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Regioselective Fluorination of Acenes: Tailoring of
Molecular Electronic Levels and Solid-State Properties

Daniel Bischof,”” Matthias W. Tripp,” Philipp E. Hofmann,® Chun-Ho Ip,"” Sergei I. Ivlev,”!
Marina Gerhard,” Ulrich Koert,*® and Gregor Witte*™

Abstract: Optoelectronic properties of molecular solids are
important for organic electronic devices and are largely
determined by the adopted molecular packing motifs. In this
study, we analyzed such structure-property relationships for
the partially regioselective fluorinated tetracenes 1,2,12-
trifluorotetracene, 1,2,10,12-tetrafluorotetracene and
1,2,9,10,11-pentafluorotetracene that were further compared
with tetracene and perfluoro-tetracene. Quantum chemical
DFT calculations in combination with optical absorption

~

spectroscopy data show that the frontier orbital energies are
lowered with the degree of fluorination, while their optical
gap is barely affected. However, the crystal structure changes
from a herringbone packing motif of tetracene towards a
planar stacking motif of the fluorinated tetracene derivatives,
which is accompanied by the formation of excimers and leads
to strongly red-shifted photoluminescence with larger life-
times.

J

Introduction

Organic electronics is an emerging field of technology that
promises the fabrication of flexible and cost-effective opto-
electronic devices and sensors.I" Although first organic devices
are already available on the market,”? the microscopic under-
standing of the underlying optoelectronic processes is still
incomplete, which expresses the need for further investigations
and the exploration of new organic materials. Nowadays the
electronic properties of single molecules can be versatilely
tailored through chemical design and also calculated
precisely.”’ However, the optoelectronic properties of molecular
solids such as excitonic states and their dynamics, which are
more relevant for device applications, are hardly predictable.
This is because the latter depend on one hand critically on the
molecular packing motifs in the solid,” which are difficult to
predict for van der Waals bound molecular solids, and on the
other hand require a complex theoretical description (e.g. using
ab initio methods and solving the Bethe-Salpeter equations)™
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even with knowledge of their crystal structure. In addition,
planar molecular packing motifs also enable the formation of
excimers,”™ which has a decisive influence on the luminescence
of such molecular solids. Therefore, well-defined model systems
whose crystal structure and optoelectronic properties are
known can help to enhance the understanding of this
structure-property relationship.

Among the organic semiconductors, the larger acenes
(pentacene and tetracene) often serve as prototypical molecular
materials, as they form well-ordered crystalline films that show
sufficient thermal stability and reasonably high charge carrier
mobility, while their simple structure enables conceptual
theoretical analyzes within the framework of Hickel theory as
well as more refined density functional theory (DFT).”’ More-
over, their aromatic frame enables versatile control of the
molecular electronic structure by chemical functionalization as
demonstrated in previous works.® Halogenation, especially
direct fluorination, is a common strategy to alter the electronic
properties of organic semiconductors since the polar C—F bonds
directly lower the energy levels of the m-system and change the
charge density distribution within the aromatic system leading
to electron accumulation at the fluorine atoms and in case of
perfluorination causes an inversion of molecular quadrupole
moments.” Notably, the fluorination of acenes does not change
the shape of the molecules but its molecular charge
distribution,"” so that the molecular packing motif is essentially
controlled by electrostatic interactions, while larger side-groups
affect the molecular packing in a more complex way, as they
introduce additional steric interactions.®¥ While the perfluorina-
tion of acenes is well established," so far, only a small number
of partially fluoro-substituted pentacenes and tetracenes have
been synthesized, mainly with symmetrical fluorination,"? or in
case of asymmetric substitution only at the short molecular
side."”” Recently, a new synthetic strategy was introduced that
allows a regioselective functionalization, as demonstrated by
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the example of unilaterally fluorinated pentacene and tetracene
derivatives."”

In this study, we expanded this strategy and synthesized
various unilaterally fluorinated acenes with different degrees of
fluorination. Since pentacene has a rather poor solubility, which
impedes the synthesis and handling of the compounds,®” we
have considered tetracene derivatives here. In addition, com-
pared to pentacene, the tetracene derivatives show pro-
nounced fluorescence even at room temperature, which
enables additional characterization through their photolumines-
cence (PL) properties and thereby allows to gain insights into
excitonic and excimeric states."™ Specifically, we synthesized
the partially fluorinated tetracenes 1,2,12-trifluorotetracene
(F;TET), 1,2,10,12-tetrafluorotetracene (F,TET) and 1,2,9,10,11-
penta-fluorotetracene (F;TET, synthesized as shown in Ref. [14]),
determined their crystal structure and analyzed the optical
absorption and PL spectra for solutions and the solid phase and
compared with the corresponding properties of non-fluorinated
tetracene (TET) and the perfluorinated tetracene (PFTET). Since
the respective syntheses are quite laborious, we also inves-
tigated the electronic single molecule properties of other
partially fluorinated tetracenes at the DFT level in order to
examine this class of molecules more systematically. The
identified molecular packing motifs in the crystal structures of
the newly synthesized compounds are further rationalized in
the frame of a Hirshfeld analysis. Interestingly, the solid state PL
spectra of the partially fluorinated tetracenes reveal a distinctly
red-shifted and broad signal compared to the solution spectra
as well as the solid phase of the non-fluorinated tetracene,
which indicates an excimeric excitation. Complementary time-
resolved PL measurements also reveal distinctly longer lifetimes
of the excimeric than for the excitonic states. The correspond-

ing crystal structure analyses reveal that all fluorinated

tetracenes exhibit a (slip) stacked packing of the molecular
planes while the non-fluorinated tetracene reveals a herring-
bone packing, hence indicating that the latter motif hampers
an excimer formation in the solid phase.

Results and Discussion
Design of unilaterally fluorinated tetracenes

When exploring a novel class of molecules, theoretical model-
ing is a good starting point, as it enables an in silico screening
of the single molecular electronic properties at low cost, even
for species whose synthesis could be quite challenging. Figure 1
summarizes the DFT-calculated frontier orbitals and molecular
electrostatic potentials (MEPs) of partially fluorinated tetracenes
with different degree of fluorination. The visualization of the
frontier orbitals which have m-character shows nicely that in
contrast to hydrogen atoms the fluorine atoms contribute to
the m-system,'® but exhibit an additional nodal plane between
them and the carbon atoms of the tetracene backbone. Due to
their high electronegativity, fluorine atoms exhibit a strong
electron-withdrawing character, which affects the charge den-
sity distribution within the molecule. In case of tetracene, a
high electrostatic potential (indicated by blue color) and thus
low electron density is present at the molecular rim, while a low
electrostatic potential (red color) and hence a high electron
density occurs in the center. In contrast, for the fluorinated
species high electron density is observed at the fluorine atoms
due to the polar F—C bonds and hence a lower electron density
occurs in the center. For asymmetrically fluorinated tetracenes,
this polarity even leads to a permanent molecular dipole
moment, as visualized by grey arrows in Figure 1, while the
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Figure 1. Comparison of electronic properties (energy levels, frontier orbitals (HOMO and LUMO) and molecular electrostatic potentials (MEPs)) of tetracene
(TET; 1), trifluorotetracene (F,TET, 2), tetrafluorotetracene (F,TET, 3), pentafluorotetracene (F;TET, 4), hexafluorotetracene (F,TET, 5), decafluorotetracene
(F,,TET, 6) and perfluorotetracene (PFTET, 7)""'” obtained by DFT at the B3LYP/aug-cc-pVTZ level, demonstrating that by addition of single fluorine atoms the
energy levels of both frontier orbitals can be reduced by approximately 0.1 eV. Permanent dipole moments p, are visualized as grey arrows.
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Table 1. Comparison of the electrostatic properties (Dipole moments p, Quadrupole moments © and polarizabilities ) of partially fluorinated tetracenes,
given along the long axis L, the short axis M and the axis perpendicular to the molecular plane N. The values for the quadrupole moments are presented for
the diagonalized tensors with the coordinate system rotated for y degrees as shown in the Supporting Information. The dipole moments are calculated at
the B3LYP/aug-cc-pVTZ level, whereas the quadrupole moments and the polarizabilities are calculated at the B3LYP/6-311G(d,p) level to ensure

comparability with the literature."”

Compound pu Pm Pn [P O 0, S Y o Oy Oy
[D] [D] [D] [D] [107* Ccm?] [107% Cem?] [107* Ccm?] [Deg.] [107* cm?] [107* cm?] [107* cm?]

TET 0 0 0 0 3.9 33 —7.2 0 63.7 29.6 10.7
FTET 241 3.38 0 4.15 —-25 7.0 —4.4 48 63.8 29.7 10.7
F,TET 1.76 4.70 0 5.02 —-0.6 4.2 —-3.6 55 63.6 29.8 10.7
FsTET 0.24 5.56 0 5.57 —24 3.7 —-1.3 5 64.0 29.7 10.8
FeTET 0 6.56 0 6.56 -1.8 29 —-1.1 0 64.3 30.2 10.8
F,oTET 1.98 2.06 0 2.86 4.6 —8.7 4.0 57 65.5 30.7 10.8
PFTET 0 0 0 0 —2.8 —4.6 7.5 0 66.2 30.9 10.9

numerical values are provided in Table 1. Additionally, the
asymmetrically modified charge distribution also changes the
molecular quadrupole moments, leading to a non-diagonal
quadrupole tensor, whose main in-plane axes x and y no longer
coincide with the molecular L and M axes but are rotated by
the angle y (details of the calculations are given in the
Supporting Information). The obtained components of the
quadrupole tensors are presented in Table 1 and show that
asymmetrically fluorinated acenes have smaller quadrupole
moments, as they already exhibit strong dipole moments.
Interestingly, on the other hand, the degree of fluorination
hardly changes the molecular polarizability (c.f. Table 1), which
was also observed for pentacenes."!

The electron withdrawing effect of the fluorine atoms
induces 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 Cls binding energy
upon fluorination," which leads within the Hiickel theory to a
larger Coulomb integral."” As tetracene is an alternant hydro-
carbon, the - orbitals occur in pairs according to the Coulson-
Rushbrooke theorem™ so that the partial fluorination leads to
a similar reduction of both frontier orbitals. This physico-
chemical effect has also been observed before for other
(partially) fluorinated alternant hydrocarbons such as for
example hexabenzocoronenes, pentacenes or rubrenes, for
which an energetic reduction of both frontier orbitals upon
fluorination was also observed."*'¥ More precisely, our DFT
calculations show that by increasing the degree of partial
fluorination the frontier orbital energy levels of the tetracenes
can be adjusted roughly in 0.1 eV steps per fluorine atom, while
the HOMO-LUMO gap, is changed only slightly (c.f. Figure 1).
Such synthetically adjustable energy levels are particularly
useful for tailoring electronic properties (e.g. for tuning the
work function at metal-organic interfaces).”” A crucial require-
ment for such delicate compounds, however, is their chemical
synthesis. To demonstrate the influence of unilateral fluorina-
tion of tetracenes, the syntheses are realized for compounds 2
and 3, while the syntheses of 1, 4 and 7 are already known
from the literature.""'¥
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Synthesis of unilaterally fluorinated tetracenes 2 and 3

The synthesis of unilaterally fluorinated tetracenes 2 and 3
requires a synthetic approach, which allows to control the
regioselectivity of the unilateral substitution patterns. Common
synthetic methods based on symmetric cycloadditions do not
fulfil these requirements, hence we utilize a recently developed
approach with two bonds being formed in subsequent steps."”
In all partially fluorinated tetracene syntheses pinacolboroni-
cester 8" was used as one coupling partner in Suzuki-
couplings with different benzyl bromides which differ in their
fluorine content (Figure 2).

Starting point of the synthesis for F,TET 3 (Scheme 1) was 3-
fluoro-2-hydroxybenzaldehyde (9) which was MOM-protected,
reduced and subjected to Appel reaction to give the corre-
sponding benzyl bromide 10. Suzuki-coupling” with pinacol-
boronicester 8 and subsequent removal of the MOM-protection
group with TFA gave benzylnaphthalene 11. The phenol was
triflated and the ester moiety was reduced with DIBAH and
reoxidized to the corresponding aldehyde under Swern-con-
ditions. Closure of the last ring was achieved using Ni(cod),
which triggers an intramolecular Barbier-type attack of the
triflate on the aldehyde, yielding dihydrotetracenol 12.0%%*"
Installation of a leaving group by addition of MsCl and
subsequent elimination afforded the desired F,TET 3
(Scheme 1).

The synthesis of F;TET 2 started from salicylic acid (13)
which was esterified and MOM-protected (Scheme 2). Reduction
of the ester with LiAlH, followed by an Appel reaction gave
benzyl bromide 14.*? Suzuki-coupling with pinacolboronicester
8 and MOM-deprotection using HCl obtained benzylnaphtha-
lene 15. Following the same four-step procedure as for F,TET,
the corresponding dihydrotetracenol 16 could be isolated. The
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8

Figure 2. Common precursor for the synthesis of unilaterally substituted
tetracenes.
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Scheme 1. Syntheses of F,TET 3 using the regioselective stepwise coupling
approach to build up one aromatic ring: a) NaH (1.2 eq), DMF, 0°C, 30 min;
MOMCI (1.3 eq), 0°C, 1.5 h; b) NaBH, (4.0 eq), THF, r.t,, 1 h; c) PPh; (2.0 eq),
NBS (2.0 eq), CH,Cl,, 2 h 20 min; d) 8 (1.1 eq), Pd(PPh,), (3.0 mol%), Cs,CO,
(3.0 eq), THF/H,0 10:1, 75°C, 21 h; e) TFA (5.0 eq), CH,Cl,, 0°C to r.t.,, 22 h; f)
Tf,0 (1.2 eq), pyridine (2.8 eq), CH,Cl,, 0°C, 30 min; g) DIBAH (2.5 eq), THF,
0°Ctor.t., 18 h; h) (COCI), (1.5 eq), DMSO (3.0 eq), CH,Cl,, —78°C, 30 min;
Et;N (5.0 eq), —78°C, 30 min; r.t., 1 h; i) Ni(cod), (1.0 eq), dppp (1.2 eq),
quinuclidine (1.0 eq), toluene, 70°C, 43 h; j) MsClI (3.0 eq), DBU (5.0 eq),
CH,Cl,, 0°Cto r.t., 1 h; 40°C, 2 h.

a) MeOH, H,S0,
b) NaH, MOMCI ¢) 8, Pd(PPhs),, F F O
c) LiAIH4 Cs,C0O3 F
OH ) PPh,, NBS OO OMe
oH —
69%

Br 47%
o OH
13 14 15

g) Tf,0, pyridine
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i) (COCI),, DMSO;
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Scheme 2. Synthesis of F;TET 2 using the regioselective stepwise coupling
approach: a) MeOH (3.0 eq), H,SO, (0.3 eq), (CH,Cl),, 85°C, 23 h; b) NaH

(1.5 eq), DMF, 0°C, 30 min; MOMCI (1.5 eq), 0°C to r.t., 45 min; c) LiAIH,

(1.1 eq), Et,0, 0°C to rt, 20 min; d) PPh; (2.0 eq), NBS (2.0 eq), CH,Cl,, 0°C,
30 min; e) 8 (1.1 eq), Pd(PPh;), (3.0 mol%), Cs,CO; (3.0 eq), THF/H,0 10:1,
75°C, 21 h; f) HCI, MeOH, 65 °C, 3 h; g) Tf,0 (1.2 eq), pyridine (2.8 eq), CH,Cl,,
0°C, 1 h; h) DIBAH (5.5 eq), THF, 0°C to r.t., 6 h; i) (COCl), (1.5 eq), DMSO

(3.0 eq), CH,Cl,, —78°C, 30 min; Et;N (5.0 eq), —78°C, 30 min; r.t.,, 15 min; j)
Ni(cod), (1.0 eq), dppp (1.2 eq), toluene, 70°C, 3 d; k) MsCl (3.0 eq), DBU

(5.0 eq), CH,Cl,, 0°Cto r.t, 1 h; 40°C, 2 h.

yield for the nickel-mediated ring-closure (14%) dropped
strongly compared to the tetrafluoro-compound 12 (63 %),
which might be due to electronic effects of the fluorine-
substituent. However, mesylation and elimination gave F;TET 2
in good yield (Scheme 2).
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Structure analyses of unilaterally fluorinated tetracenes

With the newly synthesized compounds at hands, the next step
was to identify the crystal structures in order to correlate the
molecular packing motif and the optoelectronic properties of
the solids. However, our previous study has shown that
unilaterally fluorinated acenes crystallize poorly and only form
rather small crystals."™ On the other hand it was found that
small crystallites precipitate as powder in the last step of the
synthesis of components 2-4. Therefore, we measured and
analyzed at first the corresponding powder diffractograms of
the various tetracenes that are compared in Figure 3. Already
from simple qualitative considerations it can be concluded that
the powder patterns and thus the packing motifs of F,TET and
FSTET are similar and are distinctly different to that of the non-
fluorinated TET. The latter compound exhibits the two closely
spaced (170) and (112) reflections at 19.33° and 19.45°, while
similar reflections are not observed for any of the (partially)
fluorinated tetracenes. In such planes the TET molecules are
oriented with their L-axes parallel to the plane and adopt a
herringbone packing motif.”®

In contrast, the powder pattern of F,TET shows severe
differences to both TET and the higher fluorinated tetracenes,
which indicates the presence of a different crystal structure. In
case of F;TET the Rietveld refinement of the powder pattern
allows the determination of the crystal structure (see Support-
ing Information and Figure 4a), which agrees well with the
previously reported structure determined by a single crystal
analysis." Also for F,TET a Rietveld refinement was possible,
yielding an isotypic crystal structure with a criss-cross packing
motif. Utilizing sophisticated liquid-assisted growth techniques
involving ionic liquids® we have been able to grow meso-
scopic single crystals of F,TET of a size of 50 um x 200 um with
a thickness of several microns well suitable for single crystal

Counts
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Figure 3. Powder diffractograms of F,TET, F,TET and F;TET measured at
room temperature using Cu—Ko. radiation that are compared with the
calculated powder spectrum of TET.”® The high similarities of the diffracto-
grams for F,TET and F,TET are highlighted and are in contrast to the
diffractogram of TET, revealing the presence of different crystal structures.
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Figure 4. Comparison of a) crystal structures, b) Hirshfeld surfaces as well as
) Hirshfeld fingerprint plots (more details see Supporting Information) of
the tetracene bulk structure,”® a proposed structure for F,TET and the
determined structures of F,TET and F,TET," showing characteristic molec-
ular packing motifs: HB herringbone, SHB sandwich herringbone, CC criss-
Cross.

analysis by X-ray diffraction (for details see the Supporting
Information). The resulting crystal structure agrees well with the
one obtained by refinement of the powder measurements and
is shown in Figure 4. As observed for F,TET, also the F,TET
molecules are packed in such a way that their M-axis oriented
dipole moments (cf. Figure 1) are arranged in parallel. Although
this prevents a compensation of the molecular dipole moments
in the crystal, it enables an additional lateral electrostatic
stabilization between neighboring molecules. Interestingly,
however, one finds a compensation for the non-vanishing L-axis
component of the molecular dipole moment for F,TET as the
molecules are statistically flipped around the M-axis in the bulk
crystal (more details see Supporting Information). While a
perfect cofacial m-stacking of acenes as well as (partially)
fluorinated acenes is repulsive, the F,TET and F,TET molecules
are slip-stacked with vertical distance of their aromatic planes
of about 3.4 A, a value that is also found in the bulk structures
of perfluorinated acenes." This value is somewhat larger than
the closed stacking that was found for partially fluorinated
hexabenzocoronone as well as the substrate stabilized -
stacked phase of perfluoropentacene or PFTET formed in films
grown on graphite or graphene.''«'%%)

We note that the Rietveld refinements of F,TET and FsTET
against the powder diffraction data revealed no impurity peaks
indicating the phase purity of the synthesized materials. More-
over, as the powder and single crystal measurements were
carried out at different temperatures (RT vs. 100K), the
anisotropic thermal expansion of these compounds could also
be determined and revealed a larger thermal expansion along
the b-axis than for the a- and c-axes (for more details see
Supporting Information).

Chem. Eur. J. 2022, 28, €202103653 (5 of 9)

Although mesoscopic crystals could also be grown for F;TET
using liquid-assisted growth, these were not stable during the
X-ray analysis, which indicates possible radiation damage. The
higher solubility of F,;TET also enabled the growth of single
crystals from toluene solution by evaporation of the solvent.
While the resulting red crystals are suitable for optical
spectroscopy and exhibit slightly different optical properties
than the powder (for more details see Supporting Information),
they were too small for crystal structure analysis. Hence, we
tried to determine the crystal structure of F;TET by powder
diffractometry. Unfortunately, however, the powder pattern did
not allow an unambiguous determination of the structure.
Therefore, we have compared the possible unit cells to identify
the most plausible structure (see Supporting Information).
Comparing the density accompanied with the different unit
cells and using geometrical considerations (see Supporting
Information), the most plausible crystal structure, which is
consistent with the powder pattern, exhibits a sandwich-
herringbone motif with pairs of molecules tilted in the same
direction arranged in a herringbone pattern as depicted in
Figure 4a. We note that a similar packing motif has been
reported for electronically similar 5-halogenated tetracenes,™
hence supporting our hypothesis. Moreover, the presence of
molecular sandwich pairs is further corroborated by our PL
measurements of F;TET solid as discussed in the next section.

To rationalize the intermolecular interactions leading to
such different packing motifs, we have performed a Hirshfeld
analysis and present the Hirshfeld surfaces as well as the 2D-
fingerprint plots in Figure 4b and c (for details on Hirshfeld
analysis, see refs 27). Here we concentrate first on the presence
of F...H interactions, as observed for partially fluorinated
tetracenes. These interactions are indicated as red contact
points on the Hirshfeld surface (cf. Figure 4b) and are visible in
the 2D fingerprint plots as characteristic wings (indicated by
green arrows in Figure 4d). Due to their high frequency (more
than 309%/40%/45 % of all contact points for F;TET/F,TET/F;TET)
they favor the formation of non-herringbone packing motifs.
Additionally, there are pronounced C...C interactions visible in
the fingerprint plots of F,TET and F;TET, which resemble a slip
stacked packing along the crystallographic b-axis. Also, for the
proposed sandwich herringbone packing of F;TET the reminis-
cence of slip stacked packing is observed, while such
interactions are absent in the fingerprint plots of tetracene,
where molecules adopt a face-on-edge herringbone packing
motif. Our analysis thus shows that the introduction of fluorine
atoms can drastically change the molecular packing in the
solids of the tetracene derivatives, since it modifies the balance
of intermolecular interactions as observed before also for other
partially fluorinated molecules.”®

Optical properties of unilaterally fluorinated tetracenes

Next, we investigate the optoelectronic properties of the
tetracenes in solution and solid state. Since the here presented
synthetic route yields phase pure powders, we used them for
solid state spectroscopy to exclude anisotropic absorption due

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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to preferential molecular orientations in the crystals.”” For

tetracene, however, impurities appeared in the powder spec-
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Figure 5. Comparison of the absorbance of the investigated tetracenes (a)
TET, b) F,TET, ¢) F,TET, d) FsTET and e) PFTET!"'?) in CH,Cl, solution (bright
blue) and solid films (dark blue) with labelled maximum of lowest absorption
bands E; and the energy differences AE=E**"-E;*" as well as the
photoluminescence in toluene solution (bright red) and solid state (dark
red).

trum of the raw material, which is why we recorded the optical
spectra on single-crystals as described in the Supporting
Information. The results are further compared with optical
properties of PFTET crystals of the a-phase studied
previously."

Figure 5 summarizes the UV/Vis absorption and PL spectra
of the differently fluorinated tetracenes in solution (bright color
spectra, in lower row of each panel) and the solid phase (dark
color spectra, upper rows), which are further compared with
corresponding data of TET and PFTET. The solution spectra
nicely reveal the complementarity of UV/Vis and PL spectro-
scopy and exhibit only small Stokes shifts confirming that the
low energy absorption band is caused by the 0-0 transition and
gives the HOMO-LUMO gap E;" followed by vibronic pro-
gressions. Since the energy of both frontier orbitals (HOMO,
LUMO) decreases with increasing degree of fluorination, as
listed in Table2, E;° only changes slightly upon partial
fluorination. This is in close agreement with the calculated
values, rendering fluorination a feasible tool to engineer frontier
orbital energies almost without affecting the HOMO-LUMO gap.
Interestingly, with higher degree of fluorination the highest
energetic emission E,,*" decreases slightly more than Eg°"
causing an increased Stokes shift. Notably the solution
absorption spectrum of PFTET reveals an additional distinct
absorption band at 2.95 eV (cf. Figure 5e), which was identified
as the HOMO-LUMO+1 transition,"'? while corresponding
transitions of non- or partially-fluorinated tetracenes occur at
higher energies that are outside the probed energy region.

By contrast the optical solid state spectra reveal distinct
differences. For each molecular solid the absorption spectra
reveal a lower energetic absorption band than for the solutions
due to excitations of excitonic states®” and in case of TET and
PFTET even exhibits a fine structure due to the Davydov
components of the singlet excitons.®? A precise determination
of the exciton binding energy, which in the Frenkel picture is
defined as the energy difference between a bound electron-
hole pair and the fundamental gap (i.e. the difference between
the ionization potential (IP) and the electron affinity (EA) of an
isolated molecule), requires knowledge of the latter values and
is not so easy. In the solid-state picture an exciton describes a
quasiparticle, whose binding energy is given by the difference
of the optical gap and the transport gap,®" where the transport
gap is typically determined by combining photoelectron and
inverse photo-emission spectroscopy. As these values could not
be determined in this study either, we instead consider the

Table 2. Comparison of optoelectronic properties of partially fluorinated tetracenes: Calculated energy levels (B3LYP/aug-cc-pvTZ) and the corresponding
optical gap, experimentally determined optical gap from UV/Vis absorption spectroscopy for solution and solid films (i.e. exciton), the energy difference
AE=EZ"—E;", the highest energy emission in solution and the energy difference of the Stokes shift AEges=Ec""—Een". All energies are given in eV.

Compound HOMOPT LUMOPT o Egou ol AE E AFiores
TET®! —5.08 —234 274 261 236 0.25 259 0.02
F,TET ~5.36 —264 272 258 243 0.15 255 0.03
F,TET —5.46 —2.79 267 257 245 0.12 253 0.04
FTET —5.56 —2.388 2.68 257 245 0.12 251 0.06
PFTET® —5.99 —345 254 248 230 0.18 240 0.08

[a] Data taken from Ref. [11c].
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energy difference between the optical excitation of molecules
in solution and in the solid AE=E;""-E;*" as a measure of the
influence of the dielectric screening of the molecular solid on
the excitonic excitation. Interestingly, for fluorinated tetracenes
this quantity, which is related to the exciton binding energy, is
substantially smaller than for unsubstituted tetracene. A similar
trend has also been observed for other perfluorinated
acenes."'” This difference can be explained by the different
molecular packing motifs herringbone vs. planar stacking,
which are found also in a previous study on substituted
pentacenes to affect the exciton binding.®

Remarkably, the solid state PL spectra of all studied
fluorinated tetracenes have one characteristics in common,
namely a red-shifted broad emission, which does not occur in
the solution PL spectra of all tetracene derivatives or in the
solid state PL spectrum of the normal TET. Similar features have
been observed before in PL spectra for saturated solutions of
pyrene or perylene® and later also for some organic solids®"
and were attributed to excimeric excitations.

To further characterize these excitations, we performed
time-resolved photoluminescence (TR-PL) measurements of
fluorinated tetracenes in solution and in the solid state. While
the transient PL of tetracene and fluorinated tetracenes in
solution is very similar (see Supporting Information) and thus
indicates comparable relaxation dynamics, a more diverse
situation is observed in the solid state, as depicted in Figure 6.
Here, the PL decay of TET and F,TET is remarkably faster than
the decay in F,TET and F;TET. The times, after which the PL
transients of TET and F;TET have decayed to a fraction of 1/e of
their initial intensity are 0.7 ns and 1 ns, respectively. For the
longer-lasting signals of F,TET and FTET, the time window
provided by our instrumentation was not suitable for an
accurate determination of the PL lifetimes. However, an
estimation of the intensity ratio between the signal maximum
at t=0 and the residual PL signal from the previous laser pulse
at t <0 yields PL lifetimes of the F,TET and the FTET signatures
on the order of 4-5 ns.

These severe changes in lifetimes arise either from the
different molecular packing in the solids or from the individual

1
|
o
©
5]
N
© ]
a5 -
(@] 4
=Z F.TET
0 500 1000 1500
Time [ps]

Figure 6. Normalized time-resolved photoluminescence transients of unilat-
erally fluorinated tetracenes in solid state (Aycitation =435 NM, measured at
78 K). The dashed line serves as guide to the eye, to indicate at which time
the transients have decayed to a fraction of 1/e of their initial amplitude.
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single molecule properties. Since the PL signatures and
transients in solution are very similar for all partially and non-
fluorinated tetracenes, the second possibility can be ruled out,
suggesting that the emission properties are mainly determined
by the molecular packing. Indeed, the differences in the decay
dynamics coincide with the underlying packing motifs. Tetra-
cene with a sub-ns excitonic emission crystallizes in the
herringbone structure. On the other hand, F,TET and F;TET with
significantly longer decay dynamics in the solid state exhibit a
criss-cross packing motif with planar stacking of molecules due
to changed electrostatic interactions. The sandwich herring-
bone motif of F;TET can be considered as an intermediate
between the two former cases, combining face-on-edge
packing with planar stacking. As planar stacking of the
molecules is an important prerequisite for excimer formation,
we thus conclude that the longer decay and the red-shifted,
broad and structureless emission in the fluorinated tetracenes is
related to excimers. This is further supported by PL studies of
purely disordered solid tetracene, where long-lived excimeric
emission was reported at similar emission energies®? In
contrast to these longer lived species, (poly-)crystalline tetra-
cene shows a faster decay because of efficient singlet
fission.*™™ ¥ Note that also for polycrystalline tetracene certain
bands between 570 nm and 700 nm were reported and
assigned to defect states,® but in some other cases they were
also attributed to excimer emission arising from planar packing
at defects. The latter assignment is, however, not consistent
with the intermolecular interactions between acenes,"” which
precludes a coplanar stacking of tetracene due to repulsive
interactions between the molecular m-systems. This nicely
demonstrates that the systematic study of the structure-
property interrelations of fluorinated tetracenes allows to draw
general conclusions, in this case about the solid state emission
of unsubstituted tetracene.

At this point it should be noted that a lower fluorescence of
molecules is often observed in the aggregated solid than in
solution, which is referred to as aggregation-caused quenching
(ACQ) typically based on intensity analyses, but less frequently
taking spectral or life time changes into account.®” Since all
(partially) fluorinated acenes investigated here are planar and
rigid without flexible side groups, conformational changes can
be completely excluded, so that the observed differences in
luminescence can be attributed to the different packing motifs
and couplings in the solid. Specifically, we attribute our
observations to a competition between direct exciton emission
and the non-radiative singlet fission or an excimer formation
and emission. In order to be able to assess the influence of
these individual contributions more precisely, further time-
resolved measurements are necessary.

Conclusion

In this study, we have demonstrated the feasibility of
regioselective functionalization of tetracenes by syntheses of
the partially fluorinated tetracenes 1,2,12-trifluorotetracene and
1,2,10,12-tetrafluorotetracene. By comparing the electronic
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structure of these molecules with tetracene, perfluorotetracene
and the previously synthesized 1,2,9,10,11-pentafluorotetra-
cene, we found that the degree of partial fluorination can be a
synthetic tool to chemically engineer the energies of the
frontier orbitals, without changing the optical HOMO-LUMO
gap, obtained in solution spectra.

Interestingly, partial fluorination not only changes the
energy levels, but also results in a different packing motif in the
molecular solid with planarly stacked molecules instead of face-
on-edge herringbone packing as observed for the non-fluori-
nated tetracene. Such a planar stacking enables the formation
of excimers upon photoexcitation of the partially fluorinated
tetracene solids, as evidenced by a red-shifted and broad band
fluorescence when compared to the unsubstituted tetracene.

More generally, our results emphasize that single molecule
characterization is not sufficient, but instead the solid-state
properties have to be taken into account when designing and
validating new molecular materials for application in organic
electronics, as the molecular packing may lead to the formation
of excimeric states, which can dominate the emission of
molecular solids. Since the crystal structures of the fluorinated
acenes investigated here are known, this enables a precise
structure-property correlation and the investigation of the
influence of molecular packing motifs on the optical properties.
This can serve as a model system for future theoretical
investigations of excimers.

Experimental Section

Experimental conditions and detailed experimental procedures for
Schemes 1-2, as well as 'H, C and '°F NMR spectra and X-ray data,
as well as details on quantum chemical calculations, sample
preparation, X-ray diffraction, Hirshfeld analysis and optical spectro-
scopy are provided in the Supporting Information.

Deposition Number 2114488 (for 3) contains the supplementary
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.
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