films without external doping.>* However,
. 2 .33 . 14
polymers in 1977, the early chemical,” electrochemical,” and unlike other classes of n-type conjugated polymers such as
ion-implantation doping methods’™” of BBL to the highl o g 2526 simidegs 2728
Pl ping ' galy perylene diimides, naphthalene diimides, and other
conducting state were reported in the 1980s. Our group arylene diimides™™** with numerous derivatives that enable

understanding of structure—property relationships, very few

Chart 1. Molecular Structures of 7-Conjugated Ladder
Polymers BBL and BBL-P

BBL P
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derivatives of BBL have been reported.’ >’ Furthermore, very
little is known about the electronic structure and properties of
the few known BBL derivatives.

One intriguing derivative of BBL is the phenazine-
substituted ladder polymer BBL-P, whose molecular structure
is shown in Chart 1. Its synthesis was reported in 1974 in the
context of thermally stable polymers for aerospace applica-
tions.>* However, the electronic structure, field-effect charge
transport, and other physical properties of BBL-P have not
been reported heretofore. Phenazine as a molecular building
block has appealing features. The reduction potential of
phenazine (E,;, = —1.19 V vs SCE) is over 2 V more positive
than benzene (E;,, = —3.42 V vs SCE),’** which suggests
that its incorporation into conjugated polymers may enable
achievement of high electron affinity and thus potential as n-
type semiconducting polymers. Many p-type semiconducting
polymers with donor—acceptor (D-A) architectures have
incorporated a phenazine-1,4-diyl (1,4-phen) unit (Chart 2)

Chart 2. Different Linkage Positions for Incorporating
Phenazine (phen) into z-Conjugated Polymer Backbones

g
<5 TR TR

1,4-phen 2,7-phen 2,3,6,7-phen

as the acceptor moiety with donor moieties such as
indacenodithienothiophene,40 indacenodithiophene,"** ben-
zodithio<phene,43747 fluorene,™ carbazole,” ™! and dithieno-
pyrrole.”® These 1,4-phen-containing D-A copolymers have
typical optical bandgaps of about 1.5—2.4 eV and space-charge
limited current (SCLC) hole mobilities of 1072 to 107> cm?/V
s, which have enabled their applications in polymer solar cells.
n-Conjugated poly(phenazine-2,7-diyl) bearing 1,2,5,8-tet-
raalkyl side chains and two derivatives have been synthesized
and shown to have high electron affinity (~ 4.1 eV) from cyclic
voltammetry experiments, and thus they were suggested to be
n-type semiconducting polymers; however, electrical con-
ductivity or charge trans]:gort properties were not reported
for any of these polymers.”

Here, we report the synthesis and investigation of the
electronic structure, thin film microstructure, and optical,
electron transport, and mechanical properties of the con-
jugated ladder polymer, poly[7-ox0-7H,12H-benz[4’,5"]-
isoquino[2’,1":1,2]imidazo[4,5-b]imidazo[4,5-i]phenazine-
3,4:12.13-tetrayl)-12-carbonyl] (BBL-P). Although a moderate
molecular weight was indicated by the measured intrinsic
viscosity ([17]) (0.68 dL/g in methanesulfonic acid (MSA) and
1.1 dL/g in conc. H,SO, at 30 °C), the BBL-P sample could
form strong and flexible freestanding films. The molecular
structure of BBL-P was confirmed by elemental analysis and
FTIR and Raman spectroscopic techniques. Unlike BBL, which
exhibits a relatively narrow absorption spectrum in MSA
solution, we found that BBL-P has an unusually broad
absorption spectrum in MSA solution with a lowest energy
absorption peak at 840 nm due to protonation-enhanced
intramolecular charge transfer (ICT). We characterized the
mechanical properties of BBL-P films and found the Young
modulus to be 11 GPa. BBL-P thin films have an optical

bandgap of 1.6 eV, cyclic voltammetry derived LUMO energy
level of —4.0 eV, and HOMO energy level of —5.5 eV. As the
n-channel material in organic field-effect transistors (OFETs),
BBL-P showed an average electron mobility of ~1.0 X 107*
cm?/V s. Our BBL-P results contribute important insights for
the design of new high-performance BBL derivatives. We
believe that BBL-P will be an attractive n-type semiconducting
polymer for various organic electronic applications including
thermoelectric and OECT. In particular for OECT, n-type
materials are rare,"®**™>° with the performance lagging behind
p-type materials.”’ >’

B EXPERIMENTAL METHODS

Materials and Methods. The monomer 1,4,5,8-naphthalenete-
tracarboxylic acid was purchased from TCI and purified according to
a modified procedure.”’ 2,3,7,8-Tetraaminophenazine hydrochloride
was synthesized according to the published procedures.** Sodium
acetate, polyphosphoric acid (PPA, 84% P,O;), phosphorus
pentoxide, and methanesulfonic acid (MSA) (>99%) were purchased
from Sigma-Aldrich and used as received. Methanol and concentrated
sulfuric acid were purchased from Fisher Scientific and used as
received.

Intrinsic viscosity of BBL-P in both MSA and H,SO, was measured
by an Ubbelohde viscometer suspended in a water bath at 30.0 °C.
The concentrations of the polymer solutions were chosen such that
the elution time of the polymer solution was 1.1—1.8 times that of the
pure solvent. Thermogravimetric analysis (TGA) was conducted on a
TA Instrument model Q50 TGA. A heating rate of 10 °C/min under
a flow of N, was used with runs conducted from room temperature to
880 °C. Differential scanning calorimetry (DSC) analysis was
performed on a TA Discovery DSC 500 under N, by scanning
from —10 to 400 °C at a heating rate and cooling rate of 10 °C/min.
The '"H NMR spectrum was recorded on a Bruker AV500 (at 500
MHz) using deuterated nitromethane/GaCl; as the solvent. Optical
absorption spectra were measured on a PerkinElmer model Lambda
900 UV—vis/near-IR spectrophotometer. Solution absorption spectra
were obtained from dilute (107> M) solutions in MSA.

Cyclic voltammetry (CV) experiments were done on an EG&G
Princeton Applied Research potentiostat/galvanostat (model 273A).
A three-electrode cell was used, using a platinum wire as the
counterelectrode and BBL-P spin-coated onto indium tin oxide
(ITO) substrates as the working electrode. The reference electrode
was Ag/AgNO; in acetonitrile. The BBL-P working electrode was
fabricated by coating BBL-P solution in MSA onto ITO substrates.
The acidic solvent was removed by dipping the substrate in
isopropanol (IPA) overnight and was subsequently dried in a vacuum
oven at 60 °C. The supporting electrolyte solution consists of 0.1 M
tetrabutylammonium hexafluorophosphate (Bu,NPF) in anhydrous
acetonitrile. The electrolyte was purged with nitrogen for 15 min prior
to the CV scans to ensure anerobic and anhydrous conditions. The
reduction and oxidation potentials were referenced to the Fc/Fc*
couple by using ferrocene as an internal standard. The LUMO energy
level was estimated using a ferrocene value of —4.8 eV with respect to
the vacuum level. The LUMO and HOMO levels were determined by
using the equations Ejyyo = —(eE.g™™" + 4.8) and Eyomo =
—(eE o™ + 4.8).

Fourier-transform infrared (FTIR) spectroscopy experiments were
performed on a Perkin Elmer Frontier spectrometer by using BBL-P
freestanding films. The resolution was set at 1 cm™" and a set of 16
scans was averaged. Raman spectroscopy of BBL-P freestanding films
was carried out on a Thermo Scientific DXR2 Raman microscope. A
532-nm laser with a power of S mW was focused onto a sample
through a 50X objective lens.

Atomic force microscopy (AFM) characterization of the surface
morphology of the BBL-P films was done using a Bruker Dimension
scanning probe microscope (SPM) system. Films of BBL-P were
prepared as described earlier. Grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements were conducted at the Advanced
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Scheme 1. Synthesis of BBL-P (PPA = Polyphosphoric Acid, 84% Free P,0;)
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Light Source (ALS) at the Lawrence Berkley National Laboratory by
using the beamlines 7.3.3 and a Pilatus 2 M area detector. The images
were taken with a beam energy of 10 keV and incidence angle 0.14°
with 5 s exposure time. Data were processed using Nika and
WAXStools®" in Igor Pro. Peak positions were determined by
Lorentzian peak fittings. The crystal coherence length (L.) of samples
was determined by using the Scherrer equation:*> L. = 27K/Aq,
where K is a shape factor (typically 0.9) and Aq is the full width at
half-maximum (FWHM) of the diffraction peak. Here, the L. (100)
and L. (010) were obtained respectively from the FWHM of the
(100) diffraction peak in the in-plane (g,,) line cut and the FWHM of
the (010) diffraction peak in the out-of-plane (g,) line cut.

Gas-phase molecule density functional theory (DFT) calculations
were performed using the Gaussian 16 suite of programs®® at the
®B97XD/631-G(d,p) level of theory on the representative oligomer
comprising three repeat units oriented in a trans—cis—trans geometry
to represent the polymer backbone.

Synthesis of BBL-P. PPA (20.64 g) was added to a reaction vessel
equipped with a mechanical stirrer and heated to 150 °C and purged
with nitrogen overnight. The PPA was cooled to 40 °C, and 2,3,7,8-
tetraaminophenazine HCl (1.606 g, 5.4 mmol) was added. The
temperature was increased to 75 °C and stirred for 4 h under dynamic
vacuum. The temperature was then reduced to 65 °C and 1,4,5,8-
naphthalenetetracarboxylic acid (1.656 g, 5.4 mmol) was added. The
mixture was stirred for 45 min before P,O; (3.090 g, 21.8 mmol) was
added portionwise. The temperature was increased to 100 °C and
stirred overnight. The temperature was then slowly increased to 150
°C and stirred for 24 h. The temperature was further increased to 180
°C and stirred for 3 days. The reaction mixture was cooled to room
temperature, and water was added to quench the reaction. The
polymer mass was added to a blender, cut into pieces, and washed
with water by Soxhlet extraction for 3 days. The crude polymer was
then added to 4 L of water, boiled for 24 h, and dried under vacuum.
The crude polymer was further purified by reprecipitation from
H,SO, into 1:1 water/methanol and thoroughly dried at 200 °C
under vacuum (2.212 g, 82%). Intrinsic viscosity [#]: 1.1 dL/g (30.0
°C, conc. Sulfuric acid). Anal. caled for C,sH,N;Os (%) (BBL-P
powder): C, 63.67; H, 2.88; N, 17.14; O, 16.31; found (%): C, 58.56;
H, 3.21; N, 17.20; O, 16.17. Anal. calcd for C,sH;,N:O, (%) (BBL-P
freestanding film): C, 66.10; H, 2.56; N, 17.79; O, 13.55; found (%):
C, 63.39; H, 2.47; N, 18.74; O, 13.04.

Fabrication and Characterization of OFETs. n-Channel
organic field-effect transistors (OFETs) were fabricated in a
bottom-gate/top-contact device architecture with a polymer buffer
layer. The substrate comprises heavily n-doped silicon (<0.005 S/cm;
500 ym) with a 300 nm-thick silicon oxide layer. The substrates were
cleaned by sequentially sonicating in DI water, acetone, and isopropyl
alcohol. The cleaned substrates were then treated with air plasma for
10 min. Insulating polystyrene (PS) was dissolved in anhydrous
toluene (S mg/mL) and stirred at room temperature overnight. The
PS solution was spin-coated onto the substrates at 3000 rpm for 60 s
followed by drying in a vacuum oven at 60 °C overnight to produce a
17.0 nm (+ 0.12 nm) thick layer. On top of the PS-coated substrates,
the BBL-P thin films were deposited by spin-coating a BBL-P solution
in MSA (25 mg/mL) at 5000 rpm for 30 s. The acidic solvent was
removed by dipping the films in a mixture of isopropanol (IPA) and
ethylene glycol (EG) (1:1, v:v) several times for 12 h. Afterward, the
BBL-P films were submerged in 100% IPA for at least S h to wash
away excess ethylene glycol. Finally, the BBL-P films were dried in a
vacuum oven at 100 °C overnight and then annealed at 170 °C on a
hot plate for 10 min in a nitrogen-filled glovebox. Source and drain
electrodes were defined by thermal evaporation of gold electrodes (60

nm). Channel width (W) and length (L) were 1000 #m and 100 ym,
respectively. The transistors were tested by using a Keithley 4200
semiconductor characterization system inside a nitrogen atmosphere.
The field-effect electron mobility () was extracted by analyzing the
current—voltage data with the saturation-region equation:

WG,

Iy = %(Vgs - Vt)2
where Iy is the source-drain current, y is the field-effect mobility, C; is
the capacitance of gate insulator (10.6 nF/cm?), Vi, is the source-gate
voltage bias, and V| is the threshold voltage.

Characterization of Mechanical Properties by the Nano-
indentation Test. The elastic modulus was measured using a
Hysitron TI 980 Tribolndenter. The nanoindentation test required a
Berkovich tip compressing into the sample while measuring the force
and displacement. The tests were carried out in both constant
displacement and constant load mode. Three indents were made
across the film surface at each displacement and load value. The
reported elastic modulus was the average of the moduli in the range of
10—20% depth into the total film thickness to minimize any substrate
effects. Dynamic mechanical analysis (DMA) was done by applying an
oscillating load with maximum amplitude of 100 uN at varying
frequencies from 45 to 200 Hz. Samples were made by spin-coating
BBL-P onto a glass substrate using procedure described earlier. The
total thickness of the BBL-P sample was determined to be 650 nm
using a profilometer.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic route to
the ladder polymer BBL-P is shown in Scheme 1. The 2,3,7,8-
tetraaminophenazine hydrochloride monomer was synthesized
according to the published procedure, which produced the
monomer in high purity.”* The 1,4,5,8-naphthalenetetracar-
boxylic acid co-monomer, purchased with 60% purity, was
rigorously 6puriﬁed according to the published procedure
before use.”” A unique characteristic of rigid-rod polymers is
that polymerization in the liquid crystalline phase yields higher
molecular weights than polymerization in the isotropic phase.®*
Therefore, we modified the original synthetic procedure in an
attempt to induce liquid crystallinity during polymerization.
However, we did not observe stir-opalescence or other
evidence of liquid crystallinity. When first synthesized in
1974, the isotropic phase condensation in pure polyphosphoric
acid (PPA) resulted in BBL-P with low intrinsic viscosity ([#7])
of 1.1 dL/g in methanesulfonic acid (MSA) at 30 °C.**
However, our BBL-P sample also gave a low [#] value of 1.1
dL/g in concentrated sulfuric acid (H,SO,) at 30 °C, which is
nearly identical to that measured in 1974, confirming that
our synthesis of BBL-P also took place in the isotropic phase.

The BBL-P sample was isolated as a black solid powder and
shows a purple color in either concentrated H,SO, or MSA. In
addition to the low [#] of BBL-P in concentrated H,SO, (1.1
dL/g) at 30 °C, we found that [#] was 0.68 dL/g in MSA at 30
°C. The solvent-dependent viscosity of BBL-P solutions, which
is in contrast with the constant [5] of BBL regardless of
solvent,”® may be due to the improved solubility of BBL-P in
H,SO, compared to MSA. The molecular structure of BBL-P
was confirmed by elemental analysis and FTIR and Raman
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spectroscopic techniques. The analytical data for each element
match the calculated values except carbon, which was lower
than those calculated mainly due to incomplete combustion,
which is a common problem in the elemental analyses of
thermally stable polymers."*”**% Interestingly, the elemental
analysis of the BBL-P powder revealed a total of ~11 wt %
water was retained, which is equivalent to approximately three
water molecules per repeat unit, suggesting that BBL-P is
intrinsically hygroscopic in marked contrast from the parent
BBL.®” The hygroscopic nature of BBL-P is likely to originate
from the phenazine moieties whereby the imine nitrogen sites
are free to hydroégen bond with absorbed water molecules from
the atmosphere.”

The hygroscopic nature of BBL-P was further corroborated
by thermogravimetric analysis (TGA) as shown in Figure Sla.
An initial weight loss of ~8.1% was observed at 80—110 °C,
which can be attributed to water evaporation. Additional
rigorous drying of BBL-P at 200 °C for 48—96 h under vacuum
was found to be insufficient to completely remove water. This
result supports the elemental analysis that also showed residual
water in BBL-P. To get a clear picture of the thermal stability,
the TGA scans were performed after drying by first scanning to
200 and 400 °C and then cooling down to 50 °C and heating
to 880 °C under nitrogen (Figure Sla). The results show that
BBL-P is stable in high temperatures in agreement with similar
ladder polymers,*** showing 5% weight loss at 609 °C and
626 °C in an inert atmosphere for samples dried at 200 and
400 °C, respectively. Differential scanning calorimetry (DSC)
scans showed no detectable phase transitions in the 25 to 400
°C temperature range (Figure S1b), which agrees with
literature reports of the very high glass transition temperature
(T,) of ladder polymers (>400 °C).%® The observed excellent
thermal stability and high T, of BBL-P are comparable to those
of BBL.®” To further characterize the molecular structure of
BBL-P, we collected "H NMR spectra for both BBL-P-GaCl,
and BBL-GaCl; complexes in deuterated nitromethane® and
they are shown in Figure S2ab. We note that soluble Lewis
acid complexes of rigid-rod ladder polymers have allowed the
study of both solution and solid-state properties of BBL in the
last few several decades.”” Solutions of both polymers were
prepared in deuterated nitromethane containing GaCl;
according to the known procedures.”> However, the use of
Lewis acid complexes to acquire NMR spectra is known to
produce multiple impurity peaks for benzimidazobenzophe-
nanthroline polymers;***>*” these impurities appear at ~7.3,
8.5, 9.1, and 10.5 ppm for BBL-P (Figure S2a) and BBL
(Figure S2b). The broad overlapped resonances of both
polymers are due to the presence of 6 possible cis and trans
structural isomers'’ and are shown in Figure S2c; these
isomers make unambiguous peak assignments difficult.
However, comparison of the two spectra does allow assign-
ment of the resonances associated with the co-monomers. The
NMR spectra show unresolved peaks from the naphthalene
protons at ~9.3—9.8 ppm for BBL-P and ~9.6—9.8 ppm for
BBL. The phenazine protons in BBL-P are assigned to the four
resonances centered at 7.2, 7.5, 8.6, and 8.9 ppm, whereas the
benzene protons for BBL are assigned to the singlet within the
naphthalene cluster at 9.8 ppm and the overlapped resonance
at 9.0 ppm.36’65

To enable further characterization of the molecular
structure, thin film microstructure, and optical properties of
BBL-P, we prepared freestanding films. The detailed procedure
for the fabrication of BBL-P freestanding films is described in

the Supporting Information. Briefly, the spin-coated BBL-P
film on glass substrates was baked at 120 °C overnight on a hot
plate in an ambient atmosphere to evaporate most of the acidic
solvent. The baked film was slowly cooled down to room
temperature and subsequently submerged in water whereby
the film swelled significantly due to the intrinsic hygroscopic
nature of BBL-P. As a result, BBL-P thin films could be peeled
off from the supporting glass substrates and lifted off from
water (Figure 1a) to form freestanding films (Figure 1b) with

(c) 1377 BBL-P Raman
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Figure 1. (a) BBL-P film floating on water after peeling off from the
initial supporting substrate. (b) Freestanding BBL-P film with a
diameter of 1 cm. (c) Raman spectrum of BBL-P freestanding film
with an excitation laser of 532 nm. (d) Fourier-transform infrared
(FTIR) spectrum of BBL-P freestanding film. (e) Optical absorption
spectrum of BBL-P freestanding film.

surface area as large as 5S—6 cm? We note that films of larger
area can also be fabricated by extending the area of the initial
supporting substrates. The freestanding films have good quality
and were used to characterize the molecular structure through
elemental analysis, UV—Vis optical absorption, Fourier-trans-
form infrared (FTIR), and Raman spectroscopic techniques.
FTIR spectroscopy in conjunction with Raman spectroscopy
was used to confirm the molecular structure of BBL-P in
addition to the previously discussed elemental analysis. The
FTIR and Raman spectra of freestanding BBL-P films collected
in an ambient atmosphere are shown in Figure lc,d. The peak
positions assigned to various vibration modes are summarized
in Table 1. The prominent v(C=0) carbonyl carbon—oxygen
stretch mode can be seen on both the FTIR and Raman
spectra with distinct absorption peaks at 1700 cm™" (Table 1).
The imine carbon—nitrogen stretch mode, v(C=N), can be
identified by an intense Raman absorption band at 1590 cm™
and a low intensity FTIR absorption band at 1584 cm™'. At
lower wavenumbers, there is an intense Raman absorption
band at 1518 cm™' and some weak-intensity FTIR bands at
1528 and 1500 cm™!, which can be attributed to aromatic
carbon—carbon and carbon—nitrogen skeletal vibrations
(Table 1).°° Moreover, a sharp and intense FTIR absorption
band at 1412 cm™" can be assigned to carbon—nitrogen amide
bonds,”® ©(C—N), which further supports backbone fusion.
Additional FTIR absorption bands at 1380 and 1328 cm™'
coupled with a Raman absorption band at 1377 cm™" originate
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Table 1. FTIR and Raman Absorption Bands of
Freestanding BBL-P Film and Their Peak Assignments

FTIR absorption Raman absorption

band (cm™) band (cm™) assignment
1700 1700 v(C=0), carbonyl carbon—oxygen
stretch
1584 1590 v(C=N), imine carbon-nitrogen
stretch
1528, 1500 1518 aromatic carbon—carbon, carbon—
nitrogen skeletal vibrations
1412 v(C—N), carbon—nitrogen amide
bonds
1380, 1328 1377 v(C—N), carbon—nitrogen single
bonds
1228, 1000 1023, 991 mixed skeletal vibrations
1170, 1150 in-plane C—H bending
972, 836 out-of-plane C—H wagging

727 5(C—H), out-of-plane wag of
naphthalene C—H bonds

from the stretching of carbon—nitrogen single bonds,” v(C—
N), in the BBL-P polymer.

Skeletal vibrations also appeared in both the FTIR and
Raman spectra, respectively, at 1228 and 1000 cm™ and at
1023 and 991 cm™" (Table 1).° In-plane C—H bending can be
assigned to absorption bands centered at 1170 and 1150 cm™
in the Raman spectrum whereas out-of-plane C-H wagging can
be seen at 972 and 836 cm™ in the FTIR spectrum (Table 1).
A sharp Raman absorption band at 727 cm™ can be attributed
to the out-of-plane C-H wagging of the two adjacent carbon-
hydrogen bonds on the naphthalene rings (Table 1). We note
that no (O—H) peak was observed in the FTIR spectrum
suggesting that the absorbed water seen in the BBL-P powder,
which was used in TGA and elemental analysis, had been
effectively removed in the BBL-P freestanding film. One
possible explanation for the lack of observed water in the FTIR
spectrum is that when processed into a freestanding film, water
diffusion is kinetically limited. In particular, water is absorbed
volumetrically (3D process) in the case of the powdered
sample whereas the polymer film is subjected only to areal
water uptake (2D process). Thus, the films absorb significantly
less water from the atmosphere compared to the powder
sample. This was evidenced by elemental analysis of the
freestanding films of BBL-P, which revealed a total of ~2 water
molecules per repeat unit. This is in contrast to the powder
sample, which showed ~3 water molecules per repeat unit.
The observed FTIR and Raman spectra data are in good
agreement with previous reports of the parent BBL ladder
polymer® and provide strong evidence for the molecular
structure of BBL-P.

Electronic Structure and Optical Properties. We
investigated the electronic structure of BBL-P by density
functional theory (DFT) calculations, time-dependent DFT
(TD-DFT) calculations, and cyclic voltammetry in conjunction
with optical absorption spectroscopy. The DFT calculations
were performed at the @WB97XD/6-31G(d,p) level of theory for
a BBL-P oligomer comprising three repeat units to gain insight
into the polymer conformation and frontier molecular orbital
distribution (Figure 2). Note that a trimer was chosen to
balance low computational costs and accuracy of simulation,
and a trans—cis—trans conformation with respect to the imide
was chosen to represent the polymer backbone, given that
benzimidazobenzophenanthroline polymers are a statistical
mixture of cis and trans repeat units.'”’ The optimized
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Figure 2. DFT calculations of (a) the optimized ground-state
molecular geometry of BBL-P oligomer, and (b) pictorial
representation of ground-state frontier molecular orbitals. Calcu-
lations were performed at the @B97XD/6-31G(d,p) level of theory.

geometry is completely planar with a dihedral angle of 0.00°
between the phenazine and naphthalene imide moieties
(Figure 2a), which is similar to the observed molecular
geometry of the parent BBL ladder polymer.'” The molecular
orbital distributions of the HOMO and LUMO are distributed
along the backbone, where the HOMO is concentrated on the
phenazine moieties and the LUMO on the naphthalene imide
moieties (Figure 2b). This spatial distribution suggests an
enhanced intramolecular charge transfer (ICT) character in
BBL-P compared to the parent polymer BBL that shows
minimal spatial localizations of the HOMO molecular orbitals
(Figure 53).71

Excited-state transitions were calculated using time-depend-
ent (TD) DFT at the same ®wB97XD/6-31G(d,p) level of
theory. The calculated absorption spectrum in Figure S4a
closely resembles the experimental thin film absorption
spectrum where the low-energy peak centered at 527 nm
represents the 7—7* transition. The pictorial representations of
both the electron and hole orbital distributions associated with
the 7—7z* transition are shown in Figure S4b.

The reorganization energy (1) of BBL-P was calculated from
the sum of the relaxation energies in the neutral and anionic
states.”"””* The anionic geometry and orbital distribution of the
oligomer are illustrated in Figure S4c. Reorganization energy
can be described as the energy corresponding to structural
changes when going from the neutral to the charged-state
geometry; typically, the lower the reorganizational energy, the
higher the charge transfer rate.” 77 A reorganization energy
of 432 meV calculated for BBL-P is comparable to those
calculated for conjugated rigid-rod polymers (327—427 meV)
featuring isoindigo units usin% a similar level of theory and
number of monomer units.”’ Note that the calculated A
decreases with increasing number of monomers (1) and more
acc;14rate descriptions of the polymer chain would require n >
12.

We used cyclic voltammetry (CV) to measure the HOMO/
LUMO energy levels of BBL-P, and the results are summarized
in Table 2. The CVs for reduction and oxidation processes
(Figure 3a,b) of BBL-P thin films coated on indium tin oxide
(ITO) glass substrates were taken in 0.1 M tetrabutylammo-
nium hexafluorophosphate (Bu,NPF) in degassed acetonitrile
with Ag/AgNO; as the reference electrode. BBL-P thin films
showed two quasi-reversible reduction waves in the CV scans
(Figure 3a), and these were accompanied by observed color
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Table 2. Optical Properties and Electronic Structure of BBL-P and BBL

polymer Amax (nm) Emex (M™! cm™!) A’ (nm) a (X 10° cm™) EP (eV) Eg"P"d (eV) HOMO (eV) LUMO (eV)
BBL-P 512 3.7 x 10* 474 1.4 1.64 1.62 -5.5 —4.0
BBL 54§ 4.3 x 10* 574 1.9 1.70 -5.9¢ —4.0¢

“Absorption maximum in MSA solution. bSpin-coated thin films from MSA solution. “Thin films on glass substrates. dFreestanding film. “Values

taken from ref 10.
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Figure 3. Cyclic voltammograms for the (a) reduction and (b)
oxidation processes of BBL-P thin films measured in 0.1 M Bu,NPF
electrolyte solution using Ag/AgNO; as the reference electrode. The
scan rate was 100 mV/s.

changes in the film during the scans. In particular, the initial
dark brown BBL-P film changed to dark purple at the first
reduction process at —0.99 V, whereas the second reduction
process at —1.22 V changed the film color to a bright orange.
These electrochromic effects were found to be relatively stable,
which is similar to the previous results for BBL thin films.”®
The CV oxidation scans (Figure 3b) showed a non-reversible
peak with no observable color changes. The onset oxidation
potential and onset reduction potential of BBL-P are 0.85 V
and —0.86 V, respectively, from which we estimated the
HOMO level of —5.5 eV and LUMO level of —4.0 eV by using
Eiumo = —(eE ™" + 4.8) and Eyopo = —(eE,0™ + 4.8).
While the LUMO value is identical to that of the parent BBL,
the HOMO value of BBL-P is increased by 0.4 eV (HOMO =
—5.9 eV for BBL)."" Although the expansion of the repeat unit
of BBL by phenazine substitution has little impact on the
LUMO energy levels, it has a large effect on the HOMO
energy level; this means that when electronically coupled to
the strong electron-withdrawing naphthalene imide moiety, the
phenazine acts as an electron donor, thereby enhancing ICT
interactions. This correlates well with the theoretical
calculations showing localization of the HOMO wavefunctions
on the phenazine core (Figure 2b).

The optical absorption spectrum of freestanding BBL-P film
is shown in Figure le. It has a broad absorption band with a
peak at 472 nm accompanied by weak vibronic features at 380
and 635 nm. We estimate the optical bandgap (E,™") of the
freestanding film to be 1.62 eV (Table 2). The optical
absorption spectra of BBL-P in dilute MSA solution and as a
thin film on a glass substrate are shown in Figure 4a,b, and the
optical properties (molar absorptivity (&n,), absorption

5
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e
‘703
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w
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Figure 4. Absorption spectrum of BBL-P (red) and BBL (gray) in (a)
dilute methanesulfonic acid solution and (b) thin film on the glass
substrate.

coefficient («), and optical bandgap (EgOPt')) are summarized
in Table 2. In solution (Figure 4a), BBL-P has a broad
absorption band with a peak at 512 nm (g,,,, = 3.7 X 10* M~}
cm™) and a lower intensity peak at 840 nm (&, = 1.3 X 10*
M™" cm™). To help in understanding the unusual line shape of
the absorption spectrum of BBL-P in MSA solution, we also
show the absorption spectrum of BBL in MSA solution in
Figure 4a. A relatively narrow absorption band with a peak at
545 nm (&, = 4.3 x 10* M~! cm™) is seen in the parent BBL.
We propose that the 840 nm absorption band in the MSA
solution spectrum of BBL-P is due to intramolecular charge
transfer (ICT),”° enhanced by protonation of the imine
nitrogens of the phenazine moieties. This interpretation is in
agreement with similar observations in acid solutions of imine
nitrogen-containing z-conjugated polymers’” as well as with
the previously discussed DFT calculations.

The thin film absorption spectrum of BBL-P (Figure 4b) is a
broad band in the 300—700 nm range with a peak centered at
474 nm and absorption coefficient of 1.4 X 10° cm™.. The
optical bandgap (E;Pt') measured from the onset of the BBL-P
thin film absorption spectrum is 1.64 eV, which is identical to
the bandgap measured from the freestanding BBL-P film
(Figure le). Compared to the solution absorption spectrum,
the thin film absorption spectrum is markedly different in line
shape. Notably, the 840 nm absorption peak observed in the
solution spectrum is absent in the solid state, confirming its
protonation-induced ICT origin. The main absorption peak of
BBL-P, which is due to the 7—z* transition, centered at 512
nm in the solution spectrum is significantly blue shifted to 474
nm in the solid state (Table 2). It is tempting to interpret the
blue shift of the thin film absorption spectrum of BBL-P
relative to its solution as a consequence of H-aggregation in the
solid state.”®”” However, an alternative interpretation is that
the difference originates in differences in backbone con-
formation in solution and the solid state;*° in this case, the
protonated polymer chains in solution would presumably be
more planar than the neutral polymer chains in the thin film.

The MSA solution and thin film optical absorption spectra
of BBL, the parent ladder polymer, are shown in Figure 4a,b,
respectively, for comparison with those of BBL-P. There are
clearly dramatic differences in both the solution and solid-state
absorption spectra. It is to be noted that BBL does not absorb
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above 600 nm in MSA solution, and this further confirms that
the 840 nm absorption band in BBL-P solution originates from
protonation of the phenazine moieties. Furthermore, in
solution, the BBL-P absorption maximum (4., = 512 nm)
is 33 nm blue-shifted relative to BBL but the two ladder
polymers have comparable ¢,,,, (Table 2). Although BBL-P has
a slightly narrower optical bandgap (E,”" = 1.64 eV) than BBL
(Eg"Pt' = 1.70 eV), there is a large difference in the solid-state
absorption maxima of 574 nm in BBL versus 474 nm in BBL-P
(Table 2). The slow rise of absorption from the edge to the
absorption maximum in BBL-P is indicative of a more
disordered organic semiconductor compared to BBL with a
sharp rise in absorption (Figure 4b).

Thin Film Morphology. Atomic force microscopy (AFM)
imaging and two-dimensional grazing-incidence wide-angle X-
ray scattering (2D-GIWAXS) are used to characterize the
surface morphology and bulk morphology of BBL-P films,
respectively. AFM height and phase images of BBL-P are
shown in Figure SSa,b, whereas the 2D GIWAXS diffraction
patterns and 1D line cuts for BBL-P films are presented in
Figure S. The peak positions, lamellar spacing, 7—7 stacking
distance, and crystalline coherence length (L) are summarized
in Table S1.

Out-of-plane (OOP) (010) 0OP
In-plane (IP)

Intensity (a.u.)

0.0 x'-";. Sy
05 00 05 10 15 20 0.5 1.0 11.5 2.0 2.5
Gy (A7) a (A"

Figure S. (a) 2D-GIWAXS diffraction pattern of BBL-P thin film and
(b) 1D line cuts of GIWAXS patterns in the out-of-plane (OOP)
direction and the in-plane (IP) direction.

Films of BBL-P showed a featureless and smooth surface
(Figure SSa,b) with a root-mean-square roughness of 1.6 nm in
AFM imaging, suggesting a relatively low degree of polymer
crystallinity. BBL-P films exhibited a pronounced (100)
diffraction peak in the in-plane (IP) direction at q,, of 0.78
A", which corresponds to a lamellar spacing of 8.03 A (Table
S1). We note that the lamellar packing distance of BBL-P is
slightly smaller than that of BBL (8.4 A),'® which can be
rationalized by the strong intermolecular interactions between
the imine nitrogens on the phenazine units. In the out-of-plane
(OOP) direction, the BBL-P thin film showed an intense
(010) diffraction peak at g, of 1.90 A™' resulting in a 7—7x
stacking distance of 3.31 A, which is comparable to a 7—x
stacking distance of 3.34 A for BBL thin films.'® The presence
of the (100) IP diffraction peak and the (010) OOP diffraction
peak collectively suggests that most BBL-P crystallites
preferentially adopt face-on orientations with respect to the
substrate. Furthermore, the crystalline coherence lengths (L.)
of BBL-P in the (100) IP and (010) OOP directions were
found to be 1.07 and 1.04 nm, respectively, which is
significantly lower than those of BBL (~12 nm and ~2$
nm) even at the lowest polymer molecular weight.lé Thus,
substitution of the phenazine moiety for the benzene moiety in
the polymer backbone not only renders the BBL-P polymer
more amorphous but also changes the molecular orientations

from preferentially edge-on in BBL'® to preferentially face-on
in BBL-P, both of which have implications for field-effect
electron transport of BBL-P thin films.

Field-Effect Charge Transport Properties. We inves-
tigated the electron transport properties of the BBL-P ladder
polymer by fabricating and characterizing n-channel organic
field-effect transistors (OFETs). The transistors were fab-
ricated in a bottom-gate/top-contact device architecture with
channel dimensions of 100 ym/1000 um (length/width). A
thin polystyrene buffer layer was used to passivate silanol
charge trapping sites on silicon dioxide surfaces.'”®" The
presence of a low dielectric constant buffer layer has been
previously demonstrated to reduce the number of charge
trapping groups and energetic expense from the charge carrier-
dipole interactions in BBL OFETs.'”®" The capacitance per
unit area of the gate dielectric was calculated from the
dielectric constants and thickness of the layers to be 10.6 nF/
cm?, Representative output and transfer curves are presented in
Figure 6, and the transistors parameters are summarized in
Table S2.
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Figure 6. (a) Representative output curves of the BBL-P n-channel
organic field-effect transistor with a channel length/channel width of
100 um/1000 pm. (b) Representative transfer curve of the BBL-P
transistor.

The n-channel BBL-P OFETs showed reasonable current
modulation with good saturation (Figure 6a) and minimal
hysteresis (Figure S6). The average saturation region field-
effect electron mobility (yppr) of BBL-P in a nitrogen
atmosphere was found to be (9.60 + 1.58) X 107> cm?/V s.
The maximum pggr value of BBL-P on the polystyrene buffer
layer was 1.21 X 10™* cm?/V s (Table S2), which is about two
orders of magnitude lower than that of BBL measured using
the same device configuration.'” The observed lower electron
mobility of BBL-P is partly due to the lower polymer molecular
weight as exemplified by the low intrinsic viscosity ([#7] ~ 0.7
dL/g in MSA at 30.0 °C) compared to that of the previously
reported value for BBL ([#] ~ 7.0 dL/g in MSA at 30.0
°C).'*' The modest field-effect electron mobility of BBL-P
can also be attributed to poor polymer crystallinity as well as
the predominantly face-on molecular orientations observed in
the thin film microstructure. The average on/off current ratio
was (7.7 + 3.4) X 107 whereas the average threshold voltage
was 45.1 + 1.72 V. We note that improved electron mobility,
higher on/off current ratio, and lower threshold voltage can be
achieved by further increasing BBL-P molecular weights to not
only enhance the polymer crystallinity but also increase the
volume fraction of edge-on oriented crystallites.®

Mechanical Properties of BBL-P Thin Films. We also
investigated the mechanical properties of BBL-P ladder
polymers by using the nanoindentation technique. The
nanoindentation test enabled local probing of the dynamic
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mechanical properties of BBL-P films, which could be more
sensitive than dynamic mechanical analysis of bulk samples.®”
The nanoindentation measurements were carried out in a
constant displacement mode whereby three indents were made
across the film surface at each indent depth. The total BBL-P
film thickness was determined by a profilometer to be around
650 nm, which was sufficiently thick to assume that the
measured mechanical properties are intrinsic to BBL-P film
without any substrate interference. The load profiles (Figure
S7f) consisted of three processes including S s of loading, 30 s
of holding to allow creep effects to settle, and 5 s of unloading.
The response load—displacement curve is presented in Figure
S7g. The AFM topography images of the BBL-P film surface
collected after each measurement (Figures S7a—e) showed
distinct indent marks.

As presented in Figure 7a, the elastic modulus of BBL-P thin
films varied marginally between 13 and 20% indent depth into
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Figure 7. (a) Elastic modulus of BBL-P thin films at various indent
depths measured by nanoindentation tests. (b-d) Dynamic mechan-
ical properties of BBL-P thin films as a function of frequency
measured at room temperature by nano(dynamic mechanical
analysis): (b) storage modulus, (c) loss modulus, and (d) loss
tangent (tan &).

the total film thickness while values outside this range are likely
to be either underestimated (<10%) due to the “skin effect”®*
or overestimated due to substrate effects (>20%).*” Thus, the
elastic modulus of BBL-P thin film was found to be 10 GPa,
which was averaged from the moduli in the range of 13—20%
into the film thickness.*>** The elastic modulus of BBL-P was
a few times higher than that of other non-ladder conjugated
polymers (0.7—2.7 GPa),**™*" indicating the superior
mechanical properties of rigid-rod ladder polymers.

The dynamic mechanical properties of BBL-P thin films
were also investigated by applying a sinusoidal load profile
using the nanoindentation probe with an amplitude of 100 uN
at varying frequencies from 45 to 200 Hz, and the results are
shown in Figure 7b—d. The storage modulus (E’) of BBL-P
polymers was found to be around 11 GPa and independent of
the applied frequency. Similar behavior was also observed for
the loss modulus (E”) (Figure 7c) as a function of the applied
frequency. The order of magnitude higher E’ values of BBL-P
compared to semiflexible conjugated polymers measured using
the same technique accompanied by the relatively constant E’
and E” are indicative of the superior mechanical robustness of

the class of rigid-rod ladder polymers. This observation is
further confirmed by the small loss tangent (tan § < 0.05)
(Figure 7d), which indicates that the BBL-P polymer behaves
as a nearly elastic material in contrast to other non-ladder
conjugated polymers.”* Furthermore, the near-zero tan &
values allow the approximation of Young’s modulus of BBL-P
to be ~11 GPa.

To place the observed elastic modulus of BBL-P in context,
we also performed nanoindentation tests on the parent BBL
ladder polymer as a check. The average elastic modulus of BBL
film (Egg) was found to be 7.9 + 0.4 GPa, which is within a
reasonable range of reported values.*”” An elastic modulus of
about 4 GPa was reported for a BBL filter cake (25 mm) via
dynamic mechanical analysis®” while that of heat-treated highly
oriented BBL fibers was found to be 120 GPa.”

B CONCLUSIONS

We have synthesized and for the first time investigated the
electronic structure, thin film morphology, field-effect electron
transport, and optical and mechanical properties of phenazine-
substituted ladder poly(benzimidazobenzo-
phenanthrolinedione), BBL-P. Although the measured intrinsic
viscosity ([#7]) of 1.1 dL/g in concentrated H,SO, implies a
moderate molecular weight, the BBL-P sample could form
strong and flexible freestanding films. In MSA solution, the
BBL-P absorption spectrum showed an additional long-
wavelength peak at 840 nm, which is absent in the spectrum
of BBL and is attributed to an intramolecular charge transfer
(ICT) band enabled by protonation of the phenazine moiety
in BBL-P. Our characterization of the mechanical properties of
BBL-P films by nanoindentation technique gave a high Young
modulus of 11 GPa.

BBL-P thin films have an optical bandgap of 1.6 eV, which is
slightly reduced relative to that of BBL (1.7 eV). GIWAXS
characterization of the thin film microstructure of BBL-P
showed that the degree of crystallinity is reduced and the
predominant molecular orientation (face-on) is different
compared to reported BBL thin films (edge-on).'® We found
the LUMO energy level of BBL-P thin films (—4.0 eV) to be
identical to that of BBL; however, the measured HOMO
energy level of —5.5 eV is significantly elevated compared to
BBL (=5.9 €V)."” BBL-P based n-channel OFETs had an
average electron mobility of 1.0 X 107* cm?/V s, which is
about two orders of magnitude less than in BBL'’ likely due to
the reduced molecular weight, reduced crystallinity, and
unfavorable face-on molecular orientations of BBL-P. The
present results on BBL-P provide important new insights into
how the backbone chain structure of z-conjugated polymers
influences the electronic structure, thin film morphology, and
optical and charge transport properties. Further investigations
of the performance of BBL-P polymer as an n-channel material
of OECTs will be intriguing as lower crystallinity and the
hygroscopic nature of BBL-P may be beneficial to OECT
operation.gl’92
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