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Morphology and Phase Transitions in Styreidutadiene-Styrene
Triblock Copolymer Grafted with Isobutyl-Substituted Polyhedral
Oligomeric Silsesquioxanes

Daniel B. Drazkowski," Andre Lee,*™ and Timothy S. Haddad*

Department of Chemical Engineering & Materials Science, Michigan Statedusity, East Lansing,
Michigan 48824, and ERC, Inc., AFRL/PRSM, Edwards AFB, California 93524

Receied October 17, 2006; Resed Manuscript Receéd February 14, 2007

ABSTRACT: Two symmetric triblock polystyrereébutadiene-polystyrene (SBS) copolymers with different initial
morphologies were grafted with varying amounts of isobutyl-substituted polyhedral oligomeric silsesquioxane
(POSS) molecules. The POSS octamerf;RisO1,, were designed to contain a single silane functional group,

R’, which was used to graft onto the dangling 1,2-butadienes in the polybutadiene block and seven identical
organic groups, R= isobutyl (iBu). Morphology and phase transitions of these iBu-POSS-modified SBS were
investigated using small-angle X-ray scattering and rheological methods. It was observed that when iBu-POSS
was grafted to the butadiene segment, the long-range and local order of the morphology were preserved, and the
d-spacing showed a small, systematic increase with increasing POSS content. These observations suggest that
grafted iBu-POSS were well-distributed within the butadiene domains and did not interact with the styrene domains;
effectively, grafting of iBu-POSS to butadiene did not affect the segregation between butadiene and styrene
domains. However, addition of iBu-POSS reduces the overall polystyrene volume. Consequently, from a
morphology standpoint, this modification effectively shifts the phase diagram to lower styrene content. This was
supported with SAXS and transition temperatures measurements made from the different host morphologies.

Introduction with an increasing amount of grafting, which was supported

by a 2-fold increase in primary scattering peak width and the
isappearance of high-order scattering peaks. On the basis of
interest for uses in nanotechnology. The main focus of their hese obs_ervatl_ons and the fact that the POSS were gral_‘ted 0
’ the butadiene, it was concluded that those POSS investigated

nanotechnology application is rooted in the ability to form self- . - L
assembled microstructure on the nanometer scale, which hasfavor polystyrene more than polybutadiene. This affinity to the

led to applications in membranes, templates for nanoparticle styrene phase leads to a competition between entropic and

svnthesis. photonic crvstals. high-density information storage enthalpic forces: the POSS enthalpically favor the polystyrene
ynt ' P 2 y - N9 y 9 phase while disfavoring the polybutadiene phase in which it is
media, and beyont? More recently, block copolymers have

been used in conjunction with nanoparticles, and the self- grafted, and the POSS entropically favor the polybutadiene

assembled copolymer microstructure has been exploited tOphase. This results in a deterioration of the well-segregated

control nanoparticle ordering within a particular phase or at the w.?r:f?hce’ \év(;"tCh 'nfttjhm gff(ects che F())(r)dseé c;fhthe .morprI:oIogy.
phase interface of the block copolymer mafitxHence, it is ' € adaltion ot Ihesenteracting » (NEre 1S a change

critical to gain better understanding on how the surface from a lamellar toaperforated_laygr or disrupted morphology
chemistry of nanoparticles can influence the morphology of as the "?‘m°“”t of P.QSS graf_tlng increases, and the level of
block copolymers. To eliminate complications of mixing perforation and stability of this mor_phplogy depends on the
interactions between particles and others, the problem may bed€dree of POSSpolystyrene compatibility.
simplified by confining the nanostructures to a particular domain ~ These results, although interesting, do not take full advantage
of the block copolymer by grafting nanostructured chemicals of the self-assembled microstructure. The motivation for this
to a specific copolymer block®é We have recently reported that ~ Work is to create a model system in which nanostructures are
the surface chemistry of the grafted nanostructures has profoundconfined and dispersed within a single domain of a block
effects on the host block copolymer morpholdgWMore copolymer. This model system can be utilized to explore
specifically, polyhedral oligomeric silsesquioxane (POSS) was particle—particle and particle polymer interaction energies, and
used as a model nanostructured chemical and was grafted tdt can be extended to aid in the design of nanocomposite
the polybutadiene midblock of a symmetric polystyrdreck materials. In order to confine the nanostructures within the
polybutadieneslockpolystyrene copolymer (SBS). Different grafted domain and maintain a well-segregated morphology, it
chemical substituents of POSS (i.e., cyclopentyl (Cp), cyclo- is necessary to remove the enthalpic interactions which lead to
hexyl (Cy), cyclohexenyl (Cye), and phenyl (Ph)) were studied deterioration of the interface. To accomplish this, the surface
because of their similar stereochemistry, similar molecular chemistry of the nanostructure must be selected so it is
weight, and contrasting electronic properties. It was shown that enthalpically favorable to the domain in which it is grafted and
the morphology of host SBS copolymer became more disrupted unfavorable to the other block. Isobutyl (iBu) was selected
because it has an aliphatic chemistry similar to polybutadiene
*To whom correspondence should be addressed: e-mail Ieea@egr.msu.eduwhlc.h contrasts with the aror.natlc polystyrene. '.” the folloyvlng
t Michigan State University. Sections, we probe the partielpolymer interaction energies
*ERC, Inc. and present results for the morphological changes in SBS grafted

Block copolymers have been widely used as engineering
materials since the early 1960s, and more recently they receive

10.1021/ma062393d CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/21/2007



Macromolecules, Vol. 40, No. 8, 2007 Styrene-Butadiene-Styrene Triblock Copolymer 2799

Table 1. Comparison of Host SBS

polystyrene self-assembled
material My x 1073 Mpn x 1073 PDI content (wt %) morphology series name
Vector 8508 62 59 1.05 29 cylindrical C-series
Vector 6241 72 71 1.02 43 lamellar L-series

aM, andM,, (determined by GPC in our laboratory) are number-average and weight-average molecular weights, respectively. PDI is the polydispersity
index Mw/Mp). Weight percent of polystyrene is listed by the manufacturer and verified by integration of NMR signals. Self-assembled morphology is
determined by small-angle X-ray scattering at room temperature.

with iBu-POSS to the butadiene domain. The iBu-POSS was ' ' _,_F',ure P

grafted to SBS in the amounts of 5, 10, and 20 wt %, and two i —e— 5% iBu-POSS | |

SBS of similar overall degree of polymerization but with = V3 o e

different styrene content were used. The morphology of the host ?(

SBS was either cylindrical or lamellar depending on the styrene g | V7 b |

content. Small-angle X-ray scattering (SAXS) was used to = v v

quantify the morphological changes in SBS modified by S |

different amounts of grafted iBu-POSS. Additionally, in com- <

bination with rheological measurements, we also report mor- o

phological transitions and their transition temperatures as a S

function of POSS content. ]

Experimental Section 0.2 0.4 06 0.8
The host polymers for this study were obtained from Dexco g (nm™)

Polymers: Vector 8508 and Vector 6241. Both are symmetric SBS rigyre 1. Integrated SAXS intensity vs scattering vecigrfor SBS,
triblock copolymers and similar in their overall degree of polym-  vector 8508, triblock copolymers grafted with isobutyl-POSS at 130
erization, but because of their styrene content, they have different°C. The unmodified Vector 8508 is of cylindrical morphology (C-
morphologies at temperatures far below the ordisorder transi- series). Data are shifted along the log intensity axis to increase clarity.
tion temperaturelopr. TO avoid continually referencing the abstract
material numbers, Vector 8508 will be referred to as the C-series  gmall-strain-amplitude oscillatory shear experiments were used
polymer because it has a cylindrical morphology at temperatures to measure the ordeorder and orderdisorder transition temper-
far belOWTODT. .For similar reasons, Vector 6241 will be referred atureS,TOOT and TODTv respectively_ Experiments were performed
to as the L-series polymer because it has a lamellar morphology. ysing a TA Instruments AR2000 rheometer with 25 mm parallel
A more detalled Comparlson Of the two ma.tenals IS a.Vallable n p|ate geometry equipped with an e|ectric heating Chamber_ Samp'es
Table 1. were annealed at 150C for 5 min and then subjected to a

POSS grafting was accomplished via a hydrosilation reaction in temperature ramp with a heating rate of@/min. To minimize
toluene. The procedures used to synthesized the iBu-POSS hydridesample degradation, a dry Nurge of 12 mL/min was implemented.
and the conditions used for grafting to 1,2-butadiene were identical The instrument software was used to determine the dynamic storage
to our previously reported workiBu-POSS was grafted to each modulus G'(w) as a function of temperature at a fixed strain
type of SBS in amounts of 5, 10, and 20 wt %. Samples were amplitude of 2% and oscillatory frequency of 1 rad/s. The onset of
prepared in the form of solvent cast films 0.3 mm thickness. eachG'(w) vs temperature discontinuity was used to determine the
The copolymer samples were dissolved in a toluene, a neutral Toor and Topr. In practice, Toor and Topr are a function of both
solvent, in a 3.0 wt % concentration. Approximately 0.1 wt % frequency and temperature ramp rate, so the listed value does not
Irganox 1010 antioxidant (relative to the polymer) was also added coincide precisely with the equilibrium transition temperature.
to the solution to reduce degradation at high temperatures. TheHowever, this calculation is consistently applied throughout the
solvent was then allowed to evaporate slowly on glass at@0  unmodified SBS and POSSBS grafted series, and thus the effects
over a period of 3 days. The films were removed from the glass of POSS attachments on the transition temperatures are comparable.
and were then annealed under vacuum at@®dor 7 days. . .

Small-angle X-ray scattering (SAXS) was used to quantify the Results and Discussion
morphology changes, since it is capable of examining a large we first examine the effects of grafting iBu-POSS to
volume of material in the bulk state. The SAXS experiments were | tadiene domains on equilibrium morphology of SBS: the
performed at beamline 151D (ChemMatCARS) in the Advanced o0 ranged and local order adespacing. Comparisons are in
Photon Source (APS) at Argonne National Laboratory. The energy the melt state at 130C, well below the Topr, to ensure

of radiation used for the experiments was 8.27 kAE/E ~ 1074, g .
which corresponds to an X-ray wavelength of 1.50 A. SAXS equilibrium morphology. We will focus the effects Gaor and

patterns were collected using a two-dimensional Bruker 6000 CCD Toor in the Morphology Transitions section which will tie in
X-ray detector with a 1024 1024 pixel array with a 9% 92 um to theories present9d in the EqullbrlUm MOI’phO'Ogy section.
pixel size. The camera length was 1.915 m and was calibrated using Equilibrium Morphology. Figures 1and 2 show the one-
silver behenate. The SAXS experiments were performed in order dimensional scattering profiles for all POSSBS copolymers

to observe the equilibrium morphologies and to verify thermally investigated as measured by SAXS at 1@0Intensity is plotted
induced phase transitions. Isothermal experiments were sufficientys the magnitude of the scattering veajdrThe C-series, which

to ?hbserwle these phetnomelng. ;jrhel%ch‘)' implle.mert].ted fotrt;]hehas a cylindrical morphology for the ungrafted SBS, is shown
isothermal experiments included a 10 min annealing time at the ; "—. . :
required temperature followed by a two-dimensionalgraster ofls :irtltIFeI gdl:;feer]ér;l;;efrsgr?qttﬁ]réngnprﬁgzirfri]es; dOfStQZ g'il"efllféeSeCz;-lf%r(;iisti(SJ:‘;W

exposures covering a8 3 mm area of the film ovwea 5 min time i .
period. There are several purposes for performing the raster: it &€ consistent with the structure factor for a hexagonally packed

minimizes possible beam damage to the sample, it allows for greatercylindrical morphology (1v/3:v/4:v/7:v/9...). Grafting up to 20
statistical sampling, and it ensures that the sample has reachedvt % iBu-POSS to the host cylindrical morphology has little
equilibrium. effect on relative peak position, primary scattering intensity,
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Figure 2. Integrated SAXS intensity vs scattering vecigrfor SBS,

Vector 6241, triblock copolymers grafted with isobutyl-POSS at 130

°C. The unmodified Vector 6241 is of lamellar morphology (L-series).
Data are shifted along the log intensity axis to increase clarity.

and even the intensities of the high-ordé7? and+/9 peaks.
All of these indicate that the cylindrical morphology is well-
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Table 2. Form Factor Minima for POSS—SBS Copolymers

wt % POSS fps(%0) Oma/q* Om2q*
Vector 8508 0 25.6 1.99 3.64
C-series 5 24.6 2.03 3.72
10 23.5 2.07 3.80
20 21.3 2.18 3.99
Vector 6241 0 38.9 2.57 5.14
L-series 5 37.3 2.68 5.37
10 35.6 2.81 5.62
20 32.2 1.77 3.24

2The entire C-series and 20% L-series were calculated using the
cylindrical form factor. The lamellar form factor was used for the 0%, 5%,
and 10% L-seriesimi andgmz are the first and second form factor minima,
respectivelyg* is the position of the primary diffraction peak.

coincides with that of the destructive interference of the particle
scattering. Thus, some changes in relative diffraction intensity
can be explained by a shift in the scattering form factor
minimum, which again is related to the size of the particles
contributing to scattering. In the case of the C-series, the
polystyrene cylinders, or rods, contribute to the particle scat-
tering. The particle dimension of interest is the cylinder

radius!*12 Cylinder radius is related to the volume fraction of

polystyrenefps which changes as a result of grafting as stated

preserved after grafting. There is, however, a change in the previously. For the L-series, the thickness of the polystyrene

relative intensity for the third diffraction peak, which will be
discussed in more detail later in this section.
Scattering profiles of the L-series, which have varying

domains contributes to the particle scattedihf1° The relative
thickness of the polystyrene layer thickness to that of the
lamellae repeat distance is relatedge The calculations used

amounts of iBu-POSS grafted on Vector 6241, are shown in to derivefps and the form factor minima can be found in the
Figure 2. The relative peak positions for the pure, 5%, and 10% Appendix, and the values of the first two form factor minima
are consistent with the structure factor for a lamellar morphology normalized to the primary scattering peak position are displayed
(1:2:3:4...). However, when grafted with 20 wt % iBu-POSS, in Table 2 for both the C-series and L-series. The form factor
the observed morphology changes to that of hexagonally packedminimum, gy, is divided by the primary scattering peak position,
cylinders. This change in Vector 6241 morphology after grafting g*, to obtaing,/g* so it can be related directly to the structure
can be attributed simply to changes in the overall polystyrene factor.
content. By grafting 20 wt % iBu-POSS, the weight fraction of As mentioned previously for the C-series, there is a change
polystyrene is reduced from 43 wt % for the unmodified Vector in the relative intensity for the third relative-diffraction peak at
6241 to 34 wt % in 20% iBu-POSS grafted Vector 6241. This position +/4g*, where g* is the position of the primary
reduction in polystyrene content is large enough to change thediffraction peak. This peak is nearly unnoticeable in the
morphology from lamellar to cylindrical. An underlying as- unmodified SBS but steadily grows with increased iBu-POSS
sumption in this reasoning is that the grafting of iBu-POSS to grafting. For the pure C-series SBS, the first form factor
the polybutadiene does not affect the degree of segregationminimum, gm1, is ~1.99 and nearly coincides with thé4g*
between the butadiene and styrene domains. Thus, the morpholpeak. This explains the nearly absent scattering peak. Grafting
ogy of modified SBS only depends on the overall volume 5, 10, and 20 wt % POSS reduces the volume fraction.
fraction of a particular block. The argument is in parallel to Consequently, the form factor minimum is shifted to higher
those studies on highly selective solvent swelling of block toward the value of 2.18 for 20 wt % C-series, and away from
copolymers$19|n this case, the iBu-POSS is akin to the solvent the +/4g* peak. The second form factor minimungy, is
molecules that are selective only to the polybutadiene domain. outside the range of interest for the C-series in this discussion.
This is a reasonable comparison because the iBu-POSS are By examining the L-series in Figure 2, one observes a similar
chemically grafted to polybutadiene, and thus they are confined shift in the form factor. Here, theg8 peak decreases in relative
within the butadiene domain. As a result, when iBu-POSS is intensity for the 5 wt % and is nearly indistinguishable for the
grafted with polybutadiene, the modified POSSBS copolymer 10 wt %, while the 4* peak is still present for both systems.
can be characterized by a resulting shift in composition of the The data in Table 2 show that the first form factor minimum
host polymer system along thy&l vs f phase diagram, whepe increases from 2.57 for the unmodified SBS to 2.81 for the 10
is the Flory-Huggins parametei\ is the effective degree of  wt % L-series. The diminishingd® peak corresponds to a shift
polymerization, andiis the volume fraction of a particular block  in form factor minimum toward . The 20 wt % L-series has
copolymer componerftl© a cylindrical morphology, so its form factor minima calculations
The hypothesized noninteracting nature of iBu-POSS with show a discontinuity from the rest of the L-series. For this
the polystyrene domain can be further supported by revisiting cylindrical morphology, the first minimum in the form factor
the scattering data. The total scattering in Figures 1 and 2 hasis at 1.7 %/qg*. This value is between the/3g* and v/4q* peaks
contributions from interparticle and intraparticle interferences, and clarifies the relative peak intensity difference when com-
which are often referred to as lattice and particle scattering, pared to the C-series. The second form factor minimum is at
respectively. Lattice scattering determines the structure factor, 3.24, near the/9q* peak, and can also be related to relative
while the particle scattering exhibits constructive and destructive peak intensity differences compared to the C-series. The form
interference depending on the size and shape of the particle.factor observations are consistent with iBu-POSS confinement
The diffraction peak disappears when its angular position in the polybutadiene domain. This supports the theory that the



Macromolecules, Vol. 40, No. 8, 2007

1.15 T T T T T

—e— C-series

—A— L-series (D, )

1.104 A

D/DUnmodified SBS
N

1.05 ’ .

1.00+

10%  15%  20%

Wt.% POSS
Figure 3. The d-spacing normalized to the unmodified SBS for the
C-series and L-series at 13C. For the L-series, there is a change in

morphology from lamellar (810 wt %) to hexagonally packed
cylinders (20 wt %) D for the cylindrical morphology corresponds
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Figure 4. Primary scattering peak widthl", is normalized to
unmodified SBS for the C-serie®) and L-series4) at 130°C. Peak
width is measured as the full width at half the maximum peak height.
Peak width for unmodified C-series and L-series SBS are 0.0168 and

to the nearest-neighbor cylinder spacing which is consistent with the 0.0129 nm?, respectively.

lamellard-spacing. Error bars are on the order of the symbol size and
were removed for clarity. Thd-spacing for unmodified C-series and
L-series SBS are 25.71 and 25.41 nm, respectively.

iBu-POSS are confined within the polybutadiene domain and
are not interacting with polystyrene.

The lattice spacing, ad-spacing, values calculated from the
primary diffraction peak positidfi for both series of iBu-POSS
grafted SBS are shown in Figure 3. For comparison, we
normalized measured-spacing values of POSSSBS to the

unmodified SBS. For the C-series, a small, but measurable,

amount of systematic increase @hspacing was observed as
the amount of grafted POSS increases. ditspacing for block

fraction of grafting, both L-series and C-series have nearly equal
overall volume fractions of POSS; however, the C-series has
more polybutadiene by volume, resulting in a 20% greater
volume fraction of POSS within the polybutadiene domain of
the corresponding L-series grafting. The consequential confine-
ment of POSS for the L-series may introduce a noticeable
POSS-POSS effect that contributes to a lardrfor the SBS
polymer chain or a greater segregation between the polybuta-
diene and polystyrene monomers. The increasd-gpacing
observed for the iBu-POSS contrasts to our previous study where
the d-spacing decreases for Vector 6241 grafted with Cy, Cye,
and Ph-POSS.

copolymers depends on a number of factors including the degree  Another quantitative measure of morphology is the full width

of polymerization,N, and monomeric segregatiop, In this

at one-half of the maximum intensity for the primary peBK,

system of SBS grafted with POSS, the degree of polymerization The primary scattering peak width is correlated to the local order
does not change, but the overall molecular weight of the of the morphology. Factors that contribute to a broadening of
macromolecules does. The iBu-POSS is grafted to the poly- peak width include an increased variance in domain thickness,
butadiene block and is subsequently confined there. The iBu-a limited grain size, defects at grain boundaries, a reduced
POSS occupies volume within the butadiene phase and maymonomeric segregation at the polystyremelybutadiene in-

contribute to a greater self-avoiding polymer chain conformation. terface, etc. In Figure 4, the peak width is normalized to

This results in a more expanded chain conformation for the
polybutadiene, which leads to an increasdjrfor this block.
The polystyrene block is unaffected, and the final result is an
observed increase thspacing. The monomeric segregation can
also affectd-spacing which may be altered by grafting. The
observed increase id-spacing shown in Figure 3 along with
the precedingRy arguments implies that changes jnafter
grafting iBu-POSS are small. It also confirms that the iBu-POSS
does not have favorable compatibility with polystyrene which
would reducey and subsequently the:spacing.

For the L-series polymers, the analysis @fpacing as
affected by grafting iBu-POSS is somewhat more complicated
due to the fact that there is a change in the morphology from
lamellar to cylindrical morphology as we increase the amount
of grafting per chain. The-spacing calculated on the basis of
the primary peak position of Vector 6241 grafted with 20 wt %
iBu-POSS must be multiplied by/(4/3) to correspond to the
nearest-neighbor distand®;oo, SO it can be consistent with the
other calculated-spacings in the L-series that have a lamellar

unmodified SBS and plotted vs the weight percent of grafted
iBu-POSS for both SBS series. Figure 4 shows that the peak
width increases with increase in weight percent of POSS
grafting. We must note here that the overall peak broadening
for both series grafted up to 20 wt % of iBu-POSS is much
smaller (on the order of 10%) as compared with the same host
SBS block copolymer grafted with Cp, Cy, Cye, and Ph moiety
of POSS (on the order of 100%) from the previous sttidy.
large component of the relative increase in peak width is likely
due to an introduced polydispersity during the grafting process.
Because the POSS attachment is random during the grafting
reaction, one can expect a nearly binomial distribution of POSS
per chain. This additional variation can also contribute to the
small increases in the peak width. In our previous study,
disrupted interface due to a redugegarameter contributed to

a more substantial peak broadening. The minimal changes in
peak width in the present study indicate a well-preserved local
morphology of the iBu-POSSSBS copolymers which gives
additional support to the noninteracting nature of iBu-POSS to

morphology. As seen in Figure 3, there was an increase of aboutthe styrene domain.

10% in thed-spacing for Vector 6241 grafted with 20 wt %
iBu-POSS. This relatively large increase may, in part, be due

Morphology Transitions. The morphology phase behavior
as a function of temperature can be examined by the erder

to the comparison between the cylindrical and lamellar mor- disorder and orderorder transition temperatures. These transi-
phologies. However, it is more likely due to the greater tiontemperatures were obtained from rheology and determined
volumetric grafting density for the L-series. At the same weight by abrupt changes in the storage modul@s,For the order
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—A— 10% iBu-POSS —e—195°C
7— 20% iBu-POSS —A—210°C

T T T T T T T T
140 160 180 200 220 240 260
Temperature (°C)

Figure 5. Storage modulusG', vs temperature for SBS triblock

copolymers grafted with varying amounts of isobutyl-POSS (iBu-POSS)
as indicated: (a) the cylindrical host morphology of C-series/Vector
8508 and (b) the lamellar host morphology of L-series/Vector 6241.
G' was obtained using small-strain oscillatory shear with strain
amplitude of 2% and oscillatory frequency of 1 rad/s. The temperature
ramp rate was 2C/min. The rheological experiments were done in a T
dry nitrogen environment to reduce thermal degradation. 05 10 15 20 25 30 35

. L . aq*

disorder transition temperatur€gpr, at low frequencies there . . Y . .
is a precipitous drop i®' with increasing temperature, and the Sg;g fZ'r If_lglﬁgse dl\cl)sq/;/ci]BlS\_/\Qgrseg (,: tltgc)q-(ploggncgl)’og:g grllglz?:ry
onset temperature of this drop is referred to asTer. The (a). The morphology is lamellar morphology at 130. A cylindrical
order—order transition temperatur@oor, may not always be morphology is present near thkyor, 195 °C, and at 210°C the
as evident as th€pr. Though there is often a discontinuity in ~ copolymer is well within the cylindrical morphology temperature range.
G, it may be a discontinuous increase or decrease. Additionally, temperatures are plotted in terms® vs fps (volume percent
SAXS measurements were performed nearfigér and Topr of polystyrene) in Figure 8. The solid lines are intended to
to ensure the accurate designation of transition temperatures andionnect the like transitions of each series, and the dashed lines
morphologies. Traces of storage modulGs, vs temperature 516 extrapolations outside the like transitions to illustrate a
for C-series and L-series of iBu-POSS modified block copoly- yg|ation to the phase shift idea presented earlier in the discussion.
mers are shown in parts a and b of Figure 5, respectively.  The dashed line in the center of the figure relates the C-series

In Figure 6, theToor andTopr are plotted vs weight percent  and L-series cylindrical morphologies and separates the cylindri-
of iBu-POSS grafted for both series. The entire C-series cal and disordered morphologies. In actuality, we have a ternary
maintains a cylindrical morphology at all temperatures below system of polystyrene, polybutadiene, and iBu-POSS. However,

1¢° (A.U)

Topr, and there is a continual decrease in thepr with on the basis of the phase shift arguments mentioned earlier, we
increased POSS grafting for this series. The L-series phaseplot the data assuming that iBu-POSS grafting only affects the
behavior is more complex. At all temperatures beltyyr, the weight fraction of polystyrene and has little effect on segregation

unmodified and 5 wt % POSS have a lamellar morphology. between polystyrene and polybutadiene. It is also assumed that
Upon heating the L-series 10 wt % iBu-POSS, there is an erder N, the effective degree of polymerization, has not been
order transition from a lamellar morphology to cylindrical, and  significantly affected after grafting. The purpose of this plot is
upon further heating it undergoes an orddisorder transition. not to precisely define the phase space of the PESES grafts,
Using SAXS performed at different temperatures as shown in put to put theTopr changes in the context of the reduction of
Figure 7, this lamellar to cylindrical transition for the L-series polystyrene content by grafting which was discussed earlier.
10 wt % iBu-POSS was clearly observed. The 20 wt % L-series The values fory were calculated using the fitted parameters
material has a cylindrical morphology at all temperatures below obtained by Owens et &1.N was calculated using the average
Topr. monomer density from the calculations in the Appendix. The
To put the Toor and Topr data in the context of the transition temperature data are plotted¢bsvs fps polystyrene
noninteracting/phase shift ideas discussed earlier, the transitionrshow consistency with other styrenmibber phase dia-
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35 T T

T T block, and further studies will be performed. However, it appears
'; that grafting iBu-POSS to the butadiene block of SBS has little

\ effect on the monomeric segregation between the polybutadiene
and polystyrene blocks based on what we have seen in the
30+ o iy preserved morphology, small increaseslispacing and peak
Cvlindrical width, and theToor and Topt behavior.

A/ Conclusions
25+ 4

————— In this work, we investigated the phase behavior and
morphology changes of SBS grafted with iBu-POSS. Two host

Lamellar

xN

Disordered SBS morphologies were examined at 0, 5, 10, and 20 wt %
2% 50 025 030 035 040 045 grafting. The morphology and phase behavior observed for both
’ ' ' ' ' ’ systems are consistent with that of a shift in polystyrene content
fps with little change iny. This support the theory that iBu-POSS
Figure 8. Transition temperatures are plotted in termgbfvs the is confined within the polybutadiene domain and is noninter-

volume fraction of polystyrendps, for both SBS series. Unmodified  acting with polystyrene. The local and long-ranged order of the

C-series and L-series polymers have 0.256 and Of@38espectively. : P
Lines are added to guide the eye and separate the observed morpholmorpho'()gy is preserved for all SBS grafted with iBu-POSS

ogies; solid lines connect similar morphology transitions, and dashed COpolymers investigated. There is a small, systematic change
lines are extrapolations. For the C-series, @hsymbol represents the  in the d-spacing for both the cylindrical and lamellar morphol-

cylindrical—disorder transition. For the L-seriea represents the ogies. The 20 wt % L-series has the largespacing change
lamellar—disorder transition,¥ represents the lamellacylindrical d It f . lindrical to | I
transition, anda represents the cylindricallisorder transition. an mgy resuft irom C_Ompa”ng Cy'n. rical to amg ar mQr-
phologies or from the higher polybutadiene volumetric grafting
grams?10.18-20 | ines are added to guide the eye and separate density compared to the other SBS grafted with iBu-POSS

the observed morphologies. The plot explains Tagr drop copolymers. The selective swelling/phase shift behavior is again
for the C-series in the context of a shift in composition, it illustrated in the orderorder and orderdisorder morphology
clarifies theTopt increase for the 10 and 20 wt % L-series data, transitions. The transition temperatures are highly correlated to
and it relates the phase behavior between the two SBS polymerthe polystyrene content, and the phase behavior is comparable
series. It is important to note that no complex phases like the to other styrenerubber phase diagrams. Using the prescribed
bicontinuous gyroid or the hexagonally perforated lamellae system of grafting nanostructures of precise chemistry to a well-
morphologies were observed. It is possible that these phasesharacterized host copolymer, this study offers a way of
exist, but they may not have been observable because of theiincorporating nanostructures to block copolymers while having
narrow range of stability and the few grafting fractions precise control of the resulting morphology, domain sizes, and
implemented. transition temperatures.

Figure 8 was plotted with three central assumptions: (1)
grafting affects the fraction of polystyren&d), (2) grafting
iBu-POSS does not affect the monomeric segregation between
polystyrene and polybutadieng)(and (3) the effective degree t - . S

the Air Force Office of Scientific Research. We are also thankful

of polymerization is not affected by grafting\). Support for .
these has been given in the preceding discussion and all ard® Che_meatC_ZIARS fohr tg\ed use (: Ft)rr]]ew small-angIeA X-ray
reasonable within the context of the phase shift argument, put Scattering tacility at the Advance oton Source, Argonne

it is important to comment on how deviations from these National Laboratory. ChemMatCARS is principally supported
assumptions will affect Figure 8. The fraction of polystyrene is Y the National Science Foundation/Department of Energy under
a straightforward calculation, but it does not take into account Grant CHE0087817. The Advanced Photon Source is supported
the changes due to thermal expansion differences between thdy the U.S. Department of Energy, Basic Energy Sciences,
polystyrene, polybutadiene, and iBu-POSS. This is change is Office of Science, under Contract W-31-109-Eng-38.

small and will only contribute to &sdifference of~0.005 for

the 20 wt % iBu-POSS grafts. Grafting does not affect the Appendix

overall effective degree of polymerizatiolN, but it may i )

contribute to a small increase in the chain sRgas mentioned Calculation for Volume Fraction of Polystyrene. The

in the d-spacing discussion. For grafting fractions of 20 wt % Vvolume percent polystyrendps was calculated using bulk
iBu-POSS, this may be a more important factor. The deviation densities of 1.05 and 0.887 g/€rfor polystyrene and poly-

is expected to be only significant for the 20% L-series because butadiene, respectively. The density of the iBu-POSS hydride
it is the only grafted copolymer in this study to deviate more Wwas estimated to be 1.15 g/érbased on measurements of
than 2% from the unmodified SB&spacings. If one was to  Larssor?3:24

adjustN for changes irRy, it would result in a small vertical

shift upward from the uncorrected point on tpd axis. They

Acknowledgment. This research was partially supported by
he Air Force Research Laboratory at Edwards AFB, CA, and

o
parameter also contains a degree of uncertaiptiias been fos= —ngs

calculated for SB diblocks and triblocks with and without Pes

symmetry considerations, but its precise value can vary on the 1

order of a few percenrif.?1-22The fittedy that was used in Figure Pg=

8 was from Owens et al. because the polymer was well- Wedpps T Wog/Ppg 1 Woosdpposs

characterized and had similar polydispersity. It is likely that
iBu-POSS contributes to changes within the polybutadiene wherepps ppg, pross andpg are the densities for polystyrene,
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Pg =
1

(1 = Weos9d(Wesdpps T (1 = Wos)/ppg) + Weosdpposs

Vps=

Wosd1 — Weosg/pps
(1 = Woosd(Wesdpps t (1 — Weso/ppp) + WoosdPposs

polybutadiene, iBu-POSS hydride, and the P©SBS grafted
system, respectivelyWes, Wpg, and Weoss are the weight

fractions for polystyrene, polybutadiene, and iBu-POSS hydride

for a particular POSSSBS grafted system. The expression can
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g -5 [ O_g [V3
" 2d.%f O 8fps

The solutions,S, to Ji(x) = 0 are approximately 3.83171,
7.01559, 10.1735, .... Values for the first two solutiongyaf
g* can be found in Table 2.

In the case of the L-series, the structure amplitude for
lamellae, or flat particles, whose in-plane dimensions are much
greater than the thickness and spacing dimensions scafe’ by

sin(QT/2)

F@~~qm

be made more general by using the densities and the polystyrene

weight fraction of the original SBSWeks, and the weight
fraction of POSS graftedMposs It is important to note that the

above calculations assume no change in volume upon mixing
and do not take into account differences in thermal expansion.

Calculatedps for the C-series and L-series copolymers can be
found in Table 2.
Calculations for Form Factor Minima. The cylindrical

morphology of the C-series SBS is modeled as an arrangement

of polystyrene cylinders aligned in a hexagonally packed

manner. The hexagonal packing (interparticle order) yields the

typical structure factor for the cylindrical morphology (3,
V4, V7,49, ...). The polystyrene cylinders themselves also
contribute to the scattering profile through particle scattering
or the form factor. The structure amplitude for a cylindrical or
rodlike particle F(q), where the length of the rod is much larger

whereq is the magnitude of the scattering vector and the
thickness of the lamellae. Observed scattering intensity scales
asF2(qg). The minimum in this form factor can be found when
sin(@T/2) = 0O for values ofg > 0. The solution to this equation
takes the fornqT/2 = zn, wheren is a positive integer (fog

> 0). The relationships ofj, and q./g* to fps are

2T
fod

Values for the first two solutions a@f,/g* can be found in Table
2.

O

q*

Ln
fos

The calculations relatingsto the polystyrene cylinder radius
and lamellae thickness assume that the entire volume of iBu-
POSS is confined within the polybutadiene domain. In practice,

than the radius and in scattering directions orthogonal to the the polystyrene cylinders and lamellae possess a size distribu-

cylindrical axis scales by the relatidh?

J
@~

whereJ; is the Bessel function of the first kind of orderd.is

the magnitude of the scattering vector, a@ds the cylinder
radius. In block copolymers, the cylinders have an interfacial
thickness which contributes to an additional damping factor
which does not contribute to the position of the scattering
minima. Observed scattering intensity, scalesFa&). The
minimum intensity in this form factor can be found whén
(gR) = 0 for values ofq > 0. If we denoteS as a solution to
the equatiord;(x) = 0, then theg at which the form factor is at

a minimum (denoted here gg) is related to the cylinder radius
by

Om

ol

The volume fraction of polystyrenérs can be related to the
cylinder radius, nearest-neighbor cylinder distarace=(D10g),
and thed-spacing of the primary scattering pealk.

f 2R d V3
PS_E;- =5 a
f VAR, 2d.%fps
247 TN Ve

The form factor minimumgm, is most easily compared to the
morphology structure factor by the dimensionless ragi*.

tion, interfacial curvature, and interfacial thickness rather than
existing as monodisperse hard particles. In addition, the orienta-
tion of the particles (cylinders and lamellae) is random in the
plane of the film. Consequently, the form factor minima will
not result in complete destructive interference, but it will result
in reduced structure factor intensity.

Calculation for N. The parameters and notation used in the
calculation ofN are the same as those used by Owens &t al.
N was normalized to constant monomer volume according to
the geometric average by the following relations:

n

p* = ([1e)™"

L
b = biy/pilp* p2E
N’ = Ni(b/b)?

wherep; is the monomeric density of théh componentp* is

the average monomer densibyis the statistical segment length,
andN is the degree of polymerization. The monomeric density
for polystyrene and polybutadiene used in the calculations are
based on bulk densities of 1.05 and 0.887 d/craspectively

(to achieve 10 100 and 16 400 mofimespectively).
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