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ABSTRACT: We report the self-assembly of a series of highly
charged supramolecular complexes in aqueous media
composed of cyclobis(4,4′-(1,4-phenylene)bispyridine-p-
phenylene)tetrakis(chloride) (ExBox) and three dicationic
perylene diimides (PDIs). Efficient energy transfer (ET) is
observed between the host and guests. Additionally, we show
that our hexacationic complexes are capable of further
complexation with neutral cucurbit[7]uril (CB[7]), producing
a 3-polypseudorotaxane via the self-assembly of orthogonal
recognition moieties. ExBox serves as the central ring,
complexing to the PDI core, while two CB[7]s behave as supramolecular stoppers, binding to the two outer quaternary
ammonium motifs. The formation of the 3-polypseudorotaxane results in far superior photophysical properties of the central PDI
unit relative to the binary complexes at stoichiometric ratios. Lastly, we also demonstrate the ability of our binary complexes to
act as a highly selective chemosensing ensemble for the neurotransmitter melatonin.

■ INTRODUCTION

A major goal of supramolecular chemistry is to achieve a greater
understanding of nature through synthetic mimicking of
biological structures and processes in the laboratory.1 To this
end, a significant amount of research has been conducted into
supramolecular recognition motifs and their assembly into
functional constructs. Most of this research has been conducted
in organic media, which offer advantages of solubility and a
lower degree of solvent interference when compared to
aqueous media.2 However, the role of water in complex
biological processes is ubiquitous. Therefore, it is of great
importance to investigate new, synthetic water-mediated
assemblies, which efficiently mimic important biological
processes.3

Energy transfer (ET) is one such process that is essential for
the existence of the majority of life on earth on account of its
role in the photosynthetic pathway.4 Much attention has been
afforded to covalently linked systems capable of biomimicking
this phenomenon as they offer potential in new light-harvesting
devices for which molecular wires, photon harvesting polymers
and dendrimers have received particular interest.5 Self-assembly
offers an attractive, complementary route to realizing systems
capable of undergoing efficient energy transfer as it replaces
arduous synthesis with simple mixing of recognition units in
solution. It also allows for the controlled, reversible assembly of
components leading to sensory materials.6 Supramolecular ET
sensors have demonstrated great potential for numerous
applications including high-throughput screens of biologically

relevant analytes, real-time monitoring of cellular glucose flux
and gene discovery.7 Supramolecular ET sensors may be
realized by a variety of different methods and allow for tailored
design and optimization with high signal-to-noise ratios.8

Examples of supramolecular host−guest complexation to
achieve systems that undergo ET, however, are rare in the
literature, most of which use organic solvents to mediate self-
assembly.9 Derivatized cyclodextrins have received attention for
the assembly of chromophores in water.10 In these examples,
the hydrophobic cavity of the cyclodextrin acts as the
recognition unit for dye complexation.
Herein, we report the first water-mediated assembly of a

series of binary host−guest complexes capable of undergoing
efficient ET, where the chromophores themselves act as the
recognition units. The complexes represent a new ET pair and
are composed of the recently reported tetracationic cyclophane,
cyclobis(4,4′-(1,4-phenylene)bispyridine-p-phenylene)tetrakis-
(chloride) (ExBox) (donor),11 and a series of dicatonic
perylene diimides (PDIs) (acceptors) as shown in Figure 1,
panels a and b, respectively. The direct recognition of the ET
pairs allows for very small spacial separation between the
chromophores leading to efficient ET. Furthermore, the
hexacationic character of these complexes exemplifies the
power of the hydrophobic effect to drive self-assembly despite
substantial Coulombic repulsion.12
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Tetracationic cyclophanes and their incorporation into
functional nanoassemblies have been studied extensively since
the late 1980s.13 Recently, interest in a new series of extended
variants of the classic cyclophane receptor, “Blue Box”, the
ExnBox series, has developed, of which ExBox is also designated
Ex1Box.11,14 The extended cavities of the ExnBox series allow
for novel modes of binding of small aromatic guests as well as
the complexation of large, π-electron-rich guests. Such ability
has led to claims that these materials could find use in new
photodriven systems and light-harvesting applications.15 PDIs
have also been investigated for their exceptional electronic
properties and light-harvesting abilities.16

■ RESULTS AND DISCUSSION
The interaction between ExBox and a series of symmetrically
substituted, diatonic perylene diimides (PDI-E, PDI-B, and
PDI-H, Figure 1a,b) was studied by a full range of one- and
two-dimensional NMR techniques. 1H NMR titrations (Figures
1c−f and S1−S3) of the PDIs into ExBox in D2O reveal
downfield shifts of ExBox protons Hα, Ph and CH2 and strong
upfield shifts of Hγ and Hβ. This shifting behavior is in excellent
agreement to that previously observed for the binding of
polycyclic aromatic hydrocarbons (PAHs) to ExBox·PF6 in
acetonitrile.11 The PDIAr protons also show good resolution

demonstrating the disruption of the PDI π-stacks in water via
cavity complexation.17 However, in contrast to the binding with
PAHs, the presence of complexed and uncomplexed ExBox
peaks show that these complexes undergo slow exchange on the
NMR time scale. This is presumably due to an electrostatic
barrier to threading and dethreading caused by the two
positively charged quaternary ammonium groups of the
dicatonic PDIs.18 The absence of uncomplexed PDIAr peaks
is due to aggregation of the free PDI, which heavily suppresses
these signals as previously documented.17 The spectra also
show a trend whereby the propensity of the PDIs to stack in
water increases with an increase in tether length (the length
between the imide nitrogen atoms and the quaternary
ammonium motifs), evidenced by an increased broadening of
complexed and uncomplexed ExBox peaks (Figures 1 and S4).
The increase in stacking propensity with tether length is
expected since more distal cationic groups cause lower
intermolecular electrostatic repulsion. This was independently
verified through a decrease in fluorescence quantum yield of the
PDI dyes with longer tethers (Table 1), since the detected

emission is assigned to (unstacked) monomer emission. Two-
dimensional DOSY NMR also confirmed binding as the PDIAr
peaks align with those corresponding to complexed ExBox,
demonstrating that the two species diffuse at equal rates
(Figure S5). Two more species are observed in the DOSY
spectra: the uncomplexed ExBox and PDI aggregates, which
diffuse at faster and slower rates, respectively, indicative of their
lower and higher molecular masses. Through-space ROESY
NMR (Figure S6) shows correlation between the PDIAr peaks
and the Hα, Hβ and Ph protons of ExBox, demonstrating the
small spacial separation (ca. 3.5 Å)11 between the chromo-
phores.
With the formation of host−guest complexes between ExBox

and the PDIs firmly established by NMR, we proceeded to the
photophysical characterization. First, the formation of the
host−guest complexes was followed by optical titrations, which
induced a narrowing of the PDI UV/vis spectra upon addition
of ExBox, with an increase in optical density near 520−550 nm
(Figure S7). More significantly, a 2.1-, 6.3-, and 12.6-fold
increase in fluorescence of PDI-E, PDI-B, and PDI-H (15 μM)
upon addition of ExBox (15 μM) was observed (Figures 2d and

Figure 1. Chemical structures of (a) ExBox (donor) and (b) the PDIs
(acceptors) used in this study (n = 1 for PDI-E, n = 2 for PDI-B, n = 3
for PDI-H). 1H NMR spectra of the aromatic regions of (c) ExBox,
(d) PDI-E:ExBox 1:1, (e) PDI-B:ExBox 1:1, and (f) PDI-H:ExBox
1:1 (D2O, 3 mM). Primes indicate complexed peaks.

Table 1. Photophysical Properties of the PDI Dyes in the
Absence and Presence of ExBox

guest
(acceptor)

host
(donor)

quantum yield
(Φf)

a
PDI lifetime
(τf, ns)

b

PDI-E 0.06 ± 0.01c 4.61
ExBox 0.36d 6.3
CB[8] 0.62 5.9e

PDI-B 0.018 4.41
ExBox 0.36d 6.2
ExBox + 2CB[7] 0.47 7.11

PDI-H 0.008 4.83
ExBox 0.36d 6.2

aDetermined by relative measurement using a 15 μM solution of PDI-
E in water as standard (first entry of this table). bDetermined by
TCSPC λex = 500 nm, λmon = 550 nm (statistical error ± 3%) at 50 μM
guest and large excess of host. cValue determined for a 15 μM solution
with Rhodamine 6G in ethanol as quantum yield standard (ϕ = 0.95);
value for a 1.5 μM solution: 0.28 ± 0.03; value previously determined
with a 10 μM solution with fluorescein as standard: 0.03.17
dDetermined upon saturation of PDIs with ExBox. eFrom ref 17.
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S9) for the direct excitation of the PDI chromophore (λex = 520
nm), which can be attributed to the recently documented
deaggregating effect of macrocyclic complexation.17,19 Expect-
edly, fluorescence enhancement is larger when the aggregation
propensity of the dye is greater, that is, the lower its
fluorescence quantum yield in the absence of a host (Table 1).
The fluorescence enhancements were utilized to estimate the

binding constants of the host−guest complexes as 1.2 × 105

M−1 for PDI-E, 5.3 × 105 M−1 for PDI-B, and 1.3 × 106 M−1

for PDI-H. This trend is consistent with the expected decrease
in electrostatic repulsion between the quaternary ammonium
groups of the guest with the tetracationic host as the tether
length increases. The approximate binding constants are also
consistent with measurements by isothermal titration calorim-
etry (ITC, Figure S14), which provided binding constants of ca.
5 × 104 M−1, which need to be interpreted as lower limits
because the total concentration of PDI (rather than the relevant
concentration of monomeric, nonaggregated guest), is being
used for data analysis.20

ExBox, similar to its smaller paraquat homologues, acts as a
strong electron-acceptor within its host−guest complexes (Ered

ca. −0.72 eV),11 which is generally manifested in charge-
transfer (CT) bands in their visible absorption spectra.21 With
the PDI guests, which are themselves electron-deficient (Ered ca.
−0.70 eV)17 and act only as weak reducing agents (Eox ca. 1.61
eV),22 no CT bands emerged in the UV/vis titrations of ExBox,
an exceptional behavior, which was actually desired for the
envisaged applications, including light harvesting and chemo-
sensing. Strikingly, when the PDI chromophore was excited in
the resulting host−guest complexes, its fluorescence lifetime
increased (to ca. 6.3 ns, determined by time-correlated single
photon counting, Table 1 and Figure 3) compared to that of
uncomplexed PDIs (ca. 4.5 ns, Table 1 and Figure 3), which
suggested a protection of the guest chromophore and ruled out
CT induced quenching of the PDI by ExBox. The
chromophore protection by ExBox is essentially identical to
that exerted by the exceptionally inert macocyclic host,
cucurbit[8]uril (CB[8]).17 This can be rationalized because
quenching by both energy transfer (from PDI* to ExBox) and
electron transfer (from PDI* to ExBox, ΔGET was estimated as
+1.23 eV) would be energetically uphill processes (see
Supporting Information).

Figure 2. Steady-state photophysical analytical data for PDI-E:ExBox. (a) Overlap of normalized fluorescence emission of ExBox and absorption of
PDI-E, PDI-B, and PDI-H. (b) Fluorescence titration of PDI-E into ExBox (H2O, 10 μM), λex = 319 nm (inset: normalized fluorescence emission
with increasing PDI-E concentration with inner filter effect correction at λmon = 384 nm). (c) Fluorescence titration of ExBox into PDI-E (H2O, 15
μM), λex = 319 nm (inset: normalized fluorescence emission with increasing ExBox concentration at λmon = 550 nm). (d) Fluorescence titration of
ExBox into PDI-E (H2O, 15 μM), λex = 520 nm (inset: normalized fluorescence emission with increasing ExBox concentration at λmon = 550 nm).
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A number of favorable characteristics of the host−guest
system allowed us explore intermolecular energy transfer from
ExBox (as donor) to PDI (as acceptor) in water. These include
(i) the electrochemical properties, which should disfavor
photoinduced electron-transfer processes; (ii) the significantly
fluorescent nature of ExBox (Φ = 0.21 ± 0.01, λmax = 384 nm,
this work), which is in contrast to paraquat homologues; and
(iii) the strong absorption of ExBox (ϵ319nm = 69000 M−1

cm−1), which falls in the spectral window of the PDI
chromophore (ϵ319nm = 3400 M−1 cm−1).
Indeed, the non-negligible overlap (near 450 nm, Figure 2a)

between the emission of ExBox and the absorption of the PDIs
results in a critical transfer radius of ca. 26.3 Å (assuming the
destacked absorption spectrum of PDI-E via complexation with
CB[8] is a good approximation for the absorption of PDI inside
ExBox and a κ2 value of 2/3) such that energy transfer (ET)
should kinetically outcompete photoinduced electron transfer.
The calculated FRET rates are on the order of 1014 s−1

assuming a donor−acceptor distance of 3.5 Å (i.e., a central
guest position within the host as found in previously reported
X-ray crystal structures), faster than typical photoinduced
electron transfer rates for moderately negative or almost
thermoneutral ΔGET values (−1.2 eV or less) (for estimates see
Supporting Information).23 In line with these expectations, the
energy transfer efficiency was calculated to be very high (see
experiments with polypseudorotaxanes below).
Indeed, although PDI itself shows a residual fluorescence

upon excitation at 319 nm, its fluorescence increased
dramatically, by factors of 17, 53, and 92 for PDI-E, PDI-B,
and PDI-H, when an equimolar amount (15 μM) of ExBox
(which has its absorption maximum at 319 nm) was added
(Figures 2c and S10). Evidently, ExBox serves as an antenna to
transfer photonic energy to the PDI dyes, and it does so
intermolecularly, through the formation of a host−guest
complex. Very likely, the mechanism of ET is Förster resonance
energy transfer (FRET), although exchange singlet−singlet
energy transfer may also contribute at such short donor−
acceptor distances.24 Most importantly, the fluorescence
enhancements for a particular PDI dye upon ExBox excitation
are much larger (ca. 17−92) than those observed upon their
direct excitation (ca. 2.1−12.6, vide supra), or that observed for
the complex, PDI-E:CB[8], at the excitation wavelength of
ExBox (319 nm, factor of 5.5, Figure S11). Consequently, the
effects are not simply due to a deaggregating effect of ExBox (in
this case, the enhancements should be the same). Instead, they
establish a light-harvesting effect of ExBox, an extra increase in

emission by a factor of 7−10, in combination with efficient
FRET to the supramolecularly assembled PDI cores, whose
fluorescence lifetimes and quantum efficiencies are con-
servedactually improvedby the macrocyclic encapsulation.
Excitation fluorescence spectra also demonstrate the presence
of energy transfer. In the presence of ExBox as host, the
emission of PDI-E could be efficiently excited in the short-
wavelength range of the ExBox absorbance (Figure S12), while
in the presence of CB[8] as host, the excitation spectrum
corresponded to the absorption of PDI-E. To the best of our
knowledge, this is the first demonstration of a supramolecular
destacking and antenna effect induced through the formation of
discrete host−guest complexes in aqueous solution.
Next, we wondered whether our complexes were capable of

further hierarchical self-assembly in aqueous media. The
complexation of cucurbit[7]uril (CB[7]) with quaternary
ammonium motifs in water is established in the literature.25

Therefore, we investigated the complexation of CB[7] with
PDI-B:ExBox as it has been previously demonstrated that
CB[7] is incapable of encapsulating the PDI core,17 thus
presenting two pairs of orthogonal self-assembly motifs.
A 1H NMR titration of CB[7] into PDI-B:ExBox (D2O, 1

mM) (Figure S15) shows a number of features demonstrating
the formation of a 3-polypseudorotaxane (schematically
represented in Figure S29): the peaks assigned to the three
outer CH2 groups of the butyl tether, the hydroxyethyl groups
and the two methyl groups of the ammonium units all exhibit
upfield shifts consistent with complexation with CB[7];
furthermore, the peak assigned to the CH2 groups next to
the imide nitrogens and the PDI aromatic core experiences a
downfield shift indicating their proximity to the deshielding
carbonyl portals of CB[7]. Peak assignments were performed
with the aid of 1H−1H COSY spectra (Figure S16). The
complexed ExBox peaks also experience a slight downfield shift.
Such behavior demonstrates that CB[7] is in fast exchange with
PDI-B:ExBox on the NMR time scale. Most interestingly,
however, is that upon addition of 0.8 equiv of CB[7], the ratio
of complexed to total ExBox increases from 0.6 to 0.8. Addition
of two equivalents of CB[7] results in complete disappearance
of uncomplexed ExBox peaks, indicating quantitative complex-
ation of the ExBox and PDI-B units. Thus, CB[7] aids the
deaggregation of PDI-B and increases its degree of complex-
ation with ExBox by acting as a dynamic, supramolecular
stopper for the PDI-B:ExBox complex. Two-dimensional NMR
was also carried out to provide further evidence for
polypseudorotaxane formation. DOSY NMR of 1:1:2 PDI-

Figure 3. Time-correlated single photon counting decay profiles for (a) PDI-E and PDI-E:ExBox, (b) PDI-B and PDI-B:ExBox, and (c) PDI-H and
PDI-H:ExBox (λex = 500 nm, λmon = 550 nm). All measurements were performed at a guest concentration of 50 μM. In the cases of the binary
complexes, a large excess of ExBox was used.
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B:ExBox:CB[7] (D2O, 1 mM) shows that all three components
in solution diffuse at equal rates (Figure S17). The spectrum
also shows no presence of uncomplexed ExBox or PDI
aggregates. Through-space ROESY NMR (Figure S18) shows
correlation between the PDIAr protons of PDI-B and the Hα,
Hβ and Ph protons of ExBox confirming that ExBox still
encapsulates the PDI core in the presence of CB[7]. The
strength of these correlations was also found to increase upon
addition of CB[7] relative to the binary complex. A binding
stoichiometry for PDI-B:ExBox:CB[7] of 1:1:2 was confirmed
by the symmetry of the ExBox and PDIAr peaks in the 1H NMR
spectra upon addition of CB[7] and by a Job plot, which reveals
a maximum at approximately 0.33 (Figure S19). The
complicated splitting of the CB[7] 1H NMR peaks, due to an
asymmetric binding environment, is also indicative of 1:1:2
binding.26

Having established the formation of the 3-polypseudorotax-
ane by NMR, we proceeded to investigate the photophysical
effects of CB[7] on the system. Optical titrations revealed a
continued narrowing of UV/vis absorption peaks in the visible
region upon addition of CB[7], with an amplified increase in
optical density near 520−550 nm, indicating binding of CB[7]

with the ammonium groups and a significant enhancement in
the degree of complexation between ExBox and PDI-B (Figure
4a). An absence of isosbestic points in the absorption titration
of CB[7] into PDI-B in the 400−700 nm interval demonstrates
that CB[7] does not bind to the PDI core (Figure S20). The
combined effect of ExBox and CB[7] on the absorption
spectrum of PDI-B is much greater than the sum of their
individual influences (Figure S7). UV/vis titrations were also
used to calculate a combined association constant of
approximately 1010 M−2 for 1:2 (PDI-B:ExBox):CB[7] giving
a ternary binding constant in the order of 1015 M−3 by optical
methods.27 TCSPC further confirmed the higher degree of
complexation following the addition of two equivalents of
CB[7] to PDI-B:ExBox (1:1), revealing an increase in the
excited state lifetime of PDI-B to 7.11 ns. Fluorescence
titrations of CB[7] into PDI-B:ExBox (1:1, 10 μM) and
CB[7]:ExBox (2:1) into PDI-B (10 μM) gave average
fluorescence enhancements of 30 ± 3 (λex = 520 nm, direct
excitation) and 250 ± 10 (λex = 319 nm, indirect excitation)
relative to bare PDI-B (Figures 4, S21−22). Such an enormous
enhancement in PDI-B fluorescence output upon excitation of
ExBox, relative to direct excitation, exemplifies the antenna

Figure 4. Steady-state photophysical analytical data for PDI-B:ExBox:CB[7]. (a) UV/vis titration of CB[7] into PDI-B:ExBox (H2O, 10 μM) (inset:
absorption change at 538 nm versus increasing CB[7] concentration fitted to a 1:2 binding model giving a combined association constant of
approximately 1010 M−2). (b) Fluorescence titration of CB[7] into PDI-B:ExBox (H2O, 10 μM), λex = 319 nm (inset: normalized fluorescence
emission with increasing CB[7] concentration at λmon = 384 nm). (c) Fluorescence titration of CB[7] into PDI-B:ExBox (H2O, 10 μM), λex = 319
nm and (d) λex 520 nm (insets: normalized fluorescence emission with increasing CB[7] concentration at λmon = 550 nm).
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effect for photonic energy transfer between ExBox and PDI-B.
The quantum yield of the stoichiometric ensemble producing
the 3-polypseudorotaxane was measured as 0.47 relative to
PDI-E. A very small enhancement of PDI-B fluorescence (2.7-
fold, λex = 520 nm and 2.6 fold, λex = 319 nm) was observed
upon addition of two equivalents of CB[7] (Figure S23)
confirming that the overall fluorescence enhancement of PDI-B
is due to the complexation of both ExBox and CB[7]. The
fluorescence of ExBox was also monitored upon addition of
CB[7] to PDI-B:ExBox (1:1, 10 μM), which was found to
decrease to 11% its original output (Figure 4b). Such an
increased quenching of ExBox emission indicates an overall
enhancement in the ET efficiency of the ensemble relative to
the binary system at stoichiometric ratios due to tighter
binding. It was also noted that the incremental increases in total
fluorescence output of PDI-B upon addition of CB[7] were
larger than the corresponding incremental decreases in total
fluorescence output of ExBox (Figure S24). This suggests a
concomitant destacking effect contributes to the overall PDI-B

fluorescence alongside energy transfer in the 3-polypseudor-
otaxane (as well as, presumably, in the binary complexes).
While energy transfer is highly efficient in the polypseudor-

otaxane structure (up to 90%), the nonvanishing fluorescence
of ExBox suggests that energy transfer is nonquantitative. This
is a surprising result. A trivial explanation, namely that there is a
fluorescent ExBox impurity present in our samples, which is not
capable of forming a complex with the PDI dyes, does not
receive support from the 1H NMR characterization, which
showed our samples were analytically pure. Conversely, a
theoretical explanation, namely that the orthogonality between
the transition dipole moments of the extended bipyridinium
chromophores in ExBox (aligned along the N−N axis)28 and
the acceptor PDI chromophore (also aligned along the N−N
axis)29 lowers the orientation factor (κ2) and therefore the
critical transfer radius, appears to be similarly unlikely because it
has been shown that energy transfer to PDI chromophores is
very efficient even if the orthogonality is strictly enforced
through a covalent framework.29 In a noncovalent donor−
acceptor complex, the flexibility should easily elevate

Figure 5. (a) Bar chart showing the percentage quenching of PDI-H fluorescence emission upon addition of 1 equiv of a range of neurotransmitters
to 1:1 PDI-H:ExBox (H2O, 10 μM) λex = 319 nm, λmon = 593 nm. (b) Fluorescence titration of melatonin into 1:1 PDI-H:ExBox (H2O, 10 μM), λex
= 319 nm (inset: percentage fluorescence quenching with increasing melatonin concentration, λmon = 550 nm). (c) UV/vis spectra of PDI-H:ExBox
1:1 and PDI-H:ExBox:melatonin 1:1:1 (H2O, 10 μM). (d) Isothermal titration calorimetry data for melatonin:ExBox ([ExBox] (syringe) = 1 mM,
[melatonin] (cell) = 100 μM), giving an association constant (Ka) of (1.15 ± 0.07) × 105 M−1.
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orthogonality to sufficiently ensure energy transfer at short
donor−acceptor distances. Moreover, crystal structures indicate
that the alignment of extended aromatic guests encapsulated
inside ExBox is not strictly orthogonal, but titled (by ca. 45°).11

Finally, since donor and acceptor should be in intimate orbital
contact in the host−guest complexes, energy transfer should
also be efficient by the Dexter mechanism (vide supra) even if
the dipole−dipole mechanism would be “forbidden” by
orthogonality. Up to now, we could not exclude any of the
above possibilities beyond reasonable doubt with the analytical
and spectroscopic equipment, which we have at hand, but with
the proof of principle established, namely a highly efficient
energy transfer from the host, ExBox, to the guest, PDI, we
proceeded to exploit the favorable optical characteristics for a
first line of applications.
Indeed, the high on/off fluorescence ratio of PDI-H in the

presence (on) and absence (off) of ExBox (92 at 1:1
equivalency in 10 μM aqueous solution, λex = 319 nm) should
allow for several applications. Here we describe the ability of
the PDI-H:ExBox complex to act as a fluorescent ET
chemosensor via competitive displacement.30 The detection
of neurotransmitters is an essential field of research for the
diagnosis and treatment of numerous disorders.31 Therefore,
we screened a range of aromatic-based, small molecule
neurotransmitters including dopamine, melatonin and epi-
nephrine for their ability to competitively displace PDI-H from
the hydrophobic cavity of ExBox. Of all neurotransmitters
screened, we found that only melatonin facilitated an
appreciable decrease in the fluorescence emission of PDI-
H:ExBox. While elevated levels of melatonin have recently been
linked to increased spontaneous tumor incidence in mice,32 it
has also been shown to prevent the death of cultured
neuroblastoma cells exposed to amyloid beta, which forms
neurotoxic aggregates, demonstrating its potential in the
treatment of Alzheimer’s disease.33 Figures 5 and S25
summarize the interaction between the neurotransmitters and
PDI-H:ExBox.34

Addition of 1 equiv of melatonin results in a 46% reduction
in the fluorescence emission of a 10 μM solution of PDI-
H:ExBox (λex = 319 nm, λmon = 593 nm) due to the formation
of a 1:1 melatonin:ExBox charge transfer complex (Figures S26
and S27). However, negligibly small changes in fluorescence
emission (<1%, λmon = 593 nm) were observed for all other
analyzed neurotransmitters including serotonin and L-trypto-
phan (3% quenching, Figure S28), which have structural
similarity to melatonin, demonstrating the selectivity of the
system. Indeed, ITC showed that melatonin binds to ExBox in
water with an association constant of (1.15 ± 0.07) × 105 M−1,
which is between the upper and lower limits of binding
calculated for PDI-H:ExBox. This selectivity to detect
melatonin lies in the monocationic nature of all other small-
molecule neurotransmitters under neutral as well as physio-
logical pH. The positive charge introduces a Coulombic
repulsion between them and tetracationic ExBox. The ability
of dicationic PDI-H to resist displacement by the monocationic
neurotransmitters originates from the powerful hydrophobic
effect present in the hexacationic complexes stemming from the
PDI core. The ability of melatonin to displace PDI-H lies in its
neutral character and indole unit which, being larger than the
catechol, phenol, and imidazole units of the other neuro-
transmitters, is better able to fill the ExBox cavity, while not
introducing repulsive Coulombic effects.

■ CONCLUSION
In summary, the self-assembly of a series of highly charged
complexes in water composed of tetracationic ExBox and
dicatonic PDI building blocks has been achieved. The
complexes were shown to exhibit energy transfer from ExBox
to the PDIs. The use of chromophores as recognition units for
the assembly of binary complexes capable of ET represents a
novel approach to achieving efficient energy transfer in water,
the likes of which is required for photosynthetic biomimetic
systems and selective sensory materials for biologically relevant
analytes. Such systems also have potential in the development
of novel light-harvesting devices. Furthermore, we have
demonstrated that our hexacationic complexes are capable of
further hierarchical self-assembly using orthogonal recognition
motifs to produce a 3-polypseudorotaxane with enhanced
photophysical properties. Such assembly also allows for far
greater levels of dye deaggregation and ensemble ET efficiency
at stoichiometric ratios. Lastly, the PDI-H:ExBox complex was
also shown to act as a highly selective ET chemosensor for
melatonin.
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Phys. Chem. B 2001, 105, 1307−1312.
(6) Demchenko, A. P. Introduction to Fluorescence Sensing; Springer:
Berlin, 2009.
(7) (a) Fehr, M.; Takanaga, H.; Ehrhardt, D. W.; Frommer, W. B.
Mol. Cell. Biol. 2005, 25, 11102−11112. (b) Takanaga, H.; Chaudhuri,
B.; Frommer, W. B. Biochim. Biophys. Acta 2008, 1778, 1091−1099.
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