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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 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

Sbetween 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 microsEogy.

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

Electron microscopy 2 and small-angle scatterihgare used
extensively for characterizing microstructured polymers. Most
studies focus on geometric aspects of the morphological feature
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 1% 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 Microphases of poly(styrertdeckbutadieneblockstyrene) and

scattering peaks can be used to determine the average differencBOlY(Styreneblockbutadiene) copolymefSThis enabled quan-

in composition between the domains. This calculation is seldom t|f|ca_t|on of both _the Width and the sharpness of_the densn_y
done because it requires independent knowledge of other factor@r_ad'ents of the |r_1terfac§. The poly(butad|ene) m_|crophas_e n
that affect scattering intensity such as thermal fluctuations, this case was stamed ‘.N'th O‘.ﬁ@\’h'%h may .dgposn nonuni-
polydispersity, and coherence of the lattice. Quantifying these formly and cause imaging artifacts!° The difficult question
factors has proven to be an insurmountable challenge for most©f _the re!atlonsh|p betwee_n the mea_ls_ured profiles and those that
microstructured polymers. On the other hand, electron micros- €XiSted in the sample prior to staining was left unanswered.

copy of polymers often requires contrast enhancement by heavy';afnd"” ‘3”9' Thoma? to?k advagage of phase Zontriatst in
metal staining. The introduction of these metals causes majordefocused images of poly(styrehtsckisoprene) and poly-

chemical and physical changes in the material. Chemical (styreneblockbutadiene) copolymers to generate micrographs

changes include cross-linking and chain scission reactions thatOf the microstructure W'thouotl stalnmlg. Although quantlta';lvi
occur when polymers are exposed to staining agents. Physicaomparisons were not made, qualitative agreement of the

changes include contraction of the domains due to cross-linking e?(perlrEentaI c(;)n'_tgast W'tr:j caIcuIa}E_(led vgllules was _fo’t]nd.
or expansion of the domains due to the incorporation of staining S/2ngchaew and Libera used energy-filtered electron microscopy

compounds. Thus, while qualitative comparisons between to image the concentration profile across a poly(styrene)/poly-

domain sizes and symmetries obtained by scattering and(2-Vinylpyridine) (PS/PVP) interface in a blend of PS and PVP
homopolymers. Because of the presence of the nitrogen atom
 Department of Chemical Engineering. UC Berkel in PVP and the absence of nitrogen in PS, images were obtained
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LaIt‘JO,ratory; o _ polymeric domain composition in unstained polymer materials.
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(b)

parisons between theory and experiment required the introduc-(a)
tion of one or more adjustable paramet®tg.

In this paper, we describe the results of transmission electron 1
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- L b
butadieneblock63% 1,2-butadiene) copolymer ¢£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 @ A
copolymer, the binary A/B mixture separates into two coexisting
macrophases. Small-angle neutron scattering (SANS) data L
obtained from an A/B/A-C blend with homopolymer A volume  Figure 1. Chemical structure of the components of the polymer blend
fraction of 0.29 and B volume fraction of 0.41 indicate the used in this study: (a) saturated poly(90% 1,2-butadiene), (b) poly-
presence of a lamellar phase. Our objective in this paper is to (isobutylene), and (c) diblock copolymer surfactant.
determine the composition profiles within the lamellar phase )
and thereby determine the concentration profile and width of att.achment. Sections were g:ollected on a carbon/qumvar-coated
the interface by transmission electron microscopy (TEM). The 91id- The presence of the grid coating (thickness typically 005

micrographs are obtained without staining. Because of the fact oo free path) was ignored for all of our analysis. Grids were
grapns ar g. . immediately taken into a Gatan cryostage of a Zeiss LIBRA 200FE
that the empirical formula of all of the components is £H

) i i R ~'1  transmission electron microscope. Although the samples were
(ignoring deuterium substitution for the moment as it is ransferred at room temperature, the stage was cooled to 173 K
irrelevant for electron microscopy), we can only obtain the within 30 min. All micrographs were taken at 101 K.

spatial distribution of these elements and not that of the  The | IBRA 200FE microscope used in this study is equipped
individual polymer components. Contrast in electron micro- jth a field-emission gun, Kohler illumination system, and a post-
graphs can arise due to diffraction, atomic mass differences, specimen, in-column Omega energy filter. It was operated at 200
and phase interference. In amorphous materials such as théV, and the incident energy dispersion wag eV. Two types of
polymer blend of interest, diffraction effects are not important, images were collected: bright field and thickness maps. Bright field
and atomic mass differences dominate at zero defocus. Weimages were taken with zero defocus (or nearly so). Thickness maps
combine the well-established concept of Rutherford scattéfing, Were generated by taking the log of the ratio of the unfiltered image
known electron scattering properties of hydrocarbon materi- {© the zero-loss energy-filtered image, resulting in position-
als32and self-consistent field theory (SCFT) of inhomogeneous dependent relative thicknesses (thickness divided by the mean free

1 ~~ path). All images were captured on a 2k 2k CCD camera,
polymers* to compute the expected contrast from our blend in normalized for detector gain variations, and corrected for dark

an electron micrograph. Comparisons between predictions andcoynts. The micrographs used in this study were taken at doses
experiments are presented without resorting to any adjustable<10 e-/nn?. We show that radiation damage is not important for

parameters. the length scales studied in this work.
. The primary driving force for working with unstained samples
Materials and Methods was that all of our attempts to preferentially stain the sample failed.

In the A/B/A—C polymer blends, component A was saturated 1he processes by which staining materials are absorbed in different
poly(butadiene) with 89% 1,2-addition (sPB89), component B was Polymeric species are qualitatively understood. In some cases stains
poly(isobutylene) (PIB), and component C was saturated poly- are absorbed due to the presence of specific chemical moieties, for
(butadiene) with 63% 1,2-addition (sPB63). The surfactant is an €xample, when OsQis used to stain polymers containing=C
A—C copolymer which we label SPBPB. The prefix “s” in sPB63, double bonds. In other cases, differences in stain concentration occur
sPB89, or SPBPB stands for “saturated” and is replaced by “h” or due to differences in the diffusion coefficient of the staining agent,
“d” when we wish to specify whether the polymer is hydrogenated &S in when Ru@is used to stain the amorphous phase in blends of
or deuterated. Poly(isobutylene) and poly(butadiene) with varying @morphous and crystalline polymérSince PIB is known to be a
% 1,2-addition are synthesized using methods described previously barrier for the diffusion of small molecules such as oxygen, we
and the poly(butadiene)s are saturated with either deuterium orthought that this may lead to contrast in our sample. In addition,
hydroger?223The polymers are characterized using known methods the quaternary carbon atom in PIB is more susceptible to chemical
to determine the density, weight-averaged molecular weight, attack than the other carbon atoms, and this could also, in principle,
polydispersity index, and % 1,2-addition (for the saturated poly- lead to differentiation between the lamellae. Another difficulty with
(butadiene) polymers}. The structures of the polymers used are Our A/B/A—C blend is that all of the components are rubbery at
shown in Figure 1, and their characteristics are listed in Table 1. 'oom temperature. Thus, exposure of the thin sections to staining

The composition of the blend used in this study in terms of compounds results in rearrangement and collapse of the sample,

volume fractions is 0.29 dPB89, 0.41 PIB, and 0.30 hPBPB preventing TEM imaging. In spite of trying a broad range of staining

(surfactant). We call this blend B30, the same nomenclature as thatPr0tocols (including staining prior to sectioning), we were unable
to obtain nonuniform stain distributions in our samples.

used in ref 23. Blends for SANS and TEM were created using
methods described in ref 22. Samples were annealed’a 9@der ) )
vacuum for 48 h and then stored at room temperature for several Self-Consistent-Field Theory

g?és- \tNe are ctmly con;:erne(_}l”\]/vith tlp]e eql:”isbg;\‘g m?rpgl_ctnlogy of " Our methods for utilizing self-consistent field theory (SCFT)
at room temperature. The coneren INTENSIWS to describe the thermodynamic properties of multicomponent

scattering vectorg (q = 4x sin(@/2)/A, 0 is the scattering angle . ;
and/ is the neutron wavelength), of B30 used in this paper is similar A/B/A—C blends have been previously discussedhe only

to data presented in ref 23, where details concerning data acquisitionl"PUt parameters needed are FloHyuggins interaction param-
and analysis may be found. eters for three binary blendgAg, xac, and ysc) and the

TEM samples were made by quenching the blend into liquid Statistical segment lengths for each of the componeptsg
nitrogen and transferring the frozen sample into an RMC Boeckeler and Ic). These values have been previously determined and
PT XL Ultramicrotome operating at 173 K using a cryogenic tabulated from homogeneous binary bleAtsOur SCFT
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Table 1. Characteristics of Polymers

label polymer MW (kg/mol) PO density (g/cm) Ty (K)
dPB89 deuterated 90% 1,2-poly(butadiene) 36.5 1.02 0.904 d 240
PIB poly(isobutylene) 18.7 1.02 0.913 201
block 1 of hPBPB hydrogenated 89% 1,2-poly(butadiene) 126 0.863 239
block 2 of hPBPB hydrogenated 63% 1,2-poly(butadiene) 178 b1.02 0.86Z 219

a Polydispersity index? PDI is for the entire block copolymef.Densities are interpolated from a series of polymers with varying % 1,2-additfnom
ref 45.© From ref 46.

10° specimenQ is the inverse of the mean free path. Equation 1 is
) Sy T ) analogous to Beer’s law for optical absorption, mak@gkin
* 303K to an absorption coefficient. In the electron microscopy litera-
10° L & 4 ture, Q is often called the total scattering cross-sectit#t.In
s o © principle, bothQ andt vary across the specimen. For interactions
n 3 O °° between electrons and a compound with molecular welight
g 10° | o° o - and densityp, Q is given by28
Q o oo 00
2 0 00000 o *
~ News No@mol(B:E)p
2 R _ _0”molv~>
10° | : 1 — @
101 whereNy is Avogadro’s number andme(5,E) is the molecular
0.01 ' EE— scattering cross-section (units lengjthwhich depends on the
) 1 collection angles and allowed energie€. Note thatM and
q (nm™) Omol Must be defined consistently, and in the case of polymers
Figure 2. SANS intensity vs scattering vectay, of blend B30. The It Is convgnlent to define them on _the basis _Of th_e ch_emlcal
arrows denote* and 2. repeat units. In our case, these units are defined in Figure 1.

Omol IS composed of the sum of both elastic and inelastic
calculations are carried out in one dimension, and we neglectcomponents. The elastic cross-sectiog, can be calculated
the effects of concentration fluctuations. using a modified Rutherford equatiéh,and the inelastic

scattering cross-section;, can be calculated usiffy
Analysis of Image Contrast in Amorphous Polymer
Blends

GI

In the absence of diffraction or phase contrast, bright field O¢
images are created by the forward-scattered beam, and contrast
is generated by removing scattered electrons at angles defined is approximately a constant. In refs 29 and 30, a combined
by an objective aperture at the back focal plane. Although the theoretical and experimental approach estim&ténlbe about
intensities of both inelastically and elastically scattered electrons 14 for the nucleic acid base adenine, and separate experiments
have an angular dependence, inelastically scattered electronsising poly(styrene) suppokt= 143! k, however, varies in the
scatter preferentially at lower angles and thus are removed lesditerature from 10 to 23924303238 making reliable calculation
effectively with the objective apertufé.After the first dem- of omoel difficult.
onstration of energy-filtered imaging by Castaing and Héfry, For a multicomponent syster®,is given by a straightforward
it became possible to create images without inelastically extension of eq 2.
scattered electrons. Zero-loss energy filtering, where inelastically
scattered electrons are selectively removed, is used to improve pi
image quality, since inelastically scattered electrons are subject Qlxy) = NOZM Tmalj (B.EXY) $i(xY) 4)
to the chromatic aberration of the microscépdhe inelastic o
scattering cross-section is larger than the elastic cross-section . .
for soft hvdrocarbon samoles oprobed with incident electron andy are axes of a Cartesian reference fram.e chated in the

Y . pies p lane of the sample, armcorresponds to the direction alon
beams with energies between 100 and 300 keV. The contrast P, P 9

in TEM bright field images can thus be significantly enhanced thaeramgltg(regih:tlzgr%g dboenamo'siiir;neig t;‘é Swch)(p)l]'c('rﬂg ZZOW
by removing inelastically scattered electréA&unz et al. have b P P PECIXg g

e . . . are projections along, and all parameters must be averaged
shown qualitatively that zero-loss imaging can increase the . X . .
over the thickness of the specimei(x,y) is the volume fraction
contrast for copolymers.

) ) . — of theith component as a function of position. The molecular
Our analysis begins with an objective aperture and energy scattering cross-sections of polymeric materials are often ver
filter that transmit electrons with enerdy= {Ey — AE/2, Eq 9 poly Y

+ AE/2} and a scattered angle less tharEq is the incident similar. For the particular sample studied here, they are identical

i ._since the empirical formula of all components is £Ho if we
energy, 200 keV in our case. We assume a monoenergetic .
assume a constant thicknegsand a constantmgl

parallel illumination and zero defocus. The ratio of the intensity
of the transmitted bean, to that of the incident beanty, is
given by

©)

NJ|x

[(xy)

i 5
) = exf| ~tQavc?ave ZM #i(xy) (%)
I
T = exp(-Qt) @ : : .
lo Note that by measuringQt)ave the intensity and contrast can
be calculated without needing to compuigo. vave IS the
where Q has units of 1/length antlis the thickness of the = average molar volume given as
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Figure 3. Volume fraction profiles of the different components in blend
B30 as a function ox, 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-AC, blk C is the poly(63% 1,2-butadiene)
block of the copolymer.

7.65

7.55

Q (1/um)

7.45

7.35

0 20 40

x (nm)

Figure 4. Q across the lamellar interface for B30 calculated using
SCFT volume fractions from Figure 3, eq 4, parameters from Table 1,
andome = 8.12 x 1074

60

M; _
Uave — Z_ o (6)

whereg, is the average volume fraction of componeéir the
sample. Averages are taken over all spacey/,(2).

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

Al

P1 P2 P1

C=== Noam("(ﬁ'E)t(E - M_z) = (Qt)AVGUAVG(E -

P2
ok

Results and Discussion

Figure 2 shows the SANS intensitiegq), vs scattering
vector, g, for blend B30 at 303 K (approximately room
temperature). The primary peal*) occurs at 0.0573 nm,
and the secondary peak lines up closely witft,2as seen by
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& 7 .

Figure 5. TEM micrograph of the polymer blend B30. An 8 eV
spectrometer slit was used. No staining was performed on the sample.

N

4

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
Omol Calculated by methods described in ref 24 = 8.12 x
10 nnP). x is the Cartesian coordinate directed along the
normal to the lamellae. The resultig@g(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 of Q(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 periodicitlé4%4 For

the arrows in Figure 2. The SANS data of B30 indicate the materials with a chgracteristic spacing of 100 nm, such as the
presence of a lamellar morphology with a periodicity of 110 Polymer blend studied here, the amount of defocus necessary
nm. Because of lack of knowledge regarding effects such as to significantly improve the cont_rast is large. A defocu_s of 100
average grain size, Deby&Valler factors, etc., it is not possible ~ #M, already unacceptable for imaging, would only improve
to obtain quantitative estimates of the composition profile across contrast by about 8% (the contrast would increase from, for
the lamellae from the SANS data. An attempt to obtain such €xample, 1% to 1.08%.

information is presented in a related stif@yyhere the relative In order to quantify our results using eq 5, we need to obtain
intensities of the primary and second-order SANS peaks as at andQ of our sample. The spatially resolved prod@andt,
function of temperature of a similar blend are compared to or “thickness map”, can be calculated by taking the ratio of
predictions made from the Fourier transforms of volume fraction two images, an unfiltered image and a zero-loss filtered irdage,
profiles obtained using SCFT. since
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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 abscissax] is in nm perpendicular to the lamellae. Black boxes
in (a) and (b) denote areas used to generate profiles for (c).
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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=In|— (8)
IZL

|1 is the total intensity integrated over all energies, &adis

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
10* e /nm?. The average value dpt obtained by integrating

over Figure 6b, Qt)ave, 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 variatioQinThis

is probably due to the high noise level in thickness maps (about
10%)#? 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 filQn(c
by calculatingQave. Qave can be obtained from eq 2 using
the parameters in Table 1 and the molecular scattering cross-
section,omel, Which can be calculated by following ref 24. We
obtainome = 8.12 x 1074 nm?, resulting inQave = 0.007 98
nm~1 (mean free path= 125 nm), which yield$aye = 50 nm.
omol, however, can vary from 5.9 1074 to 1.48 x 1023 nn?
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 experiméhThe 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 yiel@)4vc
= 0.379 % 0.029 favc = 47 nm). Using our SCFT results
(Figure 3), parameters from Table 1, am@tfayve = 0.379
enables the calculation of the normalized intensity)/lo, 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 determimed/lo values
after integration over 425 pixels along tlyedirection in the
box of Figure 6a. The incident intensitl, was determined by
spatially averaging over the intensity of a bright field image
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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 image€e,, was determined from Figure
6a by first fitting Gaussians around the local maxima and
minima of the experimental intensity profile (Figure 6€sp
= 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 contr@st 1.1%,
was calculated using eq 7 witlQf)avc = 0.379 determined
from our thickness map (boxed area in Figure 6b) and
parameters from Table 1. The difference in molar volume
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