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Abstract

The phase behavior of ternary blends composed of two homopolymers (A,B) and their 

corresponding diblock polymer (A-B) has been widely studied, with emphasis on the 

volumetrically symmetric isopleth and the formation of bicontinuous microemulsions. However, 

almost all the previous studies employed linear polymers, and little is known about the impact of 

polymer architecture on the phase behavior of such ternary blends. Here, we report the self-

assembly of three sets of ternary blends of polystyrene (PS) and poly(oligoethylene glycol methyl 

ether methacrylate) (POEGMAn), with different lengths of oligo(ethylene glycol) side chains n. 

Small-angle X-ray scattering was used to probe the phase behavior at different compositions and 

temperatures. The order-to-disorder transition temperature was found to be impacted by the side 

chain length. It was also observed that longer side chains lead to poorer miscibility of 

homopolymers in the corresponding block, resulting in a more “dry-brush” like swelling behavior. 
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Introduction

Traditional liquid electrolytes in lithium-ion batteries pose great safety concerns due to their 

flammability and potential dendrite growth.1 Recently, polymer-based electrolytes have attracted 

major interest and are candidates for next-generation battery electrolytes.2,3 A critical challenge is 

to promote ionic conductivity and mechanical integrity simultaneously, where the former typically 

demands flexible segmental motion and the latter requires solid polymers. One solution is to 

prepare nanostructured polymeric materials featuring two interpenetrating domains with different 

chemical structures. Despite the abundant phase diagrams of pure block copolymers, preparation 

of three-dimensional co-continuous phases, such as the double gyroid, poses synthetic challenges 

due to their narrow composition windows.4–9 Alternatively, ready access to co-continuous network 

phases can be achieved by blending block copolymers (A-B) and homopolymers (A, B) with 

simple variation of volumetric ratios.10–12 In addition to traditional network phases in block 

copolymers, the polymeric bicontinuous microemulsions (BE), analogous to co-continuous 

microemulsions in water/oil/surfactant systems with locally correlated interfaces but global 

disorder, have also been widely reported in A/B/A-B ternary blends.13–20 BE features a typical 

phase window of H ~1 – 5% (H = A + B), where i denotes the volume fraction of component 

i. Furthermore, typical domain sizes in the BE are 50 – 200 nm, significantly larger than can be 

conveniently accessed in typical double gyroid materials. Since its discovery in 1997,13 the BE 

has been studied in polymeric ternary blends with focuses on the effects of polymer chemistry,15 

polymer composition,21–23 dispersity,24,25 conformational asymmetry,26 and charge.27,28 However, 

little is yet known about how polymer architecture affects the formation of BE.

For applications as polymer electrolytes, poly(ethylene oxide) (PEO), which is well recognized 

to possess superior ion-conducting properties with added salt, has been studied as the conducting 

domain in the BE, with polystyrene (PS) as the neutral component.28,29 In a recent study by Xie 

et al., lithium bis-(trifluoromethane) sulfonimide doped ternary blends (PEO/PS/PEO-PS) were 

prepared and conductivity was examined upon increasing the homopolymer content.28 The BμE 
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was found to exhibit higher conductivity compared with LAM and nonstructured disordered blends, 

which is attributed to the continuous conducting domains and elimination of fixed domain 

boundaries. However, the room-temperature performance of PEO is undermined by relatively slow 

segmental motion and by crystallinity. One possible solution is to install low-molecular-weight 

PEO as side chains attached to a backbone, in comb- or brush-like structures, where the 

crystallinity of the PEO domain is largely suppressed especially with short PEO side chains.30–35 

In such PEO-grafted systems, ion transport is found to occur through inter- and intra- side chain 

hopping according to a recent study by Deng et al.36 However, most attention has focused on the 

crystallization behavior and conductivity performance of PEO-branched homopolymers or block 

polymers; our emphasis is on the effect of the side chain architecture on polymer-polymer 

interactions and packing, which are essential to the rational design of the BE in ternary blends. 

The miscibility of homopolymers in block polymer/homopolymer blends is known to greatly 

impact phase behavior. A series of works by Hashimoto and coworkers investigated the swelling 

behavior upon adding homopolymers in binary (A+A-B) and ternary (A+B+A-B) blends.37–40 

Depending on the relative length of homopolymers added, two swelling limits, “wet-brush” ( << 

1) or “dry-brush” ( ≳ 1) scenarios were discussed, where α is the ratio of the volumetric degree 

of polymerization (N) between the homopolymer and block polymer (α = Nh/Nbp). In the “wet-

brush” case, homopolymers distribute uniformly in the corresponding block, while in the “dry-

brush” limit they are excluded from the block copolymer brushes. The difference in the 

homopolymer solubility results in different interfacial curvature and variation in domain size. In 

practice, many systems lie between these two extremes, where equilibrium states exist with 

homopolymers distributed partially inside and outside the block copolymer brushes. Multiple 

experimental and theoretical works reported that increasing  ( ≲ 1) results in a rapid domain 

size growth, as a result of more homopolymers localizing in the interdomain due to an increase in 

the conformational entropic penalty.41–45 In linear polymers, increasing Nh has been proven to be 

effective in driving the swelling behavior from wet-brush behavior toward the dry-brush limit. On 
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the other hand, polymer architecture is expected to have a significant impact on the mixing of 

homopolymers and diblock copolymers, given the conformational entropy change upon swelling.

In this paper, three families of ternary blends composed of poly[oligo(ethylene glycol) methyl 

ether methacrylate] (POEGMAn)/polystyrene (PS)/POEGMAn-PS were prepared, where n denotes 

the average number of EO repeat units per POEGMA side chain. The resulting phase behavior was 

examined using small-angle X-ray scattering (SAXS) along the volumetrically symmetric isopleth, 

where the two homopolymer volume fractions are equal. Macrophase separation was found to 

extend to regions with lower homopolymer content with longer side chains. Furthermore, a direct 

comparison of the relative domain size change reveals a more “dry-brush” like swelling behavior 

in ternary systems with longer side chains. 

Table 1. Polymer Characteristics

Blend Name M
n 
(kDa)

a
f
POEGMA

b
Đ 

a
= 

M
w
/M

n

𝜌
(g/cm3)

N
c

α
d # of EO 

repeating 
units

POEGMA
1
-PS 25 0.49 1.03 1.08f 380

POEGMA
1

5.2 1.06 1.11g 77 0.20T1
PS-5k 5.1 1.04 1.05 h 80 0.21

1

POEGMA
4.5

-PS 28 0.53 1.11 1.07 f 436
POEGMA

4.5
6.8 1.08 1.08 g 104 0.24T2

PS-6k 6.4 1.05
e 1.05 101 0.23

4.5

POEGMA
9.1

-PS 27 0.52 1.09 1.06 f 418
POEGMA

9.1
6.9 1.08 1.06 g 108 0.26T3

PS-6k 6.3 1.01 1.05 100 0.24

9.1

a Determined from SEC-MALS 
b Volume fraction of POEGMA block determined by 1H NMR spectroscopy 
c Degree of polymerization calculated based on a reference volume of 0.1 nm3 
d α = N

h
/N

bp
e From supplier
f  Calculated by assuming the density of each block equals that of the homopolymer
g Estimated based on group contribution method46 
h Obtained from the reference47
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Experimental

POEGMAn-PS block polymers and POEGMAn homopolymers were synthesized using 

reversible-addition-fragmentation chain-transfer (RAFT) polymerization, followed by removal of 

the reactive end group.48 Polystyrene homopolymers were purchased and used as received (Sigma-

Aldrich). Chemical structures of the polymers were confirmed by proton nuclear magnetic 

resonance spectroscopy (1H NMR), while molecular weights (Mn) and dispersities (Đ) were 

determined through size exclusion chromatography (SEC) equipped with multi-angle light 

scattering (MALS). Detailed polymer characterization is summarized in Table 1. After blending, 

polymer samples were sealed in Tzero pans filled with argon and annealed before SAXS 

experiments were conducted at different temperatures. For the determination of macrophase 

separation, polymer samples were sealed in transparent ampules and heated to the target 

temperature, where the turbidity of the sample is examined visually. Synthesis and characterization 

details can be found in the Supporting Information (SI).

Results and Discussion

Three sets of polymer blends composed of POEGMAn-PS/POEGMAn/PS were prepared, and 

will be referred to as T1, T2, and T3 (see Table 1). The average # of EO side chain repeat units on 

the POEGMA block n = 1, 4.5, and 9.1, respectively. The phase behavior was studied by SAXS at 

various temperatures ranging from 120 – 220 °C, at intervals of 20 °C. As shown in Figure 1, 

POEGMA1-PS and POEGMA4.5-PS exhibit a lamellar (LAM) phase as indicated by q/q* = 1, 2, 

3..., where q is the scattering wavevector and q* is the primary peak position. It should be noted 

that the second peak is absent in both scattering profiles due to structure factor extinction from the 

nearly symmetric copolymers.49 No higher order peaks were observed in POEGMA9.1-PS, but a 

LAM phase is assumed given the symmetric composition of the block copolymer. Order-to-

disorder transitions (ODT) were observed for all three block copolymers, where the sharp primary 

peak of the LAM phase turns into a broad peak, indicating a disordered (DIS) phase. POEGMA1-

PS, which has a smaller total Mn, exhibits a comparable or higher order-to-disorder transition 
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temperature (TODT) (200 ~ 220 °C) than POEGMA4.5-PS (200 ~ 220 °C) and POEGMA9.1-PS (~ 

160 °C). Such behavior indicates a stronger segregation strength between PS and POEGMAn when 

the side chain is shorter. This is opposite to the prediction from the Flory-Huggins parameters () 

between PS/poly(methyl methacrylate) (PMMA) and PS/PEO, if one considers POEGMA to be a 

PEO/PMMA copolymer. Based on a reference volume of 118 Å3, PS-PMMA = 3.5 (K–1) /T + 0.022 

while PS-PEO = 29.8 (K–1) /T – 0.023 as reported by previous studies.50–53 For the temperature 

range studied here, PS-PMMA is predicted to be smaller than PS-PEO, indicating a stronger 

incompatibility between styrene and EO monomers. This discrepancy implies that the effective  

is reduced by the side chains, where longer side chains lead to fewer contacts between styrene and 

EO units nearer to the backbone. The reduced contacts between incompatible units lowers the 

enthalpic penalty of mixing, with a concomitant reduction in . With the side chain increasing 

from 4.5 to 9.1 EO repeating units, direct comparison is unavailable due to the change in both Mn 

and TODT. However, little change in  is expected as EO repeating units in both polymers are 

largely shielded from the PS/POEGMA interface.

Figure 1. Scattering profiles for block copolymers POEGMA1-PS, POEGMA4.5-PS and 
POEGMA9.1-PS at different temperatures.
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Upon blending equal volumes of A and B homopolymers with a symmetric A-B block 

copolymer, the homopolymers reside in the corresponding domain and swell the LAM structure. 

As a result, the domain size increases, which is reflected by the decrease in q* in Figure 2. At a 

higher homopolymer volume fraction H (H = POEGMAn + PS), a transition from LAM to DIS is 

observed in T3 when H increases from 0.70 to 0.75, which is attributable to the formation of a 

BE phase. To further investigate the phase behavior of these ternary blends, three volumetrically 

symmetric isopleths were constructed, as shown in Figure 3. As H increases, TODT decreases in 

the case of T1, while it increases in T2 and T3. It should be noted that the  value (Table 1) for T2 

and T3 is close to 0.25 whereas  is about 0.20 for T1. Shorter homopolymers are considered to 

destabilize the ordered structure with greater entropic gain upon the transition from order to 

disorder, whereas blending larger homopolymers raises the incompatibility of the system. Such a 

transition from decreasing to increasing TODT with respect to homopolymer length is predicted to 

take place around  = 0.25.54 On the other hand, as the critical temperature of a homopolymer 

blend, (i.e., the temperature above which the homopolymers become completely miscible), 

Figure 2. SAXS patterns for ternary blends a) T1, b) T2, and c) T3 along the isopleth at 
various H at 120 °C. The triangles indicate the peaks assigned for LAM phase.
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increases with molecular weight, blending a block copolymer with longer homopolymers is also 

expected to enhance the TODT. 

The emergence of the BE is widely reported near the mean-field-theory-predicted Lifshitz 

point (H = 1/(1+22)) in symmetric linear ternary blends.54 In T1 and T2, a pure BE phase is not 

observed, which can be a result of either a narrow phase window, or being pre-empted by 

macrophase separation. In T1, a turbid sample is obtained at H = 0.83, implying a BE phase 

window H < 3%. In T3, broad peaks are observed in the scattering profiles at H = 0.7 above 

120 °C as shown in Figure 4.  The structure of the BE at various temperatures was further 

examined by fitting the scattering data with Teubner-Strey model (eq. 1), where I is the scattering 

Figure 3. Volumetrically symmetric isopleth for a) T1, b) T2, and c) T3 based on SAXS 
results. Macrophase separation is represented by shaded areas (yellow) and was determined 
based on visual observation.

T1 T2 T3
a) b) c)

Figure 4.  SAXS profiles of T3 containing H = 0.7 at various temperatures. The red lines 
represent the fitting of Teubner-Strey model (eq. 1) and the amphiphilicity factor (fa) is 
calculated based on eq. 2.
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intensity and a2, c1 and c2 are the fitting parameters.55 A negative c1 indicates a tendency toward 

forming interfaces and is characteristic of a BE phase. The amphiphilicity factor (fa), which 

reflects the BE structure, can also be extracted based on eq. 2. 

Specifically, fa = –1 corresponds to LAM structure and for a “good” BE, –1 < fa < 0.  As 

temperature changes from 140 to 200 °C, fa increases from –0.85 to –0.62, indicating a less ordered 

structure. On the basis of optical turbidity, another prominent feature is the large window of phase 

coexistence on the homopolymer-rich side for T2 and T3, which extends down to H ~ 0.75. Note 

𝐼(𝑞) =  
1

𝑎2 + 𝑐1𝑞2 + 𝑐2𝑞4 (1)

𝑓𝑎 =  
𝑐1

4𝑎2𝑐2
(2)

Figure 5. a) Relative domain size change along the volumetrically symmetric isopleth as a 
function of H. Domain sizes are calculated for LAM samples. The blue line and red lines 
represent the wet and dry brush limits, respectively. The data are fit to d/d0 = (1–H)-A with H 
≤ 0.4 (dashed lines) and log(d/d0) = –Alog(1–H) + B at H > 0.4 (inserted figure), where A and 
B are fitting parameters. b) Schematic representation of two-step swelling where the 
homopolymers are included and excluded from the block copolymer regime at low and high H, 
respectively.
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that in linear polymer systems with similar  values ( ~0.2), the phase window of macrophase 

separation usually appears around H ≥ 0.9.56  This observation, however, is in accordance with 

our previous work, where macrophase separation extends to H ~ 0.6 – 0.7 in ternary blends 

consisting of symmetric poly[(oligo(ethylene glycol) methyl ether methacrylate-co-oligo(ethylene 

glycol) propyl sodium sulfonate methacrylate)], PS and the corresponding block copolymer.57

To further examine how differing side chain lengths affect the swelling behavior in this system, 

we plotted the relative domain size (d/d0) change as a function of H, where d is calculated based 

on eq. 3 and d0 denotes the domain size of pure block copolymer. The result is shown in Figure 

5a. Two swelling extremes, dry-brush (eq. 4) and wet-brush (eq. 5), are also plotted for comparison. 

For linear polymers in the wet-brush limit, where homopolymers are much smaller than the block 

copolymer ( ≪ 1), d grows slowly with the addition of homopolymers. This indicates that 

homopolymers penetrate the corresponding block and push the copolymer junctions apart along 

the interface. On the other hand, in the dry-brush limit, homopolymers are excluded from the block 

copolymer and reside in the interdomain, which causes a more dramatic change in the domain size 

while the interfacial area remains unchanged. 

𝑑𝐿𝐴𝑀 =
2𝜋
𝑞 ∗ (3)

d/d0 = (1–H)–1 (4)

d/d0 = (1–H)–1/3 (5)

𝐴𝑐 =
2𝑀𝑃𝑂𝐸𝐺𝑀𝐴𝑛 ― 𝑃𝑆

𝑁𝐴𝜌𝑃𝑂𝐸𝐺𝑀𝐴𝑛 ― 𝑃𝑆(1 ― 𝜙𝐻)𝑑𝐿𝐴𝑀
(6)

In this system, the relative domain size change obtained from the LAM phase lies between the 

two limits and suggests a two-step swelling process. As demonstrated in Figure 5a, the increase in 

d/d0 is slower at lower H for all three ternary blends, and then becomes more rapid as H further 

increases. Quantitatively, data at low and high H were fitted with d/d0 = (1–H)–A and log(d/d0) = 
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-Alog(1–H) + B, respectively. In the latter equation, B is added to account for the initial swelling 

process. 

The resulting fitting parameters A and exponential of B are summarized in Table 2. At low H 

(H ≤ 0.4), the swelling behavior is closer to the wet-brush limit, indicating a mixing between 

homopolymers and block copolymers in the corresponding domains. However, even in the low H 

region, the parameter A is larger than 1/3 in all cases, which implies that either some POEGMA 

homopolymers are expelled and move into the domain center, or that the swelling of the brush acts 

to extend the POEGMA backbone normal to the interface. At larger H (H > 0.4), d/d0 increases 

more rapidly with H, and all three systems behave like a dry-brush with fitting parameter A being 

near 1 (Table 2). During this stage, block copolymers can no longer absorb more homopolymers 

and all further homopolymers are expelled to the LAM interdomains, forming a homopolymer-

rich region as demonstrated in Figure 5b. From the volume change, d/d0 = a0v/av0 = a0/a(1–H)–1 

where a and v denote the interfacial area and total volume, respectively. For pure dry-brush 

swelling, a0/a = 1, as all homopolymers stay in the inter-domain and no expansion of interfacial 

area would be observed. Due to the initial wet-brush swelling step in our system, a change in the 

interfacial area is expected and reflected in a non-zero value of fitting parameter B (Table 2). To 

further investigate the relationship between B and the interfacial area change, we calculated the 

area per copolymer junction (Ac) from eq. 6, assuming a single phase. The values of Ac (H = 

0)/Ac(H = 0.6) are summarized in Table 2, which represents a0/a at the starting point of dry-brush 

swelling. As expected, the exponential of parameter B is close to Ac (H = 0)/Ac(H = 0.6) in each 

blend, which further supports the assumption of a two-step swelling process. The crossover where 

the ternary blends transition from a wet- to dry-brush behavior can be taken as the saturation 

composition for the POEGMAn block, a transition that has been previously observed in linear 

ternary blends.58 The saturation composition of block A is anticipated when the total volume 

occupied by block A and homopolymer A reaches the pervaded volume of block A.59 Further 

addition of homopolymer A into block A demands chain stretching and is therefore entropically 
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unfavored.  A comparison among the three ternary blends reveals that in T1, the increase in d/d0 

in the initial swelling stage is more gradual than in T2 and T3, while the latter two share almost 

the same swelling profile. This is also reflected in a smaller A at low H (0.49 compared with 0.63 

and 0.66).

Table 2. Summary of fitting parameters in Figure 5a

n A at low H A at high H exp(B) Ac (H = 0)/Ac(H = 0.6)

1 0.49 1.0 0.64 0.68

4.5 0.63 1.0 0.78 0.80

9.1 0.66 1.1 0.72 0.78

Given the similar  values for all three blends, we attribute the rapid growth of domain size in T2 

and T3 to the presence of longer side chains on the POEGMA block. The POEGMA block 

becomes stiffer due to the crowding of side chains attached to the backbone. Swelling by 

homopolymer results in a greater loss of conformational entropy compared with linear systems. 

Moreover, when the side chain reaches 4.5 EO repeating units, the swelling behavior does not 

change much with longer side chains. It is likely that after reaching a certain point, the 

conformational entropy loss derived from the existence of the side chain does not alter much. We 

further plotted the change of Ac as a function of H (see Figure 6). The lateral dimension increases 

more rapidly for T1, indicating that homopolymers preferentially mix with the block copolymer 

and expand the spacing between junctions. On the other hand, T2 and T3 exhibit a much slower 

increase in the area per junction as more homopolymers are localized in the interdomain and 

contribute more to the perpendicular dimension growth, resulting in a dramatic d/d0 change. At 

high H, Ac becomes almost constant and fluctuates around a peak value. This coincides with the 

compositions where the systems approach the dry-brush limit, where homopolymers can no longer 

penetrate into the block copolymer and expand the lateral dimension. 
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Conclusion

In this study, we have investigated the phase behavior of three PS/POEGMAn/PS-POEGMAn 

ternary blends with different side chain lengths on the POEGMA block. The brush-like POEGMAn 

block with longer side chains was found to stabilize the LAM structure, leading to an increased 

TODT along the isopleth. Analysis of the perpendicular and lateral dimensions to the POEGMA/PS 

interface reveals that the longer side chains lead to poorer miscibility of homopolymers with the 

corresponding block. With a preference to reside in the interdomain, the increase in the 

perpendicular dimension is more dramatic in ternary blends with longer side chains. Overall, this 

work provides insights into the phase behavior and side-chain swelling behavior in A-B/A/B 

ternary systems with long side chains on one of the blocks. A possible direction of future research 

would be to blend grafted block copolymers with smaller homopolymers (i.e., smaller  values) 

to locate the BE phase, given the early appearance of macrophase separation in the current study. 

Figure 6. Area per junction along the volumetrically symmetric isopleth for T1(green), T2 

(blue), and T3 (red) as a function of H. Change of symbols from square to circle represents the 

transition from optically clear to turbid blends.
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