ROYAL SOCIETY

Journal of

Materials Chemistry C

OF CHEMISTRY

View Article Online
View Journal | View Issue

Fluorescent mesomorphic pyrazinacenest

CrossMark
& click for updates

Cite this: J. Mater. Chem. C, 2016,
4, 11514

Gary J. Richards,*®® Shinsuke Ishihara,® Jan Labuta,®® David Miklik,®
Toshiyuki Mori,® Shinji Yamada,® Katsuhiko Ariga® and Jonathan P. Hill*®

We report the synthesis of highly fluorescent pyrazinacenes (6,13-dihydrohexaazapentacene; fluorubine)
containing groups at 6,13 positions that promote their solubility in non-polar organic solvents and their
self-assembly properties. Hydrophilic 3,4,5-tris[2-[2-(2-methoxyethoxy)ethoxylethoxylbenzyl (TEGzBz)
and hydrophobic 3,4,5-tris(1-n-dodecyloxy)benzyl (C123Bz) groups were incorporated in a series of
compounds 1-9 where the fluorubine core was modified either by 2-bromination or by introduction
of four peripheral benzo groups. Thus, 1-3 are respectively hydrophilic 6,13-(TEG3Bz),, hydrophobic
6,13-(C12sBz), and amphiphilic 6-(TEG3Bz)(C12sBz) with 4—6 being the corresponding 2-brominated
compounds and 7-9 the corresponding [a,c,[n]-tetrabenzo compounds. Several of the compounds
exhibit thermotropic mesophases: 4 and 7 have lamellar structures even at room temperature; 8 and
9 form columnar rectangular phases at higher temperatures. All the compounds are highly fluorescent
exhibiting quantum yields (QY) up to 60% in solution. Solid state fluorescence spectra reveal that while
the unmodified 6,13-dihydrohexaazapentacene compounds 1-3 maintain their large QYs in the solid
state, 2-bromination (4-6) reduces the QY substantially (to 10% approx.). 7=9 give QY similar to 1-3 in
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Introduction

Acenes' and their nitrogen substituted congeners, the pyrazin-
acenes,” are of significant interest primarily as a result of their
potential applications in organic electronic devices such as
photovoltaics,® organic field-effect transistors® and organic
light-emitting diodes.” Most acene derivatives exhibit p-type
semiconducting properties due to their relatively electron-rich
nature. However, for the realisation of new types of molecular
electronic devices including photovoltaics and devices utilizing
complementary circuits, both n-type and p-type materials are
required. Replacing carbon atoms with nitrogen not only
provides usually more stable materials (due to their lower first
oxidation potentials) but might also provide increasingly electron
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solution but their QYs are attenuated in solid state due to chromophore aggregation.

deficient materials, which can exhibit n-type semiconductor
behaviour.® Bunz,” Yamashita,® Miao,’ Zhang'® and others
have extensively investigated N-heteroacenes for semiconducting
device and other applications.

Pyrazinacenes are a class of nitrogen-rich acenes composed
of linearly fused pyrazine rings with nitrogen atoms at their
peripheries.""'* Replacement of carbon with heteroatoms some-
times permits the use of simpler synthetic strategies to acenes®
and nitrogen substitution in oligoacenes is of particular
interest since it might lead to more stable compounds with
potentially useful electronic or other physical properties.'* In
addition, there are introduced new possibilities for chemical
modification at the nitrogen atoms including, but not limited
to, acid/base reactions, hydrogenation (i.e. reduction to amine),
N-oxidation or alkylation, and coordination chemistry. On the
other hand, the physical properties of organic materials depends
not only on the identity of the active components but also on the
supramolecular organisation of the molecules within the device."?
Molecular organisation can be achieved through, for example,
crystallisation,'® self-assembly in solution,'”?*'® Langmuir-
Blodgett (LB) techniques,'® layer-by-layer (LbL) preparation’’
or through thermotropic or lyotropic liquid-crystalline
organisation.'® The various means of supramolecular organisation
can lead to specific advantages in device applications. For example,
crystallisation can give highly ordered films with excellent charge-
transport properties,” LB>® and LbL techniques allow fine control
of thin film architectures, self-assembly in solution can give unique

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6tc04628b&domain=pdf&date_stamp=2016-11-26
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6tc04628b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC004048

Open Access Article. Published on 21 November 2016. Downloaded on 3/13/2026 3:21:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

nanostructures,”" and liquid-crystalline materials can give ordered
films without grain-boundary defects.****

There exist several examples of supramolecularly organised
oligoazaacenes, including those due to self-aggregation in
solution, to give 1-dimensional structures such as microstrands
and nanofibres, as well as to 2-dimensional structures including
nanosheets and foam-like assemblies.*® Previously, we have
also demonstrated that a novel hexaazapentacene derivative,
6,13-bis(1-n-dodecyl)-{a,c,/,n]-tetrabenzo-5,6,7,12,13,14-hexaaza-
pentacene can form multi-walled nanotubular structures through
a hierarchical self-assembly mechanism.>® Liquid crystalline
oligoazaacenes have also been reported including a series of
triphenylenes incorporating a pyrazine moiety, which can form
discotic phases,*® as well as a zwitterionic tetraazapentacene
derivative, which forms a lamellar liquid-crystalline phase.””
There have been several other reports of liquid crystalline
materials containing pyrazine rings since it represents a facile
and often high yielding means of connecting different mole-
cular components.>®

The pyrazinacenes and other heteroacenes are highly fluor-
escent compounds and as a result may find application as
emissive materials in OLED devices, or as fluorescent probes
for molecular diagnostics. Fleischhauer and co-workers have
prepared a series of highly fluorescent pyrazinacenes based
on the fluorubine core which showed solvatochromic and
halochromic properties.>® Here, we present the synthesis and
characterisation of a series of compounds based on a similar
fluorubine (5,6,7,12,13,14-hexaaza-6,13-dihydropentacene) core.
Simple N-alkylation can give a range of highly photoluminescent
compounds exhibiting a variety of liquid-crystalline phases, and
which can form fluorescent gels in various solvents. Fluorubine
was first prepared by Hinsberg and co-workers through conden-
sation of dichloroquinoxaline and diaminoquinoxaline.*
Fleischhauer and co-workers utilised condensation of substi-
tuted phenylenediamines with tetrachloropyrazine followed by
oxidation to give substituted fluorubines.”® Their method
allows a degree of control over the position of substitutions
when preparing N-substituted pyrazinacenes. Our approach to
the synthesis of fluorubine derivatives and other pyrazinacene
compounds involves a double nucleophilic attack at the 2,3

Fig. 1 Sequentially from left: chemical structure of 6,13-bis(1-n-dodecyl)-
la,c.Ln]-tetrabenzo-5,6,7,12,13,14-hexaazapentacene;  scanning electron
microscope (SEM) image of multiwalled self-assembled microtubule: SEM
image of individual microtubule; transmission electron microscope (TEM)
image of a microtubule revealing its vacant interior. Reproduced from ref. 25
with permission from the PCCP Owner Societies.
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positions of 1,4,5,8-tetraazanaphthalene-2,3-dicarbonitrile
derivatives, which ultimately results in substitution of both
nitrile groups during the formation of an N,N’-dihydro-
pyrazine ring.?? This synthetic strategy provides a convenient
means for preparing unsubstituted dihydropyrazinacenes.
Compounds containing the tetrabenzo-5,6,7,12,13,14-hexaaza-
pentacene core have been trivially labeled by us as ‘butterfly’
pyrazinacenes. According to thermogravimetric analyses (TGA,
see ESIt), compounds 1-9 are stable on heating above ~300 °C
under a nitrogen atmosphere, i.e. under the conditions used to
measure differential scanning calorimetry (vide infra). TGA also
indicates that the compounds doubly substituted with hydro-
philic dendrons (1, 4, 7) tend to lose less mass on heating above
~350 °C (—60% as opposed to —95% for other compounds).
Also, minute weight losses starting above 100 °C in TGA traces of
compounds containing the hydrophilic groups are assigned to
losses of small quantities of adsorbed water.

Results and discussion

In this work, we describe some of the properties of N,N-
substituted pyrazinacenes including their fluorescence and
mesomorphic properties. Since 6,13-bis(1-n-dodecyl)-[a,c,l,n]-
tetrabenzo-5,6,7,12,13,14-hexaazapentacene exhibits spontaneous
formation of multiwalled nanotubular aggregates on cooling of its
solutions in toluene (see Fig. 1),>> we undertook a further study
of the same chromophore with n-alkyl chains of differing
lengths from octyl (n-CgH;;) to eicosyl (n-CyoHs). However,
it was surprising to find that simple variation of the n-alkyl
substituent chain length resulted in compounds whose assem-
blies did not include nanotubular aggregates under the condi-
tions applied in the case of the n-dodecyl compound. For this
reason, and because of difficulties handling these compounds
due to their low solubility, we considered that other groups such
as 3,4,5-trialkoxybenzyl-substituents might offer advantages for
self-assembly of these chromophores with the allied potential for
observation of any assembly-related properties and because of
their improved solubility. This, in combination with the well-
known self-assembly potential of amphiphilic compounds,®" led
us to prepare two further series of compounds; one series
contains the original tetrabenzohexaazapentacene core with a
second series containing only a fluorubine core. These series of
compounds revealed other self-assembly behaviour in particular
mesomorphic properties in addition to their strong fluorescence
emission.

Synthesis and characterization

N-Alkylated tetrabenzohexaazapentacenes (Fig. 2(a)) were prepared
as previously described.>> We also utilized N-alkylation of 6,13-
dihydrohexaazapentacene fluorescent core molecules as a means
of preparing more highly soluble derivatives possessing liquid-
crystalline (and other) properties. N-Alkylation of higher pyrazin-
acenes (i.e. those with 4 or more consecutively fused pyrazine
rings) always results in the formation of several N-substitutional
isomers (up to 8 isomers for dihydrooctaazatetracenenes) caused
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Fig. 2 (a) Chemical structures of the compounds used in this study.
(b) Typical electronic absorption and fluorescence (/gx = 440 nm) spectra
of compounds 1-6 (actually 3). (c) Typical electronic absorption and
fluorescence (igx = 490 nm) spectra of compounds 7-9 (actually 9).
(d) Physical appearance of solutions of 3 (top), 6 (middle) and 9 (bottom)
under (at left) daylight and (at right) irradiation with UV lamp at 365 nm.

by protic tautomerisation involving the nitrogen atoms of the
pyrazinacene backbone.** Therefore, we have focused on pyr-
azinacenes with three consecutively fused pyrazine rings since
tautomerism does not occur to any detectable extent under the
conditions applied here partly due to the relative instability of
isomers with protons positioned at terminal pyrazine groups.*
Thus, a single isomer is obtained upon N-alkylation with only
the central pyrazine ring doubly N-alkylated.

Because of difficulties in handling 6,13-bis(1-n-dodecyl)-
[a,¢,l,n}-tetrabenzo-5,6,7,12,13,14-hexaazapentacene and the other
simple n-alkylated analogues caused by their poor solubilities, we
chose to doubly-N-alkylate the pyrazinacene core using “dendritic
wedge” type substituents consisting of either a hydrophobic 3,4,5-
tris(1-n-dodecyloxy)benzyl group or a hydrophilic 3,4,5-tris[2-[2-(2-
methoxyethoxy)ethoxylethoxy|benzyl group. The introduction of
these large substituents result in compounds which, in contrast
to the unalkylated parent molecule, are readily soluble in
common organic solvents such as dichloromethane, toluene
or tetrahydrofuran. The introduction of the dendritic wedge
substituents has been extensively investigated by Percec and
coworkers.*® For the fluorubine derivatives described here,
the isomeric identities of the alkylated species were confirmed
using *C NMR spectroscopy. As described previously,> each of
the potential isomers possess differing numbers of resonances
in their >C NMR spectra and consideration of the measured
3C NMR spectra confirms simple double N-alkylation at the
central pyrazine ring. Other workers have used a purely synthetic
approach to obtain regiospecifically substituted compounds.
Three subgroups of compounds based on the fluorubine core
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were prepared (see Fig. 2(a)): 1-3 are 6,13-dihydro-5,6,7,12,13,14-
hexaazapentacene derivatives doubly substituted at 6,13-positions
with 3,4,5-tris[2-[2-(2-methoxyethoxy)ethoxylethoxy]benzyl groups (1),
3,4,5-tris(1-n-dodecyloxy)benzyl groups (2), or one of each lead-
ing to amphiphilic 3. 4-6 are then the respective 2-brominated
derivatives (note that 6 is a 50: 50 mixture of 2- and 3-isomers).
7-9 are the [a,c,],n}tetrabenzo analogues of 1-3.

Several of the compounds exhibit mesomorphic phases and
examples of solvent gelation in amphiphilic derivatives were
also observed. Compounds substituted with highly hydrophilic
3,4,5-tris[2-[2-(2-methoxyethoxy) ethoxy]ethoxy]benzyl groups
were also found to exhibit lower critical solution temperatures.
All the compounds studied are highly fluorescent thus having
potential for use in a variety of organic electronic devices** or as
chromophores for biolabelling applications.

Electronic absorption and fluorescence emission

Compounds 1-9 form highly fluorescent solutions in common
organic solvents such as dichloromethane, toluene and tetra-
hydrofuran. Typical UV/Vis electronic absorption and fluorescence
emission spectra for compounds 1-6 and 7-9 in dichloromethane
solution are shown in Fig. 2(b) and (c), respectively, with photo-
graphs of the solutions under daylight and UV irradiation shown
in Fig 2(d). Absorption spectra show well resolved vibronic bands
typical of acene-type compounds with some additional features.
Three main absorption bands are observed, centered about 393,
441, and 446 nm for the pentacenes and 397, 420 and 446 nm for
the brominated analogues. A series of weaker absorptions is also
observed at 373, 405 and 430 nm. The fluorescence spectra also
show three main bands, typically mirroring the absorption
features, which are centered about 446, 476 and 510 nm for
the pentacenes and 454, 480 and 515 nm for the brominated
analogues. For all compounds, a small Stokes shift of around
4 nm (peak absorption to peak fluorescence) is observed due to
the rigid structure of the chromophore. The tetrabenzopentacenes,
compounds 7-9, also show three main absorption bands centered
at 431, 458 and 488 nm (Fig. 2(c)), which are shifted batho-
chromically compared to compounds 1-6 due to the extension
of m-conjugation provided by the benzo groups. The series of
weaker absorptions is somewhat more prominent compared to
compounds 1-6 and are centered around 408, 445 and 474 nm.
Again, the absorption features are mirrored in the fluorescence
spectra with the main bands positioned at 492, 528 and 569 nm
and a Stokes shift of around 4 nm (peak-peak) is observed.
In more concentrated solutions, all of the compounds show
a change in their fluorescence spectra possibly due to the
formation of aggregated species. Typically, a decrease in the
relative intensity of the highest energy band is observed, which
suggests the formation of J-type aggregates.’® J-type aggregation
would seem intuitive when considering the molecular structure
of the compounds as the bulky dendritic wedges are likely to
sterically hinder the formation of H-type aggregates. However,
no new absorption bands were observed even in the solid state
(Fig. 3) indicating that neither H- or J-aggregate formation
is favored by the compounds. The solid state absorption and
emission spectra of compounds 2, 5 and 8 are shown in Fig. 3.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Solid state electronic absorption (solid line) and fluorescence
(dashed line) spectra of 2 (black), 5 (green), and 8 (blue) measured from
films of the compounds spread onto a quartz glass plate.

Interestingly, these are quite different from the solution state
spectra. In the absorption spectra, the ratio of absorption of the
characteristic acene peaks is altered so that the second intense
peak (i.e. around 430 nm for simple fluorubines 2 and 5, and
around 470 nm for tetrabenzofluorubine, 8) becomes the more
intense absorption. In addition, the corresponding fine struc-
ture in the fluorescence emission spectra is lost and emission
appears as a broad band with a much more substantial Stokes
shift. Peak broadening is often observed in solid state emission
spectra and the increased Stokes shift can be explained by the
decrease in intensity of the long wavelength absorption peak
together with the corresponding short wavelength emission
peak, both most likely attributable to non-specific interactions
between chromophores.

Fluorescence quantum yields of the compounds measured
in solution and solid state reveal some details about the state of
aggregation of the chromophores. Quantum yields (QY) for 1-9
in solution and solid states are given in Table 1. 1-3 and 7-9
have QYs of ~57% in solution. Presence of bromine in 4-6
causes substantial decrease in fluorescence QY due to the heavy
atom effect. Interestingly, in the solid state 1-3 suffer a modest
decrease in QY while those of 7-9 are significantly reduced.

This suggests that compounds containing the tetrabenzo-
fluorubine core tend to aggregate much more strongly than
those containing the simple fluorubine chromophore, a point
which will be highlighted in the next section. The excellent
quantum yields of the compounds make their derivatives
suitable for fluorescence lifetime imaging as has been reported
for other fluorescent compounds.*®

Table 1 Fluorescence quantum yields (QY) of 1-9 in dichloromethane

and in the solid state

Compound %QY in solution %QY of solid
1 56.3 41.4
2 56.8 32.3
3 58.4 50.9
4 11.8 11.7
5 12.7 4.0
6 16.5 12.5
7 57.8 2.9
8 59.4 16.4
9 53.8 1.5

This journal is © The Royal Society of Chemistry 2016
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Thermotropic properties

X-ray powder diffraction studies of the compounds reveal
several different mesophases with molecular structure partly
indicating the resulting morphologies. Notably, all compounds
except 8 and 9 melt to an isotropic state without undergoing
phase transitions. Compound 1 is a viscous oil at room tem-
perature and was not observed to solidify down to —30 °C.
Fluorubine derivatives 2 and 5, both bearing two 3,4,5-tris(1-n-
dodecyloxy)phenyl groups, are crystalline at room temperature
and do not exhibit mesophase formation prior to reaching an
isotropic liquid state at the temperatures given in Table 2.

In this series of compounds, 4 and 7 exhibit smectic-type
structures with similar layer dimensions based on their X-ray
powder diffraction patterns (pXRD, see Fig. 4a). This suggests that
the differences in structure of the chromophore (i.e. Introduction
of benzo groups) do not significantly influence the mesophase
morphology with the structure being determined by the wedge-
like substituents. The brominated compound 4 slowly forms a
mesophase at room temperature whose pXRD pattern contains
peaks at d = 29.23 (001), 14.52 (002), 9.75 (003), 7.32 (004), 5.85
(005) and 4.87 (006) together with a rather weak broad halo
peak at around 5.00 A assigned to the weakly correlated
alkyloxy chains. The peaks correspond to a lamellar structure
with spacing suggesting an interdigitation of the alkyloxy
chains. A weak diffraction peak around d = 3.95 A in the pXRD
of 7 may be due to intermolecular n-n stacking interactions
expected from the increased area of the chromophore core.
Both 4 and 7 have the additional feature of unusual and
aesthetically pleasing polarized optical micrographic (POM)
textures as shown in Fig. 4(b and c).

Based on these data we propose a smectic-type structure as
illustrated in Fig. 4(d). It is interesting to note that the dimen-
sions of the mesophases of 4 and 7 are so similar in spite of an
increase in amphiphilicity and volume of the chromophore
caused by introduction of the hydrophobic benzo groups.
The increased volume of the pyrazinacene moiety in 7 can be
accommodated in the plane of the lamellar structure without
changing the layer dimensions observed by pXRD especially
given the tilting of the chromophores in the proposed structure,
which might lead to a variation in the unit cell dimension in
the plane of the lamellae depending on chromophore but only

Table 2 Summary of thermotropic properties of 1-9 on heating

Phases”

I

Cr (100.5°/—) 1

M (70.9/62.21) 1

Sm, (40.4/15.61) 1

Cr (101%/—) 1

Col; (?) (73.9/48.87) 1

Ordered smectic (202.5/41.28) I

Cr, (36.2/21.44) Cr, (150.4/28.04) Col,, (221.6/31.30) I

Cr (109.4/1.33) Cry (123.1/0.67) Cr,/Col, (190.5,197.4/41.33) 1

OO UL WN =

“ Temperatures (°C)/enthalpies (k] mol ') of the mesophase transitions.
b Observed using polarized optical microscopy. ¢ Combined enthalpy of
Cr, — Col, and clearing.
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(a) Powder XRD patterns obtained at room temperature for (i) 4 (red) and (i) 7 (blue). (b) Polarized optical micrograph (POM) of 4 (at 30 °C).

(c) POM of 7 (at 190 °C). (d) Space-filling model of an energy-minimized structure of 4 showing the molecules' dimension and the proposed structure of
the lamellar mesophase illustrating interdigitation of the oligoethylene glycol chains.

minor or undetectable variation in the layer thickness as
observed here. The model of the phase given has chromophores
segregated in hydrophobic layers with the usually rather dis-
ordered polyethylene glycol wedges forming intervening layers.
Since 1 is an oil at all temperatures measured, we suppose that
polarization of the molecule caused by introduction of a
bromine atom leads to increased intermolecular interactions
in 4 while the larger m electron surface due to the benzo groups
is responsible for the same in 7 although these interactions are
apparently weak. The POM of 7 (Fig. 4c) suggests the crystal-
linity of this compound despite 2-dimensional appearance in
the pXRD pattern and similarities with 4. There exist, however,
some additional weak peaks in the wide angle region of the
PXRD of 7. Based on these observations, we assign a soft crystal
form for 7.%”

Amphiphilic compounds 3 and 6 (Fig. 5) have similar pXRD
patterns containing broad peaks, which could not be confi-
dently assigned. However, when 6 is annealed at 50 °C better
defined peaks emerge suggesting a structure possibly containing
a columnar rectangular form.*® This assignment is supported by
the POM (Fig. 5(c)), which contains features characteristic of
discotic mesophases. It should be noted that 6 is a mixture of
two bromine positional isomers although small changes in the
structure of the chromophore do not affect the form of the
mesophase as attested also by the cases of lamellar 4 and 7.

Tetrabenzo compounds 8 (see Fig. 6(a)) and 9 (see Fig. 6(b))
exhibit more complex and better defined thermotropic behaviour
than the other compounds. pXRD analysis (Fig. 6(a)i) of 8 at
155 °C (measured on cooling) indicates a columnar rectangular
phase® as expected from molecules of this structure based on
similar systems containing crown-ether-linked triphenylenes*’
and also other similar pyrene-containing acene molecules.*!
DSC (Fig. 6(a)ii) reveals that 8 undergoes a transition at 150 °C
with a clearing point at 221 °C. A further transition is observed in
the DSC thermogram when cooling below around 30 °C, which is
assigned to a crystal-crystal transition. Fig. 6(a)iii shows the POM

11518 | J Mater. Chem. C, 2016, 4, 11514-11523
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Fig. 5 (a) X-ray powder diffraction patterns for amphiphilic pyrazinacenes
3 and 6. 6 had been annealed at 50 °C for 1 h prior to measurement. POMs
of (b) 3 and (c) 6 measured during cooling from isotropic state.

image for compound 8 at 212 °C, which exhibits a concentric arc
type texture. Cooling below the transition at 110 °C results in a
breaking of the concentric arc texture and the formation of a solid
film with pXRD analysis confirming the formation of a crystalline
phase although it appears to maintain a columnar structure. Our
proposed model of the columnar phase of 8 (Fig. 6(a)iv) based
on indexing using the LCDiXRay program® has a rectangular
morphology with a = 3.63, b = 5.75 nm. However, based on the
appearance of the POM, the large enthalpy of the transition at
150 °C and the lack of a broad halo around 26 = 25°, it is highly
likely that this is a crystalline columnar rectangular phase (we
have assigned it a plastic crystalline state denoted by Coly).
Molecules of 9 have a maximum extended length of around
4.5 nm. VT-pXRD analysis of 9 (Fig. 6(b)i) indicates Col, phases

This journal is © The Royal Society of Chemistry 2016
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(iii) POM at 189 °C (on cooling), and (iv) model of the Cr, phase based on

pXRD data (@ = 6.36 nm, b = 6.09 nm), which is assigned lamellar rectangular columnar structure.

with only two structures possible to observe (at 189 and 175 °C on
cooling) using our homemade VT-XRD equipment. DSC thermo-
grams for 9 (2nd heating/2nd cooling cycle; Fig. 6(b)ii) reveal an
apparent crystal-crystal transition at 109 °C followed by a transi-
tion to a what is also probably a crystalline columnar phase at
123 °C. A further transition at 190 °C likely involves a higher
temperature Col, phase. DSC thermogram of 9 is complicated
on cooling by the appearance of two different high temperature
phases only one of which could be subjected to pXRD (see
Fig. 6(b)i green trace) although in admixture with the lower
temperature phase. On cooling of 9 from an isotropic state, a
further phase emerges, which we suppose is also a rectangular
columnar phase. POM image of compound 9 (Fig. 6(b)iii) below
the liquid crystal to isotropic transition at 189 °C exhibit a
fan-like texture. This texture does not vary until cooling below
the crystal-crystal transition at 123 °C after which the film
becomes brittle and fractures due to contraction. The observable
higher temperature phase at 189 °C is Col, (a = 5.76, b = 5.63 nm)
with the lower temperature phase being a slightly expanded
columnar rectangular phase of dimensions a = 6.36, b = 6.09 nm,
dimensions consistent with the model presented which has a
lamellar rectangular columnar morphology. These structures are
again consistent with the molecular morphology and have been
observed previously for other similar mesogens.”> Columnar
structures for 8 and 9 are observed at rather high temperature
probably precluding their direct application in devices. However,
liquid crystallinity is not necessarily required since the columnar
structure, which might improve charge transport in these
materials, can be made persistent by rapid quenching of the
mesophase to a low temperature (glassy) state. The mesophase
might also be made accessible at lower temperature by chan-
ging the structure of the dendritic wedge substituents (i.e.
longer alkyl/alkyloxy chains, higher dendritic generation, etc.).
On the other hand, for some applications it is not necessary
for a material to exist as a mesophase and the bulk structure

This journal is © The Royal Society of Chemistry 2016

(whether plastic crystal or even crystalline) can still confer
benefits for charge transport or optical properties.

Other phenomena: LCST and gel formation

1 and 4 both exhibit clouding of their aqueous solutions
with increasing temperature, which is characteristic of a lower
critical solution temperature (LCST) transition,** commonly
referred to as a coil-globule (C-G) transition in the field of
polymer science.*”> A reversal of the process is stimulated by
cooling the solutions. The LCST transition is a widely studied
phenomenon in polymeric systems due to its potential applica-
tion to drug delivery systems*® as well as various chromatographic
techniques.”” Small molecules exhibiting LCST behaviour are
much less researched, but dye molecules exhibiting this pheno-
menon might allow the design of novel optical devices by permit-
ting previously unavailable specific aggregated states.*® A plot of
the temperature dependence of the solution transmittance for a
2 mM aqueous solution of 1 is shown in Fig. 7(a) and shows a
marked drop in transmittance between 50 °C and 60 °C corre-
sponding to a change from a clear to a cloudy solution due to
phase separation of the solution components caused by the C-G
transition. In order to gain some insight into any changes in the
molecular aggregation mode caused by the C-G transition, the
change in fluorescence of the solution through the C-G transition
was measured and is shown in Fig. 7(b). The spectra are normal-
ized to the primary emission peak at 530 nm. Little change is
observed in the fluorescence spectra prior to the C-G transition
which starts around 50 °C at which point a sudden increase in the
intensity of the second emission peak centered around 558 nm is
observed together with a broadening of the overall emission
spectrum (FWHM at 40 °C = 70 nm; at 70 °C = 89 nm). The
changes in the emission spectra are due to increased aggregation
caused by a liquid-liquid phase separation (compound 1 is an oil
at room temperature) of the dissolved material from the bulk
solution allowing a much tighter packing of the chromophores.
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1 (c ¥ 2 mM) as a function of temperature showing a sharp LCST or
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(Aex = 440 nm) of 1 in water (c ¥ 2 mM) when heating through the
coil-globule transition showing a sudden increase in the relative intensity
of the peak centered at 558 nm together with a broadening of the overall
emission spectrum. (c) Changes in fluorescence emission (Zgx = 440 nm)
occurring during gel-sol transition.

The amphiphilic compound 3 forms organogels in solvents
such as acetonitrile, methanol and ethanol. Fig. 7(c) shows the
change in the fluorescence spectrum of a solution of 3 in
acetonitrile when cooling from solution into the organogel
phase. Gel formation begins around 35 °C. Gel formation is
accompanied by a reduction in the relative intensity of the
short wavelength emission band centered at 487 nm and an
increase in the longer wavelength emission band at 545 nm.
A slight bathochromic shift of the emission peak at 508 nm
in solution to 518 nm in the gel phase is also observed. The
changes in the fluorescence spectrum are consistent with
an enhancement of the J-type aggregation mode. A detailed
account of gel structures and properties of these and other
pyrazinacenes will appear elsewhere.

Conclusion

In this work, we have described the synthesis and characterization
of a series of pyrazinacenes and by using simple modification at
the dihydropyrazino unit we have demonstrated that a variety of
self-assembling behaviour including the formation of thermo-
tropic liquid-crystalline phases, the formation of fluorescent
organogels and thermoresponsive aggregation in aqueous
solutions can be induced. Liquid crystalline self-assembly of
organic semi-conducting materials such as the pyrazinacene
compounds presented here should allow the production of
devices with enhanced or novel properties such as improved
charge-transport in organic field-effect transistors, enhanced
charge-carrier diffusion in organic photovoltaics as well as
linearly or circularly polarized light emission in organic light
emitting diodes and lasers. We have demonstrated how LCST
behaviour in a small molecule can alter the aggregation mode
and we expect that molecules, which show significant changes
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in fluorescence upon aggregation (e.g. cyanine dyes, etc.), could
find use as novel thermoresponsive detectors or switches with
appropriate modification using hydrophilic “dendritic wedges”
as described here. We have also observed (as have others in
similar compounds®®) the variation of electronic absorption
and emission wavelengths depending on local acidity in these
compounds and we are currently studying this feature with a
few to develop pH indicators for use in non-polar solvents.*’
These compounds are worthy targets for use in fluorescence
lifetime imaging applications®® and we will report our efforts in
that direction later.
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