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The phase behavior for a series of poly(l4-isoprene-b-DL-lactide) diblock copolymers characterized by a relatively
large Flory—Huggins segment—segment interaction parameter (y) and low degrees of polymerization (N) over a range of
compositions was reported. Ordered-state morphologies were deduced from small-angle x-ray scattering (SAXS) meas-
urements, and y(T) was determined from order-disorder transition temperatures (Topr's) associated with the composi-
tionally symmetric specimens and assuming the mean-field theory, that is, (yN)opr=10.5. The ODT was determined by
differential scanning calorimetry, SAXS, and dynamic mechanical spectroscopy, and shown to be weakly first-order,
with latent heats of transition that vary strongly with composition. We interpret this behavior in terms of the mean and
Gauss interfacial curvature of the ordered-state morphologies and with respect to composition fluctuations in the
disordered state. These results offer a fresh strategy for investigating weakly first-order phase transitions within the

Brazovskii universality class. © 2013 American Institute of Chemical Engineers AICKE J, 59: 3502-3513, 2013
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Introduction

In 1970, Neal Amundson was pressured by the administra-
tion at the University of Minnesota to absorb a group of metal-
lurgists into the Department of Chemical Engineering after
disbanding the program in Mining and Metallurgy. Amundson
resisted this move, fortunately unsuccessfully, acquiescing
only after securing a dowry: new faculty for expansion into
the growing field of polymer science and engineering. Today,
materials science and engineering represents a key strength of
the department, and the polymer program has grown to
embrace more than a half-dozen faculty across Chemical En-
gineering and Materials Science, and Chemistry, currently
supporting more than 100 Ph.D. candidates and postdoctoral
fellows. A central theme is multiblock polymers, a field with a
bright future' due in part to Amundson’s boundless legacy.
This article on the fundamental thermodynamics of simple
diblock copolymers is a tribute to the Chief.

Block polymers have fascinated researchers for decades,
combining a host of interesting scientific questions with com-
mercial relevance.”™ Many new and exciting applications
require ever decreasing nanoscale dimensions (e.g., litho-
graphic patterning of microelectronic materials),” which has
drawn us into exploring the thermodynamic behavior of block
copolymers (BCP’s) characterized by large Flory-Huggins
segment—segment interaction parameters (y’s). Because the
state of segregation of a BCP depends on the compound vari-
able yN, where N is the overall degree of polymerization, large
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values of y produce ordered nanostructures (often referred to
as microphase separation) even at relatively low values of N.°
Our interest in such high y, low N materials is two-fold. First,
as a practical matter we wish to understand the lower limit of
the range of characteristic dimensions, and the associated
physical properties, which can be accessed using BCPs. How-
ever, mean-field treatments of BCP phase behavior are typi-
cally formulated in the limit of infinitely large N, that is,
infinitesimally small y. As N is reduced from this limit compo-
sition fluctuations are expected to become increasingly impor-
tant. A second objective is to expand our fundamental
understanding of the thermodynamic behavior of this class of
materials under circumstances where the assumptions inherent
in the accepted theoretical framework used to describe BCP
self-assembly®’ would be expected to fail.

In the mean-field limit, Leibler predicted that AB diblock
copolymer phase behavior depends on two parameters: the
volume fraction f of block A and the combined parameter
yN.3O5 The composition, f, which is determined by the
degree of polymerization of each block (and to a lesser
extent the repeat unit densities), primarily controls the geom-
etry of the ordered microphase separated structures, whereas
N dictates the strength of segregation between the blocks.
For systems governed by van der Waals interactions, y is
proportional to the inverse of temperature: y=o/T+f where
o and f§ are empirically determined constants and T is the
temperature. The magnitude of y is determined by the chem-
ical structure of the repeat units, which can be approximated
(in the absence of specific interactions such as hydrogen
bonding) based on the associated solubility parameters (J;):
1=(V/RT)(5,—Jp)* where V is the repeat unit molar volume
and R is the gas constant. Thus, heating a BCP melt gener-
ally reduces yN. Leibler showed that within mean-field
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theory the phase transition from a state of disorder to order,
known as the order-disorder transition (ODT), occurs at a
critical point: (yN)opr=10.5 for symmetric (f=1/2) BCPs.
At this continuous, second-order, phase transition, the homo-
geneous disordered state gives way to an ordered lamellar
phase with a composition profile of differential amplitude.
This amplitude then grows as yN is increased, for example,
by decreasing the temperature.

Following a seminal publication by Brazovskii,'? Freder-
ickson and Helfand proposed a correction to Leibler’s theory
to account for the effects of fluctuations at finite N.” In this
theory, the disordered state in the vicinity of the ODT is no
longer homogeneous, but is instead characterized by ther-
mally induced local composition fluctuations with a charac-
teristic length scale on the order of the radius of gyration of
the polymer chain. The amplitude of these fluctuations
increases as yN is raised, producing a degree of disordered
microphase segregation at values of yN well-below the tran-
sition to the ordered phase. These fluctuations stabilize the
disordered phase and shift the value of (yN)opr to a value
greater than 10.5, the magnitude of which increases with
decreasing N. Composition fluctuations break the second-
order character of the ODT for symmetric diblocks resulting
in a discontinuous, fluctuation-induced weakly first-order
phase transition. The theory predicts a small discontinuous
change in the local composition profile at the ODT coinci-
dent with the fluctuating disordered state transforming to the
ordered lamellar morphology. Although only strictly valid at
values of N approaching 10° and not considered quantita-
tively accurate, the Fredrickson—Helfand theory has been
remarkably successful at capturing certain qualitative fea-
tures of the phase behavior of real BCP materials including
the topology of the diblock copolymer phase diagram and
the presence of fluctuations near the ODT. In this work, we
explore the ODT and phase behavior of BCP materials char-
acterized by unusually small molecular weights, N<100,
which is well-outside the limits where the fluctuation theory
is expected to be applicable.

With a few notable exceptions, the thermodynamics
associated with the ODT in general, and the effects of fluctua-
tions specifically, have been studied using indirect experimental
techniques, for example, rheology and small-angle scatter-
ing.?*2! In this report, we present experimental results obtained
with a series of high y, low N poly(1,4-isoprene-b-DL-lactide)
(IL) diblock copolymers in which direct calorimetric measure-
ment of the ODT was possible. This system was chosen based
on the large difference in solubility parameters between poly(i-
soprene) (PL; 0p=16.6 J 12/em??) and poly(DL-lactide) (PLA;
Spra=19.7 12 /cm*?).2>?* The thermodynamic properties near
the ODT were systematically explored using a combination of
small-angle x-ray scattering (SAXS), dynamic mechanical spec-
troscopy (DMS), and differential scanning calorimetry (DSC)
experiments, including direct thermal measurements of the
ODT for samples that span the primary diblock copolymer mor-
phologies, including ordered lamellae, cylinders, and spheres.
7(T) was estimated, and the phase behavior for this system was
characterized near the order to disorder transition phase bound-
ary and mapped on a phase portrait.

13-19

Experimental
Materials and molecular characterizations

A detailed synthetic scheme for the preparation of IL diblock
copolymers is described elsewhere.** Briefly, w-hydroxyl
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poly(1,4-isoprene) (PI-OH) was prepared by anionic polymer-
ization of isoprene and used as a macroinitiator for the ring-
opening polymerization of lactide monomer using a triethyl
aluminum catalyst yielding poly(1,4-isoprene-b-DL-lactide)
(IL). The molecular weights and block compositions of IL
polymers were determined by "H nuclear magnetic resonance
spectroscopy experiments (Varian VI-500), and dispersities
(Ob=M,/M,) were determined by size exclusion chromatogra-
phy (SEC) using chloroform as the mobile phase.

Dynamic mechanical spectroscopy

Order-disorder and order-order transition temperatures
(Topr and Toor, respectively) of each IL diblock copolymer
were measured using DMS experiments conducted with a
Rheometrics ARES strain controlled mechanical spectrome-
ter.”! The IL diblock copolymers were loaded between 25
mm parallel plates, disordered by heating above the Topr,
cooled, and heated at a rate of 0.1°C/min while measuring
the isochronal (w=0.1 rad/s) linear dynamic shear storage
(G') and loss (G”) moduli. The Topr s were obtained from
the final heating step and were taken as the temperature at
which G’ shows a precipitous drop to a liquid-like response.
Toor’s were associated with rapid changes in G’ that sepa-
rated nonterminal (soft solid) viscoelastic states.

Differential scanning calorimetry

A TA Instrument Q1000 DSC was used to measure the
glass transition temperatures (T,,) of the PI and PLA blocks.
Samples (~10 mg) were placed in hermetically sealed alumi-
num pans, heated to 200°C, cooled to —100°C, and heated
to 200°C again at a rate of 10°C/min. The T, values were
determined using the final heating results.

Many DSC thermograms of the IL diblock copolymers
showed distinct thermal features on cooling and heating with
onset temperatures corresponding with the Topr’s of the
materials. This phenomenon was further examined in
selected IL diblock copolymers using a TA Instruments
Discovery DSC. In these experiments, samples (10-20 mg)
in aluminum Tzero hermetic DSC pans were equilibrated
at a temperature 50-75°C above the Topr, cooled at a
specified rate through the ODT to 0°C (—20°C in the case
of IL-15), and then heated through the ODT to the initial
equilibration temperature. For selected samples, an annealing
step at a temperature approximately 20°C below Topt was
employed between the initial cooling and the final heating
steps. The latent enthalpy of the ODT phase transition,
AHopr, was determined from the DSC thermograms using
TA Instruments Trios software. Thermal degradation was not
observed by SEC analysis of the samples after DSC
experiments.

Small angle x-ray scattering

The phase behavior of the IL diblock copolymers was
investigated using SAXS experiments conducted at DND-
CAT (beamline 5-ID-D) at the Advanced Photon Source
located at Argonne National Laboratory (Argonne, IL). The
sample-to-detector distances employed for the experiments
were 3.97, 4.03, 4.63, or 5.5 m, and the x-ray wavelength, /A,
was 0.729 A. Scattering data were collected with a Mar area
CCD detector, and azimuthally integrated to the one-dimen-
sional (1-D) form of intensity, /, vs. scattering momentum
transfer vector, q=4n)flsin(9/2), where 0 is the scattering
angle. For isothermal experiments, the samples were placed
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Table 1. Molecular Characterization Data for IL Diblock Copolymers

Polymer M, (g/mol) M,,." (g/mol) M," (g/mol) i b N* Ty, pra (°C)
I-1 1130 - - 1.06 19 —
1-2 1350 - - 1.06 23 -
1-3 1720 - - 1.07 29 -
1-4 2810 - - 1.06 47 -
1-5 3880 - - 1.07 57 -
IL-1 1130 1620 2750 0.51 1.12 39 20
1L-2 1350 2200 3550 0.54 1.09 49 22
1L-3 1720 2810 4530 0.54 1.09 63 29
IL-5 1130 4260 5390 0.73 1.08 71 29
1L-6 1130 3140 4270 0.67 1.08 57 28
IL-7 1350 2340 3690 0.56 1.11 51 21
1L-8 1350 3030 4380 0.62 1.13 59 35
1L-9 1130 4930 6060 0.76 1.08 79 35
IL-10 1720 2360 4080 0.50 1.11 57 24
IL-11 1720 1620 3340 0.40 1.10 48 11
1L-12 2810 1190 4000 0.23 1.11 62 5
1L-13 2810 1320 4130 0.25 1.13 63 11
1L-14 2810 1770 4580 0.31 1.15 69 15
IL-15 2810 1080 3890 0.22 1.12 60 5
IL-16 2810 2220 5030 0.36 1.04 74 32
1L-24 3880 1090 4970 0.17 1.08 79 4

*Number average molecular weight.

Calculated volume fraction of PLA using bulk densities of PI (0.9 g/cm®) and PLA (1.25 g/cm®) at 25°C with experimental error+0.01.2>%
Number average degree of polymerization with the reference volume of Vref:(vplvpLA)l/z ~ 110 A" where Vp; and Vp 5 are PI and PLA unit segment volumes

at room temperature, respectively.

in aluminum DSC pans and the temperature was controlled
using a Linkam DSC stage cooled with liquid nitrogen and
maintained under an inert (helium or nitrogen) atmosphere.
The samples were first heated above the Topr then cooled to
various target temperatures and held for 2 min before data
collection, unless otherwise specified. Temperature changes
were implemented at a rate of approximately 100°C/min.

Dynamic temperature ramp SAXS experiments were also
conducted on select samples to mimic the DSC measure-
ments used to evaluate the ODT. In these experiments, sam-
ples were placed in 1.5-mm diameter quartz capillaries, and
the temperature was controlled using a modified Linkam
HFSO91 hot stage. The samples were equilibrated at a temper-
ature above the Topr (150, 160, and 100°C for IL-1, IL-14,
and IL-15 samples, respectively), cooled at a controlled
ramp rate to a temperature well-below Topr (30, 40, and
0°C for IL-1, IL-14, and IL-15, respectively), held at the
lowest temperature for 2—10 min, and finally heated at a con-
trolled ramp rate to the original equilibration temperature
above the Toprt. Scattering patterns were collected in situ in
intervals of 10°C while the temperature was ramped.
Analogous experiments were conducted over a narrower
temperature range in the vicinity of the Topr (85-100°C,
and 120-140°C for IL-1 and IL-14, respectively) with scat-
tering patterns collected every 1°C. The scattering invariant,
O.e1, was calculated by numerically integrating the intensity
data (see Eq. 4) over the range of ¢ that was experimentally
accessible (~0.02-0.26 A™") after subtracting a background
intensity obtained from an empty capillary. The principle
scattering peak of the 1-D SAXS patterns were fit to Lorent-
zian (ordered states) or quadratic (disordered state) functions
for precise extraction of ¢* values.

Results

A series of 16 IL diblock copolymers was synthesized
from five PI-OH precursors with a wide range of PLA block
volume fractions, 0.17<f; <0.76 (Table 1). The Tgopr’'s of
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these samples, obtained from DMS and DSC experiments,
fall within an experimentally feasible temperature window
(< 200°C) except IL-16 (see below). The ODTs were con-
firmed and ordered morphologies identified with isothermal
synchrotron SAXS experiments. Five characteristic SAXS
patterns provide definitive phase assignments as listed in
Table 2 (representative examples shown in Figure 1): disor-
der—DIS, the Frank—Kasper sigma phase—o (IL-15), body-
centered cubic spheres—BCC (IL-15 and 24), hexagonally
packed cylinders—HEX (IL-5, 9, 12, 13, 14, and 16), and
lamellae—LAM (IL-1, 2, 3, 6, 7, 8, and 10).

In addition to the typical rheological method used to iden-
tify the Topr (taken as the temperature at which a

Table 2. Phase Behavior of IL Diblock Copolymers

¢* (1/A) (Sample
Temperature in

Phase and Phase
Transition

Polymer Temperature (°C)* °C, Phase)’
IL-1* LAM—93(96)—DIS 0.0736 (50, LAM)
IL-2* LAM—110(114)—DIS 0.0699 (50, LAM)
IL-3* LAM—153(157)—DIS 0.0604 (50, LAM)
IL-5 HEX—95(98)—DIS 0.0676 (90, HEX)
IL-6 LAM—77—DIS 0.0658 (50, LAM)
IL-7* LAM—I111(112)—DIS 0.0685 (50, LAM)
IL-8 LAM—110—DIS 0.0615 (50, LAM)
IL-9 HEX—97—DIS 0.0590 (25, HEX)
IL-10°  LAM—146(147)—DIS 0.0628 (50, LAM)
IL-11 LAM—98—DIS 0.0697 (50, LAM)
IL-12 HEX—65—DIS 0.0674 (50, HEX)
IL-13 HEX—105(105)—DIS 0.0605 (25, HEX)
IL-14 HEX—130(132)—DIS 0.0595 (57, HEX)
IL-15 g-Phase—27—BCC—50(51)—DIS  0.0648 (40, BCC)
IL-16 HEX—200<DIS 0.0392 (200, HEX)
IL-24 BCC—76—DIS 0.0664 (45, BCC)

Published on behalf of the AIChE

§TODT, and Toor were measured by DMS. Values listed in parenthesis were
determined by DSC.

Principal peak positions (¢*) determined by SAXS patterns at the tempera-
ture and phase indicated in the parenthesis.

“Polymers used for determining ;..
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Figure 1. SAXS with varying composition.

Isothermal synchrotron SAXS patterns obtained from
the IL diblock copolymers. (a) o-phase identified with
IL-15 (f1,=0.22) after 26 days aging at room tempera-
ture. (b) BCC phase identified with IL-15 (f;,=0.22) after
30 min annealing at 40°C. The relative peak positions of
BCC phase, g/¢* = |1, 2, |3, |4, |5, |6, |7 are marked
by inverse triangles where ¢* is the primary peak. (c)
HEX phase identified with IL-16 (f;,=0.36) at 200°C
with ¢/¢* = 1, |3, \4, |7, |9, (12. (d) LAM phase identi-
fied with IL-10 (f,=0.50) at 50°C with ¢/¢* = |1, (4, |9
(e) HEX phase identified with IL-5 (f;,=0.73) at 90°C
with g/¢* = |1, 3, 4.

precipitous drop in G’ is observed on slow heating from the
ordered state), many IL diblock copolymer samples showed
a weak but distinct thermal signature of the ODT in DSC
experiments. The details of this thermal signature were found
to be strongly dependent on the ordered-phase morphology.
Representative DMS and DSC data used to identify Toprs
for IL copolymers that form LAM, HEX, and ordered
spheres (BCC and/or g) are shown in Figure 2. Peaks are
visible in the DSC thermograms with onset temperatures that
coincide closely with the rheological signatures of the ODT.
We attribute these endothermic peaks to the latent heat asso-
ciated with the ODT, and take the onset of this temperature
response as the Topr. We accepted the Toprs obtained from
DMS measurements as the equilibrium values due to the
much slower heating rate and more quantitative signatures
compared to the DSC measurements. A detailed analysis of
the DSC results is presented below.

We have estimated yy (T) using the Toprs determined for
the symmetric and nearly symmetric (fi, ~ 0.5) IL polymers
(IL-1, 2, 3, 7, and 10) based on mean-field theory, assum-
ing (XN)ODT:10.5.6 The degree of polymerization N was
determined using a segment reference volume, v=110 A3,
approximately the geometric average for PI and PLA. A
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linear function of the form y; =o/T+f was extracted from
the Toprs and the result is plotted in Figure 3, yielding

Jno_ (230260)

(L T (0.38+0.14) (1)

DSC thermograms obtained on cooling and heating at
various temperature ramp rates from representative LAM
(IL-1), HEX (IL-14), and BCC (IL-15) forming IL samples
are shown in Figure 4. The qualitative and quantitative
features of the thermal response at the ODT are strongly de-
pendent on the ordered-phase morphology. Although the
thermal signature of the ODT was weak for all samples, the
LAM samples exhibited the strongest features comparatively.
For LAM samples, peaks we attribute to the ODT were
clearly visible for the disorder-to-order transition on cooling
and the order-to-disorder transition on heating at all tempera-
ture ramp rates tested, as shown for IL-1 in Figure 4A. HEX
samples also showed clearly distinguished ODT peaks in the
thermograms on cooling and heating at all temperature ramp
rates, though they were substantially weaker than those
observed from LAM samples, as shown for IL-14 in Figure
4B. The thermal signature of the ODT for BCC samples was
only observed on heating and only after annealing the sam-
ple at temperatures below the Topr for a minimum of 30
min. The signature was so weak that it was almost outside
the resolution of the DSC instrument and could only be reli-
ably distinguished from baseline noise at high heating rates
of 20°C/min, as shown for IL-15 in Figure 4C. Surprisingly,
the temperature difference between the order-to-disorder
transition temperature observed on heating (7},) and disor-
der-to-order transition temperature observed on cooling (7)
for the LAM and HEX forming samples was small, less than
5°C even at the relatively fast temperature ramp rate of
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Figure 2. Determination of Topr-

Isochronal (0.1 rad/s) dynamic shear storage modulus,
G/, (filled symbols) and DSC thermograms (lines)
obtained from IL-1 (curve b, filled circles), IL-14 (curve
¢, filled triangles), and IL-15 (curve a, filled squares)
while heating at 0.1 (DMS) and 20°C/min (DSC). The
DSC thermogram of IL-15 (curve a) was obtained after
a 1-h isothermal annealing step at 40°C. The tempera-
ture at which a precipitous drop in G’ is observed is
regarded as the Topr and are marked with arrows. For
clear presentation, DMS data for IL-15 (filled squares)
and DSC data for IL-14 (curve c¢) have been shifted
vertically by the factors of 1072 and —0.6 W/g,
respectively.
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The values of y;, were calculated based on the mean-
field order-disorder criterion, (yN)opr=10.5 and the
Topr’s of IL-1, 2, 3, 7, and 10 determined using DMS.

20°C/min, and became negligible as the heating and cooling
rates were decreased. The HEX samples (IL-13, 14, and 5)
produced slightly greater temperature differences between
Ty and T, approximately 2-5°C at 20°C/min compared to
1-2°C for LAM at the same heating/cooling rate.

The nature of the ODT was also probed with SAXS
experiments. Use of the synchrotron x-ray source enabled
rapid data acquisition (ca. 5 s per frame) while changing the
temperature at the same rates as was done with the DSC
(see Figure 4). Selected SAXS patterns, collected while cool-
ing and heating through the ODT of IL-1 at 10°C/min tem-
peratures, are shown in Figure 5. Ordering and disordering
occurs within the 1°C resolution of these experiments con-
sistent with the DSC results. These results show that nuclea-
tion and growth of the LAM-forming samples is remarkably
fast, consistent with our conclusion that the heat of the DIS-
LAM transition recorded by DSC (see below) reflects an
equilibrium value. Similar results were obtained on cooling
and heating IL-14 (Figure 6), leading to the same assessment
regarding the DIS-HEX transition.

The behavior of the sphere-forming specimens contrasts
sharply with that documented with the LAM and HEX based
materials, as illustrated in Figure 7 for IL-15. Cooling at
20°C/min from 100°C (TODT+500C) to 0°C (TODT_SOOC),
fails to induce ordering, resulting in a SAXS pattern that
contains a broad principal peak at g* ~ 0.065 A" and a
weak bump at ¢ =~ 0.16 A™!. We attribute these features to
a liquid-like arrangement of spherical (micelle-like) aggre-
gates.”*° As shown in a previous publication, annealing IL-
15 for 30 min at 40°C following cooling from the disordered
state leads to the development of BCC crystalline order (see
Figure 1b).>° These results are consistent with the DSC data
found in Figure 4C.

Values for AHopr, the latent enthalpy of transition, were
calculated from the DSC thermograms by integration of the
endothermic (heating) and exothermic (cooling) peaks
associated with the ODT. Latent enthalpies of the order-to-
disorder transition, AH,,, and the disorder-to-order transition,
AH,, are listed in Table 3. For all the LAM-forming speci-
mens, AH,, (0.31-0.36 J/g) was independent of the thermal
history (i.e., cooling/heating rate and annealing time), and
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Figure 4. Differential scanning calorimetry measure-
ments.

DSC thermograms obtained on cooling (below vertical
axis break) and heating (above vertical axis break) at
various temperature ramp rates obtained from (A)
LAM forming IL-1, (B) HEX forming IL-14, and (C)
BCC forming IL-15. Curves labeled “Annealed” were
cooled and heated at 20°C/min with an additional 1-h
annealing step (performed at 70, 110, and 40°C for
samples IL-1, IL-14, and IL-15, respectively) between
the initial cooling and final heating steps shown. Onset
temperatures are marked with triangles and the dotted
lines indicate baselines used in calculations of AHgprt.
Curves have been scaled by the factors indicated to
allow the data for different temperature ramp rates to
be clearly presented on a single set of axes.
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Selected scattering patterns of LAM forming IL-1 obtained at the temperatures indicated in sifu during dynamic temperature
ramp SAXS experiments while (A) cooling and (B) heating at 10°C/min. Triangles above the 30°C curves mark the first several
allowed Bragg reflections at relative peak positions of ¢/¢g* = 1, 2, 3. Data from separate temperature ramps in which data were
collected at 10°C and 1°C temperature intervals have been combined to clearly show the transition between order and disorder.

The curves have been shifted vertically for clarity.

we believe this results represents an equilibrium value
referred to as AHopt. However, the values of AH, obtained
for IL-1 (0.25-0.33 J/g) are actually slightly smaller than
AH,,, where the quantitative difference decreases with
decreasing cooling/heating rate. This result suggests some
degree of (time-dependent) refinement of the ordered LAM

phase (e.g., coarsening of the polydomain morphology) fol-
lowing ordering.

The cylinder-forming (HEX) specimens also displayed
measureable AH,,, and AH, as listed in Table 3. Similar val-
ues of AH,, were extracted from IL-14 approximately inde-
pendent of the thermal history. (There was a slight
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Figure 6. Temperature dependent SAXS for HEX forming sample IL-14.

Selected scattering patterns of HEX forming IL-14 obtained at the temperatures indicated in situ during dynamic temperature
ramp SAXS experiments while (A) cooling and (B) heating at 10°C/min. Triangles above the 40°C curves mark the first several

allowed Bragg reflections at relative peak positions of g/g*

=1, 3, \4, |7, |9, /12. Data from separate temperature ramps in

which data were collected at 10 and 1°C temperature intervals have been combined to clearly show the transition between order
and disorder. The curves have been shifted vertically for clarity.
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Selected scattering patterns of BCC forming IL-15
obtained at the temperatures indicated in sifu during
dynamic temperature ramp SAXS experiments while
cooling at 20°C/min. Triangles above the 0°C curve
mark the first several allowed Bragg reflections at rela-
tive peak positions of ¢/¢* = |1, 2, |3, 4, |5, |6, |7.
The curves have been shifted vertically for clarity.

dependence of AH,, with heating rate, i.e., larger values
were obtained with faster experimental heating rates. We
believe this minor difference can be attributed to systematic
error associated with the limits of resolution of the DSC
instrument). However, the magnitude of AH. for IL-14 is
two to five times smaller than AH,, in sharp contrast to the
behavior of LAM-forming IL-1.

The BCC forming IL-15 also produced a (barely) meas-
ureable AH,,, but only at the fastest heating rate (20°C/min)
and after annealing for at least 30 min, that is, the time
required to transform the supercooled melt into a polycrys-
talline BCC material.>® The measured value of AH,, was not
sensitive to the annealing times longer than 30 min.
Although the absolute value of AH,, measured for IL-15 is
subject to a large absolute error (ca.*=50%), the difference in
magnitude relative to IL-1 (LAM) and IL-14 (HEX) is very
significant.

Interestingly, IL-1 displays a second thermal transition at
temperatures below the primary peak (marked by stars in
Figure 4A) in DSC traces recorded at intermediate tempera-
ture ramp rates. Similar results were obtained with other
LAM-forming samples (IL-2 and IL-3; not shown), but not
with any of the HEX or BCC-forming materials. The size of
this secondary peak appears to depend on the heating/cooling
rate; expression of this feature at any heating rate is contin-
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gent on an intermediate cooling rate and is most pronounced
at 10°C/min. Nevertheless, the overall integrated AHopt val-
ues are essentially independent of this feature. We do not
know the origins of this behavior but note that there is no
evidence of multiple structural features in the corresponding
SAXS patterns (Figure 5).

Discussion

Our determination of yy (T) is based on the assumption
that the symmetric (fi ~ 1/) IL diblock copolymers conform
with mean-field theory, that is, (XN)ODT=10.5.6’31 However,
the absolute (yN)opr values for the IL diblock copolymers
must be somewhat higher than those determined based on
mean-field theory due to local composition fluctuations,
which are known to suppress Topr. Recent molecular simu-
lations by Matsen and coworkers® indicate that (yN)opt ~
40 for N values close to those considered in this work.
Therefore, we expect the true value of yy at a given temper-
ature (e.g., one that also would account for the phase behav-
ior of binary blends of PI and PLA homopolymers)’ is
substantially higher, perhaps four times as great, as what is
determined by Eq. 1. Even so, the magnitude of the interac-
tion parameter between PI and PLA was found to be quite
large, greater than that for most hydrocarbon-based
BCPs.**** For example, with the common segment volume
(110 A3) used in this work, polystyrene and PI are character-
ized at 140°C by ys(140°C)=0.07, compared to
71.(140°C)=0.18, that is, approximately 2.5 times larger.® A
larger y parameter dictates a smaller molecular weight for
polymers with experimentally accessible Toprs, leading to
behavior near the ODT that is expected to be strongly influ-
enced by large amplitude composition fluctuations in both
the disordered and ordered states.

The IL diblock phase portrait constructed using Eq. 1 and
Table 2 is presented in Figure 8. The overall features of the
phase portrait are very similar to those of relatively weakly
segregated systems, that is, for much larger N3336 Com-
pared to the ideal theoretical-phase portrait (assuming a con-
formationally symmetric system with perfect uniformity of
chain length), the order-order phase boundaries are shifted
toward slightly higher PLA compositions.>' For a minority

Table 3. Calculated Enthalpies of Transition for Select IL
Diblock Copolymers

Sample IL-1 (LAM) IL-14 (HEX)  IL-15 (BCC)"
AH,, (AH,), AHy, (AH,), AH., (AH,),
Experiment /2 I/2) J/2)
20°C/min 0.33" (0.25)* 0.17% (0.05) 0.02" (-
w/ anneal
20°C/min 0.36 (0.25)* 0.18 (0.03) -
10°C/min 0.31 (0.29)* 0.11 (0.07)* -
5°C/min 0.32 (0.33)* 0.07 (0.08) -
AH o 2.0 15 1.9

All experimental AH,, values were calculated from the final heating step of
the experiments, whereas AH,. values, shown in parentheses, were calculated
from the initial cooling step.

*Distinguishable peaks were only observed on heating and only in samples
that were annealed before the final heating step.

"Annealed for 60 min at 70°C between initial cooling and final heating.
:?Average of values from multiple (2-4) experimental runs.

§Annealed for 60 min at 110°C between initial cooling and final heating.

T Annealed for 60 min at 40°C between initial cooling and final heating.
**Estimated from Eq. 2.
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N —= 72

Figure 8. Experimental phase portrait for IL diblock
copolymers.
The phase space points examined by SAXS are marked
by white dots (O) and (yN)opr identified by DMS based
on the mean-field theory are marked by black dots (¢).
Below or near the (yN)opr points, degrees of polymer-
ization N are identified. Data points obtained from
each sample are connected with dashed lines (---) and
the interpolated phase boundaries are marked by solid
lines (—).

of PLA, the HEX-LAM phase boundary is located at fi,
(HEX-LAM)=0.38+0.02 while at higher PLA content, fi,
(HEX-LAM)=0.70%0.02; in the strong segregation limit
theory anticipates fa = 0.32 and 0.68, respectively, for sym-
metric diblock copolymers.*!*” Asymmetrically placed phase
boundaries can be attributed to differences in block disper-
sities (P=M,/M,>1) and conformational asymmetry.gf
138 Although the dispersities of the PLA blocks are slightly
higher than those of the PI counterparts (this can be deduced
from the somewhat larger IL diblock copolymer dispersities
compared to the PI values, see Table 1), we do not believe
the modest shifts in the IL phase portrait can be attributed to
these minor differences. Most likely, the locations of the
phase boundaries reflect conformational asymmetry between
PI and PLA: the ratio of statistical segment lengths, a, at a
common reference volume at 140°C is apjafap; ~ 1.2.3%4°
Several experimental studies of diblock copolymer-phase
behavior have correlated a shift of the phase boundaries to-
ward higher fractions of the blocks with the larger statistical
segment length, which are consistent with the current find-
ings and supported by self-consistent mean-field theory.9
Along with the classical ordered phases (LAM, HEX,
BCC), the IL phase portrait contains the recently discovered
Frank—Kasper a-phase,30 located at large values of yN
between the BCC and HEX regions. This is consistent with
the relative placement of the analogous phase in thermo-
tropic dendritic liquid crystals.‘“’42 The IL-16 (f;=0.36 and
N=74) is unusual in that an ordered HEX phase persists
well-below the order-disorder phase boundary interpolated
from neighboring samples (IL-14 and IL-11), and did not
display any signature of an ODT by DMS and SAXS experi-
ments up to 250°C (data are not shown). IL-16 has a PLA
block, on average, just five lactide repeat units longer than
IL-14 (f.=0.31, N=69). These compounds were polymerized
using the same polyisoprene precursor (I-4), yet resulted in
very different (yN)opr values. Surprisingly, IL-11 (f;.=0.40,
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N=48) showed (yN)opr=11.9, seemingly consistent with the
overall ODT behavior exhibited by the complete set of IL
diblock copolymers. We do not understand the origins of
this anomaly. However, it may be another consequence of
fluctuation effects, which introduce an additional N depend-
ence to (;(N)ODT.G’7

The ODT must be accompanied by thermal effects that, in
principle, should be amenable to characterization using calo-
rimetric techniques. However, due a miniscule latent heat of
transition (AHopt ~ y ~ N, such techniques have been
of limited use with BCPs, even those with moderately low
molecular weight. Although relatively rare, there have been
several reports identifying the ODT by DSC.'*'>171
Nevertheless, we are unaware of any systematic studies of
such thermal features, that is, measurements of AHgopt over
a wide range of compositions covering three distinct mor-
phologies as reported in this work.

A striking feature of Figures 4A, B is the almost negligi-
ble differences between T,, and T, for the LAM and HEX
forming specimens; T,,—7T. ~ 0 when the heating/cooling
rate was lowered from 20 to 5°C/min. We believe this lack
of hysteresis is a manifestation of composition fluctuations,
and the resulting weakly first-order character of the associ-
ated phase transitions. Strong first-order phase transitions
generally are governed by substantial free-energy barriers to
nucleation leading to significant supercooling (superheating)
as well-documented with water and other simple compounds
during condensation (evaporation) and crystallization
(melting).43

Another feature that implicates composition fluctuations is
the magnitude and strong composition (i.e., ordered-state
symmetry) dependence of AHppr, ranging from 0.36 J/g for
IL-1 (LAM) to 0.02 J/g for IL-15 (BCC; see Table 3). These
AHopr values are very small, several orders of magnitude
lower than those associated with the crystallization of poly-
mer chains; for example, the heat of fusion for PLA is 93 J/
2.* In an effort to gain a better appreciation for the magni-
tude of these AHopr values, we consider two simples mod-
els, illustrated schematically for the DIS-LAM transition in
Figure 9.

The maximum possible change in enthalpy for the ODT
can be estimated as

AH . RTODTfL(l _fL)XODTN _ z“ylL
max — Mn T

(@3]

The first term on the right-hand side of Eq. 2 accounts for
the difference in enthalpy between homogeneously mixed
and completely separated (i.e., strongly segregated) PI and
PLA segments, where R is the gas constant.'® The second
term deals with contact between segments at domain interfa-
ces, where 7 ~ (kT /a*)\/y/6 is the interfacial tension® (k
is Boltzmann’s constant and a is the statistical segment
length)? and T is the interfacial area per unit volume; for
example, X am=2/D=¢*/n for the LAM morphology.
Assuming a z°0.63 nm (the average of ap; and app 5 using a
common 110 A* segment reference volume), a density of 1
g/em®, and taking ¢* from the SAXS results, yields esti-
mated average values of AH,,, for the LAM (2.0 J/g), HEX
(1.5 J/g), and BCC (1.9 J/g) forming compounds (Table 3).
These estimates are much larger than the experimentally
determined heats of transition.

Alternatively, we can imagine that the transition from dis-
order to order involves almost no change in the local
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Figure 9. Schematic illustrations of order and disorder
in LAM forming diblock copolymers.
(A) Formation of a LAM phase with pure domains and
sharp interfaces from a homogeneous disordered phase
resulting in the maximum possible enthalpy of transi-
tion, as estimated in Eq. 2. (B) Formation of a LAM
phase from a fluctuating disordered phase. (C) Illustra-
tion of the curvature of the interface separating the
domains for the situation depicted in (B) in which
Ry=—R; ~ R, in the disordered state and R;=R, ~ o
in the LAM phase. [Color figure can be viewed in the
online issue, which is available at
wileyonlinelibrary.com]

composition profile (i.e., the first term in Eq. 2 disappears)
as depicted in Figure 9B. In this limit, a symmetric fluctuat-
ing bicontinuous disordered phase features domains with fi-
nite concentrations of PI and PLA divided by hyperbolic
interfaces  characterized by zero mean curvature
(H=[c1+¢;3]/2=0, where c¢;=1/R; and c¢,=1/R;), negative
Gauss curvature (K=c¢,<0) and no spontaneous curvature
(co=0)."**" Virtually, complete loss of higher-order diffrac-
tion, for example, extinction of /(3¢*), as T approaches Topr
(Figure 5) suggests that the LAM composition profile at the
transition is essentially sinusoidal. Transition to a lamellar
morphology produces flat interfaces with H=0, K=0, and
¢,=0. Assuming there is no change in the local (instantane-
ous) composition profile, the heat of transition will reflect
only the change in the topology of the interface separating
the domains

AHpy o= /ATB (Zpis—Zram) 3)

where Xpjg is the interfacial area per unit volume of the dis-
ordered phase. The disordered fluctuating state for LAM-
forming diblock copolymers (fi=1/2) is believed to be
bicontinuous, similar to the structure observed during the
late stages of spinodal decomposition,48 hence Xp;s =~
0.5¢*.% Setting ¢* = 0.078 A~ (Figure 5) yields AHg, =~
0.37 J/g. This result is remarkably consistent with the value
measured for IL-1 (Table 3). Although both estimates of
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AHopr (Egs. 2 and 3) are relatively crude constructions
(most seriously due to the mean-field assumption implicit in
calculating y), they lead us to favor the interpretation repre-
sented by Figures 9B, C, that is, a weakly first-order pattern
transition that exchanges interfacial area for configurational
entropy.

The SAXS data collected during temperature ramp experi-
ments through the ODT further support our speculation that
the ODT for LAM samples occurs with almost no change in
the local composition profile. The total integrated scattering
intensity (i.e., the total scattering power of a sample) known
as the Porod invariant, O, can be obtained by integrating the
scattered intensity, /(g), over all of reciprocal space. For an
isotropic sample,*’

1 {oe]
0= J ¢*1(q)dgq “)

T H2
21 0

The invariant reflects the extent of scattering length density
inhomogeneity in a sample, which in the case of BCPs is
directly linked to the local composition profile. For an ideal
two-phase system consisting of regions of constant but differ-
ing scattering length densities separated by sharp boundaries
(e.g., the LAM model in Figure 9A), the invariant calculated
by Eq. 4 (with I(¢) in absolute intensity) reduces to

Oidear=(Ap)* 1, )

where ¢; and ¢, are the volume fractions of the two phases,
and Ap is the difference in scattering length density between
the two regions. Qjgea; does not depend on how the two
regions are arranged, hence the term invariant. SAXS data
reported here were acquired on a relative intensity scale,
hence the absolute magnitude of the invariant, and the associ-
ated composition profile, cannot be determined. The tempera-
ture dependence of the relative invariant, Q,., was calculated
by integrating the background corrected intensity over
0.02<¢<0.26 A™'; this ¢ range captures the entire measure-
able intensity in excess of the background scattering as illus-
trated in inset (b) of Figure 10 for IL-1. The temperature
dependence of Q. determined for IL-1 while heating and
cooling at 10°C/min is shown in Figure 10. Q. decreases
approximately linearly with increasing temperature consistent
with a graduate reduction in the degree of segregation
between the PI and PLA blocks. Most significantly, Q.
changes by less than 2% at the ODT consistent with little if
any change in the local composition profile at the LAM-DIS
transition in agreement with the case depicted in Figure 9B.
Remarkably, the LAM-DIS transition is accompanied by
almost no change in ¢*(T) (Figure 11A), consistent with ear-
lier studies based on higher molecular weight symmetric
diblock copolymers.m’47 As shown in the inset to Figure
11A ¢* jumps by just 0.2% (i.e.,<0.02 nm) at the ODT.
Nevertheless, individual chains are stretched considerably
beyond the theoretical mean-field values at the ODT;® for
IL-1 the periodic spacing, D" = 2n/g* = 8 nm (Figure 5). is
more than 50% greater than DMF* = (2n/1.95)R,=5.1 nm,
where Rg:a(N/6)]/2. Apparently, loss of negative Gauss cur-
vature does not influence local molecular packing constraints
reinforcing the notion that the LAM-DIS transition rear-
ranges the global interfacial curvature without significantly
affecting the local composition density profile, H or c,.
These results leave open the possibility that Ag* — 0 at the
ODT under precisely symmetric conditions (i.e., an AB
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Figure 10. SAXS invariant near the ODT for sample
IL-1.
Temperature dependence of the relative SAXS invari-
ant, Q,.;, for LAM forming IL-1 calculated from tem-
perature ramp SAXS experiments conducted at 10°C/
min on heating (filled symbols) and cooling (open sym-
bols). The vertical dotted line indicates the location of
the ODT. Inset (a) shows data collected over a nar-
rower temperature range in the vicinity of Topr on
heating (filled symbols) and cooling (open symbols) at
10°C/min. Inset (b) shows SAXS patterns collected on
cooling corresponding to the data points indicated by
arrows in inset (a) at 96°C (DIS, broad peak) and
94°C (LAM, sharp peak) displayed as ¢°I (related to
the integrand of Eq. 4) as a function of ¢g. The empty
capillary data, which is subtracted from the experi-
mental data prior to calculation of Q,, is shown as a
dashed curve.

diblock copolymer with fa=14, D=1 and aa/ag=1); note
that the small diffraction peaks at 2¢* in Figure 5 demon-
strate that IL-1 is slightly off symmetry.

Taken together, the SAXS, DMS, and DSC results demon-
strate that symmetric diblock copolymers belong to the
Brazovskii universality class of fluctuation-induced weakly
first-order phase transitions even in the limit of very low N.
Reducing the composition to f;=0.31 (sample IL-14)
changes the nature of the ODT. As shown in Figure 11B, ¢*
exhibits a small (ca. 1%) but distinct discontinuity at the
DIS-HEX transition, which we associate with qualitative dif-
ferences in the interfacial properties of the ordered (H##0,
K=0 and ¢,#0 for a cylindrical morphology) and fluctuating
disordered states. A modestly asymmetric composition likely

VO
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Figure 11. Temperature dependence of g* near Topr-

(A) LAM forming IL-1 and (B) HEX forming IL-14
extracted from temperature ramp SAXS experiments
conducted at 10°C/min on heating. Solid lines are lin-
ear fits to the data and dashed vertical lines indicate
the locations of the ODTs. Insets show data collected
over a narrower temperature range in the vicinity of
Topr on heating (filled symbols) and cooling (open
symbols) at 10°C/min.

narrows the difference between the fluctuating disordered
and ordered morphologies, driving down AHqpr, relative to
the symmetric (fp,=15) case (Table 3).

More dramatic thermodynamic and structural differences
were obtained with f; =0.22, where the ordered-state mor-
phology is spherical (H#0, K=0 and ¢,7#0). In this limit,
AHopr nearly disappears (Table 3) and the rate of ordering
drops by orders of magnitude, that is, 30 min at 40°C (BCC)
and more than a day at 25°C (o-phase).® We believe these
changes can be explained based on the structure of the disor-
dered state as depicted in Figure 12. As the temperature
approaches Topr asymmetric composition fluctuations will
be manifested as discreet micelles as anticipated theoretically
by Semenov™ in the limit f — 0. The presence of micelles
in the disordered state has been demonstrated using a variety
of experimental techniques including DMS, SAXS, small-
angle neutron scattering, transmissions electron microscopy,
and x-ray photon correlation spe:ctroscopy.26’27’5 153 Because
the disordered and solid (crystalline) phases are characterized
by the same domain morphology, no change in interfacial
topology occurs during ordering, that is, Xpj;g = Xpcc with
essentially constant H#0, and ¢,#0 and K=0. We believe
this explains the drastic reduction in AHopr.

N

v

(N)

oDT

Figure 12. Schematic illustration of order and disorder in sphere forming diblock copolymers.

At low gN (high temperature for a fixed N sample) a homogeneous and isotropic disordered phase exists (left panel). As 3NV
increases (temperature decreases) to approach the ODT, composition fluctuations result in a disordered phases that contains
micelles (middle panel). At the ODT, the micelles order on a BCC lattice with minimal change to the interface between the blue
and red domains (right panel). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Assuming the small bump that appears at high ¢ in the
SAXS patterns in Figure 7 corresponds to the first maxima
in the spherical form factor (¢gR=5.76), we estimate a
micelle core radius of R=3.5 nm. Combined with the BCC
lattice spacing of a=13.7 nm extracted from Figure 1b
yields a volume fraction of spheres at the ODT of fyyneres ~
0.14. This value is less than f; suggesting that a portion of
the PLA blocks remain dissolved in the PI matrix. This may
help to explain the existence of the o-phase by analogy with
the multiplicity of ordered spherical states predicted by
Semenov>’ near the ODT in the asymmetric limit f — 0.

Conclusions

This report describes the thermodynamic behavior of a se-
ries of model high y and low N poly(1,4-isoprene-b-DL-lac-
tide) BCPs near the ODT. The measured structural and
thermal characteristics of the ODT, particularly the magni-
tude of AHopt and the strong dependence of AHopt on or-
dered-phase morphology, provide direct evidence that
supports an interpretation of the ODT in BCPs as a weakly
first-order phase transition dominated by the effects of local
composition fluctuations. Weakly first-order, fluctuation-
driven, phase transitions are known to occur in many
physical systems,54 ranging from technologically important
materials (e.g., isotropic—nematic55 and nematic-smectic>®’
transitions in liquid crystals, certain types of superconduc-
tors,”® and magnetic alloys ”) to more exotic forms of con-
densed matter (e.g., Bose—Einstein condensation of ultracold
atoms®”). Multiblock polymers offer convenient experimental
systems for studying this fascinating class of phase transi-
tions while providing access to industrially relevant nano-
structured materials. An added dividend of the work reported
here is direct contact with computer simulations, potentially
exact analogues of our experimental system, made feasible
by the reduced molecular size.’*!
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