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ABSTRACT: Self-assembly of high molecular weight commercially available low χ ABA 

triblock copolymers with ionic liquids was observed after solvent casting without the 

implementation of an additional annealing step. Here, the addition of an ionic liquid (IL) to a 

triblock copolymer poly(methyl methacrylate-b-butyl acrylate-b-methyl methacrylate) (MAM) 

with an elastomeric central block and rigid end blocks is proposed to tune the self-assembled 

morphology. Two different compositions of this copolymer with different initial microstructures 

(ill-defined morphology without long-range order and a lamellar morphology) were selected. 

The selectivity of the IL addition in one of the block phases was studied through the evolution 

of the glass transition of both blocks. The impact of the IL weight concentration on the 

morphology as well as the domain spacing was presented. Adding IL to the first copolymer 

detected a lyotropic disorder-order transition towards a gyroid morphology, observed even for 

a high molecular weight copolymer due to the low χ parameter and for higher IL content a 

second transition to a lamellar morphology was observed. For the second one, only an order-

order transition (lamellae to cylinders) could be detected at high IL content. IL also enhanced 

the long-range ordering of the MAM morphology obtained through solvent casting without 

additional annealing steps, compared to the same composition without IL.  
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Introduction 

Block copolymers (BCPs) show well-ordered nanostructures with dimensions ranging 

from 5 nm to as large as 100 nm, which are obtained by two or more immiscible and covalently 

linked polymer blocks having different chemistries. They are promising to develop new 

functional materials for various applications from nanoporous membranes to nanoelectronic 

devices.1–7 Controlling the BCP morphologies through chemical, physical, or processing ways 

remains a challenge and is still a hot topic discussed in the literature.8,9  

To avoid complex synthesis methods, well-known industrial-scale produced block 

copolymers (thermoplastic elastomers A-B-A) attract particular attention as good candidates, 

both for research studies and applications. However, the limited choice among these polymers 

reduces the targeted-sized morphologies. Thus, the modification of preexisting industrial block 

copolymers by methods other than chemical (melt processing,10 solvent processing 

selectivity,11–13 solvent evaporation rate14 or additives15–22…) can be a solution to produce new 

materials with different parameters without challenging steps. Blends of BCPs with functional 

additives have proven to be increasingly interesting since adding small molecules gives new 

compelling properties to the preexisting BCPs without the implementation of complex 

syntheses and provides a versatile method for fabricating predictably ordered microstructures.  

More recently, ionic liquids (ILs) have emerged as a class of chemicals which are room-

temperature molten salts composed entirely of ions.23,24 They show unique properties such as 

high thermal and chemical stability, non-inflammability, negligible vapor pressure, very low 

toxicity, and high ionic conductivity.25,26 ILs become great candidates for the creation of 

functional materials due to their tunable properties such as hydrophilicity, acidity, and hydrogen 

bonding because of the unlimited possibilities for anions and cations combinations. These 
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properties make them highly compatible with various synthetic polymers and good candidates 

as solvents or additives.27–29  

In the literature, several diblock copolymers, such as poly(styrene-b-ethylene oxide) 

(PS-b-PEO),30 poly(styrene-b-methyl methacrylate) (PS-b-PMMA),31–33 poly(styrene 

sulfonate-b-methyl butylene) (PSS-b-PMB )34,35 or poly(styrene-b-2-vinyl pyridine) (PS-b-

P2VP),36–38 have been blended with ILs which appear to be miscible with the more polar block 

of the copolymer. For instance, for PS-b-PMMA, certain ILs have been found to preferentially 

associate with the polar PMMA block of copolymer.31–33 The ILs act as plasticizers as they 

enhance the mobility of this block, reducing the glass transition temperature. Interestingly, they 

also increase the Flory-Huggins interaction parameter χ and influence the center-to-center 

distance by swelling the IL-containing phase.31–33,37,39,40 Order-to-order lyotropic morphology 

transitions from lamellar to disordered spherical have been observed by studying different ILs 

and changing their relative amount in a same BCP.31–33 

Materials based on ILs and BCPs have already found applications in several areas, such 

as in the manufacturing of polymer electrolytes for batteries, membranes, fuel cells, actuators, 

and photonics.34,41–44 The common denominator in all these applications is the need to produce 

a material that is not only conductive but also solid, which are two antagonistic properties for 

this type of materials. Indeed, the ionic conductivity is necessarily associated with molecular 

mobility, which de facto reduces the mechanical properties of the final material. Then, the use 

of ABA triblock copolymers, ensuring both mechanical strength and ionic conductivity, appears 

obvious. By selectively incorporating ILs within nanostructured morphologies of triblock 

copolymers, the best of both worlds could be achieved. Watanabe et al. investigated the 

microstructures, rheological properties, and ionic conductivity of ionic gels formed by self-

assembly of PS-b-PMMA-b-PS triblock copolymers with 1-ethyl-3-methylimidazolium 

bis(trifluoromethyl-sulfonyl)imide ([Emim][Tf2N]).45 PS, immiscible with IL, creates 
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spherical domains that serve as physical crosslink points. PMMA forms the continuous phase 

with the IL, which serves as the ionic conduction path. These polymer electrolytes were then 

used as an electroactive polymer actuator composed of ion gel electrolytes sandwiched between 

two composite carbon electrodes. By applying low voltages (<3.0 V) to the electrodes, the 

actuator exhibited a slow bending motion towards the anode side. The IL concentration and the 

length of the actuator (geometry of materials) have effects on the movement of the actuator. 

Various studies have confirmed the observation of greater displacement of the actuator by 

increasing the concentration of IL in the material and/or the length of the actuator.45 The ionic 

conductivity measurements on these materials confirmed the relation between tortuosity of 

different morphologies and ionic conduction path, which is crucial for the application.46,47  But 

the effects of ILs to obtain different possible morphologies for self-assembly and the effects of 

different types of morphologies on mechanical strength and ionic conductivity of the final 

material remain as a challenging question in the literature. For this, the gyroid morphology is 

targeted as it allows cocontinuous nanostructures leading to high ionic conductivity. In classical 

BCP systems, N is usually decreased to obtain low χN values close to the Weak Segregation 

Limit, in which the gyroid morphology is present. However, in this region, small molecular 

weights lead to low mechanical properties, which limits their practical use.  

In this work, we used a BCP with high molecular weight and low χ parameter to access 

the Weak Segregation Limit in the vicinity of the order-disorder transition. The objective was 

to promote the gyroid morphology by adding an ionic liquid. Thus, we studied the effect of 

ionic liquids additives on the self-assembly process of ABA type triblock copolymers with an 

elastomeric central B block and rigid end A blocks which are well-known commercially 

available thermoplastic elastomers (TPEs), namely poly(methyl methacrylate-b-butyl acrylate-

b-methyl methacrylate) (MAM). The two blocks have chemical similarities that provide a very 

low χ parameter (χPMMA/PBUA = 0.047).48,49 Two different compositions of the same copolymer 
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(MAM M52 with lamellar morphology and MAM M53 in the with ill-defined morphology 

without long-range order) were tested to study the impact of IL on the structuration (from 

disorder to ordered state) and improvement of the existing morphologies (from ordered state to 

well-ordered morphology) of BCPs. The MAM polymer films with and without ILs additives 

were characterized by different techniques to analyze their final morphologies. The IL content 

in the BCP was varied to enhance the formation of well-ordered morphologies in solvent-cast 

films. 

Experimental section 

Materials. Poly(methyl methacrylate-b-butyl acrylate-b-methyl methacrylate) 

(PMMA-PBuA-PMMA, MAM) under the reference M52 and M53 triblock copolymers were 

supplied by ARKEMA from their Nanostrength® trademark and used without any further 

purification. Polymer molar masses were determined by SEC at 40 °C using THF as eluent on 

a Waters apparatus equipped with three columns Styragel HR0.5, HR3 and HR4 and with a 

Waters 2414 refractive index detector at an elution rate of 1 mL/min (Table 1). Polystyrene 

was used as standards. 1-ethyl-4-methylpyridinium bis(trifluoromethyl-sulfonyl)imide 

([4empy] [Tf2N]) ionic liquid (Tm = 5 °C; Tg = -53 °C) was purchased from Iolitec GmbH and 

heated under vacuum at 50 °C for a few hours prior to use to remove any remaining moisture. 

NMR spectroscopy. 1H (400 MHz) NMR measurements of the triblock copolymers 

M52 and M53 were performed on a Brüker Avance 400 spectrometer, in CDCl3 at room 

temperature in order to determine their composition. 

Table 1. MAM M52 and MAM M53 molar masses and composition (fPMMA and fPBuA – 

volume fraction of PMMA and PBuA block respectively) (see on Fig.S1 and S2 in Supporting 

Information) 
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Copolymer Mn (kDa) Mw (kDa) Dispersity Đ fPMMA fPBuA 

MAM M53 77.9 132.0 1.70 46 54 

MAM M52 99.6 203.8 2.05 70 30 

 

Solvent Cast. Bulk samples, ca. 500 µm thick, were obtained by slow evaporation of 

200 mg/mL concentration of the BCPs solutions with IL in chloroform (CHCl3) overnight and 

then dried under vacuum at room temperature for 6 hours. 

 Differential Scanning Calorimetry (DSC). Differential scanning calorimetry 

measurements were performed using a TA Instruments DSC Q10 calibrated beforehand with 

an indium standard scanned at 15 °C/min. All the samples (~ 10 mg) were heated from -80 °C 

to 200 °C at a heating rate of 15 °C/min under nitrogen flow (50 mL/min). Data from the second 

heating cycle were used to determine the glass transition temperature (Tg). 

 Atomic Force Microscopy (AFM). AFM phase images were obtained using tapping 

mode of a Multimode V.8 microscope driven by a Nanoscope V controller (Bruker) with silicon 

tips (spring constant 40 N/m, oscillation frequency 300 kHz) purchased from Budget Sensors. 

Sample surfaces were prepared using a diamond knife on an LKB BROMMA 2088 

ultramicrotome at room temperature and on ultramicrotome Leica EM FC6 at -70°C. To 

improve the cutting step at room temperature, prior to triblock copolymers microtomy, mixtures 

of BCPs with ILs were immersed in a 10 wt% aqueous solution of phosphotungstic acid 

(H3PO4-12WO3, denoted PTA) over 19 hours to react with and harden the PBuA phase.51 

 Small-Angle X-ray Scattering (SAXS). SAXS studies were carried out using the high-

brilliance SWING beam line at the Soleil Synchrotron facility, with a monochromator set at 16 

keV leading to a wavelength of 0.77 Å. Scattering patterns were recorded using a CCD detector 

at 400 cm from the sample. 500 µm thick films were put on a sample holder. 10 2D SAXS 
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patterns were recorded with acquisition time set to 250 ms. 1D SAXS patterns curves were 

obtained by circular averaging of the 2D images using the Foxtrot software. A Nano-inXider 

SW (Xenocs) system, equipped with a microsource GeniX3D ( = 1.54 Å) and a detector 

Pilatus3 (Dectris), was also used for complementary experiments. Scattering patterns were 

recorded during 600 s. Normalized and corrected 1D spectra were obtained using Foxtrot 

software. 

 Results and discussion 

1. Ionic Liquids and Block Copolymers Miscibility. The selectivity of ILs with BCPs 

is of critical importance to understand the blends nanostructuration. The miscibility of the small 

molecule in one of the blocks of the copolymer is usually detected by glass transition 

temperature (Tg) shifts.31,40,52 DSC is then the method of choice to study the impact of the 

presence of ILs on Tg. The heat flow thermograms of MAM block copolymers M52 and M53 

with increasing ILs weight concentrations are shown in Figure 1. At the studied concentrations, 

the IL seems to be fully dispersed in the BCP matrix as no melting peak was observed at ca. 20 

°C (see on Fig.S3 in Supporting Information). The Tg of the PMMA block for the pure M53 

BCPs is equal to 117 °C (glassy at room temperature), whereas the Tg of the PBuA block is ca. 

-40 °C (rubbery at room temperature). Adding IL to the BCP causes a significant drop in the Tg 

of the PMMA block, decreasing to 2 °C with 𝜑𝐼𝐿= 44 wt%. The Tg of the PMMA block of the 

M52 BCP is 124 °C decreasing to ca. 50 °C at the highest IL content (44 wt%). Both insets in 

Figure 1 show the evolution of the Tg of the PMMA block as a function of IL content. It shows 

a monotonous decrease, which follows the blend rule. At the same time, the Tg of the PBuA 

block remains fairly stable (rubbery at room temperature) for all IL concentrations, even though 

a very small shift towards lower temperatures can be observed at higher IL concentrations for 

MAM M53. 
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Figure 1. DSC curves for MAM M53 (a) and MAM M52 (b) block copolymers blended with ionic 

liquid (IL) over different weight concentrations (𝜑𝐼𝐿): 0%, 5%, 13%, 18%, 23%, 33%, and 44%. The 

arrows indicate the Tgs of the PBuA block (black) and the Tgs of the PMMA block (red for M53 and 

blue for M52). Insets show the evolution of the Tg of the PMMA block as a function of IL content (wt%).  

Since it appears that the IL only dissolves in the PMMA phase, the IL content (𝜑𝐼𝐿) in 

Figure 1 can be corrected in absolute concentration in PMMA (𝜑𝐼𝐿
𝑐𝑜𝑟𝑟), knowing the PMMA 

content in each BCP. The following formula can then be used: 

𝜑𝐼𝐿
𝑐𝑜𝑟𝑟 = 𝜑𝐼𝐿 × 𝑤𝑃𝑀𝑀𝐴    (Eq. 1) 

With 𝑤𝑃𝑀𝑀𝐴 the weight fraction of PMMA in the BCP.  

The evolution of the Tg of the PMMA phase can then be plotted as a function of 𝜑𝐼𝐿
𝑐𝑜𝑟𝑟. 

The data are shown in Figure 2. In both BCP, this evolution confirms that the IL acts as a 

plasticizer in the PMMA phase, to the same extent, regardless of the block copolymer. The 

evolution follows the blends rule leading to an extrapolated Tg of the IL at ca. -55 °C, which is 

close to the value measured in DSC (-53 °C). This shows that the IL is entirely incorporated in 

the PMMA phase and excluded from the PBuA phase for the studied concentrations. 
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Figure 2. Tg of the PMMA block corrected with the ionic liquid content in the PMMA phase 

for the M52 (⚫) and the M53 (◼) BCPs. The Tg of the ionic liquid () is also shown. 

The strong selectivity with the PMMA phase and its immiscibility with the PBuA phase 

can be explained by the presence of van der Waals interactions between ILs (highly polar) and 

PMMA chains (polarity higher than PBuA chains). This behavior has been observed for PS-

PMMA copolymer/IL blends where the IL was preferentially and totally solubilized in the 

PMMA nanophases, the PS phase being less polar.31,40 Due to the slight difference in the 

chemical structure of the repetitive unit of MAM BCP, a selective incorporation of IL in PMMA 

block was observed for the studied contents.  
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2. Effects of Ionic Liquid Addition on MAM M53 and MAM M52 Block Copolymer 

Bulk Nanostructure. 

The prediction of the blend morphologies is an important step towards controlling the 

ions migration in the material. Figure 3 displays AFM phase images of the morphological 

evolution of M53 BCP with different weight concentrations 𝜑𝐼𝐿. 

Without IL addition, the BCP is in the disordered state as no specific morphology can 

be observed. During the evaporation of the non-selective solvent, the blocks of the copolymer 

are not highly repulsive so that they stay in the disordered state as the concentration of CHCl3 

decreases to the point where no further mobility can be reached. The addition of IL in the initial 

BCP solution induces a gradual disorder-order transition (DOT) from a disordered state to an 

ordered morphology between 0 and 33 wt%. At an IL concentration of 5 wt%, small ordered 

domains are seen by AFM, but most of the sample seems to remain in the disordered state, as 

also observed theoretically by Nakamura et al. and experimentally by several authors, in the 

case of BCP in the presence of Lithium salts.53,54 As the IL concentration increases up to 13 

wt%, larger ordered domains are detected. It is noteworthy that it is difficult to assign a specific 

morphology as both dots and stripes are seen by AFM. At an IL concentration of 18 wt% and 

23 wt%, a coexistence of two different morphologies and a transition between dots and stripes 

were observed on AFM images. This suggests a transition from gyroid to lamellar morphology 

according to the composition of PMMA and PBuA blocks in BCP and the swelling of PMMA 

induced by the selective incorporation of IL.31,32 However, it is important to analyze these films 

by another method to confirm the exact morphologies. As for the 33 wt% morphology, only 

stripes are observed, which favors the assumption of a lamellar morphology. This last AFM 

image also shows that the domain size in which a uniformly oriented morphology is observed, 

increases compared to the samples containing less IL. The 44 wt% sample could not be 
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observed by AFM due to the plasticizing effect induced by the presence of IL, which prevented 

us from preparing the surface through ultramicrotomy. 

 

Figure 3. AFM phase images for MAM M53 block copolymer blended with ionic liquids (ILs) with 

different weight concentrations 𝜑𝐼𝐿: (a) 0%, (b) 5%, (c) 13%, (d) 18%, (e) 23%, and (f) 33%. 

Figure 4 shows the morphology evolution of BCP M52. Contrary to M53, without IL, 

M52 already shows a structured morphology, which can be identified as lamellar. Even though 

the χ parameter between the two blocks is expected to be low, the difference in molecular weight 

between M52 and M53 leads to different χN. Therefore, a segregation between the blocks can 

be seen for pure M52. After the evaporation from a CHCl3 solution, the resulting morphology 

shows disordered lamellae with tortuous interfaces.  The potential impact of dispersity on the 

block copolymer phase separation behavior should also be highlighted and could explain the 

observation of deformation of the phase diagram, namely lamellar morphology for MAM M52 

without IL. It has been shown that dispersity could cause the swelling of domains and affect the 



12 
 

increase of microdomain spacings in the ordered state, shift the phase boundaries towards larger 

φ (the order-order transitions (OOTs) to the higher volume fraction of dispersed block), and 

decrease the critical degree of segregation (χN) for microphase separation, increasing the 

incompatibility compared to monodisperse copolymers of equivalent 𝑀𝑛
̅̅ ̅̅ .55–59 The dispersity in 

BCP can shift or deform stability region of the various morphologies on the diagram phase. The 

mechanism of the morphological transition is explained by the competition between interfacial 

and entropic energies. For disperse systems, the chains with larger dispersity stretch more than 

those with smaller dispersity even though the blocks have equal compositions. For asymmetric 

polymer distributions, dispersity favors structures with curved interfaces. The imbalance of 

stretching energy between opposing blocks curves the interface concave toward the component 

with the lower dispersity to alleviate the imbalance and relax the stretching energy of the 

disperse component.60–63 Because of the deformation of the phase diagram due to the dispersity, 

the morphology of M52 is therefore not cylindrical. Significant tortuosity of the interfaces for 

this morphology can probably be explained by the dispersity of the polymer chains at the 

interface, which causes curved interfaces in order to respond to the balance of stretching 

energies. 

As the IL content increases up to 23 wt%, the block copolymer interfaces must be 

shortened by the presence of the IL, due to the increasing χ parameter, which leads to larger 

grains with higher long-range order. At an IL content of 33 wt%, some dots can be observed in 

minor zones of the AFM image (on Fig.4e’, 4f’ and g’), which suggests that a transition towards 

a cylindrical morphology can be suspected, due to a selective swelling of the PMMA phase. 

This is confirmed by increasing the IL content to 38 wt% and then to 44 wt%. At this 

concentration, these cylindrical areas widen to the extent of the lamellar areas, leading to a 

mixed morphology. It seems that no gyroid morphology is detected during this lamellar to 
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cylindrical transition, probably because of the initial higher molecular weight of the MAM M52 

compared to M53.  

For both BCPs, at high IL content, larger grain sizes are obtained after solvent 

evaporation and can be attributed by the presence of stiffer interfaces during the evaporation of 

CHCl3. For a pure copolymer, as the neutral solvent evaporates, the chains have less and less 

mobility and a morphology, mainly dictated by the composition of the copolymer, stabilizes. 

The difference in morphology (non-specific morphology and lamellar) between the two BCPs 

without IL only comes from the difference in molar mass N, considering a constant χ of the 

system. When the IL is present in the film, the system has a different χeff, which increases with 

the amount of IL.32 During the evaporation of the solvent, χeff being larger, one can imagine 

that the morphology of the mixture is revealed earlier during the evaporation of the CHCl3 and 

that the domains with stiffer interfaces but also more mobility can then coalesce into larger 

grains. In addition to the increase in the χ parameter, the IL might add a plasticizing effect at 

the very end of the evaporation of the solvent molecules. These effects are more pronounced as 

the IL content is high. However, this impact seems to be limited since at very high IL content 

(especially for M52), the grain size no longer increases. Nevertheless, since no additional 

thermal or solvent annealing was used, ILs seem to be perfect candidates to enhance this long-

range order.  
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Figure 4. AFM phase images for MAM M52 block copolymer blended with ionic liquids (ILs) over 

different weight concentrations 𝜑𝐼𝐿: (a) 0%, (b) 5%, (c) 13%, (d) 23%, (e) 33%, (f) 38%, and (g) 44%. 

(e’), (f’), and (g’) are zoomed images of the squared areas in images (e), (f), and (g), respectively. 

In Figure 5, SAXS 1D profiles of several samples consisted of BCPs mixed with 

different IL weight concentrations 𝜑𝐼𝐿 are shown. Figure 5a shows SAXS analysis results for 

MAM M53 where the morphology of the initial film without IL and of the samples with low IL 

concentrations (below 13 wt%) can be attributed to an ill-defined morphology with broad peaks, 

in good agreement with the AFM observations. However, increasing the concentration of IL in 

the BCP significantly narrows the width of the q* peak and at higher concentrations, higher 
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order Bragg peaks appear, which is consistent with ordering of the BCP morphology. SAXS 

patterns of MAM M53 films with 13 wt% and 23 wt% of IL reveal several positions of higher 

order scattering peaks, especially at √(4/3)q*, √(10/3)q*, √(11/3)q*, 2q*, 3q*, which can be 

attributed to a coexisting gyroid/lamellae morphology.31–33 This result is in good agreement 

with the AFM images presented in Figure 3c-e showing a coexistence of dots and lines. 

Lamellar morphology was also confirmed for the MAM M53 samples with higher IL 

concentration (33 wt% and 44 wt%) by the appearance of numerous higher order peaks at 2q*, 

3q*, and 4q*. Figure 5b shows SAXS 1D profiles for MAM M52 blended with different IL 

contents. The initial film without IL and the samples with low IL contents (below 23 wt%) can 

be attributed to a lamellar morphology. Increasing  𝜑𝐼𝐿 reveals higher diffraction orders of the 

lamellae reaching a maximum of six diffraction orders at 33 wt%. These results further confirm 

the AFM observations. For MAM M52 with 44 wt% IL, SAXS pattern shows peak positions at 

√3q*, 2q*, √7q*, 3q*, √12q*, and 4q*. The peaks, which are attributed to a cylindrical 

morphology, are less pronounced on the SAXS pattern compared to that of the lamellar 

morphology. Increasing  𝜑𝐼𝐿 to 44 wt% caused the transition from lamellae to cylinder 

nanostructures, which is also in good agreement with the AFM observations.  



16 
 

 

Figure 5. SAXS profiles of MAM (a) M53 and (b) M52 BCPs with different ionic liquid (IL) 

content 𝜑𝐼𝐿 indicated on the graphs 0%, 5%, 13%, 23%, 33%, and 44%.  

In Figure 6, the superposition of the SAXS 1D profiles of MAM M53 with 18 wt%, 23 

wt%, and 28 wt% of IL is presented. This profile of the MAM M53 with 18 wt% of IL shows 

diffraction peaks at √(10/3)q*, √(19/3)q*, and 3q*, which mainly confirms the presence of a 

gyroid morphology. The SAXS pattern of MAM M53 with 28 wt% IL confirms the well-

ordered lamellar morphology by the appearance of numerous higher order peaks at 2q*, 3q*, 

and 4q*. However, at intermediate  𝜑𝐼𝐿 (23 wt%), a mixed pattern between those of the 18 wt% 

and 28 wt% can be observed with the gyroid scattering peaks (√(10/3)q*, √(19/3)q*) being 

gradually replaced by that of the lamellar morphology, confirming the transition between the 

gyroid and the lamellar morphology. As previously mentioned, AFM confirmed the coexistence 
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of two different morphologies, namely the lamellar and the gyroid morphologies revealed 

respectively by lines and 4-fold symmetry in the sample MAM M53 with 18 wt% of IL. The 4-

fold symmetry could be a sign of gyroid structure for MAM M53 as it was confirmed with high-

symmetry projections showing p6mm, p4mm, and c2mm symmetries observed by TEM and 

SEM in the literature, especially p4mm with <100> projection direction.64,65 This is also 

confirmed by SAXS scattering patterns, where peaks corresponding to the lamellar morphology 

and to the gyroid morphologies. In the literature, it is common to obtain the coexisted 

morphologies with curved interface for polydisperse BCP.61,63,64 Joan M. Widin et al. found 

that the coupling of block polydispersity, the consequent composition polydispersity, and ABA 

triblock chain topology could frustrate long-range ordering to yield a disordered bicontinuous 

structure that remains microphase-separated at very low values of χN as compared with 

corresponding monodisperse ABA triblocks.61,63 Comparing with morphological 

characterization of ABA type triblock copolymers with gyroid morphology from the 

literature,64 we confirmed the coexistence of lamellar and gyroid morphology for MAM M53 

18 and 23 wt% IL. 
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Figure 6. SAXS profiles of MAM M53 BCP with different ionic liquid (IL) content 𝜑𝐼𝐿 

18%, 23%, and 28%. 

It is noteworthy that the shape and the position of the first scattering peak (q*) of each 

curve appear to change as the IL concentration increases. Broader peaks at low IL 

concentrations and thinner peaks as the concentration increases were detected, which can 

confirm the presence of well-ordered morphology at the high concentration of IL in films. 

Figure 7 shows the evolution of the full-width-half-maximum (FWHM) and the position of the 

primary peak q* in each SAXS profile with the weight fraction  𝜑𝐼𝐿 of IL.66,67 In Figure 7a, the 

point of inflection on the FWHM profile was interpreted as the DOT (disorder-to-order 

transition) point and, in the case of MAM M53, takes place around 20 wt% of IL, which is in 

good agreement with the AFM observations. This effect is well pronounced for the M53 BCP 

with a transition from non-ordered state to a nanostructured morphology. For M52, the DOT is 

not detected, as only a smooth decrease without any abrupt inflection point can be observed. 

Since MAM M52 without IL already shows a lamellar morphology, no lyotropic DOT can be 

detected. Adding IL to this system only improves the interfaces between the two phases, leading 

to a slight and monotonous decrease of the FWMH.33,53,66 

Figure 7b shows the evolution of the primary peak position q*. First, it can be seen that, 

for both BCP, peaks shift to lower q with increasing the IL content, indicating an increase in 

the size of the scattering objects. This can be attributed to one of the phases (PMMA, according 

to the DSC thermograms) being swollen by the IL. As the IL content is getting higher, the 

PMMA phase swells to the point that order-to-order transitions (OOT) can be detected. For 

M53, two changes of slopes (at 13 wt% and 23 wt%) can be noticed and correspond to the DIS 

→ GYR and to the GYR → LAM transitions. For M52, the change of slope is detected at 33 

wt% and corresponds to the LAM → CYL transition. Lai et al. also reported small shifts during 

the evolution of q* upon heating, which indicated the OOT temperatures.66 It is noteworthy that 
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similar results can be observed upon increasing the IL content.  Carefully examining the SAXS 

patterns of MAM M53 and M52 polymers confirmed the disorder-to-order and order-to-order 

lyotropic transitions with different concentrations of IL in the BCP. This study validated once 

more the similarities of behavior of IL containing BCPs and lithium salt doped 

analogues.33,53,67–69 

 

Figure 7. (a) FWHM of the primary scattering peak (q*) and (b) the primary peak position (q*) 

observed in the 1D SAXS profiles for MAM M53 and M52 block copolymer measured for 

varying ionic liquid (IL) weight concentrations  𝜑𝐼𝐿: from 0% to 44%. Lines are guides to the 

eye. 

Bennett et al. reported that the selectivity of IL in polymers could be quantified by a 

detailed investigation of the variations of the lamellar domain spacing, d, with the polymer 

concentration.32,33 They confirmed that for lamellar morphology, d is known to exhibit a power-

law relationship in respect to the polymer volume fraction when a solvent that is selective for 

one of the blocks is added:13,66 

𝑑 ~ 𝜙𝑃
𝛼 =  𝜙𝐼𝐿

−𝛼    (Eq. 2)  

where α is a measure of the solvent selectivity and  𝜑𝑃 is the polymer volume fraction. 

d was calculated using the position of the primary scattering peak of the SAXS 1D profiles for 

the lamellar morphologies q* (Equation 3):  
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𝑑 =
2𝜋

𝑞∗
     (Eq. 3) 

In this relationship, positive values of α correspond to a nonselective solvent which is 

good for both blocks and negative values of α fit with the presence of a strongly selective 

solvent.13,30,47,66,70  

 

  

Figure 8. Domain spacing d of lamellar morphology for MAM M53 (red) and M52 (blue) block 

copolymer measured by SAXS for varying ionic liquid (IL) weight concentrations. Fitting 

curves correspond to power law fit for α. 

Figure 8 shows the plots of the lamellar domain spacing d measured with the position 

of the primary scattering peak of the SAXS 1D profiles for samples with a lamellar morphology, 

as a function of  𝜑𝐼𝐿. As we focus on the evolution of the lamellar domain spacing d with  𝜑𝐼𝐿 

instead of  𝜑𝑃, in our case, positive values of α represent selective solvent and negative values 

of α match with non-selective solvent compared to the literature (see Equation 2).20,21,36,53,66 
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The value of α for MAM 52 is -0.103±0.017, which is broadly consistent with the previous 

studies from the literature on the blends of BCPs with strongly selective solvents and ILs where 

values range between 0 and -3.16 (as a function of  𝜑𝑃).13,30,47,66,70 In the case of MAM M52, 

this value is negative, which can be interpreted as a selective incorporation of IL to the PMMA 

block. As the volume of the PMMA phase increases, the domain spacing of the lamellar 

morphology increases until a LAM → CYL OOT occurs.   

 

Figure 9. DSC curves for MAM M53 block copolymer blended with ionic liquid (IL) over 

different weight concentrations (φIL): 0%, 33%, 44%, and 55%. The black arrows indicate the 

Tgs of the PBuA block. 

However, on Figure 8, a positive value of α was observed for MAM M53 (0.101±0.005) 

shows that IL became gradually non-selective for MAM M53 blocks at higher IL concentration. 

This result is in good agreement with Figure 1 where the small shifting of Tg of the PBuA block 

was observed at high concentration of IL (starting from 33 wt% of IL). A film of MAM M53 

with 55 wt% of IL was analyzed by DSC to confirm this tendency and has been compared with 

the analyses for MAM M53 without IL and with 33 wt% and 44 wt% on Figure 9. The decrease 
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in the Tg of PBuA confirmed the non-selective miscibility of IL in the two blocks for high IL 

concentrated MAM M53 polymer mixtures, which is in line with our expectations. As the 

polarity difference between PMMA and PBuA is not very important, for high IL concentrated 

mixtures, the non-selective blending of polymer and IL can be observed. In the literature, it was 

shown, for low molar masses, the value of α decreases as a function of N, and then plateaus at 

high molar masses, reaching a value of -1.7 for PS-PMMA copolymers. Maximum values of α 

close to -0.5 were obtained for very low N (100, corresponding to Mw = 10 kg/mol).32,33 In our 

case, the values of α are much lower compared to the results from the literature, due to the low 

polarity difference between the two blocks, even though ILs are reported to be highly selective. 

Since α is close to 0, a change in the molar mass leads to a sign shifting for α. For specific 

applications, this might be interesting to use such BCP blends if gyroid morphologies, which 

are difficult to obtain at higher molecular weight, are targeted.   

 

Conclusions 

In conclusion, we studied the effect of ionic liquid addition on the self-assembly process 

of commercially available poly(methyl methacrylate-b-butyl acrylate-b-methyl methacrylate) 

(MAM) triblock copolymers with an elastomeric central block and rigid end blocks. Two 

different compositions (MAM M52 and MAM M53) of the same copolymer were tested with 

and without ionic liquids (ILs) to study the effect of IL on the structuration of non-ordered 

BCPs, the improvement of existed nanostructured morphologies, and the order-order transition. 

The initial morphology of MAM M52 and MAM M53 films without ionic liquid is lamellar 

and disordered nanostructures, respectively. Our goal was to understand the IL effect on the 

self-assembly of MAM type BCP with low χ parameter and to observe the limit of IL content 

that may be attained in this configuration. Distortions of the phase diagram has been observed 

as a function of IL concentration in the studied block copolymers. The addition of ILs on MAM 
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M52 BCP resulted in more homogeneous and organized lamellae reaching a saturation at the 

concentration of 33 wt%. In the case of the MAM M53 BCP, it induced a lyotropic DOT from 

non-specific morphology to coexisting gyroid and lamellar morphologies with IL saturation for 

 𝜑𝐼𝐿 between 13 and 23 wt% even for high molecular weight copolymer, due to the low χ 

parameter. In addition, for MAM M53, well-ordered morphology was obtained after the solvent 

casting of the film by adding ILs without any thermal annealing from initially non-ordered 

polymer. To our knowledge, in most of the studies, researchers applied a solvent vapor 

annealing step or thermal heating after film casting to increase the mobility of polymer chains 

to obtain targeted nanostructure. The perspective of this work for soft actuator applications will 

focus on the gyroid morphology with other types of IL, which will overcome the challenges 

associated with optimizing the concentration of ion containing blocks in these systems, in order 

to achieve high moduli systems by having gyroid nanostructure with large domains in order to 

limit the sacrifices to ionic conductivity.  
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