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Abstract

Polymer semiconductors show unique combinations of mechanical and optoelectronic properties that
strongly depend on their microstructure and morphology. Here, we have used a model m-conjugated
bithiophene repeat unit to incorporate optoelectronic functionality into an aliphatic polyamide
backbone by solution-phase polycondensation. Intermolecular hydrogen bonding between the amide
groups ensured stable short-range order in the form of lamellar crystalline domains in the resulting
semiaromatic polyamides, which could be processed from the melt and exhibited structural and
thermomechanical characteristics comparable with those of existing engineering polyamides. At the
same time, however, pulse-radiolysis time-resolved microwave conductivity measurements indicated
charge carrier mobilities that were an order of magnitude greater than previously observed in
bithiophene-based materials. Our results hence provide a convincing demonstration of the potential of
amide hydrogen bonding interactions for obtaining unique combinations of mechanical and

optoelectronic properties in thermoplastic polymers.



Introduction

Polymer semiconductors are an important class of materials with charge transport behavior similar to
conventional semiconductors, but which are inherently viscoelastic owing to their ability to form
continuous elastic networks with a locally dissipative response, depending on the time scale of the
measurement.! They may therefore show greatly enhanced strength and toughness compared with
low molecular weight organic semiconductors.2 However, they also show varying degrees of structural
order, with important consequences for their macroscopic behavior. It is hence possible to tune the
mechanical and optoelectronic properties of polymer semiconductors by controlling their structural
order at different length scales.3-5 This has led to a considerable effort over the last two decades to
better understand the corresponding structure-property relationships, with the aim of designing and
developing materials with increased charge carrier mobilities.6” However, systematic investigations of
the mechanical properties of polymer semiconductors are scarce and have largely focused on
stretchable materials for wearable electronic devices, with little emphasis to date on high-

performance engineering materials with useful electronic properties.8

Polymer semiconductors are typically semicrystalline, comprising amorphous regions and well-
ordered crystalline domains characterized by two-dimensional lamellar stacks with a m-conjugated
backbone, separated by layers of aliphatic side chains, as in the case of the prototypical regioregular
poly(3-hexylthiophene).%10 The resulting morphology is complex, and understanding charge transport
in such systems has consequently remained a challenge. However, recent studies have shown that
efficient intermolecular charge transport may be achieved in high-performance polymer
semiconductors that display high degrees of short-range order but no significant long range order and
no phase boundaries, provided that aligned conjugated chain backbones form continuous paths

between the locally ordered domains.311

Well-defined short-range order but limited long-range order are also characteristic features of many
polyamides, which may exhibit lamellar crystalline domains with thicknesses of as little as 2 nm in the
chain direction, corresponding to fewer than two repeat units, depending on their chemical
structure.1213 These materials are highly sought after for engineering applications owing to their
excellent specific mechanical strength, stiffness, and heat resistance, particularly when hydrogen

bonding between the amide groups is combined with a partly or fully aromatic chain backbone.1415 We



have recently used transamidation during high-temperature melt compounding to introduce aliphatic
substitutional defects into a high-performance semiaromatic copolyamide, with the aim of generating
disorder in the crystalline lamellae while maintaining the degree of crystallinity and promoting strain-
induced ordering in the amorphous regions, providing materials with improved toughness without

compromising strength and stiffness.13.16

By contrast, the use of amide chemistry to control order and disorder at the nanoscale has seldom
been investigated from the standpoint of organic electronics. Muguruma and coworkers prepared thin
films from polyamides and polyurethanes containing quaterthiophene segments by co-deposition of
appropriate difunctional monomers, but they did not provide details of the resulting structures nor the
mechanical or electronic properties.”18 To the best of our knowledge, no other studies of the
properties of polyamides containing organic semiconducting segments have so far been published.
The effects of hydrogen bonding on the electronic properties of small molecules and polymers have
nevertheless been extensively investigated both experimentally and through numerical modeling. It
was originally supposed that hydrogen bonding might be detrimental to charge transport in organic
semiconductors.!® However, the subsequent emergence of small molecule and polymer
semiconductors containing hydrogen bonds has shown this not to be the case. For instance, Glowacki
et al. reported field-effect mobilities of up to 1.5cm2V-1s-! in certain hydrogen-bonded
heteroanalogues of pentacene and tetracene, and enhanced device lifetimes compared with those of
their non-hydrogen bonded acene analogues.2® Similarly, Wiirthner et al. found hydrogen-bonded
octachloroperylene bisimide to be an efficient n-type semiconductor with field-effect mobilities of up
to 0.9 cm2V-1s-1, and to show useful device lifetimes even under ambient conditions.2! Moreover,
recent computational studies of hydrogen-bonded n-type or p-type organic semiconductors have
provided corroborating evidence of a beneficial effect of hydrogen bonding for electronic
properties.2223 It follows that polyamide-based semiconductors may provide a means of combining
outstanding mechanical performance with improved charge transport in a compositionally
heterogeneous material, particularly if their local order can be tailored through a suitable choice of the

molecular architecture and disposition of the functional groups.

Here, we demonstrate that hydrogen bonding associated with amide groups is indeed effective as a
means of stabilizing the local packing of m-conjugated segments in a polymer. To this end, we have

focused on the use of a bithiophene core as a model repeat unit to provide optoelectronic functionality.



Different polyamides were obtained by solution-phase polycondensation of a bithiophene dicarboxylic
acid monomer with a range of aliphatic diamine monomers under Yamazaki-Higashi conditions. These
materials were shown from extensive structural and thermomechanical analyses to reproduce many
of the characteristics of typical engineering materials obtained from semiaromatic polyamides. At the
same time, certain formulations showed significant charge carrier mobility, suggesting this to be a

promising first step towards a functioning semiconducting engineering thermoplastic.

Experimental Part

Materials and Instrumentation

Materials. All materials and solvents were purchased from commercial suppliers and used without
further purification. Chromatography solvents were purchased as reagent grades and distilled once
prior to use. The progress of the reactions was monitored by thin-layer chromatography (TLC) on
Merck TLC plates (Silica gel 60 F2s4). UV light (254 nm) was used for detection of compounds on the
TLC plates. The detailed synthesis conditions for 3,3'-(2,2'-bithiophene-5,5'-diyl)dibutyric acid (T2)

and dipropyl 4,4’-(2,2’-bithiophene-5,5’-diyl)dibutanamide (T2a) have been reported elsewhere.24

NMR Spectroscopy. NMR spectroscopy was performed on a Bruker Avance III 400 spectrometer at
400 MHz and 100 MHz magnetic field strength at 298 K for 'H and 13C nuclei, respectively. Deuterated
solvents were purchased from Cambridge Isotope Laboratories, Inc. The spectra were calibrated to the
respective residual solvent peaks of DMSO-d¢ (2.50 ppm 'H NMR; 39.52 ppm 13C NMR) or CDCl; (7.26
ppm 'H NMR; 77.16 ppm 13C NMR). The 1H NMR spectra of the polyamides were recorded in non-
deuterated 1,1,1,3,3,3-hexafluoropropan-2-ol with acetone-dé as the internal standard (2.05 ppm in
1H NMR). Chemical shifts are expressed in parts per million (ppm) and coupling constants are given in

Hz (s = singlet, d = doublet, t = triplet, q = quadruplet, p = quintet, m = multiplet, br = broad signal).

Infrared Spectroscopy. Infrared spectra were measured on a JASCO FT/IR 6300 spectrometer using the

Miracle attenuated total reflection (ATR) accessory from PIKE.

UV-vis Spectroscopy. UV-vis spectra were measured on a Jasco V-670 spectrometer, solution phase
spectra of 1,1,1,3,3,3-hexafluoropropane-2-ol (HFIP) solutions (5 mg/mL) were obtained using Hellma
quartz cuvettes (1 mm path length), and spectra of thin films were measured on samples prepared

onto a quartz substrate by spin-coating (4000 rpm, 1 min) using 100 pL of a stock solution (2 mg/mL).



Mass Spectrometry. High-resolution mass spectrometry was carried out on either a Waters Q-ToF

Ultima for ESI or on a Waters QTOF Xevo G2-S for APPI.

Single Crystal X-Ray Measurements. Bragg-intensities were obtained from a single crystal of T2a at
200 K using a Rigaku SuperNova dual system diffractometer (CuKa radiation, A = 1.54184 A) equipped
with an Atlas S2 CCD detector. The dataset was reduced and corrected for absorption using
CrysAlisPro.25 Solution and refinement of the crystal structures were performed using SHELXT?26 and
SHELXL-201827, respectively. All non-hydrogen atoms were refined anisotropically using the full-
matrix least-squares method on |F|?, while the hydrogen atoms were placed at calculated positions
and refined using the riding model. Each H-atom was assigned a fixed isotropic displacement
parameter with a value equal to 1.2 Ugq of its parent C-atom (1.5 Ueq for the methyl groups). The
propyl-NH moiety was found to be disordered over two orientations found in a difference map and
which were refined anisotropically using SADI and SIMU cards for the least-squares refinement,
yielding site occupancies of 0.544(8)/0.456(8). Crystallographic and refinement data are summarized
in Supplementary Tables S2-S3. The CCDC number 1951221 for compound T2a contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.

X-Ray Diffraction and Structure Analysis. 1D powder wide-angle X-Ray diffraction (WAXD) patterns for
the as-synthesized polyamides were obtained in reflection mode using a PANalytical X'Pert Pro MPD
diffractometer (CuKa radiation, A = 1.54 A) in the Bragg-Brentano geometry. The X-ray tube was
operated at 45 kV and 40 mA and scanning was carried out from 260 = 15 to 30 ° angles using a fixed

divergence slit of 0.25 °, a step size of 0.0167 ° and a time per step of 120.015 s.

Small-Angle X-ray Scattering (SAXS) patterns and 2D WAXD patterns for the recrystallized polyamides
were obtained using a rotating anode X-Ray tube (CuKa radiation, A = 1.54 A) at the MATEIS
laboratory of the Institut National des Sciences Appliquées de Lyon, France. The data were recorded in
transmission with a beam size of 500 um x 500 um and a 2D CCD detector (Princeton Instruments)
with specimen-detector distances of 343 mm and 42.1 mm and exposure times of 180 and 1200 s for
SAXS and WAXD respectively, corrected for the thickness and the absorption of the specimens, and
integrated azimuthally. A broad low-angle peak observed in the SAXS patterns was assumed to arise
from approximately periodic stacking of high aspect ratio crystalline lamellae, giving direct access to

the lamellar long period, Lp. The lamellar thickness, L., was estimated from the corresponding



correlation function following Strobl and Schneider.28 The volume fraction of the crystalline phase was

then estimated from the ratio Lc / Lp.

Trial crystal structures for the polyamides were generated using the BIOVIA Materials Studio graphics
user interface. Their geometry was then optimized with respect to all structural degrees of freedom
subject to periodic boundary conditions, using classical force field-based energy minimization with the
generic Dreiding force field?® and the method of steepest descents with charge equilibration. WAXD

patterns were simulated using the BIOVIA Reflex software package.

Gel Permeation Chromatography (GPC). The number and weight average molecular weights, M, and
M., and the dispersity, D, of the polyamides were determined using an Agilent 1260 Infinity GPC/SEC
system with a refractive index detector and a total column length of 650 mm (PSS PFG, 100 A).
1,1,1,3,3,3-hexafluoropropane-2-ol (HFIP) was used as the eluent at a flow rate of 1 mL/min and
temperature of 25°C. Six poly(methyl methacrylate) (PMMA) standards with molar masses of
between 2’000 and 44’000 g/mol and P < 1.1 were used for calibration. The polyamides and the

PMMA standards were all dissolved in neat HFIP (¢ = 2 mg/mL).

Thermal Characterization. Thermogravimetric analysis (TGA) scans were recorded using a Perkin
Elmer TGA 4000. The specimens (5-10 mg) were dried in high vacuum at 80 °C for 24 h and then

heated from 30 °C to 950 °C at a scanning rate of 10 °C/min in a flow of nitrogen (20 mL/min).

Differential scanning calorimetry (DSC) was carried out with a TA Instruments Q100 calorimeter at a
scanning rate of 10°C/min under nitrogen flow (50 mL/min). Specimens of about 3-5 mg were first
heated to a temperature 30 °C above their melting point and then cooled to 0 °C at a cooling rate of -
10 °C/min in order to erase the effects of their thermal history. The data given for the thermal
transitions were obtained from the second heating and first cooling scans. Melting (Tw) and
crystallization (T¢) temperatures were defined as the temperatures corresponding to the maxima of
the respective enthalpy peaks, while T; was defined as the half-height of the heat capacity step
associated with the glass transition. The melting enthalpies AH,, were estimated by integrating the
area under the melting peaks. The corresponding experimental errors are essentially due to the

sensitivity of these measurements to the choice of baseline.

Atomic Force Microscopy. Pressed films with thicknesses of the order of 100 um were deposited on a
flat glass substrate, heated to as temperature about 30 °C above their melting point as determined by

DSC, and crystallized isothermally in air at the required temperature. The resulting surface textures



were observed by intermittent-contact-mode AFM (Bruker Nanoscope Illa) with a MikroMasch NSC14

silicon probe (root-mean-square free amplitude = 2 V, set-point amplitude = 0.6-1.2 V).

Polarized Optical Microscopy. Polarized optical microscopy on the pressed films were carried out on

an Olympus BH2 microscope equipped with Colorview I digital camera.

Electron Microscopy. Thin films of the polyamides for selected area electron diffraction (SAED) were
obtained by friction deposition from a small block of the solid polyamide onto a freshly cleaved crystal
of KBr held at 20-30 °C below the melting point of the polyamide, followed by dissolution of the KBr
and deposition of the remaining oriented film onto a carbon covered 400 mesh grid. Electron fiber
diffraction patterns were recorded using a Thermo Scientific Talos transmission electron microscope

(TEM) operated at 200 kV.

Nanoindentation Measurements. Nanoindentation experiments were performed on 300 um thick
pressed films of the polyamides, cooled at 10 °C/min from the melt, using an NHT2 Nanoindentation
Tester from Anton Paar equipped with a Berkovich diamond indenter (a¢ = 65.3 * 0.3). Loading and
unloading rates were set to 100 mN/min with a pause of 30 s, and the maximum load was 10 mN. 2-3
films were made from each material and a minimum of 25 indents were performed on two different
areas of each. Hardness (Hir) and elastic modulus (Eir) were determined from the unloading part of
the measurement using the method of Oliver and Pharr3? and assuming a Poisson’s ratio of 0.4

throughout.

Dynamic Mechanical Analysis. Dynamic mechanical testing (861¢, Mettler Toledo) was performed in
shear mode at room temperature with a strain amplitude of 0.1%. Each specimen was tested at
successive frequencies of 10, 1 and 0.1 Hz. The test specimens were films of 0.3 mm in thickness with a
geometric factor between 20-50 m! prepared using a hot press under the same conditions as for the

indentation measurements.

Field-Effect Transistors. Field-effect transistors were fabricated in two different configurations. The
PA6T2 polyamide solution (5 mg/mL in HFIP) was spin-coated (80 pL, 4000 rpm) either onto heavily
boron-doped silicon wafers (Si*) (525 um) with a thermal oxide layer of 200 nm (capacitance,
C=19.5nF/cm?) that were purchased from the Center of Micronanotechnology at EPFL or onto
Generation 4 Fraunhofer n-doped silicon microchips with 230 nm SiO; gate dielectric (C = 18 nF/cm?2)
with interdigitated gold source and drain electrodes (30 nm). For the former, top contacts were

patterned via thermal deposition of gold source and drain electrodes (40 nm) in high vacuum (10-



6 mbar) through different shadow masks. Electrical characterizations of the field-effect transistors

were performed under the inert atmosphere of a glovebox with a Keithley 4200 parameter analyzer.

Pulse Radiolysis Time-Resolved Microwave Conductivity. Charges were generated in powder samples
(20-50 mg) by irradiation with short pulses (2-20 ns) of high-energy electrons (3 MeV) from a Van de
Graaff accelerator. The penetration depth of these high-energy electrons in the materials is several
millimeters, resulting in close to homogenous ionization and hence a uniform concentration of
charges. The change in conductivity of the material due to charges generated by the irradiation was
probed using high frequency microwaves (28 to 38 GHz). The fractional change in the microwave
power (AP /P) absorbed on irradiation is directly proportional to the change in the conductivity (Ac)

according to

AP
— = —AlAo
P

where the sensitivity factor, 4, is a sensitivity factor that depends on the geometric and dielectric
properties of the material.3! The conductivity (Ag) is related to the mobility of all charged species, and

their concentration, Ny, through
Ao =eN, ¥ u

where e is the elementary charge (1.6 - 10-19 C). This this is equation allows the mobility of the charge
carriers to be calculated given a reasonable estimate of their concentration. Such an estimate may be
obtained from dosimetry measurements, which provides the amount of energy deposited by the

electron pulse, as described in detail previously.32
Synthesis Procedures and Analytical Data

General Procedure for the Synthesis of Semiaromatic Polyamides (PAnT2). A flame-dried 50 mL
Schlenk tube equipped with a stirring bar was charged with the aliphatic diamine (0.50-3.00 mmol),
bithiophene dibutyric acid T2 (1.00 eq.), a mixture of anhydrous N-methylpyrrolidone (NMP) and
anhydrous pyridine (4:1, 3-11 mL), triphenylphosphite (TPP) (2.01 equiv.), as well as anhydrous
lithium chloride (LiCl) (4 wt%) in a flow of argon. The suspension was heated to 120 °C under
vigorous stirring. After 4 h, the solution was poured into MeOH (250 mL). The resulting precipitate
was filtered off, washed several times with hot MeOH, and dried in vacuum to yield the desired

polyamide PAnT2 as a yellow powder.

Poly(hexamethylene bithiophenedibutanamide) (PA6T2). The general procedure for the

synthesis of semiaromatic polyamides was followed, starting from 1,6-hexanediamine (316 mg,



2.72 mmol) and bithiophene dibutyric acid T2 (2.72 mmol), to give the desired polyamide PA6T2 in a
yield of 1.04 g (90%) after precipitation. H NMR (400 MHz, acetone-ds): 6 = 6.10 (s, 2H), 5.83 (s, 2H),
5.26 (br, 2H), 2.33 (q,/ = 6.1, 5.6 Hz, 4H), 1.93 (t, ] = 6.0 Hz, 4H), 1.43-1.33 (m, 4H), 1.16-0.98 (m, 4H),
0.63 (br, 4H), 0.45 (br, 4H) ppm. GPC (HFIP): M, = 13’500 (D = 1.5).

Poly(heptamethylene bithiophenedibutanamide) (PA7T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,7-heptanediamine (100 mg,
0.77 mmol) and bithiophene dibutyric acid T2 (0.77 mmol), to give the desired polyamide PA7T2 in a
yield of 270 mg (88%) after precipitation. H NMR (400 MHz, acetone-dq): 6 = 6.10 (s, 2H), 5.84 (s,
2H), 5.22 (br, 2H), 2.34 (dd, ] = 12.1, 6.2 Hz, 3H), 1.94 (t,] = 7.3 Hz, 3H), 1.39 (t, ] = 7.3 Hz, 2H), 1.14 -
1.03 (m, 2H), 0.63 (br, 2H), 0.45 (br, 4H) ppm. GPC (HFIP): M, = 12’500 (P = 1.6).

Poly(octamethylene bithiophenedibutanamide) (PA8T2). The general procedure was followed
for the synthesis of semiaromatic polyamides, starting from 1,8-octanediamine (282 mg, 1.96 mmol)
and bithiophene dibutyric acid T2 (1.96 mmol), to give the desired polyamide PA8T2 in a yield of
810 mg (90%) after precipitation. 1H NMR (400 MHz, acetone-de): 6 = 6.10 (d, ] = 1.9 Hz, 2H), 5.84 (s,
2H), 2.33 (dd, ] = 12.7, 7.3 Hz, 4H), 1.94 (t, ] = 7.0 Hz, 4H), 1.39 (t, ] = 7.5 Hz, 4H), 1.14 - 1.03 (m, 4H),
0.63 (br, 2H), 0.44 (br, 8H) ppm. GPC (HFIP): M, =12'700 (P = 1.5).

Poly(nonamethylene bithiophenedibutanamide) (PA9T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,9-nonanediamine (146 mg, 0.92
mmol) and bithiophene dibutyric acid T2 (0.92 mmol), to give the desired polyamide PA9T2 in a yield
of 390 mg (88%) after precipitation. 1H NMR (400 MHz, acetone-des): 6 = 6.10 (d, ] = 2.7 Hz, 2H), 5.84
(s, 2H), 5.20 (br, 2H), 2.33 (dd, ] = 11.5, 5.4 Hz, 4H), 1.95 (t,] = 5.4 Hz, 4H), 1.39 (t,] = 7.7 Hz, 4H), 1.14
-1.03 (m, 4H), 0.62 (br, 4H), 0.43 (br, 10H) ppm. GPC (HFIP): M, = 10’600 (D = 2).

Poly(decamethylene bithiophenedibutanamide) (PA10T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,10-decanediamine (146 mg,
0.85 mmol) and bithiophene dibutyric acid T2 (0.85 mmol), to give the desired polyamide PA10T2 in
a yield of 380 mg (91%) after precipitation. 'H NMR (400 MHz, acetone-ds): § = 6.08 (d, ] = 2.3 Hz, 2H),
5.81 (d, ] = 2.1 Hz, 2H), 5.17 (br, 2H), 2.30 (d, ] = 6.0 Hz, 4H), 1.92 (t, ] = 6.6 Hz, 4H), 1.36 (t,] = 7.2 Hz,
4H), 1.15 - 0.97 (m, 4H), 0.59 (br, 4H), 0.40 (br, 12H) ppm. GPC (HFIP): M, = 10’300 (D = 2).

Poly(undecamethylene bithiophenedibutanamide) (PA11T2). The general procedure was

followed for the synthesis of semiaromatic polyamides, starting from 1,11-undecanediamine (120 mg,

0.64 mmol) and bithiophene dibutyric acid T2 (0.64 mmol), to give the desired polyamide PA11T2 in



a yield of 300 mg (86%) after precipitation. 'H NMR (400 MHz, acetone-de): 6 = 6.14-6.06 (m, 2H),
5.84 (s, 2H), 5.20 (br, 2H), 2.32 (dd, ] = 11.4, 5.2 Hz, 4H), 2.02-1.88 (m, 4H), 1.48-1.30 (m, 4H), 1.15-
1.02 (m, 4H), 0.61 (br, 4H), 0.42 (br, 14H) ppm. GPC (HFIP): M, = 8’600 (P = 1.9).

Poly(dodecamethylene bithiophenedibutanamide) (PA12T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,12-dodecanediamine (142 mg,
0.71 mmol) and bithiophene dibutyric acid T2 (0.71 mmol), to give the desired polyamide PA12T2 in
ayield of 330 mg (89%) after precipitation. 'H NMR (400 MHz, acetone-ds): § = 6.07 (d, ] = 2.2 Hz, 2H),
5.81 (s, 2H), 5.16 (s, 2H), 2.30 (d, ] = 5.9 Hz, 4H), 1.92 (s, 4H), 1.36 (t, ] = 7.0 Hz, 4H), 1.14 - 0.95 (m,
4H), 0.59 (br, 4H), 0.39 (br, 16H) ppm. GPC (HFIP): M, = 10’700 (P = 1.9).

Results and Discussion

Synthesis of Bithiophene-Containing Semiaromatic Polyamides

We prepared a series of polyamides PAnT2 by solution-phase polycondensation of bithiophene
dibutyric acid T2 with different aliphatic diamines (with n carbon atoms) under standard Yamazaki-
Higashi conditions33-35, that is, using triphenylphosphite (TPP) and LiCl in a mixture of anhydrous
NMP and pyridine (Scheme 1, Table 1). Successful conversion was proven by 1D and 2D NMR as well
as solid-state IR spectroscopy (Supplementary Figure S1, Figure 2). Gel permeation chromatography
(GPC) in HFIP indicated number average molar masses (M,) on the order of 8600-13'000 g/mol and
dispersities (P) of 1.5-2.0 (Table 1). The polymers were soluble in 1,1,1,3,3,3-hexa-fluoropropan-2-
ol (HFIP) at room temperature and in polar solvents such as hexamethylphosphoramide (HMPA), m-
cresol, dimethylacetamide upon heating, but insoluble in dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), 1,2-dichlorobenzene, glacial acetic acid,

xylenes, cyclohexanone, or chlorobenzene even at elevated temperatures.

X

T2 PANT2 n=6-12

Scheme 1.Synthesis of semiaromatic polyamides PAnT2 by solution-phase polycondensation using Yamazaki-Higashi

conditions. Reaction conditions: a) triphenylphosphite (TPP), LiCl, NMP/pyridine (4:1), 120 °C, 4h, 86-91%.

Table 1. Yields, molecular weights, and dispersities (from gel permeation chromatography) of PAnT2.
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Polyamide GPC
PAnT2 n Amount [g] Yield [%] M [g/mol] Mw [g/mol] b
PA6T2 6 1.04 90 13’500 20’100 1.5
PA7T2 7 0.27 88 12’500 20’100 1.6
PA8T2 8 0.81 90 12’700 19°400 1.5
PA9T2 9 0.39 88 10’600 20’800 2.0
PA10T2 10 0.38 91 10’300 20’300 2.0
PA11T2 11 0.30 86 8’600 16’100 1.9
PA12T2 12 0.33 89 10’700 20’600 1.9
a) b)
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Figure 1. a) Results from thermogravimetric analysis (TGA) scans of PAnT2 indicated a main decomposition temperature
above 300 °C. b) Successive dynamic scanning calorimetry (DSC) cooling and heating scans from PAnT2 (n=6 to 12) at
10 °C/min. Melting of PAnT2 with even n was characterized by multiple melting endotherms, whereas only a single
endotherm was observed for odd n. c) The corresponding melting and crystallization temperatures showed a global decrease
with increasing n but were reduced for odd n with respect to the values obtained for adjacent even n. d) Representative

examples of DSC heating scans at 10 °C/min from PA8T2 after isothermal crystallization from the melt at the specified

temperatures.
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Thermogravimetric analysis (TGA) measurements on PAnT2 indicated a mass loss of 1-2% at about
250 °C, marking the onset of decomposition, and more substantial mass loss above 300 °C (Figure 1a).
Differential scanning calorimetry (DSC) scans were hence performed in the temperature range below
250 °C to minimize thermal degradation effects. All polymers PAnT2 were semicrystalline according
to DSC heating scans at 10 °C/min but showed distinct melting and crystallization behavior depending
on n (Figure 1b,c). The highest melting and crystallization temperatures of 210 and 171 °C,
respectively, were observed for PA6T2. However, although the main melting and crystallization
temperatures showed a global decrease with increasing n, there was also a clear odd/even effect, with
odd n resulting in significantly lower transition temperatures than adjacent even n (Figure 1c), as
reported previously for other polyamides, such as the series PAn10 (n =6 to 12).3¢ By contrast, the
PAnT2 glass transition temperature (T;) measured from the heating scans showed only a weak global

decrease with increasing n with a correspondingly slight odd-even effect (Figure 1c).

The crystalline structures of polyamides PAnT2 are expected to follow the trends typical of other
dyadic aliphatic polyamides. Optimum hydrogen bonding between parallel chains in the all-trans
conformation is only possible in even-even polyamides that are therefore able to adopt the triclinic a-
type crystalline form, consisting of stacks of planar hydrogen bonded sheets of fully extended
chains.143637 By contrast, even-odd, odd-even and odd-odd polyamides typically form pseudo-
hexagonal pleated sheet structures, collectively referred to as the y phase, in which the plane of the
amide groups tilts away from that of the methylene groups to allow formation of intersheet hydrogen
bonds.38 Because the T2 repeat units are effectively “even” repeat units, the stability of crystalline
PAnT2 as reflected by the melting point should be significantly higher for even n than for odd n, as
observed here. PAnT2 with odd n also showed a single melting endotherm in DSC heating scans at
10 °C/min, whereas at least two endotherms were observed for PAnT2 with even n. The separation of
these endotherms was most marked after isothermal crystallization at comparatively low
temperatures, suggesting the odd/even effect to influence the recrystallization or reorganization

behavior of the crystalline phase (Figure 1d, Supplementary Figure S2).39

Structural Characterization

Solid-state infrared (IR) spectra of the polyamides PAnT2 (Figure 2a,b) with n = 6-10 showed that the
broad absorption at 2700-3300 cm-! and the band at 1688 cm-! associated with the O-H and C=0

stretching vibrations of the free carboxylic acid group of the T2 monomer to be replaced by the
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characteristic amide A (3304 cm-1, FWHM 82 cm-!, N-H stretching), amide | (1634 cm-!, FWHM 32 cm-
1, C=0 stretching), and amide II (1534 cm-!, C=0 bending), consistent with typical IR spectral features
in semicrystalline polyamides (Supplementary Table $1).40 Because the same N-H and C=0 stretching
vibrations were observed in specimens of the bithiophene dipropylamide model compound T2a,
whose of which the crystal structure was known (see below), one may infer from the IR spectra that
the polymers PAnT2 comprised polymer chains organized into hydrogen-bonded sheets. The same
principal absorptions were also observed for the polyamides PAnT2 (Figure 2a,b) with n =11-12, but
their amide A and amide II absorptions were significantly broadened, indicating a lower degree of

order.
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Figure 2. a,b) Solid-state IR spectra of the bithiophene dibutyric acid T2, model compound T2a and the resulting
polyamides PAnT2. After polycondensation, the C=0 stretching vibration of the free carboxylic acid was replaced by the
amide A, I, and II bands of the amide functions. c¢) Wide-angle X-Ray diffraction (WAXD) patterns from the as-synthesized
(powder) and d) isothermally crystallized (bulk) specimens recorded at room temperature in reflection and transmission,
respectively. e) Degree of crystallinity for PAnT2 estimated from deconvolution of the WAXD profiles (Supplementary Figure
S3). f) Spacings corresponding to the lowest angle Bragg reflections from the WAXD patterns of the melt-crystallized

polyamides shown as a function of n.

WAXD patterns confirmed the presence of an ordered phase in the as-synthesized PAnT2 (Figure 2c),

and sharp well-defined Bragg peaks were visible after isothermal crystallization at a temperature
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10 °C higher than the temperature of the crystallization peak in the cooling scans (Figure 2d).
Consistent with the DSC results and IR spectra, the degree of crystallinity estimated from the WAXD
patterns (Figure 2e, Supplementary Figure S3) showed a global decrease with n, and again some

suggestion of an odd/even effect at low n, although it fell off sharply for n = 12.

For n <12, strong, well-separated reflections were observed at 26 = 22.4-23.3° and 26 = 20.4-21°,
corresponding to d-spacings in the range 3.80-3.97 and 4.23-4.35 A, respectively, while for n = 12, the
main peaks overlapped. Prominent low-angle peaks corresponding to d-spacings in the range of
19-26 A were also present (Figure 2f). The d spacings corresponding to the low angle WAXD peaks for
PAnT2 with odd n were greater than expected from interpolation of the data for even n (Figure 2f),
suggesting the c axis of the unit cell to lie closer to the basal plane normal for odd n. As discussed
above, if n is odd, optimum hydrogen bonding is no longer possible with the aliphatic sub-chains in the
all-trans conformation. Hence, by analogy with aliphatic polyamides with odd n, such as PA56,
consecutive amide groups along the chain may tilt in opposite directions away from the plane of the
methyl groups to form hydrogen bonds, leading to more compact conformations and a reduction in the
c-repeat distance. The required tilt of the amide groups is nevertheless small, resulting in monoclinic
packing and a centered unit cell in which the overall chain conformations remain close to the all-trans

conformations characteristic of the a phase.4!

To model the molecular arrangement of the polyamides PAnT2, and specifically the packing behavior
of the bithiophene unit, we used the single-crystal X-ray structure of model compound T2a as a
starting point,24 because its solid-state IR spectra showed very similar features (Figure 2a,b). T2a
crystallized in the triclinic space group P1, with the lattice parameters a=4.9848(4) A4,
b=5.6250(5) A, c=21.347(3) A, «=90.584(9)°, B=90.140(8)°, and y=107.702(8)° and a single
molecule in the unit cell (Figure 3, Supplementary Tables S2-S3). The amide functions formed two
infinite arrays of almost linear intermolecular N-H - - - 0=C hydrogen bonds (N-H--O « 162°, H---O
d=2.02A) with opposite orientation along the crystallographic a-axis. Simultaneously, the
bithiophenes adopted a parallel-displaced m-stacked arrangement with an interlayer spacing of 3.6 A,
a tilt angle of 40.5 ° relative to the crystallographic c-direction, and various intermolecular C---C, C---S,

and S---S close contacts (Figure 3c,d).
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Figure 3. a) Molecular structure of the bithiophene diamide model compound T2a. b) Ball-and-stick representations of the
single-crystal X-ray structure of T2a viewed along the ab-plane, showing the presence of both N-H - - - 0=C hydrogen bonds
and the parallel-displaced m-stacked arrangement of the bithiophene units with ¢) a hydrogen bonding distance (H---0) of
2.0 A and a bithiophene interlayer distance of 3.6 A. d) C--S and C---C and S---S close contacts between parallel-displaced pairs

of bithiophenes (all hydrogen atoms except those that participate in hydrogen bonding have been omitted for clarity).
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Figure 4. a) Model structure for PAnT2 with even n, shown here for n = 8, assuming a triclinic P1, space group with the ¢
axis parallel to the axes of the main methyl sub-chain. b) Selected area electron diffraction (SAED) pattern from an oriented
film of PA8T2. c¢) Comparison of the experimental WAXD data for a melt crystallized film of PA8T2 with a simulated WAXD
powder pattern from the structure in a) with lattice parameters a = 5.10 A, b= 5.68 &, c = 30.61 A, &= 60.40°, f=71.24 °, y=
109.68 ° derived from the SAED pattern.
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Trial crystal structures for PAnT2 with even n (Figure 4a) were hence generated assuming a triclinic
unit cell, packing and conformations analogous to those observed for T2a, and an all-trans
conformation for the aliphatic segments, consistent with the solid-state IR spectra. For convenience,
the ¢ axis of the unit cell was chosen to be parallel to the axis of the aliphatic sub-chains, so that
changes in n could be accommodated by adjusting c. In the case of n = 8, the unit cell parameters were
adjusted to fit the peak positions from selected-area electron diffraction (SAED) patterns from
oriented friction deposited films (Figure 4b), in which the higher order peaks were well resolved and
the layer line spacing provided an estimate of the ¢ repeat distance along the orientation axis. The
energy was then minimized, resulting in a hydrogen bond distance (H---0) of 2.0 4, as observed for the
model compound T2a. Simulated WAXD powder patterns based on this structure, with crystal
dimensions of 150 A in the a and b directions and 50 A in the ¢ direction, were in satisfactory
agreement with the experimental WAXD data from PA8T2 isothermally crystallized from the melt at
175 °C (Figure 4c). The peak at 260 of around 23° in PA6T2, PA8T2, and PA10T2 was hence identified
with scattering from the (100) and (010) planes, whereas the peak at 26 of 20.5 to 20.9 ° was
dominated by contributions from the (101) planes. Hence, in contrast to the o phase of PA66 42 and its
homologues, there was little scattering from the planes perpendicular to the hydrogen bond direction,
because the alignment of the sheets formed locally by the hydrogen-bonded aliphatic chains was

interrupted by the bithiophene units.

SAXS data for PAnT2 with even n crystallized under the same conditions as for the WAXD
measurements suggested lamellar thicknesses, L, that decreased from about 40 A in PA6T2 and
PA8T2 to 22 A in PA10T2 and PA12T2, assuming a two-phase lamellar structure (Figure 5a,b).
Hence, the L. for PA6T2 and PA8T2 were about 2.0 doo1 and 1.9 doo1, respectively, while for PA10T2
and PA12T2, L. and doo: were roughly equal. For comparison, lamellar thicknesses of as little as 20 A
have been reported for rapidly cooled aliphatic and semiaromatic polyamides.12 The lamellar spacing,
L,, determined by SAXS remained close to 110 A for all polyamides PAnT2. The corresponding SAXS
degree of crystallinity was therefore about 35 vol% for n = 6 and 8 but decreased to about 20 vol% at
higher n (Figure 5c), consistent with the values obtained from WAXD. This compares with typical

values of 30 vol% for semiaromatic polyamides*34* with comparable aliphatic sequence lengths.

Images obtained by AFM of films of PA8T2 on glass substrates melt-crystallized at 176 °C in air
indicated a two-dimensional banded spherulitic texture and a minimum lamellar spacing,

corresponding to edge-on lamellae, of 100-140 A in thickness (Figure 5e, Supplementary Figure S4), in
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good agreement with the SAXS data for L,. As the rigid bithiophene unit cannot easily accommodate
chain folding, we conclude that the crystalline lamellar structure in melt-crystallized PAnT2 (with
even n from 6 to 10) consisted of two layers of parallel-displaced, m-stacked bithiophenes separated by
a layer of inclined hydrogen-bonded aliphatic chains in the all-trans conformation (Figure 5d). In the
case of PAnT2 with odd n, when melt-crystallized under quiescent conditions, the corresponding
SAED results indicated more limited three-dimensional order (Supplementary Figure S5), in

agreement with the observations from DSC and WAXD.
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Figure 5. a) Estimation of the lamellar thickness (Lc) and lamellar long period (Lp) from the small-angle X-Ray scattering
(SAXS) correlation function for even n, assuming a two-phase model. b) Estimated L. and L, for the even polyamides along
with La, the thickness of the corresponding amorphous layer, taken to be equal to Lp- Le. ¢) Degree of crystallinity for PAnT2
estimated from the SAXS measurements (even n only). d) Schematic representation of the lamellar morphology of PA8T2. ¢)
Atomic force microscopy (AFM) intermittent contact mode height image the local lamellar structure in a film of PA8T2
isothermally crystallized from the melt at 176 °C. The white markers are separated by 10 nm. See Supplementary Figure S4

for more information.

Mechanical Characterization

Nanoindentation and dynamic mechanical analysis (DMA) measurements were used to evaluate the

mechanical properties of polyamide PAnT2 films compression molded at their nominal melting
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temperature and subsequently cooled at 10 °C/min (Figure 6a). A peak at about 210 MPa was
observed in the mean instrumented hardness from the nanoindentation measurements, Hr, for n = 7,
and then a gradual decrease with increasing n (Figure 6b), consistent with the evolution of the melting
enthalpy of the films measured by DSC (Figure 6d). The absolute values of Hir were hence similar to
the value of 176 MPa obtained from the aliphatic polyamide PA610 (Hir = 176 MPa), but lower than
the value of 404 MPa obtained from the industrial-grade semiaromatic polyamide poly(hexamethylene
terephthalamide-co-isophthalamide) (PA6TI) (Supplementary Figure S6). Elastic moduli, Eir, close to
2.9 GPa were obtained for n = 6 and 7 from the unloading curves (Figure 6a, Supplementary Figure S6)
according to the method of Oliver and Pharr, as compared to 3.8 MPa for PA6TI. Eir then decreased
gradually from 2.5 to 1.5 GPa for n between 8 and 9, that is, to below the value of around 1.8 GPa

observed for PA610 (Figure 6c¢).
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Figure 6. a) Typical load-displacement curves with the residual imprint (inset) from nanoindentation measurements on the
PAnT2 films. b) Instrumented hardness (Hir) and c) elastic modulus from the indentation measurements, Eir, and from
dynamic mechanical analysis, E’, of PAnT2 as a function of n. For comparison, the moduli of industrial-grade PA610 and
PAG6TI were shown as a broad range, representing the results obtained from nanoindentation and DMA. d) Melting enthalpy

of the specimens hot-pressed at their melting maxima.
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The average tensile storage moduli, E’, determined for comparison by DMA measurements on the
same PAnT2 films showed a similar trend, decreasing gradually from 3.4 to 1.5 GPa for n between 6
and 12 (Figure 6¢), consistent with a reported decrease in the tensile modulus from 2.1 GPa to 1.7 GPa
as n is increased from 6 to 10 in PAn10.#5 The bithiophene-containing polyamides were hence
confirmed to show similar effective strengths and stiffnesses to representative industrial-grade

engineering polymers such as PA610 and PA6TI.46

Optoelectronic Properties

UV-vis absorption spectroscopy of PA6T2 and the model compound T2a in HFIP showed an
absorption band with a maximum at 317 nm and a shoulder at around 340 nm (Figure 7aq, solid lines).
Thin films of PA6T2 and the model compound T2a spin-coated onto quartz substrates exhibited
similar absorptions with slightly red-shifted absorption maxima at 323 and 321 nm, respectively, and
shoulders at around 360 nm (Figure 7a, dashed lines). PA6T2 also underwent photo-bleaching in
HFIP when irradiated at 317 nm (Supplementary Figure S7), indicating that the photo-excited state is

prone irreversible electron transfer and oxidation reactions.

Pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) was used as an initial probe of the
charge transport properties. PR-TRMC measurements on specimens of the polyamides PAnT2 for
n=6 and 12, as well as the model compound T2a at room temperature in the range of 28 to 38 GHz
with pulse widths of 2-20ns (Figure 7b) resulted in mobilities, g of 0.044 cm2V-1s-1 (TZ2a),
0.017 cm? V-1s-1 (PA6T2) and 0.018 cm? V-1s-1 (PA12T2). These mobilities are around one order of
magnitude higher than the highest values of 0.005 cm?2 V-1s-1 reported for other bithiophene-based
systems,*” and close to those in crystalline quaterthiophene and sexithiophene-based systems.48-51
This is considered to reflect the beneficial effect of hydrogen bonded substituents on the packing of m-

conjugated systems and hence the charge transport properties of the materials.52

Despite the promising charge carrier mobilities, field-effect transistors in either top-contact or
bottom-contact configuration showed no detectable currents. We attribute this observation to the
large HOMO-LUMO gap (4.6 eV) and the irreversible electron transfer reactions of bithiophene
systems owing to the high-lying LUMO level (-1eV) (Supplementary Figure S8). The energetic
mismatch of the HOMO and LUMO levels with the gold source/drain electrodes may also render the

charge carrier injection energetically unfavorable.
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Figure 7. a) Normalized UV-vis absorption spectra of PA6T2 compared with those of the model compound T2a from
solutions (solid lines) and spin-coated thin films on a quartz substrate (dashed lines). b) Transient change in conductivity of

T2a, PA6T2 and PA12T2 on irradiation with a 10 ns electron pulse normalized by the irradiation dose, D.

Conclusions

We prepared a series of melt-processable semicrystalline bithiophene-containing polyamides by
solution-phase polycondensation under Yamazaki-Higashi conditions. The crystal structures of these
polyamides were characterized by a close, parallel-displaced m-mt stacked arrangement unlike many
existing oligothiophenes but similar to that observed in the model compound bithiophene butanamide
T2a. As a result, PR-TRMC measurements demonstrated charge carrier mobilities that were an order
of magnitude greater than in their low molar mass analogues. The morphologies obtained on
solidification from melt were similar to those of typical engineering semicrystalline polyamides,
consisting of spherulitic agglomerates of interconnected stacked-crystalline lamellae. It follows that
the resulting hardnesses and elastic moduli were also similar to those of engineering semicrystalline

polyamides. Bithiophene-containing polyamides may therefore represent a step towards polyamide-
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based semiconductors, with a synergistic interplay of interchain hydrogen bonding and n-m stacking

rendering them suitable for applications in which both mechanical and optoelectronic properties play

an important role.
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