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ABSTRACT

Donor and acceptor substituents were introduced at pyrene’s K-regions in order to engineer its optoelectronic properties. A study of the influence
of the substitution pattern on the frontier orbitals as well as on the molecular packing is provided. A comparison with the pure donor and acceptor
substituted pyrene derivatives highlights the strong impact of the presented donor�acceptor substitution.

Energy gap engineering is a crucial issue for the design of
organic light-emitting, light-absorbing and semiconduct-
ing materials.1 The use of donor and acceptor motifs is
firmly established, as donor�acceptor (D�A) substitution
strongly affects the levels of the frontier orbitals and thus
helps to tune the optical and electronic properties of a
material. Such push�pull systems with strong donor and
acceptor units are known to exhibit narrowed energy
gaps and strong dipoles due to the intramolecular charge
transfer. Therefore, suchmaterials have been of interest as
long-wavelength absorbing dyes,2 in nonlinear optics3 and
as optical sensors for pH-value and solvent polarity.4

This concept of D�A substitution has also been applied
on highly fluoresent polycyclic aromatic hydrocarbons

(PAHs) for their use in organic light-emitting diodes
(OLEDs).5 Among these, pyrene is a well-studied and
fascinatingmoleculedue to itsoutstandingoptical properties.
Pyrene strongly emitts blue light and has been frequently
used as fluorescence probe6 and emitter material in
OLEDs.7 Typically the easily accessible positions 1, 3,
6, and 8 are utilized to adjust the emission properties
via ethynylation or arylation giving star-shaped pyrene
derivatives.8 So far, the concept of D�A substitution
has not beenpursuedonpyrene,most likely due tomissing
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synthetic protocols as asymmetric functionalization of
PAHs has always been a challenge for organic chemists.
Recently, we reported a conventient protocol for the
synthesis of the asymmetric building block 1 in two steps
from pyrene.9 1 allows the independent conversion of
the two K-regions (4,5 and 9,10) and thus provides the
basis for straightforward D�A substitution. This further
enables the introduction of twice as many donor and
acceptor functions providing stronger electronic effects.
In this letter, we present pyrenes with D�A substituents

in the K-region together with a detailed investigation of
their optoelectronic properties and solid state packing.The
pure donor and acceptor pyrenes have also been synthe-
sized to compare substitution effects.

Donor substituents (red) at one pyrene side were intro-
duced by reductive alkylation with sodium dithionite and
subsequent addition of an alkylation reagent (Scheme 1).
In the case of 2, dimethyl sulfate gave the methylated
species.9 Treatment of 1 with 2-nitropropane yielded the
acetonide 3 in 61%.The ketal structure is a stronger donor
and thus holds promise for a decreased energy gap and an
increased dipole moment of the respective D�A pyrene
derivative.
In order to exchange bromine atoms with a stronger

acceptor group (blue) Rosenmund-von Braun conditions
using copper(I)cyanide in dryN-methylpyrrolidone (NMP)
at elevated temperature were applied. Compounds 4 and 5

were obtained in similar yields as orange and red solids,
respectively. The color already indicates a narrowed energy
gap of the new D�A pyrenes.
The pure donors 7 and 8

10 could be obtained from
pyrene-4,5,9,10-tetraone 611 similar to conversion of 1 to

3 and 2, respectively (Scheme 2). Acceptor 912 is already
known but no crystal structure had yet to be reported.
Suitable crystals of 3, 4, 5, 7, 8 and 9 could be grown by
standard crystallization procedures, and the structures
were confirmed by X-ray crystallography (see Supporting
Information).

Having pure donors 7 and 8, acceptor 9 as well as D�A
pyrenes 4 and 5 in hand, UV�vis absorption and emission
properties were investigated in tetrahydrofuran (THF)
solutions to quantify the decrease of the energy gap. The
spectra of D�A pyrenes are depicted in Figure 1 and the
values are listed in Table 1.
Large optical energy gaps (Eg(opt)) of 2.96, 3.25 and

2.95 eV were found for 7, 8 and 9 (for spectra see
Supporting Information), respectively. The spectra exhibit
the vibrational structure of the absorption bands. The
absorption and emission spectra of D�A pyrenes 4 and 5

are of similar shape (Figure 1). The absorption maximum

Scheme 1. Synthesis of D�A Pyrenes 4 and 5a

aConditions: iNa2S2O4, Me2SO4, KOH, Bu4NBr, H2O/THF, 40 �C,
overnight, 65%; ii 2-nitropropane,Na2CO3, acetonitrile/THF/H2O, 55 �C,
overnight, 61%; iii CuCN, dry NMP, 190 �C, 3 d, 45% for 4, 48% for 5.

Scheme 2. Synthesis of Donor and Acceptor Pyrenes 7, 8 and 9a

aConditions: i 2-nitropropane, Na2CO3, acetonitrile/THF/H2O, 55 �C,
overnight, 44%; i Na2S2O4, Me2SO4, KOH, Bu4NBr, H2O/THF, 40 �C,
overnight, 62%.

Figure 1. UV�vis absorption (black) and normalized emission
(red) spectra of D�A pyrenes (a) 4 and (b) 5 in THF at 10�5 M
concentration.
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at the longest wavelength of the acetonide 5 is red-shifted
by65nmcompared to4which corresponds toadecrease of
the Eg(opt) by 0.43 eV. Fixing the oxygen atoms in a five-
membered ring enhances electron-donating character of
the oxygen lone-pairs, and thus, raises the HOMO level to
a larger extent. Quantum mechanical calculations using
Gaussian (DFT/B3LYP/6-31G(d)) in vacuum confirmed
the decease of the energy gap. In contrast to 7, 8 and 9, the
absorption band of the longest wavelength appears broa-
dened for the D�A pyrenes. In related work on 2,7-D-A
substituted 4,5,9,10-tetrahydropyrenes, a similarly broad
longwavelengthbandwasdescribedwhichcouldbeassigned
to arise from intramolecular charge-transfer (ICT).4b,c

Furthermore, a strong increase of the dipole moment from
the ground state to the excited state was reported together
with a pronounced dependency of the emission wavelength
on the solvent polarity.

Such solvatochromism was also expected for D�A
pyrenes 4 and 5. Strong bathochromic shifts of the emis-
sion could be observed by increasing polarity from cyclo-
hexane to THF by 62 and 92 nm for 4 and 5, respectively
(Figure S12, Supporting Information). This pronounced
effect is explainedby better stabilization of the excited state
with inceasing solvent polarity.13 It can be concluded from
the larger red-shift that 5 undergoes a larger change of
the molecular dipole moment (μ) upon excitation than 4.
As expected, negligible solvatochromism of the emission
was observed for compounds 7, 8 and 9. These findings
are supported by calculations of the dipole moment in
the ground state of structures 4, 5, 7, 8 and 9 (Table 1).
Whereas no dipole is predicted for pure donors 7, 8 and
acceptor 9, the D�A substitution induces dipoles of 8.8
and 9.2 D, respectively, for 4 and 5.
In order to determine the impact of the different

K-region substitution on the frontier orbitals, cyclic vol-
tammetry (CV) was performed. The cyclic voltammograms
are shown in Figure S13 (see Supporting Information), and
the extracted values are listed in Table 2. Under measure-
ment conditions for donors 7 and 8, a reversible oxidation

wave could be observed which corresponds to the highest
occupied molecular orbital (HOMO) at �5.13 eV (7) and
�5.43 eV (8). For acceptor 9 an irreversible reductionwave
was found giving a value of �3.52 eV for the lowest
unoccupied molecular orbital (LUMO).
In case of the D�A substituted pyrenes 4 and 5, both

processes (oxidation and reduction) could be measured
due to a narrowed energy gap. 4 exhibits a reversible reduc-
tion and irreversible oxidation process giving an energy
gap (Eg(CV)) of 2.60 eV. Oxidation and reduction of 5

proceeds reversibly and Eg(CV) was determined as 2.24 eV.
The energy gaps obtained from CV measurements are
almost identical to the optical energy gaps of 2.69 and
2.26 eV, respectively. CV further revealed that the LUMO
levels of 4 and 5 are nearly identical (sameacceptormoiety)
but theHOMOlevel of 5 is raised by 0.32 eVbecause of the
stronger donor moiety.
Calculated orbital surfaces of 4 and 5 visually support

the influence of the D�A substitution (Figure S14,
Supporting Information). The biggest orbital coefficients
were found at the donor side in the HOMO and at the
acceptor side in the LUMO. It is important to note that the
usual nodal plane in the 2�7 direction of the substituted
pyrenes is lost for the asymmetric 4,5 and 9,10 substitution.
This supports the assumption of an intramolecular charge
transfer taking place between the donor and acceptor side.
Beside the structural proof, X-ray crystallography was

used to investigate the impact of the D�A substitution on
the solid state order. The crystal packing is depicted in
Figure 2. For all five molecules, the pyrene core was found
to be planar. The ortho-methoxy groups of 4 and 8 are
twisted out of the pyrene plane oppositely. The packing of
9 is strongly influenced by the bulky tert-butyl groups, and
thus, no π�π stacking was observed. A similar arrange-
ment was found for 8 without any parallel overlap of the
pyrene planes being best described as a herringbone motif
withoutπ�π interactions due to an offset of themolecules.
The packing of D�A pyrenes 4 and 5 is featured by

stacks of the molecules with an alternating rotation by
180�. In this way the donor side is located on top of the
acceptor side and vice versa. Distances of 3.38 Å (4) and

Table 1. Optical Properties of Compounds 4, 5, 7, 8 and 9a

λabs
b

[nm]

λem
c (λex)

d

[nm]

λedge
[nm]

Eg(opt)
e

[eV]

Eg(cal)
f

[eV]

μf

[D]

4 415 536 (400) 461 2.69 3.18 8.8

5 480 613 (480) 549 2.26 2.72 9.2

7 411 418 (380) 419 2.96 3.32 0.0

8 388 385 (350) 382 3.25 3.73 0.0

9 412 418 (291) 421 2.95 3.34 0.1

aAll absorption and emission spectraweremeasured inTHF. b λabs is
the absorption band appearing at the longest wavelength. c λem is the
fluorescence band appearing at the shortest wavelength. d λex wavelength
of excitation. eCalculated fromλedge.

fCalculatedbyDFT/B3LYP/6-31G(d)
using Gaussian.

Table 2. Electronic Properties of Compounds 4, 5, 7, 8 and 9

Experimentally (CV) and Calculated

EHOMO
a

[eV]

ELUMO
a

[eV]

Eg(CV)
b

[eV]

EHOMO
c

[eV]

ELUMO
c

[eV]

4 �5.82 �3.22 2.60 �5.90 �2.72

5 �5.50 �3.26 2.24 �5.44 �2.72

7 �5.13 d d �4.63 �1.31

8 �5.43 d d �5.06 �1.33

9 d �3.52 d �6.69 �3.35

aDetermined by cyclic voltammetric measurement in 0.1 M
n-Bu4NPF6/CH2Cl2 with scan rates between 50 mV/s and 100 mV/s;
values calculated using the ferrocene HOMO level: EHOMO(CV)=
�(Eox,onset � E(1/2)

Fc/Fcþ þ 4.8) eV. bCalculated from CV EHOMO and
ELUMO.

cCalculated byDFT/B3LYP/6-31G(d) usingGaussian. dCould
not be determined under measurement conditions.
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3.41 Å (5) were determined for the π�π stacking between
theplanarmolecules.Although crystallization is a complex
process and is determined by a large number of para-
meters, it is generally believed that the tendency for anti-
parallel molecular arrangements increases with the dipolar
characteristics of a molecule.14 Accordingly, it seems that
besides other factors like the spatial influence of the bulky
methoxy groups and π�π-interactions, the D�A substitu-
tion has an impact on the orientation of the molecules via
intermolecular electrostatic forces. Furthermore, 4 and 5

were found to crystallize in centrosymmetric space groups.
A detailed study by Desiraju et al. showed a strong

tendency towards centrosymmetry for conjugated or aro-
matic molecules with large dipole moments.14

In conclusion, the synthesis of two double D�A sub-
stituted pyrenes in the K-region based on asymmetrically
functionalized 9,10-dibromopyrene-4,5-dione was pre-
sented. In comparison to the pure donor and acceptor
pyrenes, theUV�vis absorption ofD�Apyrenes proved a
significant decrease of the optical energy gap as a conse-
quence of an intramolecular charge transfer. Accordingly,
a raised HOMO level and a smaller energy gap could be
implemented by the choice of a stronger donor moiety.
Furthermore, pronounced solvatochromismwas observed
for both D�A pyrenes which makes these molecules
potential candidates as solvent polarity sensors. X-ray
analysis revealed an antiparallel packing induced by the
dipoles of the push�pull molecules. These findings under-
line the potential and effectiveness of this approach to
engineer pyrene’s optoelectronic properties and solid state
packing. Current efforts are focused on the introduction
of stronger electron-withdrawing and -donating groups
to strengthen the intramolecular charge-transfer and the
thereof resulting properties.
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Figure 2. Crystal packing ofD�Apyrenes (a) 4, (b) 5, donors (d)
7, (c) 8 and acceptor (e) 9.
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