
Interactions between a surfactant and cavitand in water blur distinctions
between host and guest

Laurent Trembleau and Julius Rebek Jr*
The Skaggs Institute For Chemical Biology and Department of Chemistry, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, California 92037, USA. E-mail: jrebek@scripps.edu; Fax: +1
858 784 2876; Tel: +1 858 784 2250

Received (in Columbia, MO, USA) 17th September 2003, Accepted 29th October 2003
First published as an Advance Article on the web 28th November 2003

The complexation of a water-soluble cavitand and sodium
dodecyl sulfate micelles is studied using NMR diffusion ordered
spectroscopy.

Cavitands are open-ended molecular hosts capable of binding
guests with high selectivity and affinity.1–3 For example, water-
soluble cavitand 13 (Fig. 1) binds acetylcholine with an association
constant > 104 M21, but larger ammonium derivatives are rejected.
Moreover, long alkyl chains of surfactants like sodium dodecyl
sulfate (SDS) are also recognized by the cavity with high affinity.4
In that case, the alkyl chain guests adopt a coiled conformation in
order to better fill the hydrophobic cavity and maximize the CH–p
interactions with the aromatic surface of the host. Here, we show
that the roles of host and guest are reversed above the critical
micellar concentration (cmc) of SDS: the cavitand is bound within
micelles of the surfactant.

We examined the 1H NMR of 1 mM solutions of 1 in D2O in the
presence of increasing amounts of SDS (Fig. 2). When one
equivalent (or less) of SDS is present, the cavitand and surfactant
form a kinetically stable complex, and exchange of the SDS in and
out of the cavity is slow on the NMR time scale (Fig. 2d).
Unexpectedly, the rate of the in/out exchange becomes fast on the
NMR time scale when a slight excess of surfactant (ca. 1.3 equiv.)

is present. The upfield signals for the bound guest (between +1 and
25 ppm) disappear as the chemical shifts of free and bound species
are averaged. In the presence of 10 mM of SDS, the NMR signals
of the host appear broad and slightly shifted upfield (Fig. 2c). At
high concentration (20–40 mM), a new set of broad signals appear
in the NMR spectra (Fig. 2b). All the signals are shifted upfield
except the benzylic methine protons at ~ 5.5 ppm. Higher
concentrations of surfactant have no effect on the chemical shifts of
the signals. According to the amphiphilic characteristics of
cavitand 1, we assumed that it could be included in SDS micelles
above the cmc ( ~ 8.3 mM at 20 °C),5,6 as indicated by the
broadness and the shifting of the signals.

To test this hypothesis, we undertook a series of NMR
measurements using diffusion ordered spectroscopy (DOSY).7,8

First, diffusion coefficients were determined for cavitand 1 and
SDS solutions alone. The apparent hydrodynamic radii of the
species were calculated using the Stokes–Einstein equation (Table
1). The diffusion coefficient of 1 shows no changes between 0.2
mM and 4 mM in accordance with the presence of monomeric
species in solution. An equimolar solution of 1 and SDS gives a
similar diffusion coefficient for both components indicating the
formation of a 1 : 1 complex. This is in agreement with the previous
observations by 1H NMR.4 The calculated hydrodynamic radius of
10 Å is consistent with that expected for a roughly spherical
cavitand/surfactant complex.

As anticipated, the diffusion coefficient of SDS decreases with
increasing concentration. Below the cmc (ca. 3.7 mM), SDS is
essentially monomeric and diffuses at the high rate of 4.2 3 1026

cm2 s21. At concentrations above the cmc, monomers and micelles
exist in a dynamic equilibrium.9 Thus, if N is the aggregation
number:

NSDS(aq) Û SDSN(aq) (1)

In a fast exchange regime, the observed diffusion coefficient is
the mole fraction weighted average of the diffusion of the
individual species (eqn. 2).

DSDS(obs) = XSDSDSDS + XMicelleDMicelle (2)

At 40 mM concentration and 30 °C, the diffusion coefficient of
SDS is 1.3 3 1026 cm2 s21 and the micelle’s apparent
hydrodynamic radius is 15.4 Å. At the same concentration of SDS
and at 1 mM of cavitand 1, the diffusion coefficient of 1 also

Fig. 1 Structure of cavitand 1 and electrostatic surface representation of 1
and sodium dodecylsulfate (SDS) 2.

Fig. 2 1H NMR spectra (D2O, 300 K, 600 MHz) of the aromatic and upfield
region of: a) 1 (1 mM) + SDS (40 mM) + acetylcholine (1 mM); b) 1 (1 mM)
+ SDS (40 mM); c) 1 (1 mM) + SDS (1.3 mM); d) 1 (1 mM) + SDS (0.6
mM); e) reference spectrum of 1 (1 mM).

Table 1 Diffusion coefficientsa and hydrodynamic radius of cavitand 1 and
SDS species in D2O solutions

Solutions (C in mM) Viscosityb h (cp) D/1026 cm2 s21 r/Å

Cavitand 1 (0.2) 0.98 2.2 10.2
Cavitand 1 (4) 0.98 2.3 9.8
1/SDS (2/2) 0.98 2.2/2.2 10.2
SDS (3.7) 0.98 4.2 5.3
SDS (10) 0.99 3.4 6.5
SDS (20) 1.03 1.9 11.3
SDS (40) 1.11 1.3 15.4
1/SDS (1/40) 1.11 0.8/1.1 24.8/18.0
a Average (± 10%) of three consistent DOSY experiments at 30 °C and 400
MHz; b Viscosities were determined at 30 °C using an Ostwald visc-
ometer.
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decreases to 0.8 3 1026 cm2 s21. This corresponds to a
hydrodynamic radius of ~ 25 Å, a value in agreement with previous
determinations of SDS micelle radius using X-ray scattering.10 1H
NMR experiments and NMR diffusion data show that the cavitand
is associated with the micelles.

A molecular model of a micelle incorporating one molecule of
cavitand is shown in Fig. 3. The hydrophobic moiety of 1 is
expected to be located in the core of the micelle with the
carboxylate groups on the surface. NMR experiments show that no
surfactant is in the cavitand or that the complex is not kinetically
stable on the NMR time scale. But 1 still binds acetylcholine with
relatively high affinity (Ka ~ 1700 M21) while embedded in the
micelles (Fig. 2a).

In summary, cavitand 1 in water incorporates SDS at low
concentrations, but above the critical micellar concentration the
surfactant incorporates the cavitand. At intermediate concentra-
tions the relationship is undefined. The NMR diffusion experiments

showed that the micelles remain approximately spherical upon
incorporation of 1,6 with an aggregation number close to 60. Given
the relative concentrations, we expect more than two molecules of
cavitand to be included in each micelle. These experiments augur
well for the study of synthetic receptors in membrane-like
environments.
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Fig. 3 Surface representation of a mixed micelle composed of SDS and
cavitand 1 (Hyperchem 7.0, Charmm27 force field).11
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