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ABSTRACT: The ever-growing catalog of monomers being incorpo-
rated into block polymers affords exceptional control over phase
behavior and nanoscale structure. The segregation strength, y/N, is
the fundamental link between the molecular-level detail and the
thermodynamics. However, predicting phase behavior mandates
at least one experimental measurement of yN for each pair of
blocks. This typically requires access to the disordered state. We
describe a method for estimating y/N from small-angle X-ray scat-
tering measurements of the interfacial width between lamellar
microdomains, t,, in the microphase-separated melt. The segrega-
tion strength is determined by comparing t, to self-consistent field
theory calculations of the intrinsic interfacial width, t;, as a function

INTRODUCTION Block copolymers have garnered tremendous
attention due to their inherent ability to self-assemble.! Self-
assembly reflects the balance between the enthalpic penalty of
interblock segmental contacts and the entropic penalty associ-
ated with chain stretching. Ordered nanostructures, the period-
icity of which is commensurate with the size of the chain
(%10 nm to =100 nm), result. The canonical parameters
describing the phase behavior of A-B diblock copolymers? are
the volume fraction of one of the blocks, ¢4, and the segregation
strength, ¥N. The total number of segments, N, is proportional to
the number-average molecular mass, M, (N = M,/(pNayVrer),
where p is the mass density, N,, is Avogadro’s number, and v¢
is the volume of a segment). The temperature-dependent Flory-
Huggins y parameter describes the energy penalty for pairwise
contacts between A and B segments and is thus the fundamental
connection between the chemistry and the phase behavior.
Despite decades of experience,>™® a comprehensive theory for
predicting y for a pair of blocks has proven elusive. Even when
values have been measured for the two blocks in question
(A and B) against a common reference component, C, y5_g can-
not reliably be calculated from ya_c and yp_c.*”® We pause to
emphasize that the numerical value of y depends on the arbi-
trary choice of v, while the quantity yN does not. For this

of the mean-field y/V. The method is validated using a series of inde-
pendent experimental measurements of t, and y/N, measured via
the order—disorder transition temperature, Topt. The average abso-
lute relative difference between yN calculated from t, and the value
calculated from Topt is a modest 11%. Corrections for nonplanarity
of the interfaces are investigated but do not improve the agreement
between the experiments and theory. Published 2019. This article is
a U.S. Government work and is in the public domain in the USA.
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reason, the bulk of this work will refer to yN; however, YN and x
are functionally equivalent in this context.

At present, it remains necessary to experimentally measure yN
(or equivalently x) for each new pair of blocks. Two approaches,
typically applied to compositionally symmetric (¢, =~ %2)
diblocks, dominate the literature. The first is to locate an order-
disorder transition temperature (ODT) at which point the diblock
transitions from the ordered, microphase-separated state to the
disordered state. The value of yN at the ODT, (¥N)oprt, is taken
from theory, for example, self-consistent field theory (SCFT). The
Topr is readily identified via temperature-dependent small-angle
X-ray>® or neutron® scattering (SAXS or SANS, respectively),
depolarized light scattering® or rheological®**® measurements.
The second approach is to extract y by fitting the disordered-
state structure factor (measured by SAXS or SANS) to a model,
most commonly the random phase approximation (RPA) devel-
oped by Leibler.!* Both SCFT and the RPA yield the mean-field
xN. Though the second method does not require direct access to
the ODT, the intensity of the disordered-state structure factor
peak is strongly attenuated far from the ODT. Thus, measuring
¥N for a new pair of blocks using either of these approaches
requires the preparation of a diblock copolymer that has a ther-
mally accessible ODT or permits access to the disordered state

Additional Supporting Information may be found in the online version of this article.
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near the ODT. The synthesis of such a material can be challenging
and often necessitates the iterative synthesis of a series of
diblocks with varying M,,.

Few attempts have been made to measure yN from diblocks in
the ordered state.'>"'* Prior work made use of theoretical predic-
tions for the domain spacing, d, and the width of the interfacial
mixing region, ¢, in the lamellar phase as a function of yN; these
predictions were made by SCFT or the earlier strong segregation
theory (SST, valid for yN > (xN)opr). Scherble et al.'? estimated
x for a series of methacrylate-based diblocks from the interfacial
width measured by neutron reflectivity (NR), after applying a
correction for the effect of thermocapillary waves. A direct com-
parison between yN determined from the interfacial width in the
ordered state and yN determined by one of the aforementioned
methods was not available; however, the authors noted that the
capillary wave correction produced a large uncertainty in y
(50-100%). Ren et al,*® and later Davidock et al,'* estimated
from SAXS measurements of the domain spacing for two series of
diblocks, each derived from a single precursor via a mild post-
polymerization fluorination route; the segregation strength was
tuned by varying the fluorination level. Their analyses made use
of the analytical SST result,'® d/(bN'/?) ~ (xN)'/®, where b is the
average statistical segment length for the diblock. The challenge
with this approach is that the dependence of d on N is weak, so
the estimate of yN is highly sensitive to the value of b; each 1%
uncertainty in b produces a 6% uncertainty in yN. An accurate
measure of b for a new polymer is not trivial, as it typically
requires SANS measurement on partially deuterated samples.
Ren et al.'® executed such SANS measurements, yet still found
that for the fully fluorinated polymer, the y value derived from
d was 1.7x larger than the value measured via the Topr approach,
even when the latter was corrected for the effect of fluctuations.

The present report builds on these previous efforts to determine
xN in the ordered state. We describe a method of estimating yN
from SAXS measurements of the width of the interfacial mixing
region between ordered lamellae in the melt state, ¢,, of (nearly)
compositionally symmetric diblocks. The segregation strength is
then calculated by comparing the experimental ¢, to the SCFT
prediction of the intrinsic interfacial thickness, t;, as a function of
the mean-field yN. Crucially, the procedure requires no additional
measurements or input parameters. We advance previous
work by (a) advocating the use of the integrated intensities of
SAXS reflections as a robust technique for measuring t,, and
(b) critically examining the validity of the approach by compiling
independent measurements of t, and yN for a number of diblock
chemistries and molecular masses. This method provides a reli-
able estimate of yN, which agrees well with estimates from
the Topr approach without requiring access to the disordered
state. Several corrections for nonplanarity of the lamellar inter-
faces are investigated, but none of them improves the accuracy of
the approach.

EXPERIMENTAL

SCFT calculations were conducted using the open-source polymer
self-consistent field code.’® Composition profiles for A-B diblock
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copolymers were discretized into 128 points and expressed as the
local volume fraction of A segments, ¢, (z), where Zz is the coor-
dinate normal to the lamellar interfaces normalized by the
domain period. Profiles were calculated as a function of the
mean-field segregation strength, yN, using a global volume
fraction of ¢4 = %2 and equal statistical segment lengths, b, = bp.
The statistical segment length is related to the radius of gyra-
tion by Rg2 = b2N/6. The calculations were repeated for con-
formationally asymmetric diblocks with b,/bg =[(Rg2/Mn)A/
(RgZ/Mn)B]l/2 = 1.3 and 1.6 (Fig. S1), covering the experimen-
tally relevant range of conformational asymmetries in the
present work.

The domain-period-normalized interfacial widths, t;/d, were
calculated using eq (1) (where t represents either ¢; or t,),
which assumes nothing about the detailed shape of the com-
position profile and is thus applicable across the entire range
of yN.

L= (M) )

Experimental measurements of the domain-period-normalized
interfacial widths, t,/d, (consistent with eq (1)) for a number of
lamellar block copolymers have been compiled from the literature
or measured in this work. The following interfacial widths were
calculated using the melt-state SAXS structure factor peak analy-
sis described herein: (a) diblocks containing a random copolymer
block of hydrogenated medium-vinyl polyisoprene (hPI) with
either polystyrene (PS) or polyvinylcyclohexane: hPI-P(Srhl),
PE-P(Srhl), and PE-P(VCHrhl), where PE is linear low-density
polyethylene from hydrogenated low-vinyl polybutadiene;'’
(b) hydrogenated ring-opened polynorbornene-based (hPN)
diblocks hPPhN-LPE, hPPhN-hPHxN, and hPPhN-hPiPrN, where
Ph, Hx, and iPr denote phenyl, n-hexyl, and isopropyl substituents
in the 5-position, respectively, and LPE is linear PE from hydroge-
nated ring-opened polycyclopentene;® and (c) a poly(n-butyl meth-
acrylate)-b-poly(methyl methacrylate) diblock (PBMA-PMMA).'®
In all cases, SAXS measurements were conducted in the melt.

ba(z)=1/2

Thin film measurements of the interfacial width of PBMA-PMMA, 2
PS-PMMA,* and PS-b-poly(2-vinylpyridine)*® (PS-P2VP), made
by NR, and PS-b-1,4-polyisoprene®! (PS-PI), made by X-ray reflec-
tivity (XRR), are also included, as is a measurement of the interfacial
width of a PS-PMMA thin film by soft X-ray scattering (SoXS, which
is functionally equivalent to the SAXS measurements reported
herein).?? All of the thin film measurements were reported at room
temperature (below the glass transition temperature of at least one
of the blocks) following extensive annealing in the melt and
quenching to room temperature.

The interfacial widths of the polynorbornene-based series® have
not been reported previously. SAXS patterns of hPPhN-LPE,
hPPhN-hPHxN, and hPPhN-hPiPrN were collected using an
Anton-Paar compact Kratky camera driven by a PANalytical
PW3830 X-ray generator with a long-fine-focus Cu tube produc-
ing Cu Ka radiation (A = 0.15418 nm), and equipped with a
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temperature-controlled sample stage, and an MBraun OED-50 M
position sensitive detector. The raw data were corrected for
detector linearity and sensitivity, empty beam scattering, sample
thickness and transmittance, and desmeared for slit leng‘ch.23 The
scattering patterns were placed on an absolute intensity scale
using a PE standard.?* Absolute intensities, I/1,V, were plotted
versus the magnitude of the momentum transfer vector, q =
(4m/A) sin 0, where A is the wavelength of the incident radiation
and the scattering angle is 26.

The mean-field segregation strength for each diblock pair has been
quantified independently using the Topr approach by invoking the
SCFT prediction for yN at Topr, (xV)opr = 10.5 for ¢4 = 4. Multiple
Topr values (for diblocks of different M,,) have been reported for
hPI-P(Srhl), PS-PMMA, PS-P2VP, and PS-PI; in these cases, the
reported temperature dependence of y was used to calculate yN at
the temperature corresponding to the t,/d measurement, Ty. For
the thin film measurements on PS-PMMA, PS-P2VP, and PS-PI, T,
was taken as the annealing temperature. For the remaining diblock
pairs, a thermally accessible Topr has been reported for a single
diblock with molecular mass M, gpt. In these cases, the segregation
strength for a diblock of the same chemistry and arbitrary molecu-
lar mass, M,,, is given by xN = (xN)opr[Mn/Mnopt]- The difference
between y(T,) and x(Topr) is necessarily neglected (except for
hPPhN-LPE, for which Ty = Topr). Further details are provided in
the Supporting Information.

RESULTS AND DISCUSSION

SST was first used to describe the interfacial mixing region
between immiscible polymers.>>~?” Semenov later expanded the
SST treatment to account for the effects of finite molecular mass
and block connectivity on the intrinsic interfacial width between
block copolymer microdomains (eq (2)).!° Theoretical treat-
ments commonly nondimensionalize by the unperturbed root-
mean-square end-to-end distance, bN'/2. This is inconvenient in
practice since the chain statistics are not known for new mate-
rials. To alleviate this concern when comparing theory and exper-
iments, we instead normalize t; and t, by the lamellar period, d, as
d can be measured directly on the ordered block copolymer by
SAXS or reflectivity, and its value similarly incorporates the
effects of chain stiffness (see Fig. S1).

(%) SST -

() | 2(w)
R 1+—
2v/6xN n \nZyN

Though convenient, the analytical SST result is rigorous only in the
strong segregation limit (yN > (xN)opr), which is rarely achieved
in practice. SCFT provides a more accurate description of the
microphase-separated state spanning the weak, intermediate, and
strong segregation regimes.>*®?® Here, we utilize SCFT to calculate
the domain-spacing-normalized intrinsic interfacial width, t;/d,
across the experimentally relevant range of yN. Composition pro-
files, $,(z), were computed as a function of yN using the soft-
ware package developed by Arora et al.!® Example profiles

(2)
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are shown in Figure 1. The normalized interfacial widths, t;/d,
calculated using eq (1) (red lines in Fig. 1), are in excellent
agreement with those originally reported by Matsen and
Bates.? The results (solid line in Fig. 2(a)) show a marked
increase in t;/d near the ODT (SCFT predicts (yN)opr = 10.5)
as compared with the SST prediction (dashed line). Germane
to the ensuing analysis is the difference between the SCFT yN
and the SST yN at a given value of t;/d, which can be large
even in the intermediate segregation regime.

Although t;/d was calculated for a single global composition, ¢4 = %%,
the following analysis is robust with respect to experimental varia-
tions in ¢,4. The SAXS analysis (vide infra) has been developed for
the lamellar phase where the phase boundary, (xN)opr, is a weak
function of ¢4. For composition asymmetries of ¢, = 0.5 £+ 0.05,
(xN)opr is increased by only 2%, which would in turn shift the the-
oretical t;/d curves to higher yN by the same amount. Refer to the
Supporting Information for additional discussion.

Reflectivity’>'92! and SAXS?°~” measurements have long been
used to experimentally probe interfacial widths in block copoly-
mers. The interfacial width can be assessed from the decay of the
reflected or scattered intensity with increasing wave vector mag-
nitude, g. Broader interfaces cause the intensity to decay more
rapidly. Reflectivity is well suited to systems with parallel planar
interfaces, such as thin films of block copolymer lamellae ori-
ented parallel to the film surfaces. NR provides excellent sensitiv-
ity, but requires access to a neutron source, and often the costly

FIGURE 1 Half-domain composition profiles at yN= 12 (a), yN= 25
(b), and yN =70 (c) from SCFT calculations. Red tangent lines and
dashed lines demarcate the interfacial mixing region defined by
eq (1). [Color figure can be viewed at wileyonlinelibrary.com]

Wiley Online Library


http://wileyonlinelibrary.com
http://WWW.POLYMERPHYSICS.ORG

JournaL OF _ Polymer
POLYMER sCIENCE Physics

[ - -- ssT
. (@ —— SCFT
@ [ A hPI-P(SrhI)
> >  PE-P(Srhl)
5 v PE-P(VCHrI)
o @ hPPhN-LPE
RS @ hPPhN-hPHxN
= P~ @  hPPhN-hPIPIN
5 ~ @ O PBMA-PMMA
= % X PS-PMMA
5 01f O  PS-P2VP
e [ X  PS-PI
E t
> t
& I
kS, r
0.02 1 1 1 1 1
10 20 40 60 80 10 200
#N from T___ (symbols) or zN (curves)
80 160
b
70 + B) 1 ° 4
- 120
60
3
< 50 : L 80
= 80 120 160
(@]
= 40+ L
zZ
30 |
v
i %
20 + v
A
10 n 1 n 1 n 1 L 1 n 1 n 1

10 20 30 40 50 60 70 80
N from T

FIGURE 2 Normalized interfacial width, t/d, versus segregation
strength, N (a) and comparison between yN from t,/d and yN from
Toor (b). Symbols denote experimental measurements; open
symbols, the “*”, and the “x"” denote values from NR, XRR, and
SoXS respectively. All others were measured by SAXS using eq (3).
In panel (a), curves represent values of the intrinsic t/d calculated by
either SCFT (solid line) or SST (dashed line). In panel (b), the solid
line represents perfect agreement between yN from t/d and yN
from Topt. [Color figure can be viewed at wileyonlinelibrary.com]

preparation of deuterium-labeled samples.'>'*?® Conversely,
XRR does not require specialized samples or facilities, but suffers
from relatively poor sensitivity to the internal interfaces due to
limited interdomain contrast.

Like XRR, SAXS measurements can be performed on lab-scale
equipment (or at a synchrotron) without the need for isotopic
labeling. Prior efforts with SAXS focused on determining the
interfacial width by analyzing deviations from Porod’s Law in the
high-qg region where the structure factor contribution is
negligible.?*3> However, this analysis is fraught with potential
pitfalls. The principal issue is that the scattered intensity in the
high-q Porod region is dominated by background scattering
(e.g., from thermal density fluctuations within the domains),
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which must be empirically subtracted. The calculated interfacial
width is highly sensitive to the details of the background subtrac-
tion (the shape of which is not precisely known) and statistical
noise in this region.?%3

The structure factor peaks are subject to the same intensity decay
due to the finite interfacial width but are much more intense, and
therefore less sensitive to the background subtraction and cou-
nting statistics. Thus, for well-ordered block copolymers, directly
analyzing the structure factor peaks provides a more robust
approach for assessing the interfacial width. SAXS patterns of
lamellar block copolymers are characterized by a series of struc-
ture factor peaks in integer g-ratios (q,/q* = 1, 2, 3, etc,, where
n is the integer peak order and the domain period is d = 2n/q*).
The interfacial width can be extracted by modeling the composi-
tion profile as a Heaviside step function convolved with a Gauss-
ian to impart a finite interfacial width.3*®*¢ The result of the
convolution is the error function composition profile, which,
along with the nearly identical***' hyperbolic tangent profile,
has long been used to successfully describe polymer-polymer
interfaces.'>2°727-31-34 Moreover, this functional form adequately
describes the SCFT profiles (Fig. 1) over a broad range of yN.
Using this model, the integrated scattered intensity of the nth-
order peak is given by:

In ~ ApZn~*[sin? (nndy,) | e (3)

where Ap, is the electron density difference between the
domains and the damping parameter k = 2x(t,/d)?, where t, is
the experimentally measured interfacial width (see Supporting
Information for derivation). The definition of ¢,/d in eq (3) is
consistent with the definition in eq (1).>® The intensity of the
even-order peaks is strongly attenuated near ¢, = %2 and is thus
a sensitive function of ¢4 near the symmetric condition. If three
peaks (two intensity ratios, I;/I; and I3/1;) can be resolved, t,
and ¢4 can be calculated simultaneously, and the resulting value
of ¢, can be compared against ¢, measured by other tech-
niques.'”3® It is worth noting that eq (3) remains valid for speci-
mens in which the lamellae are macroscopically aligned.>®

Figure 3 shows example SAXS data from hPHxN-hPPhN in the
melt; at least three structure factor peaks are clearly visible.
Although the intensity in Figure 3 has been placed on an absolute
scale, the present analysis does not require absolute intensity.
The data in Figure 3 are acquired on a slit-collimated instrument
and desmeared.?>*° The desmearing procedure tends to amplify
background noise, which can complicate the background subtrac-
tion, particularly if the peak intensity is weak. This issue can be
avoided (at the expense of flux) by using point collimation.
Regardless of the source and the type of collimation, the use of
the integrated peak intensities in eq (3) minimizes the influence
of instrumental factors on the result. The background subtraction
was performed for each peak independently using the simple
piecewise functional form: log(lpkg) = c1q + c,. The blue dashed
lines in Figure 3 represent the local background subtraction and
the shaded areas represent the integration regions. To assess the
sensitivity of the computed value of ¢, to the functional form of
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FIGURE 3 SAXS pattern of hPHXN-hPPhN in the melt showing the
empirical background subtraction [of the form log(iwg) = €19 + ¢,
blue dashed lines] and peak integration regions (shaded) plotted
on logarithmic (a) and linear (b) intensity scales. Red triangles
denote the structure factor peak positions (g,/g* = 1, 2, 3, and 4).
[Color figure can be viewed at wileyonlinelibrary.com]

the background subtraction, calculations were also performed
using the equally simple, but more crude, piecewise form:
Ihig = €1'q + c2’ (see Fig. S2). The values of t, determined using
Iyig = ¢1'q + ¢;’ were systematically larger than those calculated
using log(Ipkg) = €19 + ¢,, but by only 4% on average. Similarly,
we find that the sensitivity to the g-range employed for determin-
ing Iy and performing the integrations alters the value of ¢, by
only +3% on average (standard deviation of three calculations
each from SAXS patterns of six diblocks), irrespective of the func-
tional form of I, These findings confirm that the contribution of
the background subtraction to the uncertainty in ¢, is greatly
reduced when analyzing the structure factor peaks as compared
to the Porod region,?? despite the lack of a priori knowledge of
the true form of the underlying background scattering.

Numerous independent measurements of t,/d (made by scattering
or reflectivity) and the mean-field yN (computed from Topr
measurements, as described above) have been compiled to vet
our method. These experimental data, which span a variety of
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chemistries and chain lengths, are plotted with the SCFT and SST
predictions in Figure 2(a). The agreement between experiment
and theory is generally good. The value of yN is estimated from the
interfacial width by mapping t,/d onto the SCFT prediction for t;/d
(referred to as yN from t,/d). The average of the absolute value of
the fractional difference between yN from t,/d and yN calculated
from measured Topr values (for near-symmetric diblocks of the
same chemistry but different M,, referred to as yN from Topr), is
11%. Instances where the experimental t,/d values lie above the
SCFT prediction for t;/d, referred to as positive deviations, yield
estimates for yN from t,/d which are less than the values of yN
from Topr. Both positive and negative (i.e, t,/d < t;/d and yN from
t,/d greater than yN from Topr) deviations are observed in
Figure 2(a). Positive deviations from the SCFT line are of greater
magnitude; the average and maximum discrepancies are 16% and
34%, respectively. Negative deviations have average and maxi-
mum discrepancies of 4% and 15%, respectively, and none of the
points lies below the SST limit. Figure 2(b) recasts the same experi-
mental data as yN instead of t/d, and directly compares the values
of yN extracted from the interfacial thickness with values of yN
derived from Topr measurements. Note that the points which lie
above the SCFT prediction in Figure 2(a), which we refer to as posi-
tive deviations, lie below the solid line in Figure 2(b).

There are several potential sources of the observed discrepancies
between yN from t,/d and ¥N from Topr. SCFT calculations indi-
cate that conformational asymmetry (i.e, bs/bg # 1) is not a major
contributor; the interfacial width is minimally affected up to at
least ba/bg = [(R,%/Mu)a/(Ry*/Mpn)s]/? = 1.6 (corresponding to
the largest experimental asymmetry in this work, see Fig. S1).
Some of the disparity between experiment and theory may be
attributed to the lack of ¥(T) correlations for some of the polymers
(see Fig. S3), which translates to uncertainty in the x-coordinate in
both panels of Figure 2. It is worth pointing out that in principle, it
is possible to estimate y(7) from temperature-dependent mea-
surements of the microphase-separated state of a single polymer.
Davidock et al.** used the theoretical scaling d ~ y*/° to calculate
¥(T) from SAXS measurements of d as a function of T. Theoreti-
cally, t,/d is more sensitive to y than is d alone—SST predicts
t/d ~ )(2/ 3. However, neither approach can be independently
validated with the available experimental data.

Positive deviations (t,/d > t;/d) likely stem from the effect of lattice
distortions, which cause the scattered (or reflected) intensity to
decay more strongly with g than the effect of finite interfacial width
alone, inflating the apparent ¢, determined by SAXS (or
reflectivity).3>374%*1 SAXS and reflectivity cannot distinguish local
displacements of the lamellar interfaces about their mean positions
(nonplanarity or interfacial roughness) caused by thermal motion
from the intrinsic segmental mixing. Interfaces between block
copolymer lamellae are commonly treated as liquid-liquid inter-
faces.!?1>#243 The mean-square displacement of a liquid-liquid
interface due to thermocapillary waves has been modeled as:

@ 52) @

where kp is the Boltzmann constant, y is the interfacial ten-
sion, and Ay, and A,.x are the minimum and maximum

B kBTl
T 2my
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capillary wavelengths. Helfand and Sapse’s?” SST result
(y ~ ¥*/*) was used to calculate y (see Supporting Informa-
tion). In the absence of direct measurements, Ay, and Apax
are taken as the interfacial thickness (t, was used here) and d,
respectively,'>1>4244

The intrinsic (segmental mixing) and capillary contributions
to the interfacial width are independent and are thus pre-
sumed to add in quadrature. To facilitate comparison between
experiment and theory, we use eq (5) to subtract the calcu-
lated capillary wave contribution from the experimentally
measured interfacial width (the factor of 2x ensures consis-
tency with eq (1)).12154243

tee = [£2-2n(C2)]

(5)
The normalized, capillary-corrected interfacial width, t../d, for
each of the diblocks described above is plotted in Figure 4(a).
Figure 4(b) again recasts the experimental data in yN instead
of t../d This treatment of thermocapillary waves does not
resolve the disagreement between the data and the SCFT cal-
culations. A large portion of the data is overcorrected. The
negative deviations are now 17% on average, and several
points lie below the SST prediction. In the extreme case of
PS-P2VP, the calculated capillary wave contribution is larger
than the measured interfacial width.

One possible explanation is that the strong segregation limit scal-
ing?” y ~ y*/? is not appropriate. Using a modified form of SCFT
for freely jointed chains, Matsen*® found that the interfacial ten-
sion scaling increases from y ~ x/? to x! when the interfacial
thickness is less than the statistical segment length (t;/b < 1).
Though this regime is unlikely to be reached for any of the
polymers considered here, this effect does produce an increase
in y (and a commensurate decrease in (¢?)) for t;/b ~ 1: by a
factor of approximately 1.2 for y = 0.2, corresponding to the
order of magnitude of y for the polymers considered here.
However, reducing (Z;2> by a factor of 1.2 does not significantly
reduce the disagreement between the data and the theory in
Figure 4.

Another possibility is that the interfaces between lamellae
cannot be treated as simple liquid-liquid interfaces. Smectic-A
liquid crystals, lamellar assemblies of rod-like molecules, pro-
vide an alternative model.*® In smectic layers, the restoring
forces that damp thermal displacements of the interface are
the layer compressibility, B, and the splay constant, K, rather
than the surface tension.*”*® Expressions for the mean-square
displacement of smectic-A layer interfaces (eqs S13a and
S13b) are analogous to eq (4), where 2xny is replaced by 8z
(KB)I/2 and the cutoff distances Ap,j, and Ay, depend on the
geometry (thin film vs. isotropic bulk specimen). Amundson
and Helfand developed expressions for K and B for diblock
copolymers in the weak segregation limit (yN = (xN)opt, €9S
S14 and S15).* Treating the diblock lamellae as smectic-A
layers and repeating the preceding analysis produces similar
results to the capillary wave treatment (Fig. S4). Disregarding
PS-P2VP, which is still severely overcorrected, the average
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FIGURE 4 Normalized, -capillary-wave-corrected interfacial
width, t./d, (calculated using eqgs (4) and (5), symbols) versus
segregation strength, y/N (a) and comparison between yN from
t../d and yN from Topt (b). Symbols and curves are as in
Figure 2. [Color figure can be viewed at wileyonlinelibrary.com]

disagreement is 14%, somewhat better than the capillary-
corrected result, but still worse than the uncorrected data.

Clearly, the corrections corresponding to these two limiting cases
do not improve the agreement between experiment and theory.
The fact that the dimensionless ratio 4(KB)'/?/y is order unity
strongly suggests that an accurate description of the interfaces
requires contributions from both models. Rather than attempt to
develop a combined model (which would suffer from the approx-
imations and uncertainties in both), we have instead formulated
an empirical correction using the results of a recent*® simulation
study on diblock melts.

Medapuram et al. investigated composition fluctuations (dis-
tinct from the thermal undulations discussed to this point) in
symmetric diblock copolymer melts using coarse-grained sim-
ulations.*® As part of the study, the apparent interfacial width
was quantified through the ratio of the third and first Fourier
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amplitudes (As/A;) of the ordered-state composition profiles.
This ratio is directly related to our structure factor peak anal-
ysis: I, ~ |A,|% The apparent interfacial width from the simu-
lations was substantially larger than the SCFT prediction at a
given value of yN, with shorter chains deviating more
strongly. This apparent interfacial broadening reflects the
combined contributions of thermal undulations, mediated by
layer compressibility and splay as well as surface tension, and
composition fluctuations. We find that normalizing the segre-
gation strength by the appropriate value at the ODT approxi-
mately collapses the simulations onto the SCFT prediction
except in the immediate vicinity of the ODT (Fig. S5), as dis-
cussed below. This empirical normalization is a straightfor-
ward way of mapping between the simulations, experiments,
and theory.

Until now, we have dealt exclusively with the mean-field seg-
regation strength, yN. However, the simulations were fully
fluctuating, which increases the segregation strength at the
ODT. For comparison, the experimental fluctuation-corrected
segregation strength, (yN)™¢, was calculated® using the same
Topr method described above by replacing the mean-field
value of (yN)opr = 10.5 with the fluctuation-corrected value,

(yN)M< . The value of (yN)0< is a function of chain length and
is calculated using the correlation developed by Glaser et al.>°
Details are provided in the Supporting Information.

Composition fluctuations are strongest in a narrow range of
(xN)™ on either side of the ODT and are rapidly attenuated in the
ordered state as (xN)™¢ increases.*>>* Consequently, measure-
ments of (yN)™€ near the ODT (e.g, via Topr or by fitting the dis-
ordered state structure factor) are highly sensitive to composition
fluctuations. Conversely, SCFT provides an accurate description of
the ordered state, and composition fluctuations are not expected
to strongly affect the interfacial width.* This is borne out by the

fluc

collapse of the simulation data with (xN)™¢/(xN)fs., which
breaks down only in the immediate vicinity of the ODT, that
is, (xN)™/(xN)M< <1.5 [Fig. S5(b)]. The success of this simple
normalization for (xN)™/(yN)fa>1.5 implies that, to first
order, the contribution of thermal undulations to the apparent
interfacial width is adequately captured by the proximity to
the ODT. This simple approach simultaneously accounts for
the block incompatibility and chain length dependences of the
apparent interfacial width.

Complicating this analysis is the finding that d is insensitive to
composition fluctuations.*® Thus, the appropriate segregation
strength normalization is different for t, and d: the former is
(XN)SBCT, while the latter is the mean-field value, 10.5. To

account for this disparity, we normalize the experimental seg-
fluc

regation strength, (yN)™¢, by (xN)gn; and adjust d using the

strong-segregation limit scaling? d ~ x'/°. The resulting nor-
N o 1/6
malized interfacial width is given by (¢,/d) [(xN)g%cT/lo.S} .

1/6
The d-spacing correction, [(XN)g‘]‘)CT/lo.S} , is a modest 1.09
on average, and ranges from 1.05 for PE-P(VCHrhl) to 1.12 for
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FIGURE 5 Normalized interfacial width, (t,/d) (XN)E')LST/W.S] ,
(symbols) versus the normalized fluctuation-corrected segregation

strength, (xN)™°/(xN)MS Theoretical predictions (curves) are
plotted as t/d versus yN/10.5. Comparison between (xN)"® from

1/6
(tx/d) [(XN)Q,“gT/1o.5] and (yN)™© from Topr (b). Symbols and

curves are as in Figure 2. [Color figure can be viewed at
wileyonlinelibrary.com]

PBMA-PMMA. The results of this analysis are shown in Figure 5.
For the SST and SCFT predictions, the abscissa is given by yN/10.5
and the ordinate is t;/d, as before. The average disagreement
between experiment and theory is 14%. Importantly, all of the
negative deviations are eliminated for (xN)™°/(xN)os >1.5,
including the massive overcorrection of the PS-P2VP data,
which is an improvement over the analytical treatments. This
result further demonstrates the need to simultaneously
account for surface tension and layer compressibility and
splay and highlights the effect of finite chain length. However,
the uncorrected data (Fig. 2) still provide the best agreement
between experiment and theory.

Given the scatter in the data, it is unlikely that any universal
correction, no matter how sophisticated, could substantively
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improve the agreement. The large positive discrepancies
between t,/d and t;/d that persist in Figure 5 likely stem from
other sources of lattice distortions (paracrystallinity), caused
by, for example, incomplete equilibration, chain length or
architectural dispersity, or a nonuniform distribution of termi-
nated first-block homopolymer. Though paracrystallinity nec-
essarily produces positive deviations (t,/d > t;/d), a model
analogous to eq (3) which accounts for the quantitative effect
of paracrystallinity cannot be formulated a priori. In practice,
the empirical deconvolution of the effects of paracrystallinity
from the effect of finite t; would require many orders of
reflection to be resolved in the SAXS pattern.?*323% Even if
this analysis can be successfully carried out for a given sam-
ple, it is not easily transferrable to other samples because the
nature of the paracrystalline distortions cannot be assumed
constant. It is preferable to attempt to mitigate sources of
paracrystallinity prior to the measurement by, for example,
minimizing polydispersity during synthesis or through frac-
tionation and annealing samples in the melt for an extended
period.>

Consequently, none of the universal corrections explored can
account for the observed deviations between t,/d and t;/d. In
some sense, this finding is convenient, since all three of these
corrections require some a priori knowledge of y and/or the
chain statistics, which would diminish the utility of the pre-
sent approach. Returning to the original objective of calculat-
ing the mean-field N from the interfacial width, the simplest
method—and with no loss of accuracy—is to compare the
uncorrected t,/d directly with the SCFT prediction for t;/d, as
in Figure 2. Increased precision can be obtained by simulta-
neously fitting measurements of t,/d for multiple polymers of
different M, with the same pair of blocks using a common
value of yN/M,38

CONCLUSIONS

The segregation strength of diblock copolymers has been esti-
mated from measurements of the interfacial width between
lamellar microdomains in the ordered state by making use of
SCFT calculations of the intrinsic interfacial width as a func-
tion of yN. A method for calculating the interfacial width from
the integrated intensities of the structure factor peaks mea-
sured by SAXS is presented and proven to be largely insensi-
tive to the empirical baseline subtraction. Normalizing the
interfacial width by the domain period ensures that this
method is free from uncertainties associated with the chain
statistics, making it well suited to new diblock chemistries.
The resulting values of yN are in good agreement with inde-
pendent measurements of yN from the Topr method, illustrat-
ing that this is a robust approach for estimating yN for
microphase-separated diblock copolymers for which the disor-
dered state has not been or cannot be accessed. Three differ-
ent treatments of thermal undulations are considered but do
not improve the accuracy of the analysis. Since the magni-
tudes of the experimental deviations are greater in the posi-
tive direction (t,/d > t;/d), likely due to paracrystallinity, the
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value of yN obtained from ¢,/d generally provides a lower
bound estimate.
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