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ABSTRACT: The angular-shaped n-type semiconductors 2-(12H-dibenzofluoren-12-ylidene)malononitrilediimide 2a and 2b were
successfully designed, synthesized, and fully characterized by optical absorption and fluorescence, cyclic voltammetry, X-ray crys-
tal structure analysis, XRD, and OFET device performance. The varying alkyl chain lengths of 2a and 2b caused different molecu-
lar orientations with respect to the substrate. Thus, 2a presents an electron mobility of 0.01 cm® V' s, whereas 2b resulted in poor

device performance with much lower electron mobility of 5x10™* ¢cm” V' s™'.

In recent years, organic field-effect transistors (OFETs)
have attracted considerable attention.' Growing efforts have
been devoted to n-type organic semiconductors,” but they
largely lag behind those of the p-type counterpart . In order to
obtain high performance materials for electron transport, there
are three key factors: 1) suitable lowest unoccupied molecular
orbital (LUMO) energy levels allowing efficient electron
injection from metal electrodes that can be achieved by intro-
duction of electron-withdrawing groups or atoms (benzothi-
adiazole, dicyanovinylenes, imides, fluorines, etc.) into known
p-type molecules;’ 2) coplanarity favoring strong m-x intermo-
lecular interaction and thus improving the charge carrier
transport in the solid state;* and 3) an edge-on molecular ori-
entation with respect to the substrate usually result high-
performance OFET , due to minimized grain boundaries and
charge traps."®  As another factor, “shape” is, rarely consid-
ered, but especially important as it influences packing in the
solid state. Almost all n-type organic semiconductors reported
so far adopt linear arrangements.'™ ®?* Therefore, exploration
of angular-shaped n-type molecules might expand the poten-
tial applications in OFETs.

Very recently, V-shaped molecules with extended =n-
conjugation have revealed to be good candidates for p-type
OFETs. For example, OFETs based on solution-crystallized
dinaphtho-thiophene (DNT) (Figure 1) showed extremely high
hole mobility as 9.5 cm® V"' s because of the suitable mo-
lecular arrangements in the solid states.” In another study,
dinaphthocarbazole (DNC) (Figure 1) with seven fused rings

presented good stability compared to the linear acene counter-
part, arising from a stabilization of the highest occupied mo-
lecular orbital (HOMO). Additionally, DNC exhibited a hole
mobility of 0.055 cm® V' s from solution-processed OFETs.°
Considering both the high mobility of DNT and the stability of
the DNC of such V-shaped molecules, electron-withdrawing
groups at the endpoints of the V-shaped coplanar core have
been combined in the current design. This also enables to
study the details of packing of these molecules between each
other and with respect to the surface in comparison to linear
fused acceptors.

Known p-type materials

Solution-crystallized OFET
Hole mobility: 9.5 cm2V-1s-1

Solution-processed OFET
Hole mobility: 0.055 cm?2 V-1 s

This work — n-type materials
NC._CN

O Solution-processed OFET
X Electron mobility: 0.01 cm2 V-1 s

Figure 1. Structures of DNT, DNC, and 2a-b.
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Based on such a molecular design, 2-(12H-dibenzofluoren-
12-ylidene)malononitrilediimide (2a-b, Figure 1) are expected
to be good candidates as solution-processable n-type materials
according to the following considerations: 1) the electron-
withdrawing dicarboximides and dicyanovinylene units will
dramatically lower the LUMO energy level for effective elec-
tron injection; 2) alkyl chains can be easily attached at the
nitrogen atoms of the end-capped dicarboximides to induce
solubility and formation of ordered thin films; and 3) the rigid
and planar conjugated framework facilitates efficient intermo-
lecular charge-transfer interaction. Herein, we report the syn-
thesis, characterizations, physical properties, thermal behavior
and semiconducting characteristics.

Scheme 1. Synthesis of 1a-b and 2a-b.
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2,3,6,7-Tetramethyl-9H-fluoren-9-one (4) is the key
building block, as extension of m-conjugation can be achieved
by the functionalization of tetramethyl and carbonyl groups of
4. Compound 4 was achieved in 75% yield through Pd-
catalyzed dehydrogenative cyclization’. Radical bromination
was done with bromine in CCl, upon irradiation with a 250 W
halogen  lamp, which afforded 2, 3, 6, 7-
tetrakis(dibromomethyl)-9H-fluoren-9-one 5 as a yellow solid
in 81% yield. After treatment of fluorenone 5 with Nal in
DMF, a Diels—Alder cycloaddition with maleimides contain-
ing different alkyl chains afforded 1a-b in 67-72% yield. Fi-
nally, the target products 2a-b were obtained in 74-80% yield
by Knoevenagel condensation of 1a-b with the Lehnert rea-
gent® (TiCl,, malononitrile, pyridine). The chemical structures
of all new compounds were fully supported by standard spec-
troscopic characterizations and high resolution mass spec-
trometry (supporting information).

The UV-vis absorption and photoluminescence spectra of
la-b and 2a-b were recorded in dichloromethane (DCM)
solution (Figure 2A and Table S1). Compounds 1a (2a) and
1b (2b) displayed almost the same substructures in the absorp-
tion spectra and identical emission wavelengths because the
alkyl chains do not influence the electronic properties in dilute
solution.” The significant red-shift of both the absorption and
emission spectra of 2 in comparison with 1 can be explained
by the stronger electron withdrawing malononitrile group,
which decreases the LUMO more than the HOMO energies.
The optical gaps estimated from the onset of the absorption

spectra are 2.60 eV and 2.25 eV for 1 and 2, respectively.
(Table S1).
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Figure 2. (A) UV-vis absorption spectra and fluorescence spectra
of 1a-b and 2a-b in dichloromethane. (B) Cyclic voltammetric
profile of 1a-b and 2a-b in dichloromethane with 0.1 M BuyNPF
as supporting electrolyte. Potentials are reported versus the Fc'/Fc
redox couple as an external standard, scan rate = 100 mV/s.

The redox properties of 1a-b and 2a-b were studied using
cyclic voltammetry. Cyclic voltammograms of all compounds
in DCM exhibited two reduction waves, with the E;, potential
around -1.39 V for 1 and -0.94 V for 2, but no oxidation waves
in the potential range available. The LUMO energies of 1 and
2 estimated through the equation E;yyo = - [Ereqrn— E(FC+/FC) +
4.8] eV were around -3.41 and -3.86 eV, respectively. The
deeper LUMO level of 2 can be attributed to the stronger
electron-withdrawing character of the dicyanovinylene group
compared to that of the carbonyl moiety. The low-lying
LUMO of 2 indicates that they could be well suited as n-type
semiconductors with efficient electron injection.

Thermogravimetric analysis (TGA) revealed that 1a, 1b,
2a and 2b exhibit good thermal stability, with 5 wt% loss
occurring at 442, 411, 441 and 404 °C, respectively (Figure
S1). Differential scanning calorimetry (DSC) traces for 1a, 1b,
2a and 2b showed melting points at 359, 235, 359 and 266 °C,
respectively (Figure S2).

ACS Paragon Plus Environment

Page 2 of 4



Page 3 of 4

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

[
A ¢
(A) P
.
gl
Sy 3.34 A
&
s0A Y187
4 i ¢
- ¢
AN LS
S Y
< L X2
* L4
L d
.

Pefotnan
3
I.Lw*- LN
s
g " o
»
T
P P
Tharcgoeso ¢
b M

< @was, ey
{‘ -:.«' -
!

S ey
P
‘P

eog Lpd
e
1

Figure 3. Crystal packing of 2b. (A) Face-to-face n—n stacking
with an interplanar distance of 3.34 A. (B)=0O---H-and =N--
H- hydrogen bonding between stacks.

A single crystal of 2b was grown by slow evaporation of
DCM. The crystal structure determined by X-ray diffraction is
presented in Figure 3. The dicyanomethylene moiety is slight-
ly twisted with respect to the backbone of the core, which can
be caused by the close proximity of the cyano groups and the
hydrogen atoms. The crystal structure of 2b involves face-to-
face stacked dimers, which interact with each other in a one-
dimensional, slipped-stack arrangement as shown in Figure
3A. Furthermore, = O---H— (2.50 A and 2.58 A) and = N---H—
(2.38 A) hydrogen bonds are an additional driving force con-
tributing to the assembly of 2b. This crystal arrangement is
probably due to strong dipole—dipole interactions among the
imide and cyano groups.

To understand the influence of the alkyl substitution of the
V-shaped core on the surface self-organization of 2a and 2b,
X-ray diffraction (XRD) of both polycrystalline samples was
performed. Zone-casting, a solution processing method, was
utilized for the film deposition. This technique has been re-
ported to yield homogenous and well-ordered polycrystalline
films for various m-conjugated systems.'' Figure S3 presents
XRD diffractograms obtained for zone-cast 2a and 2b. The
interlayer distance of 2.60 nm for 2a is determined from the
main reflection (100 according to the Miller’s index) observed
at q, = 0.24 A" (Figure S3A). Higher order reflections (up to
8™ imply long-range organization of the molecules in the out-
of-plane direction of the film. This interlayer distance is in
agreement with the theoretical molecule length of 2.65 nm
calculated by Cerius”.'> This suggests that the long axis of the
V-shaped molecule is arranged perpendicular to the silicon
dioxide surface (Figure S4C). In this edge-on organization the
n-stacking direction is oriented parallel to the surface which is
beneficial for the charge carrier transport in field-effect tran-
sistors.

For 2b the main reflection (100 according to Miller’s in-
dex, Fig. S3B) corresponds to a d-spacing of 2.00 nm which is
in agreement with the ¢ parameter of the triclinic unit cell
obtained for the single crystal (Figure 3). It can be therefore
concluded that the ¢ axis is arranged in the out-of plane direc-
tion. In that case, 2b is organized in face-to-face stacked di-
mers which are tilted with respect to the surface.
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An indirect evidence for the tilting of 2b is provided by
polarized optical microscopy (POM) performed for the zone-
cast layers (Figure S4). All polycrystalline layers exhibit bire-
fringence between cross-polarizers. In the case of 2a, the POM
image remains dark when the crystal optical axis (or zone-
casting direction) is arranged parallel to one of the polarizers
(0° and 90°). Maximum birefringence is observed for the angle
of 45°. In contrast, 2b shows no light transmission for the
angle of 45° indicating that axis b of the crystal is almost
aligned parallel to the zone-casting direction (Figure S5). In
such crystal arrangement, the axis of the molecules is oriented
around 45° towards the alignment direction resulting in a
reverse extinction under POM compared to 2a.

The charge carrier transport of 2a and 2b was investigated
by fabricating OFET devices in bottom-gate bottom-contact
configuration. Before drop-casting from 2 mg/mL chloroform
solution, the silicon wafer with 300 nm thick thermally grown
Si0O, was functionalized by hexamethyldisilazane (HMDS) to
minimize interfacial trapping sites. Au electrodes were evapo-
rated as source and drain. The drop-cast films were annealed
at 120 °C for 30 min to remove the residual solvent before
OFET measurement. Figure 4 shows the transfer and output
characteristics of 2a and 2b, respectively.
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Figure 4. Transfer and output characteristics of OFET devices
fabricated by drop casting of 2a (A, B) and 2b (C, D). For B and
D, Vps= 80 V is applied.

In the positive drain mode of both compounds, the drain
current (Ipg) firstly exhibits a linear behavior with increasing
the gate voltage (Vgs) and then becomes saturated (Figures 4
A and C). This transistor behavior is characteristic for an
electron transporting semiconductor which can be attributed to
the introduction of strong electron withdrawing moieties. The
maximum saturated electron mobility of 2a is 0.01 cm”* V™' 5™
and the on/off ratio is around 10*. The threshold voltage of 12
V is low compared to 2b where the threshold voltage is in-
creased to 35 V. Such high contact resistance for 2b can only
be explained with the molecular organization in the drop-cast
film, also caused by disorder of the molecules close to the
metal semiconductor interface. In comparison to 2a, 2b shows
a relatively poor electron transport, with maximum mobility of
5x10* ecm® V' s and on/off ratio of 10°. Zone-casting only
slightly improved the device performance of 2b yielding

3
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charge carrier mobilities of 1x10° cm® V™' s™'. The lower per-
formance of drop-cast 2b in comparison to 2a is ascribed to
the face-to-face organization of 2b and molecular tilting in-
duced by longer alkyl chains. Such organization of the mole-
cules causes that the p-stacking interaction is not in-plane to
the substrate.

In summary, two novel angular n-type molecules 2a and
2b have been successfully synthesized based on the 2,3,6,7-
tetramethyl-9H-fluoren-9-one intermediate. While their elec-
tronic properties in diluted media are identical as proven by
cyclic voltammetry and optical spectra with a low lying
LUMO of -3.86 eV, the length of the alkyl chain plays a piv-
otal role in the molecular orientation relative to surface. For
2a, the molecules adopt an edge-on orientation with an OFET
electron mobility of 0.01 ¢cm® V' s, while 2b with longer
branched chains is tilted with respect to the substrate, thereby
resulting in poor device performance.
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Experimental details, synthesis, characterization, and theo-
retical studies. This material is available free of charge via
the internet at http:pubs.asc.org
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