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Abstract

Application of real-time Raman longitudinal acoustic mode (LAM) spectroscopy is demonstrated in the studies of comparatively fast
crystallising and transforming monodisperse polyethylene oligomers. The experiments have confirmed the structural model of the transient
non-integer folded (NIF) form in long-chain-alkane G,¢H494 derived previously from real-time small-angle X-ray scattering (SAXS).

During crystallisation of the NIF and its subsequent isothermal transformation into the once-folded form F2 a single fundamental (LAM-1)
peak of constant frequency is observed, which corresponds to the straight chain segment length exactly equal to half the full chain length.
This confirms that crystalline core layers of the NIF have a constant thickness corresponding to that of the once-folded form F2. The
remaining thickness making up the full lamellar periodicity thus consists of an amorphous layer made up of cilia. The constant frequency, but
increasing intensity of the LAM-1 band during isothermal annealing is consistent with the cilia crystallising by re-entering the existing
crystalline layers. In alkanes,{gH,,, and GggHsgg another mechanism of transformation of the NIF into a more stable structure is observed.

A new mixed-integer folded—extended (FE) phase forms instead of the pure once-folded F2 phase. Instead of re-entering the existing crystal
layer, the cilia from two neighbouring NIF lamellae gather and form a third intercalated crystalline layer. The resulting superstructure
contains three crystalline layers in a repeat unit. Whether one or the other of the two transformation modes take place appears to depend on
factors such as fraction of folded chains in the NIF, overcrowding at the crystal-amorphous interface and chain diff28@hElsevier

Science Ltd. All rights reserved.

Keywords Small-angle X-ray scattering; Raman spectroscopy; Longitudinal acoustic mode

1. Introduction molecular weight fractions of poly(ethylene oxide). Recent
analysis of small-angle diffraction intensities suggested that
It was found previously that long-chain monodispense  the NIF lamella in fact consists of a crystalline core layer
alkanes from GgHzg, to CaggH7g, form preferentially crys- with thicknesdg/2 and of an amorphous layer. Initially the
talline lamellar stacks with layer spacihg= Ig/n, wherelg volume ratio between the two is as low as 2:1 (see Fig. 1).
is the period of extended chain layers ané- 1,2, 3... [1]. In addition to SAXS, low-frequency-shift Raman spectro-
In these ‘integer’ forms, molecules adopt conformations scopy has been used in the study of different folded forms of
with n-1 folds such that the chain ends are located at the long n-alkanes [1,5]. The straight stem lengthw, as
layer surface; these conformations maximise crystallinity measured from the frequency of the longitudinal acoustic
causing local energy minima. However real-time small- mode (LAM), has been found to correspond always to an
angle X-ray scattering (SAXS) experiments have shown integer fraction of the fully extended chain length. This
that initially the stacks do not have integer periodicities observation was compatible with the information from
[2]. Below the melting point of once-folded chain crystals, SAXS that mature crystals, the only ones that could be
the transient ‘non-integer’ form (NIF) appears first, with studied by the LAM spectroscopy, were indeed integer
/2 <1 <. Similar observations of integer [3] and non- folded. In the meantime improvements in photon detection
integer [4] forms also have been made in studies of narrow efficiency have reduced drastically the spectral acquisition
times, making it possible to perform time-resolved Raman
* Corresponding author. Tel.s 44-114-222-5457 fax-+ 44-114-222- LAM ex.p.erlments on transient structures. Thus, we are in
5943 the position now to apply the LAM spectroscopy to study
E-mail addressg.ungar@sheffield.ac.uk (G. Ungar). the formation and subsequent transformation of the transient
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Fig. 1. Schematic representation of the non-integer form (NIF) and of the =
subsequent transformation to the once-folded (F2) integer form. The trans-
formation must involve translation of half-crystallised chains in order to
ensure that cilium length is that of half a chain; this enables an amorphous
cilium to re-enter the crystal and make a full traverse.

NIF form in long alkanes. Amongst other things, the tech-
nique allows our model of the NIF structure to be tested

P it 37 min
; 154X1348 77A67X 51X 445X
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. Fig. 2. Time evolution of SAXS during isothermal crystallisation ref
2. Experimental CasHags at T, = 113C from the melt. Timet is counted from the moment
of reachingT.. Abscissas are marked = 4w sin@/A (in A Y andd =
2.1. Materials 2m/q (in A).

The long-chaim-alkanes used in this work were provided
kindly by Drs G.M. Brooke and S. Mohammed, University
of Durham, UK. For details of the synthesis see Ref. [6].
Melting temperatures were determined by DSC.

together with a 5Qum receiving slit. The samples were
kept either in thin-walled glass capillaries as used in X-
ray experiments or, where rapid temperature changes were
required, in glass DSC pans. A specially designed Linkam
T-jump stage [8] was employed for the latter type of experi-
ments. Good signal-to-noise ratio was achieved typically
The in situ SAXS experiments were performed on Station With 1 min counting time. The increase in sample tempera-
8.2 of the Daresbury Synchrotron Radiation Source. ture atthe focal spot was no more th&iClas determined
Samples for X-ray diffraction experiments were kept in from melting experiments on alkanes with known melting
thin-walled borosilicate glass capillaries. The beam was POINtS.
monochromatised to a wavelength of 0.16 nm and double-
focused onto the detector, having a cross-section »f 1
0.3 mn? in the sample plane [7]. A high count rate quadrant 3. Results and discussion
multiwire detector was used and the sample to detector
distance was 3.1 m. The capillary with the sample was Fig. 2 [9] shows a series of SAXS traces recorded during
held in a modified Linkam hot stage with temperature iSothermal crystallisation of the-alkane GidHies The
control within 0.5C. The beam was monitored with two Strong diffraction peak and its higher orders that appear at
ionization chambers, whose reading was used for normal-first belong to the NIF form. The spacing is seen to decrease
isation of diffracted intensities. All diffractograms were With time almost continuously from 190 Anitially to
corrected for uneven channel response by dividing them 134 A the latter value corresponding tg’2 closely, i.e.
with the response to homogeneous radiation 6F.FEhis to the ‘integer’ once-folded.form F2. After annealing at
also took care of the slice shape of the detector window, 113C for 3 h, the sample is transformed completely to
allowing the resulting curves to be treated as if recorded the F2 form with no trace of the NIF remaining (see Fig.
with a linear detector. The correction for positional non- 3)- Fig. 3 shows five orders of diffraction from layers with
linearity of the detector was done using a mask with equi- 129 A periodicity; this corresponds to lamellae of,so4
distant concentric arc-shaped slits. The sample-to-detectorchains folded exactly into two and tilted at"3bith respect
distance in detector pixel units was calibrated using poly- t© the layer normal, i.el = (Ig/2) cos 35 = ((246'1.27 +
crystalline samples of a series of shorter orthorhonmbic ~ 2)/2) €0s 33 = 129A. The 35 angle is the most common

2.2. Small angle X-ray scattering (SAXS)

alkanes. tilt angle in melt-crystallised long alkanes and polyethylene
and is consistent with {201} basal planes.
2.3. Raman LAM spectroscopy According to our current model of the NIF, derived from

studies of electron density [9], some molecules are crystal-

A Jobin—Yvon T64000 spectrometer was used in the lised fully and folded exactly into two within the crystalline
subtractive triple-grating geometry. 514.5 nm laser exciting layer, while others traverse the crystal layer only once, leav-
radiation was used and detection was by a CCD camera. Aing two long ends (cilia) in the amorphous phase. Electron
100x long working distance objective lens was used density profiles reconstructed from successive small-angle
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Fig. 3. SAXS trace ofh-CysgHs04 after isothermal crystallisation/annealing
for 3 hours at 113C. The sample consists of pure once-folded F2 form. 5 Fig. 4. Series of time-resolved Raman LAM spectra recorded during

diffraction orders are visible. isothermal crystallisation afi-CpsgHase4 at T, = 113C from the melt—cf.
Fig. 2. Timest indicated are end-times for each timeframe, counting from

diffractograms indicate further that subsequent reduction in the arrival afT.. Collection time was 1 min per spectrum.
lamellar spacind = I, + |, proceeds through a reduction in

the amorphous thicknesg with the crystalline thickneds an increase only in the intensity of the LAM-1 band without

remaining unchanged. This implies that the NHF2 any appreciable shift in its position.

transformation consists of the cilia gradually finding their =~ The Raman spectra in Fig. 4 are consistent entirely with

way into the crystal. both the NIF structure and the NH+ F2 transformation
mechanism (Fig. 1) proposed previously on the basis of

3.1. Real-time Raman LAM spectroscopy efsdd494 SAXS analysis. The LAM peak of the NIF form arises

crystallisation from the portions of the alkane chains traversing the crystal-

) o line layer. The fact that the length of these crystalline

In order to test the above conclusions, in this work we portions is only half the chain length and not larger, as the
have carried out now real-time Raman LAM experiments gaxs spacing of the NIF might suggest, corroborates our
capturing the process of isothermal crystallisation of two-phase model.
CosdHaes The experiment was performed at the same crys- |t should be noted that the present Raman result also is
tallisation temperatur; = 113'C as the SAXS experiment  consistent with our previous conclusion that the chains are
in Fig. 2. The LAM frequency is an independent measure tjjted within the crystalline layers of the NIF. Specifically,
of the length of the altrans sequence of the alkane chain, glectron density profiles of the NIF form give the valud of
hence it measures the length of the chain traverse throughgs gne half of the value of for tilted extended chain crys-
the crystal [10—-12]. Fig. 4 shows the sequence of the LAM g [13].
spectra each recorded for 1 min ending at the tifniesli- Both the molecules that are folded and those that are not
cated. There is a single sharp LAM-1 peak already after  contribute to the LAM band, the latter presumably with half
1min whose position(v=20cm ~) does not change  the intensity of the former. The increase in intensity of the

throughout the experiment and corresponds to atrafis LAM-1 band with time, seen in Fig. 4, is primarily attrib-
length of m = 124 C-atoms; this is very close to half the ted to crystallisation of the cilia. The picture derived from
chain, i.e. 24& = 123 C-atoms. The relationship SAXS whereby, with post-crystallisation annealing tirhe,
m= 2470v is reduced gradually whilk, stays constant, is compatible

fully with the Raman results. It is possible, however, that a
is used, having been obtained by calibration with extended- part of the increase in the LAM intensity in Fig. 4 is caused
chain long alkanes up t0;6Cse [5]. This relationship is by the crystals perfecting [14]. The presence of conforma-
equivalent to tional defects has been shown previously to reduce the LAM
| — 3137 intensity [15]. . _

. The present Raman LAM results are in contrast with
wherev isin cm tandl is in A. By the time the first Raman  those by Kim and Krimm [16] on molecular weight frac-
spectrum in our experiment is collected, the primary NIF tions of poly(ethylene oxide). Due to its slow crystallisation,
crystallisation is complete already as shown by wide-angle this polymer could be studied by the LAM spectroscopy
X-ray diffraction recorded simultaneously with SAXS [9]. without the need of short counting times. These authors
Further isothermal changes to the LAM spectrum amount to have reported an initial LAM band corresponding to a
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Fig. 7. Raman LAM spectrum of the mixed integer (FE) form gfgH4,,,

with the proposed structure in Fig. 6¢. The two peaks correspond to the full
length and half length of an extended chain.

01 02 form in Cy;Haz, is shown in Fig. 5. Although the strongest
g(Al) peaks are located at positions where one would expect the
1st, 2nd and 3rd order reflections of the 108@acing of the

Fig. 5. SAXS trace of GigHay, after isothermal crystallisation at 111 for F2 form, there are additional peaks that appear consistently
35 min, recorded at 26. '1.5¢' FE triple layers have 327 Averall peri- at specific locations. These additional peaks are not diffrac-
odicity. The zero intensity first diffraction order at 327i\indicated. The ti d fth idual NIF f  thei . d t
arrow points to the position where the first-order layer reflection of the lon or ers orthe I’?SI ua_ ,9”"- elr_SpaCmgS o no
extended chain form would be expected. obey an integer ratio; their positions and intensities do not

change with temperature and annealing time as do those of

iah | hi diate b he f IIthe NIF; and they survive even the longest annealing at the
straight PEO segment length intermediate between the fu crystallisation temperature. The entire series of diffraction

and one half-chain length. After prolo_nged annealing, this peaks in Fig. 5 can be indexed in fact as 2nd, 3rd, 5th, 6th,
NIF band gave way to exte.nded—cham-and F2 bands. At 8th and 9th orders of the fundamental layer spacing of
present, the cause of the discrepancy in the LAM results 5357 2 This is exactly equal to 1l5cos 35, or three
in the two systems and the rate of limited polydispersity (imes the expected spacing of the once-folded F2 form.

of PEO fractions are matters for speculation. Preliminary electron density profiles reconstructed from
measured intensities suggest the structure of the nel"1.5
3.2. Folded—extended chain crystals gfi @2, layer phase to be as in Fig. 6¢c. Two repeat units are shown,
each consisting of three crystalline layers approximately
1.9¢ cos 35 in thickness. It is proposed that the ‘I£5
phase is a co-crystal of matching pairs of once-folded and
extended molecules.
Raman LAM spectrum of the same sample ¢f B,
ken after recording the SAXS diffractogram in Fig. 5 and
without any subsequent treatment, is shown in Fig. 7. The
spectrum indeed shows two clear components: one at
11.7 cm! corresponding to extended chails = 211)
and another at 23.6 cm corresponding to half the chain
length (m = 105. This Raman result strongly supports the
new mixed-integer ‘folded—extended’ (FE) layer structure.
It should be noted that all isothermal crystallisation in this
- work was carried out well below the folded-chain melting
point, where no isothermal thickening to the standard
/4 extended-chain form takes place, as indeed confirmed by
real-time SAXS.

In Fig. 6¢ the up—down orientation of folded molecules is
shown as random. While it could be argued that placing the
folds on the outer surfaces of a triple layer is favoured

Fig. 6. Schematic representation of the transformation of the NIF form (a) energetically, it is questionable whether such preference
to the FE form (c). (b) is not envisaged to actually occur in reality as a would be sufficient to cause effective molecular selection

separate stage because of the overcrowding problem at the crystalline—, . . .
amorphous interface; simultaneous chain translation and cilium crystallisa- durlng the formation of the FE structure. The answer to this

tion is envisaged to occur instead. Density profiles are sketched schemati-duestion is expected from planned neutron scattering
cally on the left. experiments on a selectively deuterated alkane.

In our recent synchrotron SAXS experiments on isother-
mal crystallisation of a range ofalkanes, it became appar-
ent that the shorter alkanes: @4, and GogHsgg behave
somewhat differently compared with the longer ones.
These shorter alkanes also pass through the NIF stage ag,
the primary form. However, instead of transforming subse-
quently into the once-folded F2 phase, NIF turns into a new
more complex layered phase. The SAXS trace of this new

FE
a b c
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3.3. Non-integer—integer phase conversion

The suggested mechanism of conversion of the NIF into
the FE form is sketched schematically in Fig. 6. As in the
NIF — F2 transformation of &¢Hses the amorphous cilia
crystallise. However, here they do not have to find their way

into the existing crystalline layers, a tortuous process, which

in CyueH404 takes several hours to complete and which prob-
ably involves lateral expansion and break-up of the lamel-
lae. In the NIF— FE transformation, the cilia form a new

crystalline layer of the same or similar thickness as the
existing crystalline layers constituents of the NIF. The
new crystalline layer is ‘shared’ between the cilia emanating
from the original crystal layers on either side. This means
that the half-crystallised chains from the bottom crystal
layer are pulled up while those from the top layer translate

downwards (see Fig. 6b). Such reorganisation makes all the

cilia the correct lengthlg/2, for incorporation in the new
crystal layer. At the same time it allows the favourable

arrangement of chain ends flush with the two outermost

surfaces of the triple layer unit. In the FE form, folded
chains are confined to the top and bottom layers, while

extended chains traverse one of the two internal interfaces

as tie-chains.

The above arrangement requires that the number of folded

chains be approximately one third. This condition would put
strict constraints on the ability of the NIF to convert to the
FE structure. If the fraction of folded chains is too low, the
NIF lamellae are not able to grow due to the overcrowding
of cilia at the crystalline—amorphous interface. The over-
crowding problem is considered to be resolved if between
one half and two third of the chains emanating from the
crystal end or fold back in a tight loop at the crystal surface
[17,18]. In the case of the NIF, where every non-folded
chain forms a cilium atachend, this would mean that at
least 1/3 of all chains must be tightly folded. Thus with the
folded chain fraction below 1/3 the NIF cannot grow, while
with it being above 1/3 the NI~ FE transformation is
prevented for the lack of cilia available to fill the volume
of the additional (third) crystalline layer. These tight
constraints may explain why the N#= FE transformation,
which should occur more easily than the NH-F2 conver-
sion, is not seen in all alkanes, e.g. iRl One may
speculate that in £¢H,04 the stage of optimal folded frac-
tion is for some reason missed irretrievably as the folded
fraction continues to increase with annealing time.

made possible through improved photon collection effi-
ciency, has confirmed the structural model of the transient
non-integer folded (NIF) form in long-chain-alkanes
derived previously from SAXS. This confirmation is
based on the fact that in,ggH,q4 during crystallisation

of the NIF and its subsequent isothermal transformation
into the once-folded form F2, a single LAM-1 peak of
constant frequency is observed, which corresponds
exactly to the straight chain segment length equal to
half the full chain length. This confirms that crystalline
core layers of the NIF have a constant thickness equal to
that of the once-folded form F2. This is consistent with
the remaining difference up to the full lamellar periodi-
city being taken up by an amorphous layer consisting of
cilia. The constant frequency, but increasing intensity of
the LAM-1 band during isothermal annealing is consis-
tent with the cilia crystallising by re-entering the existing
crystalline layers.

(2) A second mechanism of transformation of the NIF
into a more stable structure is one where a mixed-integer
FE phase forms instead of the pure once-folded F2 phase.
Such a mixed-integer phase has not been recognised
previously and it is observed now in alkanes,f4,,

and GogHige Instead of re-entering the existing crystal
layer, cilia from the two neighbouring NIF lamellae
gather and form a separate intercalated crystalline layer.
The resulting superstructure thus contains triple layers as
repeat units. Whether one or the other of the two types of
transformation occurs appears to depend on factors such
as folded-chain fraction in the NIF, the amount of over-
crowding at the crystal-amorphous interface, and the rate
of chain diffusion.
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