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ABSTRACT: The solid-state organization of copolymers based on methylene oxide (MO) units and tetramethylene
oxide (T) units, with T unit contents ranging between 0.9 and 10.0 mol %, is investigated by the combined use
of solid-state NMR, WAXS, and DSC experiments. In these semicrystalline copolymers, the T units can be
viewed as linear defects inserted along linear poly(oxymethylene) chains. As expected, the insertion of T units
induces a significant decrease of both crystallinity and crystallite size: a large part of T units is located in the
amorphous domains. However, some T units can also be detected within the crystalline domains and/or the
interfacial regions with the amorphous phase. More precisely, the amount of T units at both sides of the
noncrystalline/crystalline interfaces seems to be much higher than the T units in the interior of the crystallites. At
the lowest T unit content (0.9 mol %), the composition averaged over both interfacial and crystalline phases
appears to be identical to the composition of the amorphous phase. When the comonomer content increases, the
amount of T units in the interfacial and crystalline zones becomes higher and higher while the partitioning coefficient
of the T units in these domains tends to a limiting value of 0.40.

1. Introduction

Poly(oxymethylene) (POM), also known commonly as poly-
acetal, has been used as an engineering plastic since 1960.
Possessing high tensile, impact, and compression strength along
with good abrasion and wear resistance, it became a typical
alternative to metals for various applications in the automobile
andelectronicsindustryasgearboxesandcomputercomponents.1-3

Further household applications like door handles and toys
brought this plastic right into people’s homes.

Because of its regular chemical structure, POM usually
displays high degrees of crystallinity of about 65%, which is
the highest crystallinity observed in performance polymers. The
high crystallinity gives the polymer its excellent wear resistance
together with its high rigidity, tensile strength, and good
dimensional stability.

On the other hand, POM homopolymers are thermally
unstable and tend to depolymerize, starting at the unstable
hemiformal hydroxyl group liberating formaldehyde by an
“unzipping” mechanism.4 One possible strategy to prevent this
unzipping process consists in transforming the polymer chains
by a suitable end-capping method.4 An alternate way to obtain
thermally stable POM-based materials is to synthesize a
copolymer by using trioxane with cyclic acetal comonomers
like ethylene oxide, 1,3-dioxolane, or 1,3-dioxepane.4

For these copolymers mainly composed of methylene oxide
units, the localization of the comonomer units within the
semicrystalline organization displayed by the copolymers is a
central feature since it should significantly influence the

mechanical properties of these materials. In particular, one of
the first questions to be addressed concerns the possibility for
these comonomer units to be inserted within the crystalline
domains. If this is the case, the relevant effect to be considered
then is the partitioning of these units between both amorphous
and crystalline regions. This effect is usually quantified by
means of the crystalline partitioning coefficient,PCR, defined
as the ratio between the concentration of comonomer units
within the crystalline phase and the overall concentration of
these units in the whole semicrystalline copolymer.5 A PCR value
close to 0 indicates that the comonomer units considered tend
to be excluded from the crystalline lattice and should induce a
significant reduction of both degree of crystallinity and crystallite
sizes, thus affecting the mechanical performances of the
corresponding material. In addition, the effective fraction of
comonomer units located within the amorphous phase, also
directly related to the parameterPCR, should influence the
segmental mobility of amorphous polymer (sub)chains and, as
a consequence, the mechanical properties displayed by these
copolymers. Of course, the situation is much more complex,
and additional parameters have to be taken into account to get
a deep understanding of the structure/mechanical properties
relationships. In particular, for the amorphous phase, the
copolymer microstructure, the interaction parameter between
both kinds of repeat units, and the glass transition temperature
of the homopolymers corresponding to each type of repeat units
should be considered. As far as the crystalline part is concerned,
in addition to the crystallinity and the typical size of the
crystalline regions, the nature of the crystalline morphology
should also be considered. Indeed, for a copolymer constituted
of A and B monomer units, a crystalline lattice of the same
nature as the one formed by a neat homopolymer of A (B) will
be obtained for a low content of B units (A units). However, in
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the intermediate composition range, an intermediate crystalline
organization may be observed. Such a behavior has been
suggested in the case of ethylene and vinyl alcohol copoly-
mers: for vinyl alcohol contents ranging from 20 to 60 mol %,
a pseudohexagonal crystalline lattice was proposed, differing
from the orthorhombic lattice usually observed for neat poly-
(ethylene) and from the monoclinic lattice of neat poly(vinyl
alcohol).6 Last, in addition to both crystalline and amorphous
phases mentioned previously, the description of the solid-state
organization of semicrystalline copolymers should also take into
account the interfacial regions. These regions include the so-
called “constrained” amorphous phase, related to amorphous
chain segments that are constrained by the presence of crys-
tallites. These constrained chain units exhibit a slower segmental
mobility than the purely amorphous subchains. In this respect,
the constrained amorphous phase plays a significant role in the
mechanical behavior of semicrystalline systems. Therefore, the
localization of the comonomer units within the semicrystalline
structure is a relevant point to be addressed in order to get a
better understanding of the correlations between the chemical
structure, the solid-state organization, and the mechanical
properties of these copolymers.

The localization of comonomer units within semicrystalline
copolymers or chain defects and chain ends within semicrys-
talline homopolymers has attracted a lot of interest, and the
corresponding studies were mainly based on DSC or wide-angle
X-ray scattering (WAXS) investigations. Though very useful,
these techniques do not allow a direct and unambiguous
localization of the comonomers, chain defects, or chain ends in
the crystalline, constrained amorphous, and amorphous phases.
In contrast, based on an approach proposed by VanderHart et
al., solid-state NMR has proved to be successful in recording
the 13C NMR spectra of both crystalline and noncrystalline
regions of semicrystalline polymers.7 These experiments also
permit to determine the crystalline partitioning coefficient related
to the comonomers, chain defects, or chain ends of interest,
provided they give a well-resolved resonance line on the13C
NMR spectra. Such solid-state NMR investigations have been
carried out on various random copolymers,5,8-10 and very
different behaviors, depending on the systems considered, have
been reported. As expected, the size of the defects plays a key
role in their potential insertion in the crystal lattice. In random
copolymers of ethylene andR-olefins, for instance, it has been
shown that small-size defects such as methyl or ethyl branches
can be incorporated within the crystallites,10 while larger
branches are fully excluded. Similarly, in random copolymers
of ethylene and vinyl alcohol,13C NMR investigations have
demonstrated the existence of a significant fraction of vinyl
alcohol monomer units in the crystallites, whatever the com-
position of the copolymer.8 In contrast, chain defects such as
ethyl and butyl branches or acetate branches, present in the same
samples, are localized in the amorphous phase only. Besides,

large differences in the crystalline partitioning coefficient related
to defects of similar size have been reported. In ethylene/vinyl
alcohol random copolymers,PCR values very close to 1 have
been obtained for the vinyl alcohol units, whatever the
copolymer composition.8 This result may suggest that no global
energetic penalty results from the replacement of a proton by a
hydroxyl group. In contrast, replacing the methyl group of a
propylene monomer unit by a proton seems to imply higher
energetic costs, sincePCR values of 0.42 have been measured
on ethylene units of random propylene-ethylene copolymers,
the ethylene molar fraction ranging from 0.8 to 7.5 mol %.5 Of
course, great care has to be taken for a more detailed interpreta-
tion of such differences. In particular, additional factors like
the crystallization process applied to the samples investigated
should be considered since they can affect thePCR value related
to a given defect.8,11 Last, for a given defect, the dependence
of the crystalline partitioning coefficient on the overall defect
concentration within the sample varies significantly from one
copolymer to another.PCR values related to ethylene in random
copolymers of propylene and ethylene remain constant for
ethylene content ranging from 0.8 to 7.5 mol %.5 The same
conclusions hold for the vinyl alcohol units of ethylene/vinyl
alcohol copolymers, with vinyl alcohol contents covering a wide
concentration range (10-68 mol %).8 However, in other
copolymers, the insertion of comonomer units in the crystalline
phase seems to be easier as soon as a high quantity of the same
comonomer has already been incorporated in the crystal lattice.
This is the case of poly(â-hydroxybutyrate-co-â-hydroxyval-
erate) copolymers: thePCR values related to hydroxyvalerate
units tend to increase as their overall concentration in the
copolymer is raised.9 Therefore, on the basis of these experi-
mental results, it is clear that the cocrystallization of a
comonomer is a rather complex phenomenon, and the localiza-
tion of a given comonomer within the corresponding semicrys-
talline copolymer cannot be easily predicted.

The aim of this work is to investigate the localization of
tetramethylene oxide units introduced along POM chains in
order to improve their thermal stability. More precisely, we will
consider copolymers based on 1,3,5-trioxane (TOX) and 1,3-
dioxepane (DXP) (Table 1), with DXP weight fractions ranging
from 3 to 30 wt %. The effect of the tetramethylene oxide units
(T units) on the solid-state organization of these copolymers
will be first investigated by means of the combined use of DSC,
WAXS, and solid-state NMR. In a second step, we will take
advantage of the selectivity of solid-state NMR to localize the
tetramethylene oxide units within the semicrystalline structures
formed by the TOX/DXP copolymers. To our knowledge, the
localization of such repeat units in POM-based copolymers has
never been studied. This is a first step toward a better knowledge
of the correlations between the chemical structure, the solid-
state organization, and the mechanical properties of such
copolymers. It is also worth remarking that cyclic acetal

Table 1. Comonomers Used and Corresponding Repeat Units in the Copolymers
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comonomers like ethylene oxide, 1,3-dioxolane, or 1,3-diox-
epane constitute an interesting class of comonomers from a
fundamental point of view. Indeed, in contrast with the
comonomers or the defects considered until now,5,8-10 these
comonomers do not introduce any branching along the main
chain: the linear architecture of the POM chains is maintained,
and only the local chemical structure of the main chain is
modified by the insertion of the DXP comonomers. This
important feature should play a relevant role in the mechanisms
governing the partitioning of the tetramethylene oxide units
between the crystalline and amorphous phases of the TOX/DXP
copolymers.

2. Experimental Section

2.1. Copolymer Synthesis and Characterization.The copoly-
mers considered in this work were synthesized by cationic copo-
lymerization of molten 1,3,5-trioxane (TOX; BASF) and 1,3-
dioxepane (DXP; BASF) in the requisite ratio, at 80°C, using a
catalyst solution of perchloric acid in triethylene glycol dimethyl
ether. Further details concerning the synthesis will be reported in
a separate contribution. The DXP weight fractionφ of the different
copolymers and the corresponding molar fractionæ of T unitss
determined by considering that one dioxepane molecule leads to
one methylene oxide unit connected to one tetramethylene oxide
unit in the copolymersare indicated in Table 2. The time at which
crystallization occurs during the copolymerization was noted down
as the induction period (IP) and reported in Table 2.

The microstructure of the TOX/DXP copolymers was character-
ized by means of1H and 13C NMR experiments in solution. The
different 13C resonances observed on the13C{1H} NMR spectra
and their assignment are listed in Table 3. The distribution of the
different pentad sequences centered around a methylene oxide unit
(MO unit) is also given in this table, in the case of the TOX/DXP-
(80/20) copolymer.

2.2. Solid-State NMR Experiments.Solid-state NMR experi-
ments were performed at room temperature on a Bruker Avance
DSX 300 NMR spectrometer operating at a13C Larmor frequency
of 75.46 MHz. Low-resolution1H NMR experiments were carried
out using a 4 mmstatic Bruker probe, with a1H π/2 pulse length
of 3.5 µs. Spin-lattice relaxation times in the laboratory frame,
T1(1H), were measured using the inversion-recovery pulse sequence
while spin-lattice relaxation times in the rotating frame,T1F(1H),

were determined with aπ/2 spin-lock experiment, the spin-locking
field corresponding to 46 kHz. For these1H relaxation measure-
ments, the recycle delay was adjusted according to theT1(1H) value,
thus ranging between 5 and 14 s, depending on the TOX/DXP
copolymer considered.

High-resolution13C NMR experiments were performed with a
4 mm magic angle spinning (MAS) double-resonance Bruker probe,
at a spinning speed of 5 kHz.13C NMR spectra and13C-detected
T1F(1H) measurements were obtained using cross-polarization (CP)
experiments, with a1H π/2 pulse length of 4.4µs and a proton
(carbon) radio-frequency field of 57 kHz during the CP step. The
13C NMR signal was detected under high-power proton decoupling
(DD, decoupling strength of 80 kHz). For the indirect (via13C)
T1F(1H) determinations (delayed CP experiments), the strength of
the1H spin-locking field was of 57 kHz while the1H f 13C contact
time was limited to 100µs, in order to prevent1H spin-diffusion
during the cross-polarization period. For these CP-based experi-
ments, the recycle delay was set between 5 and 14 s, depending on
the DXP content of the copolymer. The13C chemical shifts were
calibrated with glycine (R-form) as an external reference standard
(176.03 ppm for the13C carbonyl signal).

2.3. Wide-Angle X-ray Scattering (WAXS).Wide-angle X-ray
powder diffraction data were collected on a D8 Advance Bruker
diffractometer in the reflection geometry, using the Cu KR radiation
(λ ) 0.154 nm) induced by a generator operating at 40 kV and
40 mA. Diffraction patterns were recorded for 2θ values ranging
from 5° to 80°, with an angular increment of 0.05° and a counting
time of 4 s per 2θ step.

All the powder diffractogramsI(2θ) were normalized according
to their total areaA, thus enabling, in a first approach, the
comparison between the corresponding diffraction patterns.

2.4. Differential Scanning Calorimetry (DSC). Differential
scanning calorimetry experiments were carried out with samples
(about 7-9 mg) loaded in aluminum pans on a TA Instruments
DSC 2910 calorimeter. Samples were heated at 15°C min-1 from
25 to 200°C and then cooled to 25°C with the same rate. The
upper temperature after the first heating scan was limited to
200 °C, and the samples were let at this temperature for only
1 min to restrict the POM depolymerization. Despite these attempts
to limit the thermally induced sample degradation, the DSC
thermograms recorded during the second and third heating (cooling)
scans are not identical, for each of the copolymers in the range of
DXP content considered. For this reason, in the following, we will
only consider the first heating (and cooling) scan obtained on the
different copolymers, and therefore, as the thermal history applied
to the TOX/DXP samples is not fully controlled when considering
the first heating scan, we will restrict our discussion of the DSC
data to a qualitative analysis. Besides, at this stage, it is worth noting
that all the copolymers have been prepared under similar experi-
mental conditions, at the same period, meaning that the thermal
history, even not rigorously the same for the different copolymers,
should not differ significantly from one sample to another.

The degree of crystallinityøDSC of the different TOX/DXP
copolymers was estimated by assuming that the heat of melting
per unit mass of crystalline material is identical to the heat of
melting of a 100% crystalline POM sample (i.e., 317.93 J g-1,
according to Iguchi et al.12).

3. Results

3.1. Solid-State Organization of the TOX/DXP Copoly-
mers. 3.1.1. Thermal Analysis.Figure 1a depicts the DSC
thermograms obtained on the as-synthesized TOX/DXP co-
polymers, during the first heating and the subsequent cooling
scans. A significant decrease of the melting temperature,Tm,
of the copolymers is observed as the DXP weight fraction is
raised from 3 to 30 wt % (see Figure 1a,b). This result suggests
that the insertion of tetramethylene oxide units along the POM
homopolymer chains limits the size of the crystallites. In
addition, from the cooling response, it can be observed that a

Table 2. Composition of the TOX/DXP Copolymers Considered in
This Work

sample φa (wt %) æb (mol %) IPc (s)

TOX/DXP(97/03) 3 0.9 35
TOX/DXP(90/10) 10 3.1 75
TOX/DXP(80/20) 20 6.4 >225
TOX/DXP(70/30) 30 10.1 >225

a Weight fraction of dioxepane (DXP) in the TOX/DXP copolymer.
b Molar fraction of tetramethylene oxide (T) units in the copolymer.
c Induction period measured during the copolymerization.

Table 3. Assignment of the13C Resonances in the TOX/DXP
Copolymers

δa

(ppm) assignment
f b

(mol %)

25.8 T,-OCH2CH2CH2CH2O-
68.7 T,-OCH2CH2CH2CH2O-
89.3 T(MO)(MO)(MO)(MO) 10.7
89.7 (MO)(MO)(MO)(MO)(MO) 74.1
91.9 (MO)T(MO)(MO)T + T(MO)(MO)T(MO) 1.8
92.5 (MO)T(MO)(MO)(MO) + (MO)(MO)(MO)T(MO) 12.5
94.9 (MO)T(MO)T(MO) 0.9

a The positions of the13C lines are expressed in ppm with respect to
TMS. b These molar fractions are determined by integration of the different
13C resonances related to the carbon of the MO units within the TOX/
DXP(80/20) copolymer.
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continuous decrease of the crystallization temperatureTc occurs
as soon as the DXP content is increased (Figure 1a,b). Therefore,
the insertion of tetramethylene oxide units along the POM chains
hinders the chain crystallization, and this conclusion is quite
consistent with the reduced size of the crystallites, discussed
above. Last, the degree of crystallinityøDSC, deduced from the
melting peak observed on the as-synthesized copolymers, is also
a decreasing function of the DXP content, as shown in
Figure 1a,c. All these observations suggest that the tetrameth-
ylene oxide units inserted along the POM homopolymer chains
induce a limitation of the crystallization process, and therefore,
a decrease of both crystallinity and size of crystallites as the
DXP content is increased. These results indicate that a significant

fraction of the tetramethylene oxide units is rejected from the
crystalline phase of the TOX/DXP copolymers.

3.1.2. WAXS.More information on the bulk organization of
the TOX/DXP copolymers can be obtained using WAXS
experiments. The diffraction patterns recorded on the as-
synthesized samples are shown in Figure 2. Let us first consider
the TOX/DXP copolymer characterized by a DXP amount of
3 wt %. As can be seen in Figure 2, two intense Bragg
diffraction peaks can clearly be observed at 2θ ) 23.25° and
34.75°, the former being superimposed with the relatively weak
contribution of the amorphous halo, located around 2θ ) 21.80°.
This diffraction pattern is very similar to the diffraction pattern
of the trigonal form usually observed for the crystalline phase
of neat poly(oxymethylene).13 In the following, we will describe
the crystalline structure using the hexagonal (and not the
primitive rhombohedral) cell. The Bragg diffraction peak
occurring at 2θ ) 23.25° can be assigned to the{100} lattice
planes while the peak at 2θ ) 34.75° corresponds to the{105}
lattice planes.14-17 From this indexing, the hexagonal cell
parameters related to the crystallites of the TOX/DXP(97/03)
copolymer can be derived:a ) b ) 4.41 Å andc ) 17.49 Å.
These cell parameters are very close to the ones reported for
neat poly(oxymethylene).15-17 Additional Bragg diffraction
peaks, although less intense than the ones previously described,
can nevertheless be detected at 2θ ) 48.50°, 54.30° and, to a
less extent, 40.55°. They can be assigned to the{115}, {205},
and{111} lattice planes, respectively.

As the overall DXP content is increased from 3 to 30 wt %,
the crystalline phase of the TOX/DXP copolymers remains in
the hexagonal form, as can be observed in Figure 2. However,
the Bragg diffraction peaks are less and less intense while the
contribution of the amorphous halo increases asφ is raised. One
approach to quantify this effect is to estimate the degree of
crystallinity øWAXS from the WAXS patterns. For this purpose,
the different Bragg diffraction peaks, as well as the amorphous
halo, were fitted by using Gaussian functions. Even though
Pearson VII functions are often used to perform this fitting
procedure, we have selected, in a first approach, Gaussian-type
functions, for the sake of simplicity. A good agreement between
the experimental diffractogram and the fitting line was found
for all the TOX/DXP copolymers considered. The degree of
crystallinity,øWAXS, can then be estimated as the ratio between
the area under the Bragg diffraction peaks over the total area
under the crystalline components and the amorphous halo. The
variation oføWAXS with the DXP weight fraction is plotted in
Figure 3: the effect of the tetramethylene oxide units is

Figure 1. (a) Thermograms recorded on the TOX/DXP copolymers
during the first heating scan and the subsequent cooling scan; the
heating/cooling rate was set to 15 K min-1. (b) Variation of the melting
temperatureTm (9, measured on the first heating scan) and the
crystallization temperatureTc (b, measured on the first cooling scan)
of the TOX/DXP copolymers, as a function of the DXP weight fraction
φ. (c) Composition dependence of the crystallinity of the TOX/DXP
copolymers,øDSC, deduced from the melting peak (first heating scan).
The line serves as a guide for the eye.

Figure 2. X-ray diffractograms of the TOX/DXP copolymers obtained
for dioxepane weight fractions of 3, 10, 20, and 30 wt %. The WAXS
data were normalized by the total area under the corresponding
diffractogram.

5004 Lorthioir et al. Macromolecules, Vol. 40, No. 14, 2007



significant since the crystallinity is reduced by a factor of about
2 asφ varies from 3 to 30 wt %. Even though the absolute
value of the crystallinity deduced from WAXS and DSC
experiments for each of the TOX/DXP copolymers is not exactly
the same (øWAXS being systematically higher thanøDSC), a very
good correlation betweenøWAXS and øDSC is observed in the
range of DXP content considered. This result confirms the effect
of the tetramethylene oxide units on the overall crystallinity,
discussed in the previous section.

At this stage of the description of the crystalline domains, it
is also of interest to consider the influence of the DXP content
on their size. A clear broadening of the Bragg diffraction peaks
occurs as soon as the DXP content is increased from 3 to 30 wt
% (see Figure 2). This result indicates that the crystallites tend
to get smaller. More precisely, an estimation of the apparent
crystallite size can be derived from the WAXS data using the
Scherrer equation:

In this equation,âhkl holds for the pure line width of the
diffraction peak related to the{hkl} lattice planes, located at a
scattering angle of 2θhkl. In a first approach, no attempt was
made to take into account the instrument broadening, and in
the following, âhkl will be replaced by the half-height angular
width ∆(2θhkl) of the Bragg diffraction peak considered. A value
of 0.9 was used for the Scherrer constantK.18 The Lhkl values
were derived from the diffraction peak related to the{105}
crystallographic planes, and the dependence ofL105 on the
overall DXP content is reported in Figure 4. The observed
decrease of the degree of crystallinity and the apparent crystallite
size while increasingφ is somehow expected since the tetram-
ethylene oxide units inserted along the poly(oxymethylene)
chains should act as microstructural defects, which disturb the
chain regularity and therefore limit the extent of crystallization.
Besides, using a 1D two-phase model to describe the semicrys-
talline organization of the TOX/DXP copolymers, the typical
size of the amorphous regions,La, can be related to the crystallite
sizeLc according to the equationLc(ø-1 - 1). Using forLc and
ø the values ofL105 andøWAXS determined by WAXS measure-
ments, the characteristic lengthLa is found to increase from
3.6 to 8.9 nm as the DXP content is raised from 3 to 30 wt %.
Because of the existence of the constrained amorphous phase,
these values should be considered as upper limits ofLa.

More surprisingly, as can be seen in Figure 2, a shift of the
100 reflection toward low angle values is observed when the
overall DXP content is raised from 3 to 30 wt %. This feature

indicates that thea (andb) parameters of the trigonal cell are
increased by the insertion of tetramethylene oxide units along
the poly(oxymethylene) chains (see Figure 5). It has to be
remarked that this variation ofa (and b) as a function of the

Figure 3. Variation of the crystallinity of the TOX/DXP copolymers
deduced from WAXS experiments,øWAXS, as a function of the overall
DXP weight fraction,φ.

Lhkl ) Kλ
âhkl cosθhkl

(1)

Figure 4. Influence of the DXP content of the TOX/DXP copolymers
on the apparent crystallite size,Lhkl, estimated with the Bragg diffraction
peak related to the{105} crystallographic planes using the Scherrer
equation.

Figure 5. Evolution with the copolymer composition of (a) thea-axis
length, (b) thec-axis length, and (c) the volumeV of the trigonal cell
related to the trigonal form of the TOX/DXP systems.
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copolymer compositionφ goes beyond the error bars on this
parameter. In contrast, the crystallographic parameterc, deduced
from the 105 reflection, is found to be nearly unchanged, within
the error bars, as the DXP content varies, thus implying that
the cell volumeV is increased by the introduction of tetram-
ethylene oxide units.

3.1.3. Static1H NMR Relaxation Measurements.Comple-
mentary information about the bulk organization displayed by
the TOX/DXP copolymers in the solid state can be derived from
proton relaxation measurements. These experiments were carried
out on the same samples as the ones used for DSC and WAXS
investigations. Figure 6a shows the results of the1H spin-lattice
relaxation time,T1(1H), experiments performed on the different
TOX/DXP systems. The quantityA(τ) holds for the amplitude
of the 1H magnetization following the inversion-recovery
experiment, when selectingτ as the relaxation delay, andA0

stands for the equilibrium value of the1H magnetization (A0 )
A(τ . T1)). For each copolymer, the variation of the relaxation
signal [A0 - A(τ)]/A0 with the recovery timeτ can be described
by a single-exponential decay: this feature indicates that the
magnetization related to amorphous domains and the one related
to crystallites equilibrate by1H spin-diffusion over theT1(1H)
time scale. In other words, the typical size of both amorphous
and crystalline domains is smaller than the1H spin-diffusion
length scalel involved in theseT1(1H) experiments.l can be
estimated using the following equation:

whereD stands for the spin-diffusion coefficient. An upper limit
for the value can be obtained using the spin-diffusion coefficient
related to the crystalline phase of the copolymers. To our
knowledge, no data concerning the spin-diffusion coefficient
of both crystalline and amorphous phases of POM have been
reported. A rough but reasonable approach consists in consider-
ing the spin-diffusion coefficient determined on poly(ethylene
oxide): DC ≈ 0.28 nm2 ms-1 for the crystalline phase andDA

≈ 0.15 nm2 ms-1 for the amorphous phase.19 Then, in the TOX/
DXP copolymers, amorphous domains as well as crystallites
are estimated to be smaller than about 30-70 nm.

The dependence of theT1(1H) relaxation time on the DXP
weight fraction used for the copolymerization reactions is
reported in Figure 6b. As can be seen, the introduction of
tetramethylene oxide units induces a strong decrease of theT1-
(1H) value, and more precisely, the variation of the relaxation
rate [1/T1(1H)] as a function ofφ is linear over the composition
range considered. The observed decrease of theT1(1H) value
with the DXP content is qualitatively consistent with the
reduction of the crystallinity of the TOX/DXP copolymers. If
full equilibration of the 1H magnetization due to1H spin-
diffusion between both amorphous and crystalline phases over
theT1(1H) time scale occurs, then the corresponding relaxation
rate [1/T1(1H)] can be expressed as a function of the intrinsic
[1/T1(1H)] values of the amorphous (A) and crystalline (C)
regions:

fA and fC ) 1 - fA hold for the molar fractions of protons
contained in the amorphous and crystalline domains, respec-
tively. Considering a series of high-density, linear polyethylene
samples, Packer et al. demonstrated thatfC is related to the
crystallinity ø by the simple relation

with a being a constant.20 According to the DSC or WAXS
experiments described in the previous sections, the degree of
crystallinity of the TOX/DXP copolymers, eitherøWAXS or øDSC,
may be considered as a linear function of the DXP weight
fraction,φ (see Figure 1c or Figure 3). Therefore, by combining
eqs 3 and 4 and the linear variation oføWAXS or øDSC with φ,
one may account for the linear dependence of the relaxation
rate [1/T1(1H)] with the DXP content, observed in Figure 6b.

It is also of interest to consider the proton spin-lattice
relaxation time in the rotating frame,T1F(1H). Indeed, the1H
spin-diffusion length relevant in theseT1F(1H) experiments,
given by

is much smaller than the spin-diffusion length involved inT1-
(1H) measurements. Therefore, theT1F(1H) relaxation time is a
way to probe the bulk organization displayed by the TOX/DXP
copolymers at a lower length scale. The spin-lattice relaxation
data in the rotating frame for the protons of the TOX/DXP
systems are plotted in Figure 7. Here, the quantityA(τ) denotes
the amplitude of the1H magnetization following the spin-lock
experiment, withτ as the spin-lock time, whileA0 corresponds
to the 1H magnetization at equilibrium. Clearly, for all these
samples, the variation ofA/A0 as a function of the1H spin-lock
time,τ, displays a significant deviation from a monoexponential
behavior. For DXP weight fractions ranging from 3 to 30 wt
%, theT1F(1H) relaxation signal can satisfactorily be fitted by

Figure 6. (a) Proton spin-lattice relaxation in the laboratory frame,
measured at room temperature on the TOX/DXP copolymers, character-
ized by different dioxepane weight contents:φ ) 3 (2), 10 (9), 20
(b), and 30 wt % (1). A(τ) holds for the amplitude of the proton
magnetization following the inversion-recovery experiment, withτ
asT1(1H) relaxation delay;A0 stands for the proton magnetization at
full equilibrium, under the static NMR magnetic fieldH0. The solid
lines represent the linear fits for the different series of data. (b)
Composition dependence of the corresponding proton spin-lattice
relaxation time in the laboratory frame,T1(1H).

l ) [6DT1(
1H)]1/2 (2)

[1/T1(
1H)] ) fA[1/T1(

1H)]A + fC[1/T1(
1H)]C (3)

fC ) ø + a (4)

l ) 1/2[6DT1F(
1H)]1/2 (5)
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using two exponential components. The values of the short
apparentT1F(1H) component range from 1.5 to 2.9 ms, while
theT1F(1H) related to the long apparent component varies from
14.3 to 46.3 ms. The deviation from a monoexponentialT1F-
(1H) relaxation function observed for each of the TOX/DXP
copolymers implies that the1H magnetizations related to the
crystallites and to the amorphous regions do not fully equilibrate
by 1H spin-diffusion over the time scale given by the shorter
T1F(1H) value.

Depending on the intrinsicT1F(1H), the typical domain size,
and the spin-diffusion coefficient for both crystalline and
amorphous regions, theT1F(1H) relaxation function may consist
in more than two exponential components. As a result, the
assignment of the short and long apparent components of the
T1F(1H) relaxation data to morphologically distinct regions of
the sample (amorphous and crystalline domains, for instance)
is not systematically possible.21 Here, for each copolymer, the
T1F(1H) data can satisfactorily be described using two compo-
nents (Figure 7), and no attempt was done to improve the data
fit by adding additionalT1F(1H) components. However, such a
result does not necessarily imply that amorphous and crystalline
domains can be considered as independently relaxing regions.
Moreover, for the TOX/DXP copolymers, a significant differ-
ence between the relative amplitude of both apparentT1F(1H)
components and the crystallinity of the TOX/DXP copolymers
deduced from DSC or WAXS experiments is observed. In
particular, the relative amplitude associated with the longerT1F-
(1H) decay is systematically higher than the degree of crystal-
linity. This result indicates that1H-driven spin-diffusion cannot
be neglected over the apparentT1F(1H) time scale, and the
assumption of independently relaxing domains is not correct in
the present case. At this stage, it is worth noting that the1H
spin-diffusion coefficientDA related to the amorphous phase
of the TOX/DXP copolymers should be rather small. An order
of magnitude forDA may be obtained using the line width of
the narrow component observed on the1H NMR spectra. With
a typical half-height line width of 240 Hz measured on the1H
NMR MAS spectra recorded at a spinning speed of 5 kHz and
using the method proposed by Mellinger et al.,22 DA was
estimated to 0.18 nm2 ms-1. Even though this value should be
considered as a rough estimate since the1H half-height line
width, instead of theT2(1H) value of the amorphous phase, was
used, it indicates that the1H spin-diffusion length involved in
the amorphous domains over the apparentT1F(1H) time scale
should be rather limited. However, although the spin-diffusion

coefficientDA of the amorphous phase is relatively small, the
small size of both crystalline (Figure 4) and amorphous regions
(see section 3.1.2) should favor the influence of1H-driven spin-
diffusion on theT1F(1H) relaxation data. Therefore, because of
1H spin-diffusion, there is not an exact correspondence between
the protons involved in both apparentT1F(1H) components and
the protons located in crystalline/amorphous domains.

Even though the amplitude of these two apparentT1F(1H)
components cannot be used to get an absolute quantification of
the protons involved in both amorphous and crystalline phases
of the TOX/DXP copolymers,21 it is of interest to note that the
amplitude of the faster apparentT1F(1H) component increases
from 10% to 41% as soon as the DXP content is raised from 3
to 30 wt %. Since the crystallinity decreases with the DXP
content (see Figures 1c and 3), this feature may suggest that
the fast (long) apparentT1F(1H) component is associated with a
dominant amount of amorphous (crystalline) domains. This
result is in agreement with the assignment of bothT1F(1H)
components in neat poly(oxymethylene), proposed by Veeman
et al.23 At this stage, it is interesting to consider the relatively
small value of the short apparentT1F(1H) (1.5 to 2.9 ms,
depending on the TOX/DXP copolymer) in terms of motional
processes in the amorphous phase. These motions are fast
enough to average the1H-1H dipolar interactions to about a
few hundred hertz, as evidenced by the line width of the narrow
component observed on the1H MAS NMR spectrum of the
copolymers, recorded at a spinning speed of 5 kHz. Moreover,
at room temperature (i.e., more than 50°C above the glass
transition temperature of the copolymers), the segmental motions
in the amorphous phase should exhibit frequencies much higher
than the upper-kilohertz region. Thus, the contribution from the
R-relaxation process should be rather small in the upper-
kilohertz range, at room temperature, andT1F(1H) should be
rather long in the amorphous phase. Therefore, the short apparent
T1F(1H) value is very likely associated with the constrained
amorphous or interfacial regions of the copolymers.

Last, the protons involved in the long apparentT1F(1H) value
detected on the TOX/DXP copolymers for instance are not
necessarily restricted to the protons of the monomer units
forming the crystallites, even though these protons should be
dominant. Protons from the constrained amorphous phase and,
to a lower extent, protons from the amorphous phase and located
in the direct vicinity of the constrained amorphous regions may
also be involved in the long apparentT1F(1H) component.

3.2. Localization of the Tetramethylene Oxide Units within
the Semicrystalline Copolymers. 3.2.1.13C CP/MAS/DD
NMR Spectra of the TOX/DXP Copolymers.Figure 8 shows
the 13C CP/MAS/DD NMR spectrum of the TOX/DXP(80/20)
copolymer. The1H f 13C CP contact time used for this
experiment is of 1 ms. Four peaks can be observed in this
spectrum.

Figure 7. Proton spin-lattice relaxation in the rotating frame, observed
at room temperature on the TOX/DXP copolymers related to a
dioxepane content ofφ ) 3 (2), 10 (9), 20 (b), and 30 wt % (1).
A(τ) corresponds to the amplitude of the proton magnetization after
the 90° spin-lock experiment,τ holding for the spin-locking duration.
The dataA(τ) were normalized byA0, the proton magnetization at
equilibrium. The solid lines stand for the fits of the experimental data
by the sum of two monoexponential components.

Figure 8. 13C CP/MAS/DD spectrum of the TOX/DXP copolymer
characterized by a DXP content of 20 wt %. The contact time was set
to 1 ms and the spinning speed to 5 kHz. The asterisks stand for the
first-order spinning sidebands related to the resonance occurring at
89.0 ppm, these sidebands being of rather low intensity.
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The line at 89.0 ppm, also present in the13C NMR spectrum
of neat poly(oxymethylene), arises from the carbon of the-O-
CH2- units that are directly connected to other-O-CH2- units
((MO)(MO)(MO) sequences). In the solid state of neat poly-
(oxymethylene),24 this resonance line consists of two overlap-
ping contributions: one located at 89.0 ppm, related to the
methylene carbons of (MO)(MO)(MO) sequences involved in
the crystalline domains; one occurring about 1 ppm downfield,
attributed to the methylene carbons of (MO)(MO)(MO) se-
quences located in the amorphous domains. However, these two
lines strongly overlap and are hardly distinguishable. They have
been observed by using techniques that accentuate the spectral
contribution of the amorphous phase, such as the use of aT2-
(1H) filter.24 In the 13C NMR spectrum of the TOX/DXP(80/
20) copolymer, the half-height line width of the13C NMR peak
related to the MO units of the (MO)(MO)(MO) sequences
involved in the crystallites is of the order of 2 ppm. As a result,
the two contributions associated with the amorphous and
crystalline domains and separated by 1 ppm are not discernible.
This is also the case for all the other TOX/DXP copolymers
considered in this study.

A first feature that may explain the difficulties to clearly
observe the signature of the MO units in the amorphous phase
on the13C CP/MAS/DD spectra is the high propensity of these
units to form crystalline domains, thus minimizing the contribu-
tion from the noncrystalline regions. However, as the DXP
content is raised to 30 wt %, the significant reduction of the
crystallinity does not permit to observe a clear contribution of
the MO units located in the amorphous phase. This result
indicates that additional features may be responsible for the
difficulties to detect the amorphous MO units: the rather low
1H f 13C CP transfer efficiency (in contrast with the crystalline
regions), induced by the high segmental mobility within the
amorphous phase at room temperature, combined with the lower
intrinsic T1F(1H) value of the amorphous phase (compared to
the longerT1F(1H) of the crystallites). Moreover, in the case of
the TOX/DXP copolymers, a13C NMR resonance occurring at
93.3 ppm makes the observation of the MO units of the (MO)-
(MO)(MO) sequences located in the amorphous phase more
difficult as φ increases. This resonance at 93.3 ppm can be
assigned to the carbons of methylene oxide units connected, at
least, to one tetramethylene oxide monomer unit. This assign-
ment is based on the distribution of pentad sequences centered
around a MO unit, as probed on the same copolymer, by13C
NMR experiments in solution (see Table 3).

The peaks occurring at 69.6 and 28.2 ppm in Figure 8 are
assigned to theR- andâ-methylene carbons of the tetrameth-
ylene oxide monomer units, respectively. These values are quite
close to the chemical shifts of neat poly(tetramethylene oxide)
(PTMO): Hirai et al.25 measured13C chemical shifts for PTMO
at 273 K, equal to 72.9 ppm (70.9 ppm) and to 28.3 ppm
(27.0 ppm) forR- and â-methylene carbons involved in the
crystalline (amorphous) domains of semicrystalline PTMO.
Schmidt et al.26 reported similar values for the PTMO blocks
of poly(butylene terephthalate)/PTMO block copolymers at room
temperature: 72.5 ppm (71.0 ppm) for theR-methylene carbons
in crystalline (amorphous) domains, while the resonance of the
â-methylene carbons, which overlaps with the line related to
the internal methylene groups of the poly(butylene terephthalate)
blocks, was located at 27.5 ppm.

The comparison of the13C chemical shift values related to
the T units of the TOX/DXP copolymers could be a straight-
forward way to determine whether some of these units are
inserted within the crystalline phase or are located in the

amorphous phase only. However, PTMO crystallizes in the all-
trans, planar zigzag conformation27,28 while in neat POM,
polymer chains display the 95 helical conformation.14-16 There-
fore, if T units are inserted within the crystalline domains, their
conformation may differ from the all-trans one. Then, the13C
chemical shift of the resonances related to PTMO crystalline
domains may not be the proper reference to interpret the13C
chemical shift values of the T units in the TOX/DXP copolymers
in terms of location of these units within the crystalline phase.
In addition, each T unit is necessarily connected to one MO
unit, and this feature should affect the13C chemical shift values
of the T units, whatever their location within the crystalline or
amorphous regions. For all these reasons, the13C chemical shift
measured on the T units of the TOX/DXP copolymers cannot
be used to determine whether some of these units can be inserted
within the crystalline domains. The same conclusions hold for
the MO units directly connected to T units (13C NMR peak
occurring at 93.3 ppm). Consequently, in the following,13C-
detected1H spin-lattice relaxation time in the rotating frame
(T1F(1H)) measurements will be carried out to probe the location
of the T units within the semicrystalline organization displayed
by the TOX/DXP copolymers.

3.2.2. 13C-Detected T1F(1H) Measurements. The 13C-
detectedT1F(1H) determinations take advantage of the contrast
between the carbons related to methylene oxide and tetrameth-
ylene oxide monomer units, in terms of13C chemical shifts. In
these experiments, a contact time of 100µs was used for the
1H f 13C cross-polarization step. The variation of the integral
A of the 13C NMR peak at 89.0, 69.6, and 28.2 ppm with the
proton spin-lock time,τ, is shown in Figure 9. In the case of
the resonance at 89.0 ppm, the area was calculated between
76.0 and 107.0 ppm, thus including the contribution from the
peak at 93.3 ppm. Whatever the resonance considered, theT1F-
(1H) decay is not monoexponential. It can be described in terms
of a sum of two monoexponential functions withT1F(1H) values
of the order of 2-3 and 21 ms, very close to theT1F(1H) values
determined from the directT1F(1H) experiments.

As can be seen in Figure 9b,c, theT1F(1H) relaxation curves
determined on the integral of the13C resonances at 69.6 and
28.2 ppm, related to the outer and inner methylene carbons of
the T units, respectively, are nearly superposable, as expected
since the two carbon types belong to the same T units. In
contrast, theT1F(1H) decay of the 89.0 ppm line differs from
the T1F(1H) decays observed for the two other lines. TheT1F-
(1H) values are identical for the three lines, but the relative
amplitude of the shorter apparentT1F(1H) component, associated
with the intrinsic T1F(1H) of the amorphous phase, is much
higher for the T units than for the MO units (53% for the T
units, against 18% for the MO units).

Let us first remark that the resonance at 93.3 ppm should
contribute to the short apparentT1F(1H) component observed
in Figure 9a. However, this contribution is rather weak: the
corresponding area, estimated on the13C-detectedT1F(1H)
measurements recorded with a1H spin-lock duration of 20µs,
represents about 6% of the total areaA between 76.0 and
107.0 ppm. A similar value was obtained using a deconvolution
procedure and a “cut and weight” method. As a result, the
integral of the13C peak at 93.3 ppm is not high enough to
account for the relative amplitude related to the fasterT1F(1H),
which is of about 18% (Figure 9a). The remaining contribution
to the short apparentT1F(1H) component should include central
methylenes in (MO)(MO)(MO) sequences.

A first feature that may rationalize the difference between
the behavior of the MO and T units is the differences in the
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partitioning behavior between the T and MO units within the
semicrystalline TOX/DXP(80/20) copolymer. Indeed, acting as
microstructural defects along the POM chains, a significant part
of the T units should be located in both amorphous and
interfacial regions, and this fraction should be at least larger
than the one related to the MO units, which display a high
tendency to participate to crystalline regions, when involved in
sufficiently long (MO)(MO)...(MO)(MO) sequences. As a result,
even though there is not a direct correlation between the different
apparentT1F(1H) components and the morphologically distinct
regions of the TOX/DXP(80/20) copolymer, the difference in
the partitioning of the T and MO units may give rise to a higher
relative amplitude of the shorterT1F(1H), close to the intrinsic
T1F(1H) of the amorphous phase.

Another feature may also account for the higher relative
amplitude of the faster apparentT1F(1H) component observed
on the T units. In these random copolymers, the T units are
quite isolated along the copolymer chains, as demonstrated by
13C NMR experiments in solution (see Table 3), and at room
temperature (i.e., well above the glass-transition temperature
of the amorphous phase of the copolymer), the segmental

mobility should be nearly identical for both kinds of units,
resulting in similar1H-13C dipolar couplings. Therefore, under
these conditions, the1H f 13C cross-polarization efficiency for
the carbons of MO and T units in the amorphous phase should
be very similar, and the same remark is valid for the constrained
amorphous phase. Even though these units share the same
segmental mobility, variations in these dipolar couplings may
be induced by the differences in the local chemical structure of
each carbon type: two oxygen atoms for the MO unit carbons,
one oxygen atom and one methylene group for theR-methylene
carbons of the T units, and two methylene groups for the
â-methylene carbons of the T units. However, the13C CP/MAS/
DD NMR spectra recorded on the TOX/DXP(80/20) copolymer
for contact times ranging between 20µs and 8 ms display
identical area for both resonances of the T units. Thus, these
observations tend to demonstrate that the occurrence of one or
two methylene group(s) as direct neighbors along the chains
does not lead to detectable differences in the averaged1H-13C
dipolar couplings of both types of T unit carbons. One may
reasonably extrapolate this result to the MO unit carbons,
surrounded by two oxygen atoms. Under this assumption, if
the T and MO units exhibited identical concentration profiles
in the amorphous phase, theT1F(1H) relaxation curves deter-
mined using the integrals of the resonances occurring at 28.2,
69.6, and 89.0 ppm should be similar. This is not the behavior
observed experimentally, which may suggest that the concentra-
tion profile for the T units in both amorphous and interfacial
regions should differ from the one of the MO units. In particular,
one may suggest that the concentration of T units progressively
increases going from the amorphous phase toward the con-
strained amorphous regions. As the segmental dynamics is
slowed down from the amorphous phase toward the interfacial
regions, an increase of the corresponding1H-13C dipolar
couplings, and thus of the1H f 13C cross-polarization ef-
ficiency, should occur. If the spatial distribution of the T units
displays a progressive increase from the amorphous zones
toward the interfacial regions, the global13C contribution from
the T units located in both amorphous and constrained amor-
phous phases will be higher than the one of the MO units. This
feature is in agreement with the higher relative amplitude of
the fasterT1F(1H) component observed on the T units. Besides,
the1H-driven spin-diffusion process leads to a varying amplitude
of the longer apparentT1F(1H) component within the semicrys-
talline morphology. This1H relative polarization should decrease
from the crystalline regions toward the amorphous domains,
with intermediate values in the interfacial zones. Thus, if the T
units are clustered in the interfacial regions, the corresponding
apparent fraction of the fasterT1F(1H) component will be larger
than the one related to the MO units. In this respect, the
differences in the amplitude of the fasterT1F(1H) component
observed in Figure 9 would be compatible with a location of
the T units at the interface between crystalline and noncrystalline
regions.

From another point of view, Figure 9b,c shows that the T
units also contribute to the longer apparentT1F(1H) component.
Here, it is important to remind that the protons involved in the
long apparentT1F(1H) component are not restricted to the ones
located in the crystalline regions. Because of1H-driven spin-
diffusion, the protons of the chain segments constituting the
constrained amorphous phase and some protons from the
amorphous phase, just in the vicinity of the constrained
amorphous domains, should also be considered as contributing
to the longer apparentT1F(1H) component. For this reason, the
occurrence of the long apparentT1F(1H) component on theT1F-

Figure 9. 13C-detected1H spin-lattice relaxation in the rotating frame
obtained on the different13C NMR peaks of the TOX/DXP(80/20)
copolymer: (a) resonance at 89.0 ppm (carbons of methylene oxide
units directly connected to other-CH2-O- units); (b) and (c)
resonances at 69.6 and 28.2 ppm (R- andâ-methylene carbons of the
tetramethylene oxide units).A(τ) stands for the13C peak integral
obtained withτ as a1H spin-lock duration andA0 ) A(τ ) 0 ms). For
these experiments, the contact time used for the1H f 13C cross-
polarization step was set to 100µs.
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(1H) relaxation curves reported in Figure 9b,c implies that some
tetramethylene oxide units are located either in the crystallites
of the TOX/DXP(80/20) copolymer or in the constrained
amorphous phase surrounding the crystallites. As a first ap-
proximation, one may neglect the contribution of the protons
of the amorphous phase that could potentially be involved in
the long apparentT1F(1H) component. Because of the low1H
f 13C CP efficiency in the amorphous phase, the13C contribu-
tion at 69.6 and 28.2 ppm due to these protons following the
short CP transfer (contact time of 100µs) is very small. This
conclusion is supported by the comparison of13C CP/MAS/
DD NMR spectra of the TOX/DXP(80/20) copolymer recorded
for various contact times. No variation in the line shape of the
13C NMR peaks related to the T units is detected as the1H f
13C CP contact time is raised from 20 to 100µs. Consequently,
one can confidently consider that a contact time of 100µs is
short enough to neglect the response from the T units in the
amorphous domains on the13C NMR spectra of the TOX/DXP-
(80/20) copolymer.

As mentioned above, the13C NMR spectra obtained in a13C-
detectedT1F(1H) experiment with a1H f 13C CP contact time
of 100 µs are dominated by the contribution from both
crystalline and interfacial regions. It is worth noting that the
13C line shape related to both T unit resonances remains nearly
unchanged as the1H spin-lock timeτ is raised from 20µs to
25 ms. Let us first make the assumption that, in addition to the
T units located in the interfacial zones, including the crystalline
side of the crystalline/noncrystalline interfaces, a significant
amount of T units is also incorporated in the crystalline phase.
The 13C NMR line shape of the resonances resulting from the
T units potentially incorporated in the crystallites is expected
to differ from the one of the T units involved in the interfacial
zones. Indeed, even though the T units potentially inserted in
the crystallographic lattice do not display a POM-like helical
conformation but adopt a different conformation, the difference
in the interchain packing (and in the conformational behavior)
should result in a distinct13C NMR line for T units in the
crystallites and the ones at the interfaces. As a result, in the
13C-detectedT1F(1H) experiments, the13C line shape of the T
unit resonances should essentially correspond to a linear
combination of the13C line shape resulting from the interfacial
zones and the one related to the T units in the crystallites.
Therefore, as the1H spin-lock is varied from values small
compared to the apparent fasterT1F(1H) to values much higher
than the fasterT1F(1H), a variation in the line shape of the13C
resonances at 69.6 and 28.2 ppm should be observed. This is
not the case experimentally, which implies that the total amount
of T units in the crystallites must be quite small. Of course, we
cannot conclude that all the T units are only restricted to the
interfacial regions, and the occurrence of a decreasing gradient
of the T unit concentration from the crystallite surfaces toward
the inner crystallites cannot be discarded. In contrast, the shape
of the 13C resonance at 89.0 ppm gets narrower as soon as the
1H spin-lock time is increased from 20µs to 25 ms. Such a
change results from the decreasing relative contribution of a
relatively wide signal, at the bottom of the13C line, that may
be more easily observed for short1H spin-lock times. In
particular, this relative decrease can be detected in the downfield
side of the13C NMR peak at 89.0 ppm, which does not display
any overlap with another peak, in contrast with the upfield part.
This result may be attributed to the contribution of MO units
in both interfacial and crystalline regions: as the1H spin-lock
time increases, the13C resonance at 89.0 ppm is more and more
dominated by the contribution from the MO units located in

the crystalline domains, which display a narrower line shape
than the MO unit carbons of the interfacial regions. In addition,
this feature validates the assumption that the13C line shape
related to carbons in the interfacial zones should differ from
the line shape of carbons in the inner crystalline regions.

An additional observation should be mentioned. Considering
the 13C NMR peak related to the carbons of the (MO)(MO)-
(MO) sequences involved in the crystalline regions, it is clear
that no change in the13C chemical shift value of this peak
(89.0 ppm) is detected whenφ is increased from 3 to 30 wt %.
Similarly, the half-height line width of this peak (about
135 Hz) does not vary with the copolymer composition. These
two observations suggest that the helical conformation displayed
by the MO units in the crystalline regions is not affected by
the incorporation of T units along the copolymer chains. This
result is consistent with a preferential location of the T units in
the interfacial regions, rather than a uniform spatial distribution
within the crystalline domains.

In summary, in the TOX/DXP(80/20) copolymer, a large part
of the T units is expected to be located in the amorphous phase.
The combination of the different NMR observations previously
discussed tends to indicate that the remaining fraction of T units
is mostly located in the interfacial regions with the amorphous
domains, including the crystalline side of the crystalline/
noncrystalline interfaces. Of course, the concentration profile
for the T units from the interfacial zones toward the crystallites
may display a continuous decrease. However, our experiments
indicate that even if some T units may be incorporated in the
crystalline domains, these units are far from being dominant.

The 13C-detectedT1F(1H) experiments have been carried out
for all the other TOX/DXP copolymers, characterized byφ )
3, 10, and 30 wt %. All these copolymers exhibit a behavior
which is very close to the case of the TOX/DXP(80/20)
copolymer behavior. In this context, one interesting question
concerns the concentration of T units in the interfacial and
crystalline regions of the TOX/DXP copolymers and its
comparison with the overall concentration of T units involved
in the copolymer synthesis. In order to obtain a13C NMR
spectrum of both interfacial and crystalline regions, we have
used a delayed CP pulse sequence with (i) a very short contact
time of 100µs and (ii) a long1H spin-lock time of 10 ms (.[T1F-
(1H)]s, value associated with the intrinsicT1F(1H) of the
amorphous domains). Moreover, we have taken advantage of
the similar values of the so-called cross-relaxation time constant
TCH that should be displayed by the different carbons of both
MO and T units located in the interfacial regions (and, similarly,
in the crystalline phase). Therefore, the ratior, defined as

A(i) standing for the area under the13C NMR resonance linei,
may be used to estimate the ratio of the T units over the total
number of monomer units (MO or T units), in the crystalline
and interfacial phases. The dependence of this parameterr on
the overall fraction æ of T units within the TOX/DXP
copolymers is reported in Figure 10a. Clearly, the concentration
of T units in the interfacial regions and in the crystalline phase
increases with the fraction of dioxepane introduced during the
copolymerization. The propensity for the T units to be inserted
at the noncrystalline/crystalline interfaces or within the crys-
tallites of the TOX/DXP copolymers can be quantified using
the so-called partitioning coefficient,PCI/CR. In our case, this

r )
0.25[A(28.2 ppm)+ A(69.6 ppm)]

0.25[A(28.2 ppm)+ A(69.6 ppm)]+ [A(89.0 ppm)+ A(93.3 ppm)]
(6)
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parameter corresponds to the ratio of the concentration of T
units in the crystalline phase and in the surrounding interfacial
zones over the concentration of T units in the copolymer. Our
solid-state 13C NMR experiments permit to determine the
coefficientPCI/CR (PCI/CR ) r/æ) for each copolymer, and the
resulting PCI/CR(æ) variation is shown in Figure 10b. The
partitioning coefficientPCI/CR related to the T units is close to
1 in the TOX/DXP(97/03) copolymer, within experimental
accuracy. It decreases toward a constant value of 0.40 as soon
as the DXP content used for the copolymerization is raised.
Therefore, this result indicates that, as the global concentration
of T units within the TOX/DXP copolymers increases, their
insertion in both interfacial and crystalline phases seems to be
more and more difficult, and these units are preferentially
localized in the free amorphous phase.

At this stage, it is important to notice that the interpretation
of the decreasing behavior ofPCR/CI(æ) should not be based on
thermodynamic arguments only but should also include kinetic
considerations since the TOX/DXP copolymers studied in this
work may be out of equilibrium. Indeed, in the range of DXP
content considered, the copolymer chains crystallize in a few
tens of seconds during the synthesis. Therefore, one may
imagine that the crystallization process is so fast that a
significant amount of T units are “trapped” in the interfacial
and crystalline regions. The amount of these “trapped” T units,
which is expected to modulate the value of their partitioning
coefficient PCR/CI, and its dependence on the DXP weight
fraction should depend on the crystallization kinetics of the
different copolymers during their synthesis. The difference of
crystallization kinetics during the copolymerization is far from
being obvious to observe experimentally and cannot be discussed
by considering simple parameters as the induction period
measured during the copolymer synthesis (Table 2), since as

soon as the DXP content is increased above 10 wt %, a gel
formation before crystallization is observed. To discuss the
thermodynamic and/or kinetic contributions to the observed
composition dependence ofPCR/CI in more detail, it would be
useful to probe the influence of the crystallization conditions
on thePCR/CI(æ) variation. In particular, it would be of interest
to carry out thePCR/CI determination on slowly cooled TOX/
DXP copolymers from their molten state. However, for this
purpose, the samples have to be heated above 200°C, left at
this temperature for about 10-15 min, and then slowly cooled.
According to our DSC experiments, such a procedure leads to
a degradation of the samples, which would not necessarily be
the same for all the TOX/DXP copolymers, depending on the
DXP content.

4. Discussion and Conclusions

The TOX/DXP copolymers considered in this work offer a
good avenue to investigate the morphological partitioning of
linear units, namely tetramethylene oxide units, acting as
structural defects inserted along linear chains of a semicrystalline
homopolymer (poly(oxymethylene) chains in this case). This
situation differs somehow from the case where the comonomer
introduces branches along the main chain.5,7-10

The overall concentration of T units within the copolymers
investigated remains quite limited, since it ranges from 0.9 to
10.0 mol %. In addition, the T units should be rather isolated
along the copolymer chains. Indeed, a T unit cannot be directly
connected to another one, since it would involve a highly
unstable carbonium ion,-O-CH2-CH2-CH2-CH2

+, as a
propagating center during the copolymerization.29 In addition,
13C NMR characterizations of the TOX/DXP copolymers in
solution have shown that the contribution of T units separated
by only one or two MO units is nearly negligible (see Table 3).
As expected, these “isolated” defects induce a significant
decrease of both crystallinity and crystallite size in the TOX/
DXP copolymers, as the DXP content used during the synthesis
is raised. Our solid-state NMR investigations have demonstrated
that a fraction of these T units are inserted within the crystallites
and/or in the regions at the interface between the crystalline
and the amorphous phases. More precisely, in the scheme that
emerges from the analysis of the NMR data, the T units tend to
concentrate in the interfacial zones, on either the disordered or
ordered side of the noncrystalline/crystalline interface. Of course,
the occurrence of T units in the interior of the crystallites cannot
be discarded, but their amount should be quite low. This limited
amount of potential crystallographic defects may explain that,
for all the TOX/DXP copolymers considered, the crystal-
lographic lattice remains the same as the one observed in neat
poly(oxymethylene), even though neat POM and neat PTMO
give rise to different kinds of crystallographic lattices.14-17,27,28

Another interesting feature concerns the variation of the
crystallographic cell parameters observed as the overall DXP
content of the TOX/DXP copolymers is changed. Indeed, as
can be seen in Figure 2, the Bragg diffraction peak occurring
at 2θ ) 23.25°, which can be assigned to the{100} lattice planes
of the hexagonal lattice, shifts toward low angles as the DXP
content in the copolymer is increased above 3 wt %. Even
though a broadening of this peak also occurs asφ is raised,
nearly no diffraction signal remains at the location of the same
diffraction peak, measured on the TOX/DXP(97/03) copolymer.
This result suggests that the incorporation of T units along the
poly(oxymethylene) chains induces a distortion of the crystal-
lographic unit cells forming the copolymer crystallites: no
undistorted POM crystallites were detected. The13C NMR

Figure 10. (a) Correlation between the concentrationr of tetrameth-
ylene oxide (T) units in the interfacial and crystalline regions and the
global molar fractionæ of T units in the TOX/DXP copolymers. (b)
Dependence of the partitioning coefficientPCI/CR of the T units with
the global copolymer compositionæ.
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investigations performed on the TOX/DXP copolymers have
shown that a part of the T units are located in the interfacial
regions, on the disordered side of the interface (constrained
amorphous phase), and/or on the crystalline side (unit cells at
the surfaces of the crystallites). In this context, in order to
rationalize the expansion of all the crystallographic unit cells,
it is important to remark that the crystallites occurring within
the TOX/DXP copolymers are rather small: from the WAXS
experiments, the apparent crystallite size was found to decrease
from 8.7 to 5.5 nm as the DXP content increases from 3 to
30 wt %. This means that the number of crystallographic cells
along one direction would be of the order of 3-5 only if the
c-direction is considered and 12-20 when the a-axis is
considered. As a result, if a T unit is incorporated in the
crystalline side of the noncrystalline/crystalline interfaces, a
distortion of the nearest crystallographic cells may occur. Such
a distortion may easily propagate through all the crystalline cells
due to the rather small crystallite size observed on the TOX/
DXP copolymers. Similarly, if the average volume occupied
by a T unit is higher than the one related to two or three MO
units, the T units that are located in the disordered side of the
interfacial regions may also induce constraints on the crystalline
cells in their close surrounding and would thus contribute to
the expansion of the crystallographic cells forming the crystal-
lites. Last, it is worth noting that our13C NMR experiments
cannot exclude the occurrence of T units in the interior of the
crystallites, even though their amount should be much lower
than the one in the interfacial regions. Such T units, even not
numerous, would also contribute to the deformation of the
hexagonal lattice according to the same mechanism as before.

Last, our WAXS measurements demonstrate that the incor-
poration of T units in the interfacial regions and, to a lower
extent, in the interior of the crystallites leads to an increase of
the cell volumeV. However, the parameterc does not vary with
the molar fraction of T units, in contrast with the lattice
parametersa and b, which increase withæ. The 13C NMR
investigations performed in this work do not enable to discrimi-
nate unambiguously each side of the noncrystalline/crystalline
interfaces. However, in the case of a distortion of the crystal-
lographic lattice mostly induced by the incorporation of T units
in the crystallites (either at the surfaces or in the interior of
these crystallites), the composition dependence of the lattice
parametersa, b, and c may seem, at first glance, rather
surprising, taking into account the fact that, in neat poly-
(oxymethylene), the chains are organized in 95 helices, the axis
of which coincides with thec direction.14-17 Therefore, naively,
one could have expected that a T unit inserted within the
crystallites would also display a helical conformation around
thec-axis, thus tending to induce an increase of thec parameter,
a and b remaining nearly unchanged. This is not the trend
observed when considering the dependence ofa andc with the
copolymer composition. One possibility to interpret these
WAXS results is to consider that the T units (and maybe the
nearest-neighbor MO units along the considered copolymer
chains) would display a squeezed conformation, with respect
to the c-axis, in order to limit the disorder introduced in the
helical chain conformation by their insertion in the crystallites.
In such a scheme, the incorporation of T units in the crystal-
lographic cells should not strongly affect the value of the
parameterc, and therefore, the increase of the cell volumeV
induced by the substitution of methylene groups for oxygen
atoms should result in the increase of the parametera with the
DXP content.

5. Conclusions

Results obtained by solid-state NMR, WAXS, and DSC on
a series of TOX/DXP copolymers have shown that a large
amount of T units are located in the free amorphous phase. The
remaining T units tend to concentrate at the noncrystalline/
crystalline interface. These T units can be localized either on
the disordered side of the interface, i.e., in the constrained
amorphous phase, or on the crystalline side, i.e., in the crystalline
cells at the crystallite surfaces. The occurrence of T units in
the interior of the crystallites, through a decreasing gradient of
concentration from the interfaces toward the inner crystallites
for instance, cannot be discarded.

From the point of view of the structure-properties relation-
ship, the copolymerization of 1,3,5-trioxane with 1,3-dioxepane
is one of the strategies that has been selected to improve the
thermal behavior of neat poly(oxymethylene). The insertion of
T units along the chains results in a decrease of both degree of
crystallinity and crystallite size and thus in a decrease of the
mechanical performances of the corresponding copolymers. In
addition, the observed composition dependence ofPCI/CR sug-
gests that the pure amorphous phase will get richer in T units,
as the DXP content is increased from 3 to 30 wt %. As the
glass-transition temperature,Tg, in neat PTMO is much lower
than the one in neat POM, the resultingTg value of the
amorphous phase should decrease asæ is raised, inducing an
additional decrease of the mechanical performances of the TOX/
DXP copolymers. Thus, the results obtained suggests to use
the smallest DXP content compatible with the requirements
related to the thermal properties of these materials in order to
benefit from the localization of the highest amount of T units
in the interfacial and crystalline regions but also to restrict the
reduction of the crystallinity. In this respect, it would be
interesting to determine thePCI/CR(æ) variation for other types
of comonomers, ethylene oxide or 1,3-dioxolane namely. Indeed,
with 1,3-dioxolane as a comonomer for instance, the insertion
of a trimethylene oxide unit along the POM chains would
correspond, at the location of the insertion, to the substitution
of a methylene group for one oxygen atom. It should induce a
smaller perturbation than the one introduced by T units.
Therefore, investigating the influence of the nature of the cyclic
acetal comonomer on thePCI/CR(æ) variation would help to go
further in the optimization of these POM-based copolymers.
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