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SYNOPSIS

Efforts to correlate molecular characteristics with microstructural dimensions in microphase-
separated diblock and triblock copolymers have been very successful, resulting in relation-
ships that can be utilized to design materials with a specific microstructure and, conse-
quently, with particular thermomechanical properties. However, similar efforts in the arena
of multiblock copolymers have not been nearly as extensive, despite the increasing interest
and diversity of this class of materials. In the present work, energy-filtered electron mi-
croscopy (EFEM) and small-angle neutron scattering (SANS) are used in a complementary
fashion to probe the phase behavior of a series of three polysiloxaneimide (PSI) multiblock
copolymers with different molecular architectures. Despite their relatively short segment
lengths, all three materials exhibit signs of microphase separation at ambient temperature.
SANS data are obtained from chemically unaltered materials and are subsequently inter-
preted with the Teubner-Strey model for microemulsions. Resultant microstructural di-
mensions are in good agreement with those measured from EFEM micrographs. Additional
insight into the intramolecular sequencing of each copolymer is obtained from scaling

relationships.

INTRODUCTION opment!*?° of microstructural elements in these
model systems indicate that the dominant factors
in the free-energy function are (i) a measure of the

The numerous experimental studies of block copol- chemical interactions between the blocks (described

ymers have proven successful in elucidating the in terms of a Flory-Huggins X parameter or a dif-

conditions that correspond to the onset of micro- ference in solubility parameters), (ii) the chain
phase separation (i.e., the weak-interaction limit)'™ length of the copolymer molecule (as given by the
and in correlating microstructural dimensions with degree of polymerization or the equivalent molecular
molecular characteristics.’! Most of these efforts weight), and (iii) the composition of the molecule
have utilized model diblock or triblock systems, (expressed in terms of weight or volume fractions).
typically composed of polystyrene and a polydiene, Calculation of the critical conditions corresponding
to ascertain the roles of both the block lengths and to the microphase-separation transition (MST) in
residually mixed interphase on bulk thermome- monodisperse diblock copolymers by Leibler'? has,
chanical properties. Theoretical considerations re- for instance, provided a sound theoretical basis for
garding the initial formation'®'® and full devel- understanding the phase behavior of these materials

and probing the dynamics of the MST.?

Another class of copolymers of equal importance
in terms of scientific interest and commercial ap-
Journal of Applied Polymer Science, Vol. 44, 1245-1256 (1992) pllcatl?n is the If“ﬂtlbl(mk’ or segmented, copoly m.er.
© 1992 John Wiley & Sons, Inc. CCC 0021-8995/92/071245-12$04.00 Materials of this type are normally endowed with
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enhanced mechanical properties due to the presence
of microstructural elements in which the dispersed
or co-continuous microphases are highly intercon-
nected, as in polyurethane, polyetherester, and po-
lybutadieneamide copolymers. As with the bulk me-
chanical properties, the phase behavior of these co-
polymers is also strongly affected by the molecular
architecture. Well-defined multiblock copolymers
can be designed so that (i) the block lengths are
held constant while the chain length and, depending
on the architecture, composition vary or (ii) the
block lengths are reduced while the chain length and
composition are held constant. The latter route bet-
ter exposes the effect of molecular architecture on
microstructural and bulk properties by avoiding
complexities arising from the simultaneous variation
of two molecular parameters. The caveat associated
with this route is that, as the number of blocks in-
creases and the corresponding block lengths de-
crease, the driving force towards microphase sepa-
ration is reduced, 2 resulting in a greater residually
mixed (homogeneous) fraction of material.?*¢
Moreover, specific morphological characteristics
(e.g., cubic or lamellar) may change, becoming mixed
or distorted, as a phase boundary is crossed or as
the degree of molecular interconnectedness imposes
severe configurational limitations on individual
molecules.

In this work, the phase behavior of three chem-
ically identical polysiloxaneimide ( PSI) multiblock
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Figure 1 Chemical structures of the monomers com-
prising the PSI copolymers used in this study. The “soft”
monomer (a) is composed of the reaction product of bis-
phenol-A (BPA) and a polydimethylsiloxane (PDMS)
derivative. Both the degree of polymerization of the
PDMS, x, and the reactive end group of the derivative,
R, [=(R — R') + R'] are proprietary and are not given
here. (For additional information on the subject of PSI
monomers, the reader is referred to Ref. 25.) The “hard”
monomer (b) consists of the product between BPA and
m-phenylenediamine, which is the precursor to the
ULTEM polyetherimide homopolymer.

TableI Molecular Characteristics of the
Copolymers Used in This Study®

wPDMSb
Designation (%) N,b N} (0% n,
PSI1 37 5.0 4.2 2.3 3.2
PSI2 43 2.8 3.0 24 5.2
PSI3¢ 37 Statistical Statistical 11.6 13.3

* Nomenclature defined in text.

® Provided by the General Electric Co.

¢ Segment numbers for PSI3 are maximum values based on the as-
sumption of a perfectly alternating monomer sequence.

copolymers, each possessing relatively short seg-
ments but different molecular architectures, is in-
vestigated with small-angle neutron scattering
(SANS) and energy-filtered electron microscopy
(EFEM). Correlations between microstructural di-
mensions and molecular architecture are proposed
on the grounds of scaling principles.

EXPERIMENTAL

Materials

The materials used in this work have been provided
by the General Electric Co. (Waterford, NY) and
are composed of the monomers illustrated in Figure
1. The “soft” monomer is the product of bisphenol-
A dianhydride with a polydimethylsiloxane (PDMS)
derivative, as seen in Figure 1(a). Reaction of the
dianhydride with m-phenylenediamine yields the
“hard” monomer, which is the precursor for the
ULTEM polyetherimide [Fig. 1(b)]. The reactive
end group (R) of the PDMS derivative and its degree
of polymerization (x) are not provided here due to
their proprietary nature but are similar to chemical
structures documented elsewhere.?” All of the co-
polymers possess number- and weight-average mo-
lecular weights of about 25,000 g/mol and 100,000
g/mol, respectively. Examination of Table I reveals
that the compositional variation among the three
materials is minimal, averaging 37-43 wt % silicone
monomer. Distinction among the copolymers arises
primarily from the molecular architecture, which is
controlled by splitting the dianhydride charge and
preparing oligomers of each segment in separate
vessels.”® The number-average degree of polymer-
ization (N) of each segment is also presented for
the copolymers in Table I. Unlike the samples des-
ignated PSI1 and PSI2, PSI3 is the result of a late-
addition reaction and consists of segments whose
lengths possess a significant statistical distribution.



It is important to note here the difference between
a segment and a block, as used throughout the re-
mainder of this work. A segment refers to the number
of like monomers that occur in sequence according
to the values of N provided in Table I. A block, on
the other hand, consists of the number of sequential
segments inferred from microstructural character-
istics and material balances. Thus, a block may be
comprised of a single segment (as in the case of a
perfectly alternating multiblock copolymer) or of
many segments. These architectures are illustrated
in Figure 2. The number of soft segments per co-
polymer molecule (r,) can be ascertained from

n, = wppms M/ N;Mppms (1)

where wppms is the weight fraction of the silicone
monomer alone (not including the dianhydride part
of the soft segment), M is the number-average mo-
lecular weight of the molecule, Mppys is the molec-
ular weight of the silicone monomer, and N, is the
degree of polymerization of the soft segment. The
number of hard segments (n,) is obtained in a sim-
ilar fashion:

n, = (M — n,M;)/ M, (2)

where M, and M,, are the molecular weights of the
soft and hard segments, respectively. The values of
n, and n;, tabulated for each material in Table I in-
dicate that PSI1 is able to possess an alternating

(a)

(b)

Figure2 Schematic illustrating the difference between
a segment and a block. A segment consists of the number
of monomers dictated by the degree of polymerization (N)
values tabulated in Table I. The sequence shown in (a)
corresponds to a series of perfectly alternating segments,
where the light and heavy lines represent the hard and
soft segments, respectively. However, depending on the
molar composition, not all of the segments must alternate,
in which case longer sequences can result in blocks, as
displayed in (b). Thus, molecules of identical composition
and chain length can possess dramatically different mo-
lecular architectures (as shown here).
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segment sequence [Fig. 2(a)], while PSI2 is forced
to adopt a segment-coupled architecture [Fig. 2(b)].
It should also be noted that the values of n, and n;
given for PSI3 correspond to the maximum number
of segments possible assuming that the monomers
are alternating (i.e., N, and N, are equal to unity).

Methods

The three copolymers were received as cut trans-
lucent pellets. Samples for electron microscopy were
prepared by dissolving pellets in chloroform to pro-
duce a 0.5% wt/v solution. These solutions were cast
onto clean glass slides and allowed to air-dry. The
resultant films were floated off the slides onto
deionized water and picked up with 1000 mesh nickel
grids, where they were annealed under house vacuum
for 15 h at 200°C and then allowed to slow-cool to
ambient temperature. Freeze-fracture replicas were
obtained by casting the above solution onto the sur-
face of a gold planchette and allowing the solvent
to dry until the droplet had flattened, after which a
second planchette was immediately placed on top of
the tacky film. After further solvent removal (at
ambient conditions), the sandwiched film was
plunged into liquid ethane (cooled with liquid ni-
trogen) and fractured in a Balzer’s BAF 400T freeze-
fracture /etching unit at —170°C. Fracture surfaces
were shadowed with platinum at 45° and coated with
carbon at 90° for stability. The replicas were sub-
sequently cleaned in chloroform and picked up on
360 mesh copper grids. Both the cast films, mea-
suring on the order of 50 nm thick,? and replicas
were examined with a Zeiss EM902 electron micro-
scope, operated at 80 keV and equipped with an en-
ergy-loss filter to perform EFEM.

Samples measuring 1 mm thick for SANS were
produced by melt pressing the as-received pellets at
230°C" for 3 h between clean glass slides and per-
mitting the thick films to cool slowly (—3°C/min)
to ambient temperature. No signs of oxidative deg-
radation were observed during this annealing cycle.
The films were removed by splitting the slides and
carefully peeling off the films. (It should be noted
here that PSI1 exhibited the greatest degree of
adhesion to the SiO, glass.) SANS investigations of
these materials were conducted at both Risg Na-
tional Laboratory and the Institute for Energy
Technology. Scattering curves presented in this
work were obtained with the *He-filled detector at
Risg National Laboratory. Typical values of the

! This temperature is above the T of the hard-segment ho-
mopolymer (about 215-225°C#:%)
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Figure 3 Global bright-field transmission electron mi-
croscopy (TEM) images of PSI1 (a), PSI2 (b), and PSI3
(c). A diffuse, mottled texture is present in all of these
micrographs, indicating the presence of an established
microstructure. Although no staining was required for
contrast enhancement between the microphases (because
of sufficient electron-density difference), the level of con-
trast seen in these micrographs remains marginal due to
several factors, all of which are discussed in the text.

neutron-beam wavelength were 0.32 and 0.64 nm,
and the sample-to-detector distance was varied from
1.0 to 3.6 m.

RESULTS AND DISCUSSION

Electron Microscopy

Typical bright-field electron micrographs of each
copolymer are presented in Figure 3. Several features
are clear from these micrographs. First, there is a

finely mottled texture, indicating the presence of an
irregular, but highly networked, microstructure in
which the dark regions correspond to the silicone-
rich (soft) block. This observation indicates that
the copolymers are indeed microphase-separated at
ambient temperature. Although trace quantities of
residual chloroform are known to exist in the PSI
ultrathin films even after annealing,® the texture
seen in Figure 3 is believed to be representative of
the equilibrium microstructure.?>* In fact, a freeze-
fracture replica of unannealed PSI1, shown in Figure
4, clearly illustrates the presence of this same fine
structure, along with a few dispersed chloroform
droplets. The second feature to note from Figures 3
and 4 is that, unlike model diblock and triblock co-
polymers, there is no apparent periodic pattern to
the microstructure. This is not surprising in light of
the fact that other ***-3" multiblock copolymers have
also been found to possess morphologies similar to
those seen in Figures 3 and 4.

The obscured details apparent in Figures 3(a)-
(c¢) can be attributed to any or all of the following
factors: (i) incomplete microphase separation, re-
sulting in a significant residually mixed fraction; (ii)
surface segregation of PDMS, responsible for sili-
cone enrichment at the polymer/air and polymer/
glass interfaces; or (iii) a high degree of inelastic
electron scattering, most likely due to the presence

Figure4 Freeze-fracture replica of PSI1 clearly showing
the same morphology seen in Figure 3(a). Unlike model
diblock or triblock copolymers, this morphology is irreg-
ular, presumably the result of the multiblock architec-
ture.?®%%" Residual chloroform, the solvent used in pre-
paring solutions of these materials for film casting, is seen
as the large dispersed droplets.



of amorphous carbon. In the case of the first pos-
sibility, evaluation of the hard-block glass-transition
temperature in each material by dynamic mechan-
ical thermal analysis (DMTA), along with addi-
tional SANS results, indicates that the copolymers
do possess a nontrivial homogeneous fraction.® Lit-
tle can be done to rectify this thermodynamically
favored?*%® feature inherent in these multiblock co-
polymers. As for the second possibility, McGrath
and co-workers®$37 have utilized angular-dependent
X-ray photoelectron spectroscopy (ADXPS) and
electron spectroscopy for chemical analysis (ESCA)
to show that the surface concentration of siloxane
in several polysiloxanecarbonate and polysiloxane-
sulfone copolymers is considerably greater than that
of the bulk material. This same phenomenon has
been observed in a number of different block co-
polymer systems, always with the component of
lower surface energy migrating to the polymer/air
or polymer /substrate interface, and is presumed to
play a vital role in the development of microstructure
seen in Figures 3(a)-(c¢). This subject will be dis-
cussed further in the next section. The last potential
source of image degradation-—that is, undesirable
inelastic-electron scattering—can be virtually elim-
inated with the use of EFEM, a technique which
permits energy-selective filtration of forward-scat-
tered electrons.

Energy-filtered electron microscopy has been
used ®*-*2 extensively in the biological sciences. The
principle behind EFEM, illustrated in Figure 5, has
been recently discussed by Trinick and Berriman *3
and Reimer and co-workers***® and is briefly de-
scribed here for the sake of completeness. Electrons
are generated from a tungsten filament and proceed
to interact with the ultrathin specimen as in the
case of conventional transmission electron micros-
copy (CTEM). However, the forward-scattered
electrons passing through the sample film are sub-
jected to an internal magnetic prism /mirror/prism
system of the Castaing-Henry-Ottensmeyer ***" de-
sign, integrated directly into the projector lens. The
purpose of this design is to increase the deflection
angle of inelastically scattered electrons by con-
verting the dispersion in scattering angle into a dis-
persion in energy. A window in the resulting energy-
loss spectrum can be subsequently chosen for im-
aging by insertion of a spectrometer slit of width 6E
just above the image plane (shown in Fig. 5). The
slit employed throughout this work is 20 eV.

This configuration permits several novel modes
of electron imaging, but only two are utilized in this
work—zero-loss and structure-sensitive imaging. In
the former, the energy-loss slit is positioned at the
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Figure 5 Illustration of energy-filtered electron mi-
croscopy (EFEM) with the Zeiss EM902 electron micro-
scope. Electrons transmitted through the sample are cat-
egorized as either unscattered, elastically scattered, or
inelastically scattered. The first two types of electrons re-
tain their initial energy from the filament source, whereas
the latter type exhibits significant energy loss (AE). The
principle behind the Castaing-Henry-Ottensmeyer %’
internal prism design is that the AE spectrum can be
broadened sufficiently so that inelastically scattered elec-
trons of a particular AE value can be accurately filtered
through an aperture of predesignated size (8E). In this
work, we are concerned with zero-loss imaging, which uti-
lizes only electrons that have passed through the specimen
without energy loss, and structure-sensitive imaging, which
use electrons of a particular energy-loss value (namely,
AE = 250 eV).

zero-loss peak (corresponding to unscattered and
elastically scattered electrons only), thereby reject-
ing electrons that are inelastically scattered due to
plasmon and element-specific interactions. As is ev-
ident from the micrographs of PSI1, PSI2, and PSI3
in Figure 6, obtained from similar regions as those
shown in Figure 3 and under identical conditions of
defocus, the contrast between the microphases is
increased significantly. It should be borne in mind
that the micrographs in Figures 3 and 6 were pro-
duced using identical printing conditions. In struc-
ture-sensitive imaging, also referred to as inelastic
dark-field imaging, micrographs are obtained with
inelastically scattered electrons whose energy loss
is just below that of the carbon edge (AE = 284 eV).
Consequently, the image is formed only by electrons
inelastically scattered from noncarbonaceous ele-
ments. In such images, the microphase comprised
primarily of carbon (the imide phase in the present
study ) appears dark due to the absence of collected
electrons, while the silicone-rich microphase is light,
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Figure 6 Zero-loss bright-field images of PSI1 (a) PSI2
(b), and PSI3 (c) obtained with EFEM. Note the in-
creased contrast between the microphases (as compared
to the images in Fig. 3) due to the removal of extraneous
inelastically scattered electrons. The energy window used
here is approximately 20 eV. Microstructural dimensions
obtained from micrographs such as these are tabulated in
Table II.

as seen in a micrograph of PSI2 (Fig. 7). The rel-
atively high fraction of silicon seen in Figure 7 is
indicative of either a high degree of microphase in-
termixing (in agreement with recent® SANS re-
sults) or surface segregation of PDMS (discussed
earlier) or both.

One final point about structure-sensitive imaging
that merits mention is the fact that the focal plane
is well defined. In bright-field imaging (global or
zero-loss), it is possible to increase phase contrast
by adjusting the height of the focal plane, thereby
resulting in underfocused or overfocused images.

However, caution must be exercised with these
techniques, as they can produce structural artifacts
in conjunction with the contrast-transfer function
of the microscope. In dark-field imaging (elastic or
inelastic), this potential problem is minimized due
to the fact that there is only one focal plane, and
any deviation from it results in micrographs of ob-
viously poor quality.

Although these PSI copolymers are not com-
pletely microphase-separated (due to their short
block lengths), the structure present is most accu-
rately recorded here with EFEM. Microstructural
dimensions can then be obtained from contrast-en-
hanced micrographs, similar to those presented in
Figures 6 and 7. Estimates of the characteristic
length L; (e.g., width or diameter) of the dispersed
imide-rich microphase, along with the domain pe-
riodicity d, are tabulated in Table II. From these
values, it is clear that there is significant deviation
in the microstructural dimensions obtained from
each copolymer, with the mean imide microphase
measuring approximately 4.3-7.9 nm thick and the
average repeat length ranging from 15.4 to 25.6 nm,
depending on molecular architecture. The order of
magnitude of the dimensions obtained here are in
excellent agreement with that reported®”*%-37 for
some chemically related copolymers. It is of interest

—
100 nm

Figure 7 Structure-sensitive EFEM micrograph of
PSI2. The image was acquired at an accelerating voltage
of 80 keV and an energy-loss value (AE) of approximately
250 eV, just below the carbon-loss edge (AE = 284 eV).
The silicon-rich phase, appearing dark in typical bright-
field images, is seen as the bright microphase due to the
absence of inelastically scattered electrons from carbon,
which appear dark at AE ~ 250 eV. As in Figure 6, the
energy window used to obtain this micrograph is about 20
eV; but due to the electron optics, the resolution in this
imaging mode is slightly lower than that found in Fig-
ure 6.
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Table II Microstructural Characteristics of the Copolymers Investigated Here*

EFEM SANS
L, d q* dp drs trs
Designation (nm) (nm) (nm™?) (nm) (nm) (nm)
PSI1 6.0 19.7 0.38 16.5 15.0 8.1
PSI2 7.9 25.6 0.27 23.5 21.4 9.0
PSI3 4.3 154 ~ 0.34 — 13.1 3.2

® Nomenclature defined in text, with the subscripts B and T-S referring to parameters obtained from Bragg’s law and the Teubner-

Strey® model [egs. (6) and (7)], respectively.

to note that the “randomly coupled” PSI3 possesses
the smallest domains and shortest periodicity of all
three materials, also in accord with morphological
investigations3? of some polysiloxanecarbonate co-
polymers.

Small-Angle Neutron Scattering

It must be borne in mind that the irregularity of the
microphases, evident in all of the micrographs,
hampers the accuracy of such microstructural
quantification. Also, as alluded to earlier, segregation
of the silicone-rich component to a surface is re-
sponsible for a layer whose siloxane concentration
is higher than that of the bulk material, thereby
influencing the microstructural development in ul-
trathin films. Small-angle neutron scattering is a
powerful complementary technique, used to discern
accurate measurements of average microstructural
dimensions in bulk specimens. The one criterion for
obtaining meaningful data from SANS is that the
microphases exhibit sufficient neutron-scattering
contrast. In most SANS efforts, one microphase, or
a portion thereof, is selectively deuterated to in-
crease this contrast. However, block copolymers ex-
hibit some degree of inherent neutron contrast by
virtue of the degree of protonation in each block.
The scattering length densities () of the monomers
depicted in Figure 1 can be calculated from

1
ﬁ—7§biki (3)

where b; is the scattering length of atom i, k; is the
number of { atoms in the monomer, and V is the

*The extent of protonation is important as a measure for
differentiating the blocks in SANS, since the coherent neutron
scattering length for hydrogen is negative whereas those for all
the other elements (carbon, silicon, oxygen, and nitrogen) are
positive.*®

volume of the monomer. Using values of b; found in
the literature*® and assuming that the average mass
densities of the hard and soft blocks are about 1.17
and 1.03 g/cm?®, respectively,?® we estimate 3 for
the imide monomer to be about 25 X 102 ¢m/nm?
and that for the silicone-rich monomer to be ap-
proximately 8.3 X 1072 cm/nm?.

It is clear from these values that the scattering
contrast between microphases is expected to be
much lower than in typical diblock and triblock co-
polymers in which one or more blocks is selectively
deuterated. However, scattering patterns for the
three copolymers, found in Figure 8, reveal a sig-
nificant degree of neutron scattering. Both PSI1
[Fig. 8(a)] and PSI2 [Fig. 8(b)] are observed to
yield relatively sharp isotropic scattering peaks,
while PSI3 [Fig. 8(c)] exhibits a diffuse isotropic
peak. These peaks are representative of the dis-
persed microstructural elements in the materials (as
observed with EFEM and CTEM) and are not be-
lieved to be related to a “correlation hole.” %% Before
continuing, it must be pointed out that the emphasis
of the subsequent SANS interpretations is on char-
acterizing the microstructure in each copolymer. No
attempt is made here to elucidate single chain sta-
tistics from these data due to the high degree of
polydispersity and the distribution in molar com-
position inherent in these materials.

Quantification of microstructural dimensions
from scattering patterns such as in Figure 8 is ac-
complished through subtraction of background
scattering, followed by normalization with respect
to a standard (in this case, water) and circular in-
tegration of the pattern. Cross-section scattering
spectra (dX/dQ) are shown as functions of the
scattering vector (g) in Figure 9 for PSI1 and PSI2
and in Figure 10 for PSI3. The scattering vector is
defined as

q=—sin§ (4)
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where XA is the wavelength of the neutron beam (0.32
nm in Figs. 9 and 10) and ¢ is the scattering angle.
It is evident from these figures that all three ma-
terials exhibit a scattering peak, whose normalized
intensity and location depend on the copolymer (or,
in other words, on the molecular characteristics).
Since both PSI1 and PSI2 are the most blocky of
the three materials, they are expected to yield the
most distinct peaks (which they do, as seen in Fig.
9). The broad, diffuse peak in the PSI3 spectrum
(Fig. 10), on the other hand, is not surprising as it
reflects the statistically variant block architecture
of the copolymer.

Figure 8 Unaltered small-angle neutron scattering
(SANS) patterns from PSI1 (a), PSI2 (b), and PSI3 (c).
The extent of neutron scattering increases with the degree
of darkness in these patterns. It is clear from (a) and (b)
that both PSI1 and PSI2 exhibit relatively sharp isotropic
scattering peaks, suggesting the presence of an established
microstructure. The diffuse peak seen in (c¢) for PSI3 re-
flects the statistically-variant segment/block lengths in-
herent in this material. These patterns were obtained at
Riss National Laboratory. The neutron-beam wavelength
was 0.64 nm and the sample-to-detector distance was
3.0 m.

The first microstructural dimension to be deduced
from Figure 9 is the microstructural periodicity,
which can be estimated from Bragg’s law:

d=2n/g* (5)

where g* is the peak position. Values of d corre-
sponding to the relatively sharp peaks in PSI1 and
PSI2 are tabulated in Table I1. (Due to the breadth
of the peak in PSI3, Bragg’s law is not rigorously
applicable and is not used here for estimation pur-
poses.) Comparison with the mean periodicities ob-
tained from the EFEM micrographs for PSI1 and
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Figure 9 Neutron scattering cross-sections (dZ/dQ)
for PSI1 (@) and PSI2 (O) as functions of the scattering
vector qg. These spectra, corresponding to patterns in which
the neutron-beam wavelength was 0.32 nm and the sam-
ple-to-detector distance was 3.6 m, have been corrected
for background scattering and have been normalized with
respect to water. The differences in peak characteristics
between PSI1 and PSI2 are attributable primarily to the
difference in molecular architecture. Peak locations are
tabulated in Table II, along with corresponding micro-
structural dimensions inferred from Bragg’s law and from
the Teubner—~Strey®® scattering model (solid line) for mi-
croemulsions.

PSI2 shown earlier (Figs. 3, 6, and 7) indicates good
agreement between the results of the two techniques,
with values from EFEM being consistently larger.
It is of interest to note that the periodicity exhibited
by PSI2 is significantly greater than that from PSI1,
even though both the soft and hard segments of PSI2
are smaller than those in PSI1 (see Table I). This
apparent anomaly will be addressed later.

To ascertain other microstructural dimensions
(e.g., microstructural thickness), the normalized
data must be fit to some mathematical formalism.
After employing several different models, the one
emulating the peak characteristics most accurately
was the one developed by Teubner and Strey?® for
microemulsions. Here, the postulated density-den-
sity correlation function is given by

d
<Pé(‘);|02(>7')> =%6_r/5 Sin(2dir) (6)

where r is the spatial coordinate and £ is the cor-
relation length, which provides a characteristic
length for the scattering microphase. The Fourier
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transform of eq. (6) yields the scattering cross sec-
tion:>

d2(g) _ L (20T
a2 (7))

A o] o

Chen et al.>* have shown that ¢ = 4¢,¢0,A83%/§, where
¢; (1 = s or h) is the volume fraction of microphase
i and AB? = (8, — B8:)%. The model is based on scat-
tering from microemulsions and therefore relies on
the premise that the interface between the dispersed
and continuous phases is sharp. This is not the case
for these three copolymers, whose scattering behav-
ior in the high-g (Porod’s) regime deviates markedly
from the ¢ * dependence required for infinitely thin
interfaces, thereby indicating the presence of finite
interfacial regions.’® This aspect of the scattering
behavior of these materials is presented elsewhere.®
However, with this limitation notwithstanding, the
scattering peaks are well described by the model fit,
which is shown as the solid lines in Figures 9 and
10. Both £ and d derived from the model for each
copolymer are provided in Table II. Comparison of
the d values with those obtained from Bragg’s law
[eq. (6)] and EFEM once again reveals very close

4.0 L} T

30F % 4

20} -

d3/dS2 (cm'™)

1.0F b

0.0 O— :
00 05 1.0 15

q (nm’”)

Figure 10 Normalized scattering spectrum from PSI3.
The diffuse peak corresponds to the broad-scattering pat-
tern seen in Figure 8 (¢). Since the sequence of segments/
blocks in this copolymer is statistically variant, this type
of peak is not surprising as it suggests that the micro-
structure in this material approaches the limit of micro-
scopic homegeneity (i.e., the disordered state?'5%). The
solid line represents the fit of the Teubner-Strey®® model.
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agreement. It is also of interest to note that the value
of £ calculated for each material agrees well with the
thickness of the imide microphase measured from
electron micrographs.

Upon close examination of Figure 9, several
anomalies appear which warrant explanation. The
first is that the scattering peak in PSI2 is sharper
than its analogue in PSI1, even though the size of
the PSI2 hard segments is smaller than those in
PSI1 (see Table I). The second apparent discrep-
ancy relates to the microphase periodicity, as alluded
to earlier. In principle, we should be able to use these
pieces of information to gain insight into the mo-
lecular architecture possessed by these copolymers.
If the block configurations in these materials behave
as those in diblock and triblock copolymers, then
the scaling relationships developed for diblock and
triblock copolymers are expected to be applicable to
these multiblock systems. For instance, numerous
studies, both theoretical'*** and experimental,’”
have shown that the microdomain periodicity in a
microphase-separated diblock copolymer scales as

d~ M* (8)

where M is the number-average molecular weight of
the molecule and « is a scaling parameter commonly
reported as ~0.67. The same type of principle is
also observed for the characteristic length of the ith
block (L;):

Li"‘M‘ix (9)

where M; is the molecular weight of block i and «
remains the same as above. If it is assumed that (1)
£ represents L; for the imide microphase and (ii)
egs. (8) and (9) accurately reflect the molecular
scaling relationships of the microphases in the two
blocky copolymers (PSI1 and PSI2), then the ratio
of observed correlation lengths can be related to the
average molecular architecture of each copolymer
by

E(l) MM \e :ll)nillb) «
Y L N (10)
= () = (3o

where n},',,), refers to the number of hard segments
per block in copolymer i and the superscripts (1)
and (2) refer to PSI1 and PSI2, respectively. It is
important to review here the concept of forming
blocks from segments. We first postulate that not
all of the segments in either the PSI1 or PSI2 mol-
ecule are perfectly alternating, and indeed this is
particularly true in the case of PSI2 where it is not

physically possible. Thus, individual segments of the
same type can be found next to each other, thereby
forming a longer uninterrupted block of a particular
monomer species. This type of block building from
shorter segments has recently been reported for poly-
styrenesiloxane multiblock copolymers by Feng et
al.?® Knowledge of the block lengths, along with the
number of segments / molecule, can subsequently be
used to generate the average architecture of the
molecule.
Rearrangement of eq. (10) for nfb) yields
@ _ N;;Unﬁfb) E(Z) 1/a
nh,b_"T("'E) (11)
Ny 3

Since both N." and N!? are known (Table I),

along with £V and £ (Table II), values of n}

. . 1 1 2
are determined by varying nﬁlb) . Both n;,,,) and n;,b)

are bound by upper limits of 2.3 and 2.4, respectively,
in which all of the available segments in the mole-
cules constitute a single continuous block. The lower
limit on either parameter is unity, since a block must
be comprised of at least one segment. Graphical
representation of n;fb) (nﬁ,}b) , &) is presented in Figure
11, along with the upper and lower limits corre-
sponding to the material constraints on PSI2 based
on the above considerations. It must be remembered

10.0
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Nhb
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20}

0.0 " 1 A [ N 1 M 1 L
00 02 04 06 08 1.0

Figure 11 The number of hard segments/block of PSI2
(n;,?b)) as a function of both the number of hard segments /
block of PSI1 (n;,},,)) and the scaling variable «, based on
eq. (11). The upper (max) and lower (min) limits on
nff,,) , as dictated by material contraints, are presented as
dashed lines. It is clear from this figure that, assuming
integral values of n;.fb) , only the nﬁ,}b) = 1 curve is less than
the max limit of nf,?,,) , approaching ni.?b) = 2 (small-dashed
line) as @ = 1. This observation strongly suggests that
there are two hard segments/block in PSI2 and only one
per block in PSI1.



that since the values of N, provided by the manu-
facturer and the calculated number of segments/
molecule are not integral values, nonintegral values
of the number of segments/block are not to be un-
expected. To simplify matters at this point, we shall
assume that an integral number of segments con-
stitute a single block. Figure 11 clearly shows that
only the nng = 1 curve is less than the upper limit
of n}fb) over the interval 0.5 < a < 1.0 and approaches
nfb) = 2 as a —> 1. If this observation accurately
represents the scaling principles outlined earlier, it
is not unreasonable to accept that the mean hard
block in PSI1 is composed of a single segment, while
that in PSI2 consists of two sequential segments.

This conclusion has several ramifications. First,
it would explain why both the imide microphase and
domain periodicity in PSI2, as discerned from
SANS, are larger than those in PSI1, even though
the individual imide segments in PSI1 are longer.
Second, it would reveal important information re-
garding the segment sequences in the copolymer
molecules. For instance, using an integral number
of segments /molecule, we know that the PSI1 ma-
terial consists of three soft segments and two hard
segments. If the two hard segments are separated
(one segment per block), then the only possible ar-
chitectures permitting this sequence are SHSHS or
SSHSH, where S refers to the soft segment and H
to the hard segment. Likewise, the molecular ar-
chitecture of PSI2 with its five soft segments and
two hard segments is, according to these arguments,
limited to either SSSSSHH (which is not realistic,
since this copolymer does not behave like a diblock
copolymer in terms of mechanical performance),
SSSSHHS, or SSSHHSS. In fact, based on these
deductions, PSI2 can be conceptualized as an asym-
metric triblock copolymer.

It must be borne in mind that a distribution of
molecular architectures is expected in these mate-
rials and that precise determination of the number
of hard segments per block in either copolymer is
actually a moot point. The objective of the preceding
analysis has been to demonstrate that, although both
materials possess similar compositions and chain
lengths, the individual segments in PSI2 tend to
form longer sequential blocks than do those in PSI1.
This difference in molecular architecture, respon-
sible for the microstructural elements shown here,
may help to explain why the mechanical properties
of PSI1 differ from those of PSI2.3®

Analysis of PSI3 in terms of scaling principles is
much more difficult since the segments are known
to vary statistically in length. For that reason, no
attempt is made here to estimate the architecture
from the SANS data. However, one point that can

PSI MULTIBLOCK COPOLYMERS 1255

be safely made is that the distribution of imide se-
quence lengths responsible for the diffuse scattering
peaks in Figures 8(c¢) and 10 must be fairly broad
and average less than four monomers to produce the
calculated correlation length (3.2 nm). This esti-
mate clearly approaches the limit of microscopic
homogeneity and the disordered state, as discussed
in detail by Hashimoto?! and Wignall and Bates.*

CONCLUSIONS

We have successfully employed energy-filtered elec-
tron microscopy (EFEM) and small-angle neutron
scattering (SANS) to identify and characterize the
microstructure resulting in three microphase-sepa-
rated polysiloxaneimide multiblock copolymers.
EFEM micrographs obtained at the zero-loss peak
and at AE =~ 250 eV clearly show the presence of
an irregular morphology with no apparent periodic
pattern. Freeze-fracture replicas provide the same
information, indicating that the microstructural
elements are not imaging artifacts. SANS patterns
also indicate that these materials produce isotropic
scattering peaks, whose peak intensity, breadth, and
position depend on the molecular architectures of
the copolymers. Microstructural dimensions are ob-
tained by fitting the Teubner-Strey model for mi-
croemulsions to the SANS peak data. The thickness
of the hard (imide) microphase ranges from ap-
proximately 3-9 nm, while the microphase period-
icity ranges from 13 to 22 nm, in very good agree-
ment with measurements acquired from EFEM mi-
crographs. Molecular architectures in the two blocky
copolymers are deduced from scaling the correlation
lengths of the imide microphase in each material.
The results of this analysis indicate that the seg-
ments in PSI2 form longer uninterrupted blocks
than do those in PSI1.
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