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Specific Binding Effects for Cucurbit[8]uril in 2,4,6-Triphenylpyrylium–
Cucurbit[8]uril Host–Guest Complexes: Observation of Room-Temperature
Phosphorescence and their Application in Electroluminescence

Pedro Montes-Navajas, Laura Teruel, Avelino Corma,* and Hermenegildo Garcia*[a]

Introduction

Organic capsules, such as calixarenes and cyclodextrins, are
attracting continuous interest as hosts for the development
of supramolecular chemistry.[1–17] Among the different or-
ganic capsules, cucurbiturils (CBs) have specific structural
features that arise from the polarity of the entrances, which
is controlled by the presence of negative carbonyl oxygen
atoms, their ability to bind positively charged organic guests,
and their barrel shape, which is able to immobilize guests in
the interior that are larger than the size of the portals.[1–6]

Substituted pyrylium ions have been widely used as pho-
tosensitizers in photoinduced electron transfer and as sen-
sors.[18–28] Given the related precedent for a remarkable in-
crease in the photostability of Rhodamine 6G upon encap-
sulation in CB[7],[29–30] it is of interest to determine the

properties of the resulting host–guest complex with pyrylium
ions, particularly to put the behavior of these inclusion com-
plexes into context with those reported for related supra-
molecular systems that contain pyrylium ions.[18,20,23,25,28, 31–36]

Herein we report the unique features exhibited by the
2,4,6-triphenylpyrylium ion (TP+) upon encapsulation in
CB[8]. Observation of room-temperature phosphorescence
can be used as a simple test to detect visually the presence
of CB[8] in mixtures of other CBs as well as to impart elec-
troluminescence onto the TP+@CB[8] complex, which is a
property that is not exhibited by TP+ or even by complexes
of TP+ with other CBs.

Results and Discussion

Before beginning encapsulation studies with CB, a prelimi-
nary issue is the stability of TP+ in aqueous media. As re-
ported, we have observed that TP+ undergoes hydrolytic
ring opening to form 1,3,5-triphenyl-2-penten-1,5-dione in
water at neutral pH.[37,38] However, also in agreement with
the literature,[39] the hydrolysis reaction rate depends on the
pH of the medium, the lower the pH, the slower the hydro-
ACHTUNGTRENNUNGlysis. As illustrated in Figure 1, the hydrolysis of pyrylium is
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inhibited for pH values of three and below. For this reason,
all of the experiments have been done at pH 1 and measure-
ments have been made less than one hour after sample
preparation. This precaution ensures the absence of hydroly-
sis.

As expected in view of previous reports of encapsulating
organic molecules inside CBs,[1,2, 5] addition of increasing
amounts of CBs to the aqueous solution of TP+ produces
changes in the absorbance spectrum. These variations with
respect to free TP+ were relatively minor for CB[5], CB[6],
and CB[7], for which small shifts in lmax (about 10 nm) and
some variations in the absorption coefficient were observed.
More notable is the case of CB[8] whose presence led to a
significant change in the values for lmax, the extinction coef-
ficient, and the full width at half height of the absorption
bands. Figure 2 shows the optical spectra recorded in the
presence of various CBs. These variations in the absorption
bands are also visually reflected in changes to the color of
the solutions.

It is known that TP+ fluoresces upon excitation to either
of the two absorption bands.[19,23,31,32, 37,40,41] Figure 3 shows
the emission spectrum of an aqueous solution of TP+ . This
emission matches the expected band for TP+ fluorescence
very well.[19,23, 31,32,34, 37,40, 41] Upon addition of CB[5] and

CB[6], very minor changes in fluorescence are recorded. In
contrast, the presence of CB[7] causes a significant blueshift
of lfl (10 nm). More relevant are the changes in the emission
produced by the presence of CB[8]. In this case, two emis-
sion maxima are clearly visible. One of them, although sig-
nificantly shifted with respect to free TP+ (~30 nm), can be
easily assigned to fluorescence based on the wavelength
maxima (lfl=485 nm). However, the other much broader
emission band appears in a region (595 nm) that does not
correspond to fluorescence. We speculate that this emission
could correspond to phosphorescence. Low-temperature
studies have established that TP+ phosphoresces at a lmax

value of 550 nm.[34] Observation of room-temperature phos-
phoresce in solution is rare, in this case it is also a unique
observation when considering the fact that this effect is spe-
cific for CB[8] and is absent in CB[6] and CB[7].

To provide evidence to support the hypothesis that the
emission at 590 nm corresponds to phosphorescence, we
measured the time profile of the emissions at 450 nm and
590 nm. It is expected that the lifetime of the emission mea-
sured at 450 nm, which corresponds to fluorescence, should
last for a few nanoseconds, whereas if the emission mea-
sured at 590 nm corresponds to phosphorescence it should
be in the microsecond timescale. In accordance with our ex-
pectations, the time profile measured at 450 nm could be
fitted to a single exponential with a half-life of 6.5 ns. On
the other hand, the emission at 590 nm was considerably
longer lived and it could not be measured by using the same
single-photon counting setup (pulsed hydrogen lamp with a
repetition rate of 20 KHz, maximum measurable lifetime of
50 ns). This firmly established that these two emissions cor-

Figure 1. Time conversion plot for the hydrolysis of TP+ in water as a
function of pH. &: pH 0, *: pH 3, ~ pH 4, !: pH 5, ^: pH 6, and 3 : pH 7.

Figure 2. Transmission optical spectra in water (pH 1) for TPBF4 (10�4
m)

in the absence (A) or in the presence of an excess of CB[5] (B), CB[6]
(C), CB[7] (D), and CB[8] (E). Spectra are shifted on the vertical axis
for convenience. Note that plot E is broader than plot A.

Figure 3. Emission spectrum of aqueous solutions of TPBF4 (10�5
m,

pH 1) in the absence (A) or in the presence of a saturated concentration
(~10�3

m) of CB[7] (B) and CB[8] (C and D) at lex =420 nm for spectra
A, B and C and lex =370 nm for spectrum D.
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respond to different species and that the one emitting at
590 nm is much longer lived (t>50 ns). Thus, the excited
state most likely to be responsible for the emission at
590 nm is that of the triplet excited state. Recently the ob-
servation of a similar room-temperature phosphorescence
for quinoline has been reported.[42]

The quantum yield (F) of the two emissions was deter-
mined by taking the emission intensity of TPBF4 as the stan-
dard value (Ffl=0.55 in acetonitrile).[33,34] By using this Ffl

value, the fluorescence of TPBF4 in aqueous solution at
pH 1 was determined. The Ffl value for TP+ in water was
very similar to that of the fluorescence in acetonitrile. Addi-
tion of CB[5], CB[6], and CB[7] somewhat reduces the fluo-
rescence quantum yield, which remains similar to the Ffl

value of the TP+ standard. Table 1 lists the emission quan-
tum yields determined for TP+@CB complexes. More re-

markable, however, is the varia-
tion in the emission efficiency
for the sample of TP+@CB[8],
for which an overall emission
quantum yield of 0.2 was esti-
mated. As previously men-
tioned, this emission corre-
sponds to the overlap of fluo-
rescence and phosphorescence.
Moreover, the relative intensity
of fluorescence versus phos-
phoresce for TP+@CB[8] varies
significantly depending on the
excitation wavelength (see Fig-
ure 3C and D). In particular,
excitation at 420 nm favors
phosphorescence over fluores-
cence. When considering the
fact that the absorption spec-
trum of TPBF4 is interpreted to
originate from two independent chromophores,[34,43] the var-
iations in the relative quantum yields of fluorescence and
phosphorescence indicate the preferential fluorescence
emission from the 4-phenylpyrylium subunit and predomi-
nant phosphorescence emission from the 2,6-diphenylpyrili-
um moiety (Figure 4). This interpretation will become rele-
vant when discussing the molecular modeling of the host–
guest complexes and the specific features of CB.[8]

The variations in the emissions (lfl, Ffl, and room-temper-
ature phosphorescence) described above can serve to deter-
mine the binding constants (Kb) for the TP+@CB com-

plexes. Figure 5 illustrates the changes occurring in the emis-
sion upon titration of a solution of TP+ (5H10�5

m) in water
(pH 1) with increasing amounts of CB[8]. The inset of
Figure 5 shows the corresponding titration plot in which the
intensity of the emission measured at 590 nm upon excita-
tion at 420 nm is plotted against the CB[8]/ ACHTUNGTRENNUNG[TP+] molar
ratio. For CB[7] and CB[8] the stoichiometry of the host–
guest complex was found to be 1:1 and the binding constants
were in the range of 105

m
�1. The Kb values are given in

Table 1. To put these values into context, it is worth noting
that values of Kb for host–guest complexes of related pyryli-

um ions in b-cyclodextrins (b-CD) previously reported are
in the range of 103 to 104

m
�1.[44] Specifically, in contrast to

our result with CBs, it has been reported that TP+ does not
form complexes with b-CD.[44] Clearly, the remarkable
room-temperature phosphorescence observed herein is un-
precedented in any organic capsule.

To get some information about the structure of the host–
guest complexes we undertook 1H NMR spectroscopic stud-
ies on CB-saturated solutions in D2O (pD=1). Figure 6
shows the aromatic region of selected 1H NMR spectra to il-
lustrate the spectral variations produced by the presence of

Table 1. Emission quantum yields (F) measured upon excitation at
420 nm and binding constants (Kb) for TP+@CB complexes.

Complex Ffl KbH10�5 [m�1]

TP+-CB[5] 0.47 –
TP+-CB[6] 0.43 –
TP+@CB[7] 0.46 7.54
TP+@CB[8] 0.05 (Fph=0.15) 1.45

Figure 4. Independent x and y chromophores present in TP+ and the sub-
unit proposed to be responsible for the room-temperature phosphores-
cence.

Figure 5. Variations in the emission spectrum (lex=420 nm) of TPBF4 (5H10�5
m) in aqueous solutions (pH 1)

upon addition of increasing amounts of CB[8] in the range 0 to 10�4
m. The inset shows the titration plot in

which the intensity of the emission measured at 590 nm has been plotted versus the CB[8]/TP+ molar ratio.
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CBs. The 1H NMR spectrum of pure TP+ indicates that the
2- and 6-phenyl rings are magnetically equivalent and slight-
ly different from the 4-phenyl group. By monitoring the
changes that occur in these phenyl rings in the presence of
CBs, it is possible to determine where complexation occurs.
Thus, upon the addition of CB[5] and CB[6], broadening of
the signals and some minor shifts in d were observed, which
indicates that some kind of weak interaction between TP+

and CB[5] or TP+ and CB[6] occurs. More remarkable were
the changes recorded for TP+ in the presence of CB[7] and
CB[8], for which variations in d of the signals, even above
1.2 ppm, were observed. Table 2 lists the chemical shifts and
the assignments for the protons of TP+ encapsulated in
CB[7] and CB[8].

In this context, it is interesting to note that in our hands,
when b- and g-CD were used as hosts for TP+ in aqueous
solution (pH 1), no changes in d for the TP+ protons were
observed, which suggests that no encapsulation of cationic
TP+ takes place with these capsules. This suggestion is in
agreement with a previous report that also concluded that
TP+ does not bind to b-CD.[44]

From this spectroscopic study, and based on the remark-
able upfield shifts of the protons for the 4-phenyl ring, it can
be concluded that CB complexation occurs through the 4-
phenyl ring. Considering the propeller shape of the TP+

molecule and the fact that the relative size of CBs do not
allow the complete inclusion of TP+ , it is reasonable to
assume that complexation occurs such that only one of the
phenyl rings and part of the pyrylium core is accommodated
inside CB. These NMR data indicate the selective encapsu-
lation of the phenyl ring at the 4- position.

Modeling by molecular mechanics has been widely used
as a predictive tool in host–guest chemistry that involves or-
ganic capsules because it combines reliable relative estima-
tions on the inclusion phenomenon with minimum calcula-
tions.[45–48] In our case, molecular mechanics predicts that in-
clusion of a phenyl ring is not possible in CB[5] and highly
unfavorable in CB[6]. In contrast, this model anticipates the
easy inclusion of the phenyl ring at the 4- position within
CB[7] and CB[8]. These two CBs exhibit, however, contrast-
ing behavior with respect to the emission properties, as indi-
cated above. To understand the origin of this phenomenon,
we performed a calculation of the energy for the host–guest
inclusion complex in CB[7] and CB[8] as a function of the
distance from the center of the organic capsule to the center
of the 4-phenyl ring. Figure 7a shows the plot of the change
in energy versus distance. The potential energy minimum in-
dicates the most favorable co-conformation for the inclusion
complex. Importantly, the distance at which the minimum
energy is recorded does not coincide for CB[7] and CB[8].
For CB[8] the minimum energy is recorded at 0 I, which in-
dicates that the center of the organic capsule and the center
of the phenyl ring should coincide. In contrast, the energy
minimum for CB[7] occurs when the distance between the
two centers is about 1 I, which indicates that in this case
the phenyl ring of the pyrylium ion is not able to penetrate
as deeply into the capsule. Figure 7b shows the two mini-
mum energy models for the complexes with CB[7] and
CB[8] in which the different penetration depths of the pyr-
ACHTUNGTRENNUNGylium guest inside each CB host can be clearly appreciated.
The reason for this difference is the width of the capsule
and the repulsive interactions between the oxygen atoms of
the CB carbonyl portals and the ortho hydrogen atoms of
the phenyl groups at the 2- and 6- positions of the pyrylium
ion.

This difference in the penetration depth motivated by the
difference in width of the capsules is responsible for the un-
precedented observation of room-temperature phosphores-
cence in the case of CB[8].[8] To understand this phenomen-
on, we fixed the geometry of the capsule with respect to
TP+ to the optimum value and performed a study of the

Figure 6. The aromatic region of a solution of TPBF4 in D2O (pD=1) in
the absence (A) and upon saturation of the solution with CB[5] (B),
CB[6] (C), CB[7] (D), and CB[8] (E).

Table 2. 1H NMR spectroscopic data corresponding to the TP+ , TP+@
CB[7] and TP+@CB[8] complexes.

Species Signal (multiplicity,[a] integration, assignment[b])

TP+ 8.25 (s, 2H; Hd)
7.90 (d, 4H; He)
7.75 (d, 2H; Hc)
7.45 (m, 3H; Ha and Hb)
7.35 (m, 6H; Hf and Hg)

TP+@CB[7] 8.60 (s, 2H; Hd)
8.50 (d, 4H; He)
7.50 (m, 6H; Hf and Hg)
7.20 (b, 2H; Hc)
6.75 (b, 1H; Ha)
6.45 (b, 2H; Hb)

TP+@CB[8] 8.20 (s, 2H; Hd)
8.00 (b, 4H; He)
7.20 (b, 6H; Hf and Hg)
6.90 (d, 2H; Hc)
6.70 (t, 1H; Ha)
6.25 (t, 2H; Hb)

[a] s= singlet, d=doublet, m=multiplet, b=broad signal. [b] For the la-
beling of the hydrogens see Figure 6.
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energy barrier for the rotation of the phenyl rings at the 4-
or the 2- and 6- positions of the pyrylium ion. The results
are shown in Figures 8 and 9.

In Figure 8 it can be seen that the energy barrier for the
rotation of the 4-phenyl ring inside CB[8] is identical to that

calculated for the free molecule. In contrast, the narrower
width of CB[7] significantly restricts the rotation of this
ring. This impeded rotation is manifested by an energy bar-
rier twice that of the free molecule with two relative minima
at 60 and 1208. In other words, CB[8] does not interfere
with the rotation of the 4-phenyl ring included within the
complex, whereas CB[7] stops the conformational freedom
of this ring.

Even more informative are the results from calculations
of the energy barrier for rotation of the phenyl rings at the
2- or 6- positions. These phenyl rings are not included in the
organic capsule, but the proximity of their ortho hydrogen
atoms to the oxygen atoms of the portal carbonyl groups
strongly interferes sterically with their conformational mobi-
lity. Plots of the energy barrier as a function of the dihedral
angle shows that for these rings CB[7] does not impose any
restriction because the difference in energy for rotation in
TP+@CB[7] compared with that for the free TP+ ion is not
significant. In contrast, when the phenyl ring at the 4- posi-
tion is encapsulated in CB[8], rotation of the external 2-
and 6-phenyl rings is strongly impeded, and therefore, the
conformation of these rings is locked by high energy barri-
ers. Taking into account the outcome of the theoretical
model and our previous experimental findings that phos-
phorescence emission predominantly arises from localized
excitation of the 2,6-diphenylpyrylium subunit, we propose
that freezing of the conformational mobility of these exter-
nal phenyl rings by deep complexation of the 4-phenyl ring
is the main reason that explains the unique behavior ob-
served for complexation with CB[8]. Thus, whereas radia-
tionless relaxation of the triplet excited state by flipping of
the 2,6-phenyl rings around the electron-poor pyrylium core
could be an efficient deactivation pathway for free TP+ and
for the TP+@CB[7] complex, this mechanism is impeded in
TP+@CB[8].

One straightforward application of the remarkable room-
temperature phosphorescence is the visual detection of

Figure 7. a) Plot of the potential energy as a function of the distance be-
tween the center of the phenyl ring at the 4-position and the organic cap-
sule for CB[7] (&) and CB[8] (*). b) Molecular model based on MM2
calculations for the minimum energy co-conformation of TP+@CB[7]
(left) and TP+@CB[8] (right). Note the difference in the penetration of
the 4-phenyl ring in CB[7] and CB[8].

Figure 8. Relative energy for the rotation of the 4-phenyl ring calculated
at the MM2 level for the co-conformation of the TP+@CB complex indi-
cated in Figure 7b. The plots show the energy as a function of the dihe-
dral angle between the plane of the 4-phenyl ring and that of CBs per-
pendicular to the equatorial plane. *: TP+ , &: TP+@CB[7], and ": TP+@
CB[8].

Figure 9. Relative energy (calculated at the MM2 level) for the rotation
of the 2- or 6-phenyl ring in TP+@CB complexes in the minimum energy
co-conformation. The plots show the energy as a function of the dihedral
angle defined by the plane of the 2-phenyl ring and that of a plane per-
pendicular to the CB equatorial plane. *: TP+ , &: TP+@CB[7], and ":
TP+@CB[8].
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CB[8] in mixtures of different CBs upon illumination with a
conventional UVA lamp (emission quasi-monochromatic at
370 nm). As Figure 10 shows, the yellow color of the emis-

sion light for CB[8] is unique and different from the emis-
sion of TP+ in the presence of any other CB. Note that to
the best of our knowledge, there are no methods for the se-
lective visual discrimination of CB[8] in mixtures of CBs. It
is particularly difficult to distinguish between CB[8] and
CB[7]. It should also be noted that these observations can
be done in the open air and the presence of oxygen has a
minor influence on the phosphorescence intensity. This is a
reflection of the inefficient quenching of the TP triplet excit-
ed state by oxygen.[40]

The remarkable property of room-temperature phosphor-
escence exhibited by TP+@CB[8] was envisioned to be
useful to develop an organic light-emitting device (OLED),
based on TP+@CB[8] as the active layer. In OLEDs, elec-
tron/hole recombination in the active molecule must lead to
light emission.[49–53] Commonly, the efficiency of this type of
OLEDs is limited by the fact that upon electron/hole recom-
bination, the probability of forming a triplet excited state is
considerably higher than the formation of singlet excited
states.[50] As triplets are normally very weakly emitting, the
overall efficiency of the device can be very low. Exceptions
to this general rule are strongly phosphorescent metallic
complexes, such as ruthenium tris-bipyridyl.[54–57] In our case,
as TP+@CB[8] emits with a remarkably high Fph, the con-
struction of a device with this supramolecular complex
should be possible. As a matter of fact, our expectations
were realized. Thus, whereas OLEDs that use TPBF4 and
TP+@CB[7] were non-emitting, we have been able use the
naked eye to see yellow light from a device prepared by
using TP+@CB[8]. The intensity of the cell was estimated to
be 0.5 cdm�2. Figure 11 shows the light spectra emitted from
an OLED based on TP+@CB[8]. This spectrum matches the
phosphorescence observed for TP+@CB[8] very well, thus
supporting the hypothesis that the normally non-emissive
triplet excited state of TP+ is the species involved in the
electroluminescence process. Electroluminescence consti-
tutes an important application of the fundamental phenom-
ena of room-temperature phosphorescence.

Conclusion

In conclusion, in the present work we have shown that the
host–guest complex of the TP+ ion and CB[8] exhibits spe-
cific room-temperature phosphorescence not observed for
any other CB. This effect seems to arise from the restriction
of the conformational mobility of the 2- and 6-phenyl rings
upon complexation of the 4-phenyl ring. This room-temper-
ature phosphorescence and its characteristic yellow color
can be used as a simple test to detect the presence or ab-
sence of CB[8] in mixtures of other CBs. In addition, we
have taken advantage of the efficient room-temperature
phosphorescence from TP@CB[8] to apply the system to de-
velop an electroluminescent cell based on supramolecular
control of the emission.

Experimental Section

TPBF4 and CBs were commercial samples (Aldrich) and used as re-
ceived. All of the measurements were carried out in Milli-Q water. The
pH of the aqueous solutions was set at the required value by using dilut-
ed nitric acid in Milli-Q water. Absorption optical spectra were recorded
for samples at pH 1 in quartz cuvettes by using a Shimadzu PC4140 spec-
trophotometer. Emission spectra were recorded by using a PTI LPS-
220B spectrofluorimeter. The samples (pH 1) were purged with nitrogen
for at least 15 min before measurements were taken. Cuvettes were
capped with septa to avoid air diffusion. Emission quantum yields for op-
tically matched solutions (optical density=0.4) were calculated by using
the reported value for the fluorescence of TPBF4 in acetonitrile (Ffl=

0.55).[33,34] Fluorescence lifetimes were measured by single-photon count-
ing by using a hydrogen lamp running at a frequency of 20 kHz. Tempo-
ral decays were fitted to a single exponential decay to obtain the emis-
sion half-lifetime. This setup was unable to measure the lifetime of the
emission at 590 nm upon excitation of a sample of TP@CB[8]. 1H NMR
spectra were recorded by using a Bruker AV-300 300 MHz instrument
with D2O as the solvent. The pD value was set at one by using deuterat-
ed hydrochloric acid. The samples were saturated with the corresponding
CBs and filtered before recording the spectrum. Molecular mechanics
calculations at the MM2 level were performed by using the 2001 version
of Chem3D running on a PC. For estimation of the energy of the host–
guest complex, optimized geometries of TP+ , CB[7], and CB[8] were

Figure 10. Photograph of aqueous solutions (pH 1) of TP+ (10�5
m) upon

illumination with a UV lamp. From left to right: TPBF4, TP+@CB[5],
TP+@CB[6], TP+@CB[7], and TP+@CB[8]. Figure 11. Light emission from OLED cells operated at 10 V by using

TPBF4 (A), TP+@CB[7] (A), and TP+@CB[8] (B).
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used and a series of calculations that differed by 0.5 I were carried out
for a geometry in which the direction of the approach of TP+ to CB is
perpendicular to the CB entrance plane. Calculations of the rotation
energy barrier were similarly performed by fixing the geometries of
CB[7], CB[8], and TP+ and by varying the dihedral angle, which is de-
fined by the planes of the pyrylium ion and the corresponding phenyl
ring, in increments of 108.

An electroluminescent cell was constructed by using an indium–tin oxide
(ITO) transparent electrode as the anode and a film of aluminum depos-
ited in a vapor deposition chamber as the cathode. Prior to preparation
of the cell, the ITO electrode was cleaned by dipping the electrode in Al-
conox solution that was sonicated for 20 min, rinsed with Milli-Q water
and isopropanol, and finally, exposed to deep UV irradiation for 20 min.
After cleaning, the ITO was covered with a film of PEDOT:PSS (from
Aldrich) by spin-coating (2000 rpm). After drying the film at 90 8C under
vacuum for 20 min, a second spin-coating (2000 rpm) was applied by
using an aqueous solution that contained TP+ (10�3

m). Finally, aluminum
was deposited on top of this TP+ layer by chemical vapor deposition.
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