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Structure–property relationships for 1,7-diphenoxy-
perylene bisimides in solution and in the solid state†

Ángel J. Jiménez,a Mei-Jin Lin,a Christian Burschka,a Johannes Becker,b Volker Settels,b

Bernd Engelsb and Frank Würthner*a

To elucidate the impact of widely employed solubilizing phenoxy substituents on the structural and

functional properties of perylene bisimide (PBI) dyes a series of 1,7-diphenoxy-substituted PBIs was

prepared from 1,7-dibromo PBI which exhibit hydrogen, methyl, isopropyl or phenyl substituents at one

or both ortho positions of the phenoxy substituents. Despite increasing sterical congestion high yields of

74–88% could be obtained for all twofold aromatic nucleophilic substitution reactions. The structural

and optical properties in solution and in the solid state were investigated by 1H NMR, UV-Vis absorption

and fluorescence spectroscopy, single crystal X-ray analyses (four structures) as well as quantum

chemical and force field calculations. For the latter we used an adapted force field which correctly

reflects the rigidity of the PBI core. Our studies show that these dyes prefer to accommodate a slightly

twisted molecular structure in solution that is supported by CH/O hydrogen bonds between the

1,7-oxygen and the 6,12-hydrogen substituents. Because of the rather shallow potential energy surface,

however, the molecules may planarize in the crystalline state under the influence of packing forces as

revealed by single crystal X-ray analyses for two derivatives bearing methyl or phenyl substituents at all

phenoxy ortho-positions. Such substituents are also suited to enwrap the PBI p-scaffold and to prohibit

PBI aggregation in the bulk state giving rise to defined vibronic progressions in the solid state UV-Vis

absorption and emission spectra, and appreciable fluorescence quantum yields of up to 37%. In

dichloromethane solution all of these 1,7-diphenoxy-substituted PBI dyes exhibit fluorescence quantum

yields of 98–100% despite significant differences in the shape of the UV-Vis absorption band. The latter

was explained in terms of rigidity because the molecules bearing four ortho-substituents at the phenoxy

substituents were shown to prevail in much more fixed conformations compared to their more simple

counterparts. Our findings underline that the conformational flexibility of bay-substituents can have an

important impact on the functional properties of PBI dyes.
Introduction

For p-conjugated molecules it is common practice to assume
planar structures as long as no bulky substituents require
distortions of the molecular scaffolds.1 This holds particularly
true for polycyclic aromatic hydrocarbons formed by annulation
of benzene rings2 owing to the gain in resonance energy by
means of delocalized p-electrons. On the other hand, in the
presence of sterical congestion due to bulky substituents, the
aromatic p-scaffolds are expected to distort to the extent
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required to accommodate these substituents. If available, crys-
tallographic data are taken as unambiguous evidence for the
prevailing molecular structures and the impact of packing
effects on the distortion is widely ignored.

This way of thinking has also been applied to perylene
bisimide (PBI) dyes3 bearing substituents in the sterically
demanding 1,6,7,12-positions, the so-called bay area.4 Extensive
work on this class of dyes with carbon, nitrogen, oxygen or
halogen substituents at the bay positions and the availability of
more than a dozen crystal structures5 pointed to the fact that
the energetic penalty associated with the distortion of the
p-scaffold cannot be as high as is widely assumed and showed
that already minor sterical encumbering or presumably even
packing effects may twist the p-scaffold out of planarity. The
effect of sterical encumbering at the bay positions is nicely
illustrated by the crystal structures of 1,6,7,12-tetrachloro6 and
1,2,5,6,7,8,11,12-octachloro PBIs,7 which show that two naph-
thalene imide units are twisted by 36.7� and 35.8�, respectively,
at the central six-membered ring. Even more distorted PBI
Chem. Sci.
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scaffolds have been revealed by Wang and coworkers upon
annulation of two or three PBIs at the bay positions to give
laterally fused PBI oligomers.8 Similarly for other classes of
polycyclic aromatic hydrocarbons preferential bending upon
sterical congestion has been observed as well, e.g. for helicenes,9

acenes,10 hexabenzocoronenes11 and dibenzotetrathienocor-
onenes,12 and p-expanded cyclooctatetraenes.13

Several of the above mentioned investigations showed the
important interrelationship of molecular structure and
packing arrangements with regard to the functional proper-
ties such as uorescence,14 electroluminescence,15 charge
transport16 and photovoltaic properties17 arising in bulk
materials. For instance, distorted bay-substituted PBIs could
be packed in slipped arrangements with the aid of hydrogen-
bonding to give superb n-channel transistors7 and the
distortion of dibenzotetrathienocoronenes was shown to
support the formation of improved interfaces with C60 (ref. 12)
and C70 (ref. 18) fullerenes for photovoltaics. In this context it
appears highly desirable to estimate possible distortions of
molecular geometries (which nowadays can easily be calcu-
lated by quantum chemical methods) and energetic balances
associated with crystal packing.10,19

For our study, we used 1,7-diphenoxy-substituted PBIs,
which are among the most widely utilized PBI scaffolds due to
the easy synthesis via bromination and nucleophilic displace-
ment reactions.20 Although no crystallographic data were
available until recently, it was commonly assumed that the bay
area suffers from sterical encumbering and accordingly a
torsional twist between 5 and 10� should originate as observed
in the crystal structures of other 1,7-disubstituted PBIs.21 In this
regard we were surprised when the crystal structure of 1,7-bis-
(2,6-diphenylphenoxy)-PBI revealed a planar PBI p-scaffold in
the solid state.22 Likewise the well-dened vibronic progressions
for the S0 / S1 transition of the UV-Vis absorption spectra in
solution were surprising, the latter being clearly different from
formerly investigated more simple 1,7-bis-phenoxy PBIs.23

Herein, we present a series of regioisomerically pure
1,7-substituted PBIs (Scheme 1) to gain insights into the
conformational rigidity of the PBI core and the extent to which
solid-state packing effects can inuence the PBI scaffold
Scheme 1 Synthesis of PBIs 4a–f: (i) anhydrous K2CO3, dry NMP, 120 �C, 3 h, 74–

Chem. Sci.
geometry. Four single crystal X-ray diffraction (SCXRD) studies
for PBIs with 2,6-dimethyl-, 2,6-diisopropyl- and 2,6-diphenyl-
phenoxy groups at the 1,7-bay positions provide unambiguous
information regarding the geometry of this important class of
dyes in the solid state. Additionally, we have sought to answerwhy
sharp vibronic transitions are observed for these dyes in solution
upon attachment of substituents at the ortho positions of the
phenoxy substituents. Here we provide experimental and
computational evidence that it is not planarity, but rather rigidity
of the PBI core (owing to the conformational space occupied by
the phenoxy substituents in solution) that is responsible for the
pronounced sharpening of the vibronically coupled optical tran-
sitions. Furthermore, we shed light on the absorption and uo-
rescence properties of these compounds in the solid state.
Results
Synthesis of PBIs

PBIs 4a–f were obtained according to the synthetic route pre-
sented in Scheme 1. N,N0-Dicyclohexyl-1,7-dibromoperylene-
3,4:9,10-tetracarboxylic acid bisimide (2)20b and N,N0-dicyclohexyl-
3,4:9,10-tetracarboxylic acid bisimide (4a)22 were synthesized
according to literature procedures. On PBI 2, isolated as a pure
1,7-regioisomer,20b a double aromatic nucleophilic substitution
was carried out using 2,6-substituted phenol derivatives in the
presence of anhydrous potassium carbonate in dry NMP at 120 �C
to achieve 4b–f in 83%, 87%, 74%, 88% and 79% yields, respec-
tively. All new PBIs were characterized by 1H NMR spectroscopy
and high resolution mass spectrometry, as well as single crystal
X-ray diffraction analysis for 4d–f.
Molecular structure and packing arrangements in the solid
state

Single crystals of 4d–f were obtained upon slow evaporation of a
solvent mixture at room temperature aer several days and were
characterized by single crystal X-ray analysis (for details see
ESI†). For 4e we were able to grow two different forms from
different solvents with and without co-crystallized CH2Cl2
molecules. Despite our efforts, the structures still suffer from
88%.

This journal is ª The Royal Society of Chemistry 2013
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disorder of the substituents, in particular the cyclohexyl units
attached at the imide nitrogens, whereas the perylene cores are
well ordered in all the cases investigated here. Fig. 1 shows the
molecular structures of PBIs 4d and 4e as found in the crystal
structures. The distortion of the PBI p-scaffold was analyzed
following two different approaches. In the rst approach, the
perylene scaffold was cut into two naphthalene subunits and
the rotational twist of the averaged naphthalene planes with
regard to each other was taken as the twist angle, and, in the
second approach, dihedral angles were derived from the posi-
tion of either the four so called “bay carbon atoms” C1, C12b,
C12a, C12 (:(C1–C12b–C12a–C12), for numbering see Scheme
1) or the four inner carbons C12a, C13a, C13b, C12b (:(C12a–
C13a–C13b–C12b), for numbering see Scheme 1; all data are
collected in Table 1). Both values give very similar information,
however, only the latter include the intrinsic C2 symmetry axis
of rigid molecules. Nevertheless, we also include the values of
the angle including the bay carbon atoms since they have been
used in many previous investigations. PBIs 4d and 4f present
centrosymmetric molecules showing identical dihedral angles
on both bay areas, whilst the symmetry is broken for PBI 4e
(both structures) resulting in two different values for the two bay
areas. Table 1 shows also that the outer dihedral angles are
always larger than the inner ones, which is logical because the
outer side is less xed in the polycyclic aromatic p-scaffold. It is
also noteworthy that the phenoxy units are located on the same
face of the perylene bisimide core for PBI 4e (see Fig. 1d),
whereas for PBIs 4d (Fig. 1b) and 4f (Fig. S2b in the ESI†) the
phenoxy substituents are arranged on the opposing faces of the
PBI core.

The two different views of PBI 4d molecules represented in
Fig. 1a and b reveal an almost planar p-scaffold, where the two
phenyl substituents are almost perpendicular to the PBI core.
Fig. 1 Molecular structures in front view (left) and side view (right) of PBI 4d (a
and b) and 4e (c and d). Hydrogen atoms and all solvent molecules were omitted
for clarity.

This journal is ª The Royal Society of Chemistry 2013
Since the molecule lies on a centre of symmetry (space group
C2/c, Z¼ 4), the twist angle between the two naphthalene planes
is 0.0�. On the other hand, the dihedral angle between the four
bay carbon atoms C1, C12b, C12a and C12, :(C1–C12b–C12a–
C12) is 9.5(3)� and accordingly reveals signicant distortion. PBI
4e crystallized in two different forms, in one of which solvent
CH2Cl2 is included, whereas the other one is solvent-free. Fig. 1c
and d show themolecular structure of PBI 4e that co-crystallized
with CH2Cl2. The cell in space group P21/n contains 4 molecules
(Z ¼ 4) in general positions and thus (in contrast to 4d) gives
margin to a distorted scaffold with a propeller-type twist of
15.56(9)� between the two naphthalene planes. The dihedral
angles involving the four bay carbon atoms amount to 14.1(8)�

and 12.2(8)�. On the other hand, the solvent-free structure of the
same PBI molecule exhibits the space group Pna21. Containing
4 molecules (Z ¼ 4) in general positions, this cell again gives
room for a twisted molecule (see Fig. S1a and S1b in the ESI†).
We nd a twist angle between naphthalene planes of 9.43(5)�

and dihedral angles for the four bay carbon atoms of 8.9(3)� and
10.8(3)�. Finally, the solvent-free structure of PBI 4f crystallized
in space group P21/c.22 As in the case of PBI 4d, the molecule lies
on a center of symmetry (Z ¼ 4) presenting a twist angle of 0.0�

for the two involved naphthalene planes and a fairly small
dihedral angle :(C1–C12b–C12a–C12) for the four bay region
carbons of 1.5(2)� (see Fig. S2a and S2b in the ESI†). Accord-
ingly, an almost perfectly planar PBI scaffold has been realized
in this case. It is noteworthy that the different distortions found
for the four 1,7-diphenoxy-PBI p-scaffolds have a negligible
effect on the C–C bond lengths between the two naphthalene
planes, all of them exhibiting values in the range of 1.47(2) Å.
Likewise, all other bond lengths remain in a narrow range,
which corroborates that the central six-membered ring
involving the bay areas is the part of the molecule which is most
susceptible to conformational distortions.

The packing arrangement of PBI 4d is characterized by two
slipped stacks of strictly parallel chromophores in adjacent
stacks at an angle of 75.6� (Fig. 2a). The intra-stack longitu-
dinal and transverse offsets are considerable, and thus
together with an interplanar distance of about 4 Å do not allow
for overlap between the perylene p-scaffolds. Contrary to that,
the molecules of PBI 4e that co-crystallized with molecules of
CH2Cl2 present fairly large twist angles. They instead form
close pairs resulting in a two dimensional “sandwich
herringbone motif” (Fig. 2c). The most remarkable feature is a
slipped-stacked p-dimer unit with close p–p contacts (in the
range of 3.5 Å) as pointed out by the short distance that two
vicinal PBIs’ “planes” present (see Fig. 2d). In the crystals of
solvent-free PBI 4e we nd a completely different situation.
Adjacent molecules seem “interlocked” by the N-dicyclohexyl
substituents on either end of the perylene core, thus inter-
linking with each other. In this case a smaller twist angle of
the perylene core was detected. We nd the perylene planes
fairly parallel (tilt angle 18.9�), the molecules joining a three
dimensional brick wall pattern. Within the crystals of PBI 4f
we found essentially at perylene cores forming innite slip-
ped stacks with no transversal but quite a considerable
longitudinal offset. Both sides of the perylene planes within a
Chem. Sci.
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Table 1 Space groups and selected angles (�) for PBI 4d–f according to single crystal X-ray analysis

PBI Space group
Twist angle between
naphthalene planes :(C1–C12b–C12a–C12)b :(C12a–C13a–C13b–C12b)b

Distortion along
the N,N-axis

4da C2/c 0.0 9.5(3) 1.86(2) 0.0
4ea P21/n 15.56(9) 14.1(8), 12.2(8) 7.5(4), 6.1(4) 4.14(5)
4e Pna21 9.43(5) 10.8(3), 8.9(3) 4.4(2), 4.4(2) 0.54(3)
4f P21/c 0.0 1.5(2) 0.50(1) 0.0

a PBI co-crystallized with CH2Cl2.
b Numbering of carbon atoms are according to Scheme 1.

Fig. 2 Molecular packing of PBI 4d co-crystallized with CH2Cl2 (a and b), PBI 4e
co-crystallized with CH2Cl2 (c and d) and solvent-free PBI 4f (e and f). Hydrogen
atoms were omitted for clarity.

Table 2 UV-Vis absorption and fluorescence properties of PBIs 4a–f in
dichloromethane at 298 K and fluorescence quantum yields in solutiona and in
the solid state (values in parentheses)b

labs
�1 �1

l Stokes shi
a,b
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layer seem effectively shielded by the N-dicyclohexyl substit-
uents of adjacent molecules (see Fig. 2e). All the diphenyl–
phenoxy substituents nd their place at either side of the
layer, successfully isolating the PBIs’ cores at a distance of
5.0 Å (Fig. 2f).
PBI (nm) 3 (M cm ) (nm) (nm) Ff

4a 524 83 600 544 20 100 (3)b

4b 537 48 900 567 30 98 (13)b

4c 546 56 400 570 24 99 (11)b

4d 551 77 300 566 15 100 (13)b

4e 554 74 200 568 14 100 (4, 1c)b

4f 556 72 800 570 14 99 (37)b

a Relative uorescence quantum yields were determined by applying
high dilution conditions (A < 0.05) with respect to Seybold's PBI
uorescence standard,24 error � 2%. b Absolute uorescence quantum
yields in the solid state were determined with an integrating sphere.
c Fluorescence quantum yield of PBI 4e that co-crystallized with
CH2Cl2 molecules.
Optical properties

The optical properties of the chromophores of 4b–f were
investigated by UV-Vis and uorescence spectroscopy both
in solution and solid state (Table 2). Bay-unsubstituted
N,N0-dicyclohexyl-3,4:9,10-perylenetetracarboxylic acid bisimide
(3a) was used as a reference compound.

The absorption spectra (Fig. 3a) of PBIs 4d–f reveal sharp S0
/ S1 transitions with three well-dened vibronic progressions
with maxima between 551–556 nm, 512–516 nm, and 479–483
nm in CH2Cl2. The higher energetic S0 / S2 transition is
Chem. Sci.
observed for PBIs 4b–f at 396 nm. Accordingly, in comparison to
that of the parent PBI 4a, a 25 nm bathochromic shi was found
for PBIs 4d–f, which is attributed to the electron-donating
effect of the oxygen substituents. On the other hand, PBI 4b
reveals an almost lost vibronic pattern for the S0 / S1 transi-
tion, while PBI 4c presents clearly an intermediate state. Thus,
the absorption maxima of PBI 4b and PBI 4c exhibit signi-
cantly smaller absorption coefficients (for 3 values see Table 2)
and are 20 and 10 nm hypsochromically shied, respectively, to
those of PBIs 4d–f.

The uorescence spectra (Fig. 3b) show similar progressions
to their absorption data, with mirror-image vibronic patterns to
the absorption spectra obtained for PBIs 4b–f in CH2Cl2. Addi-
tionally, the remarkably small Stokes shis calculated between
the absorption and uorescence maxima are noteworthy for PBI
4d (448 cm�1), PBI 4e (445 cm�1), and PBI 4f (442 cm�1),
whereas PBI 4b (984 cm�1) and PBI 4c (771 cm�1) present a
signicantly increased shi (see Table 2) with the shi for PBI
4c being again in an intermediate state between the values for
4d–e and 4b. High uorescent quantum yields close to unity
were found for all PBI derivatives.

For solid samples the situation changes entirely, pointing at
the enormous impact of dye–dye interaction for this class of
chromophores. This issue is most strikingly exemplied by the
comparison of unsubstituted PBI 4a (containing p-stacked
molecules in the crystal)25 or the p-stacked PBI 4e polymorph
(for packing see Fig. 2c and d) on the one hand and PBI 4f on the
other hand, which exhibits the most bulky triphenyl
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 UV-Vis absorption (a) and normalized emission (b) spectra of PBIs in
dichloromethane: 4b (blue line), 4c (red line), 4d (black solid lines), 4e (black
dashed lines), and 4f (black dash-dotted lines) in dichloromethane at room
temperature.
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substituents that prohibit close p-contacts of the PBI cores in
the solid state (see Fig. 2e and f). Accordingly, the UV-Vis
absorption spectra of PBIs 4a and 4b (Fig. 4a and S9†) show the
typical signatures of excitonically coupled chromophores
(highest absorption coefficient for the hypsochromically
displaced band, i.e. H-aggregate), which is attributed to closely
p-stacked dyes in the solid state whilst PBIs 4d–f show vibronic
progressions similar to those found in solution (Fig. 4b and S11
and S12†), suggesting only weak interactions between the dyes
in the solid state. For PBI 4c, we note an intermediate situation
according to the shape of the solid state UV-Vis absorption
spectrum (Fig. S10†).

As a result of the different packing arrangements also,
very different uorescence properties are observed for solid
samples of PBIs 4a–f in contrast to the situation in solution
where all of these dyes produce splendid uorescence
quantum yields of almost unity (Table 2). In the solid state,
the uorescence of 4a (Fig. 4a) and 4e (Fig. S12†) is almost
completely quenched (quantum yields of 3% and 1%,
respectively), whereas an intense uorescence was found for
PBI 4f (37%) (Fig. 4b). Appreciable solid-state uorescence
was also found for PBIs 4b–d with quantum yields of 13%
for PBIs 4b and 4d and 11% for PBI 4c (Table 2 and
Fig. S9–S11†). For PBI 4e (Fig. S12†), a slight increase of the
uorescence is observed (Ff ¼ 4%) when the solid is analyzed
from the solvent-free crystal polymorph, reminiscent of the
parent PBI 4a (Ff ¼ 3%, red line in Fig. 4a). The impact of
bulky 1,7-diphenoxy substituents is also consistent with the
Stokes shis calculated for the solid samples from the
absorption and uorescence maxima, which are large for
PBIs 4a–c (5321 cm�1 for 4a, 5231 cm�1 for 4b, and
Fig. 4 UV-Vis absorption (black lines) and normalized emission (red lines) spectra

This journal is ª The Royal Society of Chemistry 2013
4534 cm�1 for 4c) and small for PBIs 4d–f (1752 cm�1 for 4d,
1337 cm�1 for 4e, and 1752 cm�1 for 4f).
Discussion
Properties of 1,7-diphenoxy-substituted PBIs in solution

Major information on the molecular structure of these PBIs
can be derived from the UV-Vis spectra in solution. PBIs 4d–f
show very sharp bands with vibronic progressions of
�1400 cm�1 for the S0 / S1 transition that indeed resemble
those of the parent PBI 4a. Likewise the absorption coefficient
of the lowest energy 0,0-transition reaches a value of
77 300 M�1 cm�1 for PBI 4d that is already pretty close to the
value found for the parent dye 4a (83 600 M�1 cm�1). Most
convincingly, the dye series 4b, 4c and 4d illustrates that with
each methyl group added at the phenoxy ortho-position, the
vibronic progressions of the absorption band become sharper,
giving rise to an increasing absorption coefficient at lmax,
which also moves towards longer wavelengths. Moreover, the
uorescence spectra show remarkably small Stokes shis for
PBIs 4d–f that are even smaller than those for the parent PBI
4a, whilst those for PBIs 4b and 4c are considerably larger
(Table 2). At rst glance such changes in the spectral shape of
the UV-Vis absorption bands and Stokes shi might be ratio-
nalized in terms of varying PBI core planarity. This explana-
tion is, however, not supported by the X-ray data, which show
a spread in the dihedral angles in the conformationally most
exible bay area from 0� to 15� in the single crystals of PBIs
4d–f. Therefore, it seems rather unlikely that these molecules
with almost identical optical spectra all adopt planar p-scaf-
folds in solution, whilst some of them are strongly distorted in
the solid state.

A more reasonable explanation might be an increase of
rigidity upon stepwise addition of ortho-substituents at
the phenoxy units. To disentangle the intrinsic properties of the
PBIs and the solid state effects we computed the ground state
equilibrium geometry of 4a, 4b, and 4d–f in the gas phase using
RI-BLYP-D3(BJ)/cc-pVTZ level of theory implemented in the
Turbomole 6.4 program package.26 In addition, we computed
potential energy curves (PECs) along the inner dihedral angle
:(C12a–C13a–C13b–C12b) (for numbering see Scheme 1) by
assuming C2 symmetric molecular structures (Fig. 5) for
the parent PBI 4a and two PBIs bearing hydroxy (4g: N,N0-
dicyclohexyl-1,7-dihydroxyperylene-3,4:9,10-tetracarboxylic acid
of PBIs in the solid state: 4a (a) and 4f (b) at room temperature.

Chem. Sci.
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Fig. 5 :(C12a–C13a–C13b–C12b) bending potential energy curves (RI-BLYP-
D3(BJ)/cc-pVTZ) for PBIs: 4a (solid line), 4b (dotted line) and 4g (dashed line).
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bisimide) and phenoxy (4b) substituents at the 1,7-bay positions
(for details see ESI†).

The calculations for the parent PBI dye 4a are of relevance
due to the ongoing discussion if these dyes are indeed planar in
solution as is commonly assumed based on dozens of crystal
structures that show planar scaffolds.27 Crystallographic data
may, however, bemisleading due to packing effects and because
small dihedral angles of �2� might be hidden within thermal
ellipsoids determined from single crystal X-ray analysis. In an
interesting recent study, Langhals and Kinzel attributed the
large temperature-dependent changes of the UV-Vis spectra of
these dyes in chloroform solution to the twisted ground state
populations.28 Simple AM1 calculations by these authors sug-
gested that the planar structure is the global energy minimum
but predict a second twisted minimum that is 29 kJ mol�1

higher in energy. As shown in Fig. 5, our BLYP-D3/cc-pVTZ29–31

calculations conrm that the lowest energy conformation of PBI
4a is the planar structure but do not provide evidence for a
second minimum with twisted conformations. The DFT results
for 4a and 4g are conrmed by SCS-MP2/cc-pVTZ32,33 computa-
tions (Tables 3 and S1†). Both approaches predict rather
shallow PECs. Using the BLYP/cc-pVTZ approach, the potential
energy increases by less than 3 kJ mol�1 for dihedral angles <7�.
The at shape of the potential is supported by SCS-MP2/cc-pVTZ
computations which predict an even smaller value of 2 kJ mol�1

(Table S1†). Therefore, even in the absence of a second energy
minimum, twisted conformations become more and more
Table 3 Characterization of the:(C12a–C13a–C13b–C12b) bending potentials
for PBI 4a, 4b, 4d–g using BLYP-D3(BJ)/cc-pVTZ

PBI
:(C12a–C13a–C13b–C12b)
(�) BLYP-D3(BJ)

Energy required
for planarization
(kJ mol�1) BLYP-D3(BJ)

4a 0.0 0.00
4b 7.6 4.3
4d 7.2 —
4e 7.1 —
4f 8.9 —
4g 6.6 2.2

Chem. Sci.
populated upon increasing temperature, which might explain
the observed spectral changes in the UV-Vis spectra.

Upon attachment of hydroxy (4g) or phenoxy (4b) groups at
the 1,7-positions, the situation clearly changes. Gas phase
RI-BLYP-D3(BJ)/cc-pVTZ predicts the minima of the PECs for
:(C12a–C13a–C13bC12b) to be about 6� and 9� for 4g and 4b,
respectively. Similar values were also obtained for PBIs 4d–f
(Table 3), ruling out any special effect of the ortho-substituents
on the conformational preference of the PBI scaffold. However,
like for PBI 4a, the PESs of 4b and 4g are rather shallow and less
than 2–5 kJ mol�1 is needed for the planarization of the mole-
cules (Fig. 5 and Table 3). Hence, at room temperature, a
snapshot picture of an ensemble of these molecules in solution
would show scaffolds whose distortion ranges from 0 to 15� for
the inner carbons owing to the Boltzmann distribution. Due to
these at bending potentials, data from single crystal X-ray
diffraction analyses cannot be transferred to the situation in
solution because packing effects are known to compensate for
distortional energies of up to about 15 kJ mol�1 (there are even
examples known with twice this value).10 It is noteworthy here to
point out that according to our calculations the outer dihedral
angles :(C1–C12b–C12a–C12), i.e. for the bay area, are always
about twice as large as the inner dihedral angles:(C12a–C13a–
C13b–C12b) as experimentally observed in the crystal structures
of the core-twisted derivatives (Table 1).

According to our theoretical analysis, all 1,7-oxy-substituted
PBIs 4b–g exhibit the lowest energy conformation at inner
dihedral angles of about 7� irrespective of the substituents
(hydrogen in 4g and various phenoxy groups in 4b–f). This value
correlates with angles of about 14� if the outer dihedral angles
are employed. Therefore, the question on the origin of the
sharpening of the vibronic progressions in the UV-Vis absorp-
tion spectra upon attachment of substituents at the ortho-
positions of the phenoxy groups remains to be answered. Such
an effect could result since the functionalisation restricts the
available conformational space of the phenoxy substituents
around the dihedral angle :(C12b–C1–O–C14). The restriction
of conformational space is expected to have a signicant impact
on the +M effect of the 1,7-oxygens that is responsible for the
bathochromic shi of the PBI S0/ S1 transition by up to 32 nm
(4f) compared to PBI 4a (Table 1 and Fig. 3) as illustrated in
Scheme 2.

As indicated in Scheme 2, a positive mesomeric effect
between the electron-rich oxygen substituent and the electron-
poor PBI core is given. Because one of the two oxygen lone pairs
is involved in CH/O hydrogen bond interactions (see subse-
quent paragraph), the remaining one will distribute its +M
effect between either substituent, i.e. PBI or phenyl and this
happens obviously in a rather conformation-dependent manner
as observed previously for tetraphenoxy-substituted PBIs (which
always exhibit strongly twisted PBI scaffolds).5k,34 Obviously, the
strongest +M effect is exerted for the most rigidied molecules,
which pinpoints the concept of rigidication to control the
optical properties of this class of dyes.

To substantiate our view about the restriction of exibility,
we simulated variations in the exibility in the series 4b, 4c and
4d, since between these compounds the largest deviations in
This journal is ª The Royal Society of Chemistry 2013
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Scheme 2 Schematic representation of mesomeric structures where the +M
effect of the oxygen is strongly dependent on the conformation of the phenoxy
group with respect to the PBI scaffold.
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the absorption spectra are found. To take the expected
dependencies between :(C12b–C1–O–C14) and :(C1–O–
C14–C15) (for numbering, see Scheme 2) into account we
computed two-dimensional potential energy surfaces. They
depend on both dihedral angles while all other parameters are
optimized for each point of the surface. Additionally, we per-
formed a molecular dynamics (MD) simulation in which all
degrees of freedom can freely move according to the computed
forces. All calculations are based on the semi-empirical
PM6-DH2 method (see ESI†).35 Exemplarily, Fig. 6 gives the
computed two-dimensional potential energy surface as
contour maps. The green dots mark the values of:(C12b–C1–
O–C14) and :(C1–O–C14–C15) for each 10th time step of the
respective MD simulation.

The computed two-dimensional potential energy surfaces of
the three systems agree qualitatively. All exhibit two minima
running parallel to each other. The orientation of both minima
with respect to :(C12b–C1–O–C14) and :(C1–O–C14–C15)
reects the strong correlation between both torsional motions.
Two minima (black areas) arise since a given substituted phenyl
group can perform its torsion/rotation motion in two orienta-
tions. They lead to nearly identical energies since the relative
distances to other atoms are nearly the same.

The surfaces agree qualitatively. However, the decreased
exibility in the series 4b, 4c, and 4d is reected in the size of
the black area of the minima which strongly shrinks along the
series. For compound 4b (Fig. 6, upper part) both minima
extend by about 280� for :(C12b–C1–O–C14) and about 260�

for :(C1–O–C14–C15) (please note the periodic nature of the
potential). For 4c the sizes of the minima shrink to approxi-
mately 220� and 200� for :(C12b–C1–O–C14) and :(C1–O–
C14–C15), respectively, while for 4d a further restriction could
be seen. These decreases in the sizes of the minima are reected
in the MD simulations.

The values of :(C12b–C1–O–C14) and :(C1–O–C14–C15)
for each 10th time step are indicated by green dots on the
surfaces. For 4b we nd no rotation around :(C12b–C1–O–
C14) (around the complete phenoxy group) but as indicated by
green crosses in both minima, a rotation around:(C1–O–C14–
C15) (around the phenyl group) takes place during our simu-
lation. However, we only observed one complete rotation in the
whole simulation, indicating that this rotation is strongly
restricted. As indicated by the green crosses for 4c, no rotation
takes place and the motion is already restricted to :(C1–O–
C14–C15) with values in the range between 170� and 320�. For
4d the range further shrinks to 220�–310�.
This journal is ª The Royal Society of Chemistry 2013
These conclusions with regard to molecular rigidity are also
supported by the analysis of the proton chemical shis of bay
protons 6 and 12 for PBIs 4c–f (Table 4). The chemical shis
displayed by the 6,12–bay protons are between 9.22 and
9.87 ppm for PBIs 4c–f, whereas those resonances appear at
8.64 ppm25 for the parent non-substituted 4a. Fig. 7 shows how
the chemical shis corresponding to the aromatic protons of
PBIs 4b–d move downeld with increasing number of ortho-
methyl substitutents, suggesting the presence of C–H/O
hydrogen bonds. Concomitant to the involvement of H6 and H12

protons in hydrogen bonding, displacements to higher elds
were found for the H2 and H8 protons that are located in direct
proximity to the respective phenoxy substituents. Also, this
displacement directly correlates with the number of ortho-
methyl substituents, i.e. 8.27 ppm (4b, no methyl), 8.08 ppm (4c,
one methyl), and 7.89 ppm (4d, two methyl groups). Such a
phenomenon is consistent with an increasing ring current
effect imposed by the phenoxy groups on the proximal hydro-
gens concomitant with the rigidication. Remarkably, for PBI
4e bearing the more bulky isopropyl substituents at the ortho-
positions, identical (H6, H12 and H5, H11) and very similar (H2,
H8) chemical shi values for the proton resonances are
observed as for PBI 4d, corroborating similar conformation and
rigidity. In contrast, signicant deviations are found for the PBI
aromatic proton resonances of ortho-phenyl substituted PBI 4f
compared with the alkyl-substituted analogues. For PBI 4f we
assume an equally strong CH/O bond. However, additional
effects by the four phenyl groups in terms of diamagnetic
aromatic ring currents (and maybe additional C–H/p inter-
actions) inuence the chemical shis of the protons H6 and H12

and to a lesser extent also the other protons attached to the PBI
scaffold, making conclusions with regard to conformational
changes compared to 4d and 4e impossible. Undoubtedly,
however, all of our ndings corroborate the importance of
rigidity induced by the xation of 1,7-phenoxy groups by ortho-
substituents and supported by CH/O hydrogen bonding for
obtaining vibronically well-structured absorption bands with
high absorption coefficients also for core-substituted PBIs.
Properties of 1,7-diphenoxy-substituted PBIs in the solid state

Our gas phase calculations, which consistently explain the
experimental results obtained in solution, have clearly estab-
lished that the lowest energy conformation of all 1,7-phenoxy-
substituted PBIs 4b–f is characterized by twisted PBI p-scaffolds
with dihedral angles of about 7� for the inner ring. This is in
contrast to the experimentally observed spread in our single
crystal data (Table 1), which ranges from 0.5� (4f) via 1.9� (4d)
and 4.4� (4e) up to 7.5� (4e). These variations have obviously to
be attributed to packing effects which appear in most cases to
compress the molecules into more planar geometries. The only
exception is the 4e polymorph bearing a slipped p-stack dimeric
unit which stabilizes the twisted arrangement as similarly
observed for 1,6,7,12-tetraphenoxy-PBI J-aggregates.7,36

Planarization of p-conjugated molecules by packing effects
has been observed before for p-conjugated molecules, the most
popular example being given by para-terphenyl and higher
Chem. Sci.
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Fig. 6 Potential energy surfaces as a function of:(C12b–C1–O–C14) and:(C1–O–C14–C15) for compounds 4b (upper), 4c (middle), and 4d (lower). The green dots
mark the values for:(C12b–C1–O–C14) and :(C1–O–C14–C15) for each 10th time step of the respective molecular dynamics simulation. Angles are given in (�), the
color code represents energy in kJ mol�1. Please note the periodicity of the surface, i.e. after 360� the surface starts again at 0� .
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homologue para-oligophenyl compounds.37 Different from
these examples, however, the crystals of 4d and 4f feature PBI
scaffolds that appear as rather isolated p-planes, efficiently
wrapped by the bulky phenoxy substituents at the 1,7-positions.
Chem. Sci.
In such cases, packing effects seem to be less important indi-
cating that rapid oscillations between more distorted energy
minima or disorder in the solid state simulate a planar struc-
ture. However, in our case we believe that the packing might
This journal is ª The Royal Society of Chemistry 2013
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Table 4 1H NMR (400 MHz) chemical shifts for PBI core protons of PBIs 4b–f measured in deuterated dichloromethane at 298 K

PBI
H6, H12/ppm
(d, J ¼ 8.5 Hz)

H5, H11/ppm
(d, J ¼ 8.5 Hz)

H2, H8/ppm
(singlet)

4b 9.53 8.56 8.27
4c 9.66 8.54 8.08
4d 9.87 8.59 7.89
4e 9.87 8.59 7.95
4f 9.22 8.33 7.74

Fig. 7 Aromatic regions of 1H NMR spectra (400 MHz, CD2Cl2, 298 K) for PBIs 4b (a), 4c (b), and 4d (c).

Edge Article Chemical Science

Pu
bl

is
he

d 
on

 1
9 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 N
ew

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

01
/1

2/
20

13
 1

9:
03

:5
4.

 
View Article Online
indirectly induce a planar p-conjugated PBI core. To obtain
some insights into such effects we performed restricted geom-
etry optimizations (see section 5.3 in the ESI†) in which only the
inner p-conjugated core is allowed to relax, while the positions
of the carbon atoms of the phenoxy substituents are kept xed
at their positions measured in the X-ray experiments (see
Fig. S13† for clarity). The results are gathered in Table 5 (please
note that for 4e we took the data obtained for the co-crystalli-
zation with CH2Cl2).

A comparison of the results obtained from the restricted
geometry optimizations (Table 5) with those obtained from a
full relaxation (Table 3) clearly conrm the indirect inuence of
packing effects on the planarization of inner p-conjugated PBI
cores. If the complete molecule (inner and outer part) can relax,
all molecules have :(C12a–C13a–C13b–C12b) dihedral angles
around 7–9�. If, however, the positions of the outer substituents
are xed to their orientations found in the crystals, the trends
found in the X-ray measurements (Table 1) are nicely
reproduced.

The optical properties observed for the solid samples can be
easily related to the given molecular packing arrangements.
Thus, if the transition dipoles that are oriented along the long
axis of the PBI scaffold are far apart from neighbouring mole-
cules as given in the crystals of PBI 4d and 4f (the calculated
center-to-center distances between closest PBI pairs are 13.04(2)
This journal is ª The Royal Society of Chemistry 2013
and 7.59(2) Å, respectively), we observe absorption spectra with
three well-dened vibronic progressions between 483–490 nm,
516–522 nm, and 557–564 nm, similar in shape and position to
the spectra in solution. For all spectra the intensity of these
three progressions increase with increasing wavelength, again
in agreement with the observed spectra in solution. Although
these spectra corroborate the idea that the dyes remain isolated
within the solid state without signicant electronic or excitonic
interactions, we like to point out that at the long wavelength
edge of the absorption band a shoulder is observed (Fig. 4b), the
origin of which remains an open question. The other extreme
case is given by PBIs 4a and 4b, whose solid state absorption
spectra (Fig. 4a and S9†) provide clear evidence for excitonically
coupled transition dipole moments which originate upon close
p–p-stacking of these chromphores.3a Both UV-Vis spectra show
the maximum centered at 510 nm (H-band), with a red-shied
shoulder (J-band) around 540 nm. Such aggregate absorption
spectra resemble those found for dimer aggregates of similar
PBIs in solution. For comparison, absorption maxima in solu-
tion have been observed at 511 nm for covalently xed38 and at
506 nm for self-assembled39 dimer aggregates of 1,7-diphenoxy
PBIs, where direct p–p contacts at distances of �3.5 Å lead to
strong excitonic coupling of the transition dipole moments
giving rise to �40 nm hypsochromic shis in sandwich-type
aggregate structures.
Chem. Sci.
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Table 5 Selected angles (�) for PBI 4d–f calculated with BLYP-D3(BJ) by keeping the non-hydrogen atoms of the bay-substituents fixed at their positions given in the
crystal structure

PBI
Twist angle between
naphthalene planes :(C12a–C13a–C13b–C12b)

Distortion along
the N,N-axis

4d 0.05 1.20 1.27
4e 15.50 7.18 0.02
4f 0.67 0.69 0.15
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It is also known that such closely stacked dye aggregates with
predominant H-aggregate character are at best weakly uores-
cent40 due to the relaxation of the exciton into the forbidden or at
least only weakly allowed lower energy excitonic state.41 Accord-
ingly, the strongly quenched uorescence (Ff ¼ 3%) for the solid
samples of PBI 4a is well explained. Also, uorescence quantum
yields of around 10% for the other derivatives whose absorption
spectra indicate predominant H-aggregate character are in line
with earlier observations for such aggregates in solution where
structural relaxations may lead to weakly emissive excimer
species.42 However, there are many other uorescence quenching
mechanisms thatmay operate in the solid state and thatmay lead
to reduced uorescence quantum yields. Obviously such mech-
anisms are given even for PBI 4d, whose crystal structure and
solid state UV-Vis spectra suggest the presence of rather isolated
and only weakly coupled chromophores. Only for PBI 4f bearing
the most bulky and shielding terphenyl substituents is a signi-
cant increase of the solid state uorescence quantum yield to
37% achieved, making this material one of the most uorescent
ones in the eld of PBI solid state materials.43,44 Such a high value
can be explained by the consequent isolation of the chromophore
in the solid state by the bulkiness of the phenyl groups which
enwrap the PBI core.
Conclusions

In conclusion, a series of 1,7-diphenoxy-PBIs equipped with
substituents of different bulkiness on one or both ortho-posi-
tions of the phenoxy substituents has been synthesized and
investigated to clarify their impact on molecular structure and
optical properties in solution and the solid state. Surprisingly,
unprecedented intense, sharp, and well-dened transitions in
the UV-Vis absorption spectra were found for all 1,7-diphenoxy
substituted PBIs where both ortho-positions of the phenoxy
substituent were equipped with methyl, isopropyl or phenyl
groups. If only one of the two ortho-positions is functionalized,
however, already broader absorption spectra are observed and
accordingly such a molecule presents an intermediate state
when compared with parent 1,7-diphenoxy PBI and derivatives
where all ortho-positions were substituted. Quantum chemical
calculations and single crystal X-ray analyses showed that these
variations in the absorption spectra are not a consequence of
the planarity of the PBI core but evolve from the less exible
arrangement of the phenoxy groups upon ortho-functionaliza-
tion to give a more rigid molecular scaffold. CH/O hydrogen
bonds appear to support the restriction of rotation of the phe-
noxy group with respect to the PBI core, orienting one of the free
Chem. Sci.
electron pairs of the oxygen atom to the adjacent hydrogen of
the PBI bay region. It was also demonstrated that all PBIs
exhibit uorescence quantum yields in dichloromethane solu-
tion close to unity, indicating that the introduction of substit-
uents at the ortho-positions of the phenoxy group has a
negligible effect on this molecular property.

A second major theme of this study was to elucidate the
structural and optical properties of these dyes in the solid state.
Two single crystal structures revealed almost planar p-scaffolds,
while two other structures showed torsional twists around the
bay area with dihedral angles similar to those obtained with
high level quantum chemical calculations for isolated mole-
cules. Because the quantum chemical calculations also
provided insight into the rather small energetic penalty of 2–4 kJ
mol�1 to planarize these dyes, we can conclude that such
energies are obviously within the energy range where packing
effects may exert a signicant impact on themolecular structure
observed in the solid state. In contrast to the situation in
solution, any substituent may have a signicant impact on the
UV-Vis absorption and uorescence spectra and uorescence
quantum yields in the solid state because these properties
are strongly inuenced by the particular packing of the mole-
cules. For the molecules investigated in this study we could
cover a broad range of different optical properties from almost
unaltered UV-Vis spectra with similar vibronic progressions as
observed in solution and appreciably high uorescence
quantum yields up to strongly altered UV-Vis spectra with
hypsochromically shied absorption bands and very low uo-
rescence quantum yields. Such differences could be rational-
ized based on the molecular packing in the crystal. Thus, when
the PBI p-scaffolds approached each other at close PBI–PBI
contact distances the uorescence was almost quenched, whilst
for PBI scaffolds that were kept at a large distance from each
other, e.g. by bulky 2,6-diphenylphenoxy substituents attached
to the 1,7-PBI bay positions, the uorescence remained intense.
Interestingly, complete isolation of the PBI core by bulky
substituents not only provided the most clean vibronic
progressions and the highest uorescence quantum yields, but
also afforded almost planar p-scaffolds, while signicant
distortion of the PBI p-scaffold was found when longitudinally
slipped PBI cores established p–p contacts.
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22 M.-J. Lin, A. J. Jiménez, C. Burschka and F. Würthner, Chem.
Commun., 2012, 48, 12050–12052.
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E. Hädicke and J. Berndt, Acta Crystallogr., Sect. B: Struct.
Sci., 1989, 45, 69–77.

28 H. Langhals and S. Kinzel, Spectrochim. Acta, Part A, 2011, 78,
1212–1214.
Chem. Sci.
29 A. D. Becke, Phys. Rev. A: At., Mol., Opt. Phys., 1988, 38, 3098–
3100.

30 S. Grimme, J. Antony and S. Ehrlich, J. Chem. Phys., 2010,
132, 154104.

31 T. H. Dunning, Jr, J. Chem. Phys., 1989, 90, 1007–1023.
32 S. Grimme, J. Chem. Phys., 2003, 118, 9095–9102.
33 Molecular Electronic-Structure Theory, ed. T. Helgakar,

P. Jørgensen and J. Olseen, Wiley-VCH, New York, USA, 2000.
34 E. Fron, G. Schweitzer, P. Osswald, F. Würthner, P. Marsal,
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