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Abstract

High-resolution solid-state13C NMR spectra of (ethylene–vinyl alcohol) copolymers (EVOH) with various ethylene contents in the solid-
state and their13C spin-lattice relaxation times,T1, were measured, in order to elucidate the structure and dynamics of the copolymers. From
these experimental results, the structural change of the EVOHs with changes of the ethylene content was successfully elucidated. Further, it is
found that the13C T1 for the CH carbon of the vinyl alcohol unit is mainly composed of two components. The fractions of short and longT1

components increase and decrease with an increase in the ethylene fraction, respectively. From these experimental results, it can be said that
changes of the ethylene content in the copolymers lead to large changes in their structure and dynamics.q 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

(Ethylene–vinyl alcohol) copolymer (EVOH) considered
in this work consists of hydrophobic and hydrophilic parts
which come from the vinyl alcohol (V) units and the ethyl-
ene (E) units, respectively. By changing their composition,
EVOH can have specific properties such as a gas barrier. In
order to understand the origin of such properties, it is very
important to characterize the structure and dynamics of the
copolymer. For this reason, the primary structure of the
copolymers with a wide range of ethylene contents has
been previously studied by high-resolution solution-state
NMR [1–3]. In addition, the structure of copolymers in
the solid-state has been studied by high-resolution solid-state
NMR, which provides a powerful means of determining the
structure and dynamics of solid polymers [4]. Nevertheless,
some inconclusive assignments still remain due to the
complicated structure of the copolymers, so that the V
units often form intra and intermolecular hydrogen bonds
with themselves, and the E units interact hydrophobically
with themselves.

The structure and dynamics of poly(vinyl alcohol) (PVA)

consisting of only V units and polyethylene (PE) consisting
of only E units have been successfully studied by high-reso-
lution solid-state13C NMR. As for PVA in the solid-state
[5,6] and the gel-state [7–9], it has been shown that the CH
carbon signal provides three split peaks, peaks I, II and III
from downfield, which come from the CH carbons with two
intra or intermolecular hydrogen bonds, one intra or inter-
molecular hydrogen bond, and no hydrogen bond, respec-
tively. On the contrary, as for PE in the solid-state [10] it has
been shown that in the crystalline region, two CH2 carbon
peaks corresponding to the orthorhombic and monoclinic
crystallographic forms appear at about 33 and 34 ppm,
respectively, in which the CH2 carbons take thetranszigzag
form and those in the noncrystalline region of the CH2

carbons appear at about 30 ppm, which are undergoing
fast transition between thetransandgaucheconformations
even at room temperature. From such a background, it is
apparent that EVOH consisting of the V and E units has a
complicated structure and dynamics.

In this work, we aim to make more detailed assignments
of the observed high-resolution13C NMR spectra of EVOH
in the solid-state with a wide range of ethylene contents, in
addition to the previous assignments reported by Ketels, et
al. [1,2] and VanderHart et al. [3], and to carry out the
structural and dynamical characterization.
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2. Experimental section

2.1. Materials

The EVOH copolymers used in this work were obtained

from Kuraray Co. Ltd., of which the ethylene contents are in
the range of 5–94%. The glass transition temperature (Tg) of
the EVOH samples, with ethylene contents ranging from 27
to 47% was determined by dynamic viscoelasticity method.
TheTg for EVOHs with high ethylene content could not be
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Table 1
Microstructure of EVOHs determined by solution13C NMR

Fraction/%

Vinyl alcohol content [V] 87 73 68 63 57 51 48 41 26
Ethylene content [E] 13 27 32 37 43 49 52 59 73
Dyad [V] 76.2 52.9 45.8 39.0 32.8 27.2 25.2 16.0 7.0

[VE] 21.5 38.6 42.7 46.4 48.2 49.1 47.4 48.0 40.0
[EE] 2.3 8.5 11.5 14.7 19.0 23.7 27.5 36.0 53.0

Triad [VVV] 62.4 37.7 32.2 27.5 18.7 15.6 –a –a –a

[VVE] 22.6 28.1 26.8 25.5 26.8 23.5 –a –a –a

[EVE] 2.4 6.8 8.9 9.8 10.9 11.7 –a –a –a

[VEV] 9.1 13.4 13.7 13.9 13.3 12.5 9.5 –a –a

[EEV] 3.0 11.8 14.6 17.8 22.4 25.3 22.6 –a –a

[EEE] 0.6 2.3 3.8 5.5 8.1 11.5 20.3 –a –a

Block characterb h 0.97 0.97 0.98 0.99 0.98 0.98 0.95 0.99 1.05

a Not determined with reasonable accuracy.
b Block characterh is defined by 2fV fE/fVE, wherefV andfE are the fraction of V and E units, andfVE is the fraction of VE dyad.

Fig. 1. Plots of the number-average ethylene and vinyl alcohol sequence length of EVOH against the ethylene content.A: ethylene sequence length; andV:
vinyl alcohol sequence length.



determined with a high measure of reliability. It is expected
that theirTgs are below room temperature.

The microstructure of these EVOH samples was char-
acterized by solution-state13C NMR as shown in Table 1,
where some EVOH samples with high ethylene content and
triad fractions including the V unit could not be determined
with high accuracy because of the very weak intensity of the
corresponding peaks and hence are not listed.

2.2. High-resolution solid-state13C NMR measurements

High-resolution solid-state13C CP/MAS (cross polariza-
tion/magic angle spinning) [11–13] and13C PST/MAS
(pulse saturation transfer/magic angle spinning) [14] NMR
spectra were measured by a JEOL GSX-270 NMR spectro-
meter operating at 67.8 MHz. In the CP method, enhance-
ment of the13C magnetization is effective for the relatively
immobile components in solids and, on the contrary, in the
PST method, the nuclear Overhauser effect (NOE) enhances
the 13C magnetization for the mobile component. Thep/2
pulse widths for1H and 13C nuclei are 4.9 and 5.5 ms,
respectively. The contact time was 2 ms, and the repetition
time was 5 s. The spectral width was 27 kHz and 8 k data
points were taken. The spectra were accumulated 400–15 000
times to achieve a reasonable signal-to-noise ratio. The
MAS rotor was spun at 3.8–4 kHz. The measurement
temperature was about 458C as indicated by the calibration
temperature [15]. The13C chemical shifts were calibrated
indirectly through the upfield peak (29.5 ppm) of adamantane

relative to tetramethylsilane (TMS). The13C T1 values were
determined by the Torchia pulse sequence [16].

2.3. Markov-chain calculations for obtaining
configurational sequences

The configurational structures of EVOH copolymers with
various compositions of the E and V monomer units on the
basis of the13C NMR spectral analysis and Markov-chain
calculation can be characterized as reported already by
Bruck [17] and Cheng et al. [18]. The structural character-
ization for analyzing the end groups of EVOH was carried
out by the method of Moritani et al. [19]. The computer
simulation for determining the sequence lengths was
performed by 2nd-order Markov statistics [20] by using
the dyad and triad fractions as shown in Table 1. These
results will be used below when analyzing the13C chemical
shift behavior of solid EVOH samples.

In the calculation, 10 000 Markov-chains with 1000
monomeric units were generated by computer. The calcula-
tions were performed on a Pentium II-266 MHz CPU
machine.

3. Results and discussion

3.1. Markov-chain calculations

From the solution-state NMR experiments and Markov-
chain calculations, the number-average sequence lengths of
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Fig. 2. Plots of the number of vinyl alcohol sequence length of EVOH against the ethylene content.×: 1; B: *2; andO: *8 for the vinyl alcohol sequence
length.



the E and V units were obtained as a function of the ethylene
content as shown in Fig. 1. It is found that as the fraction of
the ethylene content (fE) increases, the number-average
sequence length of the E units increases slowly in the
range offE ranging from 5 to 75%, and increases rapidly
in the range offE larger than 75%. However, the number-
average sequence length of the V units decreases rapidly as
the ethylene content increases in the range from 5 to 25%
and decreases slowly in the range larger than 25%. In Fig. 2
the frequency number of V unit sequences with 1,*2 and 8
per 1000 monomer units is plotted against the ethylene

content. It is found that as the ethylene content increases,
the number of the V units that are 1 and*8 increase and
decrease, respectively, and those*2 increase and has a
maximum at an ethylene content of about 35%.

3.2. Solid-state13C NMR spectra and structural analysis

13C CP/MAS NMR spectra of solid EVOH samples with a
wide range of the ethylene contents at room temperature are
shown in Fig. 3. The spectral patterns for the CH carbon of
the V units and for the CH2 carbon of the E and V units are
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Fig. 3. 67.8 MHz13C CP/MAS NMR spectra of EVOH samples in the solid-state as a function of ethylene content.
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Fig. 4. Plots of the13C chemical shifts for the CH carbon of solid EVOH against the ethylene content as obtained by the13C CP/MAS experiments.V: peak I;
B: peak II; andO: peak III.

Fig. 5. Expanded 67.8 MHz13C CP/MAS NMR spectrum in the CH carbon region for EVOH in the solid-state with the ethylene content of 32%.



greatly changed by varying the ethylene content. By using
reference data from the solution13C NMR spectra of the
corresponding samples and also the spectral change with
changes of the ethylene content, the peak assignments of
these spectra were made.

Three peaks of the CH carbon for consecutive V units
appear in the range of 65–85 ppm. These three peaks corre-
spond to those of solid PVA, which are named I, II and III
from downfield. As reported in previous works on solid-
state13C NMR studies of PVA gels [7–9], in addition to
Teraos’ [5] and Horiis’ [6] works on solid-state13C NMR of
PVA, peaks I (77 ppm), II (71 ppm) and III (65 ppm) come
from the CH carbon with two intermolecular and/or intra-
molecular hydrogen bonds, one intermolecular or intramo-
lecular hydrogen bond, and no hydrogen bond with the
hydroxyl group, respectively. (The behavior in the fractions
of peaks I, II and III for PVA in the gel state can be reason-
ably explained by considering the intramolecular hydrogen
bond plus the intermolecular hydrogen bond. From such a
consideration, we consider that the formation of one hydro-
gen bond leads to a downfield shift of about 6 ppm for the
CH carbon in EVOHs in addition to theg-gauche effect by
CH2 carbons as described below. Further, from the plots of
the13C chemical shift positions for peaks I, II and III against

the ethylene content as shown in Fig. 4, it is found that the
position of peak III moves slightly upfield with an increase
in the ethylene content, and the positions of peaks I and II
move more largely upfield, compared with the case of peak
III. At low ethylene contents, peak I consists of two over-
lapping peaks with a small difference in chemical shift as
seen from the expanded signals for peaks I, II and III (Fig. 5).
These two peaks are named as peaks I and I0 from down-
field. The details of their assignments will be described
below. In Fig. 6, the fractions of these peaks are shown as
a function of the ethylene content. It is found that the
fractions of peaks I and III increase and decrease, with an
increase in the ethylene content, respectively, and the frac-
tion of peak II is a constant in the range of ethylene content
from 0 to 40% and decreases as the ethylene content is
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Fig. 6. Plots of the fractions of peaks I, II and III of the CH carbon for EVOH against the ethylene content.X: peak I0; V: peak I;B: peak II; andO: peak III.

Table 2
The glass transition temperature (Tg) of EVOHs with the ethylene contents
from 27 to 47% as determined by dynamic viscoelasticity method

Fraction/%

Vinyl alcohol content [V] 73 68 62 56 53
Ethylene content [E] 27 32 38 44 47
Tg/8C 72 69 62 55 50



further increased. The fraction of peak I0 at about 77 ppm is
slowly increased as the ethylene content is increased. At low
ethylene contents, it was difficult to resolve peaks I and I0 as
they overlapped each other even after computer fitting.

As reported previously [5,6], in the VV sequence, them
(meso) dyad will be able to form one intramolecular hydro-
gen bond and one intermolecular hydrogen bond, but ther
(racemic) dyad will be able to form only one intermolecular
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Fig. 7. 67.8 MHz13C PST/MAS NMR spectra of EVOH sample in the solid-state. (a) ethylene content: 74%. (b) ethylene content: 32%.



hydrogen bond. In the VVV sequence themmtriad will be
able to form two intramolecular bonds and/or one intramo-
lecular hydrogen bond, but therr triad cannot form an inter-
molecular hydrogen bond. The formation of hydrogen
bonds is largely affected by the stereochemical structure.

Further, when the exact assignment of these spectra is
performed, we must take into account the effect of the
triad configurations in the EVE and EVV sequences in addi-
tion to the effect of the triad configurations in the VVV
sequence on the13C chemical shift behavior. In the EVE

sequence, the V unit forms one intermolecular hydrogen
bond or no hydrogen bond is formed. In the EVV sequence,
the VV unit can take two kinds ofm and r configurations,
which are represented by VV(m) and VV(r), respectively. It
is considered that the central V unit in the EVV(m) sequence
can take three kinds of hydrogen-bonded structures such as
one intramolecular hydrogen bond and one intermolecular
hydrogen bond, one intramolecular hydrogen bond or one
intermolecular hydrogen bond, and no hydrogen bond. On
the contrary, it is considered that the central V unit in the
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Fig. 8. Partially-relaxed 67.8 MHz13C NMR spectra of EVOH with the ethylene content of 74% in the solid-state using the Torchia pulse sequence.



EVV(r) sequence can form either one intermolecular hydro-
gen bond or no hydrogen bond. The frequency number of V
unit sequences*2 is increased as the ethylene content is
increased from 0 to 40% (Fig. 2), and then the fractions of
the EVV(m) and EVV(r) sequences are increased. From
these results, the EVV(m) sequence may be assigned to
peak I0.

In paraffins and polyethylene, the13C chemical shift
behavior is sensitively affected by the conformation, that
is whether the C–C bond takes thetrans (T) conformation

or gauche(G or G0) conformation. The13C chemical shift of
the CH2 carbon in thegaucheconformation relative to the
CH2 carbon three bonds away, moves upfield by about
5.3 ppm compared with that in thetrans conformation
[21,22]. This is the so-calledg -gauche-effect [23]. If fast
exchange occurs between thetrans andgaucheconforma-
tions on the NMR timescale, the observed chemical shift
becomes a statistical-weight average over the chemical
shifts for the trans and gaucheconformations. Thus, the
averaged chemical shift moves downfield by about 3 ppm
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Fig. 9. Partially-relaxed 67.8 MHz13C NMR spectra of EVOH with the ethylene content of 48% in the solid-state using the Torchia pulse sequence.



relative to that in thetransconformation by using the statis-
tical-weight that the conformational energy for thetrans
conformation is more stable by 600 cal/mol than that for
the gaucheconformation [10]. Naturally, this effect must
be taken into account when making the peak assignment.

The 13C signal of the CH carbon of the central V unit in
the EVE sequence of EVOH in dimethylsulfoxide solution
appears at about 69.5 ppm. In the solution-state, the E units
are undergoing fast exchange between thetransandgauche
conformations. On the contrary, in the solid-state the E units
predominantly take thetrans conformation. For this, it is

predicted that in the solid-state the CH carbon of the V unit
has nog-gauche-effect from the CH2 (1) carbon of the left
side E unit and CH2 (2) carbon neighboring the right side E
unit as indicated by –CH2(1)– CH2–CH2–CH(OH)– CH2–
CH2–CH2(2)–, and hence the13C chemical shift moves
downfield by about 3 ppm relative to the observed chemical
shift in the solution-state. Thus, the CH carbon of the V
unit in the solid-state is predicted to appear at about 72.5
�� 69:5 1 3� ppm: Further, the hydrogen bonding effect
must be taken into account in the13C chemical shift
calculation, as discussed above, and the formation of one
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Fig. 10. Plots of the13C chemical shifts of peaks I, II and III of the CH carbon for solid EVOH with the ethylene content of 48% against the delay time in the
Torchia pulse sequence. (A): peak I; (B): peak II; and (C): peak III.



hydrogen bond lead to a downfield shift of 6 ppm. Thus,
the 13C signal of the CH carbon in the solid-state is
predicted to appear at 72.5–78.5 ppm (which is averaged
to be ca. 76 ppm). This is close to the13C chemical shift
position (about 77 ppm) of peak I corresponding to the CH
carbon of solid PVA. Therefore, it can be said that the peak
of the CH carbon of the central V unit in the EVE sequence
may overlap with peak I which comes from the CH carbon
in the VVV sequence with two hydrogen bonds. Conse-
quently, if the ethylene content is increased, the fraction of
the EVE sequence is increased and so the intensity of peak
I is correspondingly increased. It is apparent that peak I
moves upfield with an increase in the ethylene content.

The intensity of peak I for EVOH with low ethylene
content is much smaller than that of peak II (Fig. 3).
However, the intensity of peak I for EVOH with high ethy-
lene content is increased and peak I appears clearly. As the
ethylene content is increased, the number-average sequence
length of the V unit decreases and the number of EVEs with
a sequence length of one is increased as shown in Figs. 1 and
2. From these results, it can be said that as the ethylene
content is increased, the fraction of peak I is increased
and the fractions of peaks II and III are decreased.

It is known that the breakdown of hydrogen bonding and
the stretching of a hydrogen-bonded length lead to an
upfield shift of the carbon associated with it. Therefore, it
can be considered that the observed upfield shift comes from
a change of the hydrogen-bonded structure. As seen from
the above experimental results, an increase of the ethylene
content leads to a decrease in the average sequence length of
the V unit in EVOH, and the fraction of isolated consecutive
V units with two hydrogen bonds is increased.

On the basis of these results, we are concerned with the
origin of the upfield shift of peaks I and II with an increase
in ethylene content. It can be assumed that the hydrogen
bond strength in solid EVOH is not so strong when
compared with that in solid PVA. This comes from the
fact that as the ethylene content is increased, an average
sequence length of the V unit becomes short and hence
the intermolecular interaction by the formation of consecu-
tive hydrogen bonds becomes weak, and in addition the
existence of the noncrystalline component of the ethylene
units, in which the CH2 carbons are undergoing fast
exchange between thetrans and gauche conformations.
Such a situation may lead to an exchange between the
–CH–OH…OH–CH– (hydrogen bonded) and the –CH–
OH 1 –CH–OH (not hydrogen bonded) structures. Thus,
the observed13C chemical shift (dobs) is expressed by

dobs� �1 2 a�dOH1OH 1 adOH…OH �1�
wheredOH…OH anddOH1OH are the13C chemical shifts of the
CH carbons with and without a hydrogen bond, respec-
tively, anda is the fraction of the hydrogen-bonded CH
carbon. ThedOH…OH appears at a lower field than the
dOH1OH. This equation shows that asdOH…OH is much larger
thandOH1OH, the observed13C signal moves upfield with a
decrease ina . In EVOH with low ethylene content, theTg is
above the measurement temperature (about 458C) (Table 2).
Thus, the measurement temperature is belowTg. For this,
the V units are frozen in molecular motion on the NMR
timescale. This leads to high CP efficiency in the13C
CP/MAS NMR experiment. With an increase in the ethy-
lene content, theTg value of EVOH is decreased, and the
measurement temperature becomes aboveTg. The V units
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Fig. 11. Plots of the13C T1 decay of peak I of EVOH with the ethylene content of 48% against the delay time in the Torchia pulse sequence.



begin to undergo molecular motion. Then, the breakdown of
the hydrogen bond may be induced and, then, its fraction
(1 2 a ) is increased.

Next, we are concerned with the peak assignment of the
CH2 carbon in the E and V units in EVOH. By using refer-
ence data of polyethylene and paraffins, and PVA in the
solution- and solid-states, the CH2 carbons with asterisks
in –CH2–CHOH–CH2*–CHOH–CH2(1), –CH2–CHOH–
CH2*–CH2–CH2–(2), –CH2–CHOH–CH2*–CH2–CH2–
(3), –CH2–CH2–CH2*–CH2–CH2– (4), –CHOH–CH2–
CH2*–CH2–CH2– (5) and –CHOH–CH2–CH2*–CH2–
CHOH– (6) appear at about 45, 40, 33, 30, 29 and
25 ppm, respectively. In polyethylene, peaks at about 30
and 33 ppm are assigned to the CH2 carbons for the noncrys-
talline component in which the CH2 units are undergoing a
fast exchange between thetransandgaucheconformations,
and for the crystalline component in which the CH2 units
take thetrans zigzag conformation, respectively [24]. It is
reported from the solid-state NMR study on melt-quenched
polyethylene samples that at room temperature the fractions
of the crystalline and noncrystalline components are esti-
mated to be about 70 and 30%, respectively [10]. Therefore,
peaks (3) and (4) at about 33 and 30 ppm as shown in Fig. 3
come from both the –CHOH–CH2–CH2*–CH2–CH2– unit
and –CH2–CH2–CH2*–CH2–CH2– unit without and with
fast exchange between thetransandgaucheconformations,
respectively. Fig. 7 shows the13C PST/MAS NMR spectra
of the solid EVOH sample with an ethylene content of 74%.

In these spectra, the mobile component is enhanced by the
PST/MAS method. As shown in Fig. 7(a) in the EVOH with
an ethylene content of 74%, the peak at about 30 ppm is
enhanced. This is because theTg value of the EVOH sample
is below the measurement temperature (about 458C) and the
Tg value of EVOH with an ethylene content of 34% is about
658C and so the measurement temperature is belowTg. The
intensity of the peak in the vicinity of about 30 ppm is
enhanced. From such a situation, it can be understood that
the intensity of the peak in the vicinity of about 30 ppm
decreases with an increase in the ethylene content, because
of the reduction of the CP efficiency which comes from the
enhancement of the molecular mobility and also a decrease
of its sequence fraction.

3.3. Dependence of the13C T1 of EVOHs on the ethylene
content

Figs. 8 and 9 show partially relaxed13C spectra of solid
EVOHs with ethylene contents of 74 and 48%, respectively,
by using the Torchia pulse sequence. In these13C T1 experi-
ments, the mobile component with a shortT1 value disap-
pears at short delay time. On the contrary, the immobile
component with a longT1 value remains for long delay time.

Fig. 10 shows the plots of the13C chemical shifts for
peaks I and II, III against the delay time in the partially
relaxed13C NMR experiments. As the delay time becomes
longer, the chemical shift position of peak I moves downfield.
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Fig. 12. Plots of the13C T1 of peak I of EVOH samples against the ethylene content.V:long T1 component; andB:shortT1 component.



The longT1 component appears at a lower field than the
short T1 component. From these experimental results, it
can be said that the EVE peak of the mobile component
contributing to peak I appears at a higher field than the
immobile component contributing to peak I (corresponding
to a VVV unit with two hydrogen bonds).

In order to clarify the mobility of the individual signals of
the EVOH sample with an ethylene content of 48%�Tg �
508C� at 458C as a typical example, the intensities of the
peaks were plotted against the delay time as shown in Fig.
11. It is apparent that peak I has two components with
different mobilities. As it is considered that the molecular
motions for these components are in the slow motion region
(vtc . 1, wherev is the resonance frequency andt c the
correlation time in molecular motion) in the BPP theory
[25], the longT1 component and the shortT1 component
are assigned to strongly restrained and weakly restrained
components in molecular motion, respectively. The plot of
the 13C T1 values for these two components of peak I for
EVOH samples with a wide range of ethylene contents
against the ethylene content is shown in Fig. 12. It is
found that theT1 values of the two components are almost
independent of the ethylene content. The fractions of these
two components are plotted against the ethylene content as
in Fig. 13. As the ethylene content increases, the shortT1

component increases, and the longT1 component decreases.
From these results, the longT1 component can be assigned

to the VVV unit forming two hydrogen bonds, which lead to
a strong restraint in molecular motion, and the shortT1

components can be assigned to the EVE unit with one
hydrogen bond or no hydrogen bond which lead to a weak
restraint in molecular motion.

As for the CH2 carbon, the peak at 30 ppm delays faster
compared with the peak at 33 ppm (Fig. 8). The peak at
30 ppm in EVOH with high ethylene content disappears at
short delay times (Figs. 8 and 9). This arises from the fact
that the CH2 carbons with thetranszigzag conformation in
the crystalline component, which appear at 33 ppm, are
frozen in molecular motion on the NMR timescale, and
the CH2 carbons in the noncrystalline component, which
appear at about 30 ppm, are undergoing fast exchange
between thetransandgaucheconformations.

Finally, we can draw the following conclusions. The
solid-state13C NMR spectral assignment for EVOH samples
in the solid-state with a wide range of ethylene contents was
successfully performed. The structure and dynamics of
EVOHs with changes of ethylene content were elucidated.
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