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Abstract

With polymer substrates, the continuous variation method based on monomer unit concentration underestimates
the number of monomer units covered by a low-molecular-weight ligand. Accordingly, gel permeation chroma-
tography confirms that an a-cyclodextrin (a-CD) molecule occupies more than previously claimed two ethylene
glycol units in solid a-CD/poly(ethylene glycol) inclusion complexes. Consequently, the poly(ethylene glycol) chain
cannot be modeled as an array of distinct binding sites corresponding to two monomer units and no preferred
positions, i.e., no distinct binding sites probably exist on the chain for a-CD threading. The effect of such binding
delocalization can be assessed using the theory of binding large ligands to a finite one-dimensional lattice [I.R.
Epstein: Biophys. Chem. 8, 327 (1978)]. Binding delocalization slightly decreases the average occupancy with highly
occupied chains but strongly promotes the occupancy in the case of weak binding. This may be an additional reason
for observed high yields of precipitated CD/polymer complexes.

Introduction

Cyclic oligosaccharides, cyclodextrins (CDs) are well
known for their tendency to form inclusion complexes
with various compounds [1]. Inducing precipitation of
the complex from saturated a-CD solution by addition
of poly(ethylene glycol) [PEG], Harada et al. [2, 3]
demonstrated that compounds forming inclusion com-
plexes with CDs include also linear synthetic polymers.
Later on, complexes of other CDs with various other
polymers were prepared, either in a similar way or using
more sophisticated techniques [4]. Such complexes are
denoted as pseudopolyrotaxanes because several CDs
are threaded on a single polymer chain. Precipitation of
pseudopolyrotaxanes is so prominent that the investi-
gation of solid complexes still dominates the field
although some attention has also been paid to formation
of pseudopolyrotaxanes in solution.

A mechanism is conceivable in which threading of
CDs proceeds, while the polymer chain is being built
into precipitate; alternatively, it may be assumed that
the chain is covered by CD before being incorporated
into precipitate and no additional threading occurs on
chains that entered the precipitate. A stricter require-
ment would be that all chains that ultimately form a
precipitate are fully covered even before the precipita-
tion starts [5, 6]. The differences between these possi-
bilities are relevant only for kinetics of the solid

precipitate formation; at overall equilibrium, fully cov-
ered chains in solution are in equilibrium with precipi-
tate and, of course, equilibrium between all species in
solution (free polymer, free CD and pseudopolyrotax-
anes) is also established. In order to describe such
equilibrium in solution, an adequate model of pseudo-
polyrotaxane formation has to be available that leads to
a binding isotherm.

So far, several approaches to modeling pseudopo-
lyrotaxane formation appeared in the literature. Molec-
ular dynamics studies [7, 8] have revealed the effect of
complexation on conformation of both CDs and in-
cluded polymer chains and provide estimates of binding
energy but do not lead to a binding isotherm. The Flory–
Huggins lattice model has been applied to inclusion of
polymer chains into prefabricated ‘nanotubes’ rather
than to the formation of such ‘nanotubes’ from CD
molecules in the presence of suitable polymer [9].

The last group of models of pseudopolyrotaxane
formation deals with the kinetics of threading onto a
linear chain of binding sites communicating with the
surrounding solution only through terminal binding
sites. The process is described as one-dimensional Fic-
kian diffusion, the relevant set of equations being solved
either numerically [10], or as a random hopping of li-
gands between binding sites simulated by the Monte
Carlo method [11]. Obviously, the equilibrium proper-
ties could be retrieved for very long times. In initial
applications of the models, binding isotherms were
known beforehand because the models were used* Author for correspondence. E-mail: horsky@imc.cas.cz
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describing CD threading onto polymer chains that were
actually divided into distinct binding sites by ionogenic
groups functioning as passable dividers and the coo-
perativity need not to be taken into account.

Weused the hoppingmodel [12] in a general analysis of
threading of asymmetric rings onto linear chains even
though the diffusion model may seem more appropriate
for polymers lacking distinct dividers. However, it is the
hopping model into which the cooperativity of threading
can easily be incorporated and the cooperativity of
threading is considered to be a key reason for the observed
high yields of precipitated CD/polymer complexes. One
of the most important results of the study is that at
equilibrium, a chain of binding sites communicating with
a surrounding medium through terminal sites only is
equivalent to a chain of freely accessible binding sites.

Although our theoretical study was general, we
undertook it with a-CD and PEG in mind. We believed
that modeling of PEG as a chain of distinct binding sites
was justifiable on both theoretical and experimental
grounds. While moving along a polymer chain, the
threaded CD molecule experiences periodically changing
interactions, which means that some positions of CD are
preferred. This makes modeling of a polymer as a chain
of binding sites more acceptable, and a correlation of
spacing of these binding sites with the length of a
monomer unit are to be expected. In this respect, litera-
ture gives credence to our choice because it is widely
claimed that the stoichiometry of a solid a-CD/PEG
complex is one CDmolecule per two monomer units [13].

The stoichiometry was, however, inferred from a
continuous variation plot and this method was demon-
strated recently [14] to provide spurious results for
cooperative or multistep binding. Threading of unmod-
ified CDs onto polymer chains is assumed to be both a
cooperative and multistep process. As the stoichiometry
is essential for applicability of a hopping model to the
complex, we determined the composition of solid a-CD/
PEG complex prepared under various conditions using
GPC separation. Although we obtained a higher PEG/a-
CD ratio we were able to reconcile our results with the
published results of the continuous variation method.
Finally, we analyzed how the theoretical description of
the threading process is affected by the fact that an a-CD
molecule occupies a non-integral number of ethylene
glycol monomeric units. We used the theory of binding
large ligands to a finite one-dimensional lattice intro-
duced by Epstein [15] and followed how binding delo-
calization affect the binding isotherm.

Experimental part

Materials

PEGs were of commercial origin (Fluka, Serva) with
nominal molecular weights 600, 1000, 1500, 2000 which
agreed with molecular weights determined by MALDI-
TOF mass spectrometry with the exception of the

nominal molecular weight 1000 for which about 10%
higher value was obtained.

a-CD was purchased from Aldrich and was used as
received; however, a sample was dried at 40 �C under
reduced pressure and the found water content was taken
into account in preparations of a-CD solutions.

Methods

Preparation

Stock solutions of all PEGs and a-CD were prepared
with purified water (Millipore), mixed in appropriate
ratios, and diluted with water if necessary. After mixing,
the samples were shortly sonicated, left overnight at
room temperature. Samples with precipitate were cen-
trifuged and the supernatant was transferred to another
vessel; inspection after two weeks detected no additional
precipitation in any supernatant. In order to determine
the amount of occluded supernatant, the precipitate was
weighed both immediately after removal of the super-
natant and after drying at 40 �C under reduced pressure.

Analysis

The composition of both precipitate and supernatant
was determined by size exclusion chromatography
(SEC) with water as a solvent. Since the complexation
between PEG and a-CD is reversible, the solid complex
(precipitate) can be redissolved in excess of water [3].
The equipment consisted of a VCR 40 KPLC pump
(Academy Development Works, Prague, Czech Repub-
lic), a Model 7125 injection valve (Rheodyne, Cotati,
CA), a R-401 differential refractometer (Waters, Mil-
ford, MA) and a stainless-steel column with hydrophil-
ized GMB 100 poly(glycidyl methacrylate) packing
(Labio Ltd. Prague, Czech Republic). Under the con-
ditions used, the PEG peaks were well separated from
that of a-CD (see Figure 1). Because the binding
between a-CD and PEG is weak in dilute solutions [16],
the initial concentration of the a-CD/PEG complex is
negligible in all injected solutions containing both PEG
and a-CD and the complex is ultimately decomposed in
the course of GPC separation [17]. Thus, the concen-
trations of PEG and a-CD in precipitate and
supernatant could be determined from the area under
the peak after calibration with component solutions of
known concentrations. The precipitate composition was
corrected for retained supernatant.

Results and discussion

Yield and composition of pseudopolyrotaxanes

The yield of the solid inclusion complex of a-CD and
PEG (pseudopolyrotaxane) at various a-CD concen-
trations and various PEG molecular weights is depicted
in Figure 2. The data for PEGs of various molecular
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weights are almost identical; such an agreement was
achieved only after the scatter of data was decreased by
correcting the yield for retained supernatant. We also
took great care to ensure that the precipitation of
pseudopolyrotaxanes is carried to completion.

The composition of both the precipitated pseudo-
polyrotaxane and supernatant were determined by SEC.
The information on supernatant was used for refining
the data on the precipitate composition, summarized in
Figure 3. The number of monomeric units per CD ring
is higher than 2 in all cases, the average value being 2.53.

It can be argued that this finding does not necessarily
mean that the ligand size is not equal to two monomer
units because certain portions of PEG chains, in par-
ticular the terminal parts, may remained uncovered. The
effect of bare ends should, however, decrease with
molecular weight, as the contribution of the ends
becomes less important. No such effect of molecular
weight was observed. In analogous way, the number of
random vacancies may be expected to decrease with
increasing ligand concentration. Again, no decrease in
the number of monomeric units per CD molecule

was observed. Therefore, it is prudent to consider that
one a-CD molecule covers more than two PEG
monomeric units, especially because we are going to
show in the following section that the continuous vari-
ation method as applied to polymer complexes under-
estimates the number of monomeric units covered by a
ligand.

Application of continuous variation method to polymer
complexes

The continuous variation method was widely used for
determining the stoichiometry of inclusion complexes of
CDs and various polymers. In its standard form, a
physical quantity proportional to the product concen-
tration is measured for a series of solutions in which the
total molar concentration of reactants is kept constant,
while their mole ratio is varied. The product composi-
tion is determined from the ratio at which the measured
quantity attains the maximum. It can be shown that the
amount of precipitated product can be used as a suitable
measured quantity. In principle, there is no restriction
on the product stoichiometry, and the continuous vari-
ation method can be used to determine the number of
ligands bound to a polymer molecule. However, as the
number of bound ligands could be rather high the
maximum is located at the margin of the compositional
span, and therefore difficult to determine. This may be
the reason why with CD/polymer inclusion complexes,
the continuous variation method based on the mono-
meric (repeating) units concentration instead of the
molar polymer concentration has been used.

Such modification, while shifting the maximum
towards the middle of the compositional span, tacitly
assumes that the binding of ligands to polymer mole-
cules can be described as binding of free monomeric
units to a ligand. It has to be shown whether such
assumption is adequate or what approximation it brings
into the continuous variation method.

Let us assume non-cooperative one-step binding of n
ligands to a polymer molecule composed of m mono-
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Figure 1. Overlaid SEC traces of a-CD and PEG samples, showing

good separation of a-CD and PEG peaks.
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Figure 2. The amount of dried precipitate obtained from 1 ml of the

solution initially containing 10 mg of PEG and a-CD at concentrations

given as abscissa . Molecular weights of PEG: 600,�;1000, D; 1500, ,;

2000, h.
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Figure 3. Average number of PEG monomeric units per CD in pre-

cipitated pseudopolyrotaxanes. For symbols, see Figure 2.
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meric units, which can be described by overall binding
constant K

K ¼ ½C�
½P�½L�n ; ð1Þ

where [P], [L], and [C] are molar concentrations of free
polymer, ligand and complex, respectively. Setting
K¢=K/m and [M] = m[P], we get

K0 ¼ ½C�
½M�½L�n : ð2Þ

Assuming thatRmols of precipitate is formed from a unit
volume, we canwrite down themass balances for the total
concentration of a ligand, cL, and of the polymer
expressed as the concentration of monomer units, cM,

cL ¼ ½L� þ n½C]þ nR; ð3Þ

cM ¼ ½M]þm½C� þmR: ð4Þ
The sum of polymer and ligand concentrations, ctot, is
kept constant and the overall composition is expressed
by ‘molar fraction’x ¼ cL=ctot. Generalizing the proce-
dure used by Huang et al. [14] for the case m=n, we
arrive at the relation for the position of maximum pre-
cipitate xmax

xmax

1� xmax
¼ nctot � nðm� 1Þ½C� � nðm� 1ÞR

ctot þ nðm� 1Þ½C� þ nðm� 1ÞR : ð5Þ

For large cT, R>>[C] and R)> ctot/(m+n) and
Equation (5) becomes

xmax

1� xmax
¼ nþ 1

mþ 1
¼

m
s þ 1

mþ 1
; ð6Þ

where s corresponds to the number of monomer units
covered by a ligand. Equation (6) shows that the con-
tinuous variation method based on monomer unit con-
centration underestimates the number of monomer units
covered by a ligand. Thus, for m=11, xmax=0.333
corresponding to s=2.2 rather than 2, the value ob-
tained by standard interpretation of the continuous
variation plot. Equation (6) does not fully explain the
difference between the results of GPC and of the con-
tinuous variation method but shows that the latter re-
sults also confirm that one a-CD molecule covers more
than two PEG monomeric units.

Binding of large ligands to a finite one-dimensional lattice

The above analysis of solid pseudopolyrotaxanes
formed by PEG and a-CD indicates that there are no
preferred locations of CD along a PEG chain, which,
consequently, should be treated as a smooth wire when
deriving the binding isotherm; naturally, a one-dimen-
sional Fickian diffusion model comes to mind. Such a
model would be kinetic in nature but equilibrium
properties could be retrieved at infinite time. The model
would also require disregarding cooperative interactions

but this is acceptable for the initial analysis of the
effect of binding delocalization. The limiting factor,
however, is that in this case the diffusional distance is
comparable with the dimension of diffusant because,
e.g., PEG 1000 can accommodate only about 10 CD
molecules.

Therefore, we use a model for cooperative binding of
large ligands to a finite one-dimensional lattice proposed
by Epstein [15]; large is to be understood as binding of
one ligand to a multiplet of binding sites. McGhee and
von Hippel [18] showed already 30 years ago that such a
multiplet cannot be simply aggregated in ‘binding
supersite’ because in doing so we would disregard many
configurations in which ligands span across ‘supersite’
boundaries. Epstein carried out a combinatorial analysis
of cooperative large-ligand binding to a finite one-
dimensional lattice, which gives an expression for the
probability that there are kN-site ligands on a M-site
lattice with j adjacencies

pðM;N; k; jÞ ¼ PðM;N; k; jÞðKLÞkxj

1þ
Pg

l¼1

Pl�1

i¼s
PðM;N; l; iÞðKLÞlxi

; ð7Þ

where K is a equilibrium constant for binding of a ligand
to an isolated N-plet, L is the free ligand concentration,
x is a cooperativity parameter, and P(M,N,k,j), the
number of distinct ways that k N-site ligands may bind
to an M-site lattice with j adjacencies, is given as

PðM;N;k; jÞ ¼ ðM�Nkþ 1Þ!ðk� 1Þ!
ðM�Nk� kþ jþ 1Þ!ðk� jÞ!j!ðk� j� 1Þ! :

ð8Þ
The index of the outer summation in the denominator of
the right-hand side of Equation (7) is running to g which
is the greatest integer less than or equal to M/N. The
starting value, s, of the inner summation, was given by
Epstein as 0 but, of course, adjacencies cannot be
avoided with almost saturated lattices because there are
simply not enough vacant binding sites in some cases,
and therefore s should read

s ¼ 0 for M�Nl > l� 2

lðNþ 1Þ �M� 1 for M�Nl<l� 1: ð9Þ
The probability that there are exactly k ligands bound to
the lattice, regardless of the number of the ligand adja-
cencies, is simply

pðM;N; kÞ ¼
X

j

pðM;N; k; jÞ ð10Þ

and the average number of ligands per lattice is

�k ¼
X

k

kpðM;N; kÞ ð11Þ
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We are going to use the above relationships to find
the effect of binding delocalization on the binding iso-
therm. Delocalization will be simulated in the scope of
the Epstein model by increasing the number of binding
sites covered by a ligand, while preserving all other
relevant parameters – the binding constant K, the
cooperative parameter x and, most importantly,
the relative length of a lattice in terms of the ligand size
M/n. The results for a chain with the length corre-
sponding to 10 ligands are presented in Figure 4. The
decrease in the size of an elementary step by which the
ligand can move along the chain has the effect which
depends on the occupancy of the chain. At low occu-
pancy, the effect is strongly promoting, whereas for al-
most fully covered chains the average occupancy is
decreased. The latter is understandable because if the
distance between two neighboring ligands is less than
the length of the ligand that portion of the chain is
inaccessible to any other ligand. The probability of such
small gaps increases with the lattice occupation.

Such behavior applies both to uncooperative and
cooperative binding even though the cooperativity goes
against delocalization by restricting free movements of
ligands. Application of the model to cooperative binding
of a ligand corresponding to many binding sites is
somewhat questionable because the model assumes that
the cooperative interaction is switched off as soon as the
ligands are separated even by a single elementary step
which represents a few picometers for CD molecule
corresponding to hundreds binding sites. The qualitative
picture of the delocalization effect given above, however,
is not affected and the binding isotherms for large li-
gands are more gradual (Figures 5 and 6) than those for
fully localized binding (N=1).

The suggested use of polymer/CD inclusion com-
plexation as a force generator in a nanoscale machinery
[19] assumes that the hydrogen bonding between adja-

cent threaded CD rings is the source of cooperativity
and, consequently, the reason for high solid complex
yields; however, an alternative explanation of high yields
was suggested, namely, low solubility of the complex.
The above analysis based on the Epstein model shows
that there could be yet another reason for high yields –
binding delocalization due to which the average occu-
pancy can be strongly increased even if the binding of a
single ligand is very weak. On the other hand, we have
shown that delocalization of binding has an anticoop-
erative effect at high occupancy and the chains fully
covered by CD are those that are supposed to precipi-
tate. Thus, what matters is the concentration of fully
covered chains, i.e., we have to deal not only with the
average degree of binding but also with the degree of
binding distribution. In Figure 7 two distributions,
giving the identical value of an increased average bind-
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Figure 4. The effect of delocalization on the average number of
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ing, are compared and it is seen that the distribution is
much narrower if the increase is achieved by binding
delocalization rather than by cooperativity. In fact, the
fraction of fully covered chains is lower for the delo-
calized binding than for fully localized binding. Thus,
although delocalization of binding strongly increases an
average degree of binding, it does not promote forma-
tion of fully covered chains, and therefore does not
promote their precipitation.

Conclusion

Even though we presented a strong case for a-CD cov-
ering non-integer number of monomeric units in a-CD/
PEG complex, the matter is not settled because it is not
known whether the precipitate of this complex is com-
posed of fully covered chains only. Nevertheless, the
binding delocalization must be taken into account in

analysis of binding isotherms of pseudopolyrotaxanes,
not only for those of a-CD and PEG but, in general,
because non-integer stoichiometry was already reported
for a-CD inclusion complexes with some other poly-
mers. [11]
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