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ABSTRACT: The phase behavior of poly(styrene-block-2-vinylpyridine) copolymer solutions in an imida- 
zolium bis(trifluoromethane)sulfonamide ([Im][TFSI]) ionic liquid has been studied using small-angle X-ray 
scattering (SAXS) and optical transmission characterization. Through scaling analysis of SAXS data, 
we demonstrate that the [Im][TFSI] ionic liquid behaves as a selective solvent toward one of the blocks. 
We observe lyotropic and thermotropic phase transitions that correspond qualitatively to the phase behavior 
observed in block copolymer melts and block copolymer solutions in molecular solvents. In addition, we have 
studied the thermal properties of block copolymer solutions in the ionic liquid using differential scanning 
calorimetry and wide-angle X-ray scattering. We observe distinct composition regimes corresponding to the 
change in the block copolymer's glass transition temperature, Tg, with respect to the concentration of 
polymer in ionic liquid. At high block copolymer concentrations, a "salt-like" regime corresponding to an 
increase in the block copolymer Tg is observed, while at intermediate block copolymer concentrations, a 
"solvent-like" regime corresponding to a decrease in the block copolymer T, is observed. An unusual thermal 
transition consisting of crystallization and subsequent melting of the ionic liquid is observed at the lowest 
block copolymer concentration characterized. 

Introduction 
Ionic liquids are a novel class of solvents composed entirely 

of ions which exhibit exceptional physiochemical properties, 
such as nonflammability, negligible vapor pressure, high ionic 
conductivity, and electrochemical stability.' The outstanding 
electrochemical properties of ionic liquids have led to studies 
involving their use in lithium battery electrolytes,293 fuel 
and dye-sensitized solar  cell^.^-'^ While the need for introducing 
ionic liquids into a solid supporting matrix for these applications 
has been recognized,I3 the combination of block copolymers and 
ionic liquids results in a new class of functional materials with 
intricate structure on the nanometer scale.I4 The structure is 
created by block copolymer self-assembly, while the functionality 
is obtained by exploiting the properties of ionic liquids. Block 
copolymer/ionic liquid systems enable the design of materials 
whose ion-conducting and mechanical properties can be sepa- 
rately optimized. 

Effects resulting from the addition of both selective and., 
nonselective molecular solvents to block copolymers on both 
the self-assembled nanostructure and the thermodynamic dri- 
ving forces affecting self-assembly have been extensively investi- 
gated using both and t h e ~ r ~ . ' ~ - ' ~  At fixed 
temperature, the addition of solvents to diblock copolymers 
results in a rich variety of lyotropic phase  transition^.'^"^ 
The temperature dependence of interactions between the two 
blocks, and interactions between the blocks and the solvent, lead 
to an additional set of thermotropic phase transitions. Lai et al. 

*Corresponding authors. E-mail: nbalsara@berkeley.edu (N.P.B.), 
segalman@berkeley.edu (R.A.S.). 

observed temperature-dependent scaling behavior of the char- 
acteristic domain spacing in polystyrene-block-poly(isoprene) 
(SI) copolymer solutions in selective so~vents.~' This observation 
was attributed to the temperature dependence of the solvent/ 
block copolymer segment interaction parameter, leading to 
changes in solvent partitioning between the polystyrene and 
poly(isoprene) microphases as temperature was varied. Hanley 
et al. have shown that thermotropic properties of mixtures 
of SI copolymers and diethyl phthalate arise from the tem- 
perature dependence of solvent selectivity.18 Alexandridis et al. 
have conducted a thorough investigation of the phase behavior 
of poly(ethylene oxide-block-propylene oxide-bloclc-ethylene 
oxide) PEO copolymers (Pluronic) in water, a solvent that is 
selective toward the poly(ethy1ene oxide) (PEO) One of 
the observations ofAlexandridis et al. was the strong temperature 
dependence of micelle formation in dilute Pluroniclwater mix- 
t u r e ~ . ~ ~  The temperature dependence of block copolymer/solvent 
interactions, however, is not universal across all systems. For 
example, Hadjuk et al. observed weak temperature dependence 
of solvent/polymer interactions in concentrated solutions of 
an asymmetric PEO-block-poly(ethy1 ethylene) copolymer in 
water,24 despite strongly thermotropic interactions between 
PEO and water.25 These findings suggest that block copolymer 
composition and the local structure of water molecules surround- 
ing the PEO segments play an important role in determining the 
phase behavior of copolymer solutions containing PEO blocks. 

Water-containing polyelectrolyte membranes arc of interest 
for fuel cell applications,26,27 and the incorporation of nano- 
structure has recently been shown to significantly improve water 
uptake, while maintaining mechanical s t a b i ~ i t ~ . ~ ~ , ~ ~  Incorpora- 
tion of ionic liquids into polymer membranes is also of interest 
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Figure 1. Chemical structure of the imidazolium bis(trifluoromethane) 
sulfonamide ([Im][TFSI]) ionic liquid and the poly(styrene-block-2- 
vinylpyridine) (S2VP) copolymer. 

due to their hi h conductivities and potential use at elevated 4  temperature^.'^"" Several approaches toward achieving solid, 
nanostructured ionic-liquid-containing polymer films have been 
demonstrated. Ohno et al. synthesized ion conducting poly- 
mers with ionic liquid groups tethered to flexible side chains 
of vinyl-based monomers.32 Susan et al. prepared ionic gels 
through in situ polymerization of poly(methy1 methacrylate) 
(PMMA) in a 1-ethyl-3-methylimidazolium bis(trifluorometh- 
ane)sulfonamide ([EMI][TFSI]) ionic liquid.13 Matsuoka et al. 
synthesized a polybase with a coupled phenylene/oxa- 
diazole repeat unit and doped HTFSI into this solid matrix.' 
Yoshio et al. incorporated an ionic liquid moiety into liquid 
crystalline molecules that were self-assembled and then photo- 
polymerized into well-defined nanostr~ctures .~~ He et al. pro- 
duced ABA triblock copolymer gels by codissolving small 
amounts of block copolymer and ionic liquid with a cosolvent 
and subsequent removal of the solvent.34 These ionic gels exhibit 
conductivities comparable to the neat ionic liquid and possess 
significant mechanical strength. In work closely related to the 
present study, Simone and Lodge studied the lyotropic phase 
behavior of poly(butadiene)-bloclc-PEO (PB-block-PEO) copoly- 
mer solutions in two imidazolium ionic liquids ([EMI][TFSI] 
and I-butyl-3-methylimidazolium hexafluorophosphate ([BMII- 
[PFs])) and demonstrated that the ionic liquids behave essentially 
as a selective solvent.14 

The addition of charged species affects the thermal properties 
of both homopolymers and block copolymers. The addition of 
salt to PEO increases the glass transition temperature (T,) of the 
polymer due to physical cross-linking of the polymer chains.35 
This effect has also been observed in samples comprised of a 
block copolymer and salt.36 In PMMA ionic gels containing an 
[EMI][TFSI] ionic liquid, Susan et al. observed a monotonic 
decrease in the T, of PMMA as the concentration of ionic liquid 
was increased, suggesting a solvent-like plasticizing effect of the 
ionic liquid.13 In PEO ionic gels containing a related imidazolium 
ionic liquid, Klingshirn et al. observed values of the Tg and the 
crystallization and melting temperatures (T, and T,, respec- 
tively) of the ionic liquid within the gel that were identical to 
that of the pure ionic liquid, leading to the conclusion that the 
bulk ionic li uid existed in a free, unbound environment within 9 the PEO gel. These reports suggest that the specific chemistries 
of the polymer/ionic liquid along with the ionic gel structure play., 
a critical role in affecting the thermal properties of the composite 
material. 

In this study, we report on the thermotropic and lyotropic 
phase behavior of a poly(styrene-block-2-vinylpyridine) (S2VP) 
copolymer in an imidazolium bis(trifluoromethane)sulfonamide 
([Im][TFSI]) ionic liquid (Figure 1). We expect the ionic liquid to 
associate preferentially with the poly(2-vinylpyridine) block. This 
system was chosen because the imidazolium cation can complex 
with H +  in the absence of water to provide a nonhydrated 
proton-conducting medium. The S2VP copolymer in [Im]pFSI] 
ionic liquid thus serves as a model system for a nonhydrated 
proton exchange fuel cell membrane. 

Figure 2. SAXS intensity profiles (offset for clarity) of q5p = 0.28 to $p = 

1.0 S2VP(13-15) copolymer in [Im][TFSI]. In all cases, the peak 
labels correspond to the qlq* for scattering peaks of a particular 
composition. 

Experimental Section 

Polymer Synthesis and Characterization. A poly(styrene- 
block-2-vinylpyridine) copolymer and poly(2-vinylpyridine) 
(P2VP) homopolymer were synthesized via anionic polymeriza- 
tion using standard  method^.'^ The molecular weight of the 
polystyrene (PS) hompolymer was determined using gel permea- 
tion chromatography (GPC), and the total molecular weight 
of the block copolymer was determined via 'H NMR (Bruker 
AVB-300). The molecular weight of the P2VP homopolymer was 
determined using 'H NMR end-group analysis. The polydisper- 
sity of each polymer was assessed using GPC. The poly(styrene- 
blocli-2-vinylpyridine) copolymer is designated S2VP(13-IS), 
where the numbers in parentheses refer to the number-averaged 
molecular weights in kglmol of the PS and P2VP blocks, respec- 
tively. The P2VP homopolymer is designated P2VP(20), where 
the number in parentheses refers to the number-averaged mole- 
cular weight in kglmol. The measured polydispersity of S2VP 
(13-15) was 1.10, while the that of P2VP(20) was 1.12. 

Ionic Liquid Purification. Imidazole (295%) and bis(trifluoro- 
methane)sulfonamide (HTFSI, 295%) were purchased from 
Sigma-Aldrich and purified by sublimation under vacuum. 
Differential scanning calorimetry (DSC) and 'H NMR were 
used to assess the purity of the two starting materials. Purified 
imidazole and HTFSI were combined in equimolar quantities in 
a glovebox, sealed, and heated in an oven outside the glovebox 
to 100 OC for 2-3 h to prepare the ionic liquid [Im][TFSI]. The 
composition of the ionic liquid was confirmed by comparing the 
measured melting point of the compound, using DSC, with 
~iterature.~ 
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Figure 3. Fwhm of the SAXS primary scattering peak (left axis, 0) and 
optical transmission coefficient (right axis, A) plotted as a function of 
block copolymer volume fraction, &, at 145 f 5 OC. 
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X-ray Scattering Sample Preparation and Methods. Dichloro- 
methane was degassed using three freeze-pump-thaw cycles, 
stirred over CaHz overnight, then distilled into a collection 
flask, brought into a glovebox, and stored on molecular sieves. 
Predetermined quantities of [Im][TFSI] and S2VP(13- 15) were 
weighed into glass vials, and ca. 5 wt % solutions were prepared 
using dichlorornethane in the glovebox. Solutions were stirred 
overnight. Samples were cast into sample cells with an  alumi- 
num spacer sealed onto a Kapton window on one side in the 
glovebox. The polymer/iouic liquid solution was put into the 
sample cell one drop at  a time. Solvent was allowed to evaporate 
before addition of the next drop until a ca. 1 mm solid sample 
was obtained in the sample cell. Samples were heated to 60 "C 
(above the boiling point of dichloromethane) in the glovebox 
for ca. 18 h to remove remaining solvent. A second Kapton 
window was glued to seal the samples, which were stored 
with desiccant when outside the glovebox to reduce the chance 
of water contamination. Samples are designated by the value 
of the estimated polymer volume fraction (for both S2VP and 
P2VP solutions), @p, assuming ideal mixing. The density of 
[Im][TFSI] was estimated to be 1.67 from scattering length 
density fits of small-angle neutron scattering (SANS) intensity 
profiles," and the densities of PS and P2VP were taken to be 
1.15 and 1.05 g/cm3, respectively. 

Small-angle X-ray scattering (SAXS) and wide-angle X-ray 
scattering (WAXS) were performed on beamline 7.3.3 of the 
Advanced Light Source (ALS), and SAXS was performed on 
beamline 1-4 of the Stanford Synchrotron Radiation Labora- 
tory (SSKL). At the ALS, the beamline was configured with an 
X-ray wavelength of 1.240A and focused to a 50 by 300pm spot. 
Full two-dimensional scattering patterns were collected on an 
ADSC CCD detector with an  active area of 188 by 188 mm. The 
scattering patterns were radially averaged, and the scattering 
intensity was corrected with the postion chamber intensity using 
Nika version 1.18. At SSRL, the beamline was configured with 
an  X-ray wavelength A= 1.488 A and focused to a 0.5 mm 
diameter spot. A single quadrant of a two-dimensional scatter- 
ing pattern was collected on a CCD detector with an  active area 
of 25.4 by 25.4 mm. The scattering patterns were radially., 
averaged and corrected for detector null signal, dark current, 
and empty cell scattering. 

Optical Transmission Sample Preparation and Methods. Sam- 
ples were prepared between two quartz windows with a 0.5 rnm 
Teflon spacer. Samples were solvent cast from dichloromethane 
solutions in a manner similar to X-ray scattering sample prepara- 
tion. All samples were prepared and sealed within a glovebox to 
minimize water exposure. Optical transmission measurements 
were performed on a home-built instrument as previously 
de~cr ibed.~ '  Samples were heated to 145 OC, annealed for 1 h, 
and then cooled to room temperature. This process was repeated 
twice for each sample. We report values of the transmitted 

Figure 4. Domain spacing, rl, versus block copolymer volume fraction, 
@p, determined from SAXS data at 145 "C (0) and 225 "C (A). These 
plots are used to assess the ionic liquid's solvent selectivity for the 
S2VP(13-15) copolymer, using a power law fit, r l -  @pa, to obtain a. 
At 145 "C, a=-2.31, and at 225 'C, a=-3.16. 
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intensity of a HeNe laser beam (A =632.8 nm) normalized by 
that of the incident beam. 

Differential Scanning Calorimetry Sample Preparation and 
Methods. Differential scanning calorimetry (DSC) was performed 
on a TA Instruments DSC 2920. Samples were solution cast in 
a glovebox into aluminum DSC pans from the same solutions 
used to prepare X-ray scattering samples. The samples were 
heated to 60 "C in the glovebox for ca. 18 h to remove remaining 
solvent. The samples were then crimped within the glovebox using 
hermetically sealed pans and placed inside a container with 
desiccant for transfer to the DSC. Indium and dodecane were 
used as calibration standards for the DSC. Samples underwent 
three heating and cooling cycles and glass, crystallization, or 
melting transitions were recorded upon the second heating. 

Thermal Gravimetric Analysis Sample Preparation and Meth- 
ods. Thermal gravimetric analysis (TGA) was performed on a 
TA Instruments TGA 2950. Samples were solution cast under 
the same conditions used for DSC sample preparation into open 
platinum pans, and dichloromethane was removed in a similar 
manner. Samples were heated at  5 "C/min from 30 to 450 "C 
under a nitrogen atmosphere. 
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Results and Discussion 

Representative SAXS profiles from varying concentrations of 
S2VP(13- 15) in the [ImlFFSI] ionic liquid are shown in Figure 2. 
All of the scattering profiles were recorded at  145 "C, well above 
the glass transition temperature of the neat copolymer. The neat 
copolymer exhibits a lamellar morphology with peaks at q = q*, 
2q*, and 3q*, where q=(4z/A) sin(8/2), 6 is the scattering 
angle, and q* is the value of q at  the primary scattering peak. 
The center-to-center distance between adjacent PS lamellae, 
d=2z/q*, is 19.9 nm, in the case of the neat copolymer. 
A qualitatively similar lamellar phase with rl=23.6 nm is 
obtained in the 4p = 0.93 sample. The large change in the domain 
spacing upon addition of a small amount of ionic liquid is 
noteworthy. This expansion is also seen in the $p = 0.86 sample, 
which exhibits a lamellar morphology. There are, however, 
significant differences when one compares the neat block copo- 
lymer (and the dp=0.93 sample) to the &=0.86 sample. The 
$p=0.86 sample shows peaks that are significantly broader 
compared to the neat S2VP(13-15) copolymer. The peak at  
q = 2q* is distinctly bimodal. These facts suggest the existence 
of two populations of lamellae with d=26.2 and 27.5 nm. 
Roughly 55% of the higher ordcr peak at 2q* and 86% at 3q* 
can be attributed to lamellae with d= 26.2 nm. We propose that 
this indicates the presence of two coexisting phases with unequal 
amounts of ionic liquid. 
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Figure 5. Primary SAXS peak position of S2VP/[Im][TFSI] mixtures, q*, plotted as a function of temperature for (a) & =  1.0 (0, neat copolymer), 
4 p  = 0.99 (A), @p = 0.97 (O), and & = 0.86 (0) and (b) @p = 0.78 (A), @p = 0.70 (W), @r = 0.50 (A), @p= 0.40 (El), and &= 0.28 (0). 
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Figure 6. (a) SAXS intensity profiles (offset for clarity) of @p = 00.9 S2VP(13-15) in [Im][TFSI] at varying temperatures. In all cases, the peak labels 
correspond to the qlq* for scattering peaks. (b) Plot of I(q*) (denoted 0 )  and fwhm (denoted A) versus temperature ("C). The ODT is identified as the 
point at 235f 10 OC (vertical arrow). 

As the concentration of S2VP copolymer is decreased to 
&=0.78, the primary scattering peak becomes bimodal. The 
locations of the higher order peaks indicate the coexistence 
of lamellar and hexagonally packed cylindrical microstructures 
with cl= 26.9 and 28.7 nm, respectively. For the cylindrical phase, 
(1 represents the spacing between adjacent 110 scattering planes. 
The presence of higher order scattering peaks at J7q* 
and J12q* indicates regions of hexagonally packed cylinders 
within the sample, while the broadness of the 2q* and 3q* peaks 
is attributed to the distinct characteristic length scales of 
lamellae and cylinders. The absence of a peak at J3q* is due to 

a minimum in the form factor of scattering from cylinders with 
a 10.5 nm r a d i u ~ . ~ '  The radius was determined using the 
conlposition of the sample and assuming that the ionic liquid 
resides exclusively in the P2VP microphase. It appears that 
the larger lamellae seen in the q5p=0.86 sample give i 

rise to the hexagonal phase at &=0.78. The coexistence of 
microstructures persists after a long (24 h) preanneal at 145 "C 
prior to SAXS characterization and also after annealing the 
sample at 145 "C for 30 min on the SAXS beamline. In general, 
we find the microphase-separated structures observed in S2VP 
(13- 15) copolymer/[In~]~FSI] solutions to be stable over long 
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Figure 7. (a) SAXS intensity profiles (offset for clarity) of& = 0.70 S2VP(13-15) in [Im][TFSI] at varying temperatures. In all cases, the peak labels 
correspond to the q/q* for scattering peaks. (b) Plot of I(q*) (denoted W) and fwhm (denoted A) versus temperature (OC). The OOT and ODT are 
identified at 225f 10 and 235f 0 "C, respectively (vertical arrows). 
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periods of time. Samples stored 1-2 months at room temperature 
in the glovebox exhibit the same microphase-separated structure 
and thermodynamic transitions as samples prepared immediately 
prior to SAXS experiments. As the concentration of the S2VP 
(13-15) copolymer is further reduced to 4p=0.70, the SAXS 
profile reveals a single hexagonally packed cylinder phase 
(Figure 2). Thc scattering intensity of the 1/7q* and J12q* peaks 
is observed to increase dramatically compared to the & =  
0.78 sample, while the scattering intensity of the 3q* and 4q* 
scattering peaks decreases. 

The data obtained from the & =  1.0 to dp=0.70 samples 
in Figure 2 establishes a lamellae-to-hexagonally packed cylin- 
der lyotropic phase transition upon the addition of ionic liquid. 
It is important to note that the Gibbs phase rule requires a 
coexistence window between two single phase regions in any 
binary mixture. This coexistence is clearly seen in data from 
the *p= 0.86 and &=0.78 samples in Figure 2. Since the,' 
coexistence window must contain the two single phases that 
lie on either side of the window:' we conclude that the $p= 
0.78 sample is at equilibrium while the &=0.86 sample is 
not. We propose that equilibration at &=OX6 is not possi- 
ble within our experimental window due to small quench 
depth. Hexagonally perforated lamellae have been deter- 
mined to be nonequilibrium phases in bulk diblock copoly- 
mer systems,43 as well as studies of block copolymers in selec- 
tive molecular ~olvents?~ and do not appear in the present 
system. 

At a composition of q5p = 0.50, we observe the emergence of the 
J3q* scattering peak, along with the presence of 47q*, 3q*, and 
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4q* higher order scattering peaks (Figure 2). The 2q* scattering 
peak is not observed, due to a minimum in the form factor of 
scattering from cylinders with a 10.2 nm radius. Fur- 
ther reduction of the block copolymer concentration to @p= 
0.40 results in increased broadening of the primary scattering 
peak and a decrease in the scattering intensity. A further decrease 
in scattering intensity and broadening of the main peak is 
seen in the $p=0.28 sample (Figure 2). The scattering profile 
from these two sainples is similar to those found from micellar 
phases without long-range A plot of the full width 
at half-maximum (fwhm) of the primary scattering peak at 
145 "C as a function of block copolymer concentration (Figure 3) 
shows three regimes. The smallest values of fwhm are obtained 
in the lamellar samples, intermediate values are obtained in 
the coexistence window and the cylindrical samples, and large 
values are obtained in the micellar samples. The optical trans- 
mission coefficient of the SZVP(13- 15) copolymer in [Im][TFSI] 
solutions at 145 "C shows a dramatic decrease as the concentra- 
tion of block copolymer is reduced from @,=0.50 to &= 
0.40 and continues to decrease for the $p=0.28 sample 
(Figure 3). Single-phase, anisotropic block copolymers (lamellar 
and cylindrical phases) are generally transparent and birefrin- 
gent. The optical characteristics of the $p=0.50 sample were 
consistent with this expectation, while those of +0.28 and 
q5p=0.40 were not. On the basis of the optical and SAXS 
experiments, we conclude that samples with $p = 0.28 and 
&=0.40 are a micellar phase with liquidlike local structure. 
In the case of cylinder phases, it has been shown that small 
grain sizes may prevent the observation of birefringen~e;~~ 
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Figure 8. Comparison of ordered and disordered state SAXS scattering 
profiles (offset for clarity) for S2VP(13-15)/[Im][TFSI] mixtures at 
varying concentrations of block copolymer, $p. In all cases, the peak 
labels correspond to the qlq* for scattering peaks. For ordered state 
samples, LI/L2 corresponds to coexisting lamellae, L/C corresponds to 
coexisting hexagonally packed cylinders and lamellae, C corresponds 
to cylinders, and DM corresponds to micelles with liquidlike local 
structure. In all cases, the ordered state SAXS profiles were obtained at 
145 O C  and the disordered (DM) or nonperiodic disordered (NP) SAXS , 
profiles were obtained at 245 "C. 

however, in the dp= 0.28 and dp =0.40 samples we do  not know 
the origin of the low optical transmission coefficient in the 
micellar samples. The transition from ordered microstructures 
to disordered micelles occurs at  4 p =  0.45 f 0.05. 

In related studies of block copolymer/ionic liquid mixturcs, 
Simone and Lodge discovered the presence of disordered net- 
worked cylinders between lamellar and hexagonally packed 
cylinder regions of the phase diagram.14 The optical properties 
of the disordered network phase were not presented in ref 14. 
Further work is needed to determine if the disordered phase 
observed in our system has a similar morphology or if it more 

Table 1. Thermal Properties for Varying Compositions of SZVP(l3- 
15) Copolymer in lImllTFSIl 

@P TE ("C)" Tc (OC)" T,,, ("C)" Td 

1 .o 94 - - 378 
0.99 101 - - 370 
0.97 99 - - 332 
0.93 95, 120 - - not measured 
0.78 58, 95 - - not measured 
0.70 40 - 69 not measured 
0.50 -4,47-95 - - 327 
0.40 - 24 51 not measured 
0.0 - - 74 not measured 

"Onset temperatures of heat capacity change (glass transition tem- 
perature, T,), an exotherm peak (crystallization temperature, T,), and 
an endotherm peak (melting temperature, T,,,) during heating scan using 
differential scanning calorimetry. "emperature of 10% weight loss 
heating scan from room temperature using thermal gravimetric analysis. 

closely related to spherical micelles with li uidlike local structure 
observed in diblock copolymer melts. 46- 3 

Both expe r imen ta~~~  and theoretical18 studies have previously 
shown that the addition of nonselective solvents leads to a 
decrease in d due to screening of unfavorable interactions 
between the two block copolymer segments. In the case of 
selective solvents, Banaszak and whitmore50 used self-consistent 
mean-field theory (SCFT) to show that addition of a selective 
solvent results in an increase in d due to changes in the configu- 
ration of the polymer chains as they minimize unfavorable 
thermodynamic interactions between the selective solvent and 
the block copolymer segment with poor solubility in the solvent. 
The domain spacing of a block copolymer swollen with a selective 
solvent has been shown experimentally18321 and  theoretical^^'^ to 
follow the power law 

where a depends on solvent-polymer interactions and interfacial 
curvature. In Figure 4, we plot q*, the SAXS domain spacing 
from the primary 100 scattering peak of lamellar S2VP(13- IS)/ 
[Im][TFSI] mixtures, versus dp ( 0 . 9 3 ~ 4 ~ ~  1.0). We observe a 
values of -2.31 and -3.16 a t  temperatures of 145 and 225 "C, 
respectively. The negative values of a are not surprising as 
it demonstrates selectivity of the [Im][TFSI] ionic liquid solvent 
toward one segment of the S2VP(13-15) copolymer, which 
we believe to be the P2VP block. Our finding is in qualitative 
agreement with the selective solvent domain scaling behavior 
observed by Simone and Lodge using a PB-block-PEO copoly- 
mer in imidazolium ionic liquids.14 Previous studies on the 
effect of temperature on solvent selectivity for molecular solvents 
such as water24325 and high boiling point o r g a n i ~ s l ~ . ~ ~  have 
obtained a values that are sensitive functions of tempera- 
ture due to the temperature dependencies of the underlying 
thermodynamic factors. This appears to also be true for the 
S2VP(I 3- 1 5)/[Im][TFSI] system. On the basis of the temperature 
dependence of a, SCFT of mixtures of block copolymers 
and selective molecular solvents, and this limited data set, we 
are led to the conclusion that the selectivity of [Im][TFSI] toward 
the P2VP block increases with increasing temperature. 

The temperature dependence of q* for S2VP(13- 15)/[Im]- 
[TFSI] mixtures over a wide concentration range is shown 
in Figure 5. At high S2VP(13- 15) concentrations (dp>0.97), q* 
increases with increasing temperature (Figure 5a). In this regime 
of low ionic liquid concentration, we expect the interactions 
between the PS and P2VP segments to dominate. This would 
lead to an  increase in q* with increasing temperature 
due to a decrease of the Flory-Huggins interaction parameter 
between PS and P2VP, XPSIP~VP. The data in Figure 5a are 
consistent with this expectation. While we believe that the 
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Figure 9. Phase diagram of S2VP(13-lS)/[Im][TFSI] mixtures. Filled 
symbols (W) indicate order-disorder transition temperatures, while 
open symbols (A) indicate order-order transitions observed using 
SAXS with indicated error bars. The solid line indicates the boundary 
between ordered and disordered (DS), disordered micelle with liquidlike 
local structure (DM), or nonperiodic disordered (NP) phases. The 
dashed lines indicate boundaries between lamellae (L) and hexagonally 
packed cylinders (C) ordered phases and DS, DM, and NP disordered 
phases. A region of coexistence (coexist) is observed between L and 
C regions. 

interaction parameter dominates in this composition 
range, it is instructive to examine the temperature dependence 
of domain size in block copolymer/salt mixtures. In systems 
based on LiC104 salts in triblock copolymers containing a 
PEO segment, small decreases in domain spacing upon heating 
were attributed to the physical cross-linking behavior of the 
salt," in agreement with results from the S2VP(13-15)/[Im]- 
[TFSI] system. At intermediate block copolymer concentra- 
tions (0.40<@p<0.86), the domain spacing is nearly independent 
of temperature at low temperatures, while q* decreases 
rapidly at high temperatures as the samples approach the 
order-disorder transition (ODT) temperature (Figure 5a,b). 
For @p=0.28, the domain spacing is nearly independent of 
temperature. In contrast, both experiments and SCFT indicate 
that q* of block copolymers in selective molecular solvents 
increases with increasing temperature, regardless of polymer 
concentration.44250 While we have not yet modeled interactions 
between ionic liquids and block copolymers, there is little doubt 
that substantial extension of the standard SCFT will be needed to 
describe the self-assembly of these systems. 

In Figure 6a we show the temperature dependence of the SAXS 
profile of the dp=0.99 sample. At 145 "C, the sample exhibits 
a lamellar morphology, as seen by the 2q* and 3q* higher order 
scattering peaks. When the sample is heated to 235f 10 "C, the 
higher order peaks disappear. This is one of the signatures of 
an order-disorder Figure 6b shows the depen-: 
dence of the value of I(q*) and the fwhm of the primary SAXS 
peak versus temperature. The discontinuity in the value of I(q*) 
at 235f 10 "C is a standard signature of an ODT, and 
we conclude that the @p=0.99 sample undergoes an ODT at 
235f 10 "C. An abrupt broadening of the primary scattering peak 
when the ordered phase gives way to the disordered phase 
is a typical signature of the ODT in neat block copolymers 
and blo.ck copolymers dissolved in molecular solvents. However, 
in the &=0.99 sample, there is no abrupt change in fwhm at 
the ODT as seen in Figure 6b. 

In Figure 7a, we plot the SAXS intensity versus q from the 
@p = 0.70 sample at selected temperatures above the T, of the neat 

Temperature ("c) 

Figure 10. DSC thermograms (offset for clarity) of varying concentra- 
tions of S2VP(13-15) copolynler in [Im][TFSI]. The heating rate is 
10 "C/min. 

block copolymer (94 "C). At 145 "C, the sample exhibits 
a hexagonally packed cylinder morphology, as evidenced by 
the &*, 2q*, 1/7q*, and 3q* higher order scattering peaks. 
Samples annealed for 24 h at 145 "C exhibit the same hexagonally 
packed cylinder morphology, indicating that this morphology 
is not dependent on processing history. This morphology persists 
upon heating until 225f 10 "C when an order-order transition 
(OOT) to a lamellar microstructure is observed, as evidenced 
by the disappearance of higher order scattering peaks corre- 
sponding to hexagonal symmetry and the persistence of the 
2q*, 3q*, and 4q* higher order scattering peaks.. Upon heating 
to 235f 0 "C, all higher order scattering peaks disappear and the 
primary peak broadens considerably. In Figure 7b, we show the 
temperature dependence of both the value of I(q*) and fwhm for 
the @p=0.70 sample. The SAXS signatures of this sample 
are consistent with those obtained in neat block copolymers 
and their mixtures with molecular solvents at the ODT; i.e., the 
higher order peaks disappear, and the fwhm of the rimary peak 
increases abruptly as the ODT is crossed. 522~,5P,1n contrast, 
crossing the cylinder-to-lamellae transition results in an increase 
in I(q*) and a decrease in fwhm. Sequential cylinder-to-lamellae- 
to-disorder transitions have been seen previously in mixtures of 
block copolymers and selective molecular solvents wherein the 
selectivity of the solvent decreases with increasing temperature.'' 
However, the data in Figure 4 suggest that in the S2VP(13-15)/ 
[Im][TFSI] system the selectivity of [Im][TFSI] toward the P2VP 
block increases with increasing temperature. 

For values of @p>0.93, the ODT is reversible; i.e., cooling 
the sample below the ODT temperature after disordering results 
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Figure 11. (a) DSC thermograms (offset for clarity) of @p=0.40 in S2VP(13-15) copolymer and @p=0.28 in P2VP(20) at a 10 "C/min scan rate. 
(b) WAXS intensity profiles (offset for clarity) of 4p= 0.40 in S2VP(13- 15) copolymer at varying temperatures and empty Kapton cell. The features at 
q=0.85 A-' are an artifact of the empty cell subtraction. (c) WAXS intensity profiles (offset for clarity) of @p=0.40 in S2VP(13-15) copolymer, neat 
[Im][TFSI], neat imidazole, and neat HTFSI at room temperature. 

in the reformation of the ordered phase, and the data from 
this composition range are not shown. In the $Ip= 1.00 and 
$Ip = 0.93 samples, the ODT is characterized by the disappearance 
of higher order scattering peaks, a discontinuity in the 
value of I(q*), and an abrupt increase in the fwhm of the primary 
peak revealing phase mixing in the disordered state, consistent 
with ODT behavior in block copolymer melts and solutions 
in molecular solvents. In the $Ip =0.99 sample and $Ip= 0.97 
sample (data not shown), the disappearance of higher order 
scattering peaks and a discontinuity in the value of I(q*) is 
interpreted to be an ODT (Figure 7). While the disordered state 
in the range of 0.99?$Ip?0.97 lacks long-range orientational 
order, the narrow width of the I(q*) peaks leads to speculation 
that the presence of small amounts of ionic liquid enforces local 
phase separation of PS and P2VP domains. 

In contrast to the $Ip?0.93 samples, none of the samples' 
with $Ips0.86 exhibit reversible ODTs. Cooling the sample below 
the ODT temperature after disordering does not result 
in the reformation of the ordered phase in spite of annealing 
the samples in the ordered state for 1 h at  145 "C. In Figure 8 
we compare SAXS profiles obtaincd above and below the 
ODT for these san~ples. The SAXS profiles obtained from the 
disordered state at  $Ip=0.86 and $Ip=0.78 contain broad 
shoulders in addition to the primary peak, suggesting the pre- 
sence of a micellar phase with liquidlike local structure rather 
than a fluctuating disordered phase. It is conceivable that 
the formation of complex ordered phases from such mi- 
cellar phases requires annealing times that are much longer than 

those used in this stufiy. The presence of significant low angle 
scattering (q<0.03 A-I) in the disordered phase for sam- 
ples with $Ip10.70 indicates the formation of nonperiodic, large 
length scale structures. These structures do  not re-form ordered 
structures on experimental time scales after the samples are 
cooled below the ODT temperature. The fact that we were 
able to observe reversible phase transitions at low ionic liquid 
concentrations ($1~~0 .93)  in the same temperature window sug- 
gests that thermal degradation does not play a role in 
these unusual transitions. In addition, we find that the mole- 
cular weight distribution as characterized by GPC of the 
neat block copolymer sample docs not change after heating to 
250 "C for 24 h under vacuum. We were unable to make rela- 
ted GPC measurements of the block copolymer/ionic liquid 
mixtures after heating to 250 "C, as HTFSI is a superacid 
and would cause irreparable damage the GPC columns. We 
also conducted TGA experiments on S2VP(13-15)/[Im][TFSI] 
mixtures and found that the temperatures at  which a weight 
loss of 10% was observed was well above 300 "C (Table 1). 

In Figure 9, we present the phase diagram of S2VP(13- 15)/ 
[Im][TFSI] mixtures. The measured ODTs and OOTs are indi- 
cated with markers, while lines are drawn to indicate interpolated !, 
phase boundaries. We limit our attention to temperatures above 
the glass transition temperature of the neat block copoly- 
mer (94 "C). At high S2VP(13-15) copolymer concentrations 
($Ipr0.93), lamellae are observed at  temperatures well above T,. 
Upon heating above 235f 10 "C, samples in the high co- 
polymer concentration range ($Ip?0.93) undergo a reversible 

jawolslegel
Typewritten Text
8



ODT. As the concentration of block copolymer is decreased to 
&=0.86 and @p=0.78, coexisting phases are obtained. These 
systems exhibit an irreversible ODT at 235f 1 "C to a disordered 
micelle morphology with liquidlike order. We note that the 

sample exhibits a coexisting lamellar phase, which we 
believe is a nonequilibrium phase due to small quench depth. 
Thus, the width with respect to @p of this coexisting region may in 
fact be narrower at infinite equilibration times. The @P = 0.70 and 
@p=0.50 samples form hexagonally packed cylinders at low 
temperatures and exhibit an OOT from hexagonally packed 
cylinders to lamellae at 225rt10 OC. This transition was not 
reversible upon cooling to 215 "C for 30 min and indicates 
that longer annealing times may be required to reform hexa- 
gonally packed cylinders. Upon heating the @p=0.70 and 
@p = 0.50 samples to 235 f 10 "C an irreversible ODT is observed. 
As the concentration of block copolymer is further reduced to 
@p= 0.40, a lyotropic phase transition to a micellar morphology 
with liquidlike order is observed. This morphology persists at a 
block copolymer concentration of @p = 0.28. Upon heating the 
dp = 0.28 sample to 245f 20 "C, an irreversible phase transition to 
a nonperiodic disordered phase is obtained. 

The thermal properties of S2VP(13- 15)/[Im][TFSI] mixtures 
were obtained from DSC heating scans at 10 OC/min, the results 
are given in Figure 10, and the observed thermal transitions are 
summarized in Table 1. Both PS and P2VP homopolymers are 
known to undergo a glass transition in the vicinity of 100- 105 "C 
in the high molecular weight limit.56 It is thus not surprising 
that S2VP(13- 15) exhibits a single glass transition temperature 
of 94 "C. On the other hand, pure [Im][TFSI] exhibits a melting 
transition at 74 "C (Figure 10). It would be reasonable to expect 
the block copolymer/ionic liquid mixtures to exhibit a combi- 
nation of the phase transitions seen in the pure components. 
It is thus not surprising that mixtures with @p?0.97 exhibit 
a single glass transition with T, values in the vicinity of 100 "C. 
It is interesting to note that the T, values obtained from S2VP 
(13-15)/[Im][TFSI] mixtures are slightly higher than that of the 
neat S2VP(13-15) copolymer (Table 1). Salt ions are known to 
induce physical cross-links in polymer matrices, which in turn 
lead to an increase in T,, e.g., LiC104/PE0 electrolytes.3s The 
@p = 0.93 sample exhibits two T,'s at 95 and 120 "C. The phase 
with the high T, is likely the P2VP-rich microphase, in which 
most of the [Im][TFSI] is expected to reside. The @p = 0.78 sample 
exhibits two well-separated T,'s at 58 and 95 "C. It appears that at 
this relatively high [Im][TFSI] concentration the plasticization 
effect due to the presence of the low molecular weight ionic liquid 
overwhelms the increase in T, due to the presence of the physical 
cross-links. The @p=0.70 sample exhibits a glass transition at 
40 "C corresponding to a plasticized P2VP microphase and a 
melting transition at 69 "C. This suggests the existence of pools of 
nearly pure [Im][TFSI] that probably reside within the P2VPphase. 
The @p=00.50 sample exhibits a sharp T, at -4 OC, and a broad T, 
between 47 and 95 "C, corresponding to plasticization of the P2 VP 
and PS microphases, respectively. The @p = 0.40 mixture exhibits 
interesting behavior that is not seen in either of the pure compo- 
nents. Heating the @p=0.40 sample first results in a prominent.. 
crystallization peak (T,=24 "C) followed by a melting peak 
(T, = 5 1 "C). This sequence of phase transitions is typically seen 
in nonstoichiometric [Im]vFSI] systems (salt in ionic liquid), in 
which a homogeneous liquid is formed, while phase separation 
occurs in the solid state.4 However, we have added stoichiometric 
amounts of imidazole and HTFSI to the block copolymer. 

We propose that specific P2 VP/ionic liquid interactions lead to 
this unusual sequence ofphase transitions. In Figure 1 la we show 
DSC thermograms from the q!~~= 0.40 in S2VP copolymer and a 
dp = 0.28 sample in P2VP(20) homopolymer at a 10 OC/min scan 
rate. Both samples exhibit a qualitatively similar crystallization 
transition followed by melting transition, demonstrating that 

crystallization induced by microphase separation of the block 
copolymer does not play a role in this unusual transition. The 
enthalpy associated with these thermal transitions was found 
to be independent of scan rate. Vinylpyridine/imidazole interac- 
tions or intermolecular imidazole interactions induced by the 
P2VP environment appear to enable this transition. The T,,, in the 
@p = 0.40 S2VP copolymer sample was confirmed with wide- 
angle X-ray scattering (WAXS) and is shown in Figure 11 b. 
In addition, the structure of the [Im][TFSI] ionic liquid, neat 
imidazole, and neat HTFSI were characterized with WAXS and 
are shown in Figure 1 lc. The diffraction peak at q= 1.95 A-' 
present in the @p=0.40 S2VP copolymer and neat imidazole 
sample coincides with intermolecular interactions present in 
crystalline imidazo~e.~' While this suggests the presence 
of imidazole-rich phases within the @p=0.40 S2VP copolymer 
sample, additional vinylpyridine/imidazole or vinylpyridine/ 
ionic liquid interactions appear to give rise to the complex 
scattering profile observed in the @p=0.40 S2VP/[Im]pFSI] 
mixture, and we have not determined the nature of the 
crystals therein. 

Conclusions 

We have examined the lyotropic and thermotropic phase 
behavior of a S2VP copolymer in [Im][TFSI] using SAXS and 
optical transmission characterization. We established that the 
ionic liquid selectively solvates one of the block copolymer 
segments, which we believe to be the P2VP domain. The SAXS 
data indicated the existence of lamellar, cylindrical, and disor- 
dered phases. Some of the signatures of order-order and order- 
disorder transitions in S2VP/[Im][TFSI] mixtures differ from 
those found in mixtures of block copolymers and molecular 
solvents. The thermal properties of the system provide interesting 
insight into the nature of the self-assembled microdomains. At 
high block copolymer concentrations (dp 2 0.93), the ionic liquid 
behaves as a salt, causing a slight increase in the T, of P2VP 

' 

domains, while at intermediate block copolymer concentrations 
(0.50 I @p 5 0.78) the ionic liquid behaves as a plasticizer, causing 
a decrease in the T, of P2VP domains. At @p = 0.40 an unusual 
thermal transition consisting of crystallization and subsequent 
melting is observed and is attributed to specific P2VP/[Im][TFSI] 
interactions. 
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