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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 mechanical properties of these materials. In particular, one of

Poly(oxymethylene) (POM), also known commonly as poly- the first questions to b_e addresged concer_ns_the possibility_ for
acetal, has been used as an engineering plastic since 1966_hese.comon9rr.1er units to be inserted within the crystglllne
Possessing high tensile, impact, and compression strength alongomains. If thls_l_s the case, the rel_evant effect to be considered
with good abrasion and wear resistance, it became a typicalthen is the partitioning of these units between both amorphous
alternative to metals for various applications in the automobile @nd crystalline regions. This effect is usually quantified by
and electronicsindustry as gear boxes and computer compdnients. means of the crystalline partitioning coefficieRcr, defined
Further household applications like door handles and toys as the ratio between the concentration of comonomer units
brought this p|astic r|gh[ into peop]e’s homes. within the Crystalline phase and the overall concentration of

Because of its regular chemical structure, POM usually these units in the whole semicrystalline copolyfmarPcr value
displays high degrees of crystallinity of about 65%, which is close to 0 indicates that the comonomer units considered tend
the highest crystallinity observed in performance polymers. The to be excluded from the crystalline lattice and should induce a
high crystallinity gives the polymer its excellent wear resistance significant reduction of both degree of crystallinity and crystallite
together with its high rigidity, tensile strength, and good sizes, thus affecting the mechanical performances of the
dimensional stability. corresponding material. In addition, the effective fraction of

On the other hand, POM homopolymers are thermally comonomer units located within the amorphous phase, also
unstable and tend to depolymerize, starting at the unstabledirectly related to the parametdicg, should influence the
hemiformal hydroxyl group liberating formaldehyde by an segmental mobility of amorphous polymer (sub)chains and, as
“unzipping” mechanism.One possible strategy to prevent this a consequence, the mechanical properties displayed by these
unzipping process consists in transforming the polymer chains copolymers. Of course, the situation is much more complex,
by a suitable end-capping methbén alternate way to obtain  and additional parameters have to be taken into account to get
thermally stable POM-based materials is to synthesize aa deep understanding of the structure/mechanical properties
copolymer by using trioxane with cyclic acetal comonomers relationships. In particular, for the amorphous phase, the
like ethylene oxide, 1,3-dioxolane, or 1,3-dioxepdne. copolymer microstructure, the interaction parameter between

For these copolymers mainly composed of methylene oxide both kinds of repeat units, and the glass transition temperature
units, the localization of the comonomer units within the of the homopolymers corresponding to each type of repeat units
semicrystalline organization displayed by the copolymers is a should be considered. As far as the crystalline part is concerned,
central feature since it should significantly influence the in addition to the crystallinity and the typical size of the

crystalline regions, the nature of the crystalline morphology

* Corresponding author: Tet33 1 49 78 13 08, Fax33 1 49 78 12 should also be considered. Indeed, for a copolymer constituted

08, e-nal lothior@giv-crsr. of A and B monomer units, a crystalline lattice of the same
£ CNRS-UMR 7610. nature as the one formed by a neat homopolymer of A (B) will
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Table 1. Comonomers Used and Corresponding Repeat Units in the Copolymers

Comonomers Copolymers: Repeat units
1,3,5-trioxane TOX ‘/ \| methylene oxide MO P
0._0 —CH,~0
A~
O O
1,3-dioxepane DXP U tetramethylene oxide T _
~cH,}o

the intermediate composition range, an intermediate crystalline large differences in the crystalline partitioning coefficient related
organization may be observed. Such a behavior has beento defects of similar size have been reported. In ethylene/vinyl
suggested in the case of ethylene and vinyl alcohol copoly- alcohol random copolymer®cr values very close to 1 have
mers: for vinyl alcohol contents ranging from 20 to 60 mol %, been obtained for the vinyl alcohol units, whatever the
a pseudohexagonal crystalline lattice was proposed, differing copolymer compositiof This result may suggest that no global
from the orthorhombic lattice usually observed for neat poly- energetic penalty results from the replacement of a proton by a
(ethylene) and from the monoclinic lattice of neat poly(vinyl hydroxyl group. In contrast, replacing the methyl group of a
alcohol)® Last, in addition to both crystalline and amorphous propylene monomer unit by a proton seems to imply higher
phases mentioned previously, the description of the solid-stateenergetic costs, sindecg values of 0.42 have been measured
organization of semicrystalline copolymers should also take into on ethylene units of random propylenethylene copolymers,
account the interfacial regions. These regions include the so-the ethylene molar fraction ranging from 0.8 to 7.5 mo? @f
called “constrained” amorphous phase, related to amorphouscourse, great care has to be taken for a more detailed interpreta-
chain segments that are constrained by the presence of crystion of such differences. In particular, additional factors like
tallites. These constrained chain units exhibit a slower segmentalthe crystallization process applied to the samples investigated
mobility than the purely amorphous subchains. In this respect, should be considered since they can affeciRbgvalue related

the constrained amorphous phase plays a significant role in theto a given defect!! Last, for a given defect, the dependence
mechanical behavior of semicrystalline systems. Therefore, theof the crystalline partitioning coefficient on the overall defect
localization of the comonomer units within the semicrystalline concentration within the sample varies significantly from one
structure is a relevant point to be addressed in order to get acopolymer to anothePcg values related to ethylene in random
better understanding of the correlations between the chemicalcopolymers of propylene and ethylene remain constant for
structure, the solid-state organization, and the mechanicalethylene content ranging from 0.8 to 7.5 mol*%he same
properties of these copolymers. conclusions hold for the vinyl alcohol units of ethylene/vinyl

The localization of comonomer units within semicrystalline alcohol copolymers, with vinyl alcohol contents covering a wide
copolymers or chain defects and chain ends within semicrys- concentration range (%8 mol %)® However, in other
talline homopolymers has attracted a lot of interest, and the COpolymers, the insertion of comonomer units in the crystalline
corresponding studies were mainly based on DSC or wide-anglePhase seems to be easier as soon as a high quantity of the same
X-ray scattering (WAXS) investigations. Though very useful, comonomer has already been incorporated in the crystal lattice.
these techniques do not allow a direct and unambiguous This is the case of polythydroxybutyrateso-S-hydroxyval-
localization of the comonomers, chain defects, or chain ends in €rate) copolymers: thBcr values related to hydroxyvalerate
the Crysta”ine, constrained amorphous’ and amorphous phaseynits tend to increase as their overall concentration in the
In contrast, based on an approach proposed by VanderHart e€opolymer is raisefl.Therefore, on the basis of these experi-
al., solid-state NMR has proved to be successful in recording mental results, it is clear that the COnySta”iZation of a
the 13C NMR spectra of both crystalline and noncrystalline Ccomonomer is a rather complex phenomenon, and the localiza-
regions of semicrystalline polymefsThese experiments also  tion of a given comonomer within the corresponding semicrys-
permit to determine the crystalline partitioning coefficient related talline copolymer cannot be easily predicted.
to the comonomers, chain defects, or chain ends of interest, The aim of this work is to investigate the localization of
provided they give a well-resolved resonance line onlfiee tetramethylene oxide units introduced along POM chains in
NMR spectra. Such solid-state NMR investigations have been order to improve their thermal stability. More precisely, we will
carried out on various random copolyméfs!® and very consider copolymers based on 1,3,5-trioxane (TOX) and 1,3-
different behaviors, depending on the systems considered, havelioxepane (DXP) (Table 1), with DXP weight fractions ranging
been reported. As expected, the size of the defects plays a keyfrom 3 to 30 wt %. The effect of the tetramethylene oxide units
role in their potential insertion in the crystal lattice. In random (T units) on the solid-state organization of these copolymers
copolymers of ethylene angtolefins, for instance, it has been  will be first investigated by means of the combined use of DSC,
shown that small-size defects such as methyl or ethyl branchesWAXS, and solid-state NMR. In a second step, we will take
can be incorporated within the crystallitdswhile larger advantage of the selectivity of solid-state NMR to localize the
branches are fully excluded. Similarly, in random copolymers tetramethylene oxide units within the semicrystalline structures
of ethylene and vinyl alcoholk3C NMR investigations have  formed by the TOX/DXP copolymers. To our knowledge, the
demonstrated the existence of a significant fraction of vinyl localization of such repeat units in POM-based copolymers has
alcohol monomer units in the crystallites, whatever the com- never been studied. This is a first step toward a better knowledge
position of the copolymet.In contrast, chain defects such as of the correlations between the chemical structure, the solid-
ethyl and butyl branches or acetate branches, present in the samstate organization, and the mechanical properties of such
samples, are localized in the amorphous phase only. Besidescopolymers. It is also worth remarking that cyclic acetal
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Table 2. Composition of the TOX/DXP Copolymers Considered in

This Work
sample @2 (Wt %) ¢ (mol %) IPE (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

aWeight fraction of dioxepane (DXP) in the TOX/DXP copolymer.
bMolar fraction of tetramethylene oxide (T) units in the copolymer.
¢Induction period measured during the copolymerization.

Table 3. Assignment of the!3C Resonances in the TOX/DXP

Copolymers
02 fb
(ppm) assignment (mol %)

258  T,—OCH,CH,CH,CH,O—

68.7  T,—OCH,CH,CH,CH,O—

89.3  T(MO)MO)(MO)(MO) 10.7
89.7  (MO)(MO)MO)(MO)(MO) 74.1
919 (MO)TMO)(MO)T + T(MO)(MO)T(MO) 1.8
925  (MO)TMO)(MO)(MO) + (MO)(MO)(MO)T(MO) 12,5
949  (MO)TMO)T(MO) 0.9

aThe positions of thé3C lines are expressed in ppm with respect to
TMS. ® 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.

comonomers like ethylene oxide, 1,3-dioxolane, or 1,3-diox-

Solid-State Organization of POM-Based CopolymeB)03

were determined with a/2 spin-lock experiment, the spin-locking
field corresponding to 46 kHz. For thed relaxation measure-
ments, the recycle delay was adjusted according td #fiel) value,
thus ranging between 5 and 14 s, depending on the TOX/DXP
copolymer considered.

High-resolution!3C NMR experiments were performed with a
4 mm magic angle spinning (MAS) double-resonance Bruker probe,
at a spinning speed of 5 kHZC NMR spectra and®C-detected
T1,(*H) measurements were obtained using cross-polarization (CP)
experiments, with dH /2 pulse length of 4.4«s 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 (Vi)
T1,(*H) determinations (delayed CP experiments), the strength of
theH spin-locking field was of 57 kHz while th#d — 13C contact
time was limited to 10Qcs, in order to preventH 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. TR&C chemical shifts were
calibrated with glycined-form) as an external reference standard
(176.03 ppm for thé3C 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 Gu tadiation
(4 = 0.154 nm) induced by a generator operating at 40 kV and
40 mA. Diffraction patterns were recorded fof 2alues ranging
from 5° to 8C°, with an angular increment of 0.0and a counting
time o 4 s per @ step.

epane constitute an interesting class of comonomers from a All the powder diffractogram$(26) were normalized according

fundamental point of view. Indeed, in contrast with the
comonomers or the defects considered until 8w 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

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 79 mgq) loaded in aluminum pans on a TA Instruments
DSC 2910 calorimeter. Samples were heated &tC1L&min~! from
25 to 200°C and then cooled to 2%C with the same rate. The

important feature should play a relevant role in the mechanisms pner temperature after the first heating scan was limited to
governing the partitioning of the tetramethylene oxide units 200 °C, and the samples were let at this temperature for only
between the crystalline and amorphous phases of the TOX/DXP 1 min to restrict the POM depolymerization. Despite these attempts

copolymers.

2. Experimental Section

2.1. Copolymer Synthesis and CharacterizationThe 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 8D, 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 fractibof the different
copolymers and the corresponding molar fractiof T units—

determined by considering that one dioxepane molecule leads to
one methylene oxide unit connected to one tetramethylene oxide

unit in the copolymer-are 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 ofH and3C NMR experiments in solution. The
different 13C resonances observed on tH€{H} NMR spectra
and their assignment are listed in Table 3. The distribution of the

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 crystallinitypsc 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., 317.9373,g
according to Iguchi et dp).

3. Results

different pentad sequences centered around a methylene oxide unit 3,1, Solid-State Organization of the TOX/DXP Copoly-

(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*& Larmor frequency
of 75.46 MHz. Low-resolutiorH NMR experiments were carried
out usirg a 4 mmstatic Bruker probe, with & 7/2 pulse length
of 3.5 us. Spin-lattice relaxation times in the laboratory frame,
T1(*H), were measured using the inversiaecovery pulse sequence
while spin-lattice relaxation times in the rotating franig,(*H),

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 temperaflsge,

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
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fraction of the tetramethylene oxide units is rejected from the

170} w crystalline phase of the TOX/DXP copolymers.
160l 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
130 4 the TOX/DXP copolymer characterized by a DXP amount of
120} 3 wt %. As can be seen in Figure 2, two intense Bragg
. diffraction peaks can clearly be observed 4t=2 23.25 and

) ) _ ) . ) 34.75, the former being superimposed with the relatively weak
100 =0 15 20 25 0 35 contribution of the amorphous halo, located arou6ad=221.80.

o (wt %) This diffraction pattern is very similar to the diffraction pattern
of the trigonal form usually observed for the crystalline phase
of neat poly(oxymethylené¥.in the following, we will describe
the crystalline structure using the hexagonal (and not the
primitive rhombohedral) cell. The Bragg diffraction peak
occurring at 2 = 23.25 can be assigned to tHd0G lattice
planes while the peak ah2= 34.75 corresponds to thgl05
lattice planeg417 From this indexing, the hexagonal cell
parameters related to the crystallites of the TOX/DXP(97/03)
copolymer can be deriveda = b = 4.41 A andc = 17.49 A.
These cell parameters are very close to the ones reported for
neat poly(oxymethylenéf17 Additional Bragg diffraction
peaks, although less intense than the ones previously described,

¢ (wt %) can nevertheless be detected @t=2 48.50, 54.30 and, to a
Figure 1. (a) Thermograms recorded on the TOX/DXP copolymers less extent, 40.55 They can be assigned to th&l5, {205,
during the first heating scan and the subsequent cooling scan; theand{ll]} lattice planes, respectively.

heating/cooling rate was set to 15 K min(b) Variation of the melting .
temperatureT,, (M, measured on the first heating scan) and the As the overall DXP content is increased from 3 to 30 wt %,

crystallization temperatur&, (®, measured on the first cooling scan)  the crystalline phase of the TOX/DXP copolymers remains in
of the TOX/DXP copolymers, as a function of the DXP weight fraction the hexagonal form, as can be observed in Figure 2. However,

¢. (c) Composition dependence of the crystallinity of the TOX/DXP  the Bragg diffraction peaks are less and less intense while the
gﬁréoll%rgesr:ra\c/%s: adseg“;&g efr?onrw ttr?: g/‘;'.t'”g peak (first heating scan). . htribytion of the amorphous halo increases &sraised. One
approach to quantify this effect is to estimate the degree of
continuous decrease of the crystallization temperakgoecurs crystallinity ywaxs from the WAXS patterns. For this purpose,
as soon as the DXP content is increased (Figure 1a,b). Thereforethe different Bragg diffraction peaks, as well as the amorphous
the insertion of tetramethylene oxide units along the POM chains halo, were fitted by using Gaussian functions. Even though
hinders the chain crystallization, and this conclusion is quite Pearson VII functions are often used to perform this fitting
consistent with the reduced size of the crystallites, discussedprocedure, we have selected, in a first approach, Gaussian-type
above. Last, the degree of crystallinjtysc, deduced from the  functions, for the sake of simplicity. A good agreement between
melting peak observed on the as-synthesized copolymers, is alsdhe experimental diffractogram and the fitting line was found
a decreasing function of the DXP content, as shown in for all the TOX/DXP copolymers considered. The degree of
Figure 1a,c. All these observations suggest that the tetrameth-crystallinity, ywaxs, can then be estimated as the ratio between
ylene oxide units inserted along the POM homopolymer chains the area under the Bragg diffraction peaks over the total area
induce a limitation of the crystallization process, and therefore, under the crystalline components and the amorphous halo. The
a decrease of both crystallinity and size of crystallites as the variation of ywaxs with the DXP weight fraction is plotted in
DXP content is increased. These results indicate that a significantFigure 3: the effect of the tetramethylene oxide units is
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Figure 4. Influence of the DXP content of the TOX/DXP copolymers
on the apparent crystallite siday, estimated with the Bragg diffraction
peak related to th€105 crystallographic planes using the Scherrer
equation.

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

significant since the crystallinity is reduced by a factor of about
2 as¢ 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 4.484 +
the same)waxs being systematically higher thamsc), a very {

4.50

good correlation betweepyaxs and ypsc is observed in the ~ — 4464
range of DXP content considered. This result confirms the effect ~
of the tetramethylene oxide units on the overall crystallinity, < 4.444 i
discussed in the previous section. ©

At this stage of the description of the crystalline domains, it 4.42-
is also of interest to consider the influence of the DXP content +
on their size. A clear broadening of the Bragg diffraction peaks 4.40
occurs as soon as the DXP content is increased from 3 to 30 wt
% (see Figure 2). This result indicates that the crystallites tend

17.7
to get smaller. More precisely, an estimation of the apparent
crystallite size can be derived from the WAXS data using the 176
Scherrer equation: )

KA 17.5-
b = 2 oo (1) —_
Bria €0SHpq <

o 1744

In this equation,fn holds for the pure line width of the
diffraction peak related to thghkl} lattice planes, located at a 17.34
scattering angle of @y. In a first approach, no attempt was
made to take into account the instrument broadening, and in
the following, Snk Will be replaced by the half-height angular
width A(26n) of the Bragg diffraction peak considered. A value
of 0.9 was used for the Scherrer constii€ The Ly values
were derived from the diffraction peak related to 05 305-
crystallographic planes, and the dependencd.@§ on the

overall DXP content is reported in Figure 4. The observed
decrease of the degree of crystallinity and the apparent crystallite s™ 3004
size while increasing is somehow expected since the tetram- <
ethylene oxide units inserted along the poly(oxymethylene) >
chains should act as microstructural defects, which disturb the 295
chain regularity and therefore limit the extent of crystallization.

Besides, using a 1D two-phase model to describe the semicrys-

—p—
—p—
—p—
—p—

talline organization of the TOX/DXP copolymers, the typical e
size of the amorphous regions, can be related to the crystallite 0 5 10 15 20 25 30
sizeL¢ according to the equatidn,(y~* — 1). Using forL. and o (Wt %)

x the values of_;0s andywaxs determined by WAXS measure- ) ) ) . )
ments, the characteristic length is found to increase from IF igure 5. Evolution with the copolymer composition of (a) teaxis
. . ength, (b) thec-axis length, and (c) the volumé of the trigonal cell

3.6 10 8.9 nm as the DXP content is raised from 3 to 30 Wt %. rejated to the trigonal form of the TOX/DXP systems.
Because of the existence of the constrained amorphous phase,
these values should be considered as upper limits,.of indicates that the (andb) parameters of the trigonal cell are

More surprisingly, as can be seen in Figure 2, a shift of the increased by the insertion of tetramethylene oxide units along
100 reflection toward low angle values is observed when the the poly(oxymethylene) chains (see Figure 5). It has to be
overall DXP content is raised from 3 to 30 wt %. This feature remarked that this variation & (andb) as a function of the
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Figure 6. (a) Proton spir-lattice relaxation in the laboratory frame,
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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): D¢ ~ 0.28 nn?¥ ms™ for the crystalline phase arid

~ 0.15 nn? ms 1 for the amorphous phad&Then, in the TOX/
DXP copolymers, amorphous domains as well as crystallites
are estimated to be smaller than about-30 nm.

The dependence of thE(*H) 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 dhthe
(*H) value, and more precisely, the variation of the relaxation
rate [1T1(*H)] as a function of is linear over the composition
range considered. The observed decrease ofifiel) value
with the DXP content is qualitatively consistent with the
reduction of the crystallinity of the TOX/DXP copolymers. If
full equilibration of the'H magnetization due téH spin-
diffusion between both amorphous and crystalline phases over
the T1(*H) time scale occurs, then the corresponding relaxation
rate [1My(*H)] can be expressed as a function of the intrinsic
[1/T1(*H)] values of the amorphous (A) and crystalline (C)
regions:

[UT,(H)] = G [UT,(H) s + T[T (H)e (3

measured at room temperature on the TOX/DXP copolymers, character-

ized by different dioxepane weight contenig:= 3 (a), 10 @), 20
(@), and 30 wt % ¥). A(r) holds for the amplitude of the proton
magnetization following the inversiefrecovery experiment, with
asTi(*H) relaxation delayA, stands for the proton magnetization at
full equilibrium, under the static NMR magnetic field,. The solid
lines represent the linear fits for the different series of data. (b)
Composition dependence of the corresponding proton-dpttice
relaxation time in the laboratory fram@&;(*H).

copolymer compositiorp goes beyond the error bars on this
parameter. In contrast, the crystallographic parantetégduced
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. Static'H 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 Cami?elaxation time in the rotating framé’,lp(lH). Indeed, theH

out on the same samples as the ones used for DSC and WAX
investigations. Figure 6a shows the results of'ttispin—lattice
relaxation timeT1(*H), experiments performed on the different
TOX/DXP systems. The quanti#(z) holds for the amplitude

of the IH magnetization following the inversietrecovery
experiment, when selectingas the relaxation delay, anh
stands for the equilibrium value of thel magnetization4o =

A(tr > T3)). For each copolymer, the variation of the relaxation
signal [A; — A(7)]/Ao with the recovery time can be described

by a single-exponential decay: this feature indicates that the
magnetization related to amorphous domains and the one relate

to crystallites equilibrate byH spin-diffusion over ther;(*H)
time scale. In other words, the typical size of both amorphous
and crystalline domains is smaller than th¢ spin-diffusion
length scald involved in theseT(*H) experiments] can be
estimated using the following equation:

| = [6DT,(*H)] " )

fa andfc = 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 thais related to the

crystallinity y by the simple relation
fe=x+a (4)

with a being a constarf According to the DSC or WAXS

experiments described in the previous sections, the degree of

crystallinity of the TOX/DXP copolymers, eith@{yaxs Of ¥psc,

may be considered as a linear function of the DXP weight

fraction, ¢ (see Figure 1c or Figure 3). Therefore, by combining

egs 3 and 4 and the linear variation@faxs or ypsc with ¢,

one may account for the linear dependence of the relaxation

rate [1/T1(*H)] with the DXP content, observed in Figure 6b.

It is also of interest to consider the proton splattice

spin-diffusion length relevant in thesE,(*H) experiments,
given by

| = ',6DTy,("H)] " (5)
is much smaller than the spin-diffusion length involvedTin
(*H) measurements. Therefore, thg(*H) relaxation time is a

way to probe the bulk organization displayed by the TOX/DXP
copolymers at a lower length scale. The spiaitice relaxation

éjata in the rotating frame for the protons of the TOX/DXP

systems are plotted in Figure 7. Here, the qua{ts) denotes
the amplitude of théH magnetization following the spin-lock
experiment, withr as the spin-lock time, whilég corresponds
to the 'H magnetization at equilibrium. Clearly, for all these
samples, the variation @¥Aq as a function of théH spin-lock
time, z, displays a significant deviation from a monoexponential
behavior. For DXP weight fractions ranging from 3 to 30 wt
%, the T1,(*H) relaxation signal can satisfactorily be fitted by
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Figure 7. Proton spir-lattice relaxation in the rotating frame, observed
at room temperature on the TOX/DXP copolymers related to a
dioxepane content ap = 3 (a), 10 @), 20 (@), and 30 wt % ¥).

A(7) corresponds to the amplitude of the proton magnetization after
the 90 spin-lock experiment; holding for the spin-locking duration.
The dataA(r) were normalized byd, the proton magnetization at
equilibrium. The solid lines stand for the fits of the experimental data
by the sum of two monoexponential components.
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Figure 8. 3C 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.
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 influencérbfdriven spin-
diffusion on theT.,(*H) relaxation data. Therefore, because of
IH spin-diffusion, there is not an exact correspondence between
the protons involved in both apparehi,(*H) components and

using two exponential components. The values of the short the protons located in crystalline/amorphous domains.

apparentT;,(*H) component range from 1.5 to 2.9 ms, while
the T1,(*H) related to the long apparent component varies from
14.3 to 46.3 ms. The deviation from a monoexponeriigt

(*H) relaxation function observed for each of the TOX/DXP
copolymers implies that thtH magnetizations related to the
crystallites and to the amorphous regions do not fully equilibrate
by H spin-diffusion over the time scale given by the shorter
T1o(*H) value.

Depending on the intrinsi€,,(*H), the typical domain size,
and the spin-diffusion coefficient for both crystalline and
amorphous regions, thig,(*H) relaxation function may consist
in more than two exponential components. As a result, the

Even though the amplitude of these two apparep(*H)
components cannot be used to get an absolute quantification of
the protons involved in both amorphous and crystalline phases
of the TOX/DXP copolymerdlit is of interest to note that the
amplitude of the faster appareft,(*H) 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) appareift,(*H) component is associated with a
dominant amount of amorphous (crystalline) domains. This
result is in agreement with the assignment of b@th(*H)
components in neat poly(oxymethylene), proposed by Veeman

assignment of the short and long apparent components of theet al23 At this stage, it is interesting to consider the relatively

T1,(*H) relaxation data to morphologically distinct regions of

small value of the short appareffy,(*H) (1.5 to 2.9 ms,

the sample (amorphous and crystalline domains, for instance)depending on the TOX/DXP copolymer) in terms of motional

is not systematically possibfé Here, for each copolymer, the
T1,(*H) data can satisfactorily be described using two compo-

processes in the amorphous phase. These motions are fast
enough to average thél—'H dipolar interactions to about a

nents (Figure 7), and no attempt was done to improve the datafew hundred hertz, as evidenced by the line width of the narrow

fit by adding additionall1,(*H) components. However, such a

component observed on thel MAS NMR spectrum of the

result does not necessarily imply that amorphous and crystallinecopolymers, recorded at a spinning speed of 5 kHz. Moreover,
domains can be considered as independently relaxing regionsat room temperature (i.e., more than 50 above the glass

Moreover, for the TOX/DXP copolymers, a significant differ-
ence between the relative amplitude of both appafestH)
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 loffgger
(*H) decay is systematically higher than the degree of crystal-
linity. This result indicates thdH-driven spin-diffusion cannot
be neglected over the apparefi,(*H) time scale, and the
assumption of independently relaxing domains is not correct in
the present case. At this stage, it is worth noting that'the
spin-diffusion coefficientDp related to the amorphous phase
of the TOX/DXP copolymers should be rather small. An order
of magnitude forD, may be obtained using the line width of
the narrow component observed on theNMR spectra. With

a typical half-height line width of 240 Hz measured on the
NMR MAS spectra recorded at a spinning speed of 5 kHz and
using the method proposed by Mellinger etZalDa was
estimated to 0.18 nfims™1. Even though this value should be
considered as a rough estimate since Hehalf-height line
width, instead of thd,(*H) value of the amorphous phase, was
used, it indicates that thé1 spin-diffusion length involved in
the amorphous domains over the apparepH) time scale
should be rather limited. However, although the spin-diffusion

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
o-relaxation process should be rather small in the upper-
kilohertz range, at room temperature, ahg(*H) should be
rather long in the amorphous phase. Therefore, the short apparent
T1,(*H) value is very likely associated with the constrained
amorphous or interfacial regions of the copolymers.

Last, the protons involved in the long appar@gy(*H) 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 appareht,(*H) component.

3.2. Localization of the Tetramethylene Oxide Units within
the Semicrystalline Copolymers. 3.2.11°C 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. ThelH — 18C CP contact time used for this
experiment is of 1 ms. Four peaks can be observed in this
spectrum.
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The line at 89.0 ppm, also present in 88€ NMR spectrum amorphous phase only. However, PTMO crystallizes in the all-
of neat poly(oxymethylene), arises from the carbon of-tia@- trans, planar zigzag conformatii#® while in neat POM,
CH,— units that are directly connected to othe®—CH,— units polymer chains display the;®ielical conformatiort*~16 There-
((MO)(MO)(MO) sequences). In the solid state of neat poly- fore, if T units are inserted within the crystalline domains, their
(oxymethylene¥ this resonance line consists of two overlap- conformation may differ from the all-trans one. Then, tf@
ping contributions: one located at 89.0 ppm, related to the chemical shift of the resonances related to PTMO crystalline
methylene carbons of (MOY{(O)(MO) sequences involved in  domains may not be the proper reference to interprefiGe
the crystalline domains; one occurring about 1 ppm downfield, chemical shift values of the T units in the TOX/DXP copolymers
attributed to the methylene carbons of (MMD)(MO) se- in terms of location of these units within the crystalline phase.
guences located in the amorphous domains. However, these twdn addition, each T unit is necessarily connected to one MO
lines strongly overlap and are hardly distinguishable. They have unit, and this feature should affect tH€ chemical shift values
been observed by using techniques that accentuate the spectralf the T units, whatever their location within the crystalline or
contribution of the amorphous phase, such as the uselTef a  amorphous regions. For all these reasonst¥ehemical shift
(*H) filter.24 In the 13C NMR spectrum of the TOX/DXP(80/  measured on the T units of the TOX/DXP copolymers cannot
20) copolymer, the half-height line width of thA&C NMR peak be used to determine whether some of these units can be inserted
related to the MO units of the (MAOYO)(MO) sequences  within the crystalline domains. The same conclusions hold for
involved in the crystallites is of the order of 2 ppm. As a result, the MO units directly connected to T unit$¢ NMR peak
the two contributions associated with the amorphous and occurring at 93.3 ppm). Consequently, in the followiAgg-
crystalline domains and separated by 1 ppm are not discernible.detectedH spin—lattice relaxation time in the rotating frame
This is also the case for all the other TOX/DXP copolymers (T1,(*H)) measurements will be carried out to probe the location
considered in this study. of the T units within the semicrystalline organization displayed

A first feature that may explain the difficulties to clearly Y the TOX/DXP copolymers.
observe the signature of the MO units in the amorphous phase 3.2.2. ®C-Detected Ty,(*H) Measurements. The *C-
on the!3C CP/MAS/DD spectra is the high propensity of these detectedT,(*H) determinations take advantage of the contrast
units to form crystalline domains, thus minimizing the contribu- between the carbons related to methylene oxide and tetrameth-
tion from the noncrystalline regions. However, as the DXP ylene oxide monomer units, in terms BC chemical shifts. In
content is raised to 30 wt %, the significant reduction of the these experiments, a contact time of 1@was used for the
crystallinity does not permit to observe a clear contribution of 'H — *C cross-polarization step. The variation of the integral
the MO units located in the amorphous phase. This result A of the 3C NMR peak at 89.0, 69.6, and 28.2 ppm with the
indicates that additional features may be responsible for the proton spin-lock timez, is shown in Figure 9. In the case of
difficulties to detect the amorphous MO units: the rather low the resonance at 89.0 ppm, the area was calculated between
1H — 13C CP transfer efficiency (in contrast with the crystalline 76.0 and 107.0 ppm, thus including the contribution from the
regions), induced by the high segmental mobility within the peak at 93.3 ppm. Whatever the resonance considered; the
amorphous phase at room temperature, combined with the lower(*H) decay is not monoexponential. It can be described in terms
intrinsic Ty,(*H) value of the amorphous phase (compared to of asum of two monoexponential functions wikly,(*H) values
the longerTy,(*H) of the crystallites). Moreover, in the case of ~ of the order of 2-3 and 21 ms, very close to tfig,(*H) values
the TOX/DXP copolymers, #C NMR resonance occurring at ~ determined from the diredfy,(*H) experiments.
93.3 ppm makes the observation of the MO units of the (MO)-  As can be seen in Figure 9b,c, thig(H) relaxation curves
(MO)(MO) sequences located in the amorphous phase moredetermined on the integral of tH&C resonances at 69.6 and
difficult as ¢ increases. This resonance at 93.3 ppm can be 28.2 ppm, related to the outer and inner methylene carbons of
assigned to the carbons of methylene oxide units connected, athe T units, respectively, are nearly superposable, as expected
least, to one tetramethylene oxide monomer unit. This assign-since the two carbon types belong to the same T units. In
ment is based on the distribution of pentad sequences centeredontrast, theT1,(*H) decay of the 89.0 ppm line differs from
around a MO unit, as probed on the same copolymer*8y  the Ty,(*H) decays observed for the two other lines. The-
NMR experiments in solution (see Table 3). (*H) values are identical for the three lines, but the relative
The peaks occurring at 69.6 and 28.2 ppm in Figure 8 are amplitude of the shorter apparéiit(*H) component, associated
assigned to the- and 8-methylene carbons of the tetrameth- Wwith the intrinsic T1,(*H) of the amorphous phase, is much
ylene oxide monomer units, respectively. These values are quitehigher for the T units than for the MO units (53% for the T
close to the chemical shifts of neat poly(tetramethylene oxide) units, against 18% for the MO units).
(PTMO): Hirai et al?> measured3C chemical shifts for PTMO Let us first remark that the resonance at 93.3 ppm should
at 273 K, equal to 72.9 ppm (70.9 ppm) and to 28.3 ppm contribute to the short apparemt,(*H) component observed
(27.0 ppm) fora- and f-methylene carbons involved in the in Figure 9a. However, this contribution is rather weak: the
crystalline (amorphous) domains of semicrystalline PTMO. corresponding area, estimated on tHe€-detectedTy,(*H)
Schmidt et aP® reported similar values for the PTMO blocks measurements recorded withta spin-lock duration of 2Q«s,
of poly(butylene terephthalate)/PTMO block copolymers at room represents about 6% of the total ardabetween 76.0 and
temperature: 72.5 ppm (71.0 ppm) for #henethylene carbons  107.0 ppm. A similar value was obtained using a deconvolution
in crystalline (amorphous) domains, while the resonance of the procedure and a “cut and weight” method. As a result, the
p-methylene carbons, which overlaps with the line related to integral of thel3C peak at 93.3 ppm is not high enough to
the internal methylene groups of the poly(butylene terephthalate) account for the relative amplitude related to the faStgfH),
blocks, was located at 27.5 ppm. which is of about 18% (Figure 9a). The remaining contribution
The comparison of th&C chemical shift values related to o the short apparerft,(*H) component should include central
the T units of the TOX/DXP copolymers could be a straight- methylenes in (MO)(MO)(MO) sequences.
forward way to determine whether some of these units are A first feature that may rationalize the difference between
inserted within the crystalline phase or are located in the the behavior of the MO and T units is the differences in the
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a) ] mobility should be nearly identical for both kinds of units,
89.0 ppm resulting in similattH—13C dipolar couplings. Therefore, under
these conditions, thi — 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
=z 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,
o1 La , , , , , one oxygen atom and one methylene group forothaethylene
0 5 10 15 20 25 carbons of the T units, and two methylene groups for the
b) B-methylene carbons of the T units. However, @ CP/MAS/

1 69.6 ppm DD NMR spectra recorded on the TOX/DXP(80/20) copolymer
for contact times ranging between 26 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
i; does not lead to detectable differences in the averéiged3C

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
015 5 10 15 20 25 the T and MO units exhibited identical concentration profiles
in the amorphous phase, tfig,(*H) relaxation curves deter-
c) 1 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
01l . L L : - regions, an increase of the corresponditi—13C dipolar
couplings, and thus of théH — 13C cross-polarization ef-
T (ms) ficiency, should occur. If the spatial distribution of the T units
Figure 9. 3C-detectedH spin-lattice relaxation in the rotating frame ~ displays a progressive increase from the amorphous zones
obtained on the different®C NMR peaks of the TOX/DXP(80/20)  toward the interfacial regions, the gloB&C contribution from
copolymer: (a) resonance at 89.0 ppm (carbons of methylene oxidethe T units located in both amorphous and constrained amor-
units directly connected to otherCH,—O— units); (b) and (€)  hhoys phases will be higher than the one of the MO units. This
resonances at 69.6 and 28.2 pp &nd5-methylene carbons of the . i . . .
tetramethylene oxide units\(z) stands for the®C peak integral ~ feature is in agreement with the higher relative amplitude of
obtained withr as atH spin-lock duration andy, = A(r = 0 ms). For the fastefT:,(*H) component observed on the T units. Besides,
these experiments, the contact time used for He— **C cross- theH-driven spin-diffusion process leads to a varying amplitude
polarization step was set to 108 of the longer apparerf,(*H) component within the semicrys-
talline morphology. ThidH 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 fast&i,(*H) component will be larger
than the one related to the MO units. In this respect, the
differences in the amplitude of the fast€y,(*H) component
observed in Figure 9 would be compatible with a location of
the T units at the interface between crystalline and noncrystalline
egions.
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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
apparenfly,(*H) components and the morphologically distinct
regions of the TOX/DXP(80/20) copolymer, the difference in ~ From another point of view, Figure 9b,c shows that the T
the partitioning of the T and MO units may give rise to a higher units also contribute to the longer appar&g(*H) component.
relative amplitude of the shortd,(*H), close to the intrinsic Here, it is important to remind that the protons involved in the
T1,(*H) of the amorphous phase. long apparenty,(*H) component are not restricted to the ones
Another feature may also account for the higher relative located in the crystalline regions. Because'ldtdriven spin-
amplitude of the faster appareht,(*H) component observed  diffusion, the protons of the chain segments constituting the
on the T units. In these random copolymers, the T units are constrained amorphous phase and some protons from the
quite isolated along the copolymer chains, as demonstrated byamorphous phase, just in the vicinity of the constrained
13C NMR experiments in solution (see Table 3), and at room amorphous domains, should also be considered as contributing
temperature (i.e., well above the glass-transition temperatureto the longer apparefit,(*H) component. For this reason, the
of the amorphous phase of the copolymer), the segmentaloccurrence of the long apparehi,(*H) component on th&y,-
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(*H) relaxation curves reported in Figure 9b,c implies that some the crystalline domains, which display a narrower line shape
tetramethylene oxide units are located either in the crystallites than the MO unit carbons of the interfacial regions. In addition,
of the TOX/DXP(80/20) copolymer or in the constrained this feature validates the assumption that @ line shape
amorphous phase surrounding the crystallites. As a first ap-related to carbons in the interfacial zones should differ from
proximation, one may neglect the contribution of the protons the line shape of carbons in the inner crystalline regions.

of the amorphous phase that could potentially be involved in  An additional observation should be mentioned. Considering
the long apparenty,(*H) component. Because of the o\ the 13C NMR peak related to the carbons of the (M@)-

— 13C CP efficiency in the amorphous phase, @ contribu- (MO) sequences involved in the crystalline regions, it is clear
tion at 69.6 and 28.2 ppm due to these protons following the that no change in thé*C chemical shift value of this peak
short CP transfer (contact time of 1@8) is very small. This (89.0 ppm) is detected wheis increased from 3 to 30 wt %.
conclusion is supported by the comparison'#t CP/MAS/ Similarly, the half-height line width of this peak (about
DD NMR spectra of the TOX/DXP(80/20) copolymer recorded 135 Hz) does not vary with the copolymer composition. These
for various contact times. No variation in the line shape of the two observations suggest that the helical conformation displayed

13C NMR peaks related to the T units is detected as'the> by the MO units in the crystalline regions is not affected by
13C CP contact time is raised from 20 to 106. Consequently, the incorporation of T units along the copolymer chains. This
one can confidently consider that a contact time of 480s result is consistent with a preferential location of the T units in

short enough to neglect the response from the T units in the the interfacial regions, rather than a uniform spatial distribution

amorphous domains on th# NMR spectra of the TOX/DXP-  Wwithin the crystalline domains.

(80/20) copolymer. In summary, in the TOX/DXP(80/20) copolymer, a large part
As mentioned above, tHéC NMR spectra obtained in'dC- of the T un_its i_s expected_to be located in the ar_norphous_ phase.

detectedT,,(*H) experinlwent with @H — 13C CP contact time T_he combination of.thtla different NMR ob.sgrvanong prewously

of 100 ﬂSp are dominated by the contribution from both discussed tends to indicate that the remaining fraction of T units

. . . . - . is mostly located in the interfacial regions with the amorphous
&:ryst_alllne and interfacial regions. It is worth noting 'ghat the domains, including the crystalline side of the crystalline/
usri::gﬁ 5232(2, rfhﬁ:es t;?(?;:: ;l;rrl:glrt {:Srgigigcﬁzrfr;ggigeanynoncrystalIine interfaces. Of course, the concentration profile

g b for the T units from the interfacial zones toward the crystallites

T e e . o o i, Eplay & Conious decreas. However,our expermer
’ 9 Y indicate that even if some T units may be incorporated in the

erii c;:(t tohfeTcrﬁ;a_lgn;gr;o_rrl]zg/rstglrgrgg dlnr:et;]f:C;S,StZIIilq%nth;sn; crystalline domains, these units are far from being dominant.
u units | : P : ystalliné p " The®*C-detectedr,(*H) experiments have been carried out

1 ) .
The .3C NMR !me g,hape of the resonances rgsultmg from the for all the other TOX/DXP copolymers, characterizeddoy=
T units potentially incorporated in the crystallites is expected 3, 10, and 30 wt %. All these copolymers exhibit a behavior

to differlfr((j)m ;he one t?wf thehTﬂl:niErs in\(tolve(iintt.hﬁ ir?terfatcigl. which is very close to the case of the TOX/DXP(80/20)
zones. indeed, even though the T units potentially Inserted in copolymer behavior. In this context, one interesting question
the crystallographic lattice do not display a POM-like helical concerns the concentration of T units in the interfacial and
conformation but adopt a different conformation, the difference crystalline regions of the TOX/DXP copolymers and its
in the interchain packing (and in the conformational behavior) comparison with the overall concentration of T units involved

should result in a distinct3C NMR line for T units in the in the copolymer synthesis. In order to obtain3€ NMR
f%stalhtes and 1the ones at the mtzgfgcgs. As a result, in the gnecym of both interfacial and crystalline regions, we have
-detectedry,(*H) experiments, the“C line shape of the T ;56 3 delayed CP pulse sequence with (i) a very short contact
unit resonances shopld essentially _correspond to a I|_neartime of 100us and (i) a longH spin-lock time of 10 Ms$[Ty,-
combination of thé=C line shape resulting from the interfacial 1H)]s value associated with the intrinsi€y,(tH) of the
zones and the one related to the T units in the crystallites. amorfohous domains). Moreover, we have tapken advantage of
Therefore, as théH spin-lock is 1var|ed from values small  {he similar values of the so-called cross-relaxation time constant
compared to the a11pparent fastap(*H) to values much higher 1. that should be displayed by the different carbons of both
than the fastet,('H), a variation in the line shape of tHéC MO and T units located in the interfacial regions (and, similarly,

resonances at 69.6 and 28.2 ppm should be observed. This ig the crystalline phase). Therefore, the ratjalefined as
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 0.25[A(28.2 ppm)+ A(69.6 ppm)]
interfacial regions, and the occurrence of a decreasing gradientg 25(a(28.2 ppm)+ A(69.6 ppm)]+ [A(89.0 ppm)+ A(93.3 ppm)]
of the T unit concentration from the crystallite surfaces toward (6)

the inner crystallites cannot be discarded. In contrast, the shape

of the 3C resonance at 89.0 ppm gets narrower as soon as theA(i) standing for the area under tH€ NMR resonance ling

'H spin-lock time is increased from 2@s to 25 ms. Such a  may be used to estimate the ratio of the T units over the total
change results from the decreasing relative contribution of a number of monomer units (MO or T units), in the crystalline
relatively wide signal, at the bottom of tHéC line, that may and interfacial phases. The dependence of this parameter

be more easily observed for shotd spin-lock times. In the overall fractiong of T units within the TOX/DXP
particular, this relative decrease can be detected in the downfieldcopolymers is reported in Figure 10a. Clearly, the concentration
side of the'®*C NMR peak at 89.0 ppm, which does not display of T units in the interfacial regions and in the crystalline phase
any overlap with another peak, in contrast with the upfield part. increases with the fraction of dioxepane introduced during the
This result may be attributed to the contribution of MO units copolymerization. The propensity for the T units to be inserted
in both interfacial and crystalline regions: as fitespin-lock at the noncrystalline/crystalline interfaces or within the crys-
time increases, thEC resonance at 89.0 ppm is more and more tallites of the TOX/DXP copolymers can be quantified using
dominated by the contribution from the MO units located in the so-called partitioning coefficienBc|cr. In our case, this



Macromolecules, Vol. 40, No. 14, 2007

@ ° 7

ope: 1|/

r (%)

4 6 10

® (mol %)

1.0

0.8

0.6

PCI/CR

0.4

0.2

0.0
0 4

@ (mol %)

Figure 10. (a) Correlation between the concentratioof tetrameth-
ylene oxide (T) units in the interfacial and crystalline regions and the
global molar fractionp of T units in the TOX/DXP copolymers. (b)
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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 Btr/c) in more detalil, it would be
useful to probe the influence of the crystallization conditions
on thePcr/ci(g) variation. In particular, it would be of interest

to carry out thePcr/c) determination on slowly cooled TOX/
DXP copolymers from their molten state. However, for this
purpose, the samples have to be heated above@PEG:ft at

this temperature for about @5 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 cHaintC

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. IndeedT unit cannot be directly
connected to another one, since it would involve a highly
unstable carbonium ion-O—CH,—CH,—CH,—CH,*, as a
propagating center during the copolymerizatt®in addition,
13C NMR characterizations of the TOX/DXP copolymers in

parameter Corresponds to the ratio of the concentration of T solution have shown that the contribution of T units SeparatEd

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
coefficient Pcycr (Pcicr = /) for each copolymer, and the
resulting Pcicr(e) variation is shown in Figure 10b. The
partitioning coefficientPcycr related to the T units is close to
1 in the TOX/DXP(97/03) copolymer, within experimental

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

accuracy. It decreases toward a constant value of 0.40 as soor@nd the amorphous phases. More precisely, in the scheme that

as the DXP content used for the copolymerization is raised.

emerges from the analysis of the NMR data, the T units tend to

Therefore, this result indicates that, as the global concentrationconcentrate in the interfacial zones, on either the disordered or

of T units within the TOX/DXP copolymers increases, their

ordered side of the noncrystalline/crystalline interface. Of course,

insertion in both interfacial and crystalline phases seems to bethe occurrence of T units in the interior of the crystallites cannot

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 Btr/ci(¢) 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

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 latticés17.27.28

Another interesting feature concerns the variation of the

content considered, the copolymer chains crystallize in a few crystallographic cell parameters observed as the overall DXP
tens of seconds during the synthesis. Therefore, one maycontent of the TOX/DXP copolymers is changed. Indeed, as

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 Pcric, 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

can be seen in Figure 2, the Bragg diffraction peak occurring
at 29 = 23.25, which can be assigned to th&00 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 occurspds 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

being obvious to observe experimentally and cannot be discussegoly(oxymethylene) chains induces a distortion of the crystal-
by considering simple parameters as the induction period lographic unit cells forming the copolymer crystallites: no
measured during the copolymer synthesis (Table 2), since asundistorted POM crystallites were detected. THE NMR
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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

Macromolecules, Vol. 40, No. 14, 2007

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

experiments, the apparent crystallite size was found to decreasge|ls at the crystallite surfaces. The occurrence of T units in

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 only if the
c-direction is considered and 20 when thea-axis is
considered. As a resultf 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 ol3C 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

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 structurgroperties 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 dependencBgpEr 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 temperaturgy, in neat PTMO is much lower
than the one in neat POM, the resultiy value of the
amorphous phase should decrease as 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

hexagonal lattice according to the same mechanism as beforePenéfit from the localization of the highest amount of T units

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 parameterdoes not vary with
the molar fraction of T units, in contrast with the lattice
parametersa and b, which increase withp. 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 ¢ may seem, at first glance, rather
surprising, taking into account the fact that, in neat poly-
(oxymethylene), the chains are organizeddmélices, the axis

of which coincides with the direction!4-17 Therefore, naively,
one could have expected tha T unit inserted within the
crystallites would also display a helical conformation around
thec-axis, thus tending to induce an increase ofdlparameter,

a and b remaining nearly unchanged. This is not the trend
observed when considering the dependencearfdc 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 voluwe
induced by the substitution of methylene groups for oxygen
atoms should result in the increase of the parameeteith the
DXP content.

in the interfacial and crystalline regions but also to restrict the
reduction of the crystallinity. In this respect, it would be
interesting to determine theccr(e) 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 tHexcr(¢) variation would help to go
further in the optimization of these POM-based copolymers.
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