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the spectrum consisted of a doublet and a singlet shifted 
slightly upfield from the doublet center (see Figure 1). 

The doublet separation was the same in each case, ruling 
out, for this system a t  least, an explanation based on 
diamagnetic susceptibility. The method, of course, is 
equally applicable to other systems. 
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Communications to the Editor 
Exactly Soluble Model for High-Frequency 
Viscoelastic Behavior of Polymer Solutions 

Experimental for the high-frequency viscoelastic 
behavior of polymer solutions display a departure from 
predicted Rouse-Zimm behavior with a plateau region, 
[?Im,  in the viscosity occurring around 105-106 Hz for 
solvents with viscosities vo - 101-102 P. The observed [7]- 
is independent of molecular weight for long enough chains 
(e.g., polystyrene and M 2 2 X lo4). Values of [?Im are 
roughly 1-2 orders of magnitude smaller than the zero- 
frequency values [7] (depending on M), and [?]= is cor- 
related to the degree of side-chain flexibility. The ex- 
perimental data were originally fit' to the phenomeno- 
logical Cerf-Peterlin theory3 of internal viscosity with a 
particular choice of its mode dependence, but recent 
calculations2 with exact Rouse-Zimm eigenvalues do not 
reproduce the observed results. It will be of interest to 
determine a phenomenological form for the internal vis- 
cosity (with different mode dependence and, perhaps, 
frequency dependence4) which can satisfactorily explain 
the data. 

Theoretical calculations of [q] = with models involving 
fixed bond lengths and possibly fixed bond angles give 
values 1.5 orders of magnitude too ~ m a l l , ~ - ~  so these 
constraints cannot be responsible for the [q]-. Recent 
Monte-Carlo calculations by Fixman' for Rouse chains 
with fixed bond lengths and angles as well as with hindered 
bond rotations demonstrate that  the latter feature can 
produce an [?la of the correct qualitative form. 

In an attempt to further understand the molecular 
origins of this perplexing [ e ] - ,  we have introduced an 
exactly solvable model of polymer chain dynamics with the 
following important features: Side group motions are 
explicitly incorporated through the use of additional Rouse 
units. Hindered rotational potentials are simulated by side 
group-side group interactions. Constraints on bond 
lengths and angles are ignored consistent with their minor 
influence on [?Im. Our model is one of a Rouse chain of 
units of type B with Kuhn length uB. Attached to each 
B unit is an A unit representing the side group, and the 
A-B Kuhn length is uA. The model differs from Kastner's 
model8 of a Rouse comblike chain by having an interaction 
between successive A-B bond vectors, yi - xi, which is 
proportional to (yi - xi)-(y,+l - xL*J, thereby providing 
hindered rotation potentials. The model is represented 
in Figure 1. In the absence of the hindering rotation 
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Figure 1. Schematic representation of the model. The B units 
correspond to an ordinary Rouse chain, while the A units (side 
groups) convert the chain into a comblike polymer. Interactions 
between neighboring A B  bonds lead to hindered rotational 
potentials. 
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Figure 2. Plot of log [?((..)I vs. log w for the model (solid lines) 
and for a pure Rouse chain (dashed lines) where single units Ci 
replace a pair of A,-B, units. The parameters are y = 0.22, t2  = 
2t3, tg = 0.125. The curves are given for various chain lengths 
(N), and the insert shows that the is roughly independent 
of N .  The dashed lines indicate approximate uncertainty in choice 
of [TI ,"flectlonapprox. 

interaction, the A units would move in three dimensions, 
harmonically bound about its B unit, but the interaction 
tends to align the A-B bonds in syndiotactic configura- 
tions. The model can be generalized to include a preferred 
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ABB bond angle by the introduction of additional AB-BB 
bond  interaction^.^ 

We have determined analytical expressions for the 
relaxation frequencies for the model in the nondraining 
limit.g The model displays two (h) branches like those 
discussed by Fixman and Evans;’O however, the gap be- 
tween the branches is not associated with [qlm. This gap 
is, perhaps, related to a second plateau1’ a t  higher fre- 
quencies (up by lo2 Hz) with a calculated [VI-’ down from 
[q] by 10-2-10-5 depending on the model parameters. 
Neglecting terms of order N-’ (N  + 1 is the number of B 
segments), the dimensionless relaxation frequencies, &., 
are given by9 
Aka = ‘/z(xk*[1 - 1/€3(1  + y)] + (1 + + 

‘/z{(&*[l - 1/€3(1  + 711 + (1 + ?)(e:! + - 

4YXk*(-1/€3hk* + €2  + t3)}lI2 (1) 

where x k *  = 4 sin2 [ r k / 2 ( N  + I)], y = { B / { A  is the ratio 
of B to A friction coefficients, t2 = ( O ~ / U + ) ~ ,  and 
3 k ~ T $ / 2 ~ ’  is the strength of the AB-AB interaction. The 
complex frequency dependent viscosity, [77(w)], is then 
obtained from the familiar equation, 

c 
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We have evaluated (1) and ( 2 )  for some values of the 
model parameters. A slight plateau is found in the ap- 
propriate first plateau frequency regime for large side 
groups ( { A  > {B and U A  > uB), giving [ ~ ] ~ / [ v ]  values of a 
reasonable order of magnitude. An example is displayed 
in Figure 2 (solid lines) for various values of N with the 
effective Rouse predictions (dashed lines) wherein the 
A,-Bi units are combined into effective, C,, Rouse ones. 
Note that the difference between the model and effective 
Rouse curves for w - 0 and N = 99 arises from the O(N-’) 
corrections to (1) which have been included in the cal- 
cu la t ion~.~  Approximate values of [ q l m  are taken from the 
curves of Figure 2 from the inflection region on the curves. 
A plot of [77]inflectionapprox vs. N in the insert in Figure 2 
demonstrates the approximate molecular weight inde- 
pendence of [77]inflectionapprox for large molecular weights in 
conformity with experimental [77] m .  (At lower molecular 
weights an N dependence emerges in both cases.) The 
plateau region in Figure 2 is not as flat and wide as ob- 
served experimentally, but perhaps this can be remedied 
by adjusting the parameters and by introducing additional 
bond angle constraints as noted above. An additional 
generalization involves the inclusion of non-nearest- 
neighbor (i-i f 2,  etc.) interactions as in the model of 
Simon12 which does not contain the important side-group 
motions. 

The model is, thus, seen to display the correct qualitative 
form of as arising from hindered rotation potentials 
in agreement with the Monte-Carlo calculations of Fix- 
man.7 Our model, however, explicitly includes the side 
groups, so studies of perpendicular dielectric re la~a t ion’~  
and side-group contributions to flow birefringence can be 
made within our model. 
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Dependence of t h e  Electric Field-Induced 
Orientat ion of Poly(riboadeny1ic acid)  on Its 
Polyelectrolyte Propert ies  

The interpretation of the results of electrooptic mea- 
surements on the natural nucleic acids and polynucleotides 
has been hampered by the lack of a suitable theoretical 
treatment of the mechanism for the orientation of po- 
lyelectrolytes in moderate and strong electric fields. 
Although a t  least three such treatments have been 
a t t e m ~ t e d l - ~  and the subject has been discussed a t  some 
length,4 recent advances in polyelectrolyte theory have not 
yet been applied successfully to this problem. In an ex- 
tensive paper on the dichroism of poly(AI5 we demon- 
strated the applicability of one of the predictions of po- 
lyelectrolyte theory to electrooptic measurements, the 
independence or stability of the “condensed” counterion 
density of polyelectrolytes of sufficiently high linear charge 
density. In a further attempt to understand the orientation 
of these macromolecules in electric field, we have perturbed 
their ionic environment to produce predictable changes 
(from the recent polyelectrolyte theories of Manning,6 
Record,7 Mandel,8,9 and McTague and Gibbs’O and their 
respective colleagues) in the “condensed” counterion 
density and observed the resulting effect on the elec- 
tric-field-induced dichroism. We report here briefly one 
such experiment, which together with our earlier result5 
and with other measurementsll support the contention’p2J2 
that the polarization of condensed counterions on these 
highly charged polyelectrolytes, as described by the po- 
lyelectrolyte theories, plays as important a role in their 
field-induced orientation as they do in their dielectric 
proper tie^.'^ Hogan et  al.14 have recently adopted a 
mechanism for the electric-field-induced orientation which 
differs from the one advanced here and depends on the 
anisotropic local fields established in the vicinty of the 
polyelectrolyte as a result of counterion flow. The con- 
stancy of the orientation of poly(A) in buffered solutions 
of different ionic strength5 does not, however, seem to be 
in accord with the requirements of their mechanism. 

Orientation in an electric field is due to the torque 
exerted by the field on the induced and/or permanent 
dipole moments of the molecules in the field. Very large 
moments can be induced in macromolecules through 
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