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ABSTRACT: The phase behavior of concentrated mixtures of block copolymers with an ionic liquid has
been studied using a large series of block copolymers with varying molecular weight and volume fraction to
gain a thorough understanding of the thermodynamics of self-assembly. The lyotropic phase behavior of
mixtures of poly(styrene-block-2-vinylpyridine) (S2VP) copolymers with the ionic liquid imidazolium
bis(trifluoromethane)sulfonimide ([Im][TFSI]) is reminiscent of block copolymer/selective molecular solvent
mixtures, and orderedmicrostructures corresponding to lamellae, hexagonally close-packed cylinders, body-
centered cubic, and face-centered cubic oriented micelles are observed. Scaling analysis reveals that, in
contrast to observations of block copolymer/molecular solvent mixtures, the interfacial area occupied by
each S2VP chain decreases upon the addition of [Im][TFSI], indicating a considerable increase in the effective
segregation strength of the S2VP copolymer with ionic liquid addition.

Introduction

Ionic liquids are an exciting class of materials due to unique
properties including high thermal and electrochemical stability,
negligible volatility, and high ionic conductivity.1 This excep-
tional combination of properties makes them candidates for a
variety of applications such as fuel cells,2-6 transistors,7,8 and
battery electrolytes,9,10 for which it would be desirable to inte-
grate the ionic liquid into a solid polymeric matrix. Such a
material can be realized by selectively incorporating the ionic
liquid into a continuous block copolymer phase, forming a
membrane in which the second phase provides mechanical
stability.11 Fundamental understanding of block copolymer/
ionic liquid interactions and the resulting self-assembly is essen-
tial for predictable structure and property control.

Both “solvent-like” and “salt-like” properties of an ionic liquid
have been observed in block copolymer/ionic liquid mixtures.12

Addition of a molecular solvent to a block copolymer typically
results in lyotropic phase transitions, changes in characteristic
domain spacing (d), and changes in the order-disorder transition
temperature (TODT).

13-18 In the case of block copolymer/salt
mixtures, changes in the phase behavior relative to the neat
copolymer have been interpreted as changes in the effective segrega-
tion strength, chain statistics, or intermolecular coordination.19-22

Recently, Wang has developed an analytical expression for an
effective interaction parameter, χeff, in homopolymer blend/salt
mixtures that incorporates ion solvation and entropic effects.23

Previous experimental studies of the self-assembly of dilute24 and
concentrated11 poly(1,2-butadiene-block-ethylene oxide)/ionic liquid
mixtures have highlighted the similarity of the phase behavior of the
mixtures to that of block copolymer/molecular solvent mixtures.
However, studies of the thermal properties of poly(styrene-block-2-
vinylpyridine) (S2VP)/ionic liquidmixtures have shownan increased
glass transition temperature (Tg) of thepoly(2-vinylpyridine) (P2VP)
phase at low ionic liquid concentrations due to a salt-like physical

cross-linking, while at high ionic liquid concentrations the Tg of the
P2VP block was depressed as it would be in the presence of a
molecular solvent.12

In this work the effect of block copolymer volume fraction, fPS,
and degree of polymerization,NT, on the phase behavior of con-
centrated S2VP copolymer mixtures with the ionic liquid imida-
zolium bis(trifluoromethane)sulfonimide ([Im][TFSI]) (Figure 1)
is explored to gain a thorough understanding of the thermo-
dynamics of self-assembly in this complex system. In particular,
thermal characterization of S2VP/[Im][TFSI] mixtures reveals an
unusual composition dependence of Tg not predicted by either
the Gordon-Taylor or Fox equations for polymer/molecular
solvent mixtures. The lyotropic phase behavior of the mixtures is
studied using small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS) and compared to that of mix-
tures of block copolymers in selective molecular solvents. Scaling
analysis of the structural length scales and studies of the thermo-
tropic phase behavior of the S2VP/[Im][TFSI] mixtures reveal
a substantial increase in segregation strength upon the addi-
tion of ionic liquid compared to block copolymer/selective
molecular solvent mixtures. It is anticipated that the increased
segregation strength is due to the enthalpic driving force for
ions to reside in the high dielectric P2VP phase of the block
copolymer.23

Experimental Section

Polymer Synthesis and Characterization. S2VP copolymers
and P2VP homopolymer were synthesized via anionic polymer-
ization using standard methods.25 The molecular weight of the
polystyrene (PS) hompolymerwas determined using gel permea-
tion chromatography (GPC), and the total molecular weight of
the block copolymer was determined via 1H NMR (Bruker
AVB-300). The molecular weight of the P2VP homopolymer
was determined using 1H NMR end-group analysis. The poly-
dispersity of each polymer was assessed using GPC. The
S2VP copolymers are designated S2VP(xx-yy) and the P2VP*Corresponding author. E-mail: segalman@berkeley.edu.
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homopolymer is designated P2VP(yy), where “xx” and “yy”
refer to the number-averagedmolecular weights in kg/mol of the
PS and P2VP blocks, respectively. The total molecular weight,
volume fraction of polystyrene, fPS, and polydispersity index
(PDI) of the polymers are given in Table 1. One of the 10
polymers, dS2VP(7.1-6.8) was synthesized with d8-styrene
monomer obtained from Polymer Source.

Ionic Liquid Purification. Imidazole (g95%) and bis(tri-
fluoromethane)sulfonimide (HTFSI, g95%) were purchased
fromSigma-Aldrich and purified by sublimation under vacuum.
Differential scanning calorimetry (DSC) and 1H NMR were
used to assess the purity of the two starting materials. Purified
imidazole andHTFSI were combined in equimolar quantities in
a glovebox, sealed in a glass vial, and heated in an oven outside
the glovebox to 100 �C for 2-3 h to prepare the ionic liquid
[Im][TFSI]. The composition of the ionic liquid was confirmed
by comparing themeasuredmelting point of the compoundwith
literature.2 Care was taken to limit air and water exposure of the
hydroscopic ionic liquid by handling the material in an argon
glovebox and sealed sample holders.

Scattering Sample Preparation and Methods. Dichloro-
methane was degassed using three freeze-pump-thaw cycles,
stirred over CaH2 overnight, then distilled into a collection flask,
brought into a glovebox, and storedonmolecular sieves.All further
sample preparation was performed within an argon glovebox.
Predetermined quantities of [Im][TFSI] and S2VP were weighed
into glass vials, ca. 5wt%solutionswere preparedbydissolution in
dichloromethane, and the solutionswere stirredovernight. Samples
were cast one drop at a time into sample cells formed by an
aluminum spacer sealed onto a Kapton (SAXS) or quartz (SANS)
window on one side until a ca. 1 mm solid sample was obtained.
Samples were heated to 60 �C (above the boiling point of
dichloromethane) for ca. 18 h to remove remaining solvent. A
second Kapton (SAXS) or quartz (SANS) window was glued to
seal the samples. Samples were sealed in jars containing desiccant
in the argon glovebox for transportation to the beamline. Samples
are designated by the value of the polymer volume fraction, φP,
assuming idealmixing.The density of [Im][TFSI] was estimated to
be 1.67 g/cm3 from scattering length density fits of SANS intensity
profiles,26 and the densities of hydrogenated PS, deuterated
PS, and P2VP were taken to be 1.05, 1.12 and 1.05 g/cm3,
respectively.

SAXS was performed on beamline 7.3.3 of the Advanced Light
Source (ALS) and beamline 1-4 of the Stanford Synchrotron
Radiation Lightsource (SSRL). At the ALS, the beamline was
configuredwithanX-raywavelengthofλ=1.240 Å and focused to
a 50 by 300 μm spot. Samples were equilibrated on the beamline at
145 �C for 20-30 min before data were gathered. 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 the SSRL, the beamline was configured with an X-ray
wavelength λ = 1.488 Å and focused to a 0.5 mm diameter spot.
A single quadrant of a two-dimensional scattering pattern was

collected onaCCDdetectorwith an active area of 25.4 by 25.4mm.
The scattering patterns were radially averaged and corrected for
detector null signal, dark current, and empty cell scattering.

SANS measurements of mixtures of dS2VP(7.1-6.8) with
[Im][TFSI] were performed at Oak Ridge National Laboratory
on the SANS-I instrument. Neutrons with a λ = 6.0 Å wave-
length and a sample-to-detector distance of 4 and 10 m were
utilized. Data from room temperature samples were collected,
and the intensity was corrected for instrumental background,
empty cell scattering, sample transmission, and incoherent
background and placed on an absolute intensity scale by use
of a porous carbon standard (Al4).27 In some samples, a small
positive scattering intensity, typically on the order of 0.1 cm-1,
remained after this data reduction procedure, likely due to
incoherent scattering.28 In these cases, the residual intensity
was removed by subtracting the average intensity over the range
0.085 < q < 0.100 Å-1.

Differential Scanning Calorimetry Sample Preparation and
Methods. Differential scanning calorimetry (DSC) was per-
formed on a TA Instruments DSC 2920. Samples were solution
cast in a glovebox into aluminum DSC pans from the same
solutions used to prepare scattering samples. The samples were
heated to 60 �C for ca. 18 h to remove remaining solvent. The
samples were then crimped within the glovebox using hermeti-
cally 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 transitions recorded upon
the second heating were reported.

Results and Discussion

Thermal Properties of S2VP/[Im][TFSI] System. The ther-
mal properties of S2VP/[Im][TFSI] mixtures highlight the
complex effect of the addition of an ionic liquid to a block
copolymer. In the neat S2VP copolymers, a single Tg is
observed in the vicinity of 100 �C due to the similarity of
the Tg of the PS and P2VP homopolymers. While the Tg of
the PS phase remains in the viscinity of 100 �C upon the
addition of ionic liquid, the presence of a sufficient amount
of ionic liquid (>4 wt %) leads to a decrease in the Tg of the
P2VP-rich phase due to the high selectivity of [Im][TFSI] for
this phase.26 In Figure 2, the low temperatureTg is plotted as
a function of weight fraction of ionic liquid in the P2VP-rich
phase, wIL (where wIL and wP2VP sum to one), assuming all
ionic liquid partitions into the P2VP-rich phase. Represen-
tative differential scanning calorimetry (DSC) scans, used to
determine the Tg of the PS and P2VP phases of the mixtures,
are included in Supporting Information, Figure S1. The ratio
of [Im][TFSI] to P2VP is found to be predictive of the
P2VP/[Im][TFSI] Tg, regardless of the fPS and NT of the
S2VP copolymers, as indicated by the collapse of the data
onto a single curve. The Gordon-Taylor29 and Fox30 equa-
tions (eqs 1 and 2, respectively) have been routinely used to

Figure 1. Chemical structures of imidazolium and TFSI ions and
poly(styrene-block-2-vinylpyridine) copolymer.

Table 1. Characteristics of Block Copolymers Studied

sample total MW (g/mol) fPS PDI

constant NT

S2VP(4.4-10.8) 15 200 0.29 1.07
S2VP(4.9-6.6) 11 500 0.43 1.13
dS2VP(7.1-6.8) 13 900 0.50 1.10

constant NP2VP

P2VP(13.1) 13 100 0.00 1.06
S2VP(8.7-12.0) 20 800 0.42 1.02
S2VP(12.0-12.4) 24 300 0.49 1.19
S2VP(18.4-11.4) 29 800 0.62 1.10
S2VP(28.5-10.7) 39 200 0.73 1.04
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describe the Tg of polymer/molecular solvent mixtures and
polymer ion gels31 and are given by

Tg ¼ vILTg;IL þ vP2VPTg;P2VP ð1Þ

1

Tg
¼ wIL

Tg;IL
þ wP2VP

Tg;P2VP
ð2Þ

where vP2VP and vIL are the volume fractions of P2VP and
[Im][TFSI] in the P2VP/[Im][TFSI] phase. The Tg of
[Im][TFSI] is below the range of our DSC (-40 to 725 �C)
and also not available from the literature. Thus, the [Im][TFSI]
Tg was used as a fitting parameter to compare eqs 1 and 2 to the
P2VP/[Im][TFSI] Tg data. Neither the Gordon-Taylor nor

the Fox equations capture the composition dependence of the
Tg data. Both equations predict a monotonically decreasing
relationship between theTg of a polymer and the solventweight
or volume fraction with a concave-up curve shape. In contrast,
an unusual concave-down curve shape is observed in Figure 2.
It is conceivable that specific interactions between [Im][TFSI]
and P2VP that are not captured by the Gordon-Taylor or the
Fox equations lead to the unique composition dependence of
the Tg of the P2VP phase observed in Figure 2.

Lyotropic Phase Behavior.The phase behavior of mixtures
of [Im][TFSI] with two series of S2VP copolymers, one with
constantNT and one with constantNP2VP (Table 1), demon-
strates the similarity between mixtures of block copolymers
with a selective molecular solvent and mixtures with an ionic
liquid. Representative SAXS profiles are shown in Figure 3
from mixtures of S2VP copolymers of both series with
[Im][TFSI] to highlight specific lyotropic phase transitions.
Additional SAXS and SANS data are included in Support-
ing Information Figures S2 and S3, and Figure S4 features
expanded SAXS profiles such that detailed higher order
peaks and other subtle features are more clearly visible. In
Figure 3a, the neat S2VP(4.4-10.8) copolymer with fPS =
0.29 exhibits a hexagonally close-packed (HCP) cylinder
morphology with a domain spacing (d) of 14.9 nm (110
scattering plane). As expected, the addition of ionic liquid
(φP= 0.95-0.48) increases d, indicating that [Im][TFSI] acts
as a selective solvent in the S2VP copolymer.12 At a compo-
sition of φP= 0.42, the higher order scattering peaks reveal a
lyotropic transition to spheres packed on a body-centered
cubic (BCC) lattice. The presence of the

√
7q* scattering

peak as well as the higher scattering intensity of the
√
3q*

peak compared to the
√
2q* peak differentiates the observed

SAXS profile from that of spherical micelles oriented on a
Figure 2. Tg of the P2VP/[Im][TFSI] phase as a function of wIL

determined using DSC.

Figure 3. SAXS profiles of varying φP for (a) S2VP(4.4-10.8), (b) S2VP(4.9-6.6), and (c) S2VP(28.5-10.7) copolymers. In all cases, peak labels
correspond to the q/q* for scattering peaks and the profiles are recorded at 145 �C.
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simple cubic (SC) lattice.32 It appears that the coexistence
window required by Gibb’s phase rule between the two
phases is small (ΔφP e 0.06).33 As φP is decreased to φP =
0.37 and φP = 0.34, distinct shoulders are observed on the
primary scattering peak. At φP = 0.23 the q* peak narrows
and the higher order scattering peaks corresponding to BCC-
packed spheres persist, indicating that theφP=0.34 andφP=
0.37 mixtures consist of coexisting BCC-packed spheres with
slightly incommensurate unit cells. This finding suggests that
long equilibration times are necessary for the formation of
stable, ordered micellar structures in block copolymer/ionic
liquid mixtures,34 and that the driving force for recovery of
micellar phases at non-equilibrium lattice spacings is exceed-
ingly small.35

In a more nearly symmetric S2VP(4.9-6.6) copolymer
with fPS = 0.43 the neat lamellar structure swells to form a
HCP cylinder phase when 0.62 e φP e 0.86 (Figure 3b). At
φP = 0.52, a distinctive broadening of the q*,

√
3q*,

√
7q*,

and 3q* scattering peaks suggests a lyotropic transition;
however, the likelihood of coexistence makes phase identifi-
cation impossible. Upon further decreasing φP to φP= 0.29,
reflections at

√
3q*,

√
4q*,

√
8q*, and

√
20q* are observed

corresponding to a lyotropic transition to PS spheres on a
face-centered cubic (FCC) lattice.

Figure 3c illustrates the qualitative differences in the
lyotropic phase behavior of copolymers with a PS majority
phase. The HCP P2VP cylinders observed in the neat fPS =
0.73 S2VP(28.5-10.7) copolymer undergo a lyotropic phase
transition to a lamellar microstructure at φP=0.95. At φP=
0.70, a dramatic broadening of the q* peak is observed along
with weak, undulating higher order scattering peaks reveal-
ing micelles with liquidlike order (DM) that persist as φP is
further reduced to φP = 0.28. The asymmetry of the PS and
P2VP blocks in the fPS = 0.73 S2VP(28.5-10.7) copolymer
likely leads to packing frustration in the PS phase upon
addition of ionic liquid, which disrupts the formation of
long-range order (φPe 0.70). These findings demonstrate the
rich variety of microstructures attainable in S2VP/[Im]-
[TFSI] mixtures through modification of fPS, N, and φP.
Further, from the sequence of lyotropic phase transitions
observed in the fPS = 0.29, 0.43, and 0.73 copolymers it is
evident that the [Im][TFSI] ionic liquid selectively solvates
the P2VP block.

Lyotropic phase diagrams of the S2VP/[Im][TFSI] mix-
tures for the series of S2VP copolymers with constant NT

and NP2VP demonstrate similarities to the lyotropic phase
behavior of block copolymer/selective molecular solvent

mixtures (Figure 4). For example, spheres on a BCC lattice
are both predicted and experimentally observed in selective
solvent/block copolymer systems inwhich the corona layer is
large relative to the core14,32,36 and are also observed in
mixtures containing S2VP(4.4-10.8) (fPS = 0.29) at low φP.
For “inverted spheres”, in which the corona is small relative
to the core, FCC and BCC packings have been predicted and
observed for block copolymer/selective solvent systems.14,15

Block copolymers with thin corona layers in the most highly
selective solvents for the corona tend to form FCC-packed
spheres, which is consistent with the behavior of mixtures
containing the compositionally symmetric S2VP(4.9-6.6)
and S2VP(8.7-12.0) copolymers with [Im][TFSI]. For fPS
g 0.42, micelles with liquidlike order are observed in mix-
tures with the lowest values of φP characterized. The con-
centration range for the DM structures increases with
increasing fPS, similar to observations in molecular solvent
systems.11,37,38

The lyotropic phase diagramsdescribing S2VP/[Im][TFSI]
mixtures for constant NT (Figure 4a) and constant NP2VP

(Figure 4b) are compared to determine the effect of block
copolymer degree of polymerization on self-assembly. The
lyotropic phase behavior of the constantNT series andNP2VP

series are qualitatively similar with the notable exception
of the narrower φP window between lamellar and micellar
phases in the NP2VP series. As the PS blocks of the copoly-
mers in the constant NP2VP series systematically have a
higher degree of polymerization at a given fPS than those in
the constant NT series, the entropic penalty associated with
packing the long PS chains into HCP-ordered structures
may lead to the narrowing of the HCP PS cylinder (CPS)
region in favor of the formation of micellar phases. Further,
in Figure 4b, the complete disappearance of the CPS region
and unexpected narrowing of the lamellar window in mix-
tures with the fPS= 0.73 copolymer compared to the less PS-
rich copolymers also points to the role that packing frustra-
tion of PS chains may play in the rich lyotropic phase
behavior of these materials. In block copolymer/selective
molecular solvent mixtures, inversion of cylindrical phases
has been widely reported. Inversion of cylindrical phases
has been recently observed in PB-block-PEO/ionic liquid
mixtures,11 although the ionic liquids studied in these mix-
tures exhibit less selectivity compared to the S2VP/[Im]-
[TFSI] system. It is anticipated that packing frustration of
PS chains in the fPS = 0.73 copolymer mixtures in combina-
tion with the strong selectivity of the ionic liquid for the
P2VP block preclude formation of inverted cylindrical

Figure 4. Lyotropic phase diagrams of S2VP/[Im][TFSI] mixtures for (a) fixed NT and (b) fixed NP2VP at T = 145 �C. Markers indicate phases
identified using small-angle scattering, and dashed lines are drawn to indicate interpolated phase boundaries. Regions of coexistence are indicated
with diagonal shading. Phases are labeled as follows: lamellae (L), HCP PS cylinders (CPS), HCP P2VP cylinders (CP2VP), FCC and BCC PS spheres
(SPS,FCC and SPS,BCC, respectively), and micelles with liquidlike order (DM).
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phases on experimental time scales and instead lead to the
formation of micelles with liquidlike order.

From Figure 4 it is observed that the φP at which the
lamellae to CPS lyotropic phase transition occurs, φP,C-L,
decreases monotonically as fPS increases. The lamellar/CPS

phase boundary for a neat S2VP copolymer is determined by
fPS and the segregation strength, χN. The values of χN for the
neat S2VP copolymers with constantNP2VP as well as φP,C-L

and fPS,eff for the mixtures with [Im][TFSI] are shown in
Table 2, where fPS,eff is defined as the effective PS volume
fraction at the φP,C-L phase transition and was calculated by
assuming complete partitioning of the ionic liquid into the
P2VP phase. Self-consistent mean-field theory predicts a
lamellar/CPS phase boundary between 0.32 e fPS e 0.33
for strongly segregated block copolymers and predicts the fPS
of this transition to decrease with increasing χN for χN less
than about 30.39 The neat copolymers in Table 2 span the
weakly and strongly segregated regimes (χN ranges from
24.6 to 35.6). It is evident in Table 2 that fPS,eff for the mix-
tures is larger than the fPS of the lamellar/CPS phase bound-
ary predicted for strongly segregated copolymers and that
fPS,eff increases with increasing χN rather than decreasing
with increasing χN as predicted for neat block copolymers
for χN less than 30. It is probable that the addition of ionic
liquid alters the statistical segment lengths of the two copoly-
mer blocks, as has been observed in block copolymer/salt
mixtures,22 leading to this set of observations.

Domain Spacing. Theoretical14 and experimental14,17,41

studies have shown that the addition of a selective molecular
solvent to a block copolymer increases d following the power
law:

d∼φP
R ð3Þ

whereR is ameasure of the solvent selectivity. Previously, the
domain spacing of a symmetric S2VP block copolymer
swollen with [Im][TFSI] was shown to increase according
to eq 3 (R < 0), indicating that the ionic liquid selectively
solvates one block of the S2VP copolymer.12 In Figure 5, a
plot of d vs φP for lamellar mixtures of the constant NP2VP

copolymer series at 145 �C is shown to examine the effect of
fPS on R. The “affine dilution” limit describes the scenario in
which the insoluble block is large compared to the solvated
block. In this limit R=-1 and the interfacial area per chain
(A) remains constant upon the addition of solvent.17 For a
lamellar phase, A is given by

A ¼ V

dφP

ð4Þ

where V is the volume of the insoluble phase. For mixtures
containing the highly asymmetric S2VP(28.5-10.7) copoly-
mer in [Im][TFSI], R = -1.1 ( 0.1. As fPS decreases, the
value of R becomes more negative, in stark contrast to
observations of mixtures with molecular solvents.17,42 On
the basis of eqs 3 and 4 and values of R < -1, A must
decrease with decreasing φP, revealing that interfacial chain

stretching perpendicular to the interface dominates over
chain swelling parallel to the interface upon the addition of
ionic liquid. While the origin of the increased segregation
strengths compared to mixtures of block copolymers with
molecular solvents cannot be definitively established from
the current data set, it is anticipated that phase immiscibility
is increased due to the presence of ions in the high dielectric
P2VP phase, which comes about from a higher enthalpic free
energy gain from ion solvation in the P2VP phase compared
to the entropic penalty to confining the ions within a single
phase.23 The strong ion selectivity for the P2VP phase is
supported by thermal characterization of the mixtures, in
which the Tg of the P2VP phase decreases upon addition of
[Im][TFSI] while the Tg of the PS phase remains in the
vicinity of the neat Tg.

In Figure 6, the domain spacing of the neat S2VP copo-
lymers with constantNP2VP is shown to vary withNT as d=
γNT

δ, where δ= 2/3 within error, in agreement with strong
segregation limit (SSL) scaling and experimental observa-
tions of the intermediate segregation regime43-46 (18e χNe
47 for the neat copolymers at 145 �C, as calculated from the
Flory-Huggins temperature dependence suggested by
Schulz et al.40). The prefactor, γ, is known to depend on
morphology, fPS, the ratio of the two statistical segment
lengths (aPS/aP2VP), and χ.43,44 Since the SSL scaling beha-
vior of d ∼ NT

2/3 is also observed for fixed values of IL:2VP

Table 2. fPS,eff forMixtures of [Im][TFSI] andS2VPCopolymers with
Constant NP2VP

fPS of neat copolymer χNa
φP,C-L

b fPS,eff
b

0.42 24.6 0.85( 0.02 0.35( 0.01
0.49 28.9 0.78( 0.09 0.38( 0.04
0.62 35.6 0.67( 0.04 0.42( 0.02

a χN (T= 145 �C) was determined from ref 40. bError in φP,C-L and
fPS,eff is related to the range of φP separating lamellar and CPS samples in
Figure 4b.

Figure 5. Lamellar domain spacing, d, vs φP determined from SAXS
data at 145 �C.A power law, d∼ φP

R, is used to obtainR, and the errors
represent one standard deviation of the fit.

Figure 6. Lamellar domain spacing, d, vs NT determined from SAXS
data at 145 �C for S2VP copolymers with fixed NP2VP, for the neat
copolymer (2), IL:2VP = 0.74 (9), and IL:2VP = 0.28 ([). A power
law fit, d= γNT

δ, is used to obtain δ (reported errors are one standard
deviation of the fit).
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as shown in Figure 6, where IL:2VP is the molar ratio of
[Im][TFSI] to P2VPmonomers, γ is a function of IL:2VP. In
Table 3, γ is tabulated as a function of IL:2VP, where γ was
calculated from power law fits to the data in Figure 6 with
both γ and the NT power law dependence (δ) used as fitting
parameters. γ was found to increase monotonically with
increasing IL:2VP. While the effective χ is expected to
increase with increasing IL:2VP based on the highly negative
values of R observed, further studies of chain statistical
dimensions are necessary to quantitatively estimate the
effective χ from the domain spacing data.

Thermotropic Phase Behavior. It is anticipated that addi-
tion of [Im][TFSI] will increase the TODT of neat S2VP
copolymers due to increased segregation strength of the
system. In Figure 7a, SAXS profiles are shown for the neat,
lamellar S2VP(4.9-6.6) copolymer at varying temperatures.
AnODT is evident at 185( 20 �Cbased on the discontinuous
change in the full width at half-maximum (fwhm) and
intensity of the q* peak shown in Figure 7b. The ODT is
fully reversible upon cooling and in close agreement with
the predicted TODT (197 �C) of a fPS = 0.50, NT = 110

copolymer (as calculated from the Flory-Huggins tempera-
ture dependence suggested by Schulz et al.40). In Figure 7c,
SAXS profiles for S2VP(4.9-6.6)/[Im][TFSI] mixtures for
varying φP at 225 �C are shown. The profiles are remarkably
similar to those observed at 145 �C (Figure 3b) and indicate
that across a wide range of φP the ordered block copolymer
phase is stabilized with respect to temperature by the pre-
sence of ionic liquid. While the origin of the increased TODT

in the S2VP/[Im][TFSI] system cannot be definitively estab-
lished from the current, limited data set, such behavior could
result from one or both of the following possibilities: (1) the
PS and P2VP interaction parameters with [Im][TFSI] are
strongly temperature-dependent or (2) as observed from
domain scaling analysis, the S2VP/[Im][TFSI] mixtures have
increased segregation strength compared to the neat S2VP
copolymer due to the enthalpically driven presence of ions in
the P2VP phase.

Conclusions

The phase behavior of S2VP/[Im][TFSI] mixtures for copoly-
mers with a wide range of fPS and NT was studied using SAXS,
SANS, and DSC. The observed dependence of the P2VP/[Im]-
[TFSI] phase Tg on IL:2VP was found to be independent of fPS
and NT of the copolymer and cannot be predicted by standard
theories for the thermal properties of polymer/molecular sol-
vent mixtures. SAXS and SANS characterization revealed the
existence of lamellar, cylindrical, ordered micellar, and dis-
ordered micellar phases, in agreement with studies of block

Table 3. γ as a Function of IL:2VP

IL:2VP γa

0.00 0.48( 0.07
0.28 0.59( 0.12
0.74 0.68( 0.35

aError in γ is one standard deviation of the fit.

Figure 7. (a) SAXSprofiles (offset for clarity) ofφP=1.00, S2VP(4.9-6.6) at varying temperatures. (b) Plot of I(q*) (0) and fwhm (Δ) vs temperature
(�C) of φP= 1.00, S2VP(4.9-6.6). The ODT is defined as the point at 185( 20 �C, and overlapping data points at a given temperature were recorded
upon heating and cooling. (c) SAXS profiles (offset for clarity) of S2VP(4.9-6.6)/[Im][TFSI] mixtures at varying φP at 225 �C.
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copolymer/selective molecular solvent mixtures. Scaling analysis
of the S2VP/[Im][TFSI] mixtures revealed a decrease in the
interfacial area occupied by each S2VP chain upon the addition
of ionic liquid, which indicates an increase in segregation strength
upon the addition of ionic liquid that is larger than previous
observations of block copolymer/selective molecular solvent
mixtures and is due to the enthalpically driven presence of ions
in the highdielectric P2VPphase.Across a broad range of IL:2VP
ratios, d of themixtures was found to follow themolecularweight
scaling predicted by SSL theory. An increase in the TODT of the
S2VP/[Im][TFSI] mixtures compared to the neat copolymer was
in qualitative agreement with the scaling analysis.
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