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Depending on the properties of the chosen guest, the excited state

deactivation of the coronene bisimide chromophore can be tuned Z ' il
by the formation of host—guest complexes toward fluorescence,
exciplex formation, charge separation, room-temperature phosphor-

escence (RTP), or thermally activated delayed fluorescence

(TADF). The photophysical processes were investigated by UV/vis absorption, emission, and femto- and nanosecond transient
absorption spectroscopy. To enhance the TADF, two different strategies were used by employing suitable guests: the reduction of
the singlet—triplet gap by exciplex formation and the external heavy atom effect. Altogether, by using supramolecular host—guest

Charge OO
separation ‘

complexation, a versatile multimodal chromophore system is achieved with the coronene bisimide cyclophane.

Bl INTRODUCTION

While in traditional colorant research for each application the
chromophore is specifically designed and synthesized over
many steps to provide the desired functional properties, in
nature, only a limited number of chromophores perform a wide
variety of functions in the cells of living species. For this, the
functional properties of natural dyes are perfectly fine-tuned by
the environment that surrounds the chromophore which is
usually a protein scaffold.' ™ An example of this is posed by
microbial rhodopsins that all share the same all-trans retinal
chromophore but exhibit a large variety of absorption maxima
from 436 to 587 nm. The modulation of the absorption results
from steric and/or electrostatic interaction with their protein
environment.” The same chromophore can thus be used for
light-driven ion pumps, photochromatic gene regulation, in
light-regulated enzymes, photosensors, and more functions.”
Another example is chlorophyll, where emission wavelengths
and lifetimes can be tuned by amino acid substitutions close to
the chromophore, without any changes in the chemical
structure of the chromophore itself."

Taking inspiration from nature, we wanted to create a single
synthetic chromophore system and tune its excited state
deactivation pathways by the environment. For this, we turned
our attention to fluorescent cyclophanes, which are a class of
molecules that allows the encapsulation of 6guests and that has
shown to thereby promote multimodality.”” In our case, the
guests act as environmental stimulus and the chromophore is
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part of the host, while in previous examples of using
macrocycles to influence the emission behavior, the host is
often colorless (e.g, cucurbiturils,® calixarenes,” or cyclo-
dextrins'°~"?) and the dyes are encapsulated as guests.
Although being of interest by itself, ie., as a new class of
nanoemitters, the knowledge gained by studying the photo-
physical properties of such host—guest complexes also
increases the understanding of more complex systems such
as cocrystalline or amorphous solid-state materials which are of
interest for (opto-)electronic applications."”'* Due to supra-
molecular host—guest complexes being eligible for studies in
solution, the photophysical properties can be better inves-
tigated as they can be unambiguously analyzed by time-
resolved spectroscopy. These results are perfectly reproducible,
in contrast to solid-state materials where the packing can vary
with different composition or conditions of crystallization,
having a large influence on emission properties.'> Additionally,
long-range effects such as quenched or sensitized emission by
impurities or defect sites are not present for defined
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supramolecular host—guest systems in solution,'®'” which
facilitates the understanding and interpretation of the results.

For many years, our groups were interested in understanding
the photophysical properties of aromatic bisimides, in
particular rylene bis(dicarboximides) with their high extinction
coefficients and high fluorescence quantum yields.">'” More
recently, we turned our attention to their cyclophanes because
the large z-surfaces of these dyes enable guest encapsulation by
sufﬁcientlz strong m—m-stacking interaction already in dilute
solutions.””*' However, in the previously studied perylene
bisimide (PBI) and terrylene bisimide (TBI) cyclophanes, the
photophysical pathways were mostly limited to the singlet
state, as for these chromophores, the triplet state is very low in
energy’>* and is difficult to access by intersystem crossing
(ISC).** Additionally, in PBI cyclophanes with a short linker,
symmetry-breaking charge separation occurs so that the
properties of the pristine chromophore are not retained
cornpletely.z" To overcome these deficiencies, in this work, we
replaced the rylene bisimide units in the cyclophane by
coronene bisimide (CBI), which proved to be advantageous
not only for its excellent guest-tunable photophysical proper-
ties but also for its bay expansion for stronger binding of a
larger variety of planar 7-conjugated guests.

From the photophysical point of view, unsubstituted CBI
has shown a rather high ISC quantum yield of 0.72 + 0.18,
which enabled the observation of phosphorescence in frozen
solutions at 77 K. This is due to a small energy gap of
0.46 €V between the S; and the lowest triplet excited state.”®
The synthesis of CBI has already been reported by Miillen and
co-workers in 1998;*” however, compared to other rylene
bisimides, the number of studies on CBI has remained rather
scarce. An additional benefit of the use of CBI as a host for
aromatic guests is that the z-surface of CBI remains planar
even when functionalized with solubilizing substituents. Since
we observed a strong increase of the binding constant for
planar guests for PBI cyclophanes with a lower twist in the PBI
chromophore, this planarity of CBI seems to be ideal.”” In this
work, we synthesized a new host based on coronene bisimide,
CBI-C (Scheme 1), studied the encapsulation of a diverse
group of guests, and investigated their effect on the excited
state deactivation pathways by steady-state and transient
absorption spectroscopy. To approach new processes including
intersystem crossing to the triplet manifold, guests equipped
with heavy atoms were applied, inspired by the efliciency of
noncovalent interactions with such guests in cocrystalline
materials for the sensitization of room-temperature phosphor-
escence (RTP) and thermally activated delayed fluorescence
(TADF).””*° While supramolecular hosts for which specific
processes such as, for examzple, fluorescence,"® excimer
emission,”’ RTP or TADF,”>* were switched on or off by
guest encapsulation have been reported before, the broad
variable tunability of a single supramolecular host as
demonstrated here for CBI-C upon addition of various guests
is unprecedented.

B RESULTS AND DISCUSSION

Synthesis and Structure of the Cyclophane. The
synthesis commences with the lateral extension of regioiso-
merically pure 1,7-dibromo perylene tetraester 1 to coronene
tetraester 2 by an ICl-induced photocyclization following the
protocol of Zhao and co-workers (Scheme S1a).>*** Then, the
solubilizing 4-tert-butylphenyl substituents are attached by
Suzuki—Miyaura coupling. After the saponification to the

Scheme 1. (a) Synthesis of CBI-C and CBI-ref and (b)
Chemical Structures of Guests Investigated in This Study

1 2l
Ar. Ar l

(o] <> o) 63% O
S o—<2
g ’g’ over3steps p/ .
Ar® Ar 3
CBI-C
Ar, Ar

?
3
‘:0

R= -~
Ar Ar
(b) CBl-ref
had
/N
slicehee P43
BPh Per Cor Br,Naph Pt(acac),

anhydride, the cyclization with para-xylylene diamine to the
cyclophane CBI-C follows the versatile procedure first
published by our group in 2015 in toluene and recently
improved through the use of a protected linker.*"*°

Remarkably, the yield of the cyclization in the last step
reaches 68%, whereas the highest yield for other rylene
cyclophanes using this method was 52% so far (Scheme 1).
The monomeric reference compound CBI-ref was synthesized
by the imidization of coronene bisanhydride 3 with benzyl-
amine. The synthetic details and characterization are described
in the Supporting Information.

Single crystals of CBI-C could be successfully grown by slow
vapor diffusion of n-hexane into chloroform. The structure
received by single-crystal X-ray analysis shows a box-shaped
cavity with a distance of the two CBI chromophores of 7.1 A
making it ideally suited for the encapsulation of planar guests
through 7—z-interaction (Figure 1a). In contrast to previously
published rylene bisimide cyclophanes that all show a twisted
m-surface due to solubilizing substituents in bay positions of
the 7z-core,’””"?” in the case of CBI-C, the two cavity
chromophores are almost perfectly planar. The substituents do
not cause any twisting, as they are pointing away from each
other (Figure 1b). Their orientation perpendicular to the 7-
plane prevents direct stacking of the CBI's z-surfaces and,
therefore, increases the solubility (Figure S19). In the crystal
structure, the cavity of the cyclophane is filled with disordered
solvent that has been removed by the SQUEEZE routine.*®

Optical Properties of the Cyclophane Host. To gain
insights into the photophysical properties of CBI-C and
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Figure 1. (a, b) Molecular structure of cyclophane CBI-C obtained by
single-crystal X-ray analysis from the front view (a) and side view (b).
Ellipsoids are drawn at 50% probability. Substituents are displayed in
a stick model. Hydrogen atoms and solvent molecules are omitted for
clarity. (c) UV/vis absorption (solid line) and emission (dashed)
spectra of CBI-ref (black) and CBI-C (red) in CHCl; under N, at
293 K and delayed component of the emission of CBI-ref (blue, gate
delay: 0.1 ms, gate width: 40 ms). In the inset, the fluorescence decay
of CBI-ref is shown, and a zoom-in to the gated delayed emission
spectrum.

CBI-ref, UV/vis absorption and photoluminescence (PL)
spectra were recorded in CHCl; at 293 K (Figure 1c). Both
compounds show three absorption bands at identical positions
in the visible range with maxima (A,,) at 529, 433, and
339 nm for CBI-C. The first two bands at 529 and 433 nm
show vibronic fine structures, which originate from coupling of
the electronic transition to C—C stretching vibrations, as is
typical for polycyclic aromatic hydrocarbons (PAHs). For the
cyclophane, the Ay_y/Ay_; ratio of the vibronic bands of the

So—S; transition is identical to that for the monomeric
reference compound. The system thereby differs from the
previously reported tetraphenoxy-substituted PBI cyclophanes
where a significant redistribution of the vibronic structure has
been observed compared to their respective monomeric
reference with a decreased A,_o/Ay_; ratio.”’ Similarly, for
CBI-C, the extinction coefficient (41,800 M™! mol™) of 4,
of the S;,—S, transition is only slightly smaller than the doubled
extinction coefficient of CBI-ref (24,400 M~! mol™"), whereas
for tetraphenoxy-PBI cyclophanes, a much larger reduction
compared to the corresponding monomer was observed.”” The
weaker coupling can be explained by the much lower transition
dipole moment i, of the S,—S; transition of CBI-ref (4.1 D)
compared to tetraphenoxy-PBI (8.7 D).*

The PL spectrum of CBI-C shows mirror image symmetry
to the electronic absorption with a maximum (4,,,,) at 548 nm,
identical to CBI-ref, and a relatively high quantum yield of ®p;,
= 45%, which is only slightly lower than that of CBI-ref (®p; =
48%). This suggests that, in contrast to perylene bisimide
cyclophane with the same para-xylylene spacer,”*' symmetry-
breaking charge separation does not evolve as a major pathway
for the deactivation of the excited state. The only slightly
reduced @y in combination with a marginally elongated
lifetime (r = 5.74 ns for CBI-C and 5.34 ns for CBI-ref)
indicates that there is also no significant intramolecular H-type
coupling between the chromophores within CBI-C. Both the
monomeric reference and the cyclophane show a second
component in their PL decay trace with a much longer lifetime
of 4.5 ms, when measuring under a nitrogen atmosphere,
which indicates delayed fluorescence (DF). From gated
measurements of the delayed component and comparison
with the steady-state emission, a @pp of 3% for CBI-ref and
4% for CBI-C could be determined. PL lifetime measurements
at different temperatures suggest that this is a TADF process
(Figure S37a). This process is also reasonable with an energy
gap AEg 1 of 027 eV in CBI-ref (Table S3). Room-
temperature phosphorescence is very weak for either of the
compounds in solution. The low AEg ; was confirmed by
theoretical calculation of the adiabatic excited state energies
(Figure S66). A summary of the photophysical properties is
displayed in Tables 1 and S3. In conclusion, the properties of
the CBI chromophore are almost unaltered in the cyclophane,
therefore making it an excellent candidate for the study of
modulation of the optical properties by guest encapsulation.

Host—Guest Complexation Studies. As shown by the
single-crystal structure in Figure 1, the cavity of CBI-C is

Table 1. PL Properties and Rate Constants of CBI-ref, CBI-C, and guestCCBI-C in Chloroform at 293 K under a N,

Atmosphere”
compound Dpg (total) (Dpromptc Tprompt D Dy 7py (ms) Dprp Trrp (ms)
CBI-ref 0.48 + 0.01 0.43 + 0.01 5.34 ns 0.03¢ 0.03 4.5 na. na.
CBI-C 0.45 + 0.01 0.36 + 0.01 5.74 ns 0.04° 0.04 4.5 n.a. n.a.
BPhCCBI-C” 0.50 + 0.03 0.42 + 0.03 7.39 ns 0.06° 0.06 8.8 n.a. n.a.
PercCBI-C” 0.044 + 0.00S 0.042 + 0.00S 15.4 ns na. na. n.a. na. n.a.
CorcCBI-C" 0.74 + 0.04 0.48 + 0.03 18.8 ns 0.17¢ 0.17 2.55 n.a. n.a.
Pt(acac),CCBI-C” 0.26 + 0.02 0.04 + 0.015 2.50 ps” 0.22" 0.13¢ 22 0.09% 22
Br,NaphCCBI-C” 0.28 + 0.02 0.02 + 0.003 0.39 ns? 0.26" 0.23% 2.8 0.032 n.d. (overlap)
“nd. = not determined, n.a. = not observed, DE = delayed emission (total), DF = delayed fluorescence, RTP = room-temperature

phosphorescence. ”All samples with >95% complexation. “Determined under ambient conditions. “Determined through fsTA. “Received by the
ratio of integral of gated and steady-state spectra. HValues received from total delayed emission yield and subtraction of prompt fluorescence
(Prad (rotal) — @Pmmpt). #Received by deconvolution of the dual emission.
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ideally suited for the uptake of planar guest molecules by a
m—n stacking interaction. We chose the following guests to
exert a large variety of properties: Biphenyl (BPh) as an
electron-poor guest, perylene (Per) as an electron-rich guest,
coronene (Cor) for maximal shape complimentary, and 1,8-
dibromonaphthalene (Br,Naph) and platinum(II)-
acetylacetonate (Pt(acac),) for their different heavy atoms
(Scheme 1b). We investigated the complexation of these guest
molecules by CBI-C in chloroform (CHCl;) at 293 K under
ambient conditions and received binding constants (K) from
the millimolar (10° M™") up to the picomolar range (10"
M™"). Depending on the binding constant, the titrations were
performed by UV/vis absorption (BPh, Br,Naph, Pt(acac),),
PL (Per), and competitive PL (Cor) host—guest titrations.
The binding of the guests was additionally confirmed by 'H
NMR titration experiments and 'H—'H NMR ROESY
spectroscopy (Figures S30—S36). All binding constants are
summarized in Table S2.

For the guests with 10 carbon atoms (BPh, Br,Naph,
Pt(acac),), the UV/vis absorption titration studies were
straightforward. Complexation afforded small bathochromic
shifts for the CBI Sy—S, and S,—S, transitions (Figures 2a and
$22—-26). Upon addition of an excess of guest molecules, a
high degree of 1:1 complexation could be accomplished,
leading to reliable values for the binding constants.

For the two aromatic guests with 10 sp’ carbons the binding
constant increases from K = (2.66 + 0.07) x 10* M~ for BPh

(a) 025 0.117
5
0.20. E-o.1o—
% 0.09-]
<
S5 0.15-
m T T
- 00 02 04
< 0.101 c(Pt(acac),) / mM
Oeq.

—— 164 eq. Pt(acac),

Figure 2. (a) UV/vis absorption spectra for a solution of CBI-C (¢ =
2.77 X 107 M in CHCI; at 293 K under ambient conditions) upon
addition of Pt(acac), guest. The inset shows the absorption at 1 =
530 nm with a nonlinear curve fit (1:1 binding model, red curve). (b,
c) Two different perspectives on the molecular structure of
Pt(acac),CCBI-C obtained by single-crystal X-ray analysis. Ellipsoids
are drawn at 50% probability. Substituents are heavily disordered and
omitted for clarity in (b). In (c), only the major part is displayed in
the stick model. Hydrogen atoms and solvent molecules outside the
cavity were omitted for clarity. CBI-C rings are colored in orange, and
Pt(acac), in blue.

to (2.11 £ 0.02) X 10° M~ for Br,Naph. The comparatively
low binding constant for BPh can be explained by the
planarization of biphenyl that is needed for the encapsulation,
being energetically unfavored due to the steric clash of the
ortho-hydrogen atoms.”” For the brominated naphthalene,
additional dispersion interactions are provided by the bromine
atoms as elaborated in our earlier study for a terrylene bisimide
cyclophane.”’ For the complexation of Pt(acac), with its
planar C,,O,Pt scaffold, a binding constant of K = (6.15 +
0.12) x 10* M~ (Figure 2a) was determined, which fits well
into the series, demonstrating that not only PAHs but also
small, planar metal complexes can be encapsulated by CBI-C.
For larger planar platinum complexes, Yam and co-workers
already demonstrated complex formation with PAHs.*

For the two larger PAH guests Per (20 sp” carbons) and
Cor (24 sp® carbons), significantly stronger binding was
observed, and binding constants could not accurately be
determined anymore by UV/vis titrations. For Per, a PL
titration study at low concentration afforded a binding
constant in the nanomolar range with K = (2.47 + 0.25) X
10° M~ (Figure S28). When comparing the binding constant
of Per with CBI-C to that of Per with a previously reported
tetraphenoxy-PBI cyclophane (K = 4.6 x 10* M™')*" with
strongly twisted 7-surfaces, this is a 50,000-fold increase. This
can be explained by the planarity of the z-surface in CBI-C
that enables stronger interactions of both CBI chromophores
with the guest. Finally, for the most shape-complementary
guest to CBI, Cor, we performed a competitive host—guest PL
titration study using Per as a displacement guest and received a
binding constant of K = (4.29 + 0.32) x 10'° M™" (Figure 3a).
This is an outstandingly high binding constant considering that
the solvent is the well-solubilizing chlorinated organic solvent
CHCl;. The large range of observed binding constants can be
attributed to the large variety of the guests regarding the size of
the molecules. As we showed in a recent study, small guest
molecules and therefore small interaction areas of the z-
surfaces of host and guest lead to smaller binding constants,
whereas in the case of large 7—7 interaction areas, the binding
constants can be very high.”'

We were able to grow single crystals for several complexes
and analyze them by single-crystal X-ray analysis, all proving
the perfect fitting of the chosen guest molecules within the
CBI-C cavity. The most interesting cocrystal of Pt-
(acac),CCBI-C, grown by vapor diffusion of n-hexane into a
solution of CBI-C with an excess of Pt(acac), in CHCI, is
shown in Figure 2b,c. The Pt(acac), is positioned in the center
of the cavity, and the long axes are almost perfectly aligned.
Additionally, C—H—x interactions of the center proton of the
acetylacetonate with the phenyl ring of the cyclophane spacer
are indicated by the distance of C—H—7x of 3.06 A on each
side. This noncovalent interaction is also supported by a
Hirshfeld analysis** (Figure $20) and could be an explanation
for the high binding constant despite the rather small
interaction surface for 7—z-stacking interaction.

Likewise, for the cocrystals of Br,NaphCCBI-C (Figure
S21) and CorCCBI-C (Figure 3b,c) closely stacked host and
guest 7-systems are observed by single-crystal X-ray analysis
with the smaller Br,Naph guest being placed in the center of
the cavity and Cor being laterally displaced by 1.3 A (Figure
3b,c). This graphite-like displaced-stacking arrangement is
typical for large face-to-face stacked PAHs with s#—7-stacking
interaction.”> Also the z—z-stacking distance of 3.4 A

https://doi.org/10.1021/jacs.4c08479
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Figure 3. (a) Emission spectra (4., = 515 nm) of CBI-C (¢ = 6.71 X
10~ M in CHCI, at 293 K) in the presence of perylene (c = 2.97 X
1077 M) showing a fluorescence enhancement upon addition of
coronene (Cor) as a guest. The inset shows the resulting plot of the
emission intensity at 4 = 591 nm with a competitive nonlinear curve
fit (1:1 binding model, red curve). (b, c) Molecular structure of
CorCCBI-C obtained by single-crystal X-ray analysis. Ellipsoids are
drawn at 50% probability. Substituents are heavily disordered, and
only the major part is displayed in the stick model. Hydrogen atoms
and solvent molecules outside the cavity were omitted for clarity. The
rings or carbon atoms of CBI-C, Cor, and the overlap are colored
orange, green, and yellow, respectively.

(Br,NaphCCBI-C) and 3.5 A (CorCCBI C) are typical for
m—n-stacking interaction between PAHs."

For CorCCBI-C and PerCCBI-C, the host and host—guest
complex are in slow exchange on the NMR time scale and
almost full complexation was observed upon addition of one
equivalent of guest (Figures S30 and S32). In 'H-'"H NMR
ROESY spectra, cross-signals between the host and the guest
protons could be observed (Figures S31 and S33). For the
other guests, fast exchange is observed and the signals of the
guest protons are broadened (Figures $S34—S36). Therefore,
cross-signals were not observed.

The strong complexation of all guests provides the
possibility for in-depth steady-state as well as time-dependent
optical spectroscopy studies without a large excess of guest,
even at low concentrations (107°=107¢ M). in the following
sections, we will first elucidate the photoluminescence
properties and subsequently analyze in detail the excited
state dynamics by both nanosecond and femtosecond transient
absorption spectroscopy.

Photoluminescence Studies for Host—Guest Com-
plexes. Photoluminescence spectroscopy is a suitable method
to evaluate the effects of the various guests on the excited state

deactivation pathways of the respective host—guest complexes.
An advantage of the guestCCBI-C systems studied here is that
for all studied guest molecules, there is no significant overlap of
the host and guest UV/vis absorption spectra, and therefore it
is possible to selectively excite the guestCCBI-C complex
without excitation of excess (free) guest present in solution.
Supported by the high binding affinities of CBI-C toward the
guests, for all measurements, the chosen conditions ensure a
complexation of more than 95% of the host, by adjustment of
the concentration of guest used in the measurements. The PL
spectra of the studied complexes under a nitrogen atmosphere
are scaled to their ®p; by integration and are depicted in
Figure 4. In Table 1, all of the PL quantum yields and decay
rates are collected.
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—— Pt(acac),cCBI-C
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Figure 4. Emission spectra of CBI-C (black, dashed) and those of the
discussed guestCCBI-C complexes without (a) and with heavy atoms
(b) scaled by integration to the respective PL quantum yield. All
samples in CHCl; at 293 K under N,, complexation degree >95%, A,
~ 500 nm. In the inset, pictures of the solutions upon irradiation, 4,
~ 500 nm, are shown. In the order from left to right in (a) CBI-C,
BPhCCBI-C, CorCCBI-C, and PerCCBI-C and in (b)
Br,NaphCCBI-C and Pt(acac),CCBI-C are shown.

Upon addition of BPh to a CBI-C solution, the emission
intensity rises slightly from @4 (. = 0.45 (Figure 4a, black
dashed line) to @4 o = 0.50 (Figure 4a, red line). This
could be due to an increased rigidity of the system with
prohibited 7—7-contacts between CBI units as a result of guest
encapsulation. The lifetime of the complex is 7,y = 7.39 ns,
with a second, long-lived component with 7 = 8.8 ms with an
identical spectrum. The example of this electron-poor guest
shows that not all guest encapsulations lead to significant
changes in the occurring photophysical pathways. Instead,
upon BPh encapsulation, the photophysical properties of the
host are retained.

On the other hand, when an electron-rich guest such as Per
is encapsulated, the emission of the complex is almost
completely quenched (@4 (oq = 0.04) (Figure 4a, green
line). Similar to the results of our previous studies with a
tetraphenoxy-PBI cyclophane and perylene,”" we expect this
quenching to be due to a photoinduced electron transfer from
the guest to the host. In the PL spectra, a broad band of very
low intensity with A,,, = 707 nm can be observed, for which a
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Figure S. Schematic representation of the different photophysical pathways occurring after excitation in the guestCCBI-C complexes.

long fluorescence lifetime of 15.4 ns was determined, which is
indicative of the formation of a poorly emissive charge transfer
state.

In contrast, CorCCBI-C shows a very intense red-shifted
and broadened emission spectrum from which we conclude the
formation of a highly emissive exciplex (Figure 4a, blue line).
The quantum yield of the exciplex emission is even enhanced
compared to that of CBI-C with @4 (o) = 0.74 under N,
and has an elongated lifetime of 7oy, = 18.8 ns. A second
component with @pp = 0.17 is long-lived with a lifetime of 7y
=2.55 ms. Gated spectra revealed that the spectrum is identical
to that of the prompt component (Figure S44b). Variable-
temperature PL spectra suggest that the delayed emission
originates from a TADF process (Figure $43) that is now more
pronounced compared to the CBI-C host due to a decrease of
the singlet—triplet energy gap (AEg.).

By encapsulation of guests equipped with heavy atoms, we
intended to make use of the external heavy atom effect not
only to increase the population of the triplet state by a higher
rate for S;—T, intersystem crossing (ISC) but also to promote
the radiative decay of the triplet state. Here, the close
proximity of heavy atom perturbers such as bromine or
platinum to chromophores is known to accelerate the radiative
rates of phosphorescence as well as shorten TADF lifetimes,
due to increased spin—orbit coupling.’”** For both complexes
Pt(acac),CCBI-C and Br,NaphCCBI-C under inert con-
ditions, a dual emission is observed with almost identical total
quantum yields of 0.26 and 0.28, respectively (Table 1). Both
parts of the dual emission have a well-resolved vibronic fine
structure, as is typical for PAHs. Excitation power-dependent
and temperature-dependent experiments show that the high-
energy part of these emissions with A, = 554 nm can be
assigned to a TADF process from a locally excited singlet state
(Figures S30—S32). The other emission with 4., = 638 nm is
assigned to RTP as it matches the spectrum of CBI-ref at 77 K
in CHCl; with 20% ethyliodide (Figure S37b).

The line shape of the dual emission bands is nearly identical
for both complexes, and the respective wavelengths A, are
within a range of less than 3 nm. This suggests that the
different guests do not induce a significant change in the
energy levels of the emissive singlet and triplet states. For
Pt(acac),CCBI-C, both processes are almost equal with @pp =
0.13 and @yyp = 0.09, whereas in Br,NaphCCBI-C, almost
only TADF is observed, and the signals of the RTP are very
small. By deconvolution of the emission spectrum of
Br,NaphCCBI-C, quantum yields of ®p = 0.23 and Opp =

0.03 were received. The lifetimes of both parts of the dual
emission are equal with 2.2 ms for Pt(acac),CCBI-C. The
equal lifetimes of TADF and RTP could be expected due to
both emission processes originating from the T -state (directly
in the case of the RTP and via S, in the case of the TADF).*’
In the case of Br,NaphCCBI-C, a lifetime of TADF of 2.8 ms
was determined. The RTP lifetime could not be determined
separately due to the overlap with the more intensive TADF
signal. The measured prompt fluorescence of both complexes
has a lifetime of ca. 5.5 ns; however, this can probably be
attributed to traces of free CBI-C that is more emissive than
the complexes, where the emission is almost completely
quenched under ambient conditions. Therefore, the prompt
lifetimes listed in Table 1 for the complexes with heavy atom-
bearing guests have been determined by fsTA spectroscopy
(vide infra). In a control experiment with CBI-ref and >200
equiv. of Pt(acac), (or Br,Naph), no change in emission
compared to pure CBI-ref was observed (Figure $45).
Therefore, it can be concluded that the encapsulation of the
guest into the cavity is essential for the PL changes compared
to the empty cyclophane, and they do not occur from a
collision-based mechanism in solution.

Excited State Dynamics for Host—Guest Complexes.
Femtosecond (fsTA) and nanosecond (nsTA) transient
absorption experiments were performed at 293 K in chloro-
form under nitrogen to elucidate the excited state dynamics of
CBI-C and CBI-ref as well as those of the guestCCBI-C
complexes. A schematic overview of the observed excited state
deactivation pathways of all complexes is shown in Figure S.
Table 2 includes all relevant kinetic data and rate constants
extracted from the nsTA and fsTA experiments.

The fsTA spectra of CBI-C in chloroform (OD = 0.2—0.3)
are shown in Figure 6a. The evolution-associated spectra
(EAS) were obtained by global fitting of time versus
wavelength-based three-dimensional map of fsTA spectra
using an A — B — GS sequential model. Upon photo-
excitation of CBI-C at 495 nm with a ~100 fs laser pulse, the
fsTA spectra display a negative ground state bleach (GSB) at
528 nm along with stimulated emission (SE) at 590 nm as a
negative shoulder band in the spectra. The excited state
absorption (ESA) appears as a positive band at 550—750 nm
along with two characteristic strong NIR absorption peaks at
915 and 1080 nm. Upon deconvolution, the fsTA spectra of
CBI-C result in two spectrally different components. The first
component (component A) is attributed to the excited state
decay of the singlet state, which occurs in 75 = 4.34 ns (decay
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Table 2. Kinetic Parameters and Rate Constants of CBI-ref,
CBI-C, and GuestCCBI-C in Chloroform at 293 K under N,
Atmosphere”

- JRISC
compoundb 75 (ns) (us) o kise (s71) (s
CBI-ref 4.16 4.18 0.39 2.40 x 10° 40
CBI-C 3.33 3.66 0.34 3.00 x 10° 72
BPhCCBI-C 3.92 4.83 0.36 2.55 x 108 45
PerCCBI-C n.d. n.a. n.a. n.a. n.a.
CorCCBI-C n.d. 5.98 0.27 n.d. 514
Pt(acac),CCBI-C  0.0025 183 090  3.60 x 10" 1639
Br,NaphCCBI-C 0.390 S5.13 0.67 1.71 x 10° 6116
“nd. = not determined, n.a. = not observed. bAll samples of

guestCCBI-C with >95% complexation.

rate constant, kg = 2.30 X 10° s7!). Consequently, the second
component (component B) is populated and does not decay
within the experimental time delay. The excited state dynamics
of CBI-ref is similar to that of CBI-C, where photoexcitation
of CBI-ref initially populates the first singlet excited state of
the molecule and decays to a second species within 75 = 4.16
ns (kg = 2.40 X 10® s7'). The presence of delayed emission in
CBI-C and CBIl-ref suggests that the observed long-lived
species in the later time delay is a triplet excited state. Also, the
similarity between the spectral and temporal features of CBI-
ref (Figure $49) and CBI-C confirms the absence of charge
transfer or symmetry-breaking charge separation (as observed
for structurally related PBI cyclophanes)*"* within the host
CBI-C, which is in agreement with the comparably high

fluorescence quantum yields of the empty host and the
reference chromophore.

We further carried out nanosecond transient absorption
(nsTA) experiments to confirm the nature of the long-lived
excited states formed in CBI-C and CBI-ref. Upon photo-
excitation at 532 nm (pulse width ~8 ns), positive features at
Amax & 575 nm emerge for CBI-C and CBI-ref in nitrogen-
purged solutions (Figure S52). The intensity and decay time
constants of the excited state absorption in CBI-C and CBI-ref
quench upon oxygen saturation (Figure SS6a,b), confirming
that triplet states are populated in CBI-C and CBI-ref.

The triplet quantum yields of CBI-C and CBI-ref were
quantified by employing triplet—triplet energy transfer from
the respective compounds to f-carotene as the triplet acceptor,
relative to the standard [Ru(bpy);]** (Figures S59 and S60).
The triplet quantum yield was estimated to be @1 = 39% for
CBI-ref and @ = 34% for CBI-C. From the combined steady-
state and time-dependent spectroscopy data, the reverse
intersystem crossing rate was calculated to be very low, with
kpisc = 40 s™' for CBI-ref and 72 s™' for CBI-C.

The triplet peak maxima as well as triplet excited state
lifetimes are comparable for CBI-C and CBI-ref, where CBI-C
and CBIl-ref demonstrated a triplet lifetime of 3.66 and
4.18 us, respectively.

After having identified the excited state phenomena in CBI-
C and CBI-ref, the excited state dynamics of all guestCCBI-C
complexes were explored. For BPhCCBI-C, the fsTA spectra
were similar to those of CBI-C (Figure SS1a), confirming the
inconsequential influence of BPh on altering the photophysical
processes of the free host. The deconvoluted spectra showed
the decay of the singlet excited state within 7g = 4.52 ns,
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Figure 6. (Top) Femtosecond transient absorption spectra (o, = 495 nm, & 5.0 mW) of (a) CBI-C (¢(CBI-C) = 7.2 X 10~ M) and (b)
Pt(acac),CCBI-C (98% complexation of CBI-C), dry chloroform, c(Pt(acac), = 8.9 X 10" M, ¢(CBI-C) = 7.2 X 10> M); (middle) EAS
reconstructed from global analysis of the A — B — GS model, where A is the singlet state ('*CBI-C, '*Pt(acac),CCBI-C) and B is the triplet state
(3*CBI-C, **Pt(acac),CCBI-C); and (bottom) relative population profiles of the excited states (Note: The negative feature at 990 nm is the

harmonic band of A,,).
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followed by a triplet excited state population. As found similar
in the free host, the nsTA measurements (Figures S54 and
S65) confirmed the triplet population with a triplet lifetime of
Tr = 4.83 ps and a triplet quantum yield of ®1 = 36%.

In the case of PerCCBI-C, the excited state features differed
significantly from that of the bare host (Figure S50a). In the
subpicosecond time scale, the spectra showed an ESA band at
650 nm along with peaks at 900 and 1130 nm, resembling the
S, — S, absorption of CBI-C (component A upon
deconvolution). Within a few hundreds of femtoseconds, the
spectra shifted to a sharp absorption peak at 597 nm alongside
peaks at 900 and 1022 nm, which persisted throughout the
time delay of the experiment. The deconvoluted second
component (component B) can be assigned to a charge-
separated (CS) state in the PerCCBI-C complex since it
closely matches the spectroelectrochemical data as well as
previous literature reports (Figure $39).°° The signal with
peaks at 597 and 1022 nm is attributed to CBI™* with the
shoulder band at 570 nm as perylene®®. The charge-separated
state was quite long-lived and, therefore, further probed in
nsTA experiments, where the lifetime was estimated to be 7
= 15.29 ns (Figure S55b).

For CorCCBI-C, an ultrafast CS component (component
A) was observed which was within the instrument response
function of ~100 fs; thus, the spectral features of L+CBI were
difficult to observe for the complex. The fsTA spectra of
CorCCBI-C show the characteristic CBI™* absorptions at 615,
900, and 1030 nm (Figure SSO0b). In the subnanosecond
regime, the initially formed CS state broadens and blue-shifts
to 550 nm in the visible region and 890 and 1025 nm in the
NIR region, which persists in the entire time delay of the
experiment. This could indicate a reorganization of the CS
state to an exciplex species with stronger interchromophoric
coupling in the excited state, resulting in featureless, red-shifted
emission as observed in the steady-state spectroscopy.’’ The
superposition of Frenkel exciton and charge transfer states in a
chromophore assembly populatir_1§ an exciplex state is generally
considered an exciton trap state.””* The second component is
therefore assigned as an exciplex state formed from the CS
state and is observed throughout the fsTA delay time. NsTA
experiments reveal triplet excited states with @1 = 27% and 77
= 5.98 s in CorCCBI-C, possibly formed with the decay of
the exciplex species (Figure $55a). In CorCCBI-C, the reverse
intersystem crossing rate kpjsc = S14 57" is increased by 1 order
of magnitude compared to CBI-C, which explains the higher
TADF quantum vyield despite the slightly lower triplet
quantum yield with respect to CBI-C. The higher kgisc can
be explained by the lower AEg 1 between the singlet exciplex
state and the local excited triplet state (Figure 7).

The fsTA measurements for Pt(acac),CCBI-C in the initial
picoseconds display a negative ground state bleach signal from
500 to 550 nm and a positive excited state absorption at 910
and 1080 nm, similar to the empty CBI-C (Figure 6b). Within
few picoseconds, the fsTA spectra of the complex evolved to a
well-defined, sharp ESA band at 590 nm, corresponding to
3#CBI-C, which is long-lived (>4 ns). With deconvolution, the
lifetime of '*CBI-C was estimated to be 75 = 2.50 ps, pointing
at an ultrafast intersystem crossing for which we determined a
rate of kjgc = 3.60 X 10" 577, i.e., 3 orders of magnitude faster
than for CBI-C in the absence of Pt(acac),. To estimate the
triplet decay rate, nsTA measurements were performed on the
complex. A positive ESA with absorption maximum at 4, =
595 nm, resembling the 3*CBI-C species was observed for the
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Figure 7. Schematic state diagram derived from spectroscopic data
showing the different mechanisms (purple) for the increase of kgsc
and ®p,pp in CorCCBI-C and heavy atomCCBI-C under the
approximation of identical S, energy levels of CBI and guestCCBI-C.
Energy levels are estimated from the tangents of the emission spectra.
Blue: CBI-C fluorescence at RT, red: CorCCBI-C emission at RT,
black: CBI-C at 77 K with 20% ethyliodide, gray: dual emission of
Pt(acac),CCBI-C at RT, all in CHCl; under N, SOC = spin—orbit
coupling.

complex with a lifetime of 7 = 18.3 us. The triplet quantum
yield also shows a significant increase in the complex as @ =
90%. The reverse intersystem crossing rate kgpgc is also
enhanced more than 20-fold to 1.6 X 10® s™!, which explains
the higher TADF quantum yield. In summary, encapsulating
the platinum-containing guest results in an enhanced triplet
quantum yield as well as accelerated rates of intersystem
crossing (kigc) and reverse intersystem crossing (kgisc). The
significant changes to the triplet population kinetics suggest
spin—orbit coupled ISC (SO-ISC), attributed to the heavy
atom effect facilitated by the platinum atom, which also
manifests in the ®p; of Pt(acac),CCBI-C (Figure 7). Ina
solution containing CBI-ref and Pt(acac),, where complex-
ation does not occur, the excited state dynamics were
comparable to that of CBI-ref (Figure S49b and S53b). This
again suggests that the alteration in the photophysical
properties is dependent on the encapsulation of the platinum
complex within the cyclophane, ruling out any influence from
collisional pathways.

Similarly, for Br,NaphCCBI-C, upon photoexcitation, with
the decay of the '*CBI-C species, the population of the
3#CBI-C species was observed (Figure SS51b). The decay of
the '*CBI-C species occurs slower with 75 = 390 ps, which is a
noticeable manifestation of the lower heavy atom effect
compared to the platinum complex. The triplet excited state
was long-lived (>4 ns) and could not be estimated with the
fSTA experiments. With nsTA measurements, the triplet decay
rate was estimated to be 7 = S.1 us (Figure S54b). The
intersystem crossing rate kygc and the triplet yield @ increase
from Br,NaphCCBI-C to Pt(acac),CCBI-C, which is in
accordance with the expected increase in spin—orbit coupling
(SOC) for the SO-ISC. Interestingly, kpisc is larger for
Br,NaphCCBI-C, making TADF now the favored emission
process for this complex (Figure 4b).

Thus, by means of encapsulating different guests within this
CBI cyclophane, the excited state dynamics could be switched
between different pathways, allowing modulation of the
photophysical processes occurring from the originally popu-
lated singlet excited state in solution. As shown in Figure S,
with regard to emission, the accomplished variations go far
beyond those found in natural systems such as the green
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fluorescent protein (GFP)*°® and their variants accomplished
by chemical®”*® or biomolecular'” engineering, as well as for
other protein-based fluorescent tags.”” Accordingly, by
involving charge transfer and the triplet states, we were able
to tune both wavelengths and lifetimes over a wide range,
making use of RTP and TADF which are meanwhile common
phenomena for emissive solid-state materials but less explored
in supramolecular and biomolecular host—guest systems. The
concept behind our approach is manifested in Figure 7 which
shows the energy level of the various states that become
accessible by guest inclusion. Thus, on the one hand, by
embedding coronene in the CBI cyclophane, an exciplex state
could be populated, which is ~0.1 eV lower in energy than the
original CBI singlet state. By this means, reverse intersystem
crossing is accelerated, leading to an increase of the TADF. On
the other hand, inclusion of guests bearing heavy atoms such as
Pt(acac), accelerates intersystem crossing both between S,
and T, states as well as T and S, thereby affording high yields
of triplet states and phosphorescence. In total, the emission
lifetime decays could be controlled in guestCCBI-C systems
from 3 ns to 2.8 ms depending on the respective guests.

B CONCLUSIONS

In this article, we presented a new supramolecular host based
on coronene bisimide. With its large 7 panels, this host was
able to encapsulate a large variety of planar guest molecules
with up to picomolar affinity, thereby enabling the evaluation
of the excited state dynamics for defined supramolecular
complexes in solution. As we could demonstrate, guest
encapsulation can be used as stimulus for the modulation of
the excited state deactivation pathways occurring in the
cyclophane, affording beyond the CBI cyclophane character-
istic prompt fluorescence deactivation (z ~ S ns), other
pathways such as photoinduced charge separation, longer-lived
and bathochromically shifted exciplex emission, room-temper-
ature phosphorescence (RTP), and thermally activated delayed
fluorescence (TADF), the later with radiative lifetimes in the
millisecond range. Accordingly, the electronic character of the
encapsulated guest switches the supramolecular ensemble
between fluorescence, as in the cases of the electron-poor
biphenyl, partial charge transfer leading to an exciplex state as
in the case of coronene, or full charge separation as in the case
of the more electron-rich perylene. Even more impressive, due
to the high triplet energy level of coronene bisimide, ISC can
occur, and the triplet state deactivation via TADF or RTP can
be modulated by guests bearing heavy atoms. With two
different strategies, the reverse intersystem crossing could be
facilitated upon guest encapsulation leading to an increase of
D app and kygc compared to the free CBI chromophore. The
first one is making use of increased spin—orbit coupling due to
the heavy atom effect from brominated or platinum-containing
guests. In the second one, exciplex formation leads to a
decreased singlet—triplet energy gap. While the heavy atom
effect also increases the triplet quantum yield and kg, this is
not the case for the coronene complex that forms the exciplex
as here only the reverse intersystem crossing is influenced.
With these results, a structurally well-defined supramolecular
host—guest complex afforded deep insights, both with regard
to structure as well as excited state dynamics, into processes
known for less defined solid-state materials. We envision that
supramolecular nanoemitter systems based on cyclophanes and
related host—guest complexes may inspire research in nano-
photonics, sensing, and even bioimaging.
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