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The binding constants for hexafluorophosphate, per- 
chlorate and triflate with a- and P-cyclodextrins were 
quantified using calorimetry and fluorescence spec- 
troscopy experiments in aqueous media as well as 
molecular orbital calculations. The association of a- 
and P-cyclodextrin with three commonly used coun- 
terions of large organic cations or as supporting elec- 
trolyte systems, proved to be large enough to produce 
significant interferences in complexation studies. In 
particular, the binding constant of hexafluorophos- 
phate and P-cyclodextrin was measured to be ten 
times larger than the previously reported value. The 
enthalpies and entropies of complexation of the two 
receptors with the three anions under study were di- 
rectly evaluated using calorimetric measurements in 
aqueous media. The PM3 semiempirical molecular or- 
bital method was employed to rationalize the en- 
hanced binding between P-cyclodextrin and hexafluo- 
rophosphate. The computed results from several en- 
ergy minimizations show that inclusion complexes of 
P-cyclodextrins have a complicated energy surface 
with many possible energy minima. The binding of 
octahedral hexafluorophosphate originates from a 
loose yet complementary host-guest geometric fit that 
provides for three strong hydrogen bonds with pri- 
mary hydroxyls of P-cyclodextrin. 

The cyclodextrins (CDs) constitute a well-known 
family of cyclic oligosaccharide compounds that 
are widely used as molecular receptors.' Their 
ability to encapsulate nonpolar guests in their 
hydrophobic cavities, combined with their rela- 
tively high solubility in aqueous media, have 
made them very popular hosts and led to sev- 
eral scientific and technological applications.* In 
order to fully understand the forces that drive 
the complexation of CDs in aqueous media, sev- 
eral binding studies have been recently carried 
out using a combination of different techniques 
and a wide variety of nonpolar  guest^.^-^ 
Among these, large organic cations in which the 
positive charge readily improves the aqueous 
solubility of the molecule have been frequently 
used as suitable guests for CDs. Prototypes of 
such cationic molecules are tetraalkylammo- 
nium derivatives of ferr~cene.',~ However, the 
counterions of such cationic guests, or the an- 
ions of the supporting electrolyte system used to 
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maintain a constant ionic strength, are generally 
not considered to interact with the CD receptors. 
This assumption, usually justified, is based on 
the fact that the reported binding constants of 
these types of complexes in aqueous media are 
usually very low (in the range of 0-20 M-I).  

While studying the complexation in aqueous 
media of a cationic ferrocene derivati1.e with 
P-cyclodextrin by calorimetry? we observed dif- 
ferent thermograms for the system depending 
on the counterion of the ferrocene derivative 
(chloride or hexafluorophosphate). Further mea- 
surements of the electrochemical response of 
both salts using rotating disk voltammetry ex- 
periments (in which the diffusion coefficient of 
the electroacti\re ferrocene cation was deter- 
mined as  a function of the concentration of 
P-CD), confirmed the interference of the 
hexafluorophosphate ion in the complexation 
experiments. As a consequence of these observa- 
tions, we have studied the association in aque- 
ous media of a- and 0-cyclodextrin with three 
anions: hexafluorophosphate, perchlorate and 
triflate. 

In the first part of this study, the thermody- 
namic parameters of complexation of IT-, 
C10,- and CF,SOI-, with the two cyclodextrin 
receptors were measured using flow-calorimetry 
in aqueous NaCl 0.2 M. The supporting electro- 
lyte system was chosen based on previous mea- 
surements” that clearly indicated the absence of 
a detectable interaction between the chloride ion 
and the CD receptors even when it is present in 
concentrations as high a s  1M. The details on the 
experimental calorimetric technique as well as 
the treatment of the resulting data have been 
discussed elsewhere.“ 

In Table I, the thermodynamic parameters for 

the complexation of p-CD with the three anions 
in 0.2 M NaCl at 298 K are presented. As one can 
see from the values of the binding constants, 
PF,-  and CF,SO,- bind P-CD with enough 
strength to cause interference when present as 
counterions of cationic organic guests or as a 
part of the supporting electrolyte system (whose 
concentration is usually very high). 

In fact, the binding constants for these two 
systems seem to be the largest ones reported for 
complexes of p-CD with inorganic anions in 
aqueous media.” Moreover, the measured bind- 
ing constant of the PF,- anion with P-cyclodex- 
trin is 10 times larger than the previously re- 
ported value.” In good agreement with litera- 
ture results,’*,” the measured binding constant 
of the P-CD-ClO, complex falls close to 10 M-’ 
showing the lowest stability of the group. 

In terms of the enthalpies and entropies of as- 
sociation, the stabilization of the three systems 
seems to follow the general pattern of complex- 
ation of nonpolar guests with CDs in aqueous 
media.I8 The complexation processes are en- 
thalpy driven and the entropy changes are small 
and in some cases even negative, which sup- 
ports the widely accepted idea that the associa- 
tion process is basically controlled by the desol- 
vation of the CD cavity and intramolecular CD 
rearrangement.” ’‘ 

In order to elucidate if the detected interaction 
between the inorganic anions and the p-CD re- 
ceptor was of the inclusion type, we decided to 
perform fluorescence displacement experiments 
as described by Park and co-workers.21 In a typ- 
ical experiment, the emission intensity of the flu- 
orescent probe 1-anilino-8-naphthalenesulfona te 
(ANS, analytical concentration 5 pM, A,,, = 350 
nm) in the presence of 1 mM p-CD at different 

T.ABLE 1 Thermod\.naniic paramett i3  tor the cumplexatisn of P-CU \ \ i t t i  the three anions under  study in 0.3 bl NaCl at 2% K 
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OBSERVATION AND INTERPRETATION OF ANOMALOUS INORGANIC ANION BINDING 19 

concentrations of the anion under study gave 
rise to a well defined binding isotherm (see Fig- 
ure 1). In the absence of p-CD, the surveyed an- 
ions had no effect on the fluorescence emission 
of ANS. In the presence of p-CD however, the 
observed decrease in the fluorescence emission 
of the solution, caused by the displacement of 
the ANS probe from the cavity of the receptor by 
the inorganic anion, provided not only an addi- 
tional way to measure the binding constants of 
the three anions with P-cyclodextrin, but also 
suggested that the complexation of the inorganic 
guests by the CD receptor is of the inclusion 
type. In Figure 1, for instance, the binding iso- 
therm for the PF,--P-CD system is shown along 
with the calculated curve that best fits (K = 88 5 
6 M-I) the experimental data. Notice the excel- 
lent agreement of this value with that reported 
in Table I, which was obtained by an entirely 
different procedure. 
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FIGURE 1 Fluorescence displacement binding isotherm for 
tlic PF,--p-CD complex in aqueous medium at 298 K. 1-10 is 
the difference in the emission intensities of ANS in the pres- 
ence of p-CD 1 mM at different concentrations of the anion (I) 
and in its absence (lo). The concentration of 1-anilino-8-naph- 
thalenesulfonate (ANS) and p-CD are 5 pM and 1 mM respec- 
tively. A,,, = 350 nm. 

An important factor to be considered in stud- 
ies on CD complexation is obviously concerned 
with the relative sizes of the host cavity and the 
guest molecule. In the particular case of the 
PF,--p-CD system, the reported size in aqueous 
medium of the octahedral hexafluorophosphate 
anion ranges between 5.82-6.12 A?2 while the 
internal diameter of the p-CD cavity has been 
reported to be 6.2 8, on average.2 In order to 
better understand the three dimensional struc- 
ture of the 0-CD and hexafluorophosphate com- 
plex, energy minimization using the l'M3z3 
semiempirical molecular orbital method within 
the Spartan 4.1 programz4 was carried out. The 
crystal structure of p-CD25 was used as the 
starting point for energy minimization. Sepa- 
rately, the hexafluorophosphate was constructed 
in an octahedral configuration. The energy 
minimized structures for both p-CD and 
hexafluorophosphate were superimposed using 
the Spartan graphics interface. At first, 
hexafluorophosphate was arranged in the cen- 
ter of the p-CD to give it the choice of either 
primary or secondary hydroxyl hydrogens for 
binding. During energy minimization, the anion 
moved towards the narrow end of p-CD where 
its fluorine atoms formed only weak electro- 
static interactions (2.42 to 2.70 A) with hydro- 
gen atoms at C5 carbons of the sugar moieties 
of the p-CD, resulting in a binding enthalpy of 
-12.45 kcal/mol. It seemed unlikely that 
hexafluorophosphate would interact with hy- 
droxyl groups from the wide rim of p-CD, be- 
cause the anion is too small and the hydroxyl 
groups are too rigid to allow any close interac- 
tion. Therefore, our further investigation fo- 
cused on the interactions between hexafluoro- 
phosphate and the narrow rim of p-CD. 

We assumed that in solution there will be un- 
hindered rotation of the CHzOH groups at the 
C5 carbon atoms; therefore, we modified the ori- 
entation of these methylene hydroxyl groups to 
probe the potential energy surface of the inclu- 
sion complex. Several complexes with signifi 
cantly lower energy were found. By forming one 
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strong hydrogen bond (F-H distance = 1.74 A) 
and four medium-range hydrogen bonds (2.47 
to 2.64 A), the energy of the minimized complex 
dropped to -18.26 kcal/mol (Fig. 2A). The low- 
est energy configuartion resulted with the for- 
mation of three strong hydrogen bonds (1.75 A) 
and two weak hydrogen bonds (2.54 to 2.74 A). 
The resulting complex has a binding enthalpy of 
-23.74 kcal/mol (Fig 2B). The weakest binding 
was observed when all primary hydroxyl 
groups are oriented away from the cavity (A13 = 

-10.94 kcal/mol, not shown). 
A maximum of five primary hydroxyl groups 

can simultaneously rotate inwards far enough 
for an appreciable interaction with the guest, but 
the most significant contribution to the binding 
enthalpy of the inclusion complex comes from 
close-range interactions (less than 2 A, see Fig. 
2). This can only result from a significant shift of 
the guest from the center of the cavity, as shown 
Fig. 28. Due to its octahedral geometry, only the 
hexafluorophosphate ion (compared to perchlo- 
rate or triflate) is able to form three close-contact 
hydrogen bonds, which rationalizes its en- 
hanced binding affinity over the other guests 
considered. For the other two ions, perchlorate 
and triflate, only two close-range hydrogen 
bonds are possible, which makes them less sta- 
ble than the PF,-inclusion complex. 

The large values for complexation energy, as 
compared to experiment, are consistent with our 
recent report using the same computational 
methods for aromatic guest binding with a cy- 
clophane receptor in the gas-phase.26 The ne- 
glect of solvent typically enhances the energy of 
complexation by a factor ranging from three to 
four. 

The thermodynamic values for the complex- 
ation process of a-CD with the three anions un- 
der study are presented in Table 11. In excellent 
agreement with previous  result^,^^-'^ the associ- 
ation constant of the C10,- ion indicates a pref- 
erential binding with a-CD over the other two 
anions which in this case seem to be rather big 
for the receptor’s cavity. 

R 

A 

FIGURE 2 
p-CD complex 5howing (a) the distances H-F in A and (b) the 
Mulliken and Natural atomic charges in e units on the ano- 
menc carbon hydrogens of the p-CD receptor and four of the 
tluoniies of the PF,- anion 

The measured enthalpy and entropy values 
for the a-CD- C104- complex are however very 
different from the previously reported numbers 

Top-wew of the minimized structure,of the PF, 
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OBSERVATION AND INTERPRETATION OF ANOMALOUS INORGANIC ANION BINDING 21 

TABLE I1 Thermodynamic parameters for the complexation of a-CD with the three anions under study in 0.2 M NaCl at 298 K 
~- ~ 

Anion K (M-') AGO (kcal/mol) AHo (kcal/mol) TASo (kcal/mol) 

4 0 k  5 -2.18 t 0.07 -6.08 i- 0.66 -3.91 2 0.66 
38210 -2.15 2 0.14 -1.93 ? 0.53 0.22 2 0.53 
665 5 -2.48 ? 0.04 -3.77 i- 0.24 -1.29 2 0.24 

(AHo = -6.3 kcal/mol and TAS' = -4.0 kcal/ 
mo1).12 In those cases however, the determina- 
tion of the relevant binding constants were al- 
ways carried out using indirect methods. Fur- 
thermore, the enthalpies and entropies of 
complexation were determined from Van't Hoff 
plots in which, as pointed out by D~ugherty?~ 
heat capacity effects are neglected. On the other 
hand, the thermodynamic complexation values 
presented in Table I1 were obtained directly from 
calorimetric data. 

In summary, we have reported the thermody- 
namic values for the complexation by a- and 
p-CD of hexafluorophosphate, perchlorate and 
triflate in aqueous media. The binding constants 
as well as the heats of complexation (in the case 
of calorimetric experiments) of these anions with 
ct and p-cyclodextrin, prove to be large enough 
to merit consideration in complexation studies 
of other species. In particular, the measured 
binding constant of hexafluorophosphate anion 
with p-cyclodextrin resulted to be 10 times 
larger than the previously reported value. Based 
on fluorescence displacement experiments as 
well as semiempirical molecular orbital theory, 
we also showed that the complexation of 
hexafluorophosphate by p-CD takes place by 
partial inclusion of the anion into the hydropho- 
bic cavity of the receptor. 
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