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(Abstract) 

Over the years there have been many studies on the 

theoretical and phenomenalogical aspects of starblock, di- 

and triblock copolymer systems with very narrow molecular 

weight distributions. However, in many real multiblock 

systems the effect of such variables as; chemical 

composition distribution, molecular weight distribution and 

block architecture, among others, are not very well 

understood. The key to gaining a better understanding of 

these systems lies in the use of synthetic and process 

controlled variables. Seven different systems were used to 

study the effect of various synthetic and process controlled 

variables. 

The poly(butene sulfone) (PBS)-polydimethylsiloxane 

(PDMS) graft copolymers were synthesized by a free radical 

technique which involves the terpolymerization of butene, 

SO, and hexenyl functionalized polydimethylsiloxane 

macromonomers. The surface and bulk morphologies of a series 

of PBS-g-PDMS compolymers with 1, 5, 10, and 20K PDMS graft



molecular weights at 5 and 20Wt.% PDMS incorporation. 

Additionally, for each graft molecular weight and at each 

composition, copolymers with a low and a high degree of 

polymerization of the PBS backbone were analyzed. A two 

phase morphology was found to exist with PDMS domain size 

increasing with increasing PDMS graft length. The type of 

morphology observed was dependent on PDMS composition, and 

in some cases the degree of polymerization and average 

number of grafts/backbone. These factors were also found 

alter the nature of the surface morphology and the related 

surface properties. 

The effect of PDMS segment molecular weight, the 

chemical nature of the polyimide segment, the procedure used 

to imidized the polyimide and processing conditions on the 

structure-property relationships in a series of polyimide- 

PDMS containing approximately 15Wt.% PDMS was studied. It 

was determined that as the polarity of the polyimide segment 

increased the morphology shifted to texture with lower 

surface/volume ratios. Casting the copolymers from an NMP 

solution favored a more discrete morphology than the 

thermally treated compression molded samples. The modulus 

was found to increase as the degree of phase separation 

increased with increasing PDMS segment size at constant 

composition. In addition, the solution cast films were found 

to have a higher modulus than the compression molded



analogs. 

The morphology of a series of methacrylate based block 

1onomer was investigated. The effect of ionic block length, 

the architecture of the segments, and variations in the 

nature of ionic group were studied. SAXS revealed the 

presence of multiple scattering maxima in the dilbock 

materials. Both highly ordered and disordered region were 

observed from TEM analysis. The observed spacing from TEM 

measurements and SAXS were in good agreement. The 

interdomain spacings between the ionic domains were found to 

be a strong function of ionic block length.
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CHAPTER I. INTRODUCTION 

This dissertation is comprised of 7 result and 

discussion chapters in which a variety of systems ranging 

from well defined di- and triblock ionomers to co-cured 

blends are investigated. However, as diverse as these 

systems are, they are bound by the common thermodynamic 

string that binds all polymer systems. The concurrent theme 

of this dissertation was to investigate the various 

thermodynamic and kinetic aspects of these polymer systems 

and obtain a more thorough understanding of structure- 

property-processing relationships. This was accomplished by 

studying the effect of systematic alteration of synthetic 

and process controlled variables that determine the 

microdomain morphology and resulting properties. Thus, it is 

only through this understanding of how the synthetic and 

process controlled variables relate the morphology and the 

resulting properties that the properties may be tailored to 

fit desired design criteria.



CHAPTER II LITERATURE REVIEW 

2.1 Phenomenological Aspect of Multiblock Systems 

2.1.2 Diblock and Triblock Systems 

The theoretical and phenomenological aspects of the 

morphological behavior of pure multiblock polymers has been 

thoroughly covered in the literature. However with the 

advent of new synthesis techniques, and therefore novel 

multiblock systems, there is a growing need to further 

correlate real system behavior to theory. This section will 

cover the phenomenological aspects of multiblock polymers 

and the theoretical facets will be treated in the following 

section. 

The potential of multiblock systems has been realized 

as early as Alfrey's book on copolymerization. ' He 

theorized that the presence of long sequences of a certain 

monomer in a copolymer could result in incompatibility ona 

submicroscopic level. Alfrey also theorized that such 

material may have properties different than either a random 

polymer or a blend of two homopolymers of the same chemical 

nature.
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The possibility of periodic arrangements of microphases 

were recognized in early work on soap gels*? In these 

systems it was concluded from SAXS, that the soap molecules 

took up lamellar, cylindrical and spherical states of 

aggregation, which could then give rise to one, two or three 

dimensional periodic sequences. These studies laid the 

foundation for the classification of the three basic 

morphologies of regular block copolymers. 

Skoulios et al.* was the first to observe the 

microphase structures by SAXS in block copolymers of 

polystyrene and polyethylene oxide. But it was not until the 

advent of Styrene-Butadiene (SB or SBS) block copolymers 

that were synthesized by anionic copolymerization techniques 

that well controlled block length and narrow molecular 

weight distributions were made possible. With this very 

precise control over block chemistry it was possible to 

systematically vary the volume fraction of each block over 

the full range of composition. One of the first commercially 

important block copolymers was marketed by Shell Chemical 

Company under the trade names THERMOLASTIC and KRATON.°§ 

With the commercial significance of these systems growing, 

they became the topic of intense scientific investigations. 

Hendus et al.’ were among the first to work with SBS 

systems. Using TEM of both microtomed sections and thin cast 

films as well as SAXS, IR and torsional braid analysis they
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were able to recognize the transitions from spherical to 

cylindrical to lamellar morphology as a function of 

composition and that the molecular weight for the same block 

ratio determined the scale of the structure was also 

ascertained. A generalized scheme for the solid state 

morphology of these copolymers as a function of block 

composition is shown in Figure 2.1. Comparable results were 

attained by Lewis and Price’’, Beecher et al.'''®, Inoue et 

al.'3-'4 and Matsuo”. 

In one of the most comprehensive work in this field at 

the time, Kampf et al.'* while confirming the previous 

results, also noticed that the annealed specimens revealed a 

long range order that could extend over very large areas. 

These areas appeared to have various orientations much like 

grains of crystallinity and exhibited amazing uniformity. 

In these systems, convention dictated the minor 

component as A and was always present as the dispersed 

phase. The morphological dependence on weight fractions of A 

(W,) found from these studies was as follows: 

1. If W, < 0.3, then discrete spherical 

domains of A in a B matrix were found. 

2. If 0.15<W,<0.4, then cylinders of A were 

observed in a matrix of B. 

3. If 0.4<W,<0.5, then a lamellar structure 

was observed.
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INCREASING VOLUME FRACTION OF PS 

Linear PS-PI diblock copolymers in the strong segregation limit 

volume fraction PS : <0.17 BCC spheres of PS 

0.17-0.28 HEX cylinders of PS 
0.28-0.34 OBDDof PS 

0.34-0.62 Alternating lamellae 

0.62-0.66 OBDD of Pl 

0.66-0.77 HEX cylinders of Pl 
>0.77 BCC spheres of Pl 

Figure 2.1 Generalized scheme of block copolymer morphology 
as a function of composition (refernce 94).
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More recently, Hashimoto et al.'’ examined a 

systematic series of polystyrene-polyisoprene diblocks and 

found the traditional spherical, cylinderical and lamellar 

morphologies in concurrence with the previous work. However, 

the presence of a ordered bicontinuous tetrapod network 

morphology was discovered in a narrow composition range. In 

this study it was determined that spherical PI domains in PS 

matrices were observed at ¢,, > 0.76, PI cylinders in PS 

matrices at 0.76 > ¢,, > 0.67, PI tetrapod network in PS 

matrices at 0.66 > ¢, > 0.62, PS-PI alternating lamellae at 

0.61 > ¢,, > 0.32, PS cylinder in PI matrices at 0.30 > @¢,, > 

0.18, and PS spheres in PI matrices at 0.17 > @,.. 

As these research efforts concentrated on the 

composition dependence of morphological texture, others have 

looked at processing conditions as a variable. In the most 

liberal terms, a processing condition can be thought of as 

the parameters surrounding history of the formation solid 

state microstructure. This typically involves both the 

thermodynamic and kinetic aspects of the formation of the 

solid state. Lewis and Price’ performed TEM studies of the 

solid state structure of SBS cast from benzene at various 

evaporation rates. They found that the films exhibited a 

very regular morphological texture, with the exception of 

those cast at a very high rate of evaporation. Fischer’® 

also showed by TEM analysis of thin cast films, that by
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slowing the evaporation rate, the SBS was able to form a 

hexagonal lattice of styrene cylinders. 

Inoue et al.'* studied both the effect of initial 

concentration of the solution on domain structure and the 

change of domain structure with various casting solvents. 

The results indicate that no significant microstructural 

differences were observed in solution cast samples when the 

initial solution concentration was kept below the critical 

concentration value of about 10 %. Also as the solvating 

power of the solvent was changed sufficiently to 

preferentially favor one component that component was 

favored as the continuous phase. This is further supported 

by the milky white appearance of the solution caused by the 

suspension of the unfavored precipitated phase. 

One of the most striking examples of how processing 

conditions affect the morphological texture is due to Keller 

and associates’’. In this study SBS samples were extruded 

then annealed and sectioned in directions perpendicular and 

parallel to the direction of extrusion. Results demonstrated 

complete orientation of the hexagonally packed polystyrene 

rods in the extrusion direction. 

Juliano et al.*° reported on the synthesis and 

characterization of a series of polymethylmethacrylate-poly- 

Siloxane (PMMA-b-PDMS) diblocks. In this study, TEM analysis 

of thin cast films revealed that siloxane formed discrete
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spherical domains for compositions of approximately 22 and 

34 wt.% siloxane. However it should be noted that due to the 

presence of various side reactions common in the anionic 

polymerization of PMMA-b-PDMS system the molecular weight 

distributions are not as narrow and defined as in the S-I or 

S-B systems. 

Other historical perspectives of diblock and triblock 

systems include reviews by Aggarwal*', Folkes and Keller® 

and a book entitled Block and Graft Copolymers edited by 

Burke and Weiss®. 

2.1.2 Star Blocks 

The number of publications on the solid state behavior 

of star block copolymers is very small compared the number 

of studies published on linear block copolymers. However, 

some of the most dramatic effects on the texture of the 

domain structure through changes in the molecular 

architecture have been observed in comparisons of star 

blocks vs their linear counterparts (diblocks and 

triblocks). A schematic representation of various types of 

block architectures are illustrated in Figure 2.2. 

The first investigation into the molecular 

architectural effects on microdomain structure was conducted 

by Price et al.“ on a series of diblock, triblock, three-
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and four- armed star block copolymers of styrene and 

isoprene (keeping volume percent constant at about 24 % 

styrene). TEM analysis revealed that solvent cast films 

exhibited hexagonally packed styrene cylinders in a isoprene 

matrix for all arm numbers at this composition. Support for 

these results came from Alward et al.® who reexamined the 

data from Bi and Fetters. The study by Bi and Fetters 

concluded on a basis of volume fraction calculations on six 

and nine-armed SI star blocks containing approximately 25 

vol % polystyrene, that the microstructure consisted of a 

BCC array of styrene spheres in an isoprene matrix. The 

reexamination revealed that the proper interpretation of the 

results was that of hexagonally packed cylinders of styrene 

in an isoprene matrix, which is in agreement with Price. 

Other studies on the solid state structures of star 

blocks include Bi et al.2’*, Pedemont et al®?, Meyer and 

Widmaier’® and Leblanc®!'. However, in these studies there 

are often ambiguous results and very little systematic work 

on the effect of molecular weight and number of arms has on 

the nature of the morphological texture, and therefore they 

do not provide a complete analysis of the solid state 

properties of styrene-diene star blocks. 

Nevertheless very recent studies®:**** have undertaken 

this issue and provided a very complete picture of the solid 

state behavior of star blocks. Alward et al.” studied
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samples consisting of about 30 Wt. % polystyrene (at the 

free end of the arm). The star blocks investigated had 2, 

4, 8, 12, or 18 arms and total arm molecular weights of 2.3 

x 107, 3.3 x 10° and 1 x 10° g/mol. 

This study showed that star blocks exhibit a transition 

from hexagonally packed polystyrene cylinders in a poly- 

isoprene matrix to an ordered bicontinuous morphology, 

dependent on both the molecular weight of the arm and the 

number of arms per star. This transition to the ordered 

bicontinuous structure is thermodynamically favored if 

either the number of arms per star or the molecular weight 

of the arms is increased. A subsequent supporting study by 

Thomas et al.*, showed that a nonpreferential solvent-cast 

sample exhibited the same transitions to the ordered 

bicontinuous structure as the annealed specimens, and thus 

it was concluded that the annealing procedure did not 

transform the morphology. Further discussion on the nature 

of this new equilibrium morphology were also given. In 

Figure 2.3 a schematic representation of the ordered 

bicontinuous double-diamond structure are given. 

2.1.3 Macromonomer or Macromer Graft Copolymers 

Macromers are linear macromolecules that typically 

‘contain a polymerizable function at either one or both chain
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ends. These macromonomers can be copolymerized with a vinyl 

or acrylic species and with incorporation of each 

macromonomer unit into the chain a graft is formed. 

Siloxanes macromers were among the first to be synthesized 

in 1962. But not until recently have macromers begun to 

received proper attention*?’”**. A great deal of interest in 

siloxane containing macromers has been due to the well 

defined PMMA-PDMS and PS-PDMS systems prepared by Yamashita 

et al.***¢ In these studies the preferential segregation of 

the siloxane component to the surface, which prompted other 

studies stressing the possibility of surface 

modification.*? Research from other laboratories on PMMA- 

PDMS macromers has been reported by Cameron and 

Kawakami.“ Nevertheless there have really been no detailed 

systematic study of the nature of the phase separated solid 

state behavior of these systems. It is from this viewpoint 

that the study of PMMA-PSX macromer graft systems has been 

undertaken in this thesis. 

2.2 Theory of Phase Separation in Block Copolymers 

2.2.1 Criteria For Phase Separation 

When blended, two dissimilar homopolymers are usually 

incompatible and typically exhibit macrophase separated



14 

behavior. In thermodynamic terms, the state of mixing in 

polymer blends is determined by the free energy of mixing 

G,, which consists of the following terms: 

AG, = AH, - TAS, (2.1) 

where H, is the change in enthalpy upon mixing and AS, is 

the entropy change on mixing. In Flory's treatment AH, takes 

the form of a Van Laar type expression and is related to the 

Hilderbrand solubility parameter of the polymers via yxy, the 

Flory interaction parameter as follows: 

AH, = x 9, ¢ (2.2) 

and 

X = (6,-6,)2/kT (2.3) 

This expression for the enthalpy of mixing is always 

positive (endothermic) and is valid for only species whose 

interaction are nonspecific in nature (only Van der Waals 

forces present). Consequently, in this treatment the only 

driving force toward miscibility is the entropy of mixing. 

Miscibility may be induced by an exothermic enthalpy of 

mixing created by the presence of specific interactions or
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volume change that occur during mixing. 

The first insight into the quantification of the 

entropy term came from Flory's fixed volume lattice model’’. 

In this treatment Flory formulated his expression for the 

combinatorial contribution to the entropy of mixing as: 

Ss,‘ = -R(¢,/V, lng, + $2/V, 1n¢,) (2.4) 

where ¢. is the volume fraction of component i and V, is the 

molar volume of component i which is directly proportional 

to the molecular weight. From this it is clear that under 

the limits of high molecular weights the combinatorial 

entropy associated with mixing is quite small (approximately 

0). Since the critical molecular weight for entanglements 

are typically above 30,000 g/mol, it is quite reasonable to 

assume that the combinatorial entropy does not contribute 

significantly to the miscibility of most homopolymer blends. 

Assuming no volume change occurs upon mixing, this is the 

primary reason for the observed incompatibility of most 

dissimilar or similar polymer pairs. 

Substitution of equations 2, 3 and 4 into equation 1 

and solving for the product of the degree of polymerization 

and interaction parameter at the critical point (where phase 

separation is no longer favored AG, > 0) yields the critical 

characteristic parameter shown below:
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(XN) = 4 (2.5) 

whereas N is the degree of polymerization. Equation 5 is 

calculated on the basis that equal volume fractions of each 

component are present in the system (each homopolymer has 

N/2 monomer units and the same density). 

Although block polymers may have similar thermodynamic 

driving forces toward incompatibility they are prevented 

from macroscopically separating by a chemical bond. The 

covalent bond between unlike blocks considerably changes the 

nature of phase separation in the system. The microphase 

separation transition phenomena has been treated by 

Leibler® for the case of diblocks and by Sanchez et al.*’ 

for the case of simple graft and star block copolymers. It 

was found that f (the fraction of component A in an AB 

copolymer chain) and the product x¥N are the only relevant 

parameters needed to describe critical phase behavior. An 

additional parameter 1 (the fractional position along the A 

backbone in which a B graft is attached) is required to 

describe the phase behavior for a graft copolymer. The 

parameter is defined such that when fr is 0 or 1 it 

degenerates to a diblock copolymer. 

In this treatment of the theory of the phase separation 

transition it is assumed that the correlation length 

(proportional to the polymer chain length) is sufficient
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that the mean field theory is applicable to the compositions 

studied. The correlation length is proportional to the area 

of the phase diagram in which the mean field theory may be 

applied. Essentially the system is characterized by 

concentration fluctuations (in the form of the Fourier 

transforms of an order parameter Ap,(r)) and a static 

structure factor S(q) (the monomer density-density 

correlation function) which is determined from scattering 

experiments and is the link that relates theory to 

experiments. The static structure factor is defined as 

follows: 

S(q) = 1/V<p>* f [exp(iar)] <Ap,(r)Ap,(0)> dr (2.6) 

where V is the system volume, Ap,(r) is the difference 

between the monomer density of component A <p> at point r 

(<p,>(r) + <p,>(r) = <p>) and the canonical average of the 

local density (f <p>). The the reciprocal space scattering 

vector q, is defined as gq = (47/A) sin(0/2). This parameter 

is subsequently determined from parameters in the scattering 

experiments, where A is the wavelength of the radiation 

source and 8 is the 1/2 the radial scattering angle. The 

contribution of the density fluctuation to the free energy 

is given as
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F/kT = F,/kT + 1/2V<p> Z(Ap,, AP*,,)/S(a) + (2.7) 

higher order terms in Pag 

where P,, is the Fourier transform of Ap,(r) and Ap’A, is its 

complex conjugate, this assures that real values are 

obtained from the product. At the critical point (a second 

order transition) the higher order terms will drop out. 

The most probable concentration fluctuations occur when 

S(q) is a maximum. Density fluctuations tend to increase the 

free energy of phase separation. For large values of q, S(q) 

scales as q* and the scattering intensities approaches that 

of a single chain (miscible system). In macrophase separated 

systems (e.g., blended hompolymers), the maximum in S(q) 

occurs at q = 0 and represents concentrations fluctuations 

of infinite wavelength. Generally S(q) will pass through a 

maximum at q*. At the spinodal point S(q*) approaches 

infinity, and the characteristic value of yxN at this point 

is defined as (xN),. The disorder-order transition occurs at 

(XN), with (XN), 2 (xXN),. The critical value occurs when 

(XN), = (XN), and is as previously defined by (xN),. At the 

critical value, the phase transition is second order and is 

first order anywhere else. 

Subsequent calculations by Liebler yielded a value of 

(XN) = 10.5 for a diblock of 50:50 composition (f = 0.5). 

This composition was found to be the only transition at
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which diblocks exhibit a second order transition, all other 

transitions are first order. For other compositions 

0.3 < £ < 0.7, values for (XN), range from 10-15. In 

contrast, at composition f = r = 0.5 for graft copolymers, 

(XN), = 13.5 and no second order transitions are observed 

throughout the full range of compositions. Comparison of 

(xN), values for homopolymer blends, diblocks and graft 

copolymers reveal several important aspects of critical 

phase behavior. From classical treatments x has been shown 

to be proportional to 1/T (T is temperature). Comparison of 

(XN), Or (XN), for a diblock with f = 0.5, to corresponding 

homopolymers of 50:50 composition and equivalent molecular 

weight, shows that the degree of polymerization needed for 

phase separation to occur increases or the critical 

temperature required for phase separation decreases by a 

factor of 2.6 for the diblock copolymers. This implies that 

the phase separation is more difficult for diblocks than for 

homopolymers of comparable compositions. Again comparison of 

the graft (f = 1 = 0.5) and diblock (f = 0.5) (XN), values 

suggests that the phase separation is more difficult in 

graft than diblock copolymers. These findings are quite 

reasonable when considering the entropic origins of 

microphase separation discussed in the next section. The 

equilibrium theories of Meier*®°', Helfand***? and 

‘Henderson™:5' may also be used to calculate characteristic
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parameters at critical points. Helfand estimates a value of 

(XN), of about 8 for similar conditions. Depending on the 

boundary conditions of the different theories these critical 

values will be slightly different. However, the trends for 

the degree of phase separation comparing homopolymer blends 

to diblock and graft copolymers are consistent. 

2.2.2 Theory of Microphase Separation 

When separation occurs in block copolymers, they 

typically form microphases of well defined size and shape. 

There have been many statistical thermodynamic theories*® © 

proposed that predict such various aspects of the domain 

morphology as morphological texture as a function of 

composition, minimum molecular weight for domain ordering, 

thickness of the interphase region, the temperature at which 

domains become thermodynamically unstable, size and shape 

of domains, and interdomain spacing. Meier’? was the first 

to correctly identify the underlying thermodynamic terms 

involved in microphase separation. Leary and Williams®*© 

extended this treatment to triblocks and incorporated a 

mixed region at the interface which is assumed to show 

single phase behavior. Krause“ has treated the phase 

separation of linear block copolymer systems from a 

macroscopic view rather than the microscopic view of others.
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48-51 anq Subsequent modifications to theory advanced by Meier 

Helfand’? appear to be the most detailed and proficient in 

quantitatively predicting experimental data on linear 

diblocks and triblocks. What follows is a general synthesis 

of Helfand's statistical thermodynamic treatment of 

microdomain structures in linear block copolymers. In these 

derivations the basic assumptions involved are that the mean 

field theory properly describes the phase separation 

phenomena and no volume change occurs upon mixing. The 

essential thermodynamic properties of the system are 

incorporated in an expression for free energy per molecule, 

G/N, relative to a homogeneous system. The formula for this 

expression of free energy (for the case of the formation 

lamellae structures) is shown in Eq. 2.8 

G/NkT = 2y/kT (2Z,/P,+Z,/P.,) 1/d - 1n(2a,/d) + (2.8) 

0.141{[((Z,)'/?/bAp,)*? + ((Z,) '/?/b,p.,) 7°71 / 

[(Z,/P oq) + (2Zg/Pog) 1°?) ae? 

—2[ (Z p/P oq) (Zg/ Pog) I/L(Zp/ Pog) + (Zy/ Pog) ] 

The bulk interfacial tension y is usually determined 

experimentally, but values for many common polymer pairs 

have not been established. Thus the alternative is to use 

the formula for the interfacial tension used by Helfand and 

Sapse.™
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y = k,Ta'/?(B,+B,/2 + 1/6 (B,—-Bg)°/ (B,+B,) (2.9) 

and 

Be = p.K(b,)°/6, be = <R2>,/Z, (2.10,2.11) 

b, is the Kuhn statistical segment length, p, is the number 

density of the segments and Z, is the degree of polymeriz- 

ation of the kth block chain. a is the interaction parameter 

which is equivalent to x as defined in the previous section 

and follows the same relationship stated in equation 4. In 

the formulation of Equation 2.8 for simplification, it is 

assumed the degree of polymerization Z, is high and a,, the 

interfacial thickness (usually about 1.0 to 2.0 nm), is 

small relative to the size of domains (typically 10 nm). The 

above assumptions are embodied in what is known as the 

narrow-interface approximation. In this context the free 

energy associated with domain formation separates into terms 

to which a physical meaning may be attached. 

The first expression in Equation 2.8 is attributable to 

the domain interface. This term is proportional to y, the 

interfacial tension, and the surface to volume ratio which 

scales as 1/d. Consequently, the interfacial term decreases 

as the size of the domain increases, and would tend to 

increase domain size infinitely. However, in copolymers the 

chemical bond between the polymers places two constraints on 

domain growth which balance the interfacial term.
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The first arises from the fact that the joints are 

confined to an interfacial region of thickness a,. Any 

excursions out of the interface would excessively pull one 

blocks chain into the domain of the other, and is therefore 

energetically unfavorable. Consequently, the chain end has 

only a fraction of the volume available to it, relative to 

the volume it could have if it were freely placed anywhere. 

Thus the second term of Equation 2.8 represents the loss of 

entropy due to this localization of the joint in the 

interface and has been shown to be proportional to log d. 

The third term in Equation 2.8 represents the other 

effect of localization of the joint between chains in the 

interface. If the polymer were to obey random walk 

statistics there would be a tendency for a higher density at 

the interface and a subsequently lower density toward the 

center of the domain. However, there is a prohibitively 

large free energy, originating from the strong cohesive 

forces of the system, that strongly disfavors the 

development of an inhomogeneous density pattern across the 

domain. Therefore the system statistically suppresses chain 

conformations that lead to these inhomogeneous density 

patterns and obtain rarer conformations that will uniformly 

fill the center of the domain. This suppression of chain 

conformation is associated with a loss in conformational 

entropy which increases as d?°.
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An equilibrium domain size is found solving for the d 

value which achieves the minimum free energy. The 

contribution of each of these components to the free energy 

and the sum expressing where the minimum free energy occurs 

is depicted in Figure 2.4. 

Even though both Helfand and Meier use diffusion-type 

equations to solve for the probability of finding a free 

chain end at a distance r from the interface, they apply 

different boundary conditions to the probability. Helfand 

adds a self consistent external field to the equation that 

embodies the repulsive forces of the second phase, the 

tendency to pull polymer into regions of lower density than 

the pure phase and push polymer out of regions of higher 

density than the pure phase. This results ina total 

uniform density pattern or self consistent density pattern 

for zero compressibility as opposed to the uniform expansion 

hypothesis of Meier’’, whereby density fluctuations are 

minimized through uniform expansion. Meier also neglected 

the conformational entropy loss associated with the 

maintenance of uniform density throughout the interfacial 

area. Meier assumed that this contribution is negligible, in 

contrast to Helfand who includes a rigorous treatment of 

this effect in his derivation. 

Later models by Meier? did incorporate an interfacial 

composition profile based on a sinusoidal wave function.
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Helfand et al.***? chose a hyperbolic tangential function 

(based on their density gradient model) as the basis for the 

composition profile. A Recent hypothesis by Henderson and 

Williams™-*'! have been used to study the effect of different 

density distributions used to evaluate the equilibrium 

domain theory. In these studies evidence was shown for the 

presence of asymmetric interfacial composition profiles in 

various polymer systems. Using a modified form of the 

theories of Leary and Williams®®*, they show that in these 

systems the choice of interfacial profile affects the free 

energy equations and subsequent critical phenomena. However, 

the underlying physical factors governing equilibrium phase 

behavior, as previously described, remain intact for all 

copolymer systems. 

Although these theories were derived for the case of 

diblock copolymers, it has been found that a triblock 

behaves equivalently to a diblock that is half of the 

molecular weight of the corresponding triblock 

copolymers. %*:% 

2.2.3 Domain Size 

A characteristic dimension such as the size or 

periodicity of domains, typically reflects scaling 

relationships of the individual chains, and can be related
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to molecular weight by a simple power law relationship 

described by 

d = km? and R=km (2.12) 

where M is the total molecular weight of the chain, d is the 

interdomain spacing, M, is the molecular weight of the 

spherical domain forming block, R is the domain radius for a 

spherical domain and K is a constant. For a chain that 

follows random walk statistics (the unperturbed dimensions 

in the bulk) Z = 0.5. A random coil with excluded volume 

effects has d scaling as M°-®. From Meier” the exponent Z in 

the power law relationship was found to be 0.56. Kromer et 

al.© found Z = 0.58 from SAXS and TEM data. A compilation 

of TEM and SAXS data on spherical, cylindrical and lamellar 

structures by Roovers™ gave a value of 0.56 for Z. Helfand 

and Wasserman” have theoretically predicted a value of Z = 

0.64, which is more commonly referred to as the 2/3 power 

law. Hashimoto et al.°:%.6 have compared lamellar and 

spherical morphologies for an S-I system and found excellent 

agreement with the 2/3 power law. 

In a more recent publication, Hashimoto et al.” have 

compared their experimental values of d for well defined 

diblock copolymers as well as those of others to the 

‘theoretical values of Helfand and Wasserman’. It was found
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that the spherical, cylindrical and lamellar domains were in 

agreement with the molecular weight scaling relationships 

dictated by the equilibrium theories of Helfand and 

Wasserman. The absolute values of d for cylindrical and 

lamellae domains were within the experimental error of the 

estimation of the surface tension values. However absolute d 

and R values for spherical domains were found to be 

consistently about 1/2 that of the predicted equilibrium 

values, even though the spherical domains still maintained 

the equilibrium molecular weight scaling relationship of the 

2/3 power law. This phenomena may be attributed to non- 

equilibrium effects encountered during domain formation from 

solution. As the solvent leaves the system, domains 

equilibrate by changing size. For spherical domains this 

involves transport of A (the spherical forming component) 

chains through a matrix of B chains. On the other hand, 

cylindrical and lamellar domains can alter domain size by 

diffusing along the interface rather than diffusing through 

the matrix to decrease the distance between chemical 

junctions at the interface. The energetic barrier associated 

with the transport of the A chains through a B matrix is 

larger than that involved with the equilibration of 

cylindrical and lamellar domains. This energetic barrier 

increases as solvent content in the system decreases. 

Therefore at some point during the evaporation process (at
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less than 100% polymer concentration) this energetic barrier 

becomes sufficient to inhibit the transport of A through the 

B matrix. The equilibrium domain size at this point will be 

the domain size observed in the system. Consequently, the 

molecular weight dependence is close to that predicted by 

equilibrium theory, but the absolute values for domain size 

are below equilibrium values. This also suggest that the 

solid state spherical domain structure formed from solution 

are in a metastable state, containing excess free energy 

associated with the excess interfacial area present in the 

system. Other results” indicated that this deviation 

decreased when the domain forming component had low 

molecular weight and were present in high concentration 

(weight %). 

2.2.4 Domain Formation From Solution 

In 1966 Vanzo"” observed that the reflectance of 

visible light from solution of polystyrene-polybutadiene 

diblock material in ethylbenzene. He demonstrated that a 

sharp increase in the maximum reflectance occurred at a 

concentration of about 9%. Shifts in the maximum reflectance 

as a function of concentration indicate that the identity 

period decreases as a function of concentration. These 

results suggest the presence of a critical concentration
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above which some degree molecular ordering exists which 

increases with concentration. Sadron and Gallot” studied 

the microstructure of polymer solutions through the use of a 

post polymerization technique. In this method a monomer, 

which is readily polymerized via UV radiation is used as a 

preferential solvent. Figure 2.5a presents typical results 

for a polystyrene-polybutadiene diblock in which styrene 

monomer was used as the preferential solvent for PS block in 

a PS-PB diblock. In this study an isothermal phase diagram 

was proposed for A-B diblock and A-B-A triblock copolymers 

as illustrated in Figure 2.5b. 

In region I of the diagram, the concentration of 

polymer is very low and the solution exhibits the properties 

of a true solution. As the concentration of the solution 

concentration exceeds Ci, molecules begin to aggregate and 

form micelles. Although the micelles themselves do not 

exhibit any long range ordering. 

A further increase in the concentration past C5 results 

in the formation of a regular periodic structure. This 

concentration coincides with the onset of microphase 

separation and is thought to be the origin of the abrupt 

increase in the maximum reflectance pointed out by Vanzo. 

Hashimoto et al.” have modified the original phase 

diagram by adding an additional critical concentration Cj}. 

Above C3 equilibrium morphologies become difficult to obtain
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and no significant changes in the either size or shape of 

the structure are possible. This more aptly applies to hard 

and soft block systems where the Ty of the hard block is 

above the temperature at which the microstructure is 

observed (typically ambient temperatures), since at 100% 

polymer concentration, two blocks with T,'S well below room 

temperature are highly mobile and may still be able to 

attain there equilibrium structures. However, in the case 

where one or both blocks have a Ty above the temperature at 

which the microstructure is observed, a concentration C’; 

will exist, above which the mobility is sufficiently 

hindered as not to allow any large scale cooperative chain 

motions. This results from the plasticization effects 

(suppression of the T,) by the solvent on the polymer 

system. The solvent effectively increases the free volume 

available to the polymer chains. As polymer concentration 

increases the free volume available to the polymer chains is 

reduced, eventually to the point where large scale molecular 

motion is no longer possible. At this point the Ty of the 

hard block is near the observation temperature and the 

resulting glassy behavior does not allow sufficient mobility 

to pursue further equilibrium structures. In other words, 

there may be other equilibrium states thermodynamically 

favored, but are kinetically impossible to achieve in a 

reasonable time frame. It is this effect that is thought to
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be the cause of the nonequilibrium values of the absolute 

dimensions of the spherical domains and interdomain spacings 

as discussed earlier. 

Both Sadron and Gallot” and Skoulios”™ have studied 

transitions in region III of Figure 2.5b. Sadron and Gallot 

proposed that two types of systems exist. In the first type, 

only one type of morphology exists throughout the entire 

concentration range of region III. The second type exhibits 

either the spheres-to-cylinders or cylinders-to -lamellae 

morphological transitions as concentration is increased. 

However, the fact that in the post-polymerization method, 

the solvent is polymerized before observation, suggests that 

it is possible that the observed structure may be more 

representative of a blend rather than a true solvent-polymer 

solution. It has been show by Kwai et al.” that the 

addition of a soluble homopolymer to a copolymer system can 

result in phase transitions. 

Although many authors have developed theories to 

explain domain formation in block copolymers in the absence 

of solvent, only Meier,” Kwai” and, Pico and Williams” 

have considered the influence of a solvent may have on the 

microstructure. 

The Meier” theory in accord with other equilibrium 

theories assumes that;
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1) The chains obey random flight statistics 

2) The Flory-Huggins equation can be used to evaluate 

free energies of mixing 

3) Only spheres, cylinders and lamellae are possible 

4) Segment densities in the domain are uniform. 

The free energy equation is derived by summing the entropic 

contribution caused by the restriction of the chemical joint 

in the interface region along with the enthalpy change and 

the interfacial energy of the system. The derived equation 

developed covers both non-selective and selective solvents. 

Figure 2.6a and b show the free energy solvent relationships 

for copolymer with molecular weight ratios of M,/M, = 2 and 

4, respectively. In the absence of any solvent the polymer 

with a M,/M, ratio of 2 a lamellar structure is favored and 

when the M,/M, ratio is 4 sphere of the minor A component in 

a continuous B matrix results. The right side of Figure 2.6a 

and b illustrate the case for a preferential solvent for the 

A component. A morphology of cylinders of A ina B matrix 

are favored if the critical concentration C5 is = 50% for 

M,/M, = 2 and = 60 % for M,/M, = 4. If the critical 

concentration Cy exceeds these values then a lamellar 

morphology is favored. The effect of a selective solvent for 

B is depicted in the left hand side of Figure 2.6a and b. 

These phase diagrams suggest the transformation through the 

three main morphologies are not necessary as suggested by
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Sadron and Gallot.” More recently, Pico and Williams 

determined that the domain size varied little with solvent 

selectivity as long as the solubility parameter of the 

solvent was in the range between 6, and 6,. 

2.3 TEM Analysis of Polymers 

2.3.1 TEM Optics 

Before reviewing the transfer theory of imaging, it 

will be useful to describe some features of the standard 

TEM. For a good general description of the TEM optical 

systems one is referred to Thomas.” 

Figure 2.7 illustrates the first integral part of the 

TEM, the illumination system consisting of the electron gun 

and the first and second condenser lenses and apertures. In 

most instruments electrons are produced via thermionic 

emission form a heated V shaped tungsten filament held at 

-100 kV relative to the ground. The operating or 

accelerating voltage is adjustable, where higher voltages 

typically offering better resolution and an increased 

sample penetrating power. Other types of sources such as 

LaB, and field emission guns that offer some distinct 

advantages primarily increased brightness, are also 

‘available (at significant cost). The condenser lenses are
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used to regulate the electron beam. Adjusting the lens 

current alters the electron density impinging onto the 

specimen to cover the range of different magnifications 

employed. The condenser apertures serve to collimate the 

electron beam. 

The second part illustrated in Figure 2.7 is a typical 

imaging system. The imaging system is composed of the 

objective lens, projector lens, intermediates lenses 

phosphor screen and camera. The initial image is first 

magnified by the objective lens and is then further 

magnified by subsequent lenses in the imaging system. The 

use of intermediate and projector lenses allow for multiple 

stage magnification control. The electrons then impinge on 

the phosphor screen, where the electron intensities are 

converted into degrees of light intensities by the 

photoemission properties of the phosphor screen. This allows 

the operator to check for sufficient contrast and properly 

focus the image. Once properly focussed, tilting the 

phosphor screen forward, allows the image to be photographed 

onto a electron sensitive emulsion that has better contrast 

and resolution than the phosphor screen. 

2.3.2 Phase Contrast Imaging 

The purpose of this section is not to provide a
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rigorous derivation of the transfer theory of imaging, but 

rather to provide basic insight into some important aspects 

of the transfer theory and practical applications of the 

theory. Detailed derivations of the transfer theory of 

imaging have been provided by Handlin”®, Hanzen”, 

Erickson™, Misel1®' and Cowley®. A simplified version 

for applications to polymers has been given by Thomas®. 

In this section a simplified treatment of transfer 

theory of imaging that is applicable to the case of polymers 

specimens that behave as pure phase object. The review 

presented here, is a synthesis of treatments already given 

by Thomas®, Roche™ and Handlin. ”-& 

The manner in which an image is formed in the electron 

microscope, based upon Abbe wave theory of imaging®*, is 

illustrated in Figure 2.8. The phase shift incurred by 

incident electron wave as it passes through an object, with 

a mean inner potential of ¢(r,), is represented by the 

object function F,(r,)- The Fourier transform of F,(r,) is 

the Fraunhofer diffraction pattern F(S) (F,(K) in Figure 

2.8) formed in the back focal plane of the objective lens. 

The function F(S) is modulated by the apertures and 

aberration of the microscope. These effects are embodied in 

the pupil or transfer function and produce a modified 

scattering function F'(S). The Fourier transform of this 

modified scattering function then becomes the image function
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Figure 2.8 Illustration of TEM image formation (the script 
F indicate Fouier transform) (Ref. 77).
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F.(r,) formed in the image plane. Consequently, any 

differences between the electron wave in the object plane 

Fo(r,) and the final image plane F,(r,;) are due to the pupil 

function. Mathematically, the image formed is determined by 

only the pupil and object functions. 

As previously stated the object function is the phase 

shift of the incident electron wave passing through the 

object. Electrons are scattered by the electrostatic 

potential originating from the electron cloud and the nuclei 

of the atom. In contrast to the nuclei, the electrons are 

distributed in space about the atom, such that the absolute 

value of their potential is less than that of the positively 

charged nuclei. This results in a positive net potential 

about the atom. Consequently, under the context of the weak 

phase approximation, the object function may be directly 

related to the mean inner potential of the specimen via the 

following relationship® 

Fy(X9) = 1/A Vy <o>(r) (2.13) 

where A is the wavelength of the electron and V, is the 

accelerating voltage. The mean inner potential difference is 

given in Equation 2.14.
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<@> = 28.83 [p/M Zn, f,“"] (volts) (2.14) 
1 

where p is the density in g/cm’, M is the molecular weight 

in g/mole, f, is the electron scattering factor at zero 

scattering angle for the ith type of atom in the repeat 

unit, n, is the number of ith type atoms in the repeat unit. 

The mean inner potential for electrons is analogous to an 

index of refraction for light. It follows, that in a two 

phase system, it will be the difference in the mean inner 

potential as well as the shape and distribution of the 

phases that will determine the relative projected phase 

change. | 

The pupil function basically consists of a phase shift 

term and an aperture function as follows: 

P(S) = A(S) sin x(S) (2.15) 

where A(S), the aperture function, essentially truncates the 

scattering pattern at a finite angle. When any part of the 

electron wave is scattered at a larger angle they are 

blocked by the objective aperture and do not contribute to 

the image. Thus at this point A(S) is equal to zero. When 

the electrons are scattered below this finite scattering 

angle, they are unaffected by the aperture and A(S) becomes
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unity. 

A phase shift in the electron wave occurs due to the 

different path lengths taken by electrons when focused 

through electromagnetic lenses. The magnitude of the phase 

shift is given by x(S) 

X(S) = 1/2 C.A3s* - 1(AZ) ASP (2.16) 

where AZ is the defocus, defined as the distance between 

the focal plane of the lens and the object plane. C, is the 

spherical aberration coefficient, S is the modulus of the 

reciprocal space scattering difference between the incident 

and scattered wave vectors and A is the wavelength. 

When the relative phase shifts are small compared to 

unity (weak-phase object approximation), the bright field 

image contrast can be expressed in terms of Fourier optics 

as follows: 

(I(r,)-I,,)/Iay = F(2A(S) sin x(S) FLF)(¥)]} (2.17) 

where F denotes a Fourier transform, and S is the reciprocal 

scattering vector. 

It is important to note that the sin x(S) function is 

very sensitive to changes in defocus as given by Equation 

2.16. The underlying importance of this term is that it
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alternately selects or subdues the contribution of various 

object spacial frequencies to the final image. Consequently, 

a weak phase object (such as a single phase homopolymer with 

a uniformly varying F[F,(r,)] distribution) will exhibit the 

so called "salt and pepper" structure that is so often 

mistaken as evidence for microphase separation. The 

microscope conditions under which the "salt and pepper" 

structure or phase contrast structure is observed determines 

the size of the structure. An approximation for the size of 

the largest phase contrast structure is represented by 

d = (2AAz) ‘/4 (2.18) 

where at a typical defocus value (3 microns) and 100kV 

operating voltage the size of the phase contrast features 

are approximately 500 nn. 

The function sin X(S) is almost antisymmetric at medium 

defocus values and higher, such that when the image is 

viewed at a series of defocus values (through focus series) 

going through true focus (+ to - values), the "salt and 

pepper" structure will reverse contrast (dark will become 

light and visa versa). This is a common way for the operator 

to distinguish phase contrast from real amplitude contrast 

resulting from a two phase system, while observing the 

structure before any permanent recording of the image.
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If a question still exists to whether or not the image 

on a micrograph is due to phase contrast, optical transforms 

of the micrographs will allow determination of defocus 

values and determination of the size of the phase contrast 

feature. "8.8 

When under proper defocus conditions, it is possible to 

image well defined multiphase systems that would normally 

require staining, without staining, using phase contrast 

techniques. Under slight underfocus conditions, phase 

contrast tends to enhance other primary imaging contrast 

mechanisms (amplitude contrast), making the observed 

structure sharper and more appealing to the eye. Phase 

contrast imaging has even been proposed as a routine method 

for microstructure analysis of polymers. *® 

2.3.3 Amplitude Contrast 

Amplitude contrast results from the scattering of 

electrons outside the objective aperture and therefore are 

lost and do not contribute to the image. This scattering of 

electrons typically results from either diffraction, or mass 

thickness effects or a combination of the two. 

Diffraction contrast will vary with the orientation and 

thickness of the crystals. The orientations will determine 

‘which crystalline lattice planes will diffract (ones that
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satisfy the Bragg condition) the incident wave, resulting 

in coherent scattering of electrons outside the objective 

aperture. Thus, contrast will result from small scale 

deviations of the crystal lattice planes from the Bragg 
tr 

condition. The diffracted intensity is given as 

I(S) = F4., sin*nst/sin’rs (2.19) 

where F,,, is the structure factor for the (hkl) plane, whose 

magnitude is equal to the ratio the amplitude of the wave 

scattered by all the atoms of the unit cell to the amplitude 

of the wave scattered by one electron. The thickness of the 

crystal is t and s is a parameter that measures the degree 

of deviation from the Bragg condition. Since diffraction 

contrast is very sensitive to orientation, changing specimen 

orientation by only a few degrees will effectively decrease 

the diffracted intensity to approximately zero. Hence, the 

operator may determine the presence of diffraction contrast 

by varying specimen orientation and observing contrast 

fluctuations in the image. 

Mass thickness (scattering) contrast arises from 

samples that incoherently scatter electrons. This is 

generally true for only noncrystalline materials. For the 

bright field image, the intensity in the image plane is 

given as
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I= I, exp(-S,(V,,@) pt) (2.20) 

where I, is the incident electron beam intensity, p is the 

density of the object and t is the sample thickness. 

S.(V),@) is the effective mass scattering cross section, 

which encompasses plural, elastic and inelastic scattering 

phenomena. S,(V,,a@) has been shown to be nearly independent 

of Z (the atomic number), but strongly dependent the 

accelerating voltage V, and the half angle of the objective 

aperture.® Differentiation of equation 20 yields an 

expression for the bright field contrast shown in 

Equation 21 

c* = S,(V,,a@) (pdt? +t*Ap?) (2.21) 

where C (AI/I) is the contrast in the image. The minimum 

detectable contrast for the human eye is 6% (C = 0.06). 

2.3.4 Film Restrictions 

For imaging a multiphase polymer (assuming sufficient 

differences in primary contrast mechanisms are already exist 

between the two phases) there are basically two geometric 

constraints placed on the TEM specimen. 

One constraint is on the on sample thickness. As the
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name transmission electron microscopy implies, the film must 

allow electrons to readily pass through the sample. Although 

the degree of transmission is a function of the accelerating 

potential, as a general rule at 100 kV, metal (gold) and 

hydrocarbon films should be less than 20 nm and 100 nm 

respectively. In addition, increases in specimen thickness 

have several adverse effect on the image”. First, 

resolution decreases with thickness as (tA)'/*, where sample 

thickness and A is the wavelength of the incident beam. 

Secondly, the ratio of inelastic to elastic scattering 

(inelastically scattered electrons do not contribute to 

image contrast) increases rapidly with increases in 

thickness. And lastly, a thick sample will have different 

planes at zero defocus for different values of defocus, 

rendering zero defocus for the specimen indeterminate. 

The second geometric constraint, involves the variation 

of projected phase change. If the morphology consist of 

randomly ordered domains, whose spacing or size is small as 

compared to the thickness of the film (Figure 2.9a), the 

projected potential will resemble that of a pure noise 

object (random fluctuations). In comparison, the well 

ordered structure in Figure 2.9b that produces variations in 

the projected phase that are consistent with the structures 

geometry. Another restriction deals with the scale of the 

structural features. If domains are expected to be on the
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Figure 2.9 a)The projected potential of a randomly arranged 
morphology which appears as random noise and is difficult to 
interpret b)the projected potential of highly ordered 
morphology which can be easily interpreted (Ref. 76).
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order of 10-30 angstroms it will be difficult to determine 

phase contrast effects from amplitude contrast. For medium 

resolution conditions (near zero defocus) the contribution 

of the phase contrast is negligible. However, under high 

contrast conditions, the transition from predominantly 

scattering contrast to phase contrast is not well defined 

and the fine detail in the observed structure will be 

dependent on both scattering and phase contrast. 

2.4 Surface Morphology 

As previously discussed for di- and triblock copolymers 

in the strong segregation limit, the bulk morphology is 

determined by volume fraction of each component with four 

different morphologies experimentally shown to exist. In 

contrast, a surface in which a plane of interaction (either 

with like or dissimilar molecules) is absent, the molecules 

at the surface are subject to different or additional 

forces. For a copolymer system where the molecules are bound 

together by a chemical bonds and as a consequence must share 

a common interface, the interactions and constraints that 

determine molecular conformation in the bulk remain. 

However, the missing plane of interaction may give rise to 

surface free energy factor. 

For copolymers in the weak segregation limit
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Fredrickson®’ calculated the composition profile of a 

symmetric diblock in the direction normal to the surface. 

The model suggested that even when the bulk is a single 

disordered phase, a surface with the preferential affinity 

toward on the components will yield an oscillatory 

composition profile that decays exponentially into the bulk. 

For copolymers in the strong segregation limit, 

Gaines,™ used an analogy to small molecule behavior, 

stating that the presence or absence of a surface coating of 

the lower surface tension species depends on the spreading 

coefficient, S,yp- Where S,,, was defined as y,-(¥,+¥,3)- Y, and 

Y, are the surface tensions of homopolymer A and B, 

respectively and y,, is the interfacial tension of the 

dividing surface between A and B microdomains. When the 

difference in the surface tension between the A and B blocks 

is less than Yas neither component can wet the other. 

however this analogy does not account for entropic effects. 

wu’? determined that the surface tension decreased 

with molecular weight to the negative 2/3 power and 

increased proportionately with temperature. 

— -2/3 ¥(M,) = vo-kM, (2.22) 

y(T) =a- bt? (2.23)
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The parameters b and k, are typically 0.05 dyne/cm°c and 400 

(dyne/cm) (g/mol)*3, such that the surface tension is 

essentially independent of molecular weight above 10,000. 

A majority of the experimental work on the surface 

morphology of block copolymers involved the use of x-ray 

photoelectron spectroscopy (XPS) to investigate 

concentration gradients in the surface. For polycarbonate- 

polydimethylsiloxane (PC-PDMS) systems, preferential 

segregation of the of PDMS to the surface has been 

established by Dwight and McGrath” using angle dependent 

XPS. Angle dependent XPS is able to give compositional 

information as a function of depth, by varying the angle 

between sample surface and analyzer, effectively limiting 

the escape of electrons of a certain kinetic energy from a 

depth defined by the exit angle. 

Although, surface segregation of the lower surface 

energy component has been known for some time, few 

morphological models exist and most of the models do not 

account for the different thermodynamic forces at the 

surface as compared to the bulk. Thomas and O'Malley” 

utilized XPS in conjunction with replication techniques to 

propose an alternating lamellar model for the surface 

morphology of PS-PEO diblock copolymers. Schmitt et al.” 

studied random PC-PDMS multiblock copolymers with XPS, in 

composition ranging from 22%-70% PDMS, and found result in
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accord with the previous work. However, the surface 

morphologies were found to be insensitive to composition, 

over a wide range, and bulk morphological behavior of the 

samples were never studied. As discussed previously, the 

bulk over this composition range is expected to change 

dramatically, making it highly unlikely that there would be 

thermodynamic tendency to form this type of alternating 

columns of PC and PDMS to be present over the entire 

composition range. 

Modelling the morphology from ADXPS compositional data 

has several disadvantages. First, XPS only gives 

compositions averaged over the entire depth probed. 

Although, Ratner has recently published a method called 

"Regularization" that is capable of determining the 

composition at selected depths. Secondly, while ADXPS has 

excellent depth resolution, the maximum sampling depth is 

only about 60A, with lateral resolution approaching 100p° 

using small spot XPS techniques. To obtain a more definitive 

model of surface morphology Hasegawa and Hashimoto” have 

used TEM to analyze the near surface morphology of stained 

PS-PB samples. Aside from the possible artifacts caused by 

staining and the spurious effects mounting in epoxy 

(dissolving or swelling the polymer), TEM offers a more 

definitive way to analyze the morphology near an external 

‘surface. This is primarily due to the two dimensional nature
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of the projected TEM image that offers three dimensional 

information by viewing the specimen from various angles. The 

most extensive work done in this area is by Schwark et 

al.” In this study the near surface morphologies of a 

series of PS-PB diblock copolymer were analyzed and 

quantified as to the type and orientation of the surface 

morphology under different conditions.



IIt EXPERIMENTAL 

3.1 Synthesis 

3.1.1 Poly(butene sulfone) -g-Polydimethylsiloxane 

Anionic polymerizations of the siloxane trimer D, were 

carried out in a rigorously cleaned and dried one neck round 

bottom flask equipped with a magnetic stirrers and rubber 

septa under a 6-8 psi prepurified nitrogen atmosphere. The 

cyclohexane solution of D,; was syringed into the reaction 

flask and a calculated amount of 1.35 M sec-butyllithium was 

added to initiate the ring opening polymerization. The 

initiation proceeded for 2 hours, followed by the addition 

of ca. 10 percent by volume of prepurified THF to promote 

Propagation of the living siloxanolate species. The 

polymerization was terminated with HDMCS to afford the 

macromer which was precipitated and washed three times in 

methanol, and brought to a constant weight under reduced 

pressure at room temperature. Further details on the 

characterization of the macromer via NMR, GPC and VPO are 

given in Joseph M. DeSimone's Ph.D. Dissertation.” 

The low temperature free radical greft copolymerization 

reaction were performed in a modified Fisher-Porter bottle. 

A calculated amount of the 5-hexenyl terminated PDMS 

55
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macromonomer was first charged into the reactor. The PDMS 

macromer was degassed under vacuum at room temperature for 

30 minutes. The reactor was then charged with nitrogen and 

the polymerization solvent dichloromethane. The amount of 

solvent added was calculated to 20 Wt./V% of the total 

polymer in dichloromethane. The reactor was cooled to -20 C 

and calculated volumes of precondensed sulfur dioxide and 1- 

butene were added to the polymerization reactor. The free 

radical initiator, t-butylhydroperoxide, was added via 

syringe (using four aliquots) which resulted in 0.066 wt/v% 

addition at 5 minute intervals. The polymerization which 

produced the title graft copolymers was no doubt initiated 

by an oxidation-reduction reaction step involving the 

hydroperoxide with excess sulfur dioxide. The title graft 

copolymer was immediately precipitated into a ten-fold 

excess of methanol containing 2v/v% of triethylamine, 

filtered and dried to constant weight under reduced pressure 

at room temperature. The polymers were extensively extracted 

with hexanes to remove any unincorporated PDMS macromonomer 

in a soxhlet extractor that was modified to have a water- 

cooled solvent reservoir. The extracted polymer were 

routinely stored at -20 C to avoid any possible thermo- 

oxidative degradation. The terpolymerization is depicted in 

Figure 3.1. Further details of the terpolymerization and
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subsequent analysis have been given previously in Joseph M. 

5 1,2 DeSimone's Ph.D. dissertation™ and other publications. 

3.1.2 Polyimide-PDMS Seqmented Copolymers 

The various anhydride and diamine monomers utilized in 

the synthesis of the PI-PDMS copolymers studied are 

presented in Figure 3.2. The synthesis and characterization 

of the oligomeric aminopropyl PDMS has been presented 

elsewhere’. 

For the copolymerization of the siloxane containing 

polyamic acid precursors a cosolvent system of NMP and THF 

was used to enhance solubility of the two components. The 

Siloxane oligomer was added to a stirring solution of the 

dianhydride to effectively cap the siloxane with siloxane 

anhydride. After about 15 minutes, the remaining diamine was 

slowly added. For synthetic reactions of controlled 

molecular weight, phthalic anhydride was added approximately 

10 minute prior to the remaining diamine.Once the polyamic 

acid precursors were formed they could be imidized 

immediately via thermal or bulk imidization, or stored in a 

sealed nitrogen blanketed bottle at about -10°C until needed 

for solution imidization. 

Solution imidization (Figure 3.3) was conducted in a 4
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Figure 3.2 The anhydride and diamine monomers utilized in 
the sysnthesis of the PI-PDMS copolymers.
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necked flask equipped with a mechanical stirrer, inert gas 

inlet, thermometer and Dean Stark trap with a condenser and 

drying tube. The apparatus was heated in an oil bath ona 

hot plate to approximately 170°C., with type J thermocouple 

in the bath. The amic acid solution was added into the 

flask, which contained a cosolvent mixture of CHP or 

dichlorobenzene (20%) and NMP at approximately 15% solids. 

The reaction temperature was regulated at 160°C, and never 

allowed to fall below 120°C while adding the amic acid. A 

moderatec:ly fast inert gas flow was maintained during the 20 

hour rez.ction time. The polyimide was recovered by 

precipitating the solution into a ten fold excess of a 

rapidly stirring methanol (40%)/water (60%) mixture, 

filtering in a sintered glass funnel, rinsing with more 

methanol/water, and air drying for several hours. The 

coagulated polymer was then dried in a vacuum oven and the 

temperature was slowly increased to 200°C and maintained for 

18 hours For more detials of the synthesis of these 

polyimid -PDMS copolymers on is referred to the previous 

work by ..rnold.” 

3.1.3 n-HexylMethacrylate/t-ButylMethacrylate Ionomers 

The r-Hexyl Methacrylate and t-Butyl Methacrylate 

monomers were purified by first stirring over finely ground
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calcium hydride for 2-3 days followed by distillation under 

reduced pressure, then transferred to clean dry bottles via 

double ended needles and stored under a dry nitrogen 

atmosphere at ca. -20°C until needed. Before use the 

monomers were distilled from a trialkyl aluminum of dialkyl 

aluminum hydride complex that were used as received. 1,1- 

diphenyl ethylene (DPE) was purified via distillation from 

s-butyllithium under reduced pressure, the s-butyllithium 

was used as received. THF, the polymerization solvent, was 

distilled immediately before use under a static atmosphere 

of dry nitrogen from the purple sodium/benzophenone ketyl. 

The amount of solvent charged, typically 10-12 Wt.%, was 

added to the reactor and cooled to -78°C the polymerization 

temperature. After the solvent equilibrated to the 

polymerization temperature, a 3-4 molar excess of DPE was 

added. The calculated amount of s-butyllithium, determined 

by the titration of 2,5-dimethoxy benzyl alcohol, was 

syringed into the DPE solution which quickly generated the 

red anion of DPHL. The purified monomer was then added 

Slowly to avoid any undesirable exotherms could lead to 

premature termination in some cases. The reaction was 

allowed to proceed for 20-30 minutes. 

Once the n-hexyl methacrylate-t-butyl methacrylate 

(NHMA~-TBMA) copolymer were polymerized and precipitated the 

t-butyl methacrylate was preferentially hydrolyzed using p-
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toluene-sulfonic acid monohydrate (PTSA) in solution at mild 

temperatures (60-80°C). After adding the calculated amount 

of acid, based on the amount of TBMA in the copolymer, into 

toluene at 80°C the polymer was added. The hydrolysis 

reaction was allowed to proceed for about 8 hour. The 

toluene was removed and the NHMA-methacrylic acid precursors 

were redissolved in THF. The polymers were then precipitated 

in methanol/water mixture to remove any excess acid catalyst 

and dried in vacuum at 80°C for 24 hours. 

The acid containing polymers were dissolved in THF (3-5 

Wt./V%). Several drops of phenothalien solution in 

isopropanol were added to the polymer solution. Dilute 

potassium hydroxide or cesium hydroxide (0.1 N in methanol) 

was titrated into the solution with a buret. The solution of 

the ion containing polymer was concentrated by removing 50% 

of the THF and stored until needed for further 

characterization. The synthesis, hydrolysis and subsequent 

neutralization reaction are depicted in Figures 3.4, 3.5 and 

3.6, respectively. More details on the synthesis and 

characterization of these block ionomers are presented in 

the Ph.D. dissertations of T. E. Long! and c. D. 

DePorter"! and other publications, !0.125
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3.1.4 Polymethylmethacrylate-g-Polydimethylsiloxane 

Macromers were prepared by initiation of dried sublimed 

D, in Cyclohexane with s-BuLi, followed by the addition of 

purified tetrahydrofuran to promote propagation of the 

siloxanolate species. Termination with 3-methacryloxy propyl 

dimethyl chlorosilane produced the macromer which was then 

precipitated in methanol and dried under vacuum. The free 

radical copolymerizations of the alkyl methacrylate were 

carried out with 20 Wt.% monomer in toluene at 60°C using 

0.1 weight percent (based on monomer) AIBN initiator. Meth- 

acrylate polymerization were carried out at 20 wt. % solids. 

The resulting copolymers were extracted extensively with 

hexane or isopropanol, depending on the polymer solubility, 

to remove and unreacted siloxane homopolymer. Under 

appropriate conditions, these values were typically low. 

Further detail on the reaction conditions, preparation of 

the macromonomer or macromer and characterization are 

presented in the dissertations of J. M. DeSimone” and S. D. 

Smith.’ The generalized synthetic scheme of a PMMA-g-PSX 

macromer copolymer is illustrated in Figure 3.7. 

The anionic copolymerization of MMA with methacryloxy 

functionalized PMMA macromonomers were performed in 

rigorously cleaned and dried one-neck round bottom flasks 

equipped with a magnetic stirrer and rubber septum under a
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Figure 3.7 Copolymerization of PMMA-g-PDMS by free radical 
technique.
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0.15 MPa prepurified nitrogen atmosphere. A calculated 

amount of PMMA macromonomer was charged to the reaction 

flasks prior to sealing them with the rubber septa. The 

macromonomers were thoroughly degassed followed by 

pressurization of the flasks with 0.15 MPa of nitrogen. The 

purified polymerization solvent, THF, was added to the 

reaction mixture via cannula. The amount of solvent charged 

yielded solution of ca. 4 w/v% MMA. A cleaned and flamed 

thermocouple was passed through the septum on each reaction 

flask and submerged into the solution in order to monitor 

the reaction temperature. The reaction flasks were submerged 

into -78°C baths and allowed to reach thermal equilibrium. 

The MMA, distilled from triethylaluminum, was syringed into 

each reaction flask. The initiation of the anionic 

copolymerization was achieved by adding 0.2 ml aliquots of a 

0.25 M diphenylhexyllithium (reaction product of sec- 

butyllithium and 1,1-diphenylethylene) solution to the 

reaction vessels via syringe at one minute intervals until 

an exotherm was detected. After the temperature 

reequilibrated to -78°C (approximately 10 minutes), the 

polymerization was terminated with degassed methanol. The 

resulting graft copolymers were precipitated in hexanes. The 

unincorporated macromers were extracted in a soxhlet 

extractor. The synthesis is shown schematically in 

Figure 3.8 with additional details of the synthesis,
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purification and characterization of these polymers provided 

in Joseph M. DeSimone Ph.D. dissertation.” 

3.1.5 Polyarylester-Polysiloxane Seqmented Copolymers 

A brief summary of the synthesis and characterization 

of the high molecular weight perfectly alternating 

polyarylester-polysiloxane copolymer is given here. Details 

on the starting materials, synthesis of intermediates, 

solvents used in the polymerization and all of the 

characterization of the structure, molecular weight and 

thermal transitions have already been presented in detail 

elsewhere.'©-'% The amino propyl terminated polysiloxane 

oligomers were produced in the bulk by anionic equilibration 

of the aminopropyl disiloxane with D4 alone or with either 

octaphenylcyclotetrasiloxane or trifluorpropylmethylcyclo- 

trisiloxane added depending on the character of the siloxane 

desired. The polyarylesters were synthesized by reacting Bis 

A with a 50:50 mixture of tetraphthaloyl chloride- 

isophthaloyl chloride in tetrahydrofuran (THF) at room 

temperature. Molecular weight was controlled by use of 

stoichiometric imbalance of reactants according to the 

Carother's equation. The three different types of siloxane 

oligomer used in the synthesis and studied in this thesis 

are shown in Figure 3.9. The structure of the arylester
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oligomer and arylester-siloxane copolymer is illustrated in 

Figure 3.10. The silylamine terminated siloxane oligomers 

were reacted with hydroxyl terminated arylester oligomers 

via condensation reaction in solution. The hydroxyl 

terminated polyarylester was placed in a reaction flask 

containing distilled chlorobenzene. Under inert gas flow, 

the system was refluxed at 132°C to remove water. The 

silylamine terminated polysiloxane terminated oligomer was 

then added dropwise through an addition funnel into the 

reaction mixture over a period of about 2 hours. The 

reaction produce a dimethylamine by-product that can be 

detected by pH paper. The reaction was considered complete 

when the by-product was no longer detected and the reaction 

mixture was subsequently cooled and precipitated in an 

excess of methanol/isopropanol. Residual cyclics are 

expected to be extracted during this procedure. The 

resulting white fibrous material was filtered and dried 

under vacuum at 80°C overnight. The recovered yield was 

expected around 95%. 

3.1.6 Polystyrene-PDMS 

Macromonomer were prepared by initiation of the D, in 

cyclohexane with s-BuLi after which purified THF was added 

to promote propagation of the siloxanolate species.
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Termination with 3-methacryloxypropyl dimethylchlorosilane 

afforded the macromer which were precipitated in methanol 

and dried under vacuum. Further information on the 

characterization of the macromer are presented in Steve D. 

Smith's Ph.D. dissertation. '™ 

Free radical copolymerization of the styrenic systems 

were carried out in cyclohexane at 60°C with 0.1 weight 

percent AIBN initiator at 50 weight percent solids initially 

and then diluted down with time to avoid vitrification. 

Copolymers were extracted extensively with hexanes to remove 

any PDMS. 

The anionic polymerizations of the styrene monomers was 

conducted at -78°C in THF in s-BuLi as the initiator. The 

second block was prepared by adding to this living polymer a 

calculated amount of D,/cyclohexane mixture. Siloxanolate 

initiation was evidenced by loss characteristic orange 

color of the living styrene anion. The reaction allowed to 

warm to room temperature and given adequate time (5-20 

hours) for propagation to near quantitative conversion. 

Termination was achieved by reaction with trimethyl 

chlorosilane in slight molar excess at room temperature. The 

copolymers were then precipitated, dried and extracted to 

remove any siloxane homopolymer. Further details on the 

anionic and free radical synthesis and subsequent 

‘characterization are included in Steven D. Smith's Ph.D.
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dissertation.'™ The Chemical Structure are shown in Figure 

3.11. 

3.1.7 Bismaleimide-Poly(arylene ether) Ketone 

Co-Cured Blends 

Synthesis of the maleimide terminated poly(arylene 

ether) ketones (PEK) based on bisphenol-A and 

difluorobenzophenone have been presented elsewhere(5,6) and 

the chemical structures are presented in Figure 3.12. Blends 

of the maleimide terminated PEK with bismaleimide (BMI) were 

prepared by weighing each of the constituents into a flask 

and dissolving the mixture to a 10 Wt.% solid concentration 

in chloroform. The blend was coagulated in hexane, filtered 

and dried under vacuum at 50°C. 

The BMI-PEK sample were prepared by weighing 25g of the 

blend onto a teflon sheet. The sheet was then placed inside 

a preheated vacuum oven at 170°C for 4-8 minutes. During 

this time the blends melted and released residual solvents 

via evaporation. This degassing pretreatment was shown to be 

necessary to prevent foaming of the blend during the molding 

and curing steps. Care was also taken in this pretreatment 

not to age the blend too long inside the vacuum oven. Since 

premature gelling can occur, which prevents successful 

molding of the blend.
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The blend was usually in the form of a hard foam upon 

removal from the vacuum oven. It was broken into pieces and 

added to a metal mold which consisted of three pieces, a 

frame and two inserts which, when assembled, formed a 3 x 3 

x 1/8 inch cavity. The blend pieces were added to this 

cavity with each piece being compressed at 480°F, ina 

hydraulic press, before the next piece was added. The blend 

were cured for approximately 12 hours at 520°F under a 

pressure of 250 psi. The pressure was then released and the 

samples were quick cooled inside the press. 

3.2 Processing Conditions for Structure-Property Analysis 

3.2.1 PMMA-gq-PDMS 

The PMMA-PSX system was dissolved in chloroform, at a 

concentration of 5 wt.%. About 0.1 g of solution was 

deposited into a disposable glass sample jar (about 2 cm in 

width), where the top was loosely placed onto the top of the 

jar. 0.19 was chosen because it formed a film thickness of 

the order of several millimeters, which were ideal thick- 

nesses for microtome preparation. The films were allowed to 

form at room temperature over several days. For larger 

samples needed for stress-strain analysis and SAXS solution
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of similar concentration were cast into covered petri dishes 

and allowed to form over the same period of time. TEM 

analysis revealed no differences in the morphology when the 

larger samples were cast. 

3.2.2 Poly(butene sulfone) -—q-PDMS 

The Poly(butene sulfone)-g-PDMS system was dissolved in 

chloroform, at a concentration of 5 wt.%. Consistency was 

attempted by casting the PBS-g-PDMS in petri dishes that 

gave sample that were ample enough for TEM, XPS and SAXS 

analysis. The petri dishes were covered to slow the 

evaporation rate of the chloroform and allowed the films to 

form over several days. The 0, RIE experiment was performed 

on 220 nm films spun cast from cyclopentene onto silicon 

wafers. 

3.2.3 Polyimide-PDMS 

Bulk or Thermal Imidization 

The bulk or thermal imidization involved casting the 

amic acid solutions onto glass plates and removing the 

solvent in a vacuum oven at 100°C for several hours. The 

films were then thermally cycled for an hour at 100, 200 and
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300°C in a forced air convection oven to complete the 

cyclization. 

Solution Cast 

The solution imidized polymer dissolved in N 

methylpyrollidinone (15% solids) was cast onto a glass plate 

and placed in a vacuum oven at 100°C for 2 hours. The 

temperature was subsequently increased to 200°C for 4 hours 

and then to 300°C for 1 hour. 

Compression Molded 

The compression molded films were heated to 80-100°C 

above the upper Tg. This temperature was held for 10 

minutes, whereby a 12,000 psi pressure was applied for 

another 10 minutes keeping temperature constant. The film 

was removed from the hot press and placed in a cold press 

where the film was cooled to below room temperature in 

several minutes. 

3.2.4 N-Hexyl Methacrylate/T-Butyl Mehtacrylate 

Block Ionomers 

The ionomer solution, already in a THF solution after 

neutralization, was cast into Teflon containers. The THF was 

allowed to evaporate over several days at room temnperature.
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The remaining film was placed in a vacuum oven at 100°C to 

remove any residual solvent and then placed in a dessicator 

to limit moisture absorption. 

3.2.5 Polyarylester-Polysiloxane 

Compression Molded 

The polymer, in the form of a white fibrous powder, is 

placed between two Ferro-type photographic plates coated 

with a mold release agent. The ferro-type plates were then 

placed in a previously heated hydraulic press. The 

temperature to which the platens were heated was set at 

about 50°C above the T, of the block with the highest T, as 

determined by DSC. The pressure was increased to 10,000 psi 

as the polymer began to flow easily (usually after several 

minutes). Additional pressure was applied until the polymer 

stopped flowing, indicated by a constant pressure reading. 

The press was subsequently cooled by an air flow through the 

platens to 500°F and then water cooled to room temperature, 

then the pressed film was removed from the plates. 

Solution Casting 

The arylester-siloxanes were dissolved in chloroform 

solution at a concentration of approximately 5 wt.%. The 

solution was placed into a top of a petri dish (about 10 cm
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in diameter) and covered by the larger bottom of the dish to 

allow slow evaporation of solvent. The films were allowed to 

form overnight and then placed in a vacuum at room 

temperature for about a day. 

Thin-Cast Films 

Thin films were prepared by first dissolving the 

polymer in chloroform at about 5 wt.% concentration. This 

concentration was found to give good specimen thicknesses 

for TEM analysis. A disposable syringe was used to draw 

several ml from the solution. A drop a solution was 

deposited onto a liquid (distilled water) substrate, where 

the solution spread on the surface and readily formed a 

film. This method may be extended to other solvent systems, 

provided the solvent system is not soluble in the liquid 

substrate and that the solution spreads onto the substrate. 

Once the film was formed, the color corresponding to the 

desired sample thickness (usually gold or silver for TEM of 

glassy polymers) were selectively lifted onto TEM grids. 

These grids can either be placed in a vacuum or stored at 

room temperature to allow drainage and evaporation of the 

excess liquid picked up by the grid. Again optical 

microscopy may be used to determine the degree of electron 

transparency.
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3.2.6 Polystyrene-g-PDMS 

The Polystyrene-g-PDMS system was dissolved in 

chloroform, at a concentration of 5 wt.%. The PS-g-PDMS was 

cast in petri dishes to give samples that were large enough 

for TEM, XPS and SAXS analysis. The petri dishes were 

covered to slow the evaporation rate of the chloroform and 

allowed the films to form over several days. 

3.2.7 BMI-PEK Coreacted Blends 

The synthesis and processing conditions used in the 

BMI-PEK coreacted blends were previously explained in 

section 3.1.7 

3.3 Structure-Property Characterization 

3.3.1 Differential Scanning Calorimetry 

A Perkin-Elmer model DSC-4 and DSC-2, a Seiko SS-C550 

DSC 210 and a DuPont 1912 differential scanning calorimeters 

were used to determine the glass transition data. Scans were 

run at 10°C and 5°C per minute. Reported values were 

‘obtained from second runs. Although, where it was of
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interest to compare samples with similar processing history, 

transitions were obtained from first runs so as not to erase 

the samples processing history. 

3.3.2 Dynamic Mechanical Thermal Analysis 

Dynamic Mechanical Thermal Analysis (DMTA) was 

performed on a Polymer Laboratories instrument and a 

Rheometric rheovibron Model at various frequencies which 

will be specified when the data in presented in the results 

and discussion. 

3.3.3 Transmission Electron Microscopy 

A Philips EM 420 STEM operated at 100KV equipped with a 

single tilt (45°) specimen holder was utilized to obtain 

bright field electron micrographs of all of the samples 

studied by TEM. A condenser aperture of 30 microns and an 

objective aperture 15 microns was used for all of the TEM 

analysis of the sectioned bulk specimens. 

3.3.4 Small Angle X-ray Scattering 

Small angle x-ray scattering (SAXS) was conducted using 

an automated Kratky slit collimated camera with a slit width
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of 1004 and equipped with a one dimensional position 

sensitive detector The primary x-ray source was obtained 

from a Philips PW1316/91 Cu tube operated at 40 KV and 20 mA 

by a Philips generator PW1729 Cu K alpha radiation with a 

wavelength of 1.542 Angstroms was obtained from a copper 

target after nickel foil filtering. The scattered intensity 

was monitored by a one-dimensional position sensitive 

detector (M. Braun - Innovative Technology Inc.). 

3.3.5 Small Angle X-ray Scattering Data Treatment 

Desmearing and Diffuse Boundary Analysis 

The desmearing of the SAXS spectra was readily 

accomplished by computer analysis based on a program 

presented by Vonk. '96a Background subtraction was performed 

using a Bonart's method.’ piffuse boundary analysis was 

determined using Kobersteins method’, also called the 

emperical method, in the range 0.009 < os < 0.72. In this 

method a sigmoidal gradient gradient is assumed to exist 

across the interface. 

Invariant Analysis 

For an ideal sharply phase separated system with sharp phase 

boundaries, the mean square electron density fluctuation 

<Ap*> is given as‘?
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<Ap*> = $.6,(P, —- P,)° (3.1) 

where p, and p, are the electron density of the homopolymers 

of components a and b, respectively. From Porod's law 

relationships it can be shown that the invariant, Q, is 

related to the mean square electron density fluctuation as 

follows: '%© 

Q = <Ap*> V = K J5 s*I(s) ds (3.2) 

The corresponding variance for the background corrected 

profiles is given by’ 

<Ap*'> = K Jf§ s*I (s) ds (3.3) 
corrected 

where Looprected(S) = Lotserved(S) 7 Tbackground(S) + The ratio 

<Ap*'>/<Ap*> should give a value between 0 and 1 that is 

representative of the overall degree of phase separation in 

the system!06b, 106f | 

3.3.6 X-ray Photoelectron Spectroscopy 

Angle dependent x-ray photoelectron spectroscopy was 

performed on a KRATOS XSAM 800 x-ray photoelectron
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spectrometer equipped with a hemispherical electron analyzer 

and a Mg x-ray source operated at 15 kV and 20 mA. A 

pressure of 10° was maintained in the sample chamber during 

spectra collection. The analyzer was operated in Fixed 

Retarding Ratio (FRR) mode. Angle-dependent analysis was 

performed by rotating the circular sample probe, thereby 

changing the angle between the sample plane and the 

analyzer. Angles ranging from 10° to 90° were used. The PBS- 

g-PDMS was cooled using liquid nitrogen to approximately 

-~120°C to avoid degradation of the PBS during sample 

analysis. Otherwise all other sample were analyzed under 

ambient conditions. 

3.3.7 Static Secondary Ion Mass Spectroscopy 

Static SIMS was performed on a PHI Intruments SIMS 

equipped with a quadropole analyzer. A positively charged Ar 

ion source was employed at 1KV accelerating potential at a 

10°6A/cm* current. The collection time was 2 minutes. 

3.3.8 Stress-strain Analysis 

Stress-strain analysis was performed on an Instron 

Model 123 stress-strain machine at 0.5 in/min crosshead 

speed for the polyimide-PDMS copolymers. An Instron Model
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123 stress-strain machine at 10mm/min for the polyarylester- 

polysiloxane segmented and PMMA-g-PDMS graft copolymers. 

Dog-bone specimens 10cm long and 2.4cm wide were examined. 

3.4 Film Preparation for TEM Analysis 

3.4.1 Microtoming 

Electron transparent section were acquired under 

ambient conditions using an AO Reichert-Jung Ultracut 

microtome. Specimens were trimmed to an area of 1mm X 1mm 

and placed in the sample holder. A diamond knife was 

utilized for the sectioning, with distilled water used as 

the liquid substrate. 

3.4.2 Cryo-ultramicrotome 

Ultrathin sections for TEM were obtained by cryo- 

ultramicrotomy on an AO Reichert-Jung Ultracut equipped with 

an FC4 cryo attachment. Films were trimmed, such that the 

face of the film had an area of about 0.1 mm by 0.1 mn. 

After trimming, the samples are placed in the sample holder 

and secured. The temperature for siloxane containing systems 

were equilibrated at about -110°C for the sample, -115°C for 

the nitrogen gas and -90°C for the knife. The liquid used in
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the knife boat was methanol, a non-solvent for the siloxane 

containig copolymers. For the ionomers methanol was found to 

affect the morphology, and hexamethyldisiloxane was 

subsequently utilized as a boat liquid. Thus, sectioning 

temperatures were raised to -70°C to accomadate the freezing 

point of hexa-methyldisiloxane (-70°C) while still below the 

Tg of the NHMA-TBMA ionomers. A diamond knife was employed 

in the sectioning of all of the samples. The sections were 

lifted from the liquid surface onto a TEM grid.



IV Poly(butene sulfone) -g-PDMS 

4.1 Introduction and Objective 

Siloxane containing copolymers have a broad range of 

applications, which is in part due to a unique combination 

of properties. These properties are: a low glass transition 

temperature, hydrophobicity, excellent thermal stability, 

high gas permeability, UV resistance, biocompatability and 

low surface energy. One of the most distinctive 

characteristics of polydimethylsiloxane containing 

copolymers is its low surface energy which is much lower 

than most polymers. This creates a situation where the 

Siloxane is thermodynamically favored at air or vacuum 

interfaces and in microphase separated copolymers results in 

a surface morphology that appreciably differs from the bulk 

morphology'®’'"°, It is this aspect of siloxane containing 

copolymer behavior that allows a substantial modification of 

the surface properties, while maintaining important 

properties of the bulk. 

This distinctive behavior of siloxane modified 

copolymers may be fully utilized when considering aerospace 

and microelectronics applications. In two-layer lithography, 

the electron beam resist not only has to be sensitive to 

degradation from electron beam exposure, but must also be 

91
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resistant to the oxygen reactive ion etch (RIE) process. 

In the early 1980s, both the aerospace and 

microelectronics industries recognized that degradation of 

organic polymers in these hostile environments could be 

dramatically reduced through the incorporation of silicon 

and other refractory elements'''.'", Taylor and Wolfe’ 

postulated that silicon containing materials exposed to 

reactive oxygen plasma in the 0, RIE process would be 

converted to their metal oxides. Since the silicate formed 

is nonvolatile and nonreactive, it would form a protective 

coating of silicate preventing further etching of the 

material beneath it. The possibility that poly(dimethyl 

Siloxane) (PDMS) modified multiphase copolymers can impart 

similar benefits as silicon modified systems at much lower 

concentrations results in siloxane containing copolymers 

being ideal candidates for several aerospace and 

microelectronics applications. 

This chapter will discuss investigations on the bulk 

and surface morphologies of a poly(butene sulfone) (PBS) -PDMS 

graft copolymer which had PDMS graft molecular weights of 

1K, 5K 10K and 20K at 5 and 20 Wt.% PDMS compositions with a 

high and low degree of polymerization of the backbone. 

Details of the synthesis are provided in the experimental 

section (Chapter III) and J. M. DeSimone's Ph.D. 

Dissertation.” Further, the surface and bulk morphologies
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will be correlated the observed plasma etch resistance of 

each respective material. These materials were designed for 

use as an electron beam resist for two layer lithography. 

The overall objective of this study was to obtain a material 

that best fit the desired design criteria of the two-layer 

electron beam resist. This objective was achieved through 

the full utilization of a collaborative effort between 

colleagues with expertise in synthesis and characterization, 

(principally Joseph M. DeSimone and the author). 

4.2 Study of Nature of Microphase Separated Nature Using 

Thermal Analysis 

Since the driving force of phase separation in the bulk 

is the difference in solubility parameter between the two 

components, the large disparity between the solubility 

parameter of the polydimethylsiloxane (PDMS) (7.6 cal/cm*) ‘'/4 

and poly(butene sulfone) (PBS) (> 10 (cal/cm*)'/“, suggests 

the multiphase copolymer system should exhibit microphase 

separated behavior. Several methods were used to detect and 

delineate the nature of bulk phase separation. DSC was 

utilized to determine the respective T,'s of each block and 

thus provide a relative degree of miscibility between 

blocks. For example if PBS is an amorphous phase, the degree 

of suppression of PBS Tg will be proportional to the amount
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of PDMS mixed into the PBS phase. Conversely, increases in 

the PDMS side chain's Tg would indicate a degree of mixing 

of the PBS into the PDMS phase. However, due to the semi- 

crystalline nature of the PDMS at low temperatures the 

direct interpretation of the Tg may be misleading without 

considering the effect of the degree of crystallinity on the 

glass transition temperature. 

The upper glass transition data of the PBS-g-PDMS 20 

Wt.% PDMS copolymers is shown in Table 4.1. As the molecular 

weight of the PDMS side chain is increased at constant 

composition the ATg decreases and the Tg of the PBS approach 

that of the corresponding homopolymer. Thus, a greater 

degree of phase separation is indicated as the PDMS 

molecular weight is increased. The latter results are in 

accord with results obtained by the ACp method of Pascault 

and Chamberlin,''* which indicated the degree of 

miscibility decreased with increasing molar mass of the PDMS 

macromer.™ 

Due to the complicated nature of the macromer systems 

there may be several reasons for the increase in the 

miscibility between the PDMS and PBS segments. First, the 

increased miscibility may reflect the dependence of the 

solubility parameter in this range of molar mass of the PDMS 

macromer. This corresponds to a decrease in x (the Flory- 

Huggins interaction parameter) which favors phase



95 

Table 4.1 DSC Analysis of PBS-g-PDMS Copolymers. 

  

Copolymer PDMS MW Wt.% PDMS PBS Tg _ 

PBS-g-PDMS 1000 17 809°C 

PBS-g-PDMS 5000 17 86°C 

PBS-g-PDMS 10000 17 919°C 

PBS-g-PDMS 20000 17 929C 

PBS Control --- -- 92°C 
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Huggins interaction parameter) which favors phase 

separation, as the PDMS molar mass increases. Secondly, as 

shown schematically in Figure 4.1, the number of grafts per 

backbone decreases for a macromer graft copolymer with 

constant composition and degree of polymerization of the 

backbone as the molecular weight of the graft increases. '™ 

Since each graft represents a chemical junction which has to 

be placed in the interphase region, as the number of 

grafts/backbone increases, the number of entropic 

constraints in the system increases. These additional 

entropic constraints should favor increased miscibility of 

the two phases. Another factor which has never been fully 

realized as a possible factor in the nature of phase 

separation is effect of the morphological texture. Suppose 

two copolymers have the same chemical structure and 

composition and constant interphase thickness. The thickness 

is believed to be constant for diblocks in the strong 

segregation limit.'* If mixing takes place only in the 

interfacial region and if two distinctly different 

morphologies exist with different surface to volume ratios, 

the system with the largest surface to volume ratio will 

have a larger mixed volume in the interphase region. Hence, 

with a considerably greater volume of the copolymer in the 

mixed region, the copolymer would proportionally exhibit a 

greater degree of phase mixing. This factor may play a more
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5K 

10K 

        

20K 

    
Figure 4.1 Illustration of the decrease in the number of 
grafts/backbone and average molar mass between grafts with 
decreasing graft molar mass at constant composition.
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important role in multiblocks copolymer where the copolymer 

can have different morphologies at the same composition. 

Another factor exists when considering the Tg of the 

backbone phase, the total degree of polymerization may not 

be an accurate assessment of the molecular weight of the 

species that contributes to the Tg. That is, the molecular 

weight between grafts is the segment of the backbone present 

in the PBS phase. Each segment end must originate from a 

domain interphase region and it is these segments that will 

interact to form entanglements. Hence, the smaller molecular 

weight of these segments may be below the molecular weight 

needed for the critical number of entanglements, resulting 

in the independence of Tg and molecular weight. Also, the 

increased difficulty of loops (backbone segments that are 

constrained at both ends) to entangle may affect critical 

molecular weight needed to form entanglements. However, it 

is possible that this effect may be negated by the 

constraint of the chemical junction points in the 

interphase, which effectively may behave as an entanglement. 

Lastly, the presence of crystallinity in the PBS phase can 

alter miscibility due to the difference in miscibility of 

the amorphous and crystalline region of the PBS phase with 

the PDMS phase. Ambient temperature are 50°C above the 

melting point of PDMS and is not considered a factor in the 

interpretation of the PBS Tg. Although, at cryogenic
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temperature the presence of crystallinity may actually be 

used to obtain insight into the nature of phase separation. 

It was shown that the ability of the PDMS to crystallize was 

strongly affected by the miscibility of the phases, as well 

as the absolute value of the Tm which increased with 

decreasing graft molecular weight. 

4.3 Investigation of the Bulk Morphology 

4.3.1 Copolymers with High and Low Degree of 

Polymerization, 5 Wt.% PDMS 

The initial observation that under the high electron 

beam exposure of TEM analysis a well defined morphology 

could be observed in a very sensitive electron beam resist 

was surprising. One interpretation of that behavior is that 

the PBS degrades to a lower molecular weight species, while 

the PDMS domain crosslinks under beam exposure. This would 

stabilize the sample in the electron beam. By utilizing the 

smallest condenser and objective apertures a TEM micrograph 

can be obtained. Calculation of the mean inner potential 

indicated that the PBS should be the darker phase. 

Nevertheless, a blend of homopolymer 90 Wt.% PBS and 10 Wt.% 

PDMS revealed spherical macrophases of PDMS as the minor 

component. From this it was concluded that the dark
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spherical macrophases were PDMS. Insight into the 

degradation process and reversal of contrast was obtained in 

the analysis of thin cast films discussed later. 

TEM analysis was used to study the bulk morphological 

behavior of the systems. Examination of the TEM micrographs 

in Figures 4.2a (5K), 4.3a (10K) and 4.4a (20K) show that 

the PBS-g-PDMS 5 Wt% PDMS low degree of polymerization (LDP) 

series have discrete spherical domains of PDMS (the dark 

phase). The domain sizes estimated from TEM and presented in 

Table 4.2 show the subsequent increase in domain size with 

increasing side chain molecular weight. The increase in 

domain size with side chain molecular weight has been 

earlier observed for PMMA-g-PDMS.''> The 20K PDMS graft 

molar mass sample appeared to have a distribution of domains 

in which the smaller domains displayed a lighter contrast. 

Moreover, the size of the domains and interdomain spacing 

was on the order of the film thickness. This implied that 

the smaller domains were actually portions of domains that 

were not fully included in the plane of the section. Thus, 

the measurements listed in Table 4.2 are from the larger 

most contrasted domains and are considered better estimates 

of the actual phase characteristics. 

The domain size for the low degree of polymerization 

PBS-g-PDMS system, when compared to analogous PMMA-g-PDMS 

‘samples, is larger by a factor of 2. The driving force to
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PBS-g-PDMS 5Wt.% 5K PDMS 
Low Degree of Polymerization | 

       

  

     
PBS-g-PDMS 5Wt.% 5K PDMS 
High Degree of Polymerization 

  

Figure 4.2 TEM micrographs of PBS-g-PDMS 5 Wt.% 5K PpMS 
a)low degree of polymerization (top) b)high degree of polymerization (bottom) .
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PBS-g-PDMS 5Wt.% 10K PDMS 

Low Degree of Polymerization       

   

- 

     

PBS-g-PDMS 5Wt.% 10K PDMS 
High Degree of Polymerization 

Figure 4.3 TEM micrographs of PBS-g-PDMS 5 Wt.% 10K PDMS 
a)low degree of polymerization (top) b)high degree of 
polymerization (bottom).
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_ PBS-g-PDMS 5Wt.% 20K PDMS © 
Low Degree of Polymerization —       

    _ PBS-g-PDMS 5Wt.% 20K PDMS 

High Degree of Polymerization    
   

    

Figure 4.4 TEM micrographs of PBS-g-PDMS 5 Wt.% 20K PDMS 
a)low degree of polymerization (top) b)high degree of 
polymerization (bottom).
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Table 4.2 TEM and SAXS Results for Solution Cast PBS-g-PDMS 
Copolymers. 

  

  

Sample Wt.% PDMS dying ize DP 

PBS-g-PDMS 5K 5 --- 12 low 
PBS-g-PDMS 10K 5 -—= 16 low 
PBS-g-PDMS 20K 5 -<-- 24 low 

PBS-g-PDMS 5K 5 --- 10 high 
PBS-g-PDMS 10K 5 --- 14 high 
PBS-g-PDMS 20K 5 “<< 20 high 

PBS-g-PDMS 1K 20 9.4 4/11 low 
PBS-g-PDMS 5K 20 23.0 16 low 
PBS-g-PDMS 10K 20 39.8/16.2 16/30 low 
PBS-g-~PDMS 20K 20 OS 15/24 low 

PBS-g-PDMS 5K 20 17.9 10 high 
PBS-g-PDMS 10K 20 37.6 16 high 
PBS-g-PDMS 20K 20 119 20 high 

  

DP (degree of polymerization) 

FOr A. areq 20/10 second number denotes presence of second 
order maxima. 

For d second number is periodic spacing from TEM. 
size 

All measurements in nm
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increase domain size is the interfacial tension which can be 

approximated by the equation derived by Helfand and 

Sapse''* is presented in section 2.3.2 in the literature 

review and is valid for systems with Van der Waals 

interactions. The interfacial tension is related to the 

interaction parameter by y'/* and the interaction parameter 

is defined by x = (6, - 6,)°/kT, where 6, solubility 

parameter of the K block. The larger difference in 

solubility parameter between the PBS and PDMS should result 

in a higher interfacial tension. Applying this to the domain 

interface term in Equation 2.8, a higher interfacial tension 

favors a decrease the surface/volume ratio and increase 

domain size for diblock systems. Alhtough, these equations 

are derived for the case of diblocks with Van der Waals 

interactions in equilibrium and are not directly applicable 

to the PBS-g-PDMS system, the trends that the equations 

dictate are expected to be relevant. One possible 

modification to the interfacial tension that may account for 

the interactions of the polar sulfone groups, not accounted 

for in the two dimensional parameter, is to utilize the 

three dimensional or Hansen's solubility parameter. This 

would more accurately reflect the interaction of the two 

phases. Thus, the interfacial tension between polymers may 

be larger than indicated by the classical treatment of the 

interaction parameter.
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Another factor for the larger domain size in the PBS 

system could be the preferential solvation of the PDMS 

phase. Based on the regular two dimensional solubility 

parameter, it would be expected that chloroform with a 

solubility parameter of 9.6 (cal/cm*)'/* would more be 

preferential to PMMA 9.2 (cal/cm*)'/* than to PDMS and PBS. 

However, it is well known that chloroform is a very good 

solvent for PDMS and PMMA and thus the Hildebrand solubility 

parameter may be a better measure of solubility. Support for 

this idea comes from a study which showed that homopolymer 

PBS has an extended conformation and does not obtain coiled 

Gaussian conformations in solution, until the temperature is 

raised to 60°C and a co-solvent system of chloroform/THF is 

used. 

Thin cast samples (explained in section 9.2) were also 

examined. The morphology in the thin cast films is rapidly 

formed in several seconds. The fact a morphology exists 

demonstrates that phase separation is quite rapid. A 

spherical texture is present with large nonuniform dark 

regions, presumed to be rich in PDMS (Figure 4.5a). The 

nonuniform morphology observed was in direct contrast to 

other thin cast sample of PMMA-g-PDMS'' and polystyrene-g- 

PDMS (Chapter 9), where spherical domains of approximately 

the same size were found. This implies that the kinetics of 

phase separation was quite rapid. Furthermore, slowing the
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PBS-g-PDMS 20Wt.% 20K PDMS 

HDP Thin Cast Degraded 

  
  

   

Figure 4.5 TEM micrographs of thin cast PBS-g-PDMS 5 Wt.% 
10K PDMS high degree of polymerization a)after e-beam 
exposure (top) b)limited e-beam exposure (bottom).
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evaporation rate served to increase ordering and uniformity 

of the domains. A clue to this puzzling inconsistency came 

from the observation of the morphology at extremely low 

magnifications where the beam dose per unit volume is much 

lower. From the initial viewing of an area of film not 

previously exposed to the electron beam, light contrasted 

spheres in a dark continuous matrix morphology were observed 

and are presented in Figure 4.5b. This "transient" 

morphology only was observed for several seconds and then 

then faded away, producing the morphology in shown 

Figure 4.5a. Although, it was extremely difficult to obtain 

a photomicrograph of the pre-degraded structure, it is clear 

that a spherical morphological texture with domains on the 

same scale as those observed in the thick cast sample are 

present. Based on this, it was concluded that the difference 

in domain size between the PMMA-g-PDMS and the PBS-g-PDMS 

system are primarily due to the difference in the 

interfacial tensions of PBS and PMMA with PDMS. 

Notwithstanding, since the kinetics are significantly 

different, it would expected that the thin cast sample could 

be amorphous and the slower evaporation rate of the thick 

cast sample could allow the crystallization of the PBS phase 

(which is discussed in the following section on WAXS). 

The contrast in the thin cast sample, in accord with 

mean inner potential calculations, correlates with siloxane
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appearing as the lighter phase before beam exposure. The 

thicker slow cast samples appeared more stable, possibly due 

to the larger amount of PDMS in a thicker sample. Most 

likely, crystallinity of the PBS phase could act to further 

stabilize the film under electron beam exposure. 

Additionally, any calculation of the mean inner potential is 

difficult since the density of the crystalline phase is not 

known. The morphology was observed to develop during 

exposure to the electron beam but no reversal in contrast 

was observed. The increase in domain size with increasing 

block length is in agreement with other graft systems. The 

thick cast morphology are believed to be more representative 

of the true microdomain morphology. 

To further probe the effectof degree of polymerization 

on morphology, samples of similar composition and graft 

molecular weight but higher degree of polymerization of the 

backbone were prepared. The difference in the two systems 

shown schematically in Figure 4.6 where the system with a 

higher degree of polymerization has more grafts/backbone or 

constraints/chain. Since each chemical junction must reside 

in the interfacial region, this increases number of entropic 

constraints in the systems. The TEM micrographs of the high 

degree of polymerization 5 Wt.% PDMS series with 5K, 10K and 

20K PDMS graft molecular weight in Figures 4.2b, 4.3b, and 

4.4b, respectively. From the tabulated values of the domains
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High Degree 
of Polymerization Four Junction Points per Molecule 

  

Low Degree 

of Polymerization One Junction Point per Molecule 

Domain A Domain B Domain A 
  

      

  

    

Figure 4.6 Schematic of the increase in the number of 
contraints/chain with increasing degree of polymerization of 
the backbone.
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sizes estimated from TEM and tabulated in Table 4.2, the 

domain size of the high degree of polymerization series is 

consistently smaller than the samples of low degree of 

polymerization. As clearly seen in Figure 2.4 in the 

Literature Review, the interfacial tension favors larger 

domains and the entropic constraints favor smaller domains, 

under equilibrium conditions, a balance between the opposing 

forces is reached and an optimum domain size is obtained at 

the minimum in the free energy curve. An increase in the 

entropic constraints in the system should therefore favor 

smaller domains. Due to the identical processing conditions 

of the samples and the rapid rate of phase separation as 

demonstrated by the similar domain sizes observed in the 

thin cast morphology (Figure 4.5b), the kinetics of phase 

separation was not considered a predominant factor in the 

microphase separation process of these graft copolymers. 

Hence, it is thought that the increase in the number of 

entropic constraints was the major factor influencing domain 

size between the low and high degree of polymerization 

sample. Although, the effect of the degree of polymerization 

on the low Wt.% series has not been determined. 

Increasing the degree of polymerization has also been 

shown by Stejskal et al.''© to decrease the chemical 

composition distribution (CCD) by the partial elimination of 

conversional heterogeneities. Intuitively, one would expect
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the interdomain spacing of the domains to be more sensitive 

to the compositional heterogeneities, since the narrow 

molecular weight grafts are the discrete phase and the broad 

molecular weight PBS backbones are the continuous phase. 

Unfortunately, the heavy overlap of the spherical domains in 

the TEM micrographs did not allow any further analysis of 

the interdomain spacing. Notwithstanding, the overlap 

indicates the domains are relatively randomly dispersed. For 

a more definitive assessment of trend and global ordering 

SAXS analysis is required. 

As previously discussed, the other factor that may 

influence the morphology of the graft copolymers is depicted 

in Figure 4.1. As the graft molecular weight decreases at 

constant composition and degree of polymerization, the 

number of grafts/backbone increases. There is a difference 

between changing the number of grafts per backbone by 

increasing the degree of polymerization and changing the 

molecular weight of the graft at constant degree of 

polymerization. The difference is that the average backbone 

segment molecular weight between grafts decreases in the 

latter case, further decreasing the degree of freedom of the 

backbone. Therefore, a system may have equivalent number of 

grafts/backbone, but smaller average backbone segment length 

between grafts. Hence, increasing the number of grafts per 

backbone by decreasing graft length should more strongly
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influence the microphase separated nature. Although it 

should be noted the decrease in the graft length may alter 

the interaction parameter if the graft molecular weight is 

within a range where dependence of solubility parameter is a 

factor. The hypothesis is supported by the increase in 

global ordering of spherical PDMS domains in the PMMA-g-PDMS 

macromer graft copolymers as number of grafts/backbone is 

increased with increasing graft molecular weight at constant 

composition and similar degrees of polymerization of the 

backbone’, For the same reasons previously discussed the 

effect of changing graft molar mass on the global ordering 

of the PBS system is difficult to determine. In terms of 

morphological texture, the effect of increasing the number 

of grafts/backbone by decreasing molar mass of the graft has 

been substantial in higher PDMS compositions of the PMMA-g- 

PDMS systems. The effect has greater influence at higher 

compositions where the difference in the number of 

grafts/backbone is significantly higher. At lower 

compositions, a 20K graft system may have an average of one 

graft/backbone compared to four for the 5K graft system, at 

equal composition and degree of polymerization, with a 

difference of only three grafts/backbone. On the other hand, 

at higher compositions (eg. where a 20K graft system will 

have on average four grafts/backbone) the 5K system will 

‘have sixteen grafts/backbone, which is effectively a
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difference of twelve grafts/backbone. Moreover, the 

molecular weight between grafts is only 1/4 the analogous 

20K system and 1/16 that of the low degree of polymerization 

20K systems. These estimates assume equal degree of 

polymerization. 

4.3.2 High and Low Degree of Polymerization 

20 Wt.% PDMS 

As the composition of the narrow molecular weight 

component is increased from 5 Wt.% PDMS to 20 Wt.% PDMS the 

morphology becomes more ordered and shifts from a spherical 

structure to a co-continuous microdomain texture. In Figure 

4.7a, the low degree of polymerization, 20 Wt.% PDMS, 5K 

molecular weight graft may be seen to exhibit a disordered 

bicontinuous morphology (DOB) that has previously been 

observed in PMMA-g-PDMS and perfectly alternating 

polyarylester-PDMS copolymers containing 5K PDMS segments 

which contained with 40-50 Wt.% PpMS.''” By contrast the 

low degree of polymerization, 10K molecular weight, 20 Wt.% 

PDMS (Figure 4.8a), shows highly ordered grain like regions 

of lamellar or cylindrical textures mixed with grain like 

regions of disordered morphology. These disordered regions 

appear more spherical in nature and could be interpreted as 

an end view of a cylindrical morphology. Although, for an
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Figure 4.7 TEM micrographs of PBS-g-PDMS 20 Wt.% 5K PDMS 
a) low degree of polymerization (top) b)high degree of 
polymerization (bottom).
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PBS-g-PDMS 20Wt.% 10K PDMS. 
Low Degree of Polymerization 

PBS-g-PDMS 20Wt.% 10K PDMS 
» High Degree of Polymerization 
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Figure 4.8 TEM micrographs of PBS-g-PDMS 20 Wt.% 10K PDMS 
a)low degree of polymerization (top) b)high degree of 
polymerization (bottom).
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ordered cylindrical morphology, the end view of the cylinder 

should be ordered as well, leading one to believe that these 

are disordered grains of a different morphology. This is 

further supported by Figure 4.9a where the morphological 

texture of the low degree of polymerization, 20K graft 

molecular weight, 20 Wt.% PDMS is depicted. Again, distinct 

grains of highly ordered lamellar or cylindrical morph- 

ologies next to grains of disordered PBS rich morphological 

textures are observed. 

The PBS-g-PDMS 20 Wt.% 1K PDMS sample shows the 

presence of lightly contrasted 4 nm domains in a dark matrix 

(Figure 4.10a). Although, due to the light contrast of the 

structure and the overlap problems encountered in TEM when 

the scale of the structure is much less than the film 

thickness, the morphology appears to disordered bicontinuous 

(DOB) texture in some regions, in which case it would be in 

accord with the morphology observed in the 5K system. If a 

spherical morphology does exist, assuming that after 

exposure to the electron beam PDMS is the darker phase, the 

siloxane is expected to be the discrete phase. In an 

analogous PMMA-g-PDMS sample no domains were observed by TEM 

analysis. Therefore, it is possible that pure PBS phase 

separates into a spherical morphology with the matrix 

consisting of PDMS/PBS partially mixed phase. 

As previously discussed, as the degree of 

polymerization decreases the composition distributions
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Low Degree of Polymerization       

       . PBS-g-PDMS 20Wt.% 20K PDMS "2 
High Degree of Polymerization 

Figure 4.9 TEM micrographs of PBS-g-PDMS 20 Wt.% 20K PDMS 
a)low degree of polymerization (top) b)high degree of 
polymerization (bottom).
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PBS-g-PDMS 20Wt.% 1K PDMS 
Low Degree of Polymerization 

      

Figure 4.10 TEM micrograph of the PBS-g-PDMS 20 Wt.% 1K PDMS 
sample.
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dramatically increase. Consequently, if the disordered 

regions represent broad molecular weight PBS rich phases, 

the highly ordered regions would be rich in the narrow 

molecular weight PDMS component. As has been shown in the 

PMMA-g-PDMS system that when the volume fraction of the 

narrow molecular weight component becomes significant 

(approximately 50%) a high degree of ordering is observed. 

As will be shown in Chapter 7, decreasing the volume 

fraction to about 35% decreases ordering much the same way 

broadening the graft molecular weight does. This may explain 

the disordered regions that appear to be rich in PBS. 

Regardless, the question of how does a system with a broad 

composition and molecular weight distribution have highly 

ordered regions persists. Insight into the effect in the CCD 

may come from investigating the morphology of copolymers 

with narrower composition distributions. Indirectly, this 

may be achieved by increasing the degree of polymerization 

which correspondingly decreases the CCD. 

In the high degree of polymerization (HDP), 20 Wt.% 

PDMS series, the 5K and 10K graft molecular weight both show 

the disordered bicontinuous morphologies (DOB), Figures 4.7b 

and 4.8b, respectively. In contrast the 20K graft molecular 

weight system in Figure 4.9b, exhibits a disordered texture 

with short non-oriented cylindrical structures. Several 

interesting points arise upon comparison of the high and low 

degree of polymerization.
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Although the HDP samples exhibit a disordered 

morphology, the morphology is uniform throughout the 

observed sampling region. The 5K and 10K samples exhibited 

the DOB morphology, which is typically uniform throughout 

the sample when observed in a variety of different systems. 

Possibly indicating the ability of the bicontinuous 

morphology to conform to compositional heterogeneities. 

Notwithstanding, the HDP series does not exhibit the dual 

morphology or the regions of high order observed in the LDP 

series. In the highly ordered regions for the low degree of 

polymerization series, PBS uniformly fills in domain space 

between the well defined PDMS domains. This behavior was 

observed in the PMMA-g-PDMS system and implies that the 

redistribution of the segments in the overlap regions 

compensate for the broad molecular weight distribution of 

PBS segments, allowing the segments of various lengths to 

fill domain space uniformly. At higher PDMS compositions, it 

seems more favorable to have the narrow molecular weight 

distribution PDMS phase obtain uniform dimensions than have 

the PBS obtain nonuniform dimensions. As opposed to the 

random spacing of spheres observed in the 5Wt.% system, when 

the PBS is the continuous phase. 

Two studies in the literature suggest that 

redistribution of the material from regions of excess 

segmental density (the region where chains from adjacent 

domains overlap) affect domain behavior. In the first study,
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Hashimoto et al.''® showed the a highly uniform lamellar 

morphology was formed with a 75/25 blend of PS-PI diblocks 

of 94,000 Mn and 180,000 Mn, respectively, both 50 Wt.% PS. 

The interdomain spacing of 52 nm lies between the 46 and 78 

nm spacings of the 94K and 180K diblock, respectively. In 

the case of pure diblock copolymers it was found the domain 

heterogeneity index (<Dw>/<Dn>) equal to 1.001 while the 

molecular weight distribution <Mw>/<Mn> was 1.1 (<Dw> and 

<Dn> are the weight and number average domain identity 

period). Both results suggest that the chains are able to 

redistribute there spatial arrangements to compensate for 

the different molecular weight species present and obtain 

uniform dimensions. The second study by Thomas et al.!%8 

proposed that the ordered arrangement of the spherical 

microdomains in diblock systems is determined by the optimum 

covering lattice that minimizes the unfavorable 

conformations necessitated by the deformation of the 

interpenetrating or overlap of matrix chains to uniformly 

fill in domain space. 

Although, the presence of highly ordered regions in 

graft systems with much greater molecular weight 

distributions implies that a greater redistribution of the 

chains in the overlap region must occur to uniformly fill in 

domain space. Therefore, in a system with a large number of 

degrees of freedom, the chains are able to obtain spatial 

conformations that compensate for the difference in chain



124 

lengths. Obviously, factors that affect the degrees of 

freedom (primarily the number of constraints per chain and 

the molecular weight between junction points) will strongly 

influence the ability of the chains in the interpenetrated 

regions to redistribute and deform allowing the chains to 

attain of uniform domain dimensions. 

The low degree of polymerization system has higher 

degrees of freedom, but a larger CCD and a dual morphology 

exists with the regions richer in PDMS content forming 

highly ordered domains. The high degree of polymerization 

system with less degrees of freedom and narrower chemical 

composition distribution has a homogeneous disordered 

morphology. It is proposed that a system with a broad CCD 

can compensate for the CCD by forming morphologies with 

larger surface/volume ratios and varying dimensions. Both 

factors may act to increase the free energy of the system 

but are energetically favored over two coexisting 

morphologies. As the degrees of conformational freedom 

decrease by either increasing the number of grafts/backbone 

or decreasing the molecular weight between grafts, the 

ability for chains to reorganize in an ordered lattice is 

severely limited. The ordering will be investigated further 

by SAXS in the following section covering SAXS analysis. The 

effect of broadening the molecular weight of the PDMS in the 

PMMA-g-PDMS system will be discussed in Chapter 7.
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Typically the disordered bicontinuous morphology was 

observed in only the 5K graft systems. The observed DOB 

morphology in the high degree of polymerization 10K sample 

suggests that the number of constraints per chain is an 

important factor in the conversion to the DOB morphology. 

This type of morphology should have a higher surface/volume 

ratio than either cylindrical or lamellar caused by the 

increase in the surface curvature believed to be present in 

the DOB morphology. The increase in surface curvature is 

plausible due to the increase in the number chemical 

junctions residing in the interphase region caused by the 

increase int the number of grafts/backbone. An increase in 

the surface curvature could more easily accommodate the 

density of chemical junctions present in the interphase 

volume. In addition, these results suggest the presence of a 

critical number of grafts/backbone with a critical molecular 

weight between grafts that thermodynamically favors the DOB 

morphology. This may be analogous to the critical number of 

arms and arm molecular weight needed for the ordered 

bicontinuous morphology of the PS-PI star block 

copolymers.” Additionally, this topic is suggested as an 

area for future research with better defined graft system 

which are studied under "equilibrium" conditions. 

As expected, the scale of the structure increases with 

increasing side chain molecular weight, whereas the volume 

fraction of the PDMS seems disproportionately larger than
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expected at 20 Wt.% PDMS composition. There are several 

other factors beside the CCD that may contribute to the 

apparent disparity in the observed volume fractions. In 

highly ordered structures the observed interdomain spacing 

of the two dimensional TEM projection is dependent on the 

viewing angle and orientation of the domains to the viewing 

angle.''? In addition, if the PBS crystallizes, the 

possibility is discussed in a following section, the PDMS 

phases next to the more dense crystalline phases would 

appear to have a larger volume fraction. The chloroform 

solvent may preferentially swell the PDMS domains, however 

the degree to which chloroform may be preferential is 

difficult to determine without the three dimensional 

solubility parameters of the PBS. Another factor maybe that 

the morphology under exposure to the electron beam, may 

develop and change the volume fractions until the PDMS is 

fully crosslinked. This may be unlikely, since no changes in 

the film dimensions are observed during the development 

process. 

The morphologies observed at 20 Wt.% PDMS in the PBS-g- 

PDMS do not occur in the PMMA-g-PDMS until composition of 

45Wt.% PDMS are examined. Intuitively, the increase in 

interfacial energy between the PBS and PDMS (in comparison 

to the PMMA-g-PDMS system) would be the primary influence 

favoring morphologies with lower surface/volume ratio. The 

influence of interfacial energy is clearly demonstrated in
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the PI-PDMS segmented system (Chapter 5), where the shift 

from a semi-continuous to spherical morphology was observed 

by decreasing the polarity of the imide segment. Since the 

excess free energy of microphase separation is an energy 

balance between the conformational entropy loss and 

interfacial energy and the favored geometry is affected by 

both influences, it is difficult to delineate the exact 

influence. Additional problem result from the undetermined 

effects of the casting solvent, crystallinity, and kinetics. 

Another complicating factor may be the entropic 

repulsion of the sulfone groups that favors more extended 

chain conformations in the bulk compared chains with 

Gaussian behavior. The extended conformation would change 

the conformational entropy of the chains compared to systems 

like PMMA. At this point these terms are at best difficult 

to delineate and are beyond the scope of this study. 

4.4 SAXS Investigations of the Bulk Morphology 

4.4.1 Effect of PDMS Graft Molecular Weight 

As expected a maximum is observed for the low degree of 

polymerization 20 Wt.% series, signifying the existence of a 

correlation length which corresponds to the average 

interdomain spacing. From the smeared SAXS spectra in the 

low degree of polymerization PBS-g-PDMS 20 Wt.% series in 

Figure 4.11, the interdomain spacing increased with
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increasing PDMS graft molar mass. The periodic spacing of 

the 20K graft molecular weight exceeded limit of SAXS. The 

spacings of the smeared spectra are presented in Table 4.2. 

The 10K specimen exhibited weak second order maxima, where 

the ratio of the first and second order maxima was 

approximately 2.1. The spacings of the lst and 2nd order 

maxima correspond to the measured thickness of the two 

different projections of the lamellar texture in Figure 

4.8a. The ratio of the two peaks would suggest that the 

domains are the first and second order maxima of lamellar 

domains. Since, the ratio of higher ordered peaks for a 

lamellar texture is 1:2:3. 

The presence of lamellar morphology in the highly 

ordered region would support the presence a dual morphology. 

In this morphology the region between the lamellar regions 

resemble the disordered short cylinders seen in the PBS-g- 

PDMS 20 Wt.% high degree of polymerization series. Further, 

the regions of disorder may represent the chains in the 

portion of the CCD higher degrees of polymerization or 

higher number of grafts/backbone. In both the previous cases 

ordering is more difficult, whereas the highly ordered 

lamellar region may be the chains with lower degree of 

polymerization and number of grafts/backbone where ordering 

is less difficult. In accord with the DOB morphology found 

by TEM analysis, the PBS-g-PDMS 5K 20 Wt.% low degree of 

polymerization sample showed only one broad maxima
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indicating no long range ordering was present. The 5K 

morphology was also observed to by very uniform throughout 

the sample. The CCD has been shown to decrease with 

decreasing graft molar mass. It is believed that the 

increase in the number of graft/backbone result in the shift 

to the DOB and the effect of the decrease in the CCD favors 

a uniform morphological texture. 

4.4.2 Effect of the Degree of Polymerization of the 

Backbone 

In concordance with the low degree of polymerization 

20Wt.% series, maxima in the smeared SAXS spectra (Figure 

4.12) were observed in the high degree of polymerization 

series. Even though TEM analysis yield differences in the 

morphological texture of the low degree of polymerization 

and high degree of polymerization series, the interdomain 

spacings listed in Table 4.2 are within several nanometers. 

Direct comparison of the 20Wt.% 10K with different degrees 

of polymerization showed that the SAXS spectra are nearly 

identical, except for a second order maxima in the low 

degree of polymerization sample. The second order maxima may 

Signify the increase in the degrees of freedom associated 

with decreasing the degree of polymerization which allows 

the system to become more highly ordered.
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molecular weight grafts.
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4.4.3 Investigation of Crystallinity using WAXS 

Wide angle x-ray scattering (WAXS) was used to 

determine the presence of crystallinity in the PBS phase. 

The WAXS spectra of the 10K 20Wt.% high degree of 

polymerization sample (Figure 4.13) showed two broad maxima. 

Subsequent WAXS analysis of the homopolymer PBS, showed the 

presence of only one maxima corresponding to the second peak 

in Figure 4.13. From this it was concluded that the first 

peak was due to incoherent scattering from amorphous PDMS 

and the second from amorphous PBS. Therefore, within the 

detectable limits of WAXS no crystallinity was found. Since 

the detectable limits of WAXS are approximately 5-10% it is 

possible a small percentage of crystallinity may still 

exist. 

4.5 Investigation of the Surface Morphology 

4.5.1 Effect of PDMS Graft Molecular Weight 

Once proper characterization of the bulk morphology is 

complete some analogies between the bulk and surface 

behavior may be proposed. A discrete surface phase and bulk 

phase differ only in that the surface phase has a missing 

plane of interaction. Therefore, the thermodynamics 

governing the surface morphology should be similar with a
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modification of adding a surface energy term to the free 

energy equation. The chemical junction point between 

component dictates the components must share a common 

interface. Demonstrated in Figure 4.14 is the chemical 

junction connecting the surface phase to the bulk where both 

phases will have an interphase region that will be governed 

by local interactions. Depending on the thickness of the 

surface phase compared to the sampling depth of angle 

dependent XPS (about 6 nm), the interphase region which is 

approximately 2.2 nm for PS~-PI copolymers can be analyzed by 

XPS. 

The additional term in the minimization of the excess 

free energy of the surface involves several factors which 

include; 

1) Having the lowest surface free energy component at 

the surface 

2) Molecules oriented to allow the lowest energy group 

to contact the surface (rotational barriers) 

3) Minimizing the number of molecules in contact at the 

surface contacts. 

4) Maximizing the number of chain ends at the surface 

(entropy). 

The first factor simply states that in a two component 

system where phase separation is favored. The surface energy 

will only be minimized by having the lowest surface energy 

component at the surface. The second factor involves the
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Figure 4.14 Illustration of the difference between a 
discrete bulk and surface phase with the surface 
experiencing additional contraint due to the free surface, 
but where both phases have an interphase region.
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rotational energy barriers associated with chains at the 

surface obtaining rotational states such that the pendent or 

backbone groups with the lowest energy states are present at 

the surface. Since surface energy results from the missing 

like-like contact created by the lack of a plane of 

interaction. For example, a methyl group with just Van der 

Waals interactions would be favored over a slightly polar 

carbonyl group. The third factor involves the chains 

obtaining conformations that would limit the number of 

contacts at the surfaces. The surfaces energy is 

proportional to the number of missing like-like contacts. 

The last factor arises purely from entropic considerations, 

the fact that there is a loss in the configurational entropy 

associated with a chain reaching the surface and having to 

turn back into the bulk. The latter three factors are 

additional constraints placed on the chain by being at the 

surface. It is reasonable to assume that a discrete surface 

phase might have an increase in the interphase thickness due 

to these additional chain constraints. The broadening of the 

interphase region allows for a larger volume for the 

chemical junction to reside, effectively increasing the 

degree of freedom in order to compensate for the additional 

chain constraints. Of course, this would depend on the 

magnitude of the driving force to lower free energy. 

The relationship between the bulk and surface although 

rather complex may be related by these factors.
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A valuable technique in the probing of surface 

morphology is Angle dependent x-ray photoelectron spectro- 

scopy (ADXPS) which is able to give compositional inform- 

ation as a function of depth. Angle dependent X-ray 

Photoelectron Spectroscopy was performed over angles of 15°, 

30° and 90° which corresponds to sampling depths ranging 

from 1 to 6 nn. 

The ADXPS data for the PBS-g-PDMS 5 Wt.% series, 

plotted in Figure 4.15, demonstrate that as PDMS graft 

length is increased, the surface becomes increasingly 

enriched by PDMS. This is demonstrated by the increase in 

PDMS content at each exit angle or sampling depth with 

increasing PDMS graft length. Further, with only 5 Wt.% PDMS 

in the bulk, about 80 Wt.% PDMS exists in the top 1 nm. From 

thermal analysis it is evident that the degree of phase 

separation in the bulk increases with increasing PDMS side 

chain molecular weight. In addition, the scale of the bulk 

phases was shown to increase with increasing graft length. 

Also, PDMS has a surface energy 20 dyne/cm? much lower than 

PBS (as indicated by contact angles) and a discrete PDMS 

surface phase must have a common interphase region within a 

scaling distance of the PBS phase. Utilizing the 

forementioned information from the bulk, the increase in the 

degree of surface segregation with increasing graft length 

might be expected. 

Increasing the degree of phase separation, in the weak
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segregation limit, is associated with an increase in the 

interphase thickness. Therefore, it might be expected that 

surface gradient will follow this trend if the thickness of 

the phase is within the sampling depth of XPS. If the same 

number of chain junction points reside in the surface phase, 

the surface phase would scale with molecular weight. In the 

5 Wt.% series the bulk is a spherical morphology. In 

contrast the surface appears to be a continuous overlayer 

and is most likely the result associated with the 

thermodynamic driving force to lower surface energy and 

drive the PDMS to the surface. 

In an interesting side note, since the PBS-g-PDMS 

system was analyzed at -1200C, a PS-g-PDMS graft copolymer 

which could be analyzed under ambient conditions without 

degradation, showed a 10 Wt.% decrease in the amount of PDMS 

at the surface possibly due to crystallization of the 

surface PDMS when cooled to -120°C. Since all of the PBS 

copolymer were analyzed under similar conditions it was not 

considered a source of error, but was mentioned only to 

point out that the degree of surface enrichment may be more 

than indicated by the ADXPS data. 

4.5.2 Compositional Dependence 

An increase in the degree of surface segregation and 

relative amount of PDMS resulted from increasing bulk PDMS



139 

content from 5Wt.% to 20 Wt.%. The declining composition 

gradient depicted in the plot of the surface compositions of 

the sample with 10K graft molecular weight and 5Wt.% and 20 

Wt.% PDMS shown in Figure 4.16. The increase in surface 

segregation with increasing bulk concentration can be 

related to the phase transition from discrete PDMS sphere to 

a co-continuous morphological texture. Where larger 

availability of PDMS to migrate to the surface exists in the 

co-continuous morphology by allowing more chains in the 

interphase region. However, the ADXPS is a technique that 

averages the composition over an area tenths of a millimeter 

square and is not sensitive to lateral heterogeneities less 

than a micron in size. As recently shown by TEM analysis of 

Schwark et al.,™ the difference in orientation of lamellae 

parallel (equilibrium orientation) where an overlayer 

thickness is 1/2 the lamellae of the bulk or perpendicular 

(metastable orientation) where the thickness is 1/5 of the 

bulk lamellae is dependent on casting procedure and sample 

thickness among other factors. Therefore the orientation of 

the lamellae in the 10K 20 Wt.% PDMS sample can 

significantly affect the XPS results. Hence, without TEM 

analysis of the surface it would be difficult to further 

speculate on the surface morphology.
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4.5.3 Effect of the Degree of Polymerization of the 

Backbone 

The relative difference in surface composition may 

still be useful in films cast under the same conditions. To 

further probe the correlations between the bulk and surface 

structure difference ADXPS was used to analyze the high and 

low degree of polymerization samples. One may recall that in 

the bulk as the degree of polymerization increased the 

number of entropic constraints in the system increased, 

diminishing the ability to phase separate and form highly 

ordered structure. Intuitively, the same entropic 

constraints should decrease the amount of surface 

segregation. Figures 4.17 and 4.18 plot of surface 

composition as a function of exit angle for the low degree 

of polymerization and high degree of polymerization for the 

5 Wt.% and 20 Wt.% PDMS with 10K graft molecular weight, 

respectively. The high degree of polymerization exhibited a 

decrease in the degree surface segregation. 

The low degree of polymerization 5 Wt.% PDMS sample 

exhibits increased surface segregation over the HDP 5 Wt.% 

sample at 15° (1 nm), but the difference in surface 

segregation diminishes as deeper sampling depth are probed 

becoming approximately the same at 90° (6 nm). From SAXS 

analysis the interphase region was approximately the same. 

Thus, the difference may be attributed to the increased
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entropic constraints that inhibit surface segregation, 

similar to the way the bulk phase separation is inhibited by 

these same constraints. 

The low degree of polymerization and high degree of 

polymerization series in the 20 Wt. % series differ within 

experimental error. At the 15° and 30° exit angles show 

similar compositions, but the high degree of polymerization 

sample has 10 Wt.% PDMS less than the low degree of 

polymerization analog at 90°. This may indicate a thinner 

overlayer due to the added entropic constraints, or the DOB 

morphology can not form as complete an overlayer as the 

cylinder-like morphology of the low degree of polymerization 

polymer. 

4.5.4 Influence of Surface Morphology on the Oxygen 

Plasma Resistance 

The surface analysis results are directly correlative 

to observed 0* RIE and atomic oxygen resistance behavior of 

the PBS-g-PDMS and PI-PDMS systems. Although, the processing 

conditions between the spin cast films and slow cast films 

are different, analogous trends in surface behavior are 

expected. Therefore, from the plot of the fractional 

thickness vs 0, RIE time (Figure 4.19), as the amount of 

PDMS at the surface is increased when the Wt.% PDMS is 

increased from 5 to 20 (with a 10K PDMS graft and LDP), a
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significant decrease in the loss of thickness with time 

results. Additional ADXPS results of the 0, RIE exposed 

surface shows a 0.9 eV shift to higher binding energy for 

the :i 2p peak, corresponding to conversion of the PDMS to 

silica and are in accord with results of Taylor and Wolf. In 

the °X 5 Wt.% PDMS sample the holes formed via exposure to 

the FIE were large enough, compared to the thickness of the 

film, that elemental silica from the substrate was observed 

in the ADXPS profile at 90° exit angle. From ADXPS results 

and SEM micrographs presented previously in reference [95], 

the 2C Wt.% PDMS series are able to form a complete 

overlaver protecting the bulk from further degradation. In 

contra::t, the 5 Wt.% series does not form a complete 

overlayer and significant degradation of the bulk occurs. 

For a more complete presentation development and transfer of 

high density lithographic patterns in this bilayer resist 

system end of the RIE studies one is referred to Joseph M. 

DeSimone's Ph.D. dissertation™. 

4.6 Conc_usions 

The >BS-g-PDMS exhibited a microphase separated bulk 

structure Discrete spheres of PDMS that increased in size 

with increasing PDMS graft molecular weight were found in 

the low degree of polymerization PBS-g-PDMS which contained 

5 Wt.% PDMS. Increasing the entropic constraints in the 5
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Wt.% series, by increasing the degree of polymerization of 

the backbone, favored smaller more well defined spherical 

domains. In the low degree of polymerization 20 Wt.% PDMS 

10K and 20K systems a co-continuous lamellar or cylindrical 

morphology was observed with grains of disordered structure 

present. The 5K graft molecular weight system exhibited the 

disordered bicontinuous morphology. It was speculated that 

the dual morphology resulted from the broad CCD expected for 

the low degree of polymerization series. The co-continuous 

morphological textures observed at low Wt.% compared to an 

analogous PMMA-g-PDMS copolymer, are thought to arise from 

the higher interfacial energies between the PDMS and the 

polar PBS that would favor a reduction in the surface/volume 

ratio. Since solvent effects were undetermined, this could 

not be definitively determined, as it could for the 

polyimide-PDMS which was compression molded (presented in 

the following chapter). The high degree of polymerization 

series showed a much more uniform, but more disordered 

morphology. With both the 5K and 10K 20 Wt.% PDMS series 

exhibiting the DOB morphology, with the scale of the 

structure increasing with PDMS graft molecular weight. 

Disordered short cylindrical-like morphological texture was 

found in the 20K graft specimen. The more uniform morphology 

was reflective of decrease in the CCD associated with the 

increase in the degree of polymerization. The disordered 

‘morphology is mostly likely due to the increase in entropic
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constraints, resulting from the increased degree of 

polymerization of the backbone.Thermal analysis reveaied a 

decrease in the degree of mixing of the PDMS with the PBS 

hard blocks, as the PDMS molecular weight was increased. 

In concordance with the thermal data, ADXPS 

demonstrated that the degree of PDMS surface segregation 

increased as the PDMS graft or segment molecular weight 

became larger. Additionally, as the amount of PDMS 

incorporated into the PBS-g-PDMS system increased, the 

surface became increasingly enriched in PDMS. 

The preferential segregation of PDMS to the surface was 

shown enhance the resistance of PBS-g-PDMS to 0, RIE 

exposure. This was done by the essential conversion of PDMS 

to silica, thus forming a protective silica layer that could 

further inhibit the degradation of the bulk.



V_Polyimide-PDMS Segmented Copolymers 

5.1 Background and Objective 

Polyimides have long been known as a high performance 

polymers'@°'22 that have been utilized in aerospace, micro- 

electronics and other important engineering 

applications. '.'4 although, polyimides are synthesized 

from aromatic monomers that have excellent thermal and 

mechanical properties, they are typically insoluble and 

unprocessable in their fully imidized state. Therefore, the 

development of soluble and processable polyimides that still 

maintain their thermal and mechanical integrity are of major 

interest. This can be accomplished through the molecular 

design of the repeat unit, incorporation of flexible 

polydimethyl siloxane segments, molecular weight and end 

group control of the polyimide as previously reported on in 

our laboratories. 

In addition to the increase in solubility and 

processabilty while maintaining important mechanical and 

thermal properties, there are a number of additional 

advantages gained when incorporating siloxane into polymeric 

systems. These advantages result from siloxane's unique 

combination of properties and include; increased impact 

149
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toughness, modified surface properties, low moisture 

sorption and increased resistance to atomic oxygen exposure. 

Furthermore, altering the chemical nature of the 

polyimide through the use of different monomers and 

dianhydrides in the polyimide, changing siloxane segment 

molecular weight and amount incorporated, offers 

synthetically controlled parameters that can control the 

nature of phase separation, size and type of microdomain 

morphology. The synthetically controlled parameters coupled 

with the additional process controlled variables, afford 

intimate control of the microdomain structure and hence the 

resulting properties. By the understanding of how the 

synthetic and process controlled variables relate the 

morphology and the resulting properties that the properties 

may be tailored to fit desired design criteria. The 

objective of this study was to elucidate the structure- 

property-processing relationships of these important high 

performance copolymers. 

The synthetic schemes, the definitions of the acronyms 

and film casting procedues have been provided in the 

experimental section (Chapter III). For convenience a 

standard nomenclature for the PI-PDMS segmented copolymers 

will be adopted. For example, a polyimide made from 

benzophenone tetracarboxylic dianhydride-diamino diphenyl 

sulfone (BTDA-DDS) with 15Wt.% PDMS and 10K PDMS segment
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molecular weight will be referred to as BTDA-DDS 15% 10K. 

5.2 Study of the Nature of Microphase Separation by 

Thermal Analysis 

5.2.1 Effect of PDMS Segment Length 

Microphase separation was expected to occur due to the 

large difference in solubility parameter of the siloxane and 

imide segments. DSC was one thermal analysis technique 

employed to investigate the microphase separated nature of 

the imide-siloxane polymers. From the upper polyimide Tg 

(Tg,) data in Table 5.1 obtained from the second run data of 

solvent cast films, it is evident that for the BTDA-DDS 

imides, the polyimide Tg decreases with decreasing siloxane 

segment molecular weight at constant composition. This 

reflects the decrease in the interaction parameter as a 

function of decreasing segment molar mass and resulting in 

greater mixing between the polydimethylsiloxane and 

polyimide segments. Additionally, in segmented systems a 

lower molar mass PDMS segment also corresponds to a lower 

average molar mass of the polyimide segments between PDMS 

segments. More subtly, the increase in the number of 

junction points per chain is an important term in microphase
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Table 5.1 DSC Analysis of Polyimide-Polydimethylsiloxane 
Segmented Copolymers. 

  

  

system Processing Heating Rate PDMS Tg°C PI Tg°C 

BTDA-DDS SC 2nd 10°C/min --- 265 

BTDA-DDS 15Wt.% .9K SC 2nd 10°C/min --- 240 
BTDA-DDS 15Wt.% 2K SC 2nd 10°C/min ~-- 260 
BTDA-DDS 15Wt.%10K SC 2nd 10°C/min --- 266 

BTDA-DDS 15Wt.% 0.9K P 2nd 5°C/min -88 224 
BTDA-DDS 15Wt.% 2K P 2nd 5°C/min -92 257 

BTDA-DDS 15Wt.% 0.9K CM 1st 5°C/min ~-- 221 
BTDA-DDS 15Wt.% 2K CM 1st 5°C/min --- 248 
BTDA-DDS 15Wt.% 10K CM 1st 5°C/min ~-- 261 

  

SC = Solution Cast 

P = Precipitated Powder 

CM = Compression Molded
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separation of multiblock copolymers. That is, ina 

microphase separated system the chemical joints joining the 

two segments in the different phases must reside in the 

interphase regions. The additional constraint of constant 

density causes the conformational entropy to increase. Both 

of the entropic factors favor miscibility of the two 

segments and could contribute somewhat to the partial mixing 

observed in the polyimide phase. To be sure, from the ATg, 

data in Table 5.3, the ATg, of the PI phase differs with the 

nature of the PI (discussed in a following section), but 

Similar trends of the Tg, as a function of PDMS were also 

observed. The possibility of crystallization of the PDMS 

segments and the small weight fractions of PDMS present 

(only 15 Wt.% PDMS or less in the system) made interpret- 

ation of the PDMS Tg difficult. 

Another important factor which may affect the 

interpretation of thermal analysis which is often overlooked 

and difficult to take into account for novel systems is the 

temperature of the order-disorder transition. It has been 

shown in PS-PI diblocks,'® that can equilibrate more 

easily than multiblock copolymers, that when specimens are 

cast from preferential solvent that produce metastable 

morphologies, heating to temperatures above the Tg of both 

components (but below the order-disorder transition) will 

equilibrate locally by increasing the ordering in the
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Table 5.2 DSC Analysis of Polyimide-Polydimethylsiloxane 
Segmented Copolymers. 

  

system Processing 

BTDA-BISP SC 

BTDA-BISP 15Wt.% 2.5K SC 

BTDA-BISP 15Wt.% 2.5K P 

BTDA-BISP 15Wt.% 2.5K CM 

6F-BISP oC 

6F-BISP 15Wt.% 10K CM 

6F-BISA SC 

6F-BISA 15Wt.% 10K CM 

Heating Rate 

2nd 10°C/min 

2nd 10°C/min 

2nd 5°C/min 

1st 5°C/min 

2nd 10°C/min 

1st 5°C/min 

2nd 10°C/min 

1st 5°C/min 

PDMS Tg°C_ PI Tg°C 

264 

248 

209 

239 

267 

25/7 

295 

288 

  

SC = Solution Cast 

P = Precipitated Powder 

CM = Compression Molded
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Table 5.3 DSC Analysis of Polyimide-Polydimethylsiloxane 
Segmented Copolymers. 

  

  

System Processing Heating Rate ATg°C2 PI Tg°C 

BTDA-DDS SC 2nd 10°C/min --- 265 
BTDA-DDS 15Wt.% 2K CM 1st 5°C/min -17 248 

BTDA-BISP SC 2nd 10°C/min --- 264 
BTDA-BISP 15Wt.% 2.5K CM 4st 5°C/min -25 239 

6F-BISP SC 2nd 10°C/min --- 267 
6F-BISP 15Wt.% 10K CM 1st 5°C/min -10 25/ 

6F-BISA SC 2nd 10°C/min --- 295 
6F-BISA 15Wt.% 10K CM 1st 5°C/min -7 288 
  

aaTg = Tgo - Tgye 

Tgo is the Tg of the imide in the copolymer 

Tgp Is the Tg of the imide homopolymer 

SC = Solution Cast 

CM = Compression Molded
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system. Consequently, the degree of mixing may be limited by 

the morphological texture of the film produced by its 

processing history. Since DSC sample are to small to analyze 

by TEM and SAXS this aspect of the thermal behavior was 

beyond the scope of the present study. 

5.2.2 Influence of the Chemical Nature of the Polyimide 

A comparison of BTDA-DDS 15% 2K and BTDA-Bis P 15% 2.5K 

copolymers revealed that altering the nature of the imide 

segment from polar 3-3' DDS to the significantly less polar 

Bis P monomer, increased the degree of mixing. This is 

demonstrated by the greater ATg, of the of the BTDA-Bis P 

imide listed in Table 5.2. The increase in mixing is further 

supported by the relative increase ATg, of the PDMS phase. 

Miscibility was also increased by changing chemical nature 

of the dianhydride from the more polar BTDA in the 

BTDA-Bis P 10% 800 to less polar 6F in the 6F-Bis P 10% 800 

copolymers, as demonstrated by the greater ATg, of the 

6F-Bis P imide phase. Further comparing the ATg, of the Bis 

A and Bis P containing analogs in Table 5.3, indicates that 

the Bis P containing polyimide segments are slightly more 

miscible with the PDMS segments. In general, an increase in 

the degree of mixing of the PDMS and polyimide segments was
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observed as the polarity of the imide segment is decreased 

by addition of less polar anhydride or diamine monomer. 

5.3.3 Effect of Processing Conditions on the Nature 

of Microphase Separation. 

The first run DSC scans listed in Table 5.1 were used 

to study the effect of processing condition have on the 

nature of the microphase separation. The BTDA~DDS 15 Wt.% 

compression molded series showed the same trend of 

decreasing polyimide Tg with decreasing PDMS segment 

molecular weight. However, the degree of suppression was 

much higher for the compression molded sample, suggesting 

that the two phase morphology of the compression molded 

sample are formed under conditions somewhat favoring 

miscibility of the two phases, at least relative to solvent 

casting. 

Quenching the BTDA-DDS 15% 2K CM slowly after the 

initial scan caused the ATg, to increase substantially from 

17°C to 45°C. It is believed that the two components become 

more miscible as the temperature is increased, in accord 

with UCST behavior. Therefore, when heated and quenched the 

copolymer would be trapped in a much higher state of miscib- 

‘ility than would be representative at lower cooling rates
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where the copolymer has more time to phase separate. This 

exemplifies the effect of two factors on DSC analysis, the 

importance of maintaining uniform conditions when comparing 

samples and the strong effect of the processing conditions 

on the Tg behavior. 

The solution cast second scan and compression molded 

first scan data shows that the same polymer cast from NMP is 

less mixed than the thermally treated sample. Due to the 

polar nature of NMP and the imide segments, the NMP may act 

as a preferential solvent for the polyimide, thereby 

decreasing the mixing between the PDMS and polyimide 

relative to the compression molded sample. In contrast, the 

preliminary results of the first scan data of the solution 

cast and the first scan results of the compression molded 

samples indicate that the solution cast specimens are 

actually more mixed than their compression molded analogs. 

In light of the quenching experiment, it is probable that 

the second run data of the solution cast samples depends on 

the rate of cooling used to obtain the second run. Although, 

problems like obtaining good contact with sample pans can be 

associated with first run scans make it difficult to obtain 

reliable data. Therefore, first run data is more represent- 

ative of the films with the sample history intact and should 

be utilized whenever possible. Since evaluation of the 

mechanical properties involves the films with their
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processing history intact, the first run data more 

accurately embodies the state of phase separation in the 

films used for mechanical property evaluations. The 

preliminary DSC results are supported by SAXS. SAXS analysis 

indicated the compression molded sample are more sharply 

phase separated than the solution cast samples. Further 

discussion on the phase behavior as a function of the 

processing conditions are presented in the SAXS and TEM 

analysis covered in the following section. 

5.2.4 Dynamic Mechanical Thermal Analysis 

In the DMTA spectra of the BTDA-DDS 15% 2K PDMS 

compression molded sample in Figure 5.1, two transition are 

observed. The low temperature transition appears bimodal. 

The low temperature peak at -118°C is associated the Tg of 

PDMS. The broad shoulder at -85°C can be related to the beta 

transition associated with the flexing of the aromatic ring 

or other localized chain motion, typically observed in 

aromatic containing polymers. The secondary transition 

shifts over 2 decades of frequency (Figure 5.2). The 

observed shift of the primary transition is much greater. 

This indicates a greater frequency dependence exists for the 

secondary transition and is accord with theory. It is 

typical for the secondary transition to show an Arrhenius
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Figure 5.1 DMTA spectra of the BTDA-DDS 15% 2K PDMS 
compression molded sample.



161 

  

POLYIMIDE SILOXANE COPOLYMER 
Tan & BTDA/M-DDS 28%PSx(2a52)       

  
geo sag = wots he tg 52 Q 5a 198 

TEMP deg C 

Figure 5.2 Multiple frequency DMTA spectra of the BTDA-DDS 

15% 2K PDMS compression molded sample.
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relationship, while a WLF relationship is predicted for the 

primary glass transition behavior. 

Depending on the copolymer system, PDMS has been shown 

to crystallize and melt in this temperature range. However, 

a Tm was not observed in the range (-60°C to -30°C) where 

the Tm is typically observed. Further, the DSC analysis did 

not indicate the presence of any melting endotherms or 

crystallization exotherms in all three samples. Therfore, 

crystallinity in the PDMS was excluded as the source of the 

secondary transition. 

Since the DMTA samples were not run under a nitrogen 

atmosphere to prevent condensation, the transition observed 

at 26°C is attributed to moisture. When run in the DSC ina 

closed pan, a transition in the same region is observed. 

Running the same sample after heating to 240°C, in an open 

pan under nitrogen atmosphere the transition is no longer 

present. Unfortunately, no imide Tg's were obtained becase 

the BTDA-DDS and BTDA-BISP 2K 15 Wt.% PDMS samples were thin 

and began to slip as the upper imide Tg was approached. 

Comparison of the DMTA spectra for the BTDA-BISP 15% 2K 

PDMS sample (Figure 5.3) with the BTDA-DDS analog, shows 

that the storage modulus is slightly lower for the BTDA-BISP 

sample. Even though the modulus in the DMTA is measured in 

the bending mode, the lower observed modulus agrees with 

stress-strain results. The drop in the storage modulus at
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Figure 5.3 DMTA spectra of the BTDA-Bis P 15% 2K PDMS 
compression molded sample.
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the PDMS Tg, decrease in the tan 6 maxima and the shift of 

the maxima to -109°C indicates that the relative degree of 

phase separation is decreased by adding the nonpolar BISP 

segment. The presence of the broad secondary transition at - 

90°C, as previously mentioned is probably associated with 

the aromatic character. 

No primary transition for the PDMS was observed in the 

DMTA spectra (Figure 5.4) of the BTDA-DDS 15% 10K PDMS 

sample. The primary transition at 268°C and the secondary 

transition at -80°C of the polyimide are evident. The 

absence of the PDMS transition implied that the amount of 

PDMS incorporated into this sample is not enough to be 

detected by DMTA. This fact helps explain why no special 

morphology was observed in the micrtomed sections. NMR needs 

to be performed on the sample to verify that the amount of 

PDMS incorporated was close to that intended. 

5.3 Morphological Investigations Utilizing TEM and SAXS 

5.3.1 Compression Molded 

The compression molded BTDA-DDS 15% 2K sample exhibited 

a different semi-continuous or rod-like morphology 

(Figure 5.5a) about 6 nm in diameter in a composition range 

where a spherical range would be anticipatea’*'@ It is
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evident that the large difference in the solubility 

parameters between the polar BTDA~-DDS and nonpolar PDMS 

segments creates a situation where a continuous morphology, 

with less surface/volume ratio than spheres, is 

thermodynamically favored. A similar effect has been 

observed in a similar composition range (17 Wt.% PDMS) with 

129. Decreasing the poly(Butene Sulfone) graft copolymers 

the PDMS molecular weight to 900 in the BTDA-DDS 15% 900 

(Figure 5.5b) reveals that the scale of the structure 

decreases as anticipated and the structure becomes much less 

continuous with spherical textures present in many areas. 

The data implies that a morphology with more surface to 

volume ratio is favored. The increase in surface area could 

be related the increased number chain junctions in the 

interphase region caused by decreasing PDMS MW at constant 

composition. This effect is similar to the effect of the 

increasing the number of graft/backbone in the PBS-g-PDMS 

system previously discussed in Chapter IV. 

The SAXS analysis of the BTDA-DDS 15% 900, 2K and 10K 

PDMS (Figure 5.6) shows a maxima for the 900 PDMS molar mass 

which corresponds to 10 nm interdomain spacing. 

Unfortunately, only the tail regions of the BTDA-DDS 15% 2K 

and 10K scattering spectra were resolved, indicating that 

the interdomain spacings of these samples were to large to 

resolve in the SAXS regime.
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BTDA-DDS 15 Wt.% 2K PDMS 

Compression Molded        

    
    

BTDA-DDS 15 Wt.% 0.9K PDMS 
Compression Molded 

Figure 5.5 TEM micrograph of compression molded samples 
a) BTDA-DDS 15% 2K PDMS (top) b)BTDA-DDS 15% 900 PDMS 
(bottom).
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Figure 5.6 Smeared SAXS spectra of compression molded BIDA- 

DDS 15% 0.9K, 2K and 10K PDMS samples.
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Changing the nature of the polyimide from the polar 

BTDA-DDS to the less polar BTDA-Bis P in the compression 

molded samples shifts the morphology from a semi-continuous 

to a more spherical texture. The TEM micrographs of the 

BTDA-Bis P 15% 2K sample are depicted in Figure 5.7a. This 

suggests that decreasing the polarity of the polyimide phase 

favors the more discrete microdomain structure with more 

surface to volume ratio. Again the interdomain spacing in 

the sample too large and could not be resolved by SAXS. 

The TEM micrograph of the 6F-Bis P 15% 10K sample in 

Figure 7b shows the presence of spherical siloxane domains 

which range in size from ca. 15 nm to 60 nm in diameter. 

Spherical domains are expected in the composition range, 

however, the range in the size of the domains seem extreme. 

The sample was not extracted for any excess oligomer. The 

variation in size could reflect the presence of unreacted 

PDMS that could be miscible or emulsified by the PDMS 

domains. This would likely swell the domains making further 

analysis of the microstructure difficult. 

5.3.2 Solution Cast 

The TEM analysis presented in Figures 5.8a and 5.8b of 

the BTDA-DDS 15% 2K and BTDA~-Bis P 15% 2K solution cast 

samples showed that both had spherical siloxane domains in a
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BTDA-BISP 15 Wt.% 2.5 K 
Compression Molded        

  

6F-Bis P 15 Wt.% 10K PDMS 

Compression Molded 

  
Figure 5.7 TEM micrograph of compression molded samples 
a)BTDA-Bis P 15% 2K PDMS (top) b)6F-Bis P 15% 10K PDMS 
(bottom).
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continuous polyimide matrix. The shift to a spherical 

texture, compared to the semi-continuous texture of the 

thermally treated compression molded sample, may be due to 

the NMP acting as a preferential solvent. On the basis of 

solubility parameter; PDMS 7.6 (cal/cm’)'/2, NMP 11.3 

(cal/cm?)'/? and most polyimides >10 (cal/cm*)'/?, it would be 

expected for the NMP to favor the polyimide. The NMP could 

act preferentially to swell the polyimide chains, thus 

favoring a shift to the more discrete spherical structure. 

This is similar to the effects observed in well defined 

diblock morphologies. By the decreasing the interaction 

parameter through changing the nature of the polyimide to 

the less polar BTDA-Bis P segment the domains with a larger 

surface/volume ratio would be favored. This could explain 

the smaller domains that were observed in the BTDA-Bis P 

sample. 

The SAXS spectra (Figure 5.9) for the BTDA~Bis P 

solution cast sample shows a maxima corresponding to a 

spacing of approximately 30 nm which is slightly less than 

the 23nm interdoamin spacing estimate by TEM. TEM has the 

potential to underestimate the interdomain spacing since the 

TEM image is a two-dimensional projection of a three- 

dimensional object. The SAXS spectra for the compression 

molded sample is too large to be resolved. However a 

comparison of the two spectra shows the relative intensity
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BTDA-DDS 15 Wt.% 2K PDMS 

Solution Cast       

      BTDA-BISP 15 Wt.% 2.5K 
Solution Cast : 

Figure 5.8 TEM micrographs of solution cast samples a) BTDA- 
DDS 15% 2K PDMS (top) b)BTDA-Bis P 15% 2K PDMS (bottom).
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Figure 5.9 Smeared SAXS spectra of BTDA-Bis P 15% 2K PDMS 
solution cast samples and compression molded samples.
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of the compression molded sample is significantly higher 

than the solution cast sample. Given that the tail region 

has about the same intensity, this could imply that the 

compression molded sample were more sharply phase separated 

than the solution cast sample, which would be in accord with 

the DSC results. It is probable that the increase in surface 

area of a spherical morphology and the excess interfacial 

area created when casting from a preferential solvent may 

well account for the decrease in the degree of phase 

separation in the solution cast films. 

5.3.3 Thermally Imidized Polyimide-Polydimethylsiloxane 

Copolymers 

Figures 5.10 and 5.11 illustrate the variation of the 

microdomain structure as a function of the PDMS segment 

molecular weight for the bulk thermally imidized samples. 

The TEM micrograph in Figure 5.10 of the bulk imidized BTDA- 

DDS 10% 2K reveals the presence of discrete siloxane spheres 

approximately 2 nm in diameter. PDMS domains size increases 

to about 10 nm as the molecular weight of the PDMS segments 

are increased to 10K (Figure 5.11). Furthermore, the PDMS 

spherical domains become more defined with increased 

mass/thickness contrast as the PDMS molecular weight 

increases. This signifies a higher degree of phase



175 

    
      

BTDA-DDS 10 Wt.% 2K PDMS 
| Thermal Imidization 

  

Figure 5.10 TEM micrographs of the bulk imidized 
BTDA-DDS 10% 2K PDMS sample.
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BTDA-DDS 10 Wt.% 10K PDMS 
Thermal Imidization 

  

    

    

Figure 5.11 TEM micrographs of the bulk imidized 
BTDA-DDS 10% 10K PDMS sample.
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separation, which is in accord with previously discussed DSC 

results. Moreover, a slight distribution of phase sizes 

exist, which may result from the broad Gaussian distribution 

of the PDMS molecular weight. Additionally, the metastable 

phase forming process and side reactions that alter the — 

nature of the continuous polyimide phasemay affect domain 

size. In contrast the analogous BTDA-DDS 15% 2000 solution 

cast specimen in Figure 5.8a had spherical domains on the 

order of 10 nm. The increase in the domain size may be 

thermodynamically favored due to the reduction in the 

surface to volume ratio. Consequently, the siloxane domains 

in the bulk imidized specimen may be kinetically hindered by 

the polyimide side reactions. These reaction have been 

documented in the literature as well as our own research and 

result in the polymer's intractability. This features may 

restrict the domains from equilibrating to larger more 

thermodynamically favorable sizes. It is also plausible that 

the domains may have formed at higher temperatures where the 

two phases are more miscible and a smaller domain size is 

favored.
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5.4 Stress-Strain Behavior 

As indicated by the data in Table 5.4 the morphological 

textures, chemical nature of the polyimide segment, siloxane 

molecular weight and composition have a significantly effect 

on the mechanical properties. In the BTDA-DDS 15 Wt.% series 

as the modulus was found to increase, approaching that of 

the homopolymer modulus, with increasing siloxane molecular 

weight. The depression of the polyimide Tg can be related to 

the amount of siloxane mixed into the polyimide phase by the 

Fox equation. Therefore, as less siloxane is mixed into the 

continuous polyimide phase it becomes more rigid and 

increases the modulus. In general, the strain at break and 

stress at break increased with decreasing PDMS segment 

molecular weight. The exception was the BTDA-DDS 15% 2K 

sample which exhibited the unique semi-continuous 

morphology. 

In contrast, the BTDA-DDS 10% 900 and 10K bulk 

(thermal) imidized samples showed relative little difference 

in modulus, stress at break and % strain at break. Since the 

polymers are intractable in NMP, it can be assumed the 

polyimide matrix is crosslinked and that the nature of the 

crosslinking may inhibit the mixing observed in the 

compression molded sample. Accordingly, there is very little 

dependence of the mechanical properties on molecular weight
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Table 5.4 Stress-Strain Analysis of Polyimide-Polydimethyl 
Siloxane Segmented Copolymers. 

  

  

System Processing % Strain at Stress at Modulus 

Conditions Break Break (ksi) 

(ksi) 

BTDA-DDS CM 288 
BTDA-DDS 15 10K CM 6.7 13.8 257 
BTDA-DDS 15 2K CM 4.6 7.7 193 
BTDA-DDS 15 0.9K CM 9.0 10.9 169 

BTDA-DDS 10 10K TI 6.2 14.2 272 
BTDA-DDS 10 1K TI 6.8 14.5 262 

BTDA-BISP 15 2K CM 13.2 10.5 158 
BTDA-BISP 15 2K SC 5.7 9.3 183 

6F-BISP 15 10K CM 3.7 2.3 126 
6F-BISP 15 10K SC 5.4 6.5 151 

6F-BISA 15 10K CM 10.1 8.5 148 
6F-BISA 15 10K SC 2.8 4.5 167 
  

Crosshead Speed 0.5 in/min 

CM = Compression Molded 

SC = Solution Cast 

TI = Thermal Imidization
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of the PDMS segment in these two samples. 

The solution cast samples that utilize both the 6F and 

BTDA dianhydrides, and the Bis P and Bis A diamine monomers 

showed a higher modulus than the compression molded samples. 

The higher modulus for the solution cast specimens is 

expected, since the preferential solvent NMP will produce a 

more continuous polyimide phase and hence a higher modulus. 

The ultimate properties can be heavily influenced or 

dominated by flaws such as voids and no trends existed in 

the ultimate properties, thus it was difficult to draw any 

conclusions. Unusual rheological effects may also alter the 

compression moled stress-strain behavior as has been 

observed with other siloxane block copolymers." 

5.5 Microimpact Toughness 

The microimpact toughness properties of two diamond 

turned aluminum disks A and B, coated with the BTDA-DDS 900K 

10 Wt.% PDMS sample, with disk B having a twice the coating 

thickness of disk A. A carbon coated disk with additional 

coating of Ni(P), Cr and CoNiCr was used as a reference. The 

microimpact tester developed at Control Data Corporation, 

used a Knoop indentor with a mass of 1.8 grams dropped from 

various heights, causing the diamond indentor to impact the 

disk. In this series, drop heights ranged from 0.025 inches
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(corresponding to and energy of 112 ergs) to 0.30 inches 

(corresponding to an energy of 1345 ergs). The lengths of 

the resulting indentations were measured by an optical 

microscope at 500 times magnification and used to quantify 

the microimpact toughness of the coated disks. The purpose 

of the test was to evaluate polyimide siloxanes as a 

replacement coating for the carbon coating and lubricant 

used in hard disk drives. The idea being that the PDMS would 

migrate to the surface acting as a lubricant and the 

modified imide would act a the protective coating for the 

magnetic media. 

Table 5.5 summarizes the Knoop indentation data as a 

function of drop height. As demonstrated by the optical 

micrographs and Table 5.5, greater indentation lengths for a 

given drop height were observed for the PI-PDMS polymer 

overcoated disks. The optical micrographs of the impact zone 

clearly show a region of plastic deformation. Around the 

impact zone, polymer material was displaced creating a hill 

around the indentation mark. Under the same condition the 

carbon coated disk absorbed the impact of the Knoop 

indentor, creating a stressed region around the impact zone. 

The optical micrographs of the exhibited a discolored zone 

around the indentation, but no distortion of the smooth 

surface. The deeper penetration of the Knoop indentor into 

the polymer coating, and displacement of the polymer during
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Table 5.5 Measured Knoop Indentaion Lengths as a Function of 
Drop Height for Polyimide-Polydimethylsiloxane and Carbon 
Overcoated Hard Disk Drive Media. 

INDENTATION LENGTH (mils) * 
  

  

  

    

DROP HEIGHT | POLYMER OVERCOAT CARBON OVERCOAT 
(inches) | Disk A Disk B(#) 

| 

0.025 | 7.36 + .30 7.07 + .43 3.81 + .39 
6.05 9.20 + .87 9.17 + .63 5.52 + .36 
9.1125 12.48 + 1.02 12.14 # .78 6.73 + .85 
$.175 13.84 + 2.05 ) 13.52 41.11! 9.49 + .56 
6.2375 15.58 + 1.79: 15.81 + .34 18.32 + .79 
a.39 17.15 + 1.94 16.98 + .47 -~=-- 

* average of three indentations | | | 

# the thickness cf polymer overcoating ondisk Bis twice that of 

agisk A
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impact suggest that the imide-siloxane is softer than the 

carbon coating and cannot absorb the impact energy without 

plastically deforming at this frequency of impact. The 

indentation lengths of the two polymer coatings were 

approximately the same, indicating that in this range of 

thicknesses, the microimpact toughness was not a function of 

polymer overcoating thickness. 

It was concluded that. the polyimide was softer and not 

able to absorb impact as easily as the carbon coating. It is 

thought that the ability to absorb impact in hard disk drive 

is desired, since deformation upon head contact with the 

disk media could disrupt the smooth disk surface causing the 

head to crash and damage the storage media. However, in the 

microimpact test is only a qualitative assessment of the 

overcoat material. The microimpact test does not simulate 

the frequency of impact of a real head crash, a factor which 

is much more important to polymers than carbon coating, due 

to the polymers viscoelastic nature. Since the of Ni(P), cr 

and CoNiCr coatings were present under the carbon a direct 

comparison may no be accurate. It is also possible to modify 

the hardness of the imide coating, by either functionalizing 

the imide with a maleimide end group producing a crosslinked 

imide or exposing the coating to an oxygen plasma converting 

the PDMS overlayer to silica. Higher PDMS segment molecular 

weights are also desirable, as has been shown, the modulus
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and surface segregation increases as the degree of phase 

separation increases with increasing PDMS segment molecular 

weight.
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4.5 Conclusions 

Thermal analysis showed that the degree of mixing 

between the siloxane and polyimide segments were strongly 

dependent of siloxane molecular weight, the chemical nature 

of the polyimide segment and the processing conditions. TEM 

analysis revealed 2 and 10 nm spherical siloxane domains the 

BTDA-DDS 10 2000 bulk imidized and the BTDA-DDS 15 2000 

solution cast samples respectively. In contrast, the 

compression molded the BTDA-DDS 15 2000 sample exhibited a 

semi-continuous morphological texture. Changing the imide 

character from the polar BTDA-DDS to the less polar BTDA- 

BisP resulted in a phase shift from the semi-continuous to a 

spherical morphological texture. The modulus was found to 

increase as the degree of phase separation increased by 

increasing PDMS segment size at constant composition. In 

addition, the solution cast films were found to have a 

higher modulus than the compression molded analogs.



VI n-Hexyl Methacrylate/t-Butyl Methacrylate Block 

__Ionomers__ 

6.1 Introduction and Objectives 

Introducing small amount of ionizable functionalities 

into polymer systems has been shown to dramatically affect 

the mechanical, thermal, morphological and rheological 

properties. The property variations may be attributed to the 

strong columbic interactions that favor aggregation of the 

ionic groups into ionic domains. Presently, there is no 

universal consensus regarding the arrangement of the ionic 

species in these polymers. Recently, studies in our 

laboratory and elsewhere have concentrated on the strategic 

positioning of the ionic character in alternating groups 

along the backbone (segmented copolymers), at the ends 

(telechelic) or in sequences at one or both ends (block 

ionomers). 

In the study of block ionomers, an area which has 

synthetically been pioneered in these laboratories, there 

has been no detailed characterization of microdomain 

morphology. Consequently, the detailed morphological 

characterization of block ionomers has been undertaken in 

this study. Further, this study exemplifies the importance 

of the multiple technique approach in the delineation the 

186
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microdomain morphologies of novel systems. Also, the present 

study represented the collaborative effort of Craig 

DePorter'®’ with the synthetic effort, Lakshmi 

Venkateshwaran"' responsible for the all of the SAXS 

analysis and mechanical properties and the author with the 

TEM analysis. It should be noted that another ABA block 

132,133 yas ionomer system made of a styrene-4-vinylpyridium 

being investigated in Professor A. Eisenberg's laboratory at 

McGill University concurrently with this study. 

In the present study, the soft block was based on n- 

hexyl methacrylate (Tg = -10°C) and the ion containing block 

on t-butyl methacrylate (Tg = 118°C). For simplicity, the 

nomenclature adopted will designate a triblock ionomer with 

containing 90 Wt.% n-hexyl methacrylate (NHMA) as the middle 

block and 5Wt.% t-butyl methacrylate (TMBA) as the end 

blocks and with Potassium character as TNT-5/90/5 (K). A 

diblock of 90 Wt.% n-hexyl methacrylate and 10 Wt.% t-butyl 

methacrylate with Cesium counter-ions character would be 

referred to as NT-90/10 (Cs). A theoretical total number 

average molecular weight of the diblocks and triblocks was 

approximately 50,000 g/mol. In most cases, this value could 

experimentally verified. '*
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6.2 Study of Microdomain Morphology 

6.2.1 SAXS Investigations of Diblock Ionomers 

Due to the novel nature of the ionomer systems and 

controversial nature of TEM analysis of ionomers in the 

past, the samples were analyzed by SAXS before TEM analysis 

was attempted. The slit smeared and the desmeared SAXS 

profiles of the K and Cs neutralized diblock ionomers are 

depicted in Figures 6.la&b and 6.2a&b, respectively. All of 

the ionomers exhibit at least one very distinct SAXS peak 

with the exception of the NT-98/2 sample. In the higher 

angle region, secondary peaks and a tertiary peak in the NT 

90/10 sample which sharpen upon desmearing are evident. 

Thus, the data suggest the presence of a high degree of 

ordering in the ionic domains. The scattering spectra shift 

toward lower scattering angles indicating the interdomain 

spacing increases with increasing ion content. 

Interestingly, no peak was observed in the very high angle 

region where peaks in random ionomers have been observed and 

are believed to arise from intra-particle scattering from 

the ionic cluster." The intra-particle scattering is 

thought to result from the organic material present in the 

ionic cluster. This may imply that a block ionomer form 

domains composed of just the ionic constituent or what is
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Figure 6.1 Small angle x-ray scattering profiles of NHMA- 
TBMA diblock ionomers neutralized with K: a) smeared and 
b) desmeared.
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Figure 6.2 Small angle x-ray scattering profiles of NHMA- 
TBMA diblock ionomers neutralized with Cs: a) smeared and 
b) desmeared.
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commonly termed a "super multiplet". 

Additional insight into the phase behavior of the block 

ionomers is obtained by examination of the scaling behavior. 

The desmeared values of the periodic spacings from SAXS, and 

estimated spacing from TEM along with the unperturbed end- 

to-end distance of the NHMA segments are provided in Table 

6.1. As would be expected from a microphase separated 

copolymer, the chain dimensions deviate from the unperturbed 

state. For diblocks without ionic character the interdomain 

spacing scales with the total molecular weight of the 

diblock to the 2/3 power. Interestingly, the interdomain 

spacing of the ionomers scale with molecular weight to a 

power higher than the 2/3 power. This is in agreement with 

the recent work on the styrene-4-vinylpyridium ABA block 

ionomers by Williams et al.’ in which the interdomain 

spacing increased with the first power of molecular weight. 

In non-ionic diblocks chains become perturbed due to the 

joint between chains having to reside in the a limited 

interphase volume while having to maintain uniform density. 

This deviation may indicate that the strong columbic forces 

alter the constraints in the system. The additional 

constraints may arise from changes in density of the domain 

in order to maximize the strong coulombic force introduced 

by the ionic character or a reduction in the interphase



192 

Table 6.1 Periodic Spacings of NHMA-TMBS Block Ionomers 
Measured by TEM and SAXS and Correlation Lengths. 

  

  

Sample A smeared Csesmeared Y4 (D) Y3 (D) TEM 

96/4 K 18.8/10.8 17.4/10.0 17.4 20.8 

94/6 K 19.8/11.6 18.3/10.6 18.2 22.1 

90/10 K  22.3/13.2 21.0/11.8 20.4 24.8 12/17 

96/4 Cs 17.0/8.7 15.5/8.6 14.1 18.4 

94/6 CS 17.4/9.9 15.9/9.2 15.4 18.8 13/17 
90/10 CS 23.8/12.8 23.0/12.7 22.1 26.7 14/19 

  

All values in nanometers 
A/B daenotes first and second order peak
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volume available for the junction between blocks to reside 

in. 

In the latter case, changing the interphase thickness 

to much narrower dimensions would decrease the 

conformational entropy by severely restricting the 

interphase volume that the joint between chains has to 

reside in. The narrowing of the interface has been observed 

in other ionomer systems. For example, in telechelic ionomer 

systems the interphase thickness measures about 0.3-0.5 nm 

as opposed to the 2.2 nm thickness of a styrene-butadiene 

diblock’*, In response to this perturbation, the chains 

would have to become more extended or perturbed to reach 

into the center of the domain to maintain a uniform density 

profile. Unfortunately, the interphase thicknesses of these 

ionomers were not accessible to the increasing intensity of 

the tail region with larger "s" values which are used in the 

invariant analysis. 

The presence of the strong columbic force also present 

the possibility of a change in the density of the domain to 

maximize the interaction of the ionic species. This may be 

indirectly supported by the observed decrease in interdomain 

spacings of a neutralized block ionomer based on EHMA-TMBA 

system when compared with it methacrylic acid containing 

precursor. In any case the details surrounding the formation 

of microdomain in ionomers are still unclear and merit
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further investigation. 

The increasing scattering intensities with increasing 

ion containing block length or content results from the 

proportionality of the scattering intensities to the volume 

of the scattering entities. The higher scattering intensity 

of the more electron dense block ionomers containing Cs 

compared to the less electron dense K containing block 

ionomers was expected. 

The 1-D correlation function which corresponds to a 

geometrically anisotropic structure like a cylindrical or 

lamellar morphology and the 3-D correlation function 

associated with isotropic or spherically symmetric 

morphology are given in Table 6.1. The desmeared periodic 

spacings most closely scale with the 1-D correlation 

functions implying an anisotropic morphological geometry may 

exist. The ratio of the primary and secondary scattering 

peak ranged from 1.73-1.80 for the diblock ionomers. 

Comparison to an hexagonal packed cylindrical system where 

the ratios of the first three orders of reflections are 

1:1.732:2 and a lamellar structure with ratios of 1:2:3 

suggest an hexagonal packed structure may exist. Further, 

the morphological study of telechelic ionomers by Dr. Daan 

Feng!” which found a cylindrical morphology at only about 

7% ion incorporation and the range of composition of these 

diblock ionomers, strongly suggest the presence of a
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cylindrical structure. TEM analysis (discussed in section 

6.1.3) was utilized to obtain added insight into the nature 

of the microdomain structure of these diblock ionomers. 

6.2.2 SAXS Investigations of Triblock Ionomers 

The smeared and desmeared SAXS scattering profiles of K 

and Cs are given in Figures 6.3a&b and 6.4a&b, respectively. 

In accord with the diblock results the position of the 

primary scattering maxima shifted to larger interdomain 

spacing or smaller "s" values with increasing ion content 

and the intensity of the scattering peak of the Cs 

containing triblock ionomer was higher than that of the K 

containing triblock ionomers. In contrast, with the diblock 

ionomers, where higher ordered reflection were present, only 

one broad scattering peak existed in the triblock ionomers. 

There have been several possible reasons associated with 

lower degree of ordering in the triblock systems. One reason 

is the broader molecular weight and composition 

distribution”! of the triblocks could promote a less ordered 

morphology. Another important factor is the co-solvent 

system utilized; eg., 10% methanol was added to the THF to 

completely dissolve the triblock polymer. Methanol as shown 

from the TEM analysis disrupted the continuous structure of 

the NT 90/10 (Cs) ionomer and could have similar effects on
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the triblocks. Lastly, diffusion of the triblock copolymer 

would involve the cooperative motion of both end blocks 

through a matrix. In contrast, the diffusion of one end 

block in the diblocks may be kinetically feasible and thus 

it is more difficult for system triblock to approach 

equilibrium. 

6.3 TEM Analysis of Di- and Triblock Ionomers 

The novel nature of the block ionomers and the 

difficulty in imaging ionomers with TEM in the past, 8 

dictated that a prudent approach was to be used in the TEM 

analysis of the block ionomers. Figure 6.5 shows a through 

focus series of the NT 90/10 (Cs) diblock ionomer. The left 

part of Figure 6.5 is 5 microns “under focussed", the middle 

part is at approximately true focus and the right part is 5 

microns "over focus". The purpose of a through focus series 

is to distinguish the real object resulting from mass- 

thickness contrast from possible artifacts resulting from 

phase contrast. From imaging theory the size of phase 

contrast is proportional to the amount of defocus and the 

maximum contribution of phase contrast to the real image may 

be approximated by Equation 2.18 in the literature review. 

At 5 microns defocus the approximated contribution of the 

‘phase contrast is still smaller than some of the observed
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Figure 6.5 Through focus series of the 90/10 of NHMA-TBMA 
diblock ionomer neutralized with Cs: under focus image 
(left), zero defocus (middle) and over focus image (right).
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domains. Additionally, the domain indicated by the arrow is 

observed at true focus, where the contribution of the phase 

contrast to the real image is negligible. This strongly 

implies that the domains observed in these images are real 

and result from mass-thickness contrast mechanisms. 

Although, it was established that the microdomain 

structure was real, several inconsistencies remained. First, 

a distribution of domain sizes were present for a diblock 

copolymer with a narrow molecular weight distribution. 

Secondly, the spherical domains had less contrast or were 

lighter than the surrounding matrix. While, the density of 

the actual ionic domains was unknown, with the presence of 

Cs in the backbone of the domain species one would expect 

the ionic domain to be considerably more electron dense than 

the surrounding NHMA matrix. This would resul in a darker 

phase relative to the matrix. Lastly, the random structure 

did not correlate with the SAXS spectra which suggested a 

highly ordered anisotropic structure was present. 

When performing TEM analysis on polymers, one has to be 

careful to avoid degradation which may result in artifacts 

that could be misinterpreted. This is especially true for a 

through focus series where beam exposure can be very long. 

To investigate this possibility a NT-90/10 (Cs) sample was 

examined with minimal exposure to the electron beam. Figure 

6.6 shows the presence of dark spherical domains in a
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ita poets 0 pcr 

NHMA-TBMA 90/10 (Cs) cast from methanol 

  

Figure 6.6 TEM micrograph of microtomed section of 90/10 
NHMA-TBMA Cs diblock ionomer using methanol as a boat 
liquid.
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lighter matrix as expected. This signifies that beam damage 

degraded and decreased the electron density of the ionic 

domains, resulting in the lighter domains observed in the 

through focus series. The domains still had a distribution 

of sizes and were spherical or isotropically symmetric. To 

understand the disparity between TEM and SAXS analysis, each 

step in the TEM sample preparation was carefully 

scrutinized. The most suspect step in the TEM film 

preparation was the microtoming step where the sections are 

floated off onto a methanol substrate. Since methanol was 

used as a co-solvent in the triblock system it was logical 

to assume that the polar solvent would have some affinity 

for the ion containing sample as discussed earlier by 

Lundberg and others. Consequently, hexamethyl-disiloxane (a 

relatively non polar liquid with a freezing point of about - 

70°C) was chosen as a substitute boat liquid. Placing a 

small piece of NT 90/10 (Cs) into the hexamethyldisiloxane 

appeared to have no visible effect on the block ionomer. 

The results of the TEM analysis of the NT-90/10 (Cs) 

sections floated onto hexamethyldisiloxane are shown in 

Figure 6.7 and demonstrate highly ordered continuous 

morphological texture with disordered regions in the 

morphology. Therefore, eliminating the exposure to methanol 

resulted in a highly ordered cylindrical or lamellar 

(geometrically anisotropic) morphology which is in accord
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TEM Micrograph of NHMA/TBMA 90/10 Cs 

  
Figure 6.7 TEM micrograph of microtomed section of 90/10 
NHMA-TBMA Cs diblock ionomer using hexamethyl disiloxane as 
a boat liquid.
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with the SAXS spectra. It is interesting to note that 

diblocks without the strong columbic interactions do not 

show continuous structures until about 25% of the minor 

component is present’. The highly ordered regions had an 

estimated interdomain spacing of ca. 19 nm (Table 6.1) and 

appeared randomly oriented. Due to the sensitivity to 

degradation by the electron beam and the low Ty of the NHMA 

matrix causing the sample to flow soon after microtoming, 

TEM analysis had to be performed immediately after 

sectioning when the section were below Tg. After several 

hours the ionomer section would flow and cover the grid 

hole, much like a soap film fills in the holes in a screen 

to minimize surface area. Since observing the same section 

at various angles is necessary to delineate the nature of 

the morphology it was difficult under these conditions to 

determine if the morphology was cylindrical or lamellar. A 

cylindrical morphology would have an end on view of the 

cylinders as a lamellar morphology would have no end view. 

An end on view was not observed in this sample and the same 

morphological texture was maintained when viewing the 

morphology at 45° angle from the plane. Thus, under the 

constraints of the TEM analysis and the possibility of the 

sample flowing no further elucidation of the morphological 

structure could be made from TEM. 

The NT-90/10 (K) sample (Figure 6.8) had a similar
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TEM Micrograph of NHMA/TBMA 90/10 K 

  
Figure 6.8 TEM micrograph of microtomed section of 90/10 
NHMA-TBMA K diblock ionomer using hexamethyl disiloxane as a 
boat liquid.
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morphology to the NT-90/10 (Cs) specimen but with a slightly 

smaller interdomain spacing ca. 17 nm and less image 

contrast. The slightly smaller interdomain spacing may be 

related to the smaller ionic radius of the K ion and the 

resulting increase in the attractive forces associated with 

the smaller ionic radius. The lower electron density of the 

K ion compared with the Cs ion would decrease the mass 

thickness contrast thus account for the decrease in observed 

image contrast. 

Changing the composition from the NT-90/10 (Cs) to 

NT-94/6 (Cs) results in a shift of the morphology texture to 

a more discrete structure depicted in Figure 6.9. This 

composition may be close to the composition where a 

spherical morphological transition may occur and could 

further support the presence of a cylindrical structure in 

the NT-90/10 (Cs). If the block ionomers followed the same 

order of morphological transitions that have been 

established for other diblock systems, a spherical texture 

would be expected to change to a cylindrical morphology. 

The effect of changing the architecture from a diblock 

to a triblock is clearly seen from the micrograph of the 

TNT-5/90/5 (Cs) in Figure 6.10. In concurrence with the SAXS 

results, the triblock structure does not have any highly 

ordered regions. The morphological texture of the triblock 

is more discrete than the diblock. The possible reasons for
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; TEM Micrograph of T/N/T 5/90/5 Triblock 
_ Nuetralized with Cs 

  
Figure 6.9 TEM micrograph of microtomed section of 94/6 
NHMA-TBMA Cs diblock ionomer using hexamethyl disiloxane as 
a boat liquid.
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TEM Micrograph of NHMA/TBMA 94/6 Cs 

  
Figure 6.10 TEM micrograph of microtomed section of 5/90/5 
NHMA-TBMA Cs triblock ionomer using hexamethyl disiloxane as 
a boat liquid.



209 

the differences in morphology (eg. molecular weight 

distribution, polar cosolvent etc.) have been previously 

discussed in section 6.2. 

6.4 Conclusions 

Multiple scattering maxima were observed in the SAXS 

spectra for the diblock ionomers which is indicative of a 

high level of ordering. This was confirmed by TEM analysis 

where highly ordered as well as disordered region were 

observed. The interdomain spacings obtained from SAXS and 

TEM were found to be in good agreement. This is the second 

system’ in which a non-spherical or a continuous structure 

was observed at small volume fraction of the ionic phase. 

Further, the presence of the strong columbic interactions in 

the ionomer was shown to significantly alter the phase 

behavior of diblock copolymers as evidenced by the strong 

dependence of the interdomain spacing of ionic block 

molecular weight. Although, evidence suggests the presence 

of cylindrical domains in the NT-90/10 (Cs) diblock, no more 

definitive statement may be made about the morphological 

texture.



VII PMMA-g-PDMS 

7.1 Introduction and Objectives 

Before discussing the objectives of this study a brief 

review the work this study is based on will be useful. 

Previously,' a series of polymethylmethacrylate-graft- 

polydimethylsiloxane (PMMA-g-PDMS) copolymers with 

approximately 16 Wt.% PDMS incorporated were copolymerized 

by free radical techniques. The PMMA-g-PDMS copolymers were 

investigated by transmission electron microscopy (TEM) and 

small angle x-ray scattering (SAXS). The siloxane grafts in 

were found to form spherical domains in a continuous PMMA 

matrix. The radius of the domains increased with side chain 

molecular weight to the 2/3 power as demonstrated by log-log 

plot of domain radius vs graft molecular weight, in accord 

with the relationship derived theoretically derived for di- 

and triblock architectures. 

As expected, from SAXS spectra the interdomain spacing 

was shown to increase with increasing PDMS domain size. 

Additionally, the smeared SAXS spectra for the 5K, 10K and 

20K graft molar mass had a primary scattering maxima, with 

the 10K and 20K sample exhibiting a second order peak. From 

this it was concluded that the domains achieved some degree 

of ordering under the quasi equilibrium conditions, but did 

210
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not exhibit the extent of long range ordering observed in 

diblocks. However, the presence of a weak second order peak 

in the smeared spectra and the increased sharpness of the 

scattering maxima in the 10K and 20K specimen was 

interpreted as an increase in the local ordering of domains 

coinciding with the decrease in number of grafts per 

backbone at constant degree of polymerization as side chain ~ 

molecular weight increases at constant composition. 

Another series at higher siloxane incorporation (45 

Wt.% PDMS) was studied. It was found that the PMMA-g-PDMS 5K 

45Wt.% PDMS (5/45) sample exhibited the disordered 

bicontinuous (DOB) morphology. Even though compositional and 

molecular weight analysis show that 45 Wt.% PDMS series have 

broad PMMA distributions, the 10K and 20K samples with 

45Wt.% PDMS (10/45 and 20/45) samples exhibited highly 

ordered lamellar and cylindrical structures, respectively. 

Therefore, when a large enough volume fraction (about 50% in 

the 45 Wt.% PDMS series) of the narrow molecular weight PDMS 

grafts are present highly ordered textures are favored. In a 

highly ordered texture, the broad MW PMMA backbones are 

forced to uniformly fill the space between PDMS domains. The 

size of these ordered regions typically range over several 

microns. 

Block architecture had a dramatic effect on the 

‘morphological textures of the thick-cast PMMA-g-PDMS 45 Wt.%



212 

PDMS series. As the number of grafts/backbone was increased 

from about 1.5 (20/45 sample) to 4 (10/45 sample) a 

lamellar-to-cylindrical phase transition was observed. Upon 

further increase to approximately 10 (5/45 specimen) 

grafts/backbone, the lamellar-to-disordered bicontinuous 

transition was observed. Accompanying the increase in the 

number of grafts/backbone is a decrease in the average 

backbone segment molecular weight between chains. This, 

implies that there may be a critical number of grafts per 

backbone and segment molecular weight between backbones that 

favor the shift to the DOB morphology. A critical number of 

arms and arm molecular weights that cause a shift to the 

ordered bicontinuous double diamond texture had been 

observed in starblock copolymers 

In light of the disordered array of short cylinders 

observed at lower compositions. It appears critical volume 

fraction of the narrow molecular weight PDMS graft needed 

for the development of highly ordered region. A series of 

two different macromers were polymerized with different 

molar mass graft charged with equal numbers of 5K, 10K and 

20K grafts to simulate a broad molecular weight distrib- 

ution. Since number average of these graft is approximately 

10K (12.5K), they will be compared to the 10K molar mass 

grafts series. By incorporation of different molar mass 

grafts into a 16 and 45 Wt.% series the effect of broadening
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the graft molar mass on the nature of morphology will be 

investigated. Another parameter investigated is the nature 

of the backbone via anionic copolymerization of the macromer 

and monomer. 

7.2 Study of the Microdomain Structure. 

7.2.1 TEM Analysis of the PMMA-g-PDMS 
  

15 and 42 Wt.% PDMS Series 

It was determined anionic copolymerization of the 

backbone significantly decreases the MWD and CCD of the 

graft copolymers. Although, a complicating factor may be the 

slightly higher syndiotactic structure in the PMMA produced 

by anionic polymerization when compared to the free radical 

polymerization. The tacticity which changes solubility 

parameter of the PMMA. The primary objective is to 

understand the effect of the MWD and CCD on the nature of 

microdomain morphology and small change tacticity is not 

seen as a Significant factor in terms of determining the 

degree of ordering and spatial distribution of the 

microdomains. Studies on PMMA/PVC blend system'*® have 

shown that PVC is partially miscible with atactic and 

syndiotactic PMMA but immiscible with isotactic PMMA. In 

light of this, the increase in syndiotacticity in the
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anionicall coplymerized PMMA may affect only domain size and 

type of morphological texture due to the solubility 

parameter change. 

For convenience standard nomenclature will be adopted 

to describe these samples. A two letter acronym will be used 

to describe the polymerization technique with AN 

representing anionic, FR the free radical and BW different 

molecular weight PDMS oligomers with approximately a 10K 

average molecular weight copolymerized free radically. For 

example, a PMMA-g-PDMS copolymer with 10K grafts and 15 Wt% 

PDMS copolymerized via free radical techniques is designated 

as a 10/15 FR sample. 

TEM analysis of the 10/15 AN and 10/15 BW (Figures 7.1la 

and 7.1b, respectively) were in accord with earlier results 

on the 10/15 FR sample, with PDMS forming spheres in a 

continuous PMMA matrix. For comparative purposes a 

micrograph of the 10/15 FR sample is shown in Figure 7.2a 

with a comparison of the three sample in figure 7.2b. From 

Table 7.1, it is clear domain size increases in order of 

10/15 AN < 10/15 FR < 10/15 BW. 

The samples were prepared under identical slow cast 

conditions and kinetic factors were not considered as 

possible reasons for the domain size differences. 

Interestingly, the system with a narrow MWD of the backbone 

and graft had the smallest domains and the copolymer with
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* PMMA-g-PDMS 15Wt.% 10K PDMS } 
_ Anionic Backbone Polymerization 
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PMMA-g-PDMS 15Wt.% PDMS 

Distribution of Graft MW (5K, 10OK& 20K) 

  

Figure 7.1 TEM micrograph of PMMA-g-PDMS 10K 15Wt.% PDMS 
copolymers: a) copolymerized by anionic techniques and b) 
different 5, 10, and 20K graft molecular weight.
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10K PDMS = 5K, 10K, 20K PDMS 

= 

Figure 7.2 TEM micrograph of PMMA-g-PDMS 10K 15Wt.% PDMS 
copolymers: a) copolymerized by free radical and b) 
composite of 10/15 AN, 10/15 FR and 10/15 BW micrographs.
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Table 7.1 TEM and SAXS Results for Solution Cast PMMA-g-PDMS 
15Wt.% 10K PDMS. 

  

  

2 
Sample A meared Cesmeared o <Ap> qj ze DPS 

X10 by TEM 

10/15 AN 37.6 34.0 2.1 3.72 12 93% 

10/15 BW 59.5 51.0 2.1 1.70 19 42% 

10/15 FR 42.0 38.4 2.0 2.27 15 69% 

  

AN (anionic copolymerization) 
BW (5, 10 and 20K molecular weight graft incorporated) 

FR (free radical copolymerization)
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the broad backbone and grafts had the largest domain size. 

Assuming similar thermodynamic criteria exist for diblocks 

and graft copolymers, domain size is controlled by the 

balance of the interfacial energy favoring larger domain 

sizes with the entropic constraints limiting the domain 

growth. Given that the surface tension is independent of 

molecular at about 10K g/mol,® the surface tension is 

assumed constant. Therefore, the differences in domain size 

must arise from entropic considerations. More precisely, 

these results imply that narrowing the molecular weight 

distribution increase the entropic constraints of the system 

favoring smaller domains with increased surface to volume 

ratio. 

The 10/42 BW sample exhibited short PDMS cylinders in 

contrast to the lamellar morphology in the 10/42 FR sample 

(Figures 7.3a and 7.3b). The continuity of the discrete 

phase was found to decrease and the domain size increased 

upon broadening the MWD. Continuity refers to the average 

length of a given cylinder or lamellae and ordering refers 

degree of regular or periodic placement of the domains with 

respect to each other. The morphological texture in the 

10/42 BW sample similar to the morphology found in the 10/35 

FR sample, only with the domain size closer to the 20/42 FR 

sample. This suggests that by increasing the PDMS MWD or 

decreasing the number of grafts/backbone and changing the
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Figure 7.3 TEM micrograph of PMMA-g-PDMS 10K 42Wt.% PDMS 
copolymers: a) incorporation 5, 10, and 20K graft molecular 
weights b) copolymerized by free radical techniques.
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lamellar texture found in the 10/45 AN sample was consistent 

with the 10/42 FR specimen. 

7.2.2 SAXS Analysis of the PMMA-gq-PDMS 

15 and 42 Wt.% Series 

The smeared SAXS profiles for the series of PMMA graft 

copolymer containing 15Wt.% PDMS are shown if Figure 7.4. A 

maximum is observed for each specimen, signifying the 

existence of a correlation length which should correspond to 

the average spacing between domains. Upon desmearing the 

second order peaks become more pronounced (Figure 7.5) with 

the second order peak in the 10/15 BW sample was found to be 

much less defined than the in the 10/15 FR and 10/15 AN. 

Since, the second ordered peaks were not present in the 

smeared spectra and the desmearing routine used to desmear 

the spectra can erroneously produce second ordered peaks, 

conclusions about the relative degree of ordering would be 

difficult. Although, one would expect that the decrease in 

the ability of the interpenatrated matrix chains to 

redistribute to regions of decreased segmental density 

caused by the increased MWD would have some influence on the 

degree of ordering. It has been shown that decreasing the 

number of grafts/backbone by increasing graft molecular 

weight increased the degree of ordering.'” Annealing the
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Figure 7.4 Smeared small angle x-ray scattering profiles of 
10/15 AN (JMD 043 A3), 10/15 FR (SSII 73) and 10/15 BW (JMD2 
O66D).
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Figure 7.5 Demeared small angle x-ray scattering profiles of 
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grafts/backbone by increasing graft molecular weight 

increased the degree of ordering.’ Annealing the specimens 

above the Tg of the PMMA for several days to better approach 

equilibrium conditions producing higher ordered peaks and 

may provide more insight into the effect of the MWD and CCD 

on the spatial arrangement of the domains. 

In agreement with TEM analysis the tabulated values of 

the periodic spacings from the smeared and desmeared spectra 

in Table 7.1 increase in order 10/15 BW > 10/15 AN > 10/15 

FR. In addition to the interdomain spacing, invariant 

analysis provides information on the relative degree of 

phase separation. In principle scattering of x-rays results 

from fluctuations in electron density. For an ideal sharply 

phase separated system with sharp phase boundaries, the mean 

square electron density fluctuation <Ap*> is given as"! 

<Ap*> = $,6,(P, - P,)* (7.1) 
where p, and p, are the electron density of the components a 

and b, respectively. The ratio of <Ap*> from the invariant 

analysis and the calculated value of <Ap*> for the ideal 

system should fall between 0 and 1. Values of the invariant 

analysis, the mean square electron density and relative 

degree of phase separation are given in Table 7.1. 

Unexpectedly the relative degree of phase separation 

increases with increasing domain size. The interfacial 

thicknesses are within experimental error (Table 7.1) and
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can be considered equal. Given that no mixing into the 

domain was observed (DMA analysis), the mixed volume would 

be proportional to the surface area of the domains. 

Therefore, smaller domains having greater surface area, 

would be expected to have a greater degree of mixing. Hence 

the trend observed is opposite of what would be expected. It 

should be emphasized that the degree of phase separation 

should be viewed as an index for relative comparison and 

further interpretation of these results would be considered 

questionable. Since the values of <Ap*> calculated for the 

ideal system were smaller than the experimentally determined 

values for the 10/15 AN and 10/15 FR samples, conclusions 

obtained using this data may not be reliable. DMA analysis 

should provide a more definitive measure of the degree of 

phase separation. 

The smeared SAXS spectra for the 10/42 BW sample shows 

a primary maxima and a weaker second order peak. 

Unfortunately the samples from the previous study were not 

available for SAXS analysis not allowing a direct comparison 

of the two specimens. However, the degree of spatial 

arrangement of the domains does appear quite regular, only 

the continuity of the phase seem to be affected by 

broadening the molecular weight of the PDMS graft. Further 

speculation about the effect of the MWD of the PDMS grafts 

‘are not possible without a direct comparison.
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7.2.3 Dynamic Mechanical Analysis of PMMA-gq-PDMS 

With 15Wt.% PDMS Incorporation 

To obtain information of the degree of phase 

separation, dynamic mechanical analysis was conducted 

resulting in the plots of E', E'' and tan 6 as a function of 

temperature for the 10/15 AN (Figure 7.6) and 10/15 BW 

(Figure 7.7) samples. Interestingly, the lower transition 

associated with PDMS was not evident in the E' and tan 6 

spectra. However, in the E'' spectra exhibits a maxima 

representative of the PDMS Tg. Nevertheless, there is no 

significant difference in the magnitude and breadth of the 

E'' peak. This implies that the PDMS domains with different 

graft molecular weights behave similar to the narrow 

molecular weight PDMS domains in the 10/15 AN specimen. 

Condensation on the clamps during cooling may account for 

the noise in the E' spectra in Figure 7.7 and the slight 

transition observed close to 0°C in Figure 7.6. 

The Tg of the PMMA in the anionic sample occurs at 

100°C, in contrast to the free radical broad molecular 

weight (10/15 BW) sample where the Tg was 128°C. As expected 

from the larger surface to volume ratio of the smaller 

domains in the 10/15 AN sample the PMMA Tg became more 

depressed. PMMA synthesized by anionic methods is expected 

to be higher in syndiotactic character. The higher
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Figure 7.7 Plots of E', E'' and tan 6 as a function of 
temperature for the PMMA-g-PDMS (5, 10 and 20K) 15Wt.% 
copolymerized via free radical techniques.
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syndiotactic content is associated with a higher Tg and not 

the lower Tg observed in the 10/15 AN sample. Since 

tacticity was not determined for this series of samples, the 

effect of different tacticity on the degree of miscibility 

is unknown and a definitive statement on the degree of 

miscibility is difficult without further analysis of this 

problem. 

7.3 Conclusions 

It was determined that molecular weight distribution of 

the backbone and graft affected the microdomain behavior in 

PMMA-g-PDMS copolymer with 15Wt.% and 42Wt.% incorporation. 

In the more narrow chemical composition and molecular weight 

distribution 10/15 AN sample, the domain size determined by 

TEM analysis and the interdomain spacings determined by SAXS 

was found to decrease in magnitude when compared to similar 

copolymers that are copolymerized by free radical 

techniques. Additionally, when different molecular weight 

graft are incorporated in the backbone, domain size and 

periodic spacings increased. In the 10/42 BW sample 

broadening the molecular wieght of the PDMS graft shifted 

the morphology to a short cylinderical morphology that had 

been previously observed in a lower Wt.% PDMS (10/35 FR) 

sample copolymerized by free radical techniques.



VIII Structure-Property Studies of Arylester-Siloxane 

Perfectly Alternating Copolymers 

8.1 Introduction and Objectives 

The need for large precision space structures utilized 

in navigation such as space stations and communications 

among others, has been continually expanding. Due to the 

precise design criteria required for high energy electro- 

optical and electromagnetic systems, dimensional tolerances 

are very precise. Since the nature of the vibrational 

disturbances vary, the disturbances cover a broad spectrum 

of frequency and amplitude. Additionally, in space severe 

extremes in temperature are typical. It is thought that 

passive damping may a possible solution to vibrational 

control under these extreme conditions.’ Therefore, the 

global goal of the project was to carefully design a 

viscoelastic polymer to damp vibration over a wide frequency 

and temperature range. Polyarylester-polysiloxanes 

multiphase segmented copolymer were chosen, appropriately, 

as the candidate materials for the multiple damping 

applications. Other design criteria for polymer coatings 

used in outerspace are the ability to withstand bombardment 

from protons, electrons and full solar UV spectrum and 

229
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exposure to extreme thermal cycling from -160 to 120°C, 

vacuum from 10° to 10°'’ Torr. These materials are also 

exposed to low earth orbit (LEO) where the primary 

contamination is atomic oxygen. 

The polyarylester or polyarylate system is an example 

of an engineering thermoplastic with good UV stability. 

Modifying the polyarylester with siloxanes increases the 

range of applications. This due to the siloxane's the unique 

combination of properties. These properties include; a low 

glass transition temperature, hydrophobicity, excellent 

thermal stability, high gas permeability, UV resistance, 

biocompatability and low surface energy. One of the most 

distinctive characteristics of siloxane containing 

copolymers is associated its low surface energy. The surface 

energy of siloxane is much lower than most polymers. This 

creates a situation where the siloxane is thermodynamically 

favored at an air/vacuum interface and results in a surface 

morphology that appreciably differs from the bulk 

morphology. It is this aspect of siloxane containing 

copolymer behavior that allows a substantial modification of 

the surface properties, while maintaining important 

properties of the bulk. 

Polyarylesters are somewhat difficult to process at 

temperature above Tg and it was thought that modification 

with siloxanes might improve the processability, as well as
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mechanical properties. Different siloxane character was 

imparted, in hopes of further improving processability by 

enhancing miscibility of the ester and siloxane at higher 

temperatures. In order to analyze the processability, 

samples were both compression molded and cast from a 

chloroform solution. 

P. A. Brandt’ synthesized and performed the thermal 

characterization, surface and oxygen plasma resistance of 

the polyarylester siloxane copolymers studied here. In order 

to present a complete story, some of the thermal analysis 

which are relevant to and support other results will be 

presented here. The scope of this research was very broad, 

and entailed the effect of chemical composition, molecular 

weight, copolymer composition and processing conditions. 

This presented an ideal opportunity to study the effect of 

these polymer parameters on the nature of phase separation 

and the type microdomain morphology for perfectly 

alternating copolymer systems. It is the latter objective 

that is the primary goal of the research described in this 

dissertation. 

For simplicity, a standard nomenclature will be used to 

describe the specimens used in this study. A system with a 

polyarylester molecular weight of 5000 and a polydimethyl 

Siloxane molecular weight of 10000 will be referred to as 

5/10 PDMS sample. PTFS will be used for the 50% polydimethyl
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siloxane/ 50% trifluropropylmethyl siloxane and PDPS is the 

acronym for 50% polydimethyl siloxane/ 50% polydiphenyl 

siloxane. 

Table 8.1 lists the molecular weights of each block, 

weight % and volume fraction compositions and the degree of 

polymerization of the siloxane blocks for the samples 

studied. 

8.2 DSC Analysis of the nature of Microphase 

Separation 

8.2.1 Influence of the Chemical Nature of the Siloxane 

The driving force of phase separation in the bulk is 

related to the difference in solubility parameter between 

the two components. The large difference in the solubility 

parameter of the PDMS (7.6 cal/cm’)'/* and polyarylester (9.6 

(cal/cm’)'/? established that microphase separated behavior 

was to be anticipated at relatively low degrees of 

polymerization. Modifying the chemistry of the siloxane to 

the trifluoropropyl methyl bonded silicon PTFS increases the 

solubility parameter to (9.2 cal/cm’)'/*. Diphenyl 

substitution (PDPS) further increases the solubility 

parameter to (9.6 cal/cm’)'/*. On this basis alone, increased 

miscibility between the PTFS and PDPS was anticipated.
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Table 8.1 Summary of Compositional Information for Perfectly 

Alternating PE-Siloxane Segmented Copolymers. 

  

  

Chemical Siloxane Degree of Ester Weight % Volume 

Composition M, Polymerization (N) M, Siloxane Fraction (@) 

100CH3 6000 81 5000 54 60 

100CH3 10500 142 5000 38 43 
100CH3 6000 81 9900 67 72 
100CH3 10500 142 10500 50 56 

100CH3/50F3 5700 47 5100 52 55 
100CH3/S0F 3 11500 103 5100 35 38 
100CH3/50F3 5700 47 10900 = 70 72 
100CH3/50F3 11500 103 10900 54 57 

100CH3/S0@G 5400 42 5100 53 56 

100CH3/50@ 11800 85 5100 34 37 

100CH3/508 5400 42 9900 69 72 

100CH3/50@ 11800 85 9900 51 54 
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Several methods were used to detect and delineate the 

nature of bulk phase separation. DSC was employed to 

investigate the microphase separated nature of the 

polyarylester-siloxane polymers. From DSC analysis the Tg of 

each block was determined. The Tg which provides information 

on the relative degree of miscibility between blocks. Mixing 

of the low Tg poly(dimethyl), (trifluoropropyl methyl) or 

diphenyl) siloxane phase into the higher Tg PE phase would 

suppress the PE Tg. The degree of suppression is 

proportional to the amount of siloxane homo or copolymer 

soft segment mixed into the PE phase. Conversely, an 

increase of the PDMS side chain's Tg, in the amorphous state 

indicates the degree of mixing of the PE phase into the PDMS 

phase. 

If the mixing behavior followed the behavior described 

by a Gordon-Taylor'* type equation the relative amount of 

Siloxane mixed into the ester phase may be estimated. From 

these calculations several trends become evident. Firstly, 

comparison of the 5/5 and 10/10 copolymers shows that as 

molecular weight increases, the mixing of the siloxane into 

the ester phase decreases. Secondly, the relative amount of 

Siloxane mixing with the ester phase increases as the 

siloxane chemistry is altered from 100% dimethyl to 

trifluoropropyl methyl to diphenyl character respectively. 

‘Lastly, the specimens in which a lamellar morphology is
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observed have the lowest amount of siloxane mixed with the 

ester, possibly reflecting the smaller surface/volume ratio 

of the lamellar morphology compared to the disordered 

bicontinuous textures. These concepts will be discussed in 

greater detail in the following sections. It should be noted 

that the Gordon Taylor equation was as a method to account 

for the different siloxane Tg's and is derived for random 

copolymer systems and may not directly apply here. Thus, the 

numbers obtained from the analysis should be considered only 

in the context of a relative comparison between similar 

systems. 

A more simple measure of the relative miscibility of 

perfectly alternating segmented copolymers is the change in 

the Tg of each phase relative to the corresponding 

homopolymer Tg. More precisely, the change in the Tg of the 

siloxane phase in the copolymer compared to the siloxane 

homopolymer is referred to as the ATg,. The difference 

between the polyarylester homopolymer and the ester segment 

incorporated into the copolymer will be the ATg,. As a 

criterion for the total relative degree of mixing of both 

phases in the copolymer, a parameter ATg total will be 

defined as follows; ATg, = ATg, - ATg,. The Tg values of the 

arylester homopolymer, siloxane oligomer and the copolymers 

are listed in Table 8.2. The values for ATg,, ATg, and ATg, 

are given in Table 8.3.
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Table 8.2 Summary of DSC Analysis of PE-Siloxane Segmented 

Copolymers, Poly(arylester) and Siloxane Oligomers. 

  

Siloxane block Ester block Copolymer 

Composition (Wt.%) Mn TPC) My, T,(°C) Tg1-Tg2(°C) 

  

100CH3 6000 = -123,- 5000s«-171.-—S—-123,135 
100CH3 10000 = -123.-S 5000.-s«171'-—Ss—-126, 158 
100CH3 6000 -123 9900 174  -123,168 
100CH3 10500 = -123,—S «10500175 ~—-125,173 

100CH3/S0F3 5700  -105 = 5100s ‘171_—-102,135 
100CH3/50F3 11500-1012 5100s: 171_—-96,144 
100CH3/50F3 5700 — --105. = «10900 -:180~—-104,174 
100CH3/S0F3 11500 -101_«=:10900 180 ~—--95,175 

100CH3/50 5400-74. «5100s :'171—S«~-61, 156 
100CH3/508 11800 -71 5100 171 —-64,156 
100CH3/502 5400-74. (9900s «174_—Ss-72,175 
100CH3/500 11800 -71 9900 174 -69,176 
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Table 8.3 Degree of Miscibility from DSC Analysis of PE- 
Siloxane Segmented Copolymers, 
Oligomers. 

Siloxane block Ester block 

Poly (arylester) and Siloxane 

  

  

Composition (Wt.%) My AT,1(°C)® My, ATg9(°C)D AT (OC) Siloxane 
P OWE) Mn ATs (°C) n g2C) Be DE Phase 

100CH3 6000 0 5000 —- -36 36 13.6 
100CH3 10000 3 5000 = -13 10 6.1 
100CH3 6000 0 9900 6 6 3.1 
100CH3 10500 -2 10500 -2 ll 

100CH3/50F3 5700 3 5100 — -33 36 17.4 
100CH3/50F3 11500 5 5100-27 32 15.7 
100CH3/50F3 5700 10900 -6 7 4.8 
100CH3/50F3 11500 6 10900 -5 ll 4.6 

100CH3/50 5400 13 5100-15 28 27.8 
100CH3/508 11800 7 5100 -15 22 34.7 

100CH3/50 5400 2 9900 ! -7.9 
100CH3/500 11800 2 9900 2 0 -6.9 

  

4 AT g1= Tg1-Tg of homopolymer | 

b AT 52= Ty2-Tg of homopolymer 2 

C AT = AT gj - AT,9 
eo & &
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The examination of the glass transition data in Table 

8.3, reveals interesting trends in phase behavior. In the 

5/5 siloxane containing arylesters, increased miscibility 

was observed as the siloxane character is changed from PDMS 

to PTIFS. This was illustrated by the increase in the ATqg, 

and ATg,. Aside from the differences is the solubility 

parameters between the PDMS and PTFS, the lower degree of 

polymerization of the PTFS could also promote partial 

miscibility. From microphase separation theory the product 

of x, the interaction parameter, and N, the degree of 

polymerization, are the critical parameter used to describe 

the microphase separated nature in diblocks. Due to the 

larger atomic weight of fluorine atoms in the PTFS and 

phenyl ring of the PDPS, at equivalent molecular weights, 

the PTFS and PDPS have about 1/2 the degree of 

polymerization of the PDMS (Table 8.1). It should be noted 

that crystallinity was detected in the PDMS phase at low 

temperatures and this may strongly influence both the PDMS 

Tg and the phase separated behavior. The presence of 

crystallinity in the PDMS phase incorporated into the 

copolymer has been shown to indicate a more sharply phase 

separated system in PBS-PDMS graft copolymers"%. 

Interestingly, a significant shift in the Tg of the 

ester phase occurred, while the Tg of the siloxane phase 

remained approximately the same in the PDMS and PTFS
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containing copolymers. This behavior is indicative of 

asymmetric mixing. '4:'4 That is the ester phase does not 

mix into the siloxane phase to the same degree as the 

siloxane phase mixes into the ester phase, creating an 

asymmetric interphase profile. Upon changing the chemical 

nature of the siloxane to PDPS, in the 5/5 PDPS system, the 

ATg, remains approximately equal. In contrast to the PDMS 

and PTFS systems, where the ATg, and ATg, are about equal, 

representing mutual mixing of the two phases. 

8.2.2 Effect of Segment Molecular Weight and 

Compositional Dependence 

Increasing the molar mass of the segments has two 

primary effects on the nature of microphase separation. 

First, is the increase in the interaction parameter due to 

the larger disparity between the solubility parameter of the 

higher molecular weight segments. Secondly, as discussed 

previously, the number of junctions that reside in the 

interphase region per chain decreases with increasing 

segment molecular weight for a given equivalent total number 

average molecular weights. This results in a decrease in the 

number of entropic constraints per chain. Both of the 

formentioned factors favor immiscibility and could account 

for changes in miscibility for copolymers of equal
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composition and different segment molar mass. An additional 

factor is the different morphological textures observed in 

the 5/5 and 10/10 systems. As will be discussed in the 

following section, the all of the 5/5 samples exhibit a 

disordered bicontinuous (DOB) morphology. In contrast, all 

of the 10/10 samples show a lamellar texture. It is thought 

that the DOB morphology has a larger surface area to volume 

ratio than the lamellar. Hence, with a larger volume of 

material present in the mixed interfacial region the 5/5 

system may exhibit increased miscibility compared to the 

10/10 samples. 

Moreover, similar values of ATg, and ATg, are 

indicative of mutual mixing. As evident by the small values 

for the ATg, and ATg,, and within the precision of DSC 

measurements, each system is sharply phase separated. The 

highest degree of mixing was observed in the PTFS system 

which had the largest value of ATg,. 

It should be noted that the value for the ATg, in the 

PTFS sample may be larger than than perhaps anticipated, 

since the Tg for the reference 10,900 molar mass homopolymer 

poly(arylester) has a Tg of 180°C, whereas the 10,500 

poly(arylester) homopolymer with only 400 g/mol less molar 

mass has a Tg of 175°C. Though there may be some dependence 

of the Tg on molar mass range, a difference of 400 g/mol or 

approximately one repeat unit would not be expected to alter
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the Tg by 5°C. This is supported by the minor 1°C increase 

observed between the 9,900 and 10,500 molar mass arylester 

Oligomers and by the fact that in the most sharply phase 

separated 10/10 system has a PE Tg of only 175°C. 

Comparison of the 5/5 and 5/10 systems indicates that 

increasing siloxane molar mass to 10K while the PE molar 

mass remains constant, decreases the mixing of the siloxane 

into the ester phase. The differences in the mixing behavior 

are determined by the comparison of the degree of 

suppression of the ester Tg (ATg,) in the 5/5 and 5/10 PE- 

siloxane systems. Differences in the ATg, for the 5/5 and 

5/10 PE-siloxane copolymers were calculated as 23°C, 6°C and 

o°c as siloxane chemistry is changed from PDMS, PTFS and 

PDPS, respectively. Although the magnitude of the change is 

much less, the opposite trend is evident upon examination of 

the ATg, of the 5/5 system and ATg, of the 5/10 samples. The 

difference increases from -3°C to 2°C to 6°C as the chemistry 

is altered from all PDMS to PTFS and partially PDPS, 

respectively. These trends imply that as the chemical nature 

of the siloxane segment becomes similar to the ester 

segment, the degree of polymerization of the siloxane 

segment affects the mixing of the siloxane with the 5K ester 

phase to a lesser degree, with the PDPS system exhibiting no 

difference. Conversely, it seems that increasing the molar 

mass of the PDPS containing siloxane segment does decrease
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the degree of mixing of the ester into the siloxane, but 

little or no effect on the degree of mixing of the ester 

into the siloxane phase is observed in the PTFS and PDMS 

sample. Subsequently, it was concluded that when the ester 

segment has a molar mass of 5K, increasing the molar mass of 

the siloxane with dissimilar chemistry to the ester favors 

demixing of the siloxane from the ester phase. On the other 

hand, increasing the molar mass of a siloxane segment with 

similar chemistry to the ester promotes demixing of the 

ester from the siloxane phase. 

In the 10/5 system the ATg, are within 2°C of 0 for all 

of the siloxane types, suggesting little or no mixing of the 

ester phase into the siloxane phase is occurring. In 

general, the total degree of mixing of both phases is very 

close to the 10/10 samples, as indicated by the fact that 

ATg, values of the 10/5 and 10/10 systems are within 6°C 

with the PDPS system within 1°C. This symbolizes mutual 

demixing occurs upon increase of the PE segment molar mass. 

What is clearly evident is that increasing the molar mass of 

the siloxane segment to 10K, while leaving the PE segment at 

5K molar mass does not effect the miscibility to the degree 

of the reverse situation, eg. where the copolymers have a 

10K PE segment and 5K siloxane segment. The ATg, values of 

the systems containing 10K ester segments are low, 

suggesting a low overall degree of mixing. The ATg, values
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for the 5K ester segment containing systems are relatively 

high, indicating a higher degree of mixing between PE and 

siloxane segments. It seems that in this molecular weight 

range the polyarylester segment length is more important in 

determining the overall degree of mixing between the two 

phase. Interestingly, as will be discussed in the TEM 

section, the copolymers with 5K arylester segments exhibit 

disordered bicontinuous morphologies, which are believed to 

have larger surface/volume ratios than the lamellar 

morphologies which were observed in the copolymers 

containing 10K arylester segments. 

8.3 Morphological Study with TEM and SAXS Analysis 

8.3.1 Influence of the Chemical Nature of the Siloxane 

In a previous study, TEM analysis of the 5/5 SC PDMS, 

PDPS and PTFS copolymers revealed each of the three samples 

exhibit a disordered bicontinuous morphology (DOB). For 

completeness the TEM micrographs are presented in Figure 

8.1a, 8.1b, and 8.2a, respectively. Aside from small 

differences in the periodic spacing (tabulated in Table 8.4) 

the morphologies are remarkably similar. These observations 

“are consistent with morphologies found earlier in methylene
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     5/5 PE-PDPS 

Solution Cast 

  

160 nm 

Figure 8.1 TEM micrographs of solution cast perfectly 
alternating segmented copolymers: a) 5/5 PE-PDMS and 
b) 5/5 PE-PDPS.
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, 5/5 PE-PTFS 

- Solution Cast —      

   

Figure 8.2 TEM micrographs of solution cast perfectly 
alternating segmented copolymers: a) 5/5 PE-PTFS and 
b) 10/5 PE-PTFS.



246 

chloride cast polycarbonate-PDMS perfectly alternating 

segmented copolymers films. The similar morphology has been 

observed in other systems and was called a sponge-like 

morphology in the formentioned study™*®. Inverse gas 

chromatography studies on these systems found that the 

calculated domain area of a 3.4K-10K PC/PDMS were similar to 

the 11.5K-10K PC-PDMS sample, in a range of composition from 

69.7 Wt.% to 42 Wt.% PpMS'*’. A Kerner analysis" of 

tensile stress-strain and DMTA results indicated that the 

11.5K-10K and the 16K-15K PC/PDMS samples had a continuous 

ester phase, with the latter copolymer exhibiting a lamellar 

morphology. The adsorption behavior of a continuous siloxane 

phase and the mechanical behavior of a continuous 

polycarbonate phase suggests bicontinuity of the microdomain 

morphology. A previous study by the author’ show that 

rapidly increasing the kinetics of solvent evaporation, by 

casting the chloroform solution onto a water substrate, did 

not significantly alter the type of morphology observed in 

these sample. Using the thin cast method, films thinner than 

those obtained from from cryo-microtoming may be used for 

TEM analysis. This is a significant factor if the type of 

morphology is difficult to delineate due to domain overlap. 

Film thicknesses on the order of interdomain spacings could 

alleviate this problem. In the thin cast films a discrete 

phase could not be determined. Hence, it was concluded that
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the morphological texture was bicontinuous in nature. As 

will be shown in the next section, changing the composition 

significantly alters the observed morphology. However, no 

discernable differences in the morphological textures are 

observed with changes in the chemical nature of the 

siloxane. 

8.4.2 Effect of Seqment Molecular Weight and 

Compositional Dependence 

The micrograph of the 10/10 SC PDMS sample is depicted 

in Figure 8.3a. A shift in the morphology to a lamellar 

texture is observed upon increasing the molar mass of the PE 

and PDMS segments to 10K. Although regions of high order are 

present, less defined and ordered regions are also present. 

The regions of disorder may result from the broad molecular 

weights of the PE and PDMS segments (Mn/Mw ca. 2.0) creating 

composition distributions. Further analysis of this 

phenomena is beyond the scope of this study. Although, 

aspects of the effect of composition distribution on 

morphology were covered previously in Chapter 4 and 7. 

As previously discussed, increasing molar mass of the 

segments is an additional factor that also contributes to 

the free energy minimization problem in microphase separated 

systems. The usual balance between the conformational
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10/10 PE-PDMS 
_ Solution Cast 

  
10/10 PE-PDMS 

Thin Cast 

  

    

Figure 8.3 TEM micrographs of solution cast perfectly 
alternating segmented copolymers: a) thick cast 10/10 PE- 
PDMS and b) thin cast 10/10 PE-PTFS.
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restrictions of junction placement, maintenance of constant 

density and the surface to volume ratio considerations is 

applicable. Increasing the segment molar mass increases both 

the interaction parameter and consequently, the interfacial 

tension. However, the conformational entropy decreases as 

the number of constraints/chain and molar mass between 

junctions decreases. If the DOB morphology has a larger 

surface area, the shift to lamellar morphologies decreases 

the surface to volume ratio and results in a lower 

interfacial energy. Since, the balance between the confornm- 

ational entropy loss and interfacial energy determines which 

texture is preferred, shifting to the disordered bicon- 

tinuous morphology (which increases the interfacial energy) 

must be driven by conformational entropic losses. These 

conformational entropic losses most likely originate from 

the increase in the number of constraints/chain and 

subsequent decrease in the molar mass between junctions. An 

increase in the density of junctions in the interphase also 

increases the probability of higher segmental densities to 

be found near the interphase region. Such a state is 

energetically unfavorable. In order to maintain the 

segmental densities of the homopolymers the chains obtain 

energetically unfavorable conformations perhaps reaching 

into the center of the domain to maintain uniform density 

profiles. In the case of a lamellar morphology with a flat
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interface, with a significant increase in the number of 

constraints and the limited number of degrees of freedom of 

the lower molar mass segments in the 5/5 sample, the chains 

may have to obtain even more highly extended and unfavorable 

conformations. With the lower surface tensions in the 5/5 

sample, the system responds by creating an interface with a 

finite curvature, thus relaxing the entropic constrictions 

at the cost of increasing surface area to volume ratio. 

Similar effects of the number of constraints/chain on the 

morphological texture have been demonstrated in our earlier 

studies of the PMMA-g-PDMS systems.!'> 

The larger surface to volume ratio of the DOB may be 

indirectly supported by the observed morphology in the thin 

cast films. The morphology formed in the 10/10 PDMS system 

thin cast film is similar to the DOB morphology, but the 

scale of the structure is larger and more diffuse than the 

5/5 PDMS DOB morphology (Figure 8.3b). The film morphology 

is metastable due to the rapid evaporation rate produced by 

casting a thin film onto a water substrate. 

If the solution cast morphology of these samples are 

formed according the the scheme proposed by Sadron and 

Gallot,” the highly metastable thin cast morphology may 

represent the morphology formed at high solvent content. 

Considering chloroform is a good solvent for both phases, 

the morphology would start as a disordered bicontinuous
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morphology at higher solvent content. Given enough time by 

Slowing the evaporation rate the morphology shifts to a 

lamellar morphology. Subsequently, this may imply that ina 

system with the same entropic constraints, a lamellar 

morphology is thermodynamically favored due to the larger 

interfacial energy associated with the disordered 

bicontinuous morphology. The same shift in morphology from a 

DOB to a highly ordered lamellar or cylindrical structures 

has been observed in thin and thick cast PMMA-g-PDMS 

samples.'? unfortunately, in the IGC analysis of the 

PC/PDMS copolymers the 16K-15K with the lamellar morphology 

was not analyzed so that the relative surface area of each 

morphology could not be unambiguously determined. 

The 5/10 PDMS sample exhibits a more discrete ester 

phase as demonstrated by the many discrete spherical or 

oblong ester domains indicated by the arrow on the left side 

of Figure 8.4a. Initially the morphology was thought to be a 

DOB microstructure. When thinner area in the section were 

examined the ester phases appeared more discrete, 

exemplifying the problems with domain overlap in non-ordered 

systems that may lead to misinterpretation. Areas indicated 

by the arrow in the right side of Figure 8.4a show longer 

more continuous ester phases. Viewing the specimen at a 45° 

angle show more areas where the ester phase in elongated in 

the direction of the arrow in Figure 8.4b. Many of the same
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(5/10 PE-PDMS 

- Solution Cast       

Figure 8.4 TEM micrographs of solution cast perfectly 
alternating segmented copolymers: a) 5/10 PE-PDMS 
perpendicular view and b) 5/10 PE-PDMS 45° tilt.
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shape characteristic present in the DOB are in the 5/10 

structure. The more discrete nature suggests at high enough 

volume fractions of PDMS morphological texture is no longer 

interconnected and is believed to become a branched 

cylindrical type structure with the same shape 

characteristics as the DOB only discrete. 

The 10/5 PDMS sample had a lamellar morphology with a 

periodic spacing slightly less than the 10/10 PDMS sample as 

shown in the TEM micrograph in Figure 8.5a. A lower 

magnification micrograph (Figure 8.5b) reveals an area to 

the right of the well defined lamellae where the lamellae 

are barely visible followed by an area with thicker 

lamellae. A random orientation of the lamellar would produce 

views at all different angle including the perpendicular to 

the lamellar, which would produce views with no morphology 

(perpendicular) and varying thickness as seen in Figure 

8.5b. On a weight basis the morphologies seem asymmetric. In 

a symmetric case, the densities and Kuhn statistical segment 

lengths of component A and B are equal. Therefore, the 

different morphologies may be due to asymmetries of the 

phase diagram caused by different densities of the PE and 

siloxane phases. 

Taking into account the density differences by 

calculating the volume fraction (Table 8.1), shows that in 

the 5/10 PDMS sample ¢, = 0.72 and in the 10/5 ¢, = 0.43 (@,



  
ee 10/5 PE-PDMS +. 
3 Solution Cast / 

     
Figure 8.5 TEM micrographs of solution cast perfectly 
alternating segmented copolymers: a) 10/5 PE-PDMS high 
magnification and b) 10/5 PE-PDMS low magnification.
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= 0.58), demonstrating that the volume fraction of each 

component is not symmetric. Additionally one would expect 

the Kuhn statistical segments of the PDMS and polyarlyester 

to be quite different. Without samples of comparable volume 

fractions it is difficult to determine whether the origin is 

related to compositional changes and asymmetry of the 

segment lengths or differences in the microphase separated 

behavior of the two phases. Solvent effects may also play a 

role, although chloroform is considered to be a good solvent 

for both phases. 

It should be noted that in the previously referred to 

study of PC/PDMS copolymers by Tang et al., the DOB 

morphology was observed with PDMS volume fractions ranging 

from ¢, = 0.35-0.81, with the PC molar mass of 4K. Since the 

samples were not observed at different angles and the DMA 

results were inconclusive in terms of determining 

bicontinuity of the phases some of the structures observed 

may have been a short cylindrical structure observed in the 

5/10 PDMS sample. Including this, the fact remains that a 

lamellar morphology is observed in a narrow range of 

composition ¢, = 0.43-0.51 and with the molar mass of the 

hard block above 10K. In contrast, DOB morphologies are 

observed throughout a wide composition range with PDMS molar 

mass reaching ranging from 1.8-15K. This implies that the 

molar mass more strongly influences the observed morphology
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and nature of phase separation. This is demonstrated by DSC 

analysis which showed a significant decrease in the degree 

of phase separation upon doubling the degree of 

polymerization of the ester phase. But, little difference in 

the phase behavior resulted from the doubling of the degree 

of polymerization of the PDMS segment. At this point the 

exact origin of this effect is uncertain and merits further 

investigation. As illustrated TEM micrographs of the 10/10 

and 5/10 PDPS copolymers in Figure 8.6a and 8.6b and the 

10/5 PTFS copolymer in Figure 8.2b, the morphological 

textures are similar to those observed in the PDMS system at 

corresponding compositions. 

8.3.3 Effect of Processing Conditions 

As previously alluded to in the introduction, one of 

the problems associated with the arylesters is processing, 

it is from this aspect that the investigation structure- 

property relationships of the compression molded sample were 

undertaken and compared to solution cast samples. From an 

earlier study of the 5/5 series,' the morphology was found 

to differ from the solution cast sample only by the fact 

that the domains did not exhibit the short range ordering 

observed in the solution cast sample. In this study, TEM
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10/10 PE-PDPS 
Solution Cast 

  
5/10 PE-PDPS 

Solution Cast 

   
Figure 8.6 TEM micrographs of solution cast perfectly 
alternating segmented copolymers: a) 10/10 PE-PDPS and 
b) 5/10 PE-PDPS.
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Figure 8.7 TEM micrographs: a) comparison of 5/5 PE-PDPS 
compression moled and solution cast and b) randomly coupled 
PE-PDPS 40Wt.% PDPS.
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analysis was extended to the 5/10 PDPS sample. In accord 

with the earlier study. The micrograph of the CM sample in 

Figure 8.7a shows a similar morphology to the solution cast 

samples, but with the decreased definition of the domains 

and no short range ordering. Unfortunately, the TEM could 

not be performed on the 10/10 compression molded sample to 

see if the lamellar morphology was preserved. 

8.3.4 Influence of Architecture 

To study the influence of architecture, solution cast 

random segmented polyarylester copolymers were studied. In 

the interfacial polymerization of these samples, the 

aminopropyl terminated 5K PDPS segment was copolymerized in 

the presence of acid chloride and bisphenol. Reaction of the 

amine functional siloxane oligomer with an acid chloride 

produces an amide bond which links the siloxane block to the 

ester. The repeated reaction of the bisphenol with the acid 

chloride produces ester blocks of varying or random lengths 

between siloxane blocks. Therefore, the ester block MWD is 

much broader than the perfectly alternating case. 

The TEM micrographs of the random series, 40 Wt.% (46 

Vol.%) and 60 Wt.% (65 Vol.%) PDPS are shown in Figures 8.7b 

(40%) 8.8a (60%)and 8.8b (60%). At 40 Wt.% PDPS a lamellar 

‘morphology is observed. Surprisingly, the morphology found
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was Similar to the 10/5 PE-siloxane perfectly alternating 

copolymers with a slightly larger scale. Due to the 

significantly larger sampling volume, SAXS is more sensitive 

to global ordering and should provide more insight into the 

morphology. Further increasing the siloxane composition to 

60 Wt.% shifts the morphology to the DOB morphology (Figure 

8.8a) observed in the 5/5 PE-siloxane series. Regions of 

lamellar morphologies were also observed (Figure 8.8b). The 

perfectly alternating specimens had a uniform morphology 

throughout the region sampled by TEM, suggesting that the 

broad composition distribution resulting from the random 

ester block causes the sample to equilibrate locally to the 

composition present in that region. This could account for 

the wide variety of textures observed in these samples. It 

seems that in the 40 Wt.% samples the ester block must be 

sufficiently large so as to compensate for the difference in 

length. But as the Wt.% PDPS increases to 60 and the average 

ester block length decreases enough, such that it may create 

larger composition distributions. The smaller block length 

with a decreased degrees of conformation freedom may not 

compensate for the differences in composition. The sample 

may then equilibrate to different morphologies much like the 

PBS-g-PDMS systems.
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Random PE-PDPS 7 

60 Wt.% PDMS Salution Cast} 

Figure 8.8 TEM micrographs of solution cast rencomy coupled segmented copolymers: a) 60Wt.% PDPS b) 60Wt.% PDPS.
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COMMENTS: EFFECT OF CHEMICAL STRUCTURE 
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Figure 8.9 Smeared SAXS profiles of the solution cast 5/5 
PE-Siloxane perfectly alternating copolymers.
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8.4 Morphological Investigations Using SAXS Analysis 

8.4.1 Influence of the Chemical Nature of the Siloxane 

As clearly shown by the smeared SAXS spectra of the 5/5 

solution cast series in Figure 8.9, the 5/5 PDMS scattering 

maxima is approximately 5 times the maxima for either 5/5 

PTFS or 5/5 PDPS systems. Since the scattering intensity is 

proportional the mean square electron density fluctuation, 

the increase in the intensity of the scattering maxima is in 

part associated with the higher electron density of the PDMS 

compare to the PTFS and PDPS systems. Desmearing the spectra 

(Figure 8.10) shifted the curves to higher s values and 

lower interdomain spacings. The interdomain spacings 

calculated from the reciprocal scattering vector from both 

the smeared and desmeared spectra. The coherence lengths 

from the desmeared spectra correlate well with the measured 

periodic spacing from TEM analysis (Table 8.4). As expected 

from the 5/5 sample with similar volume fraction and 

morphological textures, the values of interdomain spacing 

show little dependence on the nature of the siloxane phase. 

In addition to the interdomain spacing SAXS analysis 

offers information on the relative degree of phase 

separation through an invariant analysis. The x-ray 

scattering technique is based on the contrast resulting from
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Figure 8.10 Desmeared SAXS profiles of the solution cast 5/5 
PE-siloxane segmented copolymers.
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Table 8.4 TEM and SAXS Results for Solution Cast 
Poly(arylester) -Siloxane Segmented Copolymers. 

  

  

2 
Sample OC meared Cl sesmeared Gg <Ap> size DPS 

X10 by TEM 

5/5 PE-PDMS 23.8 21.0 2.6 2.49 15 83% 

5/10 PE-PDMS 29.8 27.4 2.5 2.52 17 100% 

10/5 PE-PDMS 32.4 28.5 --- 1.74 21 57% 
10/10 PE-PDMS 59.5 47.0 2.2 2.61 35 aws 

5/5 PE-PTFS 25.1 19.8 2.4 0.56 16 60% 
5/5 PE-PTFS* 25.5 19.8 2.6 0.64 15 68% 
10/5 PE-PTFS 32.0 27.4 --— 0.37 23 41% 

5/5 PE-PDPS 25.0 21.0 2.5 0.66 13 71% 

  

a) Compression molded sample 
DPS (degree of phase separation) 

All measurements in nm
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the variation in electron density. Hence, sharper phase 

separation will result in higher contrast and subsequently a 

higher fluctuation in electron density. The calculation of 

<Ap.2> for the ideal two phase system with sharp boundaries 

was based on the equation 8.1'° 

<Ap2> = $195 (P, ~ p,)* (8.1) 

where ¢,; is the volume fraction of component i and p, is the 

electron density (bulk density X number of electron per 

repeat unit/molecular weight of the repeat unit) of 

component i. The volume fraction and electron density were 

based on the density of the corresponding homopolymers. The 

densities of the PDPS and PTFS, which are statistical 

copolymers containing only 50% diphenyl or 50% 

trifluoropropyl character, respectively, were taken as the 

average density of 100% PDMS and 100% PDPS or 100% PTFS. 

The experimentally determined values of<Ap*> for each sample 

were normalized with respect the extreme case of a "sharp 

phase boundary" calculated from Equation 8.1. The values of 

the experimentally determined mean square electron density 

and relative degree of phase separation are listed in Table 

8.4. 

The samples containing diphenyl and trifluoropropyl 

character generally showed a lower degree of phase
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separation than that of the polydimethylsiloxane segmented 

copolymer of similar composition. However, in contrast to 

the thermal analysis, the PTFS containing samples were less 

sharply phase separated than the PDPS containing samples. It 

should be noted that the degree of phase separation should 

be viewed only as an index for relative comparison. 

The presence of a diffuse boundary or interfacial 

thickness was determined by Porod's law behavior. In accord 

with the experimental procedure given in the section 3.5.3, 

the desmeared intensities were used to determine how the 

product I(s)s* behaves at high s values. In must be pointed 

out that a sigmoidal gradient across the interface is 

assumed in the analysis. This may not be directly applicable 

to the PDMS and PTFS containing systems in which asymmetric 

mixing behavior was observed. The interface thickness values 

of the 5/5 samples, listed in Table 8.4, are within with two 

Angstroms of each other and were not found to vary with 

siloxane chemistry. In light of the similar morphology of 

the samples and if these values are taken to represent the 

true value of the interfacial mixing, the difference in the 

phase mixing must originate from differences in the 

interfacial composition gradient or interdomain mixing. 

Further insight into the phase behavior is obtained from the 

rheovibron and DMTA analysis. As previously mentioned, the 

DSC sample are second run data in which the phase behavior
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may deviate from the solution cast or compression molded 

sample where the processing history is intact. 

8.4.2 Effect of Segment Molecular Weight and 

Compositional Dependence 

The comparison of the smeared and desmeared SAXS 

spectra of the 5/5 PDMS and 10/10 PDMS solution cast series 

in Figure 8.11 and 8.12, respectively, reveals the increase 

in the periodic distance with increasing segment molar mass. 

This is expected, since the domain size in copolymer systems 

scale with molecular weight to the X power, where X is 2/3 

for diblock copolymers. A second order maxima is present in 

the desmeared spectra for the 10/10 PDMS. The ratio of the 

first order to the second order was 1:2 which is consistent 

with a lamellar morphology. 

The higher value of <Ap*> for the 10/10 PDMS copolymer 

when compared with the 5/5 PDMS copolymer of equal PDMS 

volume fraction, indicated the 10/10 PDMS copolymer had a 

higher degree of phase separation. Additionally, the domain 

boundary thickness varied from 2.6 nm to 2.2 nm when the 

molar mass of the segments were increased. Within the 10% 

error in the analysis, the difference in the interphase 

thickness is considered negligible. Assuming interfacial
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mixing accounts for the change in phase behavior observed in 

DSc. The interphase mixing will be further analyzed by DMA 

in the next section. The notable decrease in the degree of 

mixing upon increasing segment molar mass can be caused by 

the decrease in surface to volume ratio resulting from the 

DOB-lamellar transition. The shift to the lamellar 

morphology significantly reduces the amount of mixed volume 

of the two phases and or differences changes the interfacial 

gradient profile. The only other possibility would be mixing 

of the segments into the bulk of the domain. 

In accord with TEM analysis, the interdomain spacings 

obtained from the smeared and desmeared SAXS spectra in 

Figure 8.11 and 8.12 of the 10/5 sample were slightly larger 

than the 5/10 samples. Interestingly, the interfacial 

thickness of the samples that exhibited a lamellar 

morphology (10/5 and 10/10 samples) and the samples with the 

DOB morphology (5/5 and 5/10 samples) were nearly equal. In 

agreement with equilibrium theory for diblock copolymers, in 

which the interfacial thickness is constant in the strong 

segregation limit.'' Hence, the constant interfacial 

thickness with segment molar mass could indicate these PE- 

siloxane perfectly alternating copolymers are within the 

strong segregation limit. Again, it should be noted that the 

calculation of the interphase thicknesses require the 

assumption of a fixed interfacial composition gradient.
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Since the copolymers exhibiting the DOB morphologies were 

less phase separated than the copolymers exhibiting lamellar 

textures, the changes in miscibility may be related to the 

formentioned factors of microdomain morphology observed in 

the copolymers and the interfacial gradient profile. Again, 

rheovibron analysis may give much needed insight into the 

nature of phase mixing. Without experimentally determined 

volume fractions error may be introduced in the calculation 

of <Ap2> making it difficult to compare copolymers of 

different composition. 

8.4.3 Effect of Processing Conditions 

The effect of processing conditions on the microphase 

separated nature is apparent from the invariant calculations 

that show the relative degree of phase separation in the 5/5 

CM PTFS is greater than 5/5 SC PTFS samples. Though the 

change is small, the significance of this is that the 

chloroform seems to slightly promote miscibility between the 

PE and PTFS phase over thermal treatments. This mixing could 

be in the form of an excess interfacial volume thought to be 

present in solution cast films. The smeared SAXS profiles in 

Figure 8.13 show very similar scattering profiles for the 

two copolymers with the compression molded sample having a 

‘somewhat broader peak. Upon desmearing the spectra (Figure
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higher intensity and may represent a decrease in the short 

range ordering observed from the TEM analysis. However, the 

difference in the periodic spacings were small and were 

judged insignificant. 

8.5 DMTA Analysis of the Microphase separated Nature 

8.5.1 Influence of the Chemical Nature of the Siloxane 

of Solution Cast Samples 

Two types of DMTA analysis are used in this study. For 

the thin (10 mils) solution cast samples a Rheometric's 

rheovibron which strain the sample in the tensile mode was 

utilized. For comparative purposes a 5/5 compression molded 

sample was analyzed using the rheovibron. The thicker 

compression molded sample were analyzed using the Polymer 

Labs DMTA in a three point bending mode. Figure 8.15 is a 

DMTA spectra of the polyarylester homopolymer which shows 

the sharp "spike" like transition of the unmixed polyester. 

Figure 8.16 and 8.17 show the plots of tensile storage 

modulus E' and loss tangents against temperature, 

respectively for the solution cast films of the 5/5 PDMS, 

5/5 PTFS and 5/5 PDPS samples. The presence of two glass 

transitions indicate a microphase separated structure with 

the 5/5 PDMS sample exhibiting a third broad transition
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the 5/5 PDMS sample exhibiting a third broad transition 

ranging from -90°C to -45°C. DSC analysis showed an 

crystallization exotherm at -96°C and melting endotherm at 

-65°C, the latter transition is believed to result from 

crystallization and melting of the PDMS. The lower 

transitions (Tg,) of -118°C, -95°C and -48°C correspond to 

the Tg's of PDMS, PTFS and PDPS, respectively. All three 

sample exhibit a slope in the rubbery plateau region of the 

E' curve with the 5/5 PDPS sample having the largest slope. 

Sharply phase separated systems typically have a relatively 

flat rubbery plateau region. Therefore, the gradual slope of 

the E' spectra in the rubbery plateau indicates the phase 

mixing between the is taking place. 

The Tg, values of the dynamic spectra are approximately 

8°C higher than observed in DSC measurements. The shift to 

higher temperature represents the heating rate and strain 

rate (frequency) dependence of the Tg. The storage modulus 

drops on the order of 1/2 a decade between -150°C and 25°C, 

which is slightly smaller than the full decade drop found in 

a series of polycarbonate-PDMS perfectly alternating 

copolymer of equal composition through a range of molecular 

weights.’ The drop in modulus seems modest, when consid- 

ering over 50 vol% of the material becomes rubbery as it 

passes through the glass transition. This exemplifies the 

enhancement of the PE continuity in the DOB morphology. The
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modulus at ambient conditions (25°C) in the plateau region 

is in accord with stress-strain measurements increase as 5/5 

PDMS < 5/5 PTFS < 5/5 PDPS. 

The increase in breadth of the tan 6 peak in Figure 

8.17 when compared to the homopolymer represents the mixing 

of the siloxane into the ester phase. The Tg of the ester 

phases are 175°C for the PTFS and 165°C for both the PDMS 

and PDPS samples. The breadth of the ester tan 6 peak in the 

PDMS sample much appears broader. From the DSC data of the 

5/5 series samples, the Tg, of the PTFS sample was higher 

than the Tg, of the 5/5 PDPS and 5/5 PDMS samples, which 

were approximately the same. The Higher Tg, values of the 

ester are expected due to the frequency dependence of the 

Tg. At this point it is unclear why the Tg, does not shift 

equally. Although, the dynamic mechanical data present here 

are first run data of solvent cast films, whereas the DSC 

scans are second runs which diminish the effect of 

processing history. The effect of the solvent will be 

explored further in section 8.2.4 where the compression 

molded sample will be examined. 

Information obtained in a study by Hashimoto et al.' 

in which PS-PB diblock copolymer with a different random PS- 

PB copolymer segment lengths were used to connect the PS and 

PB blocks were analyzed in order to study the effect of 

"domain boundary mixing" on the linear dynamic mechanical
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response of the material. Increasing the segment length of 

the random block between the PS and PB block essentially 

increases the mixing in the interphase region. From a 

computer simulation of a model system that corresponded to 

the results of the diblocks, increasing domain boundary 

mixing was found to; 

1) slightly shifted the E'' maxima of each phase 

2) increased the temperature dependence of E' and 

the level of E'' increased between the two primary 

dispersion temperatures 

3) broaden the E'! peaks 

The effect of in domain mixing in the PS-PB tapered 

blocks was shown to shift the E'' peaks toward each other 

without broadening the peak and decrease in the plateau 

region of the E'. 

In the plot of E''(T) for the 5/5 PE-siloxane solution 

cast series in Figure 8.18, two maxima corresponding to the 

glass transition of the siloxane and ester segments are 

observed. Both the PDMS and PTFS sample have sharp 

transitions ranging over approximately 2 orders of magnitude 

from -150°C to the maxima of the E'' peak. In contrast, the 

siloxane transition for the PDPS sample is very broad 

ranging over only 1/2 an order of magnitude. The level of 

the plateau between the two primary peaks of E'' is higher 

than either the PDMS or PTFS sample, coinciding with
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phase. The E'' behavior of the 5/5 samples indicates that 

little interphase mixing of the ester segment with the PDMS 

and PTFS segments occurs. Whereas the gradual slope of the 

E' spectra coupled with the E'' behavior suggest that a 

significantly more interfacial mixing of the ester phase 

into the PDPS phase is occurring. 

The second transition corresponding to the ester phase 

are fairly broad and no significant difference is observed 

with the change in siloxane composition, signifying that 

mixing of the siloxane into the ester phase is occurring for 

each siloxane composition. The apparent asymmetry in the 

mixing of the 5/5 PDMS and 5/5 PTFS samples and the mutual 

mixing in the 5/5 PDPS specimen are in concordance with the 

previously discussed DSC data. Further the fact that 

significant shifts are not present in the E'' data suggest 

mixing is occurring primarily the domain boundary region. 

8.5.2 Effect of Seqment Molecular Weight and 

Compositional Dependence of Solution Cast Samples 

The clearest example of the effect of segment molar 

mass at constant composition is the E' and tané plots of the 

5/5 PDMS and 10/10 PDMS solution cast samples in Figure 8.19 

and 8.20, respectively. The Tg, of both sample are about 

equal with the magnitude of the tan 6 in the 10/10 PDMS
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equal with the magnitude of the tan 6 in the 10/10 PDMS 

sample is approximately 1/2 of the 5/5 PDMS sample. Since 

the T, exotherm and T, endotherm merge it is difficult to 

determine the magnitude of the Tm loss peak in the storage 

modulus. It is plausible that difference in the degree 

crystallinity the 5K and 10K segment may account for the 

decrease in the tan 6. Since TEM analysis revealed the DOB 

morphology for the 5/5 PDMS sample and a lamellar morphology 

in the 10/10 PDMS sample, the decreased drop in E' from the 

temperature -150°C to 25°C for the more phase mixed 5\5 PDMS 

system signifies the enhanced continuity of the ester phase 

in the DOB morphology. Further implying that the DOB is a 

co-continuous morphology. Similar results were obtained for 

the polycarbonate~PDMS methylene chloride cast system, 6'> 

where the 10/10 PC-PDMS sample exhibited the DOB morphology 

and the lamellar texture observed in PC-PDMS sample 

exhibited the lower E' value in the region between the Tg's 

of the two phases. Unfortunately as the Tg of the ester 

phase was approached in the 10/10 PDMS sample the clamps 

began to slip and a comparison of the Tg, was not possible 

in the solution cast case. 

The enhanced continuity of the ester phase in the DOB 

morphology is evident when comparing Rheovibron spectra of 

the 5/5 PTFS (55 Vol.% PTFS) and 10/5 (37 Vol.% PTFS) PTFS 

samples. The 10/5 PTFS sample with the lamellar morphology
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has a slightly higher plateau modulus, but the relative drop 

in E' is approximately the same with the 10/5 having 18% 

higher ester volume fraction. Increasing the volume fraction 

of the siloxane block to 0.72 in the 5/10 PDMS sample causes 

a lowering of the E' by a factor of 100 from -150°C to 25°C. 

The large drop in E' and flat plateau region are consistent 

with a continuous siloxane phase and are consistent with the 

behavior of a cylindrical morphology found in diblock and 

starblocks of similar rubbery volume fraction. This concurs 

with the TEM analysis which suggested the presence of short 

cylinders or branched cylinders in the 5/10 PDMS samples. It 

appears that when the volume fraction of the siloxane 

becomes sufficient, the PE phase becomes discrete but retain 

the shape characteristics of the DOB. 

8.5.3 Effect of Compression Molding 

As previously mentioned, one of the problems associated 

with processing the polyarylester thermally, is the high 

viscosity above the Tg of the polyarylester. Casting the 

polymer from a mutual solvent was one way to avoid this 

‘problem. Altering the chemical composition of the siloxane
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in hopes of increasing processability was another 

possibility. This was necessary since most of the PDMS 

series did not form good films when compression molded. 

The comparison of the E' as a function of temperature 

of solution cast and compression molded 5/5 PTFS samples in 

Figure 8.21 shows a slightly larger drop in the E' from 

-150°C (below the siloxane Tg) to ambient condition is 

observed for the solution cast samples. The transition in 

E'', depicted in the plot of the loss modulus E'' asa 

function of temperature in Figure 8.22, is less defined and 

slightly broader with no shift in the maxima for the 

compression molded sample. This could be representative of 

an increase in the interfacial mixing in the compression 

molded sample, even though no difference was observed in the 

interfacial thickness was observed in the SAXS analysis. 

Casting the copolymers from chloroform seem to slightly 

favor the continuity of the siloxane phase and decrease the 

interfacial mixing between the phases. Aside from small 

change in the tan 6 maxima (Figure 8.23), no change in the 

level of the plateau region between the primary transitions, 

the breadth and position of the PE transition was observed. 

In accord with SAXS and TEM analysis the DMA analysis 

suggests that the little change in the mixing behavior and 

morphology texture occur by thermal processing the ester- 

siloxanes.
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The effect of the change in molecular weight is evident 

by comparing the dynamic mechanical spectra of the 5/5 and 

10/10 PDPS samples in Figure 8.24. As opposed to the 

solution cast PDMS series where crystallization of the PDMS 

phase affected the analysis of the siloxane Tg, the PDPS co- 

soft segment specimen do not exhibit crystallinity allowing 

analysis of the siloxane transitions. The breadth of the tan 

6 of both the PDPS and PE transitions decrease and the 

maxima of the increase as the molar mass of the segments 

increase to 10K. The shift in the Tg, to higher temperature 

and the shift in the Tg, to lower temperatures are in accord 

with the DSC analysis and signify increased and mutual 

mixing between the PE and PDPS phases in the 5/5 PDPS 

compression molded samples. Additionally, the storage 

modulus drops off slowly and sustains fairly high values up 

to 50°C past the ester Tg. Hence, the assertion of the 

difficulty in processing at high temperatures is supported. 

The poor flow properties will become even more important 

when looking at the ultimate properties of the stress strain 

analysis in the next section. 

Changing composition to higher ester content in the 

10/5 samples for different siloxane chemistry had little 

effect on the DMTA behavior which was similar to the 

solution cast samples, where a lamellar morphological 

textures were observed. A significant difference in the
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dynamic mechanical behavior of the 5/10 siloxane series was 

observed. Figure 8.25 plots E' and Tan 6 vs temperature for 

the 5/10 PTFS and PDPS compression molded series. The 5/10 

CM PDPS sample E' curve shows similar behavior to the 5/10 

SC PDMS specimen; 2 orders of magnitude drop in the storage 

modulus after going through the siloxane transition and the 

leveling off of the plateau region coinciding with the 

behavior of a continuous siloxane phase. At equal volume 

fractions in the 5/10 PTFS, the loss modulus declines over 

the same temperature range. This is approximately 1/2 that 

of 5/10 CM PDPS of 5/10 SC PDMS samples, implying an 

enhancement of the continuity of the ester phase occur with 

the PTFS siloxane chemistry over the PDPS and PDMS siloxane 

compositions. Although the differences were smaller in the 

5/5 SC PE-siloxane series the smallest decline in E' was 

also observed in the 5/5 PIFS sample. Unfortunately, the 

5/10 PTFS sample was not available for TEM and SAXS analysis 

to probe the possibility of differences in morphological 

textures. The DMTA analysis of the random 40 and 60 Wt.% 

samples failed to yield any significant differences in this 

type of behavior compared to the analogous perfectly 

alternating copolymers.



 
 

 
 

5 Wand 

295 

og€’ (Pa) $ 

 
 t 

| 
| 

§ 4 

| 

| 
+ 

T 
| 
4 

| 

{ 

 
 

vt 
| 

| 

oo 
wn 

~
 

wn 
wo 

' 
L 

' 
{ 

; 

‘~ 
” 

J 
: 

a a 

a¥ 
2 

€, 
«a. ‘Bony, 

@ Q Q 

e 

*** 
w
e
 

a
 

“
 

¥
 

e
e
e
 

-
*
 

Sipe 
nnd 

" 
"> 

+ 

t
t
 

of 
{ 

- 
” 

7.5 

Dynamic mechanical spectra of the 5/10 PE-PDPS 
and 5/10 PE-PTFS compression molded samples. 
Figure 8.25



296 

8.6 Mechanical Properties (Stress-Strain) 

8.6.1 Influence of the Chemical Nature of the Siloxane 

in Solution Cast Samples 

Along with the thermal properties, the mechanical 

properties are essential when determining the end-use 

application of these polymeric materials. Stress-strain 

analysis performed on a Instron table model tensile 

apparatus to allow further correlation of the nature of 

microphase separation and morphology to mechanical 

properties. 

The information gained from mechanical analysis may be 

divided into two basic regions. The first is the initial 

portion of the stress-strain curve where the strain is 

sufficiently low so as not to exceed the elastic limit of 

the material. In this linear region of the curve stress is 

proportional to strain and the slope of the line is the 

modulus. From mechanical models of multiphase material the 

important factors that determine the modulus are; the volume 

fraction of each phase, the modulus of each phase, the type 

and size of the morphological texture and the coupling of 

each phase or more precisely the nature of the interface. 

The second region occurs when the elongation exceeds 

the elastic limit and plastic deformation occurs. The
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polymer may yield due to the narrowing of the neck region. 

Eventually the sample fails and the ultimate properties, the 

stress at break and % elongation are taken at this point. 

The factors that affect the ultimate properties are numerous 

and include such anomalies as voids and defect resulting 

from the punching out of the sample. One would suspect that 

if a fibrous powder does not form a uniform film during the 

compression molding process, the excess interface may act as 

voids and strongly affect the ultimate properties. 

The influence of siloxane chemical composition is 

evident from the stress-strain curves of the 5/5 PE~-siloxane 

series in Figure 8.26. In accord with the DMA results, the 

modulus was found to increase with increasing solubility 

parameter of the siloxane phase as 5/5 PDPS > 5/5 PTFS > 5/5 

PDMS. Since there was no significant difference in the 

morphology, several other factors seem to cause this 

behavior. First the PDMS sample had a higher siloxane volume 

fraction due to the higher density of the other siloxane 

types, thus favoring the lower modulus. The initial modulus 

of the siloxane block with the added aromatic character and 

trifluoropropylmethyl groups in the PDPS and PTFS segments 

cause higher Tg's in these segments and would tend to 

influence the mechanical properties toward the observed 

higher modulus and strengths. Lastly, it was shown from the 

DMA and DSC data that mutual mixing of the siloxane segment
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and ester segment occurred. Also a significant amount of the 

domain boundary mixing took place in the 5/5 PDPS sample. 

This not only would result in a more rigid siloxane phase, 

but better mechanical coupling between the phases resulting 

in the higher modulus and better ultimate properties of the 

PDPS containing samples. This effect was not as great in the 

5/5 PTFS sample and therefore intermediate modulus and 

ultimate properties were observed. 

8.6.2 Effect of Segment Molecular Weight and 

Compositional Dependence of Solution Cast Samples 

The effect of the morphology on the mechanical 

properties is apparent by comparing the 5/5 PDMS sample with 

the DOB morphology and the lamellar morphology of the 10/10 

PDMS sample in Figure 8.27. In agreement with the E' data in 

the DMA spectra, the 5/5 PDMS sample has a higher modulus 

than the lamellar morphology. The increased mixing of the PE 

and PDMS phases and larger surface to volume ratio of the 

DOB act to better couple the phases increasing the modulus. 

However, the greater size and length of the PE phase in the 

lamellar morphology results in a higher breaking strength 

and lower % elongation resembling the mechanical behavior of 

the homopolymer polyester.
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Generally, the effect of composition on the mechanical 

properties are illustrated by the stress-strain curves in 

Figure 8.27 and may be summarized as follows. Samples with 

high siloxane content have lower modulus and strength at 

break, and show superior elongation at break. Conversely, 

sample with higher ester content have greater modulus and 

tensile strengths, but lower elongations to break. 

The same trends in the mechanical properties as a 

function of composition were observed in the randomly 

coupled segmented copolymers in Figure 8.28. From the TEM 

analysis and dynamic mechanical behavior of the random 

copolymers the morphology of the 40 Wt.% sample had a 

similar morphology and dynamic mechanical behavior to the 

analogous perfectly alternating sample. Hence, the modulus 

and ultimate properties were similar the 10/5 PDMS sample. 

The lamellar and DOB morphologies were observed in the 60 

Wt.% sample. The dual morphology appears to adversely affect 

the mechanical properties. Consequently, 5/5 PDMS sample had 

better ultimate properties and a higher modulus. 

8.6.3 Effect of Compression Molding 

Comparison of the 5/5 series revealed that the 

compression molded sample had the same DOB morphology as the 

solution cast specimen. But, it did not exhibit the degree
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of short range ordering. Solution casting the sample was 

shown to slightly favor the siloxane phase. In agreement 

with these observations, the stress-strain curves of the 5/5 

PTFS and 5/5 PDPS samples in Figure 8.29 and 8.30 show the 

mechanical properties of the compression molded samples in 

the are consistent with a more continuous ester phase. That 

is a higher modulus and tensile strength and lower % 

elongation were observed. Another factor affecting the 

ultimate properties as previously mention may be the lack of 

flow of the fibrous powder which may create defect adversely 

affecting the ultimate properties. Support for this is the 

crazing and flaking that occur in the CM sample and not in 

the SC samples, when the samples are flexed. It would be 

expected that a sample with the higher PE ester content 

might be more sensitive to this effect. Figure 8.31 shows 

that in the 10/5 PTFS sample the compression molded curve 

exactly follows the solution cast behavior until the sample 

begins to plastically flow. The compression molded sample 

prematurely breaks, whereas the solution cast specimen 

continues to deform. Since the 10/5 PDPS sample exhibits 

comparable behavior, it is believed that the lack of flow 

during compression molding creates defects that limit the 

ultimate properties of the compression molded sample. 

The effect of composition and segment molecular weight 

in the compression molded samples is very similar to the
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5/5 PE-PDPS Solution Cast and 
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Figure 8.30 Stress-strain analysis of 5/5 PE-PDPS solution 

cast and compression molded samples.
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solution cast samples. Most of the PDMS series did not form 

good films, but the increased compatibility of the PDPS 

series allowed good film formation. The 5/5 PDPS had better 

elongation to break, tensile stress and modulus than the 

10/10 PDPS sample. The same trend of increasing the tensile 

stress and moduli and decreasing % elongation with 

increasing ester content are observed in the stress-strain 

analysis of compression molded samples presented in Figure 

2.32. A difference in the 5/10 PDPS sample is observed. 

Instead of a steadily decreasing slope of the stress-strain 

curve with % elongation there is an increase in the slope 

with increasing % elongation. Behavior that is reminiscent 

of elastomeric behavior indicating a continuous siloxane 

phase exists, where siloxane segment is anchored into a PE 

phase. In general, the compression molded samples did have 

inferior elongations but higher modulus and breaking 

strength than the solution cast series.
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IX Siloxane Containing Styrene Copolymers 

9.1 Introduction and Objectives 

Over the years, the theoretical and phenomenological 

aspects di- tri and star block copolymer morphology have 

been extensively studied. Due to the very well defined 

nature of these systems the composition and molecular weight 

distribution are very narrow. Therefore, the study of the 

effects of composition and molecular weight distribution of 

diblock copolymers are somewhat limited. With theoretical 

studies in the area of composition distributions of 

macromonomer graft copolymers’ and the microphase 

separation of simple graft copolymers’, It was the 

objective of this study to elucidate on the effect of 

architecture and molecular weight and composition 

distribution on the nature of microphase separation and 

compare the observed behavior with the well defined diblock 

analog. 

9.1.1 Bulk Morphology 

There are several important factors that should be 

understood when analyzing the morphology of macromonomer or
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macromer graft copolymers. Firstly, how do the 

thermodynamics of phase separation of a graft system differ 

from diblocks? In section 2.3.1, it has been established 

that for diblock copolymers of 50:50 composition (xN),. = 

(XN), = 10.5, where x is the Chi parameter and N is the 

degree of polymerization. For graft copolymers of the same 

composition with the graft placed equidistance along the 

backbone (xN), = 13.5. The higher value of (xN), implies 

that phase separation is more difficult in graft copolymers 

than in diblocks. Additionally, it is clear that the added 

entropic constraints of adding just one graft has a 

Significant effect on the phase separation. It is reasonable 

that the added entropic constraints of a macromer that has 

more than one graft/backbone should more strongly affect the 

thermodynamics of phase separation. Further the chemical 

composition distribution (CCD) caused by conversional and 

statistical heterogeneities may also effect the nature of 

phase separation. For the PS-g-PDMS system the PDMS macromer 

is functionalized with an acrylic group which is 

copolymerized with the styrene monomer to form the graft 

copolymer. Stejskal and Kratochvil’ showed theoretically 

that the effect of the conversional heterogeneity on the 

chemical composition distribution result from the product of 

the reactivity between the macromonomer and the monomer and 

that the CCD broadens as the reactivity ratios vary from
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unity. Hence, PS-g-PDMS copolymer should have a broader 

chemical composition distribution of the PS-g-PDMS, due to 

the different reactivity ratios of the styrenic monomer and 

acrylic macromer chain ends. Thus, species representing the 

almost the entire composition range could be present be 

present and affect the nature of phase separation. This is 

demonstrated by the plot of the cumulative CCD for the 

copolymerization of a macromonomer M and monomer A for 

different monomer reactivity ratios in Figure 9.1. 

Transmission electron microscopy analysis of the 

PS-b=-PDMS 100K-12K 14 Wt.% (¢,,, = 0.15) PDMS diblock, where 

the molecular weights of the diblock are calculated from the 

theoretical total molecular weight and NMR compositional 

data, reveals the presence of what appear to be very highly 

ordered spherical PDMS domains ca. 17 nm in diameter as 

shown in Figure 9.5a. The domains do not appear completely 

symmetric and was initially thought to result from 

deformation of the sample during microtoming. However, 

viewing the sample at 45° to the plane of the film revealed 

the continuous morphology observed in Figure 9.2a and b. 

Leading to the conclusion that cylindrical morphology exists 

in the PS-b-PDMS diblock copolymer. The oblong sphere were 

concluded to be short cylinders which are oriented at an 

angle away from the perpendicular of the film plane. For 

polystyrene-polyisoprene cast from toluene diblocks
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Figure 9.1 Plot of the cumulative CCD for the copolymer- 
ization of a macromonomer M and monomer A for different 
monomer reactivity ratios.
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~ PS-b-PDMS 14Wt.% 12K PDMS 
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PS-b-PDMS 14W1.% 12K PDMS ™ 

  
Figure 9.2a and b different angular views of the 
cylinderical morphology in the PS-b-PDMS 14Wt.% 12K PDMS 
sample.
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Figure 9.3 TEM micrographs of the PS-g-PDMS 14Wt.% 10K PDMS 
copolymer: a) thick cast and b) thin cast films.
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cylinders have been observed at ¢,, > 0.24. The solubility 

of chloroform is closer to PS which would favor a spherical 

morphology and chloroform is a good solvent for both 

polymers. In light of this and the similar density and Kuhn 

statistical segment lengths of PDMS and PI, the shift in the 

morphology to a cylindrical structure at only ¢,,, = 0.15 is 

most likely due to the larger value of the interaction 

parameter and the subsequent increase in the interfacial 

tension term in the free energy expression. A change in the 

interfacial tension would shift the excess free energy for 

each morphology, resulting in the favoring of the 

cylindrical morphology at lower volume fractions. The 

molecular weights of the diblock are calculated from the 

theoretical total molecular weight and NMR compositional 

data. Under these quasi-equilibrium conditions a high degree 

of ordering is evident over large region in the sample, with 

the grain size of a few microns. The size of the grains are 

much less than has been observed in thermally annealed 

equilibrium sample which have exhibited ordering of 10's or 

100's of microns. The smaller grain size may be attributed 

to quasi-equilibrium conditions of the film casting 

procedure and annealing the sample at 30°C above the 

polystyrene Tg for several days would most likely increase 

the grain size and the degree of ordering. 

In contrast the PS-g-PDMS 10K 14 Wt.% PDMS graft
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copolymers showed randomly spaced PDMS spherical domains 

with regions rich in polystyrene with no PDMS phases present 

(Figure 9.3a). Interestingly, at the same volume fraction 

PDMS a spherical morphology is favored in the graft 

copolymer system. In accord with theory derived for simple 

graft copolymers, the additional entropic constraints 

associated with the graft copolymer should favor 

miscibility. Basically the change in the excess free energy 

curves for each morphology favor a spherical morphology with 

a larger surface/volume ratio. 

The presence of areas rich in the continuous matrix 

vary from previous observations in the PMMA-g-PDMS systems, 

where PDMS domains were uniformly dispersed in domain space. 

This suggests that a PS-g-PDMS is a more heterogeneous 

system than the PMMA-g-PDMS system. Since the PMMA-g-PDMS is 

copolymerized in the presence of an similar acrylic monomer 

which have similar reactivity ratios, the predicted 

composition distribution are much narrower. No macrophases 

of PS were observed and no evidence of a thermal transition 

corresponding to the PS homopolymer phase was found. Any PS 

homopolymer present is therefore miscible with the graft 

copolymer. For polybutadiene sphere forming PS-PB diblock 

systems it has been shown that when blended with miscible PSs 

homopolymer and cast from a preferential solvent, the 

homopolymer breaks up the paracrystalline morphology of the
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diblock'®. Thermodynamically the homopolymer is favored to 

reside in the center of the domains’’. With the greater 

degrees of freedom available to the homopolymer, it can 

assume suitable spatial distributions that can partially 

relax the perturbed nature of the copolymer chains ina 

microphase separated system. A blending study of homopolymer 

PMMA with PMMA-g-PDMS graft copolymers'™® showed that 

copolymers of different PDMS graft molar mass containing 

from 20-28 Wt.% PDMS and blended down to 10 Wt.% PDMS 

exhibited a spherical morphology. In particular a 28 Wt.% 

10K PDMS sample blended to 10 Wt.% PDMS had a spherical 

morphology with regions of homopolymer much like the regions 

observed in the graft copolymer. The higher Wt.% sample 35- 

48 Wt.% PDMS were not miscible with the different molecular 

weight homopolymers. Since the graft length remains 

constant, but the spacings between grafts decrease in the 

higher Wt.% samples, it indirectly implies that the 

homopolymer is more miscible with larger backbone segments 

brought about by the decrease in PDMS composition in these 

blend systems. 

The morphology of the heterogeneous PS-g-PDMS may 

consequently equilibrate, under the slow cast conditions, to 

local (within several chain scaling distances) compositions. 

For example, there may be some chains with one 10K graft and 

200K PS backbone in the presence of homopolymer PS, if
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several chains with only one 10K graft and a large 200K PS 

backbone are constrained to the same PDMS domain, the large 

PS backbone must fill in domain space around that domain. 

With the presence of homopolymer and the large MW PS the 

graft spacing would be proportional to the larger molecular 

weight segments filling domain space. On the other hand if 

several chains had a 10K graft and a shorter 30K PS 

backbone, the domain space would be proportionally smaller. 

An exaggerated representation of this concept is represented 

schematically in Figure 9.4. Realistically, there is 

probably some distribution present in each domain, larger 

molecular weight segments with a greater number of 

conformation available may fill in the center of the domains 

allowing the lower MW chains with less conformations to fill 

in space around the domain. The presence of homopolymer 

filling in the middle of the domains and the overlap of 

chains in adjacent domains may lessen the effect, with a 

possibility of the PS homopolymer preferentially mixing with 

lower MW segments. But, as the composition distribution 

broadens, the probability of each domain having similar 

compositions and molecular weight of the segments in the 

local environment decreases as the relative amount of 

homopolymer increases. From this it can be concluded that 

heterogenous morphology of the PS-g-PDMS graft copolymer 

resulted from the broad composition distribution which
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HIGH MOLAR MASS BACKBONE 

Figure 9.4 Schematic representation of the effect of a broad 
molecular weight distribution and the presence of 
homopolymer on domain spatial arrangement.
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includes the presence of homopolymer PS. 

Spherical domains approximately 7 nm in size were 

observed in the graft copolymer. The diameter of the 

cylinder are ca. 17 nm, roughly 2 times the size of the 

graft copolymer were found in the graft copolymer. As 

pointed out by Hashimoto et al.,'? for spherical domains 

the bulk domain size reflects the number of chains per 

sphere, N, established at a certain solvent concentration. 

Variation in N with further reduction in solvent content 

require the transport of copolymer chains in a two phase 

system. Hence, the smaller observed domain size in the graft 

copolymers may result from the additional entropic 

constraints that decrease the driving force for phase 

separation in graft copolymers. Thus, favoring smaller 

domain sizes with larger surface to volume ratio. The 

transport of copolymer chains is required for changes in 

domain size. In contrast to diblock copolymers equilibration 

in graft copolymers involves cooperative motion of the 

backbone to which several PDMS side chains may be connected. 

This makes it difficult for the graft copolymers to 

equilibrate. The higher viscosities associated with the 

higher total molecular weight of the graft copolymers could 

also play a role in the equilibration process. 

In order to determine the primary influence for domain 

formation one needs to delineate the effect of the kinetic
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and thermodynamic influences. In previous studies on 

spherical forming block polystyrene-polyisoprene diblock 

copolymers by Hashimoto et al.’ it was found that the 

spherical domain size was consistently less than that 

predicted by equilibrium theory by a factor of 1/2. However, 

cylindrical and lamellar domains were found to be in good 

agreement with equilibrium theory. Bates et al.* also found 

smaller domains, but the difference between the observed 

size and the predicted equilibrium size increasingly varied 

with increasing total block molecular weight. Both authors 

cited kinetic barriers as reasons for the difficulty in 

reaching equilibriun. 

To further probe the kinetics of phase separation both 

the diblock and graft samples were cast onto a water 

substrate from a 5% solution in chloroform in hopes of 

observing the morphology at two different solvent contents. 

The film forms in a matter of a second as opposed to several 

days in the slow cast samples. The films are on the order of 

600 nm and are thin enough to be electron transparent. 

Consequently, films cast under these conditions should 

exhibit a metastable morphology formed at high solvent 

content. The system rapidly approaches the critical 

concentration at which the hard segment Tg reaches ambient 

temperatures. At this point where further transport of the 

copolymer chains is prohibited by kinetic barriers. Hence,
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the observed texture is more representative of the 

morphology formed at high solvent content nearer to the 

critical concentration where a two phase system is favored. 

Even though a slight distribution of domains exist in the 

thin cast films, the thin cast diblock film exhibited 

spherical domains approximately the same size (ca. 16 nm) as 

the cylinders. The comparison of the thick and thin cast 

morphologies are illustrated in Figures 9.5a and 9.5b. The 

graft copolymer also exhibited a spherical morphology with 

domains 8 nm in size, as depicted in Figure 9.3b. If the 

morphology represents the structure in the early stages of 

phase separation, the similar domain size signifies the 

domains equilibrate to stable sizes quite rapidly. The 

decreasing of the evaporation rate then serves to further 

increase the order and distribution of domain sizes. In the 

case of the diblock copolymer, a phase transformation to a 

cylindrical morphological texture is observed. This type of 

behavior coincides with the sphere-cylinder morphological 

transition with decreasing solvent content observed by 

Sadron and Gallot.” In addition, the rapid equilibration 

suggests that the difference in domain size originate form 

thermodynamic considerations rather than from kinetic 

factors. 

The domains in the thin cast PS-g-PDMS graft copolymer 

seem to be more evenly distributed with larger interdomain
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Figure 9.5 TEM micrographs of the PS-b-PDMS 14Wt.% 12K PDMS 
copolymer: a) thick cast and b) thin cast films.
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spacings than the thick cast sample. Thus, having PDMS 

trapped in a metastably mixed state could account for the 

larger spacings. Since phase separation seems to occur 

fairly rapidly it may be due to the rate of phase separation 

of polystyrene homopolymer or polystyrene rich copolymer mat 

be much slower than the microphase separation of the PS and 

PDMS. A higher degree of miscibility of the PS homopolymer 

or PS rich copolymer with the copolymer would decrease the 

driving force to phase separate, consequently the kinetic 

window for the organization of the domains into PS and 

copolymer rich region may be to small for the thin cast 

films. As the evaporation rate is decreased and the kinetic 

window increased, the polymers phase separate into region of 

copolymer rich areas with narrower spacings and PS rich 

areas but do not macrophase separate. The fact no macrophase 

separation occurs could support the selective miscibility of 

PS or PS rich copolymers with other copolymer species in the 

composition distribution. This is supported by the 

homogeneous diblock sample where the thin cast films 

interdomain spacings were very similar to the slow cast 

films and indicates that some heterogeneities in the graft 

copolymers result in the observed differences. The thin cast 

Giblock morphology also appeared disordered and uniformly 

distributed throughout domain space with a slight 

‘distribution of sizes. In this case slowing the evaporation
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rate increased ordering and uniformity of the domain size. 

Thermal analysis of the copolymers revealed that the Tg 

of the PS phase in the diblock was 106°C and the graft was 

103°C. The slightly higher Tg of the diblock might indicate 

that the degree of mixing between the PDMS phase and PS 

phase in the diblock was less than in the graft copolymer 

analog. However, distribution effect etc., may also be 

significant. 

Further morphological information was gained from SAXS 

analysis in Figure 9.6. In accord with the TEM results the 

diblock copolymer exhibited a very sharp primary peak, a 

secondary and possibly a tertiary reflection indicative of a 

highly ordered morphological texture. The PS-g-PDMS graft 

copolymer showed only one broad primary peak and no higher 

ordered peaks. From the invariant calculation of the <p?>'/ 

and the relative degree of phase separation, the diblock was 

shown to be more sharply phase separated than the graft 

copolymer analog, in agreement with TEM and thermal analysis 

results. 

The interdomain spacing of the diblock correlate to the 

first and second order reflection of hexagonal closed packed 

cylinders and are in accord with the observed packing in PS- 

PI diblock copolymers. The interdomain spacing of the 

diblock closely match those measured by TEM. However, it was 

difficult to obtain a estimate of the interdomain spacing in
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the PS-g-PDMS sample due to the heterogeneous nature of the 

morphology. 

9.2 Surface Morphology 

Static SIMS was utilized to probe the nature of the top 

monolayer of the surface morphology. Figure 9.7 and 9.8 show 

the positive ion spectra of a PDMS crosslinked rubber 

standard and the PS-g-PDMS 14 Wt.% 10K graft copolymer 

respectively. The comparison of the two spectra yields that 

all of the primary peaks at 15, 27, 28, 42, 44, 57, 58 and 

73 atomic mass units in the graft copolymer correspond to 

peaks observed in the PDMS rubber. Polystyrene contains an 

aromatic rings which are associated with ion clusters that 

correspond to recombinations of the aromatic rings. Since 

these were not observed, it was concluded that the top 

surface of the graft copolymer was pure PDMS. Interestingly, 

when the SSIMS spectra of the block copolymer is compared to 

a polysulfone-PDMS perfectly alternating copolymer (Figure 

9.9), which would have no PDMS free chain ends, the ratio of 

the relative intensity of the Si*/Si(CH,)* moieties increases 

significantly. Since the Si(CH,)* peak is similar to the 

chemical configuration of the chain end of the PDMS side 

chain and implies that chain end which are thermodynamically
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favored on the surface may be present on the surface. Thus 

possibly explaining the higher count observed for the 

Si(CH,)* peak. 

Within experimental error the angle dependent x-ray 

photoelectron spectroscopy (ADXPS) revealed little 

difference in the surface composition of the block and graft 

copolymers. Respectively, at 10° the PS-g-PDMS and the PS-b- 

PDMS copolymers had 92 Wt.% PDMS and 87 Wt.% PDMS at the 

surface. Probing deeper into the surface at 90°, the PS-b- 

PDMS had 62 Wt.% PDMS and 65 Wt.% was found in the PS-g-PDMS 

surface. In contrast to ADXPS results of the PBS-g-PDMS and 

PMMA-g-PDMS copolymers where the degree of phase separation 

in the bulk was correlated to difference in the surface 

composition profiles, there was little difference in the 

surface composition profiles. This may be connected to the 

quasi-equilibrium condition of the sample preparation and if 

the sample were allowed to approach equilibrium by thermal 

annealing the surface gradients may differ. 

9.3 Conclusions 

The PS-b-PDMS block copolymer exhibited a cylindrical 

microdomains 17 nm in size, while the PS-g-PDMS copolymer 

had a spherical morphological texture with microdomains 7 nm 

in size. From TEM and SAXS analysis the diblock domains were
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found to be hexagonal close packed cylinders. The graft 

copolymer had domains randomly arranged in domain space with 

area rich PS present. The heterogeneous morphology was 

dissimilar to what has been previously observed in PMMA-g- 

PDMS graft copolymers. This was attributed to the broadened 

composition distribution that resulted from the difference 

in the reactivity of the acrylic terminated PDMS macromer 

the styrenic monomer. In concurrence with theory, the 

diblock copolymer was more sharply phase separated and had 

larger domains than the graft copolymer. From SSIMS the top 

monolayer of the surface was composed of pure PDMS. SSIMS 

also suggests that the chain end may be preferentially 

located at the surface. Surprisingly, the composition 

profiles of the two copolymers did not differ within 

experimental error of the ADXPS.
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X Morphological Investigations of Bismaleimide(BMI)- 

Bismaleimide Functionalized Poly(Aryl Ether Keton) (PEK) 

Co-cured Networks 

10.1 Introduction and Objective 

Bismaleimide (BMI) based matrix resin and structural 

adhesives are currently utilized in aircraft composite parts 

where a high Tg, excellent solvent resistance and good 

adhesion are required. However, due to the molecular 

structure and high crosslink density, BMI based systems are 

extremely brittle. One approach to the improvement of the 

fracture properties of the neat resins, adhesives and 

composites is toughening’’®. analogous to rubber modified 

epoxies, the mechanical properties of the functional 

thermoplastic modified specimen are strongly dependent on 

the morphology developed in the phase separation process 

during curing. Since composition and the nature of the 

modifier affect the resulting morphology, it was the purpose 

of this study to elucidate the effect of thermoplastic 

modifier molecular weight and composition on the phase 

separated nature of BMI modified with amorphous PEK. This 

study was a collaborative effort between the author who 

performed the TEM analysis and J. S. Senger who synthesized,
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processed, and conducted the DMTA and SEM fracture surface 

analysis. The results presented here will concentrate on the 

TEM analysis, although, DMTA and SEM analysis results will 

be presented in hopes of making a more coherent 

presentation, correlating the data obtained in each 

analysis. A 75 Wt.% BMI and 25 Wt.% PEK co-cured blend with 

a PEK oligomer molecular weight of 5,000 g/mol will be 

referred to as 75/25 5K blend. 

10.2 Nature of Phase Separation 

Initially, TEM analysis was to be performed on section 

of the BMI-PEK coreacted blends stained with a heavy metal 

salt in an aqueous solution with the intention of using the 

contrast resulting from the difference in the diffusion of 

the salt into areas heavily and lightly crosslinked. 

Surprisingly, upon examination of the unstained sections, a 

morphological texture was clearly evident with contrast 

resulting from just mass-thickness contrast mechanisms! 

Inasmuch as the presence of a morphological texture is 

clear, the identification of the phases were not. The phases 

were identified by what is normally considered an anomaly 

resulting from the microtoming of the sections. In the 75/25 

5K sample large macrophase several micron in size were 

observed with a uniformly space lamellae through out
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the specimen. All of the lamellae were oriented 

perpendicular to the cutting direction, which is 

uncharacteristic of true morphologies. This indicates the 

presence of compression lines caused by microtoming. The 

effect is usually observed in very brittle samples that are 

sensitive to compression. The compression lines appeared 

only on the light contrast domains throughout the 

composition range studied, both homopolymers were sectioned 

to see in which sample chatter was observed. Intuitively, 

the brittle nature of the BMI and the macrophases observed 

when BMI composition was 75 Wt.% suggested that the BMI 

would be sensitive to chattering. Figure 10.1la shows the 

chatter lines in the BMI homopolymer and Figure 10.1b 

depicts the lighter contrasted macrophase in the 75/25 5K 

blend, implying that the lighter contrasted phase is the BMI 

phase. 

10.2.1 Influence of PEK Oligomer Molecular Weight 

In general, the morphology in a coreacted blend 

comprised of crosslinkable components may be anticipated to 

be determined by the rate of polymerization and the rate of 

phase separation. The morphology observed is usually a 

result of one of the components reaching the gel point or 

‘vitrification point at which the diffusional barriers become
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Figure 10.1 TEM micrographs of chattered microtomed
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too great for phase separation to continue. If the initial 

system can be regarded as a solution of amorphous non 

functional PEK (component 2) in a BMI solvent (component 1) 

the free energy per unit volume may be given as'® 

AG, = (RT/V,,) ({(1-2p) (1-¢,) In(1-g,)] (10-1) 

+ [ ($2/2Z,) 1ln¢,] + (X, $,(1-¢,) ]} 

where V,, is the molar volume of the BMI, z is ratio of the 

molar volume,the extent of conversion of the BMI is p, x is 

the Flory-Huggins interaction parameter and ¢, is the volume 

fraction of component i. It is clear that the molar volune, 

the ratio of the molar volume and the Flory~Huggins 

interaction parameter are dependent on the extent of 

conversion of the BMI. If the system is miscible before 

curing, the AG, is negative. As the curing reaction proceeds 

and the BMI matrix polymerizes, the system phase separates 

due to the decreasing of the absolute value of the 

configurational entropy. 

When p increases sufficiently, a two phase system will 

be thermodynamically favored. In order to inhibit the 

macrophase separation, the PEK was functionalized with a 

maleimide end group likely copolymerizes with the BMI to 

produce a relatively stable modified network. As chemical 

bond are formed between the BMI and PEK oligomer, phase
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separation of that PEK chain becomes more difficult due to 

the same entropic constrictions that favor miscibility in 

copolymer systems. The increase in the oligomer molecular 

weight should favor a more sharply phase separated system. 

This is due to the decrease in the number of functional ends 

which promotes miscibility and the increase in the Flory- 

Huggins interaction parameter which promotes phase 

separation. 

The effect is evident upon the examination of the TEM 

micrographs of a 50/50 blend with 2.5K, 5K and 10K PEK 

Oligomer molecular weights in Figures 10.2a, 10.2b and 

10.3a, respectively. Diffuse domains, with light (BMI) and 

dark (PEK) contrast, approximately 20 nm in size as 

indicated by the arrow in Figure 10.2a were observed. The 

smaller domains that have large surface to volume ratios, 

are diffuse in nature and lightly contrasted, indicating 

that phase separation was inhibited by gelation or 

vitrification, which trapped the morphology in a highly 

miscible state. Rapid gelation was likely from the high 

polymerization rate of the BMI, which was consistent with 

the small amount of swelling observed in chloroform. As the 

PEK oligomer molecular weight is increased to 5K, the 

morphology increases in size and becomes more heterogeneous 

with an increase in the mass-thickness contrast. The 

increasing size and contrast of the BMI and PEK rich regions
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50 Wt.% BMI/ 50 Wt.% (2.5K)PEK 

50 Wt.% BMI/50 Wt.% (5K)PEK 

  
Figure 10.2 TEM analysis of 50/50 BMI/PEK co-cured blend a) 
2.5K PEK oligomer and b) 5.0K PEK oligomer.
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50 Wt.% BMI/ 50 Wt.% (10K)PEK 

50 Wt.% BMI/ 50 Wt.% PEK 

10K PEK 

  
Figure 10.3 a and b TEM analysis of 50/50 BMI/PEK co-cured 
blend with 10K PEK oligomer.
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indicate that the system is more sharply phase separated 

than the 2.5K system. The absence of sharp phase boundaries 

also indicates that BMI and PEK are still highly mixed. 

Discrete PEK domains about 80-100 nm in size (Figure 10.3a) 

are observed upon increasing the PEK molecular weight to 

10K, suggesting a further increase in the degree of phase 

separation. Figure 10.3b show the presence of a knife 

chattered one micron BMI macrophase further supporting the 

increase in phase separation. It is interesting to note that 

when placed in chloroform, that the 2.5K and 5K sample show 

no significant swelling (2%), but when the system (at the 

same composition) forms discrete PEK domains in the 10K 

sample 60% swelling is observed. The K;, and G,, values 

increase notably upon the formation of PEK domains’, 

suggesting that a sharply phase separated system with less 

crosslink density produces better fracture properties. The 

distribution of domain size and definition confirm the 

heterogeneous nature of the curing reaction, where pure 

phases of each component in a range of partially reacted and 

miscible species with varying degrees of crosslinking can 

exist. 

The presence of a distribution of different species is 

further supported by DMTA analysis of the 50/50 coreacted 

blend. In agreement with TEM, the magnitude and sharpness of 

the tan 6 of the PEK increases (Figure 10.4) indicating an
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increase in the degree of phase separation with increasing 

oligomer molecular weight. The broad tail region present in 

each sample is most likely related PEK species that are 

either fully or partially reacted or mixed with BMI and 

subsequently could not segregate into a pure phase. Placing 

these types of restrictions on the PEK chains would increase 

the transition temperatures and a distribution of species 

with different degrees of restriction would broaden the 

relaxation temperature range. Although, the crosslink 

distribution of the pure PEK may broaden the tan 6, Figure 

10.5 of the cured PEK oligomer show very sharp tan 6's. 

Additionally, a cured blend of BMI and nonfunctional PEK was 

shown to macrophase separate forming domains on the order of 

hundreds of microns.'© From this it was concluded that the 

broadening and development of a tail region in the tan 6 was 

due to the PEK coreacting and forming a distribution of 

species with the BMI. In addition, adding the functional 

groups to the PEK significantly enhanced the miscibility and 

altered the morphological texture observed. For example, a 

PEK chain with all of the functional groups reacted into BMI 

network and a PEK chain reacted with only other PEK chains 

should have quite different relaxation behavior. Again this 

is in accord with TEM analysis which showed heterogeneous 

structure with a distribution of domain size and definition. 

The increase the level of the rubbery plateau with
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decreasing oligomer molecular weight may be attributed to 

the increase in the crosslink density resulting from the 

increase in the number of reactive end groups at constant 

composition. The fact that the plateau decreases with 

temperature and does not level off also suggests a phase 

mixed system. 

This study offered a unique comparison bright field TEM 

and freeze fracture analysis by SEM, the two most common 

microscopic techniques used to study morphology. The 

contrast mechanism of the freeze fracture method relies on 

the difference in fracture properties of the discrete phases 

producing topological variation that are imaged by SEM. 

However, it is often difficult to image domains on the 

nanometer scale and in the case where domains do not have 

sharp phase boundaries. This is exemplified in the SEM 

micrographs of the 50/50 blend series which relatively 

featureless.'* In contrast, the TEM analysis revealed 

Significant differences in the morphological textures of the 

three samples. Also, in coreacted systems the phases 

observed are often not pure and topological variations would 

not indicate these differences in the phase composition. 

Although the SEM analysis of the fracture surfaces are a 

quick and easy method for obtaining a qualitative assessment 

of the morphological texture, TEM analysis seems to be much 

more sensitive to subtle morphological features like degree
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phases. 

10.2.2 Compositional Dependence 

Compositional dependence was studied using the 5K 

oligomer at 0O, 5, 25, 50, 75 and 100 Wt.% BMI. In the TEM 

analysis of the 5/95 5K sample no structure was observed. In 

the 25/75 5K sample 50 nm domains rich in PEK were observed, 

as indicated by the arrow in Figure 10.6a. The light 

relative contrast and diffuse nature imply the phase mixed 

nature of the domains. The 50/50 5K discussed above 

exhibited a more heterogeneous morphology as evident by the 

sharper contrast and development of more well defined 

domains. Increasing the composition to 75 Wt.% BMI produced 

large BMI rich macrophases several microns in diameter as 

depicted in Figure 10.6b, with the continuous matrix similar 

to the morphology observed in the 50/50 5K sample. Again the 

phase boundaries around the macrophases were not well 

defined indicating some degree of miscibility with the 

matrix. SEM analysis was in good agreement with the TEM 

showing the presence of large macrophases’. The 

homopolymers, aside from the chatter lines in the BMI in 

Figure 10.1a, had no observable morphological textures.
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25 Wt.% BMI/ 75 Wt.% (5K) PEK 

  
75 Wt.% BMI/ 25 Wt.% (5K) PEK      

Figure 10.6 TEM analysis of co-cured blends with 5.0K PEK 

oligomer a) 25/75 BMI/PEK composition and b) 75/25 BMI/PEK 

composition.
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10.3 Conclusions 

TEM analysis showed that increasing the PEK oligomer 

molecular weight increased the degree of phase separation as 

evident by the increasing heterogeneity and formation of 

discrete domains in the morphology of the 50/50 blend. In 

accord with the TEM analysis the DMTA showed increasing 

sharpness and magnitude of the tan 6 peak for the PEK 

Oligomer. The increase in degree of phase separation and 

subsequent decrease in the degree of crosslinking promoted 

better fracture toughness and decreased the solvent 

resistance. TEM was shown to be more sensitive to the 

compositional heterogeneities and reactive degree of phase 

separation than SEM analysis of fracture surfaces. As the 

composition of the 5K oligomer blends was increased to 75 

Wt.% BMI, BMI rich macrophases were observed with a matrix 

resembling the phase mixed morphology observed in the 50/50 

blend composition. Decreasing the BMI content to 25 Wt.% a 

more homogeneous structure was observed with 50-100 nm PEK 

rich domains observed throughout the microstructure.



XI CONCLUSIONS 

The scope of this dissertation was quite broad in terms 

of the many different types of polymer systems studied. 

However, in terms of the primary polymer parameters listed 

below: 

Chemical composition and its distribution 

Molecular weight and its distribution 

Surface Characteristics 

Chemical structure 

Block architecture 

Morphology 

Sterochemistry 

Topology 

the scope of the dissertation was much narrower. That is in 

each polymer system, certain control variables or polymer 

parameters were systematically varied to study the effect on 

structure property relationships. Correlations between 

density of junctions as a function of block architecture in 

the domain interface and morphology were established for the 

graft and perfectly alternating copolymer systems. A common 

disordered bicontinuous morphology was found in each of 
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these systems suggesting the presence of a critical 

population of chain joint favoring this structure. Altering 

the chemical nature of the polymers by either increasing the 

polarity of the imide segment in PI-PDMS copolymers or 

adding ionic character in the ionomers shifted morphologies 

to more continuous morphologies. Molecular weight and 

composition distributions were shown to strongly influence 

the morphology. In each of these cases the empirical 

observations of different morphologies as a function of 

different polymer parameter has far exceeded the existing 

theory for diblocks, simple graft and star copolymers. The 

question arises, are these truly equilibrium morphologies of 

common metastable intermediates? The call goes out to the 

theoretical community to establish the theory for these much 

more complicated but real systems!



XII FUTURE WORK 

1. A more thorough study of the effect of the chemical 

composition distribution on the morphological 

behavior of block copolymers with varying 

architectures. Copolymers with well defined chemical 

composition distributions could be blended in a way 

to create a wide range of different CCD's where the 

equilibrium morphologies could be studied. 

In several studies presented in this dissertation, 

changing the average distance between junction 

points by either changing block molar mass of the 

degree of polymerization of the backbone strongly 

influenced morphology. The effect on the 

morphological texture should be studied under 

equilibrium conditions, eliminating the effect of 

the casting solvent. 

In the NHMA-TBMA ionomer system it was established 

that limiting all the ionic functionalities to one 

block created a highly ordered morphology. A 

comparison with a series of random ionomers of 

comparable compositions should elaborate on the 

nature of ionic domain formation. 
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TEM analysis revealed highly ordered regions and 

disordered region in the 90/10 Cs ionomer. The 

disordered regions were interpreted a either an end 

view of cylinders or second metastable morphology. 

TEM under cryogenic conditions along with SAXS 

analysis using a 2-D detector should provide the need 

information to solve this problem. 

The morphology of NHMA-TBMA diblock ionomers 

differed significantly from the triblock ionomer at 

Similar compositions. The effect of chemical 

composition distribution, block molecular weights 

and kinetics should be further investigated to 

determine the nature of this difference. 

PMMA-g-PDMS system polymerized via anionic and free 

radical showed different phase behavior. The DMTA 

results showed the Tg of the PMMA block in the 

anionic copolymer was approximately 20°C lower than 

of the free radical case. The difference in tacticity 

of the PMMA block may help describe this difference in 

phase behavior.
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Angle dependent XPS results for the PBS-g-PDMS and 

PMMA-g-PDMS could be compared to TEM cross section 

of the surface to further delineate the nature of 

surface phase separation. Additionally atomic force 

microscopy could be useful in determining topol- 

ogical differences. 

The inherent electron density differences in the 

BMI/PEK blends were sufficient to obtain information 

on the morphological behavior of these systems. 

However, in many other crosslinked systems this is 

not the case. In these cases the potential to stain 

by differences in diffusion rates with aqueous metal 

salt solutions could elucidate on the distribution 

of crosslink densities or determine the presence of 

non-discrete phases. 

The stress-strain measurements in this dissertation 

were performed without a strain gauge to quantify 

to real extension of the polymer during the test. The 

stress-strain tests for the polyimide samples should 

be performed with this gauge, as it is now available 

in our lab.
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