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ABSTRACT: Semiflexible liquid-crystal polyesters were melt spun into highly oriented fibers with tensile
moduli up to E = 22 GPa and studied by pulsed dynamic NMR techniques. Analysis of the various 2H NMR
experiments provided detailed information about molecular order and dynamics of these systems. As-spun
and annealed fibers are characterized by a high degree of orientational and conformational order of the polymer
chains. In addition, practically all director axes are aligned in draw direction. High modulus and strength
result from these highly oriented chain configurations. Molecular motion in annealed fibers is heterogeneous,
as two components are detected. One component exhibits similar fast dynamics as observed in the anisotropic
melt (liquid-crystalline phase), while the other shows a drastic motional decrease (crystalline phase). De-
composition of various NMR relaxation curves into two components yields a crystallinity of (55 £+ 5) %, subject
to the annealing conditions. However, the degree of order is independent of the thermal history, in agreement
with only subtle changes of the mechanical properties upon annealing.

Introduction

Thermotropic liquid-crystal main-chain polymers
(LCPs) have attracted considerable attention within the
last years. This is due to their ease in melt processing and
expected good mechanical properties which suggest po-
tential application as high-modulus fibers and moldings.!
From the chemical point of view three basic types of
polymers can be distinguished: (i) rigid homopolymers,
(ii) random copolymers, and (iii) semiflexible homo-
polymers.

Completely rigid homopolymers often exhibit lyotropic
mesophases in the presence of a suitable solvent. The lack
of thermotropic mesomorphism for these systems is at-
tributed to the undesirable high melting temperatures

tPresent address: Istituto di Chimica Fisica, Universita di Pa-
dova, Via Loredan, I-35100 Padova, Italy.

being higher than the corresponding decomposition tem-
peratures.* Thus, the reduction of the melting temperature
is the main objective in getting thermotropic LCPs with
stable mesophases. This can be achieved either by random
rigid copolymers® or by semiflexible homopolymers having
alternating rigid and flexible residues within the repeating
unit.® In recent years both types of LCPs have been in-
vestigated in detail. In particular, pulsed dynamic NMR
of deuteron (?H) labeled polymers has successfully been
employed for a comprehensive molecular characterization
of these systems.’

Although melt spinning data and fiber studies for a
number of thermotropic copolymers have been reported,>1°
only limited information about fibers of semiflexible
homopolymers is available.!!2 In this paper we present
pulsed ?H NMR studies of melt spun fibers from nematic
polyesters, containing a flexible spacer. Variation of pulsz
sequence and pulse separation provides the large number
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of independent experiments, necessary for a proper mo-
lecular characterization of these systems.

In the first section the theoretical background is pres-
ented. The theory is then applied to the analysis of dy-
namic 2H NMR experiments of LCP fibers from specifi-
cally deuteriated polyesters having a repeating unit such
as I. Computer simulations provide the orientational

° A9
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I

distributions and conformations of the polymer chains and
the correlation times of the various motions. They are
related to molecular order and dynamics of the LCP fibers.

For comparison thermodynamic and mechanical prop-
erties have been studied. The results, referring to as-spun
and annealed fibers, are discussed in relation to the mo-
lecular properties, evaluated by the NMR experiments.
The discussion clearly demonstrates the advantages of
pulsed dynamic NMR in characterizing new materials such
as LCP fibers.

NMR Theory

Pulsed dynamic NMR of specifically deuteriated com-
pounds has been established as a powerful tool to study
molecular order and dynamics in complex chemical sys-
tems.”!34 The deuterons, exhibiting isolated magnetic
interactions, serve as reliable probe nuclei for the molecular
environment. Generally, the 2H labeled system is subject
to a sequence of nonselective radiofrequency pulses and
the response after the last pulse is used to evaluate the
molecular properties of the system. By using different
pulse sequences, the various molecular motions can be
differentiated over a wide dynamic range, extending from
the fast rotational to the ultraslow motional regime. In
addition, various types of molecular order, modulated by
the different motions, are discriminated, likewise.

Analysis of these pulsed NMR experiments is conven-
iently achieved by employing a density matrix treatment,
developed previously.™® The action of the different pulses
on the time-dependent spin density matrix p(t) is consid-
ered by employing Wigner rotation matrices. Between the
pulses the density matrix is assumed to obey the stochastic
Liouville equation!®?

X

a%‘p(ﬂ,t) = —(/AYHA(Q)-p(Q,t) - Tor[p(Qt) — peo(D] (1)

which we solve using a finite grid point method.'®*® Here
H*(Q) is the Hamiltonian superoperator of the spin system,
depending on the orientation and conformation of the
molecule specified by its Euler angles Q. Ty is the time-
independent Markov operator for the various rotational
processes and p,(Q) is the equilibrium density matrix.

In the finite grid point method!®!® the Markov operator
is represented by a matric W(,02) whose elements give the
transition rates between discrete sites of . The values
of the transition rates depend upon the model used to
describe the motion. For the intermolecular motion
(overall motion of the polymer chain) a continuous diffu-
sive process is assumed. In that case the elements of
W(Q,Q) must satisfy the following equations!®

W(Qm,ﬂm+1) + W(ergm—l) = (3A2TR)_1
W(Qm)Qn)Peq(Qm) = W(ngm)Peq(Qn)
W(meﬂm) = —(3A27R)_1 (2)

where A is the angular separation of adjacent grid points.
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Solving eq 2, one can establish values for all intermolecular
transition rates in terms of two rotational correlation times
7r+ and 7g and the equilibrium population P, (Q) of the
sites; 7. is the correlation time for reorientation of the
symmetry axis of the diffusion tensor, while 7g: refers to
rotation about this axis.

For the intramolecular motion (trans-gauche isomeri-
zation of the chain) a random jump process is assumed.
Consequently, the intramolecular transition rates are given
by

W(meﬂn) = (l/TJ)[Peq(Qn) — Opmn) 3

where 7; is the average residence time in one conformation.

The equilibrium distribution P,(2) is described in terms
of internal and external coordinates. The internal part
accounts for different conformations and the external part
for different orientations. Generally, there are only four
conformational states for a particular aliphatic chain
segment.? The corresponding populations 2, n,, ng, and
n, may be used to set up a segmental order matrix, which
on diagonalization yields the segmental order parameters
Szz and Syx — Syy.!® They express the ordering of the
most-ordered segmental axis Z’ and the anisotropy of that
order, respectively.

The external part of the equilibrium distribution of the
chain molecules is described in the mean-field approxi-
mation, using an orienting potential such as is common in
molecular theories of liquid crystals.?! In case of axial
symmetry only two parameters, A and B, enter the ori-
entational distribution function.”® The coefficient A
characterizes the orientation of the chain molecules with
respect to a local director (microorder), while the param-
eter B specifies the orientation of the director axes in a
laboratory frame (macroorder). The orientational micro-
and macroorder parameters Sz; and S, are related to
the coefficients A and B by mean-value integrals:?

Sy, = (1/2)N1j;7r(3 cos? 8 — 1) exp(A cos? B) sin 8 dg

S, = (1/2)NZJ:(3 cos? 6 — 1) exp(B cos? §) sin 6 dd
(4)

Experimental Section

Materials. The specifically deuteriated polyester poly[1-
[4-[[4-[(4-oxybenzoyl)oxy]chlorophenoxylcarbonyl]phenoxy]-
1,1,10,10-tetradeuteriodecane] (I) was prepared by solution po-
lymerization of 1,10-bis[4-(chloroformyl)phenoxy]decane-
1,1,10,10-d,® and chlorohydrochinon as described elsewhere.?#%
Average molecular weights M, of the samples were determined
by vapor pressure osmometry using tetrachloroethane as solvent.
The phase behavior of the polymer samples was investigated by
differential scanning calorimetry (Perkin-Elmer DSC 7) and
polarization microscopy (Leitz Ortholux I, Linkham THM 600
hot stage). Table I lists relevant thermodynamic properties of
the systems studied. Note that both samples exhibit a stable
nematic melt over a large temperature range (=100 K).

Fiber Spinning. Preparation of the fibers was achieved by
using a melt spinning unit (E. Blaschke). The piston-type extruder
operated at constant velocity with a conical die having a length
of 11 mm and a diameter of 3 mm (entrance). The narrow cyl-
indrical outlet of the die was 400 um in length with a diameter
of 400 um. In all cases extrusion rates of V, = 2.5 m/min were
employed. The spinning temperatures are summarized in Table
II. Fibers were extruded in air at ambient temperatures and
collected on a bobbin (diameter 90 mm), placed 1 m from the
extruder die. Generally, the spin—draw ratio was V,/V, = 50,
where V, is the take-up velocity. All fibers were stored at room
temperature. Annealing was performed by employing the various
conditions given below. The amount of polymer for each spinning
experiment varied between 4 and 6 g.
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Table I
Thermodynamic Properties of the Liquid-Crystal Polymers
Studied
phase transitn transitn
temp? enthalpies®
polymer M;e T, To Twm AH, AHy
Ia 10000 313 443 554 8.6 12.7
Ib 30000 313 450 567 7.8 13.5

@ Molecular weight; determined by vapor pressure osmometry.
®In K; determined by DSC; scanning rate, 10 K/min. g = glass; m
= melt; n = nematic; i = isotropic. °In J/g; determined by DSC.

Mechanical Measurements. Young’s modulus (E), tensile
strength (7)), and elongation to break (¢) of as-spun and annealed
fibers were evaluated from stress—strain curves measured by using
a Textechno machine (Type Statimat). All measurements were
performed at room temperature on single filaments about 25 cm
long. The results, summarized in Table II, represent averages
over at least five individual determinations. Annealed fibers for
the mechanical measurements were obtained by heat treatment
at 373 K for 2h and at 373 K < T < 423 K for 7 h.

NMR Measurements. The 2H NMR measurements were
performed on a Bruker CXP 300 pulse spectrometer at 46.1 MHz
(By = 7 T), using quadrupole echo® % ((r/2),-7—(/2),) and
saturation recovery sequences® ((w/2)~r,—(r/2),~14—(x/ 2)35. The
width for a 7/2 pulse was 3.5 us, employing a home-built probe,
equipped with a goniometer. If necessary, line shapes were
corrected for distortion which is caused by using a finite pulse
width.3®3! All experiments were recorded by using quadrature
detection with a digitizing rate of 2 MHz and appropriate phase
cycling schemes. The number of scans varied between 1000 and
10000 (200 mg of deuteriated material).

Annealed fibers for the NMR experiments were obtained by
heat treatment at 413 K for about 40 min. No change in the NMR
spectra was observed upon further annealing.

NMR Data Analysis. A Fortran program package was em-
ployed to analyze the ZH NMR measurements.”® The programs
simulate pulsed dynamic NMR experiments of I = 1 spin systems
undergoing inter- and intramolecular motion in an anisotropic
medium. Numerical solution of the stochastic Liouville equation
was achieved using the Rutishauser® or more efficiently the
Lanczos algorithm.%® Within the Redfield limit3 analytical so-
lutions are available. All programs were run on a Hewlett-Packard
1000 computer (F series, 1.2 Mbyte memory). N

The constant parameters in the calculations were obtained from
fast rotational and rigid limit quadrupole echo spectra of the bulk
polymers. As found previously, the quadrupole coupling constant
of the aliphatic deuterons is e2q@/h = 165 kHz.”

Analysis of the 2H NMR experiments requires a knowledge of
the orientation of the various molecular tensors in polymer I.
Angular dependent 2H NMR studies of macroscopically aligned
samples indicate that each repeating unit can be characterized
by a single-order tensor axially symmetric along Z.” Within the
limits of error, the tilt angle ¥” between Z and the aliphatic chain
axis Z” is 0° < 10°.%% This finding corresponds to the overall
shape of the chain molecule which is also expected to exhibit
axially symmetric rotational diffusion about the Z axis.

An iterative fit of several angular and pulse-dependent 2H NMR
experiments for any given temperature provided reliable values
for the simulation parameters, i.e., the parameters of conforma-
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Figure 1. DSC traces of the liquid-crystal polymer Ib at different
thermal histories: (a) as-received polymer during second heating
run; (b) as-spun fibers (T, = 483 K), kept at room temperatures
for several days; (c¢) annealed fibers (T, = 483 K) after heat
treatment at 403 K for 40 min. The heating rate is 10 K/min.

tional (Szz) and orientational order (Szz, S,,») and the correlation
times of the various types of motion (rg1, 7gL, 7;). Details of this
analysis are given elsewhere.”!

Results

Thermal Behavior. Representative DSC thermograms
of the LCP Ib are shown in Figure 1. The DSC curve
(second run) of the as-received polymer (trace a), i.e.,
unprocessed material, displays the typical feature of a
semicrystalline polymer with a glass transition (7) and
a melting peak (7T7,) from the solid state to the anisotropic
melt. An additional endotherm at T'; reflects the phase
transition to the isotropic melt. It is interesting to note
that the clearing enthalpy is larger than the corresponding
enthalpy of fusion (see Table I), in contrast to observations
on low molecular weight liquid crystals.

At first glance, the DSC thermogram of the as-spun
fibers, given in trace b, is rather similar to that of the
as-received polymer. However, closer inspection reveals
that the melting peak is affected by the sample history,
showing a positive temperature shift of about 10 K and
a slightly reduced peak area upon melt spinning. In ad-
dition, a further low-temperature endotherm (A) is ob-
served just above T, in the thermogram of the as-spun
fibers. Quenching experiments of as-received polymers
suggest that this peak is due to an annealing process at
room temperature. In the DSC thermograms recorded
immediately after the quenching experiments a normal
glass transition is observed. However, DSC curves of
quenched samples, kept at room temperature for several
days, display the same endotherm near T, as found for the
as-spun fibers.

Table I1
Molecular and Mechanical Properties of the LCP Fibers Studied

slt)elglggg order parameters® mechanical properts?

polymer mol wt M, T, - Ty crystallin.? Szz Szz S,rgr E T €
Ia 10000 15 55 0.7 (0.75) 0.9 0.9 11.0 0.14 2.5
Ia 10000 10 55 0.7 (0.75) 0.9 0.9 114 0.15 2.5
Ib 30000 33 55 0.7 (0.75) 0.9 0.9 10.7 0.31 2.5
Ib 30000 18 55 0.7 (0.75) 0.9 0.9 114 0.32 2.5
Ib 30000 8 55 0.7 (0.75) 0.9 >0.95 22.0 0.34 2.5

sIn K; T, = spinning temperature; T,, = melting point. ®Crystallinity in percent. ¢For definition of order parameters see NMR Theory;
values in brackets refer to crystalline component; Sz = segmental order parameter (a-segment); Sz; = orientational order parameter; S,
= degree of alignment of director axes. Young’s modulus (E), tensile strength (T) in GPa, and elongation to break (¢) in percent.
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Figure 2. Experimental 2H NMR spectra of fibers from lig-
uid-crystal polymer Ib (T, = 458 K) at parallel orientation of fiber
axis and magnetic field. (a) Quadrupole echo spectra (pulse
separation 7; = 30 us) at four different temperatures. Left row:
as-spun fibers. Right row: annealed fibers. All spectra are scaled
to the same height. (b) Partially relaxed spectra (T = 353 K) at
different pulse separation times r;. Left row: saturation recovery
sequence. Right row: quadrupole echo sequence. All spectra
reflect the actual intensity in the particular sequence.

The DSC curve of the annealed fibers (trace ¢) again
shows an interesting feature. Here, instead of the en-
dotherm near T, an endothermic peak (B) approximately
15 K above the annealing temperature is observed. The
peak area and thus the enthalpy value increases with an-
nealing time to a limiting value of about AH, /4. However,
the original high-temperature melting peak is not affected
by the heat treatment as can be deduced from the diagram.

NMR Line Shapes and Relaxation. Melt spun fibers
of the specifically deuteriated LCP I have been studied
over a wide temperature range (130 K < T < 393 K), using
pulsed dynamic NMR techniques. Representative results
for as-spun and annealed fibers are shown in Figures 2—4.
The observed ZH NMR line shapes and relaxation curves,
varying drastically with magnetic field orientation, dem-
onstrate the power of the method.

Figure 2a shows quadrupole echo line shapes of as-spun
(left row) and annealed fibers (right now) at four different
temperatures. The H NMR spectra refer to parallel
orientation of fiber axis and magnetic field. Depending
on the thermal history, characteristic differences are ob-
served. The spectra of the as-spun fibers exhibit a single
splitting over the whole temperature range investigated.
In contrast, the line shapes of the annealed fibers indicate
two overlapping components associated with mobile and
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Figure 3. Experimental and calculated 2H NMR spectra of
annealed fibers from liquid-crystal polymer Ib (7, = 458 K) at
T = 130 K and five different angles between fiber axis and
magnetic field. The spectra refer to quadrupole echo sequences
and a fixed pulse separation of r; = 30 us. Calculations were
obtained w1th Szz = 0.7 (0.75), Sz = 0.9, S,.,» = 1.0, and 7R
=1 > 1035, 7; = 1075 (10*s). The values in brackets refer
to the immobile component with a mole fraction of 0.55. Note
that all spectra are normalized to the same total intensity.

immobile deuterons in distinct regions of the polymer. At
the lowest temperature, the two fractions cannot be sep-
arated from the line shape anymore.

Figure 2b shows partially relaxed 2H NMR spectra of
annealed fibers of LCP I at four different pulse separations
7, in a saturation recovery (left row) and a quadrupole echo
sequence (right row). The spectra refer to the same tem-
perature (T = 353 K) and parallel orientation of fiber axis
and magnetic field. Again two spectral components are
observed. The central peaks refer to the mobile fraction
of the polymer while the outer peaks correspond to the
immobile part. One recognizes that with increasing 7,
significant spectral changes occur, resulting from different
spin-lattice relaxation times Tz (left row) and spin—spin
relaxation times Ty (right row). Apparently, the mobile
fraction relaxes somewhat faster than the immobile one.

Figure 3 (left row) depicts the angular variation of the
quadrupole echo line shapes at T = 130 K. The spectra
refer to annealed fibers and five different orientations of
fiber axis and magnetic field. Drastic spectral changes are
observed when the sample is rotated. A detailed analysis
(right-row spectra) reveals that spinning from the aniso-
tropic melt produces highly ordered fibers with nearly
perfect alignment of the director axes.

In Figure 4 the spin-lattice relaxation times T (full and
open squares) and the spin—spin relaxation times Tz (full
circles) are plotted as a function of 1/7. All relaxation
times refer to annealed fibers and parallel orientation of
fiber axis and magnetic field. The values of T, were
obtained by recording the echo amplitude of a saturation
recovery sequence as a function of 7; and by decomposing
this function into two exponentials. One sees that the
spin-lattice relaxation times of the mobile (7T',;®) and im-
mobile fraction (T;7™) differ by a factor of 10-50. De-
composition of the various relaxation curves into two
components yields an immobile fraction of (55 £ 5)%.
Note, however, that the corresponding decay curves of
as-spun fibers cannot be separated into different compo-
nents anymore.

The spin-spin relaxation times T,z were obtained from
the decay of the echo amplitude in a quadrupole echo
sequence. Since a unique decomposition into two expo-
nentials was impossible the given T,z data represent bulk
relaxation times and refer to both mobile and immobile
deuterons. Generally, T,z is defined as the time it takes
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Figure 4. Temperature dependence of ?H spin relaxation times
of annealed fibers from liquid-crystal polymer Ib (T, = 458 K).
All relaxation times refer to parallel orientation of fiber axis and
magnetic field. Left ordinate scale: spin-lattice relaxation times
T,z (full and open squares). Right ordinate scale: spin-spin
relaxation times T,g (full circles). T z™ refers to the mobile
component and T',7™ refers to the immobile component, while
T,g represents a bulk relaxation time which is an average for
mobile and immobile deuterons. The solid lines are best-fit
simulations of the relaxation times, employing the NMR model
of the Theory section and the parameters of Figure 5 and Table
II. T, = glassy point as determined by DSC.

for the echo amplitude to decay to 1/e of its original value.
Note, the T first decreases with decreasing temperature,
then passes through a minimum at T = 333 K, and finally
increases again. This striking behavior, expected on the-
oretical grounds, has also been observed in a lyotropic
liquid crystal.!?

Quantitative data concerning molecular order and dy-
namics of the LCP fibers were obtained by computer
simulation of the various NMR experiments employing the
NMR model outlined above. In the following we would
like to describe the results in more detail, treating the
various simulation parameters separately.

Motional Correlation Times. In Figure 5 the corre-
lation times of the various motions in annealed fibers of
LCP I are plotted as a function of 1/T. They refer to
reorientation of the chain axis (circles), rotation about the
chain axis (triangles), and trans—gauche isomerization
(squares) of the outer spacer segment. Inspection of the
logarithmic plot reveals a surprisingly fast dynamic range,
extending from 1078 to 10™s.

As mentioned above the annealed fibers appear to be
heterogeneous, as two components (mobile and immobile
deuterons) are detected in the NMR experiments. Dif-
fusive motions of larger chain segments and local confor-
mational changes contribute to the dynamics of the mobile
component. In contrast, only restricted local motions are
observed for the immobile fraction, exhibiting slow
trans—gauche isomerization in the range of 7; = 10 s,

The activation energies for trans—gauche isomerization
of E; = 16 kJ/mol (mobile component) and E; = 6.7
kdJ/mol (immobile component) correspond to the local
character of this motion. Higher activation energies of Egi
= 48 kJ/mol and ER: = 53 kJ/mol are observed for chain
rotation and chain fluctuation in the mobile fraction.
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Figure 5. Arrhenius plot of the various correlation times char-
acterizing the molecular dynamics of fibers from liquid-crystal
polymers Ib (T, = 458 K). Circles refer to chain fluctuations (rg1),
triangles denote chain rotation (rg1), and squares denote trans—
gauche isomerization (r;). Mobile and immobile components are
distinguished by full and open symbols. T, = glassy point as
determined by DSC.

Order Parameters. Molecular order of the LCP fibers
is conveniently described in terms of three different order
parameters Sz, Szz, and S,.,», characterizing (i) the
segmental order of a particular spacer segment, (ii) the
orientational order of the mesogenic units, and (iii) the
alignment of the director axes. The measurement of these
parameters is important for relating macroscopic physical
properties of the LCP fibers to their molecular structure.
Various static methods have been used to measure order
parameters in these systems, but these methods are unable
to essentially separate the three types of molecular order.

Pulsed dynamic NMR techniques do not suffer from this
deficiency. Unequivocal determination of the various order
parameters is always possible, provided the molecular
motion is fast. Table II summarizes the results for LCP
I. They refer to as-spun and annealed fibers, likewise.

The observed segmental order parameters of Sz = 0.7
{mobile component) and Szz = 0.75 (immobile compo-
nent) indicate highly extended chain conformations.
Furthermore, orientational order parameters of Sy; = 0.9
reflect a large measure of parallel orientation of the me-
sogenic units. Finally, melt spinning produces fibers with
practically all director axes aligned in draw direction, ev-
idenced by a macroorder parameter of S,.,» = 0.9. Note,
however, that this value still increases with decreasing
spinning temperature to S,.,» > 0.95.

In summary, melt spun fibers of the LCP I exhibit ex-
ceptionally high order parameters on the different mo-
lecular levels. High modulus and strength result from the
highly oriented chain configurations, as we shall see in the
next paragraph.

Tensile Properties. Table II summarizes the me-
chanical properties of annealed fibers of LCP 1. The data
indicate surprisingly high initial moduli of 11 GPa < E <
22 GPa, tensile strengths up to T = 0.34 GPa, and elon-
gation to break ratios of ¢ = 2.5%. At present, these data
seem to be the best values reported on LCPs containing
flexible spacers of comparable lengths.

Please note the effect of the molecular weight on the
tensile strength T, leading to an increase of T with the
degree of polymerization. In contrast, the Young modulus
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E is independent of the molecular weight within the range
investigated. However, E can be increased by lowering the
spinning temperature 7,. In fact, the highest modulus was
obtained for fibers spun only 8 K above the melting point.

Discussion

The mechanical behavior of fibers is strongly correlated
to their properties on the molecular level. A variety of
experimental methods have been employed to obtain such
information.®3 The present knowledge about the mo-
lecular structure of fibers originates to a large extent from
X-ray diffraction studies.2®* In addition, NMR line-shape
investigations have been used to provide information about
the molecular organization of these systems.'®4142 This
approach is useful for examining orientational and con-
formational order of the polymer chains and slow molec-
ular motions in certain polymer phases. For a complete
dynamic characterization, however, comprehensive relax-
ation studies™? are required. In the following, molecular
order and dynamics will be discussed separately.

Molecular Dynamics of Fibers. Depending on the
thermal history, the molecular dynamics of as-spun and
annealed fibers is significantly different. The results for
the annealed fibers (see Figure 5) indicate surprisingly fast
chain dynamics in these “solid” fibers. Note that this
detailed information could be obtained only by employing
pulsed dynamic NMR techniques. For any given tem-
perature two different relaxation experiments were carried
out.

The heterogeneity of the annealed fibers is reflected in
their dynamic behavior. Two components are observed,
which we assign to a liquid-crystalline (mobile component)
and a crystalline phase (immobile component). The as-
signment is confirmed by the thermogram of the fibers
(see Figure 1¢), showing a glass and a melt transition.
Note, however, that the enthalpy of fusion (see Table I)
is lower than observed in conventional semicrystalline
polymers,** suggesting a decreased regularity of the
crystalline regions. Similar observations are reported for
other LCPsg, %47

Decomposition of various NMR relaxation curves into
two components yields a fiber crystallinity of (55 £ 5) %,
subject to the annealing conditions (see Experimental
Section). Whereas the dynamics of the crystalline com-
ponent is characterized by slow conformational changes,
the liquid-crystalline regions also exhibit intermolecular
motions with correlation times up to 10® s. However, the
Arrhenius plot for these overall motions is not linear, the
apparent activation energies increasing with decreasing
temperature. Thus, all intermolecular motions gradually
freeze and at temperatures T < T, intramolecular motions
are the dominant process. In fact, we have been able to
detect trans—gauche isomerization even at T = 130 K with
a correlation time of 7; = 10~ s. Similarly, ring flips and
chain isomerization could be followed down to tempera-
tures 100 K below the glass transition.4484°

Figure 5 clearly shows the coexistence of liquid-crys-
talline and crystalline components, differing drastically in
their molecular dynamics. In that respect fibers from
LCPs resemble those from ordinary polymers, which ex-
hibit amorphous and crystalline phases. However, a broad
distribution of correlation times is generally evaluated in
all but the lowest molecular weight systems.*>*® In con-
trast, molecular reorientation in the LCP fibers appears
to occur essentially by single processes, where any dis-
tribution of correlation times must be restricted to less
than one decade. It should be noted that these results are
consistent with observations on bulk samples, which were
slowly cooled from the nematic melt.”#350
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Let us now discuss the molecular dynamics of as-spun
fibers, not yet evaluated in detail. A preliminary analysis
indicates only a single component, exhibiting a chain
mobility comparable to that of the liquid-crystalline re-
gions. On the other hand, the DSC thermogram of as-spun
fibers (see Figure 1b) clearly shows the existence of a
crystalline component. The contradictory results can be
reconciled by considering the spinning experiment, in
which the LCP is quenched from the nematic melt to the
solid state. It is suggested that during the short cooling
period only small crystals are formed, unable to give dis-
tinct NMR signals but organized enough to yield heats of
transition. Annealing of the LCP fibers at elevated tem-
peratures then leads to a better development of the
crystalline regions, necessary for proper NMR detection.

From X-ray diffraction studies of thermotropic co-
polymers it was concluded that annealing causes an im-
provement of the ordered structure both in terms of an
increasing registry of the chain molecules and an increase
of the degree of crystallization.*® The latter effect is es-
sentially confirmed by our annealing experiments on the
LCP 1. For example, in the DSC curve of as-spun fibers
the low-temperature endotherm (see Figure 1b) is caused
by an annealing process at room temperature. By further
annealing at higher temperatures this endotherm disap-
pears whereas a new endotherm approximately 15 K above
the annealing temperature can be detected (see Figure 1c).
This behavior, observed for other semicrystalline poly-
mers,3'% can be explained by fusion of the low-tempera-
ture crystals and subsequent formation of new crystallites
stable at the higher annealing temperature. In summary,
we conclude that the degree of crystallinity evaluated from
the NMR relaxation experiments comprises the original
high-temperature crystallization and the subsequent
posterystallization (about 25%) upon annealing.

Molecular Order of Fibers. A particular advantage
of the dynamic NMR studies, presented in this paper, is
the possibility to discriminate between different types of
molecular order, i.e., to separate conformational, orienta-
tional, and macroorder of the chains (see Table II).

The observed segmental order parameter Sz = 0.7 in
the liquid-crystalline phase is practically independent of
the position within the spacer.”*%%® Evidently, highly ex-
tended conformers prevail in the nematic phase of LCP
1. This finding, which is corroborated by 2H NMR studies
of other thermotropic polyesters,® is the most prominent
feature distinguishing liquid-crystal main-chain polymers
from side-chain polymers® and their monomeric ana-
logues.’*8! Predictions of statistical mechanical theo-
ries,526% developed for these polymers, are in qualitative
agreement with the NMR results. It appears that a num-
ber of unique properties, exhibited by semiflexible main-
chain polymers, can be attributed to the conformational
order which is restricted to highly extended configurations.

On the other hand, the crystalline component shows a
segmental order parameter of Sz, = 0.75, far below the
limiting value of Sz = 1.0 expected for a regular crystal.
This finding corresponds to the minor enthalpy of fusion
(see Table I), being considerably smaller than that of
conventional semicrystalline polymers.*** Apparently, the
regularity of the crystalline regions*®*7 is reduced by con-
formational disorder of the spacer, as described previ-
ously.”%

Inspection of Table II also reveals a high value for the
orientational order parameter of Sz; = 0.9, independent
of temperature and thermal history. The observed value
is considerably larger than that exhibited by low molecular
weight nematogens.?®®®! Ags predicted®®%* the polymer
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chains are highly ordered on a molecular level in agreement
with ESR% and 'H NMR studies.?

Finally, let us discuss the macroorder parameter S,,»,
characterizing the alignment of the director axes with re-
spect to the draw direction. Table II shows extraordinary
high values of S,.,» 2 0.9, depending on the spinning
conditions. Evidently, the spinning temperature is a
crucial parameter. For example, spinning at T, - T',, = 8
K increases S, to S,.,» > 0.95, due to an increase in melt
viscosity, as will be discussed in the next section. It should
be noted, however, that similarly high macroorder param-
eters were achieved by using other orientation methods
such as strong magnetic fields or solid-state extrusion 45065

Summing up, the molecular structure of the LCP fibers
is characterized by a high degree of conformational and
orientational order of the polymer chains. In addition,
practically all director axes are aligned in the draw di-
rection. Annealing of the fibers results in a better de-
velopment of the crystalline regions without any significant
improvement of the degree of order. These findings
present the molecular basis for the unusual mechanical
properties discussed in the next section.

Mechanical Properties of Fibers. The tensile prop-
erties reported in Table II are considerably better than
those observed previously for similar systems.!!2 From
our spinning experiments a dependence of these properties
on molecular weight and spinning temperature can be
derived. As expected,® the tensile strength increases with
the degree of polymerization. In contrast, the initial mo-
dulus is independent of molecular weight in the range of
10000 = M, < 30000. It should be noted, however, that
below M,, = 9000 melt spinning is impossible, due to a
break of the filaments under their own weight. As reported
earlier, fibers from low molecular weight samples can be
produced by solid-state extrusion.®®

The effect of the spinning temperature T, is clearly
visible for the tensile modulus which increases by lowering
T,. Generally, high viscosities are required to maintain
the macroscopic alignment while the fibers are cooling.®-72
Rheological measurements on LCP I indicate a strong
increase in melt viscosity with decreasing temperature
leading to an optimum spinning temperature of 5 K < T,
- T, < 15 K. Table II clearly shows an increase in
alignment and initial modulus with decreasing tempera-
ture. Thus, the highest modulus of E = 22 GPa is found
for fibers that were spun just 8 K above the melting point.
Generally, the observed mechanical properties are at least
comparable or even better than those obtained for con-
ventional posttreated polymer fibers.

Annealing of the LCP fibers only has a minor effect on
the mechanical properties, in contrast to observations on
other thermotropic polyesters.” This finding can be ra-
tionalized by the high degree of order, already exhibited
by the as-spun fibers. A slight increase in tensile strength
observed upon annealing may be caused by a better de-
velopment of the crystalline regions.

The elongation to break ratios of 2% < ¢ < 3% are
considerably smaller than those evaluated for fibers of
nonmesomorphic polymers.? Apparently, in the LCP fibers
the polymer chains are in an extended” and oriented
state,”® which prevents further drawing.

Let us now speculate on the improvement of the me-
chanical properties. First of all, increasing the molecular
weight of the samples, possibly by melt polymerization,
should increase the tensile strength of the fibers. Fur-
thermore, an improved sample homogeneity along the
fibers is required for higher modulus and strength. This
can be achieved by using larger quantities of the polymer
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in the spinning experiment. The use of specifically deu-
teriated polymers restricted the amount of material
available for each run. Finally, we expect that shortening
of the flexible spacer increases the conformational order
and thus improves the mechanical properties. As deduced
from the NMR experiments, the long aliphatic chain of
LCP I introduces a certain amount of conformational
disorder, which apparently restricts the achievable tensile
properties.

Conclusions

Pulsed dynamic NMR of fibers from semiflexible LCPs
has provided detailed information about molecular order
and dynamics of these systems. The results, referring to
as-spun and annealed fibers, have been discussed in rela-
tion to the tensile properties, evaluated by mechanical
measurements. Principal conclusions that emerge from
this combined study are the following:

(1) Molecular motion in the “solid” fibers is surprisingly
fast but heterogeneous, as two components are observed,
which we assign to a liquid-crystalline and a crystalline
phase. The degree of crystallinity, evaluated from the
NMR experiments, comprises the original crystallization
during melt spinning and the subsequent postcrystalliza-
tion upon annealing.

(2) Molecular structure of the fibers is characterized by
a high degree of conformational and orientational order
of the polymer chains. In addition, practically all director
axes are aligned in the draw direction. Annealing results
in a better development of the crystalline regions without
any significant improvement of the degree of order.

(3) The mechanical properties of the fibers are strongly
correlated to their properties on the molecular level. As
expected, high modulus and strength result from the highly
oriented chain configurations. It is suggested that im-
provement of the mechanical properties can be achieved
by a systematic variation of the molecular structure.

In summary, pulsed dynamic NMR in combination with
an appropriate relaxation model presents a powerful tool
for characterizing new evolving materials such as LCP
fibers.
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