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ABSTRACT: A new method for identifying and quantifying conformations of 1*C-labeled polymer segments
in magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra is introduced. The observed
magnetization is dephased by the difference of the recoupled anisotropic chemical shifts, reflecting relative
orientation, of two sites with a significant *3C—23C dipolar interaction. Signals of trans conformations
decay more slowly than those near gauche or cis if the chemical-shift tensors in the trans conformation
are related by inversion symmetry. This permits an estimate of the trans:gauche ratio. The experiments,
which are based on zero-quantum (ZQ) or double-quantum/single-quantum (DQ-2SQ) dephasing under
the recoupled chemical-shift anisotropy (CSA), yield selective MAS spectra of methylene groups in trans
or gauche conformations. For the O—CH,—CH,—0O moieties in amorphous and semicrystalline poly-
(ethylene terephthalate) (PET), the ZQ-CSA-dephasing and (DQ-2SQ)-CSA-dephasing methods enable
selective observation of the amorphous trans components, which cannot be detected by traditional CP/
MAS experiments due to complete overlap with dominant gauche and crystalline trans signals. The
observed amorphous trans chemical shift is close to that in PET crystallites; it cannot be rationalized
based on the empirical y-gauche effect. These experiments also provide signal decay curves from which
torsion angles can be determined, with high angular resolution around the trans state. The data yield 12
+ 3% trans in amorphous PET, with a approximate 16° standard deviation of the torsion angles from the
ideal trans state. In semicrystalline PET, the total trans fraction is 43 + 3% and the best estimate of the
crystalline-trans fraction, which corresponds to the degree of crystallinity, is 23 + 5%; the amorphous
trans fraction is 20 & 5%. The trans fraction in the amorphous regions of semicrystalline PET, 26 + 5%,
is significantly higher than the 12 + 3% in amorphous PET. The experiment is easily combined with
double-quantum spectroscopy of isotropic chemical shifts, which provides further information on the
isotropic chemical shifts of specific conformers. In amorphous PET, the two CH; groups in trans conformers

are found to experience similar local fields.

1. Introduction

The elucidation of the microscopic structure of solid
polymers is an important goal in polymer science since
the establishment of structure—property relationships
is crucial for the design of improved or novel materials.
Solid-state nuclear magnetic resonance (NMR) is one
of the most versatile and promising methods for char-
acterizing the structure of disordered polymers in
detail.1=* A particularly important and easily accessible
observation in magic-angle spinning (MAS) NMR spec-
tra is the isotropic chemical shift. Therefore, it has been
extensively used for the analysis of segmental confor-
mations in synthetic>® and biopolymers.”~10 For ex-
ample, conformations in hydrocarbon chains are ana-
lyzed based on the y-gauche effect, an upfield shift by
~4 ppm for each y-substituent in a gauche bond.>1!
However, this shift is empirical, and packing effects can
lead to shifts of a comparable magnitude.1213

In this paper, we present new NMR techniques for
analyzing local conformations in 13C-labeled solid ma-
terials under MAS. The angle between two nearby 3C-
labeled sites is quantitatively analyzed via the relative
orientation of their chemical-shift tensors, which deter-
mines the modulation of the resonance lines in the MAS
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spectrum. When the sites are separated by one or two
bonds, information on the torsion angle(s) of the bond-
(s) is obtained (see Figure 1). In particular, trans
conformations between CH, groups are often character-
ized by a very slow intensity decay. Thus, the MAS
signals of these trans conformations can be selected,
which may be useful for deconvolution of 13C MAS
spectra of the same polymer without isotopic labeling.
Zero-quantum* (ZQ) or combined double-quantum/
single-quantum (DQ-2SQ) filtering is an important
aspect of this approach. It removes the signals of
isolated 13C spins so that exclusively the desired spin
pair signals are obtained at short ZQ (or DQ) excitation
times. The (DQ-2SQ) version is easily combined with
two-dimensional (2D) DQ spectroscopy of isotropic
chemical shifts (solid-state INADEQUATE NMR)!5 that
permits further characterization of the trans segments.
The experiments are demonstrated on polyethylene (PE)
and amorphous as well as semicrystalline poly(ethylene
terephthalate), PET, containing 13CH,—3CH, spin pairs.

2. Experimental Section

2.1. Samples. Three samples were used in this work. (1) A
melt-crystallized high-density PE sample labeled with dilute
BBCH,—13CH, spin pairs. The ratio of directly bonded and
isolated *3C nuclei is 4.4:1.1. A small amount of 1*CHgz-labeled
pL-alanine was added, providing a clear, resolved signal of
isolated 13C spins near 21 ppm that permits easy assessment
of the quality of the spin pair selection by the new ZQ and
DQ pulse sequences. (2) A melt-crystallized PET (cPET)
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Figure 1. Schematic representations of the chemical-shift
tensor orientations and the torsion angles y for relevant
13CH,—13CH, spin pairs in (a) PE and (b) PET. For simplicity,
planar all trans conformations with ¢ = 180° are shown for
both polymers. The relative orientations of the segment-fixed
chemical-shift tensors, and thus the torsion angles, can be
characterized by the new “ZQ-CSA-dephasing” or “(DQ-2SQ)-
CSA-dephasing” experiments. The polar coordinates of the
13C—13C bond in the chemical-shift principal-axes system (PAS)
are (o, 8) = (90°, 146.5°), (40°, 113°), and (90°, 126°) for trans
conformers in PE,* trans conformers in PET,* and gauche
conformers in PET,! respectively. In the conformation shown,
the anisotropic 3C chemical shifts of both CH; groups in the
segment would be equal.

sample with *CH,—3CH, spin pairs. Wide-angle X-ray scat-
tering (WAXS) of the annealed sample shows significant
crystallinity (estimated between 15 and 40%). DSC yields a
crystallinity of 32 + 4%, this includes 2% of a component
melting already at 150 °C and the main (30%) melting peak
at 242 °C. MAS C NMR shows a clear crystalline peak and
after 13C T,-filtering yields a predominantly crystalline signal.
A deconvolution of the *3C spectrum on this basis yields an
estimated crystallinity of 28 + 5% (26 + 6% after correction
for differential T, relaxation of crystalline and amorphous
signals during cross polarization (CP)). The material was not
suitable for density measurements. (3) The same 3CH,-labeled
PET sample was quenched from the melt into ice—water to
make the amorphous doubly **CH,-labeled PET (aPET). The
melt was held at 280 °C for 10 min in a metal die of 4-mm
diameter and 1-mm thickness. Kapton was used as a mold
release. The density of the quenched disks, measured in a
gradient column, is 1.340 g/cm3. Assuming amorphous and
crystalline densities of po = 1.336 g/cm?® and pc = 1.510 g/cmé,
respectively, the residual crystallinity is estimated as 2%.
2.2. NMR Parameters. Experiments were performed at
100 MHz for 13C in a 4-mm MAS probehead on a Bruker DSX-
400 spectrometer at 293 K and at a spinning speed, wy, of 12
kHz. The sample amounts are as small as ~10 mg for all the
NMR experiments. The 3C 360° pulse length during the
HORROR nutation was 162.7 us, which is slightly shorter than
2/12 kHz to account for some additional small delays. The
contact time for CP was 0.5 ms. The acquisition time, dwell
time, and recycle delay were 16 ms, 12 us, and 5 s, respectively.
1H and *3C 90° pulse lengths were 4.0 and 6.0 us, respectively.
The relatively weak 3C radio frequency (rf) field strength of
yBi/2n = 42 kHz permits achievement of a larger ratio of
proton-to-carbon rf field strengths, which minimizes *H—-13C
dipolar recoupling.t® Due to the small chemical-shift anisotropy
and isotropic-shift differences of the OCH; carbons of PET, the
weaker 13C pulse strength does not entail excitation problems.
The 'H decoupling during MQ excitation, reconversion, and
evolution was yB1/27 = 87 kHz. During *3C pulses, a stronger
1H decoupling field of 98 kHz was applied to minimize 'H—
13C dipolar recoupling. Two-pulse phase-modulation (TPPM)
1H decoupling'” with a field strength of 65 kHz and an
optimum 'H pulse length of 7.6 us was applied during
acquisition. For solid-state INADEQUATE experiments, the
13C frequency was switched by 1.5 kHz from the on-resonance
frequency during the evolution time® so that ZQ and single-
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quantum (SQ) artifacts can be separated from the relevant
DQ signals.

3. Description of NMR Pulse Sequences

3.1. Principle of NMR Torsion-Angle Measure-
ments. On the basis of the dependence of the chemical-
shift frequency w on the orientation of the segment
relative to the external magnetic field,'® suitably de-
signed solid-state NMR experiments can measure the
relative orientation of two nearby 13C-labeled seg-
ments.?® In 13CH,—13CH, moieties, this provides infor-
mation on the torsion angle. “Nearby” means that a
significant dipolar coupling between the 3C nuclear
magnets S and L exists that permits transfer of spin
coherence between them. In this work, we focus on
methods that detect modulations of the signal by the
difference in the anisotropic chemical shifts, ws — w..
When the segments are parallel or related by inversion
symmetry, as in CH; groups in the trans conformation
(as shown in Figure 1), the modulation or signal decay
vanishes, which is particularly easy to detect.

Under magic-angle spinning, the chemical-shift ani-
sotropy (CSA) frequency varies due to the sample-
rotation-induced changes in segmental orientation.
Therefore, in the following, we express the frequency
effects in terms of the phase ® of the magnetization,
which in simple cases is the time integral of the
frequency w. Thus, the signal modulation by the differ-
ence frequency ws — w_ is expressed in terms of the
phase difference ®s — ®_.. When ws — w. = 0 due to
parallel chemical-shift tensor orientation, ®s — & =0
also, and again no signal decay occurs (see Figure 3 or
8a below). For non-trans conformers, ®&s — ®_ = 0,
which results in signal decay that reflects the torsion
angle.

3.2. NMR Background: MQ Coherences and
Recoupling. Our new NMR methods use the concept
of multiple-quantum (MQ) coherences, specifically zero-
guantum (ZQ) and double-quantum (DQ) coherences, to
generate modulation by ®s — ®,. In our system, these
MQ coherences represent spin states of two 2C spins
that evolve with the difference (ZQ) or sum (DQ) of the
chemical shifts of the two spins.2° By the same token,
nuclear magnetization, which evolves with the chemical-
shift frequency of a single spin, is an example of single-
guantum (SQ) coherence.

ZQ or DQ coherences can be generated from magne-
tization by a period of evolution under the dipolar
coupling between the two nuclear magnets, followed by
a radio frequency pulse. The dipolar evolution generates
a (single-quantum) two-spin coherence, which the pulse
of suitable phase and duration converts into ZQ or DQ
coherence or, more typically, a mix of the two. An
efficient notation for analyzing the spin dynamics
guantitatively is provided by the product-operator for-
malism;1820 see the Appendix.

After evolution of the ZQ or DQ coherence with the
difference or sum chemical-shift frequency, respectively,
a pulse and another period of dipolar coupling convert
the undetectable ZQ or DQ coherence back into observ-
able magnetization. The behavior of the ZQ or DQ
coherence is detected indirectly through modulation of
the observable magnetization. Specific schemes of cy-
cling the phases of the radio frequency pulses enable
selective observation of the modulation due to the ZQ
or due to the DQ coherence evolution.?° Since ZQ or DQ
coherences cannot exist for isolated 13C spins, this phase
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Figure 2. (a) (DQ-2SQ)-CSA-dephasing pulse sequence. (b)
ZQ-CSA-dephasing pulse sequence. The reference pulse se-
guences, with the same total duration and number of pulses,
are also shown for either experiment. (c) 2D solid-state
INADEQUATE pulse sequence after a (DQ-2SQ)-CSA filter.

cycling automatically selects the signals of 13C spin
pairs.

The experiments are performed with magic-angle
sample spinning (MAS), which removes line broadening
by the chemical-shift anisotropy. MAS also averages
weak dipolar couplings to zero over the course of
complete sample rotation periods. But to generate the
MQ coherences, we require dipolar evolution of signifi-
cant duration. For this purpose, the dipolar coupling
must be reintroduced during certain times in the pulse
sequence. This can be achieved by applying rotation-
synchronized radio frequency pulses, which interfere
with the time averaging imposed by magic-angle spin-
ning. This effect is known as “recoupling”.?! We use the
HORROR recoupling method.?2

3.3. Overview over the Pulse Sequences. The
pulse sequences for the (DQ-2SQ)-CSA-dephasing and
ZQ-CSA-dephasing experiments are shown in Figure 2.
Cross polarization from 'H generates 13C magnetization.
The subsequent DQ or ZQ excitation selects 13C—13C
spins pairs and removes the signal of isolated 13C spins,
as demonstrated by the spectra in Figure 3.

As shown below, the DQ evolution compensated by
SQ evolution with doubled duration, or the ZQ evolu-
tion, creates the desired @xp(i(®s — ®.))Omodulation.
To prevent their averaging by MAS, the anisotropic
chemical shifts are recoupled by a train of 180° pulses
during ZQ or DQ evolution. At the same time, the
isotropic chemical shifts are refocused. For generating
and later reconverting MQ coherence under MAS, we
recouple the 13C—13C dipolar interaction using the
HORROR scheme,?? which is suitable for 13CH; groups
with strong C—H dipolar couplings but with narrow
CSA widths and small isotropic-shift differences. Note
that (POST)C72%24 or MELODRAMAZ schemes are
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Doubly *CH,-labeled PE

(a) CP/MAS + singly '*CHs-labeled p-Ala
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Figure 3. 1D MAS spectra of a mixture of doubly *CH,-
labeled PE and singly *CHjs-labeled pL-Ala at 293 K. (a) CP/
MAS spectrum. (b) Right: (DQ-2SQ)-CSA-dephased spectrum
at n = 4. Left: reference spectrum. 512 scans were acquired
for each spectrum. (c) Right: ZQ-CSA-dephased spectrum at
n = 4. Left: reference spectrum. 64 scans were acquired for
each spectrum. Spinning speed: 12 kHz.

more suitable for 13C sites with large CSA widths. The
excitation and the reconversion modulate the coherence
by sin%(¢s ), where ¢s, is the phase acquired under the
recoupled S—L dipolar coupling.

In the following, we give brief verbal descriptions of
our three newly developed pulse sequences, focusing on
the torsion-angle-dependent modulation of the signal by
the difference of the chemical-shift anisotropies. The
detailed quantum-mechanical calculations are described
in the Appendix.

3.4. (DQ-2SQ) Sequence. In the pulse sequence at
the top of Figure 2a, a DQ coherence is generated and
selected by 90° pulses of suitable phases. During the
DQ period of duration 2nt,, the coherence evolves under
the sum chemical shift, acquiring a phase ®s + ®,. In
alternate scans, the cos(®s + ®()- and sin(®s + P)-
modulated components of the DQ coherence, selected
by suitable j*45°-shifted pulses, are reconverted into
observable magnetization of S and L. In the SQ period
of duration 4nt, the magnetization of the spin S acquires
a phase 2ds and that of L a phase 2®, . As a result, the
finally detected signal of the S spin is modulated both
by sin? ¢s_ and by

(cos(Pg+ @) — i sin(®g + P, )] exp(i2d )=
[exp(—i(®s + @) exp(i2®s) 0= [exp(i(Ps — €, ))U (1)

The real part for the L-spin signal is the same as in eq
1. The pointed brackets indicate the average over all
segmental orientations. Apart from the sin? ¢s. modula-
tion (not written explicitly), eq 1 is formally identical
to the corresponding Center-band Only Detection of
EXchange (CODEX) modulation?627 and can be simu-
lated accordingly.

At the bottom of Figure 2a, the pulse sequence for
the reference signal Sp is shown. It has the same
number of pulses and delays, but in both the DQ and
the SQ evolution period, one 180° pulse is moved so that
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the recoupling effect is removed by sign cancellation of
corresponding periods.?!

3.5. ZQ Version. A modulation of [@xp(i(®s — @, ))0
as in eq 1 is typical of ZQ evolution, which depends on
the chemical-shift difference.'* A ZQ coherence acquires
this modulation within a time 2nt,, without the lengthy
4nt, SQ evolution; this is a practical advantage. On the
other hand, ZQ excitation is 1/2Y2 times less efficient
than DQ generation (see the Appendix for details).
Figure 2b displays a pulse sequence for generating the
ZQ coherence in close analogy to the (DQ-2SQ) pulse
sequence discussed above.

3.6. (DQ-2SQ)-Filtration of 2D “INADEQUATE”
Spectra. In the (DQ-2SQ) experiment, double-quantum
isotropic-chemical-shift evolution can be achieved quite
conveniently by incorporating an incremented t;-period
of free isotropic-shift evolution into the DQ period as
shown in Figure 2c. The corresponding phase (wisos +
wiso,L)t1 adds to the DQ phase, which is thus ®g o +
Dot = Ps + @ + (wiso,s + wisoL)t1, Where t; is an
integer number of rotation periods. Since exp{i(wiso,s +
wiso,L)t1} is unaffected by the orientational averaging,
we can separate the isotropic evolution and “DQ-2SQ”
modulation factors:

EXP(—i(Pg ror T P 1or)) EXP(I2P )T
= @XP{—i(®s + D\ + (Wig05+ Digo)1y) EXP2D)]
= exXp(—i(wig s T Wi 1) BXP(I(Ps — D)) (2)

Pure-phase 2D spectra were obtained by storing cosine
and sine components separately before detection, gen-
erating a regular amplitude modulation.

4. Results and Discussion

4.1. ZQ and (DQ-2SQ) Experiments on PE. In
Figure 3a, a standard CP/MAS spectrum of a mixture
of doubly 13CH,-labeled PE and singly 13CHz-labeled pL-
Ala is displayed. For the same sample, Figure 3b shows
a MAS spectrum acquired after (DQ-2SQ)-CSA-dephas-
ing (right) and its reference spectrum (left) with n = 4,
that is, 4t, of DQ and 8t, of SQ evolution under CSA
recoupling. Corresponding spectra after ZQ-CSA-dephas-
ing are shown in Figure 3c. Compared with the CP/MAS
spectrum in Figure 3a, the signal of the isolated *CHj3
carbons of pL-Ala is suppressed in both DQ and ZQ
experiments, indicating that the DQ (or ZQ) filter selects
the 13C spin pairs cleanly. The integral intensities of
the PE signals in the (DQ-2SQ)- and ZQ-CSA-dephasing
spectra, S, are the same as those of the corresponding
reference spectra, Sp. These results indicate that ®s —
@ = 0 for all pairs of segments (see eq 1), that is, that
the orientation-dependent chemical shifts of the two
CH. groups in the semicrystalline PE are identical. This
is characteristic of the exact trans conformation, where
the two CH; groups are related by inversion symmetry,
which results in identical chemical shifts. The amor-
phous components in PE are suppressed due to their
weak 13C dipolar couplings.

Due to the long T, of semicrystalline PE under high-
power 'H decoupling, the signal-to-noise ratio in the ZQ
version is by about 1/2Y2 smaller than that of the (DQ-
2SQ) version, despite the 3 times shorter CSA recou-
pling period in the ZQ experiment. The number of scans
was 8 times smaller for the ZQ experiments in Figure
3.

4.2. Amorphous PET. Figure 4a—c shows ZQ-CSA-
dephased spectra of aPET with n = 1, 2, and 4,
respectively, out of a series of n =0, ..., 4. The respective
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Figure 4. ZQ-CSA-dephased spectra of amorphous doubly
B3CHy-labeled PET (aPET) at 293 K at (a) n =1, (b) n = 2,
and (c) n = 4. Top: reference spectra. Bottom: ZQ-CSA-
dephased spectra. Thin lines: Same pure-gauche AS (=Sp —
S) spectrum for n = 1, with different scaling factors for
deconvolution of the dephased spectra S into gauche and trans
signals. 256 scans were acquired for all the reference spectra
and the dephased spectrum with n = 1. For the dephased
spectra with n = 2 and 4, 1024 and 2048 scans were acquired
and their intensities were scaled to '/, and /s, respectively.
Spinning speed: 12 kHz.
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Reference cPET
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Figure 5. ZQ-CSA-dephased spectra of semicrystalline doubly
B3CHy-labeled PET (cPET) at293 K at (@) n=1, (b) n= 3, and
(c) n=4. Top: reference spectra Sy. Middle: ZQ-CSA-dephased
spectra S. Bottom: difference spectra AS = Sp — S. For all
the measured spectra, 384 scans were acquired. Spinning
speed: 12 kHz.

reference spectra are shown at the top. The intensities
at ca. 64 and 62 ppm are negative and positive,
respectively, for the spectrum with n = 2. This indicates
that these are signals of segments with very different
torsion angles. The residual signal at 62 ppm in the ZQ-
CSA-dephased spectrum with n = 4 (Figure 4c, bottom)
prove the existence of trans conformers in aPET. It
identifies their resonance position and shape convinc-
ingly for the first time. Note that the full CP/MAS
spectrum does not show any significant feature at-
tributable to the amorphous trans (aT) peak. The
broader line shape compared to the crystalline trans (cT)
peak in cPET identifies the trans components selected
here clearly as noncrystalline, as shown in Figure 6. No
sharp crystalline peak is detectable in the trans signal
S at n = 4. On that basis, we can safely estimate that
cT conformers, if present, make up less than 1/6 of the
trans fraction, that is, <2% of the total signal Sy of this
aPET sample. The maximum percentage of the crystal-
line component thus obtained is comparable to that from
the density measurement.

4.3. Semicrystalline PET. Figure 5a—c shows ZQ-
CSA-dephased spectra of cPET with n = 1, 3, and 4,
respectively. The reference spectra, shown at the top,
have almost the same line shape as the CP/MAS
spectrum, indicating that differential T, relaxation
during the experiment is a minor effect that can be
taken into account in the quantitative analysis (see
below). The spectra consist of a sharp line at about 62
ppm and a broad line distributed around 64 ppm. These
resonance lines correspond to crystalline and amorphous
components of PET as reported in refs 28 and 29. The



Macromolecules, Vol. 35, No. 21, 2002

(a) aG in aPET
(So-S, n=1)

(b) aG in cPET
(Sp-S, n=1)

(c) aT in aPET
(S, n=4)
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Figure 6. Selective conformer subspectra of aPET and
CcPET: (a) Pure amorphous gauche (aG) component in aPET:
ZQ-CSA-dephasing difference spectrum AS = Sy, — Satn =
1. (b) Pure aG component in cPET: ZQ-CSA-dephasing dif-
ference spectrum AS at n = 1. (c) Amorphous trans (aT)
component in aPET: ZQ-CSA-dephased spectrum S at n = 4.
(d) Pure trans component in cPET, which contains all the
crystalline trans (cT) and approximately half of the aT
components: ZQ-CSA-dephased spectrum of cPET at n = 4
(cT:aT = 0.73:0.27). The intensity of each spectrum is scaled
to the same maximum peak height. Spinning speed: 12 kHz.

corresponding torsion angles can be estimated from the
ZQ-CSA dephasing of the signal intensities as discussed
below.

The ZQ-CSA dephasing of the gauche (amorphous
gauche: aG) signal is much faster than that of the trans
signals. Therefore, the gauche component is strongly
decreased at n = 1 and negligible at n = 3 and 4 as
shown in the middle row of Figure 5. A pure gauche
spectrum can be obtained by subtracting the ZQ-CSA-
dephased (S) spectrum for n = 1 from the reference (So)
since the trans components are virtually completely
retained in the S spectrum. This pure-gauche spectrum
is shown in the bottom row of Figure 5a. At n = 3 and
4, the difference spectrum, at the bottom of Figure 5b,c,
also contains a significant fraction of the aT, but no cT
since the OCH,—CH,0O moieties in the crystalline
component are in the exact trans state and the chemical-
shift tensors of the two bonded 13C nuclei are parallel.
The contribution from aT conformers is discussed below.

4.4. Conformer-Selective MAS Spectra of PET.
Figure 6 compiles spectra specific to various conformers
in cPET and aPET obtained by the ZQ-CSA-dephasing
technique. The spectra of gauche conformers in aPET
and cPET, shown in Figure 6a,b, are obtained selectively
by subtracting the ZQ-CSA-dephased (S) spectrum for
n = 1 from the reference (Sp). As mentioned above, at
this short CSA recoupling time, only the magnetization
of 13CH;, pairs with greatly different anisotropic chemi-
cal shifts, that is, gauche or cis, is significantly dephased
and shows up in the difference spectrum, while trans
or transoid signals are virtually completely subtracted
out. From these spectra, gauche line shapes in cPET
and aPET are found to be identical.

The trans conformers are selectively observed (see
Figure 6c¢,d) at sufficiently long dephasing times (n >
2) at which the intensity of the gauche signals has
decayed to zero. The spectra confirm that the resonance
width of an aT signal in Figure 6c¢ is significantly larger
than that of the predominantly cT signal in Figure 6d,
which indicates that the intermolecular packing around
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Figure 7. (DQ-2SQ)-CSA-filtered, 2D INADEQUATE spectra
for (a) cPET and (b) aPET at 290 K at n = 3.

aT conformers is more disordered than that around
crystalline segments, as expected.

4.5. 2D INADEQUATE Spectra of Trans Compo-
nents in PET. The 2D INADEQUATE spectrum per-
mits the correlated detection of the isotropic chemical
shifts of the bonded 3C sites. After (DQ-2SQ)-CSA-
dephasing, the sites connected by trans bonds are
selected. In an INADEQUATE spectrum, the frequency
of one site is read off the w, dimension, the sum of the
frequencies of the two sites along the w; dimension. In
the spectrum of cPET shown in Figure 7a, the cT
segments produce a single, relatively sharp peak on the
diagonal of slope two in the spectrum since the frequen-
cies of the bonded 13C sites are the same.

In the amorphous sample, if all 13C trans sites had
the same probability to be bonded to any other site, a
2D Gaussian peak would result in the (sheared) 2D
INADEQUATE spectrum. Instead, the spectrum of
Figure 7b shows a pronounced ridge along the slope-
two diagonal, indicating that the isotropic chemical
shifts of the two trans-bonded 3C sites are nearly the
same. In other words, the two bonded sites experience
the same local field, which might arise from packing or
susceptibility effects.

4.6. PET and the y-Gauche Effect. While in PE the
y-gauche effect produces a 2 ppm upfield shift of the
amorphous segments relative to the crystalline peak,
in PET, the aG signal is downfield from both the cT and
the aT signals by ca. 2 ppm. This observed shift differ-
ences in PET cannot be explained based on the y-gauche
effect: Since the crystalline conformation is all trans,
any gauche conformer in the noncrystalline regions
should result in an upfield, not in a downfield, shift
according to the y-gauche analysis. The deviation might
arise because the carbons in the y-position from the CH
sites are carbonyl and aromatic carbons, while the
y-gauche effect is applicable mostly to aliphatic chains.

4.7. Estimate of Torsion Angle in PE Crystallites.
In Figure 8, the normalized integral intensities, S(n)/
So(n), for the full 13CH; signal are plotted for PE, cPET,
and aPET. For PE in Figure 8a, the normalized intensi-
ties are unity and independent of 2nt,. Figure 8a also
displays simulated dephasing curves for various torsion
angles. We find that torsion angles can be determined
with high accuracy, especially near trans states. From
the dephasing curves, the torsion angle for the crystal-
line component of PE is determined to be 180° + 4°,
confirming the exact trans state. Note that the angular
resolution depends on the size of the CSA. With the
same dephasing time and signal-to-noise ratio, a better
resolution of £2° could be attained for cPET, due to its
larger chemical-shift anisotropy.

More precise angles between the chemical-shift tensor
principal-axes systems could be determined by experi-
ments with longer dephasing times or more scans.
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Figure 8. ZQ-CSA-dephasing curves as a function of 2nt, for
doubly 3CH,-labeled PET and PE at 293 K. (a) Crystalline
component of doubly ¥CH,-labeled PE (open circles). The
torsion-angle dependence of dephasing curves for PE is also
shown by solid lines. The consistency of the experimental data
and their agreement with the simulated curve for a torsion
angle of 180° confirms the reliability of the analysis. Higher
angular resolution would be attained for the crystalline trans
component of PET due to its larger CSA, the lines of £175°,
+170°, £160°, and +130° for PE nearly correspond to +£178°,
+176°, £171°, and £160° for PET, respectively. (b) Dephasing
curves for aPET. Gauche conformers, filled circles; trans
conformers, open circles. Best-fit curves are also shown as solid
curves, with gauche:trans = 0.88:0.12, corresponding to the
minimum in the root-mean-square deviation in Figure 9b. The
average torsion angle for gauche is 70° according to ref 1. The
torsion angle for trans is distributed around 180° with a
standard deviation ¢ = 16°, under the assumption of a
Gaussian distribution. (c),(d) Expanded data for trans con-
formers in (b). In (c), the simulated curves, shown by dashed
and solid lines, have been calculated for different distribution
widths, o = 5°, 10°, 16° (best-fit, solid line with y? = 0.258),
20°, and 25°, from the lower curve at 2nt, = 0. In (d), best-fit
curves under the assumption of a single torsion angle (broken
curve) and a distribution of torsion angles (solid curve) for aT
are compared. The solid curve is the same as that in (c). The
broken curve corresponds to the minimum in Figure 9a
(gauche:trans = 0.89:0.11; torsion angle of 170°). (e) Data from
cPET. Filled circles, gauche conformers; open circles, trans
conformers. Best-fit curves are also shown as solid curves, with
aG:aT:cT = 0.57:0.21:0.22, which gives a degree of crystallinity
of 0.22. Note that all the fractions given here contain the Ty,
correction. In the simulation, the torsion angle of 180° and
the average torsion angle of 70° are used for cT and aG
conformers, respectively. The torsion angle for aT is distributed
around 180° with a standard deviation, o, of 16°, which is
obtained from aPET. (f) Expanded data for trans conformers
in (e). The solid line is the best-fit curve (3> = 0.796), with
aT:cT = 0.49:0.51 (after Ty, correction) with a torsion-angle
distribution of width ¢ = 16° for aT, corresponding to the
minimum in Figure 9d. The simulated curve for aT:cT = 0.58:
0.42 (after Ty, correction) with a torsion-angle distribution
width ¢ = 12° for aT is also shown as a broken line,
corresponding to the minimum in Figure 9c. For simulations,
ol2x = 20, 40, 41, and 31 (ppm) = 2, 4, 4.1, and 3.1 (kHz) are
used for crystalline PE, cT in PET, aT in PET, and aG in PET,
respectively.

However, in noncrystalline samples, the torsion angle
in practice cannot be measured with such a high
resolution since the orientation of the CSA principal-
axes system in the molecular segment can vary by
several degrees.

4.8. Estimates of Torsion Angles and Conformer
Fractions in aPET. For aPET, much of the signal
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dephases quickly. The fast decaying fraction, which is
due to the broad downfield peak, has been fit assuming
gauche O3CH,—13CH,0 conformers with torsion angles
near +70° (see filled circles in Figure 8b). The simulated
curves for torsion angles between 50° and 100° are
actually indistinguishable, and the gauche torsion angle
cannot be precisely determined in the present experi-
ment. However, the decay curve does not conflict with
our previously reported gauche torsion angle, 70° + 9°,
with a relatively narrow distribution,! obtained by 2D
DOQSY without MAS, which is a superior NMR method
for determining large torsion angles and their distribu-
tions.13 The fit curve confirms that, at n = 4, aG signals
have been almost completely dephased and the residual
intensity originates from aT conformers.

The aT signals are found also to have dephased
significantly during this time. To estimate the aT
fraction more reliably, the residual gauche signal at n
< 4 must be subtracted out. This is possible since the
downfield slopes of the spectra are completely domi-
nated by the gauche component. This subtraction re-
quires suitable scaling of the pure-gauche spectrum of
Figure 6a, as shown in the bottom row of Figure 4;
fortunately, this procedure is quite insensitive to small
uncertainties in the scaling factor since the gauche
contributions to the dephased spectrum S for n > 1 are
relatively small; see Figure 4b,c. In other words, each
partially dephased spectrum is deconvoluted based on
the experimentally determined pure gauche line shape,
based on the wide pure-gauche region free of overlap
from the trans component. The integral intensities of
the residual aT conformers thus obtained are plotted
as open circles in Figure 8b. Within the error bars
associated with the deconvolution procedure, a smooth
curve is obtained, corroborating the validity of the
deconvolution. The amplitude of the curve at n =0, that
is, without any dephasing, is 12 + 3%. The pure gauche
intensities also shown as filled circles in Figure 8b are
obtained as part of the same procedure.

The best-fit parameters have been determined using
a y? analysis. Figure 9a shows y? values as a function
of the trans fraction and the trans torsion angle under
the assumption of a single torsion angle for aT. The
minimum deviation in Figure 9a is at a trans torsion
angle of 170° and a trans fraction of 11%. Alternatively,
in Figure 9b, x? values are calculated under the as-
sumption of a Gaussian distribution of aT torsion angles
around 180°. The minimum »? value is found for a
standard deviation ¢ = 16° for the torsion-angle distri-
bution and a trans fraction of 12%. This is the best
estimate of the trans content in this aPET sample. This
value is within the previous reported values ranging
from 5 to 24%.39735 Comparison of the best-fit curves
obtained from these two analyses with the experimental
data points is shown in Figure 8d.

4.9. Estimates of Torsion Angles and Conformer
Fractions in cPET. For the quantitative data analysis
of the cPET spectra, differential decays of crystalline-
and amorphous-component signals, due to Ty, relaxation
during CP as well as T, decay during the pulse se-
quence, must be taken into account. In the following
analysis, the differential-Ty, factor of 0.88 and dif-
ferential T, decays down to 0.82 have been corrected
for quantitatively.36:37 We carried out the quantitative
analysis for torsion angles and conformer fractions in
cPET in two complementary ways: based on residual
intensities S/Sy, that is, dephasing curves, and based
on the difference spectra AS.
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Figure 9. (a), (b) Normalized root-mean-square deviation (y?)
values between experimental and calculated decay curves for
aT in aPET ((b), (c), or (d) in Figure 8). In (a), single torsion
angles are assumed and the variables are the aT fraction and
the aT torsion angle. The global minimum of y? yields an aT
fraction of 0.107 and a torsion angle of 170°. In (b), Gaussian
torsion-angle distributions centered at 180° are assumed and
the variables are the aT fraction and the standard deviation
of aT torsion angles, o. An aT fraction of 0.124 and ¢ = 16°
are obtained from the global minimum of 2. (c),(d) Values of
x? between experimental and calculated decay curves for the
total trans fraction in cPET ((e) or (f) in Figure 8). Note that
composition fractions given here have not been corrected for
T1, relaxation. Gaussian torsion-angle distributions centered
at 180° are assumed for aT. There are three variables for (c)
and (d): the total trans fraction, the cT fraction, and the
torsion-angle distribution with o for aT. A parameter set with
a total trans fraction = 0.434, cT fraction = 0.194, and o =
12° for aT gives the global minimum of 2. In (c), ¥ values are
calculated for a fixed total trans fraction of 0.434. Under the
assumption that the o values for aT are the same (16°) in cPET
and in aPET, the global minimum is obtained for a total trans
fraction = 0.445 and cT fraction = 0.242. In (d), x? values are
calculated for a fixed total trans fraction of 0.445.

4.9.1. Quantitative Analyses Based on Dephas-
ing Curves. For cPET, a pure trans signal of intensity
S/Sp = 0.32 £ 0.03 is obtained at n = 4 (before Ty,
correction). This represents a reliable lower limit for the
total trans fraction and an upper limit for the crystal-
linity because it includes not only crystalline but also
residual aT components. To determine the total trans
content more accurately, and to separate the cT and aT
fractions in this sample, the same deconvolution as
described above was applied to each spectrum S(n). The
experimental pure gauche spectrum of cPET that was
subtracted out has been shown in Figure 6b. Again, this
procedure yields a smooth curve within the error
margins (open circles in Figure 8e,f). It extrapolates to
a total trans content of 43 £+ 3% at n = 0 (after Ty,
correction). The time scale of the dephasing of the trans
component roughly matches that of aT in aPET. The
experimentally observed dephasing by 43—32% = 11%
gives a lower limit for the aT fraction in the sample.

The quantitative least-squares analysis is illustrated
in Figure 9c,d. The least-squares fitting of the trans
dephasing curve in Figure 8e gives total trans and cT
fractions of 0.434 and 0.194, respectively, and a torsion-
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Figure 10. Comparison of the difference spectrum AS (=S,
— S) of cPET at n = 4 (thick lines) with three other spectra to
clearly show the larger aT content in cPET relative to aPET.
The AS at n = 4 spectrum of cPET contains the aT that has
dephased at n = 4 and all the aG components in cPET. (a)
Comparison with the difference spectrum AS of aPET at n =
4, which contains the aT that has dephased at n = 4, and all
the aG components in aPET. (b) Comparison with the differ-
ence spectrum AS of cPET at n = 1, which contains only aG
signals. (c) Comparison with the spectrum S, of aPET at n =
4, which contains all the aT and aG components in aPET. Note
that direct comparison with the same n values (i.e., () and
(c)) intrinsically accounts for the differential T, decay. Spectra
have been scaled to match the left, pure-gauche wing of the
bands.

angle distribution width of ¢ = 12° under the assump-
tion of Gaussian distribution of aT torsion angles around
180°. The 2 values, with the total trans fraction fixed
at 0.434 to reduce this to a two-dimensional search, are
shown in Figure 9c. If we assume that the torsion-angle
distribution of aT in cPET is the same as that in aPET
(0 = 16°), then the least-squares fitting procedure gives
total trans and cT fractions of 0.445 and 0.242, respec-
tively. The y? values with the total trans fraction fixed
at 0.445 are shown in Figure 9d. The data can be fitted
with an aT fraction of 20.3 £+ 7% (21% =+ 7% after Ty,
correction) and a degree of crystallinity of 24.2 + 7%
(22 £ 7%, after Ty, correction). Note that the o widths
of the aT distributions for ¢T > 0.30 (i.e., degrees of
crystallinity >30%) are unreasonably large (>25°).

Of the noncrystalline components in cPET, the aT
component makes up (21 + 7%)/(1-0.22) = 27 + 9%
(18—36%). The trans content in aPET was found to be
lower, 12 4+ 3%.

4.9.2. Quantitative Analysis Based on Spectral
Comparison. The significance of the increase in trans
content of the noncrystalline component, relative to
aPET, is confirmed by the spectra of Figure 10. They
compare the difference signal AS of cPET at n = 4 with
three other spectra to estimate the trans fraction that
has already been dephased at n = 4. The comparison
with the corresponding spectrum of aPET (Figure 10a)
shows that the aT in the semicrystalline sample is
different from that in aPET. It is either a larger fraction
or more disordered; either factor would result in more
dephasing.
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The trans content in the AS(n = 4) spectrum of cPET
can be determined by deconvolution with the pure-
gauche spectrum of cPET (Figure 10b). The deconvolu-
tion yields a trans fraction of 14 + 3% in the dephased
spectrum AS at n = 4. This is confirmed by comparison
with the undephased spectrum of aPET at the same n
= 4 dephasing condition (Figure 10c); aPET was found
to be 12 + 3% trans. Since the To-corrected but Ty,
uncorrected total dephased signal, AS/Sp(n = 4) = 0.68,
is directly obtained from the experiments, the dephased
trans fraction is 68% * 0.14 = 10 + 3% of Sp. Thisisin
good agreement with the dephasing of the trans fraction
at n = 4 in Figure 8f, which was determined by the
independent deconvolution procedure described above
to be 43—32% = 11%. The advantage of the comparisons
in Figure 10a,c is that they intrinsically account for
differential T, decay. The averaged dephased aT fraction
of 10.5 £+ 3% at n = 4 is 0.5% lower than the value in
the previous paragraph, resulting in a —1% correction
of the aT fraction and a reduced error margin due to
the two independent determinations, 20 + 5%, and a
1% larger degree of crystallinity of 23 + 5%.

4.9.3. Amorphous Trans Fraction in cPET. The
analyses described above consistently yield a crystal-
linity of 23 + 5%, an aT fraction of 20 &+ 5%, and an aG
fraction of 57% in cPET. These results suggest that the
somewhat higher crystallinity obtained by DSC might
include some of the imperfect trans conformers that are
denoted as aT here. Another possibility is that re-
crystallization before melting occurs during DSC mea-
surements. The degree of crystallinity from the ZQ-CSA
dephasing experiments agrees satisfactorily with that
obtained by T;-filtered NMR.

Several authors assume that the aT component is
related to some ordered region in the noncrystalline
phase.30.31.34.38-42 |f this is true, the aT region must be
more densely packed than the rest of the noncrystalline
region.*! According to Lin and Koenig,3* the density of
aT is 1.430 g/cm3, which is intermediate between the
densities of ¢T (1.510 g/cm3) and pure gauche (1.326
glcm3) isomers. It must be noted, however, that for
samples with a large aT fraction the degree of crystal-
linity calculated only from amorphous (1.336 g/cm?3) and
crystalline (1.510 g/cm?3) densities would give slightly
higher values than those calculated assuming three
different density values.

4.10. Angular Resolution. The ZQ-CSA-dephasing
experiment has high angular resolution for trans states,
as indicated above. The cT signal does not give any
observable decays and the torsion angle is determined
to be 180° + 4° for PE, that is, in the ideal trans state.
In contrast, the aT signal in PET is dephased detectably,
indicating that the aT conformers are not in the exact
trans state but are distributed around or deviate from
the ideal trans state. From the present experimental
data, it is not reliably possible to determine whether
the most probable conformation deviates from 180° or
whether there is a torsion-angle distribution centered
at 180°. However, in principle the ZQ (and DQ) tech-
niques presented here have the potential to distinguish
these two cases. Figure 8d shows the curve for the single
torsion angle of 170° and that for a torsion-angle
distribution of 0 = 16° centered at 180°. From this
figure, it is found that these curves can be distinguished
if the experimental uncertainties are small or the
measurements are carried out for longer dephasing
times.
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4.11. Comparison with Previous Data. Various
attempts have been made to estimate the amount of aT
conformers in semicrystalline PET based on combina-
tions of infrared (IR) and density measurements,343° of
IR and DSC measurements,?%43 of Raman and DSC
measurements,313844 or of IR and X-ray diffraction
measurements.*® Liu and Koenig estimated the aT
fraction only by IR spectra using a special algorithm.3®

According to Lin and Koenig,®* the aT fraction de-
creases with increasing degree of crystallinity. Chen et
al.®® also reported a similar tendency for PET polym-
erized from terephthalic acid. On the other hand, for
PET from dimethyl terephthalate, the aT fraction was
reported to first increase significantly up to 26% with
increasing degree of crystallinity and then decrease
gradually.® The data by Liu and Koenig gave a similar
trend, with the aT fraction first increasing and later
decreasing with higher crystallinity; however, the aT
fraction was much higher (maximum value of 44%).35
The reported aT fractions are 3—10%,3* 6—14%,3° and
34—40%3% for samples with degrees of crystallinity in
the range of 22—32%. These are for unoriented samples
and the degree of crystallinity is controlled by the
annealing conditions.

Pastor et al. estimated aT in cPET as almost 0%3144
or 2—5%.38 However, their data appear to be unreliable
because the crystalline content estimated from DSC is
larger than the trans content from Raman for samples
with high degrees of crystallinity. This means that the
fraction of cT is larger than the sum fraction of (cT +
aT), which is impossible.

Padibjo and Ward*> and Ajji et al.3° studied the
dependence of the aT fraction on the draw ratio (DR) of
oriented PET films. In both cases, the aT fraction was
found to increase with increasing DR (up to 48% at DR
= 6—7% and 20% at DR = 4.83%). According to Lu and
Hay,*3 the aT fraction depends on the strain rate. For
a rate of 17 x 1073 s71, the aT fraction first decreases
from 10% to 2—4% at DR = 3.5 and then increases to
18—21% at DR = 5. For the rate of 3.3 x 1072 s71, a
similar trend is observed but the change is almost
negligibly small. The aT fractions estimated in refs 45,
30, and 43 were 42—48%, 12—20%, and 2—12%, respec-
tively, for samples with degrees of crystallinity in the
range of 22—32%.

In summary, there is no agreement in the literature
on the relation between cT and aT fractions, and the
previously reported aT fractions scatter from O to 48%
for samples with similar crystallinities of 22—32%. The
inconsistency of these previously reported data is prob-
ably due to serious problems with the analyses, which
are based on indirect difference methods that require
assumptions that have not been tested in sufficient
detail. Differences in sample synthesis and processing
may also play a role. For oriented samples, it has been
found that the amorphous component can be oriented
and has a substantial degree of order. However, the
relation between the aT fraction and the oriented
amorphous component is still unclear.

The aT fraction of 20 + 5% determined in this work
is within the wide range of the literature data for similar
crystallinity values. Unlike most previous techniques,
our approach does not involve the relatively small
difference between large trans and crystallinity esti-
mates. Instead, the amorphous trans component is
identified directly in terms of its nonideal torsion angle.
Knowledge of the aT content is important for the
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clarification of the crystallization mechanisms at the
very early stages of crystallization.®® The aT content is
also thought to be related to industrially important
physical properties of PET, such as transparency.3®

The aT torsion angle had not been determined ex-
perimentally before. Even by our previous static 2D DQ
experiments,! which gave precise torsion angles for
gauche conformers, the difference of cT and aT torsion
angles could not be detected. In the CSA-difference-
dephasing experiments, the suppression of gauche
signals and the high-angular resolution near trans
states enable us to detect and quantify aT conformers.
This shows that the techniques presented here are
especially valuable for conformational analyses of ma-
terials whose torsion angles deviate slightly from the
ideal trans torsion angle of 180°. Actually, such slight
deviations of the torsion angle from the ideal trans state
have been observed for a number of polymers even in
the crystalline state.346.47

On the other hand, the high angular resolution near
trans is undesirable for experiments aimed at determin-
ing small fractions of trans conformers since the non-
ideal trans components are partially dephased before
the gauche signal components have been completely
removed. Nevertheless, the decay constants of gauche
and trans components are sufficiently different that a
simple deconvolution procedure based on the experi-
mentally determined pure aG line shape yields a good
estimate of the total trans content, unless gauche and
trans signals completely overlap. In addition, for dis-
tinguishing ¢T and aT components in PET, the measur-
able decay of the aT component is helpful. For larger
torsion angles, 2D DOQSY without MAS provides
higher angular resolution, and it also gives more
detailed information on torsion-angle distributions.3

4.12. Definite Conformational Assignments of
CP/MAS Spectra. The new techniques presented here
are useful for the conformational assignment of signals
in MAS 3C NMR spectra. The CP/MAS experiment is
the most standard and easily utilized method in solid-
state NMR of polymers. The isotropic chemical shift can
be affected by various factors, such as conformation,
packing, or hydrogen bonding. While this can provide
interesting structural insights, the analysis is often
unreliable because the effects of the various factors
cannot be separated. The technique presented in this
paper can select the information on conformation from
among the various effects and can give direct relations
between isotropic *3C chemical shifts and torsion angles
irrespective of the validity of the y-gauche effect.
Therefore, once the conformational assignments of MAS
spectra are carried out by our new ZQ or (DQ-2SQ)
techniques, conformations can be easily analyzed by
standard MAS spectra without the need for isotopically
labeled samples.

4.13. Comparison of DQ and ZQ Versions. The
sensitivity of the ZQ sequence is reduced by a factor of
1/2Y2 due to the incomplete conversion of the coherence
by the 45° pulses. On the other hand, the chemical-shift
recoupling time and the number of 180° pulses is 3-fold
reduced compared to the DQ version. Overall, for long
chemical-shift recoupling times, the ZQ sequence may
become superior, especially for samples with short 12C
T, relaxation times. It is an advantage of the (DQ-2SQ)
sequence that the minimum DQ excitation and recon-
version time can be half of the corresponding ZQ
excitation and reconversion times. This produces fewer
multiple-spin artifacts in highly labeled samples. Be-
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yond these differences, the data obtained in practice
with the two sequences are very similar. For combina-
tion with 2D isotropic-chemical-shift correlation, the
(DQ-2SQ) version is superior.

4.14. Advantage over CSA Dephasing Using 13C
Spin Exchange. The use of ZQ or DQ states to
generate the CSA-difference dephasing is crucial for the
experiments discussed here. Even if only isolated 13C
spin pairs are present in the sample, a simpler spin-
exchange (or spin-diffusion) pulse sequence, without a
DQ filter, has significant disadvantages. The signal
would dephase only to 50%, reducing the dynamic range
of the experiment and, more importantly, making it
impossible to select trans components because half of
the spectral intensity remains in any case. In addition,
the natural abundance background is significant even
in the 4% 13C—13C pair labeled PE sample used here
since the ratio of spin pairs and isolated spins is 4.4:
1.1. Increasing the labeling level would induce multi-
spin interactions, which are quite unfavorable for the
present purpose. It should be noted that MQ excitation
pulse sequences?3—25 other than HORROR?? are better
for systems with large chemical-shift differences. The
incorporation of a ZQ or DQ filter as presented here
opens the possibility of characterizing the conformations
of various kinds of statistically labeled ordered (crystal-
line) and disordered (amorphous) materials, including
self-assembled monomeric, other polymeric, or bio-
materials.

5. Conclusions

Two new NMR methods for characterizing the con-
formations of 13C-labeled solid polymers under MAS
have been presented. By recoupled CSA-difference
dephasing of ZQ coherence, or of DQ coherence com-
pensated by evolution of SQ coherence, the relative
orientation of two nearby 2C-labeled sites is measured
for each peak in the MAS spectrum. The angular
resolution is high for nearly parallel orientations of the
chemical-shift tensors, which in particular includes
trans conformations involving CH, groups. For 13CH,—
13CH,; groups, the trans peak in the MAS spectrum is
selected at long CSA recoupling times, while the initial
fast decay identifies a pure gauche MAS line shape.
Thus, the dephasing curves for these different line shape
components permit measurements of the trans and
gauche fractions, possibly in combination with simple
deconvolution based on the experimentally measured
subspectra. Detailed fits of the dephasing curves provide
information on the torsion angles. In amorphous PET,
the trans peak in the MAS spectrum has thus been
identified for the first time. A (DQ-2SQ)-CSA-filtered
2D INADEQUATE spectrum indicates that, in aPET,
the two CHy5 groups connected by a trans bond experi-
ence similar local fields. In aPET, the dephasing curves
obtained after deconvolution yield a trans fraction of 12
+ 3%, with a distribution of torsion angles around 180°
and of standard deviation ¢ = 16°. In semicrystalline
PET, the total trans fraction is 43 + 3%, the crystallinity
23 £+ 5%, and the aT fraction 20 + 5%, which corre-
sponds to 26% of the noncrystalline component.
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6. Appendix

This Appendix describes the effect of the (DQ-2SQ)
and ZQ pulse sequences on the state of the spin system,
represented by the density operator p(t). It evolves under
dipolar and chemical-shift interactions as well as radio
frequency pulses.*® While magnetization corresponds to
individual spin operators S, or Lg, double- or zero-
guantum coherences correspond to specific combinations
of transverse SyyLyy product operators, which evolve
with the sum (DQ) or difference (ZQ) of the S- and
L-spin anisotropic chemical shifts. We start out with the
calculation of the average Hamiltonians of the two
versions of HORROR? used.

6.1. Average Hamiltonian of HORROR in Car-
tesian Notation. For the recoupling of the 13C—13C
dipolar coupling, we use the HORROR nutation pulse,?
which works well under fast MAS for the small chemi-
cal-shift offsets and anisotropies of CH, groups. Under
1H decoupling and MAS, the 13C—13C homonuclear
dipolar Hamiltonian during 13C nutation in the corre-
sponding interaction frame is described by

ot . ot ot
Hg, (t) = wg, (1)) 3|S, Cos—- + S, sin > L, Cos—- +

. ot .
LySII"I? —S-L{ (AL

where the nutation frequency has been set to equal half
the MAS rotation frequency, w,. The £ sign corresponds
to forward and backward nutations in successive periods
of 2t, each, as shown in Figure 2b. The time dependence
of the orientation-dependent frequency under MAS in
eq Al is given by

wg, (t) = C, cos(w,t) + S, sin(w,t) (A2)

where the C; and S; coefficients can be rewritten as C;
= Cy cos y and S; = — Cy sin y with

2
Mo, Yc 1.
C,= 4nhrSL3ﬁzsm 2 (A3)

for a two-spin dipolar coupling (7 = 0) with an inter-
nuclear distance rs. and gyromagnetic ratio yc. The
polar angles (3, y) denote the direction of the 13C—13C
internuclear vector in the rotor frame (RF) where Zgg
is along the rotor axis. The time average of the dipolar
interaction, which is doubly time-dependent according
to egs Al and A2, over periods of 2mt, is1825

1 ot

He = 2t.Jo Hg, (1) dt

3 . .
= Z{ Cl(Ssz - Syl—y) + S1(Sy|-z + SzLy)}

3 .
= ch{ (S,L, = S,L)) cos y £ (S,L, + S,L)sin y}
(Ad)
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DQ and ZQ coherences can be generated by this average
Hamiltonian followed by a suitable 90° or 45° pulse, as
shown below. The suppression of the second S; (or sin
y) term by + and — sign cancellation when the two
alternatives in eq A4 are added is crucial for creating
ZQ coherence effectively; it is achieved by forward and
backward nutations in the HORROR pulse sequence.

6.2. Density Operator Analysis of the (DQ-2SQ)
Sequence. In the following, we give a brief density-
operator description of the experiments, in terms of
simple Cartesian product operators.

(1) DQ Excitation. Magnetization after CP, Sy + Ly,
evolves under the average Hamiltonian in eq A4 with
the positive sign. This is found to correspond to preces-
sion around an effective fictitious field along the (0, cos
y, sin y) direction in a two-spin space of Jyx = 1/, (Sx +
L.), Jy =SyLy — S,L;, and J, = SyL, + S,L, for a period
of k2t.. This is followed by a 90°-y pulse so that DQ
coherence is generated:

Hg, (weak field along y)

DQ excitation: S, + L,
2{(S,L, — S,Lsin y + (S,L, + S,L,)cos y}sin ¢g.

90°_
—=2{(S,L, — S,L)siny + (S,L +
S,Ly)cos y}sin ¢g  (AS)

where ¢s. = 3/,Cik2t, according to eq A4. In our
experiments, we used k = 1. Here and in the following,
for the sake of brevity only the relevant terms of the
density operator have been retained.

(2) Recoupled CSA Evolution of DQ Coherence.
The DQ coherence thus obtained evolves for 2nt, under
the CSA that is recoupled by 180° pulses spaced by t./2
as in CODEX?627

2{(S,Ly — S,Ly)sin y + (S,L, + S,L,)cos y}sin ¢g
DQ—CSA evolution 2{(SXLX _ SyLy)sin y + (SyLX +
S,Ly)cos y}sin ¢ cos @y + 2{(S,L, — S/L)cos y +
(SyLy + S,L)sin y}sin ¢, sin @y (A6)
Here, the phase acquired under the influence of the
recoupled CSA sum frequency is @y = &g + O,
(3) DQ Reconversion. After DQ evolution, the sin
¢s. cos ds term of the DQ coherence in eq A6 is

reconverted to SQ coherence by a 90° pulse and then
to magnetization as follows:

2{(S,L — S,Ly)sin y + (S,L, + S,L,)cos y}

900+x -
sin ¢g, cos &y, —— 2{(S,L, — S,L)siny
— (§,L, + S,L,)cos y}sin ¢g, cos Py

Hg, (weak field along y)

(S, + Ly)sin® ¢g,_cos @y (A7)

The sin ¢g. sin @y term of eq A6 is correspondingly
reconverted after a 90° pulse with a nonquadrature
phase of 1/2Y2(x + y) and Hs,_ under a weak field along
the 1/212 (—x + y) direction.

(4) Matched CSA Evolution of SQ Coherence.
The reconverted magnetization (i.e., observable SQ
coherence) evolves further under the recoupled CSA. To
compensate the doubled phase acquired in the DQ
evolution period, the total duration of the SQ-evolution
period is twice as long as that of DQ evolution, that is,
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4nt, as shown in Figure 2a. By combining cosine and
sine components obtained as described in the preceding
paragraph, we arrive at the following final formula:

cos @y sin® ¢g, {exp(i2®g) + exp(i2®, )} —
i sin @y sin® ¢, { exp(i2®g) + exp(i2®,)} =
[exp{+i®,} + exp{ — i®,}1sin® p5 =
2 cos @, sin® ¢, (A8)

Here, ®, = &5 — @ is the phase acquired under the
chemical-shift anisotropy difference of S and L, similar
to that in CODEX.?6:27

6.3. Density Operator Analysis of the ZQ Se-
quence. (1) ZQ Excitation. The magnetization after
CP, Sx + Lx, evolves for k'2t, under the average dipolar
Hamiltonian Hs. = 0.75C4(S,L, — SyLy), followed by a
45°_, pulse and a z-filter so that ZQ coherence is
generated:

A
ZQ excitation: S, + L, — 2(S,L, + S,L,)sin ¢'s,

45° ., zilter
—2(SyLy, = S,L)sin¢'gy —

—2S,L,sin ¢’
T 28 L si ¢
—_— = sin ¢'

vy SL
o, , (A9)
—— =25, sin¢'g.

where ¢'s. = 3/4Cy(cos y)k'2t,. Note that a less favorable
y-dependent modulation of the S,L, term was avoided
by using the Hs. = 0.75C4(S,L, — SyLy) HORROR
average dipolar Hamiltonian, cf. eq A4, obtained by
alternating the phases of the 360° nutation pulses. This
is also indicated in Figure 2b. Note also that to complete
one phase alternation, k' = 2 is required.

The summation of coherence generated by the final
90°¢ and 90°y pulses in eq A9 creates pure ZQ coherence,
—2(SxLx + SyLy)sin ¢'s.. Phase alternation, for instance
between 90°« and 90°_y, leaves the bilinear coherences
invariant while suppressing z polarization:

90°,
|, —> %I,

(2) Recoupled CSA Evolution of ZQ Coherence.
The ZQ coherence thus obtained evolves for a time 2nt,
under the recoupled chemical-shift-anisotropy difference
Hamiltonian, acquiring a phase ®x:

~2(SeLy + S,L,)sin ¢y, N,

S,L,)cos @, — (S,L,

=2{(S,L, +
= S,L)sin ®,}sin ¢'s; (A10)

(3) ZQ Reconversion. After ZQ evolution, the ZQ
coherence is reconverted to SQ magnetization as follows:

—2{(SyL« + S,L,)cos ®, — (S,L, — S/L,)sin P}

90°
sin ¢'s, —> —2{(S,L, + S,L,)cos @,
— (S,Ly — S,L)sin ®@,}sin ¢'s;
z-filter .
—— —2S5,Lcos @, sin ¢'g,

450
—{ (SZITZ + SyLy) - (SyLz + SzLy)}

H
cos @, sin ¢'s, —=(S, + L)cos d,sin’¢'s, (All)
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Note that according to eq A9, two scans are required to
generate this signal. This reduces the sensitivity per
unit time by a factor of 1/212 compared to the (DQ-2SQ)
version of the experiment.
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