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ABSTRACT: The formation of soluble reversible coordination polymers with Zn2+ ions in aqueous solution
was studied for two bifunctional ligands, differing in spacer length. Viscosity measurements were used
to follow the formation of polymers as a function of the ratio between metal ions and ligands, the total
ligand concentration, and the temperature. All the experimental findings could be reproduced and
interpreted with a theoretical model that accounts for the formation of chains and rings. At low
concentrations and at a 1:1 metal-to-ligand ratio, a large fraction of the ligand monomers are incorporated
in small rings, with a small contribution to the viscosity. Rings are less important at higher concentrations
or if one of the two components is in excess. The fraction of monomers in chains and rings could be
estimated from 1H NMR measurements, which were in good agreement with the model predictions. With
increasing temperature, the fraction of monomers in rings decreases. As a result, the reduced viscosity
increases with increasing temperature.

I. Introduction

In recent years there has been an enormous progress
in the field of supramolecular chemistry.1,2 One of the
most interesting developments is the design of su-
pramolecular equilibrium polymers. These are linear
chains of small molecules held together by noncovalent,
reversible interactions.3-6 They reproduce many of the
properties of traditional polymers but introduce also
distinctly new features. For example, their molar mass
distribution is not fixed but responds to variable condi-
tions such as the monomer concentration, the temper-
ature, and the presence of external fields, such as shear.
An important class of supramolecular polymers is that
of so-called coordination polymers.7-15 In a coordination
polymer the bonds between monomers are based on
metal-ligand interactions. The associating molecules
each have two ligand groups (L) that can form 1:2
complexes (ML2) with metal ions (M). Addition of metal
ions to a solution of these bifunctional monomers results
in the formation of polymers, as depicted schematically
in Scheme 1. There is an extensive literature about
coordination polymers in the solid state, but the number
of coordination polymers that has been characterized
in solution is surprisingly small. Most soluble coordina-
tion polymers developed so far are based on kinetically
stable metal-ligand interactions in noncoordinating
solvents.7-9 The exchange of ligands in such systems is
extremely slow, so that the link between two monomers
resembles a covalent bond. To design reversible coordi-
nation polymers, kinetically labile metal complexes
must be used in coordinating solvents. Very few revers-
ible coordination polymers have been studied so far.10,11

When a solution of bifunctional ligands is mixed with
metal ions, two types of complexes can be formed as
depicted in Scheme 1: linear chains and rings. In this
paper a theoretical model for the coordination polym-

erization into rings and chains is developed in section
II. In section III the experimental details are described,
and in section IV we present the experimental results
for two water-soluble bifunctional ligands with terden-
date chelating groups. The bifunctional ligands are
based on pyridine-2,6-dicarboxylic acid groups connected
at the 4-position of the pyridine ring by tetra- or
hexaethylene oxide spacers (Scheme 2). These chelating
groups are known to form complexes with several
transition metal ions such that one metal ion is coor-
dinated by two terdendate ligand groups (6-coordina-
tion). Reversible polymers are formed when transition
metal ions are added to a solution of these ligands. In
this study we use Zn2+ as the metal ion because the* Corresponding author: e-mail Tina.Vermonden@wur.nl.

Scheme 1. Schematic Representation of the
Formation of Polymers and Rings

Scheme 2. Schematic Representation of
Water-Soluble Bifunctional Ligands, C4 and C6
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coordination chemistry with the chelating groups is
known and because its complexes are kinetically labile.
Viscosity measurements are used to study the polymer
formation as a function of the ratio between metal ion
and ligand concentration, the total monomer concentra-
tion, and the temperature. An increase in viscosity
indicates an increase in the average molar mass of the
polymers. 1H NMR measurements are used to estimate
the fractions of monomers in chains and rings. The
experimental results are compared to the theoretical
predictions of the model described in section II.

II. Ring-Chain Equilibrium: Model
Calculations

(a) Model. In this section, we present a method to
calculate the molecular weight distributions of chains
and rings based on the model of Jacobson and Stock-
mayer.16 These authors considered the equilibrium
between chains and rings in polycondensation polymers.
Here, the model of Jacobson and Stockmayer is applied
to solutions of coordination polymers. Coordination
polymerization is analogous to polycondensations in-
volving two different monomers that form an alternat-
ing copolymer (case III, “adipic acid-decamethylene
glycol”, in the paper of Jacobson and Stockmayer). In
the present case, one type of monomer is the bifunc-
tional ligand and the other is the metal ion.

Consider a solution of bifunctional ligands L2 (“mono-
mers”) and metal ions M. Every monomer has two
identical ligand groups L bridged by a spacer. The total
molar concentration of monomers is CL2, and the total
concentration of metal ions is CM. We assume that the
ligand groups can form two types of complexes with the
metal ions: a 1:1 complex ML in which a metal ion is
coordinated by one ligand group (and one or more
solvent molecules) and a 1:2 complex ML2 in which a
metal ion is coordinated by two ligand groups. The ML2
complexes are the bonds between two monomers, while
the ML complexes or the free ligand groups L constitute
the chain ends. We assume that all ligand groups react
independently, i.e., the probability that a ligand group
is involved in a certain type of complex does not depend
on the degree of polymerization. The stability constants
of the two types of complexes are defined as

where [L], [M], [ML], and [ML2] are the molar concen-
trations of free ligand groups, free metal ions, and metal
ions coordinated by one and two ligand groups, respec-
tively. For most coordination complexes, K2 is smaller
than K1 because the first ligand group causes some
repulsion for the second ligand group. This is different
for alternating copolymers, for which the two stability
constants are usually the same.

First, we consider the linear (open) chains. Let c(n,m)
be the concentration in moles per liter of chains of n
monomers and m metal ions. Obviously, |n - m| e 1.
Like for other equilibrium polymerizations, the distribu-
tion of chain lengths is exponential, as derived first by
Flory17

Here the factor p is the fraction of ligand groups in
chains that are coordinated to a metal ion, and q is the
fraction of these coordinated ligand groups that is
involved in an ML2 complex. Hence, the probability for
a bond between two monomers (i.e., an ML2 complex)
is equal to pq, and the probability for n - 1 consecutive
bonds is (pq)n-1. The probabilities p and q are deter-
mined by the stability constants K1 and K2 and by the
concentrations of monomers and metal ions. The factor
XC is a normalization constant, and An-m accounts for
the probabilities of the chain ends. The probability for
a ligand group in a chain to be free is (1 - p), and the
probability to form an ML complex is p(1 - q). Hence

The factor 2 for n - m ) 0 takes into account that there
are twice as many configurations for a chain with two
different ends than for a chain with two identical ends.
The total molar concentration of chains consisting of n
monomers is

and the total molar concentration of monomers incor-
porated in linear chains is found as CC ) ∑nnc(n) )
XCCL2. Hence, the proportionality constant XC in eq 3
gives the fraction of monomers in linear chains.

The equilibrium between rings and chains is deter-
mined by the difference in free energy between a chain
and a ring of given length. When a chain is closed to
form a ring, two end segments are removed (i.e., an ML
complex and a free ligand group L react to form an ML2
complex). This results in a negative free energy contri-
bution. On the other hand, the conformational entropy
is reduced upon ring closure, giving a positive free
energy contribution. The equilibrium between rings and
chains is a result of the balance between these two
contributions. Jacobson and Stockmayer calculated the
entropy difference between a chain and a ring, assuming
that the chains and rings may be considered as ideal
Gaussian chains. They derived the following distribution
r(n) for the rings:16

with

where NAv is Avogadro’s number, lk is the length of a
statistical (Kuhn) segment expressed in nanometers,
and v is the number of Kuhn segments per monomer.
The Kuhn length18 lk is a measure for the stiffness of
the monomers, and it depends on the type of spacer
between the two ligand groups. The prefactor B has the
dimension of concentration (moles per liter). From eq 5
we see that rings of many monomers are very unlikely.
The reason for this is that the entropy loss upon ring
closure is larger for long chains than for short ones.
Moreover, rings are unimportant for very long spacers
(v . 1) or for very stiff spacers (large lk).

K1 )
[ML]

[M][L]
(1)

K2 )
[ML2]

[ML][L]
(2)

c(n,m) ) XCCL2
An-m(pq)n-1 (3)

An-m ) {(1 - p)2 (n - m ) 1)
2(1 - p)p(1 - q) (n - m ) 0)
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The Gaussian chain approximation is an adequate
description for chains and rings of many Kuhn segments
(nv . 1), but a serious oversimplification for small
chains and rings. Shimada and Yamakawa used the
wormlike chain model to predict ring-closure prob-
abilities in the tight bending limit.19 They showed that
rings shorter than the Kuhn length (nv < 1) are strongly
suppressed. Therefore, we explicitly forbid rings shorter
than the Kuhn length here (r(n) ) 0 for nv < 1), and
we use eq 5 for nv g 1.

The total molar concentration of monomers in rings
is

and the fraction of monomers in rings is XR ) 1 - XC )
CR/CL2.

The number-average length of the chains can be
calculated as

For the chains the polydispersity index, defined as the
weight-average length divided by the number-average
length, equals 1 + pq, which is approximately 2 if the
average length is large (pq ≈ 1). The number-average
length of the rings is

and the total number-average length is

The length distributions of chains and rings are given
in terms of the probabilities p and q. We will now relate
these probabilities to the stability constants K1 and K2
and the concentrations of monomers and metal ions. The
concentrations of the various species obey the mass
conservation laws for monomers and metal ions:

The factor 2 on the left-hand side of eq 10 is added
because each monomer has two ligand groups. The
factor R accounts for the protonation of the ligand
groups:

where H denotes a proton, and Ka1 ) [HL]/[H][L] and

Ka2 ) [H2L]/[H]2[L] are the first and second protonation
constant, respectively. At high enough pH the protona-
tion of the ligands may be neglected.

The concentrations of free ligand [L], and of the two
types of complexes [ML] and [ML2], can be found from
the chain and ring distributions c(n,m) and r(n) by
counting the number of end segments and bonds:

Substitution of eqs 13-15 in eqs 1, 2, 10, and 11 gives
four equations that can be solved numerically to find p,
q, XC, and [M] for given values of the stability constants
and monomer and metal concentrations.

(b) General Trends. In this section we present some
general trends for the equilibrium between chains and
rings as predicted by the model. In section IV, we
compare the model to the experimental data, using
specific values of the various parameters.

The total concentration of monomers in rings is given
by eq 6. From this equation, we can see that for a given
type of monomers (i.e., given v and lk), there is an upper
limit Ccr to the concentration of monomers in rings. The
maximum value that the probabilities p and q can have
is unity (for high stability constants, at high monomer
concentration and at a 1:1 metal-to-ligand ratio), so that

For v g 1, this gives Ccr ≈ 2.6B.
The concentrations of monomers in chains and rings

as a function of the total concentration are shown in
Figure 1 for two metal/monomer ratios y and with lk )
3 nm, v ) 3, K1 ) 107, and K2 ) 106. We examine the
case that pH . pKa1, pKa2, so that the protonation is
negligible. The concentrations have been divided by Ccr

(which is 5.1 mM for the parameters used). Clearly, at
low concentrations most monomers are incorporated in
rings, while at higher concentrations chains become

CR ) ∑
n

nr(n) ) B ∑
ngv-1

n-3/2(pq)n (6)

〈nC〉 )
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n
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n
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R ) 1 + [HL]/[L] + [H2L]/[L] + ... )

1 + Ka1[H] + Ka2[H]2 + ... (12)

Figure 1. Theoretical: concentrations of monomers in rings
(CR) and chains (CC) (normalized with respect to Ccr) as a
function of monomer concentration for metal-to-monomer
ratios of 1 and 0.8 (as indicated), with lk ) 3 nm, v ) 3, K1 )
107, and K2 ) 106. The dashed lines correspond to infinite
values of K1 and K2 at a 1:1 ratio.
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more important. For y ≡ CM/CL2 equal to unity and low
concentrations, CR ≈ CL2, while at higher concentrations
(CL2 . Ccr) the concentration of rings goes asymptoti-
cally to a plateau, given by CR ≈ Ccr. Hence, 2Ccr can
be regarded as the concentration below which rings
dominate and above which chains dominate (for y ) 1).
For finite values of the stability constants the transition
from the ring-dominated regime to the chain-dominated
regime is rather smooth, but it becomes sharper if the
stability constants become larger. For infinite values of
K1 and K2 at y ) 1 (the dashed lines in Figure 1), Ccr

may be considered as a critical concentration at which
the formation of chains starts. (This is analogous to the
critical micelle concentration in surfactant systems.)
This can also be seen from eqs 13-15: for infinite K1
and K2, and CM ) CL2, both [L] and [ML] are equal to
zero, while [ML2] ) CL2. According to eqs 13 and 14,
this means that either XC ) 0 or p and q are equal to
unity. From eqs 15 and 16, we see that p and q must be
smaller than unity if CL2 < Ccr, while XC must be larger
than zero for CL2 > Ccr. Hence, we have CC ) 0 and CR
) CL2 for concentrations below Ccr, whereas CR ) Ccr

and CC ) CL2 - Ccr for concentrations above Ccr.
If the ratio y between monomers and metal ions is

not equal to unity, rings are less prominent because the
excess component can form extra chain ends. The
maximum concentration of rings for this case is smaller
than Ccr. In Figure 2, we have plotted the plateau value
of the ring concentration CR

max as a function of y for
several values of the stability constants. For an excess
of monomers (y < 1), the maximum ring concentration
is determined by y only. The probability p that a
monomer in a chain is coordinated to a metal ion is at
most y ) CM/CL2 for this case, while q is close to unity
at high concentrations. For example, for y ) 0.8 (shown
in Figure 1), the maximum value of p is 0.8, and we
find from eq 6 that the maximum concentration of
monomers in rings is equal to 1.2B ≈ 0.46Ccr. As we
can see in Figure 2, for an excess of metal ions (y > 1),
the maximum ring concentration depends on the ratio
between the stability constants. The probability p is
close to unity for this case, while q is determined by
the ratio K1/K2. Rings are favored if ML2 complexes are
relatively stable, which is the case if K2 is large
compared to K1.

The number-averaged length of the chains and the
rings is plotted in Figure 3 as a function of the monomer
concentration for several values of y and the same
parameters as in Figure 1. As expected, the chains are
much larger than the rings. With increasing concentra-
tion, both chains and rings become larger. The average
size of the rings remains small and goes to a plateau
value at high monomer concentrations. From eq 7 we

can find the maximum value of the average size of the
rings by setting p and q equal to unity. For monomers
with v g 1 the maximum average ring size is 1.9
monomers (at a 1:1 ratio). For other ratios, the average
size is slightly smaller. The chains, on the other hand,
become much longer. For y ) 1, the average length of
the chains at high concentrations increases with CL2 as

This is similar to other equilibrium polymers.20 It can
be found from eqs 2, 10, and 11, by taking CL2 ≈ [ML2]
. [ML] . [M] and using 〈nc〉 ) 2CL2/([L] + [ML]) (which
is valid if rings can be neglected, i.e., for CL2 . Ccr). For
y * 1 the average length is smaller and goes to a plateau
at high concentrations. Figure 4 shows the plateau of
the average length of the chains and the rings as a
function of y for several ratios K1/K2. Obviously, for y )
1, the average length of the chains does not reach a
plateau but increases with concentration according to
eq 17. For y < 1, the average chain length depends only
on the value of y. Since p can reach a maximum value
of y ) CM/CL2 and q is close to unity, the maximum of
the average length is, according to eq 7,

For y > 1, the average chain length depends on the ratio
between the two stability constants, just like the
maximum ring concentration in Figure 2. The average
length is larger if ML2 complexes are favored; i.e., if K2
is large compared to K1. For a small excess of metal,
the curve in Figure 4 is symmetric around the peak,
and the average length 〈nc〉max is given by CM/(CM -CL2).
It can be seen in Figure 4 that the rings also have a
maximum length for y ) 1, but even at the peak it is
still very small.

Figure 2. Theoretical: plateau of the concentration of
monomers in rings (normalized with respect to B) as a function
of the metal/monomer ratio y for various ratios K1/K2.

Figure 3. Theoretical: number-average length of chains and
rings as a function of the monomer concentration for several
metal/monomer ratios. Same parameters as in Figure 1.

Figure 4. Theoretical: maximum values of the average length
of chains and rings as a function of the metal/monomer ratio
y for several ratios K1/K2.

〈nc〉 ) xK2CL2
(CM ) CL2

. Ccr) (17)

〈nc〉
max )

CL2

CL2
- CM

(CM < CL2
) (18)
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In this section we presented some general results for
coordination polymerization into chains and rings. We
investigated the effect of the metal/monomer ratio and
the total monomer concentration on the equilibrium
between chains and rings and their average lengths. In
section IV, we will compare the model to experimental
data for two water-soluble bifunctional terdentate
ligands.

III. Experimental Section
All commercial chemicals were obtained from Acros or

Aldrich and were used as received. Chelidamic acid was
purchased from Acros. Diethyl 4-hydroxypyridine-2,6-dicar-
boxylate21 and dibromooligoethylene oxide22 (tetra and hexa)
were prepared according to the literature. 1H NMR (200 MHz)
and 13C NMR spectra were recorded on a Bruker AC-E 200
spectrometer. DOSY-NMR (400 MHz) spectra were recorded
and calculated using standard Bruker software on a Bruker
DPX 400 spectrometer at room temperature. Isothermal
titration calorimetry measurements are performed on a Mi-
crocal MCS ITC. Viscosity measurements were performed in
a 100 mM 1,4-piperazinebis(ethanesulfonic acid) buffer (PIPES),
pH 5.4, on a LAUDA processor viscosity system PVS1. The
reduced viscosity is defined as the specific viscosity divided
by the ligand concentration C in grams per liter, ηred ) ηsp/C
) (ηs - η0)/(η0C) with ηs the viscosity of the sample and η0 the
viscosity of the solvent.

Synthesis of 1,11-Bis(2,6-dicarboxypyridin-4yloxy)-
3,6,9-trioxaundecane, C4, and 1,17-Bis(2,6-dicarboxypyr-
idin-4yloxy)-3,6,9,12,15-pentaoxaheptadecane, C6. Di-
ethyl 4-hydroxypyridine-2,6-dicarboxylate (2.99 g, 12.5 mmol),
6.25 mmol of dibromooligoethylene oxide (tetra or hexa), and
4.2 g of K2CO3 were refluxed in 2-butanone for 3 days under
a N2 atmosphere. The reaction can be followed by TLC analysis
using 5% MeOH in CH2Cl2 as eluents. The solvent was
removed, and a 1:1 mixture of ethanol-water was added. This
mixture was stirred overnight at 70 °C. The resulting water-
soluble product was purified by C18 reversed-phase chroma-
tography (40 µm prep. LC) using water as eluent. This
purification step was repeated several times. After this treat-
ment compound C6 was pure. Compound C4 was purified
further using size exclusion chromatography (Sephadex G10,
water as eluent). The products were freeze-dried.

C4: yield 20% (mp > 300 °C). 1H NMR (D2O): δ 3.50 (8H,
m, CH2O), 3.71 (4H, t, CH2O), 4.14 (4H, t, CH2O), 7.33 (4H, s,
aromatic H). 13C NMR (D2O): δ 69.68, 70.73, 71.65, 71.84,
113.64, 156.18, 169.28, 173.83.

C6: yield 18% (mp > 300 °C). 1H NMR (D2O): δ 3.46 (16H,
m, CH2O), 3.71 (4H, t, CH2O), 4.14 (4H, t, CH2O), 7.34 (4H, s,
aromatic H). 13C NMR (D2O): δ 69.88, 71.05, 71.97, 72.09,
72.10, 72.12, 113.88, 156.90, 169.26, 173.81.

IV. Experimental Results and Discussion

Water-soluble bifunctional ligands C4 and C6 (see
Scheme 2), with four and six ethylene oxide units as
spacer, were synthesized in three steps from com-
mercially available chelidamic acid. The acid groups
were first protected as ethyl esters,21 after which the
appropriate dibromooligoethylene oxide spacer22 was
coupled to the aromatic OH group using K2CO3 as a
base. In the last step the ester groups were hydrolyzed,
yielding the final ligands C4 and C6 as potassium salts.

These ligands and their complexes with Zn2+ are
water-soluble over a wide pH range. The complexation
gives an almost undetectable change in the UV spectra
of the ligands upon addition of a Zn2+ solution, but the
stoichiometry of complexation was confirmed by iso-
thermal titration calorimetry (ITC) measurements.
Besides stoichiometry, ITC measurements also give
information about the complexation constants. However,
when the constants are very high (K > 105 M-1), it is

difficult to obtain these values accurately with this
method. On the basis of the ITC measurements, we
conclude that the complexation constants between the
ligands and Zn2+ ions are larger than 105 M-1. Com-
plexation constants reported by Anderegg23 of structur-
ally equivalent 2,6-pyridinedicarboxylic acid and Zn2+

ions confirm our results: K1 ) 106.4 and K2 ) 105.5 for
the 1:1 and 1:2 complexes, respectively. Anderegg
reported also acidity constants for the same ligands: Ka1
) 104.7 and Ka2 ) 106.8. Proton titrations with our
ligands suggest that Ka1 and Ka2 are somewhat larger
than this. We tried measuring the stability constants
K1 and K2 using proton titrations in the presence of
Zn2+, but unfortunately we did not succeed because the
stability constants are too high to measure with this
method. The measurements do suggest, however, that
K1 and K2 for our ligands are also somewhat higher than
reported by Anderegg. Model calculations indicate that
the behavior is rather insensitive to the values of the
stability constants. In fact, the model results are hardly
affected if all K values are made larger by a factor of
100. Therefore, in our calculations we use the values
reported by Anderegg for K1, K2, Ka1, and Ka2. The value
of R with these values is 1.2 at pH 5.4.

To compare the experimental results described in this
section to model calculations, we need realistic values
for lk and v. A molecular model shows that for the ligand
with the shortest spacer C4 at least two monomers are
needed for a ring, while the one with the longest spacer
C6 is just able to form an intramolecular complex (a
ring of one monomer) without strain in the ring. Hence,
we take the Kuhn length equal to the length of the
largest molecule: lk ) 3.3 nm. We furthermore assume
that the Kuhn length is the same for the two monomers.
This is an oversimplification because the relative con-
tribution of the stiff complexed chelidamic acid groups
is larger for C4 than for C6, but here we neglect this.
The length of C6 is about 3.3 nm (i.e., v ) 1), and that
of C4 is about 2.7 nm (i.e., v ) 0.83). With these
parameters we find that the maximum concentration
of monomers in rings Ccr is 19.8 mM for v ) 1 (C6) and
16.2 mM for v ) 0.83 (C4). We note that the estimation
of the various parameters in the model is somewhat
crude, but the choice of the parameters does not change
the results qualitatively.

(a) Molar Ratio Dependence. We measured the
reduced viscosity as a function of the molar ratio Zn2+:
bifunctional ligand for both ligands in buffer. The pH
()5.4) was chosen high enough to favor metal complex-
ation over protonation of the ligands and low enough
to prevent the formation of insoluble zinc hydroxide.
Figure 5a displays the reduced viscosity of ligand C4
as a function of the molar ratio Zn2+:C4 for two
concentrations of C4. In the experiments a concentrated
Zn(ClO4)2 solution (approximately 1.0 M) was titrated
to the ligand solution. After mixing, the viscosity
reached equilibrium immediately. It is well-known that
the reduced viscosity of polymer solutions increases with
the average chain length of the polymers. We observe
an increase in reduced viscosity for increasing molar
ratio until a ratio of 1 is reached. Beyond a ratio of 1, it
decreases again. Excess of either bifunctional ligands
or metal ions will yield extra chain ends. Since for linear
chains the average number of monomers per chain is
inversely proportional to the number of chain ends, the
viscosity decreases again at molar ratios larger than 1.
That this decrease occurs implies that the complexes
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are reversible, so that the chains that are formed
initially break up. For a ligand concentration ap-
proximately twice as high, a 3 times higher reduced
viscosity was found. This indicates that longer polymers
are formed at higher concentrations.

For ligand C6, with a longer spacer a radically
different plot is observed (Figure 5b). For the highest
concentration of 34.5 mM a peak was found at a molar
ratio of 1. The shape of the curve is the same as for C4.
However, the peak is not as high as for a similar
concentration of C4. Surprisingly, for the lower concen-
tration of 17.8 mM a dip in the curve was found at a
molar ratio 1, instead of a peak. At first we were rather
puzzled by this, but it turns out that the model described
in section II can explain these results in terms of ring
formation.

Figure 6 shows the theoretical weight fractions of
monomers in rings XR as a function of the ratio between
the metal and monomer concentration y for both mono-
mers at the concentrations used in the experiments. As
already explained in section II, rings are most important
at low concentrations and at a 1:1 metal:ligand ratio.
We see in Figure 6 that the fraction of rings is slightly
lower for the monomers with a shorter spacer (v ) 0.83)
than for the monomers with the longer spacer (v ) 1).
The reason for this is that the shorter monomer needs

at least two monomers to form a ring. As a result, Ccr is
somewhat smaller for v ) 0.83 (C4) than for v ) 1 (C6).

Because rings have a smaller degree of polymerization
and a more compact conformation than linear chains
(see Figures 3 and 4), the viscosity is lower in the region
where rings are most abundant. In Figure 7 we have
plotted the calculated total average length 〈n〉 as a
function of y for the two monomers and for the concen-
trations used in the experiments. It can be seen that
for the monomers with v ) 1 the average length 〈n〉 has
a dip at the lowest concentration at y ) 1, as has the
viscosity of C6. At this ratio almost all monomers are
in rings as can be seen in Figure 6. Because the rings
are very small, the viscosity has a minimum at y ) 1.
At higher concentrations (CL2 . Ccr) the dip vanishes
because rings are less important then. For the mono-
mers with the shorter spacer (v ) 0.83) the dip does
not occur, just like in the viscosity measurements. At
least two monomers are needed for a ring in this case,
and as a result the amount of rings is smaller.

(b) Concentration Dependence. In section II, we
have seen that the fraction of monomers in rings is a
function of the total concentration of monomers. Ex-
perimentally, the concentrations of monomers in chains
and rings can be measured with 1H NMR spectroscopy
provided rings and chains give rise to different peaks
in the spectrum. Indeed, two sets of signals are obtained
in the 1H NMR spectra of monomer and metal ion at a
1:1 ratio. To assign the peaks correctly to the different
species DOSY NMR (diffusion ordered spectroscopy),24

experiments were performed. Figure 8 shows the DOSY
spectrum for C4 and Zn2+ ions in a 1:1 ratio at 36 mM
in D2O. On the horizontal axis the proton NMR spec-
trum is plotted, and on the vertical axis the logarithm
of the diffusion coefficient (D) corresponding to the
proton peaks is plotted. The peaks on the horizontal axis
(1H NMR spectrum) between 3.5 and 4.7 ppm originate
from the OCH2 groups in the spacer. The singlets
around 7.8 ppm originate from the aromatic protons of
the pyridine ring. The residual solvent peak is very large
and therefore gives a high DOSY signal. The solvent
signal has the highest intensity at log D ) -8.62, which
corresponds to the diffusion coefficient of water at 25
°C of 2.4 × 10-9 m2/s. Two groups of peaks can be seen
in the DOSY spectrum. One group (denoted with an R)
has a maximum intensity at log D ) -8.9 (or D ) 1.2
× 10-9 m2/s). The other (denoted with a C) give signals
over a wide range of diffusion coefficients from about
log D ) -9.5 (D ) 3.1 × 10-10 m2/s) to the measurement
limit of log D ) -10.1 (D ) 7.9 × 10-11 m2/s). It may be
expected that the rings are smaller than the chains (see
Figures 3 and 4), so that they have a larger diffusion
coefficient. Hence, we assume that the peaks with a high

Figure 5. Experimental: reduced viscosity of ligands as a
function of molar ratio Zn(ClO4)2/ligand in 0.1 M PIPES buffer
pH 5.4 at 298 K for (a) ligand C4 (12.7 and 25.6 g/L) and (b)
ligand C6 (13.4 and 26.9 g/L).

Figure 6. Theoretical: weight fraction of monomers in rings
XR as a function of the metal/monomer ratio y and monomer
concentration for monomers with v ) 0.83 and v ) 1 at the
concentrations used in the experiments.

Figure 7. Theoretical: total average length as a function of
y for v ) 0.83 and v ) 1 (corresponding to C6 and C4) matching
the experimentally used concentrations.
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diffusion coefficient (denoted with an R) correspond to
rings, while those with a lower diffusion coefficient
(denoted with a C) correspond to chains. Larger com-
pounds give broader peaks in 1H NMR spectra, which
is another indication that the broad peaks correspond
to protons in chains and the sharp peaks to the smaller
cycles. For the triplet signals of the OCH2 groups it is
hard to see the difference in sharpness of the peaks for
chains and rings, but for the singlet signal at about 7.8
ppm the peak of the chains is much broader than of the
rings. For one of the peaks (4.4-4.5 ppm) the ring and
chain signal overlap. The large range of diffusion
coefficients for the chains can be explained by their
polydispersity. An exponential chain length distribution
is expected (see eqs 3 and 4). Most peaks denoted with
an R also show some signals in the same region of
diffusion coefficients as the peaks denoted with a C. The
explanation for the different diffusion coefficients be-
longing to one peak is that molecules exchange between
cyclic and open structures on the time scale of the
measurement. This exchange was also proven by a
ROESY-NMR (rotating frame nuclear Overhauser en-
hancement spectroscopy) experiment, which showed
cross-peaks due to through bond coupling between R
and C signals. The time scale of both 2D experiments
(DOSY and ROESY) is about 200 ms, which is much
larger than for the 1D proton spectra. The exchange
between rings and chains on the time scale of the 1D
proton spectra can be neglected.

Figure 9 shows the 1H NMR spectra for compound
C4 and Zn2+ ions at a 1:1 ratio in D2O at 298 K at
different concentrations. The spectrum at the lowest
concentration (Figure 9c) resembles the spectrum of the
ligand molecules without metal ions present. However,
the chemical shifts are different, which indicates that
the metal ions are bound to the ligand, as already
expected from the known association constants. The
most notable difference is the number of peaks origi-
nating from the spacer. Without metal ions present the
spacer shows only three signals instead of four because
two of them have the same chemical shift, which is not
the case when metal ions are present.

The spectra at different concentrations show the two
sets of signals denoted with C (chains) and R (rings)
that are assigned on the basis of the DOSY-NMR results
and the sharpness of the peaks. At low concentrations
the ring signals are very high compared to the chain
signals. Upon increasing the concentration the chain
signals become larger.

1H NMR spectra for compound C6 and Zn2+ at a 1:1
ratio also gave two sets of signals that could be ascribed
to rings and chains (not shown). As expected, the peaks
ascribed to chains increase with concentration, but they
are lower than for the C4 system at the same concen-
trations. The relative amounts of rings and chains can
be determined from the integrals of the peaks in the
1D proton spectra, since exchange between rings and
chains can be neglected here. Figure 10 shows the
concentrations of both monomers, C4 and C6, in chains
and rings as a function of the total monomer concentra-
tion. Clearly, at low concentrations most monomers are
incorporated in rings, while at higher concentrations
chains are more important. At higher concentrations,

Figure 8. DOSY-NMR spectrum of a 36 mM of C4 and Zn2+ solution in D2O at 298 K. The signal of HDO is cut off.

Figure 9. 1H NMR spectra of compound C4 with Zn2+ (1:1
ratio) in D2O at 298 K at various concentrations: 36 (a), 13
(b), and 6.5 mM (c). Signals assigned to chains and rings are
denoted with C and R, respectively.
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the concentration of monomers in rings seems to level
off toward a constant value, as predicted by the model
(Figure 1). For C4 the concentration of rings is lower
than for C6 at the same overall concentration. This is
caused by the possibility of C6 to form monomeric rings,
while C4 needs at least two monomers for a ring. In
the same figure the results of the model calculations
are shown for both monomers (the full and dashed
curves). The agreement between the experimental data
and the theoretical curves is very good, especially for
C6 (v ) 1). For C4 (v ) 0.83) the agreement is not as
good as for C6. The model overestimates the amount of
rings. The reason for this may be that we have used
the same value for the Kuhn length for both C4 and
C6. In reality, however, the Kuhn length is probably
somewhat higher for C4 than for C6 because the stiff
ligand groups are relatively more important for the
smaller monomer. We note that, by choosing a larger
value for the Kuhn length (4 nm), we can obtain a very
good agreement between experiment and theory for the
C4 monomers, too.

In Figure 5 we have seen that the reduced viscosity
depends on the concentration of monomers. With in-
creasing concentration the fraction of monomers in rings
decreases, as seen from the NMR measurements. Also,
the average length of the chains and rings increases
with increasing concentration (see Figure 3). Figure 11
shows the reduced viscosity of compounds C4 and C6
as a function of the concentration at a metal-ligand
ratio close to 1 (within 0.5%), at pH 5.4 and 298 K. For
low concentrations the increase in viscosity with in-
creasing concentration is small. At these concentrations
mainly small rings are present, with only a small
influence on the viscosity. For C4 the viscosity starts
to increase more steeply at a concentration of about 11-
13 mM. This is caused by the formation of more (and

larger) linear chains at these concentrations (see Figure
10). For C6 the effect of the concentration is somewhat
different. The slope of the first part of the curve is the
same as for C4, but the increase in viscosity above 11-
13 mM is much smaller. This is probably caused by the
larger amount of rings (mainly monomers) present at
all concentrations in the solution of C6 (see Figure 10).

As already explained, the viscosity of a polymer
solution is determined by the average size of the
molecules. In Figure 12, we have plotted the concentra-
tion dependence of the total average length 〈n〉, calcu-
lated using the model of section II for both ligands at a
metal/monomer ratio equal to unity. The increase in
chain length with concentration is obvious. At low
concentrations, all monomers are in rings, and the
average length is equal to the size of a minimal ring:
one for C6 and two for C4. With increasing concentra-
tion, the average size increases, mainly because the
rings become larger. Above a certain concentration
(≈Ccr), the increase of the average length becomes more
steep because chains start to grow. For v ) 0.83 the
increase in average length is faster than for v ) 1. The
shape of the calculated curves is in qualitative agree-
ment with the viscosity data in Figure 11. For C4 a
change of slope is observed at a concentration of around
12 mM, which can also be seen in the calculated curve
of Figure 12. For C6 the viscosity increases more slowly
with concentration, just like the calculated average
length. We note that the increase of the viscosity with
concentration is caused not only by an increase of the
average length but also by the difference in conforma-
tion of chains and rings. Because the structure of a ring
is more compact than that of a chain, its contribution
to the viscosity is probably smaller than that of a chain
of the same size.

(c) Temperature Dependence. 1H NMR spectra of
6.5 mM of C4 and Zn2+ (1:1) in D2O at different
temperatures reveal a strong temperature dependence
of the ring-chain equilibrium (see Figure 13). With
increasing temperature the ring peaks become smaller
and the chain peaks become larger. Upon cooling, the
initial spectra were found again, which confirms the
reversibility of the system. At higher temperatures there
is some overlap between ring and chain peaks, and
when the temperature exceeds 333 K, the different
peaks are hardly discernible. Because of this overlap,
the values of the integrals of both types of peaks become
less accurate for increasing temperature. Furthermore,
the solvent peak shifts to lower ppm values (from 4.8
to 4.4) due to increasing temperature. It overlaps with
one of the sample peaks at these temperatures, which
makes it difficult to interpret that part of the spectrum.
Nevertheless, we estimated the fraction of monomers

Figure 10. Concentrations of monomers in chains (C4, 9; C6,
b) and rings (C4, 0; C6, O) as a function of the monomer
concentration with Zn2+ (1:1 ratio) in D2O at 298 K, determined
from the integrals of the peaks in 1H NMR spectra. The curves
refer to results of the theoretical model: full curves ν ) 1 and
lk ) 3.3 nm (corresponding to C6); dashed curves ν ) 0.83 and
lk ) 3.3 nm (corresponding to C4).

Figure 11. Reduced viscosity of ligands C4 and C6 as a
function of concentration at a Zn(ClO4)2/ligand ratio of 1 in
0.1 M PIPES buffer pH 5.4 at 298 K.

Figure 12. Theoretical: total average length as a function
of the monomer concentration for a metal/monomer ratio equal
to unity for v ) 0.83 and v ) 1.
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in chains and rings from the integrals of the peaks. The
results are plotted in Figure 14. Although the error bars
are large due to the overlap of the peaks, the increase
of the chain fraction for increasing temperature is
obvious. For C4 at 6.5 mM the chain fraction increases
from about 0.15 at 298 K to about 0.55 at 343 K. For
C6 at 8 mM the fraction of monomers in chains is lower
than for C4 as found earlier in the concentration-
dependent experiments. The chain fraction also in-
creases with temperature, from 0.14 at 298 K to about
0.40 at 343 K.

This temperature effect on the relative amounts of
rings and chains yields a quite unusual temperature-
viscosity dependence. Both compounds C4 and C6 (Zn2+:
ligand ratio ) 1) show an increase in reduced viscosity
upon heating due to ring opening (Figure 15). This effect
is largest for C4. When the temperature is increased
above 340 K, the viscosity decreases again slightly. For
conventional covalent polymers, increasing the temper-
ature results in a higher mobility of the chains and
therefore in a decrease in viscosity. Also, for supramo-
lecular polymers a decrease in viscosity is common upon
heating,25 although a hydrogen-bonded supramolecular
polymer described by Folmer et al. shows a similar
increase in viscosity upon heating due to ring open-
ing.26,27 The novelty of our system is that besides
concentration and temperature also the metal-ligand
ratio can be used to tune the system. To show the large
effect of the metal-ligand ratio, also a curve is shown
in Figure 15 for C4 at a ratio of 1.02. The decrease in

viscosity is very large for only a small change in ratio.
The effect of the temperature on the equilibrium

between chains and rings, observed in the experiments,
is a result of the variation of the stability constants K1
and K2 and the protonation constants Ka1 and Ka2 with
temperature. With increasing temperature the stability
constants become smaller. This results in a decrease of
the fraction of monomers in rings, as shown in Figure
16 for both monomers, at two concentrations and for y
) 1. The ratio between the different stability constants
K1, K2, Ka1, and Ka2 was fixed in these calculations.
(Note that, in reality, the various stability constants
may have a different temperature dependence, so that
the ratio between them may vary with temperature.)
The fraction of rings XR increases with K and reaches a
plateau at high K values. In this region the values of
the stability constants are not very important for the
ring-chain equilibrium. The effect of the stability
constants on the average length is shown in Figure 17.
It can be seen in this figure that for high values of the
stability constants (low temperatures) the average
length reaches a plateau. In this region, the calculations
are not very sensitive to the K values. For small values
of K1, the average length decreases as K1 decreases. At
low monomer concentrations, the average length of the

Figure 13. 1H NMR spectra of a 6.5 mM solution of C4 and
Zn2+ (1:1 ratio) in D2O at various temperatures: 343 (a), 333
(b), 318 (c), 303 K (d). Signals from chains and rings are
denoted with C and R, respectively. The signal of HDO is cut
off.

Figure 14. Fraction of chains of ligands C4, 6.5 mM (b), and
C6, 8.0 mM (2), as a function of temperature in D2O at a
Zn(ClO4)2/ligand ratio of 1, determined from the integrals of
the peaks in 1H NMR spectra.

Figure 15. Reduced viscosity of ligands C4 (37.8 mM) and
C6 (37.6 mM) as a function of temperature at a Zn(ClO4)2/
ligand ratio close to 1 in 0.1 M PIPES buffer, pH 5.4.

Figure 16. Theoretical: fraction of monomers in rings as a
function of K1 for v ) 0.83 and v ) 1 at two concentrations
and y ) 1. K2 ) K1/8, Ka1 ) K1/50, and Ka2 ) K1/2.5.

Figure 17. Theoretical: the average length as a function of
K1 for v ) 0.83 and v ) 1 at two concentrations and y ) 1. K2
) K1/8, Ka1 ) K1/50, and Ka2 ) K1/2.5.
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chains may increase slightly and pass a maximum with
decreasing K1 (or increasing temperature). The reason
for this is that some of the rings open up and form
chains that are somewhat larger. At higher concentra-
tions this effect cannot be observed. The slight increase
in the average length may be the reason for the observed
increase in viscosity with increasing temperature. For
the concentrations used in Figure 15, however, such an
increase could not be observed in the calculations.
Nevertheless, the viscosity may still increase, even
though the average length does not, because the con-
tribution to the viscosity of a ring of certain length is
probably smaller than that of a chain of the same length,
because the structure of a ring is more compact. For a
better interpretation of Figure 15, it is necessary to
know how the stability constants are affected by the
temperature. We have assumed in the calculations that
the ratio between the different stability constants
remains constant, which is not necessarily true.

We note furthermore that a decrease of the pH may
have a similar effect as the temperature: the competi-
tion with protons also results in a decrease of the
amount of rings and may therefore also result in an
increase in viscosity.

In the derivation of the length distribution of rings,
we have assumed that the polymers can be described
as Gaussian chains, which is a reasonable assumption
for long chains. However, since the average length
reaches only a few Kuhn segments (see Figure 7), this
assumption is certainly not valid. Therefore, we expect
that the calculated data are not quantitatively correct
for these small monomers, and we do not try to calculate
viscosities from the theoretical data to make a more
direct comparison. The qualitative agreement between
the experiments and the calculations is very encourag-
ing however. In principle, a more thorough comparison
between the model and experiments should be possible
for monomers with a longer spacer (v . 1), for which
the Gaussian approximation is better.

V. Concluding Remarks
In conclusion, we presented here the first coordination

polymers that are water-soluble at every metal:ligand
ratio. The reversibility of the coordinative bonds is
evident from the dependence of the viscosity and 1H
NMR measurements on the concentration ratio. For
monomers with a spacer that is just long enough to form
an intramolecular complex without strain, rings are
dominant at low concentrations. This causes a minimum
in the viscosity at a 1:1 metal:ligand ratio. The ring
fraction at a 1:1 ratio of metal ions and ligands
decreases with both increasing concentration and in-
creasing temperature and it is lower for monomers with

a shorter spacer. Reversible ring opening at higher
temperatures causes an increase in viscosity, which is
a rare phenomenon.

A model developed by Jacobson and Stockmayer was
used to calculate the molecular weight distributions of
chains and rings. The model is in qualitative agreement
with the experimental results. In principle, a more
direct comparison between theory and experiments
would be possible for monomers with a longer spacer,
for which the Gaussian chain assumption, adopted in
the model, is better.
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