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The properties of organic dyes depend as much on their
intermolecular interactions as on their molecular structure.
While it is generally predictable what supramolecular structure
would be ideal for a specific application, the generation of
specific supramolecular structures by molecular design and
suitable processing methods remains to be a challenge. A
versatile approach to different supramolecular structures has
been the application of mesomorphism in conjunction with
alignment techniques and self-assembly at interfaces. Reviewed

1. Introduction

Optical and electronic properties of organic dyes and pigments
in the solid state crucially depend on not only their molecular
structure but also their 3-dimensional molecular packing and
intermolecular interactions. Their packing or supramolecular
structures are dictated by their crystalline,®~' amorphous® solid
or meso-phases” (liquid crystalline phases, and plastic and
condis crystals). For applications in organic electronics, meso-
phases have the advantage of combining a sufficiently high
degree of packing order with the potential formation of large
monodomains of uniform alignment®¥ On the other hand,
higher molecular dynamics in mesophases may reduce charge
transport and negatively affect other electronic properties in
comparison to an ideally structured crystalline phase.*'"

Mesophase formation and structure are dictated by shape-
anisotropy, microphase segregation and packing volumes of
segregated parts, and, to a lesser degree, by directional
intermolecular interactions."*™® The two main anisotropic
shapes for mesogens are either rod-shaped (calamitic) for the
formation of nematic and smectic (lamellar) mesophases, or
disc-shaped (discotic) for the formation of nematic and
columnar mesophases (Figure 1).

Ideal calamitic molecules have Length to Breadth to Width
values of L>B>W and ideal discotic molecules have values of
L=B> W. Deviation from these two fundamental shapes has
been a fruitful exercise in the design of new mesophase
structures and has led to a better understanding of the
fundamental forces that govern self-organization.!'*'” Board-
shaped compounds, also referred to as lath-shaped or sanidic
molecules,"®'” combine the shape anisotropy of rod- and disc-
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here is the columnar mesomorphism of board-shaped dyes
perylene, indigo, isoindigo, diketopyrrolopyrrole, and quinoxali-
nophenanthrophenazine. They generate a larger number of
different supramolecular structures than conventional disc-
shaped (discotic) mesogens because of their non-circular shape
and directional intermolecular interactions. The mesomorphism
of all but the perylene derivatives is systematically and
comprehensively covered for the first time.

shaped structures, which makes them multipotent building
blocks for nematic, lamellar (smectic) and columnar meso-
phases. They have been applied widely in liquid crystal science
(Figure 1).

Indeed, board-shaped compounds have long been regarded
as the most promising building blocks for the elusive thermo-
tropic biaxial nematic mesophase since their shape anisotropy
may prevent free rotation about the long axis of the molecules.
In fact, specific aspect ratios L:B:W of 15:5:3 (Luckhurst)"® and
10:3.16:1 (Straley)™ for length to breadth to width, respec-
tively, have been proposed based on experimental and
theoretical studies to be ideal for the formation of this still
elusive mesophase.*”

Smaller overall length to breadth ratios (core and side-
chains) than three (L:B < 3) generally promote columnar over
nematic and smectic mesomorphism as long as the flexible
side-chains are adequately positioned and have sufficient
packing volume for generating a side-chain continuum around
segregating stacking cores (columnar stacks). The width is
much smaller than the breath (B>W) and typically does not
vary much between different aromatic cores and side-chains,
which is why it is omitted in the following.

Reviewed here is the columnar mesomorphism of five
board-shaped dyes perylene (PBI and PTE),?*" indigo
(IND),*?  isoindigo  (IIND),*>***  diketopyrrolopyrrole
(DPP),283331 and quinoxalinophenanthrophenazine (QPP)?%*”
(Figure 2). They were selected because of their significant
industrial importance (perylene, IND, and DPP) and their specific
mesomorphism has not been reviewed except for perylene. A
ranking of the core structures by in-plane aspect ratios (L:B)

Figure 1. Cartoons of a) typical rod-shaped and d) disc-shaped molecular
structures with characteristic Length to Breadth to Width (L:B:W) ratios of
15:2.5:1 and 20:20:1, respectively. Structures b) and c) illustrate two board-
shaped structures with different L:B:W values of 23:11:1 and 27:20:1,
respectively. The more rigid core structures and amorphous aliphatic side-
chains are illustrated as dark boxes and glass-like segments, respectively, of
realistic relative dimensions.
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ROOC  COOR A potential advantage of board-shaped over discotic
° ° O columnar mesomorphic dyes is the preferential formation of
OO R higher ordered columnar packing structures that are more
R ‘ 2 Q Q w , difficult to achieve with conventional disc-shaped molecules.
OO ROOC COOR Most disc-shaped molecules arrange into uniaxial hexagonal
N R= alkyl osglz;l N N R R: F.L?,’,(;’.fyf'ky' OThWR columnar mesophases with electronic properties of H-aggre-
a- alkl ;kmmkyl R or 0l Reator gates (face-to-face packing) and display a fast rotation over
R'= H or halide, alky! phenyl R R R'=Horalkyl R=Horaky  their stacking axis.*"*? So, the relative orientation of stacking

Figure 2. Board-shaped dyes a) perylene bisimide (PBI), b) perylene
tetraesters (PTE), ¢) quinoxalinophenanthrophenazine (QPP), d) indigo (In),
e) isoindigo (lIn), and f) diketopyrrolopyrrole (DPP). “Alkyl” includes linear
and branched chains as well as oligoethers and otherwise functionalized
alkyl chains.

gives the following order: 1.47 for perylene tetracarboxylic ester
(PTE), 1.66 for perylene tetracarboxylic bisimide (PBI), 1.77 for
QPP, 1.80 for isoindigo, 2.04 for dithiophene DPP, and 2.37 for
indigo. Structures with a smaller aspect ratio are more easily
converted into columnar liquid crystals, which may be one
reason for why PBI has been the most widely studied core
structure of those five. Of course, the aspect ratios of cores and
entire molecules can be widely altered by the attachment of
substituents and another reason for the much larger body of
work on the columnar mesomorphism of perylene
derivatives®®“*” when compared to the small number of
columnar mesomorphic indigo, isoindigo, diketopyrrolopyrrole,
and quinoxalinophenanthrophenazine derivatives may be re-
strictions in synthetically achievable substitution patterns for
the latter. In addition, the lactam containing cores have a very
high propensity for solidification and crystallization.
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molecules is ill-defined, although strong m-mt stacking inter-
actions between conventional discotic molecules have in-
duced more defined relative orientations and tilt in columnar
nt-m stacks."?

In contrast, the in-plane shape anisotropy of board-shaped
molecules conduces to columnar mesophases of lower symme-
try and higher order that may display properties of J-aggregates
(slipped packing) and reduced rotational dynamics.* As
illustrated in Figure 3, board-shaped molecules are more likely
to arrange into tilted, helical, and other columnar stacks with
correlation of intracolumnar orientation. This often leads to
better defined intermolecular interactions and allows for the
adjustment of optoelectronic properties, such as fluorescence
and charge transport.*%4>4¢!

Several unusual columnar mesophase structures have been
reported for some of these board-shaped dyes and it is our
intention to specifically highlight rare supramolecular structures
and their underlying molecular structures. Concepts such as
shape-anisotropy (aspect ratios), nanosegregation, and relative
packing volumes were applied qualitatively to reason the
formation of different types of columnar mesophase based on
molecular design."”

Not covered in this review are liquid crystalline polymers
that contain these dye cores as one of several components and
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vision of Eichhorn and Taing (Ph.D. student
at the time) at the University of Windsor. He
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Figure 3. Idealized stacking structures of board-shaped dyes in columnar
mesophases. The rigid core and amorphous aliphatic side-chains are
illustrated as dark boxes and glass-like segments, respectively, and have
realistic relative dimensions. Structure a) is the least likely for board-shaped
dyes because of unfavourable space filling by the side-chains and often non-
ideal stacking interactions between cores. More favourable for columnar
mesophases of board-shaped compounds are packing structures that b)
involve stacks with laterally shifted cores and/or columnar stacks of cores
that are rotated about their stacking axis by specific values to give, for
example, ¢) helical columnar mesophase and d) columnar mesophase with
orthogonal stacking of the long axis of the cores.

the use of these dyes as additives to liquid crystal matrices for
the generation of anisotropic optical materials. Also, outside the
scope of this review are dye derivatives that self-assemble on
surfaces and at interfaces. However, references to some of these
studies are provided where deemed valuable.

2. Mesomorphic Perylene Dyes

A comprehensive review of the large body of work on
mesomorphic derivatives of perylene has recently been
provided elsewhere.”” The intention here is to highlight some
detailed studies on structure-property relations and unusual
modes of self-organization that have been reported for
perylene tetracarboxylic bisimides (PBls) and its much less
studied tetraesters (PTEs).

2.1. Perylene Tetracarboxylic Bisimide (PBI)

Perylene tetracarboxylic bisimide (PBI), also recognized as
perylene-3,4,9,10-tetracarboxylic diimide (PDI), is a planar
chromophore that is well-known for its n-type (electron-accept-
ing) characteristics and high thermal, chemical, and photo-
stability.®®¥~* |n addition to its desirable physical properties,
the chromophore permits various chemical functionalizations at
the (i) bay-regions (1,6,7,12-positions), (ii) ortho-regions
(2,5,8,11-positions), and (iii) imide-positions (Figure 4), thus

L

Y.
O O R1, R, = substituents at N-positions
O O 0 X = substituents at bay-positions

Y X X Y

Y = substituents at ortho-positions

Figure 4. General substitution pattern for PBIs and their length (L) to breadth
(B) measurement including R, X, and Y groups.
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offering structural diversity for applications in various research
fields such as coatings, biochemistry, supramolecular chemistry,
organic electronics, and sensors.?**-*

All PBIs show strong absorption in the visible spectral
region with absorption maxima between 510 and 570 nm,
depending on the core substituents, along with high
fluorescence quantum yields.®®

In addition, changes in the structural growth (or self-
assembly) of PBI building blocks often result in drastic changes
in their absorption and fluorescence properties. The influence
of the packing arrangement on the optical properties of PBIs is
apparent through their solid-state coloristic properties that
vary between red, maroon, and even black. This was achieved
by changing imide substituents that do not impact the
molecular chromophore but their intermolecular interactions
and packing structures.*®*”!

In solution, PBIs often form concentration-dependent
aggregates based on the solvents’ polarity and temperature.
Fluorescence quantum yields near-unity have been reported
for many derivatives in dilute solutions that often decrease
with increasing concentration and aggregation.”®? Aggrega-
tion-caused quenching (ACQ) also lowers the emission of
many PBIs in crystalline and solid states.’*>*"

Liquid crystallinity has been particularly attractive for
controlling the supramolecular self-assembly of PBIs in con-
densed phases™ even though the formation of specific
aggregates and crystal structures has also been broadly studied
in the solid-state and in solution.*®®! Their strong intermolecu-
lar -7 stacking forces are advantageous for the induction of
mesomorphism if properly balanced by flexible side-chains that
lower melting temperatures and increase solubility. A number
of PBI derivatives with n-alkyl®**” and simple cycloalkyl,*® and
aromatic®” substituents at their imide positions form crystalline
phases of too high melting temperatures for mesomorphism to
be observable or practical.

However, attachment of appropriate flexible side-chains to
the two N-terminals has been shown to be sufficient for the
induction of mesomorphism at temperatures well below 200 °C.
Substitution of the bay-positions (see Figure 4) has been less
frequently used for adjusting self-organization mainly because
the synthesis of these derivatives is less straightforward, and we
are not aware of mesomorphic PBIs with substituents in the
ortho-positions. Substituents in the bay-positions are especially
effective in altering mesomorphism because they reduce the
L:B (in-plane) aspect ratio and often cause twisting of the
otherwise planar PBI core. Strong intermolecular interactions,
such as hydrogen bonding, charge transfer, metal coordination,
and ionic interactions have been widely utilized for promoting
and directing the self-assembly of PBIs,®® but rather little for
the support of mesomorphism."”

N-substituted PBIs with single and swallow tail side-chains
constitute the first studied mesomorphic PBI derivatives and
have some of the largest L:B aspect ratios (Figure 5). Gregg and
co-workers were the first to report liquid-crystalline properties
for PBIs in 1997.%7" Their compounds contained propoxy and
ethylphenyl linking groups with single and branched oligo
(ethyleneoxy) chains at the imide N-positions. Two examples

322 © 2021 Wiley-VCH GmbH
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Figure 5. Electrostatic potential maps projected onto density surfaces
generated by semiempirical PM6 calculations (Spartan) for PBI-3 and PBI-5
in the gas phase. In-plane aspect ratios are calculated based on estimated
molecular lengths for side-chains in amorphous states and the breadth of
the PBI core.

are PBI-1 and -2 in Figure 6 and Table 1. Unfortunately, no X-ray
diffraction data were provided for any of the compounds to
verify the columnar mesomorphism and PBI-1 crystallized
within 24 hours as spin-coated thin film, which indicates that
the observed mesophase is not thermodynamically stable at
room temperature.

In general, oligo(ethyleneoxy) side-chains are much more
effective in inducing mesomorphism in N-substituted PBIs than
the otherwise more regularly used alkyl chains. This is mainly

Symmetrically N-substituted with aliphatic and oligo(ethyleneoxy) chains
CH,(OCH,CH,),0CH;  PBI-7:

PBI-1: CH,(OCH,CH),0CH; PBI-4: T et
..... C3H50 T 1=R2= 187137
ZRo = Ri=Rp= X
Ri=Rp= CHy(OCH,CHs);0CHs %HZQOCHQCHZ)ZOCHs pelg: o
PBI2: CH,OCH,CH,0CH,  PBI-5: nhes Ri=R.= s
77777 o PBIO:  CiHis o
~CaHe Ry=Rp= =R, = _l¥
Ri=Ro=  CH,0CH,CH,0CH, 1R = Cutlas Ry=Rp=..

PBI-6: C7His

PBI-3: CHp(OCH,CHR)30CH; "7 PBI-10:

*
----- R‘=R2=CH Ri=Rp=
R1=R2 = CH,(OCH,CH,);0CH s /S N/
(OCHCHp)30CH; Yy O S,

Non-symmetrically N-substituted with aliphatic and oligo(ethyleneoxy) chains
CH,(OCH,CH,),0CH;  PBI-12:  C7His CH(OCH,CH;)30CH3
Ry = - Ry =-es Ry =
Ci1Hzs CH(OCH,CH,),0CH3 Cr7His

CH,(OCH,CH,)30CH3
Rp = ===

CH,(OCH,CH,)30CH3
(Non)-symmetrically N-substituted with oligosiloxane and oligo(ethyleneoxy) chains

(CH2Y | | peus: C4Hz>éi\o/ &

CH,(OCH,CH,);0CH;

Ry =~ CHyCHz(OCH,CH;);0CH;

..... \
{ o} - o

(CHY o Ri= CiHe—si si—

/S\i\o/si\ NIN

PBI-15: n=2 PBI-17: n=6 R, = CH20(CH2CH,0),CH3

Symmetrically N-substituted with aliphatic chains containing ester and amide groups
COOC1,Hps

o) _[
S COOC,H *
Ri=R; * 12H2s HN COOC1zHas
PBI-19; n= 12 OCHanvt R, =Ry = N OCH Ri=Rp= COOC2Hzs
o PBI-21: 2725 ppy.22. HN—*

PBI-20: n=18 o] [¢] COOC 15Hs

Figure 6. Structures of selected N-substituted PBIs with linear and branched
aliphatic, oligo(ethyleneoxy), and oligosiloxane chains as R groups and
unsubstituted core (X=Y=H) (see Figure 4). Symmetric derivatives have
identical R groups attached to the N-positions (R, =R,) and nonsymmetric
derivatives have two different R groups (R, #R,). Chiral centres are labelled
with an *,
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Table 1. Phase transition temperatures and enthalpies for perylene
derivatives PBI-1 to -22 shown in Figure 6. Cr=crystal, LC = unspecified
liquid crystal phase, Col =unspecified columnar mesophase,

Col, =hexagonal columnar mesophase, Col,=rectangular columnar meso-
phase, Lam =lamellar mesophase, and | =isotropic liquid.

Comp. DSC transition T [°C] and (AH [k/mol~"]) on heating®  Ref.
PBI-1 Cr —38 (8.4) LC 52-59 (14.2) | [68,69]
PBI-2 Cr 80 (36.4) LC 167 (17.2) | [68,69]
PBI-3 Cr 67.8 (24) Col, 126.9 (3.9) | [73]
PBI-4 Cr 78.2 (15.8) Col,, 145.8 (3.5) | [73]
PBI-5 Cr1 53.8 (6.9) Cr2 76.8 (6.6) | [73]
PBI-6 Cr 133.2 (19.5) | (monotropic Col, at 118 to 110°C) [73]
PBI-7 Cr 180 (15.5) LC 312 (30.7) | [75]
PBI-8  Cr214(24.3) LC, 387 (21.8) LC, 403 (8.8) | ™ [75]
PBI-9 Col 164 (63 g™ I [76]
PBI-10  Col 185 (8.27) | [79]
PBI-11 Cr 51 (10.7) Col, 107.7 (3) | [73]
PBI-12  Cr65.5 (15) Col,, 148.7 (5.9) | [73]
PBI-13 LC 164 (17.2) | [67]
PBI-14 LC47(1.90g ') LC1383(620g D! [80,81]
PBI-15  Col, 1225 (4.5Jg '] | [80,81]
PBI-17  LC80.1 (41[g DI [82]
PBI-18 Lam 170 (5.8[Jg™ ') | [83]
PBI-19  Cr9 14,6 (19) Lam 198.7 (21.2) | [84]
PBI-20 Cr54 Lam 1721 [9]
PBI-21 Col, 1501 [85]
PBI-22  Cr —27 Col,, 181 | [85]

[a] Reported phase transitions and assignments are based on DSC (2n-
heating), defect textures obtained by POM, and XRD. [b] Determined from
first heating run as the clearing temperature above 400 °C likely coincides
with the onset of decomposition. [c] The compound crystallizes from
solution and solidifies from the liquid crystal phase as a kinetically trapped
partially crystalline material.

attributed to the higher conformational flexibility of the former
that lowers melting points more effectively and increases
nanosegregation.'?’? This was experimentally confirmed by
Thelakkat and co-workers who provided a direct comparison
between swallow-tailed oligo(ethyleneoxy) chains (PBI-3 and
PBI-4) and swallow-tailed alkyl chains (PBI-5 and PBI-6) of
similar length (Figure 6 and Table 1).7* PBI-5 is not mesomorph
and PBI-6 displays a monotropic columnar mesophase, whereas
PBI-3 and PBI-4 show hexagonal columnar mesomorphism over
a wide temperature range, as verified by their characteristic fan-
shaped and dendritic defect textures with pseudo-isotropic
areas (Figure 7a-b). Hansen, Andrienko and co-workers later
contributed a detailed study on the differences in molecular
dynamics between alkyl and oligo(ethyleneoxy) chains based
on solid state NMR measurements and computational studies
on PBI-3 and PBI-6."Y Shortening of side-chains, either oligo
(ethyleneoxy) or alkyl side-chains, expectedly increased phase
transition temperatures.’*®7>7*!

While N-substitutions with linear (PBI-7, —8)" and swallow
tail alkyl side-chains (PBI-5, -6)" of different lengths at best
induce monotropic mesomorphism, the use of racemic hyper-
branched alkyl chains in PBI-9 sufficiently lowers melting points
to support columnar mesomorphism as demonstrated by Bock
and co-workers (Figure 6, Table 1).7® Strictly speaking, PBI-9 is
not a single compound but a mixture of ten stereoisomers. This
makes it almost impossible for the side-chains to crystallize and
extends the mesophase to temperatures well below room
temperature. On the other hand, the stability of the mesophase
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Figure 7. POM images of a) a fan-shaped texture of the Col, mesophase of
PBI-3 at 142°C and b) a dendritic growth texture of the Col, mesophase of
PBI-4 at 144°C."® c) Schematic of the packing structure and dynamic of the
Col, mesophase of PBI-3.*4 d) POM image of the homeotropically aligned
Col,, mesophase of PBI-9."? e-f) POM images of Col, mesophases of PBI-11
at 108°C and PBI-12 at 149°C showing spherulitic texture with Maltese
crosses and dendritic growth.” g) lllustration of the monoclinic unit cell and
the resulting columnar packing of non-symmetrically N-substituted PBI-
13.°” Images (a), (b), (e), (f), and (g) are reproduced from Refs. [73] and [67]
with permission. Copyright (2013 and 2009, respectively) American Chemical
Society. Images (c) and (d) are reproduced from Refs. [44] and [76] with
permission. Copyright (2009 and 2016, respectively) Wiley-VCH.

does not depend on order in the side-chain region and its
clearing temperature (transition into the isotropic liquid) is
much less affected by the mixture of enantiomers and
diastereomers. PBI-9 also has a high propensity for homeotropic
alignment as shown in Figure 7d, which is reasoned with an
increased fluidity and an advantage for device applications.

Overall, it is astonishing that board-shape molecules with
calamitic-like L:B aspect ratios of >5 (Figure 5) form columnar
rather than smectic mesophases. To better understand the
reasons for this behaviour, PBI-3 was further investigated by
Millen and co-workers to elucidate the packing structure of its
hexagonal columnar mesophase.”” A combination of X-ray
scattering and solid-state  NMR measurements revealed a
cooperative rotation about the stacking axis of the PBI
molecules in 90° steps (Figure 7c). This orthogonal stacking of
the board-shaped molecules reduces steric repulsion between
side-chains, allows for a close m-m stacking distance of only
3.4 A between PBI cores, and better positions the side-chains
for the generation of a side-chain continuum around the
stacking cores.

Rotation about the stacking axis was highly cooperative to
avoid large deviations from the orthogonal correlation between
adjacent perylene units in a dynamic mesophase. Accordingly,
the lattice parameter of 2.23 nm (distance between columnar
stacks) is close to the estimated average of length and breadth
for PBI-3 ((L+B)/2=2.11 nm, Figure 5).

All PBIs listed in Figure 6 and most PBIs in general can be
expected to pack in similar ways, although the average
rotation angle between adjacent PBI units and molecular
dynamics will differ depending on the types of side-chains and
substitution patterns.*? One driving force they all have in
common is the relatively strong m-rt stacking interaction
between electron deficient PBI cores. This and the rotational
offset between stacking PBI cores has been reasoned with

ChemPlusChem 2021, 86, 319-339 www.chempluschem.org

dipolar interactions between imide groups”” and multipolar

interactions between PBI cores (see electrostatic surface
potential maps in Figure 5).77 However, polytopic
interactions”® may also contribute and the out-of-plane
orientation for many substituents at bay- and N-positions
require rotational offset for small stacking distances.

Meijer and co-workers achieved room temperature colum-
nar mesomorphism with just one long chiral oligo
(ethyleneoxy) chain at each N-position in PBI-10.”" In this
case, the columnar arrangement is supported by the induction
of supramolecular chirality rather than the suppression of
crystallization by the formation of mixtures of enantiomers
and diastereomers for compounds with racemic chiral centres
such as PBI-9.

Finally, mesomorphism may be controlled by the attach-
ment of different side-chains to each N-position, which
generates PBIs of lower symmetry.®””¥ While PBIs bearing two
different types of alkyl substituents are crystalline and do not
display liquid crystal phases, PBls with swallow-tail substitu-
ents that contain one oligo(ethyleneoxy) and one alkyl chain
(e.g. PBI-11 and PBI-12) display thermotropic columnar
mesophases over a wide temperature range. Their defect
textures were indicative of Col,, mesophases (Figure 7e-f)
although a nanosegregation between the two immiscible
types of side-chains should be expected that favours lamellar
over columnar lattices and disfavours a hexagonal columnar
lattice.”® Apparently, the larger packing volumes of the side-
chains at both sides sufficiently disfavour lamellar packing. In
contrast, a lamellar columnar packing structure is observed for
PBIs substituted with one linear and one swallow-tail oligo
(ethyleneoxy) chain.”” An example is PBI-13, which crystallizes
in an oblique unit cell (Figure 7g) and its lamellar phase aligns
on substrates preferentially with an edge-on orientation of the
molecules as revealed by XRD. The formation of a lamellar (no
interfacial curvature) rather than a columnar supramolecular
structure is reasoned with an alternating alignment of the
molecules that generates a balanced packing volume for both
sides of the side-chain layers.

Oligo(ethyleneoxy) chains are not only excellent building
blocks for the design of mesomorphic PBIs, but also have a high
dielectric constant for organic materials,®® good solubility in
polar solvents, and support ion conductivity.”” However, some
of these properties also cause challenges such as their ability to
chelate various cations and incorporate other impurities.

For this and other reasons different types of side-chains
have been studied for the generation of mesomorphic PBIs.
Funahashi and co-workers studied unbranched and swallow-
tailed alkyl chains with linear and cyclic oligosiloxane end
groups as new types of side-chains for N-substituted PBIs.®**?
Oligosiloxane chains are similarly flexible and microphase
segregate equally well as oligo(ethyleneoxy) chains but, in
contrast to oligo(ethyleneoxy), do not easily trap ionic impur-
ities and improve solubility only in nonpolar solvents. Deriva-
tives with swallow-tailed side-chains and terminal disiloxane
(PBI-14) and trisiloxane (PBI-15) chains both exhibited columnar
liquid-crystallinity whereas PBI derivatives with just one linear
alkyl-siloxane chain at each end formed higher ordered lamellar
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mesophases.®® However, the larger packing volume of is 30°C more stable than that of PBI-21 and does crystallize,

siloxane chains compared to alkyl and oligo(ethyleneoxy) chains
interfere with the m-i stacking of the PBI cores based on XRD,
although the low temperature rectangular columnar meso-
phase of PBI-14 reached a high charge carrier mobility of
0.1 cm?V~'s™' measured by a time-of-flight method, which
indicates good electronic interactions between the PBI cores.

The same group investigated swallow-tailed alkyl chains
with terminal cyclotetrasiloxane groups as an unusual attempt
to increase the lateral packing volume of the chains and
introduce polymerizable side-chains.®?®® The derivative PBI-16
with short dimethylene spacers was not liquid-crystalline but
hexamethylene spacers induced a disordered rectangular
columnar mesophase for PBI-17. The latter still showed a
respectable electron mobility of 1072cm?V's™' that is in-
between the maximum values obtained for PBI-14 and PBI-15.

Finally, Funahashi and co-workers experimented with the
non-symmetric attachment of a swallow tail alkyl-siloxane chain
at one N-position and a linear oligo(ethyleneoxy) chain at the
other.®™ This suppressed crystallization and, consequently,
widened the temperature range of the mesophase of PBI-18
well below room temperature. The authors proposed the
formation of a lamellar rather than a columnar mesophase
based on diffraction data, which was reasoned with a nano-
segregation between the two types of side-chains and their
largely differing packing volumes that cannot be easily
accommodated in a columnar mesophase.

Another option for tuning the mesomorphism of N-
substituted PBIs is the incorporation of functional groups other
than ethers. This was accomplished for PBI-19 to PBI-22 by the
incorporation of ester groups and a combination of ester and
amide groups for PBI-22 (Figure 6 and Table 1).°%%! Ester
groups are expected to lower transition temperatures because
of their steric flexibility but they also introduce directional
dipole-dipole interactions that can increase transition temper-
atures and affect molecular shape. In addition, all four
derivatives are pure enantiomers as the chiral linking groups at
the N-positions are L-alanine for PBI-19 and -20 and L-aspartic
acid for PBI-21 and -22.

Compounds PBI-19 and -20 with only single, linear alkyl
chains on each side demonstrate how powerful the ester
groups are in promoting mesomorphism, although both
compounds appear to form lamellar rather than columnar
mesophases. This is not surprising as filling the side-chain
continuum of columnar stacks with just two linear aliphatic
chains per molecule is unfavourable. Despite their lamellar
structures, both PBIs show a strong X-ray diffraction peak for -
n stacking at 3.4 A, which is why PBI-20 was tested as an
organic semiconductor in photovoltaic devices.”’ Detailed X-ray
diffraction studies on thin films of PBI-19 suggest the edge-on
molecules stack with alternating tilt with regard to the normal
of the substrate.®”

PBI-21 and -22 have two and four dodecyl esters on each
side, respectively, which is sufficient for biasing their self-
organization towards columnar mesomorphism.®? PBI-21 does
not crystallize and the clearing temperature of its Col,
mesophase is lowered to 150°C. The Col,, mesophase of PBI-22
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albeit at —27°C. Clearly, intermolecular H-bonds between the
four amide groups more than compensate for twice the number
of ester groups and dodecyl chains and their directionality
seems to aid crystallization. Similarly low melting points have
been observed in other columnar mesophases with strong
intracolumnar H-bonding but crystallization may also be
hindered by H-bonding.®

Most of the PBIs discussed so far have overall rod-shaped
structures that generate either lamellar or columnar meso-
phases (Figure 5). Exceptions are PBI-17 and -22 because the
lateral packing volume of their side-chains is much larger than
that of the core. Consequently, the breadth of the compound is
now dictated by the lateral packing of the side-chains rather
than the core (Figure 8). Their structures are better described as
dumbbell-shaped instead of rod-shaped and strongly bias
columnar over lamellar arrangements. Their aspect ratio L:B
varies depending on what value is used for B as the value of B
changes with the location of the measurement.

In PBI-17 and -22 the lateral packing volume was increased
by either using cyclic structures or the attachment of 4 side-
chains on each side (octacatenane structure), respectively.
Wedge- to cone-shaped 3,4,5-trialkoxyphenyl and 3,4,5-trialkyl-
phenyl groups are more frequently applied as large mesogenic
side-chain groups in liquid crystal research and they have also
been widely applied for the derivatization of PBIs at their N-
positions. Examples PBI-23 to -45 contain one at each N-
position to give derivatives with 6 side-chains often called
hexacatenanes (Figure 9 and Table 2). Both, the packing volume
of three side-chains at each N-position and the wedge- or cone-
shape of these groups highly favour columnar (higher interfacial
curvature) over lamellar mesomorphism, although the in-plane
aspect ratio does not significantly decrease unless the breadth

PBI-17 L:Bgy,, = 2.7

Figure 8. Electrostatic potential maps projected onto density surfaces
generated by semiempirical PM6 calculations (Spartan) for dumbbell-shaped
PBI-17 and PBI-22 in the gas phase. In-plane aspect ratios are provided
based on estimated overall lengths of the molecule for side-chains in
amorphous states and two different breadth values for the PBI core and
side-by-side packed side-chains.
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Figure 9. Structures of selected PBIs with a) trialkoxyphenyl or trialkyphenyl
substituents at the N-positions, b) alkoxy benzoic ester and benzamide
groups, ¢) mono bay annulation and d) trialkoxy benzoic ester with 3-
pentadecyl phenol (cardanol derivative) spacers. Some PBIs have alkyl
spacers of variable length between the N-position of the PBI and the
terminal aromatic group and some are bay-substituted or -annulated.

a r
N—/A Ar=--
[e]

is measured at the wide end of the wedge. In some instances,
the bay positions were also substituted, which not only
decreases the in-plane aspect ratio but also distorts the
perylene core from planarity to improve solubility and lower
phase transition temperatures.

A large body of related work has been contributed by
Wirthner and co-workers. PBI-23 to PBI-28 possessed 3,4,5-
trialkoxyphenyl and 3,4,5-trialkylphenyl N-substituents with
long alkyl chains (often dodecyl).#67793 PBI-23 forms a
disordered Col,, mesophase (Figure 10a) from room temperature
up to a very high clearing point of 373°C"” The same
compound but bay-chlorinated (PBI-24) displays an ordered
Col,, mesophase with a reduced temperature range from 86—
214°C. The reduced temperature range is expected since the
bay-substitution twists the PBI core, which typically reduces mt-nt
interactions (Figure 10b—c).’” Unexpectedly, the improved
stacking order of the chlorinated derivative, as suggested by
XRD, does not manifest itself in a higher charge carrier mobility
for PBI-24 when compared to the less ordered PBI-23. However,
bay-chlorination increases the charge carrier lifetime by more
than 100 times.

Notably, no fluorescence is observed for solutions and
aggregates of PBI-23 and PBI-24, and this is reasoned with
photoinduced electron transfer from the electron-rich trialkylox-
yphenyl groups to the electron-deficient perylene core.**”” On
the other hand, PBI-25 and PBI-28 with electron-rich phenoxy
groups at their bay positions show fluorescence enhancement
in solution.””” In contrast, fluorescence in condensed phases is
not just a molecular property but strongly affected by
supramolecular structures that dictate intermolecular interac-
tions. Polymorphic PBI-27, for example, displays a non-
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Table 2. Phase transition temperatures and enthalpies for perylene
derivatives shown in Figure 9. Cr=crystal, Col = unspecified columnar
mesophase, Col;, 4 and Col,, ,=hexagonal columnar mesophases with
disordered and ordered intracolumnar stacking, respecitvely, Col;,,= higher
ordered plastic hexagonal columnar mesophase, Lam =lamellar meso-
phase, LC=unspecified liquid crystal phase, |=isotropic liquid, and

BCC =body-centred cubic phase.

Comp.  DSC transition T [°C] and (AH [kJmol~']) on heating™  Ref.
PBI-23  Col,4373(8.9)1 [77]
PBI-24  Cr86 (61 [Jg ') Col, 214 (14[Jg DI [90]
PBI-25  Col, 346 (15) | 771
PBI-26  Col, 300 (125[Jg™"D | [92]
PBI-27  Col,, 110 (8.4) I ™ [7]
PBI-28  Col, 285 (23.5) | [7]
PBI-29  Col, 349 (28.0) | [92]
PBI-30  Col, 225 (16.9) | [94]
PBI-31  Cr —20(18.3) Col, 134 (1.3) | [94]
PBI-32  Cr84(1.9) Col, 125 (2.5) [94]
PBI-33  Cr87(0.6) Col, 113 (2.8) | [94]
PBI-34  Cr 18 Col, 124 Col,157 BCC 211 | [95]
PBI-35 LCY137(39.1 Ug I [96]
PBI-36 Cr73.8(0.5[Jg ') Lam 229.0 355g ]| [96]
PBI-37 (Cr36.93.90g ") LCY131.5(168[Jg ") [96]
PBI-38  Cr146.2 (21 [Jg ")) Col 249.0 (16.1 Ug N | [96]
PBI-39  Cr91.5(09[Jg ") LCY172.7 (225 [Jg ") | [96]
PBI-40  Cr87.2(13.1) Col, 228.4 (10.4) | [971
PBI-41  Cr85.6(10.6) Col, 216.3(9.8) | [971
PBI-42  Cr80.0 (14.3) Col, 208.1 (12.2) | [971
PBI-43  Cr68.8 (13.3) Col, 198.1 (6.9) | [971
PBI-44  Cr56.5 (14.4) Col, 177.8 (5.2) | [971
PBI-45  Cr40.2 (16.8) Col, 151.6 (4.5) | [97]
PBI-46  Col,, 77.8 (0.7) Col,, 156.1 (1.4) | [98]
PBI-47  Col, 200.6 (2.3) | [98]
PBI-48  Cr78.6 (2.3) Col,, 125.1 (9.4) Col, 202.5 (2.2) | [98]
PBI-49  Cr29 (42.8) Col, 195 (6.2) | [99]
PBI-50  Cr 20 (60.5) Col,, 167 (5.8) Col, 215 (16.7) | [99]
PBI-51  Cr202(33.22) 1@ [100]
PBI-52  Cr264 (72.83) | [100]

[a] All phase assignments are based on DSC analysis, defect textures
obtained by POM, and XRD data. [b] A Cr to Cr transition was observed in
the first heating run. [c] Unidentified mesophase of likely columnar
structure. [d] A monotropic Col, phase is obtained on cooling at about
190°C.

fluorescent H-aggregation like packing in its crystalline phase
and a strongly fluorescent J-aggregation like packing in its
columnar mesophase (Figure 10c).”

Exchange of trialkoxyphenyl with trialkylphenyl groups in
PBI-26 to PBI-32 reduces clearing temperatures (thermal
stability) of their columnar mesophases in comparison to their
respective counterparts PBI-23 to PBI-25. This agrees with a
generally observed destabilization of columnar mesomorphism
in compounds with two or more alkyl groups directly attached
to aromatic rings in ortho-positions. This has been explained
with a decrease in steric flexibility at the linking point that
pushes chains into out-of-plane orientations.”

Chirality, on the other hand, usually stabilizes columnar
mesomorphism. This can be seen in PBI-29, which displays a
high clearing temperature of 349°C for its ordered Col,
mesophase despite its branched side-chains. Its high stacking
order is also manifested in an increased charge carrier mobility
when compared to the disordered Col,, phases of PBI-23 and
PBI-26.*
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Figure 10. a) POM image of fan-shaped texture of Col,4 mesophases of PBI-
23."" b-c) Schematic representation of packing structures proposed for the
columnar mesophase of PBI-27 with H-aggregation like packing (b) and its
crystalline structure with J-aggregation like packing (c).” d) Schematics of
the helical columnar mesophases of PBI-30 (m = 1), consisting of stacked
dimers, and of PBI-23 and PBI-31 to PBI-33 (m=0,2,3,4) consisting of stacked
tetramers.” e) Schematic representation of the four mesophases displayed
by PBI-34 upon heating; (1) crystalline columnar hexagonal phase, (2) low
temperature Col,, mesophase with intracolumnar order, (3) high temperature
Col, phase containing small spherical aggregates, (4) body-centred cubic
mesophase of small spherical aggregates.*” Images (a-c) are reproduced
from Refs. [77] and [7] with permission. Copyright (2001 and 2007,
respectively) Wiley-VCH. Images (d) and (e) are reproduced from Refs. [94]
and [95]. Copyright (2011 and 2016, respectively) American Chemical
Society.

A collaborative effort by the groups of Percec, Spiess, Ungar,
and Heiney, and other co-workers led to a remarkably detailed
structural characterization of the complex mesomorphism
displayed by perylene bisimides N-substituted with oligometh-
ylene spacers of 1 to 4 carbon atoms that are terminated with
3,4,5-trialkoxybenzene groups.®*'°"'%? Standard characterization
of their mesophase structures by polarized optical microscopy
(POM), thermal analysis (DSC), and variable temperature X-ray
diffraction was enhanced by X-ray diffraction on aligned fibre
samples, molecular modelling, comparisons with predicted
diffraction patterns, and solid-state '"H NMR measurements that
provided information on the molecular dynamics within the
NMR time scale. All compounds were found to self-organize
into columnar stacks with specific rotational angles between
stacking molecules as discussed earlier for other N-substituted
PBI derivatives.

Variation of the oligomethylene spacer significantly affects
the intracolumnar packing structures for derivatives with 3,4,5-
tridodecyloxybenzene groups (PBI-23 and PBI-30 to PBI-33 for
m=0-4), although all compounds display ordered hexagonal
columnar mesophases as high temperature mesophases.””
Their crystalline columnar structures at lower temperature have
orthorhombic unit cells, except for the monoclinic phase of PBI-
30 (m=1). PBI-30 also differs in its columnar packing structures
with only one molecule in each repeat unit of the monoclinic
columnar phase (Figure 10d) and all molecules of one column
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facing up or down. This changes in the hexagonal columnar
mesophase that contains pairs of up and down facing
molecules. This drastic change in packing structure explains
why the transition from the Col, mesophase to the columnar
crystal phase is kinetically extremely slow.

In contrast, PBls with m=0, 2, 3, and 4 arrange into side-by-
side pairs of two molecules that stack into tetramers as basic
repeat units (Figure 10d). One pair is turned upside-down and
rotated around the column axis with regard to the other pair.
The rotation angles differ for different values of m.

Clearing temperatures of PBI-23 and PBI-30 to PBI-33
decrease with increasing spacer length (m) but their melting
temperatures increase. The latter is probably caused by differ-
ences in crystallization kinetics. Longer spacer units provide
faster crystallization kinetics because they generate more
flexibility and fluidity while the crystallization kinetics for PBI-23
is extremely slow and was not observable by DSC at the chosen
conditions. A more detailed study of crystallization kinetics and
self-healing processes was provided for compounds PBI-30 and
PBI-32 with alkyl chains of different lengths."""'%?

Finally, attachment of sterically more demanding conical
dendritic groups with six dodecyloxy chains directly to the N-
positions (m=0) in PBI-34 (Figure 9a) caused the self-organ-
ization into unprecedented close to spherical crown-shaped
tetramers.” At low temperature, these tetramers self-organize
into columnar mesophases that break up into columnar stacks
of spherical units at elevated temperature that eventually
rearrange into a body-centred cubic (BCC) mesophase as
illustrated in Figure 10e.

The spacer length between trialkoxyphenyl groups and the
N-positions of the PBI critically affect the self-organization of
PBI-23 to PBI-34 also because it alters the relative orientation of
the trialkoxyphenyl groups with regard to the PBI core and its
conformational dynamics. The associated increase in aspect
ratio with the small increases in spacer length has likely
comparatively little effect on the phase transition temperatures.

Much longer spacers of 6 and 12 methylene groups were
used by Asha and co-workers in compounds PBI-35 to PBI-39
with dodecyloxy and tridodecyloxy benzoate and benzamide
terminal groups (Figure 9b).”® Their work mainly focused on
the aggregation and fluorescence of these compounds, but
they did include a preliminary report on their mesomorphism
(Table 2). They proposed a lamellar mesophase (J-type aggre-
gates) for PBI-36 and a columnar mesophase (H-type aggre-
gates) for PBI-38. The latter is induced by H-bonding between
amide groups and despite the presence of only two dodecyloxy
chains. They also reported mesomorphism for the parent PBI
derivatives without alkoxy chains that are not shown here.

Recently, Guo, Yang, and co-workers expanded the body of
work on benzamide N-terminated PBI derivatives by reporting
non-planar bay-substituted PBI-40 to PBI-45 with short dimeth-
ylene spacers (Figure 9b).”” Surprisingly, compounds PBI-40
and PBI-43 with only two dodecyloxy side-chains form colum-
nar mesophases, although the broadness of the (d,,) X-ray
reflection indicates a rather short range packing order for the
columnar lattice (Table 2). The highest intercolumnar packing
order is observed for PBI-44 and PBI-45 that have 4-non-
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ylphenoxy groups at their four bay positions and generate
much lower in-plane aspect ratios and discotic-like overall
shapes (Figure 11). Thermal transition temperatures expectedly
decrease with increasing number of side-chains, but the differ-
ences in transition temperatures are surprisingly small consider-
ing the large differences in number of alkyl chains. Perhaps, it is
the H-bonding between amide groups that dominates the
values of transition temperatures.

The effect of bay-annulation of PBI-30 with heteroatoms on
its self-assembly was studied by Gupta and co-workers (PBI-46
to PBI-48, Figure 9c and Table 2).°® A red-shifted absorption of
the N-ethyl annulated derivative PBI-46 in comparison to PBI-
30 is reasoned with an enhanced J-type character of the
aggregates, whereas the S-annulated PBI-47 and Se-annulated
PBI-48 exhibit a small blue-shift, indicating a change to more H-
type aggregates.

All three PBIs exhibit Col, mesomorphism like PBI-30, but
the Se-annulated derivative PBI-48 displays an additional low-
temperature oblique columnar mesophase (Col,). The observa-
tion of a Col,, phase is reasoned with enhanced intermolecular
interactions between PBI-48 molecules due to the large and
more polarizable Se atom. Overall, mono bay-annulation lowers
melting and clearing temperatures and increases solubility in
comparison to the parent PBI-30, most likely because of the
lowered symmetry.

Core elongation in PBI-49 and PBI-50 is achieved by linking
terminal tridodecyloxybenzoyl groups via rigid cardanol and 3-
pentadecyl phenol spacer groups, respectively, to the N-
positions of PBI (Figure 9d).*" This elongation would likely
result in lamellar mesomorphism in the absence of the lateral
side-chains on the phenol linker. The presence of these lateral

PBI-42 L:B,,,. = 4.9
L:Bpg; = 6.9

PBI-45 L:B=1.6

Figure 11. Electrostatic potential maps projected onto density surfaces
generated by semiempirical PM6 calculations (Spartan) for non-planar PBI-
42 and PBI-45 in the gas phase. In-plane aspect ratios are provided based on
estimated overall lengths and breadths of the molecules for side-chains in
amorphous states. Two different breadth values are given for PBI-42 as the
PBI core and the side-by-side packed side-chains generate different values.
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chains sufficiently disturbs smectic packing and reduces the in-
plane aspect ratio to support columnar mesomorphism (Ta-
ble 2). PBI-50 displays strong m-m stacking interactions in its
Col,, mesophase that are apparently absent in the Col,
mesophase of PBI-49 containing a sterically more demanding
C=C double bond with Z-configuration in its side-chain.

A stepwise reduction of the length of the alkoxy chains
from dodecyl to butyl (two examples are PBI-51 and PBI-52 in
Figure 9d) reveals nonyl as the minimum chain length required
for monotropic columnar mesomorphism to occur, and dodecyl
chains as the minimum length for enantiotropic mesomorphism
to occur.®®'® The monotropic columnar mesophases of deriva-
tives with side-chains of 9 to 11 carbon atoms likely have
rectangular structures (Col,) based on preliminary XRD data. The
dodecyl substituted PBI-50 gives the highest charge carrier
mobility of 107> cm?V~"s™" for all derivatives measured by the
space-charge-limited current method.

All previously discussed PBIs have their N-positions sub-
stituted with side-chains and other groups to avoid strong H-
bonding interactions between their imide groups. Lehmann’s
and Wirthner's groups decided to take advantage of the strong
and directional H-bonding interactions and investigated the
thermotropic behaviour and supramolecular self-assembly of
tetra-bay substituted PBIs PBI-53 to PBI-56 in Figure 12a and
Table 3.7 Their H-bonding dictates an end-to-end interac-
tion between imide groups that orients the long axis of the PBIs
about parallel to the column axis (Figure 12b), rather than
perpendicular or otherwise tilted as in all previous examples of
mesomorphic PBIs. The twisted core structures induce helical
self-organization in the columnar mesophases of PBI-54 to PBI-

Table 3. Phase transition temperatures and enthalpies for perylene
derivatives shown in Figures 12-15. Cr=crystal, Col,, = hexagonal columnar
mesophase, Col, =rectangular columnar mesophase, Col, = plastic crystal-
line columnar mesophase, Coly,,, = columnar mesophase frozen in as an
anisotropic glass, and I=isotropic liquid.

Comp.  DSC transition T [°C] and (AH [kJmol™']) on heating®™  Ref.
PBI-53 Cr150(13.29) | [103]
PBI-54 Col, 210 (5.5) Col, 252 (7.83) | [103]
PBI-55  Coly, 235 (7.78) | [103]
PBI-56  Cr —25 (2.38) Col,, 279 (9.88) | [103]
PBI-57 Cr278 (31.4) | [106]
PBI-58 Col, 188 (7.52) Col,>500 | [106]
PBI-59  Col, 285 (17.6) | [106]
PBI-60  Cr236 (24.4) | ™ [107]
PBI-61 Cr282(68.7) 1 [107]
PBI-62 Cr202(18.7) 19 [107]
PBI-63  Cr61.8 (10.6) Col, 162.9 (13.8) | [108]
PBI-64 Cr 53.3 (12.2) Col,, 190.5 (11.1) | [108]
PBI-65 Cr 43.6 (12.4) Col,, 222.1 (19.3) | [108]
PBI-66 Cr 32.4 (16.6) Col,, 234.3 (23.8) | [108]
PBI-67  Cr41.3(16.9) Col, 202.8 (18.8) | [109]
PBI-68 Cr 72.8 (12.5) Col,, 219.1 (13.7) | [109]
PBI-69 Cr 86.8 (11.7) Col,, 214.6 (7.9) | [109]
PBI-70 Cr 107.1 (10.9) Col, 231.4 (6.8) | [109]
PBI-71  Coly,s 84 (T,) Col, 146 (4.0 Jg™"]) | [110]
PBI-72  Coly,s 52 (T,) Coly, 159 (5.9 g ") | [110]
[a] All phase assignments are based on DSC analysis, defect textures
obtained by POM, and XRD. [b] potential metastable smectic and [c]
nematic phase.
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Figure 12. a) Chemical structure of tetra-bay phenoxy-dendronized PBIs
(PBI-53 to PBI-56). (b—e) Schematic representations of b) the self-assembly of
the PBIs via H-bonding and st-it interactions, ¢) the assemblies of PBIs into
one, two, three, or four strands, with PBI-53 being crystalline and PBI-54 to
PBI-56 being liquid crystalline, and (d-e) the optimized self-assembled
structures of the liquid crystalline PBIs (PBI-54 to PBI-56) into tetramers,
trimers, and dimers, respectively."® Reproduced from Ref. [103] with
permission under the terms of the Creative Commons license. Copyright
(2018) Nature Publishing Group.

56 and their side-chain continuum is filled by the tridodecyloxy
benzoic ester groups laterally attached to the bay positions.
How many strands form one columnar unit (2, 3, or 4) is
controlled by the position of the benzoic ester groups at the
phenoxy spacer (ortho, meta, or para) and the type of R-group
as illustrated in Figures 12c-f."* Within each strand, the PBI
cores generate electronically coupled J-type aggregates with
slipped m-rt interactions in their crystalline and liquid crystalline
phases. Overall, the number of strands per column is dictated
by steric congestion, nanosegregation, and space-filling require-
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columnar structures.®

Only a few examples of PBI derivatives with enlarged
conjugated cores are covered here to highlight general trends.
Millen and co-workers provided an instructive comparison
between core extensions along the long axis (longitudinal
extension) in terrylene and quaterrylene diimides PBI-57 and
PBI-58, respectively, and along the short axis (lateral extension)
in coronene diimide PBI-59 (Figure 13a and Table 3)."% The
enlargement of the aromatic core generates stronger m-7
interactions that increase clearing points without affecting
thermal stability. The enhanced m-rt stacking decreases the
molecular dynamics of the mesophase and overall improves
charge carrier mobility. Optically, the long-axis extensions
bathochromically shift the longest wavelength absorption all
the way to 760 nm for PBI-58, whereas the short-axis extension
causes a hypsochromic shift to 430 nm for PBI-59 when
compared to the parent PBI-6 (Figure 13b).

Differences were also noted in the mesomorphism of the
differently sized and shaped cores. Terrylene diimide PBI-57 is
crystalline and not mesomorph, like PBI-6, and forms highly
ordered domains with edge-on orientation on substrates. This is
a property particularly interesting for organic field-effect
transistors (Figure 13c). Quaterrylene diimide PBI-58 also fa-
vours edge-one alignment on substrates but displays a low
temperature plastic crystalline mesophase (Col,) and a high
temperature Col,, mesophase. In contrast, disc-shaped coronene
diimide PBI-59 aligns homeotropically (planar) on substrates
and displays a plastic columnar mesophase (Figure 13d)."*

It is noted here that a series of liquid-crystalline coronene
bisimides was investigated by Marder and co-workers and they
reported an exceptionally high SCLC charge carrier mobility of
6.7cm?V~'s™' for the N,N-bis(pentadecylfluorooctyl)-substi-
tuted derivative.""" Recent work on new PBI-like derivatives
with extended aromatic cores that formed columnar meso-
phases has been reported by the Bock group.l"'*"™

PBIs have also been covalently linked together or attached
to other mesogenic groups to control their self-assembly,
supramolecular chemistry, and mesomorphism. An interesting

a) '
0 o 0
CH

PBI-57
PBI-58 Wavelength / nm
d)

c)
R 6 2 o s
CiHys CHys > Lwd omme
IW -nqwxb % i

P¥osa
- ! .
E3SaSe et {i.

CioHar v \

PBI-6, PBI-57, PBI-58 PBI-59

PBI-6

oM

PBI-59

Figure 13. a) Structure of core-extended PBIs (PBI-57 to PBI-59). b)
Absorption spectra upon core extensions compared to their counterpart
PBI-6. c) Schematic illustration of the arrangement on surfaces for rylene
diimides (PBI-6, PBI-57 and PBI-58) with “edge-on” orientation, versus d) for
coronene diimide (PBI-59) with “face-on” orientation."* Images (b-d) from
are adapted from Ref. [106]. Copyright (2006) American Chemical Society.
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approach is the coupling of two PBI molecules between N-
positions by methylene spacers. Asha and co-workers studied
dimers with methylene spacers of one to twelve carbon atoms
and examples are compounds PBI-60 to -62 with spacers of
one, six, and twelve carbon atoms (Figure 14 and Table 3).""”

The authors claimed the formation of a smectic-like
mesophase for PBI-60 and nematic mesophases for most of the
other derivatives, although transition enthalpies suggest the
presence of higher ordered mesophases. Clearly, the single
short ethylhexyl side-chain at each terminal N-position does not
support columnar mesomorphism and the two lateral penta-
decyl chains should also destabilize lamellar packing but are
essential for lowering melting points. Changes in phase
behaviour with varying spacer length and the observed distinct
odd-even effect agree with what has been reported for other
calamitic dimers.!"'>"®

Covalent attachment of calamitic mesogens to PBI chromo-
phores has been explored by the groups of Guo and
Yang."®'® Both studied PBIs that contain cholesterol units at
bay- and N-positions (PBI-63 to -70 in Figure 14 and Table 3).

PBI-60 (n = 1):

O, (o]
e
PBI-61 (n = 6): Mn pRI= O N . N
PBI-62 (n=12): n=1-12 ’ O O
RZ

adadst

o o

HagCis

R? Y'(n=1
PBI-63: R' = CgHi7, RZ=Y' y2(n=3)
PBI-64: R" = CgHq7, R? = Y2
PBI-65: R' = CgH1,00CCH,-Y', R? = Y!
PBI-66: R' = CgH1,00CCH,-Y?, R? = Y2

n "
,
,
O>C<
o]
3;
o
O

--Q
PBI-67: R' = Y3, R2 = Br Y4 (Ar=Ar') = Arq
PBI-68: R' = Y3 RZ=Y* 5 ¢
, Y5 (Ar=Ar?) =
PBI-69: R" = Y3 R2= Y5 ¢ )
Y8 (Ar=Ar) =

PBI-70: R' = Y3 RZ=Y®

3 -7
Ar' =

Figure 14. Molecular structures of PBI-60 to PBI-70.
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Figure 15. a) N-substitution of PBI with one or two discotic triphenylene
units generates donor-acceptor dyad PBI-71 and triad PBI-72, respectively.
b) Proposed packing structure of PBI-71 in its Col,, mesophase. c) Proposed
packing structure of PBI-72 in its Col,, mesophases."'” Reproduced from
Ref. [117] with permission. Copyright (2016) Royal Society of Chemistry.
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Overall, attachment of the calamitic cholesterol groups to the
bay positions of the PBIs significantly lowers the in-plane aspect
ratios and melting points and both effects enhance columnar
mesomorphism. Only one bay-position on each side is sub-
stituted, which significantly lowers the distortion of the PBI core
and steric interference with z—z stacking interactions. All
compounds are highly fluorescent in solution with fluorescence
quantum yields of >0.9 but barely fluorescent in their
condensed phases, which is an indication for H-type aggrega-
tion in the columnar stacks.

Finally, PBIs can be linked to discotic liquid crystals. Several
groups have worked on dyads and triads of PBIs N-substituted
with one or two alkyloxytriphenylenes for the construction of
segregated columns of acceptor PBI and donor triphenylene
units (Figure 15).1""7"" Two examples are dyad PBI-71 and
triad PBI-72 of which the triad indeed self-organizes into
separate columns of PBI acceptor and triphenylene donor
molecules in an oblique columnar lattice. The dyad arranges
into a hexagonal columnar mesophase with each column
containing stacks of both donor and acceptor molecules.
Surprisingly, the donor and acceptor moieties are not stacked
alternatingly or distributed randomly in each columnar stack.
Instead, the authors propose a segregation into alternating
units of about 30 donor or acceptor molecules. Both, the
formation of an oblique mesophase and the limited miscibility
between PBI and triphenylene units are probably caused by
their different shape anisotropies (board-shaped vs. disc-
shaped).

2.2. Perylene Tetraesters (PTE)

Kitzerow and co-workers reported the first mesomorphic
3,4,9,10-tetra-(alkoxycarbonyl)-perylenes as early as in
2000,1'*7"2% yet the overall number of reported liquid crystalline
PTEs has remained small (Figure 16a).*” This class of perylene-
based materials, also known as perylene tetraesters (PTEs),
commonly exhibits much higher solubility than PBls. However,
their thermal stability is lower and their ester groups are
susceptible to hydrolysis and transesterification. PTEs possess

a)
e300
ROOC Q

PTE-1: R = C,Hs
PTE-2: R = CgHq3
PTE-3: R = CgH1q
PTE-4: R = 2-ethylhexyl
PTE-5: R = 3,7-dimethyloctyl

PTE-6: R = CyHs, X = COOR
PTE-7: R =2-ethylhexyl,

X = COOR
PTE-8: R = CyHs, X = H
PTE-9: R = 2-ethylhexyl, X = H EtOOC

d) ROOC,

PTE-12: X =NH ROOC

PTE-13: X =S
PTE-14: X=Se ROOC Q Q COOR

R = 3,7-dimethyloctyl

R = 2-ethylhexyl COOR

Figure 16. a) Structures of selected mesomorphic PTEs, b-d) PTEs with
extended cores, and e) bay-annulated PTEs that were studied for meso-
morphism.
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frontier orbitals of higher energy that lower their electron
affinity in comparison to their PBI counterparts®” and the PTE
core has a lower in-plane aspect ratio (less board-shaped) than
the PBI core (1.5 to 1.7, respectively) (Figure 17). The higher
LUMO and HOMO levels of PTEs potentially increase open
circuit voltages (VOC) in heterojunction organic solar cells
compared to PBI based acceptor materials.'*

The homologous series of PTE-1 to PTE-3 with n-ethyl, n-
hexyl, and n-nonyl alkyl chains reveals robust Col, meso-
morphism with preferential homeotropic alignment."* Increas-
ing chain length leads to lower clearing points and overall
decreased the temperature ranges of the mesophases until no
mesophase was observed for decyl side-chains. All three PTEs
exhibit intense green fluorescence in dilute solution (475-
555 nm) and a red-shifted emission (550-650 nm) with longer
lifetimes for their columnar mesophases. This unique behaviour
and the absence of aggregation induced quenching were
explained with the formation of excimers in the mesophase.
The fluorescence intensity decreases when the mesophase
crystallizes indicating a distinct change in electronic interactions
between PTE cores.

Clearly, the conformational flexibility of the out-of-plane
ester groups and the smaller conjugated system compared to
PBI significantly lower the propensity of m-m stacking for PTE

PTE-2 L:Byy =3.9 p

O L=2.64nm o )

Figure 17. Electrostatic potential map projected onto density surface
generated by semiempirical PM6 calculations (Spartan) for PTE-2 in the gas
phase. The in-plane aspect ratio is calculated based on the estimated overall
length of the molecule for side-chains in amorphous states and the breadth
of the perylene core.

Table 4. Phase transition temperatures and enthalpies for perylene
derivatives shown in Figure 16. Cr=crystal, LC=liquid crystal of unspeci-
fied structure, Col,, =hexagonal columnar mesophase, and | =isotropic
liquid.

Comp. DSC transition 7 [°C] and (AH [kJmol~']) on heating®  Ref.
PTE-1 Cr244 (3[Jg ") Col,, 313 (195 g N | [120,121]
PTE-2 Cr72(58[Jg™") Col, 177 35 Ug ') | [120,121]
PTE-3 Cr60 (28 [Jg™") Col,, 100 (1.4 [Jg™ ') | [120,121]
PTE-4  Col, 2401 [121]
PTE-5 Col,, 150 (6.23) | [125]
PTE-6 Cr203 (11.3) | [126]
PTE-7 Isotropic liquid at room temperature [126]
PTE-8  Cr 200 Col,, 302 (8.5) | [126]
PTE-9 Col,, 182 (9.8) | [126]
PTE-10 LC 2301 [127]
PTE-11 Cr22761 [112]
PTE-12 Col, 284.6 (33.5) | [128]
PTE-13 Col, 199.9 (38.3) | [128]
PTE-14 Col,, 182.2 (29.7) | [128]

[a] All phase assignments are based on DSC analysis, defect textures
obtained by POM, and XRD data.
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(Figure 17). Consequently, alkyl groups are sufficient for
introducing mesomorphism and only one PTE derivative with
oligo(ethyleneoxy) chains has been reported."* The introduc-
tion of branched side-chains 2-ethylhexyl and 3,7-dimethyloctyl
stabilizes the Col,, mesophases of PTE-4 and PTE-5, respectively,
in comparison to linear alkyl chains of the same number of
carbon atoms and suppresses crystallization because of the
generated mixtures of stereoisomers (Figure 16a and
Table 4)‘[121—125]

The groups of Bock! and Kitzerow"'? altered the
chromophore’s thermal and electronic properties by expanding
the PTE core in one of the two bay regions to give PTE-6 to
PTE-11 (Figure 16b-d). Surprisingly, hexaester PTE-6 shows only
monotropic Col,, mesomorphism and PTE-7 is not mesomorph
at all, but an isotropic liquid at room temperature. In contrast,
the tetraesters PTE-8 and PTE-9 exhibit enhanced enantiotropic
Col,, mesomorphism and the latter is liquid crystalline down to
room temperature.'**'?" This large difference in mesomorphism
between tetraesters and hexaesters is reasoned with an over-
crowding of alkoxycarbonyl groups that prevents close m-1t
stacking of neighbouring cores because of their out-of-plane
orientations. Four ester groups leave enough space for
staggered stacking of the cores but six do not.

Hexaester PTE-10 maintains stable columnar mesomor-
phism and preferentially aligns homeotropically (planar) (Fig-
ure 16¢). Here, the asymmetric extension of the bay region with
a dimethyl ester of naphthalene dicarboxylic acid leaves
sufficient space for staggered m-m stacking. The low symmetry
of the core helps with suppressing crystallization, which extends
the mesophase below room temperature despite the rather
short ethyl side-chains.'?”!

The more symmetric bilaterally extended PTE-11 with two
naphthalene moieties at the bay-positions was not mesomorph,
neither with straight (not shown) nor with branched chains
(Figure 16d).""? This may be for two reasons: a) its melting
point is very high because it crystallizes more easily, b) its
aromatic core is not planar and prevents a staggered packing of
the ester groups in a columnar mt-rt stack. Also unusual is the
blue shifted absorption and emission of the compound
compared to the parent PTE. This is explained by an overall
reduction in conjugation for PTE-11 based on quantum
chemical calculations because of its nonplanar structure and
despite the formal increase in size of the aromatic core. In
addition, charge-transfer effects between the outer and inner
parts of the extended core generate unique absorption bands
in the UV range.

Achalkumar’s group explored bay-annulated PTE derivatives
PTE-12 to PTE-14 with bridging heteroatoms S, Se, and NH to
probe their emission properties and mesomorphism (Fig-
ure 16e).'*"31 The N-annulated PTEs exhibit mesomorphism
over the widest range of temperature, in contrast to related
PBI-46 to -48 that show the widest temperature ranges and
most stable Col,, mesophases for the S and Se derivatives.
Incorporation of branched 3,7-dimethyloctyl chains lowers the
melting points of compounds PTE-12 to PTE-14 below room
temperature.

126,127]

331 © 2021 Wiley-VCH GmbH


http://orcid.org/0000-0002-1341-1963

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemPlusChem doi.org/10.1002/cplu.202100024

Unsymmetrical perylene diester-imides have also been
investigated as mesogens,*2'*¥ but these studies are limited to
a few compounds because of their more complex synthesis.
The interested reader is referred to a recent review of related
mesomorphic compounds and their potential application in
organic electronics.”

Finally, PTEs, like PBIs, have also been used as building
blocks for oligomers in which the perylene tetra-ester cores are
attached to other chromophores and molecules (e.g. tripheny-
lene and cholesterol) through flexible spacer units. Several of
these compounds exhibited mesophases with excellent
fluorescence properties that made them suitable for optoelec-
tronic applications but are not discussed in more detail here."*

O R 4 OR OR
N
4 IND 1:R =H,R% = OCizHps RO X OR
IND-3: R' = H R‘” _ IND-2: R'=H, R86' = OCypHas N 2N
IND-4:R'=H, R5'5: = IND-9: R' = H, R55 =
IND-5: R = H, R%® = IND-10: R' = H, R6S =
IND-6: R'=H, R" = IND-11: R' = Ac, R59 = HisCony
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Figure 18. Reported mesogenic indigo (IND) and isoindigo (IIND) derivatives.

OC12Hzs5

Table 5. Phase transition temperatures and enthalpies for indigo and
isoindigo derivatives shown in Figure 18. Cr=crystal, SCr=soft crystal,

Col =unspecified columnar mesophase, Col, =rectangular columnar meso-
phase, SmA =smectic A, SmX = unspecified smectic, SmF/lI =either smectic
F or I, Dec =decomposition, | =isotropic liquid.

Comp. DSC transition T [°C] and (AH [kJmol™"]) on heating™  Ref.

IND-1 Cr 62 (50.8) Col, 78 (14.1) Col, 219 (32.8) | [134]
IND-2 Cr 126 (66.1) Col 143 (18.4) | [134]
IND-3 Cr251 (37.6) | [135]
IND-4 Cr 348 SmX/Dec® [135]
IND-5 Cr 320 Dec [135]
IND-6 Cr218 (30.1) | [135]
IND-7 Cr 125 (53.2) SCr 161 (26.7) | [135]
IND-8 Cr 181 (10.7) SmA 204 (7.0) | [135]
IND-9 Cr 341 SmX/Dec® [135]
IND-10  Cr 288 Dec [135]
IND-11  Cr107 (56.2) | [135]
IND-12  Cr 99 (18.8) SCr 168 (7.6) SmA 178 (6.9) | [135]
IND-13  Cr 241 (4.4) SCr 269 (56.6) | [135]
IND-14  Cr 141 (20.5) SmF/I 264 (44.2) | [135]
IND-15  Cr111 (47.2) | [135]
IND-16  Cr 198 (50.3) | [135]
IND-17  Cr, 117 (38.3) Cr, 323 (36.5) SmX/Dec" [135]
IND-18  Cr 171 (32.6) | [135]
IND-19  Cr, 166 (13.7) Cr, 239 (7.9) SmF/I 297 (56.1) | [135]
IND-20  Cr 141 (15.5) SmA 146 (1.3) N 198 (1.9) | [135]
IIND-1 Cr, 43.5 (40.5) Cr, 58.4 (25.6) Col, 222.6 (12.7) | [136]

[a] All phase assignments are based on the analysis of DSC data and defect
textures obtained by polarized optical microscopy; No XRD measurements
were conducted. [b] Decomposition starts at phase transition.
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3. Mesomorphic Indigo (IND) and Isoindigo
(IIND) Dyes

Despite indigo’s very long history as commercial dye and
pigment and its suitable shape for calamitic liquid crystals, the
first and only liquid crystalline derivatives were published as
recently as 2010 and 2015 by Blunk and co-workers (Figure 18
and Table 5).**"* Perhaps one explanation for this late
development is the fact that many synthetic approaches to
indigo derivatives are conducted in aqueous solutions and are
not easily compatible with rather non-polar building blocks for
liquid crystals that contain long aliphatic chains. However, the
elongated structure of the indigo core and straightforward
attachment of substituents to the 5 and 6 positions make it a
suitable building block for calamitic liquid crystals.

Compounds IND-1 and IND-2 can be categorized as rod-
shaped hexacatenar liquid crystals that are known to self-
assemble into small aggregates that then self-organize into
columnar stacks."* Unusual here is the attachment of alkoxy
groups to the 2, 3, and 4 positions of the phenyl ring, which
gives the molecules an overall Z- or C-shape depending on the
relative orientations of the two phenyl groups. Indeed, some of
the observed defect textures were reminiscent of textures
displayed by bent-rod liquid crystals. Unfortunately, no diffrac-
tion data were collected for a more definitive characterization
of their mesophase structures.

All other indigo derivatives IND-3 to IND-20 have a more
conventional rod-shaped structure with one side-chain at each
end, except for IND-3 and IND-6 that have laterally attached
chains and are not liquid crystalline despite significantly lower
melting temperatures."* Derivatives with side-chains in the 5
or 6 positions and NH groups melt at very high temperatures
that either prohibit mesomorphism or drastically reduce its
temperature range. To achieve smectic mesomorphism below
200°C and over wider temperature ranges requires an elon-
gated rod-shaped structure (side-chains in 5 or 6 positions) and
the exclusion of H-bonding by acetylation of the N atoms.
Attachment of the alkoxyphenyl groups to the 6 positions
generally supports mesomorphism more than attachment to
the 5 positions. This is illustrated by compound IND-20 that has
a mesophase range of 57°C and is the only compound that
displays a nematic in addition to a SmA mesophase.

The first and only reported liquid crystalline isoindigo
derivative 1IND-1 (Figures 18 and 19) is a board-shaped
structure that self-assembles into a rectangular columnar
mesophase.*® The almost radial attachment of 14 side-chains
induces liquid crystallinity close to room temperature and
columnar mesomorphism over a temperature range of almost
170°C. A rectangular columnar lattice is preferred over a
hexagonal lattice because of the overall board-shape of the
compound. Crystallization does not significantly change the
packing structure of the oblique columnar mesophase as can
be concluded from the similar defect textures in Figure 19 and
diffraction data.
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38 °C (Cr)

~180C(Col)-

Figure 19. Defect textures of the crystalline and rectangular columnar
mesophase (Col,) of IIND-1 observed by POM."* Reproduced from Ref. [136]
with permission. Copyright (2019) Wiley-VCH.

4. Mesomorphic Diketopyrrolopyrrole (DPP)
Dyes

Since its coincidental discovery in 1974, DPP has become a
versatile commercial pigment and dye that is currently widely
studied for applications as fluorophores and in organic
electronics.2>'¥138 QOnly little attention has been given to its
potential as functional building block for mesomorphic com-
pounds, which may have to do with its seemingly limited
options for substitution with only 4 possible substitution sites.
However, the four available positions are almost orthogonal to
each other, which provides ample control over the overall
shape of DPP derivatives and possible directional intermolecular
interactions (Figure 20).

Synthetically straightforward is the differentiation between
the orthogonal pairs of substituents R and R**. These DPP
derivatives are often referred to as symmetric DPPs because
their opposite substituents are identical (R'=R? and R®*=R".
More involved is the stepwise synthesis of the DPP core!"*'*
but it provides controlled access to unsymmetric DPP deriva-
tives with R'#£R? although, this has mostly been achieved by
statistical substitution."**"'* In contrast, a sequential attach-
ment of substituents R® and R* to N has not been reported and
the few known DPPs with R* # R* were exclusively obtained by
statistical substitution and chromatographic separation of the
obtained product mixtures.'*¥

Praefcke and Ciba Specialty Chemicals reported the first
liquid crystalline DPP derivatives in 1998 and 1999, respectively.
These DPP derivatives are elongated by substituents R' and R?
to give overall rod-shaped structures (calamitic liquid crystals)
and predominantly display nematic and smectic mesophases
(Figure 20)."*'*¥ The calamitic rather than board-shaped char-
acter of these compounds is also enhanced by the non-planar

33 Rod-shaped (calamitic) Disc-shaped (discotic)
1 N OC1oH24
R P Rri=r- —@—OCan+1
\ R3=R*=CH R'=R?= OC1oHa4
O TR ’ R3=R*=Cy,H
s T T 12725 OCq0Hp
R

Figure 20. General substitution pattern of DPP and examples of a rod-
shaped (DPP-5) and a disc-shaped (DPP-7) mesomorphic derivative.
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structure of the diphenyl DPP cores. Most of these compounds
were reported in a patent that provides limited information on
the types of liquid crystal phases, their phase transition temper-
atures, and no XRD data were reported. All DPP derivatives that
have been listed as nematic, smectic, and discotic columnar
liquid crystals are given in Table 6.

However, the liquid crystal phases reported for some
specific DPP derivatives are consistent with established molec-
ular design criteria. Elongation along R' and R? and short alkyl
chains as R** generated rod-shaped DPP derivatives that display
nematic mesophases with shorter alkyl groups and smectic
mesophases with longer alkyl groups attached to R due to
microphase segregation (e.g. DPP-4 in Table 6). Attachment of
three alkyl chains to each R' and R* and longer alkyl groups as
R** generated overall more disc-shaped molecules that prefer-
entially self-assembled into columnar stacks (e.g. DPP-7). Over-
all, this large body of work illustrates that DPP based liquid
crystals obey the established structure property relations for
calamitic and discotic liquid crystals. Although, attempts of
generating liquid crystals by elongating DPP along R® and R*
have not been successful.

Unfortunately, no information on the types of liquid crystal
phases and their temperature ranges was provided for DPP
derivatives of less usual structures, such as DPP-2, -5, and -8,
that were reported to be mesomorphic. New and less conven-
tional work on mesomorphic DPP derivatives has surfaced only
recently. DPP-15, a truly board-shape DPP derivative shown in
Figure 21 was obtained by attaching diphenyltriazine
groups.*® Here, the entire conjugated system is planar and its
columnar self-assembly is not only controlled by the large
number and packing volume of the overall 14 octyloxy and

Hi7CeQ  ocghy; Hi7CeQ oty

H17Cgo

Hi7Cs O OCgH17

Figure 21. Molecular structure, defect texture, and proposed packing model
for an oblique columnar mesophase of this board-shaped DPP derivative
DPP-15."*% Reproduced from Ref. [136] with permission. Copyright (2019)
Wiley-VCH.
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Table 6. Liquid crystalline DPP derivatives reported by Praefcke and Ciba Specialty Chemicals.
RS
R N o
DPP-# \ R34 Liquid crystal temp. range [°C] and (AH [kJmol~"])*!
Ref. . \ g2 N = Nematic; Sm = Smectic; Col = Columnar
N
R* R12 for
n=12:104-114
- — )—SCoHan.
DbPp-1 ] e CH, n=16:90-114
B0 2151513 phases not specified for all others
C12H25
forn=8,9
DPP-2 OSCHHZHH C16H33 "
[14s) =851 6:45. 14168 forn=10 mesophases not specified
C12H25
forn=12 C;¢H;;
for n=12 C;gH;, for n=14,16,18
- — 2}—50 H
R‘;P 3 o CH; not liquid crystalline
SCioHa1
. b
DPP-4 OOC"HZ“’ n=8:106(59) N 11409
[145,146] n=76.91012 CH, n=10: 106(69) SmA 119(3.0)
n=12: 108(82) SmA 123(4.7)"
DPP-5 OOCHHZHH n=7,9: CyoHy
n4s) n=7912 n=9,12: C;;Hys mesophases not specified
n=12: C,¢Hs;3
QC7H15
BZP-6 O CyoHy mesophases not specified
\OCJH‘LS
OCnHan+1
For CH;: n=6: 117(36) Col 146
DPp-7 < § QCnHznss EH3H n=8: 83(32) Col 129
OCqHanie e n=10: 65(45) Col 114
R'= C/Hsg, R2= CyHig GHss
DPP-8 R'= CgHi3, R?= p-CI-CgHa CH,
(1451 R™= CgH13, R?= p-Cl-CgHs4 CeHis mesophases not specified
R'= C7H15. R2= p-Cl-CgH4 CH3
R'= C7His, R?= p-CI-CeHa CoHis
_@RQR,Z: R Liquid crystal range in °C (kJ/mol)
e
sz-g R'= O(CH2)20CsHs CH, mesophases not specified
R'= CioHz1
n=16: 205(44) N 336(1.2)"
DPP-10 OOCnH2n+1 o n=10:139 N 303
(145,146 n=6.10.14.16 3 n=14:137(32) Sm 280
n=16:116 N 235
RZP"‘ @Cn“a CH, 220(4.0) N 330(0.1)"
Dbpp-12 —( ey CH, 191(23) N 358(1.7)"
CH, CH,: 248(31) N 327(0.3)®
ppp13 @'@ Csfis CHs CH,CH,: 243(38) N 349(0.2)"
C.H, CH,CH,CH,: 210(36) N 337
o
R,ZP_M _<0:>MC5H" CH, 182(20) N narrow range
[a] DSC data were provided only for a few compounds reported in the patent. [b] Taken from reference Praefcke LC. [c] Likely a smectic phase.
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octyl chains but also their longitudinal and lateral spatial
orientations. The compound displays a rare oblique columnar
mesophase between 46°C and 222°C that supports m-7
stacking interactions between molecules. No evidence was
found for specific rotation angles between stacking molecules
that could, for example, result in an overall helical packing.

Rather exceptional is the columnar mesomorphism shown
in Figure 22 reported for a DPP derivative with H for R** (DPP-
16)."*" Microphase segregation between the 6 dodecyloxy
groups and the diphenyl DPP core could have generated
conventional columnar mesomorphism with m-rt stacking cores,
but this would have excluded the formation of intracolumnar
H-bonding interactions between lactam groups. Intercolumnar
H-bonding interactions are usually disfavoured because they
interfere with the typical rotational dynamics of molecules in
columnar stacks.

The observed supramolecular structure includes m-stacking
interactions for the formation of dimers, strong intracolumnar
H-bonding interactions between dimers, and an effective space
filling by the side-chains to wrap in the columnar stack of
dimers. Rotation about the stacking axis was still viable
although H-bonding between two dimers will be temporarily
affected if a dimeric unit of a column rotates. Related H-bonded
columnar mesophases were reported for compounds PBI-47 to
PBI-49 described earlier.

H-Bonding

s

b) Dimer A Dimer B

DPP 1

Enantiomeric Relationship

A A

Columnar
LC Phase
B A
- Quadruple H-Bonding
H-Bonding Mismatch

Figure 22. Proposed packing model for a columnar mesophase generated
by a H-bonding DPP derivative (DPP 1 =DPP-16 here) with tridodecylox-
yphenyl groups for R'? and H for R** A racemate of dimers is formed by -
stacking interactions between two molecules. The two enantiomeric dimers
alternatingly stack by strong intracolumnar H-bonding interactions and the
dictated 90° rotation between dimers facilitates an effective space filling by
the 12 side-chains per dimer."*” Reproduced from Ref. [147] with permission.
Copyright (2017) Wiley-VCH.

ChemPlusChem 2021, 86, 319-339 www.chempluschem.org

A few other DPP derivatives have been reported as being
liquid crystalline but the provided experimental evidence is
insufficient for a definitive assignment of liquid crystal phases.
Certainly, these compounds display mesophases of some sort
and show interesting opto-electronic properties. Triads of two
DPPs with a central hexabenzocoronene, a well-known discotic
mesogen, self-assemble into columnar stacks for Y=H and into
lamellar mesophases for more elongated derivatives with Y =2-
benzothiophene and 2-benzofuran (DPP-17 a—c in Figure 23).'*
Derivatives DPP-18a-b in Figure 23 rather display soft crystal
mesophases than liquid crystal phases based on the provided
DSC data and POM images."*'>”

DPP derivatives have been used as components of liquid
crystalline polymers™''*? and as dye additives to liquid crystal
matrices!"*>'*¥ that are not further discussed here. Also outside
the scope of this review are DPP derivatives that self-assemble
on surfaces and at interfaces">"® or show specific types of
aggregation.*71%®

5. Mesomorphic Quinoxalinophenan-
throphenazine (QPP)

Despite its relatively large size, the QPP core is readily accessible
by condensations of orthodiamino benzene derivatives with
tetraketo pyrrole (Figure 24). Equally favourable are its high
thermal and chemical stability, absorption in the visible range,
and strong fluorescence. QPP derivatives have mainly been
studied as organic semiconductors™®'®! and as an active
material in optical sensors."*'%” In combination with triptycene,
QPP has recently been reported as a versatile building block for
porous crystalline materials"**'"" and for organogelators."'”"
While the QPP core can still be classified as a board-shaped
structure, its in-plane aspect ratio of 5-6 is that of a rod-shaped
(calamitic) liquid crystal (Figure 25). Such molecules are ex-
pected to have a much higher propensity for forming nematic
and lamellar (smectic) mesophases rather than columnar
mesophases. However, no calamitic liquid crystal phases have
been observed for any of the reported mesomorphic QPPs,

R' = 2-ethylhexyl

DPP-17a: Y =H, IIQ'
DPP-17b: Y =2-benzothiophene
DPP-17c: Y =2-benzofurane

R? B

R'=R2= CrHan+1
R N0 S
DPP-18a:n =6 \
DPP-18b: n = 12 { /\/(/\/
2 R3=R%*=
o) N R2 R°=R
R4

Figure 23. DPP derivatives that have been proposed to be liquid crystalline
but might be better categorized as higher ordered mesophase and
anisotropic glasses.
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and some structurally related derivatives that are not mesomorph (see
Table 7).

The in-plane aspect ratio of QPP
with R = SC4,H,5 decreases
from an estimated value of

5.4 for R"=H to 4.7 for R' = {-Bu
and 2.6 for R'=4-(t-Bu)-Ph.

R
molecular length

Figure 25. Estimated in-plane aspect ratios for QPP cores with different
R" groups in 2 and 11 positions.

although zone-casted thin films of QPP-4 display highly ordered
lamellar phases.!®"

QPP derivatives with H or t-Bu groups in 2 and 11 positions
and four linear alkoxy groups attached to positions 6, 7, 15, and
16 showed complex polymorphism of their crystalline phases.
The high temperature phases of derivatives QPP-1 and -2 with
C,, and C;, chains, respectively, are tentatively assigned as
liquid crystal phases but more likely represent disordered
crystal phases with  3-dimensional  positional  order
(Table 7).'72'73) Certainly, the provided DSC, POM, and XRD data
are more consistent with the latter. Derivatives with shorter
alkyl chains than nine carbons melt well above 300°C, where
thermal stability is compromised.'” Derivatives with longer
linear alkyl chains than eleven carbons and branched side-
chains (QPP-4,6-9) do not display mesophases although their
melting points decrease with increasing length of their linear
chains. Surprisingly, incorporation of branched 2-ethylhexyloxy
and 3,7-dimethyloctyloxy chains in QPP-8 and -9 increases
melting points above 300°C,"7? which is rather unusual for
chains with branching points close to a core. Branching at the
end of alkyl chains has been shown to increase melting points
of some discotic liquid crystals, presumably because of better
space filling of the side-chain continuum.””
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% 7R QPP-1: R=0C1oHy4, R'=t-Bu Table 7. Phase transition temperatures and enthalpies for QPP derivatives
QPP-2: R=0C1Hy3, R'=t-Bu shown in Figure 24. Cr=crystal, M=mesophase of unknown structure;
QPP-3: R=SC,H,5, R'=H Col =columnar mesophase of unknown structure; Col,, ,,,= columnar
QPP-4: R=0C,H,s5, R'=t-Bu mesophase of hexagonal or rectangular structure, respectively; | =isotropic
QPP-5: R=SC,Hps, R'=t-Bu liquid, Dec =decomposition.
QPP-6: R=0C4H,9, R'=t-Bu Comp.  DSC transition T [°C] and [AH [k/mol~']] on heating  Ref.
QPP-7: R=0C1eHsq, R™=t-Bu QPP-1  Cr213 (36.2) LC 268 (12.5) I¥ [172,173]
QPP-8: R=0(2-ethylhexyl), R=t-Bu QPP-2  Cr210 (na) LC 234 (n.a) I¥ [172,173]
QPP-9: R=0(3,7-dimethyloctyl), R'=t-Bu QPP-3 Cri167 (52.8) | 137]
N/ QPP-10: R=O-phytanyl, R'=t-Bu QPP-4  Cr211(na)l (37,174]
R R QPP-11: R=S-phytanyl, R'=t-Bu QPP-5 Cr, 96 (2.4) Cr, 271 (44.5) | [37,174]
OC oHas QPP-12: R=SC4,H,s5, R'=4-(t-Bu)-Ph QPP-6 Cr 202 (n.a) | [172,173]
R' ;@[ QPP-13: R=S-phytanyl, R'=4-(t-Bu)-Ph gﬁ,‘,"g (C:r 17385(;.(&) I) I/Dec® H ;;}
OCioHps  QPP-14: R=R', R'=H ) r_oo) inalibec
HoeCrsO OC..H QPP-9 Cr316 (n.a.) | [172]
2512 120(2:5 " QPP-10 M 126 (12.9) Col, 152 (3.1) | [37,173]
12125 QPP-11  Cr 142 (306) | (37
QPP-12  Cr, 29 (2.2) Cr, 204 (50.7) Col,, 349 (4.4) I/Dec™ [371
QPP-13  Cr 105 (19.5) Col, 239 (<0.5) | 37]
QPP-14  Cr 33 (52.1) Col, 91 (12.8) Col,, 159 (<0.1) | [36]
QPP-15  Cr 123 (206) Col >263 Dec 136]
OC12H2s
QPP-15 OCy3Hys [a] Both compounds display crystalline polymorphism and whether the
highest temperature phase is liquid crystalline remains uncertain (see text
Figure 24. QPP derivatives that have been reported to be liquid crystalline for details). [b] Decomposition coincides with phase transition.

In contrast, attachment of multiple branched phytanyloxy
chains (2,6,10,14-tetramethylhexadecyloxy) significantly reduces
the melting point of QPP-10 and induces columnar meso-
morphism over a small temperature range of 26 °C. The lateral
packing volume of this side-chain is apparently sufficient for
effectively filling the peripheral space of a tilted columnar stack.
However, thioether analogue QPP-11 was not mesomorph even
though the melting point of QPP-11 was below the clearing
point of QPP-10.

Compounds QPP-1 to -11 have in-plane aspect ratios larger
than 4 that usually promote lamellar over columnar meso-
morphism, especially if the lateral packing volume of the side-
chains does not significantly exceed that of the core (Figure 25).

Columnar mesomorphism over a wide range of temper-
atures is achieved by either reducing the in-plane aspect ratio
of the core or by increasing the lateral packing volume of the
side-chains. Attachment of 4-tert-butylphenyl groups to posi-
tions 2 and 11 (QPP-12, -13) generates crucifix-shaped com-
pounds with in-plane aspect ratios of smaller than 3.5 This is
sufficient for stabilizing hexagonal columnar mesophases over a
wide range of temperatures and with high thermal stability (at
least 350 °C for QPP-12).

Attachment of 3,4-didodecyloxyphenyl groups to positions
6, 7, 15, and 16 in compounds QPP-14 and -15 reduced the in-
plane aspect ratio by significantly increasing the lateral packing
volume of the side-chains at each end of the long axis of the
core (Figure 25).%¢ This reduction in aspect ratio is achieved by
the incorporation of 4 side-chains on each side (octacatenar)
and their spatial orientation not only along but also orthogonal
to the long axis of the molecule (dumbbell-shape). QPP-14
crystallizes from its rectangular columnar mesophase just above
room temperature, which is astonishing for such a large
molecule and this is attributed to the non-planar phenyl
groups. Oxidative coupling of the phenyl groups to planar
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triphenylene end groups of the core in QPP-15 increases both,
the melting point and the thermal stability of the hexagonal
columnar mesophase by about 100°C.

6. Summary and Outlook

Columnar mesomorphism has been reported for all reviewed
board-shaped dyes perylene bisimide, perylene tetracarboxylic
ester, indigo, isoindigo, diketopyrrolopyrrole, and quinoxalino-
phenanthrophenazine and was exclusively achieved by the
appropriate attachment of flexible side-chains of sufficient
overall and lateral packing volume. Columnar mesophases of
perylene bisimides (PBIs) have been studied most widely and
detailed investigations revealed packing structures in which the
long axis of the PBI core rotates about the stacking axis. In
some cases, the rotation angle was consistent over many repeat
units to generate helical stacks. These packing structures
explain how molecules with calamitic like aspect ratios of >5
self-organize into columnar stacks and provide instructive
examples for how to minimize aggregation caused quenching
of fluorescence while maintaining m-mt stacking. Their overall
structure and underlying molecular dynamics are distinctly
different from columnar mesophases of typical discotic liquid
crystals.

Rather unusual columnar mesomorphism that does not rely
on long -t stacks was achieved with perylene bisimide and
diketopyrrolopyrrole derivatives by utilizing their strong and
directional H-bonding interactions. Here, H-bonding between
imide and lactam groups orients the long axis of the molecules
parallel to the column axis to generate strands of H-bonded
molecules and several strands form a columnar unit.

Despite the large structural diversity at the molecular and
supramolecular level, designing one type of molecule that
satisfies all required materials properties remains a challenge.
More fruitful may be the use of mixtures of compounds and, in
our opinion, columnar mesophases of board-shaped dyes
provide some unique opportunities in this regard.
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