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ABSTRACT: Uniaxially strained poly(butylene terephthalate) (PBT) undergoes a reversible « to 3 crystalline
phase transition, where the fiber repeat distance is increased in the 8 phase. The question of what the intrachain
conformations of PBT are in both relaxed « and strained 3 crystalline phases has not yet received a completely
satisfactory answer. We have performed variable-temperature 3C CPMAS NMR measurements on both
crystalline phases of PBT in the hope that their high-resolution solid-state spectra would permit us to compare
the crystalline chain conformation in the « and 3 phases. In the spectra recorded between ambient temperature
and ca. 90-100 °C, all resonances are broadened by contributions from the amorphous PBT chains. This
broadening is presumably a consequence of the different local environments, both conformational and packing,
experienced by the carbon nuclei of the sluggish, amorphous PBT chains which result in a dispersion of chemical
shifts. However, above 100 °C a significant narrowing (better than a factor of 2) of the resonances is observed
to occur presumably due to the increased mobility of the amorphous PBT chains which no longer cross-polarize
efficiently. Comparison of the high-temperature spectra leads to the conclusion that the conformations of
the tetramethylene segments are the same in the o and 8 phases. The only significant difference in the
high-temperature spectra of « and 8 form PBT is between the resonances observed for the protonated aromatic
carbons which differ by 0.9 ppm. This chemical shift difference is consistent with the conclusion, reached
by Davidson et al. using broad line 'H NMR, that changes in the conformation of the terephthaloyl residue
—C(=0)C¢H,C(=0)— must accompany the solid-state transformation of PBT from the « to 8 form.

Introduction

It was first observed! over a decade ago that the uni-
axial extension of poly(butylene terephthalate) (PBT)
fibers is accompanied by a crystal-crystal transition. In
the relaxed or a-form crystals the molecular chain or fiber
repeat is ~10% shorter than observed in the stretched or
B-form crystals. The transition between the « and 8 forms
of PBT produced by mechanical deformation (uniaxial
stretching) is reversible,5 and only the « form is stable
in the relaxed, unstretched state at ambient temperature.

X-ray structural studies have been reported*®° for both
PBT crystal forms. Infrared and Raman spectroscopy!!
suggest a nearly trans-trans—trans sequence (¢,, ¢y, ¢.) for
the glycol residue in the extended structure (see Figure 1).
However, the crystal structures proposed by Yokouchi et
al.t and Hall et al.”®10 depart significantly from the ex-
tended, all-trans glycol structure. All crystal structures
proposed for the relaxed, contracted o form approximate
a gauche-trans—gauche conformation for the glycol residue,
although there are differences in detail among them.

As noted by Davidson et al.,*? the low scattering power
of hydrogen atoms makes X-ray diffraction a technique
less than suitable for defining the conformation of the
glycol residues in PBT. Instead, these same authors ap-
plied broad-line 'H NMR measurements to oriented PBT
in both the relaxed o and strained 8 forms and determined
the second moments of the proton line shapes as a function
of specimen orientation. They found the 'H NMR results
to be consistent with a nearly fully extended (trans-
trans—trans) conformation for the stretched 8 form and to
agree quantitatively with the X-ray structure proposed by
Hall and Pass.” However, their NMR results for the re-
laxed « form were not consistent with any of the proposed
crystal structures and suggest instead that the conforma-
tion and orientation of the central methylene pairs in the
glycol residues are not substantially altered in the strain-
induced transformation from the o to 8 form.

More recently, Greneir-Loustalot and Bocelli!® studied
the structures of four PBT model compounds by X-ray
diffraction and high-resolution 3C NMR in the solid state.
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Single-crystal X-ray diffraction revealed that two of the
PBT model compounds crystallized with trans—trans—trans
glycol residues, one with a trans—trans—gauche glycol
conformation, and the remaining compound had its glycol
residue in the gauche-trans—gauche conformation.

In the high-resolution solid-state *C NMR spectra of
the PBT model compounds they observed the central
methylene carbons that are gauche to their ester oxygens
to resonate 3.0-3.7 ppm upfield from those central meth-
ylene carbons adopting the trans arrangement (see Figure
1). This is consistent with the often observed shielding
of carbon nuclei whose y-substituents are in a gauche
arrangement, i.e., the y-gauche effect.'#!®> The central
methylene carbons in « form PBT were observed to res-
onate midway between the corresponding methylene res-
onarnces in the model compounds.

Grenier-Loustalot and Bocelli,'® due to the broadness
of the central methylene resonance in PBT (>3 ppm),
which is likely a consequence of contributions from carbon
nuclei in both the crystalline and amorphous regions of
their sample (see below), were unable to draw conclusions
regarding the conformation of the glycol residue in a-PBT.
A similar study was attempted by Havens and Koenig,'¢
but it too was plagued by broad resonances and, in ad-
dition, by an erroneous conformational assignment to one
of their PBT model compounds, as pointed out by Gre-
nier-Loustalot and Bocelli.!?

Most recently, Perry et al.'” employed high-resolution
solid-state 1C NMR techniques to study the crystalline
conformations and dynamics of PBT chains in both the
« and B crystalline forms. Their spectra also exhibited
broad resonances, especially for the central methylene
carbons (4-5 ppm). However, they concluded that as the
amount of trans content in the glycol residue increases,
the interior methylene resonance shifts to higher, field, so
the 8 form resonance moves upfield from the « form res-
onance. This is in direct opposition to the model com-
pound study of Grenier-Loustalot and Bocelli’® and to the
expected order of chemical shifts based on the conforma-
tionally sensitive y-gauche effect.’41%

In an attempt to determine the conformations of PBT
chains in their « and 8 form crystals, we have conducted
variable-temperature, high-resolution solid-state 3C NMR
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Figure 1. Schematic of PBT chain with torsions about C—C bonds
indicated and Newman projections of the trans and gauche
conformers about the terminal C-C bonds.

studies. We find that above ca. 100 °C the spectra are
significantly better resolved, with resonance line widths
not exceeding 1-2 ppm. This narrowing of resonances is
apparently a consequence'® of removing contributions
made by the amorphous carbons, which no longer cross-
polarize efficiently at temperatures well above the glass
transition of PBT.!® Comparison of the high-temperature,
high-resolution solid-state *C NMR spectra recorded for
a- and 3-PBT with those of the PBT model compounds
reported by Grenier-Loustalot and Bocelli*® permits us to
draw several conclusions concerning the conformations of
PBT chains in the relaxed « and stretched 8 crystals.

Experimental Section

Sample Preparation and Characterization. PBT in the
form of pellets was obtained from Aldrich (19,094-2). The pellets
were cryogenically ground to a fine powder, which was annealed
at 150 °C for 3 days to produce*?® the o form.

Melt pressing of the pellets at 250 °C produced thin films which
were quenched into liquid nitrogen. Strips were cut from the film
and placed in an Instron tensile testing machine. The strips were
drawn to 300% elongation, held under tension, and annealed at
150 °C for several hours to produce* the 8-form sample.

X-ray diffraction photographs were recorded for both samples
in the film form and confirmed that we did indeed produce both
«- and 3-PBT samples. A flat-plate vacuum camera using Ni-
filtered Cu Ka radiation was employed in the X-ray diffraction
measurements.

NMR Measurements. 3C NMR spectra were recorded be-
tween 20 and 110 °C on a Varian XL-200 spectrometer operating
at a static field of 4.7 T. Magic angle sample spinning (MAS)
at speeds of 1.5-3.5 KHz was achieved with a Doty Scientific
probe, which utilizes a double air bearing design. The PBT
samples were spun in aluminum oxide rotor with Kel-F [poly-
(chlorotrifluoroethylene)] end caps. PBT in the o« form was placed
in the rotor as a powder, while a strip of the 3-form sample was
wound under tension onto a spindle to form a spool, and the ends
of the strip were glued to prevent relaxation to the « form. The
spool wound with the 3 form strip was then inserted into the rotor
and special end caps (Doty Scientific) were used to secure the
ends of the spindle so that the 8 form PBT spool would rotate
at the same speed as the rotor.

A 45 KHz rf field strength was used for dipolar decoupling
(DD), with a decoupling period of 200 ms. The optimal cross-
polarization (CP) contact times were found to be 1000 and 3000
us for the a- and S8-form samples, respectively.

A small portion of powdered poly(oxymethylene) (POM) was
placed in the «-PBT as a chemical shift reference. Under CP
conditions the POM resonance is expected® at 89.1 ppm downfield
from tetramethylsilane (TMS).

Spin-lattice relaxation times, T';, were measured for each carbon
in both PBT samples under the CP condition by application of
the pulse sequence developed by Torchia.?? In addition, the usual
inversion—recovery method?® for obtaining 7, was employed
without CP, but with DD, to estimate the T’s of the amorphous
carbons,

13C NMR Study of PBT 389

Table I
13C Chemical Shifts of a- and §-PBT

13C, ppm vs TMS®

carbon o B amorphous®
CH, 27.2 27.6 26.6
OCH, 66.2 66.7 65.9
PAR 130.8 131.7 130.2
NPAR 135.2 135.2 134.9
C=0 165.6 165.5 166.0

¢ Measured at 105 °C and referenced to the POM resonance at
89.1 ppm from TMS,* although we have observed a 0.3 ppm
downfield shift with respect to ambient temperature. * Measured
from spectrum obtained without CP, but with MAS/DD (see Fig-
ure 4b).

Table II
Spin-Lattice Relaxation Times, T';, for a- and §-PBT
T,%s

carbon ab g amorphous®
CH, 0.13 0.20 0.16

OCH, 0.32 0.27 0.24

PAR 5.7 7.0 0.31
NPAR 18.9 12.7

C=0 18.0 15.0

¢ Measured at 105 °C. ?Obtained under CP conditions with the
Torchia?? pulse sequence. ¢Obtained without CP by the inver-
sion-recovery method.?

Results

X-ray Characterization of PBT Samples. Structural
characterization of our samples was by X-ray diffraction.
Flat film photographs of the a- and 8-form samples are
shown in Figure 2.

Drawn films annealed under tension and held under
tension during the X-ray exposure give the diffraction
pattern characteristic of the 8 form (see Figure 2b). When
the tension is relaxed the o form is obtained as confirmed
by X-ray (see Figure 2a). Drawn films annealed in the
absence of tension also produce the o form.

The most significant difference observed in the X-ray
patterns of both forms is the widely reported*”-® length-
ening of the c-axis fiber repeat. By measuring the spacings
of the fourth layer meridional reflection, the values ob-
tained for the c axis are 11.5 and 12.9 A for the « and 8
forms, respectively. These values are in agreement with
the fiber repeats reported previously for PBT and confirm
the existence of the « and § forms in our samples.

13C NMR. Figure 3 presents the CPMAS /DD spectra
of a-PBT at ambient temperature and 105 °C. The
spectrum of a-PBT obtained with and without CP at 105
°C is shown in Figure 4. A comparison of the
CPMAS/DD spectra of a- and 8-PBT recorded at 105 °C
is made in Figure 5. Table I contains the observed sol-
id-state 1°C NMR chemical shifts, and 3C spin-lattice
relaxation times, 7, measured in the solid state at 105 °C,
are given in Table II.

Discussion

It is clear from the comparison of CPMAS spectra re-
corded at 105 °C and presented in Figure 5 and the cor-
responding chemical shifts listed in Table I that aside from
the protonated aromatic carbons (PAR), the carbon nuclei
in o- and 8-PBT resonate at nearly identical frequencies.
This observation is at variance with the results of Perry
et al.,’” who found the CPMAS/DD spectra of o- and
B-PBT at 20 °C to be closely similar except for the reso-
nances of the interior methylene carbons. The source of
this disparity is revealed by comparing the spectra in
Figure 5 with those presented by Perry et al.l” (also see
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Figure 2. X-ray diffraction photographs of a- and 8-PBT sam-
ples.
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Figure 3. CPMAS/DD spectra of a-PBT at ambient temperature
(a) and 105 °C (b).

Figure 3). The latter spectra are characterized by broad
resonances, 2-3 times as broad as the resonances seen in
Figure 5, presumably a consequence of the different local
environments, both conformational and packing, experi-
enced by the carbon nuclei of the sluggish, amorphous
PBT chains which result in a dispersion of chemical shifts.

Recording the CPMAS /DD spectra of PBT at elevated
temperatures (105 °C) results in enhanced resolution,
because the amorphous carbons, which constitute 30-50%
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Flgure 4. CPMAS /DD (a) and MAS,-’ DD (b] spectra of a-PBT
measured at 105 °C.

of the samples, are sufficiently above their glass transition

= 50-55 °C)" to be mobile enough not to cross-polarize
effslclently 18 Comparison of the spectra recorded with and
without CP (Figure 4) makes apparent that the crystalline
and amorphous carbons resonate at similar frequencies,
with the amorphous carbon resonances appearing upfield
as expected (see Figure 3 and below). Thus at tempera-
tures sufficiently close to T, where the amorphous PBT
chains are relatively rigid and immobile, CPMAS/DD
spectra would be expected!® and in fact are observed to
be significantly broadened by the overlap of crystalline and
amorphous resonances (see Figure 3).

The near coincidence of methylene carbon chemical
shifts observed for a- and 3-PBT strongly suggests that
in both the relaxed (a) and strained (8) crystals the glycol
residues of the PBT chains are adopting very similar
conformations. Just what conformation is adopted by the
glycol residues in crystalline PBT?

In Figure 6 we present schematic structures of the four
PBT model compounds studied by Grenier-Loustalot and
Bocelli'® and of PBT. The conformations of the glycol
residues, as determined by X-ray diffraction,'® are indi-
cated on each model compound structure as t (trans) or
g (gauche). Also the chemical shifts (ppm versus TMS)
of the central methylene carbons observed by CPMAS/DD
13C NMR are listed above the central methylene carbon
in each of the four PBT model compounds and in PBT
itself. A comparison of the central methylene carbon
chemical shifts clearly indicates that the glycol residues
in both a- and 8-PBT crystals are in the nearly extended
trans—trans—trans conformation found by Grenier-Lous-
talot and Bocelli!® for the PBT model compounds 3 and
4.

If the glycol residues of both a- and 38-PBT are nearly
fully extended, then what conformational differences can
account for the 10% increase in the fiber repeat of the
B-form crystals that are formed upon extension of a-PBT?
The ester bonds [C(=0)0] in PBT are likely trans planar,
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Figure 5. CPMAS/DD spectra measured at 105 °C for o- and
B-PBT. Full spectra (a) and expansion of the central methylene
carbon regions (b).

as they are in the four PBT model compounds. In each
of the crystalline model compounds the CH,—O bonds are
also in the trans conformation. Because the chemical shifts
of the central methylene carbons should be sensitive!%'?
to the conformations of these bonds (see Figures 1 and 6),
as well as to the conformations of the terminal CH,—CH,
bonds, the CH,—O bonds in a- and 8-PBT are also most
likely trans. If they were gauche in either or both poly-
morphs, then we would expect different chemical shifts
for the central methylene carbons in a- and 3-PBT, or
chemical shifts reflecting the shielding!* produced by ~-
gauche carbonyl carbons. Instead, the chemical shifts of
the central methylene carbons in both a- and 8-PBT are
very similar to the chemical shifts observed for the same
carbons in model compounds 3 and 4, where both the
CH,—O0 and terminal CH,—CH, bonds are trans.

The only conformational degree of freedom that remains
to distinguish the a and 8 forms of PBT is the relative
orientation of the carbonyl groups in the terephthaloyl
residues, which are determined by the torsional angles
about the sp?-sp?, carbonyl to aromatic C—C bonds (see
Figures 1 and 6). In terms of y-gauche shielding effects,!41?
we would expect the chemical shifts of the protonated
aromatic carbons (PAR) to reflect the conformations of
these bonds.

In fact the 0.9 ppm chemical shift difference observed
between the PAR’s of a- and 8-PBT is by far the largest
difference between their high-resolution, solid-state 13C
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Figure 6. Schematic drawings of the four PBT model compounds
stucdied by Grenier-Loustalot and Bocelli'® using X-ray diffraction
and high-resolution, solid-state *C NMR. The conformation of
each glycol residues is indicated (t = trans, g = gauche) and the
chemical shifts observed for the central methylene carbons are
also listed. The structure of PBT is also presented and the
chemical shifts observed in this work for the central methylene
carbons in the a- and 8-form crystals are indicated.

NMR spectra (see Figure 5). Thus we agree with the
conclusion reached by Davidson et al.}? via analysis of
broad-line 'H NMR data; changes in the conformation of
the terephthaloyl residue, but not in the glycol residue,
must accompany the solid-state transformation of PBT
from the « to 8 form.

As we have deduced by the comparison of solid-state 3C
NMR chemical shifts observed for «- and 8-PBT and
several of their model compounds, all of the bonds in
crystalline PBT are nearly trans except the bonds con-
necting the ester groups to the aromatic rings. The bonds
in amorphous PBT chains would be expected to be a
mixture of trans and gauche conformations, the latter
producing upfield chemical shifts via the «-gauche effect.
It follows that the amorphous carbon nuclei should reso-
nate upfield from the corresponding carbons in a- and
B-PBT. The solid-state *3C NMR chemical shifts pres-
ented in Table I for the amorphous and crystalline carbons
in PBT confirm this expectation.

Spin-lattice relaxation times, 7', for both crystalline
forms and amorphous PBT, as presented in Table II, serve
to indicate the motional characteristics of solid PBT
chains. The most striking observation is the near coin-
cidence of the T,’s measured for the methylene carbons
of the glycol residues in the « and 8 crystallites of PBT
with those observed for the amorphous methylene carbons.
By contrast, the T’s measured for the crystalline PAR
carbons are more than an order of magnitude longer than
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observed for the amorphous PAR carbons. It would appear
that the methylene carbons of the glycol residue are un-
dergoing significant motion independent of whether they
are included in the a and 3 crystallites or not.

In agreement with Perry et al.,'” whose measurements
were performed more than 80 °C below ours (105 °C), we
do not find any significant differences between the spin—
lattice relaxation times of the crystalline methylene car-
bons in a- and -PBT. Similarly, the TY’s of the crystalline
carbon nuclei belonging to the terephthaloyl residues in
a- and B8-PBT are also not markedly different. It does not
appear that the o and 8 phases constrain the motions of
their constituent PBT chains in any significantly different
manner (also see Jelinski et al.?¢ and Garbow and Schae-
fer? for further discussion of solid-state PBT motion).

High-resolution, solid-state 1*C NMR studies of - and
B-PBT have revealed several important features concerning
the conformations and motions of PBT chains in both
crystalline phases. We have found the glycol residues to
be in the nearly extended (trans-trans-trans) conforma-
tions in both crystalline forms, while different orientations
of the ester groups and phenyl rings probably account for
the 10% difference in the fiber repeats of a- and §-PBT.
In both crystals the methylene carbons are sampling rapid
motions, which are significantly faster than the motions
experienced by the carbons of the terephthaloyl residues.

These conclusions serve to recommend high-resolution,
solid-state 1*C NMR spectroscopy as a powerful technique
for studying the structure and dynamics of solid polymers.
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Novel Polymer Electrolytes Based on ABA Block Copolymers
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ABSTRACT: Some properties of novel polymer electrolytes, based on a styrene-butadiene—styrene ABA
block copolymer with pendant short-chain poly(ethylene oxide) (PEQO), are described. The polymers were
combined with lithium trifluoromethanesulfonate in different concentrations to form an ion conducting matrix.
The concentration dependence of the conductivity was analyzed by fitting the data to a VTF type equation.
Conductivities, typically 10 S cm™ at ambient temperatures, were obtained by casting films from a selective
solvent which favors microphase separation with PEO forming the continuous phase. The dimensional stability
of the materials could be improved by adding quantities of polystyrene homopolymer. Providing the polystyrene
molecular weight was low, the conductivity was not greatly affected. Ionic conductivity was enhanced by
blending the polymeric material with low molecular weight PEO. These blends did not phase separate on

a macroscale.

Introduction

The majority of polymer electrolyte systems reported
in the literature to data have been largely based on high
molecular weight poly(ethylene oxide), -(CH,CH,0),-

(PEQ), incorporating an alkali-metal salt.'™* These systems
exhibit poor (<10°® S cm™) ambient temperature con-
ductivities as a consequence of their high degree of crys-
tallinity. Much interest recently has been focused on

0024-9297/88/2221-0392801.50/0 © 1988 American Chemical Society



