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Abstract:  1,2,3,4-Tetrafluoro-dinaphtothienothiophene (F,DNTT)
and 1,2,3,4,8,9,10,11-octafluoro-dinaphtothienothiophene (FsDNTT)
were synthesized via bisthiomethyl alkene intermediates which were
accessible by McMurry coupling or Wittig olefination of partially
fluorinated naphthalene precursors. DFT-based electronic structure
calculations, X-ray absorption spectroscopy (NEXFAS) and UV/Vis
measurements were used for HOMO/LUMO gap determination and to
analyse the electronic structures of the partially fluorinated DNTTSs.
Reduced exciton binding was observed in thin films.

Introduction

The promising potential of using T-conjugated molecules or
polymers as active semiconducting material for flexible organic
electronics applications such as e.g. rollable displays, cost-
effective sensors or electronic skin has triggered the synthesis of
new organic materials suited for such applications.™ Among the
organic semiconductors, pentacene 1 (Figure 1) has long been
considered a model system, as it forms well-ordered crystalline
films with reasonably high charge carrier mobility that were
commonly used to benchmark other organic semiconductors.In
addition, the electronic structure of this highly symmetric alternant
hydrocarbon can be well-understood by Hiickel theory,®! while
also the intermolecular coupling in molecular solids was analyzed
theoretically in detail.”! On the other hand, there are the
disadvantages of the larger acenes such as their sensitivity to
oxidation and light-induced dimerization of the central ring as well
as their low solubility in organic solvents,® which complicates
their processing in organic electronics. To address these
problems, synthetic strategies such as the addition of functional
side groups or heterosubstitutions have been developed to
enhance the chemical stability and processability.[7

A different approach is the substitution of the central ring by
chemically more robust moieties such as thienothiophenes,®!
which has led to the synthesis of a new class of diacene-fused
thienothiophenes (DACTT).M

Among this new material class, the dinaphtothienothiophene
(DNTT) 5 stands out because it combines superior charge carrier
mobility with excellent stability against oxidation and chemical
decomposition, making it one of the most stable organic
semiconductors. 13 Increased solubility has also been realized
for DNTTs by addition of peripheral side chains.'¥ Adjustments
of the electronic structure of such 1-conjugated systems are

possible either through modification of their length 15171 or
incorporation of further thiophene moieties.[* 1820

A different, for polycyclic aromatic hydrocarbons well-established,
strategy is heteroatom substitution, which allows precise tailoring
of the molecular properties.>223 |n particular fluorination has
become a common strategy to alter the electronic properties of
organic semiconductors,? as the polar C-F bonds directly lower
the energy levels of the T-system and simultaneously change the
charge density distribution leading to electron accumulation at the
fluorine atoms.?>39 Partially fluorinated pentacenes 2 and
azapentacenes 3 have been studied.?®3% So far, however,
fluorination has rarely been used to functionalize the vast class of
thienoacene-based organic semiconductors with 4 as rare
example.BY Here, we introduce partially fluorinated DNTTs 7 and
8.
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Figure 1. Examples for functionalized pentacenes, benzobisbenzothiophenes
and DNTTs.

We present new synthetic strategies to chemically alter the
electronic properties of the more promising semiconductor DNTT
by partial fluorination. For the symmetrically fluorinated FsDNTT
(7) we utilized a McMurry approach, while for the one-sidedly
fluorinated F4sDNTT (8) we had to apply a Wittig approach. Using



DFT-based electronic structure calculations, X-ray absorption
spectroscopy (NEXAFS) and UV/Vis measurements we observe
a similar reduction of the HOMO and LUMO levels, leaving the
optical gap virtually unchanged. We also observe a reduced
exciton binding energy in thin films. Last, we have analyzed the
electronic structure of the DNTTs more in detall, revealing that the
building block principle can be applied for DNTTs as well.

Retrosynthetic pathways towards functionalized DNTTs of type 9
are shown in scheme 1. The group of Takimiya developed
different synthetic methods for symmetric as well as non-
symmetric DNTTs.[0143235] For symmetric compounds, an
olefinic precursor 10 is used, which can undergo an iodine-
promoted double-ring-closing reaction to the corresponding
DNTT 9. In previous studies of Takimiya, the olefinic precursor 10
is build up in an ortho-thiomethylation/McMurry-sequence starting
from aldehyde 11.12% While the McMurry-reaction of these
compounds usually works smoothly, the ortho-thiomethylation of
aldehyde 11 is very tedious, due to the formation of a regioisomer
and difficult chromatographic isolation. In 2011, they reported a
different strategy for the synthesis of the olefinic precursor 10,
utilizing a double Stille-reaction of triflate 12 with the bis-
stannane 13.13% While the Stille-reaction gave good to excellent
yield, this route also has the advantage, that the introduction of
the thiomethyl moiety works with a high selectivity in the desired
3-position.

A different strategy had to be developed for the selective
synthesis of non-symmetric functionalized DNTT-derivatives. A
possible pathway for this problem was shown by Takimiya when
the final step of the synthesis is a thio-Friedel-Crafts-type ring-
closure of the sulfoxide-precursor 14.33 This precursor can be
synthesized via a Stille-coupling of the functionalized
naphthothiophene 16 with triflate 15, allowing the introduction of
a non-symmetric substitution pattern. Takimiya showed the
applicability of this route by the selective synthesis of 2-bromo-
DNTT, which was derivatized in a late-stage functionalization into
different non-symmetric DNTTs, including the TMS-acetylene-
compound 6.5

In this contribution we demonstrate the synthesis of partially
fluorinated DNTTs 7 and 8. In the case of the symmetric
FsDNTT (7), we applied the MCMURRY-approach to build up the
olefinic precursor 10. The aldehyde 17 is, however, synthesized
in a highly regioselective ortho-borylation/deborothiomethylation-
sequence of ester 18, based on a work by Hosoya.l® For the
synthesis of the non-symmetric FsDNTT (8), a new route was
developed, including the synthesis of the olefinic precursor 10 in
a Wittig-reaction. The advantage of this route is, that the
phosphoniumbromide 19 can also be synthesized utilizing the
same strategy, starting from an ester of type 18.
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Scheme 1. Retrosynthesis of functionalized DNTTSs.

Results and Discussion

Starting point of the syntheses was the known

tetrafluoronaphthyltriflate 20,571 that was converted to aldehyde
23 in five steps, which served as a common precursor for both
partially fluorinated DNTTs (scheme 2). The first step was a
carbonylative cross coupling®® of 20 to methyl ester 21, followed
by an iridium catalyzed directed ortho-borylation.*® The crude
pinacolboronate was subjected to a deborothiomethylation-
procedure®®! to provide thioether 22 in excellent yield and
regioselectivity over two steps. Reduction of the ester to the
alcohol using DIBAH and reoxidation under Swern-conditions
gave aldehyde 23.
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Scheme 2. Synthesis of aldehyde 23. Reagents and conditions: a) CO (1 atm),
Pd(OACc)2 (5 mol%), dppf (10 mol%), EtsN (2.0 eq), DMF/MeOH, 65 °C, 6 h;
b) [I(OMe)(cod)]z (2.5 mol%), L1 (5 mol%), Bzpinz (1.0 eq), THF, 55 °C, 2 h;
c) TsSMe (1.2 eq), CsF (2.0 eq), CuSO4 (0.1 eq), TMEDA (0.12 eq), MeOH,
50 °C, 26 h; d) DIBAH (3.0 eq), THF, 0 °C to rt, 20 min; e) (COCI)2 (1.5 eq),

DMSO (3.0 eq), CH2Clz, =78 °C, 30 min; EtsN (5.0 eq), =78 °C, 30 min; rt, 15 min.

Since the FgDNTT (7) is a symmetric compound, the carbon-
backbone can be built up in a McMurry-reaction of aldehyde 23
(scheme 3). The reaction worked smoothly in 93% yield to obtain
the olefinic precursor 24. Unfortunately, the final double-ring-
closing reaction, using an excess of iodine in boiling
dichloroethane or acetic acid, did not give the desired DNTT. The
main product of the reaction was compound 25, where only one
of the thiophene rings was closed, with the other thiomethyl-group
still intact. The thiomethyl-group was then oxidized to the
corresponding sulfoxide 26 using mCPBA and cyclized in a thio-
Fridel-Crafts type reactioni® to obtain FgDNTT (7).
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Scheme 3. Synthesis of FsDNTT 7. Reagents and conditions: f) TiCla (3.0 eq),
Zn (3.0 eq), THF, 0°Cto 66 °C, 3 h; 23 (1.0 eq), rt to 66 °C, 14 h; g) 12 (29.0 eq),
(CH2Cl), 84 °C, 22 h; h) mCPBA (1.0 eq), CH2Cl, 0 °C to rt, 26 h; i) P20s
(1.0 eq), TfOH, rt, 3 d; pyridine, 115 °C, 23 h.

A different strategy had to be developed for the synthesis of
F4DNTT (8). The non-symmetric olefinic precursor 30 could be
build up in a Wittig-reaction. The corresponding phosphonium
bromide 29 should be accessible in five steps, starting from
ester 27, using the same strategy to introduce the thiomethyl

group. For this substrate the ortho-borylation/deborothio-
methylation sequence to obtain 28 worked in 67% yield over two
steps, indicating that the ortho-borylation works better for
electron-deficient compounds. The ester moiety of 28 was then
reduced to the corresponding alcohol and subjected to an Appel-
reaction. The benzylic bromide was then refluxed in toluene with
PPh; to obtain phosphonium bromide 29 in 70% yield over 3 steps.
The following Wittig-reaction with aldehyde 23 worked smoothly,
to give alkene 30 in 96% yield. This time, the iodine-promoted
cyclization to F4.DNTT (8) worked fine in one step with 73% yield
(see scheme 4).
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Scheme 4. Synthesis of FaDNTT 8. Reagents and conditions: j) [Ir(OMe)(cod)]2
(2.5 mol%), L1 (5 mol%), B2pinz (1.0 eq), THF, 55 °C, 22 h; k) TsSMe (1.2 eq),
CsF (2.0 eq), CuSO4 (0.1 eq), TMEDA (0.12 eq), MeOH, 50 °C, 22 h; I) DIBAH
(3.0eq), THF, 0 °Ctort, 2 h; m) NBS (2.0 eq), PPhs (2.0 eq), CH2Cl2, 0 °C, 1 h;
n) PPhs (1.2 eq), toluene, 110 °C, 17 h; 0) 29 (1.1 eq), n-BuLi (1.09 eq), THF,
0 °C, 30 min; 23 (1.0 eq), 0 °C to rt, 15 min; p) 12 (29.0 eq), AcOH, 118 °C, 21 h.

In addition to the chemical synthesis also the opto-electronic
properties of the new compounds were analysed and compared
to the unsubstituted DNTT (5). At first we studied the influence of
partial fluorination on the electronic structure by means of DFT
calculations. The results are visualized in figure 2. As expected,
the fluorine atoms prove to be strongly electron-withdrawing,
which affects the charge density distribution within the molecule.
In the case of DNTT (5) a high electrostatic potential (indicated by
blue color) is present at the molecular rim and a low electrostatic
potential (indicated by red color) and thus a high electron density
appears in the center, while for the fluorinated species also the
outer fluorine atoms exhibit a high electron density, yielding a
nearly inverted electrostatic potential at the fluorinated aromatic
subunits. For F,DNTT (8) the asymmetric functionalization even
leads to a permanent molecular dipole moment of |p| = 4.26 D,
which is slightly smaller than the dipole moment of related fluoro-
azaacenes (tetrafluorodiazatetracene: |p| = 4.31 D, hexafluoro-
diazapentacene 3: |p| = 5.27 D).?®l The electron withdrawing
effect of the fluorine atoms leads to a reduction of the electron



density at the carbon atoms which not only affects the
electrostatic potential through the frontier orbitals but also
increases the C1s binding energy upon fluorination, which
transfers in the sense of Huckel theory to a larger Coulomb
integral.® This leads to a lowering of the energy levels of the -
system, including the frontier orbitals HOMO and LUMO.
Interestingly, in the case of the partially fluorinated DNTTSs, the
energy levels of both frontier orbitals are lowered almost equally,
so that the optical gap changes only marginally. According to
Huckel theory, this effect is expected for alternant hydrocarbons
% and has been verified experimentally for other fluorinated
organic semiconductors such as e.g. acenes, rubrene and
hexabenzocoronene.?%3 The presently observed effect of an
(approximately) equal energetically reduction of both frontier
orbitals due to fluorination, even in the case of non-alternating
hydrocarbons such as DNTT, suggests that partial fluorination
generally leads to a reduction in both frontier orbitals for -
conjugated molecules.
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Figure 2. Comparison of calculated energy levels, frontier orbitals HOMO and
LUMO and molecular electrostatic potentials (MEPs) of DNTT (5), FaDNTT (8)
and FsDNTT (7) obtained with GAMESS-US at the B3LYP/6-311G(d,p) level.

The molecular HOMO-LUMO gap was experimentally obtained by
optical spectroscopy. UV/Vis solution spectra (cf. figure 3) yield
HOMO-LUMO gaps of 3.09 eV (DNTT (5)), 3.04 eV (F4sDNTT (8))
and 3.03 eV (FsDNTT (7)), respectively. Hence the experimental
data show only a slight reduction of the HOMO-LUMO gap and
are qualitatively consistent with the DFT calculations. Since for
device applications the optical solid-state properties are more
relevant, we also carried out UV/Vis absorption measurements on
solid molecular thin films of about 50 nm evaporated under
vacuum conditions onto quartz slides. As depicted in figure 3, the
transmission absorption spectra exhibit new bands below the
HOMO-LUMO transition, which can be assigned to excitonic
transitions in the solid. The exciton binding energies, which can
be approximated by the difference between the lowest energy
excitation in solution and in the solid (indicated as AE in figure 3),

are notably smaller for the partially fluorinated molecules, when
compared to the non-fluorinated pendent DNTT (5) (DNTT:
330 meV F,DNTT (8): 180 meV, FsDNTT (7): 160 meV). Hence
the optical solid state properties are modified notably upon
fluorination, as also observed for partially fluorinated acenes,
which could be attributed to a changed packing motif in the
respective molecular solids.%4% Unfortunately, a crystal structure
analysis that would rationalize this effect has not yet been
possible, because the crystallites obtained so far are too small.
This is in line with our observation that fluorinated aromatic
molecules generally tend to crystallize in smaller crystallites than
their non-fluorinated pendants. %

Wavelength [nm]

413 354

Absorbance

solution o

25 3.0 35
Energy [eV]

Figure 3. UV/Vis spectra of DNTT (5), FaDNTT (8) and FsDNTT (7) in solution
(saturated solution in CH2Cl2) and as solid films evaporated onto quartz glass
substrates. The dashed lines indicate the energy of the lowest absorption band
(optical gap). Arrows visualize the exciton binding energies (AE).

To obtain deeper insights into the nature of unoccupied electronic
states, we have utilized NEXAFS spectroscopy. The carbon K-
edge NEXAFS spectrum of FsDNTT (8) (cf. figure 4a) exhibits
sharp *-resonances, which can be assigned to excitations from
C1s core levels into unoccupied molecular 1-orbitals, and broad
resonances corresponding to excitations in unoccupied o-orbitals.
The comparison of the magnified T region of the differently
fluorinated DNTTs (cf. figure 4b) shows that some resonances
appear at unchanged positions, while others occur only for the
fluorinated species. This is particular pronounced for F4DNTT (8),
which exhibits final states with mixed character, as it has also
been observed also for unilaterally fluorinated acenes.% As
DNTT topologically consists of naphthalene and thiophene units,
a comparison of the corresponding signatures is useful. Indeed,
the NEXAFS spectrum of DNTT can be well-described by the
NEXAFS signatures of these units,*4? as indicated by the
dashed lines (blue: naphthalene-like resonance, orange:
thiophene-like resonance, more details are given in Supp. Inf.). In
addition, the carbon K-edge NEXAFS spectrum of FsDNTT (7)
can be well described by the spectra of DNTT and perfluoro-
naphthalene, since FsDNTT (7) consists of thiophene units and
semifluorinated naphthalene units, which impressively shows that
the building block principle can be used to understand complex



NEXAFS spectra. We note that the comparison of FsDNTT (7)
with perfluorobenzene would not be sufficient, as the resonance
at 286.4 eV results from carbon atoms not directly bond to fluorine
atoms (indicated by purple line).*3! More details on the building
blocks of DNTT as well as a topological justification of the high
chemical stability and low lying HOMO of DNTT-derivatives based
on Huickel theory are presented in the supporting information.
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Figure 4. Summary of carbon K-edge NEXAFS data of the differently fluorinated
DNTTSs obtained for their solid films grown on SiO2 substrates and recorded at
an incident angle of 55°. a) NEXAFS spectrum of a thin film of FaDNTT (8)
prepared on SiOz.b) Comparison of the leading NEXAFS resonances of
DNTT(5) , FaDNTT (8), FsDNTT (7) and perfluoronaphthalene (PFN, which is
shown in ¢) and taken from ref. [43]). The gray line represents an energetically
shifted PFN spectrum, which resembles the features of FsDNTT at energies
larger than 286 eV surprisingly well.

Conclusion

In conclusion, the syntheses of two partially fluorinated DNTTs
1,2,3,4-tetrafluoro-dinaphtothienothiophene  (Fs,DNTT (8) and
1,2,3,4,8,9,10,11-octafluoro-dinaphtothienothiophene  (FsDNTT
(7)) were accomplished via McMurry coupling or Wittig olefination
of partially fluorinated naphthalene precursors and subsequent
formation of the thienothiophene core. The electron withdrawing
character of the fluorine atoms strongly modifies the charge
distribution and leads to a likewise reduction of both frontier orbital
energy levels, thus only slightly reducing the optical band gap. As
DNTTs are non-alternant 1-conjugated molecules, this appears
to be a general effect of fluorination. Furthermore the carbon K-
edge NEXAFS spectra of these compounds can roughly be built
up from their building blocks naphthalene, thiophene and
perfluoronaphthalene, examining that the building block principle
can be used to shed a light on the electronic structure of such
extended Tr-conjugated systems. The high chemical stability of
the (partially fluorinated) DNTTs can be attributed to the low lying
HOMO originating from the topological structure of these
molecules.
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Partially fluorinated dinaphtothienothiophenes (DNTTSs) were synthesized via bisthiomethyl alkene intermediates which were accessible
by McMurry coupling or Wittig olefination of partially fluorinated naphthalene precursors. The electronic structure of the DNTTSs is
compared with thiophene and fluorinated naphthalene units.



