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The host-guest interaction of various mono O-substituted calix[6]arenes, namely, (i) 37-benzyl-38,39,40,
41,42-pentahydroxy-5,11,17,23,29,35-hexa(4-tert-butyl)calix[6]arene (1), (ii) 37-ethylester-38,39,40,41,42-
pentahydroxy-5,11,17,23,29,35-hexa(4-tert-butyl)calix[6]arene (2), and (iii) 37-allyl-38,39,40,41,42-penta-
hydroxy-5,11,17,23,29,35-hexa(4-tert-butyl)calix[6]arene (3) with [70]fullerene has been studied in a CCl4

medium by the absorption spectroscopic method. All of the complexes are found to be stable with 1:1
stoichiometry. An absorption band due to a charge transfer (CT) transition is observed in the visible region;
with increasing ionization potential of the mono O-substituted calix[6]arenes, the peak energy shifts to the
higher energy side and the oscillator strength of CT transition increases. Degrees of CT have been estimated
by analyzing the CT transition energy as a function of ionization potential. Thermodynamic parameters for
the supramolecular complex formation of [70]fullerene with1, 2, and 3 receptors are reported. The high
formation constant value for the [70]fullerene‚2 complex indicates that2 forms an inclusion complex with
[70]fullerene.

1. Introduction

After its discovery in 1984,1 the new form of carbon, namely
[70]fullerene, has generated an avalanche of research activity.2,3

The interest in such a novel material has especially increased
because of its versatile application in superconductivity,4

ferromagnetism,5 and biological activity.6 The appreciable
electron affinity of [70]fullerene7 makes it an efficient electron
acceptor, and the study of the formation of electron donor-
acceptor (EDA) complexes of [70]fullerene in both the ground
and excited strates is finding increasing attention day by day.8-15

The complexation between calix[n]arenes16-19 and fullerenes1

has evoked a new dimension in supramolecular chemistry. Calix-
[n]arenes not only have well-ordered macrocyclic arrays of
aromatic rings but also possess the necessary flexibility to allow
docking of large guest molecules, such as fullerenes. This
expectation has become a reality when selective formation of
clathrate from [60]fullerene and calix[8]arene was extensively
utilized for the separation of [60]- and [70]fullerenes.20,21

Construction of supramolecualr architectures involving electron-
deficient fullerene is of current interest in crystal engineering
and the synthesis of novel nanostructures.22,23Molecules of large
ring size and deep cavity are of interest in host-guest chemistry,
and inclusion studies involving the binding of large molecules
and ions are being conducted. Mono O-substituted calix[6]arenes
represent a family of such host molecules, for which, in
principle, efficient inclusion could occur, because multipleπ-π
interactions between the guest and host are possible. But, for
mono O-substituted calix[6]arenes, inclusion studies are very
limited. Through this study, it has been established that, with
the help of a smooth and electron-dense surface, [70]fullerene

can be bound to the host calix[6]arene with a suitable cavity
size whereby [70]fullerene can reside endo and exo relative to
the cavity of the calix[6]arenes, and this will modulate theπ-π
interactions and spatial interplay of the [70]fullerene. Thus, the
nature of substitution on the lower rim of the calix[6]arenes
plays a very significant role during host-guest complexation
with [70]fullerene.

2. Materials and Methods

[70]Fullerene was obtained from SES Research Corporation,
Texas. The substituted calix[6]arenes (Figure 1) were prepared
according to the method in ref 24, and their purity was checked
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Figure 1. Structure of the calix[6]arenes studied.
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by NMR spectra of the purified samples. The solvent CCl4 was
purified by drying over fused CaCl2, followed by distillation.
Spectral measurements were done on a Shimadzu UV - 1601
PC model spectrophotometer fitted with a Peltier controlled
thermobath.

3. Results and Discussion

3.1. Observation of CT Bands.Figure 2 shows the electronic
absorption spectra of mixtures containing [70]fullerene with2
and 3 in CCl4 medium. All spectra of mixtures containing
[70]fullerene and calix[6]arenes were recorded against the
pristine acceptor solution as a reference to cancel out the
[70]fullerene absorbance. It is observed that new absorption
peaks appear in the visible region. The solvent CCl4 and the
calix[6]arenes (2 and 3) do not absorb in the visible region.
The presently determinedhν values corroborate well with the
third parametric method (PM3)-determined ionization potentials
of the calix[6]arenes in accordance with Mulliken’s equation.25,26

The following type of equation was obtained with the present
data

with a correlation coefficient of 0.99. Thus, the transition energy
(hν) can be termed as CT transition energy (hνCT). It is a
common experience that, in order to detect CT absorption bands
in solution, the donor (in the present case, calix[6]arenes)
concentration must be very high compared to that of the
acceptor. For this reason, in a recent study on the complexation
of calix[4]naphthalenes with [60]fullerene,27 no CT band was
reported. The reason is that the concentration of calix[4]-
naphthalenes was 10-4 mol‚dm-3, but in the present case, the
mixture is∼10-2-10-3 mol‚dm-3 with respect to the calix[6]-
arenes in each case. The CT absorption spectra were analyzed

by fitting to the Gaussian function

where x and y denote wavelength and absorbance, respec-
tively. The results of the Gaussian analysis for all of the calix-
[6]arenes under study are shown in Table 1. One important point
to mention here is that Gaussian analysis of a curve generally
gives a decent result near the maxima of the curve spread over
a very small region. For this reason, although the errors in the
center of the CT spectra for the complexes of [70]fullerene with
calix[6]arenes are very small, there are appreciable errors in the
curve area and width of the CT absorption spectra. One typical
Gaussian analysis plot is shown in Figure 3. The wavelengths
of the CT absorption maxima (λmax ) xc) and the corresponding
CT transition energies (hνCT) are summarized in Table 2.

3.2. Degree of Charge Transfer (r). To discuss the degrees
of charge transfer (R) for the [70]fullerene-calix[6]arene CT
complexes, we have to take into account Mulliken’s two-state
model.25 In this model,R is expressed25,28 by

The value ofR is calculated by using eq 2 and given in Table
2. The low value ofR indicates that very little charge transfer
takes place in the ground state. The dependence ofR on theID

v

value of the donors is shown in Figure 4. It is found thatR
decreases with increasing ionization potential of the donors, as
expected. Li et al.29 have evaluatedR ) 0.57 for [60]fullerene-
aniline complex by a theoretical method. They have calculated

Figure 2. CT absorption spectra of (a) [70]fullerene+ 2 and (b)
[70]fullerene+ 3 against pristine acceptor solution as reference.

TABLE 1: Gaussian Curve Analysis for the CT Spectrum
of [70]Fullerene with 1, 2, and 3

system

area
of the

curve (A)

width
of the

curve (w)

center
of the

curve (xc) y0

[70]fullerene‚1 1.64( 3.46 63. 6( 51.4 486( 0.9 0.18( 0.03
[70]fullerene‚2 2.08( 1.10 82.2( 18.2 640( 1.7 0.014( 0.01
[70]fullerene‚3 0.22( 0.18 32.6( 12.2 561( 1.2 0.04( 0.002

2ID
v - hνCT ) (0.115( 0.001)ID

v (ID
v - hνCT) +

(8.70( 0.035) (1)

Figure 3. Gaussian analysis curve of the shoulder region of Figure
2a.

TABLE 2: CT Absorption Maxima and Transition Energies
of [70]Fullerene Complexes; PM3-Determined IPs of the
Calix[6]arenes; Degrees of CT (r), Oscillator Strength (f),
and Transition Dipole Strength (µEN) of the Complexes of
[70]Fullerene with 1, 2, and 3

calix[6]arene
λCT,
nm

hνCT,
eV

PM3 ID
v ,

eV 102 R 104 × f
µEN

(Debye)

1 486 2.55 8.687 3.70 10.9 6.0
2 640 1.94 8.677 3.71 1.7 3.4
3 561 2.21 8.671 3.72 8.9 7.6

y ) y0 + A

wxπ/2
exp

-2(x - xc)
2

w2

R )
(C2

2 )
[{(ID

v - EA
v + C1)

2} +
C2

2 ]
(2)
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the charge distribution by the INDO method using the CT
complex configuration that an aniline molecule resides perpen-
dicularly on the surface of [60]fullerene and the amine group
resides at the nearest position from [60]fullerene. The calculated
R value is much larger than our present experimental one, which
suggests that the CT complex configuration used in the
calculation is inconsistent with our experimental results.

3.3. Determination of Oscillator Strength (f) and Transi-
tion Dipole Strength (µEN). From the CT absorption spectra,
we can extract an oscillator strength.30 The oscillator strengthf
is estimated using the following formula

where∫ εCT dν is the area under the curve of the extinction
coefficient of the absorption band in question vs frequency. To
a first approximation calculated as follows

whereεmax is the maximum extinction coefficient of the band
and∆ν1/2 is the half-width (i.e., the width of the band at half of
the maximum extinction). The observed oscillator strengths of
the CT bands are summarized in Table 2. It is worth men-
tioning that we need a proper calculation of oscillator strength
of [70]fullerene-calix[6]arene CT complexes. This is be-
cause oscillator strength is very sensitive to the molecular
configuration and the electron charge distribution in the CT
complex. In the [70]fullerene-calix[6]arene complexes, we
cannot use a simple model assuming a charge localized at a
certain site of a fullerene sphere; this is because fullerenes have
π-bonds which are directed radially with a node on the
molecular cage.

The extinction coefficient is related to the transition dipole30

by

where∆ν ≈ ύ at εmax andµEN is defined as-e∫ ψex∑iriψg dτ.
TheµEN values for the [70]fullerene-calix[6]arene complexes
are given in Table 2.

3.4. Determination of Formation Constant (K). The forma-
tion constants of the [70]fullerene-calix[6]arene complexes
were determined at four different temperatures using the

Benesi-Hildebrand (BH)31 equation for a cell with a 1-cm
optical path length in the following form:

Here, [A]0 and [B]0 are the initial concentrations of [70]fullerene
and calix[6]arene, respectively, before complexation,d′ is the
corrected absorbance of the donor-acceptor mixture at the
center (472 nm) of the perturbed broad peak of [70]fullerene
resulting from forbidden singlet-singlet transitions32,33measured
against the solvent as reference. The quantityε′ is the corrected
molar absorptivity of the complex at the wavelength (472 nm)
of measurement.K is the formation constant of the complex.
The equilibrium constant values are calculated using the BH
model, which is only an approximation. Sibley et al.26 have also
estimated the formation constants for the complexes of
[60]fullerene with aniline and substituted anilines using the BH31

equation. Absorbance data for one such system are shown in
Table 3. The concentration data are given to only two significant
figures (in most cases), and the absorption difference is given
to two significant figures and is small, always less than 0.10.
In all cases, very good linear plots according to eq 6 were
obtained, one such plot being shown in Figure 5. Among all of
the [70]fullerene-calix[6]arene complexes under study,K values
of only one complex (viz., [70]fullerene‚2) is indicative of the
inclusion of [70]fullerene within the calix[6]arene cavity. The
main perturbing factor present in2 with respect to other two
calix[6]arenes (e.g.,1 and3 case) is the replacement of the H
atom by an ethyl ester group, conferring a greater flexibility to

Figure 4. Degrees of charge transfer (R) as a function of ionization
potential.

f ) 4.32× 10-9 ∫ εCT dν (3)

f ) 4.32× 10-9
εmax ∆ν1/2 (4)

µEN ) 0.0952(εmax∆ν1/2

∆ν )1/2

(5)

TABLE 3: Data for Spectrophotometric Determination of
Stoichiometry, Formation Constants (K’s), and Corrected
Molar Absorptivities ( E′’s) of the [70]Fullerene‚1 Complex

temp
(K)

103 donor
concn
(mol‚
dm-3)

105 [A]0

(mol‚
dm-3)

corrected
absorbance
at 472 nm

K
(dm3‚
mol-1)

10-3 ε′
(dm3‚mol-1‚

cm-1)

0.30 0.041
0.42 0.051
0.53 0.068

298 0.70 0.069 1350( 650.81 0.068
0.95 0.078
1.04 0.093
1.18 0.088

0.30 0.037
0.42 0.048
0.53 0.063

303 0.70 0.066 1150( 600.81 0.065
0.95 0.074
1.04 0.094
1.18 1.853 0.083 8 ( 1

0.30 0.029
0.42 0.044
0.53 0.060

308 0.70 0.062 750( 400.95 0.060
1.04 0.072
1.18 0.086

0.080

0.30 0.026
0.42 0.039

313 0.70 0.059 550( 300.81 0.055
0.95 0.056
1.04 0.085

[A]0[B]0

d′ )
[B]0

ε′ + 1
Kε′ (6)
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the molecule. The resulting conformation is analogous to the
1,2,3-alternate conformation in the calix[6]arenes. Inclusion of
[70]fullerene is preceded by a preorganization of the calix[6]-
arene molecule into a conical conformation through intra-
molecular H-bonding at the lower rim. The self-inclusion of
one methoxy substituent in a calix[4]arene derivative has been
shown to have a significant effect on the conformer energy.34

This is also the case in the present compound. Although the
origin of this self-inclusion is unknown, the hypothesis can be
made that dipole-dipole interactions between the two head-
to-tail ester groups with hydroxy groups on the opposite ends,
with a minimum separation, could play some role. The allyl
and benzyl groups hinder the attainment of such a conical
conformation. The allyl group attached to one oxygen atom
hinders the attainment of cone conformation probably by a
different mechanism: to extendπ-conjugation via a lone pair
of electrons of oxygen into the corresponding benzene ring of
the calix[6]arene molecule, the allyl group turns the ring around,
making it out-of-plane with respect to the other benzene rings
of the calix[6]arene. This explains the observed order in theK
values.

3.5. Enthalpies (∆Hf
0) and Entropies of Formation (∆Sf

0)
of the Complexes of [70]Fullerene with Calix[6]arenes.In
comparison with the large amount of data which has published
on equilibrium constants of [60]fullerene-calix[n]arene com-
plexes, relatively few attempts have been made to estimate
enthalpies (∆Hf

0) and entropies of formation (∆Sf
0) for the

complexes of [70]fullerene with calix[n]arenes. For example,
Ikeda et al.35 have measured the∆Hf

0 values and compared
them with values obtained from association constants estimated
by spectroscopic method. In another study, Shinkai et al.36 have
measured the thermodynamic parameters for the complexes of
calix[n]arenes with [60]fullerene in an organic solvent. As
measured, these terms will represent the net change in enthalpy
and entropy for the solvated species. Plots of lnK vs 1/T at
four different temperatures for [70]fullerene with1, 2, and3
are linear and have positive slopes, indicating that the com-
plexation process is exothermic and thus driven by favorable
enthalpy changes. A typical plot of [70]fullerene and1 in CCl4,
for example, gives a straight line (r2 ) 0.98) with a slope of
5.81× 103 and an intercept of-12 (Figure 6). Similar results
have been obtained in all of the cases studied. All of the∆Hf

0

values determined for [70]fullerene-calix[6]arene complexes
were exothermic and are listed in Table 4. The∆Hf

0 values for
the complexes of [70]fullerene with1, 2, and3 are higher than

those obtained for the same solvent withp-tert-butyl calix[4]-
arenes andp-tert-butyl calix[6]arenes in some of our very recent
work.37 Presumably, the replacement of one H atom of the-OH
group at the lower rim confers greater flexibility to the calix-
[6]arene molecules, which is very favorable for complexation
with [70]fullerene. Also, additional attractiveπ-π interactions
are taking place in our present case. This additionalπ-π
interaction is due to the fact that the presence of substituent
groups at the lower rim of calix[6]arene molecules results in
the formation of a deeper and wider cavity, thus potentially
allowing for better contact between host and guest.38 Table 4
also shows that all of the∆Sf

0 values are negative, indicating
that, while complex formation is enthalpy-favored, it is also
entropy-disfavored. Formation of the complexes therefore results
in a more-ordered system, possibly due to freezing of the
motional freedom of both the guest and host molecules. Tao
and Barra have offered a similar rationale for the data they have
observed with their particular system.39 The higher∆Hf

0 values
observed for [70]fullerene‚1 and [70]fullerene‚3 systems, as
compared to [70]fullerene‚2, can be rationalized as follows: It
has been suggested that a factor which could possibly contribute
to the unusual binding trends observed may be desolvation of
the [70]fullerene occurring to a lesser degree with calix[6]arene
2. The entropy changes observed for the complexation of
[70]fullerene with1 and3 are larger than that observed for2.
It is due to the fact that a higher degree of residual solvation
could provide some explanation for the smaller entropy loss
and, hence, the stronger binding with the less-tight complex
with thep-tert-butyl host2. In our present investigations, there
are large errors in the entropy values in Table 4 as compared to
the enthalpy values. This is because, between enthalpy and
entropy, the former function is nearly independent of the
particular solvent, providing that it is not a strongly solvating
solvent. Finally, it can be concluded that, because the guest
molecule (i.e., [70]fullerene) is a weak electron acceptor, CT
interaction may also play an important role in complexation.

Figure 5. Benesi-Hildebrand plot for the complex of [70]fullerene
with 2 at 303 K. Figure 6. Plot for determination of enthalpy of formation of the

complex of1 with [70]fullerene.

TABLE 4: Enthalpies and Entropies of Formation of the
[70]Fullerene-Calix[6]arene Complexes

complex
∆Hf

0

(kJ mol-1)
∆Sf

0

(J K-1 mol-1)

[70]fullerene‚1 -48 ( 6 -100( 20
[70]fullerene‚2 -25 ( 4 -13 ( 12
[70]fullerene‚3 -68 ( 10 -158( 42
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To examine this idea, the HOMO energies of the host (1, 8.6865;
2, 8.6772; and3, 8.6708 eV) were evaluated with the PM3 MO
calculation. The plot of the HOMO energies against Gibbs
energies gave a good linear relationship with a correlation
coefficient of 0.92. Haino et al. also offered a similar rationale
for the data they have observed with calix[5]arenes.40

4. Conclusion

[70]Fullerene is shown to form 1:1 supramolecular complexes
with various mono O-substituted calix[6]arenes under study. The
hνCT-ID

v dependence has been exploited to determine the
degrees of charge transfer of the complexes. The very low values
of degrees of charge transfer indicate that the CT complexes
studied here have a neutral character in the ground state. Calix-
[6]arene 2, in particular, forms an inclusion complex with
[70]fullerene as revealed by a higher formation constant value.
Thermodynamic parameters have also been determined for the
complexes under study, which have shown that a solvophobic
effect andπ-π interactions are major driving forces for the
complexation process.
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