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ABSTRACT: Calculations on the radius of gyration and hydrodynamic properties of linear and several types
of uniform star polymers of different lengths (the latter properties obtained in a nonpreaveraged way) have
been performed in order to reproduce solvent conditions below the unperturbed state (previous simulations
in this region only cover the radius of gyration of linear chains). The model used for these calculations considers
Gaussian distances between neighboring units and also a Lennard-Jones (LJ) potential to describe interactions
between nonneighboring units. This model has been already used in previous work to study the 6 and good
solvent regions by setting the appropiate values of the LJ energetic parameters. The results and their
combinations in terms of ratios g, &, and g’ of the properties of the star polymers to those of the linear chains
and in terms of the hydrodynamic molecular parameters P, ®, and 8 for each given chain are reported and
discussed. The decrease of the contraction (or expansion) for chains with an increasing number of arms and
the slower changes in the hydrodynamic properties with varying solvent power with respect to the changes
in the radius of gyration are the main conclusions of the study.

Introduction

In previous work,® we have numerically investigated
the solution properties of linear and starlike polymers
described through a molecular model with intramolecular
interactions by means of Monte Carlo conformational
simulations. The model consists of N + 1 units whose
intramolecular distances to their nearest neighbors follow

0024-9297/87/2220-2385$01.50,/0

a Gaussian distribution with root mean squared (rms)
deviation, b, equivalent to the familiar statistical length
of a Gaussian subchain. The nonneighboring units interact
through an effective Lennard-Jones (1.J) potential

Vij = 4el(o/ry'? = (o /ry)°] (1)

where ry; is the distance between the interacting units i and

© 1987 American Chemical Society
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j. The rationale of this model was described in ref 1. The
LJ reduced parameter ¢/kgT tries to mimic the balance
of intramolecular and polymer—solvent interactions so that
varying this parameter is equivalent to changing temper-
ature-solvent conditions. The assignment of parameters
has been performed according to our numerical results for
the mean quadratic radius of gyration, (S2), of linear
chains with different numbers of units.! Thus, the reduced
steric parameter is set to the value o/b = 0.8 which is
adequate to reproduce a significant expansion of the chains
in the high-temperature (or good solvent) region, em-
ploying a number of units small enough to be reasonably
handled in the calculations. Also, the value ¢/kgT = 0.3
yields the value » = 0.5 in the scaling law relationship*

(8% « N¥ (2)

and, therefore, is assigned to the “unperturbed” or “6”
conditions. (This definition of © conditions from eq 2 is
not completely rigorous* and, moreover, recent experi-
mental studies® show that the © state may vary with the
topology in the case of short chains, though the differences
vanish for longer chains. Then, our unperturbed state
should be understood as the reference value ¢/kgT = 0.3
for which one can reasonably expect an exponent value
close to » = 0.5 in the long-chain limit.) In the same study
of linear chains! we found v = 0.6 for ¢/kgT = 0.1, and,
therefore, we consider this value as representative of the
good-solvent conditions.

With these assignments in mind we have already com-
pleted the study of the dimensions,*?® or (S?), and hy-
drodynamic properties,>? namely, the translational friction
coefficient, f,, and the intrinsic viscosity, [»], of linear and
star chains (defined through the number of uniform arms,
F) in both the unperturbed’? and the good solvent? regions.
Here, we report the Monte Carlo results corresponding to
very poor solvent conditions, i.e., with T < 6. In this region
a contraction of the polymer is expected due to the pre-
dominant intramolecular attractive forces. The depen-
dence of the global properties of the model details are then
enhanced and (as will be remarked in the discussion) one
cannot expect to reproduce the real polymer behavior with
quantitative accuracy. However, the differences in the
contraction due to the topology of the chain or the specific
property employed for its characterization can be revealed
at least in a general way. A further motivation for our
calculations is the lack, to the best of our knowledge, of
previous simulations of either star chains or hydrodynamic
properties in these solvent conditions.

Method and Results

The simulation methods to generate conformations ac-
cording to their Boltzmann probabilities and following the
Metropolis criterion were extensively described in our
previous work! and will not be repeated here. We should
only remark that the stochastic process used in the present
calculations consists of changing the position of a single
randomly selected unit per step, i.e., process b described
in ref 1. (A different process in which we change a part
of an arm per step is used for 7' = 6.) Once a conformation
has been generated, we calculate (S?) (in numerical units
relative to b?) from the double-sum of quadratic distances
between pairs of chain units. We calculate the dimen-
sionless coefficients

fi* = fi/6mnob (3)
[n]* = [9]M/NAb? 4)

also as functions of the different unit positions. The
calculation of hydrodynamic properties is performed as-
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Figure 1. o® vs. kgT/e for chains of different functionalities with
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Figure 2. of vs. kgT/¢ for linear chains of different lengths.

suming that each conformation can be considered as a rigid
body.® We treat these rigid structures with an elaborate
algorithm due to Garcia de la Torre and Bloomfield” within
the frame of the Kirkwood-Riseman theory. This algor-
ithm avoids orientational preaveraging and makes use of
a modified Oseen tensor that describes properly the hy-
drodynamic interactions even when these interactions
occur between overlapping units (overlapping of units is
common in the studied temperature range because the
local density of units is rather high). The reduced
translational friction of each element is introduced by
means of a dimensionless parameter h*, proportional? to
the translational friction coefficient of the units and in-
versely proportional to nyb, which is set to the value h* =
0.25, very close to that of a Gaussian coil. We analyse the
results for eight independent stochastic processes (or
samples), each one initiated with a different seed number.
For the calculation of dimensions we generate 250 000
conformations per sample. For the hydrodynamic prop-
erties (with distributions considerably narrower than those
of (S?)) we employ 3000-50000 conformations to drive
each stochastic process but calculate the properties of only
a 10% randomly selected fraction of the sample.

In Table I we present the results obtained for (S?), f.*,
and [n]* with the different choices of N and F and the
values ¢/kgT = 0.4 and 1.0. The variation of a® = (S8%)/
{S?)¢ with changing ¢/kgT for chains of N + 1 = 37 units
and different functionalities is presented in Figure 1.
(Results corresponding to ¢/kgT < 0.3 previously reported
are also included.) In Figures 2 and 3 we show the results
obtained for the expansion coefficients o and «,? of linear
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Table 1
Results and Ratios g, h, and g’ for Different Values of ¢/kgT, F, and N*
¢/ksT F N+1 (8%) f* [n]* g h g’
0.4 2 19 3.66 = 0.04 1.37 £ 0.03 37+ 5
25 4.68 = 0.09 1.54 £ 0.02 48 £ 2
37 6.2 + 0.2 1.94 = 0.05 94 + 10
49 7.5£08 2.28 + 0.06 150 + 20
55 7.6 £04 2.43 £ 0.04 180 = 10
6 19 2.142 %= 0.003 1.28 £ 0.03 25 £ 2 0.585 + 0.007 0.93 £+ 0.04 0.7+ 0.1
37 3.82 = 0.03 1.89 £ 0.03 79+5 0.62 £+ 0.02 0.97 £ 0.04 0.8 £0.2
49 4,72 £ 0.05 2.17 £ 0.04 115 £ 8 0.63 £ 0.07 0.95 £ 0.02 0.8 £0.2
55 5.16 £ 0.08 2.31 £ 0.02 138 £ 4 0.68 + 0.05 0.95 + 0.02 0.76 £ 0.08
12 25 1.978 £ 0.003 1.39 £ 0.03 29 + 2 0.423 + 0.009 0.90 £ 0.03 0.60 = 0.07
37 2.729 + 0.008 1.71 £ 0.03 52+ 3 0.44 = 0.01 0.88 £ 0.04 0.55 £ 0.09
49 3.42 £ 0.02 1.97 £ 0.03 805 0.46 £ 0.05 0.87 £ 0.04 0.5+ 0.1
18 19 1.527 £ 0.001 1.18 = 0.01 16.6 = 0.5 0.42 £ 0.05 0.86 £ 0.03 0.45 £ 0.07
37 2.302 = 0.004 1.62 £ 0.01 41 0.37 £ 0.01 0.84 £ 0.03 0.47 £ 0.07
55 3.212 = 0.007 1.99 £ 0.02 80 =3 0.42 £+ 0.02 0.82 £ 0.02 0.44 £ 0.05
1.0 2 19 1.11 £ 0.01 1.16 = 0.03 19+ 4
25 1.188 £ 0.005 1.28 + 0.03 24 + 2
37 1.43 = 0.02 1.63 £ 0.05 53+ 4
49 1.66 = 0.06 1.96 = 0.05 95 + 10
55 1.8£0.1 2.18 £ 0.08 130 £ 20
6 19 1.176 £ 0.004 1.21 £ 0.01 201 1.06 £ 0.01 1.04 £ 0.04 1.1 £ 0.3
37 1.40 £ 0.01 1.77 £ 0.04 66 £ 6 0.98 = 0.02 1.09 + 0.06 1.2 £02
49 1.63 + 0.01 2.11 £ 0.02 106 £ 3 0.98 £ 0.04 1.08 £ 0.04 1.1 +£0.2
© 55 1.75 £ 0.02 2.15 £ 0.03 112+ 6 0.97 £ 0.06 0.99 £ 0.05 08 +£0.1
12 25 1.176 £ 0.006 1.36 = 0.03 27 £ 2 - 0,990 £ 0.009 1.17 £ 0.06 14 £ 0.4
37 1.50 £ 0.01 1.67 = 0.02 49 + 2 1.05 £ 0.05 1.02 £ 0.04 0.9 +0.1
49 1.60 + 0.01 1.93 £+ 0.03 76 + 4 0.96 £ 0.04 0.98 £ 0.04 0.8 £0.2
18 19 1.328 £ 0.002 1.17 £ 0.01 16.4 £ 0.5 1.2+ 0.1 1.01 £ 0.03 0.9 £0.2
37 1.367 £ 0.009 1.59 £ 0.02 40 £ 2 0.96 = 0.02 0.98 + 0.04 0.75 £ 0.09
55 1.85 £ 0.02 1.99 = 0.01 812 1.03 + 0.07 0.89 £ 0.05 0.61 £ 0.09

2 Statistical errors obtained from the rms deviations are included.
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Figure 3. «,2 vs. kgT/¢ for linear chains of different lengths.

chains of several lengths at different values of ¢/kgT.
Those coefficients are defined as

af = (fy/(fe)? (5)
o, = ([n]/[n)e)?? (8)

and would be equivalent to o if the proportionalities f,
« (8§2)1/2 and [5] « (S2)%/2, established for long Gaussian
chains, could be maintained in the whole range of tem-
peratures. In Table I we also report the ratios of the
properties of each given star chain to those corresponding
to linear chains of the same number of units (g =
(8%)u/{S%), h = (f)v/(f)r, and g’ = [n]y/ [n];, where sub-
scripts b and 1 refer to the branched and linear chain).

The results for a given chain can be combined in terms
of useful molecular parameters (that would be independent
of N if the proportionality between f,, [#], and (S2?) were
obeyed):

P = ft/sl/zno(S2>1/2 (7)

0°p
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Figure 4. Parameters P, &, and § vs. N'1/2 and extrapolations
to N2 = 0. ¢/kgT = 0.4. Different functionalities.

which is simply related to the ratio of the rms radius of
gyration to the Stokes law hydrodynamic radius, p =
6'/2x /P,

P = [n]M/63/2(52)3/2 (8)
and

B = (M[n)/100)3n0 /1, (9)
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Table II
Summary of Values Obtained through Extrapolation to the Long-Chain Limit®
¢/kgT F g h g’ P 1073 10%8
Gaussian 2 6.2 = 0.2 2.54 + 0.08 2.28 £+ 0.05
6 0.444 0.86 £ 0.01 0.58 £ 0.02 7.8 £ 0.2 49+ 0.2 2.18 = 0.02
12 0.236 0.75 £ 0.01 0.38 £+ 0.03 9.2 £ 0.3 7.6 0.8 2.16 £ 0.02
18 0.160 0.66 = 0.01 0.24 £ 0.03 9.3+ 0.2 74 %09 2.10 + 0.08
0.4 2 8.1+ 0.6 5+1 2.31 + 0.04
6 0.67 £ 0.03 0.950 % 0.005* 0.75 £ 0.02* 9.3+ 04 6.8 £ 0.7 2.18 + 0.01
12 0.562 £ 0.06 0.84 = 0.08 04 £ 0.2 9.7 £0.8 T+1 2.11 % 0.01
18 0.38 £ 0.01* 0.80 = 0.03 0.450 £ 0.009* 10.2 £ 0.2 89 + 0.3 2.095 x 0.004
1.0 2 16+1 29 £ 4 2.21 + 0.01
6 0.90 £ 0.04 1.05 £ 0.02* 1.0£0.1 187 £ 0.4 41 £ 2 2.168 + 0.007
12 0.99 + 0.01* 08 +0.1 04+ 04 16.2 £ 0.8 28+ 3 2.116 £ 0.006
18 0.75 + 0.04 0.89 £ 0.05 0.5+ 0.2 16.2 = 0.2 25+ 1 2.097 £ 0.005
global fit 16.7 £ 0.2 29.0 £ 0.6 2.13 £ 0.01
rigid sphere 1 1 9.93 9.23 2.12

2The Gaussian results were reported previously;'? (*) arithmetic means (see text); statistical errors included.
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Figure 5. As in Figure 4 but with ¢/kgT = 1.0.

The values of these parameters obtained with ¢/kpT = 0.4
and ¢/kgT = 1.0 are represented vs. N'2/2 in Figures 4 and
5 for chains of different functionalities.

We have performed tentative extrapolations to the high
molecular weight (or high N) limit of all these combined
results. The extrapolations were carried out through linear
regression analysis of P and & vs. N"/% based in the
predictions of simpler Kirkwood—Riseman treatments® (see
Figures 4 and 5) and a similar analysis of g, #, and g’ vs.
N1, according to the detailed analysis of results corre-
sponding to Gaussian stars? (see Tables I and II). Insome
of the latter extrapolations we have not found a reasonable
correlation in the results so that in these cases we prefer
to estimate the extrapolated ratios as simple arithmetic
means over the results obtained for chains with different
units (the cases are denoted by an asterisk in Table II).
The extrapolated values of 8 in Figures 4 and 5 are also
estimated as arithmetic means (8 does not depend much
on N).

In Table IT we sumarize the extrapolated results for the
different choices of F and ¢/kgT. For ¢/kgT = 1.0 we also
show the extrapolated value obtained in a regression
analysis of all the values of P and $ corresponding to

chains of different functionalities (the parameters prac-
tically are insensitive to F for such poor temperature—
solvent conditions). In fact, these fittings are the ones
represented in Figure 5. For the sake of comparison we
also include in Table II values corresponding to the
Gaussian chain'® and a rigid sphere. Simulation values
corresponding to the unperturbed and good solvent regions
are given in ref 1-3.

It should be remarked that our model is sensitive to
finite size effects that can somewhat distort the extrapo-
lation procedures, especially those corresponding to P and
®. These numerical difficulties have been extensively
discussed in our previous work.'® At any rate, we believe
that the extrapolated results, though only aproximated,
are accurate enough to give a qualitative description of the
behavior of the model in the long-chain limit and to reach
the general conclussions that will be stated in the next
section.

Discussion

The variation of o® with varying ¢/kgT for linear chains
with IV + 1 = 37 and different values of the functionality,
shown in Figure 1, can be discussed in terms of its com-
parison with the curves corresponding to linear chains of
different lengths (Figure 1 of ref 1).

In Figure 1 and successive similar figures of this work,
the lines are smooth curves and some statistical error bars
have been introduced for illustrative purposes. It can be
observed that the star molecules exhibit a more modest
change of dimensions from the poor to the good solvent
conditions, the globular form associated with poor con-
ditions being reached sooner as the number of arms in-
creases. This is a consequence of the more compact av-
erage shape of star chains in the region above T' = 6 im-
posed by the topology of the chain. In general, a higher
value of F for a given value of N implies shorter arms and
therefore, a smaller expansion capability. Thus, one can
perform a simple comparison of the ratic between the
expansion coefficients of a star and a linear chain of the
same number of units, o2/ ¢? = g/ge, in different solvent
conditions. For T « 9, g = 1 since the distribution of
monomers should be uniform inside the globule and, then,
it does not depend on the chain topology. Since g5 <1
for any star chain, it is clear that 2 > «®. In the good
solvent region, recent experimental data'''? for linear and
star samples obey the general pattern g < go, which is
clearly observed for the higher functionality F = 18, in
agreement also with the previous lattice simulations of
Kolinski and Sikorski'® in the good and O regions. Though
all these facts seem to confirm our conclusions, we should
mention that they are in contradiction with recent theories
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of excluded volume in star polymers**® that predict a
sharper variation of o? with varying temperatures as F
increases, apparently overestimating the expansion effects
in star molecules (this controversy between theory and
simulation data is also pointed out in ref 13, where some
previous theoretical and numerical works are also invoked).
We hope that future experimental work on star polymers
in the whole solvent power range will clarify this point. We
should also remark that the values of g, h, and g’ obtained
for unperturbed Gaussian chains (i.e., using a model
without intramolecular interactions or excluded volume)
are in very close agreement with the values obtained in the
very good solvent limit.>*6!7 Ag the solvent power de-
creases it seems that the steric effects due to the central
core of the star chains cannot be eliminated in simple
extrapolation of simulation results to the long-chain limit,
and they are also manifested in experimental data of higher
molecular weight samples, these effects being more no-
ticeable for higher functionalities. Of course, in the
globular state all the different types of chains adopt a
global form similar to that of the central core.

The results for g, h, and g’ contained in Table I and their
tentative extrapolations to the long-chain limit (Table II)
can be easily understood according to the arguments given
in the preceding paragraph. As we approach to the glob-
ular state, the differences in size between linear and star
chains tend to vanish and the different ratios tend to in-
crease up to unity. In fact, for the lowest temperature,
¢/kgT = 1.0, case in which the uncertainties in our simu-
lations are higher due to a severe reduction of the con-
formational space, we find that some of our results are
accidently greater than this limit. In all the cases with T
< O we can observe a considerable departure of the ex-
trapolated ratios from the values corresponding to the good
solvent region.

Figures 2 and 3 show that the transition curves for o
and a,? are significantly less abrupt than the o? curve.
Thus, we cannot claim to have reached the constant hy-
drodynamic radius which would manifest the globular state
through the hydrodynamic properties. Slower variations
of these properties with varying solvent power in com-
parison with the change in dimensions have been recently
found in experimental measurements.!® Also, this behavior
has been predicted through the use of simple double-sum
hydrodynamic treatments in the frame of the renormali-
zation group theory.!® The effect can be explained as an
increase of the partial draining of the chain in better
solvents caused by the lowest monomer density inside the
coil. As a consequence, the effective hydrodynamic radius
is shrunk so that its increase due to the chain expansion
is partially compensated. (For the highest functionalities
both effects practically cancel out and we cannot observe
much change in the hydrodynamic radius in the whole
temperature range.) Then the measurements of the radius
of gyration are more suitable to describe a transition from
very poor to good solvent conditions than the less sensitive,
though experimentally simpler, measurements of hydro-
dynamic properties.

The extrapolated values of molecular parameters con-
tained in Table II deserve also a detailed discussion. As
to parameter 3, we should comment that it is not very
sensitive to temperature or solvent condition changes.
Since its dependence on N is very modest, we can confi-
dently propose the relationship o, ~ a;. On the other hand,
the standard preaveraged hydro&ynamic treatment should
lead to spurious variations of 3 with varying solvent con-
ditions. The standard result for a Gaussian chain is about
a 15% greater than the nonpreaveraged value? and we
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believe that preaveraging is less reliable as the compactness
of the molecular structure increases, i.e., in our case as the
solvent quality decreases. This belief is supported by our
earlier work on star polymers (preaveraged results are less
accurate as F increases'®) and rigid structures® (orienta-
tional preaverage introduces more error in the more com-
pact forms). Then the argument that expansion coeffi-
cients are insensitive to preaveraging'® should be taken
with caution. A slightly higher dependence of 8 on the
topology of the chain is noticed, though the parameter can
be safely set within the range 8 = (2.1-2.3) X 10 for all
the chains in any solvent condition. This result can be
helpful to relate diffusion (or sedimentation) and viscosity
experiments with estimations of molecular weights.

The results obtained for P and & seem to be more sen-
sitive to finite size effects and model details and, as a
consequence, are less realistic. It can be observed that for
these low temperatures P and ¢ do not depend much on
the number of arms. For ¢/kgT = 1.0 the results for chains
with the same number of units and different functionalities
are very close. For ¢/kgT = 0.4 the differences in the
extrapolated results obtained from linear fittings and
contained in Table II may be too high, since the curvatures
shown by the different patterns of points in Figure 4 in-
dicate closer real intercept values. The tendency to obtain
higher values for smaller temperatures is clearly manifested
and corresponds to the slower decrease of the hydrody-
namic properties in comparison with the radius of gyration,
according to the arguments exposed above. Experimental
data (see ref 18 and Figure 2 of ref 19) support this con-
clusion. However, it is surprising that some of our results
for P and & are well above those corresponding to a rigid
sphere. This result can be expected if the chain behaves
as an impenetrable sphere with a higher density of mo-
nomers in its central part. Such a model can be realistic
in the region between the 6 and the globular state. In fact,
the experimental data of a globule—coil transition followed
by both radius of gyration and hydrodynamic radius
measurements'® show values of the ratio between both
properties, p = 0.74, below the rigid sphere limit p = 0.77.
Then, P should surpass the corresponding limit. Never-
theless, once a globular state composed of a compact ar-
rangement of many units is reached, the rigid sphere limit
should be obtained for any property. This is not the case
for our model with ¢/kgT = 1.0 because we have a few
finite size spheres stuck together in a compact form that
should show an irregular external surface. For this form
P and ® are above the sphere limit and, therefore, we
cannot reproduce the globular state. In order to describe
properly the region below the 6 point with a model, we will
need to have a suficiently high number of units of volume
much smaller than that of the globule, which would be
outside our computational capability. Even so, we cannot
be sure that a single reduced parameter ¢/kg7T can re-
produce the whole change of conditions, since ¢ represents
an averaged balance between polymer units and solvent
that may be temperature dependent. The steric parameter
o/b should also be smaller in the very poor solvent region,
since the theoretical units can be chosen so that they are
short enough to be absent of excluded volume effect in the
good region, but it is not clear whether they may suffer
a significant contraction below the O state.

In any case, the results reported here in the very poor
solvent region are useful to discern the general features
that can be correctly predicted by a manageable model
with intramolecular interactions. Namely, we can show
the constancy, increase, or decrease of properties, param-
eters, or ratios with varying temperature and even describe
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qualitatively some subtle effects as the increase of P and
& beyond the sphere limits. We can also perform a useful
comparison of the transition curves that can be expected
for different types of chains or properties. However, we
cannot give a good quantitative description of the change
of the properties with temperature in the form of scale laws
or obtain the assymptotic values corresponding to the
globular state. Of course, these type of results were not
obtained in previous simulations for dimensions of linear
chains with similar two-parameter intramolecular mod-
els.??? In summary, we conclude that simple models can
describe tendencies but not detailed dependencies in the
T < O region. Given this situation, future simulation work
should be directed not only to improving the calculation
efficiency through more efficient algorithims but also to
studying alternative models applicable to both the globular
and the expanded coil states with similar adequacy.
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Water Dynamics in Polyelectrolyte Solutions from Deuterium and
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ABSTRACT: Longitudinal relaxation rates of D and 70 were obtained in a concentration series of poly(acrylic
acid) and poly(styrenesulfonic acid) solutions with various counterions. The effects of the degree of neutralization
and excess simple electrolyte on the water dynamics have been investigated. From these data conclusions
are reached about the range of the polyion-solvent dynamical perturbation. The dynamical behavior of water
molecules is changed significantly as shown by the correlation times. The symmetry of the motion is discussed

by comparison of D and 7O relaxation.

I. Introduction

A multinuclear NMR investigation of water dynamics
in low molecular weight electrolyte solutions was reported
recently.! Mulder et al. reported a study of the anisotropic
behavior of the solvent in poly(methacrylic acid) (PMA)
solutions.? In the present contribution, results of D and
70 NMR in poly(acrylic acid) (PAA) and poly(styrene-
sulfonic acid) (PSS) solutions are reported. In the inter-
pretation of the nuclear relaxation of counterions in so-
lutions of charged macromolecules the influence of the
perturbed solvent dynamics is unknown. Apart from the
intrinsic interest of the solvent behavior this is an addi-
tional motivation for the present investigation.

Although many proton relaxation studies of water dy-
namics in various solutions have been reported, an unam-
biguous interpretation is difficult. The proton longitudinal
relaxation is governed by H-H dipolar interactions. The
intra- and intermolecular contributions to the proton re-
laxation are of the same order of magnitude. As a con-
sequence, a determination of the intramolecular contri-
bution is very sensitive to the correctness of the estimation
of the intermolecular part. However, both the D and 1’0

nuclei relax by the quadrupolar interaction mechanism,
which is dynamically an intramolecularly determined
process, although the coupling constants may depend on
the intermolecular interactions. Hence, the NMR spin-
lattice relaxation time values are sensitive to the single
molecular reorientational motion. Especially, because the
principal directions of the interaction tensors of 70 and
D do not coincide, the symmetry of the motion may be
investigated.®

Due to the possibly high linear charge density on poly-
ions, in polyelectrolyte solutions the oppositely charged
counterions may be strongly attracted by the charged
chain. A useful description of the resulting distribution
of counterions around the polyion is the Oosawa~Manning
model.#> The linear charge density on the polyion is de-
scribed by the charge density parameter, £, £ being the ratio
of the electrostatic energy between neighboring charges
on the chain to the thermal energy

£ = e? /4AreeART )

Here, A denotes the distance between neighboring charged
beads on the chain and the other symbols have their usual
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