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ABSTRACT: We report herein the synthesis, electronic structure, exper- New n-Conjugated Ladder Polymer and Model Compound
imental and density functional theory (DFT) calculated optical properties, and . /'\@/ ¥ o7
electrical conductivity of a new z-conjugated ladder polymer, ladder @’ H‘@ = ;;A\(/\“/ \_/ \I/ o
poly(thienobenzothiazine) (LTBT), and its model compound, thienobis- NN 5;/‘\ e “"\/C.NG e
(benzothiazine) (TBBT). The synthesis of LTBT in a mixed polyphosphoric ) N
acid/sulfolane solvent system gave an intrinsic viscosity of 2.0 dL/g at 30 °C in

methanesulfonic acid, and the polymer could form large-area freestanding

films. Single-crystal X-ray structure of TBBT showed that it crystallizes in an @

s
SN —
orthorhombic structure with a coplanar thienobenzothiazine ladder backbone, NﬂN]i:( LS?:?
S,
2

TBBT
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——Thin Film
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s
which is in agreement with the DFT calculated structure. The electrochemi- LTBT
Optical Properties

cally derived HOMO and LUMO energy levels of —5.17 eV and —3.75 eV of

LTBT thin films revealed the p-type semiconducting nature of the conjugated 400 600 avelength (o~ 1°
ladder polymer. We thus p-doped LTBT thin films with FeCl;, leading to an

average electrical conductivity of 0.3 S/cm. These results demonstrate the potential of the new ladder polymer LTBT in organic
electronics while providing valuable insights into the structure—property relationships of semiconducting ladder polymers.

Normalized Absorbance

B INTRODUCTION aromaticity of the thiophene ring leads to improved orbital
overlap between the highest-occupied molecular orbital
(HOMO) energy level of the adjacent atoms in the solid
state, which can lower the HOMO energy level of the
polymer.” An example of the previously reported ladder
poly(pyrrolobenzothiazine) (LPBT)"*** and its model com-
pound PBBTZ*** are shown in Chart 1a. We have previously
showed that the LPBT has a donor—acceptor architecture and
thus has strong intramolecular charge transfer (ICT) character
in thin films and protic acid solutions. Moreover, previous
reports of LPBTs model compound, PBBTZ, (Chart la)
demonstrated its high polycrystalline®® and single-crystal’’
field-effect hole mobilities of 0.34 and 3.6 cm®/(V s), which
demonstrate its utility as a p-type semiconductor. Compared to
the pyrrole-based LPBT, we expect that substitution of
thiophene into the benzothiazine ladder backbone will
significantly narrow the optical bandgap and improve the
protonation-enhanced ICT interactions in the near-infrared
(NIR) region. Such features will make the new ladder polymer
an excellent candidate for applications in next generation

7-Conjugated ladder polymers (CLPs), which are composed of
conjugated double-stranded or all-polycyclic architectures, are
currently of broad interest for applications in electronics and
118 . . . 6,7 .
optoelectronics, including thin-film transistors, organic
89 . . . 10—1
photovoltaics,”” organic electrochemical transistors, or
. .2 14-16 19,20 21
ganic thermoelectrics, battery electrodes, lasers,” and
polariton transistors.”” Both n-type and p-type semiconducting
CLPs are essential for most of these applications. Recently,
conjugated ladder poly(pyrrolobenzothiazine)s (LPBTs) were
shown to be a promising class of p-type semiconducting
polymers by our group™ and others.'***** Toward inves-
tigation and understanding of the structure—property relation-
ships in CLPs, the ladder benzothiazine backbone***>%*
offers attractive opportunities in part because in addition to the
- . . L2328 :
possibility of side-chain engineering, chalcogen substitu-
tion is a possibility.

Among heteroatoms found in the structures of z-conjugated
polymers, sulfur and thus conjugated polymers based on
thiophene building blocks have been the most successful in
part because of their ambient chemical and photochemical ] _
stability. Thus, the success of thiophene semiconductors Received: April 10, 2024 M'“".

originates from the unique properties of the sulfur heteroatom. Revised:  July S, 2024
The sulfur atom in thiophene fosters strong electronic coupling Acce.pted: July 25, 2024
though noncovalent interactions such as 7—x, S—H, and S—N Published: August 7, 2024
in the solid state which can lead to planar geometries.”” >

Moreover, the larger atomic radius of the sulfur atom and

© 2024 American Chemical Society https://doi.org/10.1021/acs.macromol.4c00817

v ACS PUb| ications 8176 Macromolecules 2024, 57, 8176—8186


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+M.+West"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duyen+K.+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Werner+Kaminsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samson+A.+Jenekhe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.4c00817&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00817?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00817?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00817?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00817?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00817?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/57/16?ref=pdf
https://pubs.acs.org/toc/mamobx/57/16?ref=pdf
https://pubs.acs.org/toc/mamobx/57/16?ref=pdf
https://pubs.acs.org/toc/mamobx/57/16?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

Chart 1. (a) Molecular Structures of Model Compound
PBBTZ and p-Type Conjugated Ladder Polymer LPBT and
(b) Molecular Structures of Model Compound TBBT and
Ladder Polymer LTBT Synthesized in This Study
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optoelectronic devices such as organic solar cells** ™" and

photodetectors.*”*' ~*

Here, we report the synthesis of a new thiophene-based 7-
conjugated ladder polymer, ladder poly(thieno[3,2-b:4,5-b’]-
benzothiazine) (LTBT), and its model compound thieno[3,2-
b:4,5-b’]bis[1,4]benzothiazine (TBBT) (Chart 1b). We also
report detailed investigations of the molecular structure,
electronic structure, optical properties, and electrical con-
ductivity of p-doped LTBT. The new ladder polymer LTBT
was synthesized by using a unique solvent system to do the
polymerization that resulted in excellent film-forming proper-
ties as evidenced by large-area freestanding films of LTBT,
which were used to characterize the molecular structure by
Fourier-transform infrared (FTIR) and Raman spectroscopies.
The highly crystalline nature of TBBT enabled solution phase
growth of single crystals for X-ray crystal structure determi-
nation, which verified the molecular structures of TBBT and
LTBT. We found that LTBT has a donor—acceptor structure
with respect to the thiophene-benzothiazine backbone,
enabling enhanced intramolecular charge transfer (ICT) and
a narrow thin-film optical bandgap of 1.28 eV. We measured
the electrical conductivity of LTBT doped with FeCl; to be 0.3
S/cm.

B EXPERIMENTAL METHODS

Materials and Methods. 2,5-Diamino-1,4-benzenedithiol HCl
(97%) was purchased from Ambeed and recrystallized in 20% HCI
before use. Perbromothiophene (98%) was purchased from Ambeed
and used as received. Polyphosphoric acid (PPA, 84% P,O),
sulfolane, methanesulfonic acid (MSA) (>99%), trifluoroacetic acid
(TFA), triflic acid, fuming nitric acid (red, 90% > HNO;),
dichloromethane (DCM), acetone, dimethylformamide (DMF),
deuterated dimethyl sulfoxide (DMSO-d6), deuterated TFA (TFA-
d), FeCl;, and 2-aminobenzenethiol were purchased from Sigma-
Aldrich and used as received. Methanol, acetonitrile, and acetic acid
were purchased from Fisher Scientific and used as received. All
reactions were performed under inert atmosphere unless otherwise
stated.

The intrinsic viscosity [#] of LTBT was measured in the MSA
solution in an Ubbelohde viscometer suspended in a water bath at
30.0 °C. The concentrations of the polymer solution was 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 QS0 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.
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Optical absorption spectra were measured on a PerkinElmer model
Lambda 900 UV-—vis/near-IR spectrophotometer. Solution absorp-
tion spectra were obtained from dilute solutions (107> M) in MSA
and triflic acid. The 'H and "*C NMR spectra were recorded on a
Bruker AVS00 (at S00 MHz) using deuterated DMSO or TFA as the
solvent.

Cyclic voltammetry (CV) experiments were performed on an
EG&G Princeton Applied Research potentiostat/galvanostat (model
273A). A three-electrode cell was used, using platinum wires as the
counter electrodes and the polymer coated onto a platinum wire from
MSA solution as the working electrodes. Solution phase cyclic
voltammetry was performed at a concentration of 3 mg/mL. The
reference electrode was Ag/AgNO; in acetonitrile. The acidic solvents
in thin films were removed by dipping the substrates in isopropanol
(IPA) overnight and subsequently dried in a vacuum oven at 60 °C.
The supporting electrolyte solution consists of 0.1 M tetrabutylam-
monium hexafluorophosphate (Bu,NPF;) in anhydrous acetonitrile.
The electrolyte was purged with nitrogen for 15 min prior to the scans
to ensure inert and anhydrous conditions. The reduction and
oxidation potentials were referenced to the Fc/Fc* couple by using
ferrocene as an internal standard.**** LUMO energy levels were
estimated using ferrocene value of —4.8 eV with respect to vacuum
level. The LUMO and HOMO levels were determined by using the
equations Ejyyo = -(eEq™™" + 4.8) and Eyonmo = -(eEo™ + 4.8).

Fourier-transform infrared spectroscopy (FTIR) experiments were
performed on a PerkinElmer Frontier spectrometer using freestanding
films of LTBT and needles of TBBT. The resolution was set at 1 cm™
and a set of 16 scans was averaged. Raman spectroscopy of the
freestanding film was carried out on a Thermo Scientific DXR2
Raman microscope. A 532 nm laser with a power of 5 mW was
focused on a sample through a 10x objective lens.

Gas-phase density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations were performed
using the Gaussian 16 suite of programs46 at the wB97XD/631-
G(d,p) level of theory on the representative oligomers comprising
three repeat units. Vertical electronic transitions were calculated for
12 excited states.

Synthesis of 3,4-Dibromothiophene-2,5-dione (DBTD).
Fuming nitric acid (35 mL) was added to a reaction vessel and
chilled to 0 °C. Then, a mixture of perbromothiophene (5.0 g, 12.5
mmol) in DCM (13.5 mL) was added over 20 min. The reaction
mixture was then stirred for 1 h at 0 °C, poured into ice water,
extracted with DCM, and washed with water. The solvent was
removed on a rotary evaporator and the crude solid obtained was
dried at 50 °C in a vacuum oven. The final product was purified using
vacuum sublimation at 100 °C where a yellow, crystalline solid was
collected (yield 2.5 g, 74%). "H NMR (500 MHz, DMSO-d6, §): no
peaks observed. *C NMR (500 MHz, DMSO-d6, 5): 183.38, 141.03
Anal. Calcd for C,Br,0,S (%): C, 17.67; H, 0.00; O, 11.77; found
(%): C, 17.83; H, 0.0; O, 12.51.

Synthesis of 6H-Thieno[3,2-b:4,5-blbis[1,4]benzothiazine
(TBBT). Glacial acetic acid (24 mL) was added to a reaction vessel
equipped with a reflux condenser and purged with nitrogen for 15
min. 2-Aminothiophenol (1.00 g, 7.99 mmol) and 3,4-dibromothio-
phene-2,5-dione (1.09 g, 4.00 mmol) were added, and the mixture
was refluxed for 6 h. The reaction mixture was then cooled to room
temperature, filtered, and washed with methanol and acetone. The
crude solid was then recrystallized in DMF to give red needles (yield,
0.830 g, 64%). 'H NMR (500 MHz, TFA-d, 5): 7.68 (d, ] = 6.4 Hz,
2H), 7.56 (m, 6H). Anal. Calcd for C;sHgN,S; (%): C, 59.23; H,
2.49; N, 8.63; found (%): C, 59.31; H, 2.16; N, 8.63.

Synthesis of Ladder Poly(thienobenzothiazine) (LTBT). PPA
(16.78 g) was added to a reaction flask equipped with a mechanical
stirrer and purged with nitrogen at 150 °C overnight. The PPA was
cooled to room temperature and 2,5-diamino-1,4-benzenedithiol HCI
(1.78 g, 7.17 mmol) was added. Dehydrochlorination was conducted
at room temperature for 24 h followed by 70 °C for 24 h. Then, 3,4-
dibromothiophene-2,5-dione (1.95 g, 7.17 mmol) dissolved in
deoxygenated sulfolane (16.78 g) was added. The polymerization
mixture was stirred at 80 °C overnight followed by an incremental
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Scheme 1. Synthesis of TBBT and LTBT“
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“HNO; = fuming nitric acid, DCM = dichloromethane, AcOH = acetic acid, PPA = polyphosphoric acid (84% free P,O;), and PPA/sulfolane 1:1

(w/w).

temperature increase to 150 °C over 8 h. The temperature of the
polymerization mixture was increased to 180 °C over 4 h and was
stirred for 40 h. The polymer mixture (dope) was cooled to room
temperature, quenched with methanol, and purified under Soxhlet
extraction with water for 24 h followed by methanol for 24 h. The
crude product was dried and further purified by reprecipitation from
MSA solution into methanol (yield 1.67 g, 95%). Intrinsic viscosity
([#]): 2.0 dL/g (30.0 °C, MSA) Anal. Calcd for C;oH,N,S; (%): C,
48.76; H, 0.82; N, 11.37; S, 39.05; found (%): C, 48.48; H, 1.28; N,
11.18.

Preparation of Thin Film, Doping Method, and Character-
ization of Electrical Conductivity. Solutions of LTBT in
methanesulfonic acid (MSA) at 15 mg/mL were stirred at elevated
temperature (>140 °C) for at least a day to ensure solubilization of
the polymer. The polymer solution in MSA was filtered through 1 ym
pore size grade GF/B Glass Microfiber Filters (Whatman GF/B)
before use. The filtered polymer solution was then spin-coated onto
clean glass substrates (sonicated in acetone, DI water, and
isopropanol) at 5000 rpm for 30 s followed by immediate immersion
in isopropanol (IPA) for deprotonation. The pH of the deprotonation
solvent (IPA) was checked to ensure complete acid removal. The
neutral polymer films were dried in a vacuum oven at 60 °C
overnight. The measured film thickness by using a profilometer was
94 +£ 5 nm.

The undoped neutral polymer films were then moved into a
nitrogen-filled glovebox for doping study. A stock solution of 100 mM
FeCl; in anhydrous acetonitrile was made, stored in the glovebox, and
diluted to the desired concentration immediately before use. 200 uL
of dopant solution (20 mM FeCl; in acetonitrile) was deposited onto
the polymer film (1.5 X 1.5 cm?) followed by a 90 s delay before
spinning off the excess solution at 7000 rpm for 10 s. The doped
polymer films were subjected to thermal annealing at different
temperatures. The doped films were brought to ambient atmosphere
for further characterizations.

Electrical conductivity (c4.) of doped LTBT films were measured
by a colinear four-point probe controlled by a Keithley 2400 source-
meter unit. For consistency, a 60-s delay between source and
measurements was applied due to the rapid dedoping of the polymer
films in ambient environment. The o4 value was calculated as follows:

o 1
In(2) R X t

Qe

where 6, is the room-temperature dc-electrical conductivity (S/cm),
R is the measured resistance (£2), and t is the film thickness (cm).

B RESULTS AND DISCISSION

Synthesis and Characterization of LTBT and TBBT.
The synthetic routes to the model compound TBBT and the
target ladder polymer LTBT are shown in Scheme 1 and the
detailed synthetic procedures are described in the Exper-
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imental Methods section. The 2,5-diamino-1,4-benzenedithiol
HCl monomer was purchased with 97% purity and purified
according to the published procedure before use.”” The 3,4-
dibromothiophene-2,5-dione (DBTD) monomer was synthe-
sized according to a modified procedure*® where the
perbromothiophene starting material is subjected to oxidation
with fuming red nitric acid. The 2,5-aromatic positions are the
most reactive toward oxidation and therefore no side products
were isolated. Purification of DBTD by vacuum sublimation at
100 °C produced pure yellow crystals in 74% yield that were
characterized by '"H NMR (Figure S1), *C NMR (Figure S2),
Fourier-transform infrared (FTIR) spectroscopy (Figure S3),
and elemental analysis (Experimental Methods). The model
compound for the conjugated ladder polymer, 6H-thieno[3,2-
b:4,5-b]bis[1,4]benzothiazine (TBBT), was prepared by
condensation of DBTD and 2-aminothiophenol in refluxing
acetic acid (Scheme 1). The crude product was recrystallized
from N,N-dimethylformamide (DMF), which gave red needles
in 64% yield (Figure S4a). TBBT is completely soluble in
trifluoroacetic acid (TFA) and methanesulfonic acid (MSA) at
room temperature and partially soluble in polar aprotic
solvents such as DMF and dimethyl sulfoxide (DMSO).
Solutions of TBBT form thin films when spin-coated from
TFA onto glass substrates. However, the thin films became
highly opaque when submerged in methanol or water to
remove the acidic solvent, which is indicative of its highly
crystalline nature. The molecular structure of TBBT was
characterized by '"H NMR (Figure S4b) FTIR spectroscopy
(Figure SS), and single-crystal structure discussed below.
The conjugated ladder polymer, poly(thienobenzothiazine)
(LTBT), was prepared by the polycondensation of 2,5-
diamino-1,4-benzenedithiol HCl monomer and DBTD mono-
mer in a solvent mixture of polyphosphoric acid (PPA) and
sulfolane. Sulfolane was chosen as the cosolvent for several
reasons: (1) our previous work on the synthesis of
pyrrolobenzothiazine ladder polymers showed that the 2,3-
dibromomalemide monomers had limited solubility in pure
acid solvents,”> (2) the DBTD monomer has excellent
solubility in sulfolane, and (3) PPA and sulfolane are miscible
and stable at high temperatures (>180 °C).*” Sulfolane and
PPA were used in a 1:1 w/w ratio whereby DBTD was
dissolved in sulfolane prior to addition to the dehydrochlori-
nated 2,5-diamino-1,4-benzenedithiol in PPA. An immediate
color change from pale yellow to red was seen, indicating good
reactivity of the monomers in the PPA/sulfolane solvent
system. No sublimation or evaporation of either of the
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monomers was observed, and a very high polymer yield of 95%
indicates excellent incorporation of the monomers into the
polymer backbone. We point out that the high yields and
straightforward syntheses of both the DBTD monomer, which
is synthesized from a commercially available precursor in one
step, and the LTBT polymer, which is made in a metal-free
single-step polymerization, indicate that they are excellent
candidates for large-scale commercialization applications. We
note that the polymerization time was limited to 40 h at 180
°C to ensure the solubility of the polymer in MSA; a higher
molecular weight LTBT polymer that was originally synthe-
sized by using a 72 h polymerization time was completely
insoluble in MSA.

LTBT was isolated as a brown solid and forms purple-red
solutions in MSA. The intrinsic viscosity ([#7]) was measured
to be 2.0 dL/g at 30.0 °C in MSA. Even with [#] of only 2.0
dL/g, the MSA solutions required high temperatures (~140
°C for 24 h) to ensure complete solubilization at
concentrations of 7 mg/mL or higher. Solutions of LTBT in
MSA can be spin-coated into thin films or drop cast into
freestanding films (Figure la). The detailed fabrication
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Figure 1. (a) LTBT freestanding film with an area of about 2 X 2 cm?.
(b) Fourier-transform infrared (FTIR) spectrum of the LTBT
freestanding film. (c) Raman spectrum of the LTBT freestanding
film taken with an excitation laser of 532 nm.

procedures to form the thin films and freestanding films are
described in the Supporting Information. The freestanding
films were used to confirm the molecular structure by
performing Fourier-transform infrared (FTIR) and Raman
spectroscopies on the freestanding films. The facile fabrication
of large-area freestanding films from MSA solutions shows
potential for large-area electronic devices to be developed from
this z-conjugated polymer.

The FTIR and Raman spectra of the LTBT freestanding film
(Figure 1) and the FTIR spectrum of the TBBT needles
(Figure SS) were collected in ambient atmosphere and the
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peak positions assigned to the vibrational modes are listed in
Tables S1 and S2. The FTIR spectrum of LTBT in Figure 1b
shows prominent (C=C) stretching modes at 1601 cm™",
and at 1589 and 1564 cm™" for TBBT (Figure S5). Aromatic
imine ©(C=N) stretches are seen at 1534 cm™' for LTBT
(Figure 1b), and 1539 cm™ for TBBT (Figure S5). At lower
wavenumbers, single bond carbon—nitrogen v(C—N) stretches
and carbon—sulfur stretches 2(C—S) can be found at 1226 and
1150 cm™" for LTBT (Figure 1b), and 1238 and 1150 cm™" for
TBBT, respectively (Figure SS). The Raman spectra of LTBT
in Figure 1c show similar features as the FTIR. The carbon—
carbon v(C=C/C—C) stretch (known as the I band or
“effective coordinate”)*” ™ is observed at 1462 cm™" (Figure
Ic). Carbon—nitrogen imine v(C=N) stretches are seen at
1592 and 1530 cm™’, (Figure 1c), and mixed aromatic
thiophene/benzene vibrations can be assigned to the high
intensity peak at 1487 cm™'. Mixed aromatic intraring modes
are seen at 1268 and 1155 cm™}, and the carbon—sulfur
stretches v(C—S) present as a small peak at 1073 cm™" (Figure
1c). The observed FTIR and Raman data collectively provide
strong evidence for the backbone fusion and molecular
structures of the polymer LTBT and the model compound
TBBT.

The thermal stabilities of LTBT and TBBT were probed
using thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC), and the thermograms are shown
in Figure S6. Both TBBT and LTBT have high thermal
stability, showing 5% weight losses at 324 and 538 °C,
respectively, which is indicative of their fused backbone
architecture. Additionally, no phase transitions are seen
between 0 °C - 300 °C for TBBT, or between 0 °C - 400
°C for LTBT, which agree with other literature reports of
conjugated ladder polymers having glass transition temper-
atures (T,) over 400 °C.>?

X-ray Crystal Structure of TBBT. Single crystals of TBBT
suitable for X-ray structural determinations were grown via
diffusion of ethanol into dilute (~1 mg/mL) DMF solutions of
TBBT and the experimental details for X-ray crystallography
and a table of crystallographic data and atomic coordinates are
given in the Supporting Information (Tables S3 and S4).
Single-crystal X-ray diffraction analysis of TBBT (Figure 2)
show that the molecules are aligned in an orthorhombic unit

Figure 2. (a) Skeletal structure with atoms placed at the center of the
thermal ellipsoids that were calculated at the 50% probability level
with atom numbering scheme. (b) Organization of the molecules in a
single unit cell. (c) Packing of the molecules along the c-axis with an
intermolecular distance of 3.8 A.
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cell with a = 17.198(9) A, b = 20.222(12) A, ¢ = 3.782(2) A.
The crystals of TBBT have a planar geometry across the
central thiophene and benzothiazine moieties (Figure 2a) and
form a face-to-face 7—x stacking motif with minimal geometric
displacement between neighbors in the 7— stacking direction
(Figure 2b-c). The vertical distance between TBBT molecules
is 3.80 A (Figure 2c). We note that the measured 7—x stacking
distance of TBBT is 0.40 A greater than that reported for the
pyrrole-based small molecule PBBTZ (3.40 A),”® which is
likely due to Pauli regulsion between adjacent sulfur atoms in
the TBBT molecules.”"** The van der Waals radii of two sulfur
atoms is 3.60 A,>* which is the theoretical minimum distance
between two s-stacked TBBT molecules. The single-crystal
structural data of TBBT demonstrates the crystalline nature of
the thienobenzothiazine moiety and confirms the molecular
structures of the condensation and polycondensation products.

Electronic Structure of LTBT and TBBT. We performed
density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations at the @B97XD/6-
31G(d,p) level of theory to further our understanding of the
ground state and excited state molecular geometry and frontier
molecular orbital distributions of LTBT and TBBT. The
optimized ground state geometry of LTBT is completely
planar (Figure 3a) with HOMO and LUMO molecular orbitals

(a) Ground State +1 Protonated

S AROD LS IO KIS SBD B DB ik BD i S KBS 4

(b)

TS RRUB ILBBIISWE B CRUL SN

l‘.’; a5, M ‘20 4 4 o *1.9 1‘,'; & 3
,‘, J,:“ ..:‘: 14 “ :‘:.“a a“ w\ :':.: -;":.‘, ‘an‘ “:.: ,,‘
s 9 y b ® > 4 y > ¥
Sl ST
° “‘:Q\‘ @ o M" “?'.::s.‘" ® &
LUMO LUMO
3 » bl -
294,0 0".1"‘. » QARG 05470 %50
UG S\ [ AR
HOMO HOMO

Figure 3. DFT calculated optimized ground-state geometry and the
pictoral representation of the frontier molecular orbital distributions
of (a) the neutral oligomer and (b) the protonated (+1) oligomer.
Calculations performed at the ®B97XD/6-31G(d,p) level of theory.

delocalized across the backbone. In order to gain insight into
the effects of protonation, calculations were also performed on
imine-protonated oligomers bearing a +1 charge (Figure 3b).
We note that it is energetically favorable to protonate imine
nitrogens over sulfur moieties.”” The ground state geometry of
LTBT remains planar upon protonation (Figure 3b), possibly
due to the S--H noncovalent interaction created upon
protonation. The calculated distance between the imine
hydrogen and thiophene sulfur is 2.83 A, which is less than
the sum of their van der Waals radii (S+H = 2.89 A),”* which
means that S---H interaction likely contributes to the observed
planarity of the protonated polymer chain. Inducing non-
covalent interactions is a widely exploited strategy used to
reduced the conformational distortions in many z-conjugated

polymers, such as those containing diketopyrroles,®*"’

functionalized thiophenes,58 and pyrazines. The pictoral
representation of the HOMO and LUMO orbital distributions
of the protonated oligomer bearing a +1 charge is shown in
Figure 3b; clearly, protonation induces strong spatial local-
ization of the molecular orbitals, suggesting that LTBT will
have strong protonation-enhanced intramolecular charge
transfer (ICT) character in acidic solvents.”” TBBT also has
a planar ground-state geometry and delocalized HOMO and
LUMO orbital distributions as shown in Figure S7.

The TD-DFT calculated excited-state geometry, optical
absorption spectrum, and the corresponding pictorial repre-
sentations of the molecular orbitals associated with the lowest-
energy transition for LTBT is shown in Figure S8. The excited-
state geometry is coplanar with delocalized HOMO and
LUMO energy levels distributed across the ladder polymer
backbone, and the 7—z* transition is centered at 1170 nm,
which indicates this polymer may have a narrow experimental
optical bandgap.

The reorganizational energy (4) of LTBT was calculated
from the sum of relaxation energies in the neutral and cationic
state to gain insight into the energy associated with geometry
changes upon charge injection.””®" Figure S9 shows the
cationic geometry and the polaron orbital distribution of the
oligomer. A fairly large reorganizational energy of 1.39 eV was
calculated for LTBT, which could suggest that LTBT
undergoes geometry changes upon charge injection and may
not have a rigid-rod chain topology like BBL.”**** Note that
the calculated A decrease with polymer chain length and thus
more accurate reorganizational energy calculations would
require more than 12 repeat units.®’

We further investigated the electronic structures of LTBT
and TBBT by using cyclic voltammetry (CV) measurements.
The HOMO and LUMO energy levels of TBBT and LTBT are
summarized in Table 1, and the oxidation waves of LTBT thin
films coated on platinum wires and of TBBT needles dissolved
in acetonitrile at 107> M in 0.1 M tetrabutylammonium
hexafluorophosphate (Bu,NPF) with Ag/AgNO; as the
reference electrode are shown in Figure 4a-b. The reduction
waves are shown in Figure S10. LTBT shows two quasi-
reversible oxidation waves at 1.29 and 1.85 V (Figure 4a), and
one nonreversible reduction wave (Figure S10a) at —0.87 V.
The onset oxidation potential of 0.90 V and onset reduction
potential of —0.59 V were used to estimate the HOMO and
LUMO energy levels of —5.17 eV and —3.75 eV, respectively
(Table 1), which are 0.21 and 0.48 eV deeper than that of
HOMO and LUMO energy levels that we measured for
LPBT.”> The model compound TBBT shows two non-
reversible oxidation waves, which are centered at 1.45 and
1.85 V (Figure 4b), and one nonreversible reduction wave at
—1.22 V (Figure S10b). The TBBT onset oxidation and
reduction potentials of 1.48 V and —0.66 V, respectively, were
used to measure the HOMO/LUMO energy levels of —6.37
eV/=3.59 eV, which are lowered compared to the pyrrole-
based compound, PBBTZ (HOMO = —5.44 eV, LUMO =

Table 1. Electronic Structure Parameters and Optical Properties of LTBT and TBBT

HOMO (eV) LUMO (eV)  ES™ (eV) A" (nm)
LTBT -5.17 -3.75 1.42 1151
TBBT —6.37 —-3.59 2.78 693

4Solution in MSA. ®Thin film on glass. “Solution in TfOH.

' (M7 em™) A (M) @y’ (em™)  ESPY (V) Ay (nm)
2.4 x10* 825 9.9 x10* 128 1192
1.9 x10* 528 4.4 x10* 2.08 —
https://doi.org/10.1021/acs.macromol.4c00817
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Figure 4. Cyclic voltammograms measured in 0.1 M Bu,NPFq
electrolyte solution using Ag/AgNO; as the reference electrode of
the oxidation processes of (a) LTBT thin films coated on platinum
wires and (b) TBBT needles in solution. The scan rate was 100 mV/s.

—3.03 eV).”® The electrochemical bandgaps (E, elec) are 1.42
and 2.78 eV for LTBT and TBBT, respectively (Table 1).
Optical Properties of LTBT and TBBT. The optical
absorption spectra of LTBT and TBBT in MSA solution and in
thin film are shown in Figures 5 and the lowest energy peak
positions (A, optical band gap (E,*"), molar absorptivity
(€max), and absorption coefficient (amax) are summarized in
Table 1. The MSA-solution optical absorption spectrum of
TBBT (Figure Sa) shows peaks in the 300 nm —700 nm region
with the 7—z* transition assigned to the peak at 455 nm (&,
= 1.5 x 10* M™" cm™") and a lowest energy peak at 693 nm
(€pax = 1.9 X 10* M™! cm™) which can be attributed to
protonation-enhanced intramolecular charge transfer (ICT), a
phenomenon which is seen in many imine-bearing -
conjugated systems.’* For LTBT, the MSA-solution absorption
spectrum (Figure Sa) shows three high-energy bands at 302
nm (g, = 1.6 X 10* M™' cm™), 362 nm (e, = 1.2 X 10*
M~ em™), and 532 nm (e, = 1.2 X 10* M™' cm™), of
which the latter can be assigned to the 7—7z* transition. The
intense lowest-energy band at 1151 nm (g, = 2.4 X 10* M~}
cm™') originates from protonation-enhanced intramolecular
charge transfer. The effects of protonation on the ICT band
are corroborated by the previously discussed DFT calculations
(Figure 3b) whereby protonation induces spatial localization of
the HOMO and LUMO molecular orbitals that correspond to
the observed ICT character in MSA solution (Figure 3b).
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Figure S. Optical absorption spectra of TBBT and LTBT in (a) dilute
MSA solution (107 M) and (b) as thin films on glass substrates. (c)
The thin film absorption spectrum of LTBT plotted vs energy (eV) to
determine the optical bandgap.

The thin-film absorption spectrum of TBBT (Figure Sb) has
multiple peaks in the 300—525 nm region, and the lowest-
energy peak (7—z* transition) is centered at 525 nm (@ =
4.4 x10* cm™"). The optical bandgap calculated from the onset
of absorption in Figure S11 is 2.05 eV, which is 0.73 eV smaller
than the electrochemical bandgap (E, elec) of 2.78 eV, which
suggests that TBBT may have a large effectlve exciton binding
energy (E,).""® Compared to the thin film absorption
spectra, in MSA solutions the lowest energy peak is red-shifted
by 168 nm (Table 1), which demonstrates that the ICT
character of TBBT, like the polymer LTBT, is similarly
enhanced by protonation.

The thin-film absorption spectrum of LTBT (Figure Sb)
shows peaks between 300 nm —900 nm with the 7—7* peak
centered at 825 nm (= 9.9 x10* cm™'). The optical
bandgap (E °Pt) measured from the onset of the thin film
absorption is 1.28 eV (Figure Sc), which is 0.14 eV smaller
than the E, éle of 1.42 eV (Table 1), indicating a reduced Ej, of
0.14 eV compared to model compound (Table 1). We note
that the optical bandgap of LTBT is narrowed by 0.21 eV
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compared to LPBT,”® which is explained by the enhanced
effective conjugation length of LTBT that originates from the
replacement of the pyrrole donor moiety with thiophene. In
contrast to the optical absorption spectrum in MSA, the thin
film absorption spectrum is markedly different. In particular,
the MSA solution absorption spectrum with the lowest-energy
absorption peak at 1151 nm is red-shifted by 326 nm from that
of the thin film (4,,,, = 825 nm). The large 326 nm difference
in the lowest-energy peak positions confirms protonation
enhancement of the ICT character as previously discussed.

To gauge the polymer chain topology in protic acid
solutions, variable-temperature optical absorption spectra
were collected in both MSA and triflic acid solutions ranging
from 20 °C — 100 °C (Figure S12). In the MSA solution
absorption spectrum, increasing the temperature results in the
ICT band blue shifting from 1151 nm at 20 °C to 1107 nm at
100 °C accompanied by decreasing molar absorptivity and
vibronic structures (Figure S12a). In contrast to the MSA
solution, the variable-temperature absorption spectrum in
triflic acid does not show any changes of the A, (Figure
S12b). The observed thermochromism in MSA solution means
that the polymer chain topology is semiflexible when partially
protonated in weaker acids like MSA (pK, ~ —2).°® However,
when fully protonated in triflic acid (pK, ~ —14) the LTBT
polymer chain is more rigid. Clearly, LTBT is not a rigid-rod
polymer; this is in contrast to the rigid-rod ladder polymer
BBL that shows no thermochromism in MSA solutions in the
same temperature range.”’ The increased flexibility of the
partially protonated LTBT backbone agrees with the results of
the previously reported variable-temperature optical absorption
spectra of the pyrrole-based benzothiazine ladder polymers in
which we found that the benzothiazine ladder polymers
showed substantial thermochromism in MSA solutions,
whereas minimal to no thermochromism was shown in triflic
acid solutions in which they are fully protonated.”> Observed
thermochromism can be understood to arise from the polymer
chain becoming more disordered (e.g., bent) upon heating,
resulting in a decreased 7-conjugation length and therefore a
blue-shifted 4,,,, relative to the more ordered (i.e., planar)
polymer chains at lower temperatures. The thermochromic
trends observed in LTBT suggest that substitution of a
thiophene moiety in LTBT for the pyrrole moiety in LPBT has
minimal effect on the benzothiazine ladder polymer chain
rigidity.

Electrical Conductivity of Doped LTBT Thin Films. We
used ferric chloride (FeCly) as a p-type dopant to study the
electrical conductivity of doped LTBT thin films, since it has
been demonstrated to have a low electron affinity (EA ~ S.5
eV)'* and capable of effectively oxidizing various p-type
conjugated polymers.***~"* Detailed doping procedure is
described in the Experimental Methods section, wherein
solution-sequential processing’> was used to dope LTBT
thin films. This strategy has been showed to be a highly
effective technique to produce highly conducting polymer films
by means of fine-tuning dopant diffusion into the polymer film
without compromising film quality, creating large dopant
aggregates, or disrupting the polymer crystal structures.””*" In
short, the dopant solution (20 mM FeCl, in acetonitrile) was
deposited onto the neat LTBT thin films followed by a 90-s
delay before spinning off the excess solution. The doped
polymer films were then thermally annealed at various
temperatures prior to characterizing the room-temperature
dc-electrical conductivity (o,.) via colinear four-point probe
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technique in ambient environment. The numerical values of
04. as a function of annealing temperatures and its room-
temperature stability are summarized in Table 2.

Table 2. Dc-Electrical Conductivity (6,.) of FeCl;-Doped
LTBT Thin Films as a Function of Annealing Temperature
and Storage Duration

Variable Condition

80 °C — 10 min

100 °C — 10 min
120 °C — 10 min
140 °C — 10 min

Oe, aversge (S/cm)”
(1.1 +03) x 107
(33 £ 0.3) x107!

(27 + 1.1) x 107!
(14 + 1.0) x 107

Annealing Temperature

Stability Day 0 (33+03) x 107
Day 1 (45 +08) x 107
Day 2 (1.3 £ 0.5) x 1073
Day 3 (1.1 £ 0.6) x 1073
Day 4 (7.1 + 44) x 107*

“Average values are obtained from three different samples.

Upon the deposition of FeCl;, the initially forest-green
colored undoped LTBT films turned brown indicating
successful doping reactions and the formation of polaronic
charge carriers. However, the brown-colored doped films
quickly turned to green-colored films within seconds of
exposing them to air indicating rapid dedoping and quenching
of polarons/bipolarons due to side reactions with either
oxygen or moisture.”’

Undoped LTBT films were insulating with a very high
resistance (3>10° Q). Upon doping with FeCl; and after
annealing at 100 °C for 10 min, LTBT films exhibited an
average o4, of (3.3 £ 0.3) X 107" S/em (Table 2) with a
maximum value of 3.8 X 107" S/cm. Higher annealing
temperatures resulted in a rapid decrease in electrical
conductivity (Figure 6a) suggesting thermal dedoping, which
could be attributed to dopant diffusion at higher temper-
atures.*”*> We note that the oy of doped LTBT films are
rather modest compared to state-of-the-art p-type conducting
polymers, considering that the thermodynamic requirements
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Figure 6. (a) Dc-electrical conductivity (o4.) of FeCly doped LTBT
thin films at various annealing temperatures. (b) Stability of electrical
conductivity of LTBT doped films in ambient air. (c) Thin film
optical absorption spectra of undoped and FeCl; doped LTBT thin
films. (d) Optical absorption spectra of LTBT doped films in energy
space.
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for efficient doping are sufficiently achieved (HOMO,1g5; <
LUMOg,cp;). Atomic force microscopy (AFM) imaging
showed that the surfaces of LTBT neat films were rather
rough with large aggregates (RMS roughness ~S5—7 nm),
especially when probed over large dimensions (1—2 pm)
(Figure S13). Such suboptimal surface morphology could
hinder diffusion of FeCl; molecules into the polymer films;
thus, limiting the electrical conductivity. Furthermore, the
rapid dedoping in ambient conditions partly contributed to the
low o4 of doped LTBT films. As a result of the observed air
instability of LTBT doped film, we also monitored the room-
temperature electrical conductivity over several days. The o4,
values decreased by over 2 orders of magnitude within the first
2 days before leveling off at around 107> S/cm. Despite its
relatively poor ambient stability, LTBT still showed at least
several orders of magnitude enhancement of conductivity upon
doping; thus, suggesting its potential for future device
applications.

UV—vis-NIR optical absorption spectroscopy was used to
further confirm the formation of polaronic species and
rationalize the modest electrical conductivity of FeCl; doped
LTBT films. Upon doping, the vibronic features of the 7—z*
transition band were diminished and accompanied by two new
broad absorption bands centered at around 1000 nm (1.2 eV)
and 1345 nm (0.9 eV) (Figures 6¢c and 6d), indicating the
generation of polaronic charge carriers. However, the lack of
absorption extending to further NIR region (>1500 nm)
suggests that charge carriers in FeCl; doped LTBT are rather
localized,"* which further explains the observed modest
electrical conductivity.

Currently, the prototype n-type ladder polymer BBL is the
state-of-the-art 7-conjugated polymer used in OECTs,'”'*'***
and has shown high electrical conductivities of ~8.0 S/cm
when n-doped with poly(ethylenimine).*> An n-type derivative
of BBL that features a phenazine moiety, BBL-P, has recently
shown novel features, including “super-Nernstian” proton-
coupled electron transfer reactions.*”®” There are clearly many
advantages of ladder polymers such as LTBT, which include
facile, scalable synthesis and processability into high-quality
thin films for device applications. In particular, we believe that
the narrow bandgap and strong donor—acceptor character of
LTBT makes it an attractive p-type semiconducting polymer
for solar cell applications.**""

B CONCLUSIONS

In this study, we report the synthesis and characterization of
the electronic structure, optical properties, and electrical
conductivity of the new p-type semiconducting ladder
polymer, ladder poly(thienobenzothiazine) (LTBT). We also
synthesized thienobis(benzothiazine) (TBBT), the model
compound of LTBT, and obtained its single-crystal structure
which confirmed the molecular structure and planar ladder
structure of LTBT. LTBT has excellent film-forming properties
as evidenced by the large area freestanding films. A
combination of DFT calculations and optical absorption
measurements revealed that LTBT has a strong donor—
acceptor character that enabled a narrow optical bandgap of
1.28 eV. Moreover, protonation-enhanced intramolecular
charge transfer (ICT) character was observed in the infrared
region in MSA-solution absorption spectra, evidenced by a 326
nm red shift of the lowest energy peak compared to the thin
film absorption spectrum.
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The average electrical conductivity was measured to be (3.3
+0.3) X 107" S/cm when LTBT was p-doped with FeCl;. The
modest electrical conductivity of LTBT is attributed to the
combination of poor air stability of the doped polymer films
and the rough film surface that was seen on AFM imaging.
These results demonstrate the potential of the new thiophene-
based p-type semiconducting ladder polymer LTBT in organic
electronics while providing new insights into the structure—
property relationships of semiconducting ladder polymers in
general.
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I Additional Experimental Methods

Fabrication of Freestanding Films.

Freestanding films of LTBT were prepared on initial supporting glass substrates using a similar
procedure as described above where the polymer solution (15 mg/mL) drop-cast onto a hot
substrate and baked overnight at 120°C. Instead of additional annealing at higher temperature,
the thin films were then slowly cooled down to room temperature and submerged in water. Thus,
films can be peeled from the supporting substrate, floated on water, lifted off using a copper
wire, and dried at 120°C to form freestanding films. These freestanding films were used for
further characterizations (FTIR and Raman Spectroscopies).

Experimental Details of X-Ray Crystallography

A red needle, measuring 0.60 x 0.04 x 0.005 mm’ was mounted on a loop with oil. Crystal
diffraction data was collected at -173°C on a Bruker APEX II single crystal X-ray diffractometer,
Mo-radiation, equipped with a Miracol X-ray optical collimator. Crystal-to-detector distance was
40 mm and exposure time was 30 seconds per frame for all sets. The scan width was 0.75°.
Data collection was 100.0% complete to 25° in 9. A total of 10370 reflections were collected
covering the indices, h = -21 to 21, k = -25 to 25, 1 = -4 to 4. 2698 reflections were symmetry
independent and the Ry = 0.1668 indicated that the data was of better than average quality
(0.07). Indexing and unit cell refinement indicated an orthorhombic lattice. The space group
was found to be Pna2; (No. 33). The data was integrated and scaled using SAINT, SADABS
within the APEX2 software package by Bruker.' Solution by direct methods (SHELXT*? or
SIR97*°) produced a complete heavy atom phasing model consistent with the proposed
structure. The structure was completed by difference Fourier synthesis with SHELXL.®’
Scattering factors are from Waasmair and Kirfel®. Hydrogen atoms were placed in geometrically
idealised positions and constrained to ride on their parent atoms with C---H distances in the
range 0.95-1.00 Angstrom. Isotropic thermal parameters U,y were fixed such that they were
1.2Uq of their parent atom Ueq for CH's and 1.5Uq of their parent atom U in case of methyl
groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares.
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Figure S1. Proton NMR of the monomer 3,4-dibromothiophene-2,5-dione in DMSO-d6.
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Figure S2. Carbon NMR of monomer 3,4-dibromothiophene-2,5-dione in DMSO-d6.
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Figure S3. Attenuated Total Reflectance Fourier-transform Infrared (ATR-FTIR) spectrum of
the neat monomer, 3,4-dibromothiophene-2,5-dione.
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Figure S4. (a) Needles of TBBT. (b) Proton NMR of TBBT in TFA-d. Insert shows the peak
integration for the benzene moiety.



Figure SS. FTIR spectrum of TBBT.
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Figure S6. Thermal gravimetric analysis (TGA) scans of (a) TBBT and (¢) LTBT under nitrogen
at a scan rate of 10°C/min. Differential scanning calorimetry (DSC) scans of (b) TBBT and (d)
LTBT at a scan rate of 10°C/min under nitrogen.
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Figure S7. Ground state geometry and molecular orbital distributions of TBBT calculated using
DFT at ®B97XD/6-31G(d,p) level of theory.
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Figure S8. Excited state geometry and simulated vertical excitations of the gas phase LTBT
oligomer, and the corresponding hole and electron wavefunctions for the lowest energy transition
(n-m*) at 1170 nm calculated using TD-DFT wB97XD/6-31G(d,p) level of theory for n=12
excited states (Amax = 1170 nm).
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Figure S9. Cationic LTBT oligomer geometry and polaron orbital distribution calculated at the
DFT at ®B97XD/6-31G(d,p) level of theory.
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Figure S10. The reduction scans of (a) LTBT and (b) TBBT in 0.1 M BusNPF¢ acetonitrile
solution vs. Ag/Ag". The scan rate was 100 mV/s.
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Figure S11. Thin film absorption spectra of TBBT plotted vs. eV to determine the optical
bandgap from the onset of absorption.
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Figure S13. (a - d) Atomic force microscopy (AFM) height images of neat LTBT thin films
deposited on glass; (e -h) AFM phase images of neat LTBT films.
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Table S1. Fourier-Transform Infrared Spectroscopy (FTIR) and Raman Absorption Bands of
LTBT Freestanding Films and Their Peak Assignments.

FTIR Raman
Absorption Band ~ Absorption Band Assignment
(cm™) (cm™)
1601 1614, 1462 v(C=C/C-C)/( band), carbon-carbon
stretches
1534 1592, 1530 v(C=N), imine carbon-nitrogen stretches
1443, 1300 1487 Thiophene stretches, mixed aromatic
stretches
1226 - v(C-N), carbon-nitrogen stretch
1150 1073 v(C-S), carbon-sulfur stretch
908, 800 1268, 1155 Intraring vibrations
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Table S2. Fourier-Transform Infrared Spectroscopy (FTIR) Absorption Bands of TBBT Needles

and Their Peak Assignments.

FTIR

Absorption Band

(cm™)

Assignment

1589, 1564

1539

1494, 1456, 1291

1238
1150
905, 738

v(C=C), carbon-carbon stretch

v(C=N), imine carbon-nitrogen stretch

Thiophene stretches, mixed aromatic

stretches

v(C-N), carbon-nitrogen stretch

v(C-S), carbon-sulfur stretch

Mixed skeletal vibrations

Table S3. Crystallographic data for TBBT.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 25.000°

C16 H8 N2 S3
324.42

100(2) K
0.71073 A
Orthorhombic
Pna?2;
a=17.198(9) A
b=20.222(12) A
c=3.782(2) A
1315.3(13) A3
4

1.638 Mg/m?
0.555 mm-!

664

0.600 x 0.040 x 0.005 mm?

1.554 t0 26.533°.

21<=h<=21, -25<=k<=25, -4<=|<=4

10370
2698 [R(int) = 0.1668]
100.0 %

o= 90°.
B=90°.
y = 90°.



Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Full-matrix least-squares on F?
2698 /1/191

0.976

R1=0.0524, wR2 =0.1000
R1=0.0990, wR2 =0.1168
-0.08(12)

0.012(2)

0.485 and -0.473 e.A3

S13

Table S4. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x

103) for TBBT. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
S(2) 4868(1) 7032(1) 7865(6) 23(1)
S(@3) 5706(1) 5535(1) 7436(5) 24(1)
S(1) 7167(1) 7077(1) 3171(6) 25(1)
N(1) 6124(3) 8017(3) 4460(15) 24(1)
N(2) 7371(3) 5782(3) 3676(15) 22(1)
C(5) 4020(4) 8870(3) 8030(20) 25(2)
C4) 4117(4) 8196(3) 8362(19) 23(2)
C(3) 4803(4) 7890(3) 7240(18) 20(2)
C(2) 5782(4) 6874(3) 6129(18) 23(2)
C(10) 6129(4) 6264(3) 5930(18) 20(2)
C(11) 6436(4) 4962(3) 6281(18) 23(2)
C(12) 6291(4) 4303(3) 7160(20) 26(2)
C(13) 6850(4) 3820(3) 6410(20) 27(2)
C(14) 7551(4) 3989(4) 4839(19) 29(2)
C(6) 4608(4) 9241(4) 6472(19) 31(2)
C(7) 5294(4) 8947(3) 5334(19) 26(2)
C(8) 5407(4) 8260(3) 5730(18) 23(2)
C(1) 6271(4) 7395(3) 4733(18) 22(2)
C9) 6896(4) 6264(3) 4347(18) 23(2)
C(16) 7149(4) 5136(3) 4651(18) 24(2)
C(15) 7693(4) 4638(3) 3949(19) 25(2)
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