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Structural Polymorphism and Thin Film Transistor Behavior in the
Fullerene Framework Molecule 5,6;11,12-di-o-Phenylenetetracene
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Abstract: The molecular structure of the hydrocarbon
5,6,11,12-di-o-phenylenetetracene (DOPT), its material char-
acterization and evaluation of electronic properties is reported
for the first time. A single-crystal X-ray study reveals two
different motifs of intramolecular overlap with herringbone-
type arrangement displaying either face-to-edge or co-facial
face-to-face packing depicting intensive m—m interactions.
Density functional theory (DFT) calculations underpin that
a favorable electronic transport mechanism occurs by a charge
hopping process due to a m-bond overlap in the DOPT
polymorph with co-facial arene orientation. The performance
of polycrystalline DOPT films as active organic semiconduct-
ing layer in a state-of-the-art organic field effect transistor
(OFET) device was evaluated and proves to be film thickness
dependent. For 40 nm layer thickness it displays a saturation
hole mobility (u,,.) of up to 0.01 cn>V~'s™! and an on/off-
ratio (L,/L) of 1.5 x 10°.

The carbon framework in the title molecule is found as
a basic structural motif in the fullerene molecules Cyg, Cg, and
Cg, (Figure 1). In addition, other symmetrical geodesic full-
erene isomers bearing isolated pentagonal ring structures
display molecular units of this conjugated polycycle.
5,6;11,12-di-o-phenylenetetracene (DOPT; 2) belongs to
the class of tetracene derivatives which have spurred interest
over the last decade as model compounds with respect to an
understanding of their chemistry as well as of their electronic
properties like electronic structure and charge transport
ability.?! In the group of cyclo-pentafused polycyclic aro-
matic hydrocarbons (PAH) 2 represents a prototypical acene
framework molecule with peri-substitution closely related to
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Figure 1. Left: Superordinated structure of 5,6;11,12-di-o-phenylene-
tetracene (DOPT, 2) as found in e.g., the D,4 isomer of the geodesic
fullerene C84. Right: lllustration of the all-planar cruciform structure of
DOPT.

tetracene, 5,6,11,12-tetraphenyltetracenerubrene, or the di-o-
phenylene substituted anthracene molecule rubicene.”!

Although, reported earlier in elusive experimental work!®!
it was only very recently, that DOPT 2 was made accessible by
Muratal* and our group® in two independent and straightfor-
ward high yield synthetic approaches. Murata et al. presented
a general approach towards cyclo-pentafused polycyclic
aromatics including DOPT-derivatives starting from the
5,11-diaryl-tetracene framework.[”! Shortly after, we were
able to devise a gram-scale synthesis based on well established
Diels—Alder chemistry for the parent molecule DOPT
introducing a so far unprecedented reductive double phenyl
elimination.’! Highly condensed PAH molecules like DOPT
with their oftentimes energetically favorable molecular
orbital ordering with small electronic band gap differences
excel themselves as promising semiconducting organic mate-
rials for controlled charge transport. The afore mentioned
close structural relationship of DOPT to the polyacene
aromatic family especially the parent tetracene might promise
interesting functional properties applicable in organic elec-
tronics like thin film transistors or future solar energy
harvesting devices.®)

From a synthetic point of view the acene molecule DOPT
is highly stable under ambient conditions when compared to
other substituted tetracene derivatives. This is understandable
when applying the Clar aromatic sextet model which states
that a molecule with more benzenoid sextet moieties
increases its aromatic stabilization energy.”’ Moreover the
fact that DOPT 2 is able to accept at least up to two
electrons!**! manifests its high electron affinity and makes it
potentially suited for organic semiconductor applications. In
this regard it falls into the same class of electroactive
molecules as indenofluorenes, emaraldicenes or (silylethyny-
lated) extended m-systems which have been proven as
electron accepting as well as ambipolar molecules in organic
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photovoltaics and organic field effect transistor applica-
tions."**] Furthermore, such large size PAH molecules have
the capability of coordinating transition metals onto their -
perimeter framework giving access to organometallics acting
as electroactive molecules which can carry up to four
molecules of redox active metal fragments.”) Additionally,
such extended m-perimeters show a remarkably high electron
affinity when exposed to strong reductive conditions, in turn
leading to highly charged polyanions accompanied by
a change in the structural shape of the particular neutral
PAH." Herein we report on the single crystal structure and
thin film crystal orientation and phase formation of the title
compound 2 as well as on its electronic properties as studied
by experiment and density functional calculations (DFT).
Finally, we give evidence towards the dependence of its
electronic thin film transistor properties on the deposited film
density. According to our finding, reductive elimination of
two phenyl rings from the dihydrotetracene derivative 5,12-
diphenyl-5,6;11,12-di-o-phenylene-5,12-dihydrotetracenep-
seudorubrene) 1 under re-aromatization has yielded DOPT 2
in high yield on a gram scale.”!

As an extension of these studies we now report on the
molecular structure of 2. We have found that it crystallizes at
least in two polymorphic crystal arrangements depending on
the crystallization procedures employed. Growth from a con-
centrated tetrahydrofuran or toluene solution gives single
crystals of DOPT which crystallize in space group C 2/c,
whereas slow thermal gradient sublimation gives deep blue,
primitive monoclinic crystals of space group P 2,/n (see
Supporting Information).

Thus, we speculated that the observed difference in the
molecular arrangement of DOPT in the crystalline state
might enable different charge-transport properties. As
reported e.g., for tetracene," " rubrene,'¥ rubicene®!¥ or
pentacene, "™+ 2 adopts the well established herringbone-
type structure orientation of individual molecules in the
crystalline state (Figure 2). However, significant differences
within the particular degree of the observed m-stacking are
found in both polymorphs of 2. Both monoclinic polymorphs
of 2 consist of two sets of parallel aligned layers of DOPT
molecules with different dihedral angles between two DOPT
molecules (P 2,/n polymorph: 84°; polymorph C 2/c: 64°). The
n-framework of individual molecules of 2 is almost flat and
displays a double cross-conjugation of the acene and the peri-
condensed phenylene moieties as derived from the observed
C—C bond-length alternation (Figure2a). The observed
intramolecular overlap between adjacent molecules of
DOPT within the parallel stacked layer enables an electronic
interplay of the HOMO-LUMO =-orbitals by [n—x]- and
[C-H-rt]-interactions necessary for an efficient charge trans-
port within the stack.* "

For the P 2,/n phase of 2 the distance d(m—),,,. between
two staggered molecules of DOPT, and DOPTj, is smallest
for C8,—C2'yz with 345 pm which compares nicely to the
interplanar distance of 338 pm between two adjacent mole-
cules in rubicene crystals of space group P 2,/n." The peri-
coordinated phenylene units in 2 exhibit a closest distance
d(n—m),.; to neighboring molecules by 368 pm for Cl4,-
C11'g. In contrast, for the C 2/c-phase a nearly full m-overlap
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Core
Bond  Length(pm)
C1-C1' 1382(3)
C2-C3  141.1(4)
C3-C8 147.1(3)
C4-C5  135.3(4)

T ———————
Periphery
Bond  Length(pm)

C11-12 138.8(3)
C12-C13 137.3(5)
C13-C14 138.8(4)

level. The tetracenic backbone of 2 is fully planar. The plane of the two
orthogonal phenylene rings deviate only by <1° from planarity towards
the plane of the tetracene ring system. Polymorph P 2,/n (b) displays
a herringbone structure with edge-to-face interactions of the DOPT
molecules whereas polymorph C 2/c shows a co-facial herringbone
arrangement with characteristic face-to-face m-interactions of neighbor-
ing DOPT molecules within the unit cell.

of the two staggered m-systems is observed, resulting in an
overall denser packing of staggered DOPT layers in this
polymorph (e.g. Peaea(P 21/n) = 1.387 gem™ < peaea(C 2/c) =
1.412 gem ) (Figure 3).

The tetracenic core and the peripheric phenylene rings of
staggered 2 are in close contact displaying distances of 349
and 356 pm, respectively. These findings for 2 are in line with
structural motifs found for reported polymorphs of the parent
tetracene molecule,'>' the tetracene derivative rubrenel!>!”!
or for higher homologue pentacene!'®! as well as other related
structures.®

As gas phase deposition of PAHs most often leads to
a typical herringbone orientation with edge-to-face packing, it
was surprising that indeed vacuum deposited films of 2
exclusively reveal the C 2/c polymorph when deposited on Si/
SiO, substrate (see GIXRD, Figure 4). The C 2/c slipped -
stacking motive of 2 favors a better face-to-face overlap
compared to the edge-to-face arrangement with its nearly
orthogonal m—m stacked orientation of two DOPT molecules.

In contrast to the P 2,/n phase obtained when 2 is
sublimed onto a glass surface (calcd: 11.05, 16.24, 25.50° 20),
the major reflections at 8.10/16.35° 20 in GIXRD experiments
give distinct evidence for the full staggered packing mode
(caled: 8.18,16.40,24.41° 26; exp: 8.08, 16.30° 20) of 2 in C 2/c.
The preferred growth of the polymorphic orientation of 2 on
Si/Si0, might be due to a substrate induced epitaxial re-
orientation as found for rubicene and has been nicely shown
by Winkler et al.™ Crystalline 2 obtained from solution as
well as from the gas phase indeed reveals strong anisotropic
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Figure 3. lllustration of the orientation and intermolecular distance
between two individual molecules DOPT A and DOPT B in both
monoclinic polymorphs. Dot size in (a) and (c) inversely corresponds
to C—C distance of carbon atoms in adjacent DOPT molecules. The
largest C,—Cg distance is highlighted with the smallest dot. For the

P 2,/n polymorph (a), a displacement by two C—C bonds compared to
the C 2/c type (b) is observed, resulting in a distinctively increased
face-to-face mt-stacking for the latter.
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Figure 4. a) XRD pattern of microcrystalline DOPT 2 obtained from
solution and after grinding; b) GIXRD pattern with a cartoon showing
the face-to-face interaction of individual molecules in a thin film of
vacuum deposited crystalline 2 on Si/SiO,(*); c) calculated spectra
showing all possible reflections (lower trace).

texturing effects resulting in significant diminution of higher
order reflections for both polymorphs in XRD and GIXRD
(Figure 4). This effect could be verified by strong mechanical
grinding of a crystalline sample of 2. This generates the
missing higher order reflections due to a sample homoge-
nization (see Supporting Information).

In order to understand the substrate influence better, the
morphology of vacuum deposited DOPT films was evaluated
for 5, 10, 20 and 40 nm layers of 2 by atomic force microscopy
(AFM, Figure 5). All macroscopic homogeneously appearing
films are composed of randomly distributed thin needles of up
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Figure 5. AFM topographic images obtained for film heights h:

a) 5 nm, b) 10 nm, c) 20 nm, d) 40 nm of 2 (white bars indicate scan
direction). All deposited films consist of randomly oriented thin
needles of ca. 1 um in length. With increasing DOPT layer thickness
enhanced crystal overlap and compacted packing is observed.

to two microns in length. Depending on the deposition
thickness the needle-like thin film thickness increases con-
siderably (Figure Sa—d). Due to the observed film morphol-
ogy the growth mechanism of 2 is in full accordance with
observations on film growth of closely related rubicene on Si/
SiO, substrate.'¥ Thus, mainly Ostwald ripening of the
initially adsorbed molecules leads to an anisotropic island
growth of crystals of 2 preventing the development of
a homogeneous thin film. Furthermore, we analyzed all thin
films of 2 by UV/Vis transmission mode in order to correlate
the absorption spectra to the varying film thickness (5, 10, 20,
and 40 nm) (Figure 6) and to validate evidence of the so far
observed structural ordering what has also an effect on the
electronic behavior.'"¥

Compared to the UV/Vis spectra obtained from CHCl;
solution, a J-aggregation'” is observed and manifests itself by
a strong bathochromic shift (+63 nm) to longer wavelength
(Amas 0" Amas ()40 nm: 607.5/670.5 nm).

DFT calculations on B3LYP/6-31G**2% level give the
frontier orbital energy of the participating HOMO/LUMO
orbitals of DOPT and reveal a significantly enhanced orbital
overlap for the face-to-face m-stacking mode of the C 2/c
compared to the P 2,/n polymorph (Figure 7). The exper-
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Figure 6. a) UV/Vis-spectra of 2 in CHCl; solution and b) in solid films
of different thickness (h=5, 10, 20, 40 nm). E, , is reduced from
~1.86 eV in solution down to ~1.70 eV in the solid state. A strong
bathochromic shift (+63 nm) due to J-aggregation effects is observed
for the absorption at longer wavelength (607.5—670.5 nm).["®}
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Figure 7. a) Predicted frontier orbitals HOMO—1, HOMO, LUMO and
LUMO +1 of DOPT 2 as obtained by DFT calculations (B3LYP/6-
31G**).”% The respective HOMO/LUMO overlap in both polymorphs
of 2 is shown in (b) and (c).

imentally obtained bond length alternation derived from the
crystal structure determination (Figure 2a) fully agrees with
the size and sign of the calculated HOMO/LUMO set
based on the DFT method (Figure 7a). Furthermore, the
as calculated gaps between HOMO-1/HOMO (514 nm/
2.41eV), HOMO/LUMO (563 nm/2.20eV) (and LUMO/
LUMO+1 (595 nm/2.09 eV)) match well the recorded long-
wave n—t* transitions, respectively, of the corresponding UV/
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Vis spectra (Figure 6). Cyclic voltammetry (CV) of 2 reveals
a quasi-reversible (0/—1) reduction at —1.22 V (AE, =80 mV)
and a reversible reduction (—1/-2) at Ef/‘; -1.65V (AE,=
60 mV) which is in full agreement with our earlier proposed
synthetic pathway leading to the formation of 2. Due to
a lack of a reversible oxidation event EY), (0/+1) for 2 up to
+ 1.0 V no direct determination of the corresponding band
gap AE is possible. However, the LUMO energy of 2 is
estimated to be —3.10 V (using Ej | = —1.22 V), respectively
—2.67 V (using E’ff'/fz = —1.65 V) according to the equation
ELumo(DOPT) = —[E*“(DOPT)- EV),(Fe/Fe™)]—Enomo
(Fc)?Y (see Supporting Information). Both values correspond
well with the calculated energy of E| jyo(DOPT) of —2.88 eV
(Figure 7a). The HOMO and LUMO frontier orbital inter-
action for both polymorphs corroborates the strongest
positive overlap for the face-to-face m-stacking mode
observed in C 2/c polymorph of 2 (Figure 7¢) resulting in an
apparently most complete interaction of the conjugated
phenylene moieties.>'>? Subsequently, vacuum deposited
DOPT was studied as semiconductor for organic field-effect
transistors employing a bottom-gate/bottom-contact geome-
try (Figure 8a). It is expected that the full planar structure of 2
is a most favorable precondition for a good crystallinity of the
evaporated layer favoring in addition lateral ;- stacking at
the semiconductor/dielectric interface. Due to its face-to-face
structural motif found in the co-facial herringbone arrange-
ment, the C 2/c polymorph of DOPT 2 is a promising
candidate for OFET applications.”

Figure 8b shows the output and transfer curves that have
been obtained for OFET devices fabricated using a 40 nm
thick vacuum deposited DOPT layer. 16 OFET devices with
40, 20, 10 and 5nm thick layers of 2 were evaluated,
respectively, for four different channel lengths of 20, 10, 5,
and 2.5 um each (see Supporting Information). All output
curves of the devices with 40 and 20 nm DOPT thickness
exhibit a typical transistor like saturation behavior displaying
a small current hysteresis. For low drain voltages a slight S-
shape of the curve is evident for 40 nm DOPT layer pointing
to injection barriers between the gold contacts and the
organic semiconductor. This finding is in line with the results
from the DFT calculations (Figure 7a) which yield a HOMO
level of 5.08 eV. Assuming a work function of 5.1 eV for
gold™! a small injection barrier of 0.02 eV results. Prototyp-
ical transistor behavior with a current saturation in the output
curves has been observed with only slight hysteresis with
a 20 nm functional DOPT layer. The observed drain current is
already about a factor of 10 smaller. Devices with 10 nm and
5nm DOPT however, were not functional at all. This
corroborates with the detection of a non-uniform coverage
of the substrate as detected by AFM and does already become
noticeable with 20 nm DOPT as active layer (Figure 5).
Measurements with a drain voltage in the positive potential
range from OV to +40V did not show any n-type semi-
conducting behavior (see Supporting Information). Overview
of the detailed analysis of the determined hole mobilities s
and threshold voltages V;, of all functional devices are given
in Figure 8c as function of the channel length L. Both
quantities have been calculated from the transfer curves
using the Shockley equations for the drain current. The
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Figure 8. a) lllustration of OFET device structure in bottom-gate/
bottom-contact geometry. A highly n-doped silicon gate (Si” ") with
isolating top layer of SiO, (90 nm) and deposited Au (30 nm) electro-
des was used as source and drain electrodes and 10 nm indium tin
oxide electrode adhesion layer. b) Output (left) and logarithmic trans-
fer curves (right) of transistor behavior with 40 nm layer of 2. The W/L
ratio is 1000, corresponding to a channel length L of 10 um and

a width W of 10 mm. The on/off-ratio is up to 1.5x10* (for
Vp=Vs=—40V). ) Average hole mobilities . (left) and threshold
voltages (right) as a function of channel length for various transistor
devices. The values illustrated with squares have been calculated for
the devices with 40 nm semiconductor, the triangles relate to values
from OFET devices with 20 nm thick functional layers of 2.

calculated hole mobility of DOPT is in the range of
10~ em?V~'s™'. However, apparent differences are observed
for the transistors with 40 nm or 20 nm DOPT layer. It is
evident that OFET devices with 40 nm DOPT layer exhibit
considerably higher pu,. up to 0.01cm?V~'s™' (for L=
2.5 um) compared to the OFET devices with 20 nm DOPT
which are up to 1.5 x 107> em*V~'s™!. The associated V, of the
devices prepared with 40 nm DOPT are rather independent
on the channel length and lay around —13.4V. This is
significantly higher compared to V,, of the devices with
20 nm DOPT which are around —20.0 V. As V, is directly
related to the quality of the semiconductor/dielectric inter-
face, for example, the interface trap density, these results
indicate that the interface has a lower trap density in the case
of OFET with 40 nm compared to the one with 20 nm thick
DOPT layer. Although the DOPT molecules are well
behaved with respect to their internal crystalline order
(packing) of the molecules the crystallites are obviously not
densely enough packed to allow for an optimal charge carrier
transport along the transistor channel for a semiconductor
thickness of 20 nm. This hypothesis is strongly substantiated
by the AFM studies (Figure 5). The fact that u,. is found to
be maximum for the respective shortest channels is support-
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ing this, as longer channels increase the probability for
defects, for example, voids, in the conduction path. One
method to improve the crystal packing of a layer is its post
heat treatment. Therefore, the as prepared OFET with
a DOPT layer thickness of 40 nm have been additionally
heat treated under inert conditions on a hot plate at 120°C for
30 min. Indeed, u,. can be enhanced to some extent in this
way. Compared to so far reported optimized OFET devices
obtained from tetracene (vapor phase deposited:
0.005cm?V~'s™';  resp. solution processed: 0.012-
0.067 cm®V~'s™)"! or pentacene (vapor phase deposited:
0.014-0.40 cm®>V~'s 4l a5 semiconductor layer, already
similar charge carrier mobilities of 0.01 cm®*V~'s™! could be
realized for the title compound DOPT herein without
optimizing the deposition parameters further.

In conclusion we have shown that the title compound 2
crystallizes in two molecular packing motifs depending on the
crystallization deposition mode. Two polymorphs of DOPT
crystallizing in space group P 2,/n and C 2/c were observed
and a strong substrate induced growth mechanism favoring
the C 2/c phase in solution as well as on Si/SiO, was
determined by GIXRD analysis. Based on theoretical con-
siderations a strong intermolecular m—s stacking with a sig-
nificant and stronger overlap contribution from the frontier
orbitals was found for the DOPT molecules in the C 2/c phase
as for the P 2,/n polymorph. The intermolecular orientation
and overlap contribution of participating HOMO/LUMO
frontier orbitals in the C 2/c type gives strong evidence for an
enhanced charge carrier transport mechanism in vacuum
deposited DOPT. Gas phase deposition of 2 results in layers
composed of needle-like aggregates and explains the strong
dependence of the OFET performance characteristics from
the deposited film thickness. In the end our findings give
a profound explanation of the functional efficiency of the as
prepared OFET devices of the relatively unexplored acene
molecule 2.

CCDC 1448430 and 1448442 contain the supplementary
crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
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