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Abstract: We report the liquid-crystalline (LC) and lumines-
cent properties of a series of N-annulated perylenes (1–4) in
whose molecular structures amide and ester groups alternate.
We found that the LC properties of these compounds not
only depend on the number of hydrogen-bonding units, but
also on the relative position of the amide linkers in the
molecule. The absence of amide groups in compound 1 leads
to no LC properties, whereas four amide groups induce the
formation of a wide temperature range columnar hexagonal

phase in compound 4. Remarkably, compound 3, with two
amide groups in the inner part of the structure, stabilizes the
columnar LC phases better than its structural isomer 2, with
the amide groups in the outer part of the molecule. Similarly,
we found that only compounds 1 and 2, which have no
hydrogen bonding units in the inner part of the molecule,
exhibit luminescence vapochromism upon exposure to
organic solvent vapors.

Introduction

Discotic liquid crystals consist of extended π-conjugated
scaffolds functionalized with flexible chains at the periphery,
and generally self-organize through π-stacking of the aromatic
moieties into columnar assemblies.[1] This assembly mode
permits the overlap of the molecular orbitals of vicinal
molecules enabling the excitonic coupling as well as charge
carrier transport (hoping) along the 1D columns. Owing their
optical and electronic properties, discotic liquid crystals are
promising materials for photonics and organic electronics.[2] In
early examples, the charge carrier properties of triphenylene
derivatives exhibiting columnar phases were reported.[3] Dis-
cotic liquid crystals were shown later to be useful semi-
conductor materials in different electronic devices such as
organic field effect transistors, solar cells and organic light
emitting diodes.[1,2] Moreover, the discotic liquid crystals exhibit-
ing fluorescence can be applied as smart systems exhibiting

thermo- and/or mechanochromism.[4] Molecular engineering is
key to control the materials properties, namely the excitonic
coupling (J or H type), the thermal behavior and the charge
carrier mobilities.[1–4] It is generally accepted that the size, shape
and electron density of the core as well as the length,
branching and polarity of lateral flexible chains are important
parameters to control the properties of the materials.[5] Addi-
tionally, the introduction of functional groups prone to
establishing additional noncovalent interactions, such as hydro-
gen bonds (H-bonds), have been shown to improve materials’
performance, yielding more compact packing structures.[6] For
example, Eichhorn and co-workers reported the introduction of
hydrogen bonding (H-bonding) groups in tristhiophene tricar-
boxamide liquid columnar crystals exhibiting improved charge
transport.[7] In the same direction, Kato and co-workers demon-
strated the relevance of H-bonding in the development of
mechanochromic liquid-crystalline (LC) materials based on
dendronized π-conjugated cores (pyrene, anthracene, etc.).[4,8]

In particular, H-bonds are able to stabilize metastable states
(induced by mechanical shearing) with different emission
properties than the initial thermodynamic state. More recently,
it has been shown that that the introduction of H-bonding
imide or lactam groups in dendronized perylene bisimides
(PBIs) and diketopyrrolopyrroles cores leads to the formation of
unconventional LC assemblies with the dyes oriented parallel to
the columnar axis.[9] These materials exhibit J- and H-type
aggregates, respectively. Thus, it is noteworthy that H-bonds
are highly important for the stabilization and tuning the
properties of functional liquid crystals.
We recently focused our research on the self-assembly of N-

annulated perylenes (NAPs) as a suitable platform for the
development of photoactive and optoelectronic materials,
paying especial attention to the relationship between molecular
design and the assembly mode. For example, we reported on
the self-assembly properties in solution of a series of NAP
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dicarboxamides capable to efficiently form H-bonded
supramolecular polymers and luminescent gels.[10] More re-
cently, we have prepared a new series of NAPs (compounds 1–4
in Figure 1a) bearing two terminal wedge-shaped derivatives
and a variable number of amide/ester groups, and we proved
their ability to display pathway complexity in supramolecular
polymerization and the ability of compound 4 to act as
circularly polarized light emitter.[11] Whilst LC PBIs have been
widely studied,[9b,12] only few examples of bay-annulated
perylenes showing LC properties have been reported.[13] In one
of these scarce examples, the electroluminescent properties of
bay-annulated perylene tetraester liquid crystals have been
reported.[13b] Remarkably, in contrast to the majority of PBIs
liquid crystals,[12] it has been shown that bay-annulated perylene
systems keep their luminescent properties in solid and gel
state,[10,13] and therefore they are very attractive for the develop-
ment of stimuli-responsive and optoelectronic materials.[2,4]

In this work, we investigate the LC and stimuli responsive
features of the luminescent NAPs 1–4 (Figure 1a) and unveil a
direct correlation between the number and the position of the
amide functional groups and their properties. That is, whilst
compound 1, lacking the amide functional groups, shows no LC
behavior, compound 4, bearing four amide groups, forms a
columnar hexagonal (Colh) phase in a wide temperature range
(0–237 °C). More importantly, we found that compound 3
(isotropic at 174 °C), with the amide group closer to the core,
stabilizes the columnar LC phases better than its structural
isomer 2 (isotropic at 108 °C), with the amide groups located at
the outer position from the core (Figure 1b). This behavior has

been attributed to the role of the H-bonds in the more efficient
fixation of the columnar structure when the H-bonding groups
are closer to the discotic core. Additionally, we prove that NAPs
1–4 exhibit luminescent properties in solid state, while com-
pounds 1 and 2, with no amide groups close to the core, also
exhibit vapofluorochromic behavior when exposed to vapors of
organic solvents (CHCl3, hexane, THF and toluene). These
findings reveal novel molecular design features relevant for the
development of luminescent discotic liquid crystals with stimuli
responsive properties.

Results and Discussion

In the course of our investigations and taking into account the
previous results reported for referable NPAs 1–4 (Figure 1a),[11] we
thought that this family of compounds may also exhibit LC
behavior. In addition, the systematic structural modifications could
contribute to establish a clear structure-property relationship.
Compounds 1 and 4 contain four ester and four amide
connections, respectively, while 2 and 3 combine two ester and
two amide groups but at different positions (Figure 1a). Com-
pounds 1–4 were prepared following previously described
methodologies,[11,14] and were isolated as yellow-brown powders.
Importantly, all the compounds exhibited fluorescence properties
in solution and in solid state (see below).
The LC behavior of compounds 1–4 was initially investigated

by polarizing optical microscope (POM; Figure 2a, b and Figures S1
and S2 in the Supporting Information) and differential scanning
calorimetry (DSC; Figures 2d and S3–S5). All the NAPs showed LC
columnar phases (Figure 2c) except for compound 1, that shows a
crystalline phase up to 44°C, when melts to isotropic and
decomposes as it can be deduced from the DSC curve (Figure S3)
and the POM observations. All the other compounds show LC
phases according to the POM observations. Figure 2a and b shows
the POM images at 100°C of compounds 2 and 3, respectively,
which clearly show, under cross polarizers, birefringent textures
that were found to correspond to columnar LC phases according
to the X-ray experiments (see below). Compound 2 shows a single
Colh phase from 55 to 108°C, when clears. Curiously, both
compounds 1 and 2, bearing ester groups directly linked to the
NAP moiety, decompose when melting, suggesting the thermal
weakness of this connection. In contrast, DSC of 3 (Figure 2d)
reveals two enantiotropic LC (columnar) phases, the first one from
38 to 135°C and the second from 135 to 174°C. Compound 4,
with two amide groups per peripheral branch, shows a single LC
phase from 0 to 237°C and the highest clearing point of the series
(Figure 2c). These results are diagnostic of the stabilizing effect
exerted by the amide groups of the NAP structure in the LC
phases. However, the most striking results are found for the
structural isomers 2 and 3. NAP 3, with the amide groups attached
to the inner part of the molecule, shows a much higher melting
temperature than 2, with the amide groups in the outer part of
the linker. In particular, the melting temperature of 3 is 64°C
higher than that of 2. This observation indicates that not only the
number of amide groups has relevant effects on the LC behavior

Figure 1. a) Molecular structure of NAPs 1–4. b) Schematic representation of
the self-assembly features of compounds 1–4 and the proposed molecular
interactions in the columnar phases. Insets show the luminescent films of
compounds 2 (left) and 3 (right). The representation of the columnar
packing of the NAPs in the side-view has been simplified for clarity.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202102446

14283Chem. Eur. J. 2021, 27, 14282–14286 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 05.10.2021

2157 / 218279 [S. 14283/14286] 1

https://doi.org/10.1002/chem.202102446


of the NAP series, but also the position of these groups. Up to our
knowledge, this observation has not been reported so far.
To figure out the organization of the phases displayed by

1–4, we carried out X-ray-scattering (XRS) experiments. Unfortu-
nately, we were unable to align the samples into fibers and
perform anisotropic 2D X-ray experiments, relying therefore on
1D powder XRS experiments on polydomain samples (Figures 3

and S6–S9). Compound 1 exhibits a crystalline columnar
rectangular (Colr) phase (Figure S6) up to 44 °C, when the
compound decomposes. In contrast, the XRS pattern of
compound 2 at 100 °C displays one intense peak at 45.4 Å and
seven weaker peaks at 23.4, 22.4, 17.4, 13.4 11.5, 9.0 and 8.1 Å
that were assigned to the 100, 110, 200, 210, 220, 400, 500 and
510 reflections of a Colh phase with an intercolumnar distance
(a) of 52.4 Å (Figure 3). A diffuse halo, originated by the flexible
alkyl chains, is also observed at 4.4 Å. On the other hand,
compound 3 exhibits two distinct Colh phases, a lower temper-
ature phase (Colh1) with an a=50.4 Å (100 °C) and a higher
temperature phase (Colh2) with an a=53.4 Å (150 °C). Com-
pound 4 exhibits also a Colh phase, whose intercolumnar
distance (a) was found to be 55.4 Å at 150 °C (Figure S9).
By careful analysis of the XRS patterns, we observed that all

the samples, except 1, exhibit a small and sharp peak around
3.2–3.5 Å. This reflection was associated to the repeating
distances along the z-axis (00 l) of the 3D columnar lattice
ascribable to π-π stacking distances. According to this, we can
assume that the NAP molecules stack into columnar assemblies
with the cores in the center of the columnar sections and the
alkyl chains in the periphery (Figure 1b), like common discotic
liquid crystals.[1] It is worth mentioning that compounds 2 and 3
show abnormally short π-π stacking distances, around 3.2 Å at
100 °C, which increase by heating the samples. These short π-π
stacking distances can be rationalized by the strong interactions
between the cores, probably enhanced by dipolar interactions.
Table 1 displays the lattice parameters for all the LC phases of
compounds 2–4 and the calculated number of molecules per
layer (Z; see the Supporting Information).[9] Surprisingly, all the
LC Colh phases of compounds 2–4 are composed of two
molecules per columnar slice (3.2–3.5 Å). According to this, we
propose a packing structure where in plane side-to-side dimers
of perylene molecules stack forming columns (Figure S10) with
the perylene core in the center and the alkyl chains (N-decyl
and 3,4,5-trisdodecyloxybenzene) pointing outwards. This as-
sembly mode is consistent with the columnar parameters
obtained from the XRS experiments (Table 1) as well as with the
molecular length of the NAPs (Figure S11).
To get more details about the role of H-Bonds in the

stabilization of the LC phases, we performed FTIR experiments
(Figure S12) for NAPs 1–4 at room temperature. Tetraester 1
shows the typical C=O ester stretching band at 1720 cm� 1 while
compound 2 shows additionally the C=O amide stretching

Figure 2. Polarizing optical microscope images of compounds a) 2 and b) 3
at 100 °C. c) Temperature-dependent phase-transition behavior of com-
pounds 1–4. Phase-transition temperatures were obtained from the first (1
and 2) and second (3 and 4) heating of the DSC curves. d) Second heating
and first cooling DSC curves for compound 3. Heating/cooling rate was
10 °C/min. Displayed transition temperatures correspond to the onset of the
DSC peak.

Figure 3. X-ray pattern of compound 2 at 100 °C. The pattern corresponds to
a LC Colh phase (a=52.4 Å).

Table 1. Lattice parameters for the columnar LC phases of NAPs 2–4.

Comp. T [°C] LC phase a [Å][a] c [Å][a] Z[b]

2 100 Colh 52.4 3.21 2
3 100 Colh1 50.4 3.23 2
3 150 Colh2 53.4 3.32 2
4 150 Colh 55.4 3.48 2

[a] All the values were obtained from the X-ray experiments. Parameter c
corresponds to the π-stacking distance; [b] Z indicates the number of
molecules per columnar cross-section and was calculated from the lattice
parameters supposing a density of 0.9–1 gcm� 3 (see the Supporting
Information). The value provided (Z) corresponds to the whole number
closer to the calculated value.
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band at 1633 cm� 1 and the N� H stretching band at 3271 cm� 1.
The wavenumber of the NH stretching signals (<3400 cm� 1) are
diagnostic of H-bonds.[11,15] Compounds 3 and 4 show the
amide I C=O stretching band at ~1630 cm� 1, while also
exhibiting two N� H stretching bands at ~3280 and
~3330 cm� 1. While the former band matches well with an
intermolecular H-bond signal, the latter could be indicative of
the residual presence of intramolecularly H-bonded seven-
membered pseudocycles, as reported previously.[11b,d] Overall,
the FTIR spectra of compounds 2–4 confirms the presence of H-
bonding interactions in solid state, in accordance with the
previous studies in solution.[11]

The photoactive properties of NAPs 1–4 were further studied
in solution and in solid state. All the compounds exhibit an
absorption band with a maximum at around 455–457 nm and an
intense emission band with maximum at 479–487 nm in CHCl3
solution (Figures S13–S16), which is consistent with the spectro-
scopic profile of the perylenes in the monomeric form.[11,14] For
the solid-state experiments, the appropriate NAP solution (1 mg/
mL, CHCl3) was drop-casted onto quartz substrate and the
sample was annealed at 40 °C for 4 h prior to perform the
measurements. In good agreement with the previous results
reported for the corresponding supramolecular polymers, the
UV-Vis spectra in solid state of compounds 2–4 are consistent
with the NAPs forming H-type aggregates (Figures S14–S16).[11]

However, the UV-Vis spectrum of tetraester 1 in solid state
exhibits a monomer-like absorption profile, which is an indication
of a poor coupling among the monomeric units, in good accord
with that previously reported in solution (Figure S13). Interest-
ingly, we observed two distinct solid-state emission patterns for
the series of NAPs. While compounds 1 and 2 exhibit a unimodal
emission band with a maximum at 530–537 nm, the fluorescence
spectra of compounds 3 and 4 show two maximums at 544–547
and 516–519 nm (Figures 4a, S15 and S16). These differences in
the emission spectra can be appreciated by naked eye as shown
in Figure 4b. Thin films of compounds 3 and 4 are green under a
UV lamp (365 nm) exposure, while the films of 1 and 2 show
yellow emission. This yellow emission is consistent with the
formation of partial excimers, according to the unimodal profile
of the emission spectra[4,8] (Figures 4a, S13, and S14) and the
short π–π distances observed in the X-ray experiments (Table 1).
Then, we examined the changes in the photophysical proper-

ties of the NAPs 1–4 thin films upon application of different
stimuli. No significant color changes were observed by application
of mechanical force (shearing).[4,8,16] However, the thin films of 1
and 2 exhibited the reversible emission change upon exposure to
vapors of organic solvents such as CHCl3, THF, hexane or toluene
(Figures 4c and S17–S19),[17,18] while thin films of 3 and 4 showed
no significant changes (Figures S20 and S21). In particular, the thin
film of 2 shows (under exposure to 365 nm light) an enhancement
of the emission and a concomitant color change from yellow to
green when exposed to CHCl3 vapors (Figure 4c). This change is
very quick (<4 s), and the film rapidly returns (<2 seconds) to the
original state when ventilated with air. The repeatability of the
sensing system was tested by subjecting the films of 1 and 2 to 10
exposition–venting cycles (CHCl3-air), and we observed no degra-
dation of the films and a reproducible color change (yellow!

green!yellow) during all the cycles. We hypothesized that this
color change occurs due to displacements between the NAP cores
in within the columnar assembly induced by the diffusion of the
organic molecules within the LC arrays. These displacements
induce the disruption of the partial excimers and the concomitant
yellow to green emission shift. Accordingly, seems that the key
factors for the vapochromism in 1 and 2 are i) the formation of
partial excimers in the LC columnar phases, and ii) an appropriate
rotational and translational freedom in the columnar stacks.

Conclusion

In this work, we have elucidated the liquid-crystalline properties
of a series of N-annulated perylenes (1–4) whose molecular
structures contain alternating amide and ester groups. We
found that the liquid-crystalline behavior of these materials is
strongly dependent on the number of amide groups present in
the molecule: compound 1, with four ester groups, shows no
liquid-crystalline properties whereas compound 4, with four
amide groups, shows a liquid-crystalline columnar hexagonal
phase over a wide temperature range. Importantly, through
study of the structural isomers 2 and 3, we demonstrated the
importance of the position of the hydrogen bonds in stabilizing
liquid-crystalline phases. While the columnar phase of 2, with
amide groups in the outer part of the molecule, melts at 108 °C,

Figure 4. a) Normalized absorption (solid lines) and emission spectra (dashed
lines) of drop-cast samples of 2 (black) and 3 (red) onto quartz plates. b)
Photographs of the films of 1–4 on glass plates upon 365 nm irradiation. c)
Image of an illuminated (365 nm) thin film of 2 under air conditions (top)
and exposed to CHCl3 vapor (bottom).
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compound 3, with amide groups in the inner part of the
molecule, exhibits liquid crystallinity up to 173 °C. We believe
that this effect can be explained by a more efficient reduction
in the rotational and translational motions at the center of the
columnar phase when the H-bonds are closer to the core.
Importantly, these findings have implications on the photo-
physical and stimuli-responsive properties of 1–4. Similarly, we
reveal that the vapochromic behavior of compounds 1 and 2 is
precisely enabled by the absence of hydrogen bonds close to
the perylene core. We believe that the conclusions found in this
study are relevant for the design of novel discotic liquid crystals
in order to obtain ample temperature range liquid-crystalline
phases and desired stimuli-responsive properties.
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