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Abstract: Previously it was demonstrated that triptycene

end-capping can be used as a crystal engineering strategy

to direct the packing of quinoxalinophenanthrophenazines
(QPPs) towards cofacially stacked p dimers with large molec-

ular overlap resulting in high charge transfer integrals. Re-
markably, this packing motif was formed under different

crystallization conditions and with a variety of derivatives
bearing additional functional groups or aromatic substitu-

ents. Benzothienobenzothiophene (BTBT) and its derivatives

are known as some of the best performing compounds for
organic field-effect transistors. Here, the triptycene end-cap-
ping concept is introduced to this class of compounds and

polymorphic crystal structures are investigated to evaluate
the potential of triptycene end-caps as synthons for crystal

engineering.

Introduction

Many properties of molecular materials, like for example
charge transport in organic semiconductors, strongly depend

on the relative arrangement of the molecules in the solid state
and finding the right packing is often a challenging task.[1] In

the field of crystal engineering there are a few structural

motifs of high directionality, such as hydrogen[2] or halogen
bonding,[3] that efficiently allow to control the molecular pack-

ing. Other supramolecular interactions, such as p stacking are
much less directional.[4] This is unfortunate, as it is the relative

orientation of the p planes that has a significant impact on
charge transport, which is essential for efficiently working or-
ganic electronic devices, like organic field-effect transistors

(OFETs).[5] Since a few years, we have been studying the effect
of triptycene end-capping of larger annulated aromatic com-
pounds on their solubility and packing in the solid state.

Whereas two triptycene end-caps significantly increases the
solubility,[6] one triptycene end-cap is functioning as a directing

unit to foster the p-planes to stack in a nearly eclipsed fashion
with high “overlap” of the frontier molecular orbitals.[6d] Based

on these findings a number of one-fold triptycene end-capped
quinoxalinophenanthrophenazines (QPPs) were synthesized

and the impact of various functional groups on packing of the

QPPs studied. To our delight, almost independently from the
substitution patterns we found for nearly all QPPs the same

type of cofacial p stacking with large molecular overlap,[7] sug-
gesting that the triptycene end-capping strategy can be used

as kind of a crystal-engineering synthon to arrange larger p-
systems in an advantageous fashion. For some of the QPP crys-
tals high charge transfer integrals of up to 190 meV were cal-

culated, demonstrating that these structures are potential can-
didates for OFET devices.[7a]

One of the most efficient p-type semiconductors is benzo-
thienobenzothiophene (BTBT) and derivatives thereof.[8] Due to

its electronic structure with a low-lying highest occupied mo-
lecular orbital (HOMO) it combines high hole mobility with a

good air stability.[9] Several derivatives of BTBT bearing addi-

tional substituents, such as alkyl chains[8b] or aromatic substi-
tuents,[8a] as well as BTBT dimers[8c] and derivatives with an ex-

tended p plane[8e–h, 10] have already been successfully used in
OFET devices. Using BTBT decorated with octyl chains for spin-

coated OFETs, maximum mobilities of up to 43 cm2 V@1 s@1 were
reported.[10] In these derivatives, like in the parent BTBT, the ar-

omatic planes usually arrange in a herringbone motif with

transfer integrals of 58 meV for the parent BTBT for edge-to-
face-stacked molecules and up to 91 meV for the correspond-

ing dinaphto derivative. SC-OFET devices with the latter
showed high performance with hole mobilities up to

8.3 cm2 V@1 s@1.[8b,c, f–h, 9a, 11] Only for derivatives with larger p

planes face-to-face molecular overlap could be realized, how-

[a] L. Ueberricke, J. Schwarz, Dr. F. Rominger, Dr. S. M. Elbert,
Prof. Dr. M. Mastalerz
Organisch-Chemisches Institut, Ruprecht-Karls-Universit-t Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
E-mail : Michael.mastalerz@oci.uni-heidelberg.de

[b] F. Ghalami, Prof. Dr. M. Elstner
Institut fer Physikalische Chemie, Karlsruher Institute of Technology (KIT)
Kaiserstr. 12, 76131 Karlsruhe (Germany)

[c] M. Matthiesen, Prof. Dr. J. Zaumseil
Institut fer Physikalische Chemie, Universit-t Heidelberg
Im Neuenheimer Feld 253, 69120 Heidelberg (Germany)

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https ://doi.org/10.1002/chem.202001125.

T 2020 The Authors. Published by Wiley-VCH GmbH. This is an open access
article under the terms of Creative Commons Attribution NonCommercial-
NoDerivs License, which permits use and distribution in any medium, pro-
vided the original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.

Chem. Eur. J. 2020, 26, 12596 – 12605 T 2020 The Authors. Published by Wiley-VCH GmbH12596

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001125

http://orcid.org/0000-0003-3231-4816
http://orcid.org/0000-0003-3231-4816
https://doi.org/10.1002/chem.202001125
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202001125&domain=pdf&date_stamp=2020-09-11


ever along the p stacking axis a small transfer integral of
12 meV was calculated. Consequently, a modest mobility

(0.14 cm2 V@1 s@1) was measured.[8e]

We envisioned that triptycene end-capping of BTBT and con-

geners thereof possibly also has a directing effect towards
more favorable stacking motifs with increased p stacking and

thus higher transfer integrals, which in principle can further en-
hance the charge transport properties of BTBTs. Here, we pres-

ent the synthesis and crystallographic studies of triptycene

substituted BTBT derivatives as well as their potential ability
for charge transfer.

Results and Discussion

Synthesis and characterization

Both target molecules were accessible through a three-step

synthesis (Scheme 1). Commercially available dibromodiiodo
benzene 1 was treated with one equivalent of nBuLi to gener-

ate the corresponding aryne in situ, which subsequently reacts
with anthracene 2 in a Diels–Alder reaction to give bromoiodo

triptycene 3 in 16 % yield. Sonogashira–Hagihara cross-cou-

pling of 3 with alkynes 4 a and 4 b gave compounds 5 a and
5 b in 83 and 84 % yields, respectively. All products were char-

acterized by 1H and 13C NMR spectroscopy, IR spectroscopy,
mass spectrometry and elemental analysis. The structures of

bromoiodo triptycene 3 and alkyne 5 a could additionally be
confirmed by single-crystal X-ray diffraction (see Supporting In-

formation for details).
Final step is a copper catalyzed cyclisation with sodium sul-

fide[12] giving triptycene end-capped benzothienobenzothio-

phene (T-BTBT) and naphtothienobenzothiophene (T-NTBT). T-
BTBT was isolated in 50 % yield after recrystallization from ace-

tone and could be further purified by sublimation (270 8C, 3 V
10@3 mbar) in a Kugelrohr oven. For T-NTBT the purification

was more tedious. After column chromatography followed by

recrystallization from petroleum ether/CHCl3 only 6 % could be
isolated. Both target compounds were characterized by 1H and
13C NMR spectroscopy, IR spectroscopy, HR mass spectrometry
(DART) and elemental analysis as well as single-crystal X-ray

diffraction (see below). In the 1H NMR spectrum of T-BTBT two
singlets at d= 7.90 ppm and 7.89 ppm were found for the two

inner phenylene protons Ha and Ha’ of the triptycene end-cap

(Figure 1, top).

The protons of the peripheral phenylene units of the tripty-

cene end-cap Hb and Hc’ resonate as doublet of doublets at
d= 7.88 ppm, 7.81 ppm and as doublet of triplets at d=

7.36 ppm. The signals of Hb and Hc overlap with the signal of

the protons Ha and Hd. The characteristic bridgehead protons
of the triptycene Hf and Hf’ can be found at d = 5.56 ppm and

d= 5.52 ppm, while the multiplet at d= 7.45–7.42 ppm and
the doublet of doublets at d= 7.03 ppm can be assigned to

the protons of the unsubstituted triptycene wings Hd and He.
The 1H NMR spectrum of T-NTBT shows signals with similar

chemical shifts and multiplicity. The two additional protons of

the naphthalene unit Ha and Ha’ can be found as two singlets
at d= 8.34 ppm and d= 8.27 ppm (Figure 1, bottom).

Optoelectronic properties

T-BTBT and T-NTBT have been investigated by UV/Vis and fluo-
rescence spectroscopy in dichloromethane (Figure 2 and

Table 1). T-BTBT shows a similar absorption spectrum as the

Scheme 1. Synthesis of T-BTBT and T-NTBT. Conditions: i) nBuLi (1.60 equiv),
toluene (abs.), Ar, 17 h, rt, 16 %. ii) 5 mol % Pd(PPh3)2Cl2, 10 mol % CuI, NEt3,
THF, Ar, 14 h, rt, 83 % (5 a), 84 % (5 b) ; iii) Na2S·x H2O (4.00 equiv), I2

(2.00 equiv), CuI (0.20 equiv), NMP, Ar, 24 h, 120 8C, 50 % (T-BTBT), 6 % (T-
NTBT).

Figure 1. 1H NMR spectra (400 MHz, CDCl3) of T-BTBT (top) and T-NTBT
(bottom).

Figure 2. Absorption (bold line) and emission spectra (dotted line) of T-BTBT
and T-NTBT, measured in CH2Cl2 (2 mm) at rt.

Chem. Eur. J. 2020, 26, 12596 – 12605 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH12597

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001125

http://www.chemeurj.org


parent BTBT (lmax = 332 nm).[9b] The absorption peaks at labs =

328 and 314 nm correspond to the p-bands, while absorption
maxima at labs = 272 and 262 nm can be assigned to the b-

bands in agreement with the isoelectronic structure of chrys-
ene.[9, 13] Emission maxima can be found at lem = 340, 357 and

373 nm. This corresponds to a Stokes shift of EStokes =

1076 cm@1. From lonset = 339 nm an optical band gap of Eg,opt =

3.7 eV was estimated. The absorption bands of T-NTBT are

bathochromically shifted compared to T-BTBT with absorption
peaks at labs = 375, 356, 329, 316, 299, 287 and 255 nm and are

similar to the parent NTBT system (lmax = 376 nm).[8g] The molar
extinction coefficient of the peaks labs = 299 and 287 nm are

greatly enhanced compared to T-BTBT. Emission maxima are

found at lem = 388 and 406 nm with an additional shoulder at
428 nm, resulting in a slightly lower Stokes shift of EStokes =

894 cm@1 compared to T-BTBT, indicating smaller reorganiza-
tion energy for the transition of the ground state to the first

excited state. The optical bandgap estimated from the absorp-
tion onset (lonset = 388 nm) is Eg,opt = 3.2 eV. The photolumines-
cent quantum yields for both T-BTBT and T-NTBT in CH2Cl2 so-

lution are within a narrow range of 15 and 18 %, respectively.
By cyclic voltammetry (CV) in dichloromethane T-BTBT

showed a quasi-reversible oxidation potential at Eox = 0.94 V,
which is slightly lower than the potential reported for the

parent BTBT (1.02 V).[14] For T-NTBT the oxidation potential was
lower (Eox = 0.82 V) (Figure 3).

For both compounds DFT calculations (B3LYP: 6-311++++G**)
were performed (Figure 4 and Table 1). They show that for
both T-BTBT and T-NTBT the HOMO and LUMO orbitals are de-

localized over the whole BTBT, respectively NTBT backbone.
For T-BTBT the calculated HOMO and LUMO levels are

EDFT
HOMO@5.8 eV and EDFT

LUMO =@1.6 eV. A slightly lower LUMO level
(EDFT

LUMO =@1.9 eV) and slightly higher HOMO level (EDFT
HOMO =

@5.5 eV) was calculated for T-NTBT, resulting in a smaller band

gap (Eg = 3.6 eV) compared to T-BTBT (Eg = 4.2 eV).
Reorganization energies for hole transport l+ ,[15] which de-

scribe the strength of local electron-phonon coupling, strongly
affect the charge transport properties.[16] For high carrier mobi-

lities small reorganization energies are desired.[17] DFT calcula-
tions (B3LYP 6-31G*) revealed a reorganization energy for hole

transport of l+ = 188 meV for T-BTBT and l+ = 155 meV for T-
NTBT.[9a] Both values are comparable to related thiophene
based compounds[9a, 16a] or rubrene (159 meV),[18] but substan-

tial larger than the reorganization energy of pentacene

Figure 3. Cyclic voltammograms of T-BTBT and T-NTBT (CH2Cl2, nBu4NPF6

(0.1 m), measured at room temperature with a Pt electrode and Fc/Fc+ as in-
ternal reference (scanning speed: 50 mV s@1).

Table 1. Optoelectronic and electrochemical properties of T-BTBT and T-NTBT.

Compound labs
[a,b]

[nm]
lonset

[nm]
lem

[a]

(lex)
[nm]

EStokes

[cm@1]
F[a]

[%]
Eg(opt)

[c]

[eV]
Eox[d]

[V]
EDFT

HOMO
[e]

[eV]
EDFT

LUMO
[e]

[eV]
EDFT

g
[e]

[eV]
l+ [f]

[meV]

T-BTBT 328 339 340
357
373
(318)

1076 15 3.7 0.94 @5.8 @1.6 4.2 188

T-NTBT 375 388 388
406
428sh

(365)

894 18 3.2 0.82 @5.5 @1.9 3.6 155

[a] Measured in CH2Cl2 at rt. [b] Absorption maximum at the longest wavelength. [c] Estimated from onset; Eg(opt) = 1242/l. [d] Cyclic voltammogram ob-
tained in CH2Cl2 with a Pt electrode and nBu4NPF6 as the electrolyte. Scan speed: 50 mV s@1; ferrocene/ferrocenium (Fc/Fc+) was used as internal reference.
[e] obtained from quantum-chemical calculations using DFT-B3LYP/6–311++++G**. [f] reorganization energy calculated by DFT-B3LYP/6-31G*. sh: shoulder.

Figure 4. HOMO–LUMO diagram of T-BTBT and T-NTBT (calculated using
DFT-B3LYP: 6-311++++G**).
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(97 meV).[19] Notably, the parent BTBT has a significantly larger
reorganization energy (226 meV)[14] than T-BTBT, suggesting

that the triptycene end-capping positively affects this parame-
ter. This may be explained by homoconjugation of the unsub-

stituted triptycene wings,[20] which effectively increases the de-
localization of the hole in the radical-cation state, thereby re-

ducing structural deformation during the carrier transport.

Single-crystal X-ray structure analysis

As already mentioned in the introduction, we were interested
in how the triptycenylene unit affects the packing in the crys-

talline state and if it has a similar effect than prior observed for
the QPP systems.[7a,b] T-BTBT showed a high crystallization ten-

dency and five different crystal structures were obtained. The
first crystal (solvate a) was grown by vapor diffusion of ethanol

into a chloroform solution. It crystallized in the orthorhombic

space group P212121 with eight molecules in the unit cell and
two T-BTBT molecules and one chloroform molecule in the

asymmetric unit (Figure 5 a). The two T-BTBT molecules are ar-
ranged in an edge-to-face orientation and interact via short

C···S contacts[8c] between a sulfur atom and one of the central
carbon atoms of the BTBT backbone (ACS, dC…S = 3.35 a). T-
BTBT molecules assemble in a herringbone fashion (Figure 5 b)

with infinite edge-to-face stacked sheets (DSS/H) along the crys-
tallographic b axis, in which the molecules additionally interact

via S···H[8c] (dS…H = 2.94 a) and S···S contacts[21] (dS…S = 3.64 a)
(Figure 5 e). Molecules of adjacent herringbone sheets form an-

tiparallel face-to-face p stacked dimers (Ck) with dp…p = 3.47 a
(Figure 5 c and d) in the same fashion as previously observed

for the QPPs,[7a] indicating that the postulated directing effect

of the triptycenylene end-capping[7a] can be observed also for
this system, albeit to a lesser degree. Edge-to-face p-stacked
dimers (B? ) also exist with dC…H = 2.77 a. Chloroform mole-
cules are located in the voids formed by the unsubstituted
triptycene wings. Other crystallization conditions have also
been tested. When crystallized by slow evaporation of an ace-
tone solution, a very similar structure was obtained (solvate b,

see Figure S45 a–d). Again, T-BTBT crystallized in the ortho-
rhombic space group P212121 with eight molecules in the unit

cell and two T-BTBT molecules and one acetone molecule in
the asymmetric unit. The packing is isostructural to the a sol-

vate with only small differences in relative orientation of the
molecules and a slightly larger cell volume.

Upon vapor diffusion of ethanol into a toluene solution, T-
BTBT crystallized in the orthorhombic space group Pca21 with

eight molecules in the unit cell and two molecules in the
asymmetric unit (polymorph g). The packing is very similar to

solvates a and b (see above), but without enclathrated solvent
molecules. Here too, a herringbone pattern is formed with in-

finite sheets of edge-to-face p stacked molecules along the

crystallographic c axis with additional S···S interactions (dS…S =

3.60 a). Additionally, antiparallel face-to-face stacked dimers
with dp…p = 3.45 a between adjacent sheets are observed (see
Figure S45 e–i). The fourth modification was obtained by subli-

mation in a Kugelrohr oven at 270 8C under vacuum (3 V
10@3 mbar). Under these conditions T-BTBT crystallized in the

orthorhombic space group Pca21 with four molecules per unit

cell and one molecule in the asymmetric unit (Figure 6; poly-
morph d1). The molecules packed in a rather unexpected

manner. The overall packing can be visualized as a herring-
bone-type motif with increased face-to-face p interactions

along the crystallographic a axis (Figure 6 a). In contrast to the
previously described structures, adjacent T-BTBT molecules are

interacting via the thiophene units in a cross-shaped fashion

(Figure 6 b), forming one-dimensional face-to-face stacked col-
umns with a short distance of the p-systems (Ak , dp…p =

3.42 a) (Figure 6 c). Within these columns edge-to-face p stack-
ing (dCH…p = 2.88 a) between the unsubstituted triptycene-

wing and the BTBT backbone as well as C···S interactions
(dC…S = 3.49–3.51 a) stabilize the structure. Adjacent columns

interact via weak van-der-Waals interactions (BVdW, dC…H =

2.85 a). Along the p stacking axis the structure is stabilized by
edge-to-face p stacking (dp…p,?= 2.88 a) between the unsub-

stituted triptycene wing and the BTBT backbone of adjacent
molecules (Figure 6 c). Single crystals were also grown by subli-

mation using a constant argon flow through a horizontal tube,
on which a temperature gradient was applied. The bulk materi-

al was placed in the hottest zone at 280 8C. In the colder zones

crystals of different morphology re-sublimated within the same
batch. For a plate-like crystal the same unit cell as found in

polymorph d1 was determined. On the other hand, different
bulky polyedric crystals were obtained. Here, T-BTBT crystal-
lized in the monoclinic space group C2/c with eight molecules

Figure 5. Single-crystal X-ray structure of T-BTBT (solvate a) crystallized by vapor diffusion of EtOH into a CHCl3 solution: a) Asymmetric unit. b) Herringbone
packing (triptycene end-caps omitted for clarity) ; asymmetric unit colored in red (solvent molecules omitted for clarity). Infinite edge-to-face stacking pattern
along the crystallographic b axis indicated with red arrows. c, d) Antiparallel face-to-face stacked dimer from top (c) and side (d) view. e) S···S and S···H short
contacts along the b axis.
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per unit cell and one molecule in the asymmetric unit (poly-
morph d2). Here, again a herringbone packing formed with in-

finite edge-to-face stacks (B? , dC…H = 2.67 a) along the crystal-
lographic b axis (Figure 7 a and f). Adjacent herringbone sheets
interact via edge-to-face stacking (B? , dp…p,?= 2.67 a) and an-

tiparallel p face-to-face-stacked dimers (Ck , dp…p = 3.43 a) (Fig-
ure 7 b & c). Although similar to the previous ones, this packing
is stabilized by additional p stacking of adjacent unsubstituted
triptycene-wings (dp…p = 3.72 a), forming a layered structure.
Adjacent layers interact via S···S contacts (dS…S = 3.61 a) (Fig-
ure 7 e).

The polymorphism observed during sublimation by the
argon stream method is only a minor drawback, as the two
polymorphs can be simply distinguished by their shape (see
the Supporting Information).

For T-NTBT single-crystals were obtained by sublimation in a

Kugelrohr oven (230 8C, 5 V 10@3 mbar). T-NTBT crystallized in
the triclinic space group P1̄ with two molecules per unit cell

and one molecule in the asymmetric unit. The packing is anal-

ogous to the one of the previously reported triptycene end-
capped QPPs.[7a] Two antiparallel p stacked dimers with differ-

ent molecular overlap (Figure 8 a and b) with dp…p,A = 3.59 a
and dp…p,B = 3.52 a alternate and form a layered structure sta-

bilized by p stacking of unsubstituted triptycene wings
(dp…p,C = 3.83 a) (8c). Adjacent layers interact via S···S contacts

(dS…S = 3.35–3.56 a) (Figure 8 d). Table 2 summarizes the crys-
tallographic details.

Calculated charge transfer integrals

In order to evaluate the potential of the obtained structures as
OFET materials, the electronic couplings between adjacent

molecules of all obtained crystal structures were calculated.
The electronic coupling, between molecules can be used to
quantify the charge transport capability. Based on the molecu-
lar system, the orientation between the molecules and their

corresponding couplings differ, which results in varying mobili-
ties. For example, the charge transport mobility in an anthra-
cene crystal differs with respect to the orientation of the mole-
cules along the crystal axes a, b and c.[22] Therefore, HOMO
transfer integrals (th) responsible for hole transport were calcu-

lated using the DFTB method (Table 3; see the Supporting In-
formation for details on the calculation).[23]

The calculations reveal that in the a modification of T-BTBT
the strongest coupling (tC,k

h = 33 meV) exists between the anti-
parallel face-to-face p stacked dimers (Figure 5 c and d) and is

approx. as high as the coupling between two edge-to-face
stacked molecules (tB,?

h = 32 meV). Edge-to-face stacked mole-

cules with additional C···S and S···S contacts (Figure 5 a and e)
have lower transfer integrals (10–16 meV). As a continuous

Figure 6. Single-crystal X-ray structure of T-BTBT (polymorph d1) crystallized by sublimation at the Kugelrohr oven (270 8C, 3 V 10@3 mbar): a) herringbone
packing. Asymmetric unit colored in red. Infinite p-stacking patterns along the crystallographic a axis indicated by arrows. b) Structural overlap of a p stacked
dimer. c) Short contacts within a p stacked column.

Figure 7. Single-crystal X-ray structure of T-BTBT (polymorph d2) crystallized by sublimation in an argon stream and temperature gradient (starting tempera-
ture: 280 8C): a) packing. p-stacking patterns indicated by arrows. b, c) Antiparallel face-to-face stacked dimer from top (b) and side (c) view. d) p-Stacking be-
tween adjacent triptycene end-caps. e) S···S contacts. f) Edge-to-face stacking along the b axis.
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stacking motif is required for charge transport to take place,

the edge-to-face arranged molecules with S···S and S···H con-
tacts (Figure 5 b and e) most likely determine the transport

properties. As they assemble along the crystallographic b axis,
charge transport with a transfer integral of tD,SS

h = 16 meV in

this direction is presumably preferred over other directions.

Due to the very similar structure (see Figure S45 a–d), the cou-
plings for the b solvate are in the same range with only a

smaller transfer integral for the antiparallel face-to-face p

stacked dimer (tA,k
h = 24 meV). For the g modification (see the

Supporting Information) transfer integrals are generally lower
(4–22 meV), which might be explained by different relative ori-

entation of adjacent molecules. The largest coupling exists be-

tween the edge-to-face arranged dimers with C···S short con-
tact (tA,CS

h = 22 meV). The preferred hole transport direction

here is the herringbone sheet with continuous S···S short con-
tacts along the crystallographic c axis (Figure S45f,i) with only

poor coupling (tD,SS
h = 4 meV). The d1 polymorph continuously

stacks along the crystallographic a axis (Figure 6 a). With tA,k
h =

177 meV the coupling in this direction is exceptionally high,

not only compared to the parent BTBT (th = 58 meV),[8c] but
also compared to other compounds with high hole mobilities

like pentacene (th = 75 meV),[24] hexacene (th = 88 meV)[25] or ru-
brene (th = 100 meV).[26] This makes this packing motif very

Figure 8. Single crystal X-ray structure of T-NTBT (polymorph a) crystallized by sublimation at the Kugelrohr oven (230 8C, 5 V 10@3 mbar): a, b) Structural over-
lap of two different p dimers. c) Packing. p-stacking patterns indicated by arrows. d) S···S contacts.

Table 3. Charge transfer integrals th for hole transport for all crystal structures of T-BTBT and T-NTBT.

# Compound modification[a] A[a,b] B[a,b] C[a,b] D[a,b] Preferred charge transfer direction[d]

1 T-BTBT a 10 (C···S) 32 (p···p? ) 33 (p···pk) 16 (S···S/H) b axis
2 T-BTBT b 24 (p···pk) 20 (p···p? ) 12 (C···S) 18 (S···S/H) b axis
3 T-BTBT g 22 (C···S) 19 (p···p? ) 11(p···pk) 4 (S···S) c axis
4 T-BTBT d1 177 (p···pk) 28 (VdW) – – a axis
5 T-BTBT d2 92 (S···S) 27 (p···p? ) 44 (p···pk) 0 (p···pk)

[c] b axis
6 T-NTBT a 116 (p···pk) 71 (p···pk) 0 (p···pk)

[c] 23 (S···S) p stack axis

[a] See Figures 5–8 and Table 2. [b] dimers interacting via short contacts indicated in brackets. All values given in meV. [c] p stacked unsubstituted tripty-
cene wings. [d] Indicated by red arrows in Figures 6–8; corresponding transfer integrals highlighted in bold.

Table 2. Crystallographic parameters, distances and short contacts of T-BTBT and T-NTBT.[a]

# Compound Method Space group Nasym
[d] Z[e] dp–p [a][f] Other short contacts [a][a]

1 T-BTBT CHCl3/EtOH;[b] a P212121

(orthorhombic)
2 8 3.47 3.35–3.42 (C···S), 3.64 (S···S), 2.94 (S···H), 2.77 (C···H)

2 T-BTBT acetone;[c] b P212121

(orthorhombic)
2 8 3.45 3.31 (C···S), 3.60–3.94 (S···S), 2.92 (S···H), 2.78 (C···H)

3 T-BTBT toluene/EtOH;[b] g Pca21

(orthorhombic)
2 8 3.45 3.26–3.47 (C···S), 3.60 (S···S), 2.82 (C···H)

4 T-BTBT sublimation (vacuum); d1 Pca21

(orthorhombic)
1 4 3.42 3.49–3.51 (C···S), 2.88 (C···H)

5 T-BTBT physical vapor transport
(Ar stream); d2

C2/c
(monoclinic)

1 8 3.43 3.61 (S···S), 2.67–2.89 (C···H), 3.72 (p···p, 2)

6 T-NTBT sublimation (vacuum); a P1̄
(triclinic)

1 2 3.59 (1)
3.52 (2)

3.35–3.56 (S···S), 3.83 (p···p, 3)

[a] Values have been determined for two adjacent molecules. For the determination procedure, see the Supporting Information. [b] Gas diffusion of ethanol
at rt. [c] Slow evaporation of solvent at rt. [d] Number of molecules in the asymmetric unit ; refined solvate molecules not counted. [e] Total number of mol-
ecules in the unit cell including refined solvate molecules. [f] p–p distances of the BTBT unit ; the numbers in brackets indicate the p stacking motifs as
shown in Figure 5–Figure 8; p-planes were calculated from all atoms of the aromatic backbone.

Chem. Eur. J. 2020, 26, 12596 – 12605 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH12601

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001125

http://www.chemeurj.org


promising for potential OFET devices. In fact only a few com-
pounds with comparably high hole transfer integrals (170–

190 meV) have been reported so far.[7a, 9a, 16a] Noteworthily, the
coupling between the cross-wise p stacking in d1 (Figure 6 b) is

much higher compared to the antiparallel p stacking found in
the other modifications, despite the smaller molecular overlap.

This might be attributed to an enhanced HOMO orbital overlap
of the orbital lobes of the thiophene rings (Figure 4) in this ar-

rangement. It is worth mentioning that a similar zigzag ar-

rangement of biphenylene containing acene analogues proved
to be beneficial for charge transfer and field effect mobilities

as high as 2.9 cm2 V@1 s@1 could be obtained by using this pack-
ing motif.[27] Additionally the electronic coupling is comparable

to the reorganization energy (182 meV) discussed previously
and therefore a bandlike transport, which should be highly effi-

cient, is expected to take place.[16a] The coupling between mol-

ecules of adjacent columns along the crystallographic c axis
(Figure 6 a) is much smaller (tB,VdW

h = 28 meV). Therefore, hole

transport in this structure is presumably highly anisotropic.
In the d2 modification coupling of the herringbone sheets

along the crystallographic b axis determines the hole transport
characteristics (tB,?

h = 27 meV). Moderate (tC,k
h = 44 meV) to large

transfer integrals (tA,SS
h = 92 meV) exist between face-to-face

stacked antiparallel dimers (Figure 7 b and c) and edge-to-face
stacked dimers with S···S interaction (Figure 7 e), respectively.

However, these dimers are isolated and therefore do not con-
tribute to overall hole transfer. p stacking of unsubstituted

triptycene wings (D, Figure 7 d) are negligible.
For the crystal structure of T-NTBT a transfer integral be-

tween the dimer with the higher molecular overlap of tA,k
h =

116 meV was computed. For the dimer with the smaller molec-
ular overlap the coupling is smaller (tB,k

h = 71 meV) (Figure 8 a

and b). Both values are reasonably high, making this structure
also interesting for efficient hole transport. As the holes have

to pass through both dimers, the lower coupling is likely to
limit the overall mobility.

Conclusions

In summary, a three-step synthesis of a triptycene end-capped
BTBT and its homologue NTBT, extended by one ring, was pre-
sented. Both compounds were soluble in common organic sol-
vents and showed a high crystallization tendency. The relative-

ly low molecular weight allowed sublimation, which is benefi-
cial for both purification and device fabrication. DFT calcula-
tions further revealed that triptycene end-capping can also
lower the reorganization energy through homoconjugation. By
single-crystal X-ray diffraction five single-crystal structures of T-
BTBT were obtained, two of them by sublimation methods.
Antiparallel p dimers, comparable to those found for the previ-

ously published QPPs,[7a,b] were found in four of those struc-

tures. This once more illustrates the scope of the triptycene
end-capping as a crystallographic synthon for enhanced cofa-

cial p stacking. However, the overall packing was still herring-
bone-like. The polymorphism found for T-BTBT showed that

the exact crystallization conditions also have significant impact
on the molecular arrangement and thus have to be examined

closely to find favorable stacking motifs. One of the two poly-
morphs obtained by sublimation stacked in a rather unexpect-

ed herringbone-type arrangement with increased, cross-wise p

stacking along the crystallographic a axis. T-NTBT crystallized

in a brick-wall-like arrangement of two alternating p dimers.
Out of these structures the latter two are especially promising

for application in OFET devices. This was confirmed by calculat-
ed charge transfer integrals for hole transport. For T-NTBT
high values of th = 71–116 meV along the p stacking axis were

calculated. The exceptionally high transfer integral (177 meV)
of T-BTBT together with a small reorganization energy and
thus an expected bandlike hole transport makes this poly-
morph very promising for OFET application. Preliminary orient-
ing tests on device fabrications with T-BTBT were less success-
ful (1.4 V 10@3 cm2 V@1 s@1). This might, among other reasons,

also be related to the highly anisotropic character of carrier

transport, which makes the relative orientation of the mole-
cules to the electrodes a crucial factor. We are currently trying

to optimize device parameters to improve the performance
and to produce high performance OFET devices.

Experimental Section

General remarks

Bromo-2-phenylacetylene 4 a was prepared according to a litera-
ture known procedure.[28] All reagents and solvents were pur-
chased from Fisher Scientific, Alfa Aesar, Sigma–Aldrich, TCI or VWR
and were used without further purification unless otherwise noted.
For thin-layer chromatography, silica gel 60 F254 plates from
Merck were used and examined under UV irradiation (l= 254 and
365 nm). Flash column chromatography was performed on silica
gel from Sigma–Aldrich (particle size 0.04–0.063 mm) with petro-
leum ether (PE) and dichloromethane as the eluents. Melting
points (not corrected) were measured by using a Bechi Melting
Point B-545 instrument. IR spectra were recorded on a Ge ATR crys-
tal by using a Bruker Lumos spectrometer. NMR spectra were re-
corded by using Bruker Avance DRX (300 MHz), Bruker Avance III
(300 MHz), Bruker Avance III (400 MHz), and Bruker Avance III
(500 MHz) spectrometers. Chemical shifts (d) are reported in parts
per million [ppm] relative to trace CHCl3 in the corresponding deu-
terated solvent. HRMS experiments were carried out by using a
Fourier-Transform Ion Cyclotron Resonance (FT-ICR) mass spec-
trometer solariX (Bruker Daltonik, Bremen, Germany) equipped
with a 7.0 T superconducting magnet and interfaced to an Apollo II
Dual ESI/MALDI source. Absorption spectra were recorded on a
Jasco UV-VIS V-730. Emission spectra were recorded on a Jasco FP-
8300. Quantum yields were determined using an emission spec-
trometer equipped with an integration sphere (LabSphereS; diam-
eter 6’’, coated with SpectraflectS). The system was calibrated with
a primary light source.[29] The procedure from Werth et al.[30] was
used with following settings for the emission spectrometer: band-
width 3 nm, emission bandwidth 3 nm, integration time 1 s. Elec-
trochemical data were obtained in a solution of TBAPF (tetra-n-
butyl ammonium hexafluorophoshate) (0.05 m) in CHCl3 that con-
tained 1 mm of the investigated compound, as indicated. Ferro-
cene (1 mm) was used as an internal standard. Cyclic voltammo-
grams were obtained at a scan rate of 0.05 V s@1 with a Pt working
electrode (0.78 mm2), a Pt counter electrode, and an Ag reference
electrode. Crystal structure analysis was accomplished by using a
Bruker Apex-II diffractometer with a molybdenum source
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(l(MoKa) = 0.71073 a). Data were corrected for sample illumination,
air and detector absorption, Lorentz, and polarization effects;[31] ab-
sorption by the crystal was treated numerically (Gaussian grid).[31, 32]

The structures were solved by using intrinsic phasing[33] or direct
methods with dual-space recycling[34] and refined by using full-
matrix least-squares methods on F2 against all unique reflec-
tions.[35] All non-hydrogen atoms were given anisotropic displace-
ment parameters. Hydrogen atoms were input at calculated posi-
tions and refined with a riding model. When necessary, disordered
groups and/or solvent molecules were subjected to suitable geom-
etry and adp restraints and/or constraints.

Deposition Numbers 1987195, 1987196, 1987197, 1987198,
1987199, 1987200, 1987201, and 1987202 contain the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service.

Synthetic procedures

2-Bromo-3-iodotriptycene (3): 1,4-Diiodo-2,5-dibromobenzene 1
(4.88 g, 10.0 mmol) and anthracene 2 (1.27 g, 7.14 mmol) were dis-
solved in abs. toluene (130 mL) under Ar-atmosphere and kept at
room temperature with a water bath. 4.76 mL nBuLi (2.4 m solution
in hexane, 11.4 mmol, 1.60 equiv.) was diluted with 2.4 mL abs. tol-
uene and the resulting solution added dropwise over a period of
100 min. The reaction mixture was stirred for 15 h at room temper-
ature, filtered through a pad of CeliteS and the solvent was re-
moved under reduced pressure to give 5.5 g of a dark yellow
sticky solid. The crude product was recrystallized from acetone to
remove the excess of anthracene by filtration. This procedure was
repeated three times. The remaining solid was purified via column
chromatography (SiO2, PE, [Rf = 0.62, 0.43, 0.32, 0.24, 0.16]) to
obtain 2-bromo-3-iodotriptycene 3 as a colorless solid (537 mg,
16 %). mp 215–220 8C. 1H NMR (300 MHz, CDCl3): d [ppm] = 7.86 (s,
1 H, H-1), 7.64 (s, 1 H, H-4), 7.37 (dd, J = 5.3, 3.2 Hz, 4 H, H-5/8), 7.02
(dd, J = 5.3, 3.2 Hz, 4 H, H-6/7), 5.34 (s, 2 H, H-9/10). 13C NMR
(50 MHz, CDCl3): d [ppm] = 147.6 (C-1a), 146.5 (C-4a), 144.3 (C-5a/
8a), 144.2 (C-5a/8a), 135.0 (C-1), 127.9 (C-4), 125.83 (C-6/7), 125.79
(C-6/7), 125.76 (C-2/3), 124.01 (C-5/8), 123.98 (C-5/8), 96.6 (C-2/3),
53.4 (C-9/10), 53.0 (C-9/10). IR (ATR): ṽ [cm@1] = 3068 (vw), 3041
(vw), 3023 (vw), 2968 (vw), 2923 (vw), 2852 (vw), 1944 (vw), 1904
(vw), 1786 (vw), 1751 (vw), 1737 (vw), 1588 (vw), 1552 (vw), 1479
(vw), 1457 (m), 1440 (m), 1363 (w), 1313 (vw), 1297 (vw), 1291 (vw),
1245 (vw), 1198 (vw), 1188 (w), 1170 (vw), 1161 (w), 1148 (vw), 1130
(vw), 1089 (w), 1026 (w), 933 (vw), 919 (m), 910 (w), 886 (m), 867
(w), 815 (w), 800 (w), 792 (w), 752 (s), 741 (vs.), 694 (vw), 654 (vw),
638 (w), 626 (m), 613 (w). HRMS (EI +): m/z = 457.9019 [M]+ (calc
for [M]+ : m/z = 457.9167), 377.9803 [M@Br]+ (calcd for [M@Br]+ :
m/z = 378.9984), 329.9955 [M-I]+ (calc for [M@I]+ : m/z = 331.0122).
Elemental analysis calcd for C20H12BrI·(C5H12)0.33 [%]: C: 53.49, H:
3.17. Found: C: 53.26, H: 2.98.

2-Bromo-3-[(2-bromophenyl)ethynyl]-triptycene (5 a): 2-Bromo-3-
iodo-triptycene 3 (205 mg, 0.45 mmol), alkyne 4 a (121 mg,
0.67 mmol), PdCl2(PPh3)2 (16 mg, 0.02 mmol) and CuI (10 mg,
0.05 mmol) were dissolved in NEt3 (2 mL) and stirred at room tem-
perature for 14 h. The reaction mixture was poured onto water
(10 mL) and extracted with ethyl acetate (2 V 20 mL). The combined
organic layer was washed with 1 m HCl (2 V 20 mL) and dried over
MgSO4. The solvent was removed under reduced pressure and the
residue washed with acetone (3 mL) to give 5 a as a pale-yellow
solid (192 mg, 83 %). mp 225–229 8C. 1H NMR (400 MHz, CDCl3) d

[ppm] = 7.65 (s, 1 H, H-1/10), 7.63 (s, 1 H, H-1/10), 7.61(dd, J = 8.1,
1.0 Hz, 1 H, H-5/8), 7.57 (dd, J = 7.7, 1.6 Hz, 1 H, H-5/8), 7.39 (dd, J =

5.2, 3.2 Hz, 4 H, H-11/14), 7.29 (dt, J = 7.5, 1.3 Hz, 1H + CHCl3, H-6/7),
7.17 (dt, J = 7.8, 1.6 Hz, 1 H, H-6/7), 7.03–7.01 (m, 4 H, H-12/13), 5.42
(s, 1 H, H-11/15), 5.40 (s, 1 H, H-11/15). 13C NMR (100 MHz, CDCl3) d

[ppm] = 147.7 (C-1a/10a), 144.7 (C-1a/10a), 144.5 (C-14a/11a), 144.2
(C-14a/11a), 133.7 (C-5/8), 132.6 (C-5/8), 129.7 (C-6/7), 128.4 (C-1/
10), 127.9 (C-1/10), 127.1 (C-6/7), 125.8 (C-4/9), 125.73 (C-12/13),
125.67 (C-12/13), 125.5 (C-4/9), 124.00 (C-11/14), 123.96 (C-11/14),
122.2 (C-2/3), 121.5 (C-2/3), 92.8 (C-3a/3b), 91.5 (C-3a/3b), 53.7 (C-
15/16), 53.4 (C-15/16). HRMS (DART): m/z = 509.9617 [M]+ (calcd for
[M]+ : m/z = 509.9619), 527.9960 [M++NH4]+ (calcd for [M++NH4]+ :
m/z = 527.9957), 1020.9323 [2 M+ H]+ (calcd for [2 M+ H]+ : m/z =
1020.9310), 1037.9572 [2 M+ NH4]+ (calcd for [2 M+ NH4]+ : m/z =
1037.9576). IR (ATR): ṽ [cm@1] = 3064 (vw), 3049 (vw), 3019 (w),
2954 (vw), 1940 (vw), 1904 (vw), 1793 (vw), 1584 (vw), 1556 (vw),
1486 (vw), 1473 (w), 1456 (m), 1452 (m), 1432 (w), 1421 (w), 1404
(vw), 1391 (w), 1321 (vw), 1293 (vw), 1256 (vw), 1191 (w), 1156 (w),
1143 (vw), 1114 (w), 1099 (vw), 1044 (w), 1026 (w), 974 (w), 946
(vw), 938 (vw), 932 (vw), 904 (vw), 891 (m), 872 (vw), 860 (w), 836
(w), 801 (w), 785 (vw), 744 (vs.), 708 (w), 678 (w), 654 (w), 643 (w),
626 (m). Elemental analysis calcd for C28H16Br2·(H2O)0.5 [%]: C: 64.52,
H: 3.29. Found: C: 64.58, H: 3.72.

Triptycenylthieno-[3,2-b][1]-benzothiophene (T-BTBT): T-BTBT
was synthesized according to a modified literature known proce-
dure.[12] A suspension of 2-Bromo-3-[(2-bromophenyl)ethynyl]-trip-
tycene 5 a (135 mg, 0.26 mmol), Na2S·H2O (60 % purity, 137 mg,
1.05 mmol), CuI (10 mg, 0.05 mmol) and I2 (134 mg, 0.53 mmol)
were stirred under Ar-atmosphere in NMP (1.35 mL) for 24 h at
120 8C. After cooling to room temperature, the reaction mixture
was quenched with water (8 mL), the precipitate collected by filtra-
tion and washed with water (20 mL). Purification via recrystalliza-
tion from acetone gave triptycenylthieno-[3,2-b][1]-benzothio-
phene T-BTBT as a pale-yellow solid (57 mg, 51 %). Further purifica-
tion by sublimation (270 8C, 3 V 10@3 mbar) gave pale yellow crys-
tals. mp 313.6–314.0 8C (after sublimation). 1H NMR: (400 MHz,
CDCl3) d [ppm] = 7.90 (s, 1 H, H-6) 7.89 (s, 1 H, H-1), 7.89–7.87 (m,
2 H, H-2), 7.84 (dd, J = 8.3 Hz, 2 H, H-5), 7.45–7.41 (m, 5 H, H-7/10/4),
7.36 (td, J = 7.7, 1.3 Hz, 1 H, H-3), 7.03 (dd, J = 5.4, 3.1 Hz, 4 H, H-8/
9), 5.56 (s, 1 H, H-11), 5.52 (s, 1 H, H-12). 13C NMR: (100 MHz, CDCl3)
d [ppm] = 145.1 (C-6b/10a), 144.9 (C-5c), 143.0 (C-6a/10b), 142.9 (C-
6a/10b), 142.1 (C-1c), 139.5 (C-5a), 133.5 (C-1b), 133.40 (C-6b/10a),
133.38 (C-1a), 130.4 (C-5b), 125.6 (C-8/9), 124.9 (C-3/4), 124.8 C-(7/
10), 124.1 (C-2/5), 123.9 (C-7/10), 121.5 (C-2/5), 119.1 (C-6), 116.7 (C-
1), 54.2 (C-11/12), 54.16 (C-11/12). HRMS (DART): m/z = 416.0710
[M]+ (calcd for [M]+ : m/z = 416.0693), 434.1049 [M++NH4]+ (calcd
for [M++NH4]+ : m/z = 434.1032), 832.1455 [2 M]+ (calcd for [2 M]+ :
m/z = 832.1387), 850.1764 [2 M+ NH4]+ (calcd for [2 M+ NH4]+ :
m/z = 850.1725). IR (ATR): ṽ [cm@1] = 1589 (vw), 1479 (vw), 1456
(m), 1433 (m), 1392 (vw), 1342 (vw), 1321 (w), 1313 (w), 1290 (w),
1252 (w), 1213 (w), 1182 (w), 1159 (w),1126 (vw), 1099 (vw), 1038
(w), 1022 (w), 974 (vw), 933 (w), 920 (w), 876 (w), 864 (w), 850 (w),
825 (w), 802 (w), 764 (m), 746 (vs.), 737 (vs.), 723 (s), 706 (w), 683
(w), 665 (w), 644 (w), 627 (m), 602 (m), 557 (m), 540 (w), 515 (w),
494 (w), 478 (w), 467 (w), 453 (w), 430 (m), 407 (m). Elemental anal-
ysis calcd for C28H16S2 [%]: C: 80.74, H: 3.87. Found: C: 80.68, H:
4.05. UV/Vis (CH2Cl2): labs [nm] (lg e) = 328 (4.49), 314 (4.53), 272
(4.31), 262 (4.33). Fluorescence (CH2Cl2): lem [nm] (lex [nm]) = 340,
357, 373 (318). PLQY: F [%] (lex [nm], solvent) = 15 (314, CH2Cl2).

2-Bromo-3-ethynylnaphthalene (4 b): [(3-Bromonaphthalen-2-yl)-
ethynyl]-trimethylsilane[36] (120 mg, 0.39 mmol) was added to an
ice cold solution of KOH (102 mg, 1.83 mmol) in MeOH (1 mL).
After stirring 45 min. at room temperature the yellow suspension
was diluted with CH2Cl2 and washed with H2O (2 V 10 mL). The or-
ganic phases were combined, dried over MgSO4 and the solvent
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removed under reduced pressure. The yellow residue was purified
by flash column chromatography (SiO2, PE [Rf = 0.34, 0]) to give 4 b
as a pale-yellow solid (76 mg, 85 %). mp 98–99 8C (decomp.).
1H NMR (400 MHz, CDCl3) d [ppm] = 8.09 (s, 1 H, H-1), 8.07 (s, 1 H, H-
4), 7.79–7.72 (m, 2 H, H-5/8), 7.53–7.50 (m, 2 H, H-6/7), 3.40 (s, 1 H,
H-3b). 13C NMR (100 MHz, CDCl3) d [ppm] = 134.4 (C-2/3), 134.1 (C-
4a/8a), 131.7 (C-4a/8a), 131.2 (C-2/3), 128.0 (C-6/7), 127.8 (C-5/8),
127.1 (C-6/7), 127.0 (C-5/8), 121.7 (C-2/3), 121.6 (C-2/3), 82.3 (C-3a),
81.5 (C-3b). HRMS (EI +): m/z = 229.9699 [M]+ (calcd for [M]+ : m/z
= 229.9731. IR (ATR): ṽ [cm@1] = 3304 (w), 3287 (m), 3057 (vw),
2110 (vw), 1958 (vw), 1828 (vw), 1707 (vw), 1618 (vw), 1582 (w),
1487 (w), 1447 (w), 1423 (w), 1344 (vw), 1315 (w), 1269 (w), 1240
(w), 1207 (w), 1167 (vw), 1148 (w), 1130 (w), 1016 (vw), 988 (m), 957
(m), 891 (s), 822 (vw), 787 (vw), 752 (vs.), 685 (m), 675 (m), 656 (m),
611 (m). Elemental analysis calcd for C12H7Br [%]: C: 62.37, H: 3.05.
Found: C: 62.77, H: 3.24.

(9 r,10 r)-2-Bromo-3-[(3-bromonaphthalen-2-yl)ethynyl]-9,10-di-
hydro-9,10-[1,2]benzenoanthracene (5 b): To a suspension of 2-
bromo-3-iodotriptycene 3 (79 mg, 0.17 mmol), CuI (3.3 mg,
17 mmol) and Pd(PPh3)2Cl2 (6.1 mg, 8.7 mmol) in abs. THF (0.1 mL)
and NEt3 (0.35 mL) under Ar atmosphere a solution of 2-bromo-3-
ethynylnaphthalene 4 b (48 mg, 0.21 mmol) in abs. THF (0.1 mL)
was added. The dark suspension was stirred at room temperature
for 14.5 h. H2O (15 mL) was added and the mixture extracted with
CH2Cl2 (3 V 10 mL). The combined organic phases were washed
with 1 m HCl (2 V 10 mL) and dried over MgSO4 to obtain a dark
brown solid after removal of solvents. The residue was purified by
flash column chromatography (CH2Cl2-PE = 1:10 [Rf = 0.2, 0.08, 0] to
1:5) to give 5 b was as a pale-yellow solid (81 mg, 84 %). mp 255–
262 8C. 1H NMR (300 MHz, CDCl3) d [ppm] = 8.10 (s, 1 H, H-5/10),
8.09 (s, 1 H, H-5/10), 7.76–7.71 (m, 2 H, H-6/9), 7.66 (s, 1 H, H-1/12),
7.65 (s, 1 H, H-1/12), 7.51–7.48 (dd, J = 6.2, 3.2 Hz, 2 H, H-7/8), 7.41–
7.39 (m, 4 H, H-13/16), 7.03 (dd, J = 3.2 Hz; 5.4 Hz, 4 H, H-14/15),
5.43 (s, 1 H, H-17/18), 5.40 (s, 1 H, H-17/18). 13C NMR (101 MHz,
CDCl3) d [ppm] = 147.7 (C-1a/12a), 144.7 (C-1a/12a), 144.5 (C-16a/
13a), 144.2 (C-16a/13a), 133.9 (C-5a/9a), 133.5 (C-5/10), 131.9 (C-2/
3), 131.2 (C-5/10), 128.5 (C-5a/9a), 127.9 (C-1/12), 127.8 (C-1/12),
127.78 (C-6/9), 127.0 (C-6/9), 125.8 (C-13/16), 125.7 (C-13/16), 124.0
(C-13/16), 123.97 (C-13/16), 122.7(C-4/11), 122.2 (C-4/11), 121.9 (C-2/
3), 121.6 (C-2/3), 92.5 (C-3a/3b), 91.8 (C-3a/3b), 53.7 (C-17/18), 53.4
(C-17/18). HRMS (EI +): m/z = 559.9598 [M]+ (calcd for [M]+ : m/z =
559.9775. IR (ATR): ṽ [cm@1] = 3059 (vw), 2957 (vw), 2208 (vw), 1944
(vw), 1906 (vw), 1794 (vw), 1585 (vw), 1491 (w), 1458 (m), 1447 (w),
1425 (w), 1391 (w), 1327 (vw), 1294 (vw), 1261 (vw), 1196 (w), 1159
(vw), 1144 (w), 1115 (w), 1022 (vw), 1003 (vw), 961 (w), 891 (m), 883
(m), 858 (w), 849 (vw), 822 (vw), 800 (w), 787 (vw), 748 (vs.), 743
(vs.), 708 (w), 671 (vw), 658 (w), 642 (w), 625 (m), 613 (vw). Elemen-
tal analysis calcd for C32H18Br2·H2O [%]: C: 66.23, H: 3.47. Found: C:
65.89, H: 3.48.

(8 r,13 r)-8,13-dihydro-8,13-[1,2]benzenoanthra[2,3-b]naphtho-
[2’,3’:4,5]thieno[2,3-d]thiophene (T-NTBT): T-NTBT was synthe-
sized according to a modified literature known procedure.[12] A sus-
pension of 2-bromo-3-[(3-bromonaphthalen-2-yl)ethynyl]-triptycene
5 b (225 mg, 0.40 mmol), Na2S·H2O (60 % purity, 208 mg,
1.60 mmol), CuI (15. mg, 0.08 mmol) and I2 (203 mg, 0.80 mmol)
were stirred under Ar atmosphere in NMP (2 mL) for 24 h at 120 8C.
After cooling to room temperature, the mixture was quenched
with water (30 mL), filtered and washed with distilled water
(20 mL), MeOH (20 mL) and petroleum ether (10 mL). After column
chromatography (PE:CHCl3 = 3:1 [Rf = 0.33, 0]) the crude product
was recrystallized from PE/CHCl3 to give naphtothienotriptycenyl-
eno-benzothiophene T-NTBT as a pale yellow solid (11 mg,
24 mmol, 6 %). mp >410 8C. 1H NMR (300 MHz, CDCl3) d [ppm] =

8.34 (s, 1 H, H-2), 8.27 (s, 1 H, H-7), 7.98 (dd, J = 6.2, 3.5 Hz, 1 H, H-6),
7.93 (s, 1 H, H-8), 7.90 (dd, J = 5.7, 2.9 Hz, 1 H, H-3), 7.89 (s, 1 H, H-1),
7.49 (dd, J = 6.4, 3.2 Hz, 2 H, H-4/5), 7.45–7.42 (m, 4 H, H-9/12), 7.03
(dd, J = 3.2 Hz; 5.3 Hz, 4 H, H-10/11), 5.57 (s, 1 H, H-13), 5.54 (s, 1 H,
H-14). 13C NMR: (100 MHz, CDCl3) d [ppm] = 145.1 (C-8b/12a), 144.8
(C-8b/12a), 143.3 (C-12b), 143.1 (C-8a), 140.7 (C-1c), 140.0 (C-7a),
134.4 (C-1a), 132.7 (C-1b/7c), 132.5 (C-1b/7c), 131.32 (C-2a/6a),
131.27 (C-2a/6a), 130.5 (C-7b), 128.3 (C-3/6), 127.4 (C-3/6), 125.8 (C-
10/11/4/5), 125.75 (C-10/11/4/5), 125.68 (C-4/5/10/11), 125.66 (C-10/
11/4/5), 123.9 (C-9/12), 122.5 (C-2/7), 119.5 (C-2/7), 119.1 (C-8), 117.0
(C-1), 54.24 (C-13/14), 54.16 (C-13/14). HRMS (DART): m/z =
466.0831 [M]+ (calcd for [M]+ : m/z = 466.0850), 932.1664 [2 M]+

(calcd for [2 M]+ : m/z = 932.1700), 950.2004 [2 M++NH4]+ (calcd for
[2 M+ NH4]+ : m/z = 950.2038), 1398.2442 [3 M]+ (calcd for [3 M]+ :
m/z = 1398.2550). IR (ATR): ṽ [cm@1] = 3063 (vw), 3017 (vw), 2922
(w), 2853 (w), 1597 (vw), 1456 (m), 1425 (w), 1377 (w), 1335 (vw),
1310 (w), 1281 (w), 1186 (w), 1153 (w), 1132 (vw), 1124 (vw), 1022
(w), 949 (vw), 878 (m), 862 (m), 816 (w), 783 (vw), 737 (vs.), 702 (w),
689 (w), 644 (vw), 627 (m), 613 (w). Elemental analysis calcd for
C32H18S2·(CH2Cl2)0.2 [%]: C: 79.97, H: 3.84. Found: C: 80.09, H: 4.10.
UV/Vis (CH2Cl2): labs [nm] (lg e) = 375 (4.20), 356 (4.26), 329 (4.33),
316 (4.19), 299 (4.85), 287 (4.60), 255 (4.54). Fluorescence (CH2Cl2):
lem [nm] (lex [nm]) = 388, 406, 428sh (365). PLQY: F [%] (lex [nm],
solvent) = 18 (330, CH2Cl2).
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