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Perylene tetracarboxylic acid bisimide, in short perylene
bisimide (PBI) based colorants have received a considerable
attention in academic as well as industrial dye and pigment re-
search."” Since PBIs are known as the best n-type semiconduc-
tors available to date, there have been a lot of effort to use them
as electronic materials.” This n-type semi-conductivity is re-
lated to the high electron affinity of rylene bisimide dyes’ which
makes naphthalene, perylene, as well as higher rylene bisimide
dyes6 most promising for application in organic field effect
transistors.” In addition, based on their unique combination of
optical and electrochemical properties with outstanding stability,
PBI dyes have already been investigated extensively for more
than a decade in electrophotography (xerographic photorecep-
tors)® and photovoltaics.”

Recently, PBIs having ionic periphery have attracted much
attention since they can form lyotropic chromonic liquid crystal-
line (LCLC) phase in aqueous solution. In the LCLC phase,
the molecules form a self-assembled columnar structure due to
the m-m stacking of aromatic core and the hydrophilic interaction
of ionic peripheries at water interface. A growing acceptance of
the concept of chromonic phases and a wider recognition that
they form a well-defined family of lyotropic liquid crystalline
(LC) phases with variety of properties make the LCLCs distinct
in almost every aspect from conventional lyotropic liquid cry-
stals such as amphiphiles. %12 The columnar structures self-
assembled into oriented LC phase in aqueous solution allow
one to use them in various structured films. Examples of such
potential applications include the fabrication of light-harvesting
devices, " coatable polarizers,'* and compensating plates' for
improving the viewing characteristics of twisted nematic dis-
plays, all fabricated by aligning LCs. Most of the LCLCs are
not toxic, and thus, can also be used as an amplifying medium
in biosensors.'® Even though these technologies may not be yet
suitable for commercial exploitation in their present forms, the
success of these devices is significant.

When many advantages of PBI were taken into account,
color-tuning of PBI dye is one of the key issues especially in
optical and photonic applications because colors of PBIs are
mostly limited to red or orange. One of the most robust methods
to solve this problem is the structural modification of PBIs,
especially at the bay area (1,7-position of the perylene core). For
example, Stalke et al” reported a series of compounds with
different substituents at bay region of perylene core. Wiirthner

et al." also reported a series of thermotropic liquid crystals
based on PBI dyes with various substituents at the bay area
(1,6,7,12-positions of the perylene core). According to their
reports, PBI derivatives with electron-donating substituents at
the bay area exhibit a large bathochromic shift of the absorption
maxima (Amax), reflecting pronounced electronic interactions
between the perylene core and the electron-donating groups at
the bay area. In contrast, PBI derivatives with electron-with-
drawing substituents such as Cl, Br, or pentafluorophenoxy
groups at the bay positions showed hypsochromic shift of Amax.
However, structural modification of PBI containing ionic peri-
pheries for the generation of LCLC is synthetically complicated
because the resulting PBI molecules often exhibit limited solu-
bility in common organic solvents due to their ionic nature. In
addition, the substitution at the bay area can cause a twisting of
aromatic core subsequently hindering a - stacking which is
crucial for the formation of LC phases. Therefore, it is chal-
lenging to design and synthesize new PBI derivatives which
have green or blue color, and simultaneously, could form a
lyotropic LC phase in aqueous solution.

Recently, we reported the first example of green LCLC mole-
cule based on PBI core."” By introducing bulky and electron
donating N-pyrrolidine substituent at the bay area (1,7-position)
of PBI core, large bathochromic shift of absorption maxima
was achieved. We now present new green PBI derivatives con-
taining optically active and racemic ionic peripheries (Figure 1),
which show lyotropic liquid crystalline behavior in aqueous
solution. Both compounds exhibited remarkably enough long-
wavelength absorption (green) and good solubility either in
organic solvents or in water. For the optically active LCLC com-
pound, especially, it is expected to exhibit a stereo-specificity,
which is essential for the recognition of biological molecules by
forming columnar LCs with twisted n-n stacking of aromatic
core with a specific handedness.

The syntheses of optically active and racemic green LCLCs
are schematically illustrated in Figure 1. Firstly, bromination of
perylene dianhydride was performed according to the BASF
patent.20 The bromination under this condition afforded a mix-
ture of 1,7- and 1,6-dibrominated compounds with trace amount
of 1,6,7-tribrominated analogues (1, 2, and 3 in Figure 1). The
resulting mixture was insoluble in organic solvents, and there-
fore, could not be purified by any means. The crude mixture was
used for the subsequent imidization with (racemic) 2-amino-
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Figure 1. Schematic representation of synthetic route of achiral and chiral perylene bisimide derivatives (PBI): 1) Br,, I, (catalytic), 100%
H,S04, 85 °C, 12 h; iia) achiral amine, 85 °C 12 h; iib) chiral amine, 85 °C 12h; iii) pyrrolidone, 55 °C, Ar, 24 h.

methyl-1-ethylpyrolidine in a mixed solvent of H,O/n-PrOH
(2:1 v/v) at 80 °C. After the reaction, the product became soluble
in organic solvents such as CH,Cl, and chloroform, which
enabled the separation of regioisomers by column chromato-
graphy. From the first chromatography, 1,6,7-tribrominated
perylene bisimide was removed (in less than 1% yield) from
the mixture of 1,7- and 1,6-dibrominated compounds. 400 MHz
"H-NMR analysis of the residual mixture revealed 80:20 ratio
of the 1,7- and 1,6-regioisomers. 1,7-Dibrominated compound
4 was separated from this mixture as a major component (in 50%
yield) after the second column chromatography. The nucleo-
philic substitution of 4 with pyrrolidine according to Wasielew-
ski’s method”" afforded the corresponding 1,7-dipyrrolidinyl-
perylene bisimides (6 in Figure 1) as a green solid in 45% yield
after column chromatography. Similarly we obtained a chiral
analogue 7 by using an optically active (s)~(-)-2-(aminomethyl)-
1-ethylpyrolidine instead of racemic 2-aminomethyl-1-ethyl-
pyrolidine in step (iib) in Figure 1. Detailed synthetic proce-
dures and results of spectroscopic analyses are described in
the experimental section. Good solubility either in organic sol-
vents or water, and high thermal stability was observed for
both (£)-2-(aminomethyl)-1-ethylpyrrolidine-1,7-dibromo-
perylene-3,4:9,10-tetracarboxylic acid bisimide (6) and (s)-(-)-
2-(aminomethyl)-1-ethylpyrrolidine-1,7-dibromoperylene-
3,4:9,10-tetracarboxylic acid bisimide (7).

The optical properties of bromo- and pyrrolidine-substituted
PBIs were investigated by UV-vis spectroscopy as shown in
Figure 2. Compounds 4, 6 and 7 in methanol solution exhibited
multiple So-S; absorption bands with Amax at 524, 701 and 709
nm, respectively. Compounds 6 and 7 displayed similar absorp-
tion spectra. The Amax of bromo-substituted PBI 4 was shifted
only slightly from that of the unsubstituted PBI (Amax =527 nm
in CH>Cl,). In contrast, the Amax of compounds 6 and 7 showed
a large bathochromic shift with exhibiting green color, which is
mainly due to the electron-donating pyrrolidine groups directly
attached to perylene core at the bay area. Additionally, the band
shapes of both compounds 6 and 7 were broader as compared
to compound 4, 5 or unsubstituted PBI, which is probably attri-
buted to the loss of planarity of perylene core due to the steric
hindrance at the bay area.

To confirm whether the PBI 7 is optically active or not, cir-
cular dichroism spectra were measured for both compounds 6
and 7 as illustrated in Figure 2b. Compared to the racemic com-
pound 6 showing only a broad band without any particular peak,
the PBI 7 exhibited three apparent bands, two with negative
Cotton effect at 341 and 665 nm, and one with positive Cotton
effect at 433 nm, respectively. These CD bands clearly support
that the chiral PBI 7 is optically active.

Hydrochloride salts of compounds 4, 5, 6 and 7 were di-
ssolved in distilled water (1 wt %), and their optical textures were



Notes

(a) 15
> 10
&
[0
(&)
c
®©
Ko}
5 05
(%2}
Ko}
<
0.0
T T T T
300 400 500 600 700 800
Wavelength (nm)
25
b 7T/ = UV PBI 6

—UVPBI7

- CDPBI6
- ChPBI7

Absorbance (a. u.)
CD (mili degree)

300 400 500 600 700 800
Wavelength (nm)

Figure 2. (a) UV-vis absorption spectra (in methanol) of 1,7-dibromo-
substituted perylene bisimide (4); (b) UV-vis absorption and CD
spectra (in methanol) of 1,7-dipyrrolidine-substituted perylene bis-
imides (6 and 7).

examined by polarized optical microscope (POM) to confirm
whether they have lyotropic LC phase. As depicted in Figure 3,
the aqueous solution of compound 4 (Figure 3a) and compound
6 (Figure 3b and 3c) formed nematic phase, whereas the com-
pound 7 exhibited texture of chromonic N phase (Figure 3d).
All of the sample solutions flow like a liquid exhibiting birefrin-
gences under POM, which clearly indicates that they are truly
lyotropic LCs. Wiirthner et al. reported that the substitution
with bulky groups such as pyrrolidine at the bay area results in
the twisting of aromatic core which could hinder a n-x stack-
ing.'® It is interesting, however, to note that the PBI molecules
synthesized in this work still assemble into stacks of columnar
aggregates subsequently forming a nematic LC phase due to
the hydrophobic nature of the aromatic central core and the
hydrophilic periphery. Further characterization of their LC be-
havior and structural analyses including X-ray diffraction and
phase diagram studies are now in progress.

In summary, we reported the syntheses of the first green and
optically active lyotropic chromonic liquid crystalline com-
pound and its racemic analogue based on perylene bisimide.
The color-tuning of perylene bisimide was achieved by substi-
tuting bulky and electron-donating dipyrrolidine moieties at the
bay area. Optical activity was obtained by introducing chiral
amine peripheries to perylene bisimide. The resulting com-
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Figure 3. Polarized optical microscope images (100x) of perylene
bisimides (1.0 wt % aq. solution) at room temperature: (a) bromo-
substituted perylene bisimide (4); (b) and (c) achiral pyrrolidine-
substituted perylene bisimide (6); (d) chiral pyrrolidine-substituted
perylene bisimide (7).

pounds exhibited good thermal stability with moderate solu-
bility either in water or in organic solvents. The compounds were
characterized by lH-NMR, 13C-NMR, mass, circular dichroism
and UV-vis spectroscopies. Especially, the chromonic perylene
bisimide dye containing chiral amine groups at the periphery
was optically active, which was confirmed by circular dichroism
spectroscopy. Aqueous solutions of their hydrochloride salts
showed LCLC phases as confirmed by POM at room tempera-
ture. We expect the green and optically active LCLC compound
could find many applications such as circularly dichroic coat-
able polarizers or sensing of biological molecules via a stereo-
specific binding.

Experimental Section

Synthetic procedure for compounds 4 and 5. A mixture of
perylene-3,4:9,10-tetracarboxylic acid (15.65 g, 80.0 mmol)
and 98% sulfuric acid (236 g) was stirred for 12 h at room
temperature, and I, (0.385 g, 3.0 mol) was added subsequently.
The reaction mixture was heated to 85 °C, and bromine (14.1 g,
176 mmol) was added dropwise over a time period of 8 h. After
bromine addition, the reaction mixture was heated for an addi-
tional 10 h at 85 °C and cooled to room temperature. The excess
bromine was removed by a gentle stream of N gas, and was
added 32.5 mL of water carefully. The resulting precipitate was
separated by filtration through a G4 funnel, washed with 86%
sulfuric acid (150 mL) and large amount of water, and dried in
a vacuum oven to give a crude mixture of 1,7-dibrominated,
1,6-dibrominated and 1,6,7-tribrominated perylene-3,4:9,10-
tetracarboxylic acid bisimide (1, 2 and 3, respectively). A sus-
pension of above mixture (0.95 g, 1.72 mmol), 2-(aminomethyl)-
1-ethylpyrrolidine (0.502 g, 5.07 mmol), and acetic acid (0.50 g,
8.33 mmol) in 20 mL of 2: 1 mixture of HO/n-PrOH was stirred
at 85 °C under Ar for 8 h. After the mixture was cooled to room
temperature, the precipitate was separated by filtration, washed
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with 100 mL of MeOH, and dried in vacuum. The crude product
was purified by silica gel column chromatography with CH,Cl,
as eluent. From 400 MHz 'H NMR analysis, the product ob-
tained as a dark brown powder (755 mg 60%) was revealed to
be a regioisomeric mixture of 1,7- and 1,6-dibromoperylene
bisimides with 80:20 mol ratio, respectively. Second column
chromatography gave a pure 1,7-dibromo compound 4 (yield =
50%) which was confirmed by 'H- and "C-NMR spectra and
mass spectroscopy. 'H-NMR (400 MHz, CDCl3, TMS) 6 8.41
(s,2H), 8.31 (d, J=8.1 Hz, 2H), 7.56 (d, J= 8.1 Hz, 2H), 5.04-
5.10 (m, 2H), 3.65-3.82 (m, 4H), 2.72-2.85 (m, 4H), 2.54-2.66
(m, 4H), 1.80-2.9 (m, 12H), 1.73-1.76 (m, 6H), 1.20-1.50 (m,
6H); "C NMR (100 MHz, CDCl3) § 163.5, 163.4, 145.4, 132.8,
128.7, 125.5, 122.6, 121.1, 119.7, 118.4, 116.9, 52.7, 51.0,
28.1,25.6, 24.7, 24.5; MS (El, 70 eV) m/z 770.50 (100.0%);
UV-vis (MeOH) Amax 390, 460, 490, 524 nm.

For the synthesis of chiral compound 5, same procedure
was adopted except that (s)-(-)-2-(aminomethyl)-1-ethylpyrrol-
idine (0.502 g, 5.07 mmol) was used instead. After the second
column chromatography, 5 was obtained as a brown powder
in 53% yield. '"H NMR (400 MHz, CDCL;, TMS) & 8.36 (s,
2H), 8.35 (d,J= 8.1 Hz, 2H), 7.58 (d, J= 8.1 Hz, 2H), 5.04-
5.25(m, 2H), 3.67-3.85 (m, 4H), 2.75-2.89 (m, 4H), 2.56-2.68
(m, 4H), 1.82-2.12 (m, 12H), 1.76-1.78 (m, 6H), 1.21-1.53 (m,
6H); C NMR (100 MHz, CDCl3) § 163.5, 163.4, 145.4, 132.8,
128.7, 125.5, 122.6, 121.1, 119.7, 118.4, 116.9, 52.7, 51.0,
28.1,25.6, 24.7, 24.5; MS (EI, 70 eV) m/z 770.51 (100.0%);
UV-vis (MeOH): Amax 388, 456, 491, 524 nm.

Synthetic procedure for compounds 6 and 7. A mixture of
95.0 mg (0.133 mmol) of 1,7-dibromobisimide (4) and 4.30 g
(59.7 mmol) of pyrrolidine was stirred under Ar for 24 h at 55 °C
(external). Subsequently, the reaction mixture was poured into
15 mL of 12% HCI with stirring. The mixture was extracted
with methylene chloride (3 X 20 mL), dried over MgSOs, and
concentrated by rotary evaporation. The resulting precipitate
was purified by column chromatography on silica gel (CH>Cly/
hexane (40/1, v/v)) to yield 62 mg (45%) of a green solid (6).
'H- NMR (400 MHz, CDCls, TMS) § 8.383-8.30 (d, 2H, J =
8.1Hz), 8.31 (s, 2H), 7.45 (d, 2H, J=8.1 Hz), 4.4 (q, 4H), 23.5
(m, 5SH), 3.08 (t, 3H), 2.85 (q, 4H), 2.2 (t, 3H), 1.93 (t, 3H),
1.67 (q, 4H), 1.64 (m, 5H), 1.2 (t, 3H); "C NMR (100 MHz,
CDCl3) 8 159.4,152.9,137.9,133.0, 131.5, 130.9, 129.8, 129.2,
126.5, 124.5, 118.0, 57.8, 55.4, 46.7, 38.0, 29.3, 23.4, 13.6;
MS (EI, 70 eV) m/z 750.35 (100%) [M+]; UV-vis (MeOH)
Amax 311, 434, 657, 701 nm.

For the synthesis of compound 7, compound 5 was used
instead of 4, and the rest of the procedure was the same. Green
solid was obtained with a yield of 51 mg (37%). Similar spectral
data were obtained for 'H and "C NMRs. MS (EL, 70 eV) m/z
750.38 (100%) [M+]; UV-vis (MeOH) Amax 316, 442, 660,
709 nm.
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