
ABSTRACT 

RYAN, JUSTIN JAY Physico-chemical Functionalization and Morphological Studies of 

Nanostructured Block Copolymers and Ionomers. (Under the direction of Dr. Richard J. 

Spontak). 

 

Nanostructured soft materials, such as block copolymers, continue to receive attention 

for their versatility in a variety of applications spanning active components in organic 

photovoltaics to templates for hierarchical assembly. Two primary areas of interest regarding 

these materials are introducing enhanced functionality via molecular engineering for specific 

applications and control over morphology to develop fundamental structure-property 

relationships. Block copolymers possessing soft, rubbery blocks stabilized by rigid glassy or 

semi-crystalline blocks constitute an important class of thermoplastic elastomeric (TPE) 

materials that self-assemble into periodic nanostructures.  

In this work, several classes of TPEs are investigated to first establish a new 

methodology by which to control block copolymer phase behavior via block 

copolymerization. We present a unique set of diblock random copolymers that exhibit 

purposely reduced thermal transitions that can tuned through both partial hydrogenation and 

block composition. The second thrust of the work presented in this dissertation focuses on 

introducing functional small molecules of technological importance along the copolymer 

backbone using postpolymerization modification techniques. We demonstrate that 

incorporation of sulfonic acid moieties into the midblock of a commercially available 

pentablock TPE results in a material that can be reproducibly solvent templated to exhibit a 

metastable morphology that can be rapidly transformed to the nearly equilibrium morphology 

via vapor annealing. We further expand to other functional systems, specifically block 



copolymers containing a pH-responsive polyelectrolyte and demonstrate the connection 

between pH, ionic strength, and nanostructure. 
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CHAPTER 1 

Functional Thermoplastic Elastomers 

ABSTRACT 

 Soft, nanostructured materials, such as thermoplastic elastomers (TPEs) have ubiquitous 

applications in high impact fields from biosensing, to molecular separations, to active 

components for alternative and renewable energy. Due to microphase separated, periodic 

nanostructures, TPEs have been studied and employed in a variety of nanotechnologies.  

Historically, TPEs, which gain their functionality from their rubbery networks, stabilized by 

rigid physical crosslinks, tend to have limited chemical functionality and selectivity, which are 

necessary for utilizing these materials in higher end applications. 

 Postpolymerization functionalization is a promising route to generating well-defined 

macromolecules with enhanced functionality that can be designed to contain responsive small-

molecules. Combined with discoveries of new nanostructures, functional TPEs present a unique 

solution moving forward in the field of soft matter nanoscience that will become increasingly 

important in the 21
st
 century.  
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1.1. INTRODUCTION 

 The field of polymer science has seen remarkable innovations in the development of 

novel, multifunctional materials largely owed to elegant improvements in synthetic techniques 

that allow precise control over physical and chemical architecture on both research and industrial 

scales. These improvements have likewise eliminated the synthetic/biological border, such as 

with ñlivingò polymerization of nucleic acids, presenting scientists with new tools to intelligently 

design materials with enhanced biological function. 

While thermally initiated free-radical and condensation polymerization are the foundation 

of polymer chemistry, the discovery of ñlivingò polymerization, first demonstrated by Michael 

Szwarc in 1956, presented a synthetic technique with unprecedented control over molecular 

weight, due to complete consumption of monomer reagents, and an unterminated chain end that 

allowed for further incorporation of additional monomers.
1,2

 The latter feature catalyzed the 

development of block copolymers for both research and industrial purposes. Not long after Dr. 

Szwarcôs discovery, Kraton commercialized a line of triblock copolymers based on polystyrene 

and polydienes synthesized via anionic polymerization. These materials, known as thermoplastic 

elastomers (TPEs), exhibited properties similar to that of vulcanized rubber with the ability to be 

melt processed like thermoplastics. The ability to synthesize well-defined macromolecules on 

industrial scales further allowed systematic studies on model block copolymers, which remains 

at the forefront of polymer research. 

 

1.1.1. Overview of TPEs and Self-Assembly 

The functionality of triblock TPEs stems from their physically crosslinked network 

composed of hard (glassy or semicrystalline) endblocks covalently attached by soft (rubbery) 
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midblocks.
3,4

 This design paradigm has been further extended to a vast number of segmented 

multiblock copolymers, such as thermoplastic polyurethanes (TPUs) and more recently to Dowôs 

olefinic block copolymers (OBCs) based on polyethylene. However, styrenic triblock 

copolymers retain nearly one third of the commercial TPE market. Due to sufficient 

thermodynamic incompatibility (cN) between the constituent blocks, the styrenic blocks phase 

separate from the diene midblocks and is further illustrated in Figure 1.1. At ambient conditions, 

the endblocks, being well below the glass transition temperature (Tg), are rigid and stabilize the 

rubbery network.  

Initially, styrenic TPEs were based on unsaturated midblocks containing isoprene (I) or 

butadiene (B), which exhibited very low Tgs ideal for applications requiring flexible rubbers at 

low temperatures, that were also easily incorporated into traditional manufacturing processes, 

unlike in the case of vulcanized (chemically crosslinked) rubber, which required specialized 

injection molding lines for curing. However, the presence of unsaturation in the midblock limited 

the performance at elevated temperatures. This resulted in the next line of hydrogenated 

(saturated) TPEs composed of ethylene-butylene (EB) and ethylene-propylene (EP) midblocks 

with enhanced thermal stability. 

 In addition to their advantegous thermomechanical properties, TPEs have been 

extensively studied in the scientific community as model block copolymers for morphological 

investigations. Similarly to their diblock analogs, triblocks exhibit similar morphologies 

depending on the thermodynamic incompatibility between the blocks and the macromolecular 

composition (f) of one of the components, depicted in Figure 1.2.
5
 At sufficiently small values 

of fA, a disordered (homogeneous) phase is observed. Systematically increasing fA results in 

close-packed spherical (SCP) micelles of A on a face-centered cubic (FCC) lattice followed by 
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spheres (S) on a body-centered cubic (BCC) lattice dispersed in a matrix of B. A further increase 

in fA results, first, in cylinders © of A arranged hexagonally (HCP) followed by an alternating 

lamellar (L) morphology at similar block compositions (fA å fB). Additional nanostructures have 

also been identified between C and L, such as the bicontinuous gyroid (G) phase and the 

orthorhombic (O
70

) Fddd morphology at low values of cN in the weak-segregation regime.
6
 

More complex morphologies have also been observed
7,8

 and predicted
9ï11

 to be present in both 

triblock and higher-order multiblocks containing a third component (such as in ABCBA 

pentablocks). 

 However, the majority of commercially available TPEs exhibit primarily a spherical or 

cylindrical morphology (fA = 0.2 ï 0.4). At very high styrene contents (fS), these materials no 

longer behave as elastomers and are more reminiscent of rigid thermoplastics rendering these 

compositions technologically irrelevant. While TPE nanostructure is critically important for 

utilizing these materials for a variety of nanotechnologies, nonpolar styrenic TPEs suffer from 

poor chemical functionality that limits their application. More recently, there has been 

considerable interest in introducing enhanced chemical functionality along the copolymer 

backbone through one or more postpolymerization modification steps. 

 

1.1.2.  Postpolymerization Functionalization of TPEs 

The majority of commercially available TPEs are composed of nonpolar blocks that exhibit 

negligible specific interactions necessary for higer end applications. A major endeavor that has 

been undertaken by the polymer chemistry community in recent decades, due to improments in 

synthetic techniques, involves chemical modification of macromolecules after synthesis, often 

referred to as postpolymerization functionalization. Post-polymerizaton modification is a 
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powerful tool for the development of functional polymeric materials that modulates the 

macromolecular design process for complete control over physical and chemical architecture. 

Currently, there are a number of synthetic techniques that have been adapted for 

postpolymerization modification by incorporating reactive sites along the polymer backbone. 

The physical types of reactive groups amenable to modification have steadily grown to allow 

incorporation of numerous functional moieties through both catalyzed, such as ring-opening 

metathesis polymerization (ROMP) and atom transfer radical polymerization (ATRP),
12ï15

 and 

radical initiated reactions, such as nitroxide mediated radical (NMP) or reversible addition-

fragmentation chain-transfer (RAFT)
12,16

 polymerizations. 

In the case of styrenic TPEs, both the styrene endblocks and unsaturated diene midblocks are 

amenable to postpolymerization modification. Polystyrene modification has been extensively 

studied through a variety of aromatic substitution reactions. Of particular interest to the work 

presented in this dissertation is the sulfonation of polystyrene, presented in Figure 1.3, pioneered 

by Robert Weiss
17ï20

, via electrophilic aromatic substitution. Through several studies, Weiss and 

coworkers demonstrated the effect of sulfonation on thermomechanical properties.
21,22

 It was 

shown that small amounts of sulfonate groups along the polymer backbone resulted in high melt 

viscosities due to the formation of rigid ionic aggregated. They further demonstrated that 

neutralization of these species with various salts further altered the mechanical properties 

depending on the relative atomic size and valency.
23

 An unintended consequence of 

incorporation of a strong acid (pKa = -2.8)
24

 results in strong interactions with a variety of 

metallic species ideal for heavy metal removal from water.
25,26

 Geise et al. demonstrated that 

diffusion of ionic species through a sulfonated membrane was not only greater than that of an 
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uncharged membrane, but also improved with increasing salt concentration due to favorable 

interactions between the anionic sulfonate group and cationic species.
27,28

 

 Sulfonate groups, which are highly hydrophilic, swell substantially in the presence of 

water, which can have detrimental effects on mechanical properties.
29

 Geise et al. further 

characterized the mechanical properties of a neat and aluminum-neutralized sulfonated 

pentablock copolymer film in both the dry and hydrated states and showed that neutralization 

resulted in a stronger material in both the dry and hydrated states, but a dramatic decrease in 

ductility compared to the neat copolymer.
30

 Sulfonated polymers have been demonstrated in 

higher end applications as well including hole-transport layers
31

 and soft actuators with tunable 

properties
32

, the latter of which is shown in Figure 1.5. 

 Modification of unsaturated midblock has also been achieved through a variety of 

synthetic techniques. Currently, thiol-ene ñclickò chemistry is one of the more primarily utilized 

modification techniques due to rapid, efficient reactions and the myriad of functionalities 

available for study. Thiol-ene reactions, or hydrothiolation, takes place by generation of a sulfur 

radical, through either photo- or thermal initiation, to reduce unsaturated species, such as 

isoprene or butadiene. Several excellent reviews detail the versatility of thiol-ene modification 

for fundamental morphological studies as well as more applied research.
33ï35

 Sun et al. 

demonstrated improved actuation performance of a dielectric elastomer based on a SBS TPE by 

attaching carboxylic acid groups to the B midblock via click modification. 

 

1.2. SUMMARY 

 Overall, block copolymers, and TPEs in particular, present rich opportunity for 

exploration of novel materials systems, made possible by powerful synthetic tools, only limited 
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by the availability of functional small-molecules. TPEs, which owe their functionality to their 

microphase-separated, physically associated networks, continue to be employed in applications 

requiring versatility and multifunctionality. 

 While the majority of commercially available TPEs are nonpolar, incorporation of 

technologically relevant polar functionalities remains at the forefront of research efforts in this 

field. Particularly, soft materials that undergo responses to environmental changes in pH, 

temperature, or irradiation have significant potential for sensing. Copolymers containing 

versatile chemistries, such as sulfonated materials discussed above, that can be employed in a 

variety of technologies present alternatives to existing systems that benefit from not only 

chemical functionality, but nanostructured systems ideal for biological and molecular processes. 

 In order to fully realize the potential of these kinds of materials, it is anticipated that 

disruptive improvements will need to take place in terms of economic and environmentally 

sustainable production, that have not yet been demonstrated. For this reason, development of 

robust processes for creating new, functional monomers from renewable feedstocks is a one of 

the more promising routes expected to create real change in the functional materials 

development.  
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Figure 1.1. Illustration depicting the physical structure of a microphase separated thermoplastic 

elastomer composed of rubbery segments (green) stabilized by glassy styrenic micelles (red). 

Often, selective non-volatile solvents (grey) are incorporated to generate thermoplastic elastomer 

gels (TPEGs) to tune the thermomechanical properties. 
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Figure 1.2. Block copolymer phase diagram indentifying equilibrium morphologies based on 

thermodynamic incompatibility (cN) and macromolecular composition (f).
5
 



 

10 

 
 

Figure 1.3. Reaction schematic depicting the selective sulfonation of polystyrene from acetyl 

sulfate. 
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Figure 1.4. Stress-strain curves for neat and aluminum-neutralized sulfonated pentablock 

copolymer films. ñDryò refers to films exposed to ambient conditions (50% RH) while ñwetò 

refers to films swollen in deionized water at room temperature for 24 h prior to testing.
30
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Figure 1.5. Time-lapse sequence of sulfonated block copolymer film swollen in glycerol (a) and 

ethylene glycol (b) during electroactuation.
32
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CHAPTER 2 

Effect of Systematic Hydrogenation on the Phase Behavior and Nanostructural 

Dimensions of Block Copolymers*  

ABSTRACT 

Unsaturated polydienes are frequently hydrogenated to yield polyolefins that are more 

chemically stable. Here, the effects of partial hydrogenation on the phase behavior and 

nanostructure of polyisoprene-containing block copolymers are investigated. To ensure access to 

the order-disorder transition temperature (TODT) over a wide temperature range, we examine 

copolymers with at least one random block. Dynamic rheological and scattering measurements 

indicate that TODT increases linearly with increasing hydrogenation. Small-angle scattering 

reveals that the temperature-dependence of the Flory-Huggins parameter changes and the 

microdomain period increases, while the interfacial thickness decreases. The influence of 

hydrogenation becomes less pronounced in more constrained multiblock copolymers. 

 

*This chapter has been published in its entirety: 

A. R. Ashraf, J. J. Ryan, M. M. Satkowski, S. D. Smith, and R. J. Spontak. ACS Appl. 

Mater. Interfaces, 2018, 10, 3186-3190. 
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2.1. INTRODUCTION 

 

Primarily because of the inherent thermodynamic incompatibility between covalently-linked 

sequences, block copolymers frequently microphase-separate in the melt and self-assemble into a 

broad variety of soft nanostructures,
1,2

 ranging from classical morphologies such as spherical or 

cylindrical micelles and bilayered lamellae to spatially complex morphologies such as the 

bicontinuous gyroid and O
70

 networks.
3,4

 While numerous di/triblock copolymers possessing a 

myriad of different chemical species have been synthesized for specific applications,
5-7

 the most 

common design responsible for diverse thermoplastic elastomer technologies (e.g., dielectric 

elastomers,
8,9

 flexible electronics
10

 and shape-memory devices
11,12

) combines hard (i.e., glassy or 

semi-crystalline) and soft (i.e., rubbery) blocks. About 33% of commercial thermoplastic 

elastomers manufactured globally
13

 are based on triblock copolymers wherein the hard 

endblocks are polystyrene (PS) and the soft midblock is a low glass transition temperature 

polydiene (e.g., polyisoprene or polybutadiene) or a fully hydrogenated derivative thereof. 

Factors influencing the phase behavior of bicomponent copolymers include the Flory-Huggins 

interaction parameter (c, which generally scales as 1/T, where T denotes absolute temperature), 

the number of statistical repeat units along the backbone (N), the volume-fraction copolymer 

composition (f), and the copolymer molecular architecture.
1,2,14

 As discussed below, intrablock 

sequence control affords another synthetic route by which to control phase behavior. 

Block random copolymers (BRCs) are diblock copolymers wherein one or both of the 

constituent blocks are random copolymers.
15-17

 Due to a composition-dependent reduction in the 

effective c between the blocks, these copolymers can possess relatively long blocks and yet 

remain moderately or weakly segregated, if segregated at all. Composition contrast between the 

blocks provides an alternative route by which to alter the order-disorder transition temperature 
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(TODT) without changing the identity of the chemical species or the block masses. Such tunability 

constitutes an important consideration in the present work, since a broad T range must be 

experimentally accessible. Here, we investigate the effects of progressive hydrogenation on the 

phase behavior and nanostructural characteristics of diblock copolymers composed of styrene (S) 

and isoprene (I) repeat units. Hydrogenation of block copolymers generates designer materials 

with new property combinations,
18-21

 and complete hydrogenation of polyisoprene (PI) in 

particular to poly(ethylene-alt-propylene) (PEP) in block copolymers yields more chemically and 

thermally stable soft blocks that are less likely to succumb to the deleterious effects of aging.
22

 

While poly(styrene-b-isoprene) (SI) diblock copolymers of moderate molecular weight possess 

accessible TODT values, TODT of comparable poly[styrene-b-(ethylene-alt-propylene)] 

copolymers is significantly higher and often becomes unreachable prior to the onset of 

degradation.
23

 With BRCs, this limitation is avoided so that we can precisely examine the effect 

of hydrogenation on block copolymer phase behavior. In addition to elucidating how different 

levels of hydrogenated polyisoprene (HPI), a random copolymer of PI and PEP,
24

 impact 

copolymer phase behavior, this study also aims to discern the effect of hydrogenation on 

copolymer morphology. 

 

2.2. EXPERIMENTAL 

 

For the BRCs, cyclohexane, isoprene (anionic polymerization grade) and styrene were 

obtained from Phillips Petroleum, Goodrich and Aldrich, respectively. While cyclohexane and 

isoprene were used as-received, styrene was purified by degassing with nitrogen gas, followed 

by first titration with dibutylmagnesium (Lithium Corporation of America) to a yellow end point 

and then column chromatography to remove by-products. In addition to sec-butyllithium 

(Lithium Corporation of America), Irganox-1010 (Ciba-Geigy) and ultrahigh-purity hydrogen 
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(Matheson), methanol, 2,3-dimethyl-3-pentanol (DMP), nickel(II) bis(2-ethylhexanoate), triethyl 

aluminum (1 M solution in heptane), hydrochloric acid (HCl), sodium bicarbonate (NaHCO3) 

and potassium metal were all purchased from Aldrich and used as-received. Potassium alkoxide 

was produced by reacting excess clean potassium metal with 0.2 M DMP in cyclohexane. 

Copolymerization of the BRCs and linear multiblock copolymers followed the same living 

anionic polymerization procedures described elsewhere.
17

 Details of the protocol followed for 

partial hydrogenation of the copolymers are provided in the Supporting Information. 

Films were cast from 5% w/v toluene solutions in Teflon molds and allowed to dry over the 

course of several days at ambient temperature before being annealed for 8 h at 120°C under 

nitrogen (to promote solvent removal and nanostructural equilibration) and cooled slowly. 

Dynamic rheological measurements were performed on a Rheometrics RDA II shear rheometer 

equipped with parallel plates at a heating rate of 1°C/min under isochronal conditions (1 rad/s). 

Frequency spectra were likewise collected at different temperatures from 0.05 to 100 rad/s to 

identify TODT from the point of convergence. Scattering was conducted at ambient and elevated 

temperatures on a Rigaku rotating-anode diffractometer, as well as at ambient temperature only 

on beam line 12-BM-B at the Advanced Photon Source (Argonne National Laboratory) using the 

same settings reported earlier.
25

 In both cases, two-dimensional scattering patterns were 

azimuthally integrated to yield intensity profiles as a function of q. 

 

2.3. RESULTS & DISCUSSION 

The two BRCs prepared here are compositionally symmetric with equal block masses of 30 

kDa each (f = 0.5), and they both possess low polydispersities (ņ < 1.05). In BRC1, one block is 

43/57 w/w S/I, while the other is pure polyisoprene (0/100 w/w S/I). The second copolymer 
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(BRC2) consists of two random-copolymer blocks, one with 75/25 w/w S/I and the other with 

32/68 w/w S/I. Values of N for these BRCs are corrected to ensure a common density basis from 

N = (rS/r0)[wS1M1/mS + wS2M2/mS] + (rI/r0)[(1 ï wS1)M1/mI + (1 ï wS2)M2/mI] (1) 

where wij (i = S or I and j = 1 or 2) is the mass fraction of species i in block j, Mj represents the 

molar mass of block j, mi corresponds to the repeat unit mass of species i (104 and 68 Da for S 

and I, respectively), ri denotes the mass density of species i (1.04 and 0.91 g/cm
3
, respectively), 

and r0 = (rSrI)
1/2

. Resultant values of N for BRC1 and BRC2 are 781 and 714, respectively. 

Dynamic rheological testing under isochronal conditions in the linear viscoelastic regime is used 

to identify TODT for each copolymer: 56°C for BRC1 and 60°C for BRC2. The temperature 

dependence of c for a conventional SI diblock copolymer with pure blocks is provided
26

 by 

-0.0228 + 33.0/T, thereby yielding cSI values of 0.078 and 0.076, respectively, at these 

temperatures. An effective interaction parameter (ceff) to account for random-copolymer blocks 

in BRCs is given by cSID
2
, where D is the composition contrast (wS1 ï wS2). It follows that values 

of (ceffN)ODT are estimated as 7.9 for BRC1 and 10.1 for BRC2. For comparison, we have 

reported
20

 that the mean value of (ceffN)ODT calculated for a series of BRCs with f = 0.5 but 

varying TODT, N and D, is unexpectedly about 10.5, which is predicted in the mean-field limit.
2,14

 
 

The isochronal T dependence of the dynamic storage modulus (G') is provided for BRC1 at 

different hydrogenation levels in Figure 1a, and two important features are evident. An increase 

in the degree of hydrogenation (DOH, in mol%) promotes increases in G' (by more than an order 

of magnitude in some instances) under isothermal conditions and TODT, as pinpointed by a 

change in the slope of, or a precipitous drop in, G'(T). Similar results are obtained for BRC2 in 

the Supporting Information. In addition, the ODT becomes more sharply delineated with 

increasing hydrogenation, and G' at high DOH exhibits local maxima at high T (see the inset in 
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Figure 1a), most likely indicative of an order-order transition to a more spatially complex (e.g., 

gyroid) morphology. [Analysis of this transition is beyond the scope of the present study.] 

Values of TODT extracted from G'(T) data for BRC1 and BRC2 are included in Figure 1b and 

vary linearly with regard to the DOH. This trend is reproduced in the inset in Figure 1b wherein 

TODT measurements from isochronal dynamic rheology compare favorably with those from 

variable-T frequency spectra and small-angle X-ray scattering (SAXS). Both datasets appearing 

similarly dependent on the DOH suggests that this linear relationship is general, subject to 

further validation. The results shown in Figure 1 reveal that hydrogenation of both copolymers 

promotes a progressive shift in the ordered envelope to higher T caused by a systematic increase 

in thermodynamic incompatibility.
23

 Although we make no attempt to assess the change in BRC 

incompatibility due to the complexity of the 2- or 3-component copolymers generated during 

hydrogenation,
16

 values of c can be directly extracted from SAXS conducted at T > TODT. 

On the basis of the random-phase approximation,
14,27

 c for a homogeneous (disordered) 

block copolymer at T > TODT can be discerned directly from a 1D SAXS profile acquired at that 

T when the data are plotted as intensity versus q, where q is the scattering vector defined as 

(4p/l)sinq, l is the X-ray wavelength (0.154 nm for CuK radiation) and q is the scattering half-

angle. In this representation, the intensity due to the structure factor is fitted to SAXS data, and a 

regressed value of c is extracted. By repeating this process at different T > TODT, the functional 

form of c(T) can be established. Values of c ascertained from BRC2 in this manner at 4 different 

DOH levels are found to be linearly dependent on 1/T in Figure 2a, confirming that c = A + 

B/T, where A and B are constants that reflect entropic and enthalpic contributions to c, 

respectively. Since an increase in DOH serves to elevate TODT (cf. Figure 1a), each progressive 

dataset in Figure 2a is necessarily shifted to higher T. In the case of a polymer blend or a block 
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copolymer, a positive slope (B) not only verifies that c decreases with increasing T but also 

implies the existence of a disordered state at elevated (but not necessarily accessible) T. The 

dependence of A and B on DOH determined in this study is displayed in Figure 2b, which 

demonstrates that A monotonically decreases, while B correspondingly increases, with 

increasing DOH. The DOH-induced change in B is particularly noteworthy, since it is also 

consistent with an increase in chemical dissimilarity (incompatibility) between the blocks of 

BRC2 upon hydrogenation.  

In this section, we focus on the accompanying changes in the nanostructural characteristics 

illustrated in Scheme S1 (Supporting Information) due to hydrogenation. The SAXS profiles 

provided in Figure 3a confirm that the parent BRC2 copolymer, as well as its HPI-containing 

homologs, is microphase-separated. As the DOH level is increased, a second scattering peak 

develops in addition to the primary peak located at q
*
. While this second peak persists at DOH 

levels above 25 mol%, a third peak becomes apparent when the DOH reaches 58 mol%. This 

effect of hydrogenation has been previously observed.
28

 Analysis of the positions of these 

second- and third-order peaks indicates that they are integer values of q
*
, thereby confirming that 

BRC2 self-organizes into a lamellar morphology, which is consistent with our earlier results.
17

 

Values of the lamellar period (D), calculated from 2p/q
*
, are presented as a function of the DOH 

in the inset of Figure 3a and establish that D increases linearly with increasing DOH. The 

modest change in D is attributed to the difference in r between PI (0.91 g/cm
3
) and PEP (0.87 

g/cm
3
) and the increase in incompatibility (i.e., c) upon hydrogenation (cf. Figure 2). Another 

morphological feature of interest here is the interphase thickness (w), which can be discerned
29

 

from pinhole-collimated SAXS profiles at high scattering angles when intensity x s
2
 is plotted as 

a function of 1/s
2
, where s = q/(2p). Each of the resultant linear relationships visible in Figure 3b 
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for BRC2 yields an ordinate intercept given by -mp
2
w

2
/3, where m is the slope. Values of w are 

presented as a function of the DOH in the inset of Figure 3b and reveal that w is initially 

relatively broad (due to D < 1) and remains broad for HPI-containing BRC2 homologs that are 

predominantly PI. At higher DOH levels, however, w decreases sharply, which coincides with an 

abrupt increase in thermodynamic incompatibility (and B in Figure 2b).  

Our reasons for investigating BRCs rather than conventional SI diblock copolymers (with 

pure blocks and D = 1) in the present study are (i) broad tunability of copolymer phase behavior 

without changing f or N, and (ii ) measurable property changes due solely to PI hydrogenation. 

Here, we examine the effect of hydrogenation (at a DOH level of 50 mol%) on the 

morphological features of thermoplastic elastomeric multiblock copolymers ð SIS, SISIS and 

SISISIS ð composed of (n) PI blocks and (n + 1) PS blocks.
2,30-32

 The molecular characteristics 

of these copolymers are designed so that (i) the mass of each PS endblock is half that of the PS 

midblocks, and (ii ) the total molecular weight and composition remain constant at 300 kDa and 

20/80 w/w S/I, respectively (with (ņ < 1.10). Unlike their diblock analogs, these materials not 

only self-assemble, but also develop rubbery networks stabilized by glassy microdomains.
33

 In 

the case of moderately- to strongly-segregated SIS triblock copolymers,
34,35

 the single rubbery 

midblock typically adopts a bridged or looped conformation, with the former primarily 

responsible for network formation. In the cases of the SISIS pentablock and SISISIS heptablock 

copolymers, conformational complexity increases as individual copolymer molecules physically 

connect up to (n + 1) glassy microdomains. Representative SAXS profiles of both parent and 

partially hydrogenated copolymers are displayed in Figure 4 and indicate two trends, displayed 

in the inset. The first is that an increase in n promotes an increase in q
*
 and a corresponding 

reduction in D. Moreover, in contrast to the results shown in Figure 3a for the BRC2 copolymer, 
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hydrogenation induces a further reduction in D that becomes less pronounced as n is increased. 

The reason for this difference compared to the BRCs is not attributed to insufficient equilibration 

since all specimens possess similar thermal histories. While not precisely known at the present 

time, it might reflect the hydrogenation-induced change in the molecular weight of entanglement. 

 

2.4. CONCLUSIONS 

Hydrogenation constitutes an important post-synthesis process by which to generate 

block copolymers with highly stable olefinic blocks that are largely resistant to chemical and 

radiation attack. In this work, we have investigated the effect of hydrogenation on the phase 

behavior and morphological features of PI-containing BRCs that possess broad thermodynamic 

and morphological tunability.
15-17

 An increase in the DOH promotes a linear increase in TODT, as 

discerned by dynamic rheology and small-angle scattering, as well as changes in the temperature 

dependence of c. Together, these results confirm that hydrogenation progressively increases the 

thermodynamic incompatibility of these BRC homologs in methodical fashion, thereby facilitat-

ing the development of predictive molecular-structure-property relationships. Concurrent 

analysis of nanostructural features by SAXS establishes that the BRC examined possesses the 

lamellar morphology and that the lamellar period increases, while the interphase thickness 

decreases, with increasing DOH. Extension of this study to include linear multiblock copolymers 

demonstrates that increases in both hydrogenation and conformational complexity (n) cause 

decreases in the microdomain period. Partially- and fully-hydrogenated block copolymers are of 

fundamental and technological importance,
22

 and the results reported herein aim to elucidate the 

systematic effect of hydrogenation on examples of sequence-controlled block copolymers 

varying in molecular archetype and enabling access to specific experimental windows.  
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Figure 2.1. In (a), the temperature (T) dependence of the dynamic storage modulus (G') for 

BRC1 homologs varying in DOH (labeled and symbol-/color-coded). The order-disorder 

transition temperature (TODT) is obtained from the change in slope of G'(T), as indicated. 

Enlargements of 4 datasets are included in the inset to illustrate the local maxima, most likely 

indicative of an order-order transition. The solid lines serve to connect the data. In (b), TODT 

values measured from dynamic rheological temperature sweeps under isochronal conditions (1 

rad/s) are provided as a function of DOH for BRC1 and BRC2 (labeled). In the inset, these 

measurements () retain the same color designations and are compared with TODT values 

discerned from variable-T frequency spectra () and SAXS ( ). The solid lines are linear 

regressions to the data. 
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Figure 2.2. In (a), values of c extracted from SAXS profiles acquired at T > TODT are provided 

as a function of reciprocal temperature for 4 hydrogenated homologs of BRC2. Each DOH is 

labeled, and the solid lines are linear regressions to the data. In (b), the parameters A and B 

extracted from the linear expression c = A + B/T fitted in (a) are displayed as functions of the 

DOH. The solid lines serve as guides for the eye. 
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Figure 2.3. In (a), SAXS intensity profiles of BRC2 homologs varying in their DOH (labeled). 

In addition to the principal scattering peak at q
*
, two higher-order peaks are highlighted by 

arrows. The inset reveals that the microdomain period (D = 2p/q
*
) varies linearly with increasing 

DOH. In (b), SAXS data collected from partially-hydrogenated BRC2 homologs replotted as a 

function of 1/s
2
 to extract values of the interphase thickness (w), displayed as a function of DOH 

in the inset. The solid lines in (b) are linear regressions to the data, while those in the inset serve 

to connect the data. 
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Figure 2.4. SAXS intensity profiles measured from SIS triblock (n = 1, black), SISIS pentablock 

(n = 2, red) and SISISIS heptablock (n = 3, blue) copolymers with 0% (filled circles) and 50% 

(open circles) hydrogenation. Values of D discerned from these profiles are included in the inset, 

wherein the solid lines serve to connect the data.  
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CHAPTER 3 

Bicomponent Block Copolymers Derived from One or More Random Copolymers 

as an Alternative Route to Controllable Phase Behavior*  

ABSTRACT 

Block copolymers have been extensively studied due to their ability to spontaneously self-

organize into a wide variety of morphologies that are valuable in energy-, medical- and 

conservation-related (nano)technologies. While the phase behavior of bicomponent diblock and 

triblock copolymers is conventionally governed by temperature and individual block masses, we 

demonstrate that their phase behavior can alternatively be controlled through the use of blocks 

with random monomer sequencing. Block random copolymers (BRCs), i.e., diblock copolymers 

wherein one or both blocks is a random copolymer comprised of A and B repeat units, have been 

synthesized, and their phase behavior, expressed in terms of the order-disorder transition (ODT), 

has been investigated. Our results establish that, depending on the block composition contrast 

and molecular weight, BRCs can microphase-separate. We also report that the predicted ODT 

can be generated at relatively constant molecular weight and temperature with these new soft 

materials. This sequence-controlled synthetic strategy is extended to thermoplastic elastomeric 

triblock copolymers differing in chemistry and possessing a random-copolymer midblock. 

 

*This chapter has been published in its entirety: 

J. J. Ryan,
%

 A. R. Ashraf,
%

 M. M. Satkowski, B. Lee, S. D. Smith and R. J. Spontak. 

Macromol. Rapid Commun. 2017, 38, 1700207. 
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3.1. INTRODUCTION 

Block copolymers, macromolecules composed of two or more long contiguous sequences of 

chemically-dissimilar repeat units, remain one of the most comprehensively studied and 

technologically important classes of soft materials. Due to the thermodynamic incompatibility 

between the covalently-linked blocks, AB diblock and higher-order bicomponent multiblock 

copolymers can spontaneously self-assemble in the melt and order into several classical 

nanostructures, such as A(B) spheres located on a body- or face-centered cubic lattice in a B(A) 

matrix, A(B) cylinders arranged on a hexagonal lattice in a B(A) matrix or alternating 

lamellae.
1,2

 More complex nanoscale morphologies, such as the bicontinuous gyroid,
3,4

 twisted 

helices,
5
 a Frank-Kasper s phase,

6
 and coexisting lamellae+spheres,

7
 have also been reported to 

form in neat copolymers, and many of these signature nanostructures, as well as others (e.g., 

bicontinuous microemulsions
8
), have likewise been observed in block copolymers containing 

one or more homopolymers
9,10

 or solvents.
11,12

 In some cases, self-assembly can be controlled 

and directed in block-selective solvents by, for example, crystallization
13

 and/or chemical 

coordination
14

 to yield highly anisotropic nanoscale objects such as cylinders measuring more 

than 10 mm in length. Because of their inherent ability to self-assemble, block copolymers have 

driven the development of numerous (nano)technologies ranging from biomedical
15

 and optical
16

 

devices to nanotemplated surfaces
17

 and various separation/functional membranes.
18,19

 In the 

presence of two parent or block-selective homopolymers, block copolymers also serve as 

compatibilizers
20-22

 in polymer blends/fibers or stabilizers
23

 in polymer nanolaminates. 

The formation of block copolymer morphologies depends on conditions favoring self-

assembly. According to the seminal Landau-type mean-field theory of Leibler
24

 and subsequent 

frameworks,
25-28

 the phase behavior of diblock copolymers depends on several factors, the two 
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most important of which include thermodynamic incompatibility (cABN, where cAB represents 

the Flory-Huggins interaction parameter, and N is the number of statistical units along the 

copolymer backbone) and molecular composition (f, the volume fraction of one of the blocks). 

Interfacial chain packing and curvature (and, hence, morphology) are largely dictated by f, 

whereas cN reveals that the onset of nanostructure formation at the order-disorder transition 

(ODT) is sensitive to temperature (since c is frequently expressed
29

 as a + b/T, where T denotes 

absolute temperature) and molecular weight. A strategy developed to alter the phase behavior of 

bicomponent block copolymers relies on changing the molecular architecture by either (i) 

increasing the number of blocks/molecule from diblock to triblock to higher-order multiblock
30-

33
 or (ii ) switching from linear to non-linear motifs.

34
 In the first case, a systematic increase in 

the size of a second endblock in the transition from AB diblock to ABA triblock copolymer 

generates asymmetric A1BA2 copolymers that have not only elucidated unexpected phase 

behavior
30

 and the mechanism by which midblock bridging proceeds
32

 but also revealed that 

coexisting morphologies can arise in the limit of super strong segregation.
7
 Synthetic insertion of 

a continuous tapered
35-39

 or random
40,41

 copolymer segment between the blocks has likewise 

been explored as a feasible route by which to control the phase behavior of block copolymers 

without resorting to changes in temperature or molecular weight, composition or architecture, or 

the physical incorporation of additives.  

Several previous studies
42-44

 have examined bicomponent block copolymers wherein one or 

more of the blocks is a random copolymer, excluding copolymers wherein a block is partially 

functionalized post-synthesis. We refer to the specific case of such diblock copolymers as block 

random copolymers (BRCs). These fundamentally differ from random block copolymers,
45-48

 in 

that the latter generally correspond to multiblock copolymers wherein pure blocks are randomly 
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arranged along the backbone (e.g., segmented polyurethanes and polyesters), as well as from 

gradient copolymers (although gradient copolymers possessing a high degree of blockiness 

qualitatively come closest to resembling BRCs). In a previous work, we have demonstrated
39

 

that, even though the constituent repeat units (polystyrene, S[A], and polyisoprene, I[B]) 

normally yield SI diblock copolymers that undergo microphase separation, BRCs composed of 

two SI random blocks can remain structureless. This decrease in incompatibility can be traced to 

a composition-induced reduction in c. For a mixture of two random copolymers composed of the 

same A and B species, an effective c (ceff) for the blend has been previously expressed as
49 

ceff = xycAA + y(1 ï x)cBA + x(1 ï y)cAB + (1 ï x)(1 ï y)cBB ï x(1 ï x)cAB ï y(1 ï y)cAB (1) 

where x and y designate the volume fractions of A in each copolymer, cAA = cBB = 0 and cBA = 

cAB. For a similar BRC composed of two random copolymer blocks, we assume that the mass 

densities of A and B are comparable so that the volume fraction of A in each block corresponds 

to its mass fraction (wA), in which case x = wA1 and y = wA2, where 1 and 2 identify the two 

blocks. Consequently, in the limit of this estimation, Eq. 1 simplifies to 

 ceff = cABD
2
 (2) 

where the block composition contrast (D) is equal to wA1 ï wA2. In the limit of an AB block 

copolymer with pure blocks, wA1 = 1.0 and wA2 = 0.0 so that D = 1.0 and ceff reduces to cAB. For 

all other values of wA1 and wA2, ceff < cAB. To put the A and B repeat units on a common density 

basis, values of N (and all mass fractions subsequently determined therefrom) are calculated 

from (rA/r0)[wA1M1/mA + wA2M2/mA] + (rB/r0)[(1 ï wA1)M1/mB + (1 ï wA2)M2/mB], where mi is 

the molar mass of repeat unit i (104 and 68 Da for A[S] and B[I], respectively), ri denotes the 

corresponding density of repeat unit i (1.04 and 0.91 g/cm
3
, respectively), and r0 = (rArB)

1/2
. 
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3.2. METHODS 

For the BRCs, cyclohexane (Phillips Petroleum) and isoprene (Goodrich, anionic 

polymerization grade) were independently passed through alumina columns, whereas styrene 

(Aldrich) was purified by passing through an alumina column to remove inhibitors, titrating 

impurities with dibutyl magnesium and passing through an activated alumina column to remove 

magnesium salts. Sec-butyllithium and dibutyl magnesium (Lithium Corporation of America), 

2,3-dimethyl-3-pentanol (DMP, Aldrich) and Irganox-1010 (Ciba-Geigy) were all used as-

received. Potassium alkoxide was generated by the reaction of excess clean potassium metal with 

0.2 M DMP in cyclohexane. The RMCs  were generously provided by Kraton Polymers. The 

BRC copolymerizations were conducted in Chemco reactors with predetermined mixtures of 

purified styrene and isoprene. Both monomers were charged to the reactor to form 10% w/v 

solutions in cyclohexane at 50°C. Once the reactor was titrated, the desired amount of SBL was 

added, followed by the addition of PAO. The BRCs were prepared by complete consumption of 

one comonomer mixture followed by the addition of a second comonomer mixture with a 

different composition. All copolymerizations were terminated with 2-propanol, then precipitated 

into a 10-fold excess of methanol, stabilized with 0.25 wt% Irganox-1010 and vacuum-dried. 

While the synthetic details of the RMCs are unavailable, this family of copolymers is purpose-

fully designed to exhibit reduced (i.e., accessible) TODTs through the introduction of random 

monomer sequencing in the midblock. If they are prepared from S and butadiene precursors, the 

co-initiators described herein can likewise be used to generate random copolymers. We cannot, 

however, rule out the possibilities that (i) the RMCs employ a different (co-)initiator to introduce 

random midblocks or (ii ) the random midblocks possess tapered sequencing, which could affect 

phase behavior.
6
 In both series of materials, molecular weight distributions were determined by 
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size exclusion chromatography (SEC), and compositions were determined by proton nuclear 

magnetic resonance (
1
H NMR) performed on a GE QE-300 spectrometer. In the specific case of 

the BRCs, ozonolysis of isoprenic units followed by mass spectroscopy provided information 

regarding sequence length distribution. Representative details of these analyses are included for 

completeness in the Supplemental Information. 

Films were cast from 5% w/v toluene solutions in Teflon molds and allowed to dry over the 

course of several days before exposure to vacuum at ambient temperature for one day and at 

40°C for 8 h. Differential scanning calorimetry was performed on a Mettler DSC 30 by heating 

to 100°C, cooling at 1°C/min to -60°C and re-heating at 10°C/min. Dynamic rheological 

measurements were performed on a Rheometrics RDA II shear rheometer equipped with parallel 

plates at a heating rate of 1°C/min under isochronal conditions (1 rad/s). The TEM images were 

acquired on a Zeiss EM902 electron microscope operated at 80 kV, and SAXS was conducted on 

beam line 12-BM-B at the Advanced Photon Source (Argonne National Laboratory) using the 

same settings reported elsewhere
57

 in conjunction with a Linkam TMS600 hot-stage to ensure 

precise temperature control. Two-dimensional scattering patterns were azimuthally integrated to 

yield intensity profiles as a function of the scattering vector q = (4p/l)sinq, where l is the 

radiation wavelength and q is half the scattering angle. 

 

3.3. RESULTS & DISCUSSION 

As mentioned earlier, synthetic strategies involving the use of "mixed" A/B blocks or inter-

block A/B segments aim to alter the properties and phase behavior of block copolymers. 

Examples of linear, bicomponent diblock and triblock copolymer architectures are included in 

Scheme 1. In the case of the BRCs studied here, an important consideration during living anionic 
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polymerization is the monomer reactivity of the initiator employed to generate random 

copolymers. Random copolymers of styrene and dienes constitute important model and 

commercial materials, and anionic copolymerization of styrene and diene monomers with alkyl 

lithium initiators in hydrocarbons is well known
50

 to induce blockiness due to the large 

difference in monomer reactivity ratios. The anionic synthesis of dienes with high 1,4 content 

(and a low glass transition temperature, Tg) likewise requires the use of nonpolar hydrocarbon 

solvents since polar additives typically (i) produce high levels of 1,2 content (with a high Tg) 

even at very low concentrations
51

 and (ii ) promote side reactions, thereby broadening the 

molecular weight distribution and hindering the production of block copolymers. Unfortunately, 

anionic polymerization initiators that are soluble in hydrocarbon media are limited to a few alkyl 

lithium initiators, in contrast to a broader variety of initiators (e.g., alkyl sodium, potassium and 

magnesium) that are soluble in polar media.
52

 In this study, we employ a co-initiator composed 

of sec-butyllithium (SBL) and a potassium alkoxide (PAO), which at a ratio of 30:1 SBL:PAO 

has been shown
42

 to yield constant copolymer composition in the presence of both monomer 

species (and comparable reactivity ratios, as indicated by the mass spectroscopy results provided 

in the Supplemental Information) with increasing conversion. Without the presence of PAO, 

isoprene is consumed much faster than the styrene, yielding a block or tapered copolymer.  

The first series of styrene/isoprene BRCs considered here possess equimass blocks (30 kDa) 

and low polydispersity indices (ņ < 1.05), but different values of wA1 and wA2. Transmission 

electron microscopy (TEM) images of two specimens designated BRC1 (wA1 = 0.25 and wA2 = 

0.50; |D| = 0.25) and BRC2 (wA1 = 0.75 and wA2 = 0.25; |D| = 0.50) are displayed in Figures 1a 

and 1b, respectively. Figure 1a clearly reveals that this copolymer is structureless and is not 

microphase-separated (similar results are obtained when wA1 = 0.75), whereas lamellae with a 
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periodicity of å30 nm are evident in Figure 1b. These results are substantiated by the 

temperature dependence of tan d (= G"/G', where G' and G" denote the dynamic storage and loss 

shear moduli, respectively) acquired from dynamic rheology and included in Figure 1c. While 

BRC1 exhibits a broad peak indicative of a single Tg (centered at ca. -16°C), the results from 

BRC2 indicate the existence of two Tgs (at ca. 50 and -30°C) consistent with a microphase-

separated state. Estimates of the Tgs identified in Figure 1c according to the Fox-Flory equation 

for random copolymers (with Tg,S = 100°C and Tg,I = -60°C) are as follow: -19°C (BRC1) and 

Tg1 = 41°C and Tg2 = -34°C (BRC2). Values of ceff are calculated from Eq. 2 wherein the 

constants for cAB = a + b/T are a = -0.0228 and b = 33.0.
28

 Resulting ceffN values of these 

copolymers evaluated in the melt at 100°C are ca. 3 (BRC1) and 12 (BRC2). If these were 

symmetric AB diblock copolymers of identical molecular weight, cABN would be 48 at the same 

temperature. For perspective, cABN = 10.5 at the ODT for AB diblock copolymers at f = 

0.50,
1,2,25

 in which case BRC2 is expected to be microphase-ordered while BRC1 is not.
 

The phase behavior of microphase-ordered block copolymers is generally expressed in terms 

of the temperature (or equivalent cABN) at the ODT. In this study, TODT is measured by dynamic 

rheology and, for BRCs possessing non-cubic morphologies, form birefringence as functions of 

temperature. Representative results from each testing method are presented in Figures 2a and 2b 

for BRC2 to confirm that TODT lies between 140 and 145°C. The inset included in Figure 2a is a 

small-angle X-ray scattering (SAXS) profile confirming that BRC2 is microphase-ordered and 

exhibits lamellae with a periodicity of 32 ± 2 nm, in agreement with TEM (Figure 1b). For a 

given BRC with a known molecular weight and composition (i.e., f, wA1 and wA2), measurement 

of TODT can be used to obtain (ceffN)ODT so that a phase diagram can be constructed. In Figure 

2c, (ceffN)ODT is displayed as a function of D for BRCs with equimass blocks ranging from 10 to 
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50 kDa (see Table 1 for copolymer details). Without any adjustable parameters and with little 

experimental variation (considering that each point corresponds to a different BRC), the values 

of (ceffN)ODT appear to be in favorable agreement with the mean-field value of 10.5 over the 

entire range of D values examined. In fact, the average over all 9 independent specimens is 10.5 

± 0.7. This result is somewhat surprising in light of the fact that composition fluctuations, which 

are ignored in mean-field theory but expected to be non-negligible in these BRCs, can promote 

substantial deviation
25,26b,28

 in the value of (ceffN)ODT. Alternatively, in Figure 2d, we 

demonstrate that temperature (and, hence, cAB), as well as molecular weight, can be held 

constant so that the phase behavior of BRCs is governed exclusively by f and D. Here, the 

number-average molecular weight (Mn) and temperature are fixed at 100 kDa and 70°C (for 

which cAB = 0.0734), respectively. Figure 2d confirms that the experimental data collected for 6 

different BRCs (see Table 1) are consistent with the predicted
26a

 dependence of cN on f along 

the ODT for AB diblock copolymers in the mean-field limit. (We note here that the reported 

findings of Medapuram et al.
27

 suggest that this predicted dependence underestimates the true 

ODT boundary.) The results reported in Figures 2c and 2d confirm that, in addition to 

temperature, molecular weight and block fraction, block composition contrast (D) constitutes a 

viable alternative by which to control the phase behavior of diblock copolymers. 

This strategy can be extended to triblock copolymers, as depicted by the random midblock 

copolymer (RMC) archetype in Scheme 1. Of particular interest here are thermoplastic 

elastomers (TPEs) in which the chemically identical endblocks are glassy, while the midblock 

possesses a sub-ambient Tg, at application temperatures.
53

 Due to its thermochemical stability, a 

widely used commercial TPE is poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) 

wherein the EB midblock derives from hydrogenated butadiene. Because of their high interblock 
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incompatibility, these copolymers tend to possess very high TODT values that are experimentally 

inaccessible prior to degradation. Chemical incorporation of S into the EB midblock yields 

RMCs with significantly lower ODT temperatures that can greatly facilitate melt processing and 

alter rheological properties.
43

 Here, we employ SAXS to elucidate the effect of the random 

midblock on phase behavior. Representative SAXS profiles acquired from RMC1 (Mn = 68.5 

kDa, ņ = 1.33, wend = 0.23, and wS,mid = 0.44) at elevated temperatures are shown in Figure 3a 

and reveal that the intensity of the principal scattering peak (at q*) decreases with increasing 

temperature. Peak intensity values for RMC1 and RMC2 (Mn = 85.3 kDa, ņ = 1.20, wend = 

0.18, and wS,mid = 0.48) are provided as a function of temperature in Figure 3b and decrease 

sharply at ca. 260°C for RMC1 and 165°C for RMC2, thereby identifying an accessible TODT for 

each TPE. These decreased TODT values reflect reduced incompatibility between the pure 

endblocks and the random midblock, which is more pronounced for RMC2 despite its higher 

Mn. Analysis of ceff is more complicated in the case of these RMCs since (i) a reliable measure 

of c(T) is unavailable due to the inherently high incompatibility between S and EB, and (ii ) the 

phase behavior of triblock copolymers, while similar to that of diblock copolymers, can be more 

complex.
32 

 

3.4. CONCLUSIONS 

As ongoing sequence-controlled
54-56

 copolymer strategies continue to establish novel 

architecture-property relationships, the BRCs and RMCs examined here provide evidence that 

the incorporation of one or more random blocks into di/triblock copolymers not only constitutes 

an alternative route by which to control phase behavior but also establishes their commercial 

viability as designer soft materials. A more detailed molecular thermodynamics analysis of such 
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unique materials, as well as additional experimental interrogation, is clearly warranted.  
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Scheme 3.1. Molecular architectures and designations of linear bicomponent copolymers that 

incorporate pure or mixed sequences of repeat units along the backbone. 
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Figure 3.1. TEM images of (a) BRC1 and (b) BRC2. The isoprenic units in both blocks of each 

copolymer are selectively stained and appear dark. In (c), tan d is displayed as a function of 

temperature for the same BRCs (labeled) and reveal the number and values of the corresponding 

Tg(s).  

(c) 
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Figure 3.2. Temperature dependence of (a) the dynamic shear moduli ð G' ( ) and G" ( ) ð 

and (b) form birefringence () and tan d ( ) used to discern the value of TODT for BRC2. The 

solid lines connect the data, and the inset in (a) displays a SAXS profile acquired from BRC2 at 

ambient temperature (the periodicity is determined from 2p/q*). The peak at 3q* is consistent 

with a lamellar morphology (the peak at 2q* is absent due to the symmetric composition). The 

results displayed in (c) are obtained from TODT measurements for a series of BRCs with equimass 

blocks (f = 0.50). The dashed horizontal line identifies the value of (ceffN)ODT (= 10.50) for 

symmetric diblock copolymers (f = 0.5) in the mean-field limit. In (d), the phase diagram is 

generated at constant temperature (cAB) and molecular weight with variable D and f. The solid 

line denotes predictions for the ODT boundary from mean-field theory
26a

 for AB diblock 

copolymers, and the error bars in (c) and (d) correspond to 10% variation to account for 

experimental uncertainty in the molecular weight measurements. 
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Table 3.1. Block and molecular characteristics of the designer BRCs synthesized and examined 

in this study. 

Designation f
a
  wA1

a
 wA2

a
 Mn  N

b
 f

c
 wA1

c
 wA2

c
 D TODT  cAB

 

     (kDa)       (°C) (x10
-2

)

  

 

Constant block fraction series          

BRC1 0.50  0.00 0.75 20.0  249 0.55 0.00 0.69 0.69 110 6.33 

BRC2 0.50  0.15 1.00 20.0  235 0.56 0.12 1.00 0.88 110 6.33 

BRC3 0.50  0.15 0.75 40.0  488 0.54 0.12 0.69 0.58 45 8.09 

BRC4 0.50  0.25 0.75 40.0  481 0.54 0.20 0.69 0.49 40 8.26 

BRC5 0.50  0.00 0.57 50.0  638 0.54 0.00 0.50 0.50 75 7.20 

BRC6 0.50  0.32 0.71 58.0  694 0.53 0.26 0.65 0.39 72 7.55  

BRC7 0.50  0.25 0.75 60.0  721 0.54 0.20 0.69 0.49 140 5.71 

BRC8 0.50  0.35 0.75 60.0  711 0.53 0.29 0.69 0.40 55 7.78 

BRC9 0.50  0.37 0.75 100.0  1181 0.53 0.31 0.69 0.39 60 7.63 

 

Constant molecular weight series        T (°C)
 

BRC9 0.50  0.37 0.75 100.0  1181 0.53 0.31 0.69 0.39 70 7.34 

BRC10 0.35  0.75 0.30 100.0  1217 0.32 0.69 0.24 0.45 70 7.34 

BRC11 0.33  0.75 0.30 100.0  1220 0.30 0.69 0.24 0.45 70 7.34 

BRC12 0.30  0.75 0.30 100.0  1224 0.27 0.69 0.24 0.45 70 7.34 

BRC13 0.25  0.75 0.25 100.0  1245 0.22 0.69 0.20 0.49 70 7.34 

BRC14 0.20  0.75 0.20 100.0  1268 0.18 0.69 0.16 0.53 70 7.34 

 

a
 Determined on the basis of molecular weight. 

b
 Corrected for different repeat unit densities by the reference density r0 = (rArB)

1/2
. 

c
 Calculated on the basis of the density-corrected number of repeat units. 

 



 

48 

 
 

Figure 3.3. In (a), a series of SAXS profiles acquired at different temperatures (labeled) from 

RMC1. Profiles exhibiting evidence of microphase-ordering (due to higher-order scattering 

peaks) appear bold. The profile at which q* becomes invariant (at T å 270ÁC) appears dashed 

and the position of q* is identified by the vertical dotted line. In (b), peak scattering intensities 

extracted from variable-temperature SAXS profiles are displayed as a function of temperature for 

RMC1 and RMC2. The position of each TODT discerned from intersecting tangent (solid) lines is 

identified by the dotted lines.
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CHAPTER 4 

Molecular and Morphological Investigation of Midblock-Sulfonated Styrenic 

Triblock Copolymers* 

ABSTRACT 

 Midblock-sulfonated triblock copolymers afford a desirable opportunity to generate 

network-forming amphiphilic materials that are suitable for use in a wide range of emerging 

technologies as fuel-cell, water-desalination, ion-exchange, photovoltaic, or electroactive 

membranes. Employing a previously reported synthetic strategy wherein poly(p-tert-

butylstyrene) remains unreactive, we have selectively sulfonated the styrenic midblock of a 

poly(p-tert-butylstyrene-b-styrene-b-p-tert-butylstyrene) (TST) triblock copolymer to different 

extents. Comparison of the resulting sulfonated copolymers with results from our prior study 

provides favorable quantitative agreement and suggests that a shortened reaction time is 

advantageous. An ongoing challenge regarding the morphological development of charged block 

copolymers is the competition between microphase separation of the incompatible blocks and 

physical cross-linking of ionic clusters, with the latter often hindering the former. Here, we 

expose the sulfonated TST copolymers to solvent-vapor annealing to promote nanostructural 

refinement. The effect of such annealing on morphological characteristics, as well as on 

molecular free volume, is explored. 

 

*This chapter has been published in its entirety: 

K. P. Mineart, J. J. Ryan, B. Lee, S. D. Smith, & R. J. Spontak. J. Polym. Sci. Part B, 

2017, 55, 490-497. 
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4.1. INTRODUCTION 

As exemplars of soft materials inherently capable of spontaneous, thermodynamically-driven 

self-organization,
1-4

 block copolymers remain at the forefront of academic and commercial 

research focused on a diverse range of technologies that rely on interfacial compatibilization,
5,6

 

surface adhesion,
7,8

 nanoscale templating,
9-11

 and nano-object
12

 and superstructure
13

 production. 

A block copolymer generally consists of two or more chemically-dissimilar contiguous 

sequences that are covalently linked to form a single macromolecule. Due to the incompatibility 

between the blocks (typically described in terms of cN, where c denotes the Flory-Huggins 

interaction parameter and N is the number of statistical repeat units along the backbone), these 

macromolecules can microphase-separate and organize into a variety of soft nanostructures that 

depend primarily on copolymer composition, architecture, and molecular weight.
1,2

 Of particular 

interest here are linear multiblock copolymers, such as ABA triblock copolymers, that can 

likewise form a molecular network upon microphase separation.
14-16

 In the particular case of the 

ABA archetype, each B midblock is capable of adopting a bridged, looped, or dangle 

conformation (or remaining unsegregated). Midblock bridges serve to connect neighboring 

microdomains and are therefore predominantly responsible for network formation in B-rich 

copolymers at moderate to high cN levels.
17

 Such physical, rather than chemical, cross-linking 

constitutes the underlying design principle of ABA thermoplastic elastomers,
18

 which possess a 

soft (rubbery) B midblock and hard (glassy or semi-crystalline) endblocks. Functionalization of 

conventional thermoplastic elastomers has extended
19-22

 this paradigm initially developed for 

nonpolar species by incorporating a charged midblock into a multiblock copolymer. 

Charged block copolymers, also known as block ionomers, have been developed for use as 

amphiphilic materials and frequently rely on the targeted sulfonation of styrenic moieties. 
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Examples of selectively sulfonated diblock copolymers derive from poly(styrene-b-

butadiene),
23,24

 poly[styrene-b-(ethylene-co-propylene)],
25

 poly[styrene-b-(vinylidene difluoride-

co-hexafluoropropylene)],
26

 and poly(styrene-b-methylbutylene)
27

 copolymers. In the case of 

network-forming triblock ionomers, the endblocks of poly[styrene-b-(ethylene-co-butylene)-b-

styrene],
28,29

 poly(styrene-b-isobutylene-b-styrene)
30

 and poly[styrene-b-(ethylene-co-

propylene)-b-styrene]
31

 have been sulfonated and reported to improve the thermomechanical 

properties in the melt due to the formation of ionic clusters. However, contemporary 

technologies that employ these types of materials such as polyelectrolyte membranes,
32

 ionic 

polymer-metal composites
33

 or photovoltaic elastomer gels
34

 require the presence of polar 

solvents. Solvation of sulfonated endblocks simultaneously responsible for network stabilization 

and ion transport is accompanied by plasticization and compromised mechanical properties. A 

solution to this challenge is sulfonation of the copolymer midblock, rather than the endblocks. 

Seminal studies of midblock-sulfonated copolymers intended for use as surfactant molecules
35

 

and physical hydrogels
21,22

 pave the way for the present study wherein we extend our previous 

investigation
36

 regarding midblock sulfonation of a long-chain poly(p-tert-butylstyrene-b-

styrene-b-p-tert-butylstyrene) (TST) triblock copolymer. To ensure selective sulfonation of the S 

midblock and avoid undesirable reaction of the T endblocks, we utilize the acetyl sulfate
37

 route 

depicted in Figure 1 instead of the triethylphosphate:SO3 complex introduced
38,39

 for short TS 

and TST chains. The sulfonated TST copolymers generated here are analyzed for comparison 

with our earlier report
36

 and subjected to solvent-vapor annealing (SVA) to permit morphological 

refinement.
40 
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4.2. EXPERIMENTAL 

The TST triblock copolymer was synthesized via living anionic polymerization with sec-

butyllithium as the initiator in cyclohexane at 25-30°C. The monomers, as well as cyclohexane 

(PRA grade) and 1.4 M sec-butyllithium dissolved in cyclohexane, were purchased from 

Aldrich (Milwaukee, WI, USA). While the sec-butyllithium in cyclohexane was used as-

received, the monomers were purified by passing them through an activated alumina column to 

remove inhibitors, and predetermined quantities of both monomers were subsequently added to 

a clean, dry round-bottom flask filled with nitrogen and fitted with rubber septa and a 

thermocouple. Dibutyl magnesium was slowly introduced until a persistent yellow/green color 

was obtained. This solution was stirred for a minimum of 1 h to promote reaction of trace 

impurities, followed by further purification through an activated alumina column to remove the 

reacted impurities. According to size exclusion chromatography in conjunction with refractive 

index and light scattering measurements, the number-average molecular weight and 

polydispersity of the parent TST copolymer were determined to be 122 kDa and 1.01, 

respectively. Proton nuclear magnetic resonance (
1
H NMR) spectroscopy yielded the overall S 

content (66 wt%) in the copolymer and thus the corresponding block weights: 21 kDa for each 

T endblock and 80 kDa for the S midblock. Dichloroethane (DCE, 99.8% pure), sulfuric acid 

(H2SO4, 98% pure), acetic anhydride (AA, 99% pure), and tetrahydrofuran (THF, 99.6% pure) 

were all purchased from Fisher Scientific (Pittsburgh, PA, USA) and used without further 

purification. Ultrapure water (18.2 Mɋ-cm) was obtained from a Milli-Q purification system. 

Deuterated dimethyl formamide (d-DMF) was used as-received from Cambridge Isotope 

Laboratories, Inc. (Boston, MA, USA).  

Details regarding the midblock-selective sulfonation of the TST copolymer have been 
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previously reported
36

 and are only briefly reproduced here for that reason. The parent 

(unsulfonated) TST copolymer was dissolved at 5 wt% in an 18:1 v:v mixture of DCE and AA. 

Upon full TST dissolution, the solution was heated to 50 °C and the sulfonating agent, acetyl 

sulfate formed by mixing a 1:1.15 molar ratio of H2SO4 and AA, was added dropwise. One 

notable difference between the present work and our prior study is that the sulfonation time was 

reduced from 96 h at 50°C to 6 h at 50°C. The reaction products were precipitated upon addition 

of deionized water and further purified via either repeated washing with or dialysis against 

deionized water. The purified products were lyophilized to remove moisture. For consistency 

with our previous study,
36

 the sulfonated TST copolymers are designated as TsSTx, where x 

denotes the degree of midblock sulfonation (DOS, in mol%). Films for analysis were prepared by 

first dissolving each ionomer at a concentration of 2 wt% in THF. The solutions were cast in 

Teflon molds and the solvent was allowed to evaporate over the course of 2 d at ambient 

temperature, yielding uniform, solid films. Resultant films measured ~100 mm thick and were 

further dried under vacuum for an additional 12 h at 40°C in the presence of a desiccant to 

remove residual solvent and entrapped water. Selected specimens were subsequently solvent-

vapor annealed through exposure to THF for 6 h at ambient temperature to promote 

morphological refinement, as previously established
40

 for the case of T-EP-sS-EP-T pentablock 

copolymers containing two poly(ethylene-co-propylene) (EP) blocks intended to improve 

mechanical flexibility and toughness. The SVA chamber was purged before and after THF 

addition to remove residual moisture in the head space and to re-dry the films, respectively. 

Further details regarding the SVA procedure employed here are provided elsewhere.
40

 

For 
1
H NMR spectroscopy, the TST parent copolymer and TsST ionomers were dissolved in 

d-DMF. Spectra were acquired at ambient temperature on an Inova 500 spectrometer operated at 
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500 MHz, and chemical shift (d) features were analyzed between 6.0 and 8.0 ppm to ascertain 

the DOS. The presence of sulfonic acid groups was confirmed by Fourier-transform infrared 

(FTIR) spectroscopy performed in attenuated total reflectance (ATR) mode on a Varian 640 IR 

with a ZnSe crystal. All FTIR spectra were averaged over 64 scans at a resolution of 0.5 cm
-1

 

between 550 and 4000 cm
-1

. The peak at 1600 cm
-1

 arising from out-of-plane deformation of the 

CH ring was used to correct the spectra for film thickness variation. The morphological 

characteristics of the TsST ionomers were examined by small-angle x-ray scattering (SAXS) and 

transmission electron microscopy (TEM). The SAXS experiments were performed on beam-line 

12-ID-B in the Advanced Photon Source (APS) at Argonne National Laboratory. The sample-to-

detector distance and beam spot size were 2 m and 0.5 x 0.025 mm
2
, respectively, and samples 

were exposed to a 14 keV beam (with a wavelength, ɚ, of 0.087 nm). Scattered photons were 

collected on a 2-D Pilatus 2M detector and were azimuthally integrated to yield intensity vs. q 

scattering profiles, where q = (4p/ɚ)sinq represents the scattering vector and q is half the 

scattering angle. To enhance electron contrast between the blocks for TEM, the S/sS midblocks 

were selectively stained by immersing bulk films into Pb[acetate]2 aqueous solutions for 8 h, 

followed by subsequent drying under vacuum at ambient temperature for 12 h. These stained 

films were then embedded in epoxy and sectioned to a thickness of ~80 nm at ambient 

temperature. Images were collected on a JEOL 2000FX microscope operated at 200 kV. Positron 

annihilation lifetime spectroscopy (PALS) was conducted on select specimens with ortho-

positronium ions generated from a 
22

Na source at ambient temperature. Spectra were collected 

for a minimum of 3.5 million annihilation events. The resulting data were analyzed with software 

developed at the NC State University PULSTAR Reactor Laboratory. Specifically for the PALS 

analysis, homopoly(tert-butylstyrene) (hTP) films were prepared and examined as-cast (under 
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the same conditions as above) and after thermal annealing (165°C for 12 h). [Note: This was the 

only sample subjected to thermal annealing.] 

 

4.3. RESULTS & DISCUSSION 

As mentioned earlier and schematically depicted in Figure 1, the sulfonation reaction 

utilized here depends on the formation of acetyl sulfate, as originally proposed by Lundberg and 

Makowski,
37

 and the DOS thereby achieved can be quantitatively discerned from 
1
H NMR 

spectra. Such spectra can likewise provide ancillary information regarding the presence of 

deuterated carrier solvent and moisture, but the DOS is explicitly determined from the peaks 

related to phenyl ring protons over the d interval ranging from 6.0 to 8.0 ppm. While the TST 

copolymer exhibits two peaks in this aromatic band at the positions labeled A and B in Figure 

2a, all the included TsST ionomers display three unmistakable peaks at positions A, B and C. 

The origin of these peaks relates to specific proton positions within the phenyl rings. The peak 

in A, for instance, is indicative of protons at the ortho positions on phenyl rings in all three 

types of repeat units under consideration (S, sS and T) and its area remains relatively constant 

whereas the peak in B corresponds to protons at the meta positions in S and T, as well as the 

para position in S, repeat units. Since T repeat units have been shown
36

 to be unreactive with 

acetyl sulfate, only selective sulfonation of the S midblock is capable of introducing the C peak, 

which is a consequence of protons in the meta position of sulfonated phenyl rings. These peak 

assignments concur with results previously reported for sulfonated homopolystyrene
41

 and 

TsST triblock copolymers,
39

 and directly relate to the DOS of each TsST ionomer. Using the 

analysis methodology established by Yang and Mays
39

 and Baigl et al.,
41

 we measure the DOS 

from the integrated areas of the B and C peaks in Figure 2a.  
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Resulting DOS values are presented as a function of the nacetyl sulfate / nS molar ratio in Figure 

2b and confirm that an increase in reactant induces an increase in the DOS. They also compare 

favorably with results provided earlier.
36

 At low to moderate ratios, the DOS values are similar. 

At high ratios, however, our previous results suggest the existence of a saturation limit, but our 

current measurements indicate that this dependence remains linear up to ~65 mol%. Although 

speculative, the reason for this apparent difference is attributed to the shorter reaction time 

employed in the current study. Complementary FTIR spectra acquired from as-cast TsST films 

are provided in Figure 3 for the same systems discussed in relation to Figure 2a, and they 

likewise verify that the S midblock becomes increasingly sulfonated as the nacetyl sulfate / nS molar 

ratio is increased. Of particular interest here are the peaks located at 1030 and 1200 cm
-1

, which 

are observed to grow in intensity with increasing DOS due to progressive increases in 

symmetric and asymmetric SO3
-
 stretching vibrations, respectively. As the sulfonation reaction 

proceeds, two other vibrations of interest here relate to monosubstituted phenyl rings at 698 and 

760 cm
-1

. Upon sulfonation and the formation of disubstituted phenyl rings, the intensity of 

these vibration peaks systematically decreases with increasing DOS. Although the intensity of 

the peak at 698 cm
-1

 can also be used
42

 to extract a quantitative measure of the DOS, we elect 

not to do so because of complications arising from the presence of water.
41

 Thus, the 
1
H NMR 

spectra in Figure 2 and the FTIR spectra in Figure 3 together provide a chemical perspective of 

the sulfonation reaction and verify the desired conversion from TST copolymer to TsST 

ionomers. 

Many morphological studies of block ionomers are plagued by the competition between 

microphase separation of the incompatible constituent blocks and the formation of ionic clusters 

that behave as physical cross-links. Since ionic clusters hinder molecular diffusion and thus 
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thwart microphase separation, this competition frequently results in poorly defined 

morphologies, as discerned from SAXS profiles and TEM images. Recently, we have 

demonstrated
40

 that SVA can be applied to bulk multiblock ionomer films to refine 

nanostructural characteristics, and we propose that morphological equilibration was achieved on 

the basis of corresponding mesoscale simulations. Examination of the current TsST ionomers 

provides an additional system by which to probe the validity of our supposition with the added 

benefit of a simpler molecular architecture. The SAXS profiles displayed in Figure 4 constitute 

a compilation of results from three TsST ionomers differing in both their DOS and processing 

history. Profiles colored black are acquired from as-cast films, whereas those colored blue are 

obtained from films subjected to the SVA conditions described in the Experimental Section. 

Cursory observation of these results immediately confirms that SVA significantly improves the 

ordering of the ionomers in all cases. Specimens not subjected to SVA typically exhibit one ill-

defined primary scattering peak, the position of which provides a measure of the average 

interdomain distance. Additionally, the non-SVA TsST39 and TsST63 ionomers show evidence 

of a spherical form factor indicative of spherical microdomains, which are anticipated to be T-

rich due to composition and processing considerations. In marked contrast, all the SAXS 

profiles collected from SVA specimens consist of a sharp primary peak and two higher-order 

reflections. Interestingly, the profiles from the SVA TsST39 and TsST63 ionomers also 

maintain a spherical form factor.  

In the case of the SAXS profile collected from the TsST17 ionomer after SVA, the higher-

order reflections located at 1.62q
*
 and 2.49q

*
 are associated with the expected peak positions 

for hexagonally-packed cylinders (at ã3q
*
 and ã7q

*
) possessing a periodicity (from q

*
 = 0.26 

nm
-1

) of 24.2 nm. This result differs significantly from the face-centered cubic sphere (FCC) 
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morphology previously assigned
36

 to TsST films possessing a comparable DOS without 

exposure to the SVA step employed here. [As discussed earlier,
36

 the parent TST copolymer is 

also anticipated to exhibit a cylindrical morphology on the basis of its composition and cN 

value.] Analogous SAXS analysis of the TsST39 ionomer after SVA yields two higher-order 

reflections visible in Figure 4 at 1.28q
*
 and 1.58q

*
, which coincide with the FCC morphology 

having [200] and [220] reflections at 2/ã3q
*
 and 2ã2/3q

*
, respectively. In this case the primary 

peak location (q
*
 = 0.22 nm

-1
) corresponds to an FCC unit cell length of 49.5 nm. The broad 

spherical form factor at intermediate q enables estimation of the T-rich microdomains residing 

within the FCC lattice. Modeling the form factor features (as shown in Figure 4) reveals that 

the sphere radius is about 9.5 nm, which results in a volume fraction of 0.12. Interestingly, the 

sphere radius of the unannealed TsST39 ionomer is approximately 8.2 nm, suggesting that SVA 

refines the spherical microdomains and improves microphase separation. 

The SAXS profile of the TsST63 ionomer in Figure 4 displays its primary peak at q
*
 = 0.23 

nm
-1

 and higher-order reflections at 1.30q
*
 and 1.62q

*
, which are again indicative of the FCC 

morphology (unit cell length = 47.3 nm). The modeled spherical form factors for the annealed 

and unannealed specimens yield sphere radii of 9.7 and 7.8 nm, respectively, further verifying 

that SVA promotes nanostructural refinement of the T-rich microdomains. In this case, the 

volume fraction of spheres is about 0.14, which is, within experimental uncertainty, similar to 

that of the TsST39 ionomer. While it is certainly comforting that the size of the spherical 

microdomains between the two ionomers is comparable, we are surprised that the volume 

fraction of spheres does not decrease with increasing DOS. For the volume fraction to remain 

constant in this scenario, an increase in the DOS cannot induce additional swelling of the S/sS 

matrix, which may suggest either saturation of sulfonation-induced domain swelling or the 
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dominance of a non-equilibrated morphology. This unexpected result clearly merits further 

investigation now that SVA permits the acquisition of more highly detailed SAXS profiles that 

permit more conclusive morphological analysis. Taken together, the SAXS profiles included in 

Figure 4 indicate that (i) SVA provides a straightforward and facile route by which to 

overcome the challenges responsible for poorly refined microphase separation in block 

ionomers, and (ii ) sulfonation can promote a morphological transition (in the present case from 

hexagonally-packed cylinders to spheres residing on a FCC lattice) in similar fashion as 

observed in the case of low-molecular-weight diblock copolymers.
27

 

Because the cylindrical domain size could not be extracted from SAXS data for the TsST17 

ionomer following SVA (due to an absence of form factor features) and the TsST39 and 

TsST63 materials are too brittle for microtomy, TEM has been performed exclusively on the 

TsST17 specimen after being subjected to SVA. A representative image (with enlargement) is 

presented for examination in Figure 5. In this case, the electron-opaque (dark) matrix identifies 

the presence of stained sulfonic acid groups, whereas the light features are attributed to the 

unstained T-rich microdomains. Hexagonal packing of the T-rich microdomains in cross-section 

is evident in this figure, and an enlargement demonstrates that these microdomains are 

elongated along a planar view, thereby confirming that they are cylinders, not spheres. Thus, the 

morphological assignment of hexagonally-packed cylinders proposed on the basis of the SAXS 

data provided in Figure 4 appears correct. The diameter of the unstained cylinders in images 

such as the ones shown in Figure 5 is 11.3 ± 1.6 nm. The unit cell length of the hexagonal 

lattice measures approximately 22.7 ± 1.8 nm, which agrees reasonably well with the SAXS 

value of 24.2 nm, especially when one considers that the bulk sample might contain water due 

to the hygroscopic nature of sulfonated polystyrene. The volume fraction of cylinders discerned 
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from TEM is 0.21. In comparison, we estimate a cylinder volume fraction of 0.36 in the parent 

TST copolymer solely by accounting for mass densities differences in the T and S blocks (0.95 

and 1.04 g/cm
3
, respectively). This implies that 17 mol% sulfonation in the TsST17 ionomer 

leads to a 23% increase in the apparent midblock volume fraction. Based on the SAXS data 

above, this value increases further to 36% in the case of the TsST39 and TsST63 ionomers. The 

high degree to which the S/sS-rich phase swells does not seem to depend only on the DOS (e.g., 

compare the anticipated T volume fraction in TsST63 of 0.29 [assuming a mass density of 1.10 

g/cm
3
 for sS] with the experimental result of 0.14) and may support the possible formation of 

non-equilibrium morphologies. 

An additional molecular-level characteristic that warrants mention in this study is the free 

volume, that is, the volume unoccupied by polymer chains. Generally speaking, this metric 

provides a measurable indication of the extent to which polymer chains pack together. Glassy 

polymers, for example, typically possess a lower free volume than do rubbery ones, which 

explains why permeation of penetrant molecules is significantly faster in rubbery polymers 

above their glass transition temperature (Tg).
43

 Chemical modification, such as the polystyrene 

sulfonation employed here, can impact the bulkiness of side groups along the polymer 

backbone, as well as interchain interactions, and is therefore expected a priori to affect the 

existing free volume. A standard analytical approach by which to measure the free volume 

available in polymeric materials is PALS.
44,45

 In short, PALS relies on the time-dependent 

measurement of a characteristic energy emission, the magnitude of which depends on the 

positron form. In the case of macromolecules, ortho-positronium (o-Ps) ions, the metastable, 

bound state of an electron and positron with parallel spins, reside in low electron-density 

regions (i.e., the free volume) within dense macromolecular matrices and emit ɔ-rays with an 
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energy of E = 0.511 MeV upon annihilation.
46

 This technique measures the emitted energy 

intensity as a function of (annihilation) time (t), and a resulting intensity spectrum can be 

analyzed to extract a direct measure of the free volume.  

Representative PALS spectra acquired at ambient temperature from hTP, the TST 

copolymer and a TsST63 ionomer, both as-cast and subjected to either thermal (hTP) or 

solvent-vapor annealing (TST and TsST63), are presented in Figure 6. Analysis of the 

intensity, I(t), requires a multi-exponential regression of the form 

 Ὅὸ
Ὅ

†
ÅØÐ

ὸ

†
 (1) 

where Űi represents the lifetime of the ith positron state, and Ii is the corresponding intensity. Of 

the relaxation times extracted in this fashion, only the third (Ű3) and fourth (Ű4) time constants 

are attributed to o-Ps annihilation and thus provide information regarding the free volume in 

these polymer systems. [For completeness, Ű1 and Ű2 describe para-positronium (125 ï 200 ps) 

and free positron (300 ï 400 ps) annihilation, respectively.
47
] Here, we only consider Ű3 for 

comparative purposes. By assuming that the free-volume elements can be modeled as discrete 

spheres, these relaxation times can be conveniently converted into corresponding spatial 

dimensions through the use of the quantum mechanical Tao-Eldrup model:
48 

† ρ ÓÉÎ                      (2) 

where Ű3 is the o-Ps lifetime (expressed in ns), rF denotes the radius of a free-volume element 

and ȹr corresponds to an empirical electron layer thickness (0.166 nm).
45

 While other 

geometry-specific formalisms are available to analyze PALS spectra, the closed-form Tao-

Eldrup model is the most commonly employed to extract free-volume information from 

macromolecular media. 
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Recent efforts by Geise et al.
49

 have sought to explore the issue of midblock sulfonation by 

performing PALS on the same T-EP-sS-EP-T pentablock ionomers alluded to earlier. Their 

results acquired from water-swollen samples generally indicate that free volume decreases with 

increasing sulfonation but do not allow the individual block contributions to be isolated due to 

the molecular complexity (in terms of both glassy and rubbery constituents) of the materials 

examined. We seek to extend these findings by elucidating (i) the free volumes of the individual 

blocks before and after sulfonation and (ii ) the impact of specimen processing on free volume. 

Resultant free-volume dimensions calculated from Eq. 2 (in terms of the pore diameter, DF = 

2rF) for dry specimens are listed in Table 1. The availability of free volume data for 

homopolystyrene (hS, DF = 0.59 nm)
50

 and hTP (Table 1) can be used as a predictive means for 

estimating the free volume of the TST parent copolymer. The resultant free volume estimate 

(linearly weighted by the volume fractions of the blocks) yields an average DF of 0.62 nm, 

which agrees well with the experimental result (DF = 0.63 nm). Further extension of this 

analytical strategy to the PALS fit for the TsST63 ionomer (DF = 0.61 nm) enables estimation 

of DF for the (63% sulfonated) S/sS block as 0.58 nm (using a theoretical T volume fraction of 

0.29). While this value is surprisingly only slightly less than that of unsulfonated hS, the free 

volume element size measured
51

 from fully sulfonated hS is consistent with this finding. This is 

not to say, however, that the total fractional free volume (fF = DFCF, where CF is the 

concentration of free volume pores) remains nearly unchanged upon sulfonation. On the 

contrary, the pore concentration, which is proportional to the corresponding o-Ps annihilation 

intensity (I3),
52

 decreases substantially from the unsulfonated TST copolymer to the TsST63 

ionomer. Since quantitative assessment of CF becomes difficult when electron-withdrawing 

groups such as SO3  are present (as they can artificially decrease I3),
53

 we do not attempt to 
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isolate exact CF values from our PALS data. In terms of processing, neither thermal annealing 

of hTBS nor SVA of TST and TsST63 have a detectable impact on free volume. These results 

suggest that our efforts to remove residual solvent during processing were successful and that 

the extent of microphase separation in the ionomer does not impact the overall free volume. 

 

4.4. CONCLUSIONS 

Selective midblock sulfonation of a long-chain poly(p-tert-butylstyrene-b-styrene-b-p-tert-

butylstyrene) triblock copolymer yields an amphiphilic material that microphase-separates into 

distinct ionic and nonpolar microdomains capable of inducing physical cross-linking. In the 

present study, we first demonstrate improved control over the sulfonation functionalization 

through the use of shorter reaction times than reported
36

 in our previous work. Further, we show 

that application of a recently reported
40

 SVA strategy for bulk block ionomers yields highly 

ordered TsST specimens, as discerned by both TEM and SAXS analysis. The identified 

morphologies and geometric parameters in these systems  are not in precise agreement with 

mean-field predictions, which is not entirely unexpected due to the presence of ionic moieties.
54

 

In light of results from our recent study
40

 and the clearly significant morphological refinement 

observed here, we propose that, due to their very high interblock incompatibility, bulk block 

ionomers are able to approach equilibrium via SVA even if the solvent employed is not entirely 

nonselective. While solvent-vapor annealing has an unequivocal impact on TsST nanostructure, 

complementary PALS analysis indicates that the additional processing does not have much of 

an impact on free volume. Unexpectedly, the difference in free volume pore size between 

polystyrene and highly sulfonated polystyrene blocks is almost negligible, whereas the overall 

free volume is found to decrease due to a substantial reduction in pore population.  
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Figure 4.1. Schematic illustration of the sulfonation reaction employed in this study to generate 

midblock-sulfonated TST triblock copolymers varying in their DOS. Acetyl sulfate is produced 

in a preceding reaction (top) and subsequently sulfonates the midblock of the copolymer 

(bottom). 
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Figure 4.2. In (a), representative 1
H NMR spectra acquired from the TST triblock copolymer 

and three TsST triblock ionomers (with the corresponding DOS levels labeled). Of particular 

interest here are the phenyl-ring protons (A, B and C) discussed in the text. The spectra are 

shifted vertically for clarity. In (b), the DOS level discerned from 
1
H NMR spectra, such as those 

displayed in (a), presented as a function of the sulfonating agent concentration (). The solid line 

is a linear regression to the data provided in this study. Included for comparison are DOS values 

reported in our previous study ().
36 
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Figure 4.3. FTIR spectra collected from the TST triblock copolymer and three TsST triblock 

ionomers (with the corresponding DOS levels labeled). The blue lines pinpoint the wavenumbers 

of peaks that appear upon sulfonation, whereas the red lines identify bonds that are consumed 

during the sulfonation reaction. The spectra are shifted vertically for clarity. 
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Figure 4.4. SAXS profiles obtained from the three TsST triblock ionomers (labeled) 

upon initial casting from THF (black solid lines) and after solvent-vapor annealing (SVA) 

in the presence of THF for 6 h at ambient temperature (blue solid lines). The principal 

peak at q* in each profile is assigned a solid arrow, whereas peaks that become apparent 

upon SVA and are assigned to an ordered morphology are identified with open arrows. 

Spherical form factor fits pertaining to select cases are indicate by the orange lines. 
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Figure 4.5. TEM images acquired from the TsST17 block ionomer after SVA in the 

presence of THF for 6 h at ambient temperature. The ionic (S/sS) regions are selectively 

stained and appear electron opaque (dark), and the enlargement more clearly displays the 

hexagonal packing of the unstained nonionic microdomains. 
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Figure 4.6. PALS spectra collected from the hTBS homopolymer, the TST block 

copolymer and the TsST63 block ionomer at ambient temperature. As-cast, as well as 

either thermally- or solvent-annealed, specimens (see text and Table 1) are included for 

comparison (see color-coded key).  
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Table 4.1. Analysis parameters and free-volume measurements extracted from the PALS 

spectra displayed in Figure 6.
a 

 

 

 Specimen Anneal type
b
 t3 (ns) I3 (%) DF (nm) 

      

 

 hTBS None 2.705 ± 0.002 30.85 ± 0.03 0.679 

  Thermal 2.712 ± 0.002 34.85 ± 0.03 0.680 

 

 TST None 2.405 ± 0.006 27.89 ± 0.10 0.633 

  THF vapor 2.438 ± 0.003 27.12 ± 0.05 0.638 

 

 TsST63 None 2.242 ± 0.006 11.15 ± 0.04 0.607 

  THF vapor 2.220 ± 0.005 11.63 ± 003 0.603 

 
a
 Errors included here are obtained from the regression analysis of eqn 1 to the data.The precision levels 

of t3 and I3 ensure non-zero errors. 
b
 Thermal annealing was conducted at 165°C for 12 h, whereas solvent-vapor annealing was performed at 

ambient temperature for 6 h. 
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CHAPTER 5 

Self-Assembly of a Midblock-Sulfonated Pentablock Copolymer in Mixed Organic 

Solvents: A Combined SAXS and SANS Analysis*  

ABSTRACT 

 Ionic, and specifically sulfonated, block copolymers are continually gaining interest in the 

soft materials community due to their unique suitability in various ion-exchange applications 

such as fuel cells, organic photovoltaics, and desalination membranes. One unresolved challenge 

inherent in these materials is solvent-templating, which is the translation of self-assembled 

solution structures into non-equilibrium solid film morphologies. Recently, the use of mixed, 

polar/nonpolar organic solvents has been examined in an effort to elucidate and control the 

solution self-assembly of midblock-sulfonated pentablock copolymers. The current study builds 

upon those results by including sonication in solution preparation and arrives at a similar 

qualitative trend: decreasing solvent polarity leads to larger copolymer micelles. Additionally, 

the current investigation utilizes contrast-variation small-angle neutron scattering to quantify the 

coronal chain radius of gyration (5.4-7.5 nm) and copolymer aggregation number (45-210), 

which both decrease with increasing solvent polarity, as well as the micelle-core solvent fraction 

(60-80 vol%), which conversely increases with increasing solvent polarity. The latter finding 

implies that the ionic micelle cores of these copolymers can be substantially plasticized, thereby 

permitting solid films cast from mixed organic solutions to possess more interconnected 

morphologies. 

*This chapter was under review at time of submission. 

K. P. Mineart, J. J. Ryan, M.-S. Appavou, B. Lee, Michael Gradzielski, & R. J. Spontak. 

Macromolecules, 2018, Submitted. 
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5.1. INTRODUCTION 

 Block copolymers are of considerable scientific and technological interest due primarily to 

their inherent ability to form well-defined nanoscale structures in both melts
1ï4

 and solutions.
5ï7

 

Additionally, their chemically dissimilar blocks, and consequently microdomains, provide 

beneficial property combinations such as mechanical rigidity and ion transport in poly[(methyl 

methacrylate)-b-(1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium bis(trifluoromethane-

sulfonyl)imide)] diblock copolymers
8ï10

 or amphiphilicity in poly[butadiene-b-(ethylene oxide)] 

diblock copolymers.
11ï13

 The formation of nanoscale structures is driven largely by the 

interblock thermodynamic incompatibility, which is expressed as ɢi-jN, where ɢi-j is the Flory-

Huggins interaction parameter between the i and j species, and N is the number of statistical 

repeat units along the copolymer backbone. In melts possessing sufficient incompatibility,
14

 the 

copolymer composition (fi, the number fraction of i in the copolymer) primarily dictates 

morphological characteristics. For the simplest bicomponent molecular architectures (AB diblock 

and ABA triblock copolymers composed of A and B repeat units), increasing fA from near zero in 

the intermediate to strong segregation regime (12 Ṃ ɢA-BN Ṃ 60) results in a well-established 

morphological progression: A-rich spheres on a body- or face-centered cubic lattice (SPH) to A-

rich cylinders on a hexagonal lattice (CYL) to the bicontinuous gyroid (GYR) to alternating 

lamellae (LAM). The LAM morphology exists near compositional symmetry (fA å 0.5). Further 

increases in fA lead to the reverse progression with discrete B-rich microdomains in the CYL and 

SPH morphologies.
15,16

 Additional nanostructures more recently observed in block copolymer 

melts include the Fddd
17ï19

 and Frank-Kasper ů
20,21

 morphologies. 

 Similar behavior applies to block copolymer solutions. At copolymer concentrations below 

the critical gel concentration in a block-selective solvent, the solution exhibits purely liquid 



 

80 

behavior.
22,23

 The presence of solvent molecules in such solutions contributes additional 

thermodynamic interactions that must be considered specifically in terms of ɢA-S and ɢB-S, where 

S represents the added solvent. Individually, these values dictate block conformation.
24

 

Collectively, they shed light on whether copolymer molecules disperse as unimers (ɢA-S å ɢB-S) or 

form copolymer micelles (ɢA-S Í ɢB-S) and, if the latter, which blocks compose the interior core 

and exterior corona. Much like their analogous melts, the equilibrium copolymer nanostructure 

depends on fA, spanning from unimers to spherical micelles to worm- and rod-like micelles to 

lamellar morphologies including vesicles (with fA decreasing from unity and where A is the 

solvophilic block).
11,25ï27

 The degree of solvent selectivity (i.e., the magnitude of ɢB-S/ɢA-S) can 

also be used to controllably alter copolymer morphology due to micellar core/corona+solvent 

interfacial tension and has most commonly been accessed through miscible mixtures of a 

selective and nonselective solvent.
28,29

 An elegant example of this concept focuses
30ï32

 on 

amphiphilic poly[styrene-b-(acrylic acid)] (PS-b-PAA) assemblies in water/dioxane solutions 

(water is selective for PAA and dioxane is nonselective). The results of this study demonstrate 

that increasing water content in PS310-b-PAA52 solutions (in which case ɢPAA-S/ɢPS-S Ÿ 0) yields a 

morphological progression qualitatively identical to that described above for decreasing fA in a 

single, selective solvent.  

 Nanoscale morphologies in solution and the solid state can be intimately related in practice. 

Processes that employ solution casting in the absence of thermal annealing, for example, rely to 

varying extents on copolymer solution assembly for the formation of the final solid morphology. 

This solution­solid nanostructural dependence, generically referred to as solvent templating, is 

especially prevalent in materials that cannot be thermally annealed due to experimentally 

inaccessible glass or order-disorder transition temperatures (Tg and TODT, respectively). Block 
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copolymers containing strongly acidic and nonpolar blocks, which are currently of considerable 

interest due to their applicability as ion- and electron-exchange membranes,
33ï37

 are typically 

unaffected by thermal treatment due to high Tg and interblock incompatibility (ɢA-B  θ TODT). 

Recent studies
38ï40

 of midblock-sulfonated pentablock copolymers have established an intimate 

connection between solution and bulk film morphologies. An understanding of ionic block 

copolymer assembly in solution is therefore warranted to control solid-state morphological 

development, which governs macroscopic properties such as ion or electron transport. Winey and 

co-workers
41

 have initiated efforts in this direction through the use of a miscible polar/nonpolar 

solvent mixture to alter solvent selectivity for the nonpolar or ionic blocks depending on 

composition. This constitutes a unique system due to the miscible, counter-selective solvent 

mixture (i.e., ɢA-S1 < ɢB-S1 and ɢA-S2 > ɢB-S2) made possible by the high interblock incompatibility. 

Increasing the polarity of the solvent in this system induces a progression from micelles with 

sulfonated cores to unimers to reverse micelles with sulfonated coronas, as well as corresponding 

changes in micelle size.
41

 Inspired by these results, we examine similar sulfonated copolymer 

solutions with a focus on the role of the individual solvents. 

 

5.2. EXPERIMENTAL 

Materials 

 Schematically depicted in Figure 1, the poly[tert-butylstyrene-b-(ethylene-alt-propylene)-b-

(styrene-co-styrenesulfonate)-b-(ethylene-alt-propylene)-b-tert-butylstyrene] (TS-EP-S/sS-EP-

TS) sulfonated block copolymer (SBI) employed in this study was kindly provided by Kraton 

Polymers and consisted of a styrenic midblock with 52 mol% sulfonation (and is hereafter 

designated as SBI-52 for this reason). The block weights of the parent, unsulfonated copolymer 
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were 15 (TS), 10 (EP) and 28 (S) kDa for a total molecular weight of 78 kDa. Upon sulfonation 

this molecular weight theoretically increased to ~89 kDa due to replacement of ïH with ïSO3H 

in 52% of the S repeat units. Certified ACS-grade toluene (T) and isopropanol (IPA) were 

purchased from Fisher-Scientific, and deuterated toluene (dT, +99 atom% D) and IPA (dIPA, 

+99 atom% D) were obtained from Acros Organics. All chemicals were used as-received. 

 

Methods 

 Solvent mixtures were formulated on the basis of volume and were thoroughly mixed before 

copolymer addition. Solutions are specified by two composition metrics: the vol% toluene in the 

solvent mixture (ūT) and the wt% SBI-52 in the solution (wp). Solutions were prepared by first 

mixing the desired quantities of copolymer and mixed solvent on a magnetic stir plate for 30 

min. Resultant solutions were subsequently sonicated in a bath maintained at ambient 

temperature for 10 min, after which time all solutions appeared yellowish orange (cf. Figure 1) 

and homogeneous to the unaided eye. These solutions were allowed to equilibrate on a benchtop 

for at least 10 min (for X-ray and light scattering) or 24 h (for neutron scattering). 

Small-angle x-ray scattering (SAXS) was performed on beamline 12-ID-B at the Advanced 

Photon Source at Argonne National Laboratory. Specimens were analyzed at ambient conditions 

in 2.0 mm quartz capillary tubes. The characteristic wavelength (ɚ) and flux of the incident x-ray 

beam were 0.087 nm and 10
12

 photons/s, respectively, and samples were exposed for 1 s to a 

beam with a spot size of 0.5 x 0.5 mm
2
 at a sample-to-detector distance of 2 m. A Pilatus 2M 

detector collected 2-D scattered x-ray information, which was azimuthally integrated to yield 1-

D scattering profiles. Collected data were subtraction-corrected with respect to an empty 

capillary tube where necessary. Small-angle neutron scattering (SANS) was conducted on 
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beamline KWS-2 at the Heinz Maier-Leibnitz (FRM-II) reactor in Garching, Germany. Samples 

were examined at ambient conditions in Hellma quartz cuvettes with a 2 mm path length. 

Scattering data were collected using three neutron wavelength (nm)/sample-to-detector distance 

(m) combinations (1.0/20, 0.45/8 and 0.45/1.2) to access a wide q-range from ~0.02 to 4.5 nm
-1
 

(q is the scattering vector defined as (4psinq)/l where q is the scattering half-angle). Resulting 2-

D scattering patterns were subtraction-corrected for empty-cell scattering and background noise, 

and then azimuthally integrated to yield 1-D scattering profiles. All solutions for SAXS and 

SANS were prepared with wp = 4%. Dynamic light scattering (DLS) experiments were 

performed on an ALV/CGS-3 precision compact goniometer system utilizing a He-Ne laser with 

a wavelength of 632.8 nm. Pseudo-cross-correlation functions were recorded with an ALV/LSE-

5004 multiple-t digital correlator, where t denotes delay time. Temperature within the sample 

cell was maintained at 25.0±0.1 °C in a thermally-controlled toluene bath. The DLS tests were 

conducted on solutions with wp = 0.25% and collected over a series of angles ranging from 30° 

to 110° to validate that all detected modes stem from translational diffusion. The viscosity (ɖ) of 

each solvent mixture was estimated from ln(ɖ) = Ɇi xi ln(ɖi), where xi and ɖi represent the mole 

fraction and viscosity, respectively, of the ith component.
42

 

 

5.3. RESULTS AND DISCUSSION 

 The present study focuses on SBI-52/T/IPA ternary solutions that possess micelles with 

sulfonated cores. Initial interpretation of small-angle scattering data collected herein suggests 

that the critical micelle transition from unimers to micelles occurs at ūT å 55-60% when wp = 4% 

(cf. Figure S1 in the Supporting Information), which agrees favorably with previously reported
41

 

results. Since this study is dedicated to the study of SBI-52 micelles, we henceforth focus the 
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present work on systems with ūT Ó 65%. 

Comparative Micelle Analysis 

 We begin the current analysis by using SAXS to compare SBI-52/T/IPA solutions varying in 

ūT to those previously examined by Winey and co-workers.
41

 The SAXS profiles displayed in 

Figure 2 clearly confirm that multiple features change upon increasing ūT. First, the scattering 

peak at small q, which is attributed to the micelle-micelle structure factor, shifts to lower q. This 

is indicative of an increase in spacing between micelle cores. Second, the features located at 

intermediate q (~0.1-1.0 nm
-1

), which are primarily related to the spherical micelle form factor, 

also shift to lower q and become better defined. The shift reflects an increase in individual 

micelle size, whereas the sharpening may be attributed to enhanced contrast between micelle 

cores and the solvent or decreasing micelle polydispersity. Quantitation of the geometric 

parameters corresponding to each of these observations can be extracted from the profiles via 

fitting with an appropriate model. To ensure comparable evaluation with regard to previous 

findings,
41

 we use the modified hard sphere (MHS) model with a slight alteration to account for 

micelle core polydispersity introduced by a Schulz distribution (with a fixed polydispersity index 

of 1.15). The most meaningful parameters from this model in the context of the current work are 

the micelle core radius (r) and the hard sphere radius (rHS), which are depicted in Figure 3a.
43

 

 Fitting the experimental data in Figure 2 with the MHS model captures the signature 

scattering features, and the resultant fitting parameters follow similar trends to those previously 

reported, namely, r and rHS increase with increasing ūT, as shown in Figure 3b. These toluene-

induced size increases are attributed by Winey and co-workers
41

 to higher incompatibility 

between the ionic micelle cores and the bulk solvent mixture (T + IPA), and the interested reader 

is directed to their previous study for a more detailed discussion. We note, however, a substantial 
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increase in the magnitude of the radii in the current work (cf. Figure 3b). This difference might 

stem from a number of differences between the formulations of the two studies, including 

propanol isomer (iso- vs. n-), solution preparation (stirring/sonication vs. stirring) and copolymer 

concentration (wp = 4% vs. 5-10%). While the former and latter considerations might account for 

slight variations in micelle size, the second factor is believed to be the most likely culprit for the 

observed difference. Micelle hydrodynamic radii (RH) discerned from DLS further confirm that 

the micelle size increases with increasing ūT (Figures 3b and S2). These values, which should 

approximate the overall micelle size, are noticeably lower than our rHS measurements extracted 

from SAXS. However, these smaller RH values might arise artificially from treating T/IPA as a 

homogenous solvent, specifically in terms of its viscosity. The extent of variation that viscosity 

estimation might cause can be assessed by applying the viscosity of pure toluene for the case in 

which ūT = 90%. This substitution in the DLS analysis yields RH = 34.8 nm, which is much 

closer to the rHS value of 36.0 nm ascertained from SAXS. While it is difficult to gauge the 

uniformity of the mixed T/IPA solvent, we are comforted by the generally agreeable results from 

both SAXS and DLS. 

Mixed Solvent Distribution  

 While SAXS possesses a powerful ability to quantitate nanostructure geometry, it is limited 

in its capacity to measure the composition of targeted spatial regions. In the present study, SANS 

constitutes a complementary scattering technique that can detect components present in each 

region through controllable contrast variation. Phase contrast in SANS is related to the atomic 

nuclei present and therefore isotopic substitution enables simple variation without substantial 

changes in self-assembly properties. The current SBI-52/T/IPA solutions possess four possible 

contrast variation schemes (at fixed ūT): SBI-52/T/IPA, SBI-52/dT/dIPA, SBI-52/dT/IPA, and 
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SBI-52/T/dIPA. (Note that SBI-52 is not available in partially or fully deuterated form.) On the 

basis of the neutron scattering length density (ɟ) of each constituent species (listed in Table 1), 

the first case is likely to be ineffective since it lacks sufficient contrast between the micelle 

regions illustrated in Figure 3a. Moreover, fully protonated systems frequently generate 

considerable incoherent background scattering. The later three cases, however, possess adequate 

inter-region contrast that varies significantly from case to case and therefore complement each 

other. This expectation is verified by the SANS data provided in Figure 4. The three contrast 

schemes provide an assorted set of scattering curves with two (dT/IPA and T/dIPA) appearing 

similar to the SAXS profiles discussed above and the other (dT/dIPA) displaying significantly 

different features. This inconsistency immediately suggests that the micelles might not be 

exclusively composed of SBI-52. 

 Examination of the forward scattering intensity ð i.e., I0 = I(qŸ0) ð that reflects the size 

and contrast of the microdomains present supports this hypothesis since pure SBI-52 micelles are 

expected to, but do not, exhibit a maximum I0 in the SBI-52/dT/dIPA contrast scheme. The same 

qualitative I0 trend in magnitude (T/dIPA < dT/dIPA < dT/IPA) is exhibited by all solutions 

regardless of ūT in Figure 5. To emphasize the deviation of I0 from that anticipated for pure 

SBI-52 micelles, theoretical values can be computed from an appropriate geometric model. The 

MHS model used to analyze SAXS profiles does not contain sufficient structural detail to capture 

copolymer micelles in SANS, since the coronal chains contribute more significantly to the 

overall scattering. We have therefore selected the spherical Gerstenberg-Pedersen (SGP) 

model,
44ï46

 which is described as a spherical microdomain surface-decorated with Gaussian 

polymer coils (cf. Figure 3a). In the forward scattering limit, the SGP model for pure copolymer 

micelles reduces to 
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Ὅ ὲ ὔ ὺ ” ” ςὺ ” ”     (1) 

where n constitutes the number density of micelles in solution; Nagg is the copolymer aggregation 

number; vc and vcor identify the volumes of copolymer block(s) in the micelle core and corona, 

respectively; and ɟc, ɟcor and ɟsolv denote the core, corona and solvent scattering length densities, 

respectively. Micelle core sizes determined from SAXS are used to estimate Nagg (= 4ˊr
3
/3vc) so 

that the total SBI-52 volume fraction (ūp) and Nagg yield n = ūp/[Nagg(vc + vcor)]. Setting ɟc = ɟS/sS 

(for a pure S/sS core) fully specifies the model I0 values, which are included for each contrast-

matching scheme in Figure 5. The divergence of experimental data from these theoretical 

predictions increases the likelihood that the SBI-52 micelle cores are not pure ionic midblock but 

are instead swollen with solvent. 

 To evaluate the phase composition of the SBI-52 micelles, we return to the full SANS 

scattering profiles for several reasons: (i) the fits are based on å500 data points rather than 3, (ii ) 

the existence of a structure factor in Figure 4 contributes to the error in the I0 analysis and (iii ) 

all geometric parameters can be extracted and compared to the analyses detailed above. The SGP 

model is used again, but now in its full q-dependent form
44ï46

 with a hard-sphere structure factor 

contribution similar to that in the MHS model (see the Supporting Information for details). In 

addition to r and rHS, the hard-sphere SGP model includes the coronal chain radius of gyration 

(Rg). We must also account for q-dependent scattering from the solvent in the dT/IPA and 

T/dIPA schemes as indicated by Figure S3; however, this contribution has minimal impact on 

modeling of the micelles due to the substantial size difference (solvent Rg = 4.5 Å).
47

 

 The possibility of solvent-swollen micelle cores is reflected in a number of places within this 

model, and we make one crucial assumption to facilitate fitting: only IPA can penetrate the ionic 

cores. This assumption is supported by the compatibility of polar IPA, as well as the 
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incompatibility of nonpolar T, with the ionic S/sS blocks, in addition to the chemical 

dissimilarity of the co-solvents. The Hansen solubility parameter distance (Ra), which is typically 

proportional to ɢi-j,
48

 provides quantitative measures of these incompatibility levels: 10.2 (S/sS-

IPA), 13.5 (S/sS-T) and 19.7 (IPA-T).
49

 Incorporation of solvent into the micelle cores is taken 

into account by ɟc = űS/sS,cɟS/sS + űIPA,cɟIPA, where űi,c is the volume fraction of component i in the 

micelle core and Nagg = űS/sS,c4ŕ
3
/3vc. The amount of IPA in the system must be conserved to 

establish physically meaningful results, in which case the scattering length density of the solvent 

environment is also subject to correction (since ɟsolv = űT,sɟT + űIPA,sɟIPA, where űi,s is the volume 

fraction of component i in the solvent). Finally, it is worth mentioning that the SANS data for a 

given ūT were universally fit so that the 2-3 contrast schemes are constrained by the same 

geometric inputs and varied only in terms of their contrast and background model contributions. 

 An important point here is that the results of the SANS analysis displayed in Figures 4 and 

S4 quantitatively agree with those from SAXS. As is evident from Figure 6a, fitted r and rHS 

values from both scattering methods not only follow the same trend but also lie within 5% (r) 

and 10% (rHS) of each another. Furthermore, extracted values of Rg, which provide a direct 

measure of the coronal chain thickness (t = 2Rg), agree well with the approximation of t = rHS ï r 

for both SAXS (within 10%) and SANS (within 20%) in Figure 6b. More importantly, the 

values of t extracted from both scattering datasets increase with increasing ūT, as intuitively 

anticipated due to the increasing solvent quality of T/IPA for the corona. This result is also in 

agreement with previous findings.
41

 The final noteworthy result from the SANS analysis 

performed here is the magnitude of űIPA,c and its relation to ūT included in Figure 6b. 

 Our results reveal that the SBI-52 micelles contain an unexpectedly high 60-80 vol% IPA in 

their cores and become less swollen with IPA as its overall quantity in the solvent is decreased. 
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Interestingly, the balance of S/sS blocks of SBI-52 and IPA within the micelle cores accounts for 

the substantial size difference observed between this and previous work,
41

 as reflected by the 

SBI-52 aggregation numbers provided for completeness in Figure 7. The similarity suggests that 

the added sonication step during formulation might serve to enhance IPA transport into the SBI-

52 micelle cores. 

 

5.4. CONCLUSIONS 

 Ion-containing block copolymers remain at the forefront of soft materials research due to 

their potential in a variety of applications that rely on regulated ion transport. One of the most 

beneficial features of ion-containing block copolymers is their inherent ability to form ionic and 

nonionic domains that provide solid materials with high ion-exchange capacity and mechanical 

resilience. Fabrication of films with controlled morphological characteristics remains challenging 

due to the physico-chemical phenomenon known as solvent templating. While our prior 

findings
50

 have demonstrated the possibility of solvent-vapor annealing to achieve near 

equilibrium morphologies, it would be beneficial to fabricate similar nanoscale structures 

through a single solvent-casting step. Here, we have established that the self-assembly of an 

ionic block copolymer with mixed miscible solvents that are counter-selective for the copolymer 

blocks yields micelles with highly swollen (60-80 vol%) cores. These results suggest that the 

micelles should be significantly plasticized upon formulation, as well as during casting. Such 

behavior could result in bulk films exhibiting morphologies that are more interconnected 

compared with those cast from single, selective solvents making them more desirable for 

diffusion-related applications. 
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Figure 5.1. (top) The chemical structure of SBI-52 with nonpolar (TS and EP) blocks colored in 

red and the sulfonated block (S/sS) colored in blue. (bottom) Photographs indicating the color 

and transparency of a ternary SBI-52/T/IPA solution with wp = 4% and ūT = 90%. 
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Figure 5.2. SAXS profiles collected for SBI-52/T/IPA solutions (wp = 4%) at various ūT 

(labeled and color-coded). The solid lines represent fits of the MHS model (with a contribution 

to account for polydispersity in micelle size) to the data. 
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Figure 5.3. (a) Schematic illustration depicting a single SBI-52 micelle with geometric 

parameters relevant to the current work: core radius (r), hard sphere radius (rHS), coronal chain 

radius of gyration (Rg), and coronal thickness (t). (b) Solvent-composition dependence of r from 

SAXS, rHS from SAXS, and the hydrodynamic radius (RH) from DLS. Each dataset is color-

coded and labeled, with those from the current study (filled symbols) and ref. 
41

 (open symbols) 

displayed side-by-side for comparison. 



 

94 

Table 5.1. Scattering length density (ɟ) values for each component in SBI micelle solutions.
a 

Component  ́(cm-2) 

T 1.17x1010 

dT 5.39x1010 

IPA -0.33x1010 

dIPA 6.23x1010 

S/sS 1.49x1010 

corona (TS + EP) 0.28x1010 

 
a 

Included are average values for the S/sS and TS + EP blocks. 

 

 

 
Figure 5.4. SANS data collected from SBI-52/T/IPA solutions (ūT = 90%, wp = 4%) varying in 

contrast scheme (labeled and color-coded). Dashed lines indicate extrapolation to I0. Solid black 

lines represent the universal fit of the SGP model described in the text. 
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Figure 5.5. Forward scattering intensities of SBI-52 micelle solutions varying in both ūT and 

contrast scheme (ǒ). Calculated values correspond to pure SBI-52 micelles from the SGP model 

(Ǐ). All results are labeled and color-coded, and solid/dashed lines serve as guides for the eye. 
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Figure 5.6. Parameters extracted from fitting SANS data with the modified SGP model: (a) r and 

rHS from SANS (ǒ) and SAXS (ƺ), and (b) volume fraction of IPA in the micelle cores (űIPA,c) 

and measures of t ð from 2Rg (ƴ) and rHS ï r (ǒ, SANS; ƺ, SAXS) ð as labeled and color-

coded. 
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Figure 5.7. Copolymer aggregation number (Nagg) obtained from the SANS fits in the current 

work (ǒ) and previous SAXS analysis
41

 (Ǐ). The solid line serves as a guide for the eye. 

  



 

98 

5.6. REFERENCES 

1. Hamley, I. W. The Physics of Block Copolymers; Oxford University Press: New York, 1998. 

2. Lynd, N. A.; Meuler, A. J.; Hillmyer, M. A. Polydispersity and Block Copolymer Self-

Assembly. Prog. Polym. Sci. 2008, 33 (9), 875ï893. 

3. Bates, F. S.; Hillmyer, M. A.; Lodge, T. P.; Bates, C. M.; Delaney, K. T.; Fredrickson, G. H. 

Multiblock Polymers: Panacea or Pandoraôs Box? Science 2012, 336 (6080), 434ï440. 

4. Doerk, G. S.; Yager, K. G. Beyond Native Block Copolymer Morphologies. Mol. Syst. Des. 

Eng. 2017, 2 (5), 518ï538. 

5. Alexandridis, P.; Lindman, B. Amphiphilic Block Copolymers: Self-Assembly and 

Applications; Elsevier Science: Amsterdam, 2000. 

6. Mai, Y.; Eisenberg, A. Self-Assembly of Block Copolymers. Chem. Soc. Rev. 2012, 41 (18), 

5969ï5985. 

7. Atanase, L. I.; Riess, G. Self-Assembly of Block and Graft Copolymers in Organic Solvents: 

An Overview of Recent Advances. Polymers 2018, 10 (1), 62. 

8. Meek, K. M.; Sharick, S.; Ye, Y.; Winey, K. I.; Elabd, Y. A. Bromide and Hydroxide 

ConductivityïMorphology Relationships in Polymerized Ionic Liquid Block Copolymers. 

Macromolecules 2015, 48 (14), 4850ï4862. 

9. Meek, K. M.; Elabd, Y. A. Alkaline Chemical Stability of Polymerized Ionic Liquids with 

Various Cations. Macromolecules 2015, 48 (19), 7071ï7084. 

10. R. Nykaza, J.; Ye, Y.; L. Nelson, R.; C. Jackson, A.; L. Beyer, F.; M. Davis, E.; Page, K.; 

Sharick, S.; I. Winey, K.; A. Elabd, Y. Polymerized Ionic Liquid Diblock Copolymers: 

Impact of Water/Ion Clustering on Ion Conductivity. Soft Matter 2016, 12 (4), 1133ï1144. 

11. Discher, B. M.; Won, Y.-Y.; Ege, D. S.; Lee, J. C.-M.; Bates, F. S.; Discher, D. E.; Hammer, 

D. A. Polymersomes: Tough Vesicles Made from Diblock Copolymers. Science 1999, 284 

(5417), 1143ï1146. 

12. Jain, S.; Bates, F. S. On the Origins of Morphological Complexity in Block Copolymer   

Surfactants. Science 2003, 300 (5618), 460ï464. 

13. Habel, J.; Ogbonna, A.; Larsen, N.; Krabbe, S.; Almdal, K.; HélixȤNielsen, C. How 

Preparation and Modification Parameters Affect PB-PEO Polymersome Properties in 

Aqueous Solution. J. Polym. Sci. Part B Polym. Phys. 2016, 54 (16), 1581ï1592. 

14. Glaser, J.; Medapuram, P.; Beardsley, T. M.; Matsen, M. W.; Morse, D. C. Universality of 

Block Copolymer Melts. Phys. Rev. Lett. 2014, 113 (6), 068302. 



 

99 

15. Khandpur, A. K.; Foerster, S.; Bates, F. S.; Hamley, I. W.; Ryan, A. J.; Bras, W.; Almdal, K.; 

Mortensen, K. Polyisoprene-Polystyrene Diblock Copolymer Phase Diagram near the Order-

Disorder Transition. Macromolecules 1995, 28 (26), 8796ï8806. 

16. Matsen, M. W. Effect of Architecture on the Phase Behavior of AB-Type Block Copolymer 

Melts. Macromolecules 2012, 45 (4), 2161ï2165. 

17. Takenaka, M.; Wakada, T.; Akasaka, S.; Nishitsuji, S.; Saijo, K.; Shimizu, H.; Kim, M. I.; 

Hasegawa, H. Orthorhombic Fddd Network in Diblock Copolymer Melts. Macromolecules 

2007, 40 (13), 4399ï4402. 

18. Meuler, A. J.; Fleury, G.; Hillmyer, M. A.; Bates, F. S. Structure and Mechanical Properties 

of an O
70

 (Fddd) Network-Forming Pentablock Terpolymer. Macromolecules 2008, 41 (15), 

5809ï5817. 

19. Jung, J.; Park, H.-W.; Lee, J.; Huang, H.; Chang, T.; Rho, Y.; Ree, M.; Sugimori, H.; Jinnai, 

H. Structural Characterization of the Fddd Phase in a Diblock Copolymer Thin Film by 

Electron Microtomography. Soft Matter 2011, 7 (21), 10424ï10428. 

20. Lee, S.; Bluemle, M. J.; Bates, F. S. Discovery of a Frank-Kasper ů Phase in Sphere-Forming 

Block Copolymer Melts. Science 2010, 330 (6002), 349ï353. 

21. Liu, M.; Qiang, Y.; Li, W.; Qiu, F.; Shi, A.-C. Stabilizing the Frank-Kasper Phases via 

Binary Blends of AB Diblock Copolymers. ACS Macro Lett. 2016, 5 (10), 1167ï1171. 

22. Hamley, I. W. Block Copolymers in Solution: Fundamentals and Applications; John Wiley & 

Sons, 2005. 

23. Tsitsilianis, C. Responsive Reversible Hydrogels from Associative ñSmartò Macromolecules. 

Soft Matter 2010, 6 (11), 2372ï2388. 

24. Sperling, L. H. Introduction to Physical Polymer Science; John Wiley & Sons, 2005. 

25. Won, Y.-Y.; Davis, H. T.; Bates, F. S. Giant Wormlike Rubber Micelles. Science 1999, 283 

(5404), 960ï963. 

26. Won, Y.-Y.; Brannan, A. K.; Davis, H. T.; Bates, F. S. Cryogenic Transmission Electron 

Microscopy (Cryo-TEM) of Micelles and Vesicles Formed in Water by Poly(Ethylene 

Oxide)-Based Block Copolymers. J. Phys. Chem. B 2002, 106 (13), 3354ï3364. 

27. Blanazs, A.; Armes, S. P.; Ryan, A. J. Self-Assembled Block Copolymer Aggregates: From 

Micelles to Vesicles and Their Biological Applications. Macromol. Rapid Commun. 2009, 30 

(4ï5), 267ï277. 

28. Dupont, J.; Liu, G.; Niihara, K.; Kimoto, R.; Jinnai, H. Self-Assembled ABC Triblock 

Copolymer Double and Triple Helices. Angew. Chem. Int. Ed. 2009, 48 (33), 6144ï6147. 

29. Choucair, A.; Eisenberg, A. Control of Amphiphilic Block Copolymer Morphologies Using 

Solution Conditions. Eur. Phys. J. E 2003, 10 (1), 37ï44. 



 

100 

30. Shen, H.; Eisenberg, A. Morphological Phase Diagram for a Ternary System of Block 

Copolymer PS310-b-PAA52/Dioxane/H2O. J. Phys. Chem. B 1999, 103 (44), 9473ï9487. 

31. Chen, L.; Shen, H.; Eisenberg, A. Kinetics and Mechanism of the Rod-to-Vesicle Transition 

of Block Copolymer Aggregates in Dilute Solution. J. Phys. Chem. B 1999, 103 (44), 9488ï

9497. 

32. Burke, S. E.; Eisenberg, A. Kinetics and Mechanisms of the Sphere-to-Rod and Rod-to-

Sphere Transitions in the Ternary System PS310-b-PAA52/Dioxane/Water. Langmuir 2001, 

17 (21), 6705ï6714. 

33. Geise, G. M.; Freeman, B. D.; Paul, D. R. Characterization of a Sulfonated Pentablock 

Copolymer for Desalination Applications. Polymer 2010, 51 (24), 5815ï5822. 

34. Geise, G. M.; Falcon, L. P.; Freeman, B. D.; Paul, D. R. Sodium Chloride Sorption in 

Sulfonated Polymers for Membrane Applications. J. Membr. Sci. 2012, 423ï424, 195ï208. 

35. Geise, G. M.; Freeman, B. D.; Paul, D. R. Sodium Chloride Diffusion in Sulfonated 

Polymers for Membrane Applications. J. Membr. Sci. 2013, 427, 186ï196. 

36. Fan, Y.; Zhang, M.; Moore, R. B.; Cornelius, C. J. Structure, Physical Properties, and 

Molecule Transport of Gas, Liquid, and Ions within a Pentablock Copolymer. J. Membr. Sci. 

2014, 464, 179ï187. 

37. Al-Mohsin, H. A.; Mineart, K. P.; Armstrong, D. P.; El-Shafei, A.; Spontak, R. J. Quasi-

Solid-State Dye-Sensitized Solar Cells Containing a Charged Thermoplastic Elastomeric Gel 

Electrolyte and Hydrophilic/Phobic Photosensitizers. Sol. RRL 2018, 2 (3), 1700145. 

38. Choi, J.-H.; Kota, A.; Winey, K. I. Micellar Morphology in Sulfonated Pentablock 

Copolymer Solutions. Ind. Eng. Chem. Res. 2010, 49 (23), 12093ï12097. 

39. Choi, J.-H.; Willis, C. L.; Winey, K. I. StructureïProperty Relationship in Sulfonated 

Pentablock Copolymers. J. Membr. Sci. 2012, 394ï395, 169ï174. 

40. Laprade, E. J.; Liaw, C.-Y.; Jiang, Z.; Shull, K. R. Mechanical and Microstructural 

Characterization of Sulfonated Pentablock Copolymer Membranes. J. Polym. Sci. B: Polym. 

Phys. 2015, 53 (1), 39ï47. 

41. Griffin, P. J.; Salmon, G. B.; Ford, J.; Winey, K. I. Predicting the Solution Morphology of a 

Sulfonated Pentablock Copolymer in Binary Solvent Mixtures. J. Polym. Sci. B: Polym. 

Phys. 2016, 54 (2), 254ï262. 

42. Marcus, Y. Physical Properties. In Solvent Mixtures: Properties and Selective Solvation; 

Marcel Dekker, 2002; p 26. 

43. Kinning, D. J.; Thomas, E. L. Hard-Sphere Interactions between Spherical Domains in 

Diblock Copolymers. Macromolecules 1984, 17 (9), 1712ï1718. 



 

101 

44. Pedersen, J. S.; Gerstenberg, M. C. Scattering Form Factor of Block Copolymer Micelles. 

Macromolecules 1996, 29 (4), 1363ï1365. 

45. Pedersen, J. S. Analysis of Small-Angle Scattering Data from Colloids and Polymer 

Solutions: Modeling and Least-Squares Fitting. Adv. Colloid Interface Sci. 1997, 70, 171ï

210. 

46. Pedersen, J. S. Form Factors of Block Copolymer Micelles with Spherical, Ellipsoidal and 

Cylindrical Cores. J. Appl. Crystallogr. 2000, 33 (3), 637ï640. 

47. Arleth, L.; Pedersen, J. S. Scattering Vector Dependence of the Small-Angle Scattering from 

Mixtures of Hydrogenated and Deuterated Organic Solvents. J. Appl. Crystallogr. 2000, 33, 

650ï652. 

48. Hansen, C. Hansen Solubility Parameters: A Userôs Handbook, 2
nd

 Ed.; CRC Press: Boca 

Raton, FL, 2007. 

49. Stefanis, E.; Panayiotou, C. Prediction of Hansen Solubility Parameters with a New Group-

Contribution Method. Int. J. Thermophys. 2008, 29 (2), 568ï585. 

50. Mineart, K. P.; Lee, B.; Spontak, R. J. A Solvent-Vapor Approach toward the Control of 

Block Ionomer Morphologies. Macromolecules 2016, 49 (8), 3126ï3137. 

  



 

102 

CHAPTER 6 

Ordering and Grain Growth in Charged Block Copolymer Bulk Films: A 

Comparison of Solvent-Related Processes* 

ABSTRACT 

While prior efforts have demonstrated that the morphologies of block copolymer (BC) bulk 

films can be controlled through judicious chemical design and thermal annealing, recent interest 

has focused on regulating the orientation of BC nanostructures and minimizing defects. Thermal 

processes developed to achieve this purpose for nonpolar BCs are not, however, suitable for 

orienting microphase-ordered BCs composed of at least one block with charged moieties that can 

form thermally-stable ionic clusters. To overcome this challenge, we have previously applied 

solvent-vapor (SV) annealing to block ionomer (BI) bulk films composed of midblock-

sulfonated pentablock copolymers and established that this approach yields highly ordered 

morphologies that display evidence of improved in-plane orientation. Here, we employ small-

angle X-ray scattering to compare the effectiveness of three solvent-related processes ð SV 

annealing, SV permeation and SV sorption ð on BI ordering and grain growth, and offer 

explanations for observed differences on the basis of thermodynamic- and transport-related 

considerations. Differences in the experimental design of these solvent-related processes are 

found to affect nanostructural development, as evidenced by the extent of in-plane grain growth. 

*This chapter has been published in its entirety: 

J. J. Ryan, K. P. Mineart, B. Lee, S. D. Smith, & R. J. Spontak. Adv. Mat. Int., 2017, 55, 

490-497. 
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6.1. INTRODUCTION 

Due to their ability to microphase-order into various nanostructures, block copolymers (BCs) 

remain one of the most extensively studied classes of soft materials that are suitable for 

ubiquitous nanotechnologies.
1-4

 Thermodynamic incompatibility
5-7

 drives BCs to order into an 

assortment of classical (e.g., spherical, cylindrical or lamellar) or spatially complex (e.g., 

gyroid,
8
 helical

9
 or Fddd

10,11
) morphologies. Judicious chemical design of BCs in terms of 

factors such as chemical constitution
12-14

 and molecular composition, weight and architecture,
15

 

as well as targeted blending with solvents
16,17

 or other macromolecules,
18,19

 yields customized 

phase behavior and properties, as well as morphologies with specific spatial characteristics. 

While some BC morphologies are intentionally defective for connectivity purposes,
20,21

 most 

efforts have endeavored to generate near-equilibrium nanostructures that can compare directly 

with theory
22,23

 or establish definitive structure-property relationships.
24

 More recently, directed 

self-assembly strategies that rely on BC crystallization,
25,26

 chemical coordination
26

 or surface-

induced alignment
27

 have resulted in nearly monodisperse nanofibers grown in living fashion, 

designer superstructures with hierarchical features or nanotemplates with precise spatial 

modulation, respectively. Another important aspect of morphological control includes 

orientation, which is crucial in the development of anisotropic mechanical properties,
28

 defect-

free diffusive pathways
29

 or wavelength-specific photonic guides.
30,31

 Methods that promote 

morphological refinement and orientation in nonpolar BCs rely on thermal
32,33

 and solvent
34,35

 

treatment. 

Block ionomers (BIs), charged block copolymers possessing at least one block with ionic 

moieties, combine the ability of BCs to microphase-order
36,37

 with the hydrophilic/ionophilic 

nature of polyelectrolytes and are therefore of interest in fuel cells
38

 and water purification.
39,40
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In addition, they have been utilized as electroactive media,
41

 amphoteric gas-separation 

membranes
42-44

 and organic photovoltaics.
45

 Unlike their BC analogs, BIs suffer from a 

significant complication ð the formation of ionic clusters, which often trap nonequilibrium 

morphologies. To avoid degradation issues of BI bulk films induced by thermal annealing, we 

have previously reported that the nanostructural elements in BIs can be not only solvent-

templated
46

 during film casting but also solvent-annealed
47

 to promote equilibration of dried 

films. Here, we consider three poly[tert-butyl styrene-b-(ethylene-alt-propylene)-b-(styrene-co-

styrene sulfonate)-b-(ethylene-alt-propylene)-b-tert-butyl styrene] pentablock ionomers, 

schematically depicted in Scheme 1 (the counterion on the sulfonic acid groups along the 

midblock is H
+
). Block masses of the unsulfonated parent copolymer are 15, 10 and 28 kDa for 

each tert-butyl styrene, ethylene-alt-propylene, and styrene block, respectively, thereby yielding 

a total copolymer molecular weight of 78 kDa. Since the degree of midblock sulfonation (DOS, 

in mol%) is 26, 39 or 52, the three sulfonated block ionomers are hereafter designated as SBI-x, 

where x identifies the DOS, for consistency with our previous studies.  

 

6.2. EXPERIMENTAL 

The three SBIs were provided by Kraton Polymers (Houston, TX), whereas toluene, 

isopropyl alcohol (IPA) and THF were obtained from Fisher Scientific (Pittsburgh, PA) and used 

as-received. Bulk films measuring å110 mm thick were produced by first dissolving each 

material in an 85/15 v/v toluene/IPA mixture at 2 wt% SBI. In all cases, the solutions were cast 

into Teflon
TM

 molds and air-dried at ambient temperature for 5 days, and the resultant films were 

vacuum-dried for an additional 24 h to remove residual solvent. Films selected for SVP and SVS 

were removed from the molds, whereas those intended for SVA were not. For each SVP and 
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SVS test, the cap of a scintillation vial was excavated to yield a center hole over which a 

specimen film was attached with adhesive, and 10 mL of THF was added to the vial before the 

cap was attached. While SVP assemblies were placed directly into a fumehood, specimens 

subjected to SVA and SVS were positioned in a closed environmental chamber wherein THF 

vapor was produced by evaporation of liquid THF (the vapor pressure of THF at 25°C is 23.3 

kPa). Exposure times ranged from 24 h (for SVA and SVS) to 10 days (for SVP), over which 

time liquid THF always remained present. During SVP, solvent diffusivity is initially 

concentration- (or time-) dependent due to concurrent plasticization of the glassy endblocks, but 

steady-state conditions can be assumed over most of the experimental timeframe. After exposure, 

all the films were removed and air-dried for 2 days, followed by vacuum-drying for 24 h, at 

ambient temperature. The SAXS analyses were conducted on beam line 12-ID-B of the 

Advanced Photon Source (APS) at Argonne National Laboratory. Data acquisition conditions 

were the same as those detailed elsewhere,
47

 and time-resolved SAXS measurements were 

performed in-situ on SBI-52 subjected to SVS in a solvent-vapor chamber outfitted with 

Kapton
®
 windows. Orientation parameters were calculated by azimuthal integration of 2D SAXS 

patterns with the NIH ImageJ software package.  

 

6.3. RESULTS & DISCUSSION 

Results from solvent-vapor annealing (SVA) are evident from the small-angle X-ray 

scattering (SAXS) profiles displayed in Figure 1a, in which intensity (I) is presented as a 

function of the scattering vector (q) given by (4p/l)sinq, where l denotes radiation wavelength 

and q is half the scattering half-angle. In this figure, SVA is conducted in-situ in an 

environmental chamber mounted directly on the beam line and monitored continuously by time-
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resolved SAXS as previously detailed.
47

 Under these conditions, the nanostructure of a solvent-

cast BI film (ionic micelles in a nonpolar matrix) transforms into highly-ordered lamellae 

oriented along the direction of the X-ray beam (as evidenced by the formation multiple, well-

defined scattering peaks positioned at integer values of the principal peak at q
*
) upon exposure to 

tetrahydrofuran (THF) vapor at ambient temperature. Long-range SVA-induced lamellar 

ordering, confirmed
47

 by electron microscopy, initiates in less than 5 min and yields 4 diffraction 

peaks beyond q
*
 after just 10 min. In this case, the lamellar periodicity (D = 2p/q

*
) is 49.3 nm. 

An unexpected outcome of the SVA process is a concomitant improvement in in-plane 

lamellar orientation, as quantitatively discerned by the Hermans orientation coefficient (S), viz.,
48 

 S = 
ộ Ớ

 (1) 

where j is the azimuthal angle at a particular q in 2D SAXS patterns and 

 ộÃÏÓʒỚ  =  
᷿ ȟ
Ⱦ

᷿ ȟ
Ⱦ  (2) 

The limits on S correspond to randomly (S = 0) and perfectly (S = 1) oriented lamellae in the x-y 

plane, which lies normal to the X-ray beam along the z-axis in transmission. Azimuthal intensity 

profiles generated along q = q
*
, as well as calculated values of S, from the 2D SAXS patterns 

responsible for the profiles provided in Figure 1a are included in Figure 1b and indicate that, 

under the present experimental conditions, ordered lamellae become slightly oriented in-plane 

upon SVA. Parallel tests employing an open mold to conduct SVA ex-situ in a closed 

environmental chamber containing saturated THF vapor (cf. Figure 2a) confirm that lamellar 

ordering is likewise induced and accompanied by S values as high as 0.44 in THF-cast BI 

samples exposed to THF vapor. Interestingly, similar improvement in nanostructural orientation 
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has been reported
49,50

 in BC bulk films subjected to solvent-vapor permeation (SVP). In this 

process (illustrated in Figure 2b), a nonpolar styrenic thermoplastic elastomer (TPE) film has 

been previously used to cover an opening in a vial filled with a neutral solvent so that solvent 

permeates in one direction through the film under steady-state conditions at a given T. 

Permeation is driven by the difference in solvent chemical potential (DmS = mS,1 - mS,2) at the film 

surfaces (labeled in Figure 2b) and results in considerable morphological orientation when T > 

Tg of the hard block. At T < Tg, however, little change in orientation is observed. A third 

methodology introduced here and depicted in Figure 2c is solvent-vapor sorption (SVS), which 

combines SVA and SVP. In this case, the SVP setup is placed within a closed environmental 

chamber so that THF vapor concurrently enters the film from both sides until there is no change 

in mS across the specimen. An important difference here is that, while solvent drying in SVA and 

SVP is unidirectional, drying in SVS is bidirectional. 

Scattering profiles acquired from two BIs after solvent casting, solvent-vapor exposure and 

subsequent solvent drying are provided in Figure 3. The SAXS profile of the as-cast SBI-39 

specimen, as well as complementary electron microscopy images of  homologous SBI films,
46,47

 

confirms the presence of spherical ionic microdomains possessing a periodicity of 30.1 nm and 

an average radius of 10.8 nm according to analysis of the form factor. Exposure of the sample to 

SVA for 24 h at ambient temperature yields a more highly developed SAXS profile exhibiting 4 

sharp scattering peaks indicative of a lamellar morphology. Close examination of this profile, 

however, reveals the existence of 2 sets of diffraction peaks from 2 populations of lamellae 

differing in D. The population with the small D-spacing diffracts more intensely and produces 

sharper peaks, indicating that these lamellae are dominant and possess larger grains. In this 

population, q
*
 is shifted to lower q so that D increases to 39.5 nm. When SBI-39 is subjected to 



 

108 

SVP, the SAXS profile changes in several ways. Since q
*
 shifts further to lower q, D 

correspondingly increases (slightly) to 43.3 nm. The number of scattering peaks is not only 

reduced but the peaks also become more diffuse. Examination of the peak positions verifies the 

existence of a lamellar morphology that is less highly ordered than that generated by SVA. It 

must be recognized, however, that, while SVP performed elsewhere
50

 with a neutral solvent does 

not noticeably affect the morphology of nonpolar TPEs at ambient temperature (below the hard 

block Tg), SVP does succeed in transforming SBI-39 from a spherical to lamellar morphology 

upon exposure at T < Tg of the hard block. As anticipated, results from SVS in Figure 3 marry 

SVA and SVP, yielding a SAXS profile that combines the same D as measured by SVP with the 

same number of well-defined scattering peaks that are consistent with a lamellar morphology. 

Since SBI-26 undergoes the least improvement in solvent-induced ordering due to its lowest 

DOS-promoted incompatibility (which decreases with decreasing DOS), we next consider SBI-

52, which appears qualitatively similar to SBI-39 in Figure 3. The periodicity and radius of the 

spherical microdomains in the as-cast specimen are 34.7 and 15.1 nm, respectively, thereby 

revealing that the higher DOS promotes a 40% increase in the size of the ionic micelles. 

Exposure of as-cast SBI-52 to SVA promotes a transformation to highly-ordered lamellae with D 

= 45.0 nm and 4 scattering peaks. The SVP process shifts q
*
 to lower q (resulting in D = 48.3 

nm) and produces scattering peaks that are, for the most part, consistent with a lamellar 

morphology. An interesting feature in this SAXS profile is the appearance of a pronounced 

shoulder on the principal peak. The position of this shoulder is relatively close to q
*
 of the as-cast 

specimen, suggesting that the SVP-induced transformation from spheres to lamellae remains 

incomplete over the time of SVP exposure (10 days) at ambient temperature. In marked contrast, 

no such shoulder exists in the SAXS profile collected from the specimen subjected to SVS. The 
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corresponding value of D (50.2 nm) is slightly larger than that of the SVP sample (48.3 nm) but 

comparable to that of the in-situ SVS sample (10 min exposure) in Figure 1a (49.3 nm), and the 

peak positions once again reveal the presence of a lamellar morphology. The scattering data 

shown in Figure 3 establish that all the solvent-related processes examined here can transform 

the as-cast morphologies in both SBI-39 and SBI-52 at ambient temperature. The SVA process 

yields the most highly-ordered lamellae due to the fact that, upon equilibration, the solvent vapor 

is capable of reaching its solubility limit in the specimen films (so that DmS = 0), whereas SVP 

displays signs of incomplete morphological transformation over the course of the experiment and 

SVS is better than SVP but not as effective as SVA. The differences observed with the 

specimens subjected to SVP (fewer and more diffuse peaks, as well as a shoulder) constitute a 

manifestation of the solvent concentration gradient across each film (in which case DmS Í 0).  

The parent 2D SAXS patterns yielding the intensity profiles presented for SBI-39 in Figure 3 

are labeled and displayed for the as-cast specimen, as well as different solvent post-processes, in 

Figures 4a-d. Although some show obvious evidence of a preferred orientation (as indicated by 

the existence of arcs rather than isotropic diffraction rings), values of S calculated from Eqs. 1 

and 2 are included in Figure 4e and reveal that the morphologies of both SBI-39 and SBI-52 in 

as-cast films, as well as in films exposed to either SVP or SVS, appear to be randomly oriented 

with S å 0. In marked contrast, the effect of SVA on lamellar orientation is the most pronounced, 

with S ranging from 0.47 (SBI-39) to 0.14 (SBI-26) to 0.075 (SBI-52). This trend in S is 

consistent with that of the peak widths in Figure 3, indicating that S in the present study 

effectively reflects the size of the lamellar grains. In the limit as S ­ 1, a grain approaches the 

size of the X-ray beam. While these values of S do not indicate that the lamellae order into a 

single grain, they confirm that (i) SVA is more effective than SVP or SVS in achieving the 
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desired outcome of improved orientation through grain growth and (ii ) SBI-39 with an 

intermediate DOS is the most responsive to SVA of all the BI grades examined. Before 

attempting to interpret these results, it must be remembered that the presence of sulfonic acid 

groups along the midblock of these BIs profoundly increases their thermodynamic 

incompatibility and that this incompatibility increases with increasing DOS, in which case SBI-

52 is the most incompatible of the series, as well as the most likely to be kinetically trapped by 

ionic clusters. Conversely, SBI-26 is the most hydrophobic of the series and exhibits properties 

(e.g., water uptake) that differ significantly from the other two SBI grades.
51

 One possible 

explanation for the distinguishing efficacy of SVA is that this process is performed in an open 

mold with 5 contact surfaces (4 sides and a bottom), which might laterally constrain the swollen 

bulk films and thereby help to orient the lamellae in-plane in the presence of solvent. While 

solvent sorption and drying are both unidirectional in the case of ex-situ SVA, the time-resolved 

SAXS profiles provided in Figure 1a have been acquired under test conditions that closely 

resemble SVS in the present study (which explains why the maximum values of S discerned in 

both experiments are comparable even though the exposure times are considerably different). 

 

6.4. CONCLUSIONS 

Controlling the orientation of microphase-ordered block copolymers is of considerable 

interest in a variety of nanotechnologies. The same holds true for block ionomers, especially for 

applications requiring the unhindered transport of polar gases/liquids or charged species. Our 

primary intention is to compare the effectiveness of three different solvent-related processes for 

this purpose and identify the methodology that yields the most promising route to morphological 

ordering and in-plane grain growth. We have investigated the influence of SVA, SVP and SVS 
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on these factors in three midblock-sulfonated BIs. In these materials, all the solvent-based 

processes promote a morphological transformation from dispersed ionic micelles to alternating 

lamellae, which is expected to be the equilibrium morphology on the basis of prior simulations.
47

 

While the SVP approach succeeds in this regard, the resultant morphology is not as highly 

ordered as those generated by either SVA or SVS. In fact, only SVA yields highly ordered 

nanostructural elements that likewise exhibit a moderate degree of orientation with S measuring 

å 0.47. While contingent upon further experimental verification, a possible reason explaining the 

efficacy of SVA for promoting in-plane lamellar grain growth is mold-induced lateral constraint 

with accompanying in-plane epitaxy. In this spirit, we propose that a lamellae-induced difference 

in the direction of solvent diffusion (transverse versus in-plane) can allow some grains to pin 

others and foster epitaxial alignment of highly swollen, neighboring lamellae. If this is the case, 

then it follows that solvent mobility would promote in-plane symmetry breaking, thereby 

resulting in improved lamellar orientation and larger in-plane grains. Depending on how far it is 

removed from equilibrium, the starting morphology of the BI,
47

 as well as the balance between 

chain immobilization and interblock incompatibility (both governed by the presence of sulfonic 

acid groups and ionic clusters), appears to be affected to different extents by solvent diffusion, 

which is responsible for regulating the growth of lamellar grains. Using analogous nonpolar 

TPEs, Sakurai et al.
52

 have demonstrated that directional control of solvent drying, followed by 

thermal annealing, can produce highly oriented cylindrical microdomains. Since the BIs 

examined here are prone to thermal degradation, insights gleaned from this study provide 

guidance for the production of BI bulk films requiring anisotropic morphologies that are both 

highly ordered and oriented, as well as a better understanding of the experimental design of 

solvent-related processes intended to alter the spatial characteristics of polymer nanostructures. 
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Scheme 6.1. Chemical structure of the sulfonated block ionomer (SBI) composed of tert-

butylstyrene (T), ethylene-alt-propylene (EP) and styrene-co-styrenesulfonate (S/sS) blocks. 
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Figure 6.1. In (a), time-resolved SAXS profiles acquired at different exposure times (labeled) as 

solvent-cast SBI-52 was exposed to THF vapor at 25°C. The transition to lamellae occurs before 

5 min (red), and highly-ordered lamellae (blue) are observed thereafter. The principal scattering 

peak (arrow) identifies q
*
. In (b), azimuthal intensity profiles extracted from 2D SAXS patterns 

at different exposure times (labeled, in min) along q
*
. Profiles at longer times lie between those 

at 5 and 6 min. The inset displays the orientation parameter (S) as a function of exposure time (t). 

The solid lines serve to connect the data in (b) and as a guide for the eye in the inset. 
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Figure 6.2. Schematic illustrations of the three solvent-based processes employed in this study to 

orient the morphologies of BIs at ambient temperature: (a) solvent-vapor annealing (SVA), (b) 

solvent-vapor permeation (SVP) and (c) solvent-vapor sorption (SVS). The blue and white 

arrows indicate solvent sorption and drying, respectively, in films located in a mold (a) or 

excavated vial caps (red, b and c). 
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Figure 6.3. SAXS profiles acquired from SBI-39 (black) and SBI-52 (blue) after initial solvent 

casting ( ), followed by SVA ( ), SVP ( ) and SVS ( ) performed at ambient temperature. 
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Figure 6.4. 2D SAXS patterns collected from SBI-39 after (a) initial casting, followed by (b) 

SVA, (c) SVP and (d) SVS conducted at ambient temperature. Corresponding values of S are 

displayed in (e) for SBI-52 (black), SBI-39 (red) and SBI-26 (blue).  
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CHAPTER 7 

Solvent-Templated Block Ionomers for Base- and Acid-Gas Separations: Effect of 

Humidity on Ammonia and Carbon Dioxide Permeation* 

ABSTRACT 

As energy needs continue to drive the development of biogas and fossil-fuel 

technologies, methods by which to selectively remove basic (NH3) and acidic (CO2) gases are 

becoming increasingly important, especially in light of global climate change. Block copolymers 

have long been considered as suitable membrane candidates in gas separations due to the ability 

of such copolymers to microphase-separate and spontaneously form nanoscale morphologies that 

exhibit spatially-modulated chemical specificity. Incorporation of charged moieties along the 

midblock of a thermoplastic elastomeric multiblock copolymer yields an amphiphilic block 

ionomer possessing a flexible molecular network stabilized by rigid endblocks. The presence of 

hydrophilic microdomains introduces an important consideration regulating molecular transport: 

humidity. In this study, we employ solvent-templating paradigms to control the morphologies of 

midblock-sulfonated pentablock ionomers, as discerned by electron microscopy and X-ray 

scattering. We then investigate the effect of humidity on the permeation of NH3, CO2 and N2 

through the resulting membranes. As expected, NH3 permeates significantly faster than N2, 

especially under humid conditions. Although not as pronounced, similar behavior is observed for 

CO2, thereby establishing that this block ionomer is generally selective to humidified polar 

gases. 

*This chapter has been published in its entirety: 

L. Ansaloni, Z. Dai, J. J. Ryan, K. P. Mineart, Q. Yu, K. T. Saud, M.-B. Hägg, R. J. 

Spontak, & L. Deng. Adv. Mater. Inter., 2017, 4, 1700854. 
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7.1. INTRODUCTION 

Block copolymers remain one of the most extensively studied classes of macromolecules to 

date due to their ability to spontaneously self-assemble into nanoscale morphologies upon 

microphase separation.
1,2

 The resulting soft nanostructures provide spatially-modulated chemical 

specificity, which can benefit applications such as gas separations that require selective transport 

of penetrant molecules. Various polyether-containing block copolymers display a high affinity 

for CO2 and are thus valuable in carbon capture and natural gas sweetening.
3-5

 If the copolymer 

is a thermoplastic elastomer (TPE), rigid endblock-rich microdomains are additionally connected 

by flexible midblocks to yield a physically-crosslinked molecular network that endows the 

copolymer with robust mechanical properties,
6,7

 likewise required in gas-separation membranes. 

Recent efforts have introduced charged TPEs wherein a midblock is partially sulfonated. 

Technological interest in such sulfonated block ionomers (SBIs) ranges from fuel cells and 

proton-exchange membranes
8-12

 to water-desalination membranes,
13,14

 electroactive media
15,16

 

and organic photovoltaics,
17,18

 as well as molecular transport.
19

 While morphological 

development in nonionic block copolymers is well understood and largely controllable, a 

longstanding challenge of charged block copolymers in general has been kinetic entrapment due 

to the presence of ionic clusters that serve as additional physical crosslinks and thwart 

morphological equilibration.
8,11,20

 Mineart et al. have established that bulk SBI morphologies can 

be templated by judicious choice of casting solvent
21

 and brought to equilibrium through the use 

of solvent-vapor annealing.
22 

Chemical incorporation of sulfonic acid groups along the backbone of polymers designed for 

gas separations is particularly beneficial when water molecules and/or ions must be transported. 

Because of the elevated hydrophilicity accompanying sulfonation, water-induced swelling 
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proceeds through ionic nanoscale channels distributed throughout the polymer matrix.
23-25

 

Comparable nanochannels have also been reported
26

 before and after exposure to water in SBI 

films initially possessing a micellar morphology. Efficient use of the charged groups in 

sulfonated membranes therefore requires molecular transport in the presence of water, which is 

exemplified by the performance of perfluorinated polyelectrolytes (e.g., Nafion
®
). In this case 

the permeabilities of humidified gas penetrants can be enhanced by up to two orders of 

magnitude.
27,28

 The widely-held explanation for this marked improvement in gas permeability is 

a substantial increase in the diffusivity of light gases through the hydrated nanochannels located 

within the matrix. Of particular interest here, the ideal permeation selectivity of CO2 relative to 

other light gases is also positively affected because of the higher solubility of CO2 in water. 

Although similar variations in permeability under humid conditions have been observed for 

sulfonated polyimides
29

 and sulfonated poly(ether ether ketone)s,
30

 the extent to which penetrant 

permeability is influenced by water vapor differs from that encountered in perfluorinated 

polyelectrolytes, strongly suggesting that the presence of nanostructure in the membrane matrix 

plays an important role with regard to molecular transport in the membrane upon water sorption. 

In this study, we examine the effects of morphology and humidity on the transport of polar 

(NH3 and CO2) and nonpolar (N2) gases through two thermoplastic elastomeric poly[tert-butyl-

styrene-b-(ethylene-alt-propylene)-b-(styrene-co-styrenesulfonate)-b-(ethylene-alt-propylene)-b-

tert-butylstyrene] (TS-EP-sS-EP-TS) pentablock ionomers, which are chemically depicted in 

Scheme 1 and designated as SBI-26 or SBI-52 so that the number identifies the degree of 

sulfonation (DOS, in mol%). In Figure 1, a pair of transmission electron microscopy (TEM) 

images reveals the morphologies of SBI-26 as-received after cast from cyclohexane (CH, Figure 

1a) and after dissolution in and cast from tetrahydrofuran (THF, Figure 1b). This SBI with a 
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relatively low DOS should exhibit less connectivity of charged microdomains than SBI-52. As 

demonstrated elsewhere,
21

 the morphologies of these amphiphilic materials can be templated by 

the casting solvent. The morphology of the as-received SBI-26 consists of spheroidal ion-rich 

micelles measuring 18.6±2.7 nm in diameter (the sulfonic acid groups are selectively stained). 

Conversely, THF-cast SBI-26 predominantly exhibits lamellae (with a periodicity of ~31.5 nm), 

which are expected as the equilibrium morphology from computer simulations.
22

 Corresponding 

small-angle X-ray scattering (SAXS) intensity profiles of SBI-26 cast from CH and THF are 

included as a function of scattering vector (q) in Figure 1c for comparison with TEM 

observations (40.4 nm lamellar period in THF-cast SBI-26, as measured from the principal peak 

position at q
*
). From earlier SAXS analysis,

22
 the equilibrium period of SBI-26 regardless of 

casting solvent is 38.4 nm after solvent-vapor annealing in THF.
 

 

7.2. EXPERIMENTAL 

Two TS-EP-sS-EP-TS block ionomers differing in DOS were provided by Kraton Polymers 

(Houston, TX). According to the manufacturer, the block weights of the parent copolymer were 

15, 10 and 28 kDa for each TS, EP and S block, respectively, yielding a total molecular weight 

of 78 kDa. Reagent-grade toluene, isopropyl alcohol and THF were purchased from Fisher 

Scientific (Pittsburgh, PA), while lead(II) acetate trihydrate (Pb[acetate]2[H2O]3) was provided 

by Acros Organics, and used as-received. High-purity NH3 (>99.98%), CO2 (>99.999%) and N2 

(>99.999%) gases were obtained from AGA (Oslo, Norway), and deionized (DI) water was 

generated from a Milli -Q purification system. Films of SBI-26 measuring 200-250 mm thick for 

NH3 permeation were cast from THF into Teflon molds and dried under ambient conditions for 2 

weeks prior to annealing under vacuum for 12 h at 60°C. The SBI-52 membranes were similarly 
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cast from TIPA, but the resultant films were immersed in DI water for 24 h at ambient 

temperature and dried, yielding films measuring ~120 mm thick. Incorporation of PEI (2 kDa; 

Sigma Aldrich, St. Louis, MO) was achieved by immersion of dried SBI-52 films into aqueous 

solutions at ambient temperature for 24 h. Wet specimens were blotted to remove excess solution 

on film surfaces prior to vacuum-drying to remove residual water. Detailed descriptions of the 

permeability measurements are provided in the Supporting Information. Gas-permeability 

measurements were performed on either single gases using a modified constant-volume variable-

pressure permeation apparatus
39

 or mixed gases using the setup described elsewhere
36

 to 

investigate the transport properties of humidified gases. Water solubility and diffusion were 

monitored by pressure-decay in which water sorption within a membrane is evaluated from 

pressure changes in a calibrated volume.
40

 For TEM, the S/sS midblocks were selectively stained 

in a Pb[acetate]2 aqueous solution for 8 h and then dried under vacuum for 12 h. Resultant films 

were embedded in epoxy and sectioned at ambient temperature, after which images were 

collected on JEOL JEM-2200FS and FEI Tecnai F20 microscopes operated at 200 kV. 

Corresponding SAXS data were collected on a 2-D Pilatus 2M detector from dry specimens at 

the Advanced Photon Source (Argonne National Laboratory) on beam line 12-ID-B according to 

the experimental details provided elsewhere.
22

 Two-dimensional scattering patterns were 

azimuthally integrated and background corrected to yield intensity profiles as a function of q = 

(4p/l)sinq, where l is the X-ray wavelength (0.087 nm) and q is half the scattering angle. 

 

7.3. RESULTS & DISCUSSION 

In our first gas-transport analysis, we consider the permeation of NH3 through SBI-26. 

Technological interest in selective NH3 removal stems not only from NH3 synthesis, which 
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requires an energy-intensive recycle loop due to low reaction conversion,
31,32

 but also NH3-based 

absorption systems implemented to purify flue gas. Since the hydrophilic microdomains of these 

SBIs contain sulfonic acid groups, NH3, a basic gas, might be expected to permeate faster than 

nonpolar gases due to Lewis acid-base interactions and increased solubility. While molecular 

diffusivities also contribute to permeation, the results presented in Figure 1d for NH3 collected 

under dry and humidified gas conditions at 20°C confirm this expectation. The permeability (P) 

values of dry NH3 and N2 are 277 and 1.9 Barrer [where 1 Barrer = 10
-10

 cm
3
 (STP)-cm/(cm

2
-s-

cm Hg)], respectively, yielding an ideal selectivity (ɻ Ⱦ  = / ) of 146. Introducing 

fully humidified gases (with a relative humidity, RH, of ~99%) into CH-cast SBI-26 membranes 

promotes a significant increase in NH3 permeation:  = 757 Barrer,  = 2.7 Barrer and 

ɻ Ⱦ  = 280 (a 92% humidity-induced improvement in selectivity). It is important to 

remember that the ionic microdomains present in CH-cast SBI-26 exist as discrete, spheroidal 

micelles (cf. Figure 1a). By using THF as the casting solvent, the morphology of SBI-26 

transforms into lamellae (Figure 1b) wherein the ionic microdomains are continuous. In this 

case, permeation of the dry gases results in  = 473 Barrer,  = 0.8 Barrer and ɻ Ⱦ  = 

591, which is ~300% higher than in analogous CH-cast SBI-26 membranes and which is 

attributable exclusively to a morphological difference. Humidification of the gases introduced 

into THF-cast SBI-26 causes a dramatic increase in NH3 permeation yielding  = 5200 

Barrer,  = 2.8 Barrer and ɻ Ⱦ  = 1860. Thus, by using THF templating to ensure the 

formation of continuous ionic microdomains, the selectivity of NH3 to N2 under high humidity 

conditions jumps by over 560%.  

Since humidity strongly influences the permeation of NH3, we next turn our attention to the 

PNH3
PN2

PNH3
PN2

PNH3
PN2

PNH3

PN2
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effect of water on the SBI matrix. For this purpose, we employ the SBI-52 ionomer, which is 

more hydrophilic than SBI-26. Since an increase in ionic interactions could hinder molecular 

transport, we choose to use a relatively unexplored morphology. Our previous morphological 

studies have revealed
26

 that (i) solvent casting SBI-52 from an 85/15 w/w toluene/isopropyl 

alcohol (TIPA) cosolvent yields films possessing a micellar morphology, and (ii ) immersion of 

such films in liquid water results in a morphological transformation wherein the ionic 

microdomains form a highly connected network during swelling. For comparison, TEM images 

and SAXS profiles of these morphologies before and after swelling in water are presented in 

Figure 2. The micellar diameter and period measured from TEM images of the as-cast specimen 

pictured in Figure 2a are 20.8±2.0 and 35.9±3.6 nm, respectively, whereas highly elongated 

ionic microdomains range in thickness from about 10 to 20 nm after H2O-swollen and dried in 

Figure 2b. Periodicities from as-cast and H2O-immersed (not dried) specimens, as discerned 

from q
*
 in the SAXS profiles provided in Figure 2c, are 34.7 and 40.3 nm, respectively, 

verifying that the latter morphology is swollen, the extent of which is found
33

 to be highly 

temperature-dependent. Unlike lamellae that can exhibit defects capable of thwarting molecular 

transport, the post-swelling network morphology affords more diffusive pathways, as evidenced 

by superior electron transport in photovoltaic elastomer gels fabricated from SBI-52.
26

 For this 

reason, we elect to use membranes prepared with this morphology for further analysis in the 

present study.  

In Figure 3a, the dependence of H2O solubility on RH in SBI-52 confirms that RH plays a 

crucial role in membrane humidification. Even beyond 50% RH, the solubility monotonically 

increases. The comparable H2O solubility of Nafion
®
 included in this figure demonstrates an 

important difference: H2O solubility in SBI-52 membranes produced with a continuous network 
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morphology is consistently higher than that in Nafion
®
. This difference in H2O solubility could 

be at least partially responsible for the improved electromechanical properties reported
13

 for 

ionic polymer-metal composites composed of SBI-52 relative to those containing Nafion
®
. 

Similarly, H2O diffusivity in SBI-52 increases significantly, by about two orders of magnitude, 

as the RH is increased from 0 to 54% in Figure 3b, whereas that in Nafion
®
 increases by just 

under one order of magnitude over the same RH range. While H2O diffusivity in Nafion
®
 

appears higher than that in SBI-52 at low RH, this trend is reversed at RH > 20%. Interestingly, 

while H2O diffusivity in SBI-52 increases steadily to a limiting value of about 4.1(±0.3) x 10
-8

 

cm
2
/s, the same diffusivity in Nafion

®
 reaches a maximum near 15% RH and then gradually 

decreases with increasing RH. For comparative purposes, the mean diffusivity of H2O in Nafion
®
 

from 20 to 50% RH is found to be 1.0(±0.1) x 10
-8

 cm
2
/s. The results presented in Figure 3 not 

only demonstrate the general importance of RH on H2O transport in SBI-52, but also establish 

that H2O transport occurs more quickly and to a greater extent in SBI-52 compared to Nafion
®
 at 

moderate to high RH, due presumably to the ionic microdomain morphology that is observed in 

the former (cf. Figure 2b). 

We next examine the effect of RH on the permeation of CO2, an acid gas whose harmful 

global climate effect must be mitigated.
34

 Since the ionic microdomains of SBI-52 are also 

acidic, low-molecular-weight polyethyleneimine (PEI), which can improve  in hydrophilic 

polymers such as poly(vinyl alcohol) up to 2000 Barrer at 25°C,
35

 has been imbibed into the 

nanostructured SBI-52 matrix with the intention of improving CO2 transport. The presence of 

PEI at its equilibrium solubility (8.6 wt%, following immersion in a 50 wt% aqueous solution for 

24 h, followed by vacuum drying for 24 h) adversely affects both H2O solubility and diffusivity, 

as seen in Figures 3a and 3b, respectively. Surprisingly, in the absence of PEI, H2O solubility 

PCO2
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and diffusivity in SBI-52 are considerably higher than those measured in Nafion
®
 at moderate to 

high RH. Corresponding SAXS profiles collected from SBI-52 after immersion in 40 and 50 

wt% aqueous PEI solutions are included in Figure 2c and reveal that q
*
 from specimens exposed 

to the 40 wt% solution is virtually the same as the initial TIPA-cast (dry) SBI-52, suggesting 

little, if any, PEI uptake. We attribute this result to incomplete sorption of PEI throughout the 

SBI-52 matrix as PEI molecules interact with (near-)surface hydrated sulfonic acid groups and 

obstruct diffusive pathways (the same effect is expected in the case of SBI-52 membranes 

immersed in 50 wt% PEI solutions, but a larger chemical potential driving force of PEI promotes 

deeper penetration of PEI into the SBI-52 matrix and more pronounced nanostructural swelling). 

A similar trend is observed
36

 with ionic liquids in Nafion
®
. Interestingly, the position of the 

second peak (arising from the form factor) resides at higher q, confirming that a different 

morphology is retained after drying (cf. Figure 2b). Upon exposure to the 50 wt% PEI solution, 

q
*
 decreases slightly, which indicates swelling of the SBI-52 nanostructure. Since the periodicity 

in this case (36.5 nm) is noticeably smaller than that measured upon initial swelling of TIPA-cast 

films in water (40.3 nm), the extent to which PEI induces swelling in the SBI-52 membranes is 

lower than that of water. 

The permeability of CO2 ( ) in SBI-52 membranes with and without PEI is provided as a 

function of RH in Figure 4a. In both cases,  increases by about an order of magnitude as 

the RH is increased from 0 to ~87%. An important difference between the two datasets is that 

 starts at 18 Barrer for dry CO2 and increases to 99 Barrer for highly humidified CO2 in 

unmodified SBI-52, whereas this range decreases drastically when PEI is introduced, which 

is consistent with the H2O measurements in Figure 3. Incorporation of PEI appears to clog the 

diffusive pathways afforded by the continuous ionic microdomain network, thereby lowering the 

PCO2

PCO2

PCO2

PCO2
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solubility, and ultimately hindering the permeation, of both H2O and CO2. The same effect is 

evident for the permeation of N2, a nonpolar gas, in Figure 4a. Corresponding ideal CO2/N2 

selectivity (ɻ Ⱦ ) values calculated from  are presented in Figure 4b and confirm 

that the addition of PEI lowers ɻ Ⱦ  but does not alter the dependence of ɻ Ⱦ  on RH, 

especially at moderate to high RH. Included in Figures 4a and 4b are complementary values of 

 and ɻ Ⱦ , respectively, in Nafion
®
 membranes under similar test conditions. 

Comparison of molecular transport through both materials indicates that, without PEI, SBI-52 

displays promising permeation and selectivity (relative to N2) of humidified CO2 even though the 

ionic microdomains and penetrant species are both acidic. While  is generally higher in 

Nafion
®
, ɻ Ⱦ  is consistently higher in SBI-52 (especially at high RH), thereby providing 

unequivocal evidence that the presence of water and polymer morphology must be considered 

together in elucidating gas transport through nanostructured polymer membranes.
36

  

 

7.4. CONCLUSIONS 

This study demonstrates that humidity plays a critical role in the permeation and selectivity 

of both base (NH3) and acid (CO2) gases through nanostructured SBI membranes, the 

performance of which can be tailored by judicious selection of midblock DOS and nanoscale 

morphology generated by solvent templating during casting, vapor annealing, liquid exposure, or 

a combination thereof. In the case of NH3 molecular transport (which is important in commercial 

NH3 synthesis and flue-gas absorption), even the least hydrophilic SBI membrane with the 

lowest DOS reveals the importance of both humidity and membrane morphology, yielding non-

optimized NH3 permeabilities and NH3/N2 selectivities of 5200 Barrer and 1860, respectively. 

Most of this study, however, focuses on the humidity-facilitated permeation of CO2 because of 

PCO2
/ PN2

PCO2
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the recognized role of CO2 in global climate change.
34

 Comparative studies confirm that water 

diffusivity and solubility are higher in SBI-52 membranes than in Nafion
®
, especially at elevated 

humidity levels, even though both rely on anionic (sulfonic acid) groups for hydration. Single- 

and mixed-gas permeation measurements of CO2 and N2 demonstrate that SBI-52 membranes 

outperform Nafion
®
 and, with increasing humidity, approach the Robeson upper bound

37,38
 

regarding membrane selectivity versus permeability (see the Supporting Information). The 

results reported herein indicate that amphiphilic polymeric membranes capable of combining 

solvent-templated nanostructure tunability with targeted chemical specificity provide increasing 

opportunity for the development of multi-selective gas-separation membranes. 
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Scheme 7.1. Chemical structure of the midblock-sulfonated block ionomer (SBI) employed in 

this study. 
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Figure 7.1. TEM images of (a) CH-cast and (b) THF-cast SBI-26 illustrating solvent-templated 

morphologies wherein ion-rich microdomains are selectively stained. Corresponding SAXS 

profiles (labeled) are included in (c). Permeability measurements for NH3 and N2 through SBI-26 

membranes cast from each solvent and exposed to dry and humidified (wet) gases are color-

coded in (d). 
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Figure 7.2. TEM images of SBI-52 cast from 85/15 w/w toluene/isopropyl alcohol (TIPA) 

before (a) and after (b) immersion in H2O for 1 h. Ion-rich microdomains are selectively stained, 

and the artifact in the middle of (b) should be disregarded. The SAXS profiles displayed in (c) 

are acquired from SBI-52 after initial casting, immersion in H2O, and exposure to aqueous PEI 

solutions differing in concentration (labeled). 
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Figure 7.3. Water solubility (a) and diffusivity (b) measurements as functions of relative 

humidity (RH) in SBI-52 membranes cast from TIPA and immersed in H2O before drying and 

testing ( ). Included for comparison are results from Nafion
®
 ( ) and SBI-52 after exposure to a 

50 wt% aqueous PEI solution (). The solid lines in (a) serve as guides for the eye, and the 

dashed lines in (b) indicate the plateau diffusivities in SBI-52 and Nafion
®
. 
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Figure 7.4. In (a), single-gas permeabilities of CO2 (circles) and N2 (triangles) as functions of 

RH through SBI-52 membranes cast from TIPA and immersed in H2O before drying and testing 

(open symbols), as well as after incorporation of PEI (filled symbols). Mixed-gas permeabilities 

are also provided (CO2, X; N2, +). The corresponding values of ɻ Ⱦ  for each dataset are 

displayed in (b). Values of both  and ɻ Ⱦ  measured from Nafion
®
 under identical 

conditions are included for comparison (, dashed lines). The solid lines (exponential 

regressions to the single-gas data) and dashed lines serve as guides for the eye. 

  

PCO2



 

138 

7.6. REFERENCES 

1. Hamley, I. W. The Physics of Block Copolymers; Oxford University Press: New York, 1998. 

2. Ruzette, A.-V.; Leibler, L. Block Copolymers in Tomorrow's Plastics. Nat. Mater. 2005, 4, 

19ï31. 

3. Bondar, V. I.; Freeman, B. D.; Pinnau, I. Gas Transport Properties of Poly(ether-b-amide) 

Segmented Block Copolymers. J. Polym. Sci. B: Polym. Phys. 2000, 38, 2051ï2062. 

4. Patel, N. P.; Spontak, R. J. Gas-Transport and Thermal Properties of a Microphase-Ordered 

Poly(styrene-b-ethylene oxide-b-styrene) Triblock Copolymer and Its Blends with 

Poly(ethylene glycol). Macromolecules 2004, 37, 2829ï2838. 

5. Car, A.; Stropnik, C.; Yave, W.; Peinemann, K.-V. Pebax
®
/Polyethylene Glycol Blend Thin 

Film Composite Membranes for CO2 Separation: Performance with Mixed Gases. Sep. Purif. 

Technol. 2008, 62, 110ï117. 

6. Holden, G.; Kricheldorf, H.; Quirk, R. Thermoplastic Elastomers, 3
rd

 ed.; Hanser Publishers: 

Munich, 2004. 

7. Drobny, J. G. Handbook of Thermoplastic Elastomers, 2
nd

 ed.; Elsevier: Oxford, 2014. 

8. Moore, H. D.; Saito, T.; Hickner, M. A. Morphology and Transport Properties of Midblock-

Sulfonated Triblock Copolymers. J. Mater. Chem. 2010, 20, 6316ī6321. 

9. Elabd, Y. A.; Hickner, M. A. Block Copolymers for Fuel Cells. Macromolecules 2011, 44, 

1ï11. 

10. Zhang, H.; Shen, P. K., Recent Development of Polymer Electrolyte Membranes for Fuel 

Cells. Chem. Rev. 2012, 112, 2780ï2832. 

11. Choi, J. H.; Willis, C. L.; Winey, K. I. Structure-Property Relationship in Sulfonated 

Pentablock Copolymers. J. Membr. Sci. 2012, 394, 169ī174. 

12. Disabb-Miller, M. L.; Johnson, Z. D.; Hickner, M. A. Ion Motion in Ion-Conducting Triblock 

Copolymers. Macromolecules 2013, 46, 949ï956. 

13. Geise, G. M.; Freeman, B. D.; Paul, D. R. Characterization of a Sulfonated Pentablock 

Copolymer for Desalination Applications. Polymer 2010, 51, 5815ï5822. 

14. Geise, G. M.; Doherty, C. M.; Hill, A. J.; Freeman, B. D.; Paul, D. R. Free Volume 

Characterization of Sulfonated Styrenic Pentablock Copolymers Using Positron Annihilation 

Lifetime Spectroscopy. J. Membr. Sci. 2014, 453, 425ï434. 

15. Vargantwar, P. H.; Shankar, R.; Krishnan, A. S.; Ghosh, T. K.; Spontak, R. J. Exceptional 

Versatility of Solvated Block Copolymer/Ionomer Networks as Electroactive Polymers. Soft 

Matter 2011, 7, 1651ï1655. 

16. Vargantwar, P. H.; Roskov, K. E.; Ghosh, T. K.; Spontak, R. J. Enhanced Biomimetic 



 

139 

Performance of Ionic PolymerïMetal Composite Actuators Prepared with Nanostructured 

Block Ionomers. Macromol. Rapid Commun. 2012, 33, 61ï68. 

17. Al-Mohsin, H. A.; Mineart, K. P.; Spontak, R. J. Highly Flexible Aqueous Photovoltaic 

Elastomer Gels Derived from Sulfonated Block Ionomers. Adv. Energy Mater. 2015, 5, 

1401941. 

18. Al-Mohsin, H. A.; Mineart, K. P.; Armstrong, D. P.; Spontak, R. J. Tuning the Performance 

of Aqueous Photovoltaic Elastomer Gels by Solvent Polarity and Nanostructure Develop-

ment. J. Polym. Sci. B: Polym. Phys. 2017, 55, 85ī95. 

19. Fan, Y.; Zhang, M.; Moore, R. B.; Cornelius, C. J. Structure, Physical Properties, and 

Molecule Transport of Gas, Liquid, and Ions within a Pentablock Copolymer. J. Membr. Sci. 

2014, 464, 179ī187. 

20. Vargantwar, P. H.; Brannock, M. C.; Tauer, K.; Spontak, R. J. Midblock-Sulfonated Triblock 

Ionomers Derived from a Long-Chain Poly(styrene-b-butadiene-b-styrene) Triblock 

Copolymer. J. Mater. Chem. A 2013, 1, 430ī3439. 

21. Mineart, K. P.; Jiang, X.; Jinnai, H.; Takahara, A.; Spontak, R. J. Morphological 

Investigation of Midblock-Sulfonated Block Ionomers Prepared from Solvents Differing in 

Polarity. Macromol. Rapid Commun. 2015, 36, 432ï438. 

22. Mineart, K. P.; Lee, B.; Spontak, R. J. A Solvent-Vapor Approach Toward the Control of 

Block Ionomer Morphologies. Macromolecules 2016, 49, 3126ï3137. 

23. Schmidt-Rohr, K.; Chen, Q. Parallel Cylindrical Water Nanochannels in Nafion Fuel-Cell 

Membranes. Nat. Mater. 2008, 7, 75ï83. 

24. Liu, L.; Bakker, H. J. Infrared-Activated Proton Transfer in Aqueous Nafion Proton-

Exchange-Membrane Nanochannels. Phys. Rev. Lett. 2014, 112, 258301. 

25. Allen, F. I.; Comolli, L. R.; Kusoglu, A.; Modestino, M. A.; Minor, A. M.; Weber, A. Z. 

Morphology of Hydrated As-Cast Nafion Revealed through Cryo Electron Tomography. ACS 

Macro Lett. 2015, 4, 1ï5. 

26. Mineart, K. P.; Al-Mohsin, H. A.; Lee, B.; Spontak, R. J. Water-Induced Nanochannel 

Networks in Self-Assembled Block Ionomers. Appl. Phys. Lett. 2016, 108, 101907. 

27. Catalano, J.; Myezwa, T.; De Angelis, M. G.; Baschetti, M. G.; Sarti, G. C. The Effect of 

Relative Humidity on the Gas Permeability and Swelling in PFSI Membranes. Int. J. 

Hydrogen Energy 2012, 37, 6308ï6316. 

28. Giacinti Baschetti, M.; Minelli, M.; Catalano, J.; Sarti, G. C. Gas Permeation in 

Perflurosulfonated Membranes: Influence of Temperature and Relative Humidity. Int. J. 

Hydrogen Energy 2013, 38, 11973ï11982. 

29. Tanaka, K.; Islam, M. N.; Kido, M.; Kita, H.; Okamoto, K.-i. Gas Permeation and Separation 

Properties of Sulfonated Polyimide Membranes. Polymer 2006, 47, 4370ï4377. 



 

140 

30. Azher, H.; Scholes, C.; Kanehashi, S.; Stevens, G.; Kentish, S. The Effect of Temperature on 

the Permeation Properties of Sulphonated Poly(ether ether ketone) in Wet Flue Gas Streams. 

J. Membr. Sci. 2016, 519, 55ï63. 

31. Brubaker, D. W.; Kammermeyer, K. Separation of Gases by Plastic Membranes ï 

Permeation Rates and Extent of Separation. Ind. Eng. Chem. 1954, 46, 733ï739. 

32. Laciak, D. V.; Quinn, R.; Pez, G. P.; Appleby, J. B.; Puri, P. S. Selective Permeation of 

Ammonia and Carbon Dioxide by Novel Membranes. Sep. Sci. Technol. 1990, 25, 1295ï

1305. 

33. Mineart, K. E.; Dickerson, J. D.; Love, D. M.; Lee, B.; Zuo, X.; Spontak, R. J. Hydrothermal 

Conditioning of Physical Hydrogels Prepared from a Midblock-Sulfonated Multiblock 

Copolymer. Macromol. Rapid Commun. 2017, 38, 1600666. 

34. Boot-Handford, M. E.; Abanades, J. C.; Anthony, E. J.; Blunt, M. J.; Brandani, S.; Mac 

Dowell, N.; Fernandez, J. R.; Ferrari, M.-C.; Gross, R.; Hallett, J. P.; Haszeldine, R. S.; 

Heptonstall, P.; Lyngfelt, A.; Makuch, Z.; Mangano, E.; Porter, R. T. J.; Pourkashanian, M.; 

Rochelle, G. T.; Shah, N.; Yao, J. G.; Fennell, P. S. Carbon Capture and Storage Update. 

Energy Environ. Sci. 2014, 7, 130ï189. 

35. Matsuyama, H.; Terada, A.; Nakagawara, T.; Kitamura, Y.; Teramoto, M. Facilitated 

Transport of CO2 through Polyethylenimine/Poly(vinyl alcohol) Blend Membrane. J. Membr. 

Sci. 1999, 163, 221ï227. 

36. Dai, Z.; Ansaloni, L.; Ryan, J. J.; Spontak, R. J.; Deng, L. Nafion/IL Hybrid Membranes with 

Enhanced Gas Permeation for CO2 Separation: Effects of Ionic Liquid and Water Vapor. J. 

Mater. Chem. A (submitted). 

37. Robeson, L. M. The Upper Bound Revisited. J. Membr. Sci. 2008, 320, 390ï400. 

38. Park, H. B.; Kamcev, J.; Robeson, L. M.; Elimelech, M.; Freeman, B. D. Maximizing the 

Right Stuff: The Trade-Off between Membrane Permeability and Selectivity. Science 2017, 

356, eaab0530. 

39. Ansaloni, L.; Nykaza, J. R.; Ye, Y.; Elabd, Y. A.; Giacinti Baschetti, M. Influence of Water 

Vapor on the Gas Permeability of Polymerized Ionic Liquids Membranes. J. Membr. Sci. 

2015, 487, 199ï208. 

40. Minelli, M.; Cocchi, G.; Ansaloni, L.; Baschetti, M. G.; De Angelis, M. G.; Doghieri, F. 

Vapor and Liquid Sorption in Matrimid Polyimide: Experimental Characterization and 

Modeling. Ind. Eng. Chem. Res. 2013, 52, 8396ï8945. 

  



 

141 

CHAPTER 8 

Tunable, pH-Responsive Physical Hydrogels Based on Midblock-Functionalized 

Styrenic Thermoplastic Elastomers* 

ABSTRACT 

 Block copolymers containing pendant organic acids that undergo changes in morphology, 

shape, or size are part of a broad class of ñsmartò materials with applications in systems 

requiring amphiphilic materials with tunable thermomechanical properties. In this study, we 

investigate the morphology of a pH-responsive, midblock-functionalized thermoplastic elastomer 

developed through postpolymerization modification via thiol-ene ñclickò chemistry. Small-angle 

X-ray scattering of films of the modified copolymer swollen at different pH values shows a 

significant increase in periodicity (~100%) with increasing pH with no change in morphology 

due to the presence of nonpolar, glassy physical crosslinks. Further investigation of the effect of 

pH on mechanics in these materials demonstrate a systematic increase in storage modulus due to 

increasing midblock strain that is tunable over an order of magnitude through both pH and ionic 

strength. Demonstration of these materials as optical sensors in response to ionic strength is also 

shown. 

 

*This manuscript was in preparation for publication at the time of submission. 

 J.J. Ryan, A. W.-Braszak, S.D. Smith, & R.J. Spontak. In Preparation.  
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8.1. INTRODUCTION 

Stimuli-responsive polymers, macromolecules that can be selectively triggered to 

undergo changes in conformation, are part of a broad class of ñsmartò materials capable of being 

programmed and manipulated remotely through the surrounding environment
1ï3

. The precise 

mechanism of actuation (i.e. electromagnetic fields,
4
 temperature gradients,

5
 etc.) can be 

predetermined through judicious choice of both physical and chemical architecture. Of particular 

interest are polymers containing weak acidic or basic moieties capable of undergoing changes in 

size or shape as a result of changes in pH that can be exploited for controlled delivery of small 

molecules,
6,7

 active components for soft actuators,
4,8

 and bioimaging.
6,9

 

Of the numerous hydrogels currently studied, poly(acrylic acid) (PAA) and its derivatives 

have been extensively studied as pH-responsive polyelectrolytes in both their homo- and 

copolymer form. Of particular interest, are AA brushes anchored to surfaces for environmental 

sensing. Sch¿wer and Klok demonstrated the pH-responsive tunability of poly(methacrylic acid) 

(PMAA) brushes on silicon showing that the pH transition of brushes can effectively be tuned 

over an order of magnitude through control over brush length and postpolymerization 

modification by incorporating weak basic moieties.
10

 Kozlovskaya et al. demonstrated the 

change in structure of covalently crosslinked PMAA capsules in response to pH and ionic 

strength via confocal laser scanning microscopy.
11

 Capsules exhibited reversible swelling to 3 

times their native size at high pH with no change in shape. In addition, block copolymers 

containing AA undergo changes in morphology in response to changes in pH exhibiting both 

classical (i.e. micelles, cylinders) and metastable morphologies
8
 in a similar manner as nonpolar 

di- and triblock copolymers undergo morphological changes in response to temperature or 

copolymer composition. Numerous studied have elucidated the effect of pH and ionic strength on 
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single and doubly-responsive block copolyelctrolytes in solution. However, the majority of 

efforts have focused on such block copolymers in solution with relatively few studies dedicated 

to understanding the effect of pH response on triblock copolymers containing hydrophobic, 

glassy endblocks, and a pH-responsive polyelectrolyte midblock in the solid state,
12ï14

 with none, 

to the best of our knowledge, showing the relationship between nanostructure and pH. 

In this spirit, we have prepared through postpolymerization modification (as in Scheme 

1) of a poly(styrene-b-isoprene-b-styrene) (SIS) block copolymer using thiol-ene òclickò 

chemistry, a physically crosslinked network-forming, pH-responsive material whose 

nanostructure persists at low and high pH to facilitate interrogation of such nanostructures.  

First, we demonstrate the effect of functionalization on nanostructure relative to the neat 

parent copolymer. Next we show the dependence of nanostructure on pH and ionic strength 

through small-angle X-ray scattering (SAXS). Lastly, we show the effect of swelling (controlled 

through aforementioned pH and ionic strength) on optical transmittance via UV-Vis 

spectroscopy. 

 

8.2. EXPERIMENTAL 

Materials 

The SIS copolymer (20 wt% S) used in this study was kindly provided by Kuraray 

America and used as-received. Size-exclusion chromatography showed the polymer to have a 

molecular weight and polydispersity of 1,095 kDa and 1.31, respectively. Tetrahydrofuran (THF, 

>99.9%) and thioglycolic acid (98%, Alfa) were purchased from Fisher Chemical, while AIBN 

(98%) was purchased from Sigma Aldrich. 
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SIS Functionalization 

 The parent SIS block copolymer was first dissolved at 4 wt% in 250 mL THF at room 

temperature in a 500 mL two-neck round-bottom flask. After complete dissolution, a molar 

excess of thioglycolic acid (5:1 thiol:ene) was charged to the reactor and then placed in an oil 

bath at reflux and nitrogen was purged through the system for 0.5 h. Next, an equimolar amount 

of AIBN (1:1 AIBN:ene) was introduced and the reaction proceeded for 50 h over which time, 

the reaction turned from optically clear, to deep yellow in color, indicating attachment of the 

functional thiol (as in Scheme 1) to the unsaturated midblock. The contents were then 

precipitated in a 50/50 (v/v) mixture of deionized water and acetone. Redissolution in THF and 

precipitation was then performed several times to remove excess reagent. The polymer was then 

dried at room temperature in a vacuum oven to constant mass. Attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR) and elemental analysis revealed the degree 

of functionalization of the modified copolymer to be 77% and 70%, respectively. 

 

Sample Preparation 

 Polymer films, including the neat parent copolymer, were prepared by dissolution in THF 

and then casting the solution in Teflon molds over the course of 3 days. After reaching a constant 

mass, molds were placed in a vacuum oven at room temperature and dried for 24 h to remove 

residual solvent. Films measuring 310 ɛm (Ñ 35 ɛm) were obtained and used without further 

modification for all subsequent experiments. 

 

Swelling Dependence on pH and Ionic Strength 

 The swelling behavior of the midblock-functionalized polymer was performed in buffer 
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solutions (C = 0.1 M) from 4.0 ï 8.0. Additionally, the ionic strength of the buffer solutions was 

controlled by addition of sodium chloride. The water uptake (Q) of the polymer film was 

calculated according to Eqn (1) 

1
    

  
 ρππϷ                         (1) 

And measured at predetermined times to monitor the time for swelling equilibration. At given 

times, films were removed from the buffer solutions, dried superficially and weighed using a 

mass balance. 

 Morphological characterization of the neat and swollen films was investigated by small-

angle X-ray scattering (SAXS), performed on a point collimated SAXSLab Ganesha system 

equipped with  a sealed-tube Genix Xenocs ULD source that provided CuKŬ radiation (ɚ = 0.154 

nm). Two-dimensional SAXS patterns were collected on a Pilatus 300k detector and azimuthally 

integrated to yield one-dimensional intensity profiles expressed as a function of the wave vector 

(q), where q = (4p/l)sinq and q is half the scattering angle. The corresponding sample-to-

detector distance was 1.4 m. Dynamic mechanical analysis (DMA) was performed on a strain-

controlled ARES (TA Instruments) RSAIII rheometer with 8mm parallel plates in compression 

mode at frequencies from 10
-1

 ï 10
2
 rad/s at ambient conditions to discern the effect of pH and 

ionic strength on mechanical response. Optical clarity of the swollen films was assessed on a 

Genesys 10S UV-Vis spectrophotometer in transmission mode. 

 

8.3. RESULTS & DISCUSSION 

Postpolymerization modification of physically crosslinked block copolymers containing 

pendant organic acids (as in Scheme 1) is a facile route to generate nanostructured 

macromolecules that form interconnected networks and that also exhibit controllable response to 
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stimuli such as pH. In this spirit, styrenic thermoplastic elastomers are ideal candidates for such 

modification because of their network structure. Specifically, this material was designed to 

exhibit pH-responsive behavior, by incorporating a weak (pKa = 3.73) organic acid. As a first 

step, the water uptake of films immersed in buffer solutions above and below the expected pH 

transition were measured at predetermined times. According to Figure 1 films immersed in 

alkaline and acidic buffer solutions reached equilibrium swelling in 72 h, though the majority of 

swelling took place within the first 24 h. All further characterizations were performed on films 

swollen for 72 h. Figure 2 depicts the swelling response of films between pH values of 4.0 ï 8.0 

after 72 h. At pH values < 5.5, minimal swelling occurs when the acid is not dissociated 

(hydrophobic). At a pH å 6.0 a significant increase in water uptake is observed until pH = 7.0, 

after which, water uptake remains constant. The transition point, taken to be the inflection point 

on the plot of water uptake as a function of pH, is approximately 6.3, which interestingly agrees 

quite well with polyacrylic acid homopolymers.
10,11,15

 In addition, Figure 3 shows the relative 

size change of swollen films as a function of pH. 

To understand the effect of functionalization and swelling on copolymer morphology, 

SAXS was performed on the neat and modified copolymer films. As can be seen from the 

scattering profiles in Figure 4, several things happen upon functionalization. First, the parent 

copolymer exhibits higher order diffraction peaks at 1.70q*, 2.90q*, and 3.54q* as well as a 

shoulder at 2.03q* that are associated with the expected peak positions for hexagonally packed 

(HCP) cylinders (at ã3q*, 2q*, 3q*, and ã12q*) with a periodicity of 30.4 nm (from q* = 0.207 

nm
-1

). After modification, the functionalized copolymer exhibits higher order diffraction peaks at 

1.67q* and 2.70q* as well as a shoulder at 1.46q* that are associated with expected peak 

positions for spheres on a body-centered cubic (BCC) lattice (at ã2, ã3, and ã7), with a 



 

147 

periodicity of 27.9 nm (from q* = 0.225 nm
-1

). The transition from HCP cylinders to BCC 

spheres is attributed to the overall increase in midblock volume fraction at such high degrees of 

functionalization, effectively shifting horizontally on the block copolymer phase diagram, which 

has also been demonstrated for other block copolymer systems as well.
16

 This also demonstrates 

that postpolymerization modification is a tool to alter existing block copolymer morphology by 

carefully controlling the degree of functionalization. 

Morphological characterization of the swollen films by SAXS revealed several 

interesting details. In Figure 5, scattering profiles of films immersed in acidic buffer solutions 

(pH = 4.0 ï 5.5), showed minimal change in nanostructure, unexpectedly with a modest decrease 

in periodicity compared to the unswollen functionalized copolymer with increasing pH (ȹD = 

3.8 nm at pH = 5.5). The decrease in D is attributed to sufficient water uptake increasing chain 

mobility, allowing relaxation and equilibration of the midblock conformation that may have been 

trapped upon solvent-casting while remaining in a nonionized (hydrophobic) state compared to 

the ionized state at higher pH. Traversing the pH transition point, Figure 6 shows a shift in the 

location of the primary peak towards smaller q indicating an increase in distance between the 

styrenic micelles, with increasing pH, as well as preservation of the BCC morphology as 

indicated by the higher order reflections, followed by a constant primary peak position at pH > 

7.0, agreeing well with measured water uptake in this range as seen in Figure 2. More 

commonly, block copolymers containing organic acids above the pH transition point undergo a 

change in morphology due to non-network forming copolymers (i.e. diblocks) or solubility of all 

blocks in water. Thus, triblock copolymers containing hydrophobic, physical crosslinks allow the 

material to swell without compromising structure. Further, Figure 7, which depicts the 

periodicity as a function of pH, shows that the nanostructure can increase to ~100% the size of 



 

148 

the acid swollen modified copolymer. Further analysis of the form factor from Figure 6 in the q = 

0.2 ï 1.0 nm
-1
 range, which show a negligible change in position of the form factor maximum, 

do show an unexpected increase in broadening that occurs with increasing pH. Qualitatively, this 

behavior is comparable to that of organogels under biaxial tensile deformation,
17

 indicating the 

significant swelling of the nanostructure and strain on the glassy, styrenic micelles at high pH. 

In addition to pH, the ionic strength of the buffer solutions is an important parameter used 

to control the degree of swelling and assembly of acid-containing polymers. Water uptake was 

measured in the same vein as pH experiments by immersing films in the same buffer solutions 

for 72 h and then characterized with SAXS to understand how swelling changed the structure. 

Figure 8 shows the water uptake as a function of [Na
+
] for films swollen in buffers at pH Ó 6.0, 

exhibiting a similar trend to previous studies on the effect of ionic strength.
11,18,19

 Scattering 

profiles in Figure 9 show the effect of ionic strength on nanostructure. Specifically, a controlled 

shift in the primary peak to larger q with increasing [Na
+
] concentration indicates the 

nanostructure does not swell as much as compared to the native buffer solutions. Figure 10 

shows the nanostructure periodicity as a function of [Na
+
] concentration for pH > 6.0, and what 

is observed is continuous control over the nanostructure size from 25 ï 50 nm. This precise 

control over nanoscale domains over such a large size range could be useful for bioseparations 

involving species that may only vary in size on the order of a couple nanometers. Similar to the 

scattering profiles in Figure 6, analysis of the form factor maximums in Figure 9 show a 

systematic sharpening with increasing ionic strength, further connecting the nanostructure-

property relationships with respect to [Na
+
] concentration and water uptake. 

At this juncture, further investigation of the relationship between water uptake and 

mechanical response is necessary to elucidate the effect of midblock swelling on such properties. 
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Dynamic mechanical analysis of films swollen in buffer solutions at varying pH revealed an 

unexpected trend. As shown in Figure 11, with increasing pH (and water uptake), the storage 

moduli (Eᾳ) increased, which was not anticipated due to an increase in water uptake from ~130 

wt% (at pH = 6.0) to ~380 wt% (at pH = 8.0). Compared to nonpolar, organogels, where an 

increase in midblock-selective diluent systematically decreases Eᾳ with increasing diluent 

concentration. However, these systems are typically cocast from solvent or compounded at 

elevated temperatures to yield equilibrium morphologies, unlike in the present study where dry 

films, with a spatially templated morphology, are then swollen in a midblock-selective diluent. 

The result is a midblock that becomes increasingly strained with increasing pH, that provides 

additional evidence for deformation of the glassy, styrenic micelles discussed above. Further 

investigation of the ionic strength on mechanical response supports this conclusion, as seen in 

Figure 12, where increasing ionic strength (and decreasing water uptake) results in a decrease in 

Eᾳ. These results present a method by which to tune the mechanical properties of physical 

hydrogels using amphiphilic block copolyelectrolytes. 

Another interesting aspect of these materials is their change in optical clarity as a 

function of pH. At high pH, these films become highly transparent due to such high water uptake 

(~380 wt%). By controlling the swelling of these materials through ionic strength, we further 

characterized the optical transmission through UV-Vis spectroscopy. Figure 11 shows the UV-

Vis spectra for films swollen in a buffer solution from pH = 6.0 - 8.0 exhibiting an increase in 

transmission with increasing pH (and water uptake). The inset in Figure 11, which shows the 

transmission spectra for films swollen in buffer solution (pH = 8.0) at various salt 

concentrations, demonstrates the optical sensitivity of these materials to their environment and 

could potentially be employed as sensors for such environments. 
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8.4. CONCLUSIONS 

 In this work, it was demonstrated that midblock functionalization of SIS block 

copolymers generated materials containing a pendant organic acid that exhibited pH-responsive 

swelling. Such swelling significantly increased the periodicity (>100%) of the nanostructure at 

pH > 7.0 compared to acid-swollen analogs. Additionally, due to the presence of glassy physical 

crosslinks, the native morphology was retained at water uptake levels up to ~400 wt%, 

demonstrating a methodology by which to first design network-forming block copolymers with 

specific spatial features that can be further tuned using an external stimulus. The amount of 

swelling (water uptake) directly affected mechanical response, as demonstrated through DMA, 

whereby an increase in pH (and midblock strain) or decrease in ionic strength resulted in 

materials with higher values of Eᾳ. Furthermore, UV-Vis spectroscopy demonstrated the sensitive 

relationship between water uptake and optical transmission, suggesting such materials could be 

employed in environments where accurate sensing of aqueous solutions is required.  
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Scheme 8.1. Reaction methodology used to selectively attach the acid-functional thiol to the 

unsaturated copolymer midblock. 
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Figure 8.1. Water uptake of films swollen at pH = 8.0 and 4.0 (inset) over time. 
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Figure 8.2. Water uptake of films swollen in buffer solution at varying pH after 72 h. 
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Figure 8.3. Picture showing the relative size change of films swollen in various buffer solutions. 

  

Increasing pH 
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Figure 8.4. Scattering profiles for parent (blue) and modified (black) copolymer with scattering 

peaks labeled with arrows. 
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Figure 8.5. Scattering profiles for films swollen in buffer solutions at pH below the transition 

point and as-cast from THF. 
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Figure 8.6. Scattering profiles for films swollen in buffer solutions traversing the transition. A 

distinct shift in q* to lower q is apparent. 
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Figure 8.7. Periodicity of modified copolymer as a function of pH. A similar trend in periodicity 

is observed as in water uptake (Figure 2). The dotted line represents the periodicity of the as-cast 

modified copolymer. 
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Figure 8.8. Water uptake of modified copolymer as a function of sodium ion concentration 

([Na
+
]). 
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Figure 8.9. Scattering profiles for films swollen in buffer solution (pH=8.0) at various ionic 

strengths. 
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Figure 8.10. Periodicities of the modified copolymer at various salt concentrations. Dotted line 

represents the peridocity for the modified copolymer swollen at pH=4.0 in the native buffer 

solution for comparison. 
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Figure 8.11. Dynamic mechanical frequency spectra depicting the effect of films swollen in 

buffer solutions at different pH on mechanical response. 
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Figure 8.12. Dynamic mechanical frequency spectra depicting the mechanical response on films 

swollen in buffer solution (pH = 8.0) at varying ionic strengths. 

  


