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ABSTRACT: The dynamics of rodlike polymer molecules in the nematic phase are mainly controlled by
the rotational diffusivity, D,, which is highly sensitive to molecular weight. However, few experimental
determinations of D, for polymer solutions at concentrations in the nematic phase have been made. We
invoke Doi’s theory of liquid crystalline polymer rheology to extract D, from experimental measurements
of the transverse Miesowicz viscosity, 7., of nematic solutions. Transverse Miesowicz viscosities were
measured for a series of poly(n-hexyl isocyanate) (PHIC) polymers at fixed dimensionless concentration
(c/c* = 1.25) in p-xylene, by orienting the director with a high dc electric field. The rotational diffusivity
of PHIC was found to be independent of shear rate and proportional to M, 4%*029 This scaling is in
excellent agreement with Doi’s molecular theory, which predicts that D, scales as M~® at fixed c/c*. The
experimental values of D, were compared with theoretical values calculated a priori from molecular
dimensions and the solution concentration. The numerical constant § which multiplies Doi’s predicted
D, was found to be of order 10! for the nematic PHIC solutions, in contrast with values of order 103
reported for semidilute solutions of rodlike molecules.

1. Introduction

The rotational dynamics of nematic solutions of
rodlike polymers are of particular interest in areas such
as processing of fibers! and thin films? and in elec-
trorheological (ER) fluids,? where the orientation of the
molecules controls the response and properties of the
solution. Modeling of such problems usually involves
fitting the rotational diffusivity to experimental data.
For design purposes, a priori prediction of solution
properties and rheological response from molecular
inputs is desirable. The effect of fluid formulation
parameters (e.g., molecular weight and concentration)
on the rotational diffusivity of nematic solutions has not
been extensively addressed, largely because experimen-
tal techniques, such as light scattering, are unsuitable
in the nematic phase.* Hence, accurate theoretical
predictions of the rotational diffusivity from molecular
theory for nematic solutions would be especially useful.

Doi and Edwards® have described the dynamic be-
havior of interacting rodlike polymers through such a
molecular-based tube model, which postulates that a
rodlike macromolecule is confined to move inside a tube
formed by its neighboring rods. The rotational diffusiv-
ity, Dy, quantifies the ability of the molecule to rotate
around its center of mass. The rotational diffusivity in
dilute solution, Dy, can be estimated for rodlike poly-
mers from hydrodynamics using molecular parameters
as®

_ 3kTlIn(L/d) — y]
an L?

DrO (1)

where d is the diameter and L the length of the rod, 7
is the solvent viscosity, y is a correction factor for rod
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Table 1. Summary of Experimental Molecular Weight
Scaling for Rotational Diffusivity of Rodlike Polymers

polymer (solvent) method D, scaling ref
Dilute: D, O M—3f (M)*
PHIC (toluene) EB? M—290 24
PBIC (TCM)¢ EB M=3(M < 109 22
PBLG (DCE)? DLSe M-27 13
Semidilute: D, 0 ¢ 2M°F (M)
PBLG (DCE) DLS c2M8 13
M-13 viruses EB c2M-"7 19
PBLG (m-cresol) EB c M7 15
Nematic: D, O (c/c*)~2M-5f (M)
PBLG (m-cresol) rheo” M5 27

af(M) = In M + In(b/Mod) — y." Electric birefringence.
¢ Tetrachloromethane. ¢ 1,2-Dichloroethane. ¢ Dynamic light scat-
tering. 7 Rheology.

end effects, and k7T is the product of the Boltzmann
constant and the absolute temperature. A constant end
effect correction factor (y = 0.8), calculated from point
force approximations,’ is often used. However, more
recent predictions of the frictional forces on blunt
cylinders?® or cylinders capped with hemispheres® indi-
cate that y is a function of L/d. The Yoshizaki and
Yamakawa approach? for a cylinder with oblate hemi-
spheroidal end-caps having a semiaxis ratio of 0.63
predicts a change in y from 0.33 to 0.57 when L/d
increases from 10 to 60. For L/d > 60, y remains
constant. The In(L/d) — y term in eq 1 causes the L
dependence of D,y to be slightly less negative than the
—3 power. Table 1 shows that the predicted length
scaling of L=3(In(L/d) — y) for D has been verified
experimentally.

Above a certain critical concentration the molecules
tend to align toward the same average direction, and a
liquid crystalline phase is observed. In this regime the
rotational diffusivity is dependent on the orientation of
an individual molecule and its local environment. Doi!®
suggested an orientation-independent averaged diffu-
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sivity, which eliminates the extensive mathematical
analysis otherwise required and is given for concen-
trated nematic solutions as

— ﬁDrO
c’L°R?

(2)

T

where [ is a numerical factor and ¢ is the number
concentration (molecules per volume). The factor R
accounts for the effect of tube dilation and is given by

R= %fdu du’ Aw) A x | 3)

where u and u' are unit vectors parallel to a test rod
and its neighboring rods, respectively, and flu) is the
molecular orientation distribution function. When poly-
mer molecules orient in the same direction, the average
diameter of the confining tube becomes larger, so the
rotational diffusivity increases. The integral term R is
thus related to the order parameter, S, of the nematic
solution.
Substituting eq 1 into eq 2 yields

In(L/d) —

nsR™ ¢ L
Equation 4 predicts an inverse square dependence of
the rotational diffusivity in the nematic regime on
number concentration (D, 0 ¢~2). At a constant value of
¢, the rotational diffusivity varies with molecular length
as L~2(In(L/d) — y). For rodlike polymers the molecular
weight (M) is proportional to L, hence, in terms of
molecular weight, the rotational diffusivity from eq 4
is expressed as

D 36ETM,’[In(M) + In(b/Md) — y]
! b’ M°R®

(5)

where b and M) are the projection length and molecular
weight of a monomer unit. The integral term R is
actually a function of the dimensionless concentration
C = c/c*, where c* is the number concentration where
the isotropic phase becomes unstable. ¢* can be inferred
from either experimental measurements of phase tran-
sitions or predicted with the aid of theory. Onsager’s
theory!! for the phase behavior of perfectly rigid rods
predicts the relation

c* = 16/adL? (6)

Substituting eq 6 into eq 5 shows that, for fixed c/c*,
the rotational diffusivity varies with molecular length
as M~5f (M), where f (M) = In M + In(b/Mod) — y, viz.

_ 378 dszM05/c*)2 (D) + InGiMd) =y

T 256, R%° \c M

Equations 5 and 7 demonstrate that the rotational
diffusivity can be calculated directly from molecular
parameters, provided that the numerical value of j is
known and that an algorithm exists for estimating R.

Initially, the numerical factor § was expected to be
of order unity;> however, larger values have been
reported from fits to experimental data. Chow and co-
workers reported values of 3 of the order of 108 from

Molecular Weight Effect on Rotational Diffusivity 6649

rheooptical experiments of semidilute collagen solu-
tions,'? while values of O(10%) have been reported for
semidilute solutions of poly(y-benzyl L-glutamate) (PBLG)
in 1,2-dicloroethane (DCE).13 In these cases, the increase
in  was attributed to flexibility, which decreases the
effective rod length. Nevertheless, Teraoka and co-
workers!* calculated a value of 8 = 1320 from computer
simulation of tube statistics for perfectly rigid rods in
semidilute solutions. Their main assumption was that
the rodlike polymer does not have to move a distance L
to disengage from its surrounding tube in order to
rotate. Their result was found to be consistent with the
experimental results of Mori et al.’® for PBLG in
m-cresol.

Experimental techniques such as dynamic light
scattering,!316-18 electric birefringence, 1924 and opti-
cal rheometry (flow birefringence)!2-2526 have been used
to measure the rotational diffusivity or the rotational
relaxation time (z = 1/6D,) in the dilute and semidilute
regimes; scaling results are summarized in Table 1. In
dilute solutions, D,y scales with a power slightly less
negative than —3 as predicted by eq 1. In the semidilute
regime, eq 2 applies for R = 1 (no preferred orientation).
Good agreement has been found with the predicted
concentration and molecular weight scaling and experi-
mental results in this regime (Table 1). Molecular
weight studies usually include molecules from both the
rigid and semiflexible regions, so the slight discrepancy
toward lower values of the exponent dependencies are
often attributed to chain flexibility.?%-25 Experiments in
concentrated liquid crystalline solutions have been
limited to relating rheological properties to character-
istic molecular relaxation times and thus to the rota-
tional diffusivity. Gleeson and co-workers?? found ex-
perimentally for the lyotrope PBLG in m-cresol that the
shear rate at which the first normal stress difference,
N1, reaches its positive maximum, ymax, Scales as M >
for molecular weights ranging from 86 to 238 kDa at a
fixed value of c/ey ~ 1.12, where ¢y is the concentration
for the inception of the nematic phase. The molecular
relaxation time is proportional to De/jmax,2® where De
is a constant Deborah number independent of molecular
weight. Therefore, the rotational diffusivity is propor-
tional to ymax and consequently to M.

In this paper, Doi’s theory of liquid crystalline poly-
mer rheology is used to extract D, of nematic solutions
from experimental measurements of the transverse
Miesowicz viscosity, 7.. Transverse Miesowicz viscosities
were measured for a series of poly(n-hexyl isocyanate)
(PHIC) polymers at fixed dimensionless concentration
(c/e* = 1.25) in p-xylene, by orienting the director with
a high dc electric field. The nematic potential, U, is only
a function of the dimensionless concentration, c¢/c*; thus,
a comparable nematic state was achieved by fixing c/c*.
PHIC is a well-studied model of rodlike polymers with
a large permanent dipole moment along the main rod
axis, making it ideal for ER studies. Scaling arguments
for the effect of molecular weight and shear rate on the
Miesowicz viscosity, 7., and the rotational diffusivity are
tested. Finally, the experimental rotational diffusivity
is compared with a priori predictions from eq 7 using
molecular parameters for PHIC.

2. Background

After development of the molecular theory for the
rheology of liquid crystalline polymers by Doi, other
authors have shown the equivalence between the phe-
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nomenological Ericksen—Leslie—Parodi (ELP) theory
and the Doi molecular theory.??~3! The Leslie coef-
ficients can thus be expressed as functions of molecular
parameters, such as concentration and rotational dif-
fusivity.

The macroscopically measurable Miesowicz viscosi-
ties, 774, b, and 7., are the liquid crystal viscosities when
the director (average orientation of the molecules) is
oriented in the vorticity, flow, and velocity gradient
directions, respectively. Because the Miesowicz viscosi-
ties are linear combinations of the Leslie coefficients,
they too can be related to molecular and solution
parameters. The nematic director can be oriented
through the application of an external electric or
magnetic field.?? Lee and co-workers extracted the
rotational diffusivity of poly(p-phenylene terephthal-
amide) (PPTA) in sulfuric acid solutions from measure-
ments of 7, in Poiseuille flow under an electric field.33
In this work, we have adopted a similar procedure to
extract D, from 7., but without the shortcomings of the
decoupling approximation used by Marrucci.??

Steady-state ER characterization of simple shear
flows with an applied electric field perpendicular to the
shear direction of nematic PHIC solutions have shown
that the viscosity increases sigmoidally above a thresh-
old electric field until it reaches a plateau or maximum
value.?* Conoscopy experiments have demonstrated that
the plateau viscosity corresponds to the Miesowicz
viscosity, 7., where the director is oriented parallel to
the velocity gradient and the electric field.?> Conse-
quently, an experimentally measurable quantity, the
plateau viscosity, can be used to study the effects of
molecular parameters such as concentration and mo-
lecular weight on the rotational diffusivity, D,.

The Miesowicz viscosity, 7., is expressed in terms of
the Leslie coefficients (0;’s) as

7, = %(—(12 +oay+ay) 8)

Kuzuu and Doi®® obtained expressions for the Leslie
coefficients in terms of molecular parameters without
the use of the decoupling approximation. The relevant
coefficients in eq 8 are given as

oy/n* = —BC°PR* (1 + A S, (9a)
oyt = 2CPRT - 55, 25)  (9b)

os/n* = 5C°R*P %P(SSQ +4S,) + 8, (9c)

where Sy and Sy are the second and fourth equilibrium
order parameters, respectively, 4 is the “tumbling”
parameter, R is the tube dilation factor from eq 3, and
P is a shape factor. For rodlike polymers with large L/d,
P approaches unity.?® Equations 8 and 9 are scaled with
respect to 7%, the viscosity of the isotropic phase at c¢*,
which is given as

« _ CRT
10D;

(10)

where D} is the rotational diffusivity of the isotropic
phase at c*. A perturbation method was used by Kuzuu
and Doi® to expand Ss, S4, and R as power series of C
(= clc¥), yielding
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S,=1-0.1473C"% — 3.344 x 10°2C™* — 1.49 x
1072C7° (11a)

S,=1-0.4909C "% — 2.713 x 10 72C™* — 1.56 x
107°C™° (11b)

_2.25676 _ 2.116 i 0.474

R BO.5 BL5 BZ.5

(11c)

B =20.371C? — 5.626 — 1.06C 2 (11d)

A simple approximation for the tumbling parameter was
proposed by Archer and Larson3’ in terms of the form
factor and the order parameters as

A_P5SZ+1684+14 .
B 358, (12)

Equations 8—12 predict that the ratio #./7* is only a
function of c¢/c*. Consequently, the Miesowicz viscosity
follows a similar scaling with molecular weight at a
fixed c/c* as the viscosity of the isotropic phase at c*.
By substituting eqs 6 and 7 into eq 10, it can be shown
that the Miesowicz viscosity scales with molecular
weight as

n. Oy OMF )™ (13)

Doi theory also predicts a similar dependence of M3f (M)~1
for the zero-field viscosity.®

We have determined the rotational diffusivity from
the experimentally measured Miesowicz viscosity, 7., as
follows: for a known C, the parameters R, Sg, S4, and 4
were calculated from eqs 11 and 12. Then, eqs 8 and 9
were solved for #*. The rotational diffusivity at c¢* was
calculated from eq 10. Since from eq 2 D, 0 ¢ 2R2,
taking R = 1 in the isotropic phase yields

D, =D:C°R™® (14)

The rotational diffusivity was calculated as described
above at various concentrations corresponding to c/c*
from 1.0 to 1.14 from the plateau viscosity for solutions
of PHIC of M, = 100 kDa in p-xylene reported by Tse
and Shine.? Results are shown in Figure 1, where they
are compared to the rotational diffusivity reported by
the same authors from fittings of steady-state electro-
viscosity to their ER model.3® The calculated D, is
observed to be proportional to the —2.66 + 0.33 power
of concentration, similar to that observed by the same
authors and in near agreement with predictions of Doi’s
theory. Only small (<5%) differences are seen between
the two estimation procedures; we believe the current
method is preferable for use since it does not require
numerical simulation.

3. Experimental Section

PHIC was synthesized by an organotitanium(IV)-catalyzed
living polymerization reaction.?® This polymerization is both
living, which leads to a monodisperse molecular weight
distribution, and reversible, which, if allowed to proceed to
equilibrium, results in the most probable molecular weight
distribution with a polydispersity index of 2.0.4° The catalyst
used was TiClsOCH2CF;3 (kindly synthesized by Dr. David
Thorn, DuPont). In a drybox with a nitrogen atmosphere, a
catalyst solution of approximately 1 g in 30 mL of toluene was
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Figure 1. Rotational diffusivity calculated from plateau
viscosities reported by Tse and Shine (2000) (a) and compari-
son with reported results from the electrorheological model of
the same authors (O) for a M, = 100 kDa PHIC in nematic
p-xylene solutions.

prepared. In a 25 mL flask, catalyst solution and n-hexyl
isocyanate (99%, Acros Organics) were mixed at room tem-
perature, stirring continuously, at different catalyst-to-
monomer ratios. The reaction mixture turned an orange color,
and its viscosity increased substantially as the reaction
progressed. At the appropriate time, generally 3—24 h after
initiation, the reaction was transferred to a bigger flask and
terminated by the addition of an excess of acetic anhydride
(99%, Aldrich & Alfa Aesar) in a 1:10 volume ratio. Acetic
anhydride quenches the active end of the chain, halting both
the propagation and depropagation steps.*! The quenched
mixture was left to react for at least 4 h, after which 50 mL of
toluene was added to the mixture. The polymer mixture was
precipitated into methanol in a 1:4 volume ratio and recovered
by filtration. To eliminate uncapped chains, the polymer was
redissolved in 200 mL of toluene and left at room temperature
for at least 24 h to promote depolymerization. Following
subsequent methanol precipitation, the filtered polymer was
dried in vacuo at 40 °C for at least 4 h. All solvents used in
solutions were incubated with molecular sieves at least 1 week
prior to use in order to eliminate moisture and were bubbled
with nitrogen before use. Recovered polymer ranged from 2.5
to 6.0 g, yielding a monomer-to-polymer conversion that was
always less than 50%; low conversion was desirable to mini-
mize polydispersity.

Intrinsic viscosity was measured in toluene at 25 °C. The
viscosity-average molecular weight (M) was calculated using
the Mark—Houwink constants of K = 2.99 x 107 % and a = 1.2.#
Another PHIC sample was obtained from Polysciences, Inc.
(lot #452029). The commercial sample was cleaned following
the procedures described above prior to use to eliminate side
products (primarily trimers) of the synthesis procedure. An
additional sample from our laboratory inventory was also used;
synthesis details have been given elsewhere.? The molecular
weight distributions of all samples were obtained in a tandem
SEC/LS apparatus using a Waters Alliance 2690 liquid chro-
matograph connected to a Wyatt Dawn EOS multiangle light
scattering spectrometer and a Viscotek dual detector (refrac-
tive index and differential viscosity). The M, measured by the
Viscotek detector agreed with the intrinsic viscosity measure-
ments in toluene to within a standard deviation of +10%,
except for the Polysciences sample where the standard devia-
tion was +15%.

Results for molecular weight averages and polydispersities
of the synthesized PHIC are summarized in Table 2. Deter-
mination of M, can be problematic in SEC light scattering due
to insufficient scattering at the lowest molecular weight
portion of the distribution. This was addressed by fitting the
calibration curve of M as a function of elution volume in the
region where light scattering was sufficient and extending this
fit to encompass the low molecular weight region. The molec-
ular weight averages, M,, M,, and so forth, were then
calculated as is usually done for SEC. In the case of the PHIC
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Table 2. Molecular Weight Characterization and Phase
Behavior of the Synthesized PHIC

M, (kDa)* M, (kDa) M, (kDa) PDI cin (Wt %) cnem (Wt %)

29.3 13.2 22.5 1.70 28.3 37.2
41.6 21.0 29.7 1.41 25.3 33.6
50.6 21.5 33.6 1.57 23.5 34.0
72.2 31.3 49.8 1.59 23.1 34.5
122.3% 54.7 99.2 1.81 21.2 29.0
149.0¢ 65.1 109.6 1.68 21.1

@ Average values from intrinsic viscosity in toluene and Viscotek
detector. ® Sample obtained from Polysciences, Inc. ¢ Sample from
laboratory inventory.

0.4 4 1
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Figure 2. Molecular weight dependence of the isotropic-to-
nematic (IN) phase transition concentration of PHIC: (a) in
p-xylene, present work; (0) in toluene at 25 °C, Itou and
Teramoto;** (®) in toluene at 20 °C, Conio et al.;* (—)
predictions from Onsager’s rigid-rod theory.!!

series, the data obtained for the lower molecular weight
samples was also consistent with this extrapolation. The
polydispersity index (PDI = M,,/M,) ranged from 1.41 to 1.81.
The persistence length of PHIC in toluene at 25 °C is 37 nm;
thus, the samples used in this work range from about 0.81 to
3.96 persistence lengths.

The liquid crystalline phase behavior of solutions of PHIC
in p-xylene was observed with an optical microscope (Nikon
Optiphot-2) under crossed polarizers. The concentration of the
isotropic-to-nematic transition (ciy) was taken as the point
where the first liquid crystalline regions became visible and
was determined to within 0.2 wt %. Similarly, the concentra-
tion of the biphasic-to-fully nematic transition (cnem) was taken
as the point where the sample became fully birefringent.
Greater accuracy was achieved in the determination of cix,
making it more suitable as a reference point, than cpem, where
the high light intensity made it difficult to identify isotropic
inclusions visually. Phase behavior results are included in
Table 2.

Figure 2 shows the results of the isotropic-to-nematic phase
transition of PHIC in p-xylene at room temperature (~23 °C).
Reported values for PHIC in toluene**** and the predictions
for the phase transition of perfectly rigid rods based on
Onsager’s theory™ have been plotted for comparison. The chain
dimensions of PHIC in toluene*? were used for the Onsager
predictions, specifically, b = 0.17 nm and d = 1.6 nm. The
concentration of the IN transition decreased as molecular
weight increased until it approached a constant value as 1/M
approached zero. However, rigid-rod theory predicts an inter-
cept of zero. From phase behavior data, the critical concentra-
tion, c¢*, above which the isotropic phase becomes unstable was
estimated as 1.198 times ¢y on the basis of Onsager’s theory.
A constant value of c/c* of 1.25 was used in all rheological
characterization to keep the nematic potential fixed.

Electrorheological characterization was performed on a
Rheometrics ARES strain controlled rheometer using stainless
steel parallel plates, where a dc electric field was provided by
a TreK-610C high-voltage supply. Parallel plate geometry
provided a constant electric field throughout the sample. All
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Figure 3. Electroviscosity at various shear rates for PHIC
(M, = 22.5 kDa) in p-xylene solution at c¢/c* = 1.25 and 25 °C.
Symbols are for 7 = 0.3 (W), 1 (O), 3 (2), and 10 s7! (@).

rheological measurements were performed at a constant
temperature of 25 °C, using a Peltier plate temperature control
unit as the lower fixture. The plates had either a 50 or 25 mm
diameter, with a gap of 0.4 or 0.5 mm; no effect of geometry
on results was observed. The fixtures were enclosed in an
environmental chamber equipped with humidity pads soaked
in p-xylene to retard solvent evaporation.

The samples were allowed to relax for 10—15 min after
initial loading. Following this, a constant shear rate deforma-
tion was suddenly initiated, with a simultaneous change of
the electric field to the desired dc voltage. The field was held
constant until steady state was achieved. Stepwise changes
in the applied voltage were used to examine the electrorheology
of the solution and record the steady-state viscosity at constant
shear rates. No difference between steady-state measurements
following step-up or step-down of the applied electric field was
observed. Edge shear rates ranging from 0.3 to 10 s™! were
used, with dc electric field strengths ranging from 0 to 1.2 MV/
m. For M, < 49.8 kDa, these edge shear rates were always in
the Newtonian region of the zero-viscosity curve; however, the
higher molecular weights showed shear thinning behavior at
shear rates above 3 s71. Data from shear rates in the shear
thinning regime were not analyzed because these conditions
required a higher electric field to orient the nematic phase than
was available with the ARES instrument. The electric field
was limited by the need to avoid overloading the normal stress
transducer, since large attractive stresses are generated
between the plates.

4. Results

The steady-state electroviscosity of a My, = 22.5 kDa
PHIC solution as a function of electric field strength for
shear rates ranging from 0.1 to 10 s~! is shown in Figure
3. At a fixed shear rate, the electroviscosity is seen to
increase with increasing electric field until a maximum
plateau viscosity is reached. This maximum viscosity
was 2 orders of magnitude larger than the viscosity in
the absence of the electric field. Each shear rate curve
reached the same plateau viscosity, which corresponds
to the transverse Miesowicz viscosity, .. However, the
plateau was reached at lower values of the applied field
for lower shear rates. The steady-state electroviscosity
of PHIC solutions at a constant shear rate of 1 s™! and
cle* = 1.25 for different My, samples is shown in Figure
4. The Miesowicz viscosity increased significantly with
increasing molecular weight, although plateau values
were not achieved at this shear rate for the higher
molecular weight samples.

Plateau viscosities were estimated for all molecular
weights and shear rates within the Newtonian plateau
by extrapolating high field data to 1/E — 0. This
extrapolation compensated for equipment limitations
preventing the use of higher electric fields and for the
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Figure 5. Effect of shear rate on the Miesowicz viscosity, #.,
from electrorheological data for M,, ranging from 22.5 to 99.2
kDa at a c¢/c* = 1.25. Lines correspond to average values.

slight increase in viscosity at high fields due to a slight
increase in the order parameter. In all parameter fitting
and averaging procedures, data points were weighted
by the inverse square of the propagated standard error.
For plateau viscosity estimation, the standard error at
each molecular weight was taken to be the same relative
error as that determined from the standard deviation
of individual reproducibility measurements. Figure 5
demonstrates that, for each molecular weight, the
Miesowicz viscosities were independent of shear rate to
within experimental error. The results are consistent
with previous reports of the electrorheology of a 30 wt
% PHIC (M, = 100 kDa) solution.?

5. Discussion

Table 3 lists the Miesowicz viscosity and the zero-field
shear viscosity of the PHIC samples as a function of
molecular weight; reported values are weighted aver-
ages for all shear rates studied. Since b, My, and d are
known molecular parameters, and y can be calculated,
the value of f(M) can be calculated for each of our
samples. We used a monomer molecular weight (M) of
127 g/mol, the chain dimensions for PHIC in toluene, b
= 0.17 nm and d = 1.6 nm, and used the procedure of
Yoshizaki and Yamakawa® for oblate hemispheroidal
end caps having a semiaxis ratio of 0.63 to determine
values for y. Calculated values of y for our PHIC
samples with axial ratios L/d between 18.8 and 91.6 are
also shown in Table 3. To test the data against the
predictions of Doi’s theory for rigid-rod-like polymers,
shown in eq 13, the viscosity data were multiplied by
f M) for the linearized plot in Figure 6. At higher
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Table 3. Experimentally Measured Zero-Field Viscosity (7g-0), Miesowicz Viscosity (7.), and Calculated y, 7% and
Rotational Diffusivities from Eqs 8—14 for M,, = 22.5 to 109.6 kDa

M, (kDa) nr—o (Pa s) n.(Pas) y n* (Pa s) D.(s™)
22.5 0.16 £ 0.01 142+04 0.47 4.396 + 0.124 2531 + 62
29.7 0.28 £ 0.02 24.8 £ 0.5 0.51 7.678 +0.155 981 + 21
33.6 0.36 £ 0.06 32.3+54 0.53 10.00 £ 1.67 619 + 103
49.8 1.38 + 0.26 272 + 58 0.56 84.21 + 17.96 48.7 £10.4
99.2 15.0 £ 0.9 2710 £+ 190 0.57 839.0 + 58.8 2.25 +£0.16
109.6 20.0 £4.1 4320 £ 1400 0.57 1337.5 £ 433.4 1.27 + 041
molecular weights, the scaling exponent for both vis- Table 4. Summary of Parameters Obtained at C = 1.25
e . L. and P =1
cosities is close to the Doi prediction of 3. However, at
lower molecular weights, the exponent is lower. We are parameter value parameter value
uncertain of the cause of the deviation of the data but Ss 0.888 ag/n* —3.333
do not believe that it should be attributed to flexibility Sy 0.671 ou/n* 0.127
effects. Theory predicts that an increase in chain A 0.938 s/ 3.000
R 0.431 nn* 3.230

flexibility causes a decrease in the effective length of
the molecule.*> Thus, the viscosity should be lower for
a semirigid molecule than for a perfectly rigid rod. At a
constant c/c*, this flexibility effect would be evidenced
as a decrease of the scaling exponent at higher molec-
ular weights on the viscosity vs M plot, which is opposite
to that observed experimentally. The viscosity enhance-
ment, defined as the ratio of the maximum (Miesowicz)
to minimum (zero-field) viscosity, ranges from 89 to 216,
with higher molecular weight samples exhibiting a
higher enhancement.

The rotational diffusivity was estimated from the
experimentally determined Miesowicz viscosity, 7., as
described in the background section for C = 1.25 and P
= 1. The assumption of P = 1 is justified since the lowest
value of P expected could be estimated from molecular
parameters to be 0.984. Other estimated parameters
used in the calculations are summarized in Table 4. The
isotropic viscosity #* was estimated from 7. using eqs
8—14. The estimated isotropic viscosity #* and rota-
tional diffusivities are presented in Table 3.

Since the Miesowicz viscosity did not depend on shear
rate, the rotational diffusivity was also independent of
shear rate. The effect of molecular weight on the
rotational diffusivity in the nematic phase can be
seen in Figure 7. A molecular weight dependence of
M, ~495+029F (M) was observed for the rotational diffu-
sivity. The scaling is in good agreement with Doi theory
(eq 7), which predicts D, 0 M~5f (M) for a fixed c/c*.
Because the PHIC samples had PDIs ranging from 1.41
to 1.81, possible effects of polydispersity cannot be
dismissed, especially in light of the extreme sensitivity

10° .
A Miesowicz A
= Zero-field a E
—~ 10° 5 1
©
[
= . s & n " 3
g
x 10 4 E
= L]
" - 3 E
-
10" ; ;
20 50 100 140

M, (kDa)

Figure 6. Molecular weight dependence of the transverse
Miesowicz viscosity (.) and the zero-field viscosity (7g-o) of
PHIC solutions at c/c* = 1.25. Both reported viscosities are
weighted averages at the same range of shear rates, 7 < 10
s™! for M, < 33.6 kDa and y < 1 s7! for M, = 49.8 kDa.

of D, to molecular weight. The rotational diffusivity in
a polydisperse sample is expected to be affected by the
high tail of the molecular weight distribution.*6 How-
ever, use of the other moments of the molecular weight
distribution in calculating the M dependence of D,
showed similar scaling of the exponential term, i.e.,
M, 554045 \f —5.43+0.73 "and M, 485065 This may occur
because c¢*, which is used to scale all calculated quanti-
ties, is determined experimentally, mitigating somewhat
the impact of polydispersity on calculated values of D,.

For design purposes, a priori prediction of properties
and the rheological response is desirable and can be
achieved if molecular properties, such as the rotational
diffusivity, are known. We have performed these a priori
estimations as follows: the infinite dilution rotational
diffusivity was calculated from eq 1 using the chain
dimensions of PHIC in toluene at 25 °C; the viscosity
of p-xylene at 25 °C was taken to be 0.604 mPa-s,*7 M,
was used in the calculations of polymer lengths, and y
was calculated following the same procedure explained
above. Equation 7, which assumes the phase behavior
follows the Onsager relation (eq 6), was used, together
with C = cadL?16 for the calculation of R and a 8 =
1320, to give a completely predictive estimate of D,.
These a priori estimates are compared in Figure 8 with
the experimental values. However, the dashed line in
Figure 8 shows that this completely a priori prediction
overpredicts the experimental values of D, by several
orders of magnitude.

To achieve a quantitative fit, we have treated f as
an adjustable parameter. Best agreement between

3
T

N

20 50 100 140
M., (kDa)

Figure 7. Molecular weight dependence of the rotational
diffusivity calculated from plateau viscosity for PHIC at c/c*
= 1.25. Line corresponds to best fit of D, [s7!] x f(M)™' = 6.0
x 10°M,, [kDa] 4%,
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Figure 8. Comparison of the rotational diffusivity obtained
from plateau viscosities to predictions from molecular param-
eters using f = 1320 (dashed line) and a fitted § (solid line).
Symbols correspond to experimental results, while lines cor-
respond to predictions with eq 7, which assumes the Onsager
relation.

theoretical predictions and experimental data yields
= 11.9. The solid line in Figure 8 shows the degree of
quantitative fit using this parameter value. A § value
of order 10! suggests that PHIC molecules in nematic
solutions are much more constrained by neighbors than
anticipated from simulations'* and observed experimen-
tally in semidilute solutions, where reported values are
2—5 orders of magnitude larger.

6. Conclusions

The rotational diffusivity of nematic solutions of
rodlike polymers was extracted from experimental
measurements of the transverse Miesowicz viscosity 7.
and calculated Leslie coefficients from Doi’s molecular
theory without the use of decoupling approximations.
Transverse Miesowicz viscosities were measured for a
series of poly(n-hexyl isocyanate) (PHIC) polymers of
My, = 22.5—109.6 kDa at fixed dimensionless concentra-
tion (c/c* = 1.25) in p-xylene at 25 °C, by orienting the
director with a high dc electric field. The rotational
diffusivity of PHIC was found experimentally to be
proportional to M,,~49+029¢ (M), verifying the prediction
from Doi theory for the rotational diffusivity at a fixed
c/c* (D, O M-5f(M)). Completely a priori prediction of
the rotational diffusivity from molecular and solution
parameters is still somewhat elusive. For PHIC the
value of  needed for prediction from molecular param-
eters is of order 10!, considerably lower than reported
values of order 103 or higher from simulations and
experiments in semidilute solutions. At the moment, a
completely a priori prediction is not possible unless a
valid method for estimating j is developed.
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