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ABSTRACT: The odd—even effect of flexible spacer length on the molecular dynamics of poly-
[(phenylsulfonyl)-p-phenylenealkylenebis(4-oxybenzoate)]s (PSHQn) having varying lengths (n) of
methylene groups of flexible spacers and bulky pendent side groups was investigated using high-resolution
solid-state 13C nuclear magnetic resonance (NMR) spectroscopy. The temperature dependences of 13C
NMR spectra and spin—lattice relaxation time (T:) were measured for PSHQnN over the temperature
range of 293—520 K. Line broadening of a-CH; and rigid core carbons, due to the interference between
proton decoupling and local polymer chain motion about the preferred direction of alignment accompanying
the fluctuation of the rigid core, was observed in the nematic phase. The local polymer chain motion in
the nematic phase was found to vary over a frequency range of 10*—10° Hz. The activation energy (77—
104 kJ/mol) of this motion was found to increase with decreasing number of methylene groups and exhibits
odd—even fluctuations. The motions of the local polymer chains in the nematic phase were also observed
via the 'H line width in two-dimensional wideline separation (WISE) NMR spectra. It was found that
the C NMR T; of flexible spacer carbon was dominated by the fast trans—gauche exchange. The frequency
of the trans—gauche exchange was found to occur above 108 Hz in the nematic mesophase, since T;
increased with increasing temperature. The activation energy (6.5—9.8 kJ/mol) of the trans—gauche
exchange estimated from T; was found to increase with decreasing number of methylene groups and
exhibits odd—even fluctuations. The odd—even fluctuations of the activation energy of local polymer chain
motion and trans—gauche exchange are indicative of the differences in molecular packing between PSHQnN
having odd-numbered n and PSHQnN having even-numbered n.
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1. Introduction

During the past 3 decades, numerous research groups
have investigated phase transitions, structures of meso-
phase, and molecular motions of thermotropic liquid-
crystalline polymers (TLCPs). There are too many
papers to cite them all here. One of the most interesting
experimental observations reported!~7 in the early
1980s is that segmented TLCPs having even numbers
of methylene groups as flexible spacer have higher
clearing temperatures and larger isotropization enthal-
pies (and also larger isotropization entropies) than
segmented TLCPs having odd numbers of methylene
groups. Subsequently, other investigators®—12 also re-
ported similar experimental observations. In their stud-
ies, differential scanning calorimetry (DSC) was used
to investigate phase transitions and wide-angle X-ray
diffraction (WAXD) to investigate the structures of
mesophase. Today, this experimental observation is
referred to as the “odd—even effect” of flexible spacer
length in TLCP. It should be mentioned that a few
research groups!314 conducted theoretical investigations
on the molecular conformation of segmented TLCPs.
However, those previous studies have not unveiled the
physical origin(s) of the “odd—even effect” of flexible
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spacer length in TLCP from the point of view of local
chain dynamics.

In this regard, solid-state nuclear magnetic resonance
(NMR) spectroscopy is regarded as being a very power-
ful tool for investigating local chain dynamics associated
with the “odd—even effect” of flexible spacer length in
TLCP. As a matter of fact, during the past 2 decades,
solid-state NMR spectroscopy has been used extensively
to investigate the local structures and chain dynamics
of polymeric materials. Many research groups have
investigated local structures of TLCPs using solid-state
NMR spectroscopy.15~4° Specifically, the molecular order
in TLCPs has been estimated from 12H and 13C NMR
spectra;15-28 the ratio of trans and gauche conformations
in a methylene group has been determined using 13C
NMR chemical shifts;?°3! the molecular motions in
TLCPs have been investigated using 1?H and 3C NMR
spin—lattice relaxation time (T);15:32:3341 the motion of
a methylene group in TLCPs has been analyzed using
models, such as rotational diffusion about a bond and
rotational jump among a few sites;*! the mobility at
various local sites and the molecular motion in TLCPs
with varying spacer lengths have been investigated
using 13C NMR T4;33 the 13C NMR spectra of the rigid
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and mobile components in TLCPs have been analyzed
using the difference in T; of both components;2°~3! the
slow director fluctuation in TLCPs has been investi-
gated using 3C NMR spin—lattice relaxation time in a
rotating frame (T1,)3* and the two-dimensional exchange
NMR method.35364243 In the high-resolution solid-state
13C NMR spectrum, when the frequency of the molecular
motion is comparable to the proton decoupling fre-
quency, line broadening is caused by the interference
between proton decoupling and molecular motion.37—3944
Molecular motions, with frequency of the order of ca.
10° Hz, in glassy polymers have been investigated using
the line width in the high-resolution solid-state 13C
NMR spectrum.®® The dynamics of each segment in the
local polymer chain was investigated using two-dimen-
sional wideline separation (WISE) NMR spectrum that
produces separation of the 'H wideline spectra for
different 13C positions.4042:44

Despite the numerous solid-state NMR spectroscopic
studies cited above, to the best of our knowledge few
studies, if any, have reported on the local chain dynam-
ics via solid-state NMR spectroscopy as it relates to the
physical origin(s) of the odd—even effect of flexible
spacer length in TLCP. This has motivated us to launch
an investigation of local chain dynamics, via solid-state
NMR spectroscopy, of well-characterized segmented
TLCPs. Emphasis has been placed on the odd—even
effect of flexible spacer length, because the previous
DSC and WAXD studies!™*? have not revealed the
physical origin(s) of the odd—even effect of flexible
spacer length in TLCP.

In carrying the investigation set forth, we have used
poly[(phenylsulfonyl)-p-phenylene alkylenebis(4-oxyben-
zoate)]s (PSHQnN) having the chemical structure
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with varying lengths (n = 5—12) of methylene groups
as flexible spacers. Earlier, Chang and Han!? investi-
gated, via DSC and WAXD, thermal transitions and the
mesophase structure of PSHQN polymers. According to
the study of Chang and Han,'? (i) PSHQn (n = 4—-12)
have a nematic phase at temperatures between their
glass transition temperature (Tg) and nematic-to-
isotropic transition temperature (Tny); (ii)) PSHQ3, hav-
ing three methylene groups, does not exhibit liquid
crystallinity; (iii) not only Ty but also T4 exhibit odd—
even fluctuations with varying numbers of methylene
groups as flexible spacer; (iv) PSHQn having odd-
numbered n exhibit a glassy nematic phase, while
PSHQnN having even-numbered n exhibit a crystalline
nematic phase; (v) the degree of crystallinity in PSHQnN
having even-numbered n decreases with increasing
flexible spacer length. They speculated that the experi-
mental observations enumerated above would be closely
related to the static and dynamic structures of the local
polymer chains.

In this paper we present the highlights of our findings
on the odd—even effect of flexible spacer length on the
dynamics of the polymer chains in PSHQnN using high-
resolution solid-state 13C NMR spectroscopy. We inves-
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tigated the fast motion of the flexible spacer using 13C
NMR Ty, since 3C NMR T, is sensitive to molecular
motions having frequencies on the same order of NMR
frequencies (ca. 108 Hz for 13C in the field of 7.3 T). We
also investigated the slow dynamics of the local polymer
chains having motions on the order of ca. 10° Hz using
13C NMR line width and *H wideline spectra from WISE
NMR spectra. We determined the activation energy of
the molecular motions from these measurements, which
enabled us to further investigate the odd—even effect
of flexible spacer length on the mobility of local polymer
chains. Further, we discuss the relationships between
the dynamics of the local polymer chains and local
structure, as affected by the flexible spacer length in
PSHQnN.

2. Experimental Section

2.1. Materials and Sample Preparation. In this study
we used PSHQn having odd-numbered n (n =5, 7, 9, and 11)
and PSHQnN having even-numbered n (n = 6, 8, 10, and 12),
which were synthesized previously by Chang and Han.'?
Details of the synthesis procedures for PSHQnN are given
elsewhere.*>%6 The intrinsic viscosity ([]), T, and T of the
PSHQnN polymers employed in this study are summarized in
Table 1 of ref 12. For NMR measurements reported in this
paper, specimens were prepared by solvent casting from
dichloromethane in the presence of 0.1 wt % antioxidant
(Irganox 1010, Ciba-Geigy Group) and then slowly evaporating
the majority of the solvent, first at room temperature in a fume
hood for 1 week and then at 80 °C under vacuum for 3 days to
remove any residual solvent.

2.2. Solid-State *C NMR Measurements. *C NMR
spectrum was measured using a CMX-300 (Chemagnetics)
spectrometer operating at 75.04 MHz. High-resolution solid-
state 3C NMR spectra were obtained using magic-angle
spinning (MAS) and high-power 'H dipole decoupling (DD).
Cross-polarization (CP) was used for signal enhancement. The
total suppression of sidebands (TOSS) sequence*” was used to
suppress spinning sidebands. The sample was packed into a
7.5 mm diameter zirconia rotor. The radio-frequency field
strengths for CP and DD were 62.5 and 50 kHz, respectively.
The contact time for the CP process was 1.0 ms, and the
repetition time of accumulation was 4 s. The MAS rate was
set to 4 kHz, and 4096 data points were collected over a
bandwidth of 65 kHz and a dwell time of 20 us.

13C chemical shifts were expressed as values relative to
tetramethylsilane (TMS) using the 29.50 ppm line of adaman-
tane as an external reference. An average of 1000—2000
acquisition points was used to produce acceptable signal-to-
noise ratios. **C NMR T; was measured by the inversion
recovery method using a 7—7—x/2 pulse sequence, with repeti-
tion time greater than 6T;. The x/2 pulse width was 4.5 us.
MAS and DD were used for T; measurements. Values of T,
were determined from exponential recovery of 13C magnetiza-
tion inverted by a & pulse as a function of the variable delay
time 7. The peak intensity of $3C NMR spectrum at time 7 was
measured as the 3C magnetization (M(z)). A three-parameter
equation, M(tr) = M. + (Mg — M.,) exp(—7/T1), where M. and
Mo are the magnetizations at © = « and 0, respectively, was
used for curve fitting of the magnetization recovery. 2D-WISE
spectra were measured by placing an incremental delay time
(ty) after the *H 7/2 pulse in the standard CP-MAS experiment.
For the 2D-WISE spectra, 1024 data points were acquired at
a dwell time of 30 us with the repetition time of 4 s in the
detection period (tz). The average of 512 acquisitions was used
to produce an adequate signal-to-noise ratio. The TOSS
sequence*” was used to suppress spinning sidebands, and 64
data points were acquired at a dwell time of 2 us within time
t1, during which time the *H wideline spectrum was recorded.
Temperature calibration was done using 2°’Pb MAS spectra
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Figure 1. 3C NMR CP-MAS/TOSS spectra in each phase of
PSHQ12.

of solid lead nitrate.*® Signal accumulation typically started
20 min after the desired temperature was achieved.

3. Results and Discussion

3.1. 13C NMR Spectra. Figure 1 gives 13C NMR
spectra for each phase of PSHQ12. Peak assignments
were made using the NMR database.*?5° The resonance
lines at ca. 70, 30, and 26 ppm are assigned as a-CHp,
inner CH,, and y-CH, carbons, respectively, of the
flexible spacer. The resonance lines of the rigid core
carbons appear in the range of 105—170 ppm. The
resonance line of a-CH> carbon in the nematic phase is
broader than that in the other phases. Such broadening
is attributable to the interference between the proton
decoupling and molecular motion.37-3944 The molecular
motion responsible for the width of the resonance line
of the a-CH; carbon in the nematic phase is angular
fluctuation of the local polymer chain about the pre-
ferred direction of alignment.3* This motion is ac-
companied by fluctuation of the rigid core segment, since
similar broadening is seen in the resonance lines of the
rigid core carbons. The line widths of the y-CH, and
inner CH, carbons decrease with increasing tempera-
ture, and the apparent line broadening is not seen. The
decrease in the line width of these carbons can be
explained by the fluctuations of the local polymer chain
that average out the distribution of the isotropic chemi-
cal shifts arising from the variety of local polymer chain
conformations.3944 The fact that no appreciable line
broadening of these carbons is observed indicates that
the 13C—H dipole interactions of these carbons have
already been averaged out to a small value by the fast
exchange between the trans and gauche conformations.

3.2. Spectral Line Width of Flexible Spacer
Carbons. Figure 2 shows the temperature dependence
of the full line width at half-height (0) of the 13C NMR
spectrum for the o-CH, carbon in PSHQ7 and PSHQ12.
Similar results, not presented here, were obtained for
six other PSHQn polymers investigated in this study.
In Figure 2 we make the following observations: (i) at
temperatures below Tg, O decreases gradually with
increasing temperature; (ii) in the nematic region, ¢
increases with increasing temperature, going through
a maximum and then decreases again on the high-
temperature side in the nematic phase; and (iii) in the
isotropic region, 6 becomes very weakly dependent upon
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Figure 2. Temperature dependence of the full line width at
half-height (9) of 3C NMR spectrum for the a-CH, carbon in

(@) PSHQ7 and (b) PSHQ12. The solid line shows the best
fitting to egs 1 and 2. The broken lines show each contribution.

or almost independent of temperature. The temperature
dependence of 6 can be written as37-3944

0 = 0,01 + (2/7) tan Y (o(T, — T))] +
AMTI(1 + w,*7%) + 8, (1)

The first term of eq 1 describes the motional narrowing
of line width, where 9, is half of the line width due to a
distribution of the isotropic chemical shifts arising from
a variety of local conformations of the polymer in the
glassy state. The numerical constant o describes the
sensitivity of line width to temperature variation, and
To is a characteristic temperature at which the first
term of eq 1 becomes ;1. The second term of eq 1
describes the interference between the proton dipolar
decoupling and the angular fluctuation of the local
polymer chain about the preferred direction of align-
ment. Here, AM; and w1 represent the amount of the
13C —1H second moment reduction and the strength of
the decoupling, respectively. Also, 7 is the correlation
time of fluctuation of the local polymer chain, and it
follows an Arrhenius relation

7 =15 eXp(E,/RT) (2)

where 7 is the correlation time at the limit of infinite
temperature, E, is the activation energy of the motion
of the local polymer chain, R is the universal gas
constant, and T is the absolute temperature. The third
term oo of eq 1 is the line width due to the remaining
distribution of local conformations at high temperatures.

Numerical values for do, 61, o, To, AM2, 70, and Ea,
were determined using least-squares curve fitting to eqs
1 and 2, and they are summarized in Table 1. The solid
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Table 1. Parameters Obtained by Curve Fitting to the Temperature Variation of 13C NMR Line Width of a-CH, Carbon

n 8o (Hz) 81 (Hz) a To (K) AM, (Hz2) 70 (5) Ea (kJ/mol)
12 100 + 10 200 + 10 0.05 4+ 0.02 340 + 10 (2.8 +0.3) x 108 1.5 x 10716 77+3
11 200 £+ 10 100 £ 15 0.09 £ 0.04 340 + 10 (2.0 £0.3) x 108 15 x 10716 77+3
10 120 + 10 160 + 10 0.04 4+ 0.02 340 + 10 (3.3+0.3) x 108 5.0 x 1077 83+3
9 200 + 10 150 + 15 0.05 + 0.02 340 + 10 (2.8 +0.3) x 108 2.6 x 1077 83+3
8 100 + 10 120 + 10 0.13 4+ 0.03 370 + 10 (1.7 £0.3) x 108 4.6 x 10718 91+ 4
7 200 £+ 10 220 + 10 0.05 £ 0.02 340 + 10 (2.9 £0.3) x 108 5.0 x 10718 91+ 4
6 120 + 15 200 + 15 0.03 4+ 0.02 390 + 10 (3.0+0.3) x 108 1.6 x 107%7 96 + 3
5 210 £ 10 120 + 10 0.06 + 0.03 350 + 10 (2.8 +£0.3) x 108 1.8 x 10718 96 +3
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Figure 3. Plots of activation energy of the local polymer chain
motion (E,) obtained by the line width of 13C NMR spectrum 500 400 T (K) 300
for the a-CH; carbon vs the number of methylene groups of 1= T T
flexible spacer in PSHQN. [ o (®)
L g
. N . 05 Pag*oo0 o o T
and broken lines in Figure 2 represent best-fit curves. | e
It is seen in Table 1 that the values of §o for PSHQnN = jose 0 0 4, © |
having odd-numbered n are larger than those for = T
PSHQn having even-numbered n. This result, signifying T, |
that the distribution of local conformations in PSHQnN
having odd-numbered n is greater than that in PSHQnN N
having even-numbered n, suggests that at high tem- 0.1 2.5 3

peratures PSHQnN having odd-numbered n are amor-
phous polymers, whereas PSHQnN having even-num-
bered n are crystalline polymers. This supports the
results reported in a previous study by Chang and
Han,2 who employed DSC and WAXD in their research.
The frequency of the local motion of polymer chains in
the nematic phase varies from 10* to 10% Hz. Figure 3
describes the dependence of E; on the number of
methylene groups in the PSHQnN investigated. From
Figure 3 we surmise that the flexibility of the local
chains decreases with decreasing flexible spacer length,
since E, increases with decreasing flexible spacer length.
In Figure 3 we observe that E, exhibits odd—even
fluctuations, indicating that PSHQnN having odd-num-
bered n are more mobile than PSHQn having even-
numbered n. Referring to Table 1 and Figure 3 sum-
marizing the activation energies obtained from spectral
line width, it should be mentioned that the variations
of Eafromn=6to7,n=8to 9, and n =10 to 11 are
noticeable, whereas variations of E; from n =5 to 6, n
=7t08,n=91010,and n =11 to 12 are not. At present
we do not have a clear understanding of this curious
observation, except to state that the values of E,
calculated have a variance (or standard deviation) of a
few kJ/mol. The variance (or standard deviation) is
primarily due to the nonlinear least-squares method
employed to determine the value of E; from eqs 1 and 2
having seven adjustable parameters.

According to the results published by previous inves-
tigators,1314 PSHQn polymers having odd-numbered n
have out-of-plane conformation, while PSHQnN polymers
having even-numbered n have coplane conformation. It
is then reasonable to propose that PSHQnN polymers
having odd-numbered n would have greater difficulty

1TX10° K'Y

Figure 4. Temperature dependence of *C NMR T; of the
spacer carbons in (a) PSHQ7 and (b) PSHQ12. The filled circle
(®) denotes T, for inner CH,, and the open circle (O) denotes
T, for a-CH, carbons.

with packing as compared to PSHQnN polymers having
even-numbered n. The odd—even fluctuations of activa-
tion energy observed for PSHQnN polymers in the present
study may help to explain the previous experimental
results of Chang and Han.'?2 They observed, via DSC
and WAXD, that PSHQn polymers having odd-num-
bered n did not pack well, yielding glassy polymers in
the solid state, whereas PSHQnN polymers having even-
numbered n could pack well giving rise to a well-ordered
crystalline structure in the solid state.

3.3. 8C T; Measurements. Figure 4 shows the
temperature dependence of 23C T; measurements for the
flexible spacer carbons in PSHQ7 and PSHQ12. Similar
results, not presented here, were obtained for six other
PSHQn polymers investigated in this study. It is seen
in Figure 4 that at temperatures below Ty, the inner
CH, carbons have a smaller 13C T; value than the o-CH,
carbon, whereas at temperatures above Ty, both car-
bons have almost the same 13C T, value. These results
indicate that all CH, carbons in the flexible spacer have
the same mobility in the isotropic liquid phase, although
at temperatures below Ty, the inner CH, carbons are
more mobile than a-CH, carbons. 13C T, of inner CH,
carbons is almost independent of temperature below Ty
and increases exponentially with increasing tempera-
ture above Ty (see Figure 4).

At temperatures above Tg, 13C T, is dominated by fast
molecular motions (above 108 Hz), since 13C T, increases
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Figure 5. Plots of activation energy of the trans—gauche
exchange (E,) obtained by 3C NMR T; of the inner CH;
carbons vs the number of methylene groups of flexible spacer

in PSHQN.
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Figure 6. Temperature dependence of T; of the spacer
carbons: the dotted curve (- - ) represents the predicted values
of T, using the BPP theory, and the broken curve (— - -)
represents the calculated values of T; using the Gaussian
distribution of correlation time. The straight line 1 is drawn
on the linear portion of the dotted curve (BPP theory), from
the slope of which the activation energy E, is estimated to be
16 kJ/mol. The straight line 2 is drawn on the linear portion
of the broken curve (based on the Gaussian distribution of
correlation time), from the slope of which the activation energy
E. is estimated to be 9.6 kJ/mol.

with increasing temperature in the nematic phase. The
motion correlation time of PSHQnN liquid crystal system
is located in the fast side of the minimum. Earlier,
Silvestri et al.®3 reported that the activation energy E,
of the exchange between the trans and gauche confor-
mations in the nematic phase was 12.7—17.2 kJ/mol as
determined from 3C NMR T; measurements. In the
present study, we estimated values of E, from the slope
of the log T1 vs 1/T plot in the nematic phase. Plots of
Ea vs the number (n) of methylene groups in PSHQN
are given in Figure 5. The values of E, (6—10 kJ/mol)
given in Figure 5 are smaller than those reported by
Silvestri et al.®® This difference may be attributable to
the distribution of correlation time.3%51

To elaborate on our advocacy of the distribution of
correlation time, let us consider Figure 6, which shows
theoretical curves for T;. The dotted curve represents
values of T4 predicted from the Bloembergen—Purcell—
Pound (BPP) theory>? (having a single correlation time)
with E; = 17 kJ/mol, and the broken curve represents
values of T; calculated with the distribution of the
correlation time. In obtaining the broken curve, the
distribution of activation energy was calculated using
the Gaussian distribution function with the mean value
of 17 kJ/mol and the width of +4 kJ/mol. In the
neighborhood of a minimum T, appearing in the broken
curve, the temperature dependence of T; is very mild.
If we estimate the value of E, from the slope of the
temperature dependence of Ty, shown in Figure 6, we
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obtain E; = 9.6 kJ/mol from the broken curve and E, =
16 kJ/mol from the dotted curve. That is, the value of
Ea (9.6 kd/mol) estimated from the consideration of the
distribution of correlation time is smaller than that (16
kJ/mol) from the BPP theory.

It is of great interest to observe in Figure 5 that the
activation energy of the trans—gauche exchange exhibits
odd—even fluctuations, similar to that of the local
polymer chain motion observed from the line width of
o-CH> carbon (see Figure 3). Referring to Figure 5, the
decrease in activation energy with increasing flexible
spacer length indicates that the flexibility of flexible
spacer increases with increasing flexible spacer length.
These results are consistent with the findings of Chang
and Han,?2 who found via WAXD that the degree of
crystallinity in PSHQn having even-numbered n de-
creased with increasing flexible space length. The
readers are reminded that PSHQn having odd-num-
bered n are glassy polymers.12 For a series of poly(ester
imide)s, however, an opposite trend was observed where
the degree of crystallinity increased with increasing
flexible spacer length.® It is likely that the interactions
between the polymer chains contribute to retardation
of the flexibility of the methylene groups in poly(ester
imide)s. This effect would be enhanced by an increase
in flexible spacer length in poly(ester imide)s. In the
absence of the intermolecular interactions, however, the
flexibility of the methylene groups is expected to de-
crease with decreasing number of methylene groups,
since the flexibility of the methylene groups is sup-
pressed near the rigid core. In the case of PSHQN
polymers, the bulky pendent arylsulfonyl groups at-
tached to the rigid cores will suppress the molecular
packing in the polymer and the interactions between
the polymer chains.

We wish to mention that in the present study we have
considered two contributions—(i) the contribution be-
tween polymer chains and (ii) the contribution within
a polymer chain—to the activation energy of molecular
motions within the flexible spacer. As for the first
contribution referred to above, our study indicates that
the interaction between polymer chains increases with
increasing spacer length, so that the activation energy
of molecular motions within the flexible spacer increases
with increasing spacer length. As for the second con-
tribution referred to above, our study indicates that the
activation energy of molecular motions within the
flexible spacer decreases with increasing flexible spacer,
owing to the suppression of the flexibility of the meth-
ylene groups near the rigid core. The decrease in
activation energy with increasing spacer length, ob-
served in the present study, seems to suggest that the
activation energy for molecular motions within the
flexible spacer is dominated by the second contribution
referred to above. This observation can be understood
from the point of view that the bulky pendent arylsul-
fonyl groups attached to the rigid cores of PSHQnN
polymers are expected to suppress the molecular pack-
ing in the polymer, thus making the contribution within
a polymer chain predominant over the contribution
between the polymer chains to the activation energy of
molecular motions within the flexible spacer.

3.4. 'H Wideline Spectra in the WISE Measure-
ments. WISE NMR can be used to determine the
mobility of polymer chains. Figure 7 shows a stacked
plot of the two-dimensional WISE-NMR spectrum for
PSHQ12 at 296 K, together with the spectra sliced along
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Figure 7. Two-dimensional WISE-NMR spectrum for PSHQ12 at 296 K, together with the spectra sliced (a) at 165 ppm (the
carbon in the rigid core), (b) at 130 ppm (the carbon in the rigid core), and (c) at 30 ppm (the carbon in the flexible spacer).
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Figure 8. Variations of the *H wideline spectra of inner CH;
for PSHQ11 and PSHQ12 with temperature.

the v; axis at 165, 130, and 30 ppm of v, axis. For the
WISE NMR spectrum, the first dimension (v, axis) gives
the 1H wideline spectrum and the second dimension (v
axis) the 3C high-resolution spectrum.404244 Slices
along the v, axis indicate the 'H wideline spectrum for
each carbon site. Figures 7a,b and 7c correspond to the
1H wideline spectra for the rigid core segment and the
inner CH; in the flexible spacer, respectively. The full
line widths at half-height of *H wideline spectrum for
the inner CH; and rigid core are 55 and 70 + 5 kHz,
respectively. The narrow line width of the flexible spacer
can be explained by an averaging of *H—1H dipole
interactions due to the fast exchange between the trans
and gauche conformations.

Figure 8 describes the temperature variation of 1H
wideline spectra of the inner CH; obtained by slicing
along the v; axis at 30 ppm of the v, axis of the two-
dimensional WISE-NMR spectra for PSHQ11 and
PSHQ12. From the temperature dependence of *H wide-
line spectra of the inner CH,, we observe that the
mobility of PSHQN having odd-numbered n is higher
than that of PSHQnN having even-numbered n, because
the line narrowing of the flexible spacer of PSHQN
having odd-numbered n occurs at a lower temperature
than that of PSHQnN having even-numbered n. The 1H
line width of inner CH, decreases from ca. 55 to ca. 25
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kHz on the high-temperature side in the nematic phase.
Such line narrowing (the amount of the line width
reduction is ca. 30 kHz) reveals the occurrence of the
molecular motion of the order of 10° Hz in the nematic
phase.>® This motion is considered to be the same as
the local polymer chain motion observed by 3C NMR
spectral line width of the o-CH, carbon, since the
frequency of this motion is in agreement with the results
obtained using 7o and E, in Table 1. Therefore, we
conclude that the motion of local polymer chains ob-
served in this study is accompanied by the fluctuations
of the flexible spacer and rigid core segments.

4. Concluding Remarks

In this paper we have shown for the first time the
local chain dynamics associated with the odd—even
effect of flexible spacer length in segmented TLCPs.
Specifically, we have shown the existence of two kinds
of molecular motion in the chains of PSHQnN polymers.
The slow motion of the local polymer chains in the
nematic phase about the preferred direction of align-
ment, accompanying the fluctuations of the flexible
spacer and the rigid core, was observed using the line
width of 13C NMR spectra and 'H line width of WISE
NMR spectra for PSHQnN having odd-numbered n (n =
5, 7,9, and 11) and PSHQnN having even-numbered n
(n = 6, 8, 10, and 12). The frequency of this local
polymer chain motion in the nematic phase was found
to vary from 10* to 10% Hz.

The activation energy of the local polymer chain
motion increases with decreasing number of methylene
groups in the flexible spacer. The increase in flexible
spacer length is found to make the polymer chain more
flexible and lower the clearing temperature of the
nematic phase. The occurrence of fast exchange (above
108 Hz in the nematic phase) between the trans and
gauche conformations in the flexible spacer of PSHQnN
having odd-numbered n (n =5, 7, 9, and 11) and PSHQnN
having even-numbered n (n = 6, 8, 10, and 12) was
confirmed by 3C NMR spectra, T; , and H wideline
spectra of WISE NMR spectra. The activation energy
of trans—gauche exchange increases with decreasing
number of methylene groups in the flexible spacer. This
result suggests that the interaction between polymer
chains is suppressed by the bulky pendent arylsulfonyl
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groups attached to the rigid backbones. Odd—even
fluctuations in the activation energy, observed in this
study, suggest that PSHQn having odd-numbered n are
more flexible than PSHQnN having even-numbered n.
This explains why PSHQn having odd-numbered n
cannot pack well giving rise to glassy polymers, whereas
PSHQnN having even-numbered n may pack well, yield-
ing crystalline polymers.
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