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Board-like dibenzo[fg,op]naphthacenes: synthesis,
characterization, self-assembly, and liquid crystallinity†

Jian He,a Dena M. Agra-Kooijman,b Gautam Singh,b Chen Wang,c Cherrelle Dugger,a

Jianbo Zeng,a Ling Zang,c Satyendra Kumarb and C. Scott Hartley*a
We report the synthesis and characterization of a series of board-like

(“sanidic”) compounds with dibenzo[fg,op]naphthacene cores. The

compounds exhibit good self-assembly into one-dimensional belt-

like structures, and also smectic liquid crystal phases typical of rod-

like molecules, but with important differences ascribed to their

board-like shapes.
Although the majority of small molecules exhibiting liquid
crystal phases can be described as either rod-like (calamitic) or
disc-like (discotic), many exceptions are known, underscoring
the potential of other structural classes to exhibit new and
unusual phase behavior. Board-like (“sanidic”) compounds
have long represented an interesting class of potential meso-
gens with proposed applications in high performance light
modulators1 and semiconducting thin lms.2 However, board-
like small-molecule liquid crystals are quite uncommon,
presumably, at least in part, because the synthesis of appro-
priately substituted cores is less straightforward than the
synthesis of the cores typical of calamitics (e.g., biaryls) and
discotics (e.g., triphenylenes). To date, the liquid crystal phases
of reported3–10 small-molecule compounds have typically been
characterized by columnar stacking, by analogy with discotics.

ortho-Phenylene oligomers have recently been examined as
simple polyphenylenes that fold into helices.11,12 Their use as
substrates for planarization13 is an attractive goal, as the
resulting board-like structures, shown in Fig. 1, would incor-
porate both biaryl and triphenylene subunits and should
therefore be interesting candidates for liquid crystal behavior.
Unfortunately, the direct oxidative planarization of even very
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short o-phenylenes is known to be problematic because of
skeletal rearrangements.14 To our knowledge, this synthetic
challenge has yet to be overcome for the general case of o-
phenylene oligomers. However, even short segments of the
structure shown in Fig. 1 have the potential for self-assembly
into interesting nanostructures and liquid crystal phases.

As a rst step in investigating their properties, here we report
the synthesis and characterization of the shortest possible
planarized o-phenylenes of this type, DBN(OR). Our synthesis is
shown in Scheme 1. Although direct oxidative planarization of
similar o-phenylene tetramers is known, albeit low-yielding,15 it
does not work at all for the synthesis of DBN(OR) because of
rearrangements.16 In our synthesis, this challenge is avoided
through the use of chloro groups to direct a photochemical
dehydrohalogenation, a reaction that had been previously
reported for the synthesis of the parent compound.17 Charac-
terization of o-phenylene synthetic intermediates 1–3(OR) is
complicated by NMR spectral broadening because of slow
conformational exchange, as expected (ESI†).18 This broadening
is, of course, lost on planarization to DBN(OR). The NMR
spectra are consistent with the symmetry and substitution
pattern proposed for DBN(OR), which was further conrmed by
DFT predictions of the 13C chemical shis (ESI†). The
compounds with n-alkoxy side-chains (DBN(OC6), DBN(OC8),
DBN(OC10), and DBN(OC12)) exhibit modest (but workable)
solubility in common organic solvents, whereas DBN(OCbr)
exhibits very good solubility. There is no evidence in the NMR
Fig. 1 Structure of a planarized o-phenylene. Biaryl (left) and triphenylene
(right) subunits, typical of liquid crystals, are shown in bold.
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Scheme 1 Reagents and conditions: (a) 2-chloro-4-methoxyphenylboronic acid,
Pd(PPh3)4, 2 M Na2CO3, toluene/EtOH, 90–100 �C; (b) BBr3, CH2Cl2, �78 �C; (c)
bromoalkane, K2CO3, DMF, 90 �C; (d) hn, benzene.

Fig. 3 Cyclic voltammogram of DBN(OCbr) in anhydrous CH2Cl2 with 0.1 M
nBu4NPF6 as supporting electrolyte at a scan rate of 100 mV s�1.
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spectra for solution-phase aggregation of any of the compounds
(i.e., no concentration-dependent changes in chemical shis).

We chose to focus on the more-soluble DBN(OCbr) for pho-
tophysical and electrochemical characterization, as the nature
of the alkoxy groups should have little effect on the intrinsic
properties of the dibenzo[fg,op]naphthacene (DBN) core (e.g.,
the UV/vis and uorescence spectra of DBN(OC6), shown in the
ESI,† are identical to those of DBN(OCbr)). Its UV/vis and uo-
rescence spectra, shown in Fig. 2, are very similar to those of the
parent (unsubstituted)19 and other alkoxy-substituted20 DBNs,
and show minimal solvent dependence (ESI†). The compounds
are highly uorescent, with a quantum yield of Ff ¼ 0.41 for
DBN(OCbr) in CH2Cl2 measured relative to 9,10-diphenylan-
thracene (excitation at 366 nm). Compound DBN(OCbr) in
CH2Cl2 exhibits two oxidation waves in its cyclic voltammo-
gram, shown in Fig. 3, at 0.35 and 0.88 V relative to the ferro-
cene/ferrocenium redox couple. These waves meet the criteria
for electrochemical reversibility at a various scan rates between
50 and 500 mV s�1 (ESI†). Taking �4.8 eV as the HOMO level of
Fig. 2 UV/vis (blue, left) and fluorescence (red, right) spectra of DBN(OCbr) in
dilute CH2Cl2. Inset: direct comparison of the fluorescence spectrum and the red-
edge of the UV/vis spectrum.
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ferrocene, the HOMO of DBN(OCbr) therefore lies at approxi-
mately �5.2 eV. The optical gap measured at the crossing point
between the UV/vis and uorescence spectra is 3.04 eV; thus, the
LUMO lies at roughly�2.1 eV. Optimization of the geometry of a
simplied methoxy-substituted derivative by DFT (B3LYP/6-
31G(d)), shown in Fig. 4, indicates that the DBN core is not
perfectly planar but rather is of C2 symmetry, with a slight
ruffling resulting from steric interactions between the alkoxy
groups and the opposing hydrogens in the bay regions.

The compounds with n-alkoxy side-chains show good self-
assembly into one-dimensional nanostructures on crystalliza-
tion from solution, as exemplied by the behavior of
DBN(OC12). Slow cooling of a chloroform solution gives a gel
consisting of uorescent, belt-like bers roughly 200 nm thick,
1 mmwide, and hundreds of mm long, shown in Fig. 5 and in the
ESI.† To test their photoconductivity, the bers of DBN(OC12)
were dispersed onto 20 mm gold electrodes separated by 5 mm.
In the dark, the pristine bers exhibited a current of 27 pA
which increased 15-fold on irradiation with white light
(65.9 mW cm�2). The photocurrent was enhanced when
electron-acceptor N,N0-dicyclohexylperylenediimide (PDI)
was dropcast onto the substrate (0.15 mM, 100 mL in CH2Cl2),
with a dark current of 371 pA which increased 65-fold to 24.2
nA on irradiation. PDI does not itself assemble into ber-like
structures under these conditions. A control experiment in
which the PDI was dropcast onto the same electrode geometry in
the absence of DBN(OC12) showed a photocurrent of only 15 pA,
representing a �4-fold enhancement (ESI†). As DBN(OC12)
exhibits only low solubility in CH2Cl2, the enhancement
Fig. 4 Optimized geometry (B3LYP/6-31G(d)) of the methoxy-substituted
dibenzo[fg,op]naphthacene core.

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3tc31353k


Fig. 5 Left: bright field image of DBN(OC12) fibers (scale bar: 20 mm); inset:
gelation product. Right: SEM image of the fibers (scale bar: 4 mm).
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presumably arises from coating of the bers with PDI layers,21

leading to efficient charge separation though enhanced
absorption of white light by the PDI followed by a favorable
HOMO–HOMO charge transfer.

The thermal behavior of the compounds was investigated by
differential scanning calorimetry (DSC), polarized optical
microscopy (POM), and X-ray diffraction (XRD). Phase transi-
tions of the four compounds with n-alkoxy side-chains are given
in Table 1; the DSC, POM, and XRD data are shown in the ESI.†
On cooling from the isotropic liquid, compounds DBN(OC6)
and DBN(OC8) both exhibit the smectic A (SmA) liquid crystal
phase, a uid in which the constituent molecules are, on the
time-average, arranged in layers with their long axes parallel to
the layer normal. The SmA phase was identied by a mixture of
focal conic textures and optically isotropic homeotropic regions
observed by POM. XRD patterns of the materials in the liquid
crystalline states are typical of the SmA phase, with sharp peaks
at small angle corresponding to layer spacings of 24.7 and 27.6
Å, respectively, against estimated molecular lengths of 26 and
30 Å in fully extended conformations; the only other feature in
both cases is the usual diffuse maximum at �4.5 Å corre-
sponding to the packing of molten alkyl chains. Compound
DBN(OC12) also exhibits a single liquid crystal phase that was
identied as the tilted smectic C (SmC) phase, which is struc-
turally similar to the SmA except that the molecules are tilted
from the layer normal. The SmC phase was identied by char-
acteristic broken focal conic and schlieren textures by POM. The
XRD pattern indicates a layer spacing of 31.6 Å (the estimated
molecular length is 40 Å), along with corresponding higher-
order peaks. The falling of clearing point temperatures and shi
from the SmA to the SmC phase with increasing side-chain
length is typical of calamitic mesogens.22
Table 1 Phase behavior of DBN(OC6), DBN(OC8), DBN(OC10), and DBN(OC12)

Compound Transition temperaturesa (�C) [enthalpies (kJ mol�1)]

DBN(OC6) Heat: Cr 220 [21] SmA 222 [8] I
Cool: Cr 208 [20] SmA 222 [9] I

DBN(OC8) Heat: Cr 201 [32] I
Cool: Cr 197 [24] SmA 201 [7] I

DBN(OC10) Heat: Cr 180 [25] SmA 184 [5] I
Cool: Cr 176 [19] SmC 180 [4] SmA 183 [5] I

DBN(OC12) Heat: Cr 162 [19] SmC 165 [9] I
Cool: Cr 160 [19] SmC 165 [9] I

a 5 K min�1.

This journal is ª The Royal Society of Chemistry 2013
Compound DBN(OC10) exhibits both the SmA and SmC pha-
ses, and thus was considered more carefully in order to contrast
their properties in this series of compounds. Unusually,23 the
SmA–SmC transition appears to be rst-order, with a clear peak in
the DSC trace corresponding to a transition enthalpy of 4.2 kJ
mol�1. Further support of the rst-order nature of the SmA–SmC
transition is given by the non-zero transition enthalpy when
extrapolated to a scan rate of 0.24 The molecular tilt in the SmC
phase, as determined by XRD, is �12� and essentially constant
over the (narrow) phase range. The layer spacing in the SmA
phase is approximately 29.2 Å, decreasing to 28–29 Å in the SmC
phase (molecular length 35 Å). Polarized microscopy images of
the two phases are compared in Fig. 6 for the same region of the
lm. The appearance of the SmC phase is indicated by the
conversion of the focal conic to broken focal conic textures (along
with a pronounced increase in birefringence) and the appearance
of schlieren textures from the homeotropic domains.

Other reported mesogens based on the same DBN core
exhibit columnar (discotic) liquid crystal phases.15,25,26 These
other examples have more side-chains (6 or 8), which are
arranged symmetrically around the core; in the DBN(OR) series,
the compounds have only 4 n-alkoxy side-chains with no inter-
face curvature27 between the aryl and alkoxy blocks, which
should favor lamellar packing (i.e., they are more board-like).
The phase behavior of these new compounds contrasts with
that of other reported board-like small-molecule mesogens.
Notably, unlike most3–8 of these other cases (with the notable
exception of certain metallomesogens9,10), there is no evidence
of columnar stacking in the phases exhibited by the DBN(OR)
series. This is an important distinction as the technological
potential of board-like mesogens is oen presented in terms of
non-columnar phases. That said, although the phases observed
here are similar to those expected for common calamitics, our
(preliminary) characterization does suggest some important
differences attributable to the board-like shape of the DBN(OR)
compounds. The rst-order SmA–SmC phase transition associ-
ated with a large increase in birefringence suggests a signicant
increase in core ordering when the molecules tilt; in other
words, in contrast to the typical SmC phase of tilted rods, the
cores of the constituent molecules here may become ordered
along their short axes. Such a “doubly biaxial”7,28 SmC phase
could be of interest in organic semiconducting lms if better
core–core correlations translates to better (semi)conductivity.
Further investigations into the precise structure of these phases
are ongoing.
Fig. 6 Polarized microscopy images of a thin film of DBN(OC10). The same
region of the sample is imaged in both cases.
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