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The influence of tetraphenylethylene moieties on the emissive
properties of dipyrrolonaphthyridinediones

Barttomiej Sadowski,? Shih-Hao Su,® Ta-Chun Lin,” Trevor D. Lohrey,® Irena Deperasifiska,*¢ Pi-Tai
Chou,*Pand Daniel T. Gryko*?

Despite being highly emissive in solution, aggregation of dipyrrolonaphthyridinedione (DPND) molecules typically
result in the quenching of fluorescence. DPNDs can be efficiently converted into m-extended derivatives containing
rotatable aryl rings via a direct arylation methodology. The presence of phenyl substituents at positions 3 and 9 of
DPND core is sufficient to cause moderate fluorescence in the solid state. When tetraphenylethylene moieties,
typical aggregation induced emitters, are coupled through biaryl linkages in these same positions, a 50 nm shift in
absorption and almost 120 nm shift in fluorescence compared to the parent DPND is observed. The radiative S1—So
transitions have large oscillator strengths regardless if phenyls or tetraphenylethylene groups are coupled to DPND and
exhibit strong orange or red emission in solution is observed. Vibrations involving these substituents play an important role
in the dissipation of the electronic excitation energy. X-ray crystallographic studies revealed that although the distance
between DPND cores is strikingly larger in bis(TPE).DPND compared to that in diphenylDPND, their photophysical properties
in the solid state are very similar. Computational studies have also shown that, in contrast to our experimental results,
neither of these DPNDs should be particularly emissive in the solid state, due to the low oscillator strengths calculated for

model dimers derived from their X-ray crystal structures.

Introduction

Research into organic electronic materials is increasingly
relevant due to their low cost, light weight and absence of rare
earth elements. With the advent of modern technologies such
field-effect
and advanced fluorescent

as organic light-emitting diodes,® organic

transistors,? sensors3 imaging

probes* there is continuous search for novel dyes with

improved optoelectronic properties.>

Dipyrrolonaphthyridinediones (DPNDs) (Fig. 1a) are a new class
of cross-conjugated dyes in which a pyrrole ring constitutes
electron-donor moiety and a carbonyl groups act as electron-
accepting moiety.® DPNDs possessing alkyl substituents at
positions 6 and 12 emit strongly at ~520 nm (®n up to 0.71).
From a synthetic point of view, the core can be readily
functionalized at positions 3 and 9 using two different synthetic
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approaches: 1) selective double bromination followed by a
cross-coupling reaction®7? and 2) direct arylation.?

X-ray analysis of highly planar DPND molecules reveals they
assemble in infinite columnar stacks via m-m interactions (Fig
1b).% It has been shown that such an arrangement activates
various energy dissipation channels leading to fluorescence
quenching in the solid state. ° Furthermore, the fluorescence of
dyes with such planar structures can also be effectively
weakened or even quenched at high concentrations in solution
due to the formation of aggregates and is described by the
aggregation-caused quenching

Figure 1. a. Structure, fluorescence and numbering of the key positions of the DPND
core. b. Arrangement of DPND molecules in the crystal lattice (view along the
chromophore plane).

(ACQ) effect.?2 An opposite effect, observed in molecules with
less degrees of freedom in the solid state and hence less
vibrational deexcitation pathways, was first described by Park
and Tang.1911 This aggregation-induced emission (AIE) is mainly

responsible for the occurrence of Iluminescence in the
aggregated or in the solid state.® Many different AIE
generators (AlEgens) have been investigated such as
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hexaphenylsiloles,12 tetraphenylthieno-[3,2-b]thiophene S,S-
dioxides,’3 diphenylbenzo[b]thiophene S,S-dioxide,* pyrrolo[3,2-
b]pyrroles!®> and most commonly tetraphenylethylene (TPE).16

The goal of this investigation is to address the following questions: Is
it possible to induce solid state emission in DPND through an
appropriate derivatization with TPE moieties?

In this design, the TPE moiety serves several purposes. It is a well-
known AlEgen which typically lowers the fluorescence quantum
yield It will
chromophore as it has been proven in our previous studies that aryl
linkages in the 3 and 9 positions allow for reasonable electronic

in solutions.'” also effectively m-expands the

coupling with the DPND core.?

Results and discussion

Our synthetic strategy towards DPND-based red emitters
involves direct arylation of the DPND core (Scheme 1). Using
this methodology we successfully obtained derivatives 1 and 2
starting from DPND and either tetraphenylethylene bromide!8
or bromobenzene, respectively.

C7His
DPND

ArBr, Pd,dba,, PCy;*HBF,
PivOH, K,CO3, PhMe
120 °C, 48h

CrHis

2,46%

Scheme 1. Synthesis of DPND derivatives 1 and 2.
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5.7° (molecule 1) and 4.0° (molecule 2). In the solid state, molecules
of 2 are arranged in infinite columnar stacks in which two different
distances between the adjacent DPND core planes can be
distinguished: 3.34 A and 3.43 A (Figure 2). It seems that multiple
Cayi-H-+O interactions (2.69 A, 2.66 A) play a crucial role in the
arrangement in these stacks (Figure S8).

According to X-ray analysis, molecule 1 appears largely planar, with
the exception of the phenyl rings of the TPE moiety, which are
twisted out of the plane of the two ethylene carbons in the range of
44.1° to 56.5°. In contrast to 2, the DPND cores of two adjacent
molecules of 1 are isolated by a distance of ~7.1 A from one another
(Figure 2), as both faces of these moieties are packed next to non-
planar TPE groups on neighboring molecules of 1. The planar layers
within the crystal are also well-separated, on the order of
approximately 4.14 A. These features indicate that this solid phase is
free of the m-m interactions that lead to ACQ effects in the parent
DPND molecule. Additionally, multiple Cyy—H-Tt interactions are
formed in the crystal lattice of 1 (Figure S8), which should also
effectively restrict the phenyl rings of TPE from undergoing
intramolecular motions. It should be noted here that for both DPND
derivatives 1 and 2, the dihedral angle between the core and phenyl
ring attached to the core at positions 3 and 9 are each ~58°.

We were able to obtain single crystals of compounds 1 and 2 suitable
for X-ray crystallography. Both 1 and 2 crystallize in a triclinic crystal
system with the P-1 space group, while their unit cells contain one
or two molecules of the corresponding dye, respectively (Figure S7).
The DPND cores in molecules 1 and 2 generally appear planar —
torsion angles between the center of each core and pyrrole ring are

2| J. Name., 2012, 00, 1-3

Figure 2. Packing diagram displaying the distances between DPND cores within the
crystal lattices of 1 (a) and 2 (b). Hydrogen atoms are omitted for clarity.

Spectroscopic and photophysical properties of derivatives 1 and 2
have been evaluated both in CH,Cl; solution and in the solid state by
means of steady-state and time-resolved optical techniques.
Absorption and emission spectra are compared in Figures 3 and 4,
and the relevant parameters are summarized in Table 1. From Figure
3 and Table 1, it can be seen that the lowest lying absorption
maximum of derivative 2 in CH,Cl; is located at 536 nm, while its
emission maximum is at 600 nm. The absorption and emission
properties of dye 2 in solution are almost identical to the analogous
3,9-diaryIDPNDs published earlier.8 The absorption extinction
coefficient (¢) of 2.4 x 10* M-icm™ and small Stokes shift of 2,000 cm-
1 lead us to conclude that the emission originates from a m-rt*
transition. The same theoretical basis is also valid to explain the

This journal is © The Royal Society of Chemistry 20xx
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electronic transition in derivative 1, although this shows a slightly
larger Stokes shift of 2,600 cm™1. Compared with derivative 2, dye 1
bearing two TPE moieties possesses red-shifted absorption and
emission maxima. This, together with slightly larger extinction
coefficient of 3.1 x 10* cmIM? at the lowest lying absorption
maximum, can be attributed to the relatively strong electronic
conjugation between DPND core and TPE moiety. The quantum yield
of 2 was measured to be 0.71 in dichloromethane, higher than the

quantum vyield of 0.45 for derivative 1 measured under analogous

conditions.
4
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and knr + kr = 71. The data listed in Table 1 indicates that the major
difference lies in knr, for which derivative 1 is about three times larger
than the value of derivative 2. Recognizing that the emissions are >
600 nm for both 1 and 2, the energy gap law, which specifies an
enhanced quenching of fluorescence via vibrational overlaps
between S; (v' =0) and Sp (v = n) upon lowering the S;-So energy
gap,1? is seemingly observed. Both molecules are large, multi-
atomic systems with many vibrational modes capable of acting
as acceptors for the dissipated of energy (see below) and are
likely to be classified as containing the so-called statistical limit
of non-radiative transitions,
operates.19,20

where the energy gap law
Solid films of 1 and 2 were prepared through spin-coating
method. Absorption and emission spectra of derivatives 1 and
2 in these solid films are shown in Figure 4. Compared to their
photophysical properties in solution, Figure 4 reveals 1 and 2
undergo a slight red shift in both their absorption and emission
spectral features, indicating a non-negligible perturbation by
solid-state packing. This can be seen from the reduction in
quantum vyields for both derivatives 1 and 2 from solution to
solid state.

The close proximity of molecules in the crystal lattice results in
enhanced intermolecular interactions between them (Figures 2

Wavelength / nm

Figure 3. Absorption (dashed line) and normalized emission (solid line) spectra for
derivatives 1 and 2 in dichloromethane at room temperature.

Taking the quantum yield (¢n) and the observed lifetime (7, see Table
1) into account, the radiative rate constant (k;) and non-radiative
rate constant (kn) of the emission for derivatives 1 and 2 in
dichloromethane can be deduced from the relationships ¢ = 7 x k-

and S8), which is why we observe the above-mentioned slight
red-shift of both the absorption and emission bands as
compared to solution state measurements. On the other hand,
these smaller Stokes shift values for solid samples can be
associated with significant geometrical restrictions of the

molecules in the crystal, and thus a smaller distortion of the
excited state.

Table 1. Optical and redox properties of DPND, 1 and 2 measured either in dichloromethane solution or in the solid state.

Dye Aabs/nm £10%/ | Aem/nm? | ASS/cm? I t/ns | 108 xk /s | 108X kn/s | Ewomo/eV? | Ewmo/eV? | E&2
M1-cm?
DPNDP solution 504 2.9 528 900 0.71 - - - - -3.30 -
1 solution 553 3.1 644 2600 0.45 2.4 1.9 2.3 -5.30 -3.30 2.00
solid 574 - 659 2200 0.12 1.3 09 6.8 - - -
2 solution 536 2.4 599 2000 0.71 4.0 1.8 0.7 -5.36 -3.30 2.06
solid 562 - 601 1200 0.15 1.1 1.4 7.7 - - -

6.

This journal is © The Royal Society of Chemistry 20xx

aDetermined based on CV measurements using the equations: Exowmo (eV) = — [Eox®"set — EV2(Fc/Fc*) + 4.8]; Ewumo (eV) = — [Ered®™set — EV2(Fc/Fc*) + 4.8]. ® Taken from Ref.
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Figure 4. Normalized absorption (dashed line) and emission (solid line) spectra

for derivatives 1 and 2 in solid state at room temperature.

According to the literature, there have been a number of reports
aiming to transform ACQ materials to AIE materials by adding a TPE
moiety.1® The mechanism behind this transformation is directly
linked to the restriction of intramolecular rotations. When these TPE
derivatives are in solution, the peripheral phenyl rings may rotate
freely, dissipating energy in the excited state. As aggregation takes
place, intermolecular stacking prohibits this means of energy
dissipation, and thus enhances the luminescence of the material.
Conversely, in the case of derivatives 1 and 2, the m-it stacking
quenching mechanism of the DPND core seems to play a greater role
than the enhancing effect caused by restricting the rotational
freedom of the TPE moiety, which consequently yields a net
decrease of the quantum yield in the solid state (cf. in solution).
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Figure 5. Fluorescence spectra of DPND (a), 1 (c) and 2 (e) in THF-water mixtures of
different relative proportions. Plots of maximum intensity vs. % water fraction (f) for
dyes DPND (b), 1 (d) and 2 (f). Insets: Photographs of DPND (b) and 1 (d) and 2 (e) in
THF-water mixtures with different water fractions under UV illumination (0% to 90%
water fraction from left to right). Dye concentration: ~10 pM.

The fluorescence behaviors of DPND, 1 and 2 were investigated
in water/THF mixtures (Figure 5). As was suggested in the
introductory section, DPND should exhibit a typical ACQ effect.
At water fractions equal or higher than 80% the green
fluorescence of DPND vanished, which was attributed to this
effect. Interestingly, the emission intensity of 1 remained the

4| J. Name., 2012, 00, 1-3

same until the f,, value reached 50%, at which point it dropped
considerably. The increased hydrophobicity of 1 with respect to
DPND is likely responsible for its aggregation at lower water
proportions. A modest jump in the emission intensity of 1 upon
an increase in the water fraction from 70 to 80% was also
observed, possibly related to aggregation effects. Therefore,
we concluded that compound 1 shows both ACQ (dominant)
and AIE (weak) effects. For dye 2 we observed a similar
quenching effect as was observed for DPND; thus it can be also
classified solely as an ACQ molecule.

The electrochemical properties of the synthesized
compounds investigated by cyclic voltammetry in
dichloromethane. Figure S1 shows the cyclic voltammograms of
1and 2, and their electrochemical data are summarized in Table
S1. The voltammograms of compounds 1 and 2 show two
reduction waves where the first wave is reversible and the
latter ones are either quasi-reversible or irreversible. The first
reduction wave, assigned previously to electron-transfer to the
DPND core,8 is characterized by the same potential value for
both compounds. Both dyes are characterized by two quasi-
reversible, closely lying oxidation waves. Comparing the Ep,
values for the first oxidation waves (Table S1), dye 1 is slightly
more susceptible to oxidation than 2. On the basis of the first
reduction and oxidation waves we also determined the values
of Enomo and Erumo (Table 1). The Eiumo energy level for both
derivatives were calculated to be -3.30 eV, which is a
characteristic feature in the majority of the DPND-based
dyes.®® The HOMO level for 2 lies slightly below that for 1,
resulting in a lower electrochemical energy gap (Eg®V) value for
the TPE-containing derivative, which is consistent with the
optical properties described above.

The detailed results of DFT and TDFT/B3LYP/6-31G(d,p)
calculations of the structures and electronic spectra of
compounds 1 and 2 are included in the ESI. These are consistent
with results for related compounds obtained previously.8 The
electronic transitions between Sg and Si: in molecules 1 and 2
are m-nt* transitions described by the (HOMO, LUMO)
configuration, which confirms the previous assumption based
on experimental results. The shapes of both orbitals are shown
on the diagram of electronic states in Figure 6. It is seen that
both the HOMO and LUMO retain the features of the parent
DPND molecule with some extension of m-system on the aryl
substituents (see also Table S2 and S3 in ESI).

were
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Figure 6. Diagram of electronic states of 2, shapes of HOMO and LUMO orbitals
and simulation of fluorescence of 2 (for details see Figure S4 in ESI).

The calculated transition energies and other parameters (Table
S2) are in tolerable agreement?! with the experimental data
given in Table 1. The substitution of DPND with TPE and CgHs at
positions 3 and 9 mainly affects the HOMO energy level, causing
a red shift in both absorption and fluorescence and increasing
the oscillator strength of the So — S; transition. The
characteristic features of the structure optimized in the excited
state S; is a decrease in the dihedral angle between the aryl
rings of the substituents and the DPND core from ~45° to ~35°.
This is accompanied by a slight increase in the oscillator
strength of the S; — So transition.

Our calculations involved the simulation of the fluorescence
spectrum as an electron-vibrational spectrum (Insert Figure 6,
Figure S4) based on calculations of Franck-Condon factors
(Table S4).22 These calculations show that in the S; — Sp
transition for molecule 2, low frequency vibrations are an active
pathway for decay. The movement of the the aryl substituents
play a significant role in these vibrations. As a consequence, the
electronic spectrum is blurred, resulting in a wide, unstructured
band.

High values of Franck-Condon factors for vibrations involving
substituents indicate their important role in the dissipation of
energy from electronic excitation. The TPE and GCgHs
substituents attached to DPND in the 3 and 9 positions have
restricted internal rotation leading to two potential minima on
the potential energy surface (Figure S2). These two minima
correspond to the previously identified C;and C; isomers 8 (also
optimized in this work — see Table S2). The height of the barriers
between these is controlled by steric factors. The small barrier
is connected to the path with the substituent plane
perpendicularly oriented to the DPND plane and larger barrier
corresponds to the parallel arrangement of both planes (Figure
S2).

The mutual orientation of the DPND core and the substituents
controls the magnitude of the oscillator strength of the So— S
transition. This is shown in Figure S3. Their coplanarity, favoring
the m-system extension on the whole molecule, leads to the
high values of the oscillator strength. On the other hand, the
lowest excited state S; becomes the CT state (charge-transfer
from the substituent to the DPND center - see Figure S3) with
the oscillator strength being virtually zero for perpendicular TPE
and DPND planes (Figure S3).

The four types of dimers extracted from the crystallographic
structure of DPND® are systems with low or zero oscillator
strengths for the transition between the states So and S;, which
makes the DPND an ACQ-type molecule. In the case of two
dimers, the transition between Sg and S; is an intermolecular CT
transition, i.,e. HOMO (monomer 2) — LUMO (monomer 1), in
which the CT state has a high dipole moment.

Seeking an explanation of the ACQ effect observed for the
fluorescence spectra in THF/water mixtures, we carried out
calculations of electronic states of DPND dimers. These dimers
are formed by selecting monomer pairs from the DPND crystal.®
The results shown in Table S5 indicate that all four dimers are
characterized by a low or zero oscillator strength for the

This journal is © The Royal Society of Chemistry 20xx
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transition between the So and S; states. Such a result justifies
DPND and its derivatives to be ACQ in nature.

Moreover, the electronic states of two of the dimers are
located on only one of the components. In particular, the S;
state of such a dimer is an intermolecular charge-transfer state
with the charge transfer from one monomer to the other. This
state is characterized by a large dipole moment and is stabilized
with the increasing polarity of the surroundings. Accordingly,
the effect observed in THF-water mixtures is undoubtedly
related to the increasing polarity of the solvent.23 Therefore,
this quenching mechanism can be proposed as the process
leading to the deactivation of the excited states of such solution
based dimers.

The calculated energies and oscillator strengths of electronic
transitions in selected dimers of 1 and 2 (shown in Tables S10
and S11) are similar to results obtained for DPND (i.e. the So —
S: transition in most of cases is characterized by zero or low
oscillator strength). However, dimers in which the DPND cores
are oriented in an approximately linear fashion (so-called head-
to-tail) diverge from this regularity. The coordinates of the
atoms in the B dimer of DPND 2 are given in Table S12. This
dimer is a J type aggregate, according to the nomenclature
prescribed by the exciton model in molecular spectroscopy.?*
The second type of aggregates described by this model are H-
aggregates, with sandwich (face-to-face) ordering of
monomers (dimers A and C in Table S11). In the model dimers,
pairs of degenerate monomeric electronic states are split due
to the coupling between the moments of their dipole
transitions. The mutual orientation of the transition moments
in J-aggregates leads to an amplification of transition intensity
in the dimer compared to the monomer, while in H-aggregates
this mutual orientation leads to the reverse, a decrease in
intensity. It is obvious that real systems represent intermediate
cases between H and J-aggregates and, moreover, that this
analysis of the effect of dimer interactions, truncated from the
crystalline environment, are only an approximation of reality.
In all, the calculations carried out for selected dimers of DPND,
1, and 2 confirm the experimental results, implying there is no
or weak AIE effect in these systems. The results also indicate,
that such an effect could be observed by
manipulating the geometric structure of these compounds.
Lastly, the calculations show that the effects of AIE can be
interpreted as part of the exciton model
spectroscopy.

however,

in molecular

Conclusions

In this study we have shown that the presence of a
tetraphenylethylene moiety does not always cause a decrease
in the emission intensity of solutions of organic dyes. In spite of
the fact that there is strong electronic communication between
TPE moieties and the dipyrrolonaphthyridinedione core, the
dye displays red fluorescence both in solution and in the solid
state. The effect on the fluorescence in the crystalline state is
not drastically different when compared to attachment of
simple phenyl groups. The gathered evidence suggests that the
rationale behind this phenomenon is the fact that the phenyl

J. Name., 2013, 00, 1-3 | 5
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rings directly attached DPND core are significantly conjugated
with it.26 Consequently tetraphenylethylene moiety does not
play its usual role as quencher of fluorescence in the solution.

Experimental
Materials and methods

All reagents and solvents were purchased from commercial
sources and were used as received unless otherwise noted.
Reagent grade solvents (CH,Cl;, cyclohexane) were distilled
prior to use. Toluene was dried by distillation over sodium and
stored under argon. Transformations with moisture- and
oxygen-sensitive compounds were performed under a stream
of argon. The reaction progress was monitored by means of
thin-layer chromatography (TLC), which was performed on
aluminum foil plates, covered with silica gel 60 F254 or
aluminum oxide 60 F254 (neutral). Product purifications were
done by means of column chromatography with Kieselgel 60.
The identity and purity of prepared compounds were proved by
I1H NMR and 13C NMR spectrometry as well as by mass
spectrometry (via EI-MS or ESI-MS). HRMS (ESI-TOF) and HRMS
(El): double-focusing magnetic sector instruments with EBE
geometry were utilized. NMR spectra were measured on 500 or
600 MHz instruments. Chemical shifts were determined with
tetramethylsilane (TMS) as the internal reference. All melting
points for crystalline products were measured with an
automated melting point apparatus and are given without
correction. DPND® and tetraphenylethylene bromide!® were
synthesized as described earlier.

Optical measurements

A Hitachi (U-3310) spectrophotometer and an Edinburgh (FS920)
fluorimeter were used to acquire steady-state absorption and
emission spectra, respectively. Photoluminescence (PL) spectra of
thin films were characterized by a spectrofluorimeter (FluoroMax-P,
Horiba Jobin Yvon Inc.). Photoluminescence quantum yields (¢) of
thin films or dilute solutions were determined using this
spectrofluorimeter equipped with a calibrated integrating sphere.
Nanosecond time-resolved studies were performed with an
Edinburgh FL 900 time-correlated single photon-counting (TCSPC)
system.

X-Ray Crystallography

The solid-state structure of 1 was determined the Advanced Light
Source (ALS) beam line 12.2.1, located at Lawrence Berkeley
National Laboratory. A red, plate-shaped crystal of 1 selected from
the bulk material was mounted onto a polymer loop and cooled in a
100 K stream of dry nitrogen. Diffraction data was collected using a
silicon-monochromated beam of 17 keV (0.7288 A) synchrotron
radiation, and a Bruker D8 diffractometer equipped with a Bruker
Photon Il CPAD detector. The structure was corrected for absorption
using a multi-scan method (SADABS), solved using SHELXT, and
refined against F2 using SHELXL-2014. Publication materials were
made using WinGX. Single crystal of compound 2 was achieved from
slow evaporation of hexanes/ethyl acetate solution at room

6 | J. Name., 2012, 00, 1-3

temperature. Single-crystal X-ray-diffraction data were obtained
from a Bruker D8 VENTURE Single-crystal XRD equipped with Oxford
Cryostream 800+ at the temperature of 200 K. Structures of the
crystals were solved by direct methods using the SHELXS-97
software. None-hydrogen atoms were refined anisotropically by full-
matrix least-squares calculations on F2 using SHELXL-97, while the
hydrogen atoms were introduced at calculated position and refined
in the riding mode. Structures of 1 and 2 has been submitted to the
Cambridge Crystallographic Data Centre, with the deposition
number CCDC 1870308 and CCDC 1871705, respectively. Drawings
were produced using Mercury.

Computational studies

Calculations based upon the optimized structure of the
molecules in both the ground state (Sp) and the lowest
electronically excited state (S1) were made using the DFT and
TDDFT / B3LYP / 6-31G(d,p) methods. The calculations used
Gaussian 09.%°

Synthetic procedures

General procedure for direct arylation of DPND

In a 25 mL Schlenk flask containing a magnetic stirring bar were
placed: DPND (0.1 mmol, 433 mg, 1.0 eq),
tris(dibenzylideneacetone)dipalladium(0) (9.4 mg, 0.01 mmol,
10 mol%), PCy3-HBF4 (7.4 mg, 0.02 mmol, 20 mol%), pivalic acid
(6.2 mg, 0.06 mmol, 60 mol%), K,CO3 (55.2 mg, 0.4 mmol, 4.0
eq) and the bromoarene (0.27 mmol, 2.7 eq). The vessel was
evacuated and backfilled with argon (3 times). If the haloarene
(0.27 mmol, 2.7 eq) was a liquid it was added next using a
syringe followed by anhydrous, degassed toluene (2 mL). The
vessel was tightly closed and again carefully evacuated and
backfilled with argon (3 times). The content of the flask was
stirred at 120 °C for 48 h. After that time the flask was cooled
down to RT and extracted three times with dichloromethane (3
x 20 mL), then dried over magnesium sulphate. All solvents
were evaporated off and the residue was purified by column
chromatography (SiO,, cyclohexane : dichloromethane = 2:1).
All further manipulations are described below.
6,12-Diheptyl-3,9-bis(4-(1,2,2-triphenylvinyl)phenyl)-5H,11H-
dipyrrolo[1,2-b:1',2'-g][2,6]naphthyridine-5,11-dione (1)
Prepared using tetraphenylethylene bromide (111.2 mg, 0.27
mmol). After column chromatography all solvents were
evaporated off, then the residue was boiled in cyclohexane and
cooled overnight in the fridge. The crystals were filtered off,
washed with n-pentane and dried under high vacuum to give
35.0 mg (32% vyield) of product. Ry = 0.31 (SiO,,
cyclohexane/dichloromethane, 2:1). Mp. 247-248 °C (dec.); 1H
NMR (600 MHz, CD,Cl,, 25°C): & = 7.23 (d, J = 8.4 Hz, 4H), 7.19-
7.11 (m, 26H), 7.07-7.03 (m, 8H), 6.87 (d, J = 3.6 Hz, 2H), 6.50
(d, J = 4.2 Hz, 2H), 3.17-3.15 (m, 4H), 1.66-1.61 (m, 4H), 1.49-
1.43 (m, 4H), 1.38-1.28 (m, 12H), 0.90 ppm (t, 6H, J = 6.6 Hz);
13C NMR (151 MHz, CD,Cl;) 6 159.6, 143.8, 143.7, 143.7, 143.1,
143.0, 141.4, 140.6, 139.7, 135.5, 131.3, 131.1, 131.1, 130.3,
127.8, 127.7, 127.7, 127.6, 126.5, 126.4, 126.3, 118.2, 115.7,
115.4, 31.9, 30.6, 30.3, 30.2, 29.2, 22.7, 13.9; HRMS (ESI): m/z
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calcd for CgoH72N20,Na 1115.5491 [M+Na*], found 1115.5497;
Anal. Calcd. for CgoH72N203: C, 87.87; H, 6.64; N, 2.56; Found: C,
87.75; H, 6.78; N, 2.37.
6,12-Diheptyl-3,9-diphenyl-5H,11H-dipyrrolo[1,2-b:1',2'-
gl[2,6]naphthyridine-5,11-dione (2)

Prepared using bromobenzene (42.4 mg, 0.27 mmol, 28.4 uL).
After column chromatography all solvents were evaporated off,
then the residue reprecipitated from
dichloromethane/methanol mixture, filtered off and dried
under high vacuum to give 27.0 mg (46% vyield) of product. R¢=
0.43 (SiO,, cyclohexane/dichloromethane, 2:1). Mp. 190-191
oC; IH NMR (500 MHz, CD>Cl,, 25°C): & = 7.50 (d, J = 7.0 Hz, 4H),
7.43-7.37 (m, 6H), 6.92 (d, J = 4.0 Hz, 2H), 6.54 (d, J = 3.5 Hz,
2H), 3.23-3.20 (m, 4H), 1.70-1.64 (m, 4H), 1.51-1.45 (m, 4H),
1.39-1.31 (m, 12H), 0.90 ppm (t, 6H, J = 7.0 Hz); 13C NMR (125
MHz, CD,Cl,, 25°C): 6 = 159.7, 143.3, 139.8, 135.3, 133.3, 128.7,
127.7, 127.5, 118.2, 115.7, 115.5, 31.8, 30.5, 30.3, 30.2, 29.2,
22.7, 13.8 ppm; HRMS (El): m/z calcd for CaoH44N,0, 584.3403
[M~+], found 584.3395.

was
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