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Dynamic diffusion of molecular solutes in concentrated electrolytes plays a critical role in many
applications but is notoriously challenging to measure and model. This challenge is particularly true in the
extreme case of ionic liquids (ILs), fluids composed entirely of cations and anions. Solute diffusivities in
ILs show a strong concentration dependence, broadening the already vast IL design space and rendering
conventional, sample-by-sample measurements impractical for screening. To gain better mechanistic
insight into transport in this class of fluids, here we demonstrate a method to visualize the spatiotemporal
evolution of concentration fields using microfluidic Fabry-Perot interferometry, enabling diffusivity
measurements over an entire composition range within a single experiment. We focus on the absorption and
diffusion of water, as both a model solute and a ubiquitous contaminant, within alkylmethylimidazolium-
halide ILs. Notably, the Stokes-Einstein relation underpredicts water diffusivities ten- to 50-fold, indicating
that water does not experience these ILs as continuum liquids. Based on these measurements, together with
wide-angle x-ray scattering and pulsed-field gradient NMR measurements, we propose a new mechanistic
framework in which water molecules hop between ion pairs within the IL, which acts as an immobile
matrix over timescales relevant for water diffusion. In this case, diffusion is an activated process, with hops
between hydrogen-bonding sites over an energetic barrier that decreases linearly with the water fraction.
The functional form of the activation energy is consistent with NMR chemical shift measurements, which
indicate that hydrogen bonding weakens in linear proportion to the water fraction. This simple model
contains the key ingredients required to accurately predict the measured trends in diffusivity—an
(Arrhenius) temperature dependence and an exponential composition dependence—for a range of cations,
anions, water contents, and temperatures. Our results suggest a general mechanism for anomalously fast
diffusion in ILs, where solutes “hop” between binding sites more quickly than the ions rearrange.
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I. INTRODUCTION

Ionic liquids (ILs)—salts that are liquid below 100 °C—
possess unique physicochemical properties including
negligible volatility, moderate conductivities, variable hydro-
philicity, and high thermal and electrochemical stability
windows [1–5]. Because these properties can be tuned

through ion choice, ILs are commonly described as designer
solvents that canbe synthesized to suit a particular application
[6]. Specifically, since ILs can be designed to dissolve both
polar and nonpolar compounds, they are increasingly being
considered as replacements for common molecular solvents
in processes including gas purification [7–13], liquid-liquid
extraction [14–19], carbon capture [20–24], metal processing
[25–29], and homogeneous catalysis [5,30–32]. In these
applications, ILs offer improved selectivity, efficient recy-
clability, and reduced emissions over traditional, often
volatile organic solvents [33]. Large-scale implementation
of ILs, however, has been hindered by the cost as well as the
challenge in identifying appropriate ILs from the approx-
imately 106 binary ILs thought to exist [34]. This vast
synthesis space contributes to the IL cost: while it appears
feasible to produce individual ILs economically at scale [35],
one must first identify the appropriate IL to design the
reaction process.
The widespread realization of ILs as task-specific sol-

vents requires mechanistic understanding of IL-solute
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interactions during diffusion and transport. For example,
the feasibility of green separation and reaction strategies
depends on how quickly extracts, reagents, and products
diffuse through ILs. The simplest model for predicting
solute diffusivity (D) is the Stokes-Einstein (SE) relation

DSE ¼ kBT
CπηR

; ð1Þ

where η is the bulk viscosity of the surrounding liquid, R is
the hydrodynamic radius of the solute, and C is a constant
between 6 (no-slip boundary) and 4 (perfect slip). The
denominator in Eq. (1) follows directly from a solution to
the continuum fluid mechanics equations and predicts
translational diffusion of molecular solutes within con-
tinuum liquids quite accurately under appropriate condi-
tions. Indeed, measured self-diffusion coefficients of
cations and anions in neat ILs typically lie within a factor
of 2 of DSE based on the (macroscopically) measured
viscosity of the IL [36].
Anomalously large diffusivities in ILs have been

reported, however, for electrochemically neutral solutes
(both polar and nonpolar) that are smaller than the average
ion size [37,38]. Such violations of the Stokes-Einstein
relation immediately reveal a breakdown of the continuum
approximation. Instead, solutes might hop from site to
site—like dopant diffusion in solids—or translate within one
of the various self-assembled mesostructures found in many
ILs. Extensive x-ray [39–45] and neutron scattering [46,47]
studies, combined with molecular dynamics simulations
[42–45,48–50], reveal neat ILs to exhibit a rich spectrum
of nanostructures absent in conventional solvents [51,52].
The emergence of polar and apolar domains, and the affinity
of particular solutes for them, is coupled to the mobility
of those solutes. For example, Araque et al. compute solute
trajectories in dynamically heterogeneous ILs and argue that
neutral solutes are often localized within stiff, cagelike
domains, occasionally hopping to a neighboring caging
domain through the “soft” domains that separate them,
wheremobility is enhanced [37,38]. The resulting diffusivity
exceeds Stokes-Einstein predictions [Eq. (1)], which depends
upon an IL viscosity ηmeasured via the continuous flow and
rearrangement of these stiff domains.
It is currently unclear how these anomalous dynamics

manifest under more concentrated solute conditions. The
mesostructuremay changewith the solute concentration due
to IL-solute interactions, particularly at high solute concen-
trations [53,54]. The strong coupling between diffusion and
the mesostructure near infinite dilution prompts many
uncertainties in more concentrated solutions, necessitating
studies of composition-dependent solute transport. Indeed,
traditional pulsed-field gradient-NMR (PFGNMR) studies
reveal differences between ion and solute mobilities
[55–58]. However, PFGNMR probes self-diffusion in equi-
librium mixtures—meaning that concentration dependence

can be measured only sample by sample. Moreover,
PFGNMR cannot capture concentration gradients found
in many practical applications, and measurements are
limited to NMR-active or isotopically labeled species.
To complement these techniques and open new possibil-

ities to probe transient processes in ILs, we develop
microfluidic Fabry-Perot interferometry (μFPI) [59,60],
which allows solute concentration profiles to be directly
visualized as they evolve in space and time. An immediate
benefit of μFPI is that a single experiment enables con-
centration-dependent diffusivities to be measured over
much (or even all) of composition space. Here, we use
μFPI to visualize water as it is absorbed from a vapor
phase into a series of 1-alkylmethylimidazolium-halide
ILs ½Cnmim�½X�, specifically, ½C6mim�½I�, ½C6mim�½Br�,
½C6mim�½Cl�, and ½C4mim�½I�. This class of ionic liquids
is particularly hygroscopic [61,62] and serves as a model,
task-specific IL chosen to absorb a neutral polar solute.
Additionally, H2O is ubiquitous in any process operating
in ambient conditions, whether it acts as an undesired
impurity [61] or an enhancing additive [63].
Our results suggest water diffuses via activated “hops”

between relatively immobile cations (or clusters thereof),
akin to diffusion along a lattice in solids. The activation
energy increases with anion electronegativity and decreases
with water content. Our model offers both conceptual
guidance and quantitative predictions for water diffusivity.
More broadly, it offers insight into the selection and design
of task-specific ILs.

II. TRANSIENT SORPTION-DIFFUSION
MEASUREMENTS

We recently developed μFPI [59,60] as a label-free
technique to visualize and measure the spatiotemporal
evolution of concentration fields, including those near liquid
interfaces. Experimental and analytic details are provided
in the Appendixes. Briefly, the surfaces of a microfluidic
device [Fig. 1(a)] are coated with a semireflective aluminum
film. Light passed through the device interferes to form
fringes of equal chromatic order (FECO), at wavelengths λi0
that are resolved with a spectrometer paired with a high-
resolution digital video camera. When the refractive index
changes by Δnðy; tÞ—e.g., as solute diffuses in the y
direction—the FECO wavelengths change via

Δλiðy; tÞ ¼ Δnðy; tÞ
n0

λi0: ð2Þ

Subpixel FECO tracking algorithms allow Δn to be reliably
measured in μFPI with a resolution of 2 × 10−5 refractive
index unit (RIU), which can then be related to changes in
solute concentration using a separate nðcÞ refractometry
measurement [59]. For example, refractive indices of
IL-H2O mixtures grow linearly with the water volume
fraction (Appendix C, Fig. 7) [64]. Evolving refractive
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index profiles nðy; tÞ can thus be converted to dynamic H2O
concentration profiles cH2Oðy; tÞ, as water sorbs into and out
of an IL of interest [Figs. 1(b) and 1(c)]. In these experi-
ments, the concentration is measured with a minimum
spatial resolution of 1.92 μm at 0.5 Hz over a period of
20–30 min.
In the water-IL studies described here, we controllably

generate concentration gradients by filling the stem of a
T junction with an IL and flowing gas in the channel per-
pendicular to the IL of interest, adjacent to a stationary IL-
vapor interface. Switching from dry N2 gas to H2O-laden
N2 (75% relative humidity) initiates H2O absorption into
the IL; switching back to dry N2 initiates desorption.

A. Analysis of spatiotemporal concentration profiles

We extract the composition-dependent diffusivity
DðcH2OÞ from measured profiles cH2Oðy; tÞ by solving
the diffusion-advection equation

∂cH2O

∂t ¼ ∂
∂y

�
DðcH2OÞ

∂cH2O

∂y
�
− v0

∂cH2O

∂y ð3Þ

in MATLAB, starting with an assumed mathematical form
forDðcH2OÞ and then iteratively adapting it to minimize the
sum of squared differences between measurements and
solutions to Eq. (3). The final (advective) term in Eq. (3)
reflects the volumetric flux of water sorbed into the IL.
The high-resolution μFPI data therefore allow a quanti-

tative comparison of different functional forms of this
composition dependence. A statistical analysis of multiple
diffusivity functionals is provided in Appendix E. Ulti-
mately, the high-resolution concentration profiles reveal the
diffusivity of ILs studied to depend exponentially on water
mole fraction

xH2O ¼ nH2O

nH2O þ nIL pair
; ð4Þ

via

DðxH2OÞ ¼ D0 expðαxH2OÞ: ð5Þ

Equation (5) gives excellent agreement between the mea-
sured values and model fits (Fig. 1). The infinite dilution
diffusivity D0 and the exponential modifier α are the only
fitting parameters in Eqs. (3) and (5). It is worth emphasiz-
ing that a single μFPI experiment probes the diffusivity
over a continuous IL-H2O composition range (see the lines
in Fig. 2), bracketed between the “neat” IL and the
concentration formed at vapor-solution equilibrium.
An alternative method to determine DðcÞ involves

converting each measured concentration profile to a local
diffusivity by numerically solving (3) without enforcing a
functional form (see Ref. [65]). Although less precise due
to numerical smoothing of the profiles, the exponential
dependence on xH2O is retained.

III. INFLUENCE OF ANION, CATION,
AND TEMPERATURE

The ease with which a single μFPI measurement can be
used to generate an entire concentration-dependent diffu-
sivity relationship allows detailed investigation of the
effects of ion selection on solute diffusion within this class
of ILs (Fig. 2). In general, we find that the exponentially
dependent diffusivities given by Eq. (5) accurately describe
alkylmethylimidazolium-halide IL-H2O mixtures (associ-
ated profiles are provided in Appendix E). Furthermore,
this combination of measurements elucidates the effect of
anion and cation chemistry on the diffusion parameters D0

(a) (b) (c)

FIG. 1. Measuring concentration gradient-driven diffusion of H2O in ILs (example shown: ½C6mim�½I�). (a) Optical train of a
microfluidic Fabry-Perot interferometry device. Solute (H2O) gradients are manipulated by switching the composition of a flowing
vapor stream in contact with a stationary IL plug in a T-junction geometry. The experimentally measured H2O absorption (b) and
desorption (c) fronts (circles) compare well with a numerical diffusion model [solid line, Eq. (3)]. Every tenth point in space is included;
other points are excluded for clarity. Profiles are plotted at 3 min increments and change from red to blue with increasing time. Graphical
insets show the dimensionless advective velocity fit from the concentration and the slope measured at the interface.
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and α (Table I). For example, for ½C6mim�½X�, we find that
D0 decreases with increasing anion (X−) electronegativity
(D0;I > D0;Br > D0;Cl), whereas α increases with increas-
ing electronegativity (αI < αBr < αCl). By comparison, a
modification of the nonpolar alkyl group of the imidazo-
lium cation, probed here by comparing ½C4mim�½I� and
½C6mim�½I�, appears to have no significant influence on the
measured diffusivity.
The incorporation of temperature control with the μFPI

device (details provided in Appendix B) allows experi-
ments to probe the temperature dependence of the mea-
sured concentration-dependent diffusivity. Representative
results for ½C6mim�½I� are summarized in Fig. 2 (inset).
We find an approximate Arrhenius dependence of D0

(i.e., lnD0 ∼ 1=T), whereas α appears to vary as ∼1=T.
Interestingly, α vanishes at T ∼ 313 K, indicating that the
diffusivity no longer depends on the composition at
sufficiently high temperatures.
Taken together, these results identify the electronegativity

of the anion to be an important determining factor in setting
the magnitude of the diffusivity, as well as its composition

dependence, in the water-alkylmethylimidazolium-halide
system. Furthermore, they provide strong evidence for the
hypothesized role of IL-solute interactions in the discussion
to follow. Interestingly, for all cations and anions, H2O
diffusivities appear to converge near xH2O ¼ 0.7 when
extrapolated, which might reflect a composition where a
discontinuous structural or physicochemical transition
occurs. Similar transitions are observed in other solute-IL
pairs, including H2O in ½C4mim�½BF4� [53], and for pro-
pylene in ½C4C1Pyrr�½NTF2� [66,67] near xsolute ¼ 0.7.
However, even if such a transition occurs in the systems
in the current study, it would be insufficient to explain the
observed composition-dependent behavior over the broad
xH2O < 0.7 range.

IV. COMPARISON OF DIFFUSIVITIES:
MICROFLUIDIC INTERFEROMETRY, PFGNMR,

AND STOKES-EINSTEIN PREDICTION

To better inform hypotheses for the origin of the observed
exponential dependence of diffusivity on IL-H2O compo-
sition, we compare the results obtained by μFPI to more
conventional diffusivity measurements and models includ-
ing PFGNMR and the Stokes-Einstein relation. Here, we
choose to focus in detail on the ½C6mim�½I�-H2O mixture
as a representative example, although comparisons for
½C6mim�½Cl�-H2O mixtures are also given in Appendix F.
First, we validate the H2O diffusivities extracted from

μFPI using conventional 1H PFGNMR. Species diffusivities
in multiple H2O-IL mixtures of variable compositions are
measured according to the protocol described inAppendix F.
Figure 3 shows quantitative agreement between the H2O
diffusivities measured in ½C6mim�½I� using PFGNMR and
μFPI. This agreement validates the results of the μFPI
method and further reinforces the exponential dependence
of diffusivity on xH2O. By contrast, 1H PFGNMR measure-
ments of the ½C6mim�þ cation diffusivity are smaller than the
H2O diffusivity by an order of magnitude; a similar discrep-
ancy in diffusivities has also been measured in PFGNMR
studies onmethylimidazolium IL-H2Omixtures [55–58]. As
with H2O, the cation diffusivity increases with increasing
H2O content, although the difference in magnitude between
the water and cation is preserved over the measured con-
centration range. In the context of the μFPI measurements,
this result indicates that the collective, gradient-driven
diffusion duringwater sorption is dominated by the relatively
fast dynamics of the water solute.
One might hope that the Stokes-Einstein relation [Eq. (1)]

would be accurate for the systems under study and so would
successfully capture the composition-dependent diffusivity.
After all, IL viscosity decreaseswith increasingH2Ocontent;
all species diffusivities should increase accordingly. Indeed,
the SE relation accurately predicts the cation diffusivities
using the measured mixture viscosity and cation dimensions
of 4 × 6 × 15 Å based on the van der Waals radii of
constituent atoms (Fig. 3). However, the SE relation fails

TABLE I. H2O diffusivity parameters in various ILs at ambient
temperature.

Ionic liquid D0 (μm2 s−1) α xH2O range

½C4mim�½I� 47� 2 2.5� 0.1 0.014–0.499
½C6mim�½I� 41� 2 2.7� 0.1 0.024–0.535
½C6mim�½Br� 11.2� 0.3 4.45� 0.04 0.058–0.702
½C6mim�½Cl� 7.0� 0.5 5.1� 0.1 0.146–0.694

FIG. 2. Microfluidic interferometry measurements reveal the
ubiquity of the exponential composition dependence over a range
of ILs and temperatures. Room-temperature diffusivities mea-
sured in multiple alkylmethylimidazolium-halide IL-H2O mix-
tures show D0 decreases and α increases with increasing anion
electronegativity. The error in fit is indicated by shading.
Measurements performed over 20°–40 °C in ½C6mim�½I�-H2O
mixtures (inset) reveal that D0 scales Arrheniusly and α ∼ 1=T.
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dramatically for H2O, underpredicting the diffusivities by
more than an order of magnitude. This failure immediately
reveals that H2O does not move through the IL as through a
continuum fluid but instead follows a qualitatively different
transport mechanism.

V. MICROSCOPIC ORIGIN OF THE FAILURE OF
STOKES-EINSTEIN AND DIFFUSIVITIES’

EXPONENTIAL COMPOSITION DEPENDENCE

The failure of the SE relation begs the question: What
microscopic features prevent H2O from experiencing the IL
as a continuum? A more accurate diffusion mechanism
must capture the anomalous high diffusivities that SE
underpredicts and, additionally, account for the observed
concentration dependence of the solute diffusivity. We posit
two distinct possibilities capable of accommodating the
observed phenomena. First, alkylmethylimidazolium-
halide ILs are known to self-assemble into heterogeneous
polar (charge-rich) and nonpolar (charge-poor) domains.
This mesostructure might undergo significant or discon-
tinuous changes with increasing water content, e.g., thereby
changing path tortuosities or connectivities experienced
by diffusing solutes in these domains. Second, IL-solute
interactions might enable water to diffuse through the IL
mesostructure by a process that does not require ions to
reorganize. Both cases diverge from Stokes-Einstein:
Solutes diffuse without forcing the IL matrix and its
mesostructure to flow and rearrange. The macroscopically
measured IL viscosity η, on the other hand, inherently
reflects such rearrangements—and thus becomes effec-
tively decoupled from solute diffusivity.

The following experiments test whether one, if either, of
the proposed cases accounts for all of the concentration-
dependent diffusivity. While both mesostructure and IL-
solute interactions may change with the solute content, our
aim is to identify a dominant contributor in order to better
inform IL design strategies aimed at fast solute diffusion.

A. IL mesostructure

To evaluate the potential influence of mesostructure
changes, we use scattering to compare structural features
over the broad composition range probed in μFPI experi-
ments. Previously, Yamamuro et al. used neutron diffraction
to show that ½C8mim�½Cl�, an IL related to those studied here,
forms a network of polar regions that have three character-
istic domain spacings [47] attributed (in order of decreasing
distance) to the separation between polar ionic regions, the
distance between adjacent ions within the regions, and
interatomic spacing within the alkyl chains located within
the nonpolar domains [68]. Similarly, our wide-angle x-ray
scattering (WAXS) measurements on ½C6mim�½Cl�-H2O
mixtures (Fig. 4) reveal these three domains to be qualita-
tively preserved over the entire xH2O ¼ 0.09–0.69 compo-
sition space probed in μFPI experiments. OurWAXS results
are consistent with combined XRD and MD simulations
reported by Borodin et al. for ½C8mim�½BF4�-H2O mixtures
[69]. Gaussian fits to the peaks centered at 0.3, 1.0, and
1.6 Å−1 provide reasonable fits to the data and are quanti-
tatively similar to the 0.3, 1.1, and 1.4 Å−1 reported by
Yamamuro for neat ½C8mim�½Cl� [47]. These peaks corre-
spond to domains of spacings d ¼ 2π=q plotted in Fig. 4(b),
which seem reasonable given the molecular dimensions
of the cation. While the measurements do not distinguish
between discrete polar aggregates or a bicontinuous phase,
the structure shows no significant variation with H2O. In the
½C6mim�½Cl�=H2O mixtures studied here, domains swell by
6% for a wide range of water fractions (0.09 ≤ xH2O ≤
0.69), which accounts for only a fraction of the 1600%
increase in the measured diffusivity. Changes in H2O

FIG. 3. Measured diffusivities of species in ½C6mim�½I�-H2O
mixtures at an ambient temperature. The line denotes the
continuous diffusivity functional measured by μFPI. Points
denote diffusivities measured by PFGNMR in equilibrium
mixtures. Error bars are smaller than the markers. Blue and pink
bands denote diffusivities of H2O and ½C6mim�þ computed from
the Stokes-Einstein relation, respectively. The failure of DSE for
H2O suggests noncontinuum mechanisms for H2O transport.

FIG. 4. (a) WAXS spectra of ½C6mim�½Cl�-H2O mixtures (25 °C
shown; spectra over 30°–50 °C are provided in Appendix G).
Curves are shifted for clarity. Fitting the spectra to a sum of three
Gaussians (yellow line) yields domain spacings plotted in
(b) which are preserved over a broad composition range.
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diffusion thus are not due to slight changes in structural
morphology but rather are dominated by the kinetics of
transport.

B. IL-solute interactions

The very slight dependence of IL mesostructure spacing
on the water content suggests that changes in IL-solute
interaction energies are the primary source of composition
dependence of the diffusivity. To evaluate this hypothesis
more closely, we examine local interactions with water and
the ions in our system using 1H NMR. Differences in solute-
ion interactions, particularly hydrogen bonding strength, are
implicated in composition-dependent ultrafast dynamics of
solutes. In methylimidazolium ½NTf2�− and ½BF4�− ILs, 2D
IR spectroscopy studies show that small molecular solutes
(e.g., water, methanol, and ethanol) form hydrogen bonds
with ions at high concentrations, ultimately affecting
∼Oð10 psÞ molecular reorientation timescales [70–72].
In methylimidazolium-halide ILs, combined deuterium
exchange NMR, Fourier transform infrared spectroscopy,
and molecular dynamics simulation studies have established
that halide ions hydrogen bond strongly with the acidic H2
proton on the imidazolium ring [Fig. 5(a)] [73–78]. Our
measurements of relative NMR chemical shifts reveal this
local hydrogen bonding to be weakened by increasing H2O
concentration: Figure 5(a) shows the fullNMRspectra of two
½C6mim�½I�-H2O mixtures, and Figs. 5(b)–5(d) show the
change in shift of specific protons as a function of xH2O. The
most acidic H2 proton shifts upfieldwith thewater content—
indicating weakening H-bonding—with an approximately
linear dependence on xH2O. By contrast, H7 protons located
on the apolar alkyl tail experience negligible shiftswithH2O,
indicating that H2O has a strong local interaction with the

polar head group and associated anion. Deuterium exchange
experiments further confirm this specific interaction [73,74].
NMR additionally provides qualitative information

regarding the relative strength of hydrogen bonding, as
previously characterized in depth for H2O methylimiza-
lium-halide mixtures [73,74,79]. Examining H2 shifts in
½C6mim�½I�- and ½C6mim�½Cl�-H2O mixtures shows that
both the absolute shift, extrapolated to infinite dilution
xH2O → 0, and the magnitude of the H2O-dependent upfield
shift (i.e., the slope) are higher for the chloride IL. This
result indicates that the strength of the hydrogen bonding
increases with anion electronegativity.

VI. AN ACTIVATED HOPPING MODEL FOR
WATER DIFFUSION IN ILS

Water’s local, variable interaction with the composition-
invariant IL mesostructure suggests a potential mechanism
for water diffusion. Given that H2O has a strong affinity for
the polar regions and that these regions are preserved over a
wide composition space, we expect H2O to spend more
time located within the polar regions than the nonpolar
regions. Since the cations move an order of magnitude
slower than H2O, we approximate H2O diffusion occurring
as a series of hops between relatively immobile, polar sites,
akin to lattice diffusion in solids (Fig. 6) [80].
In the context of such a model, the invariance of the IL

structure to the presence of water indicates that the
observed exponential concentration dependence of the
diffusivity cannot come from changes in the lattice organi-
zation over which water hopping takes place. Instead, we
hypothesize that the changing diffusivity reflects changes
in the hopping time. The timescale for hopping is found by
solving a Kramers-type problem for an H2O molecule
trapped in a local potential well, until it experiences a large
enough thermal fluctuation to traverse an activation energy
barrier and fall into a neighboring well. Such processes
have characteristic timescales τ ∼ τ0eEa=kBT , where τ0 is a
timescale for each “attempt” (e.g., related to molecular
vibration frequencies of the lattice) and Ea is the height of

FIG. 5. Relative NMR chemical shifts indicate local hydrogen
bonding increases with halide electronegativity but decreases
approximately linearly with increasing water content. (a) Water
screens hydrogen bonding between halide and the H2 proton.
(b) Peaks of protons labeled in characteristic NMR spectra of
½C6mim�½I�-H2O (xH2O ¼ 0.03, 0.57) mixtures. For ½C6mim�½I�
and ½C6mim�½Cl�, chemical shifts of the H2 (c) and H7 (d) protons
illustrate local H2O head group interactions.

FIG. 6. Depiction of water intercalating within polar hopping
sites. Whether the IL forms isolated aggregates (red regions) as
depicted or a bicontinuous polar network, the sites do not
rearrange for H2O to move. Instead, H2O hops between sites
at a rate dictated by an activation energy.
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the activation energy barrier over which the molecule must
diffuse [81]. With this timescale, we expect the diffusivity
to have the form

DðxH2OÞ ∝
λ20
τ0

e−Ea=kBT: ð6Þ

Here, we propose that the activation energy Ea is
intrinsically linked to the strength of hydrogen bonding
between H2O and polar IL moieties. These hydrogen bonds
must be disrupted for a water molecule to hop. Since
measured NMR chemical shifts (Fig. 5) suggest this H
bonding to decrease linearly with xH2O, we assume that Ea

decreases linearly with xH2O according to

Ea ¼ E0 − E1xH2O; ð7Þ
where E0 is the intrinsic binding energy of the potential
well at infinite dilution and E1 captures the H2O compo-
sition dependence of the binding. Finite values of E1 imply
that each H2O molecule requires less energy to dissociate
from its site when nearby H2O molecules screen the
strength of hydrogen bonding at that site. Equation (7),
in turn, predicts diffusivity to depend exponentially on
xH2O, as measured interferometrically, and thus connects
fitting parameters D0 and α in the (empirical) functional
form in Eq. (5) with H-bond characteristics via

D0 ¼
λ20
τ0

e−E0=kBT ð8Þ

and

α ¼ E1=kBT: ð9Þ
This activated hopping mechanism predicts relative dif-

fusivities for different ILs depending on the strength of IL-
solute interactions throughEq. (7). Based again onNMR,we
expect E0 and E1 to increase with increasing anion electro-
negativity. This increase should manifest as a decrease inD0

and an increase in α. Indeed, the μFPI measurements of
different ILs (Fig. 2) show thatD0 decreases with increasing
anion (X−) electronegativity (D0;I > D0;Br > D0;Cl) and α
increaseswith increasing electronegativity (αI < αBr < αCl).
This result demonstrates the predictive capability of the
hopping diffusion model.
The temperature-dependent diffusivity measurements

(Fig. 2, inset) are additionally consistent with the activated
hopping mechanism. WAXS measurements indicate that
the IL mesostructure or the arrangement of polar sites is
quantitatively preserved with increasing temperature over
25°–50 °C (Appendix G). Assuming that the activation
energy for hopping, Ea, is given by the Gibbs free energy
ΔGa ¼ ΔHa − TΔSa, we predict that the diffusivity should
scale with the temperature according to

D ¼ λ20
τ0

e−S0=kBe−H0=kBT exp

��
H1

kBT
−
S1
kB

�
xH2O

�
: ð10Þ

Comparing to Eq. (5), we therefore expect the infinite
dilution diffusivity to have an Arrhenius dependence on the
temperature:

D0ðTÞ ∼ e−H0=kBT; ð11Þ
and the concentration-dependence factor α should vary
linearly with the inverse temperature, via

αðTÞ ∼ H1

kBT
−
S1
kB

: ð12Þ

These predictions are entirely consistent with measured
values of D0ðTÞ and αðTÞ, as plotted in Fig. 2 over
20°–40 °C. From the temperature-dependent measure-
ments, we extract values of H0 ¼ 18kBT, H1 ¼ 40kBT,
and S1 ¼ 38kB. Using Symmetry Adapted Perturbation
Theory, Izgorodina et al. report total ion-pair interaction
energies of −163 and −170kBT for neat ½C4mim�½Br� and
½C4mim�½Cl�, respectively [82]. This result suggests that the
H2O interaction with the polar sites at infinite dilution is
roughly an order of magnitude weaker than ion-ion bind-
ing. While it is impossible to decouple the impact of S0, λ0,
and τ0 from these measurements alone, the combination
ðλ20=τ0Þe−S0=kB—reflecting the contributions of lattice size,
attempt frequency, and entropic penalties to the infinite-
dilution diffusivity—is found to be 0.004 m2=s.
This activated hopping formalism is conceptually dis-

tinct, but nonetheless consistent, with Arrhenius behavior
previously reported for H2O diffusion in equilibrium
IL-H2O mixtures. By measuring diffusivities at different
temperatures using PFGNMR, Menjoge et al. report that
ion and H2O diffusivities scale as D ∝ expð−Ea=kBTÞ
[56]. Self-diffusion activation energies can be extracted
from temperature experiments for different H2O composi-
tions. Using such measurements, Fadeeva et al. find that Ea
decreases with increasing xH2O content when comparing
two mixtures of ½Pyrr1;4�½NTf2�-H2O [58]. Menjoge et al.
find that Ea depends on xH2O across five discrete compo-
sitions of ½C2mim�½EtSO4�-H2O and ½C2mim�½TFO�-H2O
solutions; however, measured dependences are neither
smooth nor monotonic. By measuring activation energies
over a continuous composition space during gradient-
driven transport, μFPI allows us to more directly identify
and construct mechanisms for the underlying composition
and Arrhenius behavior and, thus, predict gradient-driven
diffusion in other systems.

VII. CONCLUSION

By measuring concentration gradient-driven solute
absorption and desorption, microfluidic Fabry-Perot
interferometry enables composition-dependent measure-
ments of molecular diffusivities in IL-solvent mixtures.
Combining these measurements with PFGNMR and
WAXS analysis connects molecular and mesoscale struc-
ture to transport over industrially relevant length
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(millimeters) and time (tens of minutes) scales.
Specifically, we find that water diffuses through alkylme-
thylimidazolium ILs much more quickly than the ions and
faster than predicted by the Stokes-Einstein relation.
Invoking the SE relation to predict H2O diffusivities
fundamentally assumes that H2O molecules move by
forcing the surrounding ionic mesostructure to flow and
rearrange in the same way as during macroscopic viscosity
measurements. As an alternative to this SE picture, we
present a diffusive mechanism where H2O executes acti-
vated hops between polar ionic moieties that remain
relatively immobile over the timescale of hopping. This
mechanism provides a simple analytical model that quan-
titatively accounts for the effect of changes in solute
concentration and IL ion selection through a binding
energy. In the specific IL-water mixtures studied here,
attractive interactions originate from hydrogen bonding
between the solute and ions. Support for this hypothesis
comes from complementary NMR measurements, which
reveal that the strength of hydrogen bonding with acidic
protons on the cation (i) weakens linearly with water mole
fraction and (ii) strengthens with anion electronegativity.
These trends predict the measured diffusivities’ solute
concentration dependence and ion dependence. As further
support, the hopping mechanism predicts the measured
temperature dependence of diffusivity at infinite dilution
and at higher solute concentrations.
Although illustrated here for water, we believe a similar

mechanism and model should apply to any small solute
molecules that effectively “bind” to ions and that hop
between binding sites more rapidly than the ions themselves
rearrange. Altogether, our work indicates that charge-
segregated mesostructure and local interactions in ionic
liquids can have a dramatic effect on the mobility of neutral
solutes, and provides simple principles to select IL constitu-
ents to facilitate the sorption and transport of specific solutes.
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APPENDIX A: MATERIALS: IONIC LIQUIDS

Ionic liquids are purchased from Sigma-Aldrich
(½C6mim�½Cl� ≥ 97% purity; all others ≥ 98% purity)
and used without further purification. Prior to all experi-
ments, ionic liquids are dried under a vacuum at 90°C for at
least 24 h. For refractive index measurements, PFGNMR
measurements, and WAXS measurements, IL-H2O mix-
tures are prepared using ultrapure water (resistivity
18.2 MΩ cm). The H2O content of these mixtures is
determined precisely through volumetric Karl Fischer
titration. Dynamic viscosities of mixtures are measured
using an Anton Paar densitometer with an inline falling ball
viscometer (DMA 4100M) at 25 °C using a 2.5-mm-
diameter capillary. The refractive indices of mixtures are
measured using an Abbe refractometer.

APPENDIX B: MICROFLUIDIC FABRY-PEROT
INTERFEROMETRY

Microfluidic Fabry-Perot interferometry is used to mea-
sure the dynamics of H2O sorption by ionic liquids. The
microfluidic devices used here [Fig. 1(a)] consist of a
single, 90 μm layer of double-sided tape (permanent
double sided tape, Scotch®) sandwiched between semi-
reflective slides. A computer-controlled laser cutter (Trotec
Speedy 100) is used to cut the T-junction design into the
tape. Slides are cut into 3 × 4 cm2 pieces from sheets of
mirrored acrylic prepared through vacuum metallization
(1=8” acrylic see-through mirror, American Acrylics). The
protective polyethylene film is removed from the sheets to
prevent multiple layer interference. Holes are drilled
through the slides to provide access for inlet and outlet
tubing, which is secured to the device using epoxy.
Prior to filling, microfluidic devices and tubing are

purged with N2 (purity 99.998%) for 30 min. ILs trans-
ferred from the vacuum oven are immediately injected into
the stem of the microfluidic device. N2 is passed contin-
uously through the vapor channel during injection and
flows at 300 mBar for an additional 30 min after injection
to remove H2O absorbed during the syringe connection.
The remaining IL is Karl Fischer titrated in order to
determine the initial H2O content.
Bubbling N2 through H2O produces a vapor stream with

75% measured humidity. Precise control over vapor
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pressure is not required in this method, since the measured
H2O content at the interface serves as a boundary condition
in each experiment. Switching from pure N2 to the H2O-
laden stream initiates absorption of H2O; switching back to
N2 initiates desorption. Adjusting the inlet pressure from
300 to 700 mBar maintains the position of the interface to
within �6 μm.
For elevated temperature measurements, microfluidic

devices are taped onto a dual Peltier-controlled thermal
microscope stage (INSTEC, TSA02i). The chamber temper-
ature ismonitoredwith a thermocouplewhose lead is attached
to themidplaneof themicrofluidic device.Becauseof internal
temperature gradients caused by the microscope objective
opening, we measure temperature fluctuations of �1 °C
during experiments. All other measurements are performed
at ambient room temperature, 21.2� 1.6 °C.
The concentration of H2O is measured at points within

the device via multiple beam FECO interferometry. The
optical configuration described by Vogus et al. [59] is used
to acquire FECO every 1.92 μm at 0.5 Hz over 20–30 min.
A custom-written MATLAB code is used to track the
relative shifts of fringes over position y and time t, i.e., to
identify the wavelength λFm that produces a maximum in
transmitted light for a fringe of chromatic order m. These
maxima are converted to changes in refractive indices using
the relation

nðy; tÞ ¼ nðt0Þ
λFmðy; tÞ
λFmðt0Þ

; ðB1Þ

where nðt0Þ denotes the refractive index of the initially
uniform mixture. Drift due to device expansion is corrected
by tracking small refractive index changes on the vapor side
of the interface. Changes in the IL refractive index are
converted to changes in concentration using calibration
curves described in Appendix C.

APPENDIX C: REFRACTIVE INDEX
COMPOSITION CORRELATIONS

Rilo et al. [64] report that the refractive indices nmixture of
binary mixtures of ionic liquids with water and various
alcohols scale linearly with the volume fraction of solute, or

nmixture ¼ ϕH2OnH2O þ ð1 − ϕH2OÞnIL; ðC1Þ
where ϕH2O is the volume fraction of H2O and ni is the
refractive index of neat species i. Assuming the density is not
a strong function of composition (ideal mixing), this relation
can be written in terms of xH2O using

ϕH2O ¼ xH2OMWH2OρIL
xH2OMWH2OρIL þ ð1 − xH2OÞMWILρH2O

; ðC2Þ

where MWi and ρi are the molecular weight and density,
respectively, of species i.
Figure 7 shows measured refractive indices of mixtures

of H2O and the ½Cnmim�½X� ILs used in this study. The
measured values are fit to Eqs. (C1) and (C2) by setting
ρH2O ¼ 0.99704 g/mL, nH2O ¼ 1.3332, and leaving ρIL and
nIL as fitting parameters (Table II). Doing so provides a
continuous correlation between the refractive index and
xH2O, which is used to convert the local refractive index to
composition.

APPENDIX D: THEORETICAL BASIS
FOR CONCENTRATION GRADIENT

PROFILE ANALYSIS

Microfluidic Fabry-Perot interferometry measures the
spatiotemporal dependence of theH2Oconcentration during
sorption. The composition-dependent diffusivity D is ex-
tracted from measured concentration profiles by treating
the sorption process as diffusion into a semi-infinite slab.
The following derives the equations used to fit cðy; tÞ from
first principles. This section is adapted from Sec. 3.3.2
of Ref. [83].
Let the origin of the coordinate system (y ¼ 0) be the

liquid-vapor interface. The ionic liquid ½Cnmim�½X� occu-
pies y > 0; the vapor stream y < 0. The mass balances on
H2O and ½Cnmim�½X� are, respectively,

∂c1
∂t ¼ −

∂
∂y ð _N1Þ ðD1Þ

and
FIG. 7. Refractive indices of ½Cnmim�½X�-H2O mixtures.
Measured values (points) are fit to Eqs. (C1) and (C2).

TABLE II. Refractive index fitting parameters.

Ionic liquid ρIL (g=mL) nIL

1. ½C4mim�½I� 1.6764 1.5814
2. ½C6mim�½I� 1.7183 1.5661
3. ½C6mim�½Br� 1.5352 1.5352
4. ½C6mim�½Cl� 1.2451 1.5195
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∂c2
∂t ¼ −

∂
∂y ð _N2Þ: ðD2Þ

For brevity, species 1 denotes H2O; species 2 denotes
½Cnmim�½X�. The flux of H2O, _N1, is the sum of diffusion
and convection:

_N1 ¼ −D
∂c1
∂y þ c1v0; ðD3Þ

where the volume average velocity is

v0 ¼ _N1 V1 þ _N2 V2 : ðD4Þ
In the equation above, Vi is the molar volume of species i.
The molar average velocity can be written in terms of

concentration by enforcing mass conservation across the
entire system. We assume that V1 and V2 are independent
of the composition (ideal mixing), multiply Eqs. (D1) and
(D2) by V1 and V2, and add to obtain

∂
∂t ðc1V1 þ c2V2Þ ¼ −

∂
∂y ð _N1 V1 þ _N2 V2Þ: ðD5Þ

In the equation above, ciVi ¼ ϕi is the volume fraction of
species i. The terms c1V1 þ c2V2 always sum to unity,
making the left-hand side of the equation equal to 0.
Therefore, _N1 V1þ _N2 V2 must be independent of y.
Additionally, _N2 is zero at the vapor interface, because
the IL has negligible volatility. As such,

_N1 V1þ _N2 V2 ¼ V1
_N1 jy¼0 ðD6Þ

¼ V1

�
−D

∂c1
∂y

����
y¼0

þ c1V1
_N1 jy¼0

�
: ðD7Þ

Solving Eq. (D7) for V1
_N1 jy¼0, we obtain

V1
_N1 jy¼0 ¼ −

�
DV1ð∂c1=∂yÞ

1 − c1V1

�����
y¼0

¼ v0: ðD8Þ

Combining Eqs. (D1) and (D8) yields the governing
equation for the concentration of H2O:

∂c1
∂t ¼ ∂

∂y
�
D
∂c1
∂y

�
þ
�
DV1ð∂c1=∂yÞ

1 − c1V1

�����
y¼0

∂c1
∂y : ðD9Þ

In the absorption and desorption experiments, the con-
centration at the interface c1jy¼0 changes with time. The
diffusivity at the interface may be concentration dependent
and, consequently, also changes with time. This being the
case, v0 is time dependent. To capture this dependence, we
define a new characteristic dimensionless variable, a time-
dependent Peclet number:

Pe ¼ Lv0

Djy¼0

¼ −
�
LV1ð∂c1=∂yÞ
1 − c1V1

�����
y¼0

; ðD10Þ

where L is the length interrogated by interferometry,
approximately 1500 μm. Pe is the ratio of the characteristic
timescale of convection to that of diffusion. With this
definition, the H2O governing equation becomes

∂c1
∂t ¼ ∂

∂y
�
D
∂c1
∂y

�
−
Djy¼0Pe

L
∂c1
∂y : ðD11Þ

To aid in numerical solving of the partial differential
equation y is nondimensionalized by L as shown:

∂c1
∂t ¼ 1

L2

∂
∂ỹ

�
D
∂c1
∂ỹ

�
−
Djy¼0Pe

L2

∂c1
∂ỹ : ðD12Þ

Pe gives an approximate measure of the relative magnitudes
of convention and diffusion (approximate because D does
not necessarily equalDjy¼0 throughout the IL=H2Osystem).
Pe can be measured directly from the experimental data
by measuring the concentration and slope at the interface
prior to model fitting. The insets in Fig. 1 show the time
dependence of Pe for an example absorption and desorption
experiment. During absorption, Pe is positive, reflecting that
the volume-engendered convection is directed away from
the interface. At an intermediate time (t > 600 s), the gas
stream is switched fromhumidifiedN2 to dryN2.WhenH2O
is drawn out of the IL, Pe < 0, v0 is toward the interface. Pe
is small but not vanishingly small. As such, we expect that
including solute volume effects in the experimental fitting
will have a small effect on the measured diffusivity.
A custom-written MATLAB code is used to extract a

composition-dependent diffusivity DðcH2OÞ from the pro-
files by iteratively solving Eq. (D12) and minimizing the
sum of squared differences between the measured concen-
tration and the theoretical concentration, cH2O;theoryðy; tÞ,
as a function of different diffusivity fitting parameters. The
quality of fit measured by the residual sum of squares

δ ¼ 1

N

X
½cH2O;measuredðy; tÞ − cH2O;theoryðy; tÞ�2; ðD13Þ

where N is the number of concentration points measured.
The high spatial and temporal resolution of these experi-
ments makes N ∼ 700 000. For all numerical fits, boundary
and initial conditions are as follows:

c1ðt; y ¼ 0Þ ¼ measured value; ðD14Þ
c1ðt; y ¼ LÞ ¼ 0; ðD15Þ

c1ðt ¼ 0; yÞ ¼ measured value 80 s after start of hydration:

ðD16Þ

For all experiments, IL molar volumes are those measured
by Sastry, Vaghela, and Macwan [84]. In Table I, D0 and α
errors are 95% confidence intervals bounding at least four
trials for each IL.
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APPENDIX E: COMPARING THE ACCURACY
OF DIFFERENT DIFFUSIVITY FUNCTIONS

Here, we provide examples for fitting the PDE

∂c1
∂t ¼ 1

L2

∂
∂ỹ

�
D
∂2c1
∂2ỹ

�
−
DPe
L2

∂c1
∂ỹ ðE1Þ

to the concentration profiles using different DðcH2OÞ func-
tional forms. The effect of including (excluding) solute
volume considerations is also compared through fits with
finite (zero) values of Pe.

Figures 8–10 show the profiles obtained for ½C6mim�½Cl�,
½C6mim�½Br�, and ½C6mim�½I�, respectively, using the differ-
entDðcH2OÞ. Only the finite Pe fits are shown for brevity. A
cursory examination of the figures shows that the model
D ¼ D0 expðαxH2OÞ (where D0 and α are fitting parame-
ters) provides excellent agreement with the measured
concentration in all cases and clearly superior agreement
for ½C6mim�½Cl� and ½C6mim�½Br�. For ½C6mim�½I�, the δ
values must be examined to distinguish between the linear
and exponential models.
Tables III–V give values of the normalized residual sum

of squares, δ, associated with those fits for ½C6mim�½Cl�,
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FIG. 8. Spatiotemporal concentration profiles of H2O (i) absorption and (ii) desorption by ½C6mim�½Cl�. Measured concentration
values are demarked by circles. Every tenth point in space is included; other points are excluded for clarity. The numerical solution of
Eq. (E1) with various DðxH2OÞ finite Pe demarked by solid lines. (a) D ¼ D0; (b) D ¼ D0 þ αxH2O; (c) D ¼ D0 expðαxH2OÞ. Time
increases as colors change from red to blue with 4 min time intervals.
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½C6mim�½Br�, and ½C6mim�½Cl�, respectively. Of the models
shown, D0 expðαxH2OÞ provides the smallest value of δ.
Including Pe generally improves the quality of the fit but
only marginally.
The residual sum of squares is used to perform an Akaike

information criteria (AIC) test. The AIC test compares the
quality of fits to one dataset with multiple fitting functions.
The AIC value is calculated via

AIC ¼ N lnðδ=NÞ þ 2K; ðE2Þ

where N is the number of observation in the dataset and K
is the number of fitting parameters in the function. The AIC

test does not evaluate the absolute quality of the fit but
instead compares relative accuracy. The K term penalizes
overfitting using models with excessive parameters.
Models with better fits have lower AIC values.
Tables III–V provide AIC values for the different case
studies. The exponential model has the minimum AIC
values by 105 or more for ½C6mim�½Cl�, ½C6mim�½Br�, and
½C6mim�½I�. Tables III–V also include frequently used
goodness-of-fit parameters χ2 and R2:

χ2 ¼ 1

N

X ½cH2O;measuredðy; tÞ − cH2O;theoryðy; tÞ�2
cH2O;theoryðy; tÞ

; ðE3Þ
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FIG. 9. Spatiotemporal concentration profiles of H2O (i) absorption and (ii) desorption by ½C6mim�½Br�. Measured concentration
values are demarked by circles. Every tenth point in space is included; other points are excluded for clarity. The numerical solution of
Eq. (E1) with various DðxH2OÞ finite Pe demarked by solid lines. (a) D ¼ D0; (b) D ¼ D0 þ αxH2O; (c) D ¼ D0 expðαxH2OÞ. Time
increases as colors change from red to blue with 4 min time intervals.
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FIG. 10. Spatiotemporal concentration profiles of H2O (i) absorption and (ii) desorption by ½C6mim�½I�. Measured concentration values
are demarked by circles. Every tenth point in space is included; other points are excluded for clarity. The numerical solution of Eq. (E1)
with various DðxH2OÞ finite Pe demarked by solid lines. (a) D ¼ D0; (b) D ¼ D0 þ αxH2O; (c) D ¼ D0 expðαxH2OÞ. Time increases as
colors change from red to blue with 3 min time intervals.

TABLE III. Comparison of diffusivity fits for ½C6mim�½Cl�.
DðxH2OÞ½μm2 s−1� Pe Process D0 α δ AIC (×106) χ2 R2

D0 0 Absorption 131.39 � � � 0.1834 −2.18 0.0735 0.9681
D0 0 Desorption 108.28 � � � 0.1542 −2.41 0.0632 0.9389
D0 ≠ 0 Absorption 118.81 � � � 0.1707 −2.27 0.0683 0.9703
D0 ≠ 0 Desorption 104.41 � � � 0.1450 −2.49 0.0601 0.9426
D0 þ αxH2O 0 Absorption 0.000 91 256.46 0.0575 −3.66 0.0233 0.9900
D0 þ αxH2O 0 Desorption 0.001 99 239.43 0.0603 −3.63 0.0237 0.9761
D0 þ αxH2O ≠ 0 Absorption 0.002 04 233.05 0.0501 −3.84 0.0217 0.9913
D0 þ αxH2O ≠ 0 Desorption 0.000 72 226.01 0.0524 −3.81 0.0209 0.9793
D0 expðαxH2OÞ 0 Absorption 9.89 4.69 0.0054 −6.70 0.0024 0.999 06
D0 expðαxH2OÞ 0 Desorption 5.20 6.04 0.0022 −7.87 0.0012 0.999 11
D0 expðαxH2OÞ ≠ 0 Absorption 9.34 4.52 0.0055 −6.69 0.0023 0.999 05
D0 expðαxH2OÞ ≠ 0 Desorption 5.78 5.64 0.0015 −8.43 0.0007 0.999 42
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R2 ¼ 1 −
P ½cH2O;measuredðy; tÞ − cH2O;theoryðy; tÞ�2P ½cH2O;measuredðy; tÞ − cmean�2

; ðE4Þ

where cmean is the mean water concentration over all of
space and time.

APPENDIX F: PULSED-FIELD GRADIENT NMR

1H NMR spectra and PFG diffusion experiments are
acquired on a Bruker 300 MHz Super-Wide Bore NMR
spectrometer equipped with a AVIII console and a Bruker
microimaging probe Micro 5 that offers a gradient strength
of up to 3 T=m. The samples are sealed in 5 mm o.d. NMR
tubes and kept at 25 °C during the measurements.
For the PFG measurements, a bipolar stimulated echo

sequence is used to compensate internal gradients caused
by the sample. The gradient pulse length δ is kept at 1 ms
and the time between the gradients, Δ (diffusion time), at
50 ms for all measurements. The PFGNMR experiments of
the chloride sample are additionally performed with a Δ
of 20 ms to check for diffusion time-dependent effects
like convection. It is found that there is no dependence of
self-diffusion coefficients on Δ. For each diffusion dataset,

32 points (gradient steps) are acquired and the signal
averaged over 16 scans.
The 1H spectra and diffusion data are baseline and phase

corrected by an in-house MATLAB routine. To analyze the
relative cation’s 1H peak shifts for different water contents,
the H8 proton is used as an internal reference to avoid
nanostructure variations caused by an added reference. We
note that NMR measurements performed on methylimida-
zolium-halide-H2O mixtures using external double-
reference methods [73,74] reveal the same qualitative
aspects about hydrogen bonding as in our measurements.
The diffusion coefficient of the ionic liquid’s cation and

the water component is determined by fitting a mono-
exponential decay to the integral of each peak of the
spectroscopically resolved data according to the Stejskal-
Tanner equation I ¼ I0e½γ

2G2δ2ðΔ−δ=3ÞD�. The fit of the
cation’s protons results in the same diffusivity within the
error margin, and the cation’s total diffusion coefficient is
calculated as the average of all these values.
Figure 11 shows the NMR spectra of ½C6mim�½Cl�-H2O

at various xH2O. Peaks broaden as xH2O due to the increase

TABLE IV. Comparison of diffusivity fits for ½C6mim�½Br�.
DðxH2OÞ½μm2 s−1� Pe Process D0 α δ AIC (×106) χ2 R2

D0 0 Absorption 177.80 � � � 0.3437 −1.54 0.1632 0.9621
D0 0 Desorption 119.78 � � � 0.2446 −2.11 0.1211 0.9390
D0 ≠ 0 Absorption 161.85 � � � 0.3198 −1.65 0.1547 0.9648
D0 ≠ 0 Desorption 118.21 � � � 0.2250 −2.24 0.1167 0.9439
D0 þ αxH2O 0 Absorption 0.000 99 328.10 0.0934 −3.42 0.0415 0.9897
D0 þ αxH2O 0 Desorption 0.001 64 256.24 0.0662 −4.07 0.0301 0.9835
D0 þ αxH2O ≠ 0 Absorption 0.001 76 291.67 0.0802 −3.64 0.0366 0.9912
D0 þ αxH2O ≠ 0 Desorption 0.000 72 238.23 0.0514 −4.46 0.0240 0.9872
D0 expðαxH2OÞ 0 Absorption 13.52 4.41 0.0009 −10.01 0.0008 0.999 90
D0 expðαxH2OÞ 0 Desorption 9.85 4.76 0.0034 −8.54 0.0026 0.999 16
D0 expðαxH2OÞ ≠ 0 Absorption 12.81 4.23 0.0012 −9.69 0.0009 0.999 87
D0 expðαxH2OÞ ≠ 0 Desorption 10.82 4.37 0.0016 −9.70 0.0012 0.999 61

TABLE V. Comparison of diffusivity fits for ½C6mim�½I�.
DðxH2OÞ½μm2 s−1� Pe Process D0 α δ AIC (×106) χ2 R2

D0 0 Absorption 114.28 � � � 0.018 16 −2.82 0.0248 0.9868
D0 0 Desorption 92.72 � � � 0.017 40 −2.84 0.0278 0.9473
D0 ≠ 0 Absorption 109.26 � � � 0.017 13 −2.86 0.0234 0.9875
D0 ≠ 0 Desorption 91.43 � � � 0.016 55 −2.88 0.0267 0.9875
D0 þ αxH2O 0 Absorption 17.24 284.86 0.000 71 −5.10 0.0013 0.9995
D0 þ αxH2O 0 Desorption 14.14 288.33 0.000 112 −4.76 0.0034 0.9966
D0 þ αxH2O ≠ 0 Absorption 17.24 267.04 0.000 66 −5.15 0.0012 0.9995
D0 þ αxH2O ≠ 0 Desorption 16.12 270.48 0.001 07 −4.80 0.0033 0.9968
D0 expðαxH2OÞ 0 Absorption 37.49 2.96 0.000 51 −5.32 0.000 56 0.999 63
D0 expðαxH2OÞ 0 Desorption 30.56 3.52 0.000 82 −4.99 0.002 20 0.997 52
D0 expðαxH2OÞ ≠ 0 Absorption 36.68 2.86 0.000 54 −5.29 0.000 57 0.999 61
D0 expðαxH2OÞ ≠ 0 Desorption 31.96 3.27 0.000 86 −4.95 0.002 17 0.997 40
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in viscosity, consistent with Ref. [74]. In addition to this
broad nature, the overlap of the H2O peak with the H5 peak
contributes to an error in the measured H2O diffusivity
(Fig. 12) and even prevents it from being measured in the
driest sample. These measurement challenges highlight the
value of microfluidic interferometry.

APPENDIX G: WIDE-ANGLE X-RAY
SCATTERING

½C6mim�½Cl�-H2O mixtures are hermetically sealed in
2-mm-thick aluminum washer cells with Kapton

windows. Water content is determined using Karl
Fischer titration prior to loading. WAXS measurements
are performed at beam line 7.3.3 [85] of LBNL’s
Advanced Light Source over 25°–50 °C at 5 °C increments.
An x-ray beam energy of 10.0 keV is used corresponding
to a wavelength λ of 1.24 Å. Scattering patterns are
obtained by first calibrating against silver behenate and
then subtracting off the signal from an empty Kapton cell.
Azimuthally averaged scattering intensity is plotted ver-
sus the magnitude of the momentum transfer vector
q ¼ 4π sin θ=λ. Scattering data are reduced using the
Nika package [86] for Igor Pro.
Figure 13 shows theWAXS spectra for ½C6mim�½Cl�-H2O

mixtures over 25°–50 °C at 5 °C increments. These spectra
are fit to a sum of three Gaussians to determine characteristic
domain spacings, which are plotted in Fig. 4(b) for all
temperatures.

FIG. 11. Relative NMR chemical shifts indicate increasing
local hydrogen bonding strength with decreasing water content.
Water screens hydrogen bonding between halide and H2 proton.
Peaks of protons labeled in characteristic NMR spectra of
½C6mim�½Cl�-H2O mixtures.

D

D

D

FIG. 12. Diffusivities of species in ½C6mim�½Cl�-H2O mixtures
at ambient temperature. The line indicates continuous diffusivity
measured by microfluidic interferometry. Points indicate diffu-
sivities measured by PFGNMR in equilibrium mixtures. Error
bars are indicated in black.
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FIG. 13. WAXS spectra (blue points) of ½C6mim�½Cl�-H2Omixtures over 25°–50 °C in 5 °C increments. Lines indicate fits to the sum of
three Gaussians.
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[64] E. Rilo, M. Domínguez-Pérez, J. Vila, L. Segade, M. García,
L. M. Varela, and O. Cabeza, Easy Prediction of the
Refractive Index for Binary Mixtures of Ionic Liquids with
Water or Ethanol, J. Chem. Thermodyn. 47, 219 (2012).

[65] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevX.9.011048 for model-free
determination of composition dependent diffusivity.

[66] A. M. Smith, A. A. Lee, and S. Perkin, Switching the
Structural Force in Ionic Liquid-Solvent Mixtures by
Varying Composition, Phys. Rev. Lett. 118, 096002 (2017).

[67] S. W. Coles, A. M. Smith, M. V. Fedorov, F. Hausen, and S.
Perkin, Interfacial Structure and Structural Forces in
Mixtures of Ionic Liquid with a Polar Solvent, Faraday
Discuss. 206, 427 (2018).

[68] H. V. R. Annapureddy, H. K. Kashyap, P. M. De Biase, and
C. J. Margulis, What Is the Origin of the Prepeak in the

ALEXANDRA V. BAYLES et al. PHYS. REV. X 9, 011048 (2019)

011048-18

https://doi.org/10.1016/j.cplett.2004.04.125
https://doi.org/10.1016/j.cplett.2004.04.125
https://doi.org/10.1021/jp067705t
https://doi.org/10.1021/jp067705t
https://doi.org/10.1021/jp1093299
https://doi.org/10.1021/jz100146r
https://doi.org/10.1021/jp1070715
https://doi.org/10.1021/jp1070715
https://doi.org/10.1063/1.3563540
https://doi.org/10.1063/1.3563540
https://doi.org/10.1063/1.3473825
https://doi.org/10.1063/1.3473825
https://doi.org/10.1063/1.3622598
https://doi.org/10.1063/1.3622598
https://doi.org/10.1063/1.1635356
https://doi.org/10.1063/1.1635356
https://doi.org/10.1021/jp109612k
https://doi.org/10.1021/jp109612k
https://doi.org/10.1063/1.4818540
https://doi.org/10.1063/1.4818540
https://doi.org/10.1039/C3CP53116C
https://doi.org/10.1021/cr500411q
https://doi.org/10.1021/cr500411q
https://doi.org/10.1021/acs.langmuir.6b00494
https://doi.org/10.1021/acs.langmuir.6b00494
https://doi.org/10.1021/jp053817t
https://doi.org/10.1021/jp053817t
https://doi.org/10.1021/jp075378z
https://doi.org/10.1021/jp900902n
https://doi.org/10.1039/C4CP00527A
https://doi.org/10.1039/C4CP00527A
https://doi.org/10.1063/1.4928065
https://doi.org/10.1063/1.4928065
https://doi.org/10.1039/C5LC00095E
https://doi.org/10.1039/C5LC00095E
https://doi.org/10.1021/jacs.7b12121
https://doi.org/10.1021/jacs.7b12121
https://doi.org/10.1351/pac200072122275
https://doi.org/10.1351/pac200072122275
https://doi.org/10.1039/B103275P
https://doi.org/10.1039/C5GC00720H
https://doi.org/10.1039/C5GC00720H
https://doi.org/10.1016/j.jct.2011.10.016
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
http://link.aps.org/supplemental/10.1103/PhysRevX.9.011048
https://doi.org/10.1103/PhysRevLett.118.096002
https://doi.org/10.1039/C7FD00168A
https://doi.org/10.1039/C7FD00168A


X-Ray Scattering of Imidazolium-Based Room-Temperature
Ionic Liquids?, J. Phys. Chem. B 114, 16838 (2010).

[69] O. Borodin, D. L. Price, B. Aoun, M. A. González, J. B.
Hooper, M. Kofu, S. Kohara, O. Yamamuro, and M.-L.
Saboungi, Effect of Water on the Structure of a Prototype
Ionic Liquid, Phys. Chem. Chem. Phys. 18, 23474 (2016).

[70] P. L. Kramer, C. H. Giammanco, and M. D. Fayer, Dynam-
ics of Water, Methanol, and Ethanol in a Room Temper-
ature Ionic Liquid, J. Chem. Phys. 142, 212408 (2015).

[71] C. H. Giammanco, P. L. Kramer, and M. D. Fayer, Ionic
Liquid versus Liþ Aqueous Solutions: Water Dynamics
near Bistriflimide Anions, J. Phys. Chem. B 120, 9997
(2016).

[72] C. H. Giammanco, P. L. Kramer, D. B. Wong, and M. D.
Fayer, Water Dynamics in 1-Alkyl-3-Methylimidazolium
Tetrafluoroborate Ionic Liquids, J. Phys. Chem. B 120,
11523 (2016).

[73] S. Cha, M. Ao, W. Sung, B. Moon, B. Ahlström, P.
Johansson, Y. Ouchi, and D. Kim, Structures of Ionic
Liquidwater Mixtures Investigated by IR and NMR Spec-
troscopy, Phys. Chem. Chem. Phys. 16, 9591 (2014).

[74] K. Saihara, Y. Yoshimura, and A. Shimizu, Linear Relation-
ship between the 1H-Chemical Shift of Water in a Highly
Concentrated Aqueous Solution of an Ionic Liquid and the
Jones-Dole B Coefficient, J. Mol. Liq. 212, 1 (2015).

[75] N. Yaghini, J. Pitawala, A. Matic, and A. Martinelli, Effect
of Water on the Local Structure and Phase Behavior of
Imidazolium-Based Protic Ionic Liquids, J. Phys. Chem. B
119, 1611 (2015).

[76] P. A. Hunt and I. R. Gould, Structural Characterization of
the 1-Butyl-3-Methylimidazolium Chloride Ion Pair Using
Ab Initio Methods, J. Phys. Chem. A 110, 2269 (2006).

[77] S. Tsuzuki, R. Katoh, and M. Mikami, Analysis of Inter-
actions between 1-Butyl-3-Methylimidazolium Cation and
Halide Anions (Cl-, Br- and I-) by Ab Initio Calculations:

Anion Size Effects on Preferential Locations of Anions, Mol.
Phys. 106, 1621 (2008).

[78] I. Skarmoutsos, D. Dellis, R. P. Matthews, T. Welton, and
P. A. Hunt, Hydrogen Bonding in 1-Butyl- and 1-Ethyl-3-
Methylimidazolium Chloride Ionic Liquids, J. Phys. Chem.
B 116, 4921 (2012).

[79] M. Shukla, N. Srivastava, and S. Saha, Theoretical and
Spectroscopic Studies of 1-Butyl-3-Methylimidazolium
Iodide Room Temperature Ionic Liquid: Its Differences
with Chloride and Bromide Derivatives, J. Mol. Struct. 975,
349 (2010).

[80] H. Mehrer, Diffusion in Solids, Springer Series in
Solid-State Sciences Vol. 155 (Springer-Verlag, Berlin,
2007).

[81] V. I. Mel’nikov, The Kramers Problem: Fifty Years of
Development, Phys. Rep. 209, 1 (1991).

[82] E. I. Izgorodina, D. Golze, R. Maganti, V. Armel, M. Taige,
T. J. S. Schubert, and D. R. MacFarlane, Importance of
Dispersion Forces for Prediction of Thermodynamic and
Transport Properties of Some Common Ionic Liquids, Phys.
Chem. Chem. Phys. 16, 7209 (2014).

[83] E. L. Cussler, Diffusion, 3rd ed. (Cambridge University
Press, Cambridge, England, 2009), pp. 71–74.

[84] N. V. Sastry, N. M. Vaghela, and P. M. Macwan, Densities,
Excess Molar and Partial Molar Volumes for Water þ
1-Butyl- or, 1-Hexyl- or, 1-Octyl-3-Methylimidazolium Hal-
ide Room Temperature Ionic Liquids at T ¼ ð298.15 and
308.15Þ K, J. Mol. Liq. 180, 12 (2013).

[85] A. Hexemer, W. Bras, J. Glossinger, E. Schaible, E. Gann,
R. Kirian, A. MacDowell, M. Church, B. Rude, and
H. Padmore, A SAXS/WAXS/GISAXS Beamline with Multi-
layer Monochromator, J. Phys. Conf. Ser. 247, 012007
(2010).

[86] J. Ilavsky, Nika: Software for Two-Dimensional Data
Reduction, J. Appl. Crystallogr. 45, 324 (2012).

ANOMALOUS SOLUTE DIFFUSIVITY IN IONIC LIQUIDS: … PHYS. REV. X 9, 011048 (2019)

011048-19

https://doi.org/10.1021/jp108545z
https://doi.org/10.1039/C6CP02191C
https://doi.org/10.1063/1.4914156
https://doi.org/10.1021/acs.jpcb.6b07145
https://doi.org/10.1021/acs.jpcb.6b07145
https://doi.org/10.1021/acs.jpcb.6b08410
https://doi.org/10.1021/acs.jpcb.6b08410
https://doi.org/10.1039/C4CP00589A
https://doi.org/10.1016/j.molliq.2015.08.052
https://doi.org/10.1021/jp510691e
https://doi.org/10.1021/jp510691e
https://doi.org/10.1021/jp0547865
https://doi.org/10.1080/00268970802258575
https://doi.org/10.1080/00268970802258575
https://doi.org/10.1021/jp209485y
https://doi.org/10.1021/jp209485y
https://doi.org/10.1016/j.molstruc.2010.05.003
https://doi.org/10.1016/j.molstruc.2010.05.003
https://doi.org/10.1016/0370-1573(91)90108-X
https://doi.org/10.1039/C3CP53035C
https://doi.org/10.1039/C3CP53035C
https://doi.org/10.1016/j.molliq.2012.12.018
https://doi.org/10.1088/1742-6596/247/1/012007
https://doi.org/10.1088/1742-6596/247/1/012007
https://doi.org/10.1107/S0021889812004037

