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Crystallizable polymers form thin (10—50 nm) crys-
talline lamellae through chain folding. Some of the most
powerful techniques for studying such lamellar struc-
tures are small-angle neutron and X-ray scattering
(SANS and SAXS). SANS has been used successfully
for mapping the overall shape of deuterated macromol-
ecules in a hydrogenous host environment, thus provid-
ing answers to questions relating to the “reeling in” of
chains on crystallization2 and the adjacency of chain
folding.? For molecules with selectively deuterated seg-
ments, SANS is able to provide information on the
location and state of order of such segments. The
complementarity of SAXS and SANS has been demon-
strated, e.g., in recent investigations of the stable
semicrystalline form and the low-temperature triple-
layer crystalline superlattice phase in binary mixtures
of very long linear alkanes.*?

Polymer crystallization is a highly nonequilibrium
process,’ and it is often accompanied by the appearance
of transient forms and solid-state transformations.” For
some time now, it has been demonstrated that SAXS
data with a reasonable signal-to-noise ratio can be
collected in subsecond frames (time slices) using syn-
chrotron radiation sources. This makes real-time SAXS

T University of Sheffield.

# Sheffield Hallam University.

§ Rutherford Appleton Laboratory.

* Corresponding author: e-mail x.zeng@sheffield.ac.uk.

10.1021/ma0510486 CCC: $30.25

suitable for studies of the crystallization process in
polymers and other materials.® It would be ideal if
similar real-time experiments could be carried out with
SANS to supplement the information obtained by SAXS.
However, SANS data of a similar signal-to-noise ratio
normally take hours to collect, even at the most powerful
neutron sources available. Consequently, relatively few
SANS experiments on second time scales have been
carried out.”~14 Time-resolved SANS study of polyeth-
ylene crystallization from solution has been carried out
recently, but on a larger time scale.1?

One example where such studies may provide more
direct information than SAXS is resolving the structure
of the transient “noninteger folded” form (NIF) in pure
long chain linear alkanes. These model polymers, con-
taining between 150 and 400 C atoms, crystallize in
layers with the chains either fully extended or folded
exactly in two, three, etc.1® In such “integer forms” chain
ends are segregated at the crystal surface. However,
real-time SAXS experiments revealed that during melt-
crystallization such structures are mostly produced via
a transient NIF form, where layer periodicity does not
correspond to an integer fraction of the extended chain
length.17 Integer folded forms, such as extended, once
folded, or the triple-layer mixed folded-extended form!8
(Figure 1a—c), develop subsequently through solid-state
transformation. It is believed that the formation of NIF
and its subsequent transformation to more stable forms
is a good model for the technologically important
processes of primary and secondary crystallization of
polymers.

On the basis of Fourier reconstruction of the electron
density profile from the real-time SAXS data, a struc-
tural model for NIF has been proposed (model I, Figure
1d).1° In the model some molecules are folded exactly
in two while others are not folded, traversing the crystal
layer only once and leaving their dangling ends to form
an interlamellar amorphous layer. However, in another
popular model of NIF, proposed initially for alkanes!”
and subsequently for poly(ethylene oxide),2° molecules
fold irregularly, having their ends distributed through-
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Figure 1. Schematic drawmgs of different lamellar structures
of the end-deuterated long-chain alkane C;2Dg5C192H3s4-
CHDC11Dg23 during isothermal crystallization. (a) Extended
chain form. (b) Once-folded chain form. (c¢) Triple-layer mixed
folded-extended (FE) form. (d) Alternative models for the
noninteger folded (NIF) form. With the help of deuterium
labels, shown as red circles, real-time SANS is able to monitor
the location of the chain ends during the crystallization
process.

out the crystal layer (model II, Figure 1d). SANS on
the deuterium end-labeled molecules is an ideal method
for distinguishing between the two models of NIF, as
the latter model would produce very weak, if any,
scattering. The material chosen in the current study is
C12D25C1996H334CHDC11Ds3 (abbreviated C216D), syn-
thesized by Dr. Brooke at Durham University.2! Since
only the hydrogen atoms in the last 12 CHy groups at
both ends of a Cg16H3sssD49 molecule were deuterated,
no microphase separation between CDy; and CHj is
expected in the melt.

Because of the short lifetime of the NIF form (less
than a minute for C216D), SANS with comparable time
resolution is needed. Our recent experiments on C216D
have shown that as a consequence of the selective
deuteration SANS spectra with reasonable signal-noise
ratio can be collected in a few seconds.

The experiments were carried out on the LOQ dif-
fractometer at the ISIS Spallation Neutron Source at
the Rutherford-Appleton Laboratory, UK. A technical
prerequisite for fast time-resolved experiments is the
ability to cool a relatively large amount of sample (~100
mg) rapidly and homogeneously from the melt to the
crystallization temperature. For this purpose modifica-
tions were made to the temperature-jump cell previously
used in ref 22. The sample, held in an aluminum cuvette
of uniform 1 mm cavity thickness, could be quickly
transferred (of order 1 s) by a motorized slider between
two electrically heated furnaces at preset temperatures,
with a spring-loaded window assembly ensuring the
instant establishment of good thermal contact over the
entire area of the cuvette (Figure 2). The transfer of the
sample to the in-beam furnace was synchronized with
the start of the SANS data collection, and the data
acquisition memory was subdivided into a maximum of
39 contiguous frames. There was no “dead time” be-
tween frames, and the length of each frame could be
varied as necessary. Signal-to-noise limitations, how-
ever, imposed a minimum data collection time of 5
s/frame.

Isothermal crystallization experiments on C216D
using real-time SANS were carried out at four different
temperatures: 121, 115, 107, and 102 °C. For each
experimental run the sample was first melted in the out-
of-beam furnace set at 134 °C and then transferred to
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Figure 2. Schematic drawing of the T-jump cell used for the
real-time SANS experiment.

the in-beam furnace set at the predetermined crystal-
lization temperature 7. For reference, the melting point
of C216D is T\, = 127 °C, as determined by XRD, optical
microscopy, and DSC. The SANS spectra are shown in
Figure 3a—d for each temperature. The data have been
corrected for the scattering of the empty furnace, sample
absorption, and sample volume and have been converted
to an absolute scale by reference to the scattering of a
standard scatterer using established procedures.

At the highest crystallization temperature of 121 °C,
C216D crystallizes in the extended chain form directly
from the melt. The first four diffraction orders of the
extended-chain lamellar stacks are evident in Figure
3a, and their positions do not change with time. The
advance of crystallization is reflected in the increasing
diffraction intensity with time in the first 3 min. The
lamellar thickness is determined from SANS to be 230
A, very close to the calculated value of 227 A assuming
that chains are extended and tilted at 35° with respect
to lamellar normal, as expected from the usual {201}
basal surface.

At T. = 115 °C the SANS spectra clearly show that
crystallization starts in the NIF form, which then,
within a couple of minutes, transforms to other more
stable forms (Figure 3b). The crystallization rate of NIF
at 115 °C is much faster than that of the extended chain
form at 121 °C, and detectable crystallization had
already started in the first frame. The measured lamel-
lar thickness of the NIF form is 184 A, i.e., intermediate
between those of the extended (227 A) and the once-
folded (114 A) forms. The mere fact that a NIF peak of
significant intensity is observed in SANS at all implies
that the model of the NIF form in which chain ends are
distributed through the depth of the crystal layer (model
II, Figure 1) can be dismissed in alkanes. Furthermore,
the fact that only the first-order NIF peak is of sufficient
intensity to be observed agrees with the structural
model proposed previously on the basis of real-time
SAXS experiments. According to the model the chain
ends, i.e., the strongly scattering deuterium labels, are
located only in the amorphous layers and at the crystal-
line—amorphous interface. Thus, the scattering length
profile oscillates between high and low along the layer
normal. The first diffraction order of such a structure
is expected to be dominant.

The more stable lamellar structure into which the
NIF form transforms on annealing at 115 °C (Figure
3b) is believed to consist of both extended and once-
folded chains.!”23 Four diffraction peaks are observed
by SANS, and their positions are the same as those of
the extended chain form observed at 121 °C. The
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Figure 3. Real-time SANS spectra of C12D25C192H354CHDC11D93 during isothermal crystallization at (a) 121, (b) 115, (¢) 107, and

(d) 102 °C. The peaks are marked by their 27/q values.

existence of the once-folded form in the sample is
identified by the increased relative intensities of the
second and fourth diffraction peaks. Recent AFM stud-
ies suggest that the folded chains may be incorporated
in, rather than segregated out of, the extended-chain
layers.23

At the next lower crystallization temperature of 107
°C (Figure 3c), C216D also crystallizes in the transient
NIF form first, but it then undergoes a rapid solid-state
transformation and disappears within about a minute.
As expected, the crystallization rate of the NIF form is
faster than at 115 °C. Here the lamellar thickness of
the NIF form is found to be 175 A.

The phase that the NIF form converts into at 107 °C
is characterized by four diffraction peaks with spacings
corresponding to 175, 116, 69 (weak), and 59 A (weak)
(Figure 3c). The 175 A peak coincides with the main
peak of the precursor NIF form. The intensity ratio of
the four reflections of the new form changes gradually
with time, the 175 A peak giving way to that at 116 A.
The four diffraction peaks can be indexed as the second,
third, fifth, and sixth orders of a single lamellar
periodicity of ~350 A. This is believed to represent the
folded-extended (FE) form in which folded-chain and
extended-chain molecules coexist in a triple-layer su-
perlattice arrangement, as shown in Figure 1lc. The
folded-extended form was originally found by real-time
SAXS and Raman spectroscopy in a hydrogenous n-
alkane of similar length, Ca19H422.1® Recent real-time
SAXS experiments on the same deuterated C216D
compound have also indicated the existence of the FE
form under similar crystallization conditions. SAXS and
SANS spectra of the FE form of C216D are displayed
together in Figure 4. The SANS spectrum was recorded
soon after the completion of the time-resolved run in
Figure 3c. The observed intensity distribution between
diffraction peaks in SANS is in accordance with the
triple-layer superlattice model and is the first SANS
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Figure 4. SAXS and SANS spectra of the FE form of C216D.
In both cases the sample was isothermally crystallized at 107
°C, and the spectra were taken at the same temperature. Both
spectra are Lorentz corrected. Vertical lines are drawn to
indicate the order of the observed diffraction peaks. Inset:
scattering length profile reconstructed from the SANS spectra
showing the triple-layer superlattice structure of the FE form.
The peaks in the profile indicate the positions of the deuterated
chain ends.

confirmation of the FE form in long chain n-alkanes.
This is shown more clearly in the neutron scattering
length profile of the FE form (Figure 4, inset), recon-
structed from the measured intensities of diffraction
peaks in the SANS spectrum. For details of the recon-
struction procedure see refs 4 and 5. The continuous
change in relative diffraction intensity of different
orders, particularly prominent in Figure 3c, shows that
the distribution of chain ends among the three inter-
faces of the triple layer (Figure 1lc) becomes more
uniform. That is, the difference between the high
population at the outer surfaces and the low population
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at inner surfaces diminishes. The details are currently
being investigated.

At the lowest crystallization temperature of 102 °C,
C216D crystallizes again as the NIF form (lamellar
thickness 175 A) and then transforms to the FE form
with lamellar thickness of ~340 A. Three orders are
observed: second, 170 A third, 114 A fifth, 66 A (Figure
3d). The transition from the NIF form to the FE form
occurs even faster than at 107 °C; i.e., it is complete
within ca. 40 s. Finally, we note that at the end of the
run at 107 °C a broad background develops at the lowest
q end of the SANS spectrum (Figure 3c), a feature which
is much less prominent at 102 °C. One possible expla-
nation is the formation of extra extended chain layers
produced by lamellar thickening at 107 °C.

In conclusion, it has been demonstrated that good
quality SANS data can be collected in no more than 10
s for a model polymer system, provided a rational
approach is adopted to selective deuteration. This points
to a new way of using neutron scattering in studies of
materials under rapid processing conditions.
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