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This paper describes the structure and properties of the com-
plex of acridine orange (AO) with cucurbit[7]uril (CB[7]) in
aqueous solutions, studied by 'H NMR spectroscopy, matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry, UV/Vis spectroscopy, and fluores-
cence spectroscopy with the aid of competitive binding
methods. It was found that AO was included in the CBJ[7]
cavity through strong ion-dipole interactions and hydrogen
bonds. Theoretical studies based on calculations performed
from first principles further confirmed this binding mode. Un-
usual downfield NMR shifts of the AO proton resonances in
the presence of CB[7] were observed, in sharp contrast with
cases of inclusion of other organic molecules in the CB[7]

cavities, which resulted in upfield shifts of their proton reso-
nances. The downfield shifts of the proton resonances of the
AO-CBJ[?7] complex were found to be the net result of small
upfield shifts arising from the inclusion of AO in the CB[7]
cavity and large downfield shifts resulting from the deaggre-
gation of the AO aggregates, which were readily formed
even at low concentrations in aqueous solutions. Further
theoretical calculations explained the unusual downfield
NMR shifts well. These research results are of importance for
understanding of the structures and properties of complexes
of related organic molecules with macrocyclic hosts.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Cucurbit[n]urils (CB[n]s, n = 5-10) are pumpkin-shaped
and highly symmetrical macrocycles with extremely non-
polarizable cavities.'"! A CB[n] consists of n glycoluril units
joined by pairs of methylene bridges to form a rigid and
highly symmetric structure with an annular and hydro-
phobic cavity and two highly polar carbonyl portals.>!
Out of the family, CB[7] has attracted considerable atten-
tion because of its superior solubility (20-30 mm) in aque-
ous solution!>®-8 as well as by being of a size comparable
to that of B-cyclodextrin (B-CD).

In general, binding by CBJ[x]s is driven by hydrophobic
interactions with the inner cavities and ion—dipole interac-
tions and hydrogen bonds with the carbonyl groups lining
the portals.”1? There are a number of reports describing
the formation of host-guest complexes between CB[n]s and
organic molecules accommodated in the CB[n] cavities.[ 13!
Fluorescence enhancements of emission bands upon encap-
sulation of dyes with nonfluorescent CB[n]s in aqueous
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solutions were first observed and documented by Wagner
and co-workers,[!* 1 and enhanced fluorescence emissions
of other dyes in the presence of CB[n]s were then reported
by different research groups.!”22 These fluorescence en-
hancements are attributed to the inclusion of dye molecules
within the hydrophobic CBJ[r] cavities and to the suppres-
sion of dye aggregation and have potential applications in
a variety of fields.>>?4 The complex of rhodamine 6G
(R6G) with CBJ[7] exhibited significantly enhanced fluores-
cence and acted as a superior probe for use in single-mole-
cule detection.['] A fluorescence switch from green to blue
was produced through the inclusion of protonated 2-amino-
anthracene with CB[7].l°) The complex of Dapoxyl with
CB[7] has been used for continuous assays of amino acid
decarboxylases based on the protolytic fluorophore dis-
placement principle by measurement of changes in fluores-
cence.l'8! On the other hand, it should be noted that the
modes of inclusion or association between fluorescent dyes
and CB[7] are not accurately known in most cases.l'’ In the
absence of structural data from X-ray crystallography, the
geometry of a supramolecular complex can be deduced
from induced shifts in NMR spectra, molecular mechanics
calculations, and symmetry considerations.>> '"H NMR
spectroscopy is one of the most effective tools for studies
of complex formation between CB[n]s and organic mole-
cules.? 3% In general, downfield shifts of the resonances of
guests result from the deshielding effects of the carbonyl
groups of the CB[n]s when the portions of the guests are
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located in the portals, whereas upfield shifts indicate that
the guests are encapsulated in the shielding hydrophobic
cavities. However, low dye concentrations commonly pre-
vent detailed NMR characterization.['*]

Acridine orange (AO) is a cationic fluorescent dye widely
used for cell stainingl®!-3% and as a DNA intercalator®3 and
transmembrane pH-gradient probe,*¥ and its complex with
CB[7] was reported very recently by three research
groups.?337 Mohanty and Pal,?%l as well as Zhou,B®
found fluorescence enhancement of AO by CB[7] with the
formation of a 1:1 complex, and an inclusion mode was
deduced only from fluorescence and UV/Vis spectral stud-
ies. Garcia and co-workers?®”) investigated the complexes of
AO and its analogues (tricyclic condensed heterocycles with
amino substituents) with CB[7] and CBJ[8] by a few meth-
ods. The formation of the complexes led to increases in
fluorescence quantum yields in the case of CB[7], whereas
the dimeric or trimeric dyes encapsulated in CB[8] were sig-
nificantly less fluorescent than the same dyes in dilute solu-
tions.?”] Although no NMR spectrum of the complex of
AO with CB[7] was shown, the NMR spectra of the com-
plexes of thionine (TH) and methylene blue (MB) with
CBJ[7] and CBJ[8], respectively, were presented.?”! The reso-
nances of the TH and MB protons underwent downfield
shifts in the presence of CB[7] but were shifted upfield in
the case of CB[8].3”) However, the authors were unable to
give a definite explanation for the unusual downfield NMR
shifts of the proton resonances of TH and MB, assuming
that each of them was included in the CB[7] cavity. Here we
give a deeper insight into the unusual downfield NMR
shifts of the proton resonances of AO with CB[7] with the
aid of competitive binding of bis(cyclopentadienyl)co-
balt(I11) hexafluorophosphate (Cob™), which has been dem-
onstrated to encapsulate inside the cavity of CB[7].58] A
combination of the experimental data and theoretical calcu-
lations (calculations based on first principles rather than
semiempirical ones) not only verifies the formation of an
inclusion complex of AO with CB[7] but also reveals the
origin of the unusual downfield NMR shifts for the com-
plex. These research results should be helpful for the under-
standing of the structures and properties of complexes of
related organic molecules with macrocyclic hosts.

Results and Discussion

The emission band of AO underwent a significant en-
hancement and blueshift from 537 to 520 nm upon addition
of CB[7] to aqueous AO solution at a concentration of
3.2X 107 molL! (Figure 1). The association constant (K)
of AO with CB[7] could be obtained by nonlinear least-
squares fitting (details in the Supporting Information) to
the fluorescence titrations with the assumption that AO
formed a 1:1 complex with CB[7]. A K value of
(5.6 =0.3) X 10> Lmol™" was calculated from the plot (inset
of Figure 1). The estimated K value is consistent with those
reported recently,*>-371 which have ranged from 1.5 X 10> to
3.6X10° Lmol™' depending on the exact natures of the
4932
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aqueous solutions used (presence of metal cations, concen-
tration, pH). All these data indicated that a stable 1:1 com-
plex was formed between AO and CB[7]. The complex stoi-
chiometry was further confirmed by the MALDI-TOF
spectrum, with the appearance of a major peak at m/z =
1429, corresponding to the AO-CB[7] complex (Figure S1
in the Supporting Information).
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Figure 1. Fluorescence emission spectra of AO [3.2X 1077 molL!,
phosphate-buffered saline (PBS) at pH = 7.5] in the absence and
in the presence of CB[7] at different concentrations. CB[7]
(10 7molL1): (a) 0.0, (b) 3.5, (c) 6.3, (d) 8.0, () 10.8, (f) 12.5, ()
16.9, (h) 23.3, (i) 38.3, (j) 58.3, (k) 83.3, (1) 108.3, (m) 133.3, and
(n) 166.7. The inset shows the plot of nonlinear least-squares fitting
used for the association constant.

To elucidate the binding mode between AO and CB[7], a
competitive binding method was used. Cob™ had been re-
ported to encapsulate inside the cavity of CB[7] to form a
highly stable 1:1 inclusion complex with CBJ[7], and the K
value of the inclusion complex had to be at least
10% L mol 1138 Note that metal cations (Na* or K*) would
be able to bind to the carbonyl portals of CB[7], which
would have a small influence on the measured association
constant of the complex of AO with CB[7]. When Cob™ was
added to a system of AO and CB[7], the fluorescence inten-
sity of the AO gradually decreased, and the band shifted
from 516 to 537 nm with increasing Cob™ concentration
(Figure 2), indicating that the AO-CB[7] complex was disso-
ciated by the competitive binding of Cob*. Cob* is a cat-
ionic complex without fluorescence emission and displayed
only a slight influence on the fluorescence emission of aque-
ous AO solution (Figure 2). These results indicate that the
addition of Cob™ drove the originally included AO out of
the CB[7] cavity, because of Cob™’s strong binding ability
for CBJ[7]. It can thus be inferred that an inclusion complex
was originally formed between AO and CB[7]. Consider-
ation of the internal cavity of CB[7] — it is approximately
7.3 A across at the equator, 5.4 A across at both carbonyl
portals, and 9.1 A in height — shows that it is not big
enough to accommodate an entire AO molecule. It is most
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likely that AO was partially encapsulated inside the CBJ[7]
cavity; the partial inclusion complex of AO with CB[7] and
the competitive binding of Cob™ is schematically illustrated
in Figure 3. The AO remained in its symmetrically proton-
ated form (pK, = 10.5)3% in neutral aqueous solution. The
position of the central N protonation for AO was con-
firmed by '"H NMR at neutral pH.[39:40]
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Figure 2. Fluorescence emission spectra of AO (3.0 X 107 molL 1)
and CB[7] (6.0 X 10”7 mol L™!) in the absence and presence of Cob*
at different concentrations. Cob* (107 molL): (a) 0, (b) 2.0, (c)
4.0, and (d) 6.0. (e) AO. (f) AO (3.0X 107 molL ") and Cob*
(8.0 107 molL ).

Figure 3. Schematic illustration of competitive binding between
Cob™ and AO for CB[7].

On the other hand, the interaction of AO with CB[7] was
also validated by theoretical calculations. From Figure 4 it
can be clearly seen that the interaction energies of AO with
CBJ[7] inside and outside the cavity of CB[7] were 40.6 and
35.0 kcalmol™!, respectively. In addition, the dipole—dipole
interaction energy of the encapsulated AO inside the CB[7]
cavity was also larger than that outside the cavity. These
results indicate that AO preferred to be accommodated in-
side the cavity of CB[7]. To make the interaction between
host and guest molecules clearer, the structure of the
AO-CBJ[7] complex was investigated, and some geometric
details are presented (Figure 4). AO inside the CBJ[7] cavity
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formed six hydrogen bonds through its hydrogen atoms and
the carbonyl oxygen atoms of CB[7], including one strong
N-HO [Rumy-o = 2.10A] and five weaker C-H--O
[Ru(c)-0 = 2.44-2.80 A] bonds. In comparison, in the case
of AO outside the CB[7] cavity, there were only one N-—
H-O [Ryny-o0 = 1.92 A] and three C-H-+O [Rycy-0 =
2.40-2.84 A] bonds.

The 'H NMR spectra of AO and the AO-CB[7] complex
in D,O are shown in Figure 5. Upon addition of CBJ[7]
(1.0 equiv.) the resonances of the AO ring protons became
too broad to be distinguished clearly, whereas the resonance
of the methyl protons shifted downfield and became broad.
Note that these induced NMR shifts of the AO protons
in the presence of CB[7] were in sharp contrast with those
associated with the inclusion of other organic molecules in
the CBJ[7] cavity, with upfield shifts of their proton reso-
nances.”®3% It was known that Cob™ could be completely
included in the CB[7] cavity with an upfield shift of its pro-
ton resonance.l*¥! Upon addition of Cob™ to the AO-CB[7]
complex, the NMR spectrum of the aqueous AO solution
was completely recovered, along with an upfield shift of the
Cob™ proton resonance. These observations further con-
firmed the occurrence of the quantitative displacement of
the included AO out of the CBJ[7] cavity by the competitive
binding of Cob™; but what is the reason for the unusual
downfield NMR shifts of the proton resonances of AO ob-
served upon inclusion in the CB[7] cavity?

It is well known that the sensitivity of NMR spec-
troscopy is much weaker than those of fluorescence and
UV/Vis spectroscopy. Some (planar) organic dye molecules
readily aggregate in aqueous solutions even at low concen-
trations. It is most likely that these dye molecules form dif-
ferent types of aggregates beneath the NMR detection limit.
Individually dispersed AO molecules would have a different
NMR spectrum from the AO aggregates, with downfield
shifts. Upon addition of CBJ[7], the aggregated AO mole-
cules in the aqueous solution were deaggregated to enter
the CB[7] cavity in the single-molecule state. On one hand,
the AO deaggregation gave rise to a downfield shift of the
AO proton resonances; on the other, the AO inclusion
caused an upfield shift relative to single AO molecules. The
concurrence of the AO deaggregation and inclusion resulted
in the observed unusual NMR shifts of the AO-CB[7] com-
plex. From this point of view, the NMR spectroscopic data
for the inclusion complexes of TH and MB with CB[7] and
CBJ[8] reported by Garcia and co-workers*” can be satisfac-
torily explained. It is most likely that TH and MB were in
the dimeric, trimeric, oligomeric, and polymeric states in
the aqueous solutions. The downfield shifts of the proton
resonances seen with inclusion of the dyes (TH and MB) in
CB[7]B37) were very similar to those observed in our AO
case. In the presence of CB[8], the dyes were encapsulated
inside the CB[8] cavities in the dimeric state, and the upfield
NMR shifts of the inclusion complexes mostly resulted
from the shielding hydrophobic cavity. If the dye molecules
were initially monodispersed in the aqueous solution, larger
induced resonance shifts would be observed when they were
encapsulated within the CB[8] cavities in the dimeric state,
4933
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Figure 4. Side and overhead views of AO (a) inside and (b) outside the CB[7] cavity, calculated by the B3LYP/6-31G(d) method. The
interaction energies of AO inside and outside the cavity of CB[7] with basis set superpostition error (BSSE) and their dipole-dipole

interaction energies are also shown.
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Figure 5. '"H NMR spectra of: (a) AO, (b) AO and CB[7]
(1.0 equiv.), (¢) AO, CB[7] (1.0 equiv.), and Cob™, and (d) Cob*.
AO 1.0 X 103 mol L"'; CB[7] proton resonances labeled with cicles;
HOD proton resonance labeled with squares.

because both dye aggregation and dye inclusion would lead
to upfield NMR shifts of the corresponding proton reso-
nances.
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To provide a better understanding of the downfield
NMR shifts of the inclusion complex of AO with CBJ[7],
the 'H NMR spectra of AO in D,O at different concentra-
tions and in the absence of CB[7] were first investigated
(Figure 6). The resonances of the AO ring and methyl pro-
tons were observed to shift markedly to low fields and to
become narrower upon dilution. A plausible explanation
would involve deaggregation of polymeric AO species (the
planes of the AO rings were stacked in a nearly parallel
array) into oligomeric, dimeric, and monomeric forms.[*!421
In the case of MB, similar phenomena were also observed
in aqueous solutions (Figure S2 in the Supporting Infor-
mation).

The 'H NMR spectra of AO at a relatively low concen-
tration (3.0X10“%molL!) and of the corresponding
AO-CBJ[7] complex in D,O were further investigated (Fig-
ure 7). Upon addition of CBJ[7] (0.4 equiv.) the resonances
of the AO protons shifted slightly to lower fields and be-
came broad, and these induced shifts were even more pro-
nounced upon addition of CBJ[7] (1.0 equiv.). However, only
one set of broad peaks of the AO proton resonances was
observed irrespective of the number of equivalents of CB[7]
added. These NMR spectroscopic data mean that the inter-
molecular complexation—decomplexation process between
AO and CB[7] was fast on the NMR timescale, similarly to

Eur. J. Org. Chem. 2009, 4931-4938
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Figure 6. "H NMR spectra of aqueous AO solutions at different
concentrations, with HOD proton resonance labeled with squares:
(a) 1.0 X 103 mol L% (b) 3.0 X 10* mol L.

the case of the complex of 1-(5-carboxypentyl)-1’-ethyl-
4,4’ -bipyridinium with CB[7] reported by Kaifer and co-
workers.*3] Rapid exchange was occurring between AO in
the aqueous solution and AO encapsulated inside the CB[7]
cavity. The fast intermolecular exchange process averaged
out the differences in proton resonance not only between
the AO-CB[7] complex and AO in the aqueous solution but
also between the partially included moiety of AO in the
CBJ[7] cavity and the extended one of AO outside the cavity.
In view of the C,, symmetry of AO it is most likely that
one half of the AO was dissociated from CB[7] and the
other half might be included rapidly (the two halves are
innately indistinguishable), so that only one set of broad
peaks was observed. Obviously, the downfield shifts of the
proton resonances of the AO-CB[7] complex were the net
result of upfield shifts arising from the inclusion of AO in
the CBJ[7] cavity and downfield shifts resulting from the de-
aggregation of the AO aggregates. From Figures 5b and 7c,
it can be seen that the magnitudes of the downfield shifts
of the inclusion complex of AO at a high concentration
with CBJ[7] were larger than those for the corresponding
complex at a low AO concentration, because the downfield
shifts resulting from the deaggregation of AO at a high con-
centration were larger than those at a low concentration.
DFT calculations of 'H NMR spectra also clearly
showed that the proton resonances of AO dimers (Fig-
ure 8a) and of AO inclusion complexes inside the CB[7] cav-
ity (Figure 8c) were shifted upfield relative to those of AO
monomers (Figure 8b). The shifts of the former were larger
than those of the latter. Direct comparison of spectrum a
with spectrum ¢ explained well the unusual downfield
NMR shifts of the inclusion complex. In our NMR spectral
experiments, the inclusion complex of AO with CBJ[7] corre-
sponded to the deaggregation of AO aggregates, resulting
in a downfield shift of the AO proton resonances, followed
by the encapsulation of AO in the shielding hydrophobic
CBJ[7] cavity, leading to an upfield shift of the AO proton
resonances. The inclusion-induced upfield shifts were over-
whelmed by the deaggregation-induced downfield ones.

Eur. J. Org. Chem. 2009, 4931-4938
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Figure 7. '"H NMR spectra of: (a) AO, (b) AO and CB[7]
(0.4equiv.), and (¢c) AO and CB[7] (1.0equiv.). AO
3.0 X 10#molL™'; CB[7] proton resonances labeled with circles;
HOD proton resonance labeled with squares.
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Figure 8. Theoretically predicted '"H NMR spectra of: (a) AO di-
mer, (b) AO monomer, and (¢) AO inside the CB[7] cavity. The
calculations were carried out at B3LYP/6-31G(d) level.

UV/Vis spectroscopy was further used to study the deag-
gregation of AO aggregates when they were included in the
CBJ[7] cavities. Two absorption maxima at 267 and 490 nm
corresponded to the AO monomers at a low concentration
of 3.0X10°molL"! (spectrum a in Figure S3 in the Sup-
porting Information). With increasing AO concentration in
the aqueous solution, a peak at ca. 470 nm grew progress-
ively, so that the peak intensity reached an absorbance com-
parable to that at 490 nm due to the AO monomers. These
spectral changes were generally attributed to the aggrega-
tion of the dye molecules into dimers, trimers, and high
oligomers as the concentration was increased.[**461 It is ob-
vious that the AO molecules were aggregated when the dye
concentration of AO was at 3.0 X 107> molL™! (spectrum d
in Figure S3 in the Supporting Information). Upon ad-
dition of CBJ[7] to the aqueous AO solution, the absorption
peak of the AO monomers was increased in intensity to-
gether with a slight blueshift, and the peak at 470 nm disap-
4935
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peared with increasing CB[7] concentration (Figure 9). Be-
cause CBJ7] itself does not absorb in the visible region, the
spectral changes observed upon addition of CB[7] were due
to the deaggregation of AO aggregates and the inclusion of
single AO molecules in the CB[7] cavities. These results are
consistent with the corresponding NMR spectra. Upon ad-
dition of Cob™ to a system of the AO-CB[7] complex, the
peak at 486 nm due to the inclusion of a single AO molecule
in the CB[7] cavity decreased, accompanied by the re-
appearance of the peak at 470 nm due to the AO aggregates
with increasing Cob™ concentration (Figure 10). The last
UV/Vis spectrum measured was identical to that observed
prior to addition of CB[7]. This means that the single AO
molecules included in the CB[7] cavities were replaced by
the competitive binding of Cob™, followed by the formation
of aggregates in the aqueous solution. The competitive
binding process could be directly observed from the color
changes of the system (Figure S4 in the Supporting Infor-
mation). The aqueous AO solution showed a yellow color
and became green upon addition of CBJ[7], and the recovery
of the yellow color followed after the addition of Cob™.
These results provided further evidence for the encapsul-
ation of AO in the CBJ[7] cavity.

20
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Figure 9. Absorption spectra of AO (3.0 X 10> molL!, Tris-HCl
at pH = 7.0) in the presence of CB[7] at different concentrations.
CB[7] (10> molL1): (a) 0, (b) 0.5, (¢) 1, (d) 3, (¢) 5, (D) 8, and (g)
12.

Further UV/Vis spectral studies indicate that the above
spectral changes resulted from the competitive binding of
Cob™, and there was no interaction between Cob* and AO.
The UV/Vis spectra of (a) CB[7], (b) Cob*, (¢c) AO, (d) a
mixture of Cob* and CBJ[7], and (¢) a mixture of Cob* and
AO are compared in Figure S5 in the Supporting Infor-
mation. It is obvious that spectrum ¢ was essentially the
sum of spectra a and e. This indicates that no interaction
occurred between Cob™ and AO and that Cob™ had no in-
fluence on the AO absorbance in the visible region, whereas
the addition of CB[7] to the aqueous Cob™ solution gave
rise to an obvious decrease in intensity in the band at
261 nm, which verified the formation of the inclusion com-
plex of Cob™* with CBJ[7].
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Figure 10. Absorption spectra: (a) of AO (3.0 X 10> molL"!, Tris-
HCl at pH = 7.0), and (b)-(f) of the complex of AO
(3.0X 103 molL ") and CB[7] (3.0 X 10> molL ') in the presence
of Cob™ at different concentrations. Cob* (10> molL): (b) 0, (c)
0.5, (d) 1, (e) 2, (1) 3.5.

Conclusions

The formation of the inclusion complex of AO with
CB[7] has been confirmed by a combination of a number
of techniques and with the aid of competitive binding of
Cob™ and theoretical calculations based on first principles.
Unusual downfield NMR shifts of the proton resonances
of included AO (relative to AO) were observed in aqueous
solutions, with aggregation easy even at low concentrations.
The process of complex formation might correspond to the
deaggregation of AO aggregates followed by the inclusion
of single AO molecules in the CB[7] cavities. The intermo-
lecular complexation/decomplexion processes between the
AO-CBJ7] complex and AO in the aqueous solution and
between the partially included moiety of AO in the CB[7]
cavity and the extended one outside the cavity were fast
on the NMR timescale. The downfield shifts of the proton
resonances of the AO-CB[7] complex were the net result of
small upfield shifts arising from the inclusion of AO in the
CBJ[7] cavity and large downfield shifts resulting from the
deaggregation of the AO aggregates. Further theoretical cal-
culations explained the unusual downfield NMR shifts well.
These research results should be very helpful for under-
standing of the structures and properties of complexes of
related organic molecules with macrocyclic hosts.

Experimental Section

CBJ[7] was synthesized by the reported procedure.[*”#81 AO was pur-
chased from Shanghai Reagent Co. (China). Cob* was purchased
from Aldrich. PBS (pH = 7.5) and Tris-HCI (pH = 7.0) solutions
at pH = 7.5 were used in the experiments. NMR samples were
prepared in D,O (Beijing Chongxi High-Tech Incubator Co., Ltd.;
99.9% minimum in D). All chemicals used were of analytical grade,
and water used was double-distilled.

Eur. J. Org. Chem. 2009, 4931-4938
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Steady-state fluorescence spectra were recorded with an F-4500
fluorescence spectrometer (Hitachi, Japan) with a 5.0 nm band-
width for excitation and emission. The excitation wavelength was
fixed at 485 nm. The UV/Vis spectra were recorded with a U-3010
spectrometer (Hitachi, Japan). All fluorescence and absorbance
measurements were carried out with aqueous solutions in quartz
cells of 10 mm path length. '"H NMR measurements were carried
out with a Bruker DRX 500 spectrometer, and MALDI-TOF mass
spectra were recorded with an Autoflex time-of-flight instrument
(Bruker, Germany) with o-cyano-4-hydroxycinnamic acid as the
matrix. The pH measurements were made with a model pHS-3C
pH-meter (Shanghai, China). All measurements were performed
under air at ambient temperature.

Density functional theory (DFT) was applied to investigate the
electronic structures of the complex of AO with CB[7]. The hybrid
functionals, B3LYP,“#*1 with the 6-31G(d) basis set were em-
ployed in DFT calculations. The interaction energies between AO
and CB[7] were calculated as the difference in electronic energies
between the AO-CB[7] complex and the two monomers. Because
of incompleteness of the basis set, one often encounters basis set
superposition error (BSSE)P? in the evaluation of interaction ener-
gies. The Boys and Bernardi counterpoise method™3! was employed
to lessen the BSSE. All calculations were performed with the
Gaussian03 program!¥ in parallel mode on a Linux workstation
housed at Nanjing University.

Supporting Information (see footnote on the first page of this arti-
cle): Equation for nonlinear least-squares fitting of association con-
stant, mass spectrum of AO with CBJ[7], absorption spectra of
aqueous AO solutions of different concentrations, absorption spec-
tra of CB[7], Cob™, AO, and their mixtures, color changes of aque-
ous AO solutions in the absence and presence of CB[7] and Cob*,
and NMR spectra of aqueous MB solutions with different concen-
trations.
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