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ABSTRACT 

Triblock copolymer gels have garnered considerable scientific interest over the past few decades 

and are used in a variety of applications including consumer cushioning, pressure-sensitive 

adhesives, and ballistics gels. While many of their applications rely upon understanding 

mechanical properties, mechanical studies of block copolymer gels are relatively disjointed with 

each focusing on specific copolymers, which inherently have a fixed molecular weight and 

composition. The present study examines the quasistatic mechanical response of styrenic triblock 

copolymer gels composed of seven unique triblock copolymers at various concentrations. 

Resultant stress-extension data is fitted with the slip-tube network (STN) theory that describes gel 

mechanics based upon crosslinked network (Gc) and chain entanglement (Ge) modulus 

contributions. Collectively, modulus contributions imply that midblock bridging is independent of 

copolymer identity (i.e., molecular weight and block fraction) and dependent on triblock 

copolymer concentration via Fb ∝ ϕABA
0.91±0.39 over the concentration range examined (ϕABA = 0.05-

0.39). Gels composed of a complementary diblock-triblock copolymer pair were subsequently 

analyzed to explore the influence of interlocking loop-loop and loop-bridge pairs within the 

effective midblock bridging population. These results point to the presence of a physically 

significant quantity of interlocked loops, but quantitative analysis was inconclusive.  
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INTRODUCTION 

Physically-crosslinked block copolymer gels have been of interest over the past few decades 

starting not long after styrenic triblock copolymers could be produced on a commercial scale.1,2 

Over this period, the list of block copolymer gel applications has continually grown and now 

includes consumer cushioning,3,4 cable filler material,5 pressure-sensitive adhesives,6 ballistics 

gel,7 biomedical implants,8,9 and drug delivery media.10,11 In parallel, studies have focused on the 

properties of block copolymer gels in order to both inform their use in the aforementioned practices 

and to establish connections between their molecular-level physics and observable properties. The 

bulk of these structure-property relationship studies focus on understanding the nanometer-scale 

periodicity of domains within gels12–14 and on gels’ dynamic rheological response.15–17 While a 

few others have considered the quasistatic mechanical behavior of block copolymer gels,18–20 these 

instances are often to inform a specific application of focus.21–24 

Physically-crosslinked block copolymer gels in their most basic form consist of an ABA triblock 

copolymer and a B-selective solvent. Upon equilibration of the two components, the copolymers’ 

A endblocks microphase segregate into discrete domains whereas the copolymers’ B midblocks 

and B-selective solvent mix to comprise the continuous phase (Figure 1). The copolymer 

midblocks within this infrastructure can adopt one of two conformations: (i) a loop wherein both 

ends of the midblock are confined to the same discrete domain or (ii) a bridge wherein the 

midblock ends are confined to two separate discrete domains (Figure 1). Beyond these one-

midblock conformations, it has been suggested that two-midblock conformations may be present 

depending on copolymer concentration. Specifically, interlocked loop-loop and loop-bridge pairs 

would result in one, or two, looped midblocks serving as effective bridges (Figure 1).25 A gel 

results in ABA copolymer/B-selective solvent mixtures when enough effective midblock bridges 
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are present to create a system-spanning network of discrete A domains and the discrete A domains 

are glassy, or crystalline, at room temperature so that they are mechanically-robust. In this 

scenario, the discrete domains behave as nanometer-size physical crosslinks. 

 

Figure 1. Schematic illustration of ABA triblock copolymer network including various one- and 

two-midblock conformations: loop, bridge, interlocked loops, and interlocked loop-bridge (each 

labeled). Solvent molecules, which occupy the continuous phase alongside copolymer 

midblocks, are not shown for clarity. 

Various theories, which were originally developed for pure polymer networks, have been used to 

describe the mechanics of block copolymer networks and gels.17,26–28 In particular, the slip-tube 

network (STN) model29 is derived based on molecular principles rather than empirical constants 

and takes the form 

 𝜎𝑒𝑛𝑔 = (𝐺𝑐 +
𝐺𝑒

0.74𝜆𝑧𝑧+0.61𝜆𝑧𝑧
−0.5−0.35

) (𝜆𝑧𝑧 −
1

𝜆𝑧𝑧
2 ) (1) 

where σeng is engineering stress, λzz is extension ratio (i.e., the ratio of sample length at any time to 

that initially), and Gc and Ge are the crosslinked network and chain entanglement modulus 

contributions, respectively. The structure of block copolymer gels (as portrayed in Figure 1) 
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necessitates modification of the STN model since they contain ‘hard’ discrete domains not 

included in the original derivation. For example, consideration of spherical discrete domains as 

nanoparticle fillers leads to an anticipated modulus inflation30 

 𝐺𝑖
† = 𝐺𝑖(1 + 2.5𝜙 + 14.1𝜙2) (2) 

where Gi
† is the effective modulus contribution (Gc

† or Ge
†), Gi is the true modulus contribution 

(Gc or Ge), and ϕ is the volume fraction of filler in the gel, which is equivalent to the A endblock 

volume fraction, ϕA, in the systems under consideration. Combining Equations 1 and 2 yields the 

overarching expression applicable to block copolymer gels’ mechanical behavior: 

 𝜎𝑒𝑛𝑔 = (𝐺𝑐 +
𝐺𝑒

0.74𝜆𝑧𝑧+0.61𝜆𝑧𝑧
−0.5−0.35

) (𝜆𝑧𝑧 −
1

𝜆𝑧𝑧
2 ) (1 + 2.5𝜙𝐴 + 14.1𝜙𝐴

2) (3) 

Along with the hard domain ‘filler factor’ effect described by Equation 2, the molecular principles 

inherent to the modified STN model are evident from the theoretical definitions of the two modulus 

contributions. 

First, the crosslinked network contribution for a polymer gel, which stems from affine network 

theory, is defined by 

 𝐺𝑐 = 𝜈𝑘𝐵𝑇(𝑑𝐴𝐴/𝑅𝑒𝑒)
2 (4) 

where ν is the number density of elastically effective midblock chains, kB is Boltzmann’s constant, 

T is absolute temperature, dAA is the distance between crosslink domains, and Ree is the midblock 

equilibrium end-to-end distance.27,29 Furthermore, elastically effective midblock chains are those 

that form bridges between crosslink domains (whether explicitly or through interlocked looping 

conformations) and their number density can be calculated by 

 𝜈 = 𝜙𝐴𝐵𝐴𝐹𝑏 (
𝑓𝐵𝑁𝜌𝐴𝐵𝐴

𝑀𝐵
) (5) 
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where ϕABA is the triblock copolymer volume fraction in the gel, Fb is the fraction of midblocks 

that serve as effective bridges, fB is the weight fraction of the midblock in the copolymer, N is 

Avogadro’s number, ρABA is the triblock copolymer density, and MB is the copolymer midblock 

molecular weight. The second modulus contribution, that from midblock entanglements, is defined 

by 

 𝐺𝑒 = 𝜙𝐴𝐵𝐴
2.25𝐹𝑏 (

𝑓𝐵𝑁𝜌𝐴𝐵𝐴

𝑀𝑒,𝐵
)𝑘𝐵𝑇 (6) 

where Me,B is the molecular weight between entanglements of the copolymer midblocks.27,29 The 

presence of Fb in Equation 6 is necessary when considering quasistatic experiments since the only 

entanglements probed are those of the effectively bridged midblocks. Relative to the applied 

extension rates, non-interlocked loops relax quickly and have a negligible impact whereas bridged 

chains do not possess the conformational freedom to relax over any time period.31,32 

It is clear from Equations 3-6 that both copolymer (fB, MB, ρABA) and formulation (ϕABA, ϕA) 

parameters play a pivotal role in theoretically describing gels’ quasistatic mechanical behavior. 

Furthermore, it has been previously noted that changes in ϕABA effect the conformational 

distribution of copolymer midblocks (i.e., Fb).
19,33,34 The objective of the present study is to use 

quasistatic mechanical data from block copolymer gels’ to better understand relationships between 

copolymer/formulation parameters and midblock bridging fraction. 

EXPERIMENTAL SECTION 

Materials 

Examined gels were formulated with white aliphatic mineral oil (MO) (Hydrobrite 200 PO, 

Sonneborn) and one of seven styrenic ABA triblock copolymers (two G grades from Kraton 

Polymers and five Septon grades from Kuraray Inc). Select gels also included an AB diblock 
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copolymer (Septon grade from Kuraray Inc.). Copolymers vary in terms of their molecular weight 

(Mw), styrenic endblock weight fraction (fS), and B block chemistry (EB = ethylene-co-butylene; 

EP = ethylene-co-propylene; EEP = ethylene/ethylene-co-propylene) (Table 1). They are labeled 

to capture the majority of this information. For example, S22EB114S22 refers to a triblock copolymer 

with ≈22 kg/mol styrenic endblocks and a ≈114 kg/mol ethylene-co-butylene midblock (for a total 

Mw = 158 kg/mol and fS = 0.278). 

Table 1. Characteristics of block copolymers used in the current study: weight-averaged 

molecular weight, Mw, molecular mass dispersity, ĐM, polystyrene mass fraction, fS, and 

ethylene, propylene, and butylene compositions of each copolymer’s midblock. 

polymer 
Mw 

 (kg/mol)* 

fS 

(wt%)† 

midblock composition (wt%)†,‡ 

ethylene propylene butylene 

S22EB114S22 157.5 ± 7.9 27.8 56.8 - 43.2 

S36EB162S36 234.9 ± 8.1 30.9 59.3 - 40.7 

S25EP236S25 286.0 ± 12.0 17.5 39.4 60.6 - 

S23EP196S23 241.1 ± 3.7 18.8 35.1 64.9 - 

S37EP174S37 247.8 ± 2.9 29.7 38.9 61.1 - 

S17EEP95S17 129.0 ± 4.6 26.0 61.1 38.9 - 

S61EEP298S61 421.0 ± 18.0 29.1 56.9 43.1 - 

S45EP90 135.5 ± 2.8 33.4 35.5 64.5 - 
*Mw values were determined via static light scattering measurements 
†fi values were determined via H1-NMR where fi is fS, fethylene, fpropylene, or fbutylene 
‡midblock composition was determined by fj/(fethylene + fpropylene + fbutylene) where fj is fethylene, fpropylene, or fbutylene 

 

 

Gels were prepared by first dissolving desired amounts of copolymer and oil into toluene (ACS 

grade, VWR) at a 1:20 mass:volume ratio (e.g., 0.2 g S22EB114S22 and 0.8 g MO dissolved in 20 

mL toluene). Upon full dissolution, toluene was removed via rotary evaporation and the remaining 

gel product was annealed in a vacuum oven (120-140 °C, 0.05 atm, 18-24 hours). Finally, gels 

were formed into strips for mechanical measurements using a melt press operated at 100-160 °C 
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(depending on copolymer concentration and molecular weight) and minimal applied pressure. The 

resultant strips measured ca. 40 mm (length) x 7.6 mm (width) x 1.6 mm (thickness). 

Small Angle X-ray Scattering 

Small angle x-ray scattering (SAXS) measurements were conducted on beam line 12-ID-B at the 

Advanced Photon Source (APS) within Argonne National Laboratory. Experiments used 13.3 keV 

x-ray radiation (λ = 0.93 Å), a sample-to-detector distance of 2.01 m, and an exposure time of one 

second. Scattered x-rays were collected using a Pilatus 2M detector, and all measurements were 

performed at ambient temperature and pressure. Upon confirming isotropic scattering based upon 

the 2D intensity maps, raw 2D data were converted into 1D profiles via azimuthal integration 

where the scattering vector magnitude, q, is related to the scattering half-angle, θ, by q = 4πsin(θ)/λ. 

One-dimensional scattering profiles were fit using SasView.35 

Uniaxial Tensile Testing 

Uniaxial tensile testing was performed on an ADMET eXpert 8000 planar biaxial tester operated 

in single-axis mode. A gauge length of 20 mm was used for all experiments and slack created 

during loading gel samples into the test grips was eliminated prior to the start of tests using a 1-2 

kPa preload. The initial length used to determine extension ratio was that following preloading 

(23-25 mm). Tests of varying extension rate were conducted on select gel formulations to ensure 

that all of the analyzed experiments were administered quasistatically. The extension rate used in 

actual quasistatic tests was found to depend primarily on copolymer concentration and varied from 

0.01 mm/s (≈5x10-4 s-1) to 0.2 mm/s (≈0.01 s-1). A minimum of three replicates were tested for 

each formulation and all experiments were conducted on fresh gel strips. Tensile data was fit with 

the STN model (Equation 3) using MATLAB. 



 8 

RESULTS AND DISCUSSION 

Structure of Formulated Gels 

Block copolymer gels’ discrete domains must exhibit a spherical morphology in order for 

Equations 2 and 3 to be valid. To address this, we consider 1D SAXS profiles for gels composed 

of each of the triblock copolymers presented in Table 1 at wABA = 0.05, 0.10, 0.20, 0.30, and 0.40 

where wABA is the weight fraction of copolymer in the gel (and is converted to ϕABA via ϕABA = 

wABAρgel/ρABA where ρgel is gel density). The majority of the 1D SAXS profiles collected have a 

similar qualitative shape consisting of two sharper peaks at lower q and several diffuse peaks at 

intermediate q (Figures 2a and S1). Select gels, particularly those containing higher concentrations 

of copolymers with higher molecular weights (S61EEP298S61 at ϕABA = 0.29 and S36EB162S36 and 

S37EP174S37 at ϕABA = 0.39), deviate from this behavior. We believe this is due to ineffective 

annealing of these gels based upon the broadening of the profiles’ features, but exclude them from 

further analysis to ensure full validity of Equation 3. Those profiles that exhibit qualitatively 

anticipated features were fit using the modified hard sphere model, which describes the nanoscale 

structure of gels as spherical domains with an average radius, rA (Figure S2a), a hard sphere radius, 

rhs, and a hard sphere volume fraction, ϕhs.
36 The two radii can be further converted to the distance 

between crosslinks, dAA, via 2rhs – 2rA (Figure S2b). 

Beyond the qualitative structural confirmation offered by good SAXS fits with the modified hard 

sphere model, copolymer gels’ nanostructure can be quantitatively confirmed by comparing 

geometric fit parameters to anticipated values based upon molecular and formulation quantities. 

Specifically, the A-rich domain volume fraction is calculated from SAXS fit parameters as ϕA,SAXS 

= ϕhs(4πrA
3/3)/(4πrhs

3/3) whereas the anticipated A-rich domain volume fraction is determined by 

ϕA,form = wABAfA(ρgel/ρA). Results of these calculations are in outstanding agreement for all gel 
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formulations fitted with the modified hard sphere model (Figure 2b) further validating the 

nanostructure determined via SAXS experiments and model fits. 

 
Figure 2. Representative 1D SAXS data for gels containing S22EB114S22 at various 

concentrations (vertically shifted by 3n for clarity) (a), a comparison between the A-rich domain 

volume fraction computed from SAXS fit parameters, ϕA,SAXS, and based on formulated 

quantities, ϕA,form, for examined gels (b), and the midblock stretch ratio, dAA/Ree, for examined 

gels (c). Symbols in (b) and (c) correspond to S22EB114S22, green ▽; S36EB162S36, blue △; 

S25EP236S25, orange ○; S23EP196S23, purple ◻; S37EP174S37, red ◇; S17EEP95S17, black ×; 

S61EEP298S61, gray +. Lines in (a) are modified hard sphere model fits to the data, the line in (b) 

reflects quantitative agreement between ϕA,SAXS and ϕA,form, and lines in (c) are guides to the eye. 

One additional piece of structural data necessary for interpreting mechanical behavior is the 

equilibrium midblock end-to-end distance, Ree, which was calculated for each copolymer via 

𝑅𝑒𝑒 = √𝐶∞𝑁𝐶𝐶𝑙𝐶𝐶
2  

where C∞ is the Flory characteristic ratio, NCC is the number of C-C bonds along the midblock 

backbone, and lCC is the C-C bond length (0.154 nm). Flory characteristic ratios were taken as 

compositional averages for a given copolymer midblock based upon polymer values for ethylene, 

propylene, and butylene of 6.9, 6.0, and 5.8, respectively. Resultant values are listed in Table S1. 

These values allow the midblock stretching ratio, dAA/Ree, to be determined and translated to the 

tension/compression (tension: dAA/Ree > 1, compression: dAA/Ree < 1) imparted on midblock chains 

due to their confinement within the nanoscale self-assembly prior to the application of stress. Gels 

at a given ϕABA have fairly similar dAA/Ree ratios, and midblock chains are increasingly compressed 
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with increasing ϕABA (Figure 2c). The midblock stretching ratio is also crucial for full interpretation 

of quasistatic mechanical data (see Equation 4). 

Mechanics of Formulated Gels 

With a thorough structural understanding of gels now in place, we turn our attention to the 

mechanical response of triblock copolymer gels. The copolymers used to formulate these gels vary 

in total molecular weight from 129 kg/mol to 421 kg/mol and in polystyrene endblock fraction 

from 0.175 g PS/g to 0.297 g PS/g. Additional copolymers were initially considered to further 

expand the range of each parameter, but it was observed that gels containing S10EB55S10 or 

S25EP26S25 at various concentrations either failed at small extension values (i.e., λzz ≈ 1.2-1.5) or 

formed two macroscopic phases. We hypothesize that these systems do not meet two criteria 

necessary for homogenous, highly-elastic gel formation. First, S10EB55S10 does not have large 

enough polystyrene endblocks to form mechanically-robust physical crosslinks as indicated by 

their molecular weight compared with the entanglement molecular weight of polystyrene (16.5 

kg/mol).37 Second, the high endblock fraction and relatively short midblock of S25EP26S25 prevent 

full solubility in aliphatic mineral oil and inhibits formation of an adequate system-spanning 

network, respectively. 

Mechanical test results of validated gel formulations exhibit similar qualitative shape in their 

stress-extension profiles: a monotonic increase with an initial concave down region that transitions 

to approximately linear (Figures 3 and S3). Some gels, particularly those with higher 

concentrations of triblock copolymer, also exhibit an inflection to convex up behavior at higher 

extension values (Figure 3a). This mechanical response is generally aligned with the STN model. 

The initial, nonlinear region is explained by the combined effects of the crosslinked network and 

midblock entanglements. Upon reaching λzz ≈ 2.0, the contribution from midblock entanglements 
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becomes roughly constant and the crosslinked network contribution approaches linear (Figure S4). 

Under high-concentration, high-λzz conditions wherein the convex-up inflection occurs, we 

hypothesize that non-affine network deformation and discrete domain impingement come into play 

(neither of which is accounted for in the STN model).38 This latter contribution is mostly negligible 

and, so, the expression in Equation 3 is used to fit all stress-extension data (Figures 3 and S3) with 

Gc and Ge serving as fitting parameters. 

 
Figure 3. Representative stress-extension data for gels containing a given copolymer, 

S22EB114S22, at various concentrations (labeled, color-coded) (a) or various copolymers (labeled, 

color-coded) at the same concentration, ϕABA ≈ 0.19 (b). Solid lines are STN model fits for each. 

Contrasting the stress-extension profiles in more detail, it is clear that increasing copolymer 

concentration leads to stiffer gels (Figures 3a and S3). Alternatively, an increase in Mw at constant 
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fS (compare S22EB114S22, S36EB162S36, and S61EEP298S61 in Figure 3b), or an increase in fS at 

constant Mw (compare S23EP196S23 and S37EP174S37), translates to more compliant (i.e., less stiff) 

gels. These trends can be better understood by examining the experimentally-fitted modulus 

contributions in the context of theoretical expectation. 

The crosslinked network contribution follows similar trends as those seen in stress-extension 

profiles: Gc increases with increasing copolymer concentration and decreasing copolymer 

molecular weight (Figure 4a). However, it can be observed that varying fS at constant Mw has 

minimal effect on Gc. These observations align with the theoretical definition (Equations 4 and 5) 

since increasing ϕABA or decreasing Mw (= MB/(1-fS)) causes a theoretical increase in Gc whereas fS 

appears implicitly in the numerator (fB = 1-fS) and denominator (MB = (1-fS)Mw) of Equation 5 and 

therefore is not expected to have a considerable contribution. (Note, ρABA is slightly affected by 

changes in fS.) To better understand midblock bridging, we normalize the crosslinked network 

modulus contribution based upon copolymer and nanostructure factors as follows 

 𝐺̂𝑐 = 𝐺𝑐 [(
𝑓𝐵𝑁𝜌𝐴𝐵𝐴

𝑀𝐵
) 𝑘𝐵𝑇 (

𝑑𝐴𝐴

𝑅𝑒𝑒
)
2

]
−1

 (7) 

It is anticipated that normalization should isolate the effect of midblock bridging as indicated by 

combining Equations 4, 5, and 7: Ĝc = FbϕABA. It is immediately apparent from experimental data 

that Ĝc increases superlinearly with ϕABA (Figures 4b and S5a), which is explained by dependence 

of bridging fraction on copolymer concentration.19,34 We postulate that this relationship can be 

represented as a power law over the examined concentration range such that Fb ∝ ϕABA
n and 

therefore Ĝc ∝ ϕABA
n+1. Fitting data with a power law function then provides the scaling of bridging 

fraction with copolymer concentration. Fits were initially performed on each individual copolymer 

series (Figure S5a), and it was found that there is no statistically significant difference between the 
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power law exponents for these series (ANOVA, p = 0.102). This suggests that Fb-ϕABA scaling is 

independent of the copolymer used in gel formulation (i.e., varying fS and Mw). As a result, all data 

was globally fit with a power law (Figure 4b) yielding Ĝc ∝ ϕABA
2.08±0.10 (i.e., Fb ∝ ϕABA

1.08±0.10) 

where the uncertainty reflects a 95% confidence interval. 

 
Figure 4. Comparison of crosslinked network modulus contribution, Gc, (a) and normalized Gc, 

Ĝc, (b) for gels composed of various ABA triblock copolymers and copolymer volume fractions. 

The lines in (a) are guides to the eye for each series whereas that in (b) is a power law fit to all 

data including the region enclosed by a 95% confidence interval. 

The entanglement modulus contribution, Ge, is separately observed to increase with increasing 

copolymer concentration, or decreasing fS at fixed midblock composition (compare S25EP236S25 

and S37EP174S37) (Figure 5a). Again, these observations align with theory (see Equation 6) in that 
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both ϕABA and fS (fB = 1-fS) appear as contributing factors. Additional variation in Ge stems from 

changes in Me,B, which is related to midblock composition via39 

 log(𝑀𝑒,𝐵) = 𝑓𝑒𝑡,𝐵 log(𝑀𝑒,𝑒𝑡) + 𝑓𝑝𝑟,𝐵 log(𝑀𝑒,𝑝𝑟) + 𝑓𝑏𝑢𝑡,𝐵 log(𝑀𝑒,𝑏𝑢𝑡) 

where fet,B, fpr,B, and fbut,B are the weight fractions of polyethylene, polypropylene, and polybutylene 

in the copolymer midblock, respectively, (rightmost columns in Table 1) and Me,et, Me,pr, and Me,but 

are the molecular weight between entanglements for polyethylene (1200 g/mol), polypropylene 

(4600 g/mol), and polybutylene (12300 g/mol), respectively.40 The role of Me,B can be viewed in 

experimental data by comparing Ge values for copolymers with similar fS. For example, 

S22EB114S22 (Me,B = 3281 g/mol) and S36EB162S36 (Me,B = 3092 g/mol) have comparable Ge values 

at a given ϕABA whereas S22EB114S22 and S17EEP95S17 (Me,B = 2024 g/mol) are clearly 

distinguishable with the latter exhibiting higher values (Figure 5a). Values of Me,B for all 

copolymers are displayed in Table S2. Like with Gc, the experimentally-fitted Ge values can be 

normalized to eliminate variation due to copolymer and nanostructure parameters: 

 𝐺̂𝑒 = 𝐺𝑒 [(
𝑓𝐵𝑁𝜌𝐴𝐵𝐴

𝑀𝑒,𝐵
) 𝑘𝐵𝑇]

−1

 (8) 

In this case, it is anticipated that normalization should isolate the effect of midblock bridging in 

the form of: Ĝe = FbϕABA
2.25. The experimentally-acquired Ĝe values, again, increase at rate a 

higher than expected with ϕABA (Figure 5b). Using the same postulate as above, power law fitting 

of data will yield the Fb-ϕABA scaling from Ĝe ∝ ϕABA
n+2.25. Fitting was conducted for each 

copolymer system individually (Figure S5b) and, like above, no statistically significant difference 

was noted (ANOVA, p = 0.122). Therefore, fitting was performed globally (Figure 5b) yielding 

Ĝe ∝ ϕABA
2.99±0.18 (i.e., Fb ∝ ϕABA

0.74±0.18) where the uncertainty reflects a 95% confidence interval. 
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Figure 5. Comparison of chain entanglement modulus contribution, Ge, (a) and normalized Ge, 

Ĝe, (b) for gels composed of various ABA triblock copolymers and copolymer volume fractions. 

The lines in (a) are guides to the eye for each series whereas that in (b) is a power law fit to all 

data including the region enclosed by a 95% confidence interval. 

Bridging Fraction Discussion 

Our data collectively suggests a bridging fraction scaling of Fb ∝ ϕABA
0.91±0.39 for triblock 

copolymer gels in the concentration range of ϕABA = 0.05-0.39 where uncertainty is propagated 

from those uncertainties determined using Gc and Ge data, as well as, the uncertainty associated 

with their deviation from one another. For comparison, we fitted others’ Fb-ϕABA data using power 

law scaling to extract independent values for the scaling exponent. Watanabe et al.34 probed the 

looping fractions (and consequently bridging fractions) of midblocks in poly[styrene-b-isoprene-
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b-styrene] (SIS)/n-tetradecane gels over a similar concentration range (i.e., ϕABA ≈ 0.16-0.41) using 

dielectric relaxation measurements. The SIS copolymer used in their study is fairly small relative 

to those in the current study (Mn = 50.2 kg/mol), but has a comparable composition (fS = 28.7 

wt%). Sliozberg et al.41 followed up on this work by conducting dissipative particle dynamics 

(DPD) simulations on comparable gel systems (i.e., coarse-grained A1B6A1 copolymer chains in 

B-selective solvent with ϕABA ≈ 0.16-0.41). Finally, Kim and Jo42 quantified bridging and looping 

fraction via Monte Carlo simulations on copolymers with an A5B20A5 architecture in midblock-

selective solvent over the concentration range ϕABA ≈ 0.01-0.12. In the latter case, only data from 

gels with ϕABA > 0.05 were consider for best overlap with the current study. A power law fit 

represents these others’ findings well (Figure S6) and the resultant scaling is in relatively good 

agreement with that determined here: Fb ∝ ϕABA
0.72±0.48, Fb ∝ ϕABA

0.67±0.11, and Fb ∝ ϕABA
0.44±0.06, 

respectively, where uncertainties reflect a 95% confidence interval. It is worth noting that the 

methods used in the referenced studies only count one-midblock bridges in determining Fb whereas 

the current method also incorporates interlocked loop-loop and loop-bridge pairs. This may 

provide an explanation for the higher exponent in the present work. 

The primary theory used to explain the Fb-ϕABA relationship is the translation of increasing 

copolymer concentration to decreasing crosslink-to-crosslink distance, dA-A.16,34 Geometric 

considerations lead specifically to dA-A ∝ ϕABA
-1/3, which is evident in our experimental data (Figure 

S2b). As discussed above, dA-A defines the end-to-end distance a midblock must adopt in order to 

bridge two adjacent crosslinks. Bridging midblocks must pay a higher entropic penalty to 

accommodate a larger dA-A while those bridging a shorter dA-A maintain more coiled conformations 

reducing the entropic penalty. This suggests that higher ϕABA leads to lower dA-A which in turn 

yields a great number of bridges. One lesser cited explanation for increased effective bridging 
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fraction is a rise in the interlocked loop midblock population with ϕABA. It is anticipated that an 

increase in the number of midblock chains occupying the continuous phase space would result in 

more topological entanglements, which is the phenomenon responsible for interlocking loop 

conformations. 

In an attempt to determine whether the latter factor plays a significant role, we formulated several 

gels with complementary diblock and triblock copolymers (i.e., S37EP174S37 and S45EP90) at a fixed 

total copolymer concentration (ϕp = ϕABA + ϕAB). The intent of this formulation design is to fabricate 

gels with constant dA-A but varying ϕABA.15,32 SAXS data were collected for three fixed-ϕp series – 

ϕp = 0.10, ϕp = 0.19, and ϕp = 0.29 – each of which consists of a range of triblock concentration 

from 50% to 100% of the total (Figures 6a and S7). These data were fitted using the same modified 

hard sphere model as described above, and the resultant fit parameters (Figure S8a-b) were used 

for validation by calculating and comparing ϕA,SAXS and ϕA,form (Figure S8c). From these fits, it is 

observed that values of dA-A, and consequently dA-A/Ree, within each series do not change 

significantly (Figures 6b and S8d). Any detected changes in bridging fraction would therefore 

suggest an alternative cause. 
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Figure 6. 1D SAXS data from gels composed of S37EP174S37 triblock copolymer and S45EP90 

diblock copolymer at different triblock copolymer concentrations (values indicated on plot) and a 

fixed total copolymer concentration of ϕp = 0.19 (a), and crosslink-to-crosslink distances for 

three different fixed-ϕp series (ϕp = 0.10 (green), ϕp = 0.19 (blue), and ϕp = 0.29 (red)). Data in 

(a) are vertically shifted by a factor of 3n for clarity. Lines in (a) are fits using the modified hard 

sphere model whereas those in (b) are guides to the eye. 

Mechanical tests on diblock-triblock copolymer gels yield stress-extension data for each unique 

formulation (Figures 7a and S9). Gels within each fixed-ϕp series clearly exhibit stiffer mechanical 

behavior as ϕABA is increased. To understand the source of increased stiffness, Gc and Ge were 

determined for each formulation by fitting data with the STN model (Figures S9 and S10) and 
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subsequently normalized using Equations 7 and 8, respectively (Figure 7b-c). Note, triblock 

copolymer parameters (i.e., fB, ρABA, MB, Me,B, Ree) remain the same for all diblock-triblock 

copolymer gels examined. Additionally, the presence of diblock copolymer chains is not 

anticipated to have a direct effect on the crosslinked network modulus contribution since the 

solvent-compatible blocks (i.e., B blocks) are not capable of bridging. Therefore, the trend in Ĝc 

is still expected to follow the relationship Ĝc = FbϕABA. Power law fits to each fixed ϕp-series 

(Figure 7b) are the same within experimental error (ANOVA, p = 0.665) and can be represented 

by Ĝc ∝ ϕABA
1.34±0.29, which translates to Fb ∝ ϕABA

0.34±0.29 based on this expectation. 

 
Figure 7. Stress-extension data from gels composed of various S37EP174S37 triblock and S45EP90 

diblock copolymers at different triblock copolymer concentrations (values indicated on plot) and 

a fixed total copolymer concentration of ϕp = 0.19 (a), as well as, normalized Gc (b) and Ge (c) 

values from fits (ϕp = 0.10 (green), ϕp = 0.19 (blue), and ϕp = 0.29 (red)). Lines in (a) are fits 

using the STN model. Solid lines in (b) and (c) indicate power law fits to each fixed-ϕp series 

whereas dashed lines portray fits to pure triblock copolymer gels’ data (i.e., ϕp = ϕABA). 

The determined Ĝe values should also remain exclusively dependent on triblock copolymer 

concentration for the same arguments above yielding Ĝe = FbϕABA
2.25. However, power law fitting 

of Ĝe values yields statistically different results (t-test, p = 0.032) for the two series analyzed – Ĝe 

∝ ϕABA
2.49±0.92 (ϕp = 0.19) and Ĝe ∝ ϕABA

1.83±0.37 (ϕp = 0.29) – and the latter would suggest an inverse 

relationship between bridging fraction and copolymer concentration: Fb ∝ ϕABA
-0.42±0.37. It is likely 

that these results are complicated by the B block entanglement effects imparted by the diblock 

copolymers. While experiments are conducted quasistatically, it is possible that diblock copolymer 
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midblocks relax very slowly relative to experimental conditions and hence contribute to the 

extracted Ĝe. This notion is supported by the fact that the ϕABA dependence is dampened in the 

higher ϕp series (i.e., more diblock copolymers contributing to Ĝe) whereas the relationship in the 

lower ϕp series is in closer agreement with Ĝc results (i.e., Fb ∝ ϕABA
0.24±0.92). Dampened scaling of 

Ge in diblock-triblock systems has similarly been noted by others’ from rheological experiments.15 

While Ĝe values are unexpectedly complicated by the presence of diblock copolymers, we believe 

that Ĝc trends indicate a physically significant rise in the number of interlocked loop-loop and 

loop-bridge pairs with increasing triblock copolymer concentration. (All uncertainties indicate a 

95% confidence interval.) 

CONCLUSION 

Quasistatic uniaxial tensile experiments shed light on the microscopic structure of block 

copolymer gels, namely the population of midblock conformations. This is due to the 

aforementioned experimental techniques’ sensitivity to effectively bridged midblock chains. Using 

tensile data from 30 unique gel formulations, we are able to conclude that the bridging fraction in 

styrenic triblock copolymer gels scales with copolymer concentration via Fb ∝ ϕABA
0.91±0.39 within 

the concentration range ϕABA = 0.05-0.39. Additionally, this scaling does not vary significantly for 

copolymers of varying molecular weight or block fractions. The determined scaling exponent is in 

good agreement with previous studies that directly measure midblock bridging fraction, but is 

unique in that it includes the contribution from two-midblock bridges – i.e., interlocked loop-loop 

and loop-bridge pairs. The contribution of interlocked loop-loop and loop-bridge pairs was further 

explored by testing gels formulated using a complementary diblock and triblock copolymer. These 

results suggest that interlocked loops account for a physically-significant portion of the midblock 

population. However, quantitative details could not be confidently extracted due to complexities 
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arising from the presence of diblock copolymers. Future studies, particularly molecular 

simulations wherein individual midblock conformations can be calculated/visualized, will be 

paramount in clarifying the quantity and role of interlocking loop conformations in pure triblock 

copolymer and diblock-triblock copolymer gels. 
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