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Infinite-Dilution Viscoelastic Properties of Poly(n-hexyl isocyanate) 
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ABSTRACT: The storage and loss shear moduli, G' and G", have been measured 
for dilute solutions of three samples of poly(n-hexyl isocyanate) with molecular weights 
(M) from 0.99 to lO.Ox 1Q5, by use of the Birnboim-Schrag multiple-lumped resonator. 
The frequency range was 100 to 6000Hz, the concentration range 0.2 to 5 x 10-3 glml, 
and the temperatures oo, 10°, 25°, and 37.8°C. Two solvents were used: Tetralin, and 
a Tetralin-Aroclor 1254 mixture in proportions close to 1 : 1 by weight. The molecular
weight distributions were found to be narrow from dielectric dispersion measurements. 
The extrapolated intrinsic moduli, [G'] and [G"], were compared with predictions ot 
various theories. For M=0.99 x 105 in both solvents, the low-frequency behavior agreed 
with the Kirkwood-Auer theory for rigid rods, with the relaxation time predicted from 
molecular dimensions. Over the entire reduced frequency range, the data could be de
scribed closely by a hybrid relaxation spectrum of one terminal relaxation time separated 
by a gap from a sequence of times spaced as in the Zimm theory (as previously found 
for poly(r-benzyl-L-glutamate)). For M=3.3 x 105, in Tetralin, the data could be described 
by the Zimm theory with free draining (i.e., Rouse) and finite number of submolecules 
N= 10 or by the Harris-Hearst theory with free draining and a persistence length of 
400 A. For M=3.3 x 105 in Tetralin-Aroclor, the molecule appeared more flexible, as 
shown by a fit to the Zimm theory with N=200 and the hydrodynamic interaction 
parameter h*=O.lO. For M= 10.0 x 105 in Tetralin, the data were described by the 
Harris-Hearst theory with slight hydrodynamic interaction and a persistence length of 
63 A.. The appearence of increased flexibility in the presence of chlorinated hydrocarbon 
solvent and the decrease in persistence length with increasing molecular weight are 
consistent with other physical measurements, especially recent experiments of Yu and 
Rubingh, though the dynamic measurements appear to sample molecular motions which 
are weighted by shorter lengths than are equilibrium measurements. 
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Viscoelastic properties of dilute solutions of 
flexible linear polymers, extrapolated to infinite 
dilution, have been successfully interpreted1 by 
the theory of Zimm2 and modifications thereof, 
based on the bead-spring model of a linear 
macromolecule. Certain polymers with helical 
structures, which have much more extended di
mensions as deduced from a variety of physical 
measurements, behave somewhat differently. A 
recent study of dynamic viscoelastic properties 
of poly(r-benzyl-L-glutamate/ indicated that at 
low frequencies the response to oscillating shear 
is primarily a rigid body rotation but at higher 
frequencies additional loss mechanisms appear, 
tentatively ascribed to bending motions. 

In the present study, dynamic viscoelastic 
properties of poly(n-hexyl isocyanate) have been 
investigated for three different molecular weights 
and two different solvents. This molecule is 
highly extended, as shown by measurements of 
intrinsic viscosity, 4- 6 light scattering, s-7 dielectric 
properties, 6 •8 •9 and measurements of forward 
depolarized Rayleigh spectra. 10 Such data are 
generally consistent with rigid rod-like behavior 
at lower molecular weights and random-coil-like 
behavior at very high molecular weights, with 
a gradual transition in the molecular weight 
range from 150,000 to 350,000. 6 The light scat
tering and dielectric dispersion data can be 
interpreted by the Kratky-Porod wormlike coil 
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model, 11 but with a persistence length which 
decreases progressively with increasing molecular 
weight. Our viscoelastic measurements similarly 
show a marked molecular-weight dependence for 
the molecular motions sampled in this type of 
experiment. 

EXPERIMENTAL 

Materials 
The polymer, synthesized by anionic polymeri

zation in toluene with sodium biphenyl in tetra
hydrofuran as initiator, was generously given us 
by Professor Hyuk Yu. The sample with lowest 
molecular weight (Code IV) had a sufficiently 
sharp molecular-weight distribution, so it was 
used without fractionation. Other samples were 
subsequently fractionated by precipitation with 
methyl alcohol from carbon tetrachloride solu
tion, and two fractions were used. Intrinsic 
viscosities [17] were measured in carbon tetra
chloride or n-hexane with a Cannan-Fenske 
variable shear viscometer; in the solvents used 
for viscoelastic measurements, intrinsic viscosi
ties were obtained, either with the variable shear 
viscometer or by conventional capillary viscosi
metry, and also from the multiple-lumped reso
nator measurements at low frequencies. The 
weight-average molecular weight Mw of one 
sample was determined by light scattering by 
Dr. D. N. Rubingh; 6 viscosity-average molecular 
weights M. were calculated from intrinsic vis
cosities in carbon tetrachloride at 25.0° by an 
equation of Berger and Tidswell, 

( 1 ) 

or, in n-hexane, by interpolation from the data 
of Rubingh. 6 Measurements of dielectric dis
persion were also made on solutions in carbon 
tetrachloride at a concentration of about 4 x 
ro-4 gjml in the frequency range from 50 to 
10-Hz, with equipment generously made avail
able by Professor W. E. Vaughan. The width 
at half-height, Wf2, of the dielectric loss o." 
(measured in logarithmic decades) was used to 
estimate the distribution ratio Mw!Mn, as de
scribed by Bur and Roberts; 8 this ratio was less 
than 1.1 for all samples. Characterization data 
are given in Table I. 

The solvents were pure Tetralin (Aldrich Chern-
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Table I. Data for characterization of polymers 

Sample code IV 

M.x 10-5 0.99 
Mwx 10-5 

W/2, decades 1.5 
Mw/Mn < 1.1 
[7J], CCl4, 25°C, mljg 478b 
[7J], n-hexane, 25.0°C, ml/g 
[7]], Tetralin, mljg 326d 

350• 
[7J], Tetralin-Aroclor 289° 

288d 
L, contour length, A 1,270 

• Fractionated. 

I• 

3.3 
1.5 

< 1.1 

990° 
950d 
840° 
860d 

4,200 

10.0 

1.3 
< 1.1 

3,520b 
2,560b 

12,700 

b By Cannon-Fenske variable shear viscometer at 
25.0°C. 

c By conventional capillary viscosimetry at 25.0°C. 
d From MLR measurements at 25.0°C. 
• From MLR measurements at 0.0°C. 

Table II. Viscosities and densities of solvents 

Solvent Temp, oc 7Js, poise p, g/ml 

Tetralin 0.0 0.0358 0.986 
25.0 0.0200 0.966 
37.8 0.0157 0.956 

Tetralin-Aroclor 10.0 0.1200 1.199 
25.0 0.0675 1.186 

icals) and a mixture of Tetralin and Aroclor 
1254 (Monsanto Lot KB-162) containing 49.9-% 
Aroclor by weight. Their viscosities (7Js) and 
densities (p) are listed in Table II; the former 
are obtained by the multiple-lumped resonator 
in the course of the viscoelastic measurements. 
From comparison of the intrinsic viscosities, it 
is evident that the molecules are somewhat less 
extended in Tetralin relative to carbon tetra
chloride or n-hexane and still less in Tetralin
Aroclor. 

Solutions were made up by weight with very 
gentle stirring at room temperature, and the 
polymer concentration (c) in gjml was calculated 
assuming additivity of volumes, taking the den
sity of the polymer as 1.00 gjml. The most 
concentrated solution was measured first and 
then sequentially diluted to several lower con
centrations, usually a total of five or six. The 
concentration ranges were from 0. 7 to 5 x 
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10-3 gjml for the sample of lowest molecular 
weight, from 0.5 to 2.8 X 10-3 gjml for the next 
higher, and from 0.2 to 1.0 X 10-3 gjml for the 
highest molecular weight. 

Method 
The storage and loss shear moduli, G' and 

G", of the solutions were measured with the 
Birnboim-Schrag multiple-lumped resonator 
(MLR) with computerized data acquisition and 
processing system.12 ' 13 All solutions were meas
ured with a resonator with 5 working resonances 
from 100 to 6000Hz, and for the two higher 
molecular weight samples in Tetralin an addi
tional resonator with 4 working resonances from 
160 to 3400Hz was used. By making measure
ments at different temperatures, a wider effective 
frequency range was achieved. 

RESULTS 

The quantities (G' jc)112 and (G11 - wr;s)fc, where 
w is the frequency in radians, were plotted against 

PH I C -I- Tetra! in 25.oooc 

.::-::: 100 
-2-

c x 10 3, g./mi. 

c and extrapolated to zero c at each frequency, 
as described in previous studies, 14 •15 to give the 
corresponding intrinsic quantities [G'] and [G"]. 
An example is shown in Figure 1. The initial 
concentration dependences may be described by 
the ratios r' and r" which are, respectively, the 
limiting value at low concentrations of the ratio 
(G' jc)-1 d(G' jc)jdc and the corresponding expres
sion with G"- wr;s substituted for G'. These 
ratios decreased monotonically with increasing 
frequency, as is usually observed. 14 •15 The ratio 
r= r' !r" at low frequencies, sometimes used to 
test the applicability of certain molecular theo
ries, showed considerable scatter; it was about 
3±0.3. 

The extrapolated values [G'] and [G"] were re
duced to [G']R=[G']MjRT and [G"]R=[G"]MjRT 
and are plotted logarithmically against the re
duced frequency wr;s[r;]MjRT in Figures 2-5. 

Lowest Molecular Weight 
For M=0.99x 105 , the data in two solvents, 

3.0 ---<D:r-.-o--

2.0t 
1.9 

"' 'o 

0.1 

Figure 1. Plots of (G'jc) 112 and (G" -wr;s)/c against c for M=3.3 x 105 in Tetralin at 25.0°C, at 5 
frequencies (Hz) as follows, bottom to top: 107, 427, 1040, 2520, and 6060. Note that several dif
ferent ordinate scales are used. 
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Figure 2. Logarithmic plots of reduced intrinsic 
shear moduli [G']R and [G"]R against w[1)]1)sM/RT 
for M=0.99 x 105. Open circles: in Tetralin at 
25.0°C; slotted circles, in Tetralin at 0.0°C; bot
tom half black, in Tetralin-Aroclor at 25.0°C; 
top half black, in Tetralin-Aroclor at 10.0°C. 
Short dashes, Kirkwood-Auer theory; long dashes, 
hybrid model theory with nlro=0.116, m1 =0.25, 
m=1.90. 

each at two temperatures, fall closely together 
on the same pair of curves when reduced in 
this manner (Figure 2). This indicates that the 
molecular flexibility is essentially the same in 
the two solvents despite the difference in average 
dimensions inferred from the intrinsic viscosities. 
At low frequencies, the data agree closely with 
the Kirkwood-Auer theory16 for rigid rods; on 
the reduced plot, the critical parameter15 is 
i2R=lim [G']R/[G"]R2 , which is 1.00 for rigid 

rods and 0.206 for nondraining flexible coils. 
The experimental value is about 0.94 (Table III). 
Moreover, the experimental relaxation time r 0 

(=m[1}]1JsMfRT, where m is 5j4)3 agrees very 
well with that calculated16 for end-over-end rota
tion as 
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Table III. Viscoelastic parameters 

Mx10-5 0.99 3.3 10.0 

ieR 0.94 0.32 
log ro, Kirkwood-Auer fit -4.49• 
log ro, Hybrid fit -4.31• 
log n, Hybrid fit -5.24• 
log ro, eq 2 -4.49 -3.23 
log n, Zimm -3. 79• 

-3.94b 
q, A 400 63 

• For Tetralin solvent at 25°C. 
b In Tetralin-Aroclor, reduced to the viscosity of 

Tetralin at 25°C. 

r 0 =7r7J8L 3jl8kT In (Ljb). ( 2) 

This is also shown in Table III. Here the length 
L is calculated from the degree of polymerization 
and a projection length per monomer unit taken 
as 1.8 A; the unit length b is taken as 6.2 A. 
It seems clear that the molecular response would 
correspond to rigid body rotation if low-fre
quency oscillating flow alone were considered. 

At higher frequencies, however, the data devi
ate from the rigid rod prediction, as found also 
for poly(r-benzyl-L-glutamate).3 Following the 
treatment used for the latter polymer, it was 
found that the data conform closely to the pre
diction for a hybrid spectrum consisting of one 
rigid body relaxation time and a series of Zimm 
relaxation times, with a gap between: 

[G']R=m1w2r 0\l+w2r 0
2)-1+Z'(wr1) ( 3) 

[G"]R=m1wr0(1 +w2r 0 
2)-1 +Z" (wr1) ( 4) 

where z' and z" are the reduced moduli speci
fied by the Zimm theory with the number of 
submolecules N indefinitely large and the hydro
dynamic interaction parameter h*=0.25; r 1 is the 
longest relaxation time in the Zimm spectrum. 
A good fit is obtained with m1=0.25 and rtfr0 = 
0.116. For this case, }2R=0.96, in close agree
ment. Although r 0 does not agree quite so well 
with that calculated from equation 2, the latter 
value is very sensitive to the somewhat uncer
tain choice of the monomer projection length. 
As for poly(benzyl glutamate), the Zimm relax
ation times are not attributed to configurational 
changes of a bead-spring model, but rather to 
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some kind of flexural motions of a rather stiff 
structure. 

Intermediate Molecular Weight 
For M=3.3 X 10\ the frequency dependences 

are different in the two solvents, though the 
compliance parameter j2R is 0.32 in both, inter
mediate between the predictions for rigid rods 
and nondraining coils. In Tetralin, the data are 
plotted both as reduced complex modulus and as 
the complex intrinsic viscosity ([1)] 1 =[G"]R/W1)s, 
[1)]" =[G']R/W1)s) normalized by the zero-frequency 
intrinsic viscosity [1)] for comparison with theo
ries (Figure 3). The results can be fitted by the 
free-draining Zimm theory (i.e., Rouse, with 

-a:: 

-2 

0 I 2 

-I 0 

log tu[7J]ry5 M/RT 

Figure 3. Logarithmic plots of reduced intrinsic 
shear moduli (top) and components of relative 
complex intrinsic viscosity (bottom) for M=3.3x 
105 in Tetralin. Open circles, 25.0°C; slotted cir
cles, 0.0°C. Solid curves at bottom drawn for 
Zimm theory with N=10, h*=O; dashed curves 
drawn for Harris-Hearst theory with J.L=5, J.b=O 
(inset abscissa scale). 
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h*=O) with an unusually small number of sub
molecules, N= 10. This describes the behavior 
within the frequency range studied, although it 
will not be satisfactory at high frequencies. 17 

Alternatively, the results agree reasonably well 
with the Harris-Hearst theor/8 - 20 with random 
fluctuations of curvature of the worm-like coil 
introduced by thermal motion. The form of the 
frequency dependence is determined by the pa
rameters J.L and J.b, where L is the contour 
length (calculated from a monomer projection 
of 1.8 A) and J.= 1f2q, q being the Kratky
Porod persistence length. The choice of J.L=5 
corresponds to q=400 A. The parameter J.b, a 
measure of hydrodynamic interaction, is taken 
as 0. The position on the logarithmic frequency 
scale is predicted in terms of a reduced fre
quency WR (inset in Figure 3) which is 
(w[1)]1)sMfRT)8qL[l-(q/L)(l-e-qfL)](Ra2 ), where 
(Ra2) is the square of the radius of gyration 
determined from light scattering;6 it agrees with 
that calculated. 

In Tetralin-Aroclor, the frequency depend-

2 

= 
-"" 0 

= 0 

-I 

-2 

-I 

PHIC-1-(Tetralin + Aroclor 1232) 

0: 25.0°C 

' ' 

8: I0.0°C 

2 

Figure 4. Logarithmic plots of reduced intrinsic 
shear moduli for M=3.3 x 105 in Tetralin-Aroclor. 
Open circles, 25.0°C; slotted circles, 10.0°C. Dashed 
curves drawn for Zimm theory with N =200, h*= 
0.10. 
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ence is qualitatively more like that predicted by 
the bead-spring model, and can be fitted fairly 
well by the Zimm theory with N=200 and 
h*=0.10, corresponding to the standard behavior 
of a flexible coil in a good solvent (Figure 4). 
This indicates a significant increase in flexibility 
induced by the chlorinated hydrocarbon, despite 
the fact that the average dimensions, as gauged 
by the intrinsic viscosity, are only moderately 
decreased (Table I). 

Highest Molecular Weight 
For M = 10.0 X 105 (in Tetralin only), the termi

nal zone is not encompassed and jZR is not 
available. The data are plotted as both intrin
sic modulus and intrinsic viscosity in Figure 5, 
and are fitted to the Harris-Hearst theory with 
J.L= 100 and J.b= 10-3 (slight hydrodynamic 
interaction).21 This corresponds to q=63 A, so 
the apparent persistence length decreases sharply 

a: 

"" 0 

= 

-I 

log w5 

0 -1 2 
______ 0 

-1 0 2 

log w [ 7] Jry5 M/R T 

Figure 5. Logarithmic plots of reduced intrinsic 
shear moduli (top) and components of relative 
complex intrinsic viscosity (bottom) for M=lO.Ox 
105 in Tetralin at 25.0°C. Dashed curves drawn 
for Harris-Hearst theory with ;{L= 100, J.b= 10-3 
(inset abscissa scale). 
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with increasing molecular weight. (Because of 
the sharp convergence of [G']R and [G"]R in the 
frequency range covered here, the Zimm theory 
cannot describe this behavior.) 

DISCUSSION 

Qualitatively, it may be concluded that (a) 
molecular flexibility increases markedly with 
molecular weight and (b) the presence of Aroclor 
appears to increase flexibility for M=3.3 x 105 

but not for M=0.99x 105 • 

Studies6 of light scattering and intrinsic vis
cosity in n-hexane, when fitted to the Kratky
Porod model, have also shown a persistence 
length which decreases with increasing molecular 
weight. (This effect was not observed by Berger 
and Tidswell, 5 but their molecular weights did 
not exceed 400,000.) However, the persistence 
lengths from these methods are larger than those 
derived from fitting viscoelasticity measurements 
to the Harris-Hearst theory. For M=3.3 x 105, 

q= 1000 A from light scattering, 400 A from 
viscoelasticity; for M = 10.0 x 105 , the values are 
450 A and 63 A respectively. In any case, the 
dependence of q on molecular weight indicates 
the inadequacy in these treatments of the worm
like coil model. 

The effect of Aroclor in increasing flexibility 
is similar to that of chloroform; intrinsic viscosi
ties and persistence lengths are smaller in this 
than in other organic solvents. 5 Also, poly(n
butyl isocyanate) has unusually small intrinsic 
viscosities in chloroform. The effect may be 
due to a specific interaction of partially chlorin
ated hydrocarbons with the carbonyl group of 
the isocyanate. 22 Its absence for low molecular 
weight (Figure 2) presumably means that the 
persistence length is greater than the contour 
length so that the behavior is rod-like even in 
the presence of the Aroclor. 

It is of interest that the hybrid model equ
ations 3 and 4 provide a good description of 
viscoelastic behavior for two stiff polymers as 
different as poly(r-benzyl-L-glutamate) and poly(n
hexyl isocyanate), when Ljq is small (e.g., less 
than 4); further studies may show whether this 
model has general validity. However, the mo
tions associated with the additional relaxation 
times of the hybrid model remain to be 
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identified. The steric restrictions which are 
responsible for the extended configurations of 
poly(n-hexyl isocyanate) undoubtedly leave room 
for small local adjustments which could permit 
bending and rotational modes of motion. It is 
puzzling, however, that these are unaffected by 
the presence of Aroclor, while the motions as
sociated with longer, less rectilinear molecules 
are facilitated. 
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