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ABSTRACT: The distribution of an ionic liquid within microphase-separated domains of a block copoly-
mer in mixtures of the two components is studied using contrast-matched small-angle neutron scattering
(SANS) and differential scanning calorimetry (DSC). In concentrated mixtures of a poly(styrene-block-
2-vinyl pyridine) (S2VP) copolymer in an imidazolium bis(trifluoromethane)sulfonimide ([Im][TFSI]) ionic
liquid (block copolymer volume fraction ranging from 0.51 to 0.86), the ionic liquid preferentially pervades
the poly(2-vinyl pyridine) (P2VP) blocks.Unexpected differences in the degree of partitioning into P2VP-rich
and polystyrene-rich (PS) microphases are observed in mixtures with hydrogenated versus deuterated
[Im][TFSI]. In the case of mixtures with hydrogenated [Im][TFSI], the microphase partition coefficient,
defined as the ratio of the ionic liquid volume fraction in the PS-rich microphase relative to that in the P2VP-
rich microphase, ranges from 0.0 to 0.1. In contrast, the microphase partition coefficient in mixtures with
deuterated [Im][TFSI] range from 0.0 to 0.7.

Introduction

Block copolymers are an extensively studied class of materials
that self-assemble on the 10 nm length scale.1 Additives such as
molecular solvents, salts, and nanoparticles have been combined
with block copolymers to provide functionality, and the resulting
multiphase systems are themselves topics of vibrant research.
Polymer/ionic liquid mixtures have been the subject of an
increasing number of publications2 because of the opportunities
created by the combination of a solid polymer support and the
attractive physiochemical properties of ionic liquids, such as
nonflammability, negligible vapor pressure, high ionic conduc-
tivity, and wide electrochemical stability window,3 for applica-
tions including battery electrolytes,4 fuel cells,5 and field-effect
transistors.6 Block-copolymer-based electrolytes showpromise in
decoupling mechanical and ion-conducting properties critical for
such applications.7,8

To date, studies of block copolymer/ionic liquidmixtures have
largely explored the self-assembly of these systems from the
perspective of polymer/solvent interactions over a broad range
of compositions,9-11 and these prior studies are comprehensively
reviewed in ref 11. In most cases, the block copolymers contain a
polar block that is miscible with the ionic liquid and a nonpolar
block that is immiscible with the ionic liquid. The miscible block
forms the functional ion-transporting channel, whereas the immis-
cible block provides mechanical stability. To our knowledge,
there are no prior studies of the distribution of an ionic liquid
within block copolymer microphases. This knowledge is crucial
for enabling applications because high concentrations of the ionic
liquid in the nonpolar microphases may decrease the efficiency of
ion transport and plasticize the microphases that are intended to
provide mechanical stability.

Small-angle neutron scattering (SANS),12 resonant soft X-ray
scattering (RSoXS),13 and energy-filtered transmission electron
microscopy (EFTEM)14 are techniques that can, in principle, be
used to determine the distribution of a component of interest in

complex,multicomponent systems. In this study,we report on the
use of contrast-matched SANS to characterize the distribution of
an imidazolium bis(trifluoromethane)sulfonimide ([Im][TFSI])
ionic liquid within poly(styrene-block-2-vinyl pyridine) (S2VP)
copolymer domains (Figure 1). A simple model is presented for
determining the distribution of [Im][TFSI] in PS- and P2VP-rich
microphases at varying block copolymer concentrations. To-
gether with thermal characterization of the S2VP/[Im][TFSI]
mixtures using differential scanning calorimetry (DSC), we find
an unexpected dependence of the partitioning of [Im][TFSI]
within block copolymer domains on deuterium labeling of the
ionic liquid.

Experimental Section

Polymer Synthesis and Characterization. Three S2VP copoly-
mers were synthesized via anionic polymerization using stan-
dard methods.15 The number-average molecular weight (Mn) of
the polystyrene (PS) hompolymers and polydispersity (PDI) of
each block copolymer were determined using gel permeation
chromatography (GPC), and the total number-averaged mole-
cular weights of the block copolymers were determined via 1H
NMR (Bruker AVB-300). The S2VP copolymers are designated
as hS2VP(xx-yy) or dS2VP(xx-yy), where xx and yy refer to the
number-average molecular weights in kilograms per mole of the
PS and P2VP blocks, respectively, and the prefix h or d indicates
a hydrogenated or deuterated PS block. For dS2VP, d8-styrene
monomer (Polymer Source) was utilized. In Table 1, theMn, PS
volume fraction (fPS), and polydispersities of all copolymers are
given.

Ionic Liquid Purification. Imidazole (g95%) and bis(trifluo-
romethane)sulfonimide (HTFSI, g95%) were purchased from
Sigma Aldrich and d-imidazole (d4, g98% deuteration, g98%
purity) was purchased from Cambridge Isotopes. Each com-
pound was purified by sublimation under vacuum. DSC was
used to assess the purity of the starting materials. Purified
imidazole and HTFSI were combined in equimolar quantities
in a glovebox, sealed, and heated in an oven outside the glove-
box to 100 �C for 2 to 3 h to prepare the ionic liquid [Im][TFSI].*Corresponding author. E-mail: nbalsara@berkeley.edu.
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The composition of both [hIm][TFSI] and [dIm][TFSI], where
the prefix h or d indicates a hydrogenated or deuterated imida-
zolium cation, respectively, was confirmed by comparing the
melting point (72-74 �C) with literature.16

Small-Angle Neutron Scattering Sample Preparation and

Methods. Dichloromethane was degassed using three freeze,
pump, thaw cycles, stirred over CaH2 overnight, then distilled
into a collection flask, brought into a glovebox, and stored on
molecular sieves. Predetermined quantities of [hIm][TFSI],
[dIm][TFSI], hS2VP(7-7), hS2VP(12-12), and dS2VP(7-7) were
weighed in glass vials, and ca. 5 wt % solutions were prepared
using dichloromethane in the glovebox. Solutions were stirred
overnight. Sampleswere cast into sample cells with an aluminum
spacer sealed onto a quartz window on one side in the glove-
box. The polymer/ionic liquid solutionwas put in the sample cell
one drop at a time. Solvent was allowed to evaporate before the
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 and then annealed 2 to 3 h at
145 �C inside the glovebox. A second quartz window was glued
to seal the samples in the glovebox, 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, φP, assuming ideal mixing.
The densities of [hIm][TFSI] and [dIm][TFSI] were estimated to
be 1.67 and 1.69 g/cm3, respectively, from scattering length
density fits of SANS intensity profiles presented in this article.
The densities of hPS, dPS, and P2VPwere taken to be 1.05, 1.12,
and 1.05 g/cm3, respectively.17,18

SANS measurements were performed at the National Insti-
tute of Standards and Technology (NIST) on the NG7 SANS
instrument.19 Neutrons with a 6 Å wavelength and a sample-to-
detector distance of 13, 4.5, and 1mwere utilized at NIST. Data
from room-temperature samples were collected, and the inten-
sity was corrected for instrumental background, empty cell
scattering, sample transmission, and incoherent background
with user-facility developed software.20 This gives the coherent
scattering intensity, I, as a function of the magnitude of the
scattering vector, q, q=(4π/λ) sin(θ/2), where λ is the neutron
wavelength and θ is the scattering angle. In some samples, a
small positive scattering intensity in the range of 0.1 cm-1

remained after this data reduction procedure probably due to
the fact that our procedures for correcting for incoherent
scattering are approximate.12 In these cases, the residual inten-
sity was removed by subtracting the average intensity over the
range 0.40 < q < 0.59 Å-1.

Differential Scanning Calorimetry Sample Preparation and

Methods. 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 scattering
samples. The samples were heated to 60 �C in the glovebox for ca.
18 h to remove remaining solvent and then annealed 2 to 3 h at
145 �C inside the glovebox. The samples were then crimped within
the glovebox using hermetically sealed pans and placed inside a
container with desiccant for transfer to theDSC. Indium and dode-
canewere used as calibration standards for theDSC. Samples under-
went three heating and cooling cycles to ensure reproducibility.

Results and Discussion

Experimental Observations.Representative SANSprofiles
from mixtures with a fixed polymer concentration φP=0.86
are shown in Figure 2. All scattering profiles were recorded
at 30 �C. The parameter fd, defined as the volume fraction of
dS2VP(7-7) in the mixture without ionic liquid, indicates the
composition of the deuterated polymer in each mixture.
S2VP/[hIm][TFSI] data are shown in Figure 2a. The mixture
with fd=1.00 exhibits a lamellar morphology with peaks at
q = q*, 2q*, and 3q* (where q* is the magnitude of the
scattering vector at the primary peak). The introduction of
hS2VP(7-7), that is, decreasing fd, results in a decrease in the
intensity of the primary peak and a loss of higher order peaks
due to a decrease in the neutron scattering contrast between
the PS-rich and the P2VP-rich lamellae. At fd = 0.20, the
primary peak is absent, indicating a perfect match in the
contrasts of the PS-rich and the P2VP-rich lamellae. Further
reduction of fd leads to an increase in scattering intensity of
the primary peak. At fd=0.10, higher order peaks corres-
ponding to the lamellar phase reappear. Qualitatively simi-
lar results are obtained from S2VP/[dIm][TFSI] mixtures
with the contrast matching condition occurring at fd=0.25,
as shown inFigure 2b. The center-to-center distance between
adjacent PS lamellae, l=2π/q*, is 19.8 ( 0.2 nm in the fd=
1.00 samples in both [hIm][TFSI] and [dIm][TFSI] ionic
liquids, indicating that deuteration of imidazole does not
influence the observed morphology. The small change in
l observed in both [hIm][TFSI] and [dIm][TFSI] mixtures
with S2VP copolymer as fd is varied and is probably caused
by a slight mismatch of molecular weight in the hS2VP(7-7)
and dS2VP(7-7) copolymers. Additional contrast matching
experiments were performed on φP = 0.70 and 0.51 S2VP
copolymer mixtures in both [hIm][TFSI] and [dIm][TFSI].
The SANS profiles of these samples are shown in Figures S1
and S4 in the Supporting Information.

SANS Contrast Matching Methodology. The scattering
intensity from a given sample wherein only fd is varied is
given by ref 21

Iðq�Þ� ðbS, eff - bV, effÞ2 ð1Þ
where I(q*) is the primary peak scattering intensity and
bi,eff is the effective scattering length density of microphase
i (S implies PS-rich microphase and V implies P2VP-rich
microphase). Assuming a homogeneous distribution of
[Im][TFSI] within PS-rich and P2VP-rich microphases, we
can write bi,eff as

bi, eff ¼
X
j

φi, jbj ð2Þ

where φi,j is the mean intrablock volume fraction of compo-
nent j (j=PS, P2VP, or IL) within microphase i and bj is the
scattering length density of component j, given in Table 2.
Therefore, as an example, the intrablock volume fraction of
ionic liquid within the PS-rich microphase is given by φS,IL.

Figure 1. Chemical structure of imidazole and HTFSI ions and poly-
(styrene-block-2-vinyl pyridine) copolymer.

Table 1. Characteristics of Copolymers Used in this Study

block copolymer Mn PS (g/mol) Mn P2VP (g/mol) fPS PDI

dS2VP(7-7) 7100 6800 0.50 1.10
hS2VP(7-7) 7400 7000 0.48 1.13
hS2VP(12-12) 12 000 12 400 0.49 1.19
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A full list of variable definitions is available in Table S1 in the
Supporting Information. The intrablock volume fractions,
φi,j, of each microphase i is constrained byX

j

φi, j ¼ 1 ð3Þ

We introduce a variable, fS, the volume fraction of the PS-
rich microphase swollen with ionic liquid. By definition, fV,
the volume fraction of the P2VP microphase swollen with
ionic liquid, is given by

fV ¼ 1- fS ð4Þ
The intrablock volume fractions of ionic liquid within the
microphases, φS,IL and φV,IL, are related by the following
ionic liquid material balance

φV, IL ¼ ð1-φPÞ- fS � φS, IL

fV

 !
ð5Þ

The degrees of mixing between the PS/P2VP blocks, quanti-
fied by φS,P2VP and φV,PS, are related by the following PS
material balance

φV,PS ¼ fPS � φP - fS � φS, PS

fV

 !
ð6Þ

where fPS is the known volume fraction of PS in the neat
copolymer and φP is the known overall volume fraction of
polymer in the mixtures. Equations 2-6 contain eight
unknown variables, and thus there are three independent
variables that we determine from the SANS data: φS,IL, φS,
P2VP, and fS. Previous studies that have examined the effect
of deuteration on polymer thermodynamics suggest that
the effect of deuterium labeling of PS chains on thermo-
dynamics should be negligible.22-25 We thus assume that
changes in fd do not affect the distribution of the compo-
nents.

Primary peak intensities, I(q*), were extracted from the
SANS data assuming a power law background in the
vicinity of the peak. We focus on I(q*)/Ih(q*), which is
the peak intensity normalized by the peak intensity of the
fd=0.00 sample. We determined initial values of fS and fV
for calculating I(q*)/Ih(q*) by assuming that all of the ionic
liquid pervades the P2VP-rich microphase (φS,IL = 0.00)
using a material balance on P2VP and ionic liquid in the
P2VP-rich microphase (eq 7). An iterative procedure based
on eq 7 was used to recalculate the values of fS and fV as the

Figure 2. SANS intensity profiles (offset for clarity) as a function of scattering vector q for φP= 0.86 mixtures in (a) [hIm][TFSI] and (b) [dIm][TFSI]
with varying fd of the hS2VP(7-7)/dS2VP(7-7) copolymers at 30 �C. In all cases, the individual intensity profiles are labeled with the volume fraction of
dS2VP.

Table 2. Scattering Length Densities of Polymers and Ionic Liquids

component neutron, b/v � 106 (Å-2) volume (Å3)

hPS 1.41 179
dPS 6.40 179
P2VP 1.96 179
[hIm][TFSI] 3.06 347
[dIm][TFSI] 5.04 347
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partitioning of ionic liquid and mixing between PS/P2VP
blocks was varied

fV ¼ fP2VPφP þð1-φPÞ
f
†
V � φ

†
V, IL

f
†
V � φ

†
V, IL þ f

†
S � φ

†
S, IL

0
@

1
A ð7Þ

where a † superscript denotes the corresponding composi-
tion values for the prior iteration and fP2VP is the known
volume fraction of P2VP in the neat copolymer. The itera-
tions were repeated until the calculated and measured de-
pendence of I(q*)/Ih(q*) on fd were in agreement.

From our previous work, we have found that S2VP/[Im]-
[TFSI] mixtures with similar molecular weights as the copo-
lymers used in this study exhibit strong segregation limit
molecular-weight-dependent scaling behavior over a broad
range of φP.

26 Helfand and Tagami have shown using self-
consistent field theory (SCFT) that the interfacial width, w,
between block copolymer domains scales as w ≈ χ-1/2 for
small values of χ,27 where χ is the Flory-Huggins interaction
parameter. Subsequently, Shull determined the dependence
ofw on χN for finite values of χN in block copolymers, where
N is defined as the degree of polymerization.28 In the case of
block copolymers dissolved in a selective molecular solvent,
Huang and Hsueh determined using SCFT that the chain
intermixing increases with dilution.29 On the basis of ref 29,
we estimate that the width of the interface increases by about
a factor of two or less relative to the dry state, when φP=0.51
(the lower limit of our experimental window). Using the
argument that φV,PS and φS,P2VP are of order w/l, we obtain
the restriction that 0 e φV,PS e 0.15 and 0 e φS,P2VP e 0.15.
We use this restriction to evaluate the partitioning of the ionic
liquid between the PS-rich and the P2VP-rich microphases.

Determination of Ionic Liquid Distribution. In Figure 3a,
we compare the experimentally observed I(q*)/Ih(q*) values
(symbols) from φP = 0.86 S2VP/[hIm][TFSI] with calcula-
tions (curves) based on eqs 1-7. The two curves in Figure 3a
correspond to two different compositions that are labeled p1
and p2. The volume fractions of the components within the
PS- and PVP-rich microphases, corresponding to profiles p1
and p2, are given in Figure 3b. Profile p1 assumes complete
partitioning of [hIm][TFSI] into P2VP blocks with moderate
mixing of PS and P2VPmicrophases (φS,P2VP=0.15, φV,PS=
0.13). The predicted dependence of I(q*)/Ih(q*) on fd based

on p1 exhibits a contrastmatch at fd=0.18 in agreementwith
experiments. In addition, the measured increase in I(q*)/
Ih(q*) as fd deviates from the contrast matching point is in
agreement with the predictions based on p1. Profile p2 results
from the same degree of PS andP2VPmixing as p1, but someof
the [hIm][TFSI] is allowed to pervade PSmicrophases (φS,IL=
0.05 andφV,IL=0.19). The predicted dependence of I(q*)/Ih(q*)
on fd based on p2 exhibits a contrast match at fd=0.16, which is
well-removed from the experimental observation. In addition,
profilep2 substantiallyoverpredicts I(q*)/Ih(q*) at highvaluesof fd.

We define a microphase partition coefficient of the ionic
liquid, γIL, as

γIL ¼ φS, IL

φV, IL
ð8Þ

The values of γIL were determined from the best fit of the
dependence of I(q*)/Ih(q*) on fd. Error bars for γIL are
determined from the 95% confidence interval of the best fit
determined from analysis of the residuals and represent a

Figure 3. (a)Comparisonof experimentallymeasured andmodeled I(q*)/Ih(q*) forφP=0.86 solutions in [hIm][TFSI] as a functionof fd at 30 �C. Inset
shows detail near contrast match composition. (b) Composition of PS-rich and P2VP-rich microphases in φP = 0.86 S2VP copolymer/[hIm][TFSI]
mixtures for profiles p1 and p2 corresponding to I(q*)/Ih(q*) profiles in part a.

Figure 4. Comparison of experimentally measured and modeled I(q*)/
Ih(q*) for φP = 0.86 solutions in [dIm][TFSI] as a function of fd at
30 �C. Inset shows detail near contrast match composition. See Figure 3b
for the composition of PS-rich and P2VP-rich microphases in φP =
0.86 S2VP copolymer/[dIm][TFSI] mixtures of profiles p1 and p2.
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range of γIL values that satisfy the residuals constraint and
not a standard deviation. Using this approach, we obtain γIL
for [hIm][TFSI] in S2VP at φP=0.86 to be 0.02 ( 0.02.

In Figure 4, we compare the experimentally observed
I(q*)/Ih(q*) values (symbols) from φP = 0.86 S2VP/[dIm]-
[TFSI] with calculations (curves) based on eqs 1-7. The two
curves in Figure 4 correspond to compositions p1 and p2
defined in Figure 3b. In this case, profile p1, predicts a
minimum at fd = 0.30, which is well-removed from the
experimentally observed contrast matching point. In addi-
tion, the calculated p1 profile severely underpredicts the
value of I(q*)/Ih(q*) at large values of fd. In contrast, both
the location of the minimum in I(q*)/Ih(q*), and the increase
in I(q*)/Ih(q*) as the composition departs from the contrast
matching point is captured by predictions based on profile
p2. It is evident that there is a relatively large concentration
of [dIm][TFSI] in the PS-richmicrophase. On the basis of the
method described above, we determine γIL for [dIm][TFSI] in
S2VP at φP=0.86 to be 0.13 ( 0.13.

We repeated the analysis described above for varying φP
values. Results obtained at φP=0.70 and φP=0.51 S2VP/
[hIm][TFSI] and S2VP/[dIm][TFSI] mixtures are given in the
Supporting Information. The results of this analysis are
summarized in Figure 5, where we plot γIL versus φP for
the S2VP/[hIm][TFSI] and S2VP/[dIm][TFSI] mixtures. In-
cluded in Figure 5 are additional data obtained from mix-
tures ofhS2VP(12-12) and dS2VP(7-7) copolymers. (Ourdiscus-
sion thus far has been focused onmixtures of hS2VP(7-7) and
dS2VP(7-7) copolymers.) The analysis indicates that γIL
for [dIm][TFSI] ranges from 0 to 0.67, whereas that of
[hIm][TFSI] is in the vicinity of 0 to 0.10. Despite the large
error bars, it is evident that γIL increases with increasing
ionic liquid concentration in the case of [dIm][TFSI]. The
observed [dIm][TFSI] partitioning is not significantly af-
fected by morphological changes; both the φP = 0.86 and
φP=0.70 mixtures exhibit a lamellar morphology, whereas
the φP = 0.51 mixture exhibits a hexagonally close-packed
cylinder morphology.

The striking difference in partitioning of the deuterated and
protonated ionic liquid in the PS- and P2VP-rich microphases,
seen in Figures 3-5, is unexpected. The error bars in Figure 5
mainly reflect our inability to ascertain the extent of inter-
mixing of the PS and P2VP chains and the fact that the
calculations are constrained by 0 e φS,P2VP e 0.15 and 0 e

φV,PSe 0.15. Figure 6 is a plot of γIL as a function of φS,P2VP
for φP=0.70 S2VPmixtures in [hIm][TFSI] and [dIm][TFSI],
where there are no constraints on φS,P2VP and φV,PS. For the
φP=0.70 S2VP/[hIm][TFSI] mixtures, a minimum degree of
PS/P2VP mixing (φS,P2VP=0.13) is necessary to achieve an
acceptable fit to the contrast match SANS data. As φS,P2VP is
increased above this value, a range of γIL values are con-
sistent with the SANS data as indicated in Figure 6. In the
case of the S2VP/[dIm][TFSI] mixtures a satisfactory fit can
be achieved with no PS/P2VP mixing (φS,P2VP= 0.00). We
thus show γIL obtained over the entire range 0 e φS,P2VP e
0.35. At φS,P2VP values above 0.35, the predictions and
measured dependencies of I(q*)/Ih(q*) on fd are not in
agreement, and the absolute upper bound for φPS,P2VP
is thus 0.35. In Figure 6, we see that γIL from [dIm]-
[TFSI] samples is significantly larger than that of [hIm]-
[TFSI] for all values of φS,P2VP. The larger value of γIL of
[dIm][TFSI] samples is expected to lead to more intermixing,
that is, a larger value of φS,P2VP. This will only increase
the disparity betweenγIL from the [dIm][TFSI] mixture relative
to the [hIm][TFSI]mixture.Our conclusion thatγIL is greater in
the case of the deuterated ionic liquid is thus robust.

In the case of the φP= 0.51 S2VP/[hIm][TFSI] mixtures,
we were unable to achieve a satisfactory fit to the contrast

Figure 5. Ionic liquid partition coefficient (γIL) for varying S2VP/
[hIm][TFSI] and S2VP/[dIm][TFSI] mixture compositions at 30 �C.
For φP=0.86mixtures only, “HMW”denotes the use of hS2VP(12-12)
in place of hS2VP(7-7). Error bars for γIL are determined from the 95%
confidence interval of the best fit determined from analysis of the
residuals and represent a range of γIL values that satisfy the residuals
constraint.

Figure 6. Ionic liquid partition coefficient (γIL) for φP = 0.70 S2VP/
[hIm][TFSI] and S2VP/[dIm][TFSI] mixtures as a function of PS/P2VP
mixing (φS,P2VP) at 30 �C. Error bars for γIL are determined from the
95% confidence interval of the best fit determined from analysis of the
residuals and represent a range of γIL values that satisfy the residuals
constraint.

Figure 7. SANS-determined values of I(q*)/I(q*, T = 30 �C) of φP =
0.86 samples with [hIm][TFSI] in hS2VP(12-12) (4) and dS2VP(7-7) (0)
copolymers along with predicted temperature-dependent values of
I(q*)/I(q*, T=30 �C) (lines, left-hand axis) and γIL (-b-, right-hand
axis).
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match SANS data with the PS/P2VP mixing constraint φS,
P2VP e 0.15. Upon relaxing the PS/P2VP mixing constraint
to φS,P2VPe 0.25, a satisfactory fit to SANS data is achieved
with γIL=0.10( 0.10, a value that is similar to that found at
other values of φP for the [hIm][TFSI] mixtures.We have not
included this data point in Figure 5 because it was obtained
using a different constraint on φS,P2VP.

Another constraint on the value of φS,P2VP is obtained
when we examine the temperature dependence of the SANS
results. In Figure 7, we plot the temperature dependence of
I(q*)/I(q*, T=30 �C) for the φP=0.86 hS2VP(12-12)/[hIm]-
[TFSI] and dS2VP(7-7)/[hIm][TFSI] mixtures (left-hand
y axis). I(q*)/I(q*, T=30 �C) is defined as the ratio of the
SANS-determined (or calculated) I(q*) to the I(q*) of the
same sample (or calculation) obtained at 30 �C. The corres-
ponding SANS profiles are given in the Supporting Informa-
tion (Figure S10). We anticipate that as the temperature of
the mixture increases, the selectivity of [Im][TFSI] for
the P2VP phase will decrease along with an increase in the
degree ofmixing between PS and P2VP blocks.30 On the basis
of the scattering length densities of the components (Table 2)
and eqs 1-7, this expectation would lead to a monotonic
decrease in the value of I(q*)/I(q*, T=30 �C) with increasing
temperature for both hS2VP(12-12)/[hIm][TFSI] and dS2VP-
(7-7)/[hIm][TFSI] mixtures with increasing temperature.
Instead, we observe that I(q*)/I(q*, T= 30 �C) of hS2VP-
(12-12)/[hIm][TFSI] increases with increasing temperature.

This trend can only be explained by a decrease in the
partitioning of [hIm][TFSI] into PS microphases accom-
panied by an increase in PS/P2VP mixing. The contrast
matching results from the φP = 0.86 S2VP/[hIm][TFSI]
mixtures at 30 �C indicated that γIL = 0.048 ( 0.048
(Figure 5). Predictions of I(q*)/I(q*, T = 30 �C) based on
eqs 1-7 are represented by the curves in Figure 7, and the
right-hand y axis in Figure 7 shows the temperature depen-
dence of γIL that was used in the predictions. The value of γIL
at 30 �C used in these predictions is 0.095, which is at the
upper end of the range of γIL established by the SANS
contrast matching experiments. The temperature depen-
dence of intermixing of the PS and P2VP blocks obtained
from this analysis is given in the Supporting Information
(Figure S11). Using γIL values <0.046 at 30 �C lead to
predictions that are inconsistent with experimental data. The
temperature-dependent data shown in Figure 7 provide
valuable additional constraints on the determination of the
ionic liquid distribution within the PS and P2VP micro-
phases.

DSC thermograms for varying φP of S2VP/[Im][TFSI]
mixtures in which either PS or [Im][TFSI] is deuterated are
presented in Figure 8a. For the neat copolymer samples, the
Tg values of hS2VP(12-12) and of dS2VP(7-7) are 95 and
98 �C, respectively, because of the similarities of the Tg values
of the PS and P2VP homopolymers. Samples with [Im][TFSI]
exhibit two Tg values, the low-temperature Tg representing

Figure 8. (a) DSC thermograms (offset for clarity) and (b) Tg,PS versus γIL for varying S2VP/[Im][TFSI] mixture compositions and deuterium
labelings. In part a, φP and high (V) and low (1) temperature Tg values are specified, and the heating rate is 10 �C/min. In parts a and b, h and d
correspond to hS2VP(12-12) and dS2VP(7-7), respectively, whereas [hIm] and [dIm] correspond to [hIm][TFSI] and [dIm][TFSI], respectively. In part b,
error bars for γIL are determined from the 95% confidence interval of the best fit determined from analysis of the residuals and represent a range of γIL
values that satisfy the residuals constraint.
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the P2VP-rich microphase plasticized by [Im][TFSI] and
the high-temperature Tg representing the PS-rich micro-
phase (Tg,PS) that contains a much lower concentration of
[Im][TFSI]. In Figure 8b, we plot Tg,PS as a function of
[Im][TFSI] partitioning in the PS-rich microphase deter-
mined by SANS. Error bars in Figure 8b correspond to the
range of γIL values shown in Figure 5. For the hS2VP/[hIm]-
[TFSI]mixtures, theTg,PS is in the vicinityof 100 �Cbecause of
the near-complete partitioning of [Im][TFSI] in the P2VP-rich
microphase. In contrast, mixtures containing [dIm][TFSI]
exhibit a lower Tg,PS. This finding is consistent with the
SANS data that reveal a significant concentration of [dIm]-
[TFSI] in the PS-rich microphase.

Our DSC measurements on [hIm][TFSI] and [dIm][TFSI]
indicate that the melting temperature of the salts were within
experimental error (72-74 �C), but the heat of fusion of
[hIm][TFSI] (ΔHfus = 18.2 ( 2.8 kJ/mol) was slightly less
than that of [dIm][TFSI] (ΔHfus=21.1( 1.4 kJ/mol). Simple
theories based on ideal solution thermodynamics would
indicate that [hIm][TFSI] would be expected to exhibit higher
solubility in a nonpolar polymer such as PS. The fact that we
observe the opposite effect indicates the need for more
sophisticated theories for understanding the interplay be-
tween molecular structure and solubility of ionic liquids in
polymers.

On the basis of χ measurements of hydrogenated versus
deuterated polymers, such as PS and poly(methyl
methacrylate),31 we anticipate variations on the order of
0.001 for χPS/P2VP caused by deuterium labeling. It is thus not
surprising that deuteration of the copolymers has little effect
on thermodynamics. Much less is known about the effect of
deuteration on ionic interactions and hydrogen bonding.
These effects are likely to play an important role in determin-
ing ionic liquid partitioning of S2VP/[Im][TFSI] mixtures.
Tsuda et al. have demonstrated a monotonic increase in the
strength of hydrogen bonding interactions with φP in mix-
tures of a poly(ethylene oxide)-based homopolymer and
1-ethyl-3-methylimidazolium [TFSI] mixtures related to the
properties of disassociated ions and their interactions with
polymer chains.32 Similar effects might underlie our obser-
vations in S2VP/[Im][TFSI] mixtures.

Conclusions

We have examined the distribution of an [Im][TFSI] ionic
liquid within microphase-separated S2VP copolymer domains in
concentrated mixtures of the two components. Using SANS
contrast matching and DSC, we established that the ionic
liquid selectively partitions into P2VP domains for mixtures in
the composition range 0.51 e φP e 0.86. Much more precise
measurements of the distribution of ionic liquidwould be possible
if the extent of intermixing of the PS and P2VP blocks in the
presence of ionic liquidwas known from independent experiments.
Despite this limitation, we show conclusively that deuterated
[Im][TFSI] is present in both PS-rich and P2VP-rich microphases,
whereas hydrogenated [Im][TFSI] is mainly present in the P2VP-
rich microphase. Further work is needed to determine the under-
pinnings of this unexpected deuterium labeling effect.
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