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ABSTRACT: Two-dimensional (2D) correlation analysis is
applied to synchrotron X-ray scattering data to characterize
morphological regimes during nonisothermal crystallization of a
model ethylene copolymer (hydrogenated polybutadiene,
HPBD). The 2D correlation patterns highlight relationships 0.06
among multiple characteristics of structure evolution, particu-
larly the extent to which separate features change simulta- ¥ oo4
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processes occurring in what is known as “irreversible crystal- \J ; X X

lization” in random ethylene copolymers. Initial growth of 002 004 006 008

-1
primarily lamellae into unconstrained melt (“primary-irreversi- a(k™)

ble crystallization”) is distinguished from subsequent secondary lamellae formation in the constrained, noncrystalline regions
between the primary lamellae (“secondary-irreversible crystallization”). At successively lower temperatures (“reversible crystal-
lization”), growth of the crystalline reflections is found to occur simultaneously with the change in shape of the amorphous halo,
which is inconsistent with the formation of an additional phase. Rather, the synchronous character supports the view that growth of
frustrated crystals distorts the adjacent noncrystalline material. Furthermore, heterocorrelation analysis of small-angle and wide-
angle X-ray scattering data from the reversible crystallization regime reveals that the size of new crystals is consistent with fringed-
micellar structures (~9 nm). Thus, 2D correlation analysis provides new insights into morphology development in polymeric

systems.

B INTRODUCTION

The physical properties of semicrystalline polymeric materials
are ultimately dictated by their morphology in the solid state.
This morphology is a complex function of molecular character-
istics and thermal and flow history. To improve control over the
morphology, and hence material properties, ongoing research
examines transient morphological development using techniques
such as wide-angle and small-angle X-ray scattering (WAXS and
SAXS, respectively).' ¢ Conventional analyses of time-resolved
scattering data focus on a few particular characteristics, such as
peak location or relative peak area. Rich information regarding
the complex evolution of morphology during crystallization that
is contained in X-ray scattering curves as a whole has proven
more difficult to analyze and communicate. Here, we apply two-
dimensional (2D) correlation analysis methods to discern im-
portant structural changes that occur during crystallization. In
the field of vibrational spectroscopy, 2D correlation analysis has
proven to be a powerful method to analyze the sometimes subtle
changes in spectral intensities in protein, liquid crystal, and
polymer systems in response to a perturbation variable (e.g,
temperature) (see review by Noda ) However, its application to
other experimental probes, such as synchrotron X-ray data, has
been surprisingly limited.*”

Model ethylene copolymers are used to illustrate 2D correla-
tion analysis of WAXS and SAXS patterns. The results provide
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characteristic fingerprints of distinct morphological regimes
during nonisothermal crystallization. Prior literature identifies
two crystallization regimes based on conventional X-ray analyses:
(1) “irreversible” crystallization and melting is characterized by
the expected hysteresis and large changes in crystallinity and
other morphological parameters and is observed at elevated
temperatures; (2) “reversible” crystallization and melting ob-
served at lower temperatures exhibits negligible hysteresis and
relatively small changes in morphological parameters during
cooling and subsequent heating.”'°~'* The present application
of 2D correlation analysis indicates that a third regime should be
distinguished. During cooling, the physics of irreversible crystal-
lization crosses over from propagation of primary lamellae into
unconstrained melt to nucleation and growth of secondary
lamellae in noncrystalline material that is constrained by pre-
viously formed crystallites. Therefore, we refer to three regimes
of crystallization in copolymers: primary-irreversible, secondary-
irreversible, and reversible crystallization. In addition to provid-
ing fingerprints of the primary- and secondary-irreversible re-
gimes, 2D correlation analysis shows promise for detection of
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Peak Intensity (a.u.) .

Figure 1. (a) Simulated data set. (b) Evolution of peak intensities with perturbation of peaks in (a). (c) Synchronous (left) and asynchronous
(right) 2D correlation plots with perturbation-averaged 1D patterns above and beside. Shaded-in contours are negative, while nonshaded contours are

positive.

subtle changes associated with the formation of fringed micelles
that form in the reversible crystallization regime.
Two-Dimensional Correlation Analysis. Generalized 2D
correlation analysis highlights relationships between intensity
changes observed at two different spectral variables, v; and v,, as
a function of an external perturbation, t. Here, the intensity y(v)
is that of the scattered X-rays, rather than a spectral absorption or
emission; the structural variables are wavevectors, g, rather
than wavelengths or frequencies encountered in the spectrosco-
py literature. A diversity of perturbation variables have been
examined in the spectroscopy literature, including strain, tem-
perature, applied electric/magnetic field, irradiation, and time
(see review by Noda”). The external perturbation is varied over a
range of interest, Ty < t = Tpy and a series of intensity
patterns, y(,t), are acquired at different values of the perturba-
tion parameter, t. To emphasize the changes in y(v,t) as a
function of t, an appropriate reference pattern is subtracted from
each spectrum, e.g, the perturbation-averaged pattern, (y(v)):

F(v,t) = {y<”’ t) = (y(¥))  for Tmin < t < T "

0 otherwise

where y(v,t) are referred to as “dynamic spectra” and

Trnax

00 =g [ e e)

For illustration a simulated data set (Figure 1a) is constructed
with peaks that increase quadratically (peak A), decrease linearly
(peak C), or remain unchanged (peak B) as the perturbation
parameter is varied (Figure 1b). The average of these spectra
(y(v)) (shown on the sides of Figure 1c) serves as the reference
and is subtracted from each individual spectrum to obtain the set
of dynamic spectra (not shown).

Synchronous correlation analysis highlights pairs of v-values
that exhibit simultaneous or coincidental changes in intensity in
response to the perturbation. The 2D synchronous correlation

1 Tomax ~ ~
Ovs) = 5 [ 3000 d ()
max 4 minJ T,

which is the perturbation-averaged outer product of y(v,t) is
symmetric by definition. The diagonal of the 2D synchronous
correlation plot is the autocorrelation intensity (always positive);
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Table 1. Noda’s Rules for Sequential Order When v, > v,

D(vy,v,) W(v,v,) interpretation
+ + v, precedes v,
+ — vy lags v,
- + vy lags v,

v, precedes v,

thus, ®(v,v) represents the total magnitude of the intensity
variation in response to the perturbation.

In the above example, peaks A and C each give rise to positive
“autopeaks” along the diagonal of ®(v,,v,) (Figure 1c, left). The
2D correlation analysis filters out static features, so peaks that
remain unchanged (such as peak B) are absent from the 2D
pattern. Off-diagonal peaks occur at coordinates (v,,,) at which
both intensities y(v1,t) and y(v,t) change with t. Specifically,
positive peaks in ®(v,,v,) indicate y(v,t) and y(v,t) both
change in the same direction, and negative extrema indicate they
change in opposite directions, as is the case with peaks A and C
(Figure 1c, left).

Asynchronous correlation analysis is used to characterize the
extent to which one change precedes (or lags behind) another.
For this purpose, it is useful to generalize the concept of
oscillatory responses that are out of phase with (i.e., orthogonal
to) one another. When the perturbation parameter varies in a
nonperiodic manner, Noda utilized the Hilbert transform of 5):7( v,
t) with respect to ¢ to obtain an orthogonal function zZ(vt).>Y
The extent to which the response at v; is orthogonal to that at v,
is quantified by the perturbation-averaged outer product of y(v,t)
with Z(v,t):

1 Tlnax~ ~
W) =t /T )2t dt (4)
where

Hwt) = %P / ", tt) dt (5)

—00

and p, [ represents the implementation of the Cauchy principal
value such that the singularity at t = ¢ is excluded from the
integration. The numerical method that is used to compute z(¥,
t) from experimental data is described below.

The sign of the cross-peaks in the asynchronous pattern
reveals the sequential order of peak variations based on Noda’s
rules.'®'® Interpretation of the sign of a cross-peak in the
asynchronous plot depends on the sign of the corresponding
cross-peak in the synchronous plot. Since W(v,,v,) is antisym-
metric, it suffices to identify the sign of the cross-peak in the
region ¥, > v, (below the diagonal). If ®(v,,v,) is positive, then
a positive asynchronous cross-peak below the diagonal indicates
that the response at v, precedes that at v,; if ®(v,,1,) is negative,
then that positive cross-peak in W(v},,) indicates that the
response at ¥ lags that at v, (Table 1).

In the example above, the 2D asynchronous correlation plot
(Figure 1c, right) contains no diagonal peaks, in accord with its
antisymmetric nature. Two off-diagonal features indicate that the
intensity changes of peaks A and C vary differently with t
(quadratic vs linear, see Figure 1b). In both the synchronous
and asynchronous (v, > v,) plots, the cross-peaks corresponding
to peaks A and C are negative. Therefore, the change in peak C
precedes that in peak A. This temporal separation can be

practically interpreted as a difference in half-intensity and half-
time of peak evolution.'” Indeed, from Figure 1b, it is apparent
that peak C achieves half of its total intensity change earlier in the
perturbation than peak A.

The abundant application of 2D correlation spectroscopy has
led to further developments,7 including heterocorrelation ana-
lyses of two independent measurements of perturbation-induced
dynamic spectra. Most frequently, heterospectral correlation is
applied to two different spectral probes; here, it will be applied to
small- and wide-angle X-ray scattering.

The application of 2D correlation analysis provides distinct
advantages that can be utilized to extract information about
morphology from X-ray scattering data during crystallization or
melting: deconvolution of overlapping features, determination of
sequential order of intensity changes, and enhancement of
spectral resolution by spreading data over a second dimension.
Additionally, heterospectral correlation analysis'® allows one to
directly visualize changes in SAXS and WAXS that are the result
of the same physical processes.

Unresolved Issues in Copolymer Crystallization. The spe-
cific example of ethylene copolymers illustrates how correlation
analysis can provide new insights into long-standing debates.
Understanding of ethylene copolymer crystallization has proven
elusive, as even their degree of crystallinity from WAXS is
difficult to characterize. There has been significant debate
regarding reasons for poor results of the calculated crystallinity
from conventional X-ray analysis of WAXS curves fitted using a
two-phase model: one peak for the amorphous halo and one peak
for each of the crystalline reflections.>>*°~** Fitting the amor-
phous halo with two peaks sometimes yields a better fit and more
reasonable behavior of all peaks considered (position, width,
etc.).>7>?92Y2* However, the physical justification of this
additional peak is controversial. Observation of a hexagonal
mesophase in some studies >’ was not corroborated in
others."*?%?12%2% Alternatively, one or more peaks have been
proposed to account for a “semiordered”, “transition”, or “inter-
mediate” phase/region. Simanke et al. reject this possibility,
arguing that scattering from conformationally diffuse interfacial
regions would not be limited to any particular angular region in
the WAXS patterns.”® Nonetheless, some groups maintain the
existence of a semiordered phase that contributes one or two
relatively narrow reflections. Sajkiewicz et al.* envision a phase
with structure intermediate between crystalline and amorphous
that contributes a hidden, relatively narrow peak between the
amorphous halo and the (110) reflection. When two peaks have
been attributed to the putative semiordered region, they have
closely resembled the (110) and (200) orthorhombic reflections,
but weaker in intensity and shifted to lower g-values.>*"*>**
These are referred to as “(110)” and “(200)”, respectively, by
Rabiej et al.** An alternative explanation for the poor fit provided
by the two-phase model is that a possible transition region
between the crystalline and noncrystalline layers contributes to
density heterogeneity which can be captured by an additional
amorphous-halo-like scattering in a large angular range.>*> Correla-
tion analysis is well-suited to discriminate among these competing
hypotheses by resolving overlapping features and identifying multiple
features that arise from the same underlying physical processes.

In the following, we examine the evolution of morphology
during the crystallization of a random copolymer using synchro-
nous, asynchronous, and heterospectral 2D correlation analyses.
Distinguishing features of different morphologies (primary and
secondary lamellae, fringed micelles) and physical processes
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(crystal growth, thermal contraction, etc.) are identified. The
results provide insight into the complex crystallization behavior
of polyethylenes containing short-chain branches.

B EXPERIMENTAL METHODS

Materials. In the current work, we examine a linear hydrogenated
polybutadiene of molecular weight M,, = 152 kg/mol denoted L152,
synthesized using anionic polymerization and subsequent hydrogena-
tion protocols described previously.>® This synthetic approach confers
low polydispersity (M,,/M, < 1.05) and random short chain branch
(SCB) distribution.’®** L152 is equivalent to an ethylene-co-butene
with 19.5 branches per 1000 backbone carbon atoms determined by
solid-state NMR.

X-ray Scattering. Morphology development during controlled
heating and cooling at 10 °C/min between 0 and 160 °C in an INSTEC
STC200 hot stage was monitored using wide- and small-angle X-ray
scattering (WAXS and SAXS, respectively) at beamline X27C of the
National Synchrotron Light Source (NSLS, Brookhaven National Lab,
Upton, NY) with a wavelength, 4, of 1.371 A3* A MARCCD detector
with 158 um pixel size was used to record one two-dimensional
scattering pattern with a 7 s collection time every 2 °C during the ramp,
resulting in S frames/min. Samples were placed between Kapton tape
into a holder with 0.5 cm diameter and 1.558 mm thickness. Following
experiments, samples were examined to ensure to significant change in
thickness was observed.

X-ray data pretreatment included the subtraction of the background
and adjustment for incident X-ray beam flux and acquisition time. The
azimuthally averaged intensity was extracted as a function of scattering
vector, q = 47 sin(6)/A, where 6 is the scattering angle. Since the
samples were isotropic, a Lorentz correction® was applied by multi-
plying the scattering intensity, I(q), by the square of scattering vector, q:
J(a) = 1(9)q"

The SAXS long period, L, was determined from the position of the
peak in J(q), qmaw a8 Ly = 27T/qimax The area under the Lorentz-
corrected SAXS intensity curve (for isotropic samples) in the full range
of q (0 < q < 00) defines the invariant, which is a measure of the total
scattering power of the sample. Given the experimental constraints, we
approximate the invariant by the integrated intensity, Q, in the range
available (qmin < g < Gmax):

Gmax

Q= q1I(q)dg (6)

qmin

The WAXS crystallinity index, X, was determined as the ratio of the
area of the crystalline peaks, A, to the combined area of the amorphous
halo, A,, and the crystalline peaks: X. = A./(A, + A.). Areas were
obtained after fitting the amorphous halo and the orthorhombic crystal
reflections due to the (110) and (200) planes with Lorentzian functions
using Origin 7.5.

Computation: 2D Correlation Analysis. Synchronous and
Asynchronous. Two-dimensional (2D) correlation spectra were calcu-
lated using Noda’s generalized method"**® from a discrete set of
Lorentz-corrected scattering curves measured at m equally spaced
temperatures during a temperature ramp:

Jia) = J(g,T)
The discrete dynamic spectra, 7(q,Ti) , were calculated with respect to
a temperature-averaged spectrum, (J(q)):

7(‘11 T) = ](‘1' T) — U(q»

i=123.,m (7)

i=1,23..m (8)
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Figure 2. Evolution of WAXS crystallinity, X, SAXS long period, L,,
and SAXS scattering power, Q, during cooling and subsequent heating of
L152 with three crystallization regimes marked. Data points are spaced
2 °C apart.

The synchronous 2D correlation intensity, demonstrating simulta-
neous or coincidental changes in intensity, is given by

1
@(qu) = —

m—1;

Ji(a1)Ji(q2) (10)

M=

1

The asynchronous 2D correlation spectra, showing changes in
intensity that lag/lead one another, is given by

1
W(q,q) = —

m—1;

M=

Ji(@)-zi(a) (11)

1

where Z,(q,) are the discrete orthogonal spectra. We use the approxima-
tion introduced by Noda'® that permits Z(g,) to be expressed in terms of
a linear transformation of discrete dynamic spectra, J,(g,)

m

z(g2) = Y, Ny+Ji(q2) (12)

j=1

where Nj; is the Hilbert—Noda transformation matrix

0 ifi=j
e 1
N otherwise (13)
7(j — i)

Heterospectral Correlation Analysis. Simultaneous changes in SAXS
and WAXS that arise from the same underlying physical processes are
revealed by 2D heterospectral correlation analysis. The synchronous 2D
heterospectral correlation spectrum identifies simultaneous changes in
the system observed by two different probes in response to the same
perturbation: Lorentz-corrected SAXS (Jsaxs,(q) = Jsaxs(q,T:),i=1,2,
3, .., m) and WAXS (Jwaxs,(q) = Jwaxs(¢T:), i =1,2,3, .., m) curves
collected during temperature ramps. Specifically, the “2D het-corr”
pattern is calculated from the dynamic 1D patterns (eq 8) as

D(q1,q2) = ﬁ Y, Jsaxs,i(q1) - Jwaxs,(q2) (14)

i=1

For image presentation, contour levels were adjusted to exclude the
lower 5% of intensity values. Additionally, contour plots reveal relative
intensities; therefore different figures have different contour levels in
order to highlight the relevant features in each case. Unless otherwise
stated, intensity values between different figures should not be compared
by the apparent relative intensity of features.

6839 dx.doi.org/10.1021/ma200774u [Macromolecules 2011, 44, 68366848
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Figure 3. Lorentz-corrected SAXS of L152 during cooling at 10 °C/
min exhibiting primary-irreversible (dashed lines), secondary-irreversi-
ble (solid lines), and reversible (dotted lines) regimes.

B RESULTS AND DISCUSSION

Evolution of Conventional Morphological Parameters.
During quiescent cooling (heating) ramps of L152, the crystal-
linity, X, long period, L, and SAXS integrated intensity, Q,
exhibit two well-established regimes as seen in prior literature for
SCB materials:*"*~'* irreversible and reversible crystallization
(melting). The irreversible crystallization regime exhibits the usual
hysteresis upon cooling and heating (Figure 2, T > 60 °C) and is
marked by relatively large changes in morphological parameters
(L,, X, and Q). The reversible crystallization regime is defined by
the absence of hysteresis, ie., morphological parameters during
cooling and subsequent heating overlap (Figure 2, T < 60 °C).

However, closer evaluation of the evolution of morphological
parameters reveals that the irreversible crystallization regime
of this model random copolymer can be further divided into
two regimes: the “primary-irreversible” crystallization regime
(Figure 2, T > 80 °C) in which large changes in the morpholo-
gical parameters occur with profound hysteresis in all three (X,
Ly, and Q); the “secondary-irreversible” crystallization regime
(between the two dashed lines in Figure 2), characterized by
gradual changes and mild hysteresis in X. and L, and nearly
constant Q. Similar observations were made for other HPBD and
metallocene systems and can be found in literature ' '>'*

The three regimes of crystallization reproducibly exhibited
by HPBD materials (see ref 17) are apparent in the evolution
of Lorentz-corrected SAXS curves during cooling of L152
(Figure 3). Irreversible crystallization at high temperatures
(primary-irreversible regime, dashed lines in Figure 3) is char-
acterized by an overall increase in the scattering power and a shift
in the peak position to larger values of g. At intermediate
temperatures (secondary-irreversible regime, solid lines in
Figure 3), overall scattering power stays relatively constant while
the peak position continues its shift. In the reversible regime at
lower temperatures (dotted lines in Figure 3), the overall SAXS
power decreases while the peak position further shifts and
broadens. Note that in each regime the change in the peak
position and shape (magnitude and width) is monotonic,
enabling the application of Noda’s rules for sequential order
determination (Table 1).'®

Primary-irreversible crystallization is manifested in WAXS by
an increase in crystalline material at the expense of amorphous

3 T T T T
——93°C
——78°C
] —o—63°C|
=] ——0°C
)
>
@
S 1- -
IS
0 T

100 125 150 175  2.00
g (Angstroms’')

Figure 4. WAXS intensity during cooling at 10 °C/min at temperatures
marking the bounds of different crystallization regimes L152 while
cooling at 10 °C/min.

material (between 93 and 78 °C, Figure 4); over half of the
crystallinity that is present in the sample at the lowest tempera-
ture examined (0 °C) forms in the primary-irreversible regime.
Secondary-irreversible crystallization (between 78 and 63 °C
in Figure 4) results in further increase of crystalline material
without appearing to consume amorphous material: the amor-
phous halo remains largely unchanged and even increases near
q=1.38 A~ ". During reversible crystallization, which occurs over
a very broad temperature range from 63 °C down to the lowest
temperature examined, diffraction peaks grow in intensity and
the amorphous halo decreases (but only at g < 1.38 A™").

The succession of regimes reflects the cascade of crystal-
lization processes that occur during cooling. Crystallites that
grow early in the process impose constraints on subsequent
growth, leading to the formation of primary lamellae, secondary
lamellae, fringed micelles, and “rigid amorphous” material. The
motivation for applying 2D correlation analysis to the WAXS and
SAXS results for these three regimes is to elucidate how these
processes interrelate and influence one another.

Primary-Irreversible Crystallization. The simplest of the
three regimes is the initial growth of primary lamellae into
unperturbed, subcooled melt. The 2D correlation patterns for
this regime provide a point of departure for comparison to
subsequent growth regimes.

SAXS. The synchronous SAXS correlation plot during primary-
irreversible crystallization is dominated by the monotonic in-
crease in scattering power throughout the g-range examined
(Figure S, top left). Along the diagonal, the autocorrelation
function has a single, broad peak near the position evident in the
average scattering curve, indicative of lamellar stacks with a broad
distribution of long periods centered near 22 nm. The triangular
shape of this peak reflects the asymmetric shape of the SAXS
peak (steeper on the low-q side than the high-q side, Figure 3).
The asynchronous plot (Figure S, top right) indicates that, in this
regime, the intensity of the peak increases first at low q and then
later at high g. Specifically, the negative peak below the diagonal
centered at (0.017 A™', 0.031 A™") indicates that the broad
distribution of long periods arises through the initial formation of
lamellar stacks with an average long period of ~37 nm, followed by

6840 dx.doi.org/10.1021/ma200774u [Macromolecules 2011, 44, 68366848



Macromolecules

0.08

0.02 y

0.02 0.04 0.06 0.08
-1
q(A™)

0.02 0.04 0.06 0.08
-1
q(A™)

)

1.8

g™

12 14 16 18 2
g™

Figure S. 2D synchronous (left) and asynchronous (right) correlation plots computed from Lorentz-corrected SAXS (top) and WAXS (bottom)
curves collected during primary-irreversible crystallization of L152 (78 °C < T < 93 °C). Positive and negative contours are shown as open and filled,
respectively. Averaged 1D scattering profiles acquired in this temperature range are shown on the sides. The dotted lines in the SAXS correlation plots

are at 0.028 A™, and those in the WAXS plots are at 1.30, 1.51, and 1.65 A! (see text).

the formation of lamellae that lead to lamellar stacks with long
spacing of ~20 nm.

A strictly positive change in scattering intensity at all g values
as temperature decreases from 93 to 78 °C is consistent with the
formation of primary lamellae propagating into unconstrained
melt (hence, the choice of name for this regime). The relatively
fast growth of crystallites into unperturbed melt is consistent
with the steep rise of crystallinity in the primary-irreversible
regime (Figure 2). The formation of lamellar stacks with
progressively smaller long spacing is a consequence of both the
nonisothermal conditions and the ethylene sequence length
distribution (ESLD). The first lamellae to form during coolin
preferentially incorporate the longest ethylene sequences.’
Because of the homogeneous SCB distribution in the present

hydrogenated polybutadiene, virtually every chain includes some
long ethylene sequences; in fact, for these polymers, one can
calculate that there are two or more sequences of 115 ethylenes
(330 methylenes) in every chain.*® *° However, these represent
the minority of each chain and of the melt as a whole. The
crystallization of these long sequences leaves the majority of each
participating chain dangling in the adjacent melt. By this reason-
ing, the early lamellar stacks are expected to have noncrystalline
layers that are much thicker than their crystalline lamellae. It is
quite plausible that the majority of chains in these noncrystalline
layers may be pinned to crystal surfaces, frustrating their ability to
participate in the nucleation and growth of further lamellae; a
substantially deeper subcooling might be required to induce their
crystallization (see below).

6841 dx.doi.org/10.1021/ma200774u [Macromolecules 2011, 44, 68366848
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Figure 6. 2D synchronous (left) and asynchronous (right) correlation plots computed from Lorentz-corrected SAXS (top) and Lorentz-corrected
WAXS (bottom) curves collected during cooling at 10 °C/min in the secondary-irreversible crystallization regime of L152 (63 °C < T < 78 °C). Positive
and negative contours are shown as open and filled, respectively. Averaged 1D scattering profiles are shown on the sides. The dotted lines in the SAXS
correlation plots are at 0.022 and 0.048 A7 those in the WAXS plots are at 1.35, 1.51, and 1.66 A! (see text).

As temperature decreases, thinner primary lamellae nucleate
and grow into the remaining unconstrained melt, allowing
progressively shorter ethylene sequences to participate. Since a
larger percentage of each polymer chain is able to crystallize at
lower temperatures, the noncrystalline layers in the resulting
primary lamellar stacks may be progressively closer to the
thickness of the crystalline lamellae. The progressively smaller
long period of the lamellar stacks that form in the primary-
irreversible regime is consistent with both thinner crystallites and
smaller content of noncrystalline material in the lamellar stack.

WAXS. Analysis of the WAXS two-dimensional correlation
plots focuses on three salient features of polyethylene: the broad
amorphous halo (centered at ~1.3 A™") and the two most
prominent crystalline reflections of the orthorhombic unit cell,
which are due to the (110) planes (near 1.5 A™") and the (200)

planes (near 1.65 A™"). The WAXD 2D synchronous pattern
(Figure S, bottom left) exhibits three autopeaks (along the
diagonal) at approximately 1.3, 1.5, and 1.65 A™". Furthermore,
since the intensities of the three peaks change as the result of the
same physical process—the formation of orthorhombic unit cells—
strong cross-peaks are observed. The cross-peaks between the
(110) and (200) crystalline reflections at (1.51 A~", 1.65 A™")
are positive because both peaks change in the same direction (i.e.,
both increase). In contrast, the cross-peaks between the crystal-
line reflections and the amorphous halo, centered at approxi-
mately (1.51 A™", 1.30 A™") and (1.65 A™', 1.30 A™"), are
negative due to the opposite direction of changes in intensity of
the amorphous halo compared with the crystalline reflections.
The faint features in the asynchronous plot (Figure S, bottom
right) can be attributed to shifting of the crystalline and

6842 dx.doi.org/10.1021/ma200774u [Macromolecules 2011, 44, 68366848
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SAXS correlation plots are at 0.035 and 0.070 A~ ; those in the WAXS plots are at 1.46, 1.53, and 1.70 A" (see text). Intensity along the long dash of

bottom left is plotted in Figure 8c).

amorphous peak positions due to thermal contraction*! ~*

convoluted with changes in the shape of the amorphous halo
due to the enrichment of ethyl branches in the noncrystalline
regions as they are rejected from the crystals during crystal-
lization of HPBDs. It is important to note that the asynchronous
features of L152 are over an order of magnitude smaller than the
synchronous ones, indicating increases in the (110) and (200)
diffracted intensity are very nearly simultaneous with each other
and with the decrease in the amorphous halo. Hence, the
dominant process during primary-irreversible crystallization is
the development of crystal unit cells.

Secondary-Irreversible Crystallization. In this work, we dis-
tinguish two regimes within the irreversible regime identified in
prior literature: the distinction between the primary-irreversible

regime (above) and the secondary-irreversible regime is mani-
fested in qualitatively different 2D correlation patterns.

SAXS. Rather than a single peak in the synchronous SAXS
correlation pattern as temperature decreased from 93 to 78 °C
during primary-irreversible crystallization (Figure S, upper left),
there are four peaks in the synchronous SAXS correlation pattern as
temperature decreases from 78 to 63 °C during secondary-irrever-
sible crystallization (Figure 6, upper left). The off diagonal peaks are
negative and have similar magnitude to the autocorrelation peaks:
the loss of scattering power at ~0.022 A is similar in magnitude to
the increase at ~0.048 A~ ". The asynchronous plot (Figure 6, upper
right) exhibits a “butterfly pattern”, consistent with a change in peak
position; the negative sign of the “wing” below the diagonal indicates
that the direction of the peak shift is to larger g values.'®
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Consequently, during secondary-irreversible crystallization,
the average long period decreases from 28 to 13 nm. This type
of peak shift can be interpreted physically as the formation of
secondary lamellae within the noncrystalline regions of pre-
viously formed lamellar stacks, particularly in the least con-
strained (thickest) noncrystalline layers. This lamellar insertion
explains the decrease of scattering corresponding to the largest
long periods (low g) and increased scattering corresponding to
long periods that are approximately half in size (higher q).

WAXS. The synchronous WAXS pattern in the secondary-
irreversible regime (Figure 6, lower left) is also qualitatively
different from that in the primary-irreversible regime: the
prominent autopeak and cross-peaks (Figure S, lower left) due
to the decrease in the amorphous halo in the primary irreversible
regime are absent in the secondary-irreversible regime. Instead,
increases in intensity occur in both the crystalline reflections and
the amorphous halo near the (110) reflection, in the range
1.35—1.46 A=, A scattering peak in this region was suggested to
correspond to an “intermediate” phase by Sajkiewicz et al.*
However, this observation is also consistent with increased
packing density of a fraction of the noncrystalline regions
resulting in a heterogeneous density distribution.***

The familiar autopeaks and cross-peaks associated with the
(110) and (200) crystalline reflections at 1.51 and 1.66 A"
reflect the increase in crystallinity (13%) in this regime. The
peaks in the asynchronous plot (Figure 6, lower right) are again
very weak relative to the synchronous ones, indicating that the
changes in the amorphous phase coincide with the growth of
crystals. Interestingly, although the temperature range of sec-
ondary-irreversible crystallization of this polymer is the same as
for primary-irreversible crystallization (15 °C), the asynchronous
spectrum here lacks the doublets expected due to thermal
contraction of crystalline unit cells (compare lower right of
Figures S and 6). Perhaps the secondary lamellae that form in
this temperature regime suffer greater interfacial stress due to the
accumulation of SCB at their crystal faces; the resulting increase
in the size of their unit cells would offset the contraction of the
unit cells of the previously formed primary lamellae.>*>%*~5*
The crowding of the ethyl groups near the crystal faces could also
account for the increase in noncrystalline scattering on the high-g
side of the amorphous peak, particularly its synchronous relation-
ship to growth of the secondary lamellae.

Reversible Crystallization. The reversible crystallization re-
gime (0—63 °C) is marked by a lack of hysteresis in the
morphological parameters.

SAXS. The synchronous 2D plot is indicative of a loss in overall
intensity in a broad range of g (<0.06 A™") and a mild increase at
q ~ 0.07 A~". The decrease in intensity is evident as a broad,
prominent autopeak centered at 0.035 A~ (Figure 7, top left).
Just as the single prominent autopeak in Figure S reflected the
increase of intensity as primary lamellae formed, here the
autopeak reflects the loss of intensity as reversible crystallites
(fringed micelles) form in the noncrystalline layers of lamellar
stacks causing a decrease in the electron density contrast.” Weak
negative cross-peaks at (0.070 A7",0.035 A7) indicate that as
intensity decreases near 0.035 A, it simultaneously increases
near 0.070 A", The corresponding autopeak (not shown) is
hardly above the baseline, speaking to the small change in its
intensity. The asynchronous plot (Figure 7, top right) again
contains a single feature that is elongated along the diagonal
suggesting a mild shift in peak position.” On the basis of the sign
of the feature below the diagonal, this shift is toward larger values
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Figure 8. WAXS data for reversible crystallization of L152: (a) average
curve with arrows indicating direction of intensity change, (b) intensity
along the diagonal of the synchronous plot (Figure 7, bottom left), and
(c) synchronous correlation intensity along the (110) reflection marked
by long-dashed line in Figure 7, bottom left.

of g (i, smaller characteristic length scales)."® Concurrently
with decreasing scattering intensity that is apparent from 1D
scattering curves, this slight shift in peak position is consistent
with the formation of reversible crystals in the largest noncrystal-
line regions (corresponding to the largest L,,) first, followed by
gradual growth in smaller regions. Additionally, the subtle
autopeak at 0.070 A™" suggests that the reversible crystals have
a structural length scale of ~9.0 nm.

WAXS. The significant increase in crystallinity that is unique to
reversible crystallization of L152, and the other HPBDs exam-
ined, is apparent in the synchronous plot in the familiar autopeaks
corresponding to the (110) and (200) crystalline reflections at
(153 A7, 1.53 A" ") and (1.70 A™%, 1.70 A™"). These peaks are
shifted to larger g-values relative to crystallization in the irreversible
regimes as a consequence of thermal contraction (Figure 7, bottom
left). Thermal contraction continues in the range below 63 °C
corresponding to reversible crystallization resulting in the elon-
gated doublets in the asynchronous plot (Figure 7, bottom right).
These features are consistent with peak shifting occurring simulta-
neously with more pronounced changes in intensity.

As discussed previously, all diffraction features shift to higher
values of g through a decrease of intensity at low g values and
increase of intensity at high g values, which can be seen from 1D
WAXS curves at two different temperature in this regime in Figure 4
(at the beginning at T = 63 °C and at T = 0 °C). The autopeaks in
the synchronous plot corresponding to the diffraction peaks
resemble triangles as a consequence of the increasing breadth of
the crystalline reflections, which is the result of crystallization of
random copolymers at low temperatures (Figure 4). Increased
width of the diffraction peaks results from incoherent growth of
unit cells as more chain defects are encountered during crystal-
lization at low temperatures. This effect is manifested as increasing
intensity on the right side (high-q side) of the crystalline reflections
and corresponding triangular shape of 2D synchronous features.
This shape is mirrored by the corresponding cross-peaks since both
crystalline reflections change simultaneously.

To further appreciate the richness of the 2D synchronous plot
in the reversible regime, it is instructive to consider a selected
cross section of the plot. In particular, a section of I(qy,4,)
holding q; constant at the (110) diffraction peak, such that q; =
q(110) (intensity along long-dashed line in Figure 7, bottom left)
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is compared with the temperature-averaged intensity in this
regime (J(g), analogous to eq 9; Figure 8a) and the intensity
pattern along the diagonal of the 2D synchronous plot referred to
as the autocorrelation intensity (Figure 8b). Moving along q; =
q(110) in Figure 7, bottom left, from high g to low g (Figure 8c)
there is a strong pos1t1ve peak (q~ 1.70 A~ "), a shallow negative
interval (g~ 1.64 A~ "), ashoulder leading up to the strong (110)
autopeak, a resolved positive peak (9~ 1.46 A™"), and a broad
negative feature (g < 1.34 A~ ).

The strongest feature in Figure 8c s due to the (110) autopeak
(where the long-dashed line crosses the diagonal in Figure 7,
bottom left), confirmed by its correspondence in position and
intensity with the peak in the autocorrelation spectrum
(Figure 8b). This peak is offset to high g relative to the (110)
peak in the average intensity (Figure 8a), since it reflects the
increase of intensity during cooling from 63 to 0 °C. This
increase occurs mainly on the high-q side of the diffraction peaks
(indicated by upward arrows on the high-q side of both diffrac-
tion peaks in Figure 8a) due to the simultaneous thermal
contraction of previously formed crystallites and the formation
of new ones.

The second strongest feature in the correlation intensity along
q(110) occurs in a section through the (110)/(200) cross-peak
above the diagonal in Figure 7, bottom left, where the dashed line
passes through it at 1.70 A™". It is readily assigned to the positive
correlation between growth of intensity on the high-q side of
both the (110) and (200) peaks.

Thereisa th1rd positive peak in the correlation intensity along
q(110) at 1.46 A™" (Figure 8c). Like the (110)/(200) cross-peak,
the posmve sign of this peak indicates an increase of intensity at
1.46 A~ that coincides with the increase in intensity on the high-
g side of the (110) peak. Because of both its position and breadth,
this feature is attributed to noncrystalline material.

There are also two negative intervals along qq 110)¢ abroad one
at ¢ < 1.34 A" and a narrow one at 1.64 A~". The former is
assxgned to the decrease in intensity in the amorphous halo at g <
1.34 A~" (compare 63 to 0 °C in Figure 4 and observe where the
long-dashed line in Figure 7, bottom left, cuts through the
elongated negative feature in the synchronous plot). The nega-
tive intensity near 1.64 A~ is attributed to the substantial shift of
the (200) reflection to higher g values as a consequence of
thermal contraction, resulting in a decrease of intensity on the
low- q side of the (200) peak (see downward arrow in Figure 8c at
1.64 A™"). A similar negative feature is expected on the low-q side
of the (110) peak also. Instead, the decrease of the diffracted
intensity at 1.49 A" due to thermal contraction (manifested by
the local minimum in Figure 8c) is offset by the increase of
scattered intensity in the broad range around 1.46 A" (see
arrows marked with asterisks in Figure 8a).

The simultaneous occurrence of the change in noncrystalline
scattering as crystallites form suggests that the formation of
crystals alters the structure in adjacent noncrystalline material.
The effect has negligible time lag (very weak signatures in the
asynchronous plot in Figure 7, bottom right), suggesting that the
effect is local; as reversible crystals form, they perturb the
noncrystalline structure in their immediate vicinity. This is
consistent with the physical interpretation of crystallization at
low temperatures, which results in excessive crowding of ethyl
groups at the crystal surface and increased constraint of the
noncrystalline regions compared to higher temperatures.

Searching for a Semiordered Phase. Prior literature has
suggested the existence of a semiordered phase that contributes

relatively narrow reflections to WAXS in an attempt to improve
the calculation of crystallinity from WAXS patterns.»>>">>**
However, 1D scattering curves have not yet revealed definitive
evidence in the form of a resolved feature of such a phase. Here
we apply the enhanced resolution of spectral features provided by
2D correlation analysis to search for possible evidence of a
semiordered phase. Specifically, we examine all three crystal-
lization regimes (primary-irreversible, secondary-irreversible,
and reversible) for features that could be construed as evidence
of a semiordered phase. Cross-correlation features in WAXS near
1.61—1.64 A~ (at the low-q side of the (200) reflection) and
near 1.46 and 1.49 A~" (adjacent to the (110) reflection) are
evaluated for potential as51gnment to the “(200)” and “(110)”
semiordered reflections.””

WAXS scattering in the three crystalhzatlon regimes exhibit
(1) increases near 1.49 and 1.61 A~ during primary-irreversible
crystallization, (2) increases near 1.46 and 1.61 A~ during
secondary-irreversible crystallization, and (3) an increase at
1.46 A~ but a decrease at 1.64 A~" during reversible crystal-
lization. The shift of the presumed “(110)” peak to lower g
between the primary- and secondary-irreversible regimes (1.49
versus 1.46 A™, respectively) without a corresponding shift in
“(200)” is unexpected if the two features are attributed to a
semiordered phase. The opposite changes in intensity of the
presumed “(110)” and “(200)” reflections during reversible
crystallization is difficult to reconcile with a unified explanation
in terms of a distinct, semiordered phase. Thus, the observed
changes in the noncrystalline regions of WAXS do not support
this hypothesis.

Instead, we favor the interpretation of McFaddin et al.® that
attributes observed changes in the noncrystalline WAXS during
crystallization to density heterogeneities that can arise from well-
established physical phenomena (thermal contraction, loss of
coherence in unit cell growth of copolymers at low temperatures,
and crystallization-induced heterogeneity in the density distribu-
tion of adjacent noncrystalline material). In the present HPBDs,
crystallization results in the enrichment of rejected ethyl groups
in the noncrystalline regions closest to crystal faces. In contrast to
HDPE, which crystallizes by chain folding with frequent nearby
re-entry of the chain into the crystal, crystallization of HPBDs
incorporates “crystalline stems” that are usually delimited by
butene units, resulting in strongly reduced probability of nearby
re-entry. The crowding of chains at the crystal surface, in addition
to localized butene concentration and thermal contraction of
these noncrystalline regions, can explain the change in the shape
and position of the amorphous halo.”***

SAXS—WAXS Heterospectral Correlation. Correlation anal-
ysis is a powerful tool for visualizing the relationships among
structural changes taking place on different length scales in
response to a given perturbation. In some cases, the hetero-
spectral correlation analysis simply confirms relationships that
are evident by inspection of the individual 1D data sets
(illustrated here using SAXS and WAXS measurements in the
irreversible regimes). In other cases, “het-corr” analysis exposes
relationships that would be difficult to discern otherwise
(illustrated here by SAXS-WAXS correlation analysis in the
reversible regime).

The strong increase in overall SAXS intensity (Figure 3) and
development of crystalline reflections in WAXS at the expense of
the amorphous halo (Figure 4) in the primary-irreversible regime
give rise to three characteristic features in the heterospectral plot
(Figure 9); each of the WAXS features (amorphous halo and two
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Figure 9. 2D heterospectral correlation plot computed from Lorentz-
corrected SAXS and WAXS (horizontal and vertical axes, respectively)
during primary-irreversible crystallization of L152. Positive and negative
contours are shown as open and filled, respectively. Averaged 1D
scattering profiles are shown on the sides. The dotted lines on the
SAXS axis are at 0.028 A~ !, and those on the WAXS axis are at 1.30, 1.51,
and 1.66 A~ (see text).

crystalline reflections) is correlated with the SAXS peak that is
centered at ~0.03 A™". The crystalline reflections are positively
correlated, while the amorphous halo is negatively correlated
with the SAXS peak. Hence, this heterospectral pattern is
characteristic of rapid propagation of primary lamellae in an
unconstrained melt, with polymer crystals organizing into lamel-
lae with an average long period of ~21 nm.

The secondary-irreversible crystallization regime is character-
ized by a shift in the SAXS peak at nearly constant intensity
(Figure 3) as well as a growth of both the WAXS crystalline
reflections and the portion of the amorphous halo immediately
adjacent to the (110) reflection (1.4—1.46 A~ " in Figure 4). The
heterospectral pattern characteristic of secondary-irreversible
crystallization exhibits a change in sign of the correlation
intensity along the SAXS g-axis. The shift in the SAXS peak
position causes the WAXS crystalline reflections to be correlated
both positively (for g > 0.03 A™', where SAXS intensity
increases) and negatively (for g < 0.03 A™, where SAXS intensity
decreases) with the SAXS intensity (Figure 10). The negative
peaks centered at (0.022 A7', 151 A7Y) and (0.022 A7,
1.65 A™") indicate the simultaneous increase in intensity of the
crystalline reflections and the decrease of intensity in the low-g
side of the SAXS peak. These features indicate that crystallites
form in the noncrystalline layers of the lamellar stacks having the
largest long periods. Positive features centered at (0.048 A",
1.51 A™") and (0.048 A™', 1.66 A™") show that these new
crystallites increase scattering due to structures having a smaller
long period. Hence, the development of crystallinity in the
secondary-irreversible crystallization regime is attributed to
secondary lamellae that form between already-formed lamellae.
Furthermore, the secondary lamellae preferentially form in the
thickest noncrystalline layers (i.e.,, in lamellar stacks with the
largest long period), essentially cutting the original long period in
half from 28 to 13 nm.

In the reversible regime, heterospectral analysis reveals rela-
tionships that were not immediately apparent from the 1D data

q (A"

0.02 0.04 0.06 0.08
q (A"

Figure 10. 2D heterospectral correlation plots computed from Lorentz-
corrected SAXS and WAXS (horizontal and vertical axes, respectively)
during secondary-irreversible crystallization of L152. Positive and
negative contours are shown as open and filled, respectively. Averaged
1D scattering profiles are shown on the sides. The dotted lines on the
SAXS axis are at 0.022 and 0.048 A™'; those on the WAXS axis are at
1.51 and 1.66 A" (see text).
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Figure 11. 2D heterospectral correlation plots computed from Lorentz-
corrected SAXS and WAXS (horizontal and vertical axes, respectively)
obtained during cooling at 10 °C/min in the reversible crystallization
regime of L152. Positive and negative contours are shown as open and
filled, respectively. Averaged 1D scattering profiles are shown on the
sides. The dotted lines on the SAXS axis are at 0.034, 0.039, and 0.070
A7 and those on the WAXS axis are at 1.46, 1.50, 1.53, 1.64, and 1.70
A? (see text).

or from the conventional 2D correlation analysis of SAXS and
WAXS individually. Specifically, the heterospectral plot exhibits
two positive features centered at (0.068 A~', 1.53 A™") and
(0.068 A", 1.70 A™") that unambiguously correlate increases at
the two crystalline reflections with the formation of entities with
a characteristic size of ~9.0 nm manifested in SAXS scattering at
large q (Figure 11).

This heterospectral pattern, characteristic of fringed micelle
formation in fully constrained melt, exhibits changes in sign of
the correlation intensity along both the SAXS and WAXS g-axis
(horizontal and vertical direction in Figure 11, respectively).
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Table 2. Summary of Crystallization Behavior of HPBD Materials

crystallization regimes

primary-irreversible

morphological parameters X, Ly, and Q vary
strongly with T;
hysteresis between
cooling and heating

SAXS peak intensity grows

as T is reduced

secondary-irreversible

showing hysteresis (cooling/heating)

constant peak intensity

reversible

Q is near maximum, X, Ly, and Q change with T,

while X, and L, change with T,

but no hysteresis between

cooling and heating

peak intensity decreases

peak position moves to higher g in all 3 crystallization regimes

WAXS decrease in intensity of

amorphous halo as T is reduced

change in shape and

position of amorphous halo

strong change in shape and

position of amorphous halo

crystalline peaks grow in intensity, broaden, and move to higher g in all 3 crystallization regimes

2D hetero SAXS/WAXS

physical interpretation

intensity redistribution in WAXS
primary lamellar growth

in unconstrained melt

within the largest noncrystalline

intensity redistribution in SAXS
secondary lamellar growth

in constrained melt

intensity redistribution in SAXS and WAXS
fringed micelle formation in
severely constrained melt within

remaining noncrystalline layers

regions between primary lamellae

Negi{ative peaks at (0.034 A~", 1.53 A™") and (0.034 A™', 1.70
A7) indicate the formation of crystallites (increase in WAXS at
1.53and 1.70 A7, corresponding to unit cell parameters a = 7.39
A and b 494 A typical of PE crystals near room
temperature®>>*) coincides with a decrease in SAXS scattering
at 0.033 A™', corresponding to a long period of 19 nm
(Figure 11). Thus, reversible crystallites preferentially form in
noncrystalline layers that were too small to permit growth of
secondary lamellae. Positive features centered at (0.039 A", 1.50
A7") and (0.034 A7, 1.64 A7) indicate a decrease in WAXS
scattering from crystals with unit cell dimensions of a = 7.66 A
and b = 5.00 A as they contract during cooling from 63 to 0 °C.
These dimensions are greater than expected below 60 °C,***
suggesting that the decrease in WAXS occurs preferentially in the
high-end of the unit cell size distribution.

No correlation was observed between SAXS intensity changes
and the WAXS feature at 1.46 A~' in the synchronous plot
(Figure 7, lower left). Therefore, changes in WAXS during
reversible crystallization occur without evidence of a mesophase
in SAXS. Changes in WAXS are again accounted for by variations
in position and shape of only the amorphous halo and the
crystalline reflections; there is no apparent need to invoke a
semiordered phase.

Although not discussed here, further insights may also be
gained from supplemental tools such as normalization."”

52,

Bl CONCLUSION

Two-dimensional correlation analysis, which is well-estab-
lished in the field of vibrational spectroscopy,”'>'%*¢ proved
useful in analyzing X-ray scattering data and elucidating physical
phenomena associated with quiescent crystallization of an ethy-
lene copolymer. Morphology evolution in the three crystalliza-
tion regimes of random copolymers—primary-irreversible,
secondary-irreversible, and reversible—resulted in unique signa-
tures in conventional 2D correlation plots of WAXS and SAXS as
well as 2D heterospectral correlation patterns (Table 2).

Heterospectral analysis provided insight about the direct
relationship between a growing population of crystalline unit
cells (WAXS) and their organization into superstructures

(SAXS). Propagation of primary lamellae through unconstrained
melt during primary-irreversible crystallization is characterized
by SAXS—WAXS correlation features that are negative at low
WAXS wavevectors (consumption of noncrystalline material) and
positive at high WAXS wavevectors (growth of crystalline diffrac-
tion peaks; Figures 9—11). During secondary-irreversible crystal-
lization, growth of secondary lamellae in the largest noncrystalline
layers between primary lamellae gives SAXS—WAXS heterocorre-
lation features that are negative and positive at low and high SAXS
wavevectors, respectively (Figure 10). Fringed-micelle formation in
severely constrained noncrystalline regions is characterized by
changes in the sign of the correlation intensity along both the
SAXS and WAXS wavevectors (Figure 11). These heterospectral
patterns can be used to fingerprint the corresponding physical
processes in other polymer systems.

No evidence was found for the formation of a semiordered
phase that has been proposed in previous studies.*>*"**** Those
WAXS features that might be attributed to a semiordered phase
do not vary together as they would if they arose from the same
underlying phase. Instead, these features are ascribed to thermal
contraction of the crystalline phase, loss of coherent unit cell
growth at low temperatures, and a change in shape and position
of the amorphous halo. The latter observation is explained by
thermal contraction of the noncrystalline material and its enrich-
ment with ethyl groups near the crystal surface. The rejection of
short-chain branches increases crowding at the crystal interface,
resulting in heterogeneity in the noncrystalline phase. This
heterogeneity is evident when crystallites form in a constrained
melt (i.e., secondary lamellae and fringed micelles).

Further examination of materials with varying SCB content using
2D correlation analysis may give further insight into the develop-
ment of this heterogeneity. One would expect that the amount of
noncrystalline heterogeneity would increase with crystal defects.”***
Two-dimensional correlation analysis of WAXS data proved to be
highly sensitive to changes, revealing, for example, subtle, yet
important features of fringed micelle formation. This sensitivity of
2D correlation analysis makes it a powerful tool to study materials
with different crystal morphs that are difficult to resolve from 1D
curves, such as “double crystalline” block copolymers.>*
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