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ABSTRACT: The lyotropic phase behavior of three poly(1,2-butadieethylene oxide) diblock copolymers
(PB—PEOQ) with different monomer volume fractions has been studied in two different ionic liquids, 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMI][TFSI]) and 1-butyl-3-methylimidazolium hexafluo-
rophosphate ([BMI][PE]), across the complete concentration range. The ordered microstructures present in the
solutions were characterized via small-angle X-ray scattering (SAXS). The phase diagrams forRE®B

ionic liquid solutions include regions corresponding to the classical copolymer microstructures: body-centered-
cubic lattices of spheres, hexagonally ordered cylinders, and lamellae. Additionally, the phase diagrams also
include wide regions of coexisting microstructures and regions apparently corresponding to a disordered network
microstructure. The phase behavior of the-FEEO copolymers in both ionic liquids was comparable to their
previously reported aqueous solution behavior. The temperature dependence of the phase diagrams was very
modest, indicative of a highly segregated system. The level of solvent selectivity was also investigated via cryogenic
transmission electron microscopy (cryo-TEM) on dilute solutions. On the basis of the morphology of the dilute
solution copolymer aggregate structures in the ionic liquid solvents, and on the structural length scales of the
concentrated solutions, it was concluded that forPEO [BMI][PF] behaves as a more selective solvent than
[EMI][TFSI].

Introduction ionic liquids also possess many other appealing physical and

The segregation of block copolymer molecules into micro- chemical propertie¥;2including extremely low vapor pressure,
structures consisting of regions rich in a single block type is a high thermal stability, and outstanding electrochemical behavior.

well-known and well-studied phenomenbAThe classical set !N particular, electrochemical properties such as high ionic
of microstructures formed by simple-8 diblock copolymers conductivity and wide electrochemical windows have led to
includes spheres packed onto body-centered-cubic lattices (S)/€Séarch involving the use of ionic liquids as electrolyte
hexagonally packed cylinders (C), the bicontinuous gyroid (G), materlalsnggjgvanced devices such as I|th|u22 battéfies,
and lamellae (L). Essentially, block copolymer self-assembly fuel cells™ and dye-sensitized solar cetis*> However,

is a result of the thermodynamic incompatibility between the in many of these applications, a solid electrolyte would be easier

chemically distinct blocks of the copolymer molecules. The to contain and more amenable to device production than a liquid.

stable microstructure for a particular block copolymer is TNhuS, it is of interest to prepare solid, ionic liquid-based
determined by the copolymer composition (taken as the electrplytes by incorporating the ionic liquid into another
monomer volume fractionf) and the degree of segregation material that_V\_/lll prowde_sohd_ structure W|’_[hout greatly reducing
between the blocksyN), where y is the Flory-Huggins the conductivity of the ions in the pure liqui#:6?
interaction parameter amdlis the total degree of polymerization. It could also be beneficial if the solid supporting material
Upon addition of a solvent to a block copolymer, a new, possessed an ordered nanostructure that could facilitate ionic
“effective” degree of segregation will be established, which will conductivity in the solid ionic liquid electrolyte. Yoshio et al.
reflect the interactions between the blocks themselves andand Ichikawa et al. have demonstrated this concept by incor-
between the different blocks and the solvent. Thus, lyotropic porating an ionic liquid moiety into liquid crystalline molecules
phase transitions are often observed upon swelling a bulk that self-assemble into well-defined nanostructifé3For some
copolymer with a solvent, since the effective degree of segrega-of the liquid crystalline molecules a subsequent photopolym-
tion may correspond to a different thermodynamically stable erization step was used to stabilize the self-assembled micro-
microstructure than that of the bulk sample. The lyotropic phase structures. This same idea could be accomplished using the self-
behavior for multiple block copolymer and solvent systems, both segregating behavior of block copolymers. If the ionic liquid
organic and aqueous, has been extensively stifdigd. used to swell the copolymer selectively interacts with one block
Recently, ionic liquids have emerged as a new class of over the other, then the majority of the liquid will be confined
solvents which consist entirely of ions. However, unlike more to that region of the copolymer microstructure. Ideally, then,
common ionic compounds, ionic liquids are composed of large, the one-dimensional C phase (with ionic liquid selectively
molecular ions that often possess some level of asymmetry andsolvating the cylinder-forming block) would induce the most
charge delocalization, which results in low lattice energies and anisotropic character in ionic conductivity. However, the
melting points (often below room temperatutg)n addition cylindrical nanostructure would require a subsequent step to
to melting points that are relatively low for ionic compounds, induce macroscopic alignment of the randomly oriented micro-
domains. Thus, the G microstructure might be preferable. While
t Department of Chemistry. the G morphology would induce greater tortuosity on ionic
* Department of Chemical Engineering & Materials Science. conductivity, the spontaneous formation of a continuous network
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Table 1. Molecular Characteristics of PB-PEO Block Copolymerst to form a dilute solution (ca. 5 wt % copolymer). The dilute
copolymers  Mpg (kg/mol) Mpeo(kg/mol) PDP foecs soluti.ons were stirred for several hours, and then the majority of
the dichloromethane cosolvent was slowly evaporated under a dry

28(&—2) 3-2 451'(9) i-gg 8-22 nitrogen purge with stirring for 24 h. The samples were subse-
BO§9—3; 0.2 59 104 0.20 quently dried to constant weight under vacuum, with heating (ca.

30 mTorr, 65°C). After drying, the PB-PEO/ionic liquid solutions

2 Data reproduced from ref 67; PB block microstructure is 90% 1,2- were assembled into SAXS samples in the following manner. First,
addition.? Polydispersity index determined by size exclusion chromatog- gz hole was punched in an aluminum differential scanning calorim-
raphy, calibrated with polystyrene standardBEO volume fraction etry (DSC) pan, and a small circle of Kapton film (DuPont) was
determined byH NMR. placed in the bottom of the pan to cover the hole. Next, a Teflon

th hout th i . | Id eliminate th O-ring was placed in the DSC pan and filled with the-FBEO/
roughout the entire macroscopic sample would eliminate the; ;. liquid solution. Finally, a hole was punched in the DSC pan

need for a separate microstructure alignment step. In addition, jjy and another circle of Kapton film was placed inside the lid to
the block copolymer phase could provide mechanical robustnesscover the hole. The DSC pan and lid were then crimped shut to
as compared to a simple liquid crystalline phase, without seal the solution inside. After assembly, the SAXS samples were
requiring a separate reaction following microstructure self- annealed under vacuum for 3 days at ®D. SAXS data were
assembly. collected at the DuPont-Northwestern-Dow Collaborative Access
To our knowledge there have been no systematic studies onTeam (DND-CAT) beamline at the Advanced Photon Source,
the phase behavior of ionic liquid/copolymer systems. In this Argonne National Laboratory. Two-dimensional scattering patterns
article we present the lyotropic phase behavior of poly(1,2- were recorded by a Mar CCD area detector and then azimuthally

: ; . integrated to give one-dimensional scattering data as interity (
butadiends-ethylene oxide) diblock copolymers (PBEO) of n - ; : .
differing composition, with the addition of 1-ethyl-3-methylimi- vs wave vectorq = 4z sin(6/2)/1), whereg is the scattering angle

. S o (calibrated with silver behenate) aridis the X-ray wavelength.
dazolium bis(trifluoromethylsulfonyl)imide ([EMI[TFSI]) and  The sample-to-detector distances used were 869, 603, and 201 cm,

1-butyl-3-methylimidazolium hexafluorophosphate ([BMI]- and the X-ray wavelengths were 1.03, 0.827, and 1.03 A,
[PFe]). [EMI][TFSI] was chosen because it has been widely used respectively. SAXS data were also collected on a home-built
in many electrochemical applications and studies, due mainly beamline at the University of Minnesota Characterization Facility.
to the low viscosities (i.e., high ionic diffusion coefficients) of ~ This beamline consisted of a Rigaku RU-200BVH rotating anode
most ionic liquids incorporating the [EMI] cation and the generating Cu i X-rays ¢ = 1.54 A), Franks mirror optics, a
electrochemical stability of the [TFSI] aniA[BMI][PF¢jwas 230 cm flight tube, and a multiwire area detector (HI-STAR,
chosen because it is one of the most commonly studied ionic SI€Mens Analytical X-ray Instruments). Representative one-
liquids, despite the higher viscosity and the less stable][PF dimensional scattering plots for the PBEO/ionic liquid solutions
A " BN are shown in Figure 1.
anion. Additionally, these two ionic liquids were chosen on the . T . .
basis of the familiarity with their physical and chemical Cryogenic Transmission Electron Microscopy PB—PEG/ionic

. . . liquid solutions for cryogenic transmission electron microscopy
characteristics, and sample preparation techniques, from OUr(cryo-TEM) were prepared using the same method as described

previous studie8?:61.65.66 for the SAXS solutions above, except that the cosolvent was added
. . in a 1:1 v/v dichloromethane to ionic liquid ratio. Cryo-TEM
Experimental Section samples were prepared using microperforated copper TEM grids
Materials. The characteristics of the three PBEO block coated with a carbon-stabilized lacey Formvar support film (Ted
copolymers used in this study are shown in Table 1. Pella, Inc., Product No. 01883-F). The grids were suspended from

These copolymers were prepared previously via anionic polym- tweezers in a temperature-controlled sample preparation chamber,
erization®” and all possess the same butadiene block, with different and a small amount of copolymer solution was added to the grid
length ethylene oxide blocks. [EMI][TFSI] was prepared via anion Using a micropipet. The majority of the solution was then blotted
exchange between 1-ethyl-3-methylimidazolium bromide [EMI][Br] away using filter paper in order to obtain a thin solution laye8q0
(Solvent Innovation) and lithium bis(trifluoromethylsulfonyl)imide  hm) that would span the holes of the lacey support film, yet still
([LII[TFSI]) (loLiTec) in water at 70°C for 12 h. After the reaction ~ allow sufficient electron transmission during imaging. The [EMI]-
the aqueous layer was removed, and the ionic liquid layer was [TFSI] samples were prepared at 2, and the [BMI][TFSI]
repeatedly washed with distilled water. To further purify the ionic Samples were prepared at 80 in order to reduce the ionic liquid
||qu|d’ it was stirred over activated carbon (S|gma-A|dr|Ch) for viscosity to obtain suf‘ficiently thin solution Iayers during bIotting.
several hours. The final [EMI][TFSI] product was a clear, very Any shear stresses generated in the samples during blotting were
faint yellow liquid. [BMI][PFe] was purchased from Solvent allowed to relax for 60 s prior to vitrifying the solution by plunging
Innovation and was a clear, colorless liquid. Both ionic liquids were the grid into liquid nitrogen. Once vitrified, the samples were kept
dried under vacuum<(50 mTorr) at 70°C for at least 2 days and  under liquid nitrogen until being inserted into the microscope. The
then stored in either a vacuum desiccator or glovebox under argon.samples were examined using a JEOL 1210 TEM and a Gatan 626
The only extended exposure (several minutes) to atmosphericCcryogenic sample holder. The sample holder was cooled using liquid
humidity was during sample preparation, after which samples were hitrogen and maintained a temperature-cf75 °C while in the
thoroughly dried. Thus, contamination by absorbed water is microscope. The microscope accelerating voltage was 120 kV, and
estimated to be minimal<(100 ppm). For [BMI][PK], Solvent images were recorded with a Gatan 724 multiscan CCD camera.
Innovation specifies [C]] < 100 ppm. [EMI][TFSI] was nottested ~ The cryo-TEM images were analyzed using DigitalMicrograph
for halide impurities; however, the slight yellow tint indicates a software (version 3.3).
low level of impurity that could not be completely removed ] ]
following synthesis. While trace impurities have been shown to Results and Discussion

significantly affect some physical properties of ionic liquids, it is Phase Behavior for PB-PEO/[EMI][TFSI] Solutions. The

unlikely that the ionic liquid solvation characteristics, which play ) PEP .
the largest role in determining the copolymer morphology, would phase behavior of the . EO/[EMI][TF.SI] system is shown
in Figure 2a. The classical copolymer microstructures observed

be influenced significantly. X . . . i
Small-Angle X-ray Scattering. The PB-PEO/ionic liquid include a body-centered-cubic lattice of spherical PEO domains
solutions for small-angle X-ray scattering (SAXS) experiments were in @ PB matrix ($*°) for the bulk BO(9-3) copolymer,
prepared by combining the appropriate amounts of ionic liquid and hexagonally packed PEO cylinders ;fClamellae (L), and
copolymer, by weight, followed by dissolution in dichloromethane hexagonally packed PB cylindersfCThe subscript numbers
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% Figure 2. Lyotropic phase diagram for \aPB—PEO/[EMI][TFSI]
§ solutions and (bPB—PEO/[BMI][PFs] solutions at 25°C. Thex-axis
£ corresponds to volume fraction of PEO in the bulk copolymers. The
2 y-axis is the sample concentration in weight % copolymer. S is a cubic
-~ lattice of spheres, C is hexagonally packed cylinders, L is lamellae,
and N is the disordered network of cylinders. Subscript 1 corresponds
to normal microstructure (PB forming major microstructure domain),
I ¢ v v Vv 1 and subscript 2 corresponds to inverse microstructure (PEO and IL
1 forming major microstructure domain). The filled areas correspond to
0.02 0.04 0.06 0.08 0.10 regions of coexisting copolymer microstructures. Bilayer vesicles,
" cylinders, and spheres refer to the dilute solution copolymer aggregate
q (A" structures determined via cryo-TEM.
Figure 1. Representative 1D scattering plots for-PBEO/ionic liquid ) )
solutions: (RA[EMI][TFSI]: 1, BO(9—3) bulk; 2, BO(9-3) 81 wt %; very selective solvent, apparently makes the frustrated packing
[39.,5?]3[%9;‘3) 610 glto"(@g:_llé)%ol(gg) g% \é\g‘?): g,lBCt)g/@%) ?éoo\,%n;f)' ((5% of the gyroid phase less thermodynamically favorable. The
[ ulk; 2, WL 70, 5, i
Wt % 4, BO(9-6) 40 wt %: 5, BO(3-6) 17 wt %, Expected peak :(sr?lvent aldds anotther degree qf fre%dor? to Itlhe'si/St'?hm’ allorlnng
positions for 8%, C, and L are shown. e copolymers to rearrange in order to alleviate the packing

frustration involved with the gyroid microstructure. The same

associated with the microstructure labels indicate normal (PB phenomenon was reported by Hanley et al. for poly(stytene-
blocks forming major microstructure domain) and inverse (PEO isoprene) copolymers (PS1) in styrene-selective dialkyl
blocks and ionic liquid forming major microstructure domain) phthalate solvent3® In these systems, the gyroid phase window
microstructures. Although SAXS cannot directly determine yields to coexisting C and L microstructures upon increasing
which copolymer block is preferentially solvated by [EMI]- the solvent selectivity, either by decreasing temperature or by
[TESI], PEO is readily soluble in many ionic liquids including  shortening the alkyl chains of the phthalate solvents.
those studied here, whereas PB is not. It is therefore clear that Second, there exist phase regions characterized by scattering
the ionic liquid is selective for the PEO blocks. patterns containing broad peaks that cannot be referenced to

In addition to these classical block copolymer microstructures, the allowed reflections for any of the classic-B diblock
the [EMI][TFSI] phase diagram includes regions that are not copolymer microstructures. We speculate that these regions of
anticipated simply on the basis of a lyotropic progression of the PB-PEO/[EMI][TFSI] phase diagram are analogous to the
melt-phase block copolymer microstructures upon addition of disordered network microstructure observed by Jain et al. in
solvent. First, regions of coexisting (L/C) microstructures occur PB—PEO/HO solutions on the basis of its location in the phase
in the phase diagram where the gyroid microstructure might be diagram and the similarity in the scattering profilédn the
expected to appear. These regions are a result of the high degredisordered network microstructure, the PB domain consists of
of segregation between the blocks of the copolymers and thebranched, cylindrical struts, forming an irregular, three-
addition of solvent. The large interaction parametéetween dimensional network. The matrix is formed by the PEO blocks
PB and PEO, and the increased effectivepon addition of a along with the ionic liquid. This region of the phase diagram is
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Figure 3. Lyotropic phase behavior for PEPEO/HO solutions at  the ionic liquid completely partitions into the PEO domains of the
25°C (adapted from ref 14). Theaxis corresponds to volume fraction  copolymer microstructure and using densities of 1.13, 0.87, 1.52, and
of PEO in the bulk copolymers. Theaxis is the sample concentration 1,36 g/cni for PEO, PB, [EMI][TFSI], and [BMI][PF], respectively.

in weight % copolymer. S is a cubic lattice of spheres, C is hexagonally Vertical lines represent theoretical phase boundaries determined by
packed cylinders, L is lamellag, and N is the disordered network of Cochran et al? There are no units corresponding to tpexis. The
cylinders. Subscript 1 corresponds to normal microstructure (PEO and microstructures for the solutions are shifted vertically for clarity.

H,O forming minor microstructure domain). The filled areas correspond . . .

to regions of coexisting copolymer microstructures. Bilayer vesicles Phase behavior for the PB?EO/ionic liquid solutions. It can

and cylinders refer to the dilute solution copolymer aggregate structures be noted that since the ionic liquids behave as selective solvents,
determined via cryo-TEM. the estimated trajectories should also include a vertical com-
ponent corresponding to an increase in effectivgon addition
therefore labeled N in Figure 2a, and the BO@® 40 wt % of the ionic liquid. However, since thgN of the PB-PEO
scattering plot in Figure 1a is representative of those observedcopolymers places them in a region of the theoretical phase map
for the disordered network microstructure. where there is essentially no curvature of the phase boundaries,
Phase Behavior for PB-PEO/[BMI][PF ¢] Solutions.[BMI]- the vertical trajectory components are ignored. Figure 4 again
[PFe] has been shown previously to behave as a selective solventillustrates that the regions of microstructure coexistence and
for the PEO blocks of the copolyme¥sThe lyotropic phase  network microstructure occur where the gyroid microstructure
behavior for the PB-PEO/[BMI][PFg] solutions (Figure 2b) is would be expected.
similar to that observed with the [EMI][TFSI] solvent. The lonic Liquid Solvent Selectivity. Dilute solution micellar
classical microstructure phases of*§ C;, L, and G are aggregates formed by the PBEO copolymers in these ionic
observed along with regions of coexisting (C/L) microstructures liquids suggest that [BMI][P§ behaves as a more selective
and the disordered network phase. The scattering pattern forsolvent than [EMI][TFSI]. Figures 5 and 6 show cryo-TEM
the BO(9-6)/[BMI][PFg] 40 wt % solution in Figure 1b is images of the aggregates formed by the three—PBO
representative of those obtained for the network phase in [BMI]- copolymers dissolved in [EMI][TFSI] and [BMI][P4 respec-
[PFg]. With both ionic liquid solvents, the network phase occurs tively, at a copolymer concentration of 1.0 wt %.
between a region of coexisting microstructures, and a region In the images, the densely packed PB blocks of the copoly-
of C microstructure, similar to the phase behavior seen for the mers form the cores of micelles and the interior of bilayer sheets
PB—PEO/RO solutions in Figure 3 (reconstructed from ref 14).  (forming vesicles), which can be seen as the lighter contrast
One method for qualitatively explaining the phase behavior structures in the dark vitrified solvent film. For the PBEO/
for a copolymer/solvent system is to consider “trajectories” [EMI][TFSI] solutions there is a progression from spherical
across the melt phase diagram for the copolymer. By assumingmicelles for BO(9-6), to larger spherical micelles with some
that a selective solvent completely partitions into the compatible short cylindrical micelles for BO(©94), to bilayer vesicles for
block microdomain, then the addition of solvent can be BO(9-3). For the PB-PEQ/[BMI][PFs] solutions, BO(9-6)
converted to an increase in the soluble block volume fraction. forms spherical and short cylindrical micelles, B&@®) forms
This assumption was first introduced by Sadron and Gallot in spherical and long cylindrical micelles and bilayer vesicles, and
the early 1970% and was considered in more detail by Hanley BO(9—3) forms bilayer vesicles and large structures that appear
et al35° Figure 4 shows the experimentally observed block to be multiple vesicles fused together. The dominant factor in

copolymer microstructures for the PBPEO/ionic liquid solu- determining the morphology of dilute solution block copolymer
tions, plotted by their effective PEO volume fractions, where aggregates is the core/corona interfacial tension. Increasing the
effective fpeo = (Volpego + Vol /total solution vol). selectivity of the solvent (i.e., increasing interfacial tension) will
The phase boundaries shown in Figure 4 correspond to thedrive the aggregates toward morphologies with lower interfacial
theoretical phase boundaries determined for a butBAliblock curvature. Thus, the formation of aggregates for a given
copolymer by Cochran and co-workéfsThe large degree of  copolymer with lower interfacial curvature in [BMI][RFthan
segregation between the PB and PEO blocks resulyNir in [EMI][TFSI] indicates that [BMI][PF] acts as the more

100 for the three copolymers, which is in the region of the selective solvent. Comparing the dilute solution aggregate
theoretical phase map where the boundaries are essentiallypbehavior for the PB-PEO copolymers in ionic liquids to that
vertical lines. Qualitatively, the experimental copolymer mi- observed by Jain et al. for aqueous-PBEO solutions (Figure
crostructures agree fairly well with the phase regions predicted 3)’! suggests that water acts as an even more selective solvent
by the theoretical boundaries. Thus, a horizontal trajectory acrossthan either ionic liquid.

the phase diagram, corresponding to an increasgsimupon Additional supporting evidence for the higher selectivity of
addition of ionic liquid, provides an estimate of the lyotropic [BMI][PF¢] comes from comparing how the structural length
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g
Figure 6. Cryo-TEM images of PBPEO copolymers dissolved

[EMITFSI 2 1.0 wt 5% (3 BOG-0), 1 BOG-4, and (5 8- | [BYIIPF U LOWH%: (3 BO(O-6), () BO(-4), and (9 BO-

(9-3).

scale, taken a8 = 27/g* from the primary 100 scattering peak results in increased chain stretching normal to the interface.
for the lamellar microstructure, differs based on ionic liquid. The overall result of larger domain spacing for [BMI][§F
Figure 7 compares the lamellar structural length scale vs samples indicates higher solvent selectivity of this ionic liquid.
copolymer concentration for samples prepared with the two ionic Additionally, the more negative slope for the fit of the [BMI]-
liquids. Addition of a neutral solvent (i.e., one that solvates both [PFs] domain spacing is another indicator of greater solvent
copolymer blocks equally) will result in a decrease in structural selectivity. For comparison, theoretical self-consistent mean-
length scale due to a general shielding of the unfavorable field analysis of a lamellar forming system produced a power
interactions between copolymer blocks, which allows increased law exponent of-0.20 for a highly selective solvent (interaction
lateral expansion of the blocks near the interface. Conversely, parametel, between solvent and insoluble block equal t& 1).
the addition of a selective solvent will cause an increase in In addition, these results compare favorably with the experi-
structural length scale. This is due to a decrease in the interfacialmental results of Hanley et al. for a lamellar system consisting
area between block domains in order to reduce the unfavorableof a PS-PI diblock copolymer in diethyl phthalate (DEP) and
interactions between the solvent and the insoluble blocks, whichdimethyl phthalate (DMP), which behave as selective and
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40 T T T - a classical block copolymer microstructures, similar to those seen
393 e [BMIPF] 3 in systems with more common molecular solvents, have been
384 4 [EMITFSI) ] observed. In addition to well-defined copolymer microstructures,
37 3 3 evidence for the formation of a disordered cylindrical network
364 E microstructure, similar to that seen for the same-PEO block
T 351 ] copolymers in water, was also observed. Cryo-TEM images of
£ ] the dilute solution PBPEO aggregate structures, and the
g 347 o =-0. E structural length scales obtained from SAXS for the more
© 337 ] concentrated solutions, show that [BMI][§#lBehaves as a more
32 3 selective solvent than [EMI][TFSI]. These results represent an
a1 ] 1 important step in laying the foundation for a rational design of
] block copolymer ionic liquid composite materials, for diverse
30 : T T T T ] applications.
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