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Rotational Diffusion and Order Parameters of a Liquid Crystalline Polymer Studied by
ESR: Molecular Weight Dependence

Dajiang Xu, David E. Budil,* Christopher K. Ober,* and Jack H. Freed*
Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14853-1301

Received: February 16, 1996; In Final Form: May 20, 1996

The microscopic rotational dynamics of a main chain liquid crystalline (LC) poly(ether) in its nematic phase
is studied in detail by nonlinear least squares analysis of ESR spectra in the slow motional regime. This
complements results reported in an accompanying paper, which focuses on macroscopic translational diffusion
using the DID-ESR (dynamic imaging of diffusion by ESR) technique. Far infrared 250 GHz ESR spectroscopy
is used to determine the magnegi@ndA tensors of the 3-carboxy-PROXYL spin label attached to the LC
polymer. ESR spectra of the labeled polymers of varying molecular weights are analyzed to yield the rotational
diffusion coefficients and orientational order parameters. Different cases of the degree of macroscopic
alignment are observed in these samples and accounted for in the simulations. For molecular weights lower
than 11 000 (for both tracers and matrices), the rotational diffusion coeffiBiénfound to correlate with

the molecular weight of the polymer matrix and to be independent of the molecular weight of tracer, suggesting
the importance of free volume for end-chain motion. Macroscopically aligned samples, corresponding to
lower molecular weight LC polymers, show an inverse correlatioR with order parameter, consistent with
observations previously reported for nonpolymeric LCs, which were associated with free volume effects.

1. Introduction the axis of N—Ogs orbital); (2) the molecular axis system (X',
Y, Z) (which constitutes the principal axes of the rotational
diffusion tensor); (3) the ordering axis system (¥", z"
determined by the macroscopic nematic direcofa unit

In the accompanying papéwye have described translational
diffusion measurements on a main chain semirigid liquid
crystalline (LC) poly(ether) utilizing the technique of dynamic . . ) .
. . AL vector), which defines the preferred direction of molecular
imaging of diffusion ESR (DID-ESR). We focused on the : o .
devglogment of the DID-EéR techniéue for the macroscopic allgnm(_ent in the sgmple; and (4) the Iaboratqry axis system *x,
diffusion measurement of polydisperse polymers and its first )ééfv)v:g;h tthhee %Xams alzc'>,r,1)gatrr]1§ tsﬁgt'&,m,ag?)etrforfclﬂiarngiSmt
application to LC polymeric materials. A model polymer was svstems is re rezen’ted by the Euler Z\ﬁgdeﬁ andy. As a
end labeled with a nitroxide free radical and served as a tracer, y P Y ’ v

X - . : good approximation, (xy', z') can be considered as an axially
which dl_ffused into the matrix of the same un_labeled pqumer symmetric coordinate frame, in which tieaxis coincides with
but of different molecular weight. The diffusive behavior of

these samples is highly anisotropic, in addition to its dependence.the molecular long axis. The potential functi(t2) determin-

on the molecular weights of matrix and tracer spe&ieduch ing the molecular ordering with respect to the nematic director

diffusional anisotropy indicates that the conformational proper- dof a_local doma|r_1 can be expanded in a sernes of generah_zed
. . . : ..~ spherical harmonics (also referred to as Wigner rotation
ties of this class of materials play an important role in its . .
. . matrices):
macroscopic dynamics.
An advantage of DID-ESR over other techniques of diffusion  v/(Q)
measurement is the simultaneous availability of the standard - ——= ; ek Dyk(Q)
ESR spectra on the same sample. Simulations by nonlinear least KT (47«
squares (NLLS) fitting of these ESR spectra can be utilized to — 2 2 2
yield microscopic motional and structural information. In this €20D00 1 €2 Do Q) + Do_€2)] +
paper we study the rotational dynamics and orientational €xDoot+ - (1)
ordering in the same main chain semirigid LC poly(ether)
samples that we studied by DID-ESR. whereQ represents the Euler angles specifying the transforma-
The methods used for ESR spectral line-shape analyses ardion between the molecular frame rotational diffusion axes (x',
described in detail in several pap@r$. This analysis involves ~ Y', Z') and the lab frame director axes (x/;, z"), k is
four principal coordinate systems, the first two are rigidly fixed Boltzmann’s constantl is the temperature, andkjg), €20, €22,
with respect to the molecular framework and are therefore andesgare dimensionless potential coefficients of the respective
referred to as molecular or body-fixed frames, whereas the latterWigner rotation matrix eIementBk,'K(Q). Also y represents
two are space-fixed frames. They are (1) the principal molecular the Euler angles referred to as the director tilt angle, i.e. the
axis system (x"'y'"", z"'") of the magnetic tensos andg of angles between the ordering ax'$ (the nematic director)d
the spin label (by conventionx" is defined as parallel to the  and the magnetic fiel@, (z-axis). The relative orientations of
N—O bond of the free radical ard" is defined as parallel to  these four coordinate systems are illustrated in Figure 1 along
with a schematic structure of the end-labeled liquid crystalline
T Present address: Dept. of Chemistry, Northeastern University, Boston, polyether.
MA¢ Igi:gl)%.sc.)f Materials Science and Engineering, Cornell University, Ithaca, The. microscopic pro_pertles_ determlned by ESR in the present
NY 14853-1501. work include the rotational diffusion constariRs and Ry, for
€ Abstract published irAdvance ACS Abstract§eptember 15, 1996.  molecular motion about the directions parallel and perpendicular
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Figure 2. Schematic of the MOMD (microscopic order macroscopic
disorder) model in the nematic phase of a liquid crystalline polymer.
The “director tilt” angley between the magnetic fielBy and the
directord of the local domain is randomly distributed.

tensor, and it also can provide better resolution forAhtensor
x" than X-band ESR. It will be assumed that thg andA tensor
(N-O bond) . .
values are independent of temperature and the molecular weights
of the samples. Thus, once the magnetic tensors of the spin
label are determined, their values are fixed throughout all the
simulations of the ESR spectra obtained at temperatures where

poly(ether) DHMS-7,9 end labeled with 3-carboxy-PROXYL. (b) The the rotational motions tend to average out the spectral effects
four coordinate systems used in the ESR spectral analysis including©f N9 andA tensors. We calculate an ESR spectrum based
the laboratory axiz (defined as the direction of the static magnetic ©n the input parameters, which include the parallel and
field Bo); the principal ordering axig" (determined by the nematic ~ perpendicular rotational diffusion coefficien® and Ry, the
directord); the principal molecular rotational diffusion axis (coin- potential coefficients, the diffusion tiff, and the inhomogeneous
cident v_vith the backbone of the polymer molecule)_; the magnetic axis Ggussian line-width broadeniny. A modified Marquardt—

X" (defined as parallel to the N—O bond); and (defined as parallel ) oenperg algorithr® was used to iterate the simulations until
to the axis of the N—QOr orbital). P " . .

a minimum least squares fitting to experiment is reached, and
this provides the optimum values for the fitted parameters, as
well as estimates of err§rt°

In the analysis of these ESR spectra, three different cases
are distinguished according to the degree of macroscopic
alignment of the samples, as discussed edkligm.this paper,
we examine relationships between the microscopic and mac-
roscopic properties and the effect of the matrix and tracer on
the rotational behavior in this nematic LC poly(ether) DHMS-

) 7,9, and we compare the results with those from ordinary
S= Mjy(Q)0= 3 cos 6 — 1)/20 (nonpolymeric) liquid crystals and with the macroscopic trans-

V(Q) V(Q) lational diffusion coefficients.
_ 2 _ _
= [ dQD(Q) exp[ T | [ dQ exp[ T @

wheref = cos}(z'“0) is the angle between the molecular long 2.1. Materials. Samples for the X-band ESR measurements
axis and the direction of liquid crystalline ordering. Th&s, are the same ones that were used for measuring the translational
ranges in value from 1 (for perfect ordering wittid) to —0.5 diffusion coefficients as reported in the accompanying pagper.
with perfect alignment of’'00d S will be used to refer either  The synthesis and physical properties of the nine model polymer
to the macroscopic ordering of the LC polymer or to the local samples, which are semi-rigid main chain LC poly(ether)s
ordering within microscopic domains of an unaligned sample. DHMS-7,9 end labeled with 3-carboxy-PROXYL, can be found

In the macroscopically aligned samples studied, the nematicin ref 1 (cf. Table 2 in ref 1).

directord of each domain coincides with the direction of the The sample used in the 250 GHz FIR-ESR experiment was
spectrometer fielB,. Samples that are not macroscopically a labeled DHMS-7,9 (M= 3300,M, = 2700,T, = 87°C, Ty
aligned are analyzed using a model of microscopic order = 125°C) mixed with an unlabeled polymer (P= 6500, P,

(a) (b)
Figure 1. (a) Schematic structure of liquid crystalline random co-

to Z (a unit vector along the'-axis), respectively, and the
orientational order paramet&:. The purpose of NLLS fitting

of theoretical simulations to the ESR spectra is to find the
optimum values foR, Ro, €20, €22, andeao. After the potential
coefficients are determined, the orientational order parangeter
is obtained from its definition as the ensemble average of
D3 (Q):

2. Experiment

macroscopic disorder (MOMDB)in which the microscopic = 4900, Ty, = 105°C, Tyxn = 113°C, Ty = 137°C) to reduce
directors have a uniform distribution of orientations in the lab the spin concentration, wheké, (My) are the weight (number)
frame, as illustrated in Figure 2. average molecular weights of the tradey, (P») are the weight

The first step of the spectral analysis is to determine the (number) average molecular weights of the matfiy,is the
magneticg andA tensors of the spin label. One usually starts melting transition temperaturéy, is the transition temperature
with a rigid limit spectrum in which the motion is “frozen” and  from an intermediate phase (exhibited in some materials) to the
the lineshape is solely determined by the magngtend A nematic phaséand Ty is the transition temperature from the
tensors. Far infrared 250 GHz ESR (FIR-ESR) is a very nematic to the isotropic phase. An unlabeled polymer of lower
effective way to separate the', y'"’, z'"' components of thg molecular weight (R = 3000,P, = 2400,T, = 80°C, Tpi =
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126°C) was used to dilute the same labeled DHMS-7,Q @ g factor
3300), in order to obtain the hyperfine splittidg by X-band 2.010 2.008 2.006 2.004 2.002 2.000
ESR measurements on the isotropic phase (63 This L L B B L L

sample will be referred to as sample 10.

2.2. Measurement and Data Analysis.All X-band ESR
spectra were measured on the same spectrometer that was used
for DID-ESR experiments with the same temperature control
apparatud. The spectra of nine DID-ESR samples were taken
at the beginning and the end of each DID-ESR experiment at
120+ 1 °C in the absence of a magnetic field gradient, with a
modulation amplitude less than 0.5 G and a data acquisition
time a little longer than 2 min. The time constant was (25
and the other settings (microwave power, sweep width, modula-
tion frequency) were the same as those used for the DID-ESR
experiments. The same conditions were used to meaire
from sample 10 except that the temperature was 163
corresponding to the isotropic phase.

The high-field rigid limit spectrum was obtained on a 250
GHz FIR-ESR spectrometer described elsewheféis experi-
ment was carried out at155+ 2 °C with a time constant of
1's, a modulation amplitude of about 1 G at 89 kHz frequency,
and a sweep field of about 482 G. The spectrum was digitized
to 1281 data points. The actual magnetic field values were
calibrated by a FIR-ESR spectrum of a standard perdeuterated TR TR TR Y R T R
Tempone (PDT) in toluenegsdsample at room temperature, Magnetic Field (Gauss) x10*
whose splitting had been accurately measured previdésly. ) o

Spectra were analyzed to obtain the ordering and rotational F19uré 3. Rigid limit 250 GHz ESR spectrum of LC poly(ether)
d . tilizing ESR spectral simulation methods based on D_HMS-7,9 at —155 °C. The magnetic parameters were measured

yhamics utiiizing £ pect ) . i directly from the spectrumgy~ = 2.0060;g,~ = 2.0018;A,~ = 34.37
the stochastic Liouville equatich® The simulations were fit . with the twog, of 2.0090 (65%) and 2.0084 (35%). The dashed
to the experimental data utilizing a modified Levenberg— line is the simulated spectrum as described in the text.

Marquardt NLLS minimization algorithm to obtain the optimum ) ¢ 3.Carb o
ESR parameter&lo TABLE 1. Magnetic Parameters of 3-Carboxy-PROXYL
SR p Attached to the End of DHMS-7,%

— experiment
---- simulation

All spectral simulations were performed on IBM RS6000

" an "

RISC computers at the Cornell Theory Center and the Cornell X y z
Materials Science Center. g 2.0088 2.0060 2.0018
A (G) 5.2 4.3 34.4
3. Results and Discussion 2 Estimated error irg tensor components i1 x 1074 For theA
3.1. The Magnetic Parameters of the Spin Label. The tensor components, it is0.3G.? This is the average of the two

observed values of 2.0090 (65% relative population) and 2.0084 (35%

250 GHz ESR rigid limit spectrum at155 °C of labeled relative population).

DHMS-7,9 is shown in Figure 3. It enables one to directly

read off theg tensor components from the spectrum as indicated peaks and partly due to the increased line width intte

by the upper axis in the figure. Note that the three components region most likely due to a distribution ige values arising

gi (i =x",y", z") of theg tensor in its principal frame are ;o site inhomogeneities within the sample (so-cagjesirain),

given by which is much more significant at 250 GHz than at 9 GHz ESR.
To obtain Ay, a fast motional ESR spectrum at the X-band

hv = g8B; (3) was taken from sample 10 at 153 to determine its isotropic

hfs Ag. ThenAy~ was obtained from

whereh is Planck’s constant; is the frequency of the resonant

radiation (v=249.90 GHz) . is the Bohr magneton, arig is Agn + Ap + A= 3A, 4)

the resonant magnetic field value of each component. gihe

region at the high-field side of the spectrum also yields the three- These magnetic parameters were refined by NLLS simulations

line hyperfine splitting (hfs) corresponding #y,-. The gy of the rigid limit spectrunf, as is also shown in Figure 3. The

region at the low-field side of the spectrum shows two peaks relative populations of the two components corresponding to

that are much larger than ti#g hfs for a nitroxide. We have  the differentgy- values were also determined by a least squares

found thatgy is very sensitive to the “local polarity” and/orto  analysis? The magnetic parameters and relative populations

conformational effect® It is also sensitive to local site are given in Table 1. For the X-band motional studies the

inhomogeneitied3® One reason for this is thatg, = (g — parameters listed in Table 1 were utilized. Since there was no

Je) is the largest, so it shows the most site variation. It is indication in the 9 GHz X-band spectra of two sites, we utilized

suggested that the two peaks could be due to two different an averagey. (Note that X-band spectra are about 30 times

configurations or two different types of microscopic regions in less sensitive tg values than is 250 GHz ESR due to the much

the polymer. A, could be determined accurately from the field reduced magnetic fields.)

positions of the extrema associated with the central spectral 3.2. Rotational Diffusion and Ordering Parameter. In

component corresponding &y~ in association with the NLLS ~ the accompanying pagene described the different degrees of

simulations noted below. The resolution of the spectrum shown macroscopic alignment obtained for the DID-ESR samples with

in Figure 3 is insufficient to obtaid, partly due to the dual  the 3 kG magnetic fields utilized in X-band ESR experiments.
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Accordingly, we needed to consider three different cases to
simulate these spectra in order to determine the rotational
diffusion coefficients and the orientational order parameters.
These cases are (cf. Table 2) (1) macroscopically aligned
(samplesAD, BD, AE, andBE); (2) MOMD (sample<D and
CE); and (3) a mixture of aligned and MOMD (samplE,

BF, andCF).

Macroscopically Aligned DHMS-7,9. This case is the most
sensitive to the fitting parameters. Therefore, we selected this
group to determine the transformation between the magnetic
frame axes (x'"'y"", z''") and the rotational diffusion axes (x,
y', Z'). As stated earlier, this transformation could be fully
described by the three Euler angtes3, andy. However, the
efficiency of the spectral calculation is significantly improved
wheno andy are zero. Therefore an approximation was made
by which the (x'y', z') axes were permuted and a “diffusion
tilt angle” 5 was allowed to vary in the fitting procedure. The

experiment

minimal set of parameters includes the parallel and perpendicular | [ simulation
rotational diffusion coefficientdy, andR, the primary potential T T T
termeyo corresponding to cylindrically symmetric ordering, the 3220 3280
diffusion tilt angle3, and the inhomogeneous Gaussian line- Magnetic Field (Gauss)

width broadeningA, with the magnetic parameters given in  Figure 4. Experimental and simulated ESR spectra for aligned samples.
Table 1. The spectral simulation provided minimum deviation Parts a, b, ¢, and d are from DID-ESR sampi BD, AE, andBE,
from the experimental data for the permutation of they’'z') _respectively. Their molecular weights and fitting parameters are listed
axes in whichy"' Il ' (so-calledy-ordering), and we found the ~ in Table 2.

fitted value of 8 was 10°+ 5°. In they-ordering case, the
Z-axis is perpendicular to th&'-axis ands represents the angle
betweenx' andz'"’. After the best approximations for these
angles were made, it was fixed (iy-ordering ang3 = 10°)

for the non-linear least squares fits reported in this paper. Also,
the director tilt angley, is zero for the macroscopically aligned
samples.

The splittings of the ESR spectra are very sensitive to the
ordering, given the same values for the other parameters. On
the other hand, the line widths of the ESR spectra were found
to depend mainly on the perpendicular rotational diffusion
coefficient,Ry, and to be less sensitive to the parallel rotational
diffusion coefficient,R,, as judged by the significantly larger
uncertainties estimated for this parameter by the NLLS pro-
gram? The anisotropy ratio of rotational diffusioN (N =
RV/Rm)) was found to be about 2—4 in most cases. Thus, to
reduce the uncertainty in the fits resulting from correlations

experiment

betweenR; andR and to conveniently simplify the analysis, | simulation

N = 3 was used for all spectra and the geometric averaged

rotational diffusionR (R = [R?R]Y3), was varied in the final T T YT
fits to experiment. Similarly the Gaussian line width, was Magnetic Field (Gauss)

also approximately constant for the different samples, but
exhibited substaqtial corr.elgtions with other fitting parameters, samples. Parts a and b are from DID-ESR samf@&s and CE,

so it was convenient to fix it at the average value of 0.8 G.  respectively. Their molecular weights and fitting parameters are listed

Thus, in all the final NLLS fits to experiment, including the in Table 2.

next two groups, the following parameters were fixédl= 3;
p=10°A=0.8G. AfterR ande,o were fit, the higher order
terms in the potential¢;, and €40, were introduced into the
simulation mainly for fine adjustment of the relative peak heights

Figure 5. Experimental and simulated ESR spectra for MOMD

molecular weight; that is, it is &k 10° s~ for matrix P, of
4600 and 2x 10 s7! for matrix Py, of 7800, but it is rather
independent of the tracer molecular weight (of 4000 or 8600).

of theM, = £1 lines. Each such procedure was restarted severallone m|ghlt expl)ect th?tﬁp's 'SE afree \{glume effect %uch thatfthe
times with different seed values in order to check the conver- (> J€M Molecuiar weight matrix provides more void space tor

gence to a unigue minimum, as well as to avoid entrapment of the tracer. M‘??‘”Wh"e' a larger tracer is "k‘?'y to_have less
the NLLS search algorithm in a false local minimum. The rotational mobility. Actually the free volume in ordinary LC

orientational order paramet&was then calculated according syl?_)tielgws. has been found to be dependent on the order paramgter,

to eq 2. The experimental and simulated ESR spectra are pIottedS' yielding the following expression for a rigid spin probe:

in Figure 4. The values d® andSthat were obtained are listed 5 _ 5

in ngble 2. We also list the values of the translational diffusion R=F’ exp[—A§/RT] )

coefficient, IDi[] that was obtained by DID-ESR as described corresponding to an activation energy, which is proportional to

in ref 1. <. (HereR is the universal gas constant.) While we do not
We observe thaR appears to depend significantly on matrix have sufficient results to test the applicability of this equation
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TABLE 2: Diffusion Coefficients and Order Parameters of DHMS-7,9

samplé matrix (Py) tracer (M) ;8 (x 1) (cré/s) S RE(10fs™) fitting model

AD 4600 4000 110 0.416 1.28 aligned

BD 4600 8600 15 0.355 1.15 aligned

CD 4600 13400 0.112 1.14 MOMD

AE 7800 4000 16 0.318 1.99 aligned

BE 7800 8600 6.7 0.258 2.09 alignet!

CE 7800 13400 3.1 0.188 2.4 MOMD

AF 30700 4000 7.6 0.255 1.7 358tigned, 65%MOMD
BF 30700 8600 1.7 0.258 1.6 39%tigned, 61%MOMD
CF 30700 13400 0.247 1.9 238igned, 77%MOMD

a2The samples are the same as those used in the DID-ESR measurements, reported in ref 1 (cf. Table 2 of ref 1 and ref 11). The estimated error

in P, and M,, is about 5%°" The diffusion coefficients listed here are from ref 1. The estimated errerli@%.° The error inR and S was
calculated assuming a normal distribution of residuals and then scaling by the redusfethe fits as described in ref 9. The average percent
errors to the NLLS parameters asigR = 3.6 andes = 0.8 for the first five entries anekR = 10 andes = 2.6 for the last four entries. The fitting

of this spectrum required a small MOMD component (relative intersify0%) that was assumed to have the same fitting parameters as the aligned
portion.

(a)
W
(c)
experiment
______ simulation
PP R RPN IR R R P I BN A AT B
3220 3280 3220 3280

Magnetic Field (Gauss) Magnetic Field (Gauss)

Figure 6. Experimental and simulated ESR spectra for samples with Figure 7. (a) Simulated ESR spectrum in Figure 6a. (b) Macroscopi-

aligned and MOMD components. Parts a, b, and c are from DID-ESR ¢4y aligned component in part a. (c) MOMD component in part a.
samplesAF, BF, andCF, respectively. Their molecular weights and

fitting parameters are listed in Table 2. We suspect that a free volume model may still be appropriate,
but eq 5 developed for ordinary LCs would no longer be valid
for the polyethers, we do indeed see from Table 2 S for larger tracers, especially since it was obtained for more rigid
larger in the lower molecular weight matrix corresponding to types of molecules, whereas in the present experiments the spin
the smaller values oR. label is attached to the flexible end-chain of the polymer. The

Microscopic Order Macroscopic Disordered (MOMD) DHMS-  reorientational motion of the end-chain should depend more on
7,9. For MOMD samples, the nematic directors of all local the void space available to it in the matrix rather than on the
domains have a uniform distribution of orientations, while there |ength of the rest of the polymer chain to which it is attached.
exists liquid crystalline ordering within each microscopic DHMS-7,9 Samples with Aligned and MOMD Components.
domain. The order parametBmefers to local ordering in the  The limited resolution of the ESR spectra resulting from the
MOMD case. The simulation procedure is similar to the one overlap of the two components did not permit us to fit each
used for macroscopically aligned samples, except that the component independently with its ordering and rotational
calculated spectrum is a superposition of spectra correspondingdiffusion parameters. Therefore, the simulations for this case
to differenty values® We find that usually it is sufficient to  were carried out by assuming that both the macroscopically
average 10 spectra witlp ranging from 0°to 90°. The aligned and MOMD components had the same values for
rotational diffusion and order parameters of the two MOMD rotational diffusion and order parameters. With this constraint
samples are listed in Table 2. Both the experimental and imposed, the relative population of each component was fitted
simulated ESR spectra are plotted in Figure 5. along withR and the potential coefficients. The results are listed

The order parameters obtained from both samples are quitein Table 2 with the spectra plotted in Figure 6. The fits in this
different. As such, the influence of microscopic ordering on case, while reasonable, are a little less satisfactory than in the
the diffusional processes is unclear at this stage. However, weprevious two cases, possibly due to the fitting constraints
do note that values d® of about 1x 18 and 2x 18 s !are imposed by the reduced resolution. The simulated spectra from
again obtained with matrices of molecular weight of 4600 and each component are shown separately in Figure 7 for the case
7800, respectively, just as we observed in aligned samples everof Figure 6a. Those for Figure 6b,c are very similar, so they
though a tracer of higher molecular weight, 13 400, was used. are not shown here.
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Note that the two-component ESR pattern was observed only
from samples with the largest molecular weight of the matrix
(30 700). The relative populations of the aligned component
and the order parameter are about the same in these samples. N

There does not appear to be much dependendeaf tracer
(but this could reflect the less satisfactory fits in this case).

4. Summary

In summary, we find that for the lower molecular weight
matrices Py = 4587 and 7800) the average rotational diffusion
coefficientR increases with increasing, but is independent
of tracer molecular weight in the range i, = 4000 to 13422.
There is some indication of an inverse correlation betwieen
andSin the lower molecular weight polymer samples, which

would be consistent with observations on nonpolymeric LCs.

The R is a microscopic property reflecting the reorientational

motion of the end-chain, so it need not necessarily correlate >

with macroscopic measurement (@[] as we observe. Since

the best fits to experiment are obtained from macroscopically
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