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Michael Wykes,⊥ David Beljonne,⊥ and Frank Würthner*,†
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We report on a series of bis-chromophoric compounds o2c, g2c, and r2c, afforded by linking two identical
orange, green, or red perylene bisimide (PBI) units, respectively, through a calix[4]arene spacer unit. The
PBI units are characterized by their increasing sterical demand from a planar conformation, which is orange
(o) colored, via the slightly distorted greenish (g) colored form to the strongly distorted derivative, which is
red (r) colored. An equilibrium between the two possible pinched cone conformations of the calix[4]arene
unit is observed for all three compounds, with one conformation showing a π-stacked sandwich arrangement
of the PBI units and the second revealing a nonstacked conformation. The amount of the π-stacked conformation
in the equilibrium enhances upon decreasing the steric encumbering of the respective PBI unit as well as
upon lowering the solvent polarity, thus increasing π-π interactions as well as electronic coupling between
the PBI units. Accordingly, the presence of the π-stacked calix[4]arene conformation is most pronounced for
compound o2c in methylcyclohexane (MCH), CCl4, and toluene, and to a lesser extent for compound g2c in
MCH. Almost no π-stacked conformation is found for the most sterically demanding red system r2c. Molecular
modeling studies at the force-field level show that the π-stacked conformations of the least sterically hindered
dimmer o2c are lower in energy than those of the nonstacked ones in a nonpolar environment, whereas, in
polar media, these stabilities are inversed. A quantitative analysis of the excited-state properties has been
obtained by UV/vis absorption, steady-state and time-resolved emission, and femtosecond transient absorption
spectroscopy. Global and target analysis of the femtosecond transient absorption data is used for probing
ground-state populations with excited-state dynamics. The o2c molecules in the π-stacked conformation display
a distinctly different decay behavior relative to the molecules in the nonstacked conformation. The former
population decays via an excimer state, with the latter population decays through a charge separation process
involving the calix[4]arene as a donor.

Introduction

Calix[4]arenes represent one of the most versatile building
blocks in supramolecular chemistry.1 In addition to widespread
applications in molecular recognition, calix[4]arenes have been
used as versatile scaffolds to organize functional dye units, such
as nonlinear optical dyes,2 electrophores,3 and fluorophores.4

Calix[4]arenes can exist as four conformational isomers in
solution, i.e., cone, partial cone, 1,2-alternate, and 1,3-alternate
(defined by the orientation of the respective phenolic rings
toward each other and the linking methylene bridges; for a
structural representation of the four isomers, see Figure S1 in
the Supporting Information). The cone isomer of calix[4]arenes
can be conformationally fixed in solution,5 but interestingly, the
thus rigidified skeleton still reveals some remaining flexibility.

Hence, cone isomers of calix[4]arenes are known to undergo
geometric changes that vary the distance between two opposite
phenol rings.6 Accordingly, the averaged C4V symmetry found
for calix[4]arenes in the cone conformation can be interpreted
in terms of a rapid interconversion between two equivalent so-
called pinched cone isomers showing C2ν symmetry (i.e.,
showing a geometric arrangement with the two opposite
aromatic rings almost parallel, while the other two rings adopt
an extended position). However, upon partial substitution of the
phenolic units, the two pinched cone conformations are no
longer equivalent, and, as a consequence, a shift of the
equilibrium toward one favorable conformer is expected,
depending on the nature of the substituent and also on
interactions between the substituting units.7

Among the available classes of functional π-systems, perylene
bisimides (PBIs) are outstanding with regards to their fluores-
cence emission (quantum yields up to unity) and n-type
semiconducting properties.8 They represent important photo- and
electroactive building blocks in supramolecular dye chemistry9-11

with excellent emission properties12 and high absorption coef-
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ficients and photochemical stability. Different types of inter-
molecular forces such as hydrogen bonding, π-stacking and
metal-ion coordination have been applied to direct the forma-
tion of desirable supramolecular structures of PBIs.8,11,12 PBI
dyes and their assemblies find application as functional units
in artificial light-harvesting systems,13 photoinduced electron
transfer systems,14 and organic electronic devices such as organic
light emitting diodes (OLEDs),15 organic thin-film transistors
(OTFTs),16 and solar cells.17 The PBI chromophore can be easily
fine-tuned by proper substitution in the so-called bay positions
to exhibit quite divers electronic and optical properties. As such,
the classes of phenoxy- (red),18 and pyrrolidino- (green)19 bay-
substituted PBIs as well as the core-unsubstituted PBIs (or-
ange)20 are available.

Substitution of two opposing phenolic rings of the calix[4]arene
moiety in the para positions with PBIs leads to the formation
of bis-chromophoric systems. Owing to the intrinsic flexibility
of the calix[4]arene spacer unit, two energetically nonequivalent
pinched cone species are formed, with one conformer showing
π-stacked (PBI residues pointing toward each other), and the
other conformer showing nonstacked geometry (PBI residues
pointing away from each other). Both species can interconvert,

and a schematic representation of this conformational equilib-
rium is shown in Figure 1. In contrast to this tweezer-type
flexible spacer unit, other examples of bis-chromophoric
architectures of dyes are typically limited either to rigid spacer
systems without structural flexibility21,22 or to arrangements of
less defined geometry.23 The interconversion process between
the two conformational states and hence the position of the
equilibrium should be substantially influenced by the impact
of π-stacking between the chromophoric planes, which is
governed by solvent effects and by the steric demand of the
spacious aromatic systems. As a consequence, proper fine-tuning
of all these parameters should enable a controlled adjustment
of the conformational equilibrium to afford a switchable bis-
chromophoric system. In contrast to systems reported by the
group of Swager,3b,c where the interactions between electroactive
substituents are studied toward a sensoring application, the
present linkage of calix[4]arenes with PBI units deals with the
optical properties of such derivatives.

Accordingly, the work described in this paper elucidates the
photophysical behavior of a series of bis-chromophoric com-
pounds o2c, g2c, and r2c afforded by the combination of two
orange (o), green (g), and red (r) PBI chromophoric units,

Figure 1. Schematic representation of the equlibrium between nonstacked (left) and π-stacked (right) pinched cone conformation of the calix[4]arene
unit upon substitution with two orange PBI units (for chemical structure, see compound o2c in Scheme 1). Molecular structures obtained from force
field calculations (Vide infra and Supporting Information). Hydrogen atoms have been omitted, and color of the PBI chromophore is applied for
clarity.

SCHEME 1: Synthetic Routes and Chemical Structures of PBI-Calix[4]arene Dimers and Respective Reference
Compounds Studieda

a Reagents and conditions: (a) for compound o2c: Zn(OAc)2, quinoline, 165 °C, yield 55%; for compound g2c: Zn(OAc)2, quinoline, 130 °C,
yield 32%; for compound r2c: Et3N, toluene, 125 °C, yield 82%.
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respectively, connected by a calix[4]arene spacer unit via the
N-imide position of the chromophore. The methodology for the
synthesis of calix[4]arene-PBI arrays has been developed before
in a collaboration of our and Böhmer’s group.24 Within the series
presented here, the three types of PBI substituents used are
characterized by their increasing steric demand depending on
the bulkiness of the substituents in the bay positions, ranging
from the orange chromophore (hydrogen substituents, with UV/
vis absorption maxima at 526 and 490 nm in CH2Cl2) via the
green chromophore (pyrrolidino functionalization, showing an
UV/vis absorption maximum at 701 nm in CH2Cl2) to the red
phenoxy bay-substituted PBI moiety (with an UV/vis absorption
maximum at 578 nm in CH2Cl2). This steric demand of the
individual chromophore as well as solvent polarity effects will
strongly affect the interactions between the respective aromatic
π-systems, and, as a consequence, the position of the equilibrium
between π-stacked and nonstacked pinched cone conformation
of the calix[4]arene unit will substantially be influenced (for a
schematic representation of the conformational equilibrium see
Figure 1).

The conformation-dependent photophysical properties of these
bis-chromophoric systems are studied by means of UV/vis
absorption, steady-state and time-resolved emission, femtosec-
ond transient absorption spectroscopy, and spectrotemporal
analysis of the femtosecond transient absorption data. The
compounds studied as well as their syntheses and the structures
of the related reference systems (without calix[4]arene substitu-
tion) are shown in Scheme 1. Thus, three compounds containing
one PBI chromophore connected to a calix[4]arene unit (oc,
gc, and rc), which are henceforth also referred to as “mono-
mers”, three compounds containing two PBI moieties linked
by one calix[4]arene unit (o2c, g2c, and r2c), which are referred
to as “dimers”, and three reference PBI dyes containing no
calix[4]arene units (oref, gref, and rref) are studied.

Results and Discussion

Synthesis and Structural Characterization. The studied
PBI-calix[4]arene arrays were synthesized according to Scheme
1. For this purpose, 1 equiv of 5,17-diamino-25,26,27,28-
tetrakis(propyloxy)-calix[4]arene was reacted with three different
types (orange, green, and red) of perylene monoimide monoan-
hydrides to yield the 2-fold perylene-substituted calix[4]arene
compounds o2c, g2c, and r2c. The imidization was carried out
either in refluxing toluene/Et3N (for compound r2c) or in
quinoline (at 165 °C for compound o2c and at 130 °C for
compound g2c), using Zn(OAc)2 as a catalyst. The monocalix[4]-
arene-substituted compounds oc, gc, and rc also shown in
Scheme 1 were obtained under similar reaction conditions.24a,c,d

All products were purified by column chromatography (SiO2)
and were characterized by 1H NMR spectroscopy, high resolu-
tion mass spectrometry, and elemental analysis.

Dark violet single crystals of compound r2c suitable for an
X-ray analysis were obtained by slow crystallization from
chloroform/methanol solution at room temperature. Hence, the
crystals slightly differ in color compared to the red appearance
in solution, which is most likely due to the packing of the PBI
units. The molecule presents a pseudo 2-fold symmetry coin-
cident with the calix[4]arene symmetry axis (see Figure 2). Two
perylene units are oriented away from each other on opposite
sides to the calix[4]arene, which is considerably distorted toward
a pinched cone conformation. Neither of the perylene fragments
exhibit a flat π-system but rather a propeller-like twisted
conformation between their respective naphthalene half-units,
as already observed for other bay-substituted PBIs.8 The

measured torsional angle of 29.4° is comparable with the value
of 25° measured for other perylene derivative bearing tetraaryl-
oxy-substituents at the bay-positions of the PBI core.25 Note-
worthy, the two PBI units are twisted in different directions to
afford P and M helical configurations, respectively. This can
be seen from the views of the molecular structure depicted in
Figure 2 and Figures S5 and S6 in the Supporting Information
(view of PBI units along the N bound to the calix[4]arene to
the N bearing the butyl chain). For a visualization of the crystal
packing, see Figure 2 (bottom), and for further details on the
dihedral and torsion angles see Supporting Information.

1H NMR Studies. The 1H NMR spectra in CDCl3 of the
monomeric compounds oc, gc, and rc as well as those of the
dimeric compounds o2c, g2c, and r2c are sharp at room
temperature. The observed signals correspond to the symmetry
expected for the respective substitution pattern of the calix[4]arene
moiety. A section of the spectra of compounds oc and o2c
showing the signals of the Ar-CH2-Ar protons of the
calix[4]arene moiety is exemplarily depicted in Figure 3 (for
1H NMR data of the other compounds, see Figures S7 and S8
in the Supporting Information). Accordingly, two pairs of
doublets for the protons of the methylene bridges are observed
for compound oc (in agreement with one symmetry plane
passing through the PBI-substituted phenolic ring of the
calix[4]arene and through its nonsubstituted counterpart). For
compound o2c, only one pair of doublets for the protons of the
methylene bridges is found (in agreement with two symmetry
planes present in the molecule). Likewise, for compounds gc
and rc, two pairs of doublets for the protons of the methylene

Figure 2. Top: Molecular structure of r2c. Bottom: View of the crystal
packing of a pair of molecules related by a center of symmetry.
Hydrogen atoms were omitted for clarity.
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bridges are observed in the 1H NMR spectra, whereas, for
compounds g2c and r2c, only one pair of doublets for the
protons of the methylene bridges is present (see Figures S7 and
S8 in the Supporting Information). Accordingly, for all mon-
omeric and dimeric compounds, only one set of signals for the
Ar-CH2-Ar protons of the calix[4]arene moiety is observed
in CDCl3.

When changing to the less polar solvent CCl4, the signals of
the Ar-CH2-Ar protons in the 1H NMR spectra of compound
oc remain sharp at room temperature (see Figure 3). In contrast,
the spectra of compound o2c in CCl4 show a pronounced
broadening of the doublet at higher field that is indicative for a
dynamic process taking place on the NMR time scale. A similar
behavior is also found in the spectra of compounds g2c and
r2c in CCl4 (see Figure S7 in the Supporting Information).

As discussed above, an equilibrium between the two possible
pinched cone conformations of the calix[4]arene unit is expected
for the dimeric compounds; with one conformation showing
π-stacked arrangement of the PBI units, and the second
conformation revealing nonstacked geometry as the PBI units
point away from each other. Hence, the 1H NMR data should
reveal the spectral features of both the π-stacked and the
nonstacked pinched cone conformations, respectively, being in
equilibrium with each other. The fact that only one set of sharp
signals is detected in the 1H NMR spectra in CDCl3 may be
rationalized either by the fast interconversion between the two
possible pinched cone conformations on the NMR time scale
and that hence the observed spectra correspond to the weighted
average of the signals, or the slow interconversion of the isomers
on the NMR time scale, with the clear prevalence of one of the
two pinched cone conformations. On the basis of our UV/vis
absorption data (see below), however, the prevalence of the
nonstacked pinched cone conformation can be safely assumed.
Upon lowering the solvent polarity, the strength of π-π
interactions between PBI chromophores is known to increase
substantially.8 Accordingly, the equilibrium should be shifted
toward the π-stacked pinched cone conformation. For such a

situation, line broadening can arise in the coalescence temper-
ature range. The broadening of the 1H NMR signals of the
Ar-CH2-Ar protons of o2c at room temperature in CCl4 is
accordingly attributed to such a dynamic process (see Figure 3).

To further elucidate this behavior, we have conducted variable
temperature 1H NMR measurements in CCl4 for all three
compounds o2c, g2c, and r2c, respectively; for a section of
the spectra showing the signals of the Ar-CH2-Ar protons of
the respective calix[4]arene moiety, see Figure S9 in the
Supporting Information.26 Lowering of the temperature afforded
coalescence at around 273 K for one set of the methylene
protons of o2c and g2c as well as a broadening of the signal of
the other methylene protons. For r2c, the temperature-dependent
NMR spectra reveal several dynamical processes taking place
in the given temperature range. These arise from complex
motions of the phenoxy substituents between different confor-
mational states and the interconversion of M- and P-atropo-
isomers of these in the bay area distorted dyes for which an
energy barrier of around 60 kJ/mol has been determined
recently.27 Accordingly, the observed dynamic phenomena in
the case of r2c can not be related to the equilibrium of the two
calix[4]arene pinched cone conformations exclusively.

Steady-State Optical Properties. All compounds were
characterized by means of UV/vis absorption and steady-state
fluorescence emission spectroscopy in solvents of varying
polarity employing methylcyclohexane (MCH, εr ) 2.0),
tetrachloromethane (CCl4, εr ) 2.2), toluene (εr ) 2.4),
dichloromethane (CH2Cl2, εr ) 8.9), and benzonitrile (PhCN,
εr ) 25.9). The related spectroscopic data are summarized in
Table 1. Exemplarily, the UV/vis absorption spectra of com-
pounds o2c and g2c obtained in various solvents are depicted
in Figure 4 (top and bottom, respectively); the spectra of all
other compounds are shown in the Supporting Information
(Figure S11). The UV/vis absorption spectra are normalized for
better comparison of the band shapes varying with changing
solvent polarity.

The spectra of the monomeric orange compound oc show
the characteristic vibronic UV/vis absorption pattern of the
orange PBI chromophore in all solvents, thus being in good
agreement with the spectral data obtained for the orange
reference compound oref (for values of band maxima and molar
extinction coefficients, see Table 1, and for spectra, see Figure
S11 in the Supporting Information). A modest hypsochromic
shift of the band maximum from 530 nm (in benzonitrile) to
517 nm (in MCH) is observed for compound oc as well as for
oref (see Table 1). Furthermore, the values found for the ratio
of the first and second absorption maxima (here denoted as (0,0)/
(0,1)) range between 1.65 and 1.70 for compound oc and oref
in all solvents (see Table 1), which thus indicates the presence
of monomeric, nonaggregated dyes.

The absorption spectra of the dimeric orange compound o2c
are depicted in Figure 4 (top). The spectrum in the most polar
solvent benzonitrile (black line in Figure 4, top) shows the
characteristic maxima of the orange PBI chromophore with
bands at 530 and 493 nm very similar to those of the monomeric
compound oc (see above), but reveals almost doubled values
for the molar extinction coefficient of ε(PhCN) ) 162 000 M-1

cm-1 for the band at 530 nm. Hence, the absorption spectrum
of compound o2c in benzonitrile consists of the absorption
features of its constituent two orange PBI units, confirming an
insignificant interaction between the chromophores in the
ground-state in benzonitrile. Neither additional absorption bands
emerged, nor did the absorption maxima shift to longer or
shorter wavelengths. In contrast, when changing to solvents of

Figure 3. Sections of 1H NMR spectra (600 MHz, room temperature)
showing the Ar-CH2-Ar protons of the respective calix[4]arene moiety
in CCl4 and CDCl3 (indicated above in the individual spectrum) of
compound oc (top) and compound o2c (bottom).
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lower polarity the spectral features of the dimeric compound
o2c differ significantly from those of the monomer oc. Thus,

the absorbance around 490 nm shows a dramatic increase
relative to that around 525 nm for all solvents (for the respective
changes in the molar extinction coefficients, see Table 1).
Accordingly, values for the (0,0)/(0,1) ratio are found to be 1.54
in CH2Cl2, 1.26 in toluene, 0.94 in CCl4, and 0.63 in MCH.

These spectral features are typical for π-stacked PBI chro-
mophores in a sandwich-type arrangement, where the transition
dipole moments of the dye units are cofacially arranged.28-30

For such an arrangement, the strong excitonic coupling results
in a hypsochromically shifted main absorption band (called the
H-band) compared to nonaggregated PBI dye units. As il-
lustrated in Figure 1, the two possible pinched cone conforma-
tions of the calix[4]arene unit are characterized by one
conformation showing π-stacked arrangement of the PBI units
and the second conformation revealing nonstacked geometry
as the PBI units point away from each other. Hence, the UV/
vis absorption curves (shown in Figure 4, top) reveal the
superimposed spectral features of both the π-stacked and
nonstacked pinched cone conformations, which are in equilib-
rium with each other. For the first conformation, the two PBI
chromophores are π-stacked in a parallel sandwich-type geom-
etry with almost no longitudinal offset. A hypsochromic spectral
shift is expected for such H-type aggregates as observed in the
low polarity solvents (see Figure 4, top).28,29 For the other
pinched cone conformation with nonstacked arrangement of the
PBI chromophores, we may expect almost unchanged spectra
compared to those of the orange monomers oc and oref as a
result of the almost orthogonal orientation of the transition dipole
moments of the two dye units and the significant distance
between the centers of the chromophores. Indeed, these spectral
features of nonaggregated chromophores are observed for the
more polar solvents CH2Cl2 and benzonitrile. Accordingly, these
solvent-dependent spectra reveal a shift of the equilibrium
between the two pinched cone conformations upon lowering
the solvent polarity toward the π-stacked conformation, thus

TABLE 1: Steady-State Optical Properties in Various Solvents at Room Temperaturea

cmpd MCH CCl4 toluene CH2Cl2 benzonitrile

oc λmax [ε] 517 [96400] 523 [94800] 527 [86400] 526 [91600] 530 [88900]
480 [56500] 487 [56600] 491 [52500] 489 [55200] 493 [53500]

λmax [ΦFl] 520, 558 [0.01] 526, 566 [0.02] 534, 576 [0.02] 535, 573 [0.03] 537, 579 [0.02]
(0,0)/(0,1)b 1.70 1.68 1.65 1.65 1.66

o2c λmax [ε] 522 [67100]c 525 [89700] 527 [114600] 526 [164200] 530 [162000]
486 [106500] 489 [95800] 490 [90700] 490 [106700] 493 [103400]

λmax [ΦFl] 522, 562 [<0.01] 527, 569 [<0.01] 532, 574 [<0.01] 536, 577 [0.03] 538, 580 [0.03]
(0,0)/(0,1)b 0.63 0.94 1.26 1.54 1.57

oref λmax [ε] 517 [93700] 523 [96800] 527 [92200] 527 [93600] 531 [91100]
480 [55200] 487 [57500] 490 [55800] 490 [56000] 494 [54500]

λmax [ΦFl] 521, 561 [∼1.00]d 527, 569 [∼1.00]d 535, 579 [∼1.00]d 534, 576 [0.99] 540, 583 [∼1.00]d

(0,0)/(0,1)b 1.70 1.68 1.65 1.67 1.67
gc λmax [ε] 664 [44900] 680 [43300] 686 [43100] 701 [47300] 705 [45600]

λmax [ΦFl] 685 [0.41] 704 [0.37] 721 [0.29] 742 [0.19] 748 [0.17]
g2c λmax [ε] 709 [30700]c 680 [67600] 686 [66500] 706 [92400] 706 [83800]

657 [33300]
λmax [ΦFl] 684, 756 [<0.01] 706 [0.12] 723 [0.27] 744 [0.22] 750 [0.17]

gref λmax [ε] 669 [44700] 686 [44100] 692 [46100] 709 [43000] 710 [45200]
λmax [ΦFl] 691 [0.39] 708 [0.34] 727 [0.24] 748 [0.19] 753 [0.18]

rc λmax [ε] 564 [45600] 572 [47900] 573 [47300] 578 [47400] 580 [43800]
λmax [ΦFl] 588 [∼1.00]d 596 [0.99] 600 [∼1.00]d 608 [0.80] 614 [0.81]

r2c λmax [ε] 571 [72200] 573 [90100] 573 [92800] 580 [92200] 581 [88000]
534 [49800]

λmax [ΦFl] 588 [0.29] 596 [∼1.00]d 600 [∼1.00]d 612 [0.79] 615 [0.82]
rref λmax [ε] 567 [47400] 578 [50600] 579 [49800] 582 [49700] 586 [46500]

λmax [ΦFl] 593 [0.96] 604 [0.96] 608 [0.97] 615 [0.99] 620 [0.95]

a Values for ε are given in (M-1cm-1) and values of λmax in (nm). Optical density (OD) of the solution ∼ 1. The shape of the spectra did not
change upon dilution. b Denoting the ratio of first and second absorption maxima. c Precipitation from solution after ca. 30 min. d ΦFl ( 0.02.

Figure 4. Normalized UV/vis absorption spectra in benzonitrile (PhCN,
black line), CH2Cl2 (red line), toluene (green line), CCl4 (blue line),
and MCH (cyan line) of compound o2c (top) and of compound g2c
(bottom).
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enhancing the spectral features of the π-stacked pinched cone
conformation (see Figure 4, top), whereas, for polar solvents,
the nonstacked conformation clearly dominates the spectra.

Likewise, as observed for the orange compounds oc and oref,
the spectra of the green monomeric compounds gc and gref
also exhibit the characteristic UV/vis absorption maxima of the
green PBI chromophore in all solvents (see Table 1 and
Supporting Information). Thus, no significant changes in the
general band shapes are observed upon lowering the solvent
polarity. The positive solvatochromism from 664 nm in MCH
to 705 nm in benzonitrile for compound gc and from 669 nm
in MCH to 710 nm in benzonitrile in compound gref is in
accordance with the pronounced charge transfer character of
the S0f S1 transition for the green chromophore.31 The related
spectra of the green dimeric compound g2c are shown in Figure
4, bottom. No indication for the formation of a π-stacked
pinched cone conformation of the calix[4]arene unit in an H-type
aggregation arrangement is observed for the spectra in the polar
solvents benzonitrile, CH2Cl2, and toluene. In contrast, the
spectra of g2c in CCl4 reveal a loss of fine-structure and
broadening of the band, and for the spectra in MCH, a split
band with two maxima at 657 and 709 nm, respectively, is
observed. These findings again confirm the presence of equi-
librium between the two possible pinched cone conformations
in compound g2c, which is shifted toward the π-stacked
conformation in solvents of very low polarity.

For all three red compounds, rc, rref, and r2c, a modest
hypsochromic shift of the UV/vis absorption maxima upon
lowering the solvent polarity from benzonitrile to MCH is
observed (see Table 1 and Figure S11 in the Supporting
Information). No significant changes in the band shapes are
found, except a small band enhancement at 534 nm for red
dimeric compound r2c in MCH that might indicate a small
amount of π-stacked pinched cone conformation.

Temperature-Dependent UV/Vis Absorption Spectra. To
exclude the presence of intermolecular PBI aggregates at the given
concentrations, temperature-dependent UV/vis absorption measure-
ments have been carried out that are depicted in Figure 5 and in
Figure S12 and S13 in the Supporting Information. For entropic
reasons, intermolecular aggregates would dissociate into the
respective monomer species at higher temperatures,32 and the
absorption spectra at higher temperatures would thus reveal the
spectral features of the monomer species. In contrast, the interac-
tions within intramolecular aggregates would not be changed with
respect to the increasing temperature and thus the UV/vis absorption
spectra upon heating of the solution would not be influenced
substantially. Accordingly, UV/vis absorption spectra of the dimeric
compounds o2c, g2c, and r2c in CCl4 as well as those of their
related monomers oc, gc, and rc and of the PBI reference
compounds oref, gref, and rref were recorded for dilute solutions
as a function of the temperature in the range from 20 to 70 °C,
with heating steps of 10 °C. For the sake of illustration, the spectra
of compound oc and o2c are shown in Figure 5, all other spectra
are depicted in Figure S12 and S13 in the Supporting Information.33

The UV/vis absorption spectra of o2c and g2c in CCl4 show that
both compounds remain π-stacked, even at elevated temperature
and very low concentrations of ca. 5.0 × 10-6 M. This π-stacking
can only be attributed to an intramolecular aggregation of the PBI
chromophores because an intermolecular aggregate would show
strong temperature and concentration dependence in the UV/
vis spectra.10c,32,34

Steady-State Fluorescence Emission Spectra. All com-
pounds have been investigated by steady-state fluorescence
spectroscopy, and the values obtained for quantum yields and

band maxima in the various solvents are summarized in Table
1. The emission spectra of the orange monomeric compound
oc and those of the dimeric compound o2c are depicted in Figure
6; for all other fluorescence spectra, see Figure S14 in the
Supporting Information. The emission spectra of compound oc
show the characteristic vibronic progressions of a nonaggregated
orange PBI, being in good agreement with those of the orange
reference compound oref. They are showing a hypsochromic
shift of 17 nm from 537 nm in benzonitrile to 520 nm in MCH
for compound oc due to solvatochromic effects similar to those
already observed in the UV/vis absorption spectra (see Table
1). In contrast, the spectra of the dimeric compound o2c in
Figure 6 reveal an additional broad, red-shifted emission band
at around 650 nm for all solvents, accompanied by a hypso-
chromic shift of the band maximum of 16 nm when changing
from benzonitrile to MCH (see Table 1). The broad emission
feature is increasing in intensity upon lowering the solvent
polarity and becomes most pronounced in MCH. Furthermore,
the values for the fluorescence quantum yields for the dimeric
compound o2c decrease in solvents of lower polarity, whereas,
for the respective monomeric compound oc, comparably higher
values are found (see Table 1).36 The observed broad spectral
features can be attributed to an “excimer-type” emission
resulting from π-stacked PBI chromophores.32 Hence, also for
the steady-state fluorescence spectra, a solvent-polarity depen-
dence is observed, indicating the presence of an equilibrium
between the two pinched cone calix[4]arene conformations. The
fluorescence quantum yields (see Table 1) also support this
trend, as solvent polarity-dependent fluorescence quenching is
observed, being typical for π-stacked sandwich aggregates of
H-type arrangement.

Figure 5. UV/vis absorption spectra at variable temperatures in CCl4

of compound oc (top, c ) 4.56 × 10-6 M) and of compound o2c
(bottom, c ) 5.83 × 10-6 M), concentrations given at 20 °C. Arrows
indicate trends upon rising temperature. Spectra are corrected for density
changes due to rising temperature.
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The emission spectra of both the monomeric and dimeric
green compounds gc and g2c show the characteristic fluores-
cence spectral features of a monomeric green PBI chromophore
in benzonitrile, CH2Cl2, toluene, and CCl4 (see Table 1), being
in reasonable agreement with the data for the green reference
compound gref. Furthermore, hypsochromic shifts of 63 and
66 nm are found for compounds gc and g2c from benzonitrile
to MCH, respectively, as a result of the pronounced solvato-
chromic behavior of this charge transfer transition (see Table
1). Only in MCH do the spectra of compound g2c reveal a
distinct additional broad emission band at around 756 nm.
Furthermore, the fluorescence quantum yields determined for
the compounds g2c, gc, and gref (given in Table 1) show very
similar values in benzonitrile (Φfl ) 0.17-0.18), CH2Cl2

(Φfl ) 0.19-0.22), and in toluene (Φfl ) 0.24-0.27) but very
different values in CCl4 and MCH. Thus, a strong fluorescence
quenching is observed for compound g2c in CCl4 and MCH
(Φfl ) 0.12 in CCl4 and Φfl < 0.01 in MCH) compared with
those for the respective monomeric compound gc (Φfl ) 0.37
in CCl4 and Φfl ) 0.41 in MCH) and to those of the green
reference compound gref without calix[4]arene substitution
(Φfl ) 0.34 in CCl4 and Φfl ) 0.39 in MCH). These findings
corroborate the presence of an equilibrium between the two
possible pinched cone conformations of the calix[4]arene unit
for compound g2c in MCH, and these results thus closely reflect
the observations made for the UV/vis absorption spectra of g2c.
The π-stacking in the green system is, however, only observed
for the spectra in MCH and to a lesser extend in CCl4 which is
most likely due to the steric hindrance of the substituents in

the bay positions of the PBI chromophore that destabilize the
close van der Waals contact between the two π-surfaces.

Almost no changes in the emission spectra as a function of
solvent polarity are observed for the red monomeric and dimeric
compounds rc and r2c. Only for the lowest polarity solvent
MCH is a slightly enhanced absorbance at 534 nm found for
compound r2c. Concomitantly, equally high fluorescence quan-
tum yields Φfl > 0.80 are found for r2c and rc in all solvents
with the exception of MCH. In this particular solvent, a strong
fluorescence quenching is observed for compound r2c (Φfl )
0.29), revealing the formation of the π-stacked conformer in
the excited state.

Molecular Modeling Studies. To further elaborate these
findings on a theoretical level, molecular modeling studies were
performed at the force-field level (Amber 9,37 Generalized
Amber Force Field (GAFF)38 using AM1BCC partial charges;39

for details see Supporting Information) to determine the relative
stabilities of the π-stacked and non-π-stacked conformers of
the least sterically hindered o2c dimer and the most sterically
hindered r2c dimer in polar and nonpolar environments. For
the calculations in a polar environment, the acetonitrile model
of Grabuleda et al. was utilized,40 whereas the limiting case of
a nonpolar environment was represented by vacuum. The
resulting potentials of mean force (PMFs; see Figures 7 and 8)
of both molecules bear two local minima corresponding to
π-stacked conformations of the molecules and a third signifi-
cantly wider well corresponding to the non-π-stacked conforma-
tions. The first π-stacked conformation is characterized by a
crossing of the N-N axes of the two chromophores, while the
second exhibits parallel N-N axes. In non-π-stacked conforma-
tions, the chromophores are far away from each other (for
structures, see Figure S15 in the Supporting Information). The
PMF for o2c indicates that in vacuo π-stacked conformations
are lower in free energy than non-π-stacked conformations (see
Figure 7). In CH3CN, however, the relative stabilities are
reversed, with non-π-stacked conformations lying lower on the
PMF than π-stacked conformations. These findings are in
excellent agreement with the results obtained by UV/vis
absorption and fluorescence spectroscopy, as discussed in the
previous section. The locations of free energy wells of π-stacked
conformations and their actual geometries observed from
molecular dynamics snapshots do not vary significantly between
simulations in vacuo and CH3CN, while the free energy well
corresponding to non-π-stacked conformations is shifted to a
larger interchromophoric distance in vacuo.

The PMF for r2c in CH3CN (see Figure 8) indicates that
non-π-stacked conformations are lower in free energy than
π-stacked conformations, mirroring the PMF for o2c in CH3CN,
which again resembles very nicely the conclusions drawn from
the experimentally obtained UV/vis absorption and fluorescence
emission data. In vacuo, the lowest free energy well contains
partially π-stacked conformations with bulky tert-butylphenoxy
substituents caught in between the two PBI units, leading to a
greater interchromophoric separation (∼7 Å). All conformations
with direct π-stacking between two red PBI chromophores (d
< 5 Å) are significantly higher in energy. Hence, only a weak
excitonic coupling between the red PBI chromophores is
expected for r2c, even in low polarity solvents.

Interchromophoric distance expectation values 〈di〉 were
calculated for each free energy well by taking the product of
probability and distance at each PMF point in the well and
summing over each well. Expectation values of relative free
energy 〈∆Gij〉 were calculated as the difference between the PMF
expectation values in each well. The results are summarized in

Figure 6. Normalized steady-state fluorescence spectra in benzonitrile
(PhCN, black line), CH2Cl2 (red line), toluene (green line), CCl4 (blue
line), and MCH (cyan line) under dilute conditions (OD of the respective
solution <0.05) of compound oc (top) and of compound o2c (bottom).
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Table 2, and they are clearly consistent with the respective
stability of the two dimer compounds in nonpolar versus polar
media as described above.

INDO/SCI41 excited-state calculations were performed on
crossed π-stacked and non-π-stacked geometries of o2c to
enable the comparison of their spectroscopic features. The
geometries were obtained by averaging atomic coordinates of
molecular dynamics snapshots found in each free energy well
followed by minimization to take the system to the nearest local
minima. The simulated absorption spectrum of o2c in the
π-stacked conformation exhibits a hypsochromic shift by ∼ 0.17
eV of the main absorption band relative to the non-π-stacked

one, as expected for a H-type aggregate (see Figure 9). This is
again in good agreement with the experimentally obtained UV/
vis data where a shift of the absorption band from 520 (2.38
eV) to 486 nm (2.55 eV) is observed upon π-stacking for o2c
in nonpolar solvents. Thus, as predicted from the quantum
chemical calculations, the π-stacked conformation yields a
vertical excitation energy that is blue-shifted by about 1
vibrational quantum with respect to the nonstacked conforma-
tion. Transition density distributions calculated for the optical
transitions I and III in the spectrum of the π-stacked form are
shown as insets in Figure 9 and correspond to out-of-phase (J-
band) and in-phase (H-band) combinations of the molecular

Figure 7. Free energy as a function of o2c interchromophoric distance in explicit acetonitrile solution (black line, representative for polar solvents)
and in Vacuo (red line, representative for nonpolar solvents) derived from probability distributions extracted from molecular dynamics simulations.
Structures found in each free energy well are shown as insets and include π-stacked crossed conformations between 3 and 4 Å (left), π-stacked
parallel conformations between 4 and 6 Å (middle), and the non-π-stacked conformations found over the range of approximately 10 to 25 Å (right).

Figure 8. Free energy as a function of r2c interchromophoric distance in explicit acetonitrile solution (black line, representative for polar solvents)
and in Vacuo (red line, representative for nonpolar solvents) derived from probability distributions extracted from molecular dynamics simulations.
Structures found in each free energy well are shown as insets and include π-stacked crossed conformations between 3 and 5 Å (far left), π-stacked
parallel conformations between 5 and 6 Å (inner left), sterically hindered partially π-stacked conformations between approximately 6 and 9 Å
(inner right) and non-π-stacked conformations found over the range of approximately 10 to 25 Å (far right).
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transition dipoles, respectively. Optical transition II has clear
charge-transfer character with the majority of electron and hole
excited-state wave function density lying on opposite PBI
chromophores. As a result of geometric relaxation in the excited
state, we expect the emission to take place from an excimer-
like species, i.e., an electronic transition intermediate between
excitations I and II above, which is consistent with the broad,
strongly red-shifted solvent-dependent fluorescence band at ∼
650 nm and the low emission quantum yield in polar solvents.

The same INDO/SCI calculations have been performed for
two representative structures of the nonstacked and partially
π-stacked conformations of r2c. The results (not shown) indicate
a very limited (<0.1 eV) blue shift in going from the former to
the latter, consistent with a small excitonic coupling between
the two sterically hindered PBI cores in r2c.

As substantiated by the molecular modeling study, the steady-
state spectroscopy shows that a π-stacked conformer is present
for the dimers in nonpolar solvents and that the o2c dimer is

TABLE 2: Free Energy Well Interchromophoric Separation Expectation Values 〈di〉 and Relative Free Energies of Neighboring
Wells Measured as the Difference in PMF Expectation Values 〈∆Gij〉 Between Wells

o2c in CH3CN o2c in vacuo r2c in CH3CN r2c in vacuo

〈d1〉 (Å)
conformation

3.6
π-stacked crossed

3.6
π-stacked crossed

3.8
π-stacked crossed

4.7
π-stacked crossed

〈∆G12〉 (kcal/mol) -1.7 -4.3 -2.9 -5.3
〈d2〉 (Å)
conformation

5.4
π-stacked parallel

5.1
π-stacked parallel

5.8
π-stacked parallel

7.2
partially π-stacked

〈∆G23〉 (kcal/mol) -3.2 7.4 -13.1 7.3
〈d3〉 (Å)
conformation

15.0
nonstacked

20.7
nonstacked

15.7
nonstacked

19.7
nonstacked

Figure 9. (Top) Simulated absorption spectra of the orange dye in the π-stacked and nonstacked conformations (INDO/SCI excited-state calculations
on the basis of the force field geometries; Lorentzian functions with 0.06 eV half-width have been used to convolute the spectra). The transition
density distributions calculated for the optical transitions I and III are shown as insets; these correspond to out-of-phase and in-phase combinations
of the molecular transition dipoles. (Bottom) Hole-electron excited-state wave functions vs atom index for the states labeled I, II, and III on the
spectrum of the stacked conformation. Note the charge-transfer character of state II (with predominant off-diagonal contributions, i.e., hole and
electron on different PBI units).
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most prone to this stacking. In order to probe the excited-state
behavior of these dimers, various types of time-resolved
spectroscopy were employed as discussed in the following
section.

Time-Resolved Emission Spectroscopy. The fluorescence
lifetimes of all compounds have been determined, and the
respective data are summarized in Table 3. For the orange
reference compound oref, fluorescence lifetimes between 3.9
and 4.9 ns have been determined, showing no dependence on
solvent polarity. For both compounds oc and o2c, a drastically
shortened fluorescence lifetime compared to the value of the
orange reference compound oref is found, which has been
attributed in our earlier work on oc to a very efficient
photoinduced electron transfer process (kCT ) 3.1 × 1010 s-1

in CH2Cl2) between the electron-poor orange PBI unit and the
electron-rich calix[4]arene substituent.24c,36 The observed life-
times for oc are thus reduced to values lower than the system
response of approximately 150 ps. For compound o2c, lifetime
values in the range of the system response of about 150 ps are
measured. For the green and red systems g2c and r2c, no
significant variations due to photoinduced electron transfer or
excimer formation can be extracted from the data, as the
measured lifetime values are in good accordance with the
emission of the non-π-stacked reference chromophores (see
Table 3 and further details in the Supporting Information).43

Femtosecond Transient Absorption Spectroscopy. The
femtosecond transient absorption spectra of compounds oc and
o2c in CCl4 are depicted in Figure 10. For compound oc upon
photoexcitation at 530 nm in CCl4, an intense bleaching is
observed at 530 and 485 nm (S0f S1 transitions of the orange
PBI chromophore24c,44) as well as an intense negative signal at

530 and 570 nm (stimulated emission of the orange PBI
chromophore). Furthermore, a strong positive absorption band
at 715 nm due to the singlet excited-state absorption of the
orange perylene chromophore is found. Upon increasing solvent
polarity, only slight changes in band shapes and general features
of the spectra of the orange system oc (and of oref as well)
have been observed in all other solvents (for spectra, we refer
to Figures S16-S18 in the Supporting Information).24c,36

In contrast, for compound o2c, a strongly enhanced bleach
signal at 485 nm is apparent in the spectra in CCl4, which is
not found for solvents of higher polarity (see, for comparison,
the spectra of compound o2c in toluene, CH2Cl2, and benzoni-

TABLE 3: Fluorescence Lifetimes in Various Solventsa

cmpd
τ (ns)
MCH

τ (ns)
CCl4

τ (ns)
toluene

τ (ns)
CH2Cl2

τ (ns)
benzonitrile

orefb 4.2 4.1 4.0 4.9 3.9
oc sc sc sc sc sc

o2cd s 0.15 0.15 0.14 0.16
grefe,f 5.9 5.6 4.3 3.1 2.5
gce 6.1 5.6 4.4 3.3 2.7
g2ce sd sg 4.4 3.3 2.8
rrefh 6.3 6.9 6.1 6.9 6.3
rc 5.9 6.3 6.3 5.6 4.7
r2c 7.4 6.3 5.8 5.7 4.9

a All spectra recorded at room temperature. b Data are in good
agreement with the literature value of τ ) 3.7 ns for a similar
orange reference in CHCl3; see refs 8 and 12a. c Values could not
be determined, as the signal falls into the time response of the
instrument of ca. 150 ps. d In MCH precipitation was observed
during the time frame of the experiment. In other solvents, a second
long-lived emission was observed that is attributed to a strongly
fluorescent impurity/decomposition product containing the orange
PBI chromophore (values given in ns with respective amplitudes in
brackets): 2.6 (25%) in CCl4, 2.9 (2%) in toluene, 2.9 (2%) in
CH2Cl2, and 3.0 (0.5%) in benzonitrile. e Note that, for all lifetimes
determined for compounds g2c, gc, and gref, biexponential decays
were observed. Accordingly, additional small components are found
which are considered to be inherent to the green PBI chromophore
itself (values given in ns with the respective amplitudes in brackets):
For compound gref: 0.4 (10%) in MCH, 0.6 (12%) in CCl4, 0.7 (5%)
in toluene, 0.4 (8%) in CH2Cl2, and 0.3 (30%) in benzonitrile. For
compound gc: 0.7 (12%) in MCH, 0.3 (30%) in CCl4, 0.5 (20%) in
toluene, 0.4 (15%) in CH2Cl2, and 0.2 (30%) in benzonitrile. For
compound g2c: 0.5 (15%) in toluene, 0.8 (8%) in CH2Cl2, and 0.6
(8%) in benzonitrile. f Data are in good agreement with the literature
value of τ ) 4.5 ns for a similar green reference in toluene; see ref
8. g Degradation of the sample during the time frame of experiment.
h Data are in good agreement with literature values in CHCl3 of τ )
6.5 ns in ref 11 and of τ ) 7.4 ns in ref 12b.

Figure 10. Femtosecond transient absorption spectra and corresponding
time delays in CCl4 after photoexcitation at 530 nm of compounds o2c
(top) and oc (bottom). Note that, because of the low solubility of
compound o2c in MCH, CCl4 was instead chosen as the solvent of
next lowest polarity.

Figure 11. Species-associated difference spectra (SADS) of compound
o2c in CCl4 resulting from the global and target analysis of femtosecond
transient absorption data employing the kinetic scheme depicted in
Figure 12. Shown are processes after photoexcitation at 530 nm; features
due to Raman scattering were omitted for clarity.
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trile in Figure S16). The band at 485 nm is attributed to the
π-stacked pinched cone conformation of the calix[4]arene, and
the femtosecond transient absorption spectra thus relate to the
features already observed for the UV/vis absorption and
fluorescence emission data.45

The femtosecond transients of the green and red dimers in
various solvents do not give any indication for the formation
of π-stacked systems (all spectra of monomers, dimers, and
reference compounds in the various solvents are given in the
Supporting Information, Figures S19-S24). The spectral fea-
tures of very similar femtosecond transient absorption spectra
have been extensively described.24c,d,46,14c

Global and Target Analysis. To further analyze the observed
phenomena, the obtained data-matrices in the various solvents
were analyzed with spectrotemporal parametrization.47 As a final
result, the so-called species associated difference spectra (SADS)
are obtained, which reveal the lifetimes and also the true spectra
of the individual excited-state species (see Figure 11). An
elaborate example of spectrotemporal parametrization of
calix[4]arene-PBI conjugates and further details of the method
have been published recently.24c

For the data analysis of compound o2c, a kinetic scheme has
been employed (see Figure 12) by assuming that both the
π-stacked and nonstacked conformations being present in
equilibrium in the ground state. The obtained SADS for
compound o2c in CCl4 are depicted in Figure , and all other
SADS are shown in Figure S25 in the Supporting Information.
For compound o2c in CCl4, five decay components are identi-
fied. The very first lifetime of 1.2 ps (black line in Figure 11)
is attributed to fast solvent reorganization processes48 (for
comparison, see femtosecond transient absorption spectra of
compound oref in Figure S18 in the Supporting Information).
After 1.2 ps, two excited states are present that are attributed
to the π-stacked and the nonstacked conformation, respectively
(cyan and red lines in Figure 11, respectively). A lifetime of
192 ps is observed for the excited singlet state of the π-stacked
excimer, and its SADS (cyan) shows the expected spectral
patterns, i.e., a strongly enhanced bleach band at 490 nm, owing
to the excited-state interaction of the two chromophoric PBI
units. The SADS representing the excited-state of the nonstacked
conformation (red) decays significantly faster within 9 ps
forming a deactivation pathway via a charge transfer state
involving the formation of the orange PBI monoanion (repre-
sented by the blue line in Figure 11). The latter SADS reveals
a lifetime of 30 ps, and its spectral features show the complete
loss of the stimulated emission at 580 nm and a significant
broadening of the band at around 700 nm. This behavior has
already been elucidated for compound oc and is due to a very

efficient photoinduced electron transfer process between the
electron-poor orange PBI unit and the electron-rich calix[4]arene
substituent.24c Furthermore, the detailed analysis of the late time
gated spectra reveals that a small amount (<2%) of long-lived
triplet is created for compound o2c (green line in Figure 11),
which is also observed for compound oc (for details, see ref
24c).49 Notably, much more efficient population of triplet states
has recently been described for a related compound bearing two
orange PBI chromophores tethered by a rigid xanthene spacer.50

For the target analysis of compound o2c in toluene (see Figure
S25 in the Supporting Information), similar spectral species
including those of the stacked pinched cone conformation are
observed. Accordingly, in toluene, four decay components of
1.2 ps (fast solvent reorganization processes), 18 ps (excited-
state decay for nonstacked chromophores), 53 ps (charge transfer
state decay), and 111 ps (excimer decay) are found. The orange
excimer state in toluene shows a smaller lifetime value of 111
ps compared to the one obtained in CCl4 of 192 ps because of
the lower stabilization resulting from higher solvent polarity.
Accordingly, this state is less stable in toluene, which relates
to the findings from the steady-state optical properties. For both
solvents CH2Cl2 and benzonitrile, no spectral features attribut-
able to the formation of an excimer-like state could be found
by global analysis for the respective SADS. As already discussed
for the time-resolved emission data, the observed lifetimes of
the excimer state are significantly shorter than those for other
PBI aggregates reported in the literature,42 which is most likely
due to the fast quenching of the excited-state of the orange PBI
caused by the competitive photoinduced electron transfer process
involving the calix[4]arene electron donor. For the green and
red systems g2c and r2c in the various solvents, no excimer
formation could be confirmed by global analysis, which again
relates to the steady-state optical results.

Conclusions

The calix[4]arene scaffold has been utilized to preorganize
two orange, green, and red PBI chromophoric units, respectively.
For the orange and green derivatives o2c and g2c, an equilibrium
between the two possible pinched cone conformations of the
calix[4]arene unit is observed, giving rise to the presence of a
π-stacked conformation and a non-π-stacked conformation. Our
study shows that the amount of π-stacked pinched cone
conformation in the equilibrium is affected by the substitution
in the bay positions. With increased steric demand and the
concomitant distortion of the chromophore out of planarity, the
π-stacked conformation is destabilized, which is elaborated
experimentally as well as by molecular modeling studies
performed at the force-field level. We have shown that the two
PBI units interact electronically in the π-stacked conformation,
and hence the latter species exhibits spectral features known
from sandwich-type aggregates with hypsochromically shifted
absorption maxima and an excimer-type emission at long
wavelength. Lowering the solvent polarity shifts the equilibrium
toward the π-stacked form, and, accordingly, the amount of the
π-stacked conformation is substantially increased in the solvents
CCl4 and MCH.

Global and target analysis of the femtosecond transient
absorption data is used for probing ground-state populations with
excited-state dynamics. The molecules in the π-stacked con-
formation display a distinctly different decay behavior compared
with the molecules in the nonstacked conformation. The former
population decays via an excimer state, and the latter population
decays through a charge separation process involving the
calix[4]arene as electron donor.

Figure 12. Energy level diagram of compound o2c in CCl4 showing
deactivation pathways obtained with global and target analysis, together
with the main decay times corresponding to the states.
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