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tetramers

Indu Bala,® Santosh Prasad Gupta,”® Joydip De,” and Santanu Kumar Pal™®

Abstract: Three new oligomeric perylene (PE) tetraester derivatives
are reported consisting of a PE-based core attached to which are
four pentaalkynylbenzene units via flexible alkyl spacers. These
derivatives were investigated for their mesomorphic properties,
thermal, photophysical and electrochemical behaviour. Small and
wide angle X-ray scattering (SAXS/WAXS) studies were performed
to deduce the exact nature of the phases. In order to resolve
overlapping reflections and facilitate their indexing,
GISAXS/IGIWAXS experiments were carried out on oriented thin
films on ITO coated glass substrate. The corresponding electron
density maps were derived from the intensities observed in the
diffraction pattern. Whereas, compounds with shorter alkyl spacers
(n = 6 and 8) were found to self-organize into soft crystalline
columnar assemblies, the higher one (n = 10) exhibits a liquid crystal
(LC) columnar nematic mesophase. This is in contrast to previous
reports that describe highly symmetric 2D hexagonal and
rectangular columnar structures of PE-based mesogens. The
morphology of self-assembly was found to transform from soft
crystal columnar to nematic columnar phase through simple variation
in the number of alkyl spacers. All the compounds were found to
exhibit excellent fluorescence emission properties with a very good
quantum yield and large band gap. Beside high solubility and good
quantum vyield these compounds can serve as standards to measure
quantum yields of unknown samples. These compounds also display
green luminescence which may find applications for various
optoelectronic devices.

Introduction

Columnar (Col) assemblies in which molecules are self-
organized into an ordered supramolecular architecture and
having unique physical properties are useful to the realization of
many optoelectronic applications.™ This is because in the Col
phase, molecules are stacked one top of another due to strong
n-minteractions between the poly aromatic core with significant
overlap of p-orbitals, which help in one-dimensional charge
carrier migration."® Discoid mesogens formed by disc-shaped
molecules viz. hexa-substituted benzenes, triphenylenes,
truxenes, perylenes, dibenzopyrenes, anthraquinones etc. are
reported for the generation of such columnar phases.™! Among
them, perylene and its derivatives have gained particular
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attention due to their unique features such as high thermal and
chemical stability, easy functionalization, large band gap, near-
unity fluorescence quantum yields in the molecular state, n-type
semiconductor properties and so on. Due to these properties,
they are ideal candidates for fabricating organic devices such as
organic solar cells,®! organic field effect transistors (OFETs),!!
fluorescent sensors,® organic light-emitting diodes (OLEDs)®
etc. For example, fluorescent perylene LCs have been found to
be useful as luminescent electron transport material in OLEDs.
Perylene imides (mono- and di-) have been used in bulk-
heterojunction solar cells as well as orbital and color tuning.!”
Recently, we have reported electroluminescent behaviour of bay
annulated perylene tetraesters as emissive layers in OLEDs.®! In
general, the optical and electronic properties of these derivatives
are due to local n-rinteractions of the perylene chromophore that
lead to molecular aggregation and these aggregations further
provide means for efficient electron conduction within the
aggregates.*¥! Besides, perylene derivatives (bisimides and
tetraesters) are found to show crystalline as well as LC phases
considering their flexibility of the core as an important parameter
for the supramolecular self-assembly.

Certainly, room temperature columnar mesophase with a
wide temperature range is suitable for practical applications in
electronic devices. Given that perylene has several positions
available for structural modification with a variety of substituents
in the core, their mesomorphic, optical and electronic properties
can be tuned and tested easily for such type of applications.™"
Therefore, properly substituted room temperature LC perylene
derivatives with good self-assembly properties are highly desired
for practical point of view.

Literature survey reveals a wide range of PE LCs based on
perylene bisimides."**® But, there are a very few reports for
perylene tetraesters exhibiting LC behaviour.**?% Unfortunately,
most of the reported PE-tetraester compounds show 1) LC
mesophase at higher temperature™ [only a few of them show
room temperature (RT) LC behaviour?®] and 2) self-assemble
into either a columnar hexagonal or a columnar rectangular
mesophase.®?% In contrary, implementation of discogens in
devices necessitates Col phase at room temperature along with
the formation of highly ordered phase over a wide temperature
range.’? To attain such kind of mesophases at RT and improve
their usability in devices certain structural modifications and
further understanding of packing in the mesophases are
required. In this paper, we report a new class of luminescent
materials based on oligomeric PE tetraesters and show that
attaching four pentaalkynylbenzene units to the PE core via
flexible spacers helps to improve the thermal behaviour leading
to RT soft crystal columnar and nematic columnar assemblies of
these hybrids. In addition, we have demonstrated how the
simple variation of alkyl chain leads to different self-assembly
behaviour (via X-ray scattering and electron density mapping)
which serve to further understand the packing in the mesophase.
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It should be noted that because of electron withdrawing ester
groups, PE tetraesters are less electron deficient than perylene
bisimides suggesting that former materials could be effectively
used as hole-transporting emissive layers in OLEDs.!%*22%! ag
mentioned earlier, there are only a few reports of perylene
tetraesters LCs exhibiting room temperature mesophase which
limits their widespread use in applications. With this idea
keeping in mind we sought to explore new strategies to
functionalize the PE tetraesters that bring down the mesophase
behaviour down to room temperature over a wide range. In
literature, the major practice to lower down the temperature is to
introduce branched chains. The use of the branched chains
often reduces melting and isotropic temperatures because of
increased disorder and stereoheterogenity but, do not affect the
type of mesophase in many cases. Alternatively, the attachment
of multiynes to a discotic core leads to room temperature
discotic phases.” For example, we have reported that linking a
pentaalkynylbenzene unit with a triphenylene core through
flexible alkyl spacer containing a short rigid ester group in centre
leads to columnar mesophase at ambient temperature.’?>®
Room-temperature columnar structures over a long range have
been reported using multialkynylbenzene-bridged triphenylene-
based dyad systems.? In this paper, an oligomeric approach
has been employed by connecting four pentaalkynylbenzene
units to the PE core for the realization of room temperature
mesophase and their packing behaviour.

This investigation was motivated by two goals. First, by
attaching four pentaalkynylbenzene (PT) units around periphery
of perylene (PE) core, we sought to provide insight into
structural details of mesophase in the system. Second, we
sought to explore additional insight about the packing of the
hybrids in the mesophase through simple variation in the
number of alkyl spacers (n = 6, 8, 10) connecting the PE and
multiyne units. Our findings perceived that compounds with
shorter alkyl spacers ( n = 6 and 8) connecting to PE and PT
units arrange exclusively in soft, condis crystals, which are
defined as conformationally disordered mesophases.?®
Compound with longer alkyl spacer (n = 10) exhibits room
temperature columnar nematic phase. Till today, no reports are
there for such columnar assemblies based on PE tetraesters. In
addition, they exhibit high quantum yield and exhibit green
emission that might be useful for OLEDs applications. Moreover,
the band gap values of the compounds were found to be larger
in comparison to other PE-tetraesters reported so far.”® 2%

Results and Discussion

Synthesis and Characterisation

The synthetic strategy to obtain target compounds 5 is illustrated
in Scheme 1. The synthesis of intermediate compounds 2 and 3
has been reported earlier.?**?%* "1 Compounds 5 were prepared
by reacting the pentalkynylbenzene (PT) 3 with perylene-
3,4,9,10-tetracarboxylic dianhydride 4 as follows. The step
involves the hydrolysis of 4 (1 equiv.) by refluxing it in aqueous
potassium hydroxide followed by acidification to pH 8-9 with
dilute HCI to provide perylene-3,4,9,10-tetracarboxylic acid. This
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was followed by in situ addition of 3 (8 equiv.) and
tetraoctylammonium bromide (TOAB) (0.8 equiv.) as phase
transfer catalyst and refluxing it for overnight. The structures of
all the new intermediates and target molecules were
characterized by *H NMR, **C NMR, FT-IR, UV-vis spectroscopy
and elemental analysis (see ESI, Fig. S1-S7, S13).

n = total no. of 3
alkyl spacers

O
O~

(iii)

o
=
O
I
& 0

S5a: m=2 (n=06)
'5b: m=4 (n=8) 3
Sc:m =6 (n=10);

Scheme 1. Synthesis of the target compounds 5. Reagents and conditions: (i)
K2COs, Kl, Br(CH,),.Br, acetone, reflux, 12 hrs, 80 % (ii) Pd(PPhs).Cl,, 4-
pentylphenylacetylene, Cul, EtzN, 100 °C, 80 % (iii) hydrolysis of 4 with KOH,
H,0, 70 °C, 2h, dilute HCI followed by 3, TOAB, reflux, overnight, 78 %.

Thermal behaviour

The thermal behaviour of the perylene derivatives were
investigated by polarised optical microscopy (POM, Fig. 1 and
Fig. S8, Table 1) and differential scanning calorimetry (DSC).
Compound 5a with shortest alkyl spacer (n = 6) was highly
viscous (Fig. S10a, see ESI) and is still shearable showing their
soft behaviour. The shearability of the textures in one direction
has been shown at room temperature (Fig. S9a & b, see ESI).
They displayed an unspecific texture with the growth of smaller
domains ¢4 (Fig. 1a). The phase remained stable over a
wide temperature range and was cleared at 106 °C with an
enthalpy change (AH) of 6.2 kJ/mol. On cooling, texture
appeared at 103 °C (bright birefringent textures observed under
POM) which remained stable down to room temperature.
Compound 5b (n = 8) also exhibited similar soft crystal
behaviour as that of compound 5a. Under POM, an unidentified
texture was appeared (Fig. 1b) which cleared at about 85 °C and
are shearable at room temperature (Fig S9c & d, see ESI). The
viscosity of the phase was measured at room temperature (Fig.
S10b, see ESI). On cooling, the phase appeared at 78 °C that
remained stable down to room temperature (up to -50 °C).
Interestingly, with increasing the spacer length further (n = 10),
destabilized the order in the mesophase of the hybrid.
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Figure 1. Polarizing optical micrograph of compounds (a) 5a and (b) 5b at
67 °C and 25 °C, respectively, showing unspecific growth of textures. (c)
Blurred schlieren texture of compound 5c at 49.6 °C under POM. All these
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textures were observed on cooling from the isotropic phase (scan rate
5 °C/min, crossed polarizers, magnification X 500).

For instance, compound 5c (n = 10) showed the appearance of
columnar textures °9 at room temperature (Fig. 1c). In DSC, it
showed mesophase to isotropic transition at 66 °C with a heat of
transition of 0.4 kJ mol™. On cooling, the mesophase appeared
at 65 °C (AH = 0.4 kJ/mol). The DSC traces obtained on heating
and cooling of compound 5c was shown in Fig. S11 (see ESI).

The exact nature of the columnar phases formed by these
compounds could be deduced only from detailed XRD studies.
We performed detailed XRD analysis to judge the exact nature
of the mesophases and their corresponding electron density
maps were derived from the intensities of the peaks observed in
the diffraction patterns (see below for details).

Table 1. Thermal properties of the target compounds.

Compound Phase transitions, T [°C] (AH [kJ mol'l])
5a Heating Creolob (SOt Crystal) 106 (6.2) Iso™
Cooling 1so 103 Creoion o]
5b Heating Creoion 85 Iso™
Cooling ISO 78 Creoiop ™
5¢c Heating Neol 66 (0.4) 1s0™®
Cooling 150 65 (0.4)Neo™

[a] Transition temperature obtained from DSC. [b] obtained from POM.
Abbreviations: Creop = Soft crystal columnar oblique, Nco = Columnar
nematic, Iso = isotropic liquid.

X-ray diffraction study

The detailed study of the mesophases of the compounds 5a-5c
has been performed by small angle and wide angle X-ray
scattering (SAXS/WAXS) & Grazing- incidence X-ray scattering
(GISAXS/GIWAXS) experiments. The SAXS profile of
compound 5a in the isotropic phase (at 110 °C) shows two
broad peaks in small angle region and one broad peak in wide
angle regime (Fig. 2b). As the compound consists of perylene
(PE) unit connected with four pentaalkynylbenzene (PT) units
via flexible spacers, so, the first and second peak in the small
angle with observed d-spacing of 32.74 A and 21.16 A
correspond to side to side PE-PE correlations and side to side
PT-PT correlations, respectively (Table S1, see ESI). However,
side to side PE-PE correlations d-spacing is smaller than
expected (~ 40 A), which indicates inter-digitations of the PT
discs up-to some extent in the isotropic phase. Further, the wide
angle peak of d-spacing of 4.87 A corresponds to the fluid chain-
chain correlations.
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Figure 2. Powder X-ray diffraction pattern for compound 5a with indexing for
small angle and wide angle (inset) peaks (a) at 67 °C and (b) in the isotropic
phase at 110 °C; h, - fluid chain-chain correlations, hae- partially crystallize
chain-chain correlations and h, — perylene (PE) core-core (face to face)
correlations. PE-PE corresponds to side to side PE correlations and PT-PT
corresponds to side to side pentaalkynylbenzene (PT) correlations in the
mesophase.

However, in the temperature range from 20 °C to 106 °C the
diffraction patterns are found to be unchanged. The un-oriented
SAXS pattern showed many sharp Bragg peaks (at 67 °C) (Fig.
2a), and also the sample is shearable suggesting the possible
existence of a soft crystal phase (Fig. S9a, b, see ESI).

In order to resolve overlapping reflections and facilitate their
indexing, GISAXS experiments were carried out on oriented thin
films on an ITO-coated glass substrate. For this purpose, a thin
film was melt-cast on an ITO-coated glass substrate and
annealed for 1 day at 70 °C. The same diffraction peaks were
observed both in the GISAXS of thin film and in the SAXS
pattern of the un-oriented sample (Fig. 3a and 2a, respectively).
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Figure 3. (a) GISAXS and (b) GIWAXS pattern of thin film of compound 5a on
an ITO coated glass substrate recorded at 67 °C obtained after annealing the
sample for one day at 70 °C. (c) Partially aligned 2D SAXS diffraction pattern
of compound 5a at 67 °C obtained by shining the X-ray into the sample near to
the wall of the glass capillary.

If, the reciprocal lattice vectors, a* and b* is assigned along the
equator and meridian, respectively, it could lead to the assembly
of the compound having two different kind of structurally different
domains. But, this is unlikely as soft crystal generally self-
organize in a more compact way to exhibit a single phase. Next,
we performed X-ray diffraction experiment with sample filled in

This article is protected by copyright. All rights reserved.
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the glass capillary and shine the X-ray which exposes the
sample near to the wall of glass capillary (at 67 °C). In-result, we
found a partially aligned pattern which could be indexed on an
oblique lattice as shown in the figure 3c. Therefore, for the thin-
film pattern a* and b* are more likely along the meridian and c*
along the equator (Fig. 3a) and hence indexing of the unoriented
pattern is done accordingly. Therefore, Bragg’s reflections for
the compound 5a at 67 °C were indexed on 2D oblique lattice
and space group is determined to be P2/m (Fig. 2a, 3a,c). The
cell parameter, c, is determined from the reflection, h., due to
perylene (PE) core to core (face by face) correlations in the wide
angle region (Fig. 2a inset). The observed and calculated d -
spacing values are listed in Table 2.

Table 2. The indices observed and calculated d-spacings and
planes of the diffraction peaks of the oblique lattice of
compound 5a observed at 67 °C. The space group is P2/m
and lattice parameters are: a =42.67 A, b=38.99 A, a = 84.15
degree and ¢ = 3.70 A.

Miller  dos(R)®  dea(A)®  Relative  Multiplicity Phase

indices Intensity ®(hk)
hk I(hk)
10 42.45 42.45 87.95 2 0
01 38.79 38.79 100.00 2 0
11 30.21 30.21 62.65 2 0
-11 27.32 27.28 48.19 2 0
20 21.30 21.22 54.22 2 w
02 19.39 19.39 42.17 2 w
12 18.21 18.36 38.55 2 0
-12 17.03 17.00 30.12 2 0
22 15.07 15.10 32.53 2 0
22 13.69 13.64 18.07 2 0
13 12.80 12.73 6.02 2 0
32 12.01 12.03 3.61 2
23 11.49 11.59 2.41 2
ha 4.99
hac 4.39
he 3.70

[a] dobs :experimental d-spacing. [b] dcq @ calculated d-spacing by using

! 1 [h? | kK¥* 2hkCosa
the relatlon.d—2 = Sina [3 ar 2 ap
reflections corresponding to the oblique lattice; a, b & ¢ are the unit cell

]; h, k are the indices of the

parameters, a is the angle between @ and b where |[@] = a and |E| =b.
ha, hac @and h; spacings appear due to fluid chain-chain, partially
crystallize chain-chain and perylene (PE) core-core (face to face)
correlations, respectively.
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The calculated cell parameters are a = 42.67 A, b =38.99 A, ¢ =
3.70 A, and a = 84.15 degree. In-addition to h. there are h, and
hae reflections in the wide angle region of spacing 4.99 A and
4.39 A, respectively. These reflections are attributing to the fluid
chain-chain and partially crystallize chain-chain correlations. In
GISAXS/GIWAXS, the strong Bragg peaks has a maximum
intensity on the meridian confirming the presence for planar
alignment (Fig. 3a, b). Further, no wide-angle peaks were
perceived, indicating inadequate diffraction contrast from long-
range ordered columnar n-n stacking of the molecules in any
orientation (Fig. 3b).”*?! Based on indexing and because the
compound was highly viscous, shearable and exhibits sharp
reflections confirming the occurrence of soft crystal columnar
oblique (Crcoion) phase.

In order to understand the details of the arrangment of the
columns on the 2D oblique lattice, their corresponding 2D
electron density map is constructed from the diffraction pattern.
The procedure is described in the ESI. Red colour represents
the highest electron density and dark blue the lowest. Here, PE
core stack on top of each other and form columns and these
columns arranged on two dimensional oblique lattices (Fig. 4a).

This article is protected by copyright. All rights reserved.
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Figure 4 Reconstructed electron density map of compound (a) 5a and (b) 5b
showing the arrangement of the column on the 2D oblique lattice. Red
represents the highest electron density and deep blue is the lowest.
Parallelogram on the map shows the respective 2 D unit cell.

The powder X-ray diffraction pattern of compound 5b at 25 °C
shows reflections in the small and wide angle region and
remained same up to the isotropic phase. These peaks could be
indexed on an oblique lattice and the calculated lattice
parameters are found to be a = 48.90 A, b = 34.13 A, a = 126.3
degree and ¢ = 3.60 A (Fig 5a; Table 3). In order to facilitate
their indexing GISAXS/GIWAXS experiments were carried out
on oriented thin films on an ITO-coated glass substrate.
However, in GISAXS pattern only the most intense two peaks
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(20 and 11) were observed with same d-spacing as that of
powder diffraction pattern, while other less intense peaks were
not appeared possibly because of their insufficient diffraction
contrast or inappropriate alignment (Fig. 5b). Further in GIWAXS
studies (Fig 5c) no peaks were observed in the wide angle
region. Therefore, nature of the lattice could not be deduced
from the aligned pattern. Hence the structure of the assembly
has been determined according to the indexing of unoriented
pattern (mentioned above).

Based on indexing of the unoriented pattern and because the
compound 5b exhibits many reflections in the wide angle along
with the peak observed at 3.6 A (which is due to disc to disc
separation in a column) and less shearable confirmed the
occurrence of soft crystal columnar oblique (Creon) phase. The
corresponding 2D electron density map of compound 5b based
on powder diffraction pattern has been shown in Fig. 4b. The X-
ray diffraction pattern in the isotropic phase (85 °C) is similar as
seen in compound 5a and can be explained similarly. However,
spacing due to PE-PE correlations is higher than 5a which is
expected due to higher spacer length (Fig 5d, Table S2, see
ESI).

The X-ray diffraction pattern of compound 5c in the isotropic
phase is very similar as observed for compounds 5a and 5b and
can be explained in a similar manner (Fig. 6a,c; Table 4).
However, at temperature below 65 °C, the PE-PE correlation is
becoming narrower and PT-PT correlation peak is more or less
same as in the isotropic phase. The X-ray diffraction pattern of
compound 5c¢ at 25 °C is shown in Fig. 6b, d. In addition to PE-
PE and PT-PT correlation peak, two other peaks (hsc and hc)
appear in the wide angle region (Fig. 6b, Table 4). Moreover,
these two peaks are not seen in the isotropic phase. Further, the
sharp h: peak appears due to strong PE core to core
correlations which reveal its columnar nature. Including the
narrow PE-PE peak in the small angle region along with the
above, confirmed the occurrence of columnar nematic (Ncoy)
phase (schematic is shown in Fig. 6e). The d-spacing
corresponding to h. is found to be 4.09 A. Because the reported
face to face distance between two rn-conjugated molecules is
about 3.51 A, perylene cores are packed with a tilting angle of
30.88 degree with respect to the axis of the perylene columns.?”!
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Figure 5. Powder X-ray diffraction pattern for compound 5b with indexing for
small angle and wide angle (inset) peaks (a) at 25 °C. b) GISAXS and (c)
a GIWAXS pattern of thin film of compound 5b on an ITO-coated glass substrate

recorded at 25 °C. (d) X-ray pattern for 5b in the isotropic phase at 85 °C; h,-
— fluid chain-chain correlations, hyc- crystallize chain-chain correlations and h, —
5 perylene (PE) core-core (face to face) correlations, PE-PE corresponds to side
wn 5 to side PE correlations and PT-PT corresponds to side to side PT correlations
E 5 in the mesophase.
= . =
S, i z
§10 -] ~ %2102“
Z
S Table 3. The indices observed and calculated d-spacings and planes of
= the diffraction peaks of the oblique lattice observed at 25 C of compound
= 5b. The plane group is P2/m and lattice parameters are: a = 48.90 A, b =
34.13 A, ¢ =3.60 A and a = 126.3 degree.
10" 4 Miller  dops (AP dea (AP Relative  Multiplicity Phase
indices Intensity @(hk)
hk I(hk)
20 19.84 19.70 38.82 2 0
11 18.10 18.08 100.00 2 0
-32 14.70 14.86 15.02 2 0
21 12.71 12.82 16.10 2 0
-33 11.43 11.28 18.57 2 0
-43 10.30 10.49 14.49 2 0
40 9.58 9.85 14.86 2 i
-44 8.3 8.46 17.14 2 L
32 7.40 7.53 19.13 2 0
42 6.22 6.41
70 5.60 5.63
34 4.96 5.00
Substrate background
% 06 4.59 4.58
81 4.45 4.42
hac 4.19
5
= 400 h he 3.60
= = a
3 =
Lol B . = 84 3.19 3.20
— 1 = 2200
2 )z b
E‘ ] % = [a] dobs :€xperimental d-spacing. [b] dc : calculated d-spacing by using
= = - 2 2
A 5 the relation:; = —— [* 41 — ZREZ0] 1y  are the indices of the
e} 01 02 = d Sin“a La b ab
‘5 q@&"Y | reflections corresponding to the oblique lattice; a, b & c are the unit cell
}/ PT-PT 1.0 18 20 parameters, a is the angle between @ and b where |@| = a and |b| = b.
= 1 q (A ) ha,, hae and hespacings appear due to fluid chain-chain, partially crystallize
S chain-chain and perylene (PE) core-core (face to face) correlations,
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-1
qA”)

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

)

PE-PE

Moty

0z
TS
PT-PT

Intensity (in arb. units)

0

02 0.4

o
=
>

@

Intensity (arb. units)

Intensity (arb. units)

Figure 6. Smaller angle (left inset), small angle and wide angle (right inset) X-
ray diffraction pattern for compound 5c¢ showing (a) isotropic phase and (b)
Nco phase at 70 °C and 25 °C, respectively. h,- fluid chain-chain correlations,
h,c- crystallize chain-chain correlations and h; — perylene (PE) core-core (face
to face) correlations, PE-PE corresponds to side to side PE correlations and
PT-PT corresponds to side to side PT correlations in the mesophase.
Corresponding 2D small angle and wide angle (in inset) X-ray diffraction
patterns at (c) 70 °C, (d) 25 °C, respectively. (e) Schematic: (i) compound 5c
and (ii) arrangement of the compound 5c in the N¢o phase.

Transition from soft crystal columnar oblique (Creoon) phase to
columnar nematic (Nci) phase which happens with increasing
the spacer length is due to symmetry breaking. Creoon phase
exhibits long range positional order (PO), bond orientational
order (BO) and orientational order (OO); whereas columnar
nematic phase show only quasi long range orientational order
(O0). Moreover, this transition could be explained in terms of
the flexibility induced orientational freedom (FIOF) to PT group.
As spacer chain length increases, flexibility increases in same
way which permits more orientational freedom to PT discs and
leads to Creoiob t0 Neoi transition.
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Table 4. Variation of d-spacing in the phases of compound 5c.

T  Phase Small angle peaks (&)  Wide angle peaks (A)
1% peak 2™ peak 1* 2" 3"
peak peak peak
25°C  Ne™ 42,92 18.34 491 456 4.09
PE-PEY  PT-PTY. (n)®  (h®  (ho
70°C Iso”  45.83 19.05 5.00
PE-PEY  PT-PTY  (h)

[a] Temperature. [b] Columnar nematic. [c] Isotropic. [d] PE-PE
corresponds to side to side PE correlations and PT-PT corresponds to
side to side PT correlations in the mesophase. [e] h, - fluid chain-chain
correlations, h,.- partially crystallize chain-chain correlations and h; —
perylene (PE) core-core (face to face) correlations.

Photophysical and electrochemical studies

All the perylene derivatives exhibit good luminescence
properties as evident from their absorption and emission studies
in solution as well as in the solid state. In solution state, they
showed similar absorption and emission spectra indicating that
varying spacer length between PE and pentaalkynylbenzene
moieties does not affect their spectral behaviour in solution.

The absorption spectra recorded in pM THF solution of
compound 5a showed peaks at 240, 261, 337, 416, 441 & 471
nm with a shoulder peak at 380 nm (Fig. 7a, Table 5) due to
perylene™ and pentaalkynylbenzene moiety.”*®"!  Other
homologues of the series displayed (5b and 5c) peaks more or
less at same wavelength (Table 5, Fig. S13, see ESI). All the
compounds emit green light even under daylight conditions (Fig.
7a inset).

Emission spectra exhibits two strong peaks at 487 & 517 nm
(which were obtained by exciting the solutions of these
compounds at their absorption maxima) characteristic of mainly
PE core™ (Fig. 7a, Table 5) with a Stokes’ shift of 150 nhm. The
solid state absorption and emission spectra were obtained for
compound 5a and 5b. The absorption bands became broader
and red-shifted as clearly observed in the spectrum (Fig. S13d,
see ESI). The fluorescence bands in the solid state are
significantly red-shifted and merged as compared to those in
solution state (in pM THF solution) which mainly correlate the
arrangement of the 1r-conjugated molecules in solid state (Fig.
7b).
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Figure 7. (a) Absorption and emission spectra of compounds 5a and 5b in
micromolar THF solutions. Inset shows green fluorescence for 5b in
micromolar THF solution under daylight condition. (b) Emission spectra for the
spin-coated thin films of compounds 5a and 5b. Inset shows green
fluorescence of 5b in the solid state.

Table 5. Optical data of the compounds 5%

Compoun Absorption (nm) Emission (nm) Stokes
d shift”
5a 240,261,337,380,416,441,471 487,517,558 150
5b 238,265,337,380,417,441,471 487,518,558 150
5c 239,262,337,380,416,441,471 487,517,558 150

[a] in micromolar solutions in THF. [b] Corresponding to excitation wavelength
337 nm for all compounds.

In order to know the reorientational dynamics of molecules in
solution, fluorescence lifetime and steady state anisotropy
measurements (Table 6) were performed in dilute solutions
(10pM in THF). Interestingly, the fluorescence lifetime in all the
hybrid oligomers is close to 4 ns whereas, the measured lifetime
for perylene is 5.2 ns in ethanol solution.?**?® The observed
decrease in lifetime with increasing spacer chain length could be
due to higher non-radiative rate involved in the processes
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(competing for the relaxation of the excited state) because of the
change in shape and size of the hybrid oligomers and thus the
molecular interactions as reported earlier (Table 6).2% The
fluorescence decay spectra were recorded for all the three
compounds (Fig. S14, see ESI). We also measured steady state
anisotropy of the compounds 5a-5c¢ and found that the value
increases with increasing number of alkyl spacer connecting
between PE and pentaalkynylbenzene units. In general,
anisotropy values affects by molecular motion which mainly
depends on local environment factors such as viscosity,
molecular confinement and the size of the hybrid molecule. In
the present case, the increased value of fluorescence anisotropy
with increasing the molecular size (from 5a to 5c¢) implies that
mobility decreases and hence anisotropy values increases
(Table 6).

Table 6. Optical data of the compounds 5

Ta(ow) Ta(oz) Tav (nS)™ or @ Steady State
(ns) (ns) Anisotropy
5a 291 5.40 3.74 0.89 2.23x10°

0.66)  (0.34)

5b 2.82 4.72 3.73 0.84 3.17x10°
(0.52)  (0.48)

5¢c 2.79 4.66 3.67 0.81 3.30x10°
(0.53)  (0.47)

[a] in micromolar solutions in THF. [b] Average fluorescence lifetime. [c]
Relative to quinine sulphate in 0.1 (M) H,SO4 ( @q.= 0.54).

Apart from these, quantum yields calculations were carried out
using quinine sulphate in 0.1 M H,SO, solution (Fig. S12, Table
6 & Table S3, see ESI) as a standard as it absorbs at around the
same wavelength (347 nm) as that of our title compounds (337
nm). Quantum yield is affected by how quickly energy leaves the
system through alternative processes (non-radiative processes
& intersystem crossing). In all the compounds, the quantum yield
value is close to 0.9, which means that alternative processes
occur at significantly lower rates compared to fluorescence.

Cyclic Voltammetry

In order to find out the electronic energy level that determines
the energy and electron transfer processes, cyclic voltammetry
(CV) was carried out. CV studies were performed in millimolar
(mM) solutions of compounds 5a-5¢c in oxygen free
dichloromethane solvent, as shown in Fig. 8a and Fig. S15 (see
ESI).
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Figure 8. (a) Cyclic voltammogram of compound 5a in HPLC DCM solution of
TBAH (0.1M) at scanning rate of 100 mV/s. (b) The HOMO and LUMO energy
levels obtained for compound 5a, 5b and 5c.

A single compartment cell containing Ag/AgNO; (0.1 M)
reference electrode, a platinum rod as a counter electrode, and
a glassy carbon as a working electrode was used for the CV
measurements. As a supporting electrolyte 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAH) was used
during the experiment. For the calculation of absolute values of
HOMO and LUMO levels, the redox data was calibrated with
respect to ferrocene-ferrocenium couple (Fc/Fc*), assuming the
energy-level of Fc/Fc* pair is 4.8 eV below the vacuum level.”
The cyclic voltammograms were recorded with a scanning rate
of 0.1 Vs™. All the perylene derivatives displayed reversible
oxidation and reduction processes. It should be noted that
perylene derivatives exhibit good electron affinity and hence,
they are easy to be reduced and rather difficult to be oxidized.

Table 7. Electrochemical data of the compounds sl

Amax AEw  Ened® Eioxd” Enomo™  Efumo™ HAEgc/™
(nm) [bl.[c] 1 el i [cl, [g]

5a 337 3.68 -1.65 0.97 -5.63 3.74 3.13

5b 337 3.68 -1.65 1.02 -5.93 3.73 3.48

5c 337 3.68 -1.65 0.94 -5.58 3.67 3.07

[a] Experimental conditions: Ag/AgNO; as reference electrode, glassy
carbon working electrode, platinum wire counter electrode, TBAH (0.1M) as
a supporting electrolyte. [b] Electron volts (eV). [c] Band gap calculated from
the absorption maxima (AEyy= 1240/ Amay). [d] in volts (V). [e] Calculated by
using formula Exomo= -(4.8-Exprore’ + Eoxdonseyy €V. [f] Calculated by using
formula Eiymo= -(4.8-Evzrore’ + Eredonser) €V. [g] calculated by formula
AEg,cv= ELumo-Enowmo.

The optical band gap (AEuy) was obtained from the absorption
maxima of the absorption spectra of the compounds 5a-5c by
using the formula E=1240/A." The electronic properties of all
the compounds were found to be almost similar. In general, the
redox processes are ground-state properties associated with the
absorption spectra which resulted similar electrochemical
behaviour irrespective of spacer length (Fig. S15, see ESI).
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The LUMO energy levels were obtained by the formula
ELumo= - (4.8-E1, rerc +Ered, onset) €V, while the HOMO energy
levels by Enomo= - (4.8-E1s2, rere +Eox, onset) €V (Fig. 8b & Table
7). All the values of LUMO and HOMO energy levels (ELumo &
Enowmo) and electrochemical band gap (AEg.cv= ELumo-Enowmo) are
summarised in Table 7. Both the UV-Vis spectra and CV results
have showed that different spacer length (n = 6, 8, 10 for 5a, 5b
and 5c, respectively) had little influence on the electrochemical
properties.

Conductivity measurements in the soft crystal columnar
phase

The electrical characterization of columnar assemblies is
important for finding their application as charge or ion
conductors. The ac impedance spectroscopy is an important
technique for measuring conductivity by applying fixed alternate
voltage with varying frequency that ranges from megahertz to
millihertz. The impedance measurements performed in their LC
state were interpreted in terms of equivalent circuits consisting
of electrical components as capacitors, resistors and inductors.

2.4x10°1 @ Expt.
— Fittted
1.6x10°
S)
S
N 8.0x10"
0.0
0.0 2.0x10° 4.0x10° 6.0x10°
Z, Q)

Figure 9. Impedance Z, vs Z; of compound 5a in their Croop phase and their
corresponding circuit. Expt. represents plot obtained from measurement, Fitted
represents plot obtained after fitting through software (details in
instrumentation part, see ESI).

The samples were heated to their isotropic temperature and
were filled through capillary action in an ITO (Indium-Tin oxide)
cell separated by a 20 pum spacer and then allowed to cool
slowly until the mesophase temperature reached for
measurement. This procedure is usually done to align the
sample homeotropically, so that conductivity can be measured in
the direction of column organization. After several attempts, the
sample was not aligned properly for both the compounds (5a &
5b) as observed by their POM images (not shown). Fig. 9 shows
the complex Impedance graphs (Zm vs Z;) for compound 5a
showing well defined semicircle fitted by using a software
(details in instrumentation part, see ESI) which results into a
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circuit having constant phase element (CPE) in parallel with
resistance (R) and wurburg impedance (W), where R is defined
as a bulk resistance. Through proper fitting of the plot, R value
was obtained. After substituting R values, the conductivity could
be obtained by using formula: ¢ = d/(R.A), where d represents
the thickness of the cell (20 um ) and A is the area of the cell.
Compound 5b also shows the similar behaviour (Fig. S16, see
ESI). The conductivity values obtained for the compound 5a and
5b in the soft columnar crystal phase are 5.07 X 10”7 and 1.25 X
107 S m™, respectively. The conductivity values can be further
improved by proper alignment and the mixing of some ions and
then these derivatives may find application for further device
investigation.

Conclusions

In summary, the main conclusions of the study reported in this
paper are threefold. First, we have synthesized a new series of
novel perylene tetraester derivatives showing soft crystal
columnar and nematic columnar mesophases at room
temperature over a wide temperature range. Specifically, we
observed that compounds 5a and 5b with shorter alkyl spacer (n
= 6, 8) connecting to PE and pentalkynylbenzene units show soft
crystal columnar oblique phase. Interestingly, compound (5¢)
with longer spacer (n = 10) is found to self-organize into a room
temperature columnar nematic phase. Second, all the
molecules showed a green emission in the solution and in the
solid state visible to naked eye with a very good quantum yield
and large band gap. The length of the peripheral alkyl spacers
did not have much effect on the photo-physical properties. This
new class of perylene discotics with easy synthesis, room
temperature nematic columnar and soft crystal columnar
behavior over a wide temperature range, near unity quantum
yield, highly emissive nature and large band gap make them
potential candidates for their use in solid state displays. In
addition, this new class of materials may open up a new field to
explore the structure property relationships for various oligomers
based on PE tetraesters.

Experimental Section

General synthetic procedure for the synthesis of intermediates (2 &
3a-c) and final compounds (5a-c)

The synthesis of series of target compound 5 (Scheme 1 in the
manuscript) was commenced from the Williamson alkylation of
pentabromophenol with the corresponding alkyl bromide as reported in
the earlier reports.?**?! Then the sonoghshira of alkylated compound 2
(500 mg) was done by taking 30 ml of dry triethylamine in a round bottom
flask which was degassed followed by the addition of Pd(PPhs).Cl, (50
mg), Cul (50 mg) & PPhs (100 mg). The mixture was stirred for 15
minutes followed by the gradual addition of 4-pentylphenylacetylene. The
reaction mixture was stirred at 100 °C for 24 h under nitrogen
atmosphere & after cooling to room temperature it was poured into 30 ml
of 5M HCI. The final step involves the hydrolysis of perylene-3,4,9,10-
tetracarboxylic dianhydride (1 equiv.) by refluxing it in aqueous
potassium hydroxide followed by acidification to pH 8-9 with dilute HCI to
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provide perylene-3,4,9,10-tetracarboxylic acid followed by in situ addition
of alkyl bromide (8 equiv.) and tetraoctylammonium bromide (TOAB) (0.8
equiv.) as phase transfer catalyst and refluxing it for a overnight. The
final products were purified on neutral alumina by using
hexane/ethylacetate as an eluent.

The synthesized compounds were characterized by *H NMR, *C NMR,
FT-IR and elemental analysis as shown below. Detailed spectra are in
Supporting information (ESI):

5a: Eluent for purification (hexane/ethyl acetate 9:1). Yield: 68 %, yellow
solid. Ry: 0.71 (hexanelethyl acetate 5:2); m.p: see Table 1; *H NMR (400
MHz, CDCls, 20 °C, TMS, & in ppm): 6-8.31 (d, 4H, J = 8.16 Hz), 8.05 (d,
4H, J = 7.84 Hz), 7.56-7.48 (m, 40H), 7.18-7.13 (m, 40H), 4.37 (t, 8H, J
=5.92, 6.04 Hz), 4.29 (t, 8H, J = 6.56, 6.44 Hz), 2.69-2.54 (m, 40H), 1.96
(m, 8H), 1.80-1.73 (m, 8H), 1.67-1.56 (m, 40H), 1.36-1.25 (m, 96H), 0.95-
0.84 (m, 60H); **C NMR (100 MHz, CDCls, 20 °C, TMS, & in ppm): & -
168.43, 143.96, 143.91, 131.78, 131.54, 129.51, 128.49, 120.73, 120.46,
120.08, 99.38, 87.11, 84.09, 36.00, 31.52, 31.49, 30.9, 26.5, 23.02,
2257, 22.58, 14.17, 14.08, 14.06; FT-IR (cm™): v- 3027.15, 2958.26,
2927.31, 2856.55, 2209.10, 1906.00, 1723.24, 1591.72, 1513.60,
1465.68, 1425.91, 1378.57, 1347.58, 1264.10, 1164.05, 1085.24,
1020.16, 836.63, 805.97, 750.12, 551.40, 530.10; elemental Analysis
calculated (%) for — Cg27H345012: C 87.86, H 7.85; found: C 87.85, H 8.07

5b: Eluent for purification (hexane/ethyl acetate 10:1). Yield: 72 %, yellow
solid. Ry: 0.73 (hexane/ethyl acetate 5:2); m.p: see Table 1; *H NMR (400
MHz, CDCls, 20 °C, TMS, & in ppm): o- 8.31 (d, 4H, J = 8.2 Hz), 8.05 (d,
4H, J = 7.8 Hz), 7.56-7.48 (m, 40H), 7.18-7.13 (m, 40H), 4.37 (t, 8H, J =
6.16, 6.2 Hz), 4.29 (t, 8H, J = 6.68, 6.8 Hz), 2.69-2.54 (m, 40H), 1.96 (m,
8H), 1.80-1.73 (m, 8H), 1.67-1.56 (m, 40H), 1.36-1.25 (m, 112H), 0.95-
0.84 (m, 60H); **C NMR (100 MHz, CDCls, 20 °C, TMS, & in ppm): & -
168.47, 143.91, 131.77, 131.56, 128.53, 120.49, 120.09, 99.55, 84.09,
74.69, 36.00, 31.48, 30.97, 26.39, 23.02, 22.57, 14.07; FT-IR (cm™): v-
3026.40, 2956.48, 2927.26, 2855.62, 2210.6, 1902.00, 1716.40, 1513.52
1466.17, 1425.53, 1348.80, 1272.96, 1162.98, 1086.30, 1019.00, 962.17
838.27, 813.20, 749.36, 724.53, 554.29, 532.10; elemental Analysis
calculated (%) for — C335H364012: C 87.80, H 8.01; found: C 87.65, H 8.02

5c: Eluent for purification (hexane/ethyl acetate 12.5:1). Yield: 69 %,
yellow solid. Ry 0.76 (hexane/ethyl acetate 5:2); m.p: see Table 1; *H
NMR (400 MHz, CDCls, 20 °C, TMS, & in ppm): 6- 8.35 (d, 4H, J = 8.2
Hz), 8.07 (d, 4H, J = 7.84 Hz), 7.56-7.51 (m, 40H), 7.19-7.17 (m, 40H),
4.36 (t, 8H, J = 6.28, 6.28 Hz), 4.31 (t, 8H, J = 6.76, 6.84 Hz), 2.66-2.61
(m, 40H), 1.93 (m, 8H), 1.78 (m, 8H), 1.66-1.61 (m, 40H), 1.36-1.32 (m,
128H), 0.94-0.85 (m, 60H); *3C NMR (100 MHz, CDCls, 20 °C, TMS, & in
ppm): 6 -168.48, 160.23 144.00, 143.89, 143.69, 131.78, 128.53, 128.51,
124.09, 120.53, 120.49, 120.11, 99.54, 99.37, 99.31, 87.11, 86.64, 84.11
74.76, 36.00, 31.96, 31.51, 30.97, 29.40, 22.73, 22.57, 14.07; FT-IR (cm’
%): v-3021.90, 2958.62, 2924.68, 2854.05, 2208.90, 1903.60, 1719.00,
1513.30, 1464.62, 1427.80, 1378.10, 1349.70, 1262.06, 1162.75,
1087.77, 1020.25, 802.19, 753.25, 721.30, 554.44, 533.14; elemental
Analysis calculated (%) for — CszasHzgoO12: C 87.75, H 8.16; found: C
87.87 H 8.32.
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