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ABSTRACT: The effect of the addition of chain stoppers to solutions of hydrogen-bonded reversible
supramolecular polymers was studied by vapor pressure osmometry and static and dynamic light scattering. Vapor
pressure osmometry showed that within the range of concentrations studied the average degree of polymerization
is independent of the overall monomer concentration and roughly inversely proportional to the mole fraction of
chain stoppers, in agreement with theoretical predictions. The correlation length as measured by static light scattering
has a maximum at the overlap concentration in solutions without chain stoppers. In the presence of a fixed
fraction of chain stoppers, the results coincide with those without chain stoppers at low and high concentrations,
but there is a plateau in the correlation length at intermediate concentrations. From the data, information about
the association constant and the persistence length of the chains is obtained. The effectiveness of the chain stopper
is discussed, and the results from osmometry and static light scattering are compared. Dynamic light scattering
was used to measure the time autocorrelation function. From the characteristic decay time, the hydrodynamic
correlation length was calculated. For solutions above the overlap concentration, the distribution of decay times
showed a second peak at longer times. It is not yet fully understood what the mechanism behind this slow mode
is.

1. Introduction
Supramolecular polymers are chains of monomers, held

together by noncovalent, reversible interactions such as metal-
ligand complexation or hydrogen bonding.1-6 There is a
dynamic equilibrium between bonded and free monomers, and
the breaking and re-formation of the supramolecular bonds often
occurs on experimental time scales, in which case the term
reVersiblesupramolecular polymers is appropriate. As a con-
sequence of this equilibrium, the (average) length of the
supramolecular polymer chains depends on the monomer
concentration and also on parameters such as temperature and
the choice of solvent. These parameters can thus be used to
adjust the chain length in situ and therewith also the solution
or material properties. For example, the rheological properties
of supramolecular polymer systems can be varied easily and
reversibly over a very wide range compared to classical covalent
polymers.7-9 This may be useful in industrial processes where
high chain lengths and cross-link densities are often required
to obtain the desired material properties, but the resulting high
viscosities hamper processing. The strong concentration depen-
dence of the viscosity may also be useful in other processes,
such as polymerization-induced phase separation.10 Another
potential application is the synthesis of “smart” or self-healing
materials which respond to changes in environmental conditions
such as temperature or pH.11,12

It was shown that the incorporation of two complementary
hydrogen-bonding motifs in a single monomer is a successful
method for the formation of supramolecular polymers. Espe-
cially arrays of multiple hydrogen-bonding sites in apolar
organic solvents display high association constants.13-16 These
bifunctional monomers can associate with each other into linear
supramolecular chains. If the monomers contain more than two
binding groups, branched chains and cross-linked networks can
be formed. During synthesis and purification, one of the essential
tasks is to avoid the presence of monofunctional monomers
(monomers which have only one binding group), which are often

called “chain stoppers”. If a monofunctional monomer binds to
a supramolecular polymer, it adds a nonfunctional or “dead”
end to the chain, and the chain cannot grow furthershence the
term “chain stoppers”. The presence of chain stoppers thus
decreases the average chain length. Even very small amounts
of chain stoppers can have a large effect on solution and material
properties.13,16 However, chain stoppers can also be added
deliberately in order to control the length of the chains and the
properties of the system.17,18 One of the advantages of using
chain stoppers to adjust the chain length is that the average chain
length may be varied independently of other parameters such
as the (overall) monomer concentration and temperature, which
is otherwise impossible for supramolecular polymers. On the
other hand, the chains retain the possibility to break and
recombine, which leads to unique properties, especially in the
dynamics of supramolecular polymer solutions.

In some respects, supramolecular polymers are similar to
wormlike micelles, which are also long, noncovalent aggregates
of small molecules with a concentration- and temperature-
dependent length.19-22 Therefore, many of the theories and
experimental techniques used for wormlike micelles can also
be applied to supramolecular polymers. However, there are also
important differences between the two. For example, the concept
of monofunctional chain stoppers is only applicable to self-
assembling systems based on very specific interactions. The
formation of wormlike micelles is governed by less specific
interactions between the surfactants and the solvent molecules.
Therefore, despite the massive amount of literature on wormlike
micelles, there are not much experimental data on chain stoppers
and their effect on supramolecular polymer solutions.

It was shown previously that the bifunctional monomer 2,4-
bis(2-ethylhexylureido)toluene (EHUT, Figure 1) forms long,
rigid supramolecular chains in apolar organic solvents by the
cooperative formation of four hydrogen bonds per monomer.23

This was studied by IR spectroscopy, small-angle neutron
scattering, light scattering and viscosity measurements,24,25and
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isothermal titration calorimetry.26 The linear rheology of EHUT
solutions was studied by rheometry and dynamic light scattering
of probe particles.27 From the linear density of the chains,
obtained from the neutron scattering data, the effective monomer
length was calculated to be 0.18 nm, which suggests the
presence of two or three monomers per axial repetition unit.
Additional experiments led to the conclusion that EHUT can
form both thin and thick fibers, depending on the experimental
conditions.28

An alkylated derivative of EHUT, 2,4-bis(dibutylureido)-
toluene (DBUT), which could be used as a chain stopper for
EHUT, was designed and synthesized.18 Conveniently, EHUT
and DBUT have the same molar mass (432 g/mol). As can be
seen from Figure 1, DBUT is strictly speaking not a mono-
functional chain stopper, since it may still form two hydrogen
bonds with EHUT with its secondary amine groups. However,
DBUT was shown to be the most effective of a number of chain
stoppers in reducing the viscosity of EHUT solutions and was
therefore selected for further experiments. The cooperativity in
the simultaneous formation of four hydrogen bonds between
two EHUT molecules probably strongly disfavors the formation
of only two with DBUT, which explains the high effectiveness
of DBUT as a chain stopper. The use of chain stoppers as a
tool to tune the chain length was demonstrated previously in a
study on the linear viscoelasticity of EHUT solutions.17 By using
chain stoppers, the effects of chain length and monomer
concentration could be separated, which was previously impos-
sible. It was also shown that experiments with chain stoppers
can be used to obtain more information about the system without
chain stoppers.18

In the present paper, the effect of the addition of chain stopper
DBUT on static and dynamic properties of EHUT solutions is
investigated in more detail. The average degree of polymeri-
zation at high stopper fractions is measured by vapor pressure
osmometry (VPO), which gives new insight into the action of
the chain stoppers. This technique has previously been used to
study supramolecular polymers,29,30 but we are not aware of
any reports in which it is used to study the effect of chain
stoppers on supramolecular polymer solutions. Static light
scattering (SLS) is used to study the dependence of the
correlation length on the amount of stoppers in dilute and
semidilute solutions. Osmometry and SLS both yield information
about the average chain length and the effectiveness of the
stopper, and the results of both techniques are compared. The
hydrodynamic correlation length is measured by dynamic light
scattering (DLS), and the concentration dependences of the static

and hydrodynamic correlation length are compared. Further-
more, a slow relaxation mode is observed in the DLS data of
semidilute solutions. To our knowledge, this is the first time
that a combined light scattering study of this kind was done on
a supramolecular polymer system.

2. Theoretical Background

2.1. Average Chain Length. In supramolecular polymer
solutions, formation and breaking of bonds between monomers
occur simultaneously and continuously:

A chain of N monomers hasN - 1 bonds and 2 free binding
groups at its ends. Consider a solution with monomer concentra-
tion c and number-average degree of polymerization〈N〉. The
average concentration of bonds in this solution is equal to
(c/〈N〉)(〈N〉 - 1), and the average concentration of end groups
is 2c/〈N〉. The association constantK is assumed to be equal
for all monomers, e.g., independent of the degree of polymer-
ization of the chain to which a monomer belongs.K can be
written as

which can be rewritten to give an expression for〈N〉:

where the approximation is justified ifKc . 1.
The formation of a supramolecular polymer by reversible

association of bifunctional monomers is in some respects
analogous to the formation of a covalent polymer by condensa-
tion polymerization. The monomers of a (linear) condensation
polymer are also bifunctional, and bonds between monomers
are reversible, as they can be hydrolyzed by the liberated
condensation product (often water). A theoretical treatment of
condensation polymerization was already given in the 1930s.31,32

The basic assumption is that there is a probabilityp that a
binding group is part of a bond, which is again independent of
the degree of polymerization of the chain to which the bond
belongs. This leads to an exponential chain length distribution
with a number-average degree of polymerization given by

and a degree of polydispersity of 1+ p. The concentration of
bonds in a solution ispc,and the concentration of free binding
groups equals 2c(1 - p). Substituting these relations in the first
equality in eq 1 leads to

where the approximate equality applies forp close to unity.
Substituting this in eq 3 leads to the expression for〈N〉 derived
in eq 2. Thus, using the probabilityp to analyze the association
process is equivalent to describing it in terms ofK andc.

When a bifunctional monomer binds to an existing chain, a
new functional end group is formed. In contrast, when a
monofunctional monomer binds to a chain, the new chain end
cannot bind another monomer and is therefore “dead”. In other
words, monofunctional monomers act as chain stoppers. Note

Figure 1. Bifunctional monomer EHUT (top) and monofunctional
chain stopper DBUT (bottom). Possible hydrogen bonds are represented
by dashed lines.
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that the concept of chain stoppers also applies to condensation
polymerization, where monofunctional monomers also decrease
the average chain length (and therefore increase the number of
chains at a given monomer concentration) by forming nonfunc-
tional chain ends. In a simple approach, the addition of every
n chain stoppers to a solution leads to the formation of one
new chain. When a concentrationk of chain stoppers is added
to a solution, which makes up a fractionx ) k/(c + k) of all
monomers, the concentration of chains is increased byk/n )
cx/n(1 - x). The number-average degree of polymerization in
the presence of a fractionx of chain stoppers is decreased and
is given by

where〈N(0)〉 is the number-average number of monomers per
chain without any chain stoppers as given by eq 2. The
approximation of〈N(x)〉 to n/x is justified for sufficiently high
values of 〈N(0)〉 and x, when the termn(1 - x) in the
denominator can be neglected. This condition applies if the
number of “dead” chain ends is much larger than the number
of functional ones. Then, only the stopper fraction determines
the average length of the chains, independent of monomer
concentration and association constant (which determine〈N(0)〉).

In Figure 2, the effect of the addition of chain stoppers as

calculated with eq 5 is shown. Figure 2a shows that at low values
for x/n the effect of the stoppers is negligible. Only a small
minority of the chains contain chain stoppers; the number of
dead chain ends is small compared to the number of functional
ones and〈N〉 ≈ 〈N(0)〉. When the number of dead chain ends
becomes of the same order of magnitude as the number of
functional ones (x/n of the order of 1/〈N(0)〉), 〈N〉 starts to
decrease significantly. At even higher stopper fractions, the
number of dead chain ends is much larger than the number of
functional ones, and〈N〉 no longer depends on〈N(0)〉 but is
fully determined byx and proportional to 1/x, as indicated by
the line with slope-1 next to the curves. This is the regime
where the approximation in eq 5 is justified. Figure 2b shows
that at low monomer concentrations the average chain length
is not determined by the amount of stoppers.〈N〉 is proportional
to c0.5 as indicated with the solid line with slope 0.5, the same
dependence as without chain stoppers (eq 2). In this concentra-
tion range,〈N(0)〉 is still small compared ton/x, and most chains
do not contain chain stoppers. When the monomer concentration
is increased, the slope starts to level off, and eventually〈N〉
reaches a plateau at a valuen/x, when virtually all chain ends
are occupied by chain stoppers. In this range of concentrations,
the average chain length is again independent of the monomer
concentration and only determined by the stopper fraction.

A critical concentrationc′ beyond which 〈N〉 becomes
independent ofc at a given stopper fractionx/n can be estimated
by calculating the concentration where the plateau valuen/x
and the line 2xKc describing the chain growth without chain
stoppers intersect (represented by the open arrows in Figure
2b):

The same equation can be used to calculate a critical stopper
fraction (x/n)′ for a given monomer concentration (represented
by the open arrows in Figure 2a). From these figures, it can be
seen that in order to be able to varyc and〈N〉 independently in
a controlled way bothc andx have to exceed their critical value,
which are mutually dependent. This criterion can be written as

When this condition is satisfied, the addition of chain stoppers
thus offers the possibility to study the chain length and
concentration dependence of supramolecular polymer solutions
independently, which is otherwise impossible for supramolecular
polymers without changing other parameters like temperature
or solvent.

For a given supramolecular polymer system, equations may
be derived which take into account more details and specific
features of the monomers and chain stoppers. For example, for
supramolecular polymers based on the well-known ureido-
pyrimidinone unit, it is known that the chain stoppers can bind
to both ends of the chain and can also bind to each other to
form stopper dimers. An expression for〈N(x)〉 which takes into
account these elements was derived.13 For sufficiently high
stopper fractions, the result of this expression is equal to that
of eq 5 withn ) 2. For EHUT, it is known that the association
process is cooperative.23 The formation of dimers has a lower
association constant (K2) than the formation of higher oligomers
or polymers (Kn).25,26 However, under conditions where the
number of free monomers is small (〈N(0)〉 . 1), dimer formation
can be neglected. In that case, a single effective association

Figure 2. 〈N〉 calculated with eq 5 withK ) 107 M-1. (a) 〈N〉 as a
function of the normalized stopper fractionx/n for 10-1 ([), 10-2 (]),
10-3 (2), and 10-4 M (4) solutions. The line next to the curves indicates
〈N〉 ∼ 1/x. Open arrows indicate (x/n)′, and solid arrows indicate〈N(0)〉.
(b) 〈N〉 as a function of the concentration of bifunctional monomers at
normalized stopper fractionsx/n of 0.003 ([), 0.01 (]), 0.03 (2), and
0.1 (4). The line next to the curves indicates〈N〉 ∼ c0.5. Open arrows
indicatec′, and solid arrows indicaten/x.

〈N(x)〉 )
n〈N(0)〉

n(1 - x) + x〈N(0)〉
≈ n/x (5)

2xKc′ ) n
x

w c′ ) 1
4K(nx)2

(6)

(xxc)′ . n

2xK
(7)

Macromolecules, Vol. 39, No. 7, 2006 Chain Stoppers in Reversible Supramolecular Polymers2645

CDV



constantK ) Kn
2/K2 describes the association accurately, and

this K can be used for further calculations. In conclusion, for a
specific system expressions for〈N(x)〉 may be derived which
take into account more details than eq 5. Nevertheless, eq 5 is
a very general equation describing the effect of adding chain
stoppers to a supramolecular polymer solution which is useful
under the appropriate conditions.

2.2. Static Light Scattering. With static light scattering
(SLS), the time-averaged scattered intensity is measured at a
number of scattering angles, corresponding to different mag-
nitudes of the scattering vectorq, given by (4πn0/λ) sin(θ/2),
whereλ is the wavelength of the incident light,n0 is the solvent
refractive index, andθ is the scattering angle. From theq
dependence of the intensity, information about the characteristic
length scales in the sample can be derived. The segment density
correlation length in the solution can be found using the
Ornstein-Zernike equation for the structure factor:33

In dilute solutions, the polymer chains do not interact, and the
correlation length gives information about the (average) size
of the individual molecules. Theq dependence of the scattered
intensity is given by

where 〈Rg
2〉z denotes thez-average of the squared radius of

gyration. Thus, for dilute solutions the segment density cor-

relation lengthê from eq 8 can be identified asx〈Rg
2〉z/3.

For a mixture of rigid supramolecular rods with an expo-
nential chain length distribution it can be derived that〈Rg

2〉z )
〈L〉w

2/4, where〈L〉w denotes the weight-average length of the
rods.34 If the association constant is high (p ≈ 1), the
polydispersity indexMw/Mn ) 2 (see section 2.1). For rods,
the contour length is proportional to the molecular weight (or
the degree of polymerization), so the ratio of 2 also holds for
the contour lengths:〈L〉w ) 2〈L〉, with 〈L〉 the number-average
contour length. Thus, it follows that in dilute solutions of
supramolecular rodsê can be identified as〈L〉/x3. If the
effective monomer length (the chain length per monomer,
denoted aslm) is known, the degree of polymerization〈N〉 can
be calculated from the relation〈L〉 ) lm〈N〉.

For a flexible chain in aΘ solvent, the radius of gyration of
a chain scales with the degree of polymerization asRg ∼ 〈N〉0.5,
whereas in a good solvent the exponent is 0.6.35 For a rodlike
chain, Rg ∼ 〈N〉, independent of solvent quality. For supra-
molecular polymers,〈N〉 ∼ c0.5 (eq 2). In dilute solutions, it is
therefore predicted thatê increases withc according to a power
law with an exponent between 0.25 (ideal flexible chains) and
0.5 (rodlike chains). If the solution is more concentrated and
chains start to overlap (beyond the overlap concentrationc*),
the polymers form a transient network and the correlation length
no longer contains information about the size of the individual
chains, but it reflects the mesh sizeêm of the network. The mesh
size decreases with increasing polymer concentration, and it only
depends on the total volume fraction of polymer in the system
and not on〈N〉. For flexible chains in the semidilute concentra-
tion regime, scaling theory predictsê ∼ c-0.75.35 At even higher
concentrations (marginal regime) and in solutions of less flexible
chains, where excluded-volume interactions are weaker, an
exponent-0.5 is predicted.

Summarizing, theory predicts for supramolecular polymer
solutions thatê increases withc at low concentrations due to
the increasing degree of polymerization, passes a maximum at
c*, and decreases again in the semidilute and more concentrated
regimes due to the decreasing mesh size. The scaling exponents
contain information about the flexibility of the chains, solvent
quality, and concentration regime.

2.2.1. Crossover Region.A crossover between a length scale
ê0 in dilute solution andêm in the semidilute regime can
generally be described by an expression of the formê-ν ) ê0

-ν

+ êm
-ν. An equation of this form was previously derived in

calculations of the depletion layer thickness in monodisperse
solutions of covalent flexible polymers in a mean-field ap-
proach.36 In this case, the dilute length scaleê0 equals the radius
of gyration of the polymers. Later, a very similar expression
was derived in self-consistent-field calculations for flexible
supramolecular polymers in a mean-field approximation.37 In
this analysis, polydispersity was taken into account, andê0 was
found to be equal to the radius of gyration of a chain of number-
average length〈N〉. The value of the exponentν determines the
width of the crossover region. In both cases, the exponentν
was found to be 2, but for other systems different values ofν
may apply. As mentioned above, the length scale as measured
by SLS for rigid rods with an exponential chain length
distribution below the overlap concentration is〈L〉/x3, and
this may be substituted forê0, leading to the following
expression forê:

2.3. Dynamic Light Scattering. Dynamic light scattering
(DLS) measures temporal fluctuations of the scattered intensity
arising from motion of the scatterers.33 From the scattered
intensity as a function of time, the intensity correlation function
g(2)(τ) is calculated for a number of time intervalsτ:

The intensity correlation function is related to the normalized
field correlation functiong(1)(τ) by the Siegert equation33

whereA is a constant of order unity depending on the geometry
of the experimental setup.

De Gennes developed a scaling theory for semidilute polymer
solutions using a transient gel model.35 According to this theory,
g(1)(τ) is an exponentially decreasing function with a single
decay rate constantΓ, which is determined by the scattering
vectorq and the so-called gel diffusion coefficientDg, according
to

Dg is given by

whereMg is the gel modulus (the elastic or Young’s modulus
of the transient gel),Mo the osmotic modulus, defined asc(dΠ/
dc), andDc the collective diffusion coefficient, which is in turn

I(q) ∼ 1

1 + q2ê2
(8)

I(q) ∼ 1

1 + 1
3
q2〈Rg

2〉z

(9)

1

êν
) 3ν/2

〈L〉ν
+ 1

êm
ν

(10)

g(2)(τ) )
〈I(t)I(t + τ)〉

〈I(t)〉2
(11)

g(2)(τ) ) 1 + A[g(1)(τ)]2 (12)

g(1)(τ) ) e-Γτ ) e-q2Dgτ (13)

Dg ) Dc

Mg + Mo

Mo
(14)

2646 Knoben et al. Macromolecules, Vol. 39, No. 7, 2006

CDV



related to the hydrodynamic correlation lengthêH by the
Stokes-Einstein equation33

whereη0 is the solvent viscosity. For polymers in a good solvent,
Mo . Mg andDc is effectively equal toDg. Experimentally, a
distribution of decay rate constantsΓ is generally measured,
each with its own weightw, sog(1)(τ) is given by

Mostly, the value ofΓ at the peak of the distribution is taken
as “the” decay rate constant and used for further calculations.

In dilute solutions, when the polymers do not interact, the
collective diffusion coefficient reflects the motion of a single
chain, andêH corresponds to the (average) hydrodynamic radius
of the polymer. In the semidilute and more concentrated regimes,
the hydrodynamic correlation length corresponds to the hydro-
dynamic mesh size of the transient network, the average distance
between entanglement points. With SLS, the average mesh size
of the transient polymer network is measured, whereas DLS
measures the average diffusion coefficient of the meshes. From
this diffusion coefficient and the viscosity of the solvent, the
size of the mesh can be calculated with eq 15. The hydro-
dynamic correlation lengthêH measured by DLS is thus not
equal to the static correlation lengthê, but it is of the same
order of magnitude and it scales in the same way with
concentration.

In addition to the decay rate constant associated with the
collective diffusion coefficient, a second, slower decay time is
often present in viscoelastic polymer solutions in the semidilute
concentration regime. The two modes will from now on be
denoted as the fast and the slow mode, respectively. A slow
relaxation mode can be found in many different systems, and it
can have several physical origins.38,39 To determine which
mechanism is relevant for a given system, it is useful to
investigate theq dependence of the slow mode. For example,
if the slow mode is caused by diffusion of large aggregates or
domains, this would lead to a decay rate constant proportional
to q2, as for any diffusive mode (eq 13). Alternatively, it was
proposed that concentration fluctuations in the polymer network
are coupled to viscoelastic stress,40-42 and this would lead to a
slow mode with aq-independent decay rate.

3. Experimental Section

3.1. Materials.Cyclohexane (>99%) was obtained from Aldrich
and used as received, unless stated otherwise. The syntheses of the
self-associating monomer (EHUT)23 and monofunctional chain
stopper (DBUT)18 are described elsewhere. The molar mass of both
EHUT and DBUT is 432 g/mol. Solutions in cyclohexane were
prepared by stirring at a slightly elevated temperature.

3.2. Osmometry.A Knauer vapor pressure osmometer was used
to measure the osmotic pressure of solutions ranging in EHUT
concentration from 4 to 17 g/L and in stopper fraction from 0.3 to
1 in cyclohexane at 30°C. Solutions of naphthalene in cyclohexane
were used as a calibration reference. The measured signal of EHUT
solutions was converted to the number concentration of chains by
comparison with this reference. No extrapolation to zero concentra-
tion was performed, and thus ideality (second virial coefficientB2

) 0) was assumed. It was checked that this assumption was valid
(see section 4.1). Note that extrapolating to zero concentration, a
widely used procedure in polymer science, is generally useless for
supramolecular polymers because of the concentration dependence
of the average chain length.

3.3. Light Scattering. For light scattering measurements,
cyclohexane (refractive indexn0 ) 1.426) was filtered through a
Teflon filter (pore size 0.45µm) before preparing solutions.
Measurements were done at room temperature using an argon ion
laser with a wavelength of 514.5 nm. A pinhole detector was used
with size 600µm for SLS and 200µm for DLS experiments.
Solutions in cyclohexane were prepared with EHUT concentrations
between 0.02 and 5 g/L and stopper fractions of 0 and 0.015.

Static Light Scattering.The scattered intensity of samples (Isample)
was measured at 5° intervals at scattering angles between 25° and
90° (corresponding to values ofq between 7.5× 106 and 2.5×
107 m-1). The scattered intensity of the pure solvent (Isolvent) was
also measured. The reduced scattered intensity, denoted asi(q),
was used for further calculations:

By using i(q) instead of the absolute scattered intensity, both
scattering from the solvent and the angular dependence of the
scattering volume are taken into account and corrected for. From
linear fits to plots of 1/i(q) as a function ofq2, ê was calculated
with eq 8.

Dynamic Light Scattering.The scattered intensity was measured
at scattering angles of 60°, 90°, and 120°. To obtain correlation
functions of sufficient quality, measuring times of 15 min per angle
were used. The spectrum of decay rate constants was calculated
from the correlation function using the CONTIN algorithm.43

4. Results and Discussion

Vapor pressure osmometry (section 4.1) can be used to obtain
information about supramolecular polymer solutions within a
certain range of monomer concentrations and stopper fractions,
since it requires a minimum concentration of chains in order to
have a measurable osmotic pressure. In practice, the method is
therefore limited to high stopper fractions. Light scattering
provides complementary information, since it requires a mini-
mum concentration of objects with a certain minimum size. It
can therefore be used to study conditions in which the chains
are long (high concentrations, low stopper fractions). Thus, by
using both techniques, a large range of monomer concentrations
and stopper fractions can be covered. Static light scattering
(section 4.2) provides information about the static correlation
length in solutions. In section 4.3, the effectiveness of the chain
stopper is discussed and the results from both techniques are
compared. Dynamic light scattering experiments are described
in section 4.4.

4.1. Vapor Pressure Osmometry.Osmometry experiments
were limited to relatively high stopper fractions due to the
detection limit of the apparatus (J1 mM). Figure 3 shows the
reciprocal normalized osmotic pressure (RTc/Π) of EHUT
solutions with constant stopper fraction (x ) 0.30) at various
monomer concentrations. Assuming ideality (see below), this
quantity equals〈N〉. If there would be no chain stoppers present,
〈N〉 should increase by approximately a factor 2 within the
concentration range used (assuming〈N〉 ∼ c0.5). The plot shows
that 〈N〉 is constant within the experimental error. Therefore,
we are in the regime where〈N〉 is independent ofc and only
determined byx, and the approximation in eq 5 can be applied.
The constancy of〈N〉 also shows that nonideality of the solution
can be neglected (if present, it is small compared to the
experimental error) and that our method for determining the
number concentration of chains from the osmotic pressure
without extrapolating to zero concentration is valid. For a series
of solutions with a constant EHUT concentration of 4.4 g/L
varying in stopper fraction from 0.3 to 0.7, the osmotic pressure
was also measured and converted to〈N〉. The results are shown

Dc )
kBT

6πη0êH
(15)

g(1)(τ) ) ∫0

∞
w(Γ)e-Γτ dΓ (16)

i(q) )
Isample(q) - Isolvent(q)

Isolvent(q)
(17)
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by the solid symbols in Figure 4. The decrease of〈N〉 with
increasingx is described reasonably well by a power law with
a slope of-1, indicated by the line which corresponds to〈N〉
) 4/x. Note that this is not a power law fit to the data; the line
only serves to show that the data are broadly consistent with a
power law with exponent-1. The approximate inverse pro-
portionality with the stopper fraction shows that the conditions
for applying the approximation in eq 5 are met. The propor-
tionality constant indicates that on average approximately 4
stoppers have to be added to the solution to create one new
chain (n ) 4 in eq 5). This value forn means that DBUT is not
a very efficient chain stopper. This is discussed in more detail
in section 4.3.

The osmotic pressure of two solutions of only chain stoppers
([DBUT] ) 1 and 2 g/L,x ) 1) was also measured, and the
osmotic pressure of both solutions was lower than expected on
the basis of their concentrations, approximately by a factor 2
(the open symbol in Figure 4). This strongly suggests that DBUT
is capable of forming dimers or small oligomers, leading to a
decreased osmotic pressure compared to a purely monomeric
solution. In DBUT, two of the hydrogen bond donating NH
groups which are present in EHUT are alkylated (see Figure
1). However, the two remaining secondary amines in DBUT
may still form hydrogen bonds with the carbonyl oxygens of
other DBUT molecules. Recently, isothermal titration calorim-

etry experiments confirmed that DBUT is indeed capable of
self-association.44

4.2. Static Light Scattering. Results of the static light
scattering experiments are shown in Figure 5. From a linear fit
to the experimental data, the correlation length was calculated
using eq 8. The linearity of the plots confirms that eq 8 applies
to our system for all concentrations used, both below and above
the overlap concentration. Figure 6 shows the correlation length
ê for solutions of EHUT in cyclohexane both with and without
chain stoppers.

4.2.1. Solutions with Chain Stoppers.At low concentrations,
the correlation length is found to increase with increasing
monomer concentration. Since in dilute solutionsê reflects the
size of the individual chains, the increase can be attributed to
the growth of the chains. As mentioned in section 2.2,ê can be
identified as〈L〉/x3. The data can be described reasonably
well with the power lawê ) 600c0.5 (see Figure 6), wherec is
given in g/L andê in nm. The exponent 0.5 indicates the
presence of rodlike chains (see section 2.2). The proportionality
constant 600 contains information about the association constant.
Using an effective monomer lengthlm of 0.18 nm,24 〈N〉 can be

Figure 3. 〈N〉 as a function of EHUT concentration at a constant
stopper fraction (x ) 0.30). The horizontal line at〈N〉 ) 16.6 indicates
the average value for the measured solutions.

Figure 4. Number-average degree of polymerization〈N〉 as a function
of stopper fractionx for EHUT solutions of 4.4 g/L in cyclohexane
([). The line corresponds to〈N〉 ) 4/x. The open symbol shows〈N〉
for a solution with only chain stoppers (x ) 1).

Figure 5. Reciprocal reduced scattered intensity as a function ofq2

for EHUT solutions of various concentrations, all withx ) 0.015. The
lines are linear fits to the data.

Figure 6. Static correlation length in EHUT solutions in cyclohexane
without chain stoppers (]) and with a stopper fractionx ) 0.015 ([).
Arrows indicate the overlap concentrations with and without chain
stoppers (c*(x) andc*(0), respectively) and the critical concentration
c′(x). The dashed lines below and abovec*(0) indicate ê ) 600c0.5

and ê ) 120c-0.5, respectively. The solid lines represent a fit of the
experimental data to eq 10 withν ) 2 andν ) 1.25, respectively. The
dotted line indicates the plateau at 120 nm.
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calculated fromê, and the relation becomes〈N〉 ) 5.8× 103c0.5,
again with c in g/L. According to eq 2, the proportionality
constant is now equal to 2xK, andK can be calculated to be 8
× 106 L/g or 4 × 109 M-1, using the molar mass of EHUT.
Values for the association constant of EHUT in toluene and
chloroform were measured previously by isothermal titration
calorimetry, whereK was found to be 2× 106 M-1 in toluene
at 40°C and 1× 105 M-1 in chloroform at room temperature.26

The present results are in line with these findings, since both
an increase in temperature and in solvent polarity will result in
a decrease of the association constant. A number of assumptions
and estimations have been made in the foregoing derivation,
so the value ofK is not very accurate. However, the analysis
yields the order of magnitude of the association constant of
EHUT in cyclohexane at room temperature. The association
constant can also be estimated from the overlap concentration
c*, which was determined from viscosity measurements to be
approximately 0.1 g/L without chain stoppers.27 It is assumed
that the chains are rigid rods with an average contour length
〈L〉 ) lm〈N〉, where〈N〉 is given by eq 2, and that the chains
occupy a volume equal to a sphere with a diameter equal to the
rod contour length. As an estimate for the overlap concentration,
the concentration at which these spheres fill the total volume
of the system can be used. Ifc* is known,K can be calculated:

with Nav Avogadro’s number. Using this expression and an
overlap concentration of 0.1 g/L,K is calculated to be 6× 106

L/g (3 × 109 M-1), in good agreement with the present result
from light scattering. This agreement confirms that the chains
can be considered rodlike, at least up to their (average) length
at the overlap concentration.

From concentrations above 0.06 g/L, deviations from the
power law behavior are observed. This may be caused by the
fact that the chains reach a length where they become longer
than their persistence length and are no longer rigid rods. We
may therefore estimate a lower limit for the persistence length
of EHUT chains in cyclohexane from the onset of deviation
from rodlike scaling. This occurs at a correlation length of
approximately 150 nm, corresponding to a contour length of
250 nm (again usingê ) 〈L〉/x3). The latter value is a lower
limit for the persistence length, since the deviation from the
theoretical concentration dependence for dilute rods can also
be caused by the crossover to the semidilute regime, in which
case the chains can still be rigid at longer length scales. The
correlation length reaches a maximum at approximately 0.2 g/L,
which can be identified as the overlap concentration without
chain stoppers. This is indicated asc*(0) in Figure 6 and can
be calculated more precisely from the intersection of the linear
extrapolations below and above the overlap concentration, which
indeed occurs at 0.2 g/L. This result is in reasonable agreement
with the value of 0.1 g/L from viscosimetry, especially since
relatively few data points were measured close toc* in the
viscosity measurements.27 When the concentration is increased
further, the correlation length decreases, reflecting the decreasing
mesh size in the polymer network. The concentration depen-
dence ofê is again consistent with a power law, this time with
exponent-0.5 (see Figure 6). This scaling exponent was also
found previously for the same system.27 This exponent is
expected for chains for which the persistence length is equal to
or longer than the mesh size, so the chains are rigid rods on the
length scaleêm. This power law scaling is a good description

for concentrations higher than approximately 0.8 g/L, whereê
≈ 150 nm, which again leads to a lower limit for the persistence
length of approximately 250 nm.

The correlation length is consistent with power laws at
concentrations far below and abovec*. Equation 10 can be used
to describe the crossover between these regimes. With the
scaling relations for rigid rods (〈L〉 ∼ c0.5 andêm ∼ c-0.5) and
the exponentν ) 2 (which was found in theoretical work for
other systems36,37), the equation fits the experimental data far
away from c*(0), but at concentrations aroundc*(0), the
experimentalê is systematically lower than the calculated value
(see Figure 6). This may be explained by the possibility
mentioned above that the chains may be semiflexible around
c*, while they are rodlike at lower concentrations and rigid at
the length scale of the mesh size at higher concentrations. This
would affect the shape of the curve aroundc*, but it is not
taken into account in eq 10, in which the scaling exponents for
rodlike chains are used for the whole concentration range. As
an alternative explanation, the exponentν ) 2 was derived for
flexible chains in a mean-field approximation, whereas EHUT
chains are certainly not fully flexible. It is possible that for
semiflexible chains a different value ofν applies. Therefore,ν
was used as a fitting parameter, and the best results were
obtained withν ) 1.25, in which case the data are described
well over the whole concentration range measured (see Figure
6). A lower value ofν corresponds to a wider crossover region.
It is reasonable that the crossover is less sharp for polydisperse
rigid chains compared to flexible ones. When the longest chains
in a polydisperse solution start to overlap, the short ones are
still in the dilute regime. The difference in size between long
and short chains is larger for rods (〈Rg〉 ∼ 〈N〉) than for coils
(〈Rg〉 ∼ 〈N〉0.5), which could explain the wider crossover region.
Furthermore, excluded-volume interactions are stronger for coils
than for rods, which may also lead to a more gradual crossover
between dilute and semidilute regime for rods. It is therefore
reasonable that the value ofν obtained from the present
experiments is lower than 2.

4.2.2. Solutions with Chain Stoppers.In these experiments,
the stopper fractionx was kept constant at a value of 0.015,
while the EHUT concentration varied between 0.02 and 5 g/L.
At the lowest concentrations measured, the correlation lengths
of the solutions with and without chain stoppers are ap-
proximately equal. The chain stoppers have a negligible effect
on 〈N〉, which means that the number of functional chain ends
is much larger than the number of dead ones. In other words,
the chains are short and their number is so high that most of
them are not terminated by chain stoppers.

Since the chain length increases with the square root of the
monomer concentration, the number of chains also scales as
c0.5. The concentration of chain stoppers increases linearly with
the total monomer concentration, so the number of chain
stoppers increases relative to the number of chain ends if the
overall EHUT concentration is increased at constantx. As a
result, more chain ends will be formed by chain stoppers and
the chain length is significantly decreased. At concentrations
above approximately 0.04 g/L, the chain length becomes
independent ofc, leading to a plateau inê at approximately
120 nm (see Figure 6), similar to the plateaus in the theoretical
Figure 2b. The fact thatê is determined byx indicates that the
number of dead chain ends is much larger than the number of
functional ones, according to eq 5. The onset of the plateau at
c ) 0.04 g/L forx ) 0.015 corresponds to the critical condition
of eq 7. By substituting these values forc andx and assuming
K ) 8 × 106 L/g (see section 4.2.1), the value ofn can be

K ) 3

2πNavlm
3(c*) 2

(18)
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calculated to be 17. The plateau region of the curve will be
discussed in more detail below. Since the chains are shorter at
a given monomer concentration in the presence of chain
stoppers, the number of chains is higher (it is proportional to
〈N〉-1). If we again assume that a chain occupies a volume equal
to a sphere with a diameter equal to its contour length, the
volume occupied by a single chain scales as〈N〉3. By combining
these two scaling relations, it can be easily seen that the total
volume occupied by the chains scales as〈N〉2; thus, chains with
chain stoppers occupy less volume than chains without chain
stoppers at a given monomer concentration. As a result, more
chains (a higher monomer concentration) are needed to fill the
whole volume with chains, and the overlap concentration in the
presence of chain stoppers is increased. The correlation length
above the overlap concentration is independent of chain length,
so solutions with and without chain stoppers should give the
same value forê. The overlap concentrationc*(x) at a given
stopper fraction can therefore be obtained by calculating the
concentration at which the plateau level ofê (120 nm forx )
0.015) in the dilute regime and the semidilute correlation length
êm (120c-0.5) intersect (see Figure 6). From this, it follows that
the overlap concentration at a stopper fraction of 0.015 equals
1 g/L. Figure 6 shows that indeed at higher concentrations than
this the correlation lengths with and without stoppers are equal.
The value of 1 g/L may thus be considered a reasonable estimate
for c* (x ) 0.015).

Using the present results, the overlap concentration at other
stopper fractions can be estimated. The plateau inê is a result
of the fact that〈N〉 becomes independent ofc and is proportional
to 1/x (see Figure 2b). Under these conditions, we can write
for dilute rodlike chainsêplateau) B/x (using thatê ∼ 〈L〉 ∼ 〈N〉
∼ 1/x). The proportionality constantB can be calculated by
substituting the present data (x ) 0.015, êplateau ) 120 nm),
leading to B ) 1.8 nm. As explained above, the overlap
concentration can be found by calculating the intersection of
the plateau with the semidilute correlation length. Above the
overlap concentration, the correlation length is independent of
〈N〉, and therefore also of stopper fraction, and was found to be
equal to 120c-0.5 nm (if c is expressed in g/L). Equating this to
1.8/x leads to the expressionc*(x) ) (67x)2 (again in g/L). Note
that this equation is based on experimental data, and it is affected
by errors in the determination of the level of the plateau and
the semidilute correlation length. It can therefore not be expected
to give a very accurate prediction ofc*(x), but it should give a
reasonable estimate.

If eqs 8 and 9 apply and the chains are rigid rods, the plateau
correlation length of 120 nm would correspond to a number-
average contour length of approximately 200 nm. Equation 9
is valid for small values ofq, that is if the probed length scale
2π/q is larger thanê. With values of q and ê from our
experiments this assumption is reasonable. As was mentioned
in the discussion of the overlap concentration, the persistence
length is estimated to be at least 250 nm. The plateau inê occurs
at 120 nm, so it is reasonable to assume that chains with the
corresponding contour length of 200 nm are indeed rigid. The
assumption thatp ≈ 1 is also reasonable, as can be seen when
the estimated value ofK of 4 × 109 M-1 is substituted in eq 4.
Even at the lowest monomer concentrations,p is still very close
to unity. In conclusion, eqs 8 and 9 should apply reasonably
well to our experimental system under the experimental condi-
tions used in the present paper.

4.3. Effectiveness of Chain Stoppers.A chain stopper with
the highest possible effectiveness has an infinitely high associa-
tion constant with the supramolecular polymer chains and can

only associate to one side of the chain. Furthermore, the addition
of a single chain stopper to a chain completely stops the chain
from growing. In that case, the value ofn (as defined in eq 5)
equals 1. Generally, the effectiveness of a chain stopper can be
reduced because of properties of the chains and properties of
the chain stoppers.

The properties of the chains reduce the effectiveness for
example if the stopper can bind to both sides of the chain (as
is the case for the ureidopyrimidinone-based supramolecular
polymers13). In that case the (minimum) value ofn is 2. Thus,
more stoppers have to be added to reach a given value of〈N〉,
and the chain stopper is less effective. For branched chains, the
minimum value ofn can even be much higher. The chain
architecture also plays a role. If the chains have one monomer
per axial repetition unit (the cross section of the chain consists
of a single monomer), the addition of one stopper to a chain
end completely stops the chain from growing at that end.
However, if the cross section of the chain consists of more than
one monomer (as was proposed for EHUT chains24,28), a higher
number of chain stoppers may have to bind to the chain at the
same position to completely stop it from growing. If the number
of associated chain stoppers at a certain position in the chain is
less than this number, the chain may still grow further, and the
chain stoppers may only form a “defect” in the chain instead
of stopping it. By this mechanism, chain stoppers can be
incorporated in the chain, and this also reduces the effectiveness
of the stopper. The stoppers themselves can also cause a
decreased effectiveness. This is the case if they do not associate
very strongly to the chains (in which case there will be free
chain stoppers in solution) or if they form aggregates such as
the proposed DBUT dimers mentioned in section 4.1. The
combination of all these factors leads to an overall stopper
effectiveness, which can be defined as 1/n and which can range
from 1 (n ) 1, ideal stopper) to 0 (n ) ∞, no stopper effect).

A chain of 200 nm (the number average contour length
corresponding to the plateau value ofê of 120 nm) consists of
approximately 1100 monomers (usinglm ) 0.18 nm). In our
experiments, a stopper fraction of 0.015 was used. To get chains
of 1100 monomers at a stopper fraction of 0.015, the value of
n should be 17. The same value was also obtained from the
critical concentration of 0.04 g/L atx ) 0.015 (see section 4.2.2).
It is not surprising that the effectiveness derived from light
scattering (n ) 17; 1/n ) 0.06) is higher than that derived from
osmometry (n ) 4; 1/n ) 0.25). As mentioned in section 4.1,
DBUT is probably capable of forming dimers or small oligo-
mers. These aggregates are very small and do not contribute
significantly to the scattered intensity in SLS experiments, but
they do contribute to the osmotic pressure. Thus, light scattering
only gives information about chains above a certain size,
whereas osmometry also measures the shortest chains and
DBUT oligomers. The chain length as measured by osmometry
will therefore be smaller than with light scattering, and as a
result, the calculated value ofn will also be smaller. Since only
a part of the chain length distribution is measured with light
scattering, whereas osmometry measures all chains, the ef-
fectiveness as derived from osmometry (0.25) is probably a more
reliable value for the overall effectiveness of DBUT.

In principle, the association constants in the EHUT/DBUT
system (EHUT-EHUT, DBUT-DBUT, and DBUT-EHUT)
can be calculated from experimental data (〈N〉 as a function of
c andx) if the chain structure and architecture are also known.
Unfortunately, this information is presently not available for
the EHUT/DBUT system. EHUT certainly forms long, semi-
flexible linear structures with a very high association constant.
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However, the exact structure of EHUT chains is still ambiguous,
especially since there is evidence which shows that the chains
can change their structure depending on the conditions.28 It is
possible that the association of DBUT to a chain also affects
the chain structure. It remains to be studied how DBUT
associates to the different chain structures. There are independent
estimates for the EHUT-EHUT association constant26 (see also
section 4.2.1), but not yet for the DBUT-DBUT and EHUT-
DBUT association. So far, only preliminary experiments have
been carried out in which the formation of these bonds has been
studied qualitatively.44 From the foregoing, it is clear that much
work has to be done before a complete picture of the association
of EHUT/DBUT can be constructed.

4.4. Dynamic Light Scattering.At low concentrations, the
distribution of decay rate constants obtained from a CONTIN
analysis of the correlation function has a single peak which is
related to the collective diffusion coefficient and the hydro-
dynamic correlation length, as explained in section 2.3. Above
a certain concentration, a second peak, corresponding to a slow
relaxation mode, appears at longer decay times. Typical
correlation functionsg(1)(τ) at different scattering angles and
the corresponding spectra of relaxation times can be found in
the Supporting Information.

Without chain stoppers, the slow mode is present at all
concentrations measured, except for the lowest one (0.2 g/L).
In the solutions with chain stoppers, the second peak only
appears at concentrations above 1 g/L. Both observations
indicate that the slow mode is only present above the overlap
concentration as measured by SLS (0.2 and 0.8 g/L without
and with chain stoppers, respectively). The fact that the slow
mode only appears above the overlap concentration suggests
that it might have something to do with the formation of the
transient polymer network. A typical result for theq2 dependence
of both modes is shown in Figure 7. Both modes will be
discussed in more detail below.

4.4.1. Fast Mode.The peak value ofΓ in the “fast” peak
(Γfast) is taken as the decay rate constant which is related to the
collective diffusion coefficient. When the values ofΓfast at
different scattering angles are plotted as a function ofq2 (see
Figure 7), it can be seen thatΓfast is proportional toq2, which
shows that the fast mode is indeed diffusive. The slope of the
fitted line corresponds to the gel diffusion coefficientDg of eqs
13 and 14. Since cyclohexane is a good solvent for EHUT,Mo

. Mg and Dg equals the collective diffusion coefficientDc

(eq 14). Using this, the hydrodynamic correlation lengthêH can
be calculated with eq 15. The results of this procedure are shown
in Figure 8, where the hydrodynamic correlation length is plotted
as a function of EHUT concentration for solutions with and
without chain stoppers. For comparison, the static correlation
lengthêm as measured with SLS is also shown. It can be seen
that the quality of the data obtained from DLS is less good than
the SLS data. This is probably mainly caused by the limited
quality of the correlation functions due to the low scattered
intensity and the limited number of decay rates used in the
CONTIN analysis. Therefore, only qualitative conclusions will
be drawn on the basis of the DLS results. Since there are no
data belowc* for the solutions without chain stoppers (due to
the low intensity of the scattered light), it is not possible to
calculate the overlap concentration from the maximum in the
correlation length as was done with SLS. However, it can be
seen that as the concentration is decreased towardc*, êH levels
off. At concentrations> c*, êH decreases, and the results can
be fitted with a power law with exponent-0.5. This is the same
scaling exponent as found with SLS. It can be seen from Figure
8 that the curves from SLS and DLS are more or less parallel
over the whole range of concentrations measured. This shows
that the hydrodynamic correlation length indeed depends on
concentration in the same way as the static correlation length,
but they are not equal. The difference between the values is
approximately a factor of 3. Roughly the same factor was found
for the ratio between the static and hydrodynamic radius of
gyration for dilute solutions of monodisperse stiff chains.45

4.4.2. Slow Mode.As can be seen from Figure 7, the decay
rate constant associated with the slow mode does not depend
significantly on the scattering angle. Therefore, it can be
concluded that the slow mode is not caused by the diffusive
motion of large aggregates or domains, as this would lead to a
relaxation time proportional toq2. The average of the measured
values at differentq is taken asΓslow, and the reciprocal of this
equalsτslow. The concentration dependence ofτslow is shown in
Figure 9 for solutions with and without chain stoppers.

The fact that the slow mode only appears above the overlap
concentration and that there is no significantq dependence
suggest that it might be related to the viscoelastic relaxation
time of the solutions, as mentioned in section 2.3. However,
there is a large difference between the relaxation times obtained
from the DLS measurements and from rheometry. The vis-

Figure 7. q2 dependence ofΓfast ([) andΓslow (]) for a 3 g/L EHUT
solution withx ) 0.015.Γfast is proportional toq2, as indicated by the
linear fit, which corresponds toΓfast ) 9.45× 10-12q2. The horizontal
line at Γslow ) 335 s-1 shows that the slow mode does not depend
significantly onq.

Figure 8. Hydrodynamic correlation length as a function of EHUT
concentration for solutions without chain stoppers ([) and for solutions
with x ) 0.015 (]). The static correlation lengths for solutions without
chain stoppers (2) and withx ) 0.015 (4) are replotted from Figure
6. The solid lines both have a slope-0.5 and indicateê ∼ c-0.5.
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coelastic relaxation timeτ0 (from rheometry) has a value of a
few seconds,17 whereasτslow (from DLS) of the same solution
is only a few milliseconds (Figure 9). In experiments with other
polymers and also with wormlike micelles, a much closer
agreement between these values was reported.46-49

The large difference found in the present experiments could
be related to the rigidity of the chains or to the fact that for
EHUT several stress relaxation mechanisms (e.g., reptation and
breaking of chains) occur on the same time scale.17 But it is
perhaps more realistic to assume that the slow decay time is
not the result of coupling of concentration fluctuations to
viscoelastic relaxation and is therefore not (directly) related to
τ0. More experiments are needed in order to find a conclusive
answer.

5. Concluding Remarks

In supramolecular polymer solutions, the number-average
degree of polymerization〈N〉 is a function of the concentration
c of bifunctional monomers:〈N〉 ∼ c0.5. The addition of a mole
fraction x of monofunctional chain stoppers to the solution
causes a decrease in〈N〉. Within a certain range of concentrations
and stopper fractions,〈N〉 is expected to be proportional to 1/x
and independent ofc. For the system of bifunctional monomer
EHUT and chain stopper DBUT in cyclohexane, vapor pressure
osmometry and static and dynamic light scattering were
performed on solutions with and without chain stoppers.

From osmotic pressure measurements,〈N〉 is indeed found
to be independent of monomer concentration and proportional
to 1/x for the studied range of concentrations and stopper
fractions. Results also indicate that DBUT forms small ag-
gregates, thereby decreasing its effectiveness as a chain stopper.

The static correlation length in EHUT solutions without chain
stoppers as measured with SLS has a maximum at the overlap
concentration. From the overlap concentration and the scaling
of the correlation length in dilute solutions, the association
constant of EHUT in cyclohexane was estimated to be of the
order of 109 M-1, in agreement with results from previous
experiments. The concentration dependence of the correlation
length indicates that the persistence length of the chains is at
least 250 nm. In the presence of a fixed fractionx of chain
stoppers, there is a plateau in the correlation length above a
certain monomer concentration, showing that the chain length
is only determined byx and independent of monomer concen-
tration under these conditions. Furthermore, the overlap con-

centration in the presence of chain stoppers is increased due to
the decreased chain length.

Dynamic light scattering is used to measure the hydrodynamic
correlation length. It scales in the same way as the static
correlation length and is of the same order of magnitude, in
agreement with theoretical predictions. For solutions above the
overlap concentration, the distribution of decay times shows a
second, slow mode. The behavior of the slow decay time shows
qualitative agreement with the terminal viscoelastic relaxation
time measured previously with rheometry, but the latter is
substantially longer. It is unclear if the slow mode is related to
viscoelasticity or which other physical process causes it.
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