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ABSTRACT: The composition profile across a lamellar phase obtained in a multicomponent blend of saturated
poly(butadiene) and poly(isobutylene), stabilized by a saturated poly(butadiene) copolymer serving as a surfactant,
was quantified by transmission electron microscopy (TEM) and self-consistent field theory (SCFT). The liquidlike
nature of this system at room temperature makes traditional staining methods for the enhancement of contrast
ineffective. Instead, we take advantage of the large inelastic scattering cross-section of soft materials to generate
contrast in zero-loss TEM images. Independent spatially resolved thickness measurements enable quantification
of electron scattering. This enabled a comparison between the TEM data and predictions based on SCFT without
any adjustable parameters.

Introduction

Electron microscopy1-3 and small-angle scattering4,5 are used
extensively for characterizing microstructured polymers. Most
studies focus on geometric aspects of the morphological features
such as domain size, interdomain distance, and symmetry of
the lattice on which the domains reside. There are relatively
few studies where the composition of the domains and the
composition profiles across the intervening interfaces have been
determined.6-10 For example, analysis of small-angle X-ray
scattering (SAXS) data from ordered block copolymer melts is
based entirely on the location of the primary and higher order
scattering peaks. In principle, the absolute intensity of Bragg
scattering peaks can be used to determine the average difference
in composition between the domains. This calculation is seldom
done because it requires independent knowledge of other factors
that affect scattering intensity such as thermal fluctuations,
polydispersity, and coherence of the lattice. Quantifying these
factors has proven to be an insurmountable challenge for most
microstructured polymers. On the other hand, electron micros-
copy of polymers often requires contrast enhancement by heavy
metal staining. The introduction of these metals causes major
chemical and physical changes in the material. Chemical
changes include cross-linking and chain scission reactions that
occur when polymers are exposed to staining agents. Physical
changes include contraction of the domains due to cross-linking
or expansion of the domains due to the incorporation of staining
compounds. Thus, while qualitative comparisons between
domain sizes and symmetries obtained by scattering and

microscopy are often made, quantitative interpretation of detailed
features of the electron micrographs (such as image contrast)
is almost always ignored because it is impossible to distinguish
between true heterogeneity present in the original sample and
that which was introduced during sample preparation. We note
in passing that refractive index contrast between micron-sized,
unstained phases is routinely obtained by optical microscopy.11-14

In spite of the difficulties noted above, there are a few
noteworthy experiments where the contrast between phases has
been quantified by electron microscopy. Spontak et al. deter-
mined the concentration profiles across the interface between
microphases of poly(styrene-block-butadiene-block-styrene) and
poly(styrene-block-butadiene) copolymers.9 This enabled quan-
tification of both the width and the sharpness of the density
gradients of the interface. The poly(butadiene) microphase in
this case was stained with OsO4, which may deposit nonuni-
formly and cause imaging artifacts.15,16 The difficult question
of the relationship between the measured profiles and those that
existed in the sample prior to staining was left unanswered.
Handlin and Thomas took advantage of phase contrast in
defocused images of poly(styrene-block-isoprene) and poly-
(styrene-block-butadiene) copolymers to generate micrographs
of the microstructure without staining. Although quantitative
comparisons were not made, qualitative agreement of the
experimental contrast with calculated values was found.17

Siangchaew and Libera used energy-filtered electron microscopy
to image the concentration profile across a poly(styrene)/poly-
(2-vinylpyridine) (PS/PVP) interface in a blend of PS and PVP
homopolymers. Because of the presence of the nitrogen atom
in PVP and the absence of nitrogen in PS, images were obtained
from unstained samples. To our knowledge, this study is the
first and only attempt to obtain quantitative information on
polymeric domain composition in unstained polymer materials.
In the above-mentioned studies, the experimentally obtained
profiles were compared with theoretical predictions. A limitation
of the methodologies employed in these papers is that com-
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parisons between theory and experiment required the introduc-
tion of one or more adjustable parameters.9,18

In this paper, we describe the results of transmission electron
microscopy studies on a multicomponent polyolefin blend
composed of saturated poly(90% 1,2-butadiene) (homopolymer
A), poly(isobutylene) (homopolymer B), and poly(89% 1,2-
butadiene-block-63% 1,2-butadiene) copolymer (A-C). Our
interest in A/B/A-C mixtures stems from the surfactant-like
properties of the A-C copolymer which results in the formation
of organized, single-phase systems. In the absence of the A-C
copolymer, the binary A/B mixture separates into two coexisting
macrophases. Small-angle neutron scattering (SANS) data
obtained from an A/B/A-C blend with homopolymer A volume
fraction of 0.29 and B volume fraction of 0.41 indicate the
presence of a lamellar phase. Our objective in this paper is to
determine the composition profiles within the lamellar phase
and thereby determine the concentration profile and width of
the interface by transmission electron microscopy (TEM). The
micrographs are obtained without staining. Because of the fact
that the empirical formula of all of the components is CH2

(ignoring deuterium substitution for the moment as it is
irrelevant for electron microscopy), we can only obtain the
spatial distribution of these elements and not that of the
individual polymer components. Contrast in electron micro-
graphs can arise due to diffraction, atomic mass differences,
and phase interference. In amorphous materials such as the
polymer blend of interest, diffraction effects are not important,
and atomic mass differences dominate at zero defocus. We
combine the well-established concept of Rutherford scattering,19

known electron scattering properties of hydrocarbon materi-
als,3,20and self-consistent field theory (SCFT) of inhomogeneous
polymers21 to compute the expected contrast from our blend in
an electron micrograph. Comparisons between predictions and
experiments are presented without resorting to any adjustable
parameters.

Materials and Methods

In the A/B/A-C polymer blends, component A was saturated
poly(butadiene) with 89% 1,2-addition (sPB89), component B was
poly(isobutylene) (PIB), and component C was saturated poly-
(butadiene) with 63% 1,2-addition (sPB63). The surfactant is an
A-C copolymer which we label sPBPB. The prefix “s” in sPB63,
sPB89, or sPBPB stands for “saturated” and is replaced by “h” or
“d” when we wish to specify whether the polymer is hydrogenated
or deuterated. Poly(isobutylene) and poly(butadiene) with varying
% 1,2-addition are synthesized using methods described previously,
and the poly(butadiene)s are saturated with either deuterium or
hydrogen.22,23The polymers are characterized using known methods
to determine the density, weight-averaged molecular weight,
polydispersity index, and % 1,2-addition (for the saturated poly-
(butadiene) polymers).22 The structures of the polymers used are
shown in Figure 1, and their characteristics are listed in Table 1.

The composition of the blend used in this study in terms of
volume fractions is 0.29 dPB89, 0.41 PIB, and 0.30 hPBPB
(surfactant). We call this blend B30, the same nomenclature as that
used in ref 23. Blends for SANS and TEM were created using
methods described in ref 22. Samples were annealed at 90°C under
vacuum for 48 h and then stored at room temperature for several
days. We are only concerned with the equilibrium morphology of
B30 at room temperature. The coherent SANS intensity,I, vs
scattering vector,q (q ) 4π sin(θ/2)/λ, θ is the scattering angle
andλ is the neutron wavelength), of B30 used in this paper is similar
to data presented in ref 23, where details concerning data acquisition
and analysis may be found.

TEM samples were made by quenching the blend into liquid
nitrogen and transferring the frozen sample into an RMC Boeckeler
PT XL Ultramicrotome operating at 173 K using a cryogenic

attachment. Sections were collected on a carbon/Formvar-coated
grid. The presence of the grid coating (thickness typically 0.05×
mean free path) was ignored for all of our analysis. Grids were
immediately taken into a Gatan cryostage of a Zeiss LIBRA 200FE
transmission electron microscope. Although the samples were
transferred at room temperature, the stage was cooled to 173 K
within 30 min. All micrographs were taken at 101 K.

The LIBRA 200FE microscope used in this study is equipped
with a field-emission gun, Kohler illumination system, and a post-
specimen, in-column Omega energy filter. It was operated at 200
kV, and the incident energy dispersion was∼1 eV. Two types of
images were collected: bright field and thickness maps. Bright field
images were taken with zero defocus (or nearly so). Thickness maps
were generated by taking the log of the ratio of the unfiltered image
to the zero-loss energy-filtered image, resulting in position-
dependent relative thicknesses (thickness divided by the mean free
path). All images were captured on a 2k× 2k CCD camera,
normalized for detector gain variations, and corrected for dark
counts. The micrographs used in this study were taken at doses
<105 e-/nm2. We show that radiation damage is not important for
the length scales studied in this work.

The primary driving force for working with unstained samples
was that all of our attempts to preferentially stain the sample failed.
The processes by which staining materials are absorbed in different
polymeric species are qualitatively understood. In some cases stains
are absorbed due to the presence of specific chemical moieties, for
example, when OsO4 is used to stain polymers containing CdC
double bonds. In other cases, differences in stain concentration occur
due to differences in the diffusion coefficient of the staining agent,
as in when RuO4 is used to stain the amorphous phase in blends of
amorphous and crystalline polymers.2 Since PIB is known to be a
barrier for the diffusion of small molecules such as oxygen, we
thought that this may lead to contrast in our sample. In addition,
the quaternary carbon atom in PIB is more susceptible to chemical
attack than the other carbon atoms, and this could also, in principle,
lead to differentiation between the lamellae. Another difficulty with
our A/B/A-C blend is that all of the components are rubbery at
room temperature. Thus, exposure of the thin sections to staining
compounds results in rearrangement and collapse of the sample,
preventing TEM imaging. In spite of trying a broad range of staining
protocols (including staining prior to sectioning), we were unable
to obtain nonuniform stain distributions in our samples.

Self-Consistent-Field Theory

Our methods for utilizing self-consistent field theory (SCFT)
to describe the thermodynamic properties of multicomponent
A/B/A-C blends have been previously discussed.22 The only
input parameters needed are Flory-Huggins interaction param-
eters for three binary blends (øA,B, øA,C, and øB,C) and the
statistical segment lengths for each of the components (lA, lB,
and lC). These values have been previously determined and
tabulated from homogeneous binary blends.23 Our SCFT

Figure 1. Chemical structure of the components of the polymer blend
used in this study: (a) saturated poly(90% 1,2-butadiene), (b) poly-
(isobutylene), and (c) diblock copolymer surfactant.
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calculations are carried out in one dimension, and we neglect
the effects of concentration fluctuations.

Analysis of Image Contrast in Amorphous Polymer
Blends

In the absence of diffraction or phase contrast, bright field
images are created by the forward-scattered beam, and contrast
is generated by removing scattered electrons at angles defined
by an objective aperture at the back focal plane. Although the
intensities of both inelastically and elastically scattered electrons
have an angular dependence, inelastically scattered electrons
scatter preferentially at lower angles and thus are removed less
effectively with the objective aperture.24 After the first dem-
onstration of energy-filtered imaging by Castaing and Henry,25

it became possible to create images without inelastically
scattered electrons. Zero-loss energy filtering, where inelastically
scattered electrons are selectively removed, is used to improve
image quality, since inelastically scattered electrons are subject
to the chromatic aberration of the microscope.26 The inelastic
scattering cross-section is larger than the elastic cross-section
for soft hydrocarbon samples probed with incident electron
beams with energies between 100 and 300 keV. The contrast
in TEM bright field images can thus be significantly enhanced
by removing inelastically scattered electrons.24 Kunz et al. have
shown qualitatively that zero-loss imaging can increase the
contrast for copolymers.27

Our analysis begins with an objective aperture and energy
filter that transmit electrons with energyE ) {E0 - ∆E/2, E0

+ ∆E/2} and a scattered angle less thanâ. E0 is the incident
energy, 200 keV in our case. We assume a monoenergetic
parallel illumination and zero defocus. The ratio of the intensity
of the transmitted beam,I, to that of the incident beam,I0, is
given by

where Q has units of 1/length andt is the thickness of the

specimen.Q is the inverse of the mean free path. Equation 1 is
analogous to Beer’s law for optical absorption, makingQ akin
to an absorption coefficient. In the electron microscopy litera-
ture,Q is often called the total scattering cross-section.19,28 In
principle, bothQ andt vary across the specimen. For interactions
between electrons and a compound with molecular weightM
and densityF, Q is given by19,28

whereN0 is Avogadro’s number andσmol(â,E) is the molecular
scattering cross-section (units length2), which depends on the
collection angleâ and allowed energies,E. Note thatM and
σmol must be defined consistently, and in the case of polymers
it is convenient to define them on the basis of the chemical
repeat units. In our case, these units are defined in Figure 1.
σmol is composed of the sum of both elastic and inelastic
components. The elastic cross-section,σe, can be calculated
using a modified Rutherford equation,19 and the inelastic
scattering cross-section,σi, can be calculated using24

k is approximately a constant. In refs 29 and 30, a combined
theoretical and experimental approach estimatedk to be about
14 for the nucleic acid base adenine, and separate experiments
using poly(styrene) supportk ) 14.31 k, however, varies in the
literature from 10 to 25,20,24,30,32-39 making reliable calculation
of σmol difficult.

For a multicomponent system,Q is given by a straightforward
extension of eq 2.

x andy are axes of a Cartesian reference frame located in the
plane of the sample, andz corresponds to the direction along
the incident electron beam. In eq 4, we explicitly show
parameters that depend on position in the specimen (x,y). Images
are projections alongz, and all parameters must be averaged
over the thickness of the specimen.φi(x,y) is the volume fraction
of the ith component as a function of position. The molecular
scattering cross-sections of polymeric materials are often very
similar. For the particular sample studied here, they are identical
since the empirical formula of all components is CH2. So if we
assume a constant thickness,t, and a constantσmol

Note that by measuring (Qt)AVG the intensity and contrast can
be calculated without needing to computeσmol. VAVG is the
average molar volume given as

Table 1. Characteristics of Polymers

label polymer MW (kg/mol) PDIa density (g/cm3) Tg (K)

dPB89 deuterated 90% 1,2-poly(butadiene) 36.5 1.02 0.904 240d

PIB poly(isobutylene) 18.7 1.02 0.913 201e

block 1 of hPBPB hydrogenated 89% 1,2-poly(butadiene) 126 0.863c 239d

block 2 of hPBPB hydrogenated 63% 1,2-poly(butadiene) 178 1.02b 0.862c 219d

a Polydispersity index.b PDI is for the entire block copolymer.c Densities are interpolated from a series of polymers with varying % 1,2-addition.d From
ref 45. e From ref 46.

Figure 2. SANS intensity vs scattering vector,q, of blend B30. The
arrows denoteq* and2q*.
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whereφh i is the average volume fraction of componenti in the
sample. Averages are taken over all space (x, y, z).

The contrast,C, between two homogeneous phases labeled
1 and 2, in the limit of low contrast, is given by

Results and Discussion

Figure 2 shows the SANS intensities,I(q), vs scattering
vector, q, for blend B30 at 303 K (approximately room
temperature). The primary peak (q*) occurs at 0.0573 nm-1,
and the secondary peak lines up closely with 2q*, as seen by
the arrows in Figure 2. The SANS data of B30 indicate the
presence of a lamellar morphology with a periodicity of 110
nm. Because of lack of knowledge regarding effects such as
average grain size, Debye-Waller factors, etc., it is not possible
to obtain quantitative estimates of the composition profile across
the lamellae from the SANS data. An attempt to obtain such
information is presented in a related study,22 where the relative
intensities of the primary and second-order SANS peaks as a
function of temperature of a similar blend are compared to
predictions made from the Fourier transforms of volume fraction
profiles obtained using SCFT.

In Figure 3, we show the volume fraction profiles of the
components across the interface of the lamellae determined by
SCFT calculations. The SCFT calculations predict a domain
spacing of 103 nm, in reasonable agreement with our scattering
data (110 nm, Figure 2). Using these volume fraction profiles,
we calculateQ(x) using eq 4, with densities from Table 1 and
σmol calculated by methods described in ref 24 (σmol ) 8.12×
10-4 nm2). x is the Cartesian coordinate directed along the
normal to the lamellae. The resultingQ(x) from the middle of
one lamella to the middle of the adjacent lamella is shown in
Figure 4. Note that the calculated size of the lamellae is in
quantitative agreement with experiments, and the maximum
variation ofQ(x) is about 3%.

Figure 5 is a bright field TEM image of B30 taken close to
zero defocus with an energy filter slit width of 8 eV, no objective
aperture, and without any staining. A periodic lamellar phase
with a+1/2 dislocation is visible in the micrograph. The period
of the lamellar phase is about 100 nm, which is consistent with
SANS and SCFT results given above. From eq 7, it is evident
that the contrast between lamellae comes from the difference
in molar volume between the two phases. In the micrograph of
Figure 5, the dark phase is PIB, since the PIB-rich phase has a
larger density (Figure 3 and Table 1). To our knowledge, this
is the first electron micrograph of a polymer blend composed
entirely of components that are rubbery at room temperature.
Phase contrast microscopy, where differences in the phase of
the scattered beam generate contrast, is ineffective for enhancing
the contrast of structures with large periodicities.17,40,41 For
materials with a characteristic spacing of 100 nm, such as the
polymer blend studied here, the amount of defocus necessary
to significantly improve the contrast is large. A defocus of 100
µm, already unacceptable for imaging, would only improve
contrast by about 8% (the contrast would increase from, for
example, 1% to 1.08%).28

In order to quantify our results using eq 5, we need to obtain
t andQ of our sample. The spatially resolved productQ andt,
or “thickness map”, can be calculated by taking the ratio of
two images, an unfiltered image and a zero-loss filtered image,24

since

Figure 3. Volume fraction profiles of the different components in blend
B30 as a function ofx, the distance along the lamellae normal. Polymer
A is deuterated poly(90% 1,2-butadiene); polymer B is poly(isobuty-
lene); A-C, blk A is the poly(89% 1,2-butadiene) block of the
copolymer surfactant; and A-C, blk C is the poly(63% 1,2-butadiene)
block of the copolymer.

Figure 4. Q across the lamellar interface for B30 calculated using
SCFT volume fractions from Figure 3, eq 4, parameters from Table 1,
andσmol ) 8.12× 10-4.
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Figure 5. TEM micrograph of the polymer blend B30. An 8 eV
spectrometer slit was used. No staining was performed on the sample.
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IT is the total intensity integrated over all energies, andIZL is
the intensity of the zero-loss electrons. An 8 eV post-specimen
energy slit was used, but no objective aperture. We assume that
unfiltered images capture all of the inelastically scattered
electrons and that zero-loss images contain no inelastically
scattered electrons. Figure 6a is a bright field micrograph of
the lamellar structure, and Figure 6b is the corresponding
thickness map. Figures 6a and 6b were taken at a dose of about
104 e-/nm2. The average value ofQt obtained by integrating
over Figure 6b, (Qt)AVG, is 0.401 ( 0.038. In most of the
micrographs, our thickness maps are featureless as shown in
Figure 6b, even though there is a periodic variation inQ. This
is probably due to the high noise level in thickness maps (about
10%),42 which is significantly higher than the expected variation
in Q (3%). Our bright field images typically have a noise level
of less than 1%.

The thickness of the sample can be determined from (Qt)AVG

by calculatingQAVG. QAVG can be obtained from eq 2 using
the parameters in Table 1 and the molecular scattering cross-
section,σmol, which can be calculated by following ref 24. We
obtainσmol ) 8.12× 10-4 nm2, resulting inQAVG ) 0.007 98
nm-1 (mean free path) 125 nm), which yieldstAVG ) 50 nm.
σmol, however, can vary from 5.92× 10-4 to 1.48× 10-3 nm2

due to the uncertainty in measuring the ratio between the elastic
and inelastic cross-section (see eq 3 and subsequent discussion
following eq 3). Although we have no independent measurement
of the actual thickness of the sample, we note that the microtome
sectioning thickness was set to 50 nm. The quantitative
agreement between these two values is probably fortuitous.

In Figure 6a, we show one micrograph selected for compari-
son between theory and experiment.43 The boxes in Figures 6a
and 6b denote the experimental data used. The orientation of
the box was determined by the local Fourier transform of the
data within the box, shown in the inset of Figure 6a. Integration
of the thickness map (Figure 6b) of this region yields (Qt)AVG

) 0.379 ( 0.029 (tAVG ) 47 nm). Using our SCFT results
(Figure 3), parameters from Table 1, and (Qt)AVG ) 0.379
enables the calculation of the normalized intensity,I(x)/I0, using
eq 5 (thex direction is defined in Figures 6a and 6b). The solid
curve in Figure 6c is the result of this calculation. The open
circles in Figure 6c are experimentally determinedI(x)/I0 values
after integration over 425 pixels along they direction in the
box of Figure 6a. The incident intensity,I0, was determined by
spatially averaging over the intensity of a bright field image

Figure 6. (a) TEM micrograph of B30. The inset is the local FFT of
the image within the black box. (b) Thickness map of the same region
as (a). (c) Experimental (open circles) and theoretical (solid line)
normalized interfacial profiles calculated using eq 4 and (a) and (b).
The abscissa (x) is in nm perpendicular to the lamellae. Black boxes
in (a) and (b) denote areas used to generate profiles for (c).

Figure 7. (a) Contrast and sample thickness as a function of dose.
There is no perceptible change in the contrast and a small decrease in
the thickness. The error bars are the standard deviation of the
measurement for a single image.

Qt ) ln( IT

IZL
) (8)
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obtained from an empty region of the grid. The agreement
between theory and experiment is reasonable and provides
support for the theoretically predicted composition profiles of
the components presented in Figure 3. Qualitatively similar
results are obtained for other images of B30, and these results
are presented in the Supporting Information.

The contrast in our images,Cexp, was determined from Figure
6a by first fitting Gaussians around the local maxima and
minima of the experimental intensity profile (Figure 6c).Cexp

) 1.1 ( 0.1% was calculated by taking the difference of the
maxima and minima, which is then divided by the average
intensity, as defined in eq 7. Our theoretical contrast,C ) 1.1%,
was calculated using eq 7 with (Qt)AVG ) 0.379 determined
from our thickness map (boxed area in Figure 6b) and
parameters from Table 1. The difference in molar volume
between the two phases was calculated using our SCFT results
(Figures 3 and 4).

To explore the effect of radiation damage on contrast, we
monitored the mass thickness and contrast as a function of dose,
and these results are shown in Figure 7. Thickness and contrast
values were obtained by averaging thickness maps and bright
field images, respectively, over the same region (about 30
lamellae). Contrast was calculated in the same manner as in
the preceding paragraph. In Figure 7, there is a 5% decrease in
the thickness of the sample when the dose is increased from
102 to 106 e-/nm2, while the contrast is constant within
experimental error over that range of dose. This is consistent
with previous reports that at around 100 K the mass loss of
poly(isobutylene) and saturated poly(butadiene) occurs at a
similar rate while exposed to high-energy radiation.44 Thus, the
small amount of mass loss could be either sublimation of frozen
water due to contamination or isotropic mass loss due to chain
damage. In either case, we conclude that radiation damage does
not have a significant effect on our results.

Conclusions

The lamellar microstructure of an unstained polyolefin blend
composed of components that are rubbery at room temperature
was imaged using zero-loss energy filtered electron microscopy.
This enables determination of the composition profile across
the lamellar interfaces. The experimentally determined composi-
tion profiles are in agreement with predictions based on self-
consistent field theory. This agreement is obtained without
resorting to any adjustable parameters.
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