Interactions between water and 1-butyl-1-methylpyrrolidinium ionic liquids
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We report experimental results on the diffusivity of water in two ionic liquids obtained using

the pulsed-gradient spin-echo NMR method.

Both ionic
methylpyrrolidinium, but different trifluoromethyl-containing anions.
ion, bis(trifluoromethylsulfonyl)amide, while the second has a hydrophilic anion,

liquids have the same cation, 1-butyl-1-
One has a strongly hydrophobic an-
trifluoromethylsulfonate.

Transport of water in these ionic liquids is much faster than would be predicted from hydrodynamic laws,

indicating that the neutral
at the molecular level.

water molecules experience a very different friction than the anions and cations
Temperature-dependent viscosities, conductivities and densities are reported as a
function of water concentration to further analyze the properties of the ionic liquid-water mixtures.

These

results on the properties of water in ionic liquids should be of interest to researchers in diverse areas ranging
from separations, solubilizing biomass and energy technologies.
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INTRODUCTION

Applications of ionic liquids (ILs) to significant prob-
lems in energy sciences and biomolecular studies require
an understanding of how water interacts with the ionic
species.Hydrogen fuel cells with ionic liquids show great
promise, where the end product of the electrochemical
reaction is water."? Even trace amounts of water for ILs
applications such as lithium batteries can have deleteri-
ous effects on performance. Photo-catalytic water split-
ting with increased efficiency and decreased overpoten-
tials may become possible with the use of ILs. Aque-
ous biphasic systems are increasingly used for complex
separations tasks® One of the more important applica-
tions of aqueous-IL separations is to use ILs for solubi-
lizing biomass or effecting enzymatic catalysis transfor-
mations, where the role of water will be crucial.*® ILs
with added water show distinctly non-hydrodynamic be-
havior, so careful consideration of the thermodynamics,
transport, and interactions of the IL anions and cations
together with the added water is needed.

While ILs that have sufficiently hydrophobic anions
and cations can phase separate from water, even these
hydrophobic ILs still have significant mole fractions of
water at the solubility limits. © In most ionic liquids, the
interactions between water and the ions are dominated
by anion-water interactions, as discussed by Cammarata,
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etal.” Significant effort is expended by the IL research
community to ensure that physical and chemical proper-
ties of ILs were measured on dry samples, since water is
known to be rapidly absorbed through exposure to atmo-
spheric moisture® Characterization of water in ionic lig-
uids is most commonly done by means of a Coulometric
Karl Fischer titration, which is destructive to the sample,
so alternative means of characterizing water have been
developed using near-IR spectroscopy® As surface sci-
ence experiments progressed on ILs,mass spectroscopic
studies of ILs in ultra-high vacuum (UHV) conditions re-
vealed that even so-called ‘dry’ samples still contained
significant quantities of water from the perspective of
electrochemists and surface scientists. However, multi-
ple distillation passes in UHV conditions permit removal
of all detectable water.®

A number of researchershave applied NMR meth-
ods to understand the properties of ILs,'%'? including
ILs with dissolved water. 3! Pulsed-gradient spin-echo
(PG-SE) NMR spectroscopy provides a direct means
for detecting diffusivity of the molecular ions and so-
lute molecules'®'® Other methods make use of the nu-
clear Overhauser effect to study the specific interactions
between spins on neighboring molecules or molecular
ions.'®22 |n a study of water in an IL or a mixture of an
IL with the ionic polymer Nafion,  Hou, €t al. showed
that water diffusivity was up to 10 times faster than
the larger anions inthe 1-ethyl-3-methylimidazolium
(emim*) BF, water-IL mixtures. When the diffu-
sivity ratio was considered between the neutral  water
and the anion in a Nafion membrane, the water dif-
fusivity was as much as 60 times larger than for the
BF, anion.” Thus, predictions based on the Stokes-



Einstein hydrodynamic law will not apply for the case
of water inlLs or inIL polyelectrolyte = membranes.
Moreno, €t al.  have characterized two ILs  with the
OTf™ anion, paired with the Pyrr 3, and the 1-methyl-
1-methoxyethylpyrrolidinium cations. ' The structure of
water-IL solutions was studied using molecular simula-
tion methods by Bernardes, €t a.2% where the authors
reported the aggregation properties of either water or
ions over the full range of concentrations of water with
the IL 1-ethyl-3-methylimidazolium ethylsulfate.

We have studied water in two common ionic  lig-
uids using an array of methods that includes NMR
and vibrational spectroscopy, viscosity, conductivity,
and density measurements. The ILs studied, 1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide
(Pyrr14/NTf ;) and 1-butyl-1-methylpyrrolidinium triflu-
oromethylsulfonate (Pyrr,/OTf ™), are shown in Fig. 1.
These ILs share the same non-aromatic Pyrr 3, cation,
but they have different anions: hydrophobic NTf, and
more water-miscible OTf . Fig. 1 presents the struc-
ture of the anions and the cation. The Pyrr 7,/NTf 5 is
less than half as viscous as Pyrr3,/OTf ~; the viscosi-
ties at 298.2 Kare 78.4 cP and 168 cP, respectively.
The decreased viscosity for NT§ relative to OTf ~ -anion
ILs results from several factors. These include the in-
creased size and intramolecular flexibility of NTf , rela-
tive to OTf ~ and the presence of two meta-stable cisoid
and transoid conformers for NTf .15:19.24.25
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FIG. 1. Structures of the ionic liquid ions. 1-
butyl-1-methylpyrrolidinium cation  (Pyrri,, black),
bis(trifluoromethylsulfonyl)amide  anion (NTf,, blue),

and trifluoromethylsulfonate (OTf ~, red).

We present a comparison of methods used for non-
destructive characterization of small quantities of water
in ILs. These methods were used together with the more
common Karl-Fischer coulometric titrations to prepare
IL samples with precisely known water contents. Exper-
iments on these water-IL mixtures included bulk ther-
modynamic measurements of density, viscosity and con-
ductivity as a function of temperature. The individual
self-diffusion coefficients for water, anions and the cation
in these IL-water mixtures are obtained from pulsed-
gradient spin echo (PG-SE) NMR experiments.Compar-
ing the self-diffusivities from PG-SE NMR experiments
with the bulk conductivities permits evaluation of the
degree of ionicity in the solutions.

EXPERIMENTAL METHODS

Materials

The Pyrr 7,/NTf , and Pyrr 7,/OTf = ILs were pur-
chased from Merck/EMD or loLiTec. loLiTec samples
were used for viscosity, density and conductivity mea-
surements. The 'H NMR spectra showed the  pres-
ence of methylene chloride CH»Cl» in ILs bought from
Merck/EMD and presence of water for ILs from both
vendors. ILs were placed under vacuum for 48 hours to
remove these impurities. To prepare samples of a partic-
ular water concentration, we added water to the IL and
stirred for 10 hours to ensure homogeneity of the solution.
The mixtures of the ionic liquids with water were pre-
pared gravimetrically and the concentrations were also
verified by Karl-Fisher (KF) titration before and after
each measurement.The overall uncertainty in the com-
position of the mixtures expressed in mole fraction was
estimated to be + 0.002.

Water concentrations in the ionic liquids were deter-
mined by coulometric Karl-Fisher titration using a Den-
ver Instrument 260 Titration controller or a Mettler-
Toledo DL31 instrument. The Hydranal-Coulomat CG
reagent was used as a catholyte, and Hydranal-Coulomat
AG reagent was used as an analyteThe lower sensitivity
limit for the method is = 2ug or 0.5 ppm by mass water.
The water content of each sample was measured twice.
Sample volumes ranged from 0.5 to 1.5 mL depending
on the desired water concentration. One sample for each
liquid was kept as dry as possible: Pyrri,/NTf, - with
XH,0=0.00023 and Pyrrj,/OTf = X,0= 0.00065, where
Xw,0 is the mole fraction of water in the ionic liquid.

Density, viscosity and conductivity measurements

The density was measured using a vibrating-tube den-
simeter (DMA 5000M) following procedures described
previously 2 The precision of the density measurement is
+5x10 = gcm™. The viscosity was measured using a
microviscometer (Lovis 2000ME, Anton Paar) based on
the falling-ball principle. A capillary tube with a nom-
inal diameter of 1.8 mm was used. The viscometer was
calibrated using a viscosity standard (APN26 oil, Anton
Paar). The temperature of the apparatus was controlled
to within £0.01 K and the uncertainty in the viscosities
are £2%.

The ionic conductivity = was estimated by
impedancemetry using an impedance analyzer (7260,
Material Mates) and a sealed conductivity cell in
borosilicate glass equipped with two platinum electrodes
(Material Mates). The calibration constant of the cell
was determined as a function of temperature using
aqueous KCI solutions. A drive voltage of 100 mV was
applied to the cell and the resistance of the solution
was measured as a function of the frequency (varying
typically from 100 Hz to 100 kHz). The temperature of
the cell was controlled within 0.1 K.  The uncertainty
of the conductivity measurementsis +1% and the
uncertainty for the molar conductivities is +2%.



NMR sample preparation

To avoid gas exchange and to prevent temperature gra-

dients that could lead to convection in the IL/water mix-

ture, samples were flame sealed in a small capsule imme-

diately after determination of water content. The cap-
sules used were typically 45 mm long. The outer and
inner diameters were 3.5 and 3.13 mm, respectivelyThe
amount of liquid in the capsule was adjusted so that the
length of the sample did not exceed 30 mm.  Both a
reduced sample length and diameter help to minimize
convection effects on the signal. The capsule was placed
inside a 5 mm outer diameter NMR tube filled with Kry-
tox oil (a hydrogen-free branched perfluoroether from
DuPont) that served as a liquid bath to eliminate any
temperature gradient along the sample ?’

Spectroscopic determination of water content in ILs

We have used both'"H NMR and FT-IR spectroscopy
to measure the water content in ILs. We have found
that measuring the absorbance of the water v , + v 3 vi-
brational combination band observed near 5,250 cm' is
more sensitive than using "H NMR.

After drying, IL samples used for spectroscopic deter-
mination of water content were handled under a nitrogen
atmosphere in a glove tent (Captair). An aliquot of each
ionic liquid sample was used for KF analysis to obtain
a standard water determination of water content. The
samples used for the dry-IL spectra were analyzed using
Karl Fischer and had water concentrations in the range
between 2-8 ppm by mass.

A 5-mm path length IR quartz cuvette (NSG Precision
Cells) was filled and sealed with a Teflon stopper. The
cuvette was removed from isolation and placed in the
sample chamber of a Nicolet iS-10 FT-IR spectrometer
with an MCT detector and 8 cm ' spectral resolution.
The sample chamber had been purged with high-purity
argon or nitrogen gas to minimize atmospheric water. 32

scans were recorded for each near-IR spectrum, requiring

about 3 minutes for data acquisition. The 1 cm optical
path gives a maximum absorbance from the IL in the
range from 0.7 to 1.1, so careful baseline subtraction of
a dry IL spectrum is required for determination of  the
lowest water concentrations. The water vibrational line-
shapes are a strong function of the choice of anion, with
nearly a factor of two variation in the linewidth (fwhm)
seen between ILs having the same cation but different
anions.

Fig. 2 demonstrates the detection limit for water
based on a carefully baseline-corrected measurement of
the v, + v 3 combination band of water. The baseline
correction relies on a smoothly varying absorbance for
the ionic liquid that is observed to be about 0.18 for this
spectral range for the spectrum shown in Fig. 2. Using
a standard ‘IR-quartz’ sealed cuvette with a 1 cm op-
tical pathin an entry-level FT-IR instrument, with 32
scans and 8 cm' spectral resolution, the spectra in Fig.
2 are obtained (top), and following baseline correction,
these spectra are shown in Fig. 2. Theinsetin Fig. 2

shows the spectrum for the lowest concentrations that
we could reproducibly prepare and measure by FT-IR,
NMR and Karl-Fischer titration, which was 59 ppm for
the measured trace shown in blue. Raw and corrected
spectra for Pyrri,/NTf ;, 1-butyl-3-methylimidazolium
(bmim™ )/NTf ,, and bmim * /PF ; are provided in the
supplementary information.?8
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FIG. 2. Near infrared absorbance spectra of ionic liquids for
several water concentrations. (top) Pyrr 1,/NTf , with lowest
concentration, 79, 311, 571, and 773 ppm of water by mass.
(bottom) Baseline-subtracted absorbance spectra of the wa-
terv 2 + v 3 transition for the same water concentrations in
Pyrr14/NTf , . The inset graph shows a low-concentration
sample (blue, 59 ppm) and the same spectrum divided by
5.9, to illustrate an estimated spectrum for 10-ppm sample
water content (red).

To estimate the limit of detection for these samples,
we provide the same spectrum scaled by 5.9 in order to
compare the intensity for a spectral intensity correspond-
ing to a 10 ppm water concentration with the noise floor
for the experiment with 32 scans. Intensities correspond-
ing to 10 ppm are well above the detection limit by vi-
sual inspection, with no need for sophisticated spectral
analysis. It should be possible to reduce the detection
limit to below 1-2 ppm water concentration by using ad-
ditional scans, higher spectral resolution, additional dry-
ing of the ionic liquid in ultra-high vacuum and appli-
cation of numerical methods to spectral analysis. We
have thus shown that any modern FT-IR instrument can
be used to determine the water content in an IL sample
non-destructively with similar levels of sensitivity to the
commonly used KF titration method.

NMR spectroscopy is a method commonly used to in-
vestigate many aspects of the physical chemistry of ionic



liquids.?® In particular, 'H-NMR signals are very sensi-
tive to the interactions between the ILs and absorbed
water. In our efforts to develop non-destructive methods
of water quantification in ionic liquids, we also investi-
gated the possibility of using "H NMR spectroscopy.
One of the complications of using NMR to investigate
water in ionic liquids is the temperature-dependence of
the water chemical shift. It is well known that bulk water
has a significant change in chemical shift with tempera-
ture; the '"H peak of HDO shifts by about 1.0 ppm over
the liquid temperature range of 100 ° C.3° In addition to
undergoing significant changes to the chemical shift with
temperature, the position of the 'H peak for water in ILs
is also strongly concentration dependent. Fadeeva previ-
ously studied the concentration-dependence of the chem-
ical shift in Pyrr 7,/NTf , , and found that for increasing
concentrations the water peak moves downfield.3! This
change in the "H chemical shift with concentration pro-
vides an additional complication in the use of NMR for
water determination, as the peak may shift so that it is
completely obscured by a much more intense peak from
the IL cation or anion.  Accounting for these complica-
tions permits us to use routine "H NMR spectroscopy to
determine water content to a level of about 50 ppm, and
in special cases, to below 20 ppm.
Diffusivity from NMR pulsed-gradient spin-echo
experiments

Self-diffusion coefficients were measured using the PG-
SE method. %17 The specific pulse sequence use was
the Bipolar Pulse Pair Stimulated Echo Experiment
(DBPPSTE) pulse sequence described by Wu, Chen and
Johnson!® The intensity of the PG-SE signal was mea-
sured as a function of incremental gradient strength using
an array of 12-15 values of the gradient field strength g.
The self-diffusion coefficient D is obtained by fitting the
spin echo intensities to the following equation:

5
lg=loexp —(y39)°D A- 3 (1)

where Ig is the intensity of the signal, I ¢ is the intensity
of the signal atg =0, y is gyromagnetic constant, J is
duration of the gradient pulse (s), A is diffusion delay
(s), and D is the diffusivity.

All PG-SE measurements were performed using a nar-
row bore Varian DirectDrive spectrometer operating at
a "H resonance frequency of 400 MHz. Measurements
of "H and '9F spectraand T 1 and T, relaxation times
were performed using a Varian Auto-X Dual Broadband
probe. The field gradient in the PG-SE experiments was
generated using a Doty Scientific model 16-38 diffusion
probe and a Highlander gradient amplifier. Samples were
equilibrated for 15 min after each temperature change.
Calibrations were done by recording the chemical shift
vs. temperature for methanol (below ambient) and ethy-
Ielng glycol (above ambient), as described by Claridge, et
al.

The cation diffusivity was obtained by fitting the ~ 'H

4

PG-SE signal intensity lri to Eq. 1 as a function of g us-
ing Varian vNMRj software. The diffusivity of the seven
different 'H peaks of Pyrr7, varied only insignificantly.
Experimental parameters included a gradient pulse dura-
tion of d = 2 ms. The diffusion time delay A is normally
set to be significantly less than the T 4 relaxation time
in order to avoid signal attenuation resulting from spin-
lattice relaxation. Measured values of T varied from 0.5
to 1s, sothe value of A was chosentobe70ms. To
ensure that convection was not affecting the measured
diffusivity, experiments were run for a range of A values:
The intensity of the PG-SE signal has a convection term
that depends on A. 27 To determine whether convection
affects the measured values of D, the PG-SE sequence
was measured for three different diffusion delays: A =
50, 70 and 100 ms. Test measurements were done at
318 K, the highest temperature for which we recorded
diffusivity data. From these precautions, we determined
that no sign of convection was observed. To obtain the
best possible signal, the probe was retuned following each
temperature change.Calibration of the %-pulse width pw
also was conducted following each temperature change.
The intensity of the spin echo signal was measured as a
function of the gradient field strength g, which was var-
ied from 5 to 350 G/cm (0.05 - 3.5 T/m).  The gradient
strength array was arranged so that the intensity of the
PG-SE signal for the largest applied field gradient had an
intensity of approximately 25% of the maximum signal.

Some peaks were found to exhibit better reproducibil-
ity than others.  Several experiments were repeated to
determine the 'H peak with smallest standard deviation.
The 'H peak at 2.2 ppm resulting from the 3- and 4- posi-
tions of the pyrrolidinium ring, labeled as peak ‘4’ in Fig.
3, shows the smallest variance.Therefore, all cation dif-
fusivities reported are from this peak. Neither the NTf ,,
nor the OTf = anions have any hydrogen atoms, so the
diffusivities of the anions were determined from '°F PG-
SE experiments in the same way as lxiion was obtained
from "H PG-SE experiment. The anions have a single
9F peak arising from the trifluoromethyl groups.

The chemical shift of water inlLs, 040, varies
strongly with the water concentration, the nature of the
anion, and the sample temperature.  The diffusivities
for certain chemical shifts are bimodal, with one compo-
nent arising from water diffusivity and a second, slower
component arising from the cation diffusivity. ~ Thus, a
double-exponential fit of the spin echo intensity as a func-
tion of g is used to determine the two diffusivities, as
described by Menjoge, et al.'®

RESULTS AND DISCUSSION

Temperature-dependent density, viscosity and conductivity
of the water-ionic liquid solutions

The densities of the pure ionic liquids were measured
as a function of temperature from 298 to 333 K (Table
). A linear variation of this property was observed as a



FIG. 3. 'H NMR spectrum of Pyrr
Doty model 16-38 probe.

14/NTf 5 measured using the

function of temperature and fit to

P=A+BXxT, (2)
where the units for pare kg-m™2, the temperature
Tinunits of °C, the parameters are A=1.41718x10 3
and 1.27040x102 kg-m™ and B=-0.876913 and -
0.720634 kg-m=-K™'.  The standard deviation be-
tween experimental and calculated densities are 4x10°
and 3x107° for Pyrr 1,/NTf , and Pyrri,/OTf ~, respec-
tively. These experimental data are compared with
temperature-dependent density data presented in litera-
ture and found to agree to 0.1%; this comparison is given
in the supplementary information. 28

TABLE I. Temperature-dependent densities for the ‘dry’ ILs.
The uncertainties are +0.01 K in temperature and +5 x 10 °
gmcm™ in density.

Pyrr1,/NTf , Pyrr3,/OTf ~

T(K) p(gom™®) p(gem™)
298.15  1.39530 1.25239
303.15 1.39087 1.24881
313.15  1.38205 1.24154
32315 1.37330 1.23434
33315  1.36461 1.22720

Pure Pyrri,/NTf, is two times less viscous than
Pyrri,/OTf = (78 vs. 168 mPa-s at 298 K). It was also ob-
served on imidazolium-based ionic liquids that the pres-
ence of the anion NT§ lowers the viscosity of the liquid®
For both ionic liquids, an important decrease of the vis-
cosity is observed when increasing temperature, as pre-
dicted by Eq. 3, where the adjustable parameters are
given in Table Il. The viscosities are compared with all
other available literature values in the supplementary
information, 2 and these data present an average devi-
ation of less than 2% which can be considered as the

5

global uncertainty of our viscosity measurement. For
Pyrr3,/OTf = an average relative deviation of 0.3% is ob-
served with the data of Gacino, et al. 3

TABLE Il. Temperature-dependent viscosity parameters no,
B and T, obtained from fits to the VFT model (eq. 3) and the
Arrhenius activation energy E a; the estimated uncertainty in

Eais +1 kJmol " .

Xi,0 N (MPa-s)B(K)T o (K)E a (kJmol ")
Pyrr 1,/OTf ~

0.001 0.16691 891.94 169.16 34.84

0.048 0.13526 938.45 163.65 34.00

0.117 0.16546 861.81 165.38 31.95

0.174 0.17162 831.93 165.86 31.06
Pyrr 3,/NTf

0.002 0.16173 826.17 164.54 30.32

0.056 0.18985 772.13 167.38 29.44

0.106 0.32629 590.71 182.84 28.17

0.185 0.17061 761.17 164.24 27.85

The presence of water drastically decreases the viscos-
ity of both ionic liquids. For example, for x+,0=0.17 in
the IL, the viscosity is decreased by 45% and 36% rela-
tive to neat Pyrri,/OTf = and Pyrr3,/OTf ", respectively.
Temperature also has a dramatic effect on viscosity; for
example a temperature increase of 35 K reduces the vis-
cosity by a factor 4 in both ionic liquids.

The viscosities measured from 298 to 333 K for the
pure ionic liquids and their mixtures with water are pre-
sented in Tables Illl and IV and Fig. 4. As is normally
observed for ionic liquids, 810.11:33-39  the Vogel-Fulcher-
Tammann (VFT) model, given by the following equation,

B

n=noexp 7_77-0 (3)

provides a superior fit to the temperature-dependent vis-
cosity than the Arrhenius model, so the VFT parameters
in Table Il are used to calculate and extrapolate viscosi-
ties for other temperatures to high accuracy. However,
the Arrhenius fits, while less good, are still useful for
considering the activation energy for viscous flow for the
higher temperatures we have studied here. We estimate
that the uncertainty in the viscosity activation enthalpy
E. is+1kJ mol 7' . The activation enthalpy E a is sig-
nificantly higher for Pyrr 1,/OTf = than for Pyrr 1,/NTf ,
though both decrease by up to 10% on the addition of
increasing amounts water.

The ionic conductivities of the pure ionic liquids and
their mixtures with water were measured from 298 to 333
K, and the data were fit to Eq.4. The fit parameters were
Ko 115.82 and 248.06 S-m , B’=-875.75 and -1,081.80 K,
T§=152.99 and 146.59 K, with standard errors of 7 x10
and 5x1077 for Pyrr 7,/NTf , and Pyrr,/OTf ~, respec-
tively. Higher conductivity is observed for Pyrr 7,/NTf ,



Pyrry 4/ OTf; Xy,0 = 0,001
Pyrry 4/ OTF; Xy,0 = 0.048
Pyrry 4/ OTF; Xy,0 = 0.117
Pyrry 4/ OTF, xy,0 = 0.174
Pyrry4/NTf5, Xy, = 0.002
Pyrry 4/NTf5, Xy, = 0.056
Pyrry 4/NTf5, %y,0 = 0.106
Pyrry 4/NTfp, Xy,0 = 0.185

opoOX
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FIG. 4. Shear viscosity plotted vs. temperature for
Pyrr1,/OTf = and Pyrr 3,/NTf , for several water concentra-
tions. Solid lines are fits to the VFT model (eq. 3).

than for Pyrr 3,/OTf ~ largely because of the lower vis-
cosity for the former.  For both ionic liquids, the con-
ductivity increases strongly for increasing temperature,
following the VFT equation

B0
K =K o €Xp =T (4)
No conductivity data for Pyrr 7,/OTf = were found in lit-
erature for comparison. For Pyrr{,/NTf , , the ionic con-
ductivity measured in the present work deviates by 1%
from the data of Vranes et al.,*° Harris, et al.4! and
Tokuda, €t a.'" This value can be considered as the
global uncertainty on the conductivity measurement.
_As the addition of water decreases the viscosity of the
liquid, it also increases its ionic conductivity. ag already
observed for the viscosity, temperature has a more im-
portant on this transport property compared to the ad-
dition of water. An increase of the ionic conductivity is
observed when increasing temperature.
1H NMR spectrum of Pyrr ;4/NTf 5 and Pyrr1+4 /OTf-

Both ILs have the same cation Pyrr 7,/ and proton-
less anion and, because of that, they have the same 'H
spectrum. The typical 'H spectrum of Pyrri,/NTf , con-
taining water is shown in Fig. 3. The peak labeled ‘7’
originates from the protons of the terminal methyl group
on the butyl chain. The peaks ‘5’ and ‘6’ are assigned to
the protons of methylene groups on the butyl chain. The
peak 2’ is assigned to the methylene group attached to
the nitrogen. Peak ‘3’ is assigned to the 1-methyl pro-
tons. Peak ‘1‘ signals are from the 2- and 5-pyrrolidinium

TABLE Ill. Temperature-dependent viscosities (n), ionic con-
ductivities (k), and molar conductivities (A imp ) for mixtures
of Pyrr 7,/NTf ; and water for the different mole fractions of
water, x+H,0. The uncertainties in T visc and Tcond are + 0.01
and 0.1 K, respectively. The uncertainties are viscosity: =+

2%; conductivity: + 1%; and molar conductivity: + 2%.
Tuisc (K) n (mPa-s) Teond (K) K (S-m - ) Aimp X 10*
(S-m2-mol™")
XH,0=0.002
298.15 78.4 298.2 0.28 0.84
303.15 62.7 303.1 0.34 1.03
313.15 42.0 313.2 0.49 1.49
323.15 29.6 323.2 0.68 2.07
333.15 21.7 333.2 0.90 2.78
XH,0=0.056
298.15 69.6 298.8 0.32 0.97
303.15 56.0 303.2 0.38 1.15
313.15 37.9 313.2 0.54 1.66
323.15 27.0 323.2 0.74 2.29
333.15 20.0 333.2 0.98 3.05
XH,0=0.106
298.15 54.8 298.2 0.36 1.10
303.15 442 303.2 0.44 1.33
313.15 30.4 313.2 0.61 1.89
323.15 22.0 323.2 0.83 2.58
333.15 16.6 333.2 1.09 3.39
XH,0=0.185
298.15 50.2 298.2 0.40 1.22
303.15 40.9 303.2 0.48 1.49
313.15 28.3 313.2 0.68 210
323.15 20.6 323.2 0.9 2.84
333.15 15.4 333.2 1.19 3.73

ring positions, while peak ‘4’ signals result from the 3-
and 4-pyrrolidinium protons. The water 'H peak at 2.52
ppm is labeled on the spectrum as H,O.

The only difference between the'H spectra of the two
water-IL mixtures is the position of the water chemical
shift o1,0. At the water mole fraction x+,0=0.1, dn,0 is
2.44 ppm in Pyrr7,/NTf , and 3.07 ppm in Pyrri,/OTf
at 298.2 K. Water dissolved in the IL associates with the
anion’ . The hydrogen bond strength between water and
anion is greater for OTf ~ than for NTf ,, which more
effectively deshields the proton and shifts 6 »,0 further
downfield.

Concentration and temperature dependence of, 0,

The chemical shift of water protons, &+,0 depends on
both the water concentration in the IL and on the sample
temperature. The chemical shift is a linear function of
the ratio of the water mole fraction to the mole fraction
of the IL, XH,o/x i , over the range of water mole frac-
tions from x 1,0=0.04 -0.18 for Pyrr 7,/NTf , and from
X1,0=0.04-0.30 for Pyrri,/OTf ~. The slopes of the



TABLE IV. Temperature-dependent viscosities (), ionic con-
ductivities (k), and molar conductivities (A imp ) for mixtures
of Pyrr 7,/OTf ~ and water for the different mole fractions of

water, xH,0. All uncertainties are identical to those listed in

Table Ill.

Tvisc (K) n (mPa-s)

T cond (K) K(S-m - ) Nimp X 10*

(S-m?-mol™")

XH,0=0.001
298.15 168 298.2 0.20 0.46
303.15 130 303.2 0.25 0.58
313.15 81.6 313.1 0.37 0.88
323.15 54.8 323.1 0.54 1.27
333.15 38.4 333.1 0.75 1.78
XH,0=0.048
298.15 145 299.1 0.25 0.59
303.15 113 303.1 0.30 0.70
313.15 72.0 313.2 0.44 1.05
323.15 48.5 323.1 0.63 1.50
333.15 34.4 333.1 0.86 2.05
XH,0=0.117
298.15 109 298.2 0.28 0.66
303.15 86.3 303.2 0.35 0.82
313.15 56.3 313.2 0.51 1.21
323.15 39.0 3231 0.72 1.71
333.15 28.2 333.1 0.97 2.32
XH,0=0.174
298.15 92.4 298.2 0.31 0.73
303.15 73.5 303.2 0.38 0.90
313.15 48.7 313.2 0.55 1.32
323.15 34.0 3231 0.77 1.86
333.15 24.8 333.1 1.04 2.52

graphs of O4,0vs. Xu,o/x i are 1.97 for Pyrr 1,/NTf ,
and 1.33 for Pyrr7,/OTf ™.

A possible explanation for the dependence of 9,0
on the water concentration in the IL is the change of
proportion between water-water and water-anions bonds
with changing water concentration. When the concentra-
tion of water is higher, it is more probable for the water
molecule to make a bond with another water molecule,
leading to a downfield shift. It is worth noting that once
the "H NMR spectrum of water in a given IL is calibrated,
the chemical shift &,0 could be used to determine water
concentration quite quickly and non-destructively.

We have measured the temperature dependence of
%,0 for two samples of (Pyrr;,/NTf ; )/water mixtures
with water concentrations x+,0=0.112 and x+,0= 0.176
and three samples of (Pyrr3,/OTf ~ )/water mixtures
with water concentrations x +,0=0.078, Xy,0=0.126
and x H,0=0.204. All measurements were performed
for the range of temperatures from 268 K to 318 K. We
observed upfield shift of the water peak with increasing
temperature. The values of O4,0 exhibit a linear shift
with temperature, as shown on Fig. 5.
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FIG. 5. "HNMR chemical shiftof H 20, & ,0, in Pyrr 1,/OTf ~
(top) and Pyrr 1,/NTf , (bottom).

It is likely that the upfield shift with increasing tem-
perature results from the entropically driven breaking of
hydrogen bonds between the water and IL anion, thus
leading to an overall decrease of the number of hydrogen
bonds per water molecule. This consequentially leads to
shielding of proton and upfield shift of the water peak.
The same mechanism is reported in literature for bulk
water.*? The temperature dependence of 9,0 for bulk
water is given by 6+,0=7.83- T/96.9 (for pH=5.5). In
bulk water, the density decreases with increasing temper-
ature, thus leading to fewer and weaker H-bonds. The
slopes of the dn,0 vs. temperature plots are slightly
higher for Pyrr 1,/NTf , than for Pyrr 3,/OTf ~, and also
slightly larger for increasing water concentrations.

d x

Temperature depend:egi:1e2gf )ion and D .o

The diffusivities were measured for seven samples:
three samples of (ngﬁ{mgfo% p{y@ter mixtures with wa-
ter concentrations X+,0=0.00023, XH,0=0.112 and
XH,0=0.176, and four samples of (Pyrri,/OTf ~ )/water
mixtures with water  concentrations X+,0= 0.00065,
XH,0=0.078, xH,0 H,0=0.204. For each
IL, one sample was kept as dry as possible, namely the

14/NTf 5 with x H,0=0.00023 and sample
of Pyrr3,/OTf = with x H,0= 0.00065. We refer to these
low water concentration samples as ‘dry’. The temper-
ature dependence of the diffusivities for ILs cations and
anions was investigated over the range of temperatures
from 278 Kto 318 K.  Fig. 6 exhibits the temperature
dependence for cation diffusivities for all seven samples.
The diffusivities are higher for less viscous Pyrri,/NTf ,
than for Pyrr3,/OTf ~ . Also, a dependence of diffusion on
the water concentration in IL is observed.The higher dif-
fusivities are observed for samples with higher water con-
centration within samples based on the same IL. The full
data set for the diffusivities of water, anions and cation
in these solutions is given in Fig. 7.

Self-diffusion coefficients for cations and anions of
Pyrri,/NTf 5 and Pyrr3,/OTf = correlate with viscosities
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FIG. 6. Temperature dependent diffusivities D cation for both
IL/water systems; solid lines shown are fits to the VFT equation.
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FIG. 7. Self-diffusion coefficients D cation (top), D anion (middle)
and D H,0 (top) plotted vs. the ratio of temperature to viscos-
ity for both IL/water systems. Temperature dependence of the
measured pyrrolidinium-ring-proton diffusivities D cation  for the
IL/water system. The solid lines shown are fits to the FSE model.
The red, light green and magenta symbols are for Pyrr ;4/NTf ;
data while the dark green, gold and dark blue symbols are for
Pyrr 1,/OTf ~ data. Water mole fractions and FSE exponents m
are given in the graph legends.

of these liquids. Ambient temperature viscosities for
the IL-water samples show that the increasing values of
Dcation do scale with the decrease in measured viscosities.
Moreno, et al. used the PG-SE NMR method to measure
the diffusivities and conductivity of Pyrr 7,/OTf ~; after
accounting for the differences in water concentrations be-
tween the samples they used and our current results, very
good agreement is observed?®

Ratio of diffusivities Qion /D anion

The anion diffusivities are very similar to those for
the cations, with the ratio D cation /D anion being about
1.1 for all samples and temperatures. For Pyrr7,/NTf , ,
the anion and the cation have very similar values of ef-
fective radii: 3.43 and 3.36 A correspondingly. There-
fore, it is unsurprising that the experimental data of
D cation ID anion  coincide with the predictions from the
Stokes-Einstein model. For Pyrr3,/OTf ~, the OTf ~ an-
ion is 1.25 times smaller than the cation, but experimen-
tal data for D cation /D anion are also approximately 1.1, as
is the case for the Pyrﬁ4/NTf1; . The same trend was ob-
served by other researcher®:™ The possible explanation
of this phenomenon is the different character of electro-
static interactions with neighboring ions in Pyrr 7,/OTf ~
and Pyrr3,/NTf ;.

Friction and transport of HO in ILs

It is well known that water and other neutral molecules
display faster diffusivity than either cations or anions in
ILs.'44344 Kaintz, €t al. explored the friction experi-
enced by a range of neutral and charged solutes in IL
solutions*® They found that significantly different fric-
tion was observed for charged vs.  neutral solutes, as
characterized by &bs’$ se = D se/D obs, the ratio of the
friction observed in PG-SE NMR self-diffusion measure-
ments to the friction calculated from the Stokes-Einstein
(SE) equation. This trend is for this ratio to be larger
than unity for charged solutes and less than unity for
neutral solutes*® The deviations from unity in this ra-
tio Eobs/S se are greater when the solute is small, with a
roughly linear trend observed in the friction ratio when
plotted against the ratio of van der Waals volumes for
the solute to the solvent, V./V\, where the IL volume
is taken to be the average of the anionic and cationic
volumes®

We can compare our results for the diffusivity of water
in ILs with those reported by Kaintz, €t al. for larger
and more hydrophobic species by considering their sum-
mary graph of $obs’§ se vs. Vu/Vy, given as Fig. 9 of
ref. 43. The van der Waals volume of water can be taken
to be 20.6 A3.#3 Since the van der Waals volumes of our
anions are V(OTf ~)=85.9 and V(NTf )=158.7A% and
the cationic volume is V(Pyrr7,)=169.0 A3,*3 we average
the anionic and cationic volumes to obtain IL volumes
of V(Pyrr 1,/OTf ~ )= 127.5 and V(Pyrr 1,/NTf ,)=163.9
A3. This leads to volume ratios of the water solute to
the IL of Vu/V,=0.126 for Pyrr3,/OTf ~ and Vu/V,=0.62
for Pyrri,/NTf ;. Using the measured temperatures,



viscosities and water diffusivities for our solutions, we
find that the friction ratios &  obs/$se =D se/D obs are
in the range from 0.039 to 0.045 for solutions of water
in Pyrr 3,/NTf , and in the range of 0.045 to 0.071 for
Pyrri,/OTf ~. Simply put, our values lie significantly

to the left of the trend line shown in Fig. 9 of ref.
43. Our friction ratios for water diffusivity are a factor

of 2 lower for Pyrr 1,/NTf , and a factor of three lower
for Pyrr 7,/OTf ~ than would be predicted by the trends

shown for neutral solutes in ILs discussed by Kaintz, et
al.43

The mechanism for understanding such differences in
local friction for water relative to the IL anions  and
cation are explored in an elegant study by Araque, €t
al.44 Among the things reported in set of molecular dy-
namics simulations is a study of the transport of the iso-
electronic pair methane and the ammonium cation in the
Pyrri,/NTf , IL. Araque, €t al. show that methane is
solubilized in regions that are rich in the non-polar butyl
tails of the Pyrr §, cation, which can be characterized
as being locally “softer”, or lower friction, as a result
of decreased electrostriction. Ammonium is localized in
the more polar regions of the Pyrr 1,/NTf , IL that are
“stiffer” and have higher friction because of  increased
electrostriction. The polar, higher friction regions lead
to increased local caging and slower diffusivity of the
charged ammonium solute, while the lower polarity re-
gions with lower friction show less caging and approxi-
mately an order of magnitude increase in diffusive jumps
between local cages** We can presume that water will
also avoid the apolar regions of Pyrri,/NTf , and dis-
play increased diffusive jumps relative to the IL anions
and cations. However, the water transport will also be
modulated by the strong H-bonding interactions between

water and the anions as well as between water molecules.

Other recent results point to the significant differences
between neutral vs. charges solutes in ILs. Recently,
Liang, et al. reported that the diffusivity of deuterated
hexane in solutions of the P 1, 555/NTf ; IL is on aver-
age 21 times larger than for the cation. 4® Sarraute, et
al. reported the diffusivities of several of the 1-alkyl-3-
methylimidazolium NTf , ILs at infinite dilution in wa-
ter, methanol and acetonitrile; strong specific interac-
tions were observed between the IL anions and cations
and the water*® These strong, specific hydrogen-bonding
interactions were studied in detail by Kramer, et al. us-
ing 2D-IR spectroscopy?’ Their results showed that the
dynamics of the water hydroxyl stretch are affected by
a broad distribution of  timescales for non-exponential
relaxation of both the strength of the hydrogen bonds
between water and anions and the orientational relax-
ation of the water hydroxyl group. 4’ This picture is fully
consistent with the broad and heterogeneous timescales
for both solvation dynamics“® and chemical reactions in
|LS_49—51

Iiﬂﬁﬂ of D e to D cation

The molecular volume of the Pyrr J, cation is 8 times
larger than that for water. Thus, if Stokes-Einstein hy-
drodynamic predictions were meaningful, we would ex-
pect to see a ratio of hydrodynamic radii being approxi-
mately 2, with similar scaling for the diffusivities. Clearly
this will not be the case, since the frictional forces affect-
ing translation of the neutral water will be much different
than for the anions and cations.

This ratio D H,0/D cation Was different for the two ionic
liquids that we investigated. Iltwas D +H,0/D cation =20
for hydrophobic Pyrri,/NTf , and DH,0/D cation =15 for
less hydrophobic and more water miscible Pyri,/OTf .
These differences can be explained by different microvis-
cosities experienced by water molecules in Pyri,/NTf ,
relative to Pyrr 7,/OTf ~. Interactions between water
molecules and anions are different for hydrophobic NT§
vs. the more water miscible OTf ™ anions, which is con-
sistent with the observation that 8 #,0 is shifted further
downfield for water dissolved in Pyrr j,/OTf ~ compared
to water dissolved in Pyrr;,/NTf , . Fig. 8 shows that the
ratio D +,0/D cation decreases with increasing tempera-
ture for both ILs. Over our observed temperature range
between 278 to 318 K, the thermal energy of the system
increases by only 15% However, our observed changes in
transport ratios for water relative to cation change by a
much larger value. Vibrational spectroscopy informs us
that the H-bond interaction is stronger between water to
the OTf~ anion than to the NTf , anion.”8
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FIG. 8. Temperature dependence of the ratio of diffusivities for
water to cation, Dp,0/D caion . The dot-dashed line indicated
the ratioof 2for D H,0/D cation  predicted by the Stokes-Einstein
hydrodynamic model.

Activation energies for diffusivity

While a VFT model provides the best fit to the dif-
fusivity data, it is still useful to consider the high-
temperature Arrhenius limit. Activation energies Ea for
diffusion of anions, cations and water were calculated
from a log plot of diffusion coefficients vs. inverse tem-
perature and are presented in Table V. As expected, ac-
tivation energies of diffusion are smaller for less viscous



Pyrri,/NTf , than for Pyrr 1,/OTf ~. The values of Ea
for anionic and cationic diffusivity are reduced for sam-
ples with larger water concentration. Strong correlations
are observed between the Arrhenius activation energy for
the shear viscosity and the cationic diffusivity. The ac-
tivation energy for water transport is significantly less
than the values for either anionic or cationic diffusivity,
but is at least 2.5 times larger than a typical  value for
the enthalpy of water-water hydrogen bonds. This indi-
cates that the water is likely to be interacting strongly
with the IL anions, not just other water molecules, even
at the highest concentrations of Xt,0=0.176 and 0.204
for NTf, and OTf™ anions, respectively.

TABLE V. Arrhenius enthalpies E a for diffusivities obtained
from PG-SE NMR data, in units of kJ mol ~' . The estimated
uncertainty in the E a is 2 kJ mol ™' .

Xu,0 Ea (cation) Ea (anion) E a (H20))
Pyrr1,/NTf 5

0.00023 32.2 30.8 -

0.112 30.0 31.7 29.3

0.176 29.8 30.4 23.3
Pyrr 14 /OTf ~

0.00065 35.8 34.2 -

0.078 34.0 34.5 -

0.127 32.0 324 -

0.204 31.8 32.2 25.3

The Stokes-Einstein hydrodynamic model predicts
slower diffusion than was observed.Our diffusivity mea-
surements directly assess the friction experienced by the
cations, the anions and the water molecules in our sam-
ples. While van der Waals interactions and molecular size
do affect transport properties, the larger contributions to
the friction for our water-IL solutions are determined by
Coulombic and specific H-bonding effects between the
ions and water.
lonicity of ILs as a function of water content and
temperature

Work from the Hayamizu and Watanabe groups has
shown that we can fruitfully consider the degree of ion-
icity for an ionic liquid by considering the ratio of con-
ductivity to a calculated conductivity obtained from the
NMR PG-SE experiments. 0113436 The conductivity is
measured experimentally by impedance methods. The
NMR conductivity is calculated from

Anvr = F 2 (D anion * D cation ) /(RT), (5)
where F is the Faraday constant34 The ionicity parame-
ter is then calculated from the ratio of Mmpedance /\ nmR .

When paired with the Nng anion, ILs having
the Pyrri,cation are known to exhibit a greater
ionicity than other ILs with similarly sized aro-
matic cations such as bmim * or 1-butylpyridinium or
butyltrimethylammonium. 3¢ Tokuda, et al. showed that
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for the bmim * /NTf , and bmim* /OTf ~ ILs, the ionic-
ity parameters are 0.57 and 0.63, respectively.They also
report an ionicity parameter of 0.70 for Pyrr 7,/NTf , .%¢
Mbondo Tsamba, €t @l show that for the set of four
ILs pairing emim * and bmim* cations with CH 30S0O,
and OTf™ anions, the ionicity decreases sharply with in-
creasing temperature over the range from 298 to 343 K.
Increasing the cationic alkyl chain length from ethyl to
butyl decreases the 298 K ionicity from 0.68 to 0.60 for
emim* /OTf ~ and bmim* /OTf ~, respectively3®

lonicity in neat ILs is less complex than for the case of
ILs with added water. The limited ionicity data given in
Table VI show fluctuations in the ionicity with changes in
water content. While the ionicity of neat ILs decreases
significantly on warming the samples from 298 to 313
K,3® this does not occur for IL-water mixtures.  Previ-
ously, Andanson, €t al. studied the effect of water ad-
dition on the ionicity of the two ILs pairing the emim
and bmim* cations with the methylsulfate anion.  An-
danson, et al. observed that changes to the ionicity are
only observable for samples with the highest water con-
tent above x+,0>0.8. Since the water concentrations in
ILs that we have studied here are much lower, we con-
clude that this is the reason for the apparent lack of effect
on the observed ionicities >

TABLE VI. lonicity (A imp /A nmvr ) as a function of  water
concentration and temperature. Estimated uncertainties in
the ionicity values are +5%.
Pyrr 1,/NTf
T (K)x H,0=0.00023 X+,0=0.112 XH,0=0.176

298 0.81 0.84 0.76
303 0.75 0.81 0.75
313 0.80 0.85 -
Pyrri,/OTf ~

T (K)x +,0=0.00065 Xi,0=0.127 X,0=0.204
298 0.87 0.83 0.74
303 - 0.79 -

313 0.82 0.86 0.77

Temperature dependence of the water diffusivity

Self-diffusion of water in ILs is substantially faster than
expected based on hydrodynamic predictions and is much
faster than the anionic or cationic diffusivities. The tem-
perature dependence for water diffusivity in the ILs is
shown in Fig. 9. The smaller size of the water molecule
relative tothe anions and cation leads to a Stokes-
Einstein prediction of water diffusivity that should be
2 times faster than either the anion or cation. How-
ever, the observed water diffusivity 10-20 times faster.
Anomalously high diffusivity of ~water dissolved in ILs
was also reported by other researcherd?53
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FIG. 9. Temperature dependence of the water proton diffusivity
Dy, 0 in the IL/water system.

Fractional Stokes-Einstein behavior of the cation, anion and
water diffusivities.

Harris showed that a number of liquids often display
fractional Stokes-Einstein (FSE) behavior, where the dif-
fusivity scales as D « (T /n) " wherem<1. These
liquids include several neutral solvents, fragile glass-
formers, and other soft matter systems such as ionic
liquids.>* For several ILs with dialkylimidazolium cations
and BF, or PFg anions, the FSE exponent m= 0.90.%*

Our diffusivity studies of the two ILs Pyrri,/NTf ; and
Pyrr,/OTf = and with added water show FSE behav-
ior as illustrated in Fig. 7 by the graphs of D plotted
vs. T/n. Normal Stokes-Einstein hydrodynamics would
require a linear plot; FSE behavior is indicated by the
deviation from linearity. The FSE exponents m for the
Pyrr7, cation are clustered about the value m=0.93.The
FSE exponents for anion diffusivity are more broadly dis-
tributed in the range from 0.84 to 0.99, with the values
of m for the NTf , anion being higher than for the OTf ~
anion. A similar distribution is seen for the water dif-
fusivity. As discussed above, the uncertainties for the
water diffusivities are larger, in part because of the lower
concentrations, and also because the faster'H diffusion
signal for water must be deconvolved from the larger am-
plitude signals for the Pyrr 7, cation.

CONCLUSIONS

We have fully characterized the temperature transport
properties for several mixtures of water with the two ILs
Pyrri,/NTf , and Pyrri,/OTf ~. One of the most strik-
ing results is that the ratio of water diffusivity is 10-20
times larger than that of the Pyrr J, cation. The observa-
tion that the ratio D +,0/D cation ranges between 10-20
indicates that hydrodynamic descriptions cannot be use-
ful on the molecular scale. Temperature-dependent dif-
fusivities show fractional Stokes-Einstein behavior with
an FSE exponent m in the range from 0.84 to 1.Another
intriguing result is that the ratio of water diffusivity to
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cation diffusivity decreases with increasing temperature
for both ILs studied, Pyrr ,/NTf , and Pyrr3,/OTf ~. A
significant difference between the two ILs is that the hy-
drophobic IL Pyrr 7,/NTf , phase separates from water,
whereas the IL with the OTf =~ anion is water miscible.
The notable result is that the ratio of diffusivity of wa-
ter to cation is significantly larger for Pyrr  1,/NTf , vs.
Pyrr,/OTf " . Itis therefore important that transport of
water and other neutral species in IL solutions be mea-
sured carefully, as simple hydrodynamic predictions will
not apply.

During the course of this work we have considered two
spectroscopic methods for non-destructively determining
the water content that were calibrated against the stan-
dard Karl-Fischer titrations. While "H NMR can be use-
ful in certain circumstances, vibrational spectroscopy of
the water combination band at 5,250 cm ~' provides a
similar detection limit for water as the KF titrations
while leaving the sample intact.  The fact that careful
FT-IR and NMR measurements of water content in ILs
will permit more rapid generation of novel ILs having
very high purity levels.

The interactions between neutral solutes or co-solvents
in ionic liquid solutions are complex.  For hydrophobic
and non-hydrogen-bonding species the interactions will
be primarily a result of van der Waals forces. For water,
the presence of strong H-bond donation from the water
to the anion leads to interactions that can be as strong as
or stronger than anion-cation interactions. We anticipate
that the data presented here will  be further tested by
detailed molecular simulations. A broad understanding
of water in ILs can be compared with the properties of
other neutral co-solvents and small solutes. Hopefully
this knowledge will accelerate the use of ILs for a broad
range of applications to energy technologies.
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