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ABSTRACT: Encapsulation of more than one guest molecule into a synthetic cavity is a highly desirable, yet a highly challeng-
ing task to achieve for neutral supramolecular hosts in organic media. Herein, we report a neutral perylene bisimide (PBI)
cyclophane, which has a tailored chiral cavity with interchromophoric distance of 11.2 A, capable of binding two aromatic
guests in a m-stacked fashion. Detailed host-guest binding studies with a series of aromatic guests revealed that the encapsu-
lation of the second guest in this cyclophane is notably more favored than the first one. Accordingly, for the encapsulation of
coronene dimer, cooperativity factor (@) as high as 485 was observed, which is unexpectedly high for neutral host-guest
systems. Further, a successful chirality transfer, from the chiral host to encapsulated coronenes, resulted in a chiral charge-
transfer (CT) complex and the rare observation of circularly polarized emission originating from the CT state for a non-cova-
lent donor-acceptor assembly in solution. The involvement of the CT state also afforded an enhancement in the luminescence
dissymmetry factor (gum) value due to its relatively large magnetic transition dipole moment. The 1:2 binding pattern and
chirality-transfer were unambiguously verified by single crystal X-ray diffraction analysis of the host-guest superstructures.

Introduction

Supramolecular hosts have the intriguing ability to pro-
vide highly selective and structure specific interactions at
the molecular level.2 Therefore, several classes of syn-
thetic host molecules, including cavitands,3- cyclophanes,>
7 and macrocycles,’”!1 as well as cages,'215 clefts,'¢ twee-
zers,'7 and m-receptors,'8-20 have been reported since the
period when Lehn, Cram and Pedersen were recognized for
their pioneering receptor design for molecular recognition
of cations. The focus of the host-guest studies involving
these hosts has been on the optimization of the parameters
governing the strength of binding of one guest molecule.?!
23 Resultantly, numerous studies have found strategies for
establishing systems with ultra-high binding energies,
which could even span to attomolar affinity of guests to su-
pramolecular hosts in 1:1 stoichiometry.24

Among the enormous number of examples available in lit-
erature for molecular recognition, host-guest recognition in
1:1 stoichiometry predominates in contrast to the examples
of multiple guest binding that we see in the biological
world.?> Binding of multiple guests inside an artificial cavity
is highly desirable as it has the potential to enable new
modes of interactions between the guest molecules. This
can lead to the emergence of collective ensemble properties
which could be utilized for exploiting the functionality of
these supramolecular architectures in several fields like ca-
talysis.26-2” However, designing cavities which could bind

more than one guest is challenging as the system has to
compensate for the entropy loss, which makes the process
more energetically demanding. Therefore, one or more
strong interactions (e.g., electrostatic attraction) between
the host and guest molecules are essential to drive the pro-
cess. In this regard, so far, the metal-organic cages are the
prime example, wherein the charged metal ions may attract
and bind oppositely charged guests making the multiple
guest binding feasible. Further, these water-soluble cages
take the advantage of strong hydrophobic effects to enforce
the simultaneous binding of hydrophobic guests in aqueous
media as previously been achieved by Yoshizawa, Fujita,
and others.28-30

In contrary, there are only few artificial supramolecular
hosts, other than the metal-organic cages, that can encapsu-
late more than one guest and can demonstrate high degree
of positive cooperativity in guest recognition. For example,
among cyclophanes, there is one recent example of diradical
dicationic host reported by Stoddart and co-workers that
demonstrates the binding of two methyl viologen radical
cations taking the advantage of strong radical-pairing inter-
actions.3! Another positively charged organic cage,?? also re-
ported by Stoddart and co-workers, shows cooperative
binding of pyrene-1-carbaldehyde guest (cooperativity fac-
tor, a = 127) by utilizing cation-dipole and dipole-dipole
interactions. Also, recently an ether linked molecular tube
has been reported showing binding of DABCO based organic
cations with high degree of cooperativity in 2:1



stoichiometry (@ = 580), which also involves charge repul-
sion interactions in addition to hydrogen bonding interac-
tions between two host molecules to form a capsule with
guest.3? Another example showing high cooperative binding
in literature is from Gong and co-workers of an oligoamide
macrocycle (¢ = 4-5333) that involves a guest-induced
stacking of host and takes advantage of ion-dipole interac-
tions in guest binding.34-3> As far as we know, no reports are
available so far with neutral host-guest systems showing
high positive cooperative binding.

Herein, we report an inherently chiral perylene bisimide-
based cyclophane with remarkably high cooperativity in
binding polycyclic aromatic hydrocarbons (PAHs), arising
mainly due to the dispersion interactions between the host
and the guest. Another important feature of this cavity is
that it serves as a template for inducing chirality on achiral
guests and, accordingly, its binding with relatively n-elec-
tron-rich coronene results in a chiral charge-transfer (CT)
complex and a circularly polarized emission from the CT
state with an enhanced luminescence dissymmetry factor
{gum) value, benefiting from the relatively large magnetic
transition dipole moment in the CT state.36-37 It is notewor-
thy that for non-covalent donor-acceptor systems, such in-
termolecular CT-CPL activity in solution state has only been
observed previously in the molecular assemblies, but not in
monomeric donor-acceptor-based systems.

Results and discussion

Synthesis and characterization

The large twisted aromatic units and the elongated spac-
ers are the crucial parts in the design of the herein pre-
sented cyclophane. The twisted aromatic core of 1,7-bay-
bridged perylene bisimide (PBI) provides a large n-surface
for dispersion interactions to shape-complementary guests
and the bay-bridging unit provides a good solubility to the
resultant cyclophane in organic solvents (Figure 1a). For
the spacer units, 4,4'-dimethylbiphenyl moiety was chosen
as it provides an interchromophoric distance of ca. 11 A,
which is ideal to encapsulate two aromatic guests in the cav-
ity as a m-stack. The synthesis of enantiomerically pure cy-
clophanes, cyc-PP and cyc-MM, was achieved by following
our previously reported synthetic route for a chiral PBI cy-
clophane of smaller cavity size.3® Accordingly, the desired
cyclophanes were obtained by the final cyclization of bay-
bridged enantiopure perylene dianhydride (P or M) with
[1,1'-biphenyl]-4,4'-diyldimethanamine under highly dilute
conditions following the Ziegler-Ruggli dilution principle
(Figure 1a). The cyclophane (cyc-PP or cyc-MM) was then
isolated in a yield of 12% and then fully characterized using
NMR spectroscopy, mass spectrometry, and single-crystal
X-ray diffraction (XRD) analysis.

The high-resolution MALDI-TOF mass spectrum of the cy-
clophane unambiguously showed the molecular ion peak
(M*) and the isotopic distributions consistent with its mo-
lecular formula (Figure 1b). Similarly, all the crucial proton
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Figure 1. a) Synthesis of PP-isomer of the cyclophane (cyc-PP). b) MALDI-TOF MS spectra of cyc-PP. c) Partial 400 MHz 'H NMR
spectra of the cyc-PP showing chemical shifts of aromatic protons in CsDs at 295 K. d) Molecular structure of cyc-PP obtained by

single-crystal X-ray diffraction analysis.



signals could be clearly seen and assigned in the 400 MHz
room temperature 'H NMR spectrum of the cyclophane in
deuterated benzene. In the aromatic region, the typical two
doublets pertaining to the 1,7-substituted PBI core can be
seen at 8.84 and 8.16 ppm, and the relevant one singlet at
8.21 ppm (Figure 1c). The two doublets originating from the
biphenyl spacer moiety can also be seen at 7.83 and 7.36
ppm. As well as the four signals corresponding to four pro-
tons of the bay-bridging phenoxy moieties were observed in
the range between 7.07-5.98 ppm. The observation of only
one set of well-resolved signals in 'H NMR spectrum at 295
K indicates a highly symmetric structure of the cyclophane.

Host-guest recognition

As observed in the single crystal structure of cyc-PP (Fig-
ure 1d), the interchromophoric distance is 11.2 A that is
around thrice the typical m-m interaction distance and,
hence, the cyclophane should be suitable to offer the encap-
sulation of two aromatic guests as a m-stack supported by
m-7 interactions. Therefore, the molecular recognition
properties of cyc-PP were investigated with host-guest ti-
tration experiments in toluene employing UV/Vis absorp-
tion spectroscopy. For these studies, two sets of aromatic
guests were investigated, i.e., triphenylene, perylene, and
coronene as the planar guests, whereas [4]-helicene and
dibenzo[g,p]chrysene as the non-planar guests.
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The spectral changes in the UV/Vis absorption of cyc-PP
upon the addition of coronene are shown in Figure 2a. The
intensity of So—S: transitions decreases upon complexation
and a new charge-transfer band arises in the higher wave-
length region of the spectrum. The fitting of the obtained ti-
tration data resulted in a sigmoidal 1:2 fitting curve, which
is typical for cooperative binding, with K1 = 5.7 x102M-1and
a significantly increased Kz = 6.9 x10*M-1, affording a coop-
erativity factor a = 485 (Figure 2b). The high cooperativity
in binding is clearly evident in mole fraction ratio plot as
well, wherein the mole fraction of the 1:2 complex sharply
increases with the addition of guest (Figure 2c).

The binding constants and cooperativity factor for all the
guests used for titration studies are summarized in Table 1,
with their titration curves and mole fraction ratio plots in
the supplementary information (Figures S7-5S10). In each
series, the binding affinity increased with the increase in the
m-surface area of guests involved in host-guest interaction
(Figure 2d). Most interestingly, for all the studied guests,
the second binding was found to be stronger as compared
to the first binding. This can be attributed to the effective
guest-guest interaction inside the cavity based on the ob-
servation that the cooperativity also increased with the in-
crease of the m-surface of the guests. Thus, for coronene that
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Figure 2. a) Changes in UV /Vis absorption spectrum of cyc-PP in toluene upon addition of coronene at 22°C (chost = 6 uM). b) The

fitting curve plot for absorbance at A=530 nm with the nonlinear curve fitting with 1:2 host-guest model in Bindfit.3° The binding
constant is the average of two experiments and the error indicated is the calculated standard deviation. c¢) The mole fraction plot for
the titration experiment with coronene as guest. d) Plot of Gibbs free energy calculated at 22 °C for different guests.



Table 1. Binding constants (K1 and K: for first and second binding, respectively) and corresponding Gibbs free ener-
gies (AG1 and AG2), and cooperativity factor for 1:2 complexation of cyc-PP and aromatic guests at 22 °C in toluene.

L LI ot
Triphenylene 5.8x101 6.6x101 9.9 10.2 5
Perylene 1.4 x102 1.1 x103 12.1 17.1 31
Coronene 5.7 x102 6.9 x104 155 27.3 485
[4] -Helicene 5.1x101 6.1x101 9.6 10.1 5
Dibenzo[g,p]chrysene 9.3x101 1.3x103 111 17.6 57

[a]Binding constants are calculated using global fit analysis (490 nm to 540 nm) with Bindfit39 by fitting of UV /Vis absorption titration
data. The reported binding constants are the average of two separate titration analysis and the fitting error was within 0.1 k] mol-1
of error in Gibbs free energy for all cases. [PIGibbs free energy has been calculated using AG = -RT InK. [[ICooperativity factor is given

4K,

by a = A

has the largest m-surface, highest cooperativity factor was
observed, which is unusually high for a neutral host-guest
system in which stronger forces, such as ion-dipole, ion-
pairing, H-bonding, or radical interactions, are absent.40-41
Such a high cooperativity can be rationalized by the fact that
the large empty cavity, which is less preorganized, can only
weakly bind the first guest molecule with the aid of m- in-
teraction between host and guest. Whereas during the sec-
ond binding event, the cavity is more adapted with smaller
cavitation volume for guest binding offering additional m-1
interaction between two guest molecules in addition to the
host-guest interaction. This notion is further supported by
the observation that the cooperativity factor is related to
the aromatic m-surface of the guest molecules encapsulated.
It increases from the smaller triphenylene to the larger cor-
onene among the planar PAHs (Figure 2d). For the non-pla-
nar guests as well, while both the first and second binding
were significantly less efficient as compared to the planar

guests, the cooperativity factor increased with the increase
of t-surface of the guest molecules.

The high cooperativity involved in binding of coronene
was further elucidated with the help of high-resolution
mass spectrometry, wherein the molecular ion peak corre-
sponding to the 1:2 host-guest complex was observed, but
not the one corresponding to 1:1 complex (Figure S6). The
co-crystals formed by the cyclophane with guest molecules
also provided proof for the encapsulation of two guest mol-
ecules inside the cyclophane cavity (Figure 3). Further, the
co-crystal of perylene molecules inside cyc-PP unambigu-
ously depicted the chirality transfer of the host to the two
guest molecules inside its cavity wherein the twist of the
guest m-core is clearly evident with a twist angle of 6.85°.
Whereas, in the co-crystals with coronene as guest, the core
twist is relatively less evident with a smaller twist angle of
2.52° because of the more rigid core of coronene.

Figure 3. Single crystal structure of (perylene)2ccyc-PP (left) and (coronene)2ccyc-PP (right), and the depiction of C-H---m interac-
tions and chirality transfer from the host to the guests. Notes: solvent molecules and hydrogen atoms are omitted for clarity. In the
inset images, hydrogen atoms are displayed for showing the C-H---m interactions involved between the aromatic ring of the spacer
and the guest protons. To visualize the chirality transfer, m-surfaces of the host and guests are shown. The twist angles of the guests
are measured between the planes containing each naphthalene subunit.
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Figure 4. Hirshfeld surface plotted over shape index of guest with view from top showing the m-m interactions between PBI plane of
cyc-PP and a) coronene in (coronene)2ccyc-PP, b) perylene in (perylene)2ccyc-PP. Hirshfeld dnorm surfaces for the guest indicating
the involved C-H---m interaction in c) (coronene)2ccyc-PP, d) (perylene)2ccyc-PP. Interacting area of the surface is highlighted with
blue colour. ALMO energy decomposition analysis performed on X-ray crystal structures of e) (coronene)zccyc-PP, f)

(perylene)2ccyc-PP.

The distance between the aromatic surfaces (measured
from the centroids of central m-ring), i.e., 3.5-3.8 A, estab-
lishes the m-m interaction involved between the aromatic
planes as the driving force for complexation. However, in
addition to the 7-m interactions, C-H---m interactions,*? be-
tween the protons of guest and aromatic rings of the spacer
unit, contribute to the guest binding in view of the short dis-
tance of 2.6-3.1 A for (perylene).ccyc-PP and (coro-
nene)z2ccyc-PP (Figure 3).

In order to get an exact information and magnitude of the
non-covalent forces involved in the host-guest superstruc-
tures, Hirshfeld surface analysis*? and ALMO energy decom-
position analysis were carried out using the corresponding
X-ray crystal structures of (perylene).ccyc-PP and (coro-
nene):ccyc-PP. The Hirshfeld surface analysis clearly
showed the adjacent red and blue triangles on the shape in-
dex mapping of guest (Figures 4a-b, and S19), which con-
firmed the presence of m-m interactions between host-
guest and guest-guest surfaces. It also revealed the involve-
ment of C-H---m interaction surfaces, highlighted by blue
color, in the complexation (Figure 4c-d). Finally, the ALMO
energy decomposition analysis confirmed that the complex-
ation of host is predominantly due to dispersion

interactions between the adjacent m-surfaces for both coro-
nene and perylene (Figures 4e-f). While C-H---m interac-
tions, which are electrostatic in character, have a signifi-
cantly lower contribution in the total energy. Quite surpris-
ingly, the contribution of charge-transfer interactions re-
mained much smaller even for the electron-rich coronene
that shows the formation of a pronounced charge-transfer
band upon complexation with the electron-deficient host
(Figure 2a).

Chirogenesis

In (coronene).ccyc-PP complex, the donor-acceptor in-
teraction exists between the electron-rich coronene and
electron-deficient cyclophane as evident from the emer-
gence of a new charge-transfer (CT) band in the absorption
spectrum of the corresponding host-guest complex and
ALMO-EDA analysis (Figure 2a and 4e). Thus, following the
titration data and chirality transfer observed in XRD struc-
ture analysis, chiral spectroscopic measurements were car-
ried out to probe the ground and excited state chirality of
the cyc-PP/cyc-MM complex with coronene.

The chiral character of the CT complex was confirmed by
the newly formed band at higher wavelengths in the CD
spectra, showing a positive signal for (coronene).ccyc-PP
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Figure 5. a) CD spectra, b) UV/Vis absorption spectra, c) CPL spectra and d) normalized emission spectra of cyc-PP/cyc-MM without
and with coronene (4 equivalents) as guest in CCls at 20 °C (chost=9.5 x 10-5 M). Emission and CPL spectra were obtained by exciting
at 460 nm. Absorption and emission spectra of free coronene is given as reference (excitation at 342 nm).

complex and a negative signal for (coronene).ccyc-MM
complex (Figure 5a). The addition of coronene to the cyclo-
phane resulted in interesting changes to the emission prop-
erties as well. While the PBI emission was quenched due to
the charge-transfer interactions, a new CT-emission band
was emerged at higher wavelengths (Figure 5d). Accord-
ingly, upon excitation of the host-guest complex at the
newly formed charge-transfer absorption band, the corre-
sponding circularly polarized luminescence band was ob-
served at a red-shifted wavelength of 667 nm (Figure 5c).
Interestingly, guum of the host-guest CT complex is enhanced
by a factor of two as compared to the chiral host species,
from £1 x 103 to +2 x 10-3. This enhancement is significant
considering that the chiral emissive organic systems with
high gium values are still challenging to achieve due to inher-
ently suppressed magnetic transition dipole moment (|m|)
and relatively large electric transition dipole moment (|u|)
of the organic molecules [gum = 4|m|cos0/|u|].*#+*” Herein,
the CPL enhancement for (coronene):ccyc-PP complex can
be rationalized by the involvement of a CT state that has a
relatively large magnetic transition dipole moment of the
CT complexes due to the presence of unpaired electrons in
the CT state, and a small electric transition dipole moment
as evident from the weak CT absorption band. 48

It has to be emphasized that the CPL enhancement by tak-
ing advantage of CT interactions is a relatively new ap-
proach with the first report in 2019, wherein Liu & Duan et

al. achieved an enhanced CPL in emissive CT complexes con-
sisting of chiral electron donor and achiral electron accep-
tor in solid and gel phase.*® Thereafter, other donor-accep-
tor based chiral systems, ranging from supramolecular co-
polymers to covalently linked macrocyclic architectures,
with enhanced CPL have been reported.5%-58 Notably, the
systems showing CT-CPL in solution state are scarce as they
usually involve emission quenching®® and there are no re-
ports of non-covalent organic CT host-guest complexes ex-
hibiting CPL activity in the solution state as per our
knowledge.

Conclusion

In summary, an expanded cyclophane composed of chiral
perylene bisimides was synthesized, and its ability to bind
different PAH dimers has been demonstrated with the man-
ifestation of host chirality transfer to the achiral guest mol-
ecule. In guest binding, the cyclophane exhibited a strong
allosteric cooperativity, which could be directly correlated
to the size of the aromatic m-surface of the guest involved in
binding. Thus, this study provided a proof that even the
weakest intermolecular forces - dispersion interactions -
can be manipulated to design systems offering highly coop-
erative interactions for molecular recognition as in the bio-
logical world. As the first binding guarantees the second
binding event due to the cooperative nature of guest bind-
ing, this class of macrocycles can be easily employed to ac-
complish the intermolecular interactions between guest
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molecules inside the cavity, which could be further ex-
ploited for achieving the goals like electron/energy transfer
between these molecules. Such cavities can also serve as an
ideal catalytic platform by increasing the effective concen-
tration of two reacting molecules by bringing them to prox-
imity and can also offer selectivity for those inner-cavity
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