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ABSTRACT: The twist and bend viscosities of dilute nematic solutions in 4’-(pentyloxy)-4-cyanobiphenyl
(50CB) and in 4’-pentyl-4-cyanobiphenyl (5CB) of the main-chain liquid crystal polymers, TPB10 and TPB13,
which have a mesogenic group, 1-(4-hydroxy-4’-biphenyl)-2-(4-hydroxyphenyl)butane, separated, respectively,
by flexible decamethylene and tridecamethylene spacers, were determined via dynamic light scattering analysis.
A theoretical expression for the increment of twist viscosity, v, derived by Brochard can be applied to
interpret the experimental results in terms of changes in the mean square end-to-end distances parallel (R
and perpendicular (R | ?) to the nematic director. We find that the hydrodynamic behavior of TPB10 oligomers
moves closer to that predicted for a rigid rod as the temperature decreases. By modeling the oligomers as
a mixture of configurational isomers, the hairpin probability per repeat unit and the associated activation
energy can befound. The latter is approximately twice the energy barrier of a trans to gauche transformation.
As the molecular weight is increased from oligomers to polymers a decrease in the exponent characterizing
the contour length dependence of the intrinsic twist and bend viscosities, [v1] and [#pend], is found, emblematic
of a crossover from rigid rod to biased random walk behavior. The effect of absolute temperature on the
viscometric properties of TPB13 polymer (GPC determined M,, = 79100 g/mol) was studied by comparing
the viscosity in high and low temperature nematic solvents at equal order parameters, viz. TPB13/5CB at
T = 27.3 °C and TPB13/50CB at T = 62.0 °C. A large increase in [y;] but negligible change in [npenq] was

found on decreasing temperature.

Introduction

Main-chain nematic liquid crystal polymers (LCP) have
very different configurational statistics and viscoelastic
behavior in the nematic state versus the isotropic state,
because the nematic field has a strong effect on the internal
molecular degrees of freedom. Thus, when a LCP is
dissolved in a nematic solvent (NS), the LCP chain adopts
an anistropicshape which is determined by the competition
between the three-dimensional entropic expansion and
the tendency of the mesogenic groups to be aligned with
the nematic field. The anisotropic radii of gyration, Ry
and R, ;, of the LCP chains in nematic media have been
determined by small angle X-ray scattering! and small-
angle neutron scattering (SANS).2 Here, | and L refer to
measurements parallel and perpendicular, respectively to
the nematic director, i.e. to a unit vector oriented along
the average nematic axis. Recently, there hasbeeninterest
in investigating the viscoelastic properties of nematic
solutions containing a LCP dissolved in a nematic solvent,
which are expected to be a sensitive function of the LCP
molecular architecture.®1®> The elastic constants and
viscosity coefficients which characterize the splay, twist,
and bend distortions of the nematic solution can be
determined via the associated Freedericksz transition
characteristics under magnetic or electric fields,'6!7 and
by static and dynamic light scattering measurements,318-20
in each case performed on nematic monodomains. A
theoretical model developed by Brochard?' provides
expressions which express certain viscosity increments as
a function of the mean square end-to-end distances R?
and R, 2

In a previous study,?® we determined the molecular
weight dependence of the intrinsic twist viscosity of a main-
chain LCP designated TPB10, which has a mesogenic
group, 1-(4-hydroxy-4’-biphenyl)-2-(4-hydroxyphenyl)bu-
tane, separated by flexible decamethylene spacers. Our
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experiments were performed on monodisperse TPB10
oligomers and TPB10 polymers of narrow polydispersity,
and deduced, using arguments based on the Brochard
model2, that the oligomer hydrodynamic behavior is close
tothat of a free-draining rigid rod, while the polymer chains
behave approximately as free-draining hiased random coils.
In the same study, by modeling the TPB10 oligomers as
mixtures of straight and bent configurational isomers, we
could obtain an estimate of the probability of a hairpin
turn from the intrinsic twist viscosity data.2?2 It is also
pertinent to note that the length of the flexible spacer, x,
of TPBx influences the viscometric behavior. In par-
ticular, we found!5 that the splay viscosity increments for
chains with even spacers were larger than those with odd
spacers, suggesting that the former had a more extended
chain configuration along the director. In addition to the
spacer length, we know that there are two other major
factors, temperature and nematic potential (or order
parameter), which influence the LCP configuration and
hence the viscometric properties of an LCP dissolved in
anematicsolvent. Itisofinteresttoelucidate the intrinsic
temperature effect on the aforementioned viscometric
properties and chain statistics. Earlier studies!*? have
evaluated the effect of temperature upon the configura-
tional relaxation time, the increment of twist viscosity,
and chain configurational anisotropy. However, these
experiments generally utilized a single nematic solvent so
that, unavoidably, the nematic potential changes as the
temperature changes. In this paper, we seek toisolate the
intrinsic temperature dependence of the chain configura-
tion and hydrodynamic behavior by characterizing vis-
cometric properties of a main-chain LCP in high- and low-
temperature nematic solvents under conditions of com-
parable nematic order parameter. In addition, we have
also studied for the first time the effects of temperature
and molecular weight on the bend distortion of main-
chain LCP/NS mixtures.

© 1994 American Chemical Society
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Table 1. Molecular Weights, Chain Contour Lengths, and Tx; of TPB10 and TPB13

specimen

TPB10 dimer TPB10 trimer TPBI10 tetramer TPB10no.5 TPB10no.6 TPB10no.7 TPB10no.8 TPB10no.9 TPB13
M (g/mol) 1054 1510 1966 - - - - - -
Alwppcb(ghnob 1670 2420 3070 13330 17300 25080 245820 75440 79100
(Muo/ M) 1.0 1.0 1.0 1.18 1.21 1.20 1.28 1.34 ~9
M,,,° (g/mol) 1054 1510 1966 8440 10950 15860 28990 47730 -
L4 (A) 81.5 1154 149.3 629.9 816.6 1181.5 2156.6 3548.5 -
Tnre (°C) 62.9 779 84.9 103.8 105.9 108.2 112.6 114.0 79.0

¢ Calculated molecular weight. ® Determined by GPC using chloroform as a solvent and polystyrene as a standard.?® ¢ Actual molecular
weight obtained by correcting Mw gpc via the ratio between Mw gpc and M, of oligomers. ¢ Chain contour length based on My,. ¢ From the

second heating scan.??

TPB10
(oo
( 2)1?{ o—(CH2)4H
n
TPB13

‘{Oo—< cw%

Figure 1. The chemical structures of TPB10 and TPB13: A
racemic mixture of each species was utilized in our investigation.

Experimental Section

A. Materials. The main-chain LCPs, TBP10 and TPB13,
consist of a mesogenic unit, 1-(4-hydroxy-4’-biphenyl)-2-(4-
hydroxyphenyl)butane, separated, respectively, by flexible deca-
methylene and tridecamethylene spacers. Specimens of these
main-chain LCPs were supplied to us by Prof. Virgil Percec,
Case Western Reserve University. The chemical structures,
molecular weights, chain contour lengths, and nematic-to-
isotropic transition temperatures can be found in Figure 1 and
Table 1. It is important to recognize that the true molecular
weights of the TPBx polymers are expected to be different from
the apparent values, measured by GPC relative to polystyrene
standards. Experimentally, it was found that® the true molecular
weights of TPB10 oligomers differ from the GPC values by a
nearly constant ratio. We assume that we can use this ratio to
obtain more accurate estimates of the true molecular weights for
the TPB10 polymers from their GPC values. These corrected
molecular weights were further used to calculate the chain contour
lengths of TPB10 polymers. 4’-(Pentyloxy)-4-cyanobiphenyl
(50CB, T'n1 = 67 °C) previously shown? to be a nematic solvent
for TPB10 and TPB13, was obtained from Aldrich Chemical Co.
4’-Pentyl-4-cyanobiphenyl (5CB, T'x1 = 34.8 °C), which we find
via the contact method? to be a solvent for TPB10 oligomers
(but not for TPB10 polymers?) and TPB13, was purchased from
BDH Ltd. All materials were used as received without further
purification. Planar (homogeneous) monodomains, in which the
average molecular direction is parallel to the glass surfaces, were
prepared using rubbed polyimide-coated conductive glass slides
graciously supplied to us by Mr. Pat Dunn at Kent State
University, Kent, Ohio. Homeotropic monodomains, where the
average molecular direction is perpendicular to the glass surfaces,
were prepared using conductive glass slides coated with lecithin
(Epikuron, Lucas Meyer Inc.). The sample cell thickness was
measured by interferometry? with an experimental error of 1%.
The spacer used in the cell was 25 um Mylar and the cells were
sealed with epoxy (Devcon). Cells were filled with nematic
mixtures at temperatures around 65 °C and 40 °C for 50CB and
5CB solutions, respectively. A Carl Zeiss optical polarizing
microscope equipped with a Mettler FP82HT hot stage and a
Mettler FP30 central processor was used to evaluate the nematic
alignment, based on the fact that, under cross polarizers,
homeotropicalignment as well as disclinations in planar alignment
appeardark. This method wasalso used to determine the nematic
to isotropic transition temperatures, Tnj, of the samples at a
heating rate of 0.2 °C/min. Note that all of the TPB10 oligomers
except the monomer, and all the polymers, show nematic states
whose T are reported in Table 1.

B. Dynamic Light Scattering. A detailed description of
the methods and analytical procedures for the application of
dynamic light scattering to the determination of viscoelastic
parameters of nematic liquid crystals can be found elsewhere,318-20
We performed light scattering measurements in the homodyne
configuration, using a photon correlation spectrometer equipped
with a 6 MW He—-Ne linearly polarized laser and a BI-2030AT
264 channel digital correlator. The sample cell was positioned
in a refractive index-matching bath containing 4-tert-butyltolu-
ene. Thesample cell temperature was controlled by a circulating
bath to an accuracy of £0.1 °C. Three VH scattering configura-
tions which have been described in detail previously® were utilized
in our experiments as follows.

(1) Configuration I (Splay Geometry). The director of a
planar monodomain is oriented parallel to the incident polariza-
tion. The angles in the lab frame 6y, i.e. the angle between the
transmitted laser beam and the photomultiplier tube, chosen to
isolate the pure splay mode are 24.83° for 50CB mixtures at AT
= Ty~ T = 5.0 °C and 26.53° for 5CB mixtures at AT = 7.5 °C.
The decay rate, T'y, of the correlation function of light scattered
at this geometry can be expressed by®

Ty(@) = K1yq ¥/ 1ypiay (la)
q, =27[(n~n, cos 8)% + n *sin® 6]%%/2, (1b)
nsphy = "~ aaz/"b (].C)

where K, is the splay elastic constant; A, is the wavelength of
incident light in vacuum (632.8 nm); n; and n, are the
extraordinary and ordinary refractive indices of the nematic
mixtures; § is the scattering angle in the nematic mixture and
can be calculated by Snell’s law, viz. n, sin 8 = ny, sin 6y,, where
ny, is the refractive index of the matching liquid; a; refers to a
Leslie viscosity coefficient;? v, is the twist viscosity and 7 is a
Miesowicz viscosity.??

(2) Configuration II (Twist Geometry). The director of a
homeotropic monodomain is oriented perpendicular to the
incident polarization and parallel to the incident wave vector.
The decay rate, I', can be expressed, in the absence of an electric
field parallel to the director, as:3

T, = (K3a;" + Kypq )y (2a-1)

and, in the presence of an electric field parallel to the director,
as:28

Ty = (Kysq)® + Kppq) /1 + egheVP/ (d*ny) (2a-2)

7 =7, = [ aDg *q + 1”17 (@b)
gy =2m(n, —ncosB)/A (2¢)

q, = (2nwsind)/ A, (2d)

n=nn, /(n _Lzsin20 + n""’coszﬁ)o'5 (2e)

where Ky and Kj; are the twist and bend elastic constants,
respectively; Ao is the wavelength of incident light in vacuum
(632.8 nm); ny and n, are, respectively, the extraordinary and
ordinary refractive indices of the nematic mixtures; 6 is the
scattering angle in the nematic mixture and can be calculated by
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Snell’s law, viz. n sin 8 = ny, sin 6y, where np, is the refractive
index of the matching liquid; v; is the twist viscosity; . refers
to a Leslie coefficient;% 5, and 7. are Miesowicz viscosities;? V
isthe applied voltage across the cell; d is the thickness of the cell;
€ is the dielectric permittivity in vacuum, and Aeis the dielectric
anisotropy of the liquid crystal solution and is defined as ¢ — ¢,
where ¢ and ¢, are the dielectric permittivities parallel and
perpendicular, respectively, to the director. From eq 2a-2, it is
evident that we can independently measure the pure twist
viscosity by performing the electric field-dependent light scat-
tering at one angle if the magnitude of (ns/a2?)q . %/ q? is very
large. However, since the magnitude of 7,/az? for our samples
is generally very small, the angle at which we can measure the
pure twist mode is also very small. It is difficult to perform the
light scattering measurements at such small angles due to the
flare from the glass surface. We therefore performed electric
field-dependent light scattering measurements at several different
angles for each sample and determined Ky, and v, via fits to eq
2a-2.

(2) Configuration III (Bend Geometry). The director of
a planar monodomain is oriented perpendicular to both the
incident polarization and the incident wave vector. The decay
rate, I'y, of light scattered in this geometry is®

Ty = (Kyq)" + Kyq, %/, (3a)

1y = v, ~ [(n/e,Dq, ¥ q* + 0/ o,217 3h)
gy = (2n7 sin 6)/x, (3¢)

q, =2n(n, —ncosb)/), (3d)

n=nn /(n?sin’ 6+ n * cos® )°° (3e)

Note that from eq 3, we can determine the pure bend mode
scattering if ¢, = 0. At this condition, 7, becomes the bend
viscosity, 7mend, defined as

Mhend = Y1~ @27/, @

The angles in the lab frame 6),; at which we can measure the pure
bend mode are 24.83°, 27.51°, and 26.53° for 50CB mixtures at
AT = 5.0 and 15.0 °C and 5CB mixtures at AT = 7.5 °C,
respectively.

C. Freedericksz Transition and Dielectric Permittivity
Measurements. Freedericksz transition measurements were
performed to measure the splay elastic constant, K;;. This
technique is described in detail elsewhere.? Basically, this
method involves monitoring the capacitance of a planar mon-
odomain while an increasing bias voltage (V},) is applied. A three-
terminal arrangement with guard electrodes was used to eliminate
edge effects. The frequencies of the bias voltage and probe signal
were f, = 50 Hz and f, = 6000 Hz, respectively. The K;; can be
calculated via the following equation:?

Vil = Kyn¥/ (Ao (58)

Ae=¢—¢, (6b)

where Vi is the threshold voltage, ¢ is the dielectric permittivity
in vacuum, and Ae is the dielectric anisotropy. ¢, was obtained
by measuring the capacitance of a planar monodomain at zero
field. ¢ was obtained by measuring the capacitance of a
homeotropic monodomain in the presence of a 7 volt bias voltage
(3000 Hz) to improve the alignment.

For TPB13/5CB, pure 5CB, TPB13/50CB, and pure 50CB,
all the above cited experiments were performed to obtain
information on all the various viscosities. For TPB10/50CB and
TPB10/5CB, we only determined the decay rates of light scattered
by the pure bend mode and of electric field-dependent light
scattering in the twist geometry (configuration II).

Results and Discussion

a. Twist Viscosity of TPB10 Oligomers. Figure 2
shows the viscosity function ns at various scattering angles
in the lab frame, together with the least squares fits to eq
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Figure 2. The dependence of the viscosity coefficient 1, upon
scattering angle in the lab frame: (a) pure 5CB and (b) 0.089
wt% TPB13in 5CB at 27.3 °C. The solid lines are the best fits
to eq 2a-2.

2a-2, for pure 5CB and a 0.809 wt % solution of TPB13
in 5CB. As evident in Figure 2b, it is clear that for this
polymer solution, even at the smallest angle, 10° (lab
frame), the difference between n; and v; is around 5% due
to the fact that the ratio of 5, to as? is very small. In
principle, we can obtain Kg, Kas, v1, na/ a2%, and nc/as? by
performing field-dependent light scattering measurements
at different angles and generating numerical fits to eq
2a-2. However, since we can accurately measure decay
rates only over alimited range 10-55°, the terms containing
Kas, 14/ 0%, and 1o/ as? do not contribute sufficiently to
obtain reliable results. Therefore, we only determine v;
from field-dependent light scattering in the twist geometry.
The twist viscosity of 5CB at AT = 7.5 °C obtained from
Figure 2a agrees very well with the literature value reported
by Skarp et al.3¢

Table 2 lists the polymer concentrations of the various
nematic solutions utilized in this investigation. These were
selected to assure a conveniently measurable increment
v, and yet remain within the linear regime for év; vs C.
We have demonstrated previously?? that linear additivity
of the twist viscosity holds for TPB10 solutions in the
concentration range C[v;] < 12.1. Here C is the polymer
concentration in g/mL and the intrinsic twist viscosity
[v1] = 6v1/(Cv,°) where the viscosity increment dvy; = v1
- v,°, and v, and v,° are the twist viscosities of solutions
and nematic solvent, respectively. In this study, as will
be seen later, all the concentrations listed in Table 2
correspond to values of the product C[v,] below 8. Thus,
our measurements are well within the linear concentration
regime where [v;] is independent of polymer concentra-
tion.
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Table 2. Experimental Concentrations of TPB10/50CB, TPB10/5CB, TPB13/50CB, and TPB13/5CB Solutions

solution TPB10 dimer in 50CB TPB10 trimer in 50CB TPB10 tetramer in 50CB TPB10 no. 5 in 50CB
concn wt% 9.99 6.71 5.01 1.564
solution TPB10 no. 6 in 50CB TPB10 no. 7 in 50CB TPB no. 8in 50CB TPB10 no. 9 in 50CB
conen wt % 1.558 1.344 0.991 0.920
solution TPB10 dimer in 5CB TPBI10 trimer in 5CB TPBI10 tetramer in 5CB TPB13in 50CB
conch wt % 4.71 4.22 1.987 1.00
solution TPB13in 5CB
concn wt 0.809
80 y 50CBat T'=52°C to TPB10/50CB at T = 62 °C, we find
¢ TPB10/5C8, T=273C asimilar comparative trend. One important finding from
4 TPB10/50CB, T=52 C l Figure 3 is that [y1] for TPB10in 5CB at AT = 7.5 °C (i.e.
50T o TPB10/50CB, T=62 C { 1 T =21.3°C) is always larger than [v,] for TPB10in 50CB
at AT = 15 °C (i.e. T = 52 °C). Since the latter has
s 4ok | approximately 20% higher nematic order parameter and
E % only 8% higher temperature (in K) than the former, this
=~ i is striking evidence that the temperature plays the
= a0k I | dominant role over the order parameter in determining
- % the degree of chain extension.
To further interpret these data, we now recall the
20 g . theoretical prediction of Brochard?!
o ‘ ‘ ‘ by, = (CN/MYINA RPR Y ONRZ + A R D]
a0 100 120 140 160

Chain Contour Length, A

Figure 3. The dependence of the twist viscosity increment on
chain contour length of TPB10 oligomers (dimer, trimer, and
tetramer) in 5CB and 50CB.

The dependence of the intrinsic twist viscosity on the
chain contour length for TPB10 oligomers in 50CB at AT
=5 (.e. T=62°C)and 15°C (i.e. T =52 °C) and in 5CB
at AT = 7.5 °C (i.e. T = 27.3 °C) are shown in Figure 3.
To convert concentration in wt % to g/mL, the density of
solutions was assumed to be that of the pure nematic
solvent and was taken from existing data.’! These
temperatures were selected, first, because in 50CB we
compare the behavior of oligomers under conditions
differing in both temperature and nematic potential;
second, in 5CB at T = 27.3 °C and 50CB at T = 62 °C,
we contrast their behavior under conditions of comparable
nematic order parameter323 but with a large difference
in absolute temperature (300.3 °K in 5CB vs 335 °K in
50CB). Here we assume that the order parameter of
solution is the same as that of the nematic solvent. In
support of this we note that the difference in dielectric
anisotropy (Ae) between these dilute solutions and the
pure nematic solvent is very small (<3%) (see Table 3).
Aeis proportional to the nematic order parameter provided
the solution has the same molecular dipole moment and
polarizability anisotropy as the pure solvent.3* The
nematic order parameters (S) of 5CB and 50CB are also
listed in Table 3.

From Figure 3, we see that TPB10 oligomers in 5CB at
T = 27.3 °C have higher intrinsic twist viscosities than in
50CB at T = 62 °C. Since these two solutions have a
comparable order parameter, this indicates that the
absolute temperature has a very strong influence on the
intrinsic viscosity and hence on the molecular chain
statistics. Also,inFigure 3,the dependence of the intrinsic
twist viscosity on oligomer molecular weight is larger for
TPB10/5CB (T = 27.3 °C) than for TPB10/50CB (T =
62 °C). We interpret this result to indicate that decrease
of temperature produces a substantial increase in chain
extension of the tetramer, a smaller increase for the trimer,
but does not significantly influence the dimer which is
already essentially fully extended. Incomparing TPB10/

®R*-R.D/(RR (©6)

where C is the polymer concentration in g/mL; N, is the
Avogadro’s number; M is the molecular weight of the
polymer; Ay and A are, respectively, the friction coef-
ficients associated with motions parallel and perpendicular
to the director; and R? and R 2 are the mean square end-
to-end distances parallel and perpendicular to the director,
respectively. We assume that eq 6 can be applied to
oligomers as well as polymers. For the former, as pointed
out by Brochard,?! it is likely that a free-draining condition
holds. Further, we anticipate that, hydrodynamically, the
oligomers will behave like thin rods, for which Brochard?!
deduced 6v; = (CNa/M)X  R? (stick limit, Rj2 >> R ?).

Assuming a free draining condition,i.e. A | « M,and R}?
> R, ? are valid for the oligomers, it follows that??

[y = R||2 @)
For a rigid rod, Ry « L,3 and

[y,] = L* (8a)

Note that the contour length of the monomer (n = 1 in
Figurel,L =47.7 A) is muchlarger than that of the solvent
5CB(L =17.3A). Also, we measured [y;] for the monomer
and found it to be positive. Nevertheless, we have not
used the monomer result since the comparatively con-
centrated solution utilized shows a relatively large decrease
in Tng (=~38 °C) implying a large change in order parameter.

Finally, we point out that, for the TPB10 polymers, we
expect a biased random coil, Rj = L% and R, « L9535

[71] « L (8b)

By least squares fit, the chain contour length dependence
of the intrinsic twist viscosity of TPB10 oligomers are
found to be, for TPB10/50CB at T = 62 °C:

[v,] = 0.03458L*% (9a)
for TPB10/50CB at T' = 52.0 °C:
[v,] = 0.01832L15® (9b)
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Table 3. Dielectric Anisotropies of TPB10 Oligomer Solutions in 5CB and 50CB

specimen 50CB TPB10 dimer in 50CB
Aex3%,AT =5°C 9.66 9.84

AT =15°C 12.34 12.18
specimen 5CB TPB10 dimer in 5CB
Aex 3, AT =175°C 12.48 12.11
specimen 5CB (AT =17.5°C)
order parameter 0.44(33]

3.20 T T T T
Persistence length = 227.5A

2.80 +

2.40 +

2.00 -

(oY,/C )/( SYI/C )dimcr

1.60 +

1.20 +

R/ (R2)dimer

0.80 t t +
B0 aa 160 120 140 180

Chain Contour Length, A

Figure 4. The dependence upon chain contour length of R;2/
(R dimer for TPB10 oligomers in 5CB at 27.3 °C. The solid line
ii the best fit to eq 10 and yields the persistence length a = 227.5

and, for TPB10/5CB at T = 27.3 °C:

[y,] = 0.00523L"% 9c¢)

Note that eq 9b is slightly different from the previous
result?? resulting from improved precision in the deter-
mination of dielectric permittivity. Since we expect that
the molecular extension along the director will increase
with increasing nematic potential or decreasing tempera-
ture, the experimental results are therefore very consistent
with eq 8a and indicate a closer approach to rigid rod
behavior as temperature decreases. From eqs 9b and 9c,
we note that the contour length exponent for TPB10 in
5CB at T = 27.3 °C is substantially larger than for TPB10
in50CBat T =52.0°C. Thisagainshows that the absolute
temperature has a much stronger effect than the nematic
order parameter on the chain extension.

As we have shown previously,?2 we can obtain a
quantitative estimate of the degree of chain extension by
applying molecular models to interpret the intrinsic twist
viscosity data of the oligomers. For example, utilizing the
wormlike model, we derive®?

an _ L -al[l-exp(-L/a)]
(R""")r L, -all-exp(-L,/a)]

where the subscript “r” refers to the reference species, i.e.
the dimer, and a is the persistence length. From the
Brochard model?! via eq 7, we may further write:

v/C  __ R
71/ C) dimer (R||2)dimer

Figure 4 shows the result of fitting the v,/C data for
TPB10 oligomers in 5CB at T' = 27.3 °C toeqs 10 and 11.
The persistence lengths obtained in this way are listed in
Table 4. Note that the value shown for TPB10/50CB at
52 °C in Table 4 is significantly larger than that quoted
in our earlier study.22 This discrepancy occurs because,
in our earlier interpretation of the Brochard theory, we

(10)

an

TPB10 trimer in 50CB TPB10 tetramer in 50CB
9.91 9.97

12.27 12.33

TPBI10 trimer in 5CB TPB10 tetramer in 5CB
12.25 12.57

50CB (AT =5°C) 50CB (AT = 15 °C)
0.44[32] 0.54[32]

Table 4, Persistence Lengths, Hairpin Turn Probabilities,
and Exponents a in [1] = Le for [v:] and [7pena] of TPB10
Oligomers in 5CB and 50CB

mixture
TPB10
oligomers in 5CB oligomers in 50CB
T,°C 27.3 52.0 62.0
[7bena] = L a=111 a=10.67 a =046
[vi] « L? =184 8 =153 8=139
persistence length 227.5A 55.4 A 3434

hairpin turn probability 0.09 & 0.03 0.22£0.06 0.27%0.07

mistakenly assumed the pertinent polymer size parameter
in eq 11 to be the radius of gyration. Proper application
of eq 11 leads to larger and intuitively more reasonable
values for the persistence length, in view of the fact that
the length of a fully-extended TPB10 repeat unit is 33.87
A. Thus, from Table 4, the persistence length at the highest
temperature is comparable to the repeat unit length.
Alternatively, we can attempt a more microscopic
analysis of the configurational states present in the
oligomer solutions. To achieve this, as before,?2 we model
the oligomer solutions as mixtures of configurational
isomers containing either no hairpins or a single hairpin.
Assuming eq 8 is applicable to all configurational isomers,
i.e. [v1] « L2, and realizing that [v1] = L Wily1];, we have??

(v1] gimer = (1 = P)8L.5% + P40.752 (12a)
[V irimer & (1 — 2P)115.4% + 2P74.65°  (12b)

1) tetramer © [1 — 3P)149.3% + 2P108.55% + P74.65% (12¢)

where P is the probability of a hairpin per repeat unit.
Note that the contour length of each species includes a
contribution from the extra decamethylene tail (Figure 1)
in addition to the length of the repeat unit. Utilizing the
experimental values of [y;] for dimer, trimer and tetramer,
we can now determine the value of Pfrom the experimental
ratios [v1]dimer/ [V1)trimers [Y1]dimer/ [71]tetramer, a0 [¥1] trimer/
[41]tetramer fOr each temperature. The results are listed in
Table 4. Since we expect that P and a are determined by
changes in population of trans and gauche conformational
states, it follows that each should exhibit Arrhenius
relationship with temperature. The activation energy to
the hairpin probability and persistence length can be
determined, respectively, via P « exp(—Ep/RT) and a «
exp(Ea/RT). In this calculation, we also include the data
from TPB10 oligomers in 50CB at T = 52 °C despite the
fact that these systems have a larger nematic order
parameter than the others, since we have shown that the
absolute temperature is the dominant factor. The activa-
tion energies for persistence length and hairpin probability
obtained in this way are:

E, = 6.4 kcal/mol (13a)

E, =10.9 kcal/mol (13b)

where the subscript “P” refers to hairpin probability and
“a” refers to persistence length. Since formation of a
hairpin turn requires two gauche conformations (g+ and
g-), and since the energy barrier for a trans to gauche
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Table 5. Bend Diffusivity Ratios of 50CB, 5CB, TPB13/5CB, and TPB13/50CB

specimen 50CB TPB10 dimer in 50CB TPB10 trimer in 50CB TPB10 tetramer in 50CB
(K33/Mbend) £ 2%, AT = 5°C 705.3 514.4 550.3 565.5
(10-8 cm?/s) AT = 15 °C 7269 521.0 548.3 559.5

specimen TPB10 no. 5in 30CB  TPB10no.6in 50CB TPB10no.7in50CB TPB10no.8in 50CB TPBI10 no. 9 in 50CB
(K33/Mpena) £ 2, AT =5°C  576.2 558.7 567.8 565.4 553.2
(108 cm?¥/s) AT = 15 °C 587.5 547.0 549.8 566.4 560.3

specimen 5CB
(K3a/mbend) £ 2%, AT = 5°C 543.1 463.4
(10-8 cm?/s)

transformation is about 3.4 kcal/mol,% it appears that the
activation energy values deduced are of the right order of
magnitude.

b. Bend Viscosity of TPB10 Oligomers and Poly-
mers. Toinvestigate the temperature- and the molecular
weight-dependence of the bend distortion, we compared
the bend decay rates for TPB10/5CB mixtures and pure
5CB at AT = 7.5 °C, and for TPB10/560CB mixtures and
pure 50CB at AT =5.0°Cand 15 °C. Values for the bend
diffusivity ratio Kas/mpenq calculated viaeq3at g, = O are
presented in Table 5. Since the polymer concentrations
in these solutions, listed in Table 2, are not identical, to
compare the effectiveness of the addition of polymer in
decreasing the decay rates, we define the intrinsic inverse
decay rate as

_ R ( K33 ) _ K33
r -T
=-1 - bend,o bend - Mbend” o Mbend 14
[Fbend] Cfbend C KSS (1
Mbend

where C is the polymer concentration in g/mL and the
subscript “o” refers to pure nematic solvent. From eq 14,
we note that if K33 = (Kas),, then

Mbend ~ "bend,o
Cnbend,o

In principle, we can obtain the bend viscosity by measuring
light scattering decay rates in the twist and bend geom-
etries and generating simultaneous fits to eqs 2 and 3.
However, the uncertainty for bend viscosity determined
in this way is up to 10% resulting in a 60% uncertainty
for intrinsic bend viscosity. Since our earlier work?
indicates that the change in decay rates on addition of
polymer is primarily determined by the change of the
viscosity, we assume for the sake of discussion that [ Thena™!]
is numerically equal to [7bend]-

In Figure 5, we compare the molecular weight depen-
dence of [v1] and [1pend] for TPB10/50CB at AT = 15 °C.
As evident in Figure 5 for the oligomer mixtures whose
viscous behavior is dominated by fully-extended chains
which behave like rigid rods, [7pend] is a strongly-increasing
function of chain contour length. In contrast, for the
polymers, which we have interpreted as behaving like a
free-draining random coil,?? [ 17penq] shows only a very weak
dependence on contour length. Thus, if the polymer
molecular weight is large enough, [pend] is essentially
constant within the experimental error, which is consistent
with our previous observations!%1415 on nematic solutions
of TPBx polymers of different spacer lengths. It is
interesting to contrast our observations in Figure 5 with
those of Lee and Meyer?” who determined v, and npend for
lyotropic nematic solutions of poly-y-benzyl glutamate
(PBG) in dioxane/dichloromethane (18/82). These au-
thors found that npeng increased with molecular weight for
polymers whose chain lengths (L) are shorter than the
persistence length (@) and was essentially constant for
polymers with L > a. Onthe other hand, the twist viscosity

[fgind] = [nbend] = (15)

TPBI10 dimer in 5CB

TPB10 trimer in 5CB TPB10 tetramer in 5CB
443.0 475.5

1000 ,
l o TPB10/50CB,AT=15 C,[Twist] g

’ e TPB10/50CB,AT=15 C,[Bend] 2

. g

100 4

' Ty l or | nbeml‘» ml/g

| ‘ )

10 100 1000 10000
Weight Average Chain Contour Length, A

Figure 5. The dependence of [v1] and [1bena] upon the weight
average chain contour length of TPB10in 50CB at AT = 15 °C.

9 T T
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»
[
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Figure6. The dependence of [7pena] on the chain contour length
of TPB10 oligomers in 5CB and 50CB.

increased strongly with chain length for all polymers, and
no change in the dependence of twist viscosity on chain
length was observed at L =~ a. Experimentally, we find
[7bena] = L7 for the oligomers and [npend] = L3¢ for the
polymers. Physically, this result seems reasonable. As
noted by Lee and Meyer,3” motions which involve bending
of the molecular axis are expected to become less sensitive
to chain length when the chain length exceeds the
persistence length.

We have examined the temperature dependence of
[nvend] for TPB10 oligomers and polymers in 50CB at AT
= 5 °C and 15 °C. We find that [npenq] at the lower
temperature is slightly larger, however, the difference is
rather small and close to experimental error. In Figure
6, we compare [7pena] of the TPB10 oligomers in 50CB at
AT = 5 °C and 15 °C with that in 5CB at AT = 7.5 °C.
The results parallel those observed for [v;], i.e. the small
differences between [npend] at lower and higher tempera-
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Figure 7. The dependence of average decay rate upon the
scattering angle in the lab frame for pure 5CB at AT = 7.5 °C.

Table 6. Viscometric Properties of 5CB, 50CB, TPB13/5CB,

and TPB13/50CB
specimen
TPB13/5CB TPB13/50CB
5CB (0.809wt%) 50CB  (1.00wt%)

T,°C 27.3 27.3 62.0 62.0
order parameter 0.44 0.44¢ 0.44 0.44°
v1 % 4%, poise 0.664 4.03 0.262 1.34
Neplay, + 7%, poise  0.655 3.64 0.259 1.14
Nbend @ 10%, poizse  0.133 0.181 0.061 0.085
ne £ 15%, poise 0.934 4.89 0.385 1.80

m £ 20%, poise 0.190 0.244 0.0914 0.134
ns £ 20%, poise 0.283 0.396 0.153 0.237

¢ Order parameter of pure nematic solvent.

tures increase with molecular weight. Also, the effect of
temperature is stronger than that of the order parameter.
The exponents « in the relationship [npenq] < L2 are listed
in Table 4 which also includes the exponents in [y;] « Lf
for comparison. From Table 4, we find that as the
exponent # shifts toward the rigid rod value § = 2.0, the
exponent « appears to be tending toward a value near
unity.

¢. Temperature Dependence of Anisotropic Vis-
cosities of TPB13 Polymer. In the following, we wish
tofocus our attention on the effect of absolute temperature
onthe viscometric properties of TPBx polymers in nematic
solvents. Inordertoobtain all of the anisotropic viscosities,
we performed all of the experiments cited in the Experi-
mental Section. We obtained independently v, by electric
field-dependent light scattering in the twist geometry and
then performed a four parameter simultaneous curve
fitting analysis to the data in scattering configurations II
and Il via eqs 2a-1 and 3. The corresponding dependence
of average decay rates on the scattering angle in the lab
frame for pure 5CB at AT = 7.5 °C and the best fits to eqs
2a-1 and 3 are shown in Figure 7. The nonlinear curve
fitting program we used is MINSQ (Micromath, Salt Lake,
UT). From this analysis we obtain Kgs, Kas, ns/a?, and
no/a?. From the Freedericksz transition measurements
we have K;; and from light scattering measurements of
the pure splay mode we have Kji/neplay. Utilizing the
relationships, as = y; + a2 and n, = 9. + a3 + a3, together
with the definition of the splay viscosity (eq 1c), we are
able to determine all the individual viscosities. In Table
6, we list various viscosities for pure 50CB and TPB13/
50CB at T = 62 °C (AT = 5 °C), and for pure 5CB and
TPB13/5CB at T = 27.3 °C (AT = 7.5 °C). From these
results, we are able to calculate the intrinsic viscosities as
shown in Table 7. In this table, we first note that [#pendl
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Table 7. Intrinsic Viscosities and Configurational Chain
Anisotropies of TPB13/5CB and TPB13/50CB

solution
TPB13/5CB TPB13/50CB

T, °C 27.3 62.0
order parameter 0.44¢ 0.44¢
[vi)(mL/g) £ 8% 615 399
["luplay] (mL/g) £ 15% 553 330
[bend] (mL/g) + 60% 44 37
[n](mL/g) £ 30% 514 356
[ml(mL/g) £ 70% 35 45
[nal(mL/g) = 70% 48 53
(Ry/Ry) % 50% 3.6 2.8

@ Order parameter of pure nematic solvent.

~ [np] as expected. Second, we see that TPB13 in 5CB
at AT = 7.5 °C has a substantially larger [v1], [#splay], and
[n.] than in 50CB at AT = 5 °C; however, in each system
[bendl, [1a], and [np] are numerically similar. Since 5CB
at AT = 7.5 °C and 50CB at AT = 5 °C have identical
nematic order parameters, it is clear that the absolute
temperature has a large influence on [v1], [7eplayl, and
[n.]. There appears to be little effect of temperature on
[bendl; [7a], and [np], but we note the relatively large errors
in these small increments.

In the preceding discussion, we have shown that eq 6
can be applied to rationalize the experimental behavior of
1, and since 7. and «; are each dominated by rotational
motion of the director, we assume that the following
equation from Brochard model?! will also be useful

CN, M\,R,Z
by, = MA g L) a (16)
From eqs 6 and 16, we may write

571)1/2 R*
—) =1-— an
(6nc R”2

Inserting experimental values of n. and v, for pure nematic
solvent and mixture, eq 17 yields estimates of R|/R , which
arelisted in Table 7. Asexpected, the chain configuration
of TPB13 in 5CB at AT = 7.5 °C and in 50CB at AT =
5 °C is prolate, i.e. R > R |, and we find that the chain
anisotropy (R)/R ) for TPB13 in 5CB at AT = 7.5 °C is
28% larger thanin 50CBat AT =5°C. Thustheincreased
values of [v1], [7splay], and [nc] at lower temperature can
be interpreted as due to a larger R resulting from a larger
persistence length or smaller hairpin probability.

Finally, we comment on the absolute values of the
intrinsic viscosities listed in Table 7. From the weight-
average molecular weight of the TPB13 sample, measured
by GPC using polystyrene standards in chloroform, we
can estimate, using published viscosity-molecular weight
relationships® for polystyrene in good solvents, that the
hydrodynamic volume in the isotropic state is V} =~ 2100
nm? corresponding to a hydrodynamic radius Ry ~ 8 nm.
To calculate the intrinsic viscosity of TPB13 in the
isotropic state, we must know the actual molecular weight
(M). We used the correction, M = Mgpc/1.6, for TPB10.23
Thus the intrinsic viscosity is found to be [5] ~ 64 mL/g.
From Table 7, we can compare this with the Miesowicz
simple shear intrinsic viscosities in the nematic state at
27.3°C: [n.]=514mL/g, Ry, = 15.9 nm, where the director
is aligned in the shear plane perpendicular to the flow
direction; [7,] = 35 mL/g, R}, = 6.5 nm, where the director
is in the shear plane parallel to the flow direction; and [7,]
= 48 mL/g, Ry = 7.2 nm, where the director is along the
vorticity axis. Thus, our observations lead to the intu-
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itively reasonable result that the effective hydrodynamic
radius in the nematic state, when the major chain axis is
oriented parallel to the flow or along the vorticity axis, is
slightly smaller to that in the isotropic state, but is
substantially larger when the chain axis is perpendicular
to the flow direction and the vorticity axis.

Conclusions

We have investigated the molecular weight dependence
of the intrinsic twist viscosity and bend viscosity of a main
chain LCP, TPBx with x = 10 and 13, in 50CB and 5CB
at different temperatures. We find that the influence of
absolute temperature is much stronger than that of the
nematic order parameter on the magnitude of the intrinsic
twist viscosity and hence on the configurational anisotropy
of the chains. The behavior of the twist viscosities of
TPB10oligomers suggests that the hydrodynamic behavior
tends toward that of a rigid rod as the temperature
decreases. The expression for §v; from the Brochard model
can be used to interpret the experimental observations.
The persistence length obtained through analysis of the
oligomer data in terms of the wormlike chain is found to
increase with decreasing temperature. By modeling the
oligomer solutions as mixtures of configurational isomers
containing either no hairpins or one hairpin, the hairpin
probability per repeat unit can be estimated and is found
to decrease with decreasing temperature. The activation
energies for persistence length and hairpin probability
are, respectively, 10.9 and 6.4 kcal/mol, which are,
respectively, ~ X8 and ~ X2 the energy barrier for a trans
to gauche transformation, two of which are required for
formation of a hairpin turn.

The molecular weight dependence of the intrinsic bend
viscosity is weak relative to that of the intrinsic twist
viscosity. In both [v1] and [npendl, @ crossover from
stronger molecular weight dependence for the oligomers
to weaker for the polymers is observed, which appears to
correspond to the transition from a nearly rigid rod to a
biased random coil.

Finally, we investigated the effect of temperature upon
the viscometric properties of TPB13 in 5CB at T = 27.3
°C and in 50CB at T = 62 °C where the nematic order
parameters are essentially identical S ~ 0.44. We find
that TPB13/5CB at T' = 27.3 °C has substantially higher
[v1], [neplayl, and [n] than TPB13/50CB at T = 62 °C.
However, [7uend], [1a], and [np] are numerically similar in
each system, This result can be attributed to a larger
chain extension along the director, i.e. an increase in R
at lower temperature. Numerically reasonable values are
computed for the ratio of the end-to-end distances, R)/
R |, and for the effective hydrodynamic radii.
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