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The dielectric behaviour of solutions of poly(n-butyl isocyanate) and poly(n-hexyl isocyanate) in
flow have been examined, including, for the latter polymer, fractions of differing molecular weight.
The data are analysed in terms of established theories for changes in the permittivity of solutions of
rigid macromolecules undergoing shear and are critically compared to dielectrically based information
obtained from studies of still solutions. Rotational diffusion coefficients and dipole moments have
been measured and the influence of heterogeneity in molecular weight on flow-modified permittivity
is examined. The resuits obtained support the view that the theories for the flow-modified permittivity
of rigid macromolecules are generally satisfactory in providing rotational diffusion coefficients and
resolved dipoles, but that the influence of molecular shape on the effect is not simply obtained when
polydisperse material is involved.
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INTRODUCTION

The measurement of the dielectric properties of liquids
under shear (flow-modified permittivity, FMP) has been
reported by us previously when the liquids were polymer
solutions or dispersions! ~3. The observed changes in
permittivity of polymers are best understood for systems
in which the macromolecules are not significantly defor-
med in flow and carry a permanent dipole whose re-
laxation involves whole-molecule rotational diffusion.
Under such conditions the theories of Saito and Kato*
and the much-simplified form due to Barisas® appear
from previous studies!*® to be satisfactory. The observed
reductions in the low-frequency relative permittivity (¢) of
such solutions which occur over a range of shear rates (G)
can be related to a rotational diffusion coefficient, to the
magnitude and molecular orientation of the dipole in-
volved and, in theory at least, to the shape of the
macromolecules. However, we have reported some oc-
casional discrepancies between rotational diffusion coef-
ficients obtained from dielectric relaxation and FMP and
in the locus of ¢’ as a function of G predicted theoretically
and observed experimentally'.

The poly(alkyl isocyanates) provide a class of macro-
molecules with considerable rigidity® and large dipole
moments. Their synthesis’ and conditions for fractio-
nation® have been established. Dielectrically, the
poly(alkyl isocyanates) have been extensively studied® ™ °
and thus provide an excellent system for testing the
applicability of the theory of FMP to rigid macromo-
lecules. We report below on a dielectric and FMP study of
poly(butyl isocyanate) and poly(hexyl isocyanate) in
dilute solution. For the latter polymer molecular weight
fractions have been examined. Good agreement between
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our results and those of other workers was found for the
dielectric properties in still solution. In FMP the theory of
Barisas was found to account for permittivity changes
both qualitatively and, at low electrical frequency, quanti-
tatively, particularly when the analysis is extended to take
account of polydispersity in molecular weight. Such
discrepancies as have been observed previously or in the
present work, between dielectrically and FMP-derived
diffusion coefficients, are shown to be largely due to
polydispersity in molecular weight.

EXPERIMENTAL

Poly(n-butyl isocyanate) (PBIC) and poly(n-hexyl iso-
cyanate) (PHIC) were prepared by the method of Sha-
shoua et al.” using freshly distilled monomers, dry (va-
cuum, 100°C for 6 h) sodium cyanide as initiator and pure,
dry N,N-dimethylformamide (DMF) (P,O; for 24 h
followed by fractionation at 10 Torr) as solvent. Polymeri-
zations were carried out at —58°C and with the rigorous
exclusion of moisture using glass apparatus which had
previously been dried by flaming. The quantities em-
ployed were: for PBIC, NaCN (0.0272 g) in DMF (4 cm?)
added to monomer (40 cm?) in DMF (120 cm?); and for
PHIC, NaCN (0.0678 g) in DMF (10 cm3) added to
monomer (80 cm?®) in DMF (240 cm?®). PHIC was
fractionated from tetrachloromethane-methanol by the
method of Rubingh and Yu®, except that a somewhat
higher initial concentration (0.6 g dm~3) of PHIC was
used. This, as the subsequent gel permeation chromatog-
raphs (g.p.c.) showed, resulted in only a marginal drop in
the sharpness of fractions.

Except for fractions 2 and 6, weight and number
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average molecular weights ((M,,) and (M,)) were de-
termined by g.p.c. using tetrahydrofuran as solvent and
the calibration method of Benoit?°. This was possible
since the Mark—Houwink constants K and a are known,
being respectively 4.57 x 1076 g dm~3 and 1.18 for
PBIC?! and 2.2 x 1075 g dm™3 and 1.06 for PHIC?2,
There was insufficient of fractions 2 and 6 to permit both
the experiments described below and g.p.c. measurements,
so in these cases (M, ) was estimated from the dielectric
relaxation frequencies. Table I shows the values for (M,,)
and indicates the breadth of heterogeneity in terms of
{M,>/{M,). With unfractionated materials a sharp mo-
nodisperse peak of low molecular weight identified as
trimer was observed in the g.p.c. This trimer is a known
byproduct of the polymerization but has also been
reported to result from degradation of the polymer
particularly in the presence of trace acid?2. However, no
trimer was observed in the fractionated PHIC even after
storing for five months, nor was there any observed
decrease in the viscosity of solutions of PHIC in toluene
over a period of five days. The values of {(M,) and
(M, >/{M,» quoted in Table I refer only to the polymer
peaks asillustrated in Figure 1 and are exclusive of trimer.

Dielectric and FM P measurements

Dielectric measurements were made on solutions of
PBIC in tetrachloromethane and PHIC in toluene using
three terminal measurements and a frequency range 10°

102 dw/dlog M

Log M

Figure T Normalized molecular weight (M) distribution curve
(weight fraction w) for unfractionated (A) PBIC and (B) PHIC.
Peaks for low molecular weight trimers occur at a nominal log
M~2.3 and are not shown

to 10° Hz. For the unfractionated materials a Tinsley
4536-A concentric cylinder cell was used and a similar
gold-plated home-made cell of smaller capacity (4.24 cm?)
was used for the fractions. In the frequency range 10% to 2
x 10* Hz measurements were made with a Wayne—Kerr
Autobalance Universal Bridge (B642) energized exter-
nally with a Venner TSA 625/2 oscillator. The position of
balance was detected with a Brookdeal type 464 null
detector. From 2 x 10* to 10° Hz a Wayne-Kerr type
B601 bridge was used with the above oscillator-detector
system and from 10° to 10° Hz the B601 bridge was
energized and the null point detected usinga Wayne—Kerr
radiofrequency source-detector.

The self-centring shear cell used for FMP measure-
ments has been described previously?3. It enables both
relative permittivity (¢') and dielectric loss (¢”) of liquids in
flow to be determined as a function of shear rate (G) in a
defined range. The lower limit of this range is set by the
requirement for flow to centre the stator and the upper
limit by the onset of turbulence. The positions of both
limits are influenced by the viscosity, but for dilute
polymer solutions in liquids of average viscosity such as
tetrachloroethane or toluene used here the effective range
is 5 x 10> < G < 2 x 10% s™1. Permittivity measure-
ments using this cell were made on sotutions of PBIC and
PHIC at 20° & 2°C, in some cases over the frequency range
10? to 2 x 10* using the Wayne—Kerr B642 bridge.

RESULTS AND DISCUSSION

Figure 2 shows the frequency dependence of the dielectric
increment A¢’ (the difference between solution and solvent
relative permittivity) and ¢” as a function of frequency ffor
the still solutions of the poly(isocyanates) studied. The
extrinsic relaxation times t — 1/2xf. (where f; is the critical
frequency) can be obtained from these dielectric data and
are given in Table 1. Since the solvents are of low polarity
these will be very close to the intrinsic relaxation times?®.
The behaviour shown in Figure 2 has been observed
previously by other workers® ™ !° and it is generally agreed
that the molecular process responsible for the relaxations
is an end-over-end rotational diffusion. A consequence of
this common mechanism is that solvent viscosity (1,), ©
and the degree of polymerization, taken as the most
generally available weight average {p, ), are interrelated
in a universal dependence of t/n, on {p, ). This should be
so regardless of which poly(isocyanate) homologue is
involved provided the same diffusion process is involved.
Figure 3 illustrates that this is indeed the case for the data
that we and others have obtained. Individual workers do
report data which show a degree of divergence but the

Table 1 Molecular weight and other data for the poly{alky! isocyanates)
pnod s

Material* 10~ 5M, (M /M 7 {us) Wh2/10727 (cm)  Dielectric FMP
PBIC 2.12 3.3 85 5.2 5.9 6.0
PHIC 1.61 5.1 73 - 6.9 12.6
PHIC 1 2.33 20 110 45 45 8.7
PHIC 2 1.29% - 43 33 12 17
PHIC 3 0.856 1.4 16 2.8 31 33
PHIC 4 0.516 1.2 10 1.8 50 50
PHIC 5 0.439 1.5 5.0 1.5 100 78
PHIC 6 0.39f - 1.6 15 310 -

* Numbers following PHIC indicate fractionated polymer
t Obtained from dielectric relaxation time
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Log {#(Hz)]

Figure 2 Frequency dependence of dielectric increment (Ae’) and
loss (¢"') of the poly(isocyanates) at a common concentration of 4
x10* g cm3 and at 20°C: x, PBIC in tetrachloromethane; +, PHIC
unfractionated; Ik, PHIC 1; O, PHIC 2; A, PHIC 3; A, PHIC 4; @,
PHIC 5; [, PHIC 6; all in toluene

linear trend up to log(p, ) =~ 3.3 is generally observed. In
this region a mean dependence of the form

1/Me=147x10"%(p,»*-*3 ms? kg~*

is shown in Figure 3 and this relation was used to estimate
(p,,) for fractions PHIC 2 and PHIC 6. Beyond {p,,)
~2000 a change of slope has been observed by Bur and
Roberts® and their data are shown in Figure 3. The
dependence of 1/, on {p,,) at both low and high degrees

of polymerization is consistent with whole-molecule’

rotational diffusion, the change in curvature at high
molecular weights reflecting a measure of flexibility for
such long chain macromolecules. Root-mean-square ave-
rage dipole moments ((u*)'/?) obtained by applying the
Debye equation to the dielectric increments at a common
concentration of 0.04 g cm ~ 3 are given in Table I for PBIC
and PHIC fractions. Examination of the concentration
dependence of A¢’ for PBIC had indicated that failure to
extrapolate to infinite dilution results in an underestimate
in {u*Y12 of ~8%,. Limits on the amounts of material
available for the PHIC fractions, together with other
sources of error such as an unknown internal field
correction ignored by the Debye equation, made such an
approximation necessary but only of minor significance.
The {p?)'? value for unfractionated PHIC was low,
reflecting a low value of A¢' resulting from significant
contamination by cyclic trimer.

The dependence of (u?)/(p,,» on {p,,) is illustrated in
Figure 4 which also shows values obtained by other
workers. There is considerable scatter in these data due to
several possible causes. There are problems in relating Ae’
to {u*) because of uncertainty in the internal field
correction, errors associated with comparing {u?) for not
truly monodisperse fractions as well as general experim-
ental errors. Nevertheless general trends can be discerned.
Initially (u*)/{p,,) < {p,,) but between {p,,> of 500 and
1000 the curve bends finally reach a plateau. This again is
indicative of the onset of flexibility, the square dipole
moment per residue ((u?)/p,) finally becoming inde-
pendent of chain length.

Log [tqg! (ms™2kg™)]

Log (o,

Figure 3 Universal interdependence of relaxation time (t), solvent
viscosity (o) and weight average degree of polymerization (<p,,>)
of some poly(isocyanates) of narrow molecular weight
distribution. Present dielectric (Q) and FMP results (@) for PHIC
fractions in toluene. Data for PHIC from Coles et a/.'2 (A). Data
for PBIC from Bur and Roberts® (X), from Tsvetkov et a/.'%'" (0O),
from Jennings and Brown?® (+), and from Troxell and Scheraga?6
(V)

With FMP measurements the variation of permittivity
with for G can be studied and sensibly so when either one
is kept constant, the other being the experimental vari-
able. For PBIC in tetrachloromethane Figures 5 and 6
respectively show the variation of A¢’ and ¢” as a function
of fand ¢’ as a function of G, at a number of preset values
for the other variable. In the frequency plane at constant G
the loss process is shifted to higher frequencies with
increasing G (Figure 5). This type of behaviour has been
observed previously by us! to occur with solutions of -
helical poly(y-benzyl-L-glutamate) and reflects a hastening
of the rotation in flow. Maxima also appear in A¢’ and
such shifts in ¢” and maxima in A¢’ have been predicted by
Barisas® for spherical macromolecules. In the shear plane

L L
[e] 500 1000 500 2000

(5,7

Figure 4 Universal dependence of mean-square residue dipole
(<#2>/<{p,,>) on the weight average degree of polymerization.
Present PHIC fractions (O). Results of Tsvetkov et a/.1%71 (A),
Bur and Roberts® ([1), and Troxell and Scheraga?é (V) for PBIC
fractions
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Figure 5 Variation of dielectric increment (A¢'(G)) and loss
(¢”(G)) with frequency (f) at various shear rates (G). Data refer to
PBIC in tetrachloromethane (4 x 107% g cm3) at 20°C. Values of G
(s~1) where 0 (O), 10* (A), 5x10* (10) and 10° (V)

no maxima occur in A¢'(G) at low fbut maxima develop at
higher f as shown in Figure 6.

The low-frequency behaviour illustrated in Figure 6 is
reminiscent of the relaxation of A¢' in the frequency plane
in still solution. Indeed there is a mechanistic interrelation
of both effects. In dielectric spectroscopy the drop in Ae’
over the relaxation reflects the rate of the natural process
of dipole orientation. In flow-modified permittivity it is

Ae'(G)

Log [G(s™]

Figure 6 Variation of dielectric increment (A¢’ (G)) with shear
rate (G) at various frequencies (f). Data refer to PBIC in
tetrachloromethane (4 x 107% g cm™3) at 20°C. Values of f (Hz)
were 400 (Q), 1591 {A) and 4000 (10). The broken curve is a
fitted BarisasS dependence with a rotational diffusion coefficient of
6x103s™
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the influence of flow on the particle rotation which causes
the decrease in Aeg’, because as G increases a situation is
reached where the flow enhancement of natural rotation is
such as to diminish and finally prevent the establishment
of polarization. This simple situation in the G plane
applies only when the electrical sensing frequency is
sufficiently low so that the process of dipole orientation is
much faster than changes in the polarity of the electrical
field (that is, at frequencies well below the relaxation
frequency). If in such a situation whole-molecule rotation
is the only dielectrically active process and if the molecule
either has spherical symmetry or the dipole is parallel to
the axis undergoing reorientation, then A¢’ will tend to
zero at high G. This is the behaviour observed with PBIC
at 400 Hz shown in Figure 6 but as can also be seen in
Figure 6 this simple behaviour is not maintained as G
approaches the critical angular frequency of 1.2 x 104 s ™!
when maxima appear in A¢'(G). Barisas® has analysed the
dielectric behaviour of rigid spheroids in flow at the low
frequency limit of permittivity. His analysis provides a
series solution for the polarization per particle at any G in
terms of the parameters

p=(0*—1)/*+1) and uE/KT

where r is the axial ratio for the spheroid, u the major-axis
dipole and E the field intensity which is such that pE/
kT<<1. In the particular case of spherical symmetry (p
=0) an analytic solution for the polarization per particle
was established in t terms of both f and G, and the
restriction to a time-invariant field need not be made.
However, solutions in terms of the frequency dependence
of the polarization of spheroidal particles in shear have
not been derived to date. In the absence of such a solution
we have used Barisas’ analytical expressions, which apply
strictly only to spherical symmetry and to a non-
distributed single orientational relaxation process, to
analyse the variation of position of the various maxima
shown in Figures 5 and 6. The theoretical equations
governing these are:

28 — (@ — 1) — (o* + 1002 + 1)} +(® — 1)a® +1)*=0

(1)
Ey=[20(c® + D2 —(@? + D] o3

and
o, =[2E(E*+ D2 - (E*+ D]V 3

where ¢ =nf/D and a=G/4D. ¢, and &, relate to & with f
values corresponding to the maxima in ¢’ and A¢
respectively at set shear rates and a, relates to a with G
values corresponding to the maxima in A¢’ at set frequen-
cies. D is the rotational diffusion coefficient obtained from
D=7f,=59x10% s~ ! assuming spheroidal symmetry.
Figure 7 shows the loci for these equations and the data
experimentally obtained. The predictions of equation (1)
are upheld and those for (3) are not greatly divergent from
the experimental observations, indicating that the in-
fluence of shape on the positions of these maxima is only
marginal, since PBIC is far removed from being a
spherical molecule. In contrast, the positions of the
maxima in Ag in the frequency plane at various shear
rates do not follow equation (2). If this discrepancy is due
to the extended nature of the PBIC molecules, then it
would seem that a study of the position of these peaks with
shear rate would be sensitive to axial ratio. However,
investigation of this prediction awaits a solution of the
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Figure 7 Experimental maxima in dielectric increment (Ae’) or
loss (&) in the shear (G) or frequency (f) plane for PBIC in
tetrachloromethane and the loci theoretically predicted by Barisas®
for spherical molecules. Curve 1 from equation (1) relates to the

G dependence of the frequency for maxima in ¢ and symbols O to
the data from Figure 5. Curve 2 from equation (2) relates to the G
dependence of the frequency for maxima in A¢’ and symbols 3 to
the data from Figure 5. Curve 3 from equation (3) relates to the £
dependence of the shear rate for maxima in A¢" and symbols A

to the data from Figure 6

diffusion equation for spheroids under conditions of
variable frequency.

For macromolecules where a hydrodynamically
equivalent spheroidal shape is appropriate, the investi-
gations of Barisas provide a theoretical foundation for the
dependence of the low-frequency A¢'(G) upon G. In such
cases the form that A¢'(G) takes can be expressed most
directly in terms of its ratio to the increment in still
solution Ag'(0). Provided the increments refer only to
contributions from orientational diffusion of the major
axis,

Ae'(G)/Ae'(0)=T(p,G/2D)

where I'(p, G/2D) is the ratio of the polarization per
macromolecule in shear of rate G to its still solution or
Debye value. I'(p, G/2D) is obtainable from coefficients
involving the associated Legendre polynomials making
up the space-time distribution function descriptive of the
orientation of the major axis. Barisas gives the data for I
at selected p and G/2D values. The functionality of I' in
terms of p and G/2D enables universal curves of I as a
function of G/2D to be constructed for any value of p. By
matching such curves to the experimental As'(G)/A&'(0)
values, D can be estimated, for example by finding the
value of G at which log(G/2D)=0 in the I' dependence.
For the poly(isocyanates) a value p~ 1 (needle geometry)
is appropriate, particularly as the dependence of I on p is
not very marked. Figure 5 shows such an analysis for
PBIC on results obtained at 400 Hz and Figures 8 and 9
provide a similar analysis for the PHIC fractions and
unfractionated PHIC at the same frequency. The quality
of fit for PHIC fraction and for PBIC is within experimen-
tal uncertainty but for unfractionated PHIC this is not

A€'(G)/ A€'(O)

35 40 45 50 55
Log [G (s™)]

Figure 8 Ratio (A¢' (G)/A¢'(0)) of dielectric increment under
shear rate (G) to that in its absence of PHIC fractions in toluene
measured at 400 Hz: (0, PHIC 1; O, PHIC 2; A, PHIC 3; A, PHIC
4; @, PHIC 5. Curves are calculated for needle geometry and the
best-fit rotational diffusion coefficients are given in 7able 7

the case. However, for all polymers a mean diffusion
coefficient estimated by superposition of the Barisas curve
for I'(G) dependence was estimated and these are listed in
Table 1 together with the dielectrically estimated ro-
tational diffusion coefficient D ==f,. Bearing in mind the
width of both the shear and dielectric relaxations, the
agreement seems acceptable, a contention supported by
the position of individually estimated 1/n, as shown in
Figure 3 using diffusion coefficients based on FMP for ¢
estimates. For unfractionated PHIC the theoretical decay
in I with G is much steeper than the observed reduction in
Ag(G)/Ae'(0). It is unlikely that the choice of needle
geometry can cause such discrepancy since the gentlest
decay in T" occurs for p=1 if spheroidal geometry is
appropriate. We believe that the discrepancy originates in

A6 )/A(0)

1 1 1
%5 40 45 50
Log [G (s}

Figure 9 Ratio (A¢'(G)/A&'(0)) of dielectric increment under
shear rate (G) to that in its absence of unfractionated PHIC in
toluene measured at 400 Hz. The broken curve was calculated for
needle geometry and the best-fit rotational diffusion coefficient of
12.6 x 10% s without correction for polydispersity in molecular
weight. The full curve was calculated from equation (5), thereby
allowing for polydispersity
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polydispersity of molecular weight which is greatest with
unfractionated PHIC, being significantly larger than for
PBIC (Table 1).

The hypothesis that polydispersity is involved can be
tested using known data, since for a polydisperse sample
each i-mer contributes individually to Ae'(G)/A¢'(0) via T,
its dipole y; and its molar concentration C,. Thus

Ag(G)  ZpiCT, @
Ag0)  ZTpiC,
where the summation is taken over all i present. Since C,

=w;c/M;, where w; is the weight fraction of i-mer in the
mass concentration c, expression (4) can be written as

Ag(G)  (ui  dw
Ag©0)  JM.d log M,

M e M (s
M;dlog M; o8 M )

The integrands given in expression (5) are known since
individual components are known. Data for dw,/d log M,
were obtained from the curve in Figure 4. To obtain I'; we
used Barisas’ data with p=1 and an estimated D, from the
curve in Figure 3 with n,=58x10"% kg m~* s7! for
toluene at 20°C. Numerical integration of (5) for in-
dividual values of G gave the solid curve in Figure 9.

It can be seen that the width in the A¢'(G)/A€'(0) curve is
reproduced although there is a slight mismatch of the
curves, the decay in the predicted behaviour occurring at
lower shear rates than that experimentally observed. The
broadening of I' decay due to polydispersity is clearly
visible and for this reason in particular we concur with
Barisas that analysis of FMP for rigid macromolecules in
terms of the low-frequency shear dependence is not very
sensitive to shape.

Finally, all the FMP measurements show, within
experimental error, the expected drop in A¢'(G) over the
shear rates achievable with our equipment. This indicates
that the total dielectric increment Ag'(0) is involved in the
rotational process and that in consequence there is no
component of dipole normal to the major axis of the
particle. Thus the cis-amide bond structure of
poly(isocyanates) provides only a summative dipole along
this major axis and any perpendicular components must,

I'd log M;
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because of symmetry, cancel in the chain conformation.
The implication is that the chain has a helical twist.
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