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ABSTRACT: Nanostructured membranes containing structural and
proton-conducting domains are of great interest for a wide range of
applications requiring high conductivity coupled to high thermal stability.
Understanding the effect of nanodomain confinement on proton-
conducting properties in such materials is essential for designing new,
improved membranes. This relationship has been investigated for a
lamellae-forming mixture of poly(styrene-b-2-vinyl pyridine) (PS-b-P2VP)
with ionic liquid composed of imidazole and bis(trifluoromethylsulfonyl)-
imide, where the ionic liquid selectively resides in the P2VP domains of
the block copolymer. Quasi-elastic neutron scattering and NMR diffusion
measurements reveal increased prevalence of a fast proton hopping
transport mechanism, which we hypothesize is due to changes in the
hydrogen bond structure of the ionic liquid under confinement. This, in
combination with unique ion aggregation behavior, leads to a lower
activation energy for macroscopic ion transport compared with that in a mixture of ionic liquid with P2VP homopolymer. The
proton transference number in both samples is significantly higher than that in the neat ionic liquid, which could be taken
advantage of for applications such as proton exchange membrane fuel cells and actuators. These results portend the rational
design of nanostructured membranes having improved mechanical properties and conductivity.

■ INTRODUCTION
Nanostructured membranes containing structural and ion-
conducting phases are of great interest for a wide variety of
applications requiring high ionic conductivity coupled to
mechanical durability. Such membranes may be designed to
exhibit continuous ion-conducting channels that lead to
enhanced conductivity compared with nonordered materials.
For instance, Nafion (Dupont) is currently the industry
standard proton-conducting polymer membrane for many
applications because of its exceptional conductivity and
mechanical properties that have been attributed to its nanoscale
phase separation into conducting, water-filled domains and
structural, hydrophobic domains.1 Furthermore, materials
designed to have well-ordered, continuous nanostructures
have significantly higher conductivities than comparable
nonordered materials.2,3 Understanding the effect of morphol-
ogy on conductivity has become increasingly important in
recent years as a tool for designing new, improved
membranes.4−9

Of the many factors contributing to improved conductivity in
nanostructured membranes (including conducting phase
continuity and increased contrast between conducting and

structural phases4,8,9), we expect differences in the local charge
carrier environment near the “walls” of conducting phases to
have a significant impact on the mechanism of conductivity. It
has been shown, for example, that hydrogen bonding is
significantly different at the walls of confined water
domains10−13 and that such effects have significant implications
for proton transport in hydrated Nafion.14−18 A few studies of
nanostructured materials with ion carriers other than water
have also identified wall effects on the mechanism of
conductivity.19,20 These effects were deduced largely based on
bulk conductivity measurements. In one case, NMR experi-
ments also provided clues as to how the local dynamics
change,20 but determining exactly how confinement affects the
molecular mechanisms of conductivity remains difficult.
Mixing a block copolymer with an ionic liquid is one route to

obtaining nanostructured, ion-conducting membranes having
high ionic conductivity coupled to favorable mechanical
durability. Ionic liquids have been selectively incorporated
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into one phase of a diblock copolymer, where the second phase
imparts mechanical durability to the membrane.21−26 Such
membranes self-assemble into well-defined nanostructures,
making them ideal materials for studying the relationship
between structure and conductivity. In this work, the effect of
confinement on the mechanism of conductivity has been
investigated for mixtures of the diblock copolymer poly-
(styrene-b-2-vinyl pyridine) (PS-b-P2VP) with the proton-
c o n d u c t i n g i o n i c l i q u i d , i m i d a z o l i u m : b i s -
(trifluoromethylsulfonyl)imide ([Im][TFSI]) having an excess
of imidazole, in which the ionic liquid is selective for the P2VP
phase of the block copolymer.
Nonstoichiometric [Im][TFSI] containing excess imidazole

conducts protons via two mechanisms: a vehicle mechanism
whereby protons are carried by imidazolium cations and a
proton-hopping mechanism whereby protons are transferred
between hydrogen bonded imidazole molecules.27 Excess
imidazole molecules act as proton “acceptors” that facilitate
proton hopping, increasing proton conduction vis-a-̀vis
conduction by vehicle diffusion alone.28,29 Because the
proton-hopping mechanism is strongly related to the hydrogen
bond network of imidazole and hydrogen bonding is known to
be affected by confinement, we surmise that proton hopping in
imidazole will also be affected by confinement (i.e., to block
copolymer nanodomains).
Previous studies of block copolymer/ionic liquid membranes

have focused on bulk conductivity measurements.7,21,26,30,31

These measurements have provided insight into the relation-
ship between structure and conductivity but afford limited
information regarding the mechanism of ionic liquid con-
ductivity. Combined conductivity and NMR studies of mixtures
of ionic liquids with homopolymers and random copolymers
have shown that specific interactions between the ionic liquid
and polymers greatly affect the prevalence of ion aggregation
and the number of effective charge carriers,32,33 yet there have
been no similar studies on mixtures containing protic ionic
liquids or having well-defined nanostructures. In this work, we
employ a combination of experimental techniques that together
probe the dynamics of a variety of molecular and atomic species
on length scales ranging from tenths of nanometers to
micrometers to millimeters to determine the effect of
confinement on the mechanisms of proton transport in a self-
assembled mixture of PS-b-P2VP block copolymer with
nonstoichiometric [Im][TFSI] ionic liquid, where the ionic
liquid is confined to P2VP domains. A mixture of non-
stoichiometric [Im][TFSI] with P2VP homopolymer has been
studied in addition to the block copolymer mixture to
discriminate effects of confinement from effects of mixing
with P2VP. We show that combining the ionic liquid with both
P2VP and PS-b-P2VP has significant effects on ion aggregation
and the proton transference number and, most strikingly, that
the amount of proton hopping compared with vehicle diffusion
is greatly increased in the nanostructured membrane. These
results portend the rational design of nanostructured
membranes having improved mechanical properties and
conductivity.

■ EXPERIMENTAL SECTION
Polymer Synthesis and Characterization. Hydrogenated and

deuterated poly(2-vinyl pyridine) (P2VP and dP2VP) and poly-
(styrene-b-2-vinyl pyridine) (PS-b-P2VP and dPS-b-dP2VP) were
synthesized via anionic polymerization as previously described.34 d8-
Styrene monomer (Polymer Source) and d7-2-vinyl pyridine monomer

(Isotec) were used to synthesize deuterated polymers. The molecular
weights of the polystyrene blocks (PS or dPS) were determined using
gel permeation chromatography (GPC), and the total molecular
weights of the block copolymers were determined using 1H NMR
(Bruker AVB 300 MHz). The molecular weight of P2VP was
determined using 1H NMR end-group analysis, and the molecular
weight of dP2VP was determined using GPC. GPC was used to assess
the polydispersity of each polymer. The degree of polymerization of
the P2VP or dP2VP block, NP2VP, the volume fraction of PS or dPS,
f PS, and the polydispersity index (PDI) of each polymer are given in
Table 1.

Ionic Liquid Purification and Preparation. Imidazole (≥95%),
d4-imidazole (≥98% deuteration), and bis(trifluoromethylsulfonyl)-
imide (HTFSI, ≥95%) were purchased from Sigma Aldrich and
purified by sublimation under vacuum. The final purity of each starting
material was assessed using differential scanning calorimetry (DSC)
and 1H NMR. Purified imidazole or d4-imidazole and HTFSI were
combined in a 4:1 molar ratio and heated to 100 °C for 2 to 3 h. The
compositions of the resulting nonstoichiometric [Im][TFSI] and
[dIm][TFSI] ionic liquids were confirmed by comparing the measured
melting points and 1H NMR profiles to literature.28 The structures of

the ionic liquid molecules are shown in Figure 1. Because of their
hygroscopic nature, the ionic liquids and their starting materials were
handled in an argon atmosphere glovebox and sealed sample holders at
all times.

Preparation of Polymer/Ionic Liquid Mixtures. Dichloro-
methane and tetrahydrofuran were degassed using three freeze,
pump, thaw cycles, dried by stirring over CaH2 overnight, and stored
on molecular sieves in an argon atmosphere glovebox. All further
sample preparation was performed within the glovebox. Predetermined
masses of ionic liquids and polymers were added to glass vials. Ca. 5 wt
% solutions were prepared by dissolving in dichloromethane (block
copolymer mixtures) or tetrahydrofuran (homopolymer mixtures),
and the solutions were stirred overnight. Samples were cast one drop
at a time into sample holders for DSC, small-angle X-ray scattering
(SAXS), quasi-elastic neutron scattering (QENS), and AC impedance
spectroscopy. Samples were cast onto pieces of Kapton for NMR.
Solvent was removed carefully so as not to remove simultaneously
excess imidazole. Block copolymer samples were heated to 65 °C for
precisely 30 min. Homopolymer samples were dried at 35 °C for 3
days. Complete solvent removal and negligible imidazole loss were
confirmed by 1H NMR. After solvent removal, DSC, SAXS, QENS,
and conductivity sample holders were sealed shut, whereas NMR
samples were scraped off of the Kapton and into sealable NMR tubes
(for diffusion measurements) or 4 mm (outer diameter) magic-angle
spinning (MAS) rotors. Samples were sealed in jars containing
desiccant for transportation to experimental apparatuses. The
exclusion of water from samples was confirmed by 1H NMR.

Table 1. Degree of Polymerization, Volume Fraction, and
PDI of Polymers Studied

polymer NP2VP f PS PDI

dP2VP 82 0.00 1.07
dPS-b-P2VP 72 0.71 1.04
P2VP 118 0.00 1.07
PS-b-P2VP 101 0.72 1.04

Figure 1. Chemical structure of nonstoichiometric [Im][TFSI]
molecules.
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Both homopolymer and block copolymer samples were prepared
and studied to distinguish the effects of mixing the ionic liquid with
P2VP from the effects of confining the ionic liquid to nanodomains.
The ratio of imidazole molecules to 2VP monomer units was held
constant at 1.16:1 for all samples, which translates into 30 mass
percent ionic liquid in the block copolymer samples and 59 mass
percent ionic liquid in the homopolymer samples. This ensured that
the glass-transition temperature of the P2VP/ionic liquid phase,
Tg,P2VP, was constant at ∼4 °C for each sample. The specific ionic
liquid loading was chosen to maximize the number of ionic liquid
protons so as to maximize the signal-to-noise ratio in NMR and QENS
experiments while limiting the ionic liquid concentration to the range
in which the block copolymer mixtures form lamellar nanostructures.
Deuterated polymers were used for NMR experiments so that the
ionic liquid protons could be easily resolved in NMR spectra.
Deuterated polymers as well as deuterated imidazole were used for
QENS experiments so that the dynamics studied were dominated by
the acidic proton. Hydrogenated materials were used for AC
impedance ionic conductivity measurements.
Differential Scanning Calorimetry. DSC samples were crimped

in an argon atmosphere glovebox using hermetically sealed pans and
placed inside a container with desiccant for transfer to the DSC. DSC
was performed on a TA Instruments DSC Q20. Indium and dodecane
were used as calibration standards. Samples underwent three heating
and cooling cycles with a scan rate of 10 °C/min, and thermal
transition temperatures from the second heating scan were recorded.
Morphology Characterization. Mixture morphologies were

determined using SAXS. Samples of ca. 1 mm thickness were cast in
an argon atmosphere glovebox into sample cells formed by an
aluminum spacer sealed onto a Kapton window on one side. After
heating to remove solvent, a second Kapton window was glued to seal
the sample cells, and the cells were sealed in jars containing desiccant
for transportation to the beamline. 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). Samples were
equilibrated within the beamline at 145 °C for 30−45 min before data
were gathered. At the ALS, the X-ray beam was focused to a 50 by 300
μm spot, and the X-ray wavelength was λ = 1.240 Å. Full 2-D
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 X-ray
beam was focused to a 0.5 mm diameter spot, and the X-ray
wavelength was λ = 1.488 Å. A single quadrant of a 2-D scattering
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.
The block copolymer mixtures in this study have lamellar

morphologies. Scattering patterns are shown in Figures S1a and S1b
in the Supporting Information. The deuterated mixture used for NMR
and QENS experiments has a lamellar domain size, d, of 37 nm,
calculated as 2π/q*, where q* is the primary scattering peak from
SAXS data. The size of the dP2VP/ionic liquid channel, then, is 17 nm,
assuming complete segregation of the ionic liquid to the dP2VP
domains, ideal mixing, and the density of the ionic liquid to be 1.4 g/
mL (based on volumetric measurements). The assumption of
complete ionic liquid segregation is justified based on the strong
selectivity of the ionic liquid for P2VP. The strong selectivity of
stoichiometric [Im][TFSI] has been previously demonstrated based
on the scaling behavior of d with mixture composition.25 Non-
stoichiometric [Im][TFSI] is also very selective for P2VP, as
evidenced by an increase in d with increased ionic liquid composition
(see Figure S1c in the Supporting Information) as well as negligible
change in the glass-transition temperature of the PS phase upon ionic
liquid addition. The hydrogenated PS-b-P2VP block copolymer used
for bulk ionic conductivity measurements has a slightly larger
molecular weight than the deuterated version, leading to a larger
lamellar domain size of the PS-b-P2VP/ionic liquid mixture of d = 43
nm (P2VP/ionic liquid channel size equal to 19 nm).

Ionic Conductivity Measurements. Bulk ionic conductivity was
measured using four-point probe AC impedance spectroscopy.
Samples were cast in an argon atmosphere glovebox into a homemade,
airtight, poly(ether ether ketone) cell equipped with rubber o-rings
and four stainless-steel electrodes. The working and reference
electrodes were 1.7 cm long and placed 0.6 to 0.7 cm apart, and the
samples were cast to be ∼0.05 cm thick (measured after AC
impedance measurements). After solvent removal, the sample cell was
screwed shut, removed from the glovebox, and heated to 150 °C for 12
h before measurements were made. AC impedance measurements
were performed using a Gamry Reference 600 potentiostat at
descending temperatures. An alternating current signal with an
amplitude of 5 mV was applied in the frequency range of 0.1 to 65
000 Hz. The nonzero x intercept in the Nyquist plot of the negative
imaginary part of the impedance versus the real part of the impedance
was taken as the sample resistance, R. The ionic conductivity, σ, was
calculated as t/AR, where t and A are the thickness and area of the
sample (with respect to electrode placement), respectively, measured
after the AC impedance measurements.

Diffusion Coefficient Measurements. Self-diffusion coefficients
were measured with pulsed-field gradient spin echo (PGSE) and
pulsed-field gradient stimulated echo (PGStE) NMR experiments
using a Doty Scientific single-axis diffusion probe with temperature
control. The applied gradients were calibrated using water35 and
glycerol36 standards and were found to reach 1.7 T/m. 1H diffusion
coefficients were measured in a 7 T superconducting magnet with a
300 MHz Tecmag Apollo spectrometer and gradient control, and 19F
diffusion coefficients were measured in a 1.5 T superconducting
magnet with a 61.2 MHz Tecmag LapNMR spectrometer and gradient
control. Experiments were performed between 25 and 132 °C, where
the temperature was calibrated37 using an ethylene glycol standard
between 24 and 83 °C and extrapolation to higher temperatures.

The NMR signal attenuation for Fickian diffusion in both PGSE
and PGStE experiments is described by

= − γ δ Δ − δI I D gexp( ( /3))0
2 2 2

(1)

where I is the spin−echo signal intensity, I0 is the signal intensity with
zero gradient, γ is the magnetogyric ratio of the probe nucleus, g is the
magnitude of the gradient pulse, δ is the duration of the gradient pulse,
Δ is the duration of time between the leading edges of the two
gradient pulses, and D is the self-diffusion coefficient of the probe
nucleus. I was measured as a function of g, and eq 1 was used to
determine D. Example plots of I/I0 as a function of γ2g2δ2(Δ−δ/3) are
shown in Figure S2 in the Supporting Information. Experiments were
repeated on the block copolymer sample using values of Δ ranging
from 0.02 to 0.11 s, corresponding to root-mean-squared diffusion
path lengths of ionic liquid ions ranging from 0.2 to 2.2 μm, resulting
in consistent measurements of D. (See, for example, Figure S3 in the
Supporting Information.) PGSE and PGStE experiments performed
on each sample also resulted in consistent measurements of D.

Spectroscopic resolution of ionic liquid protons was possible in 1H
experiments because the polymers were deuterated. Thus, the diffusion
coefficients for protons covalently bound to the carbon atoms on the
imidazole (involved only in vehicle diffusion), DC−H, and protons
bound to nitrogen atoms on imidazole (involved in vehicle diffusion
and proton hopping), DN−H, were measured separately. For 19F
experiments, a single peak was observed corresponding to fluorine
atoms on the TFSI anion, and a single diffusion coefficient measured,
DTFSI.

Magic-Angle Spinning NMR. High-resolution 1H NMR spectra
were obtained for ionic liquid/polymer mixtures using MAS NMR.
MAS experiments were performed in a 7 T superconducting magnet
using a Doty Scientific MAS probe and 300 MHz Tecmag Apollo
spectrometer. Samples were annealed in sealed 4 mm (outer diameter)
MAS rotors at 150 °C for 12 h before MAS experiments. During MAS
experiments, samples were spun at 13 kHz. Spectra were acquired
between 93 and 132 °C, where the temperature was calibrated in the
same manner as they were for diffusion measurements. Samples
equilibrated slowly at each temperature due to fast spinning, so
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samples were annealed at each temperature for 1−9 h until the spectra
did not change between consecutive acquisitions.
Quasi-Elastic Neutron Scattering. QENS experiments were

performed at the National Institute for Standards and Technology
(NIST) Center for Neutron Research (NCNR) on the high flux
backscattering spectrometer (HFBS). An incident neutron wavelength
of λ = 6.271 Å and an energy resolution of ∼0.8 μeV were used. Data
from all 16 detectors were used to probe a q range from 0.25 to 1.75
Å−1. Polymer/ionic liquid samples were loaded into sample cans with
an annular geometry, and the sample transmission was set to ∼90% to
minimize multiple scattering. All experiments were performed at 140
°C. The acquired data were corrected for detector efficiencies
(determined using a vanadium standard), and the resolution function
of the instrument was determined by measuring scattering from the
dP2VP/[dIm][TFSI] mixture at 15 K where all of the signal is
expected to be elastic.
Elastic and quasi-elastic scattering contribute to the observed

scattering profiles, S(q,ω). Quasi-elastic scattering in S(q,ω) reflects
self-correlated motion and appears as broad signal over a sharp, elastic
scattering peak centered around ω = 0. Reduction, visualization, and
analysis of HFBS data were performed using the DAVE software
package developed at NCNR.38 The elastic scattering contributions
were modeled using a Delta function convoluted with the resolution
function of the instrument. The quasi-elastic scattering contributions
were modeled using two Lorentzian functions, one for the high-energy
background signal and one for the main quasi-elastic contribution in
the energy range of the instruments. The full width at half-maximum
(fwhm) values of the high-energy background signals were found to be
essentially constant at 30 μeV for all q. Fitted fwhm’s of the main
quasi-elastic contributions in HFBS profiles were reported, with the
standard deviation of the fits reported as the error.

■ RESULTS AND DISCUSSION

Relative cation and anion diffusion in nonstoichiometric
[Im][TFSI] was found to be dramatically affected both by
combining the ionic liquid with polymer as well as confining it
to lamellar block copolymer nanodomains. Whereas the anion
and cation diffuse at similar rates in the neat ionic liquid,28,39

the cation diffuses much more quickly than the anion when the
ionic liquid is added to the homopolymer or block copolymer,
as shown in Figure 2. Faster cation diffusion can be attributed
to the prevalence of anionic aggregates in the membrane or to
specific interactions between the TFSI anions and the 2VP
repeat units. The presence of anionic aggregates has been
shown to cause relatively fast cation diffusion in ionic liquid-

impregnated Nafion at low hydration levels.32 Alternatively,
specific polymer/anion interactions may slow anion diffusion.
This effect has been previously observed in mixtures of 1-ethyl-
3-methylimidazolium/TFSI with poly(methyl methacrylate)
(PMMA).33 The 2VP repeat unit is basic, so this type of
specific interaction with TFSI is not anticipated. It is possible,
however, that some 2VP moieties are protonated by
imidazolium, leading to interactions between protonated 2VP
moieties and the TFSI anion.
Cation diffusion is deduced from DC−H, which is actually a

molar-weighted average of the diffusion coefficients of
imidazolium cations and neutral imidazole.28 It is possible,
then, that an increase in ion aggregation upon mixing the ionic
liquid with the lower dielectric polymer could lead to a larger
decrease in DTFSI than DC−H and explain the results in Figure 2.
DTFSI,St and DC−H,St were also measured for mixtures of
stoichiometric [Im][TFSI] with dP2VP and dPS-b-dP2VP, in
which the ratio of Im/d2VP was held constant to that in the
nonstoichiometric mixtures. When a stoichiometric ionic liquid
is used, diffusion is dominated by the diffusion of ions. At high
temperatures, the difference in the diffusion rate of the anion
and cation is similar to that in the nonstoichiometric mixtures
(Figure S4 in the Supporting Information), confirming that the
high cation diffusion in the nonstoichiometric mixtures is real
and not due to fast diffusion of neutral imidazole.
The discrepancy between anion and cation diffusion is

smaller in the block copolymer mixture than in the
homopolymer mixture. For instance, at 132 °C, DC−H/DTFSI
= 3.2 for the homopolymer mixed with ionic liquid compared
with DC−H/DTFSI = 2.3 for the analogous block copolymer
mixture. This is not surprising given that in the block
copolymer portions of the dP2VP block close to the block
copolymer interface are highly stretched, which appears to
affect ion coordination.19 Similarly, coordination of P2VP with
metal chlorides has also been shown to be intimately related to
chain conformation.40 Both DC−H and DTFSI are smaller in the
block copolymer mixture than in the homopolymer mixture
due to the confinement of the ionic liquid diffusion path to
interconnected, isotropically oriented lamellar domains with
long-range order defects on the length scale of the NMR
experiments, including point defects and grain boundaries.41

The most striking difference between the mechanism of
proton conductivity in mixtures of nonstoichiometric [Im]-
[TFSI] with homopolymer and block copolymer is the greatly
increased amount of proton hopping that occurs in the block
copolymer sample. The amount of proton hopping was probed
by measuring the ratio of the diffusion coefficient of the acidic
ionic liquid proton, DH

+, to cation diffusion (DC−H), where DH
+

was calculated by assuming DN−H is a molar weighted average
of the diffusion of protons bound to nitrogen atoms on charged
imidazolium and neutral imidazole

= + −− −+D xD x D(1 )N H H C H (2)

where x is the mole fraction of imidazolium.28 As shown in
Figure 3, the fact that the proton diffusion coefficient is much
larger than DC−H suggests there is a significant amount of
proton hopping in the neat nonstoichiometric ionic liquid over
the entire experimental temperature range (25 to 120 °C). The
amount of proton hopping decreases with increasing temper-
ature. This decrease may be related to a number of
mechanisms, including increased hydrogen bond length or
shortened average lifetime or decreased number of imidazole
hydrogen bonds accompanying an increase in temperature.42,43

Figure 2. DC−H (diamonds) and DTFSI (squares) as a function of
temperature for dP2VP/nonstoichiometric [Im][TFSI] (solid sym-
bols) and dPS-b-dP2VP/nonstoichiometric [Im][TFSI] (open sym-
bols).
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Mixing the ionic liquid with dP2VP homopolymer does not
appear to affect proton-hopping mechanisms. However, the
ratio of DH

+/DC−H is considerably greater for the block
copolymer mixture, suggesting the influence of confinement

on the mechanism of proton transport. Despite the larger error
bars for the block copolymer sample (which reflect a decrease
in signal following the decrease in proton concentration in
these samples), the significant enhancement of acidic proton
diffusion is clear.
Further evidence of increased proton hopping in the block

copolymer sample comes from QENS experiments. QENS is an
ideal tool for studying proton-transport mechanisms because
the relatively large incoherent neutron scattering cross section
of 1H compared with that of other atoms leads to the selective
observation of self-correlated hydrogen motion (i.e., diffusion).
Motion is probed on the length scale of tenths of nanometers
to nanometers, so the local information derived from these
experiments compliments NMR diffusion measurements, which
are on the micrometer length scale, and bulk ionic conductivity
measurements, which are on the millimeter length scale.
Representative QENS scattering profiles for mixtures of
nonstoichiometric [dIm][TFSI] with dP2VP homopolymer
and dPS-b-dP2VP block copolymer are shown in Figure 4. As
the scattering vector q increases, the elastic scattering
contribution decreases and the fwhm of the quasi-elastic
scattering contribution increases, indicating diffusive motion.44

This is clearly seen in Figure 4a for the homopolymer sample.
The trends are less obvious for the block copolymer sample
scattering profiles (Figure 4b) due to a combination of
increased q-dependent elastic scattering resulting from
increased order as well as increased influence of q-dependent
coherent scattering resulting from a higher concentration of
deuterium atoms.44 The quasi-elastic contributions were
modeled to quantify their dependence on q. Example fits of

Figure 3. Ratio of acidic proton diffusion to cation diffusion as a
function of temperature for dP2VP/nonstoichiometric [Im][TFSI]
(solid diamonds), dPS-b-dP2VP/nonstoichiometric [Im][TFSI] (open
diamonds), and neat nonstoichiometric [Im][TFSI] (gray squares).
The degree of proton hopping is greatly enhanced in the nano-
structured sample. Error bars on data for the neat ionic liquid and the
dP2VP mixture represent a reasonable estimate based on the
reproducibility of experiments, and error bars on data for the dPS-b-
dP2VP mixture represent one standard deviation of the mean obtained
from many experiments.

Figure 4. QENS scattering profiles of (a) dP2VP/nonstoichiometric [dIm][TFSI] and (b) dPS-b-dP2VP/nonstoichiometric [dIm][TFSI] at 140 °C.
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the homopolymer sample are shown in Figure 5, where it is
clear that two Lorentzian functions are necessary to capture
fully the scattering profile: one to describe the main quasi-
elastic scattering contribution stemming from diffusive motion
and one to describe the high-energy background signal. Similar
plots of data and fits for the block copolymer sample are shown
in Figure S5 in the Supporting Information.
The q dependence of the fwhm of the main quasi-elastic

scattering contribution, Γ, provides information regarding the
mechanism of proton diffusion. When there is purely Fickian
diffusion, Γ is expected to vary linearly with q2 according to44

Γ = ℏDq/2 2
(3)

Equation 3 adequately describes simple liquids such as argon45

and even some more complex liquids such as the ionic liquid 1-
butyl-3-methylimidazolium:chloride.46 When molecular inter-
actions are significant, for instance, in the case of the ionic
liquids 1-ethyl-3-methylimidazolium:bromide47 and N,N,N′,N′-
tetramethylguanidinium:bis(perfluoroethylsulfonyl)imide,48 de-
viations from eq 3 have been observed at high values of q
corresponding to length scales smaller than the interaction
distance. In these cases, the jump-diffusion model49 has been
used to describe the variation of Γ with q2 as

Γ =
ℏ

+ τ
Dq

Dq
/2

1

2

2
0 (4)

where τ0 is the residence time between jumps or the molecular
interaction time. Specifically, the jump-diffusion model
describes the complex dynamics of protons in supercooled
water, which are dominated by Grotthuss proton transfer
between water molecules through hydrogen bonds.50,51 τ0 in
this case is the time between proton-transfer events. Similarly,
eq 4 is a good model for describing quasi-elastic scattering from
the combination of diffusion and proton hopping in non-
stoichiometric [dIm][TFSI], where the interpretation of τ0 is
complex because of significant contributions of both molecular
interactions and proton hopping to the deviation from Fickian
behavior.39 Therefore, it is expected that the ionic liquid/
polymer mixtures in this study also exhibit non-Fickian
behavior that can be estimated by eq 4 and that the magnitude
of the departure from Fickian behavior is related to the amount
of proton hopping. Figure 6 demonstrates that the acidic
protons in mixtures of nonstoichiometric [dIm][TFSI] with

dP2VP homopolymer and dPS-b-dP2VP block copolymer
undergo non-Fickian diffusion, adequately captured by eq 4.
The block copolymer sample shows a greater departure from
Fickian diffusion than the homopolymer sample, indicating
increased proton hopping in agreement with NMR diffusion
experiments.
It is anticipated that increased proton hopping in the block

copolymer sample is related to a difference in the imidazole
hydrogen bond structure under confinement. The 1H MAS
NMR chemical shifts of the protons covalently bound to
imidazole/imidazolium nitrogens, δN−H, are strongly dependent
on hydrogen bonding.28 In qualitative similarity with the neat
ionic liquid,39 δN−H shifts to lower ppm as the temperature is
increased (Figure 7a,7b). The temperature dependence of δN−H
is steeper for the block copolymer mixture than for the neat
ionic liquid sample and the homopolymer mixture (Figure 7c),
suggesting unique hydrogen-bonding behavior. Furthermore,
the absolute values of the chemical shifts for the block
copolymer sample are unexpected. The higher values for the
homopolymer sample compared with those for the neat ionic
liquid are unsurprising due to the greater number of molecules

Figure 5. QENS profiles of dP2VP/nonstoichiometric [dIm][TFSI] at T = 140 °C and q = 0.99 Å−1. The solid lines are the total fits to the data,
whereas the dotted lines are the component fits. The fit using two Lorentzians in addition to a delta function convoluted with the resolution function
that captures elastic scattering (a) is clearly better than the fit using a single Lorentzian (b).

Figure 6. Γof the main Lorentzian peak fit to QENS scattering profiles
as a function of q2 for dP2VP/nonstoichiometric [dIm][TFSI] (solid
symbols) and dPS-b-dP2VP/nonstoichiometric [dIm][TFSI] (open
symbols) at 140 °C. Error bars represent one standard deviation of the
fits. Solid curves are fits to the data using eq 4, and the dashed line is
the Fickian diffusion curve (eq 3) using DN−H in the homopolymer
sample from NMR.
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that can participate in hydrogen bonding. The same
phenomena is observed when excess imidazole is added to
stoichiometric ionic liquid.28 The block copolymer sample has
lower values of δN−H despite containing the same number of
molecules that can participate in hydrogen bonding as the
homopolymer sample. These unexpected trends indicate that a
different hydrogen bond network exists in the ionic liquid when
confined to block copolymer domains, which affects the
amount of proton hopping that occurs.
Polymer chain stretching near the block copolymer interface

likely affects how d2VP units interact with the imidazole
hydrogen bond network. Previous studies have already
demonstrated the relationship between polymer chain con-
formation and ion and metal chloride coordination.19,40

Additionally, the presence of the interface itself likely alters
the near-interface hydrogen bond structure, the effects of which
could propagate several nanometers into either side of the 17
nm dP2VP/ionic liquid channels. Such confinement effects on
hydrogen bonding in water are well-documented.10−13

The mechanistic differences in proton transport in the
nanostructured and nonordered samples lead to differences in
bulk ionic conductivity, σ. In Figure 8, σ is plotted as a function
of temperature for mixtures of nonstoichiometric [Im][TFSI]
with homopolymer and block copolymer. The conductivity of

the block copolymer sample is lower than that of the
homopolymer sample due to the overall lower ion concen-
tration in the block copolymer membrane, in addition to the
lack of long-range order characterizing its lamellar domains. Ion
aggregation in each sample is investigated by comparing the
measured conductivity to the conductivity predicted by the
Nernst−Einstein equation using ion diffusion coefficients
measured by NMR. The Nernst−Einstein equation is given by

σ = ++ +
F
RT

c D c D( )m m
2

,H H ,TFSI TFSI (5)

where cm,H+ and cm,TFSI are the molar concentrations of acidic
protons and TFSI anions, respectively. The predicted
conductivities for both samples are plotted along with the
measured bulk conductivities as a function of temperature in
Figure 8. Equation 5 overpredicts the measured ionic
conductivity of the block copolymer sample by a factor of 3
to 4 while predicting the homopolymer conductivity relatively
well. Because NMR measures diffusion over micrometer length
scales and bulk conductivity measurements probe a millimeter
dimension, the large discrepancy for the block copolymer
sample is likely attributed to a combination of ion aggregation
and differences in long-range order. The increasing over-
prediction of the conductivity of the homopolymer sample at
lower temperatures suggests an increase in the degree of ion
aggregation with decreasing temperature. The strong temper-
ature dependence suggests that anionic aggregates are not the
major cause of faster relative cation diffusion in the
homopolymer sample. (If the ion aggregates were anionic
aggregates, the temperature dependence would be reflected in
Figure 2.) In the block copolymer sample, no temperature
dependence is observed, so anionic aggregates in this sample
are still a possibility.
The result of different ion aggregation behavior as well as

different amounts of proton hopping in the homopolymer and
block copolymer samples is that the activation energy for bulk
ionic conductivity is lower in the block copolymer sample. This
is clearly observed in Figure 8, where the temperature
dependence for the measured conductivity is much less steep.

■ CONCLUSIONS
Proton transport in ionic liquids is clearly affected when the
ionic liquid is mixed with a polymer and especially when the

Figure 7. MAS 1H NMR spectra of (a) dP2VP/nonstoichiometric
[Im][TFSI] and (b) dPS-b-dP2VP/nonstoichiometric [Im][TFSI] as
well as (c) δN−H as a function of temperature for the dP2VP mixture
(solid diamonds), dPS-b-dP2VP mixture (open diamonds), and neat
nonstoichiometric [Im][TFSI] (gray squares). Lines of best linear fit
connect the data points.

Figure 8. Measured σ (squares) and σ calculated from NMR diffusion
coefficients and the Nernst−Einstein equation (diamonds) for
mixtures of nonstoichiometric [Im][TFSI] with P2VP (solid symbols)
and PS-b-P2VP (open symbols).
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ionic liquid is confined to block copolymer nanodomains.
Several specific mechanistic changes have been illuminated in
this work using a combination of transport measurements that
together probe a variety of length scales and a variety of
molecular and atomic species. The relative amount of cation
and anion diffusion, for example, has been found to change
drastically upon incorporation of ionic liquid into a
homopolymer and block copolymer. In the case presented
here of nonstoichiometric [Im][TFSI] mixed with dP2VP and
dPS-b-dP2VP, specific interactions between TFSI and d2VP
moieties or the prevalence of anionic aggregates cause the
cation to diffuse significantly faster than the anion, which is in
stark contrast with the neat ionic liquid. This asymmetric
charge transport could be taken advantage of for a variety of
applications, including proton exchange membrane fuel cells or
actuators.
The temperature dependence of ion aggregation has been

found to be significantly different in the homopolymer and
block copolymer samples, contributing to a lower activation
energy for ion transport in the block copolymer sample.
Determining the degree of ion aggregation in the block
copolymer sample as well as understanding the source of its
temperature independence could lead to the design of
nanostructured membranes with increased conductivity.
The most striking change in proton transport upon

incorporation of nonstoichiometric [Im][TFSI] into a block
copolymer is that the amount of diffusion-enhancing proton-
hopping drastically increases. We propose that block copolymer
chain stretching or confinement affect the hydrogen-bond
structure of the ionic liquid, leading to this increase. Long-range
proton diffusion in the block copolymer/ionic liquid membrane
is still not as high as in the homopolymer/ionic liquid
membrane because of the lack of long-range order character-
izing the lamellar domains. However, highly conductive,
mechanically durable membranes could be designed by
combining the enhancement of acidic proton diffusion due to
block copolymer self-assembly with increased long-range order
obtained using one of many channel-aligning techniques.52
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