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The photophysical properties of two supramolecular building blazkand oc2 consisting of a perylene
bisimide chromophore substituted with either one or two calix[4]arene units iNHh@de position as well

as those of the reference compoum@f without calix[4]arene substituents were investigated. A complete
picture of the processes taking place after photoexcitation in toluengZlgldand benzonitrile was obtained

by means of UV/vis absorption, steady state and time-resolved emission, and femtosecond transient absorption
spectroscopy. It has been found that the fluorescence emission of compmauyidels= 0.03 in CHCl,) and

oc2 (Py < 0.01 in CHCI,) is almost completely quenched compared with the highly emissive reference
compoundoref (®y = 0.99 in CHCI,) because of fast electron-transfer processes from the calix[4]arene
moieties to the perylene bisimide chromophore. This predominantly takes place with rate constagts of

3 x 10 s (1cs = 32 ps) for compoundc andkes = 9 x 10 st (1cs = 11 ps) for compounac? (in

CH.Cl,) leading to a short-lived charge-separated state consisting of the reduced perylene bisimide unit and
the oxidized calix[4]arene moiety.

Introduction attached perylene bisimide chromophores dramatically changed
upon substitution to the calix[4]arene unit because of a
fluorescence quenching proc&s¥ whereas the respective
unsubstituted perylene bisimide chromophore shows a fluores-
cence quantum yield of about unftyMolecular systems in
which photoinduced intramolecular electron transfer efficiently
guenches the excited state of the chromophore form an important
class of chemosensory materitdReactions with protons, metal
ions, organic electrophiles, or surfaces are known to turn off
the intramolecular electron transfer and to turn on fluorescence.
One could accordingly think to reconstitute the original emission
properties of the PBI chromophore within a calix[4]arene
conjugate by means of complexation of a guest molecule into
the calix[4]arene cavity which would, in this way, prevent the
guenching process. However, prior to complexation studies, it
is crucial to first understand the optical properties of the parent

electro-active building blocks in supramolecular dye chemis- system and to get an in-depth picture of the primary photo-

try.89 Apart from their excellent emissive properti@sheir high physical processes taking place after phoFoexcitation:
absorption coefficients and photochemical stability and the fact ~ Thus, we elucidate here the photophysical properties of an

Calixarenes are readily available supramolecular building
blocks, which represent, next to the crown etheand the
cyclodextring the third generation of supramolecular host
molecules. They consist of aromatic (arene) units (separated
by methylene groups) that make up the walls of the chalice
(calix)® and are thus an ideal scaffold on which to assemble
various desired functionalities such as nonlinear optical dyes,
electrophore8and fluorophore& Their applications range from
use as highly specific ligands for analytical chemistry and sensor
techniques to applications in medical diagnostics. One of the
most important properties of calix[4]arenes is, without doubt,
their ability to include smaller molecules and ions reversibly.
Accordingly, a variety of receptors for cations, anions, and
neutral guests made from calix[4]arenes have been repbrted.

Perylene bisimides (PBIs) represent important photo- and

that they are suitable for single-molecule spectrostbpiso ~ Orange perylene bisimide chromophore (PBI) either substituted
make them highly promising candidates for molecular sensing With one or two calix[4]arene moieties in tieimide position.
applications'2 Also, the reference chromophore without calix[4]arene func-

We recently reported calix[4]arer@erylene bisimide con-  tionalization is investigated. The photoinduced processes are
jugates wherein both lifetimes and quantum yields of the Studied with time-resolved emission and femtosecond transient

absorption spectroscopy. A quantitative analysis of the photo-
* Corresponding authors. E-mail: williams@science.uva.nl (R.M.W.)and Physical processes as well as their rates have been obtained by

querthner@c_;herr]ie.uni-wuerzburg.de (F.W.). means of UV/vis absorption, steady-state and time-resolved
. \L/’ﬂj'geffn'itse‘r’gi‘:;zif’“rg- emission, femtosecond transient absorption spectroscopy, spec-
§ University of Trieste. trotemporal analysis of the femtosecond transient absorption
' Universiteit van Amsterdam. data, and a theoretical analysis of the energetics of the processes.
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SCHEME 1: Synthetic Route and Chemical Structures of PBt-calix[4]arene Arrays and Reference Compounds
Studied??
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2 Reagents and conditions: @PBA, Zn(OAc), quinoline, 160°C, yield 28%; (b)oPMI, Zn(OAc), quinoline, 165°C, yield 85%.° For details

on the synthesis of compourat?, see ref 14.

TABLE 1: Optical Properties in CH ,Cl, (unless Indicated Otherwise}

UV/vis absorption fluorescence emission
Amax € Amax (o2 (o Dy T (ns) T (ns) T (ns)
compd (nm) (M~cm?) (nm) toluene CH.Cl, benzonitrile toluene CH.Cl, benzonitrile
oref 527 93600 534 ~1.00 0.99 ~1.00 4.0 4.9 3.9
oc 526 91600 535 0.02 0.03 0.02 c c c
oc 526 97200 532 <0.01 <0.01 <0.01 c c c

a All spectra recorded at room temperatut@g £+ 0.02.¢Values could not be determined as the signal falls into the time response of the
instrument of ca. 150 p$.See ref 14.

The chemical structures of the compounds studied are shownshow anyr—s stacking of the perylene units, and no solvent
in Scheme 1. Accordingly, one compound containing one calix- molecules are included in the crystal. The molecule has a
[4]arene unit ¢c), one compound containing two calix[4]arene  pseudo-2h symmetry with the twofold axis passing almost
units (0c2), and the reference system containing no calix[4]- normally to the perylene moiety. Two calix[4]arene residues at

arene unitsdref) have been studied. the N-imide are oriented almost orthogonal on opposite sides
) ) of the plane dissecting the perylene chromophore. The PBI
Results and Discussion exhibits a flatz system, being:0.10 A the maximum deviation

Synthesis and Structural Characterization. The studied  Of atoms from their mean plane. The calix[4]arene units are
perylene bisimide calix[4]arene arrays were synthesized ac- found in a pinched cone conformation. The dihedral angles
cording to Scheme 1. For this purpose, two equivalents of formed by the C26/C28 and C25/C27 rings are of 11.8 anc’80.3
5-monoamino-25,26,27,28-tetrakis(propyloxy)-calix[4]Jarene were (mean values), and correspondingly, the €228 and C25
reacted with the orange perylene bisanhydrileRA) to yield C27 distances are 4.52(3) and 9.77(4) A, respectively. The
the biscalix[4]arene-substituted perylene bisimide compound dihedral angles between the calix[4]arene phenyl rings of the
oc2. The imidization was carried out in quinoline at 180, calix[4]arene and a “reference plane” passing through the four
using Zn(OAc) as a catalyst. Upon reaction of one equivalent ¢y, methylene bridges of the calix[4]arene are 40.8(6) the
of 5-monoamino-25,26,27,28-tetrakis(propyloxy)-calix[4]arene phenyl ring containing the carbon atom C25 (phenyl rings are

with the orange perylene monoimideoPMI) in quinoline, the - . .
X _ . X o~y indicated by C label; see Figure 1), 89.5(4), 39.1(6), and 78.0-
monocalix[4]arene-substituted compourtiwas obtained (imi (4)° for the phenyl unit containing the carbon atom C26, C27,

disation at 165°C, catalyst Zn(OAg). Both products were . . .
purified by column chromatography (Sicand were character- and C28, respectively. The corresponding values measured in

ized by 1H NMR spectroscopy and high-resolution mass the other calix[4]arene moiety are 43.4(7), 82.1(4), 37.5(6), and

spectrometry. 86.8(4y for ring 25a, 26a, 27a and 28a, respectively. The
Single crystals obc2 suitable for an X-ray analysis could conformation of the calix[4]arene units with respect to the

be obtained by slow crystallization from chloroform/methanol Perylene is provided by the torsion angles around the 8125

at room temperature. Figure 1 shows the molecular structureand N2-C25a bonds. The calculated values arel11.7(19)

and a view of the crystal packing o€2, revealing a herringbone ~ (C30-N1-C25-C17), 74.9(19) (C30-N1-C25-C18), 65-

arrangement of the molecules. The crystal packing does not(2)° (C34—N1—-C25-C17) and—108.9(18) (C34—N1—-C25-
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Figure 3. Cyclic voltammogram in CkCl, of compoundoc, concen-
tration= 1.0 x 10~* M. Scan rate 100 mV3. Working electrode: Pt
disc,@ 1 mm. Auxiliary electrode: Pt wire. Reference electrode: Ag/
AgCl. Supporting electrolyte: TBAHFP (0.1 M).

oc and oc?2 exhibit almost no fluorescence (for fluorescence
guantum vyields, see Table 1), whereas without calix[4]arene
substituents, the orange perylene bisimide reference compound
oref belongs to one of the most efficient fluorophores with a
fluorescence quantum yield of about unitiffhis behavior is
also observed for the values for the fluorescence quantum yields
in the less polar solvent toluene and the more polar solvent
benzonitrile (Table 1). It can be noted that the emission intensity
of oc2(which is on the edge of our instrumental limits) is clearly
more strongly reduced than thataif The fluorescence emission
data thus indicate an additional process taking place for both
arraysoc andoc2that strongly quenches the perylene bisimide
emission upon attachment of the calix[4]arene moiety, and that

Figure 1. Top: Molecular structure abc2in the crystalline state (H IS appare_ntly In.dependem of the solvent polarity. Thus, the
atoms omitted for clarity, only number of relevant C atoms indicated). ©lectron-rich calix[4]arene acts as a fluorescence quencher for
Bottom: View of the packing obc2in the crystal. the electron-poor PBI chromophore.

Furthermore, the fluorescence lifetimes of all compounds have

100 been determined in toluene, @El,, and benzonitrile, respec-
90+ " 1" tively, and the obtained values are summarized in Table 1. For
80 ! the reference compouradef, a lifetime value of 4.9 ns is found
< 70 ' 108 in CH,CI,, which is in reasonable agreement with the value of
g 60 ' ' 7 = 3.7 ns reported in the literature for a similar compound in
— 50l 15N 196 5 CHCI3.819 For the fluorescence lifetime of compoundef in
= A RN © toluene, a value of = 4.0 ns and in benzonitrile af= 3.9 ns
o 407 . v \ {04 := has been obtained. In contrast, for the orange calix[4]arene-
T 301 ' \ substituted PBI compoundsc and oc2, drastically quenched
© 201 ! Tams do2 fluorescence lifetimes compared with the value of compound
104 ) . oref are found for all three solvents; the observed lifetime values
0 . N\ : —=voo for bothocandoc2are lower than the system response time of
400 500 600 700 approximately 150 ps. Apparently, the lifetime of both the
2/ nm orange systems is strongly shortened upon attachment of one
Figure 2. UV/vis absorption (solid line) and fluorescence emission or o L_:all_x[4]arene substituents. The changes in the fluores-
spectra (dashed line) of compoundin CH,Cl. cence lifetimes upon attachment of one or two calix[4]arene
units to the respective orange PBI chromophore thus relate to
C18). The analogous data in the other unit are 10A438(4f the observations made for the fluorescence quantum vyields.
and 118(3),—77(3Y. Electrochemistry and Spectro-electrochemistryCompound

Optical Properties. All compounds were studied by UV/vis  oc was investigated by cyclic voltammetry in GEl, (vs Fc/
absorption and steady-state fluorescence spectroscopy inFc); the obtained cyclic voltammogram (CV) is shown in
CH.Cl,. Their photophysical properties are summarized in Table Figure 3, and the respective data are summarized in Table 2.
1, and the UV/vis absorption and fluorescence emission spectraTwo reversible reduction bands atl.01 V and—1.32 V (vs
of compoundoc in CH,CI, are exemplarily depicted in Figure  Fc/Fc™ couple) are observed for compournd that can be
2. The absorption spectra of both the two calix[4]arene- attributed to the radical monoanion and dianion formation of
substituted compoundsc and oc2 show the characteristic  the perylene bisimide chromophdteThe first irreversible
maxima of the perylene bisimide chromophore with bands at oxidation wave is found a#-1.10 V for compoundoc. This
526 and 490 nm (for both compoundisandoc?, respectively). process cannot be attributed to the perylene bisimide unit whose
The calix[4]arene moiety absorbs only in the UV, with maxima oxidation is known to occur at higher voltagjg/hen examining
at 280 and 288 nr#R Notably, solutions of the two compounds the CV of the plain tetrapropyloxy-calix[4]arene bearing no
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TABLE 2: Redox Properties in CH,Cl, (in V vs Fc/Fc")

Ered Ered Eox Onset of irrev.
(PBI/PBIF)  (PBI/PBIY) (PBI/PBIY) oxidation
oc -1.32 -1.01 n. det. +1.10
orefd —-1.24 -1.01 +1.29

aSee ref 9P Value could not be determined owing to the irreversible
oxidation process of the calix[4]arene moiety.
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Figure 4. Spectro-electrogram of compouratef in CH,Cl, with
TBAHFP (0.1 M) as supporting electrolyte. Working electrode: Pt disc,
@ 6 mm. Auxiliary electrode: gold covered metal (V2A) plate.
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AGgs= e[E,(Calix) — E{PBI)] — Eg— ﬁs&c _
62 1 1 1 1
8reg (I’+ i r )(eref Es) @

To calculateAGcs according to eq 1, the first reduction
potential E.ePBI) of compoundoc (for values see Table 2)
in CH.Cly (es = 8.93) was used, anHy,(Calix) = +1.10 V
was estimated from the onset of the irreversible oxidation of
the tetrapropyloxy-calix[4]arene unit in Figure 3 (see also
Supporting Information). The distance between the centers of
the donor and acceptor segmeRs: was estimated from an
energy minimized structure (see Supporting Information) to be
Rec = 8.60 A for compoundoc. All electrochemical values
were obtained in ChCl,, and therefore s equalses; thus, the
last solvent related term in eq 1 vanishes. Substitution of all
remaining parameters shows that the energy of the intramo-
lecular charge-separated state inCH is lower than the energy
of the respective S— S, excited state for compounakt (Ego
= 2.34 eV). The thus estimated value t86Gcs = —0.418 eV
shows that electron transfer from the calix[4]arene substituent
to the photo-excited perylene bisimide moiety in compoaad
is an exergonic reaction in GBl,. Therefore, it can be
concluded that the creation of a charge-separated state consisting

Reference electrode: Ag/AgCl. Arrows indicate the spectral changes Of Fhe radical cation of thg calix[4]a|jene moier and the radical
upon stepwise decrease of the applied potential leading to formation anion of the perylene unit is energetically feasible for compound

of the respective radical monoanionic perylene species.

substituents, a similar irreversible feature abeve.15 V is

observed (see Supporting Information). Furthermore, for meth-

oc. Thus, the strongly decreased fluorescence quantum yields
and lifetimes for the orange systemsandoc2upon attachment

of one or two calix[4]arene moieties compared with the orange
reference compoundref should be most likely attributed to a

oxybenzene, which serves as a reference compound for therapid photoinduced electron-transfer process.

attached calix[4]arene moiety, an oxidation potentiat-df24
V (recalculated from+1.76 V vs SCE, value in C¥CN)6 is
found in the literature which is in reasonable agreement with
our values for compoundc. The irreversible oxidation features
observed in the CV of compourmt are thus assigned to the
oxidation of the calix[4]arene moiety (further on referred to as
Eox(Calix)). The reduction potential found for the perylene
bisimide unitE.{PBI) closely resemble the values reported in
the literature for the reference compouacef without calix-
[4]arene moieties (see Table 2.

The monoreduced state of compownréf was characterized
by spectro-electrochemistry in GEl,; the respective spectro-

Femtosecond Transient Absorption Spectroscopyl.o shed
more light on this quenching process, all compounds were
investigated with femtosecond transient absorption spectroscopy
in toluene, CHClI,, and benzonitrile solution. The spectral
data obtained in toluene for compounals oc2, andoref are
shown in Figure 5 (for all other spectra, see Supporting
Information). For all three compounds upon photoexcitation,
an intense bleaching due to the depopulation of the ground state
molecules in the probe area is observed at both 530 and 490
nm. These bands are related to the—S S; transitions of the
orange PBI chromophore. Furthermore, an intense negative
signal is present in all spectra ot, oc2 andoref at around

electrogram is depicted in Figure 4. The monoanionic species530 and 580 nm which can be assigned to the stimulated
shows absorption maxima at 713, 800, and 955 nm which areemission of the orange PBI chromophore. These features are

in good agreement with the values reported in the litergtre.
Gibbs Energy of Photoinduced Electron Transfer. As

accompanied by a strong positive absorption band with a
maximum centered at 700 nm for both compounds. The latter

discussed above, in the cyclic voltammograms of compound was assigned to the, S S, absorption of the orange perylene

ocan irreversible wave arount1.10 V was observed that was

(absorption maximum of compourmdef at 695 nm in toluene,

attributed to the oxidation of the calix[4]arene moiety. To further see Figure 5). It is noteworthy, however, that the radical anion
examine the feasibility of a photoinduced charge separation, it of oref also absorbs at 700 nm (see Figure 4). When changing
is instructive to consider the thermodynamics of such a process.to the more polar solvent CEl,, for all three compoundsref,
Therefore, the Gibbs free energy of an intramolecular charge- oc, and oc2 the negative bands at 490, 530, and 580 nm,
separated staté\Gcg) in a covalently bonded doneiacceptor respectively, remain unchanged. However, the maximum of the
system was calculated for compound using eq 1, where  strong positive absorption band is shifted from 695 nm in toluene
Eox(Calix) represents the value for the first oxidation potential to 715 nm in CHCI; (for spectra see Supporting Information).
of the calix[4]arene moietyEePBI) denotes the first reduction  The femtosecond transient absorption spectra in benzonitrile
potential of the PBI acceptoEy is the energy of the S— S, show negative bands at 495, 535, and 585 nm and a broad,
excited stateRcc refers to the distance between the centers of positive absorption band at 735 nm (for spectra see Supporting
the donor and acceptor segments, and r~ represent the Information). The negative bands are thus bathochromically
effective ionic radii of the donor and acceptor radical cation shifted by about 5 nm compared with the band positions found
and anion, respectivelyss denotes the reference solvent in toluene and ChkLCly, whereas the positive absorption band
dielectric constant used in electrochemistry, anrdis the appears bathochromically shifted by 20 nm compared with that
respective solvent dielectric constat: of CH,Cl.,.



13992 J. Phys. Chem. C, Vol. 111, No. 37, 2007 Hippius et al.

view of the occurring photoinduced processes. For this purpose,
all time-gated spectra are collected in a matrix, which was
globally fitted applying a sequential kinetic scheme with
increasing lifetimes. This procedure yields the evolution-
associated difference spectra (EADS), the spectra of the
individual excited-state species, together with their respective
rate constants. The EADS thus represent the spectral evolution
of the excited-state species. However, in the EADS, the time
constants of the processes may correspond to the lifetimes of
the transient species, but the spectral profiles do not necessarily
need to represent the pure excited-state spectra of the mol-
ecules: given the fact, that the applied sequential scheme with
increasing lifetimes represents the correct physicochemical
picture, the EADS indeed correspond to the true spectra of the

20~ individual excited-state species characterizing the intermediate
states. These “true spectra“ are also referred to as species
o associated difference spectra (SADS) and will in this case be
identical to the EADS. However, for more complex systems
< following nonsequential kinetic schemes, the EADS will not
a 20 truly reproduce the spectra of the individual excited species,
and EADS and SADS will differ substantially. To obtain the
40 correct SADS £ the correct difference spectra of the individual
species), a target analysis needs to be applied. Thus, one needs
sox10° to take into account additional (e.g., experimentally based)

% 700 200 parameters that are summarized into a specific photophysical
A ? nm or photochemical model utilized for the fitting procedure.

In case of compoundc, the EADS resulting from the global
fit of the data obtained in toluene are presented in Figure 6.
Three decay components of 1.8, 22, and 50 ps are observed.
The very first lifetime we assume to be due to fast solvent
reorganization processé&%?! The EADS corresponding to this
component is shown as a green line in Figure 6A; it closely
resembles the features typical for the transient absorption
spectrum of the orange PBI chromophore (for comparison, see
spectra of compoundref in Figure 5). With a representative
time of 1.8 ps, this spectrum is converted into an EADS with
a lifetime of 22 ps (black line in Figure 6A) showing a loss of
amplitude in the negative bands at 530 and 580 nm, whereas
the amplitude remains almost unchanged at the ground-state

400 500

400 500 700 800

),,?Oﬁm bleaching band of 490 nm and the absorption band of ap-
proximately 700 nm, characteristic of the solvation effect. The
spectrum of the third component (red line in Figure 6A) is

—— 2ps 65 ps obtained during further evolution of the system, this EADS

—— 4ps 127 ps decays with 50 ps. The spectrum very strongly suggests the
—— 8ps 256 ps formation of a different excited state, as the almost complete
—— 16 ps 520 ps loss of stimulated emission at 580 nm is observed, together with
—— 32ps — 710 ps a broadening and apparent blue shift of the positive transient

Figure 5. Femtosecond transient absorption spectra and correspondingasorption band around 700 nm.
time delays in toluene after photoexcitation at 530 nm. Top: compound  Although the sequential model used above for fitting of the
oc. Middle: compoundbc2 Bottom: compoundref. For compound  gata provides important information on the time evolution of
0c2 the scattered laser pulse is observed. the system, it cannot truly reproduce the spectra of the individual
Global and Target Analysis. The kinetic profiles of the excited species that are involved in the processes occurring in
observed photoinduced processes are difficult to analyze bycompoundcupon photoexcitation. Therefore, a target analysis
single wavelength fitting because several processes take placavith a specific model of the excited-state processes was
concomitantly after photoexcitation. For this reason, the fem- applied: according to the calculations of the Gibbs energy of
tosecond transient absorption data matrices in tolueneCGH electron transfer as well as the observed trends in the fluores-
and benzonitrile were analyzed with spectrotemporal param- cence lifetimes and quantum yields (vide supra), the formation
etrization, an advanced global and target analysis method thatof the PBI radical anion of the orange PBI chromophore is
has been developed, in particular, to elucidate photoinducedexpected after photoexcitation of compouwrtias a result of a
processes in complex biological systems such as photosystems. photoinduced electron transfer of the excited singlet state of
Here, “global” refers to a simultaneous analysis of all measure- compoundoc. Accordingly, an additional charge-transfer (CT)
ments, whereas “target” refers to the applicability of a particular state was integrated into the model. The respective energy level
target model (see below). Because the time information at all diagram is depicted in Figure 7. The resulting SADS, now
wavelengths is analyzed, this analysis gives a more in-depthrepresenting the true spectra of the individual excited species,
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400 500 600 700 800 Figure 8. Kinetic profiles of the transient absorption of compouwr
A/ nm in toluene. Top: the decay of the ground state bleaching measured at

485 nm (red line) and the decay of the stimulated emission at 580 nm
(black line). Bottom: the rise and decay time of the CT state measured
t 635 nm (red line) and the concomitant decay of CT state anet S
absorption at 700 nm (black line).

Figure 6. Compoundoc in toluene. A (top): evolution-associated
difference spectra (EADS) resulting from the global fitting analysis of
femtosecond transient absorption data. Features due to Raman scatterin
were omitted for clarity. B (bottom): species-associated difference
spectra (SADS) resulting from the simultaneous target analysis of state involving the formation of the orange PBI monoanion can
femtosecond transient absorption data of compowedsidoc2 using be concluded.

the kinetic scheme depicted in Figuré?/Shown are processes after : : :
photoexcitation at 530pnm. The b%ack SADS repregents the excited- Th_e fqrmatlon of the CT _stat_e Is furthermore lllustra_ted by
stateo*c, and the red SADS belongs to tbe CT state. the kinetic traces presented in Figures 8 and 9: a clear difference
is found when comparing the decay of the ground state bleaching
Sy *o-c (probed at 485 nm) and that of the stimulated emission (probed
at 580 nm), respectively (see Figure 8, top). It can be seen
clearly, that the signal of the stimulated emission vanishes much
faster than that of the ground state bleaching. Thus, the ground
25ps state is still bleached when no emission occurs any more from
S * +2ps) 690 nm the excited singlet state by stimulated emission. Accordingly,
(Sp) o-c T an additional, nonemissive state (i.e., a CT state) is populated
0 - during the photoexcitation process. Furthermore, the kinetic
53 ps profile measured at 635 nm in Figure 8 (bottom) shows a clear
charge rise time. At this very wavelength the charge-transfer state
(So) 0-¢ recombination absorbs almost exclusively (see red line in Figure 6B), as the
S; — S, absorbance of the excited state equals zero, and the
Figure 7. Energy level diagram of compourt in toluene showing time-resolved trace at this wavelengths thus resembles the time
the electron-transfer pathway obtained with global and target analysis, course of the CT state concentration. In comparison, the kinetic
together with the respective decay times corresponding to the %tétes. profile probed at 700 nm shows no such clearly pronounced
rise time, as both the decay of the-S S, absorption and the
o ) rise and decay of the CT state, respectively, are concomitantly
are shown in Figure 6B The SADS of the excited state (black  ohserved at this wavelength. Note, that the fit of the data (dashed
line in Figure 6B) shows again the transient absorption featuresiines in Figure 9) is excellent. Figure 9 depicts the kinetics of
of the orange PBI chromophore and decays with 25 ps (80%) the oc and oc2 systems (lines in black and red, respectively).
and with 2 ps (20%3? respectively, to the following state (red  Note that in toluene (left panel) the faster charge separation in
line). The SADS of the latter shows a lifetime of 53 ps and oc2is clearly visible as a faster decay of the stimulated emission
exactly reveals the spectral features of a charge-transfer state(probed at 580 nm) and as a faster rise of the 631 nm signals
as the stimulated emission at 580 nm is not observed any longer(radical anion absorption). Note further that in benzonitrile (right
and the band at around 700 nm is significantly broadened. Frompanel) the inverse kinetics is visible: the CT state absorption
this clear spectral evidence, the formation of a charge-separatedprobed at 631 nm) decays with apparently the same lifetime

700 nm|| charge transfer * o+

530 nm
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charge separation for compound2 of 11 ps (in toluene), 11
ps (in CHCIy), and 24 ps (in benzonitrile) are obtained,
respectively?* and charge recombination values of 53 ps in
toluene, of 10 ps in the more polar @El, and of 15 ps in
benzonitrile were determined, respectively. Hence, the lifetime
values for charge separation are lower in toluene (25 pxin
and 11 ps iroc2 respectively) and increase in the more polar
solvents CHCI; (32 ps inocand 11 ps iroc2) and benzonitrile
(64 ps inoc and 24 ps inoc?. Thus, remarkably, charge
separation iroc andoc2 occurs faster in the less polar solvent
toluene and slower in the more polar solvents ,CH and
benzonitrile despite the larger driving force in the laffer.
Furthermore, the lifetime values reduce approximately by half
for compoundbc2compared with those obtained for compound
oc in the respective solvent, owing to the presence of two
electron-transfer channels for deactivation in compatue

to bis-calix[4]arene substitution of the PBI chromophore.
Accordingly, a value otcs= 11 ps is observed for compound
oc2in toluene compared with a value ofs = 25 ps found for

Figure 9. Selected traces and fits (dashed lines) of transient absorption compoundoc, and. also_values Ofcs = 11 ps (for _compound

of compoundbc (black) andoc2 (red) in toluene (left) and benzonitrile €2 compared withres = 32 ps (for compoundc) in CH:Cl
(right). The decay of the ground state bleaching measured at 485 nmand values ofcs = 24 ps (for compounac?) compared with

and the decay of the stimulated emission at 582 nm; the rise and decayrcs = 64 ps (for compoundc) in benzonitrile were determined
time of the CT state measured at 635 nm and the concomitant decay(see Table 3). In the more polar solvents £CH and benzoni-

of CT state and 5— S, absorption at 700 nm. Note that the time axis  trile, the charge-separated state will be lower in energy and
is linear up to 1 ps and is logarithmic thereafter. therefore thermodynamically more stabilized. As a consequence,
this leads to faster recombination rates which may be attributed
to the energy-gap la¥# or to increased overlap of vibrational

485 rm
485 rm

SB2 rm
SB2 nm

631 rm
631 rm

-}
L
g

mm
mm

- 0 I @0 w0 nio
Time (ps) Tume (psl

TABLE 3: Lifetimes for Charge Separation (zcs) and

Charge Recombination ¢cg) Obtained from the wavefunctions in the Marcus inverted region. Similar behavior
Simultaneous Target Analysis of Compounds oc and oc2 in has also been observed previously in other electron denor
Various Solvents (Estimated Relative Error 10%) acceptor systen®. Increase in solvent polarity results in an
compd solvent 7cs (pS) 7cr (PS) increase of the driving force for photoinduced charge separation.
oc toluene o5 53 Consequently, the driving force for charge recombingtion
CH,Cl, 32 10 becomes smaller. Because of the fact that charge recombination
benzonitrile 64 15 is normally in the Marcus inverted region, the process becomes
oc2 t((:)glecr:e 1111 1%3 faster with the increase of the polarity of the solvént.
,Cl, . . o
benzonitrile 24 15 The data analysis for both calix[4]arenperylene bisimide

conjugates clearly revealed the formation of a charge-separated
?See refs 23 and 24. state, involving the formation of the radical anion of the orange
) o ~ perylene bisimide chromophore. Owing to this process, the
as the stimulated emission, and the ground state bleachingexcited-state lifetime is strongly reduced from approximately 4
(probed at 485 nm) decays fastermic2than inoc (even under  ns to around 65 ps and less. The charge-transfer state is clearly
the imposed identical I|fet|me Of the CT State). Detailed analySiS Characterlzed by the absence Of St|mu|ated emlSSlon and the
of the late time gated spectra reveals that a very small amountproadened absorption features in the 600750 nm spectral

(<2%) of triplet is created. . region attributable to the radical anion of the perylene bisimide
Similar processes are observed in the spectra of compoundsnit (see Figure 4 for comparison). Concomitantly, the radical
oc and oc2 measured in the other two solvents, £l and cation of calix[4]arene (i.e., dimethyl substituted methoxyben-

benzonitrile; the respective SADS are depicted in the Supporting zene) should be formed. This radical cationic species, however,
|nf0|’mat|0n. HOWeVer, the CharQE‘transfer Charactel’ Of the |S expected to absorb ma|n|y in the uv and W|th a Very sma”

charge-separated states of the two compounds is less pronouncegytinction coefficient and thus could not be observed in the
than that in toluene because of the much faster decay of thisgpectra.

state. To further analyze this phenomenon, for all femtosecond

transient absorption data obtained in all three solvents for both Conclusions

compoundspc andoc2, respectively, again, a target analysis

has been applied. The obtained values for the rates of charge Calix[4]arene functionalization does substantially influence
separation and charge recombination in the various solvents arghe properties of the important perylene bisimide fluorophore.
collated in Table 3. The values for charge separation reveal for A charge-separated state is formed, consisting of the reduced
compoundoc values of 25 ps (in toluene), 32 ps (in &El,), perylene bisimide unit and the oxidized calix[4]arene moiety.
and 64 ps (in benzonitril€f. The charge recombination after As a consequence, the excited-state lifetime is strongly reduced
photoinduced charge separation within the systemccurs with from around 4 ns to less than 65 ps. The resulting charge-transfer
53 ps in toluen@3-24This value lowers to 10 ps when changing state is characterized by ground state bleaching, the absence of
to the more polar solvent Cil, and also shows a reduced stimulated emission and absorption features in the 6060
value of 15 ps in benzonitrilé®24 Similar trends in the rate  nm region attributable to the radical anion of the perylene
constants are observed for the biscalix[4]arene-substitutedbisimide. We assume that the closest substituted methoxyben-
compoundoc? (see Table 334 Accordingly, values for the zene of the calix[4]arene acts as the donor, and thus, the radical
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cation of (dimethyl substituted) methoxybenzene should be
formed. These findings demonstrate the sensitivity of perylene
bisimides to the local environment that makes them attractive
for calix[4]arene-based fluorescence sensors which we will

further elaborate on in the future toward sensing and molecular

recognition applications. Furthermore, our study exemplifies that

global and target analysis is a strong tool to elucidate competing
processes involving excited-state species with similar absorption
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