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1,6- and 1,7-regioisomers of dinitro- (1,6-3 and 1,7-3) and diamino-substituted perylene bisimides (1,6-1
and 1,7-1) were synthesized. The regioisomers 1,6-3 and 1,7-3 were successfully separated by high per-
formance liquid chromatography and characterized by 500 MHz 'H NMR spectroscopy. Subsequently, the
reduction of 1,6-3 and 1,7-3 afforded the corresponding diaminoperylene bisimides 1,6-1 and 1,7-1,
respectively. This is the first time 1,6-regioisomers of dinitro- and diamino-substituted perylene bisi-
mides are obtained in pure form. The photophysical and electrochemical properties of 1,6-3 and 1,7-3
were found to be almost the same. However, the regioisomers 1,6-1 and 1,7-1 exhibit significant differ-
ences in their optical characteristics. The absorption spectrum of 1,6-1 covers a larger part of the visible
region compared to that of 1,7-1. Upon excitation, 1,6-1 also show larger dipole moment change than that
of 1,7-1. Time-dependent density functional theory calculations are reported on these dyes in order to
rationalize their electronic structure and absorption spectra.
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Perylene bisimides (PBIs) and related derivatives possess excel-
lent thermal, photochemical and photophysical stabilities with
high extinction coefficients.! Their use has been explored for
potential applications in molecular electronic and optical devices,
such as photovoltaic cells,” light-emitting diodes,” organic field-ef-
fect transistors (OFETs),* dye lasers,” optical power limiters,® LCD
color filters,” light-harvesting arrays,® electrophotographic
devices,” photochromic materials,'® logic gates,!' and molecular
wires.'” They have also been utilized as building blocks to con-
struct supramolecular or artificial photosynthetic systems.'* In re-
cent years, more and more novel perylene bisimide derivatives
with either electron-donating or electron-withdrawing groups
were reported in the literature, such as (a) piperidinyl-substituted
PBIs,'* (b) pyrrolidinyl-substituted PBIs,'> (c) alkylamino-substi-
tuted PBIs,'® (d) amino-substituted PBIs,'” (e) alkoxy-substituted
PBIs,'® (f) hydroxy-substituted PBIs,'° (g) aryl-substituted PBIs,*°
(h) ferrocenyl-substituted PBIs,>! (i) alkyl-substituted PBIs,?* (j)
perfluoroalkyl-substituted PBIs,>®> (k) boryl-substituted PBIs,** (1)
cyano-substituted PBIs,?° (m) nitro-substituted PBIs,?® etc. To date,
a general method for introducing substituents onto the PBIs’ core is
bromination or chlorination of perylene-3,4,9,10-tetracarboxylic
dianhydride (6). Nucleophilic substitutions and metal-catalyzed
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cross-coupling reactions can then be executed and yield a regioiso-
meric mixture of 1,6- and 1,7-disubstituted PBIs. The most widely
reported molecules made from the above reaction were 1,7-disub-
stituted PBIs,?” rather than 1,6-disubstituted PBIs.'#® Recently,
Dubey et al. have synthesized, separated, and characterized
1,6- and 1,7-regioisomers of diphenoxy and dipyrrolidinyl substi-
tuted PBIs.?® The results have shown that 1,6-dipyrrolidinylperyl-
ene bisimide covers a larger portion of the visible region (450-
750 nm) compared to that of 1,7-dipyrrolidinylperylene bisimide.
Therefore, the 1,6-regioisomer may be of particular interest for
organic photovoltaic applications. To expand the scope of the
PBI-based dyes available for designing systems for OFETs and
photovoltaic cells, the present research reports the synthesis,
separation, characterization, photophysical and electrochemical
properties of 1,6- and 1,7-regioisomers of dinitro- and diamino-
substituted PBIs.

Scheme 1 shows the chemical structures and synthetic routes of
nitro-substituted (3 and 4) and amino-substituted PBIs (1 and 2).
The synthesis starts from an imidization of perylene-3,4,9,10-tetra-
carboxylic dianhydride (6) by reacting with cyclohexylamine. The
nitration of perylene bisimide can then be achieved by the reaction
of 5 with cerium (IV) ammonium nitrate (CAN) and HNO3 under
ambient temperature. Both mono- and di-substituted nitroperyl-
ene bisimides (4 and 3) were obtained by controlling the reaction
time,”® and the regioisomeric 1,6- and 1,7-dinitroperylene
bisimides (1,6-3 and 1,7-3) were successfully separated by high
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Scheme 1. Synthetic routes of 1-4.

performance liquid chromatography (HPLC). Subsequently, the
reduction of 1,6-3 and 1,7-3 by tin (II) chloride dihydrate (SnCl,.
-2H,0) in refluxing THF obtained the 1,6- and 1,7-diaminoperylene
bisimides (1,6-1 and 1,7-1), respectively.*® It is to be noted that the
characteristic signals of the regioisomers 1,6-3 and 1,7-3 in the 'H
NMR spectra (Fig. S1), one singlet and two doublets of perylene
core protons, exhibit very small differences in the chemical shift
values (0.01 and 0.04 ppm for the doublets at 8.26-8.68). However,
a convenient unequivocal assignment of the NMR spectrum to the
individual regioisomers 1,6-3 and 1,7-3 was performed on the
basis of the signal of methanetriyl protons next to the imide nitro-
gen at 5.01 ppm. Because of the same chemical environment, both
methanetriyl protons of major regioisomer 1,7-3 appear as one
common multiplet at 5.01 ppm, but the signal splits into double
multiplets for minor regioisomer 1,6-3. In this way, an unambigu-
ous characterization has been made successfully on the basis of
500 MHz 'H NMR.

Figure 1 shows the steady state absorption spectra of 1-3 in
dichloromethane. The longest wavelength absorption band of both
1,6-3 and 1,7-3 appears at 515 nm, which is assigned to the w-m*
transitions localized on the perylene core.?®® In addition, the
absorption spectra of all nitro-substituted PBIs (1,6-3, 1,7-3 and
4) are nearly identical with the spectrum of the non-substituted
perylene bisimide (5), but they are non-fluorescent chromophores.
On the other hand, the reduction of 1,6-3 (1,7-3) to 1,6-1 (1,7-1)
switches the substituent from an electron-withdrawing group to
an electron-donating group and causes a large red shift. The spec-
tra of monoamino-substituted (2) and diamino-substituted PBIs
(1,6-1 and 1,7-1) are dominated by very broad absorption bands
that span a large part of the visible spectrum (400-750 nm). These
broad bands are characteristic of perylene bisimide derivatives
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Figure 1. Normalized absorption spectra of 1-3 in dichloromethane solution.

N-substituted at the bay-core positions, due to charge transfer
absorption.®' In contrast to 1,6-3 and 1,7-3, the diamino-substi-
tuted PBIs 1,6-1 and 1,7-1 display significant differences in their
absorptive features. In the case of 1,7-1, the longest wavelength
absorption band is centered at 620 nm. Whereas for regioisomer
1,6-1, this lowest energy band is slightly broader and blue-shifted
by ca. 6 nm with respect to that of 1,7-1 and has a small shoulder
at ca. 520 nm. The longest wavelength absorption band of both 1,6-
1 and 1,7-1 is red-shifted relative to that of the mono-substituted
compound (2: 578 nm), which can be explained by the fact that the
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addition of amino (electron-donating) groups at the perylene core
increases the HOMO energy level and hence decreases the energy
gap. This viewpoint can be further supported by a theoretical ap-
proach based on density functional theory (vide infra). Moreover,
the longest wavelength absorption band of 1,6-1 and 1,7-1 exhibits
a red shift when the solvent polarity increases (Table 1), which is
consistent with previous studies.?'

The fluorescence spectra of 1,6-1 in various solvents with differ-
ent polarity are shown in Figure 2 and summarized in Table 1,
whereas those of 1,7-1 and 2 can be found in the Supplementary
data (Figs. S2 and S3). Unlike the small shift in absorption spectra,
the fluorescence spectra of amino-substituted PBIs (1 and 2) are
largely red-shifted along with the increase of the solvent polarity,
which indicates strong intramolecular charge transfer (ICT) charac-
teristics for the excited states of 1,6-1, 1,7-1 and 2. We used the
well-established fluorescence solvatochromic shift method®* to
measure the stabilization of the excited states of 1,6-1 and com-
pared these results to those of 1,7-1 and 2. The change of magni-
tudes for dipole moments between ground and excited states,
that is, Ai = | i€ — ug|, can be calculated by the Lippert-Mataga
equation and expressed as:

Do — Uy = o= (K, — Hy) "5 Af + const. 1)

hc
where h is the Planck constant, c is the speed of light, and ay denotes
the cavity radius in which the solute resides, calculated to be 7.0 A
via Hartree-Fock theories with 6-31G(d’,p’) basis, U, — Uy is the
Stokes shift of the absorption and emission peak maximum, and
Af is the orientation polarizability defined as:

L 2 _
A =)~ i) =L @)

The plot of the Stokes shift v, — Uy as a function of Af is suffi-
ciently linear for 1,6-1, 1,7-1 and 2 (Fig. 2). Accordingly,
Au = | i€ — ug| was calculated to be 5.2 D, 6.1 D and 7.4 D for
1,7-1, 1,6-1 and 2, respectively. These values indicate that the
asymmetric compound 2 has a larger dipole moment change than
that of the symmetric compound 1,6-1 (1,7-1), which are in good
agreement with previous Letters.>> The results also show that
1,6-1 (6.1 D) has a larger dipole moment change than that of 1,7-
1 (5.2 D). By combining the '"H NMR spectral data (vide supra) with
the Au data, we may conclude that the chemical structure of 1,6-1
is more asymmetric than that of 1,7-1.

The cyclic voltammograms of 1-3 are illustrated in Figure 3. The
two regioisomers of dinitro-substituted PBIs (1,6-3 and 1,7-3),
which are mainly known for their electron-accepting capabilities,
showed very similar redox characteristics. Both the isomers exhibit
two quasi-reversible one-electron reductions; these are —0.09 and
—0.34V for 1,7-3 and -0.11 and —-0.37 V for 1,6-3. On the other
hand, the amino-substituted PBIs (1,6-1, 1,7-1 and 2), which are
mainly known for their electron-donating capabilities, undergo
two quasi-reversible one-electron oxidations and two quasi-
reversible one-electron reductions in dichloromethane at modest
potentials. It is apparent that both the first oxidation and the first

Table 1
Summary of optical absorption and emission properties of 1,6-1 and 1,7-1 in various
solvents

]v6_1/]v7_1 /‘vahs‘1 (l’llTl) ;vem (nm) ‘ph

Cyclohexane 582/587 634/638 0.15/0.18
Ethyl acetate 604/613 669/675 0.11/0.13
Dichloromethane 612/620 681/693 0.07/0.09
Acetonitrile 615/624 692/701 0.04/0.04

3 Measured at 2 x 107> M.
b Determined with N,N’-dioctyl-3,4,9,10-perylenedicarboximide as reference.'>"
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Figure 2. Normalized emission spectra of 1,6-1 in cyclohexane (black line), ethyl
acetate (blue line), dichloromethane (green line), and acetonitrile (red line).
Lippert-Mataga plots (inset) for 1,6-1 (black line), 1,7-1 (blue line), and 2 (purple
line).
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Figure 3. Cyclic voltammograms of 1-3 measured in dichloromethane solution
with ferrocenium/ferrocene, at 200 mV/s.

reduction potentials are shifted toward more negative values with
increasing numbers of substituted amino groups. The two revers-
ible one-electron oxidations of 1,7-1 occur at 0.79 and 1.17V,
whereas for 1,6-1, both first and second oxidations are slightly
shifted to more positive values by 0.05 and 0.07 V, respectively.
The results clearly indicate that the removal of electrons from
1,6-1 is more difficult in comparison to 1,7-1; these findings are
in good agreement with previous reports.’® Table 2 summarizes
the redox potentials and the HOMO and LUMO energy levels esti-
mated from cyclic voltammetry (CV) for 1-5. It appears that the

Table 2
Summary of half-wave redox potentials, HOMO and LUMO energy levels for 1-5

Compound Efp? EZ+1/2“ Eyp° 5271/2‘1 Esomo/Erumo (V)"
1,6-1 0.84 1.24 -1.13 -1.23 —5.44/-3.31
1,71 0.79 1.17 -1.15 -1.24 —5.39/-3.28
2 0.97 1.36 -0.97 -1.09 -5.57/-3.33
1,6-3 - - -0.11 -0.37 —6.73/-4.33
1,7-3 - - —-0.09 -0.34 —6.75/-4.35
4 - - -0.19 -0.51 —6.64/-4.25
5 - - —0.46 -0.76 —6.36/-3.98

2 Measured in a solution of 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFg) in dichloromethane versus SCE (in V).
b Calculated from Enomo = —4.88 — (Eoxd — Ercjre+), Erumo = Exomo + Eg.
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first reduction (oxidation) potential is shifted toward a more posi-
tive (negative) value with increasing numbers of substituted nitro
(amino) groups, while both the HOMO and LUMO energy levels de-
crease (increase) with the trend. The HOMO/LUMO energy levels of
1,6-1, 1,7-1, 2, 1,6-3 and 1,7-3 are estimated to be —5.44/-3.31,
-5.39/-3.28, -5.57/-3.33, -6.73/-4.33 and -6.75/-4.35eV,
respectively. As a result, the trend of the HOMO-LUMO energy
gap is 3 > 2 > 1, which is in good agreement with the theoretical
calculations (vide infra).

For a deeper insight into the molecular structures and electronic
properties of 1-5, quantum chemical calculations were performed
using density functional theory (DFT) at the B3LYP/6-31G** level.
The highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) of 1,6-1, 1,7-1 and 2 are
shown in Figure S5. The HOMO of all amino-substituted PBIs
(1,6-1, 1,7-1 and 2) is delocalized mainly on the amino group
and the perylene core, while the LUMO is extended from the cen-
tral perylene core to the bisimide groups. The calculated and
experimental parameters for perylene bisimide derivatives 1-5
are summarized in Table 3. The results indicate that both the
HOMO and LUMO energy levels increase (decrease) as the number
of amino (nitro) groups increases, and the calculated band gap
energies are in good agreement with experimental data. The
absorption and emission spectra of 1,6-1, 1,7-1 and 2 were also cal-
culated by time-dependent DFT calculations (Franck-Condon prin-
ciple, Table S1). The «calculated excitation/fluorescence
wavelengths for the So — S{/S; — Sg transitions are 558/633 nm
for 1,6-1, 579/646 nm for 1,7-1, and 547/616 nm for 2, which is
very close to the experimental results. Furthermore, DFT (B3LYP/
6-31G™) calculations show that the ground-state geometries of
the perylene core have two core twist angles, that is, approximate
dihedral angles between the two naphthalene subunits attached to
the central benzene ring; these are ~20.09 and ~20.10° for 1,6-1,
~19.20° and ~19.38° for 1,7-1, ~9.18° and ~17.46° for 2, ~17.22
and ~17.34° for 1,6-3, ~17.02° and ~17.12° for 1,7-3, and ~7.89°
and ~15.87¢ for 4 (Table 3 and Fig. S6). The core twist angles of
the amino-substituted (1,6-disubstituted) PBIs are generally larger
than those of nitro-substituted (1,7-disubstituted) compounds.

In summary, we have successfully synthesized, separated, and
characterized 1,6- and 1,7-regioisomers of dinitro- and diamino-
substituted PBIs. The regioisomers of dinitro-substituted PBIs
were separated by conventional high performance liquid chro-
matography. Subsequently, the reduction of 1,6- and 1,7-dinitr-
operylene bisimides (1,6-3 and 1,7-3) afforded the
corresponding diaminoperylene bisimides 1,6-1 and 1,7-1,
respectively. To our best knowledge, this is the first time 1,6-
regioisomers of dinitro- and diamino-substituted PBIs are ob-
tained in pure form. Our studies have also shown that these
1,6- and 1,7-isomers can readily be characterized by 500 MHz
'H NMR. The photophysical and electrochemical properties of
1,6-3 and 1,7-3 were found to be virtually the same. However,
the diamino-substituted regioisomers 1,6-1 and 1,7-1 exhibit sig-

Table 3
Calculated and experimental parameters for perylene bisimide derivatives

Compound HOMO? LUMO? Eg’ Eg Twisting angle (°)
1,6-1 —-5.43 -3.03 2.40 2.13 20.09, 20.10
1,71 -5.33 -3.05 2.28 2.11 19.20, 19.38

2 —5.62 -3.21 241 2.24 9.18, 17.46

1,6-3 —6.55 —-4.07 2.48 2.40 17.22,17.34
1,7-3 —6.57 —4.11 2.46 2.40 17.02, 17.12

4 —6.25 -3.84 241 239 7.89, 15.87

5 —5.94 —3.46 2.48 2.38 0.00, 0.00

@ Calculated by DFT/B3LYP (in eV).
" At absorption maxima (Eg = 1240/ /max, in eV).

nificant differences in their optical characteristics. In addition to
the longest wavelength absorption band at around 620 nm, 1,6-1
exhibits another shoulder band at ca. 520 nm, and consequently,
covers a large part of the visible region relative to that of 1,7-1.
Upon excitation, 1,6-1 also shows a larger dipole moment
change than that of 1,7-1; the dipole moments of both com-
pounds have been estimated using the Lippert-Mataga equation.
The results offer the potential for synthesizing 1,6-disubstituted
perylene bisimide derivatives with extended optical and electro-
chemical properties. Working toward their applications on n-
type organic semiconductors (1,6-3 and 1,7-3) and organic pho-
tovoltaic devices (1,6-1 and 1,7-1) is in progress.
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