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a  b  s  t  r  a  c  t

Room  temperature  ionic  liquids  (RTIL)  are  intrinsically  interesting  because  they  simultaneously  have
properties  that  are  similar  to organic  liquids  and  liquid  salts.  In addition,  RTILs  are  increasingly  being
considered  for and  used  in  technological  applications.  RTILs  are  usually  composed  of  an organic  cation
and an  inorganic  anion.  The  organic  cation,  such  as imidazolium,  has  alkyl  chains  of  various  lengths.
The  disorder  in the  liquid  produced  by the  presence  of the  alkyl  groups  lowers  the  temperature  for
crystallization  below  room  temperature  and  can  also result  in  supercooling  and  glass  formation  rather
than  crystallization.  The  presence  of the  alkyl  moieties  also  results  in  a segregation  of  the liquid  into  ionic
and  organic  regions.  In this  article,  experiments  are  presented  that  address  the  relationship  between  RTIL
dynamics  and  structure.  Time  resolved  fluorescence  anisotropy  measurements  were  employed  to  study
the local  environments  in  the  organic  and  ionic  regions  of  RTILs  using  a  nonpolar  chromophore  that
locates  in  the  organic  regions  and  an ionic  chromophore  that  locates  in  the  ionic  regions.  In the  alkyl
regions,  the  in  plane  and  out of plane  orientational  friction  coefficients  change  in  different  manners
as  the  alkyl  chains  get longer.  Both  friction  coefficients  converge  toward  those  of a long  chain  length
hydrocarbon  as the  RTIL chains  increase  in  length,  which  demonstrates  that  for  sufficiently  long alkyl
chains  the  RTIL  organic  regions  have  properties  similar  to a hydrocarbon.  However,  putting  Li+ in the
ionic  regions  changes  the friction  coefficients  in  the alkyl  regions,  which  demonstrates  that  changes  of  the
ion  structural  organization  influences  the organization  of  the  alkyl  chains.  Optical  heterodyne  detected
optical  Kerr  effect  (OHD-OKE)  experiments  were  used  to examine  the  orientational  relaxation  dynamics
of  RTILs  over  times  scales  of a hundred  femtoseconds  to a hundred  nanoseconds.  Detailed  temperature
dependent  studies  in the  liquid  and  supercooled  state  and  analysis  using  schematic  mode  coupling  theory
(MCT)  show  that  RTILs  have  bulk liquid  orientational  relaxation  dynamics  that  are  indistinguishable  in
their  nature  from  common  nonpolar  organic  liquids  that  supercool.  This  behavior  of  the  RTILs  occurs
in  spite  of  the segregation  into  ionic  and  organic  regions.  However,  when  small  amounts  of  water  are

added  to  RTILs  at room  temperature,  novel  dynamics  are  observed  for the  RTILs  with  long  alkyl  chains
that  have  not  been  observed  in  OHD-OKE  experiments  on organic  liquids.  The results  are  interpreted  as
water induced  structure  in the  ionic  regions  that  causes  the  long  alkyl  chains  to organize  and  ‘lock  up.’
The  dynamical  measurements  indicate  that  this  lock  up  is  involved  in  the  formation  of  RTIL  gels  that
occur  over  a narrow  range  of  water  concentrations.
. Introduction

Over the last decade, room temperature ionic liquids (RTILs)
ave generated a great deal of interest because of their very low
olatility, enormous variability, and good thermal stability. RTILs
re salts with a melting point below 25 ◦C. They are often composed
f an inorganic anion paired with an asymmetric organic cation that

ontains one or more pendant alkyl chains. The asymmetry of the
ation frustrates crystallization, causing the salt’s melting point to
rop substantially compared to a common salt such as NaCl. RTILs
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have applications in organic synthesis, electrochemistry, and sepa-
ration processes [1–5]. They are also being investigated for a variety
of other applications, such as us in batteries [6].

For a number of years, the general consensus was that there
was significant mesoscopic structure, with the long, hydrocar-
bon tails aggregating to form non-polar domains and with the
cationic head groups and the anions forming tortuous ion channels
that percolated through the pure liquid on relatively long length
scales. This view was supported by a number of theoretical studies

[7–11]. X-ray scattering experiments initially seemed to support
such mesoscopic organization [12–14]. Within that framework,
many experiments, including fluorescence [15–17], optical Kerr
effect [18–22], and dielectric spectroscopies [21,23]; NMR  [24,25];
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nd small-angle neutron scattering (SANS) [26] were interpreted
y invoking the extended structure concept.

However, in 2010, H/D isotope labeled SANS experiments [27]
nd MD  simulations [28] called into question the interpretation
f the X-ray data. The SANS results showed that the X-ray data
ould be explained by anisotropic solvation, in which the alkyl-
ation is preferentially solvated on the alkyl tail side by other
lkyl tails and on the imidazolium side by anions. Recent X-ray
cattering experiments on binary mixtures of RTILs and on RTILs
ith polar polyether tails were again interpreted as supporting

he long range correlations [29]. Both mesoscopic structure and
ore local nanoscopic heterogeneity have been invoked in recent

apers [30–34]. Detailed X-ray scattering experiments and theoret-
cal analysis demonstrated that there is nanoscopic heterogeneity
f the ionic and organic regions, but no extensive mesoscopic
tructuring [30]. A recent study of nanostructure using electronic
xcitation transfer experiments is consistent with the X-ray results
35].

While the question of mesoscopic heterogeneity may  not be
ully settled, there is no doubt that RTILs contain nanoscopic hetero-
eneity with hydrophobic regions of alkyl tails, and charge-ordered,
ydrophilic head group regions that are distinct at least when the
lkyl tails are sufficiently long, greater in length than ethyl. In the
ontext of this heterogeneous liquid structure, highly selective sol-
ation is possible [36]. The resulting diversity of local environments
an have a direct impact on the dynamics of processes where solva-
ion environment is important. The effect of environment has been
bserved in the context of a photoisomerization [37]. Anomalous
eaction rates in RTILs have been attributed to this nanoscale struc-
ural heterogeneity [38,39]. Dynamic heterogeneity could influence
ransport properties and availability of reagents and catalysts. One
ppeal of RTILs as a reaction medium is the breadth of molecules
hey can solvate because of the presence of multiple chemical envi-
onments. Dynamic heterogeneity may  have a non-trivial impact
n the reaction dynamics, and therefore make possible task-specific
rganic ionic liquids [40]. The design of task-specific RTILs may
epend on the dynamics of molecules in distinct environments in
ddition to the specific substrate interactions.

The addition of co-solvents to RTILs is an important area of study
41]. To reduce the often high viscosity of most RTILs, low vis-
osity co-solvents are frequently added [42,43]. One of the most
ommon co-solvents, water, is especially important, in part due
o the hygroscopic nature of many RTILs and the significant effect

 small amount of water can have on properties such as viscos-
ty and conductivity [44]. In applications, RTILs will have some

ater in them because of the difficulties and expense of produc-
ng dry ionic liquids. Thus, the question of the role of water in
TILs on the liquid’s structure and dynamics is of importance.
imulations of the addition of water to various RTILs indicate
hat adding water promotes the alkyl tail aggregation up to a
ater mole fraction of ∼0.75 and then proceeds to break it up as

he volume fraction of water becomes larger [45,46]. It has been
bserved that 1-decyl-3-methylimidazolium bromide or nitrate
DmImBr or DmImNO3) RTILs gelled at a similar mole fraction
f water [47] and the same behavior has been observed for 1-
ethyl-3-octylimidazolium chloride (OmImCl) [48]. The proposed

exagonal mesophase structure for the gel [47] has been observed
n simulations [49]. The structural changes in water/RTIL co-solvent

ixtures should significantly alter reaction rates and thus the
ynamics of such binary mixtures are important.

Here a variety of experiments will be presented that illuminate
any of the properties and features of RTILs. First, the orienta-
ional relaxation dynamics of fluorescent probes were studied by
easuring their time dependent orientational anisotropy [36,50].

wo probe molecules were employed. One is nonpolar and was
ocated in the organic alkyl regions of the RTILs. As the alkyl chains
rs 616–617 (2014) 259–274

got longer, the friction coefficients approach those of a long chain
hydrocarbon. The other fluorescent probe was an anion and was
located in the ionic regions. Its orientational relaxation was  strongly
affected by interactions with the surrounding cations. The results
are consistent with different elements of rotational friction avail-
able to solutes depending on their chemical nature because of the
ionic liquids’ nanoscopic heterogeneous structures.

Information on the influence of lithium cations on RTIL structure
was obtained from time resolved fluorescence anisotropy measure-
ments of a nonpolar chromophore that is located in the alkyl regions
of the RTIL. As the concentration of Li+ was increased, the rotational
friction experienced by the chromophore changes, demonstrating
that the addition of lithium cation to the ionic regions changes the
structural arrangement of the alkyl chains in the organic regions.

Optical heterodyne detected optical Kerr effect (OHD-OKE)
experiments were used to study the bulk orientational relax-
ation dynamics of several pure dry RTILs over a wide range of
temperatures [51,52]. The experiments followed the orientational
relaxation from hundreds of femtoseconds to a hundred nanosec-
onds. The results were analyzed using schematic mode coupling
theory. The orientational relaxation is complex, consisting of sev-
eral power laws at short time and ending with an exponential
decay, which is the final complete randomization of the orienta-
tions. The power laws reflect the dynamics on time scales during
which a molecule is ‘caged’ by the surrounding molecules and is not
undergoing orientational diffusion. The functional form of the RTIL
dynamics and their temperature dependence are indistinguishable
from a wide range of organic liquids. These results show that in
spite of the nanoscopic heterogeneity of RTILs, they have dynam-
ical properties that are no different from organic liquids such as
dibutylphthalate [53,54] or acetylsalicylic acid [54].

In contrast to the pure dry RTILs, the OHD-OKE experiments
reveal dramatic difference in dynamics when even small amounts
of water are added [55,56]. For chain lengths of hexyl and longer,
there is clear evidence that water in the ionic regions produces
structuring of alkyl chains that dramatically slows orientational
relaxation and changes its fundamental nature. For RTILs that gel,
the results indicate that gelation is preceded by water induced
changes in structural dynamics.

2. Time resolved fluorescence probes of the organic and
ionic regions of RTILs

The nanoscopic heterogeneity picture of RTILs implies distinct
organic and ionic regions. An important question is how closely
do the organic regions, which consist of the alkyl tails of the cation
head groups, resemble a hydrocarbon liquid, and how does an ionic
solute interact with the ions in the ionic regions. To examine these
questions, the orientational relaxation dynamics of perylene and
sodium 8-methoxypyrene-1,3,6-sulfonate (MPTS) (see Figure 1)
were determined using time dependent fluorescence anisotropy
measurements [36]. Perylene is neutral and nonpolar. In contrast,
MPTS has three negatively charge sulfonate groups. These two
probe molecules locate in the distinct regions of the RTIL heteroge-
neous structure [36]. The series of ionic liquids of alkyl-substituted
imidazolium bis(trifluoromethanesulfonyl)imide (abbreviated as
CnmIm+ NTf2

−) was  chosen as a class of relatively hydrophobic
ionic liquids that can be obtained at high purities. They have fairly
low viscosities and demonstrate prototypical ionic liquid behavior.

For each liquid, the orientational relaxation and the viscosity
were measured as a function of temperature. These measurements

permit the details of the probe interactions with its environment to
be explicated. The triply charged fluorophore and the neutral non-
polar fluorophore are similar in size (see Figure 1) and were studied
in a series of RTILs with increasing hydrocarbon chain lengths.
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Table 1
Perylene exp. frictional coefficients, C.

Solvent Friction coefficient

C2mIm+ 0.0858 ± 0.008
C4mIm+ 0.0799 ± 0.002
C6mIm+ 0.0733 ± 0.001
C8mIm+ 0.0583 ± 0.0007
igure 1. Dimensions and coordinate system for perylene (A) and MPTS (B). The out
f  plane thickness is labeled t.

he temperature dependent studies of the orientational relaxation
nabled the local friction to be extracted from the data. By mea-
uring the orientational relaxation on the series of liquids, it was
ossible to examine changes in the nature of the local environ-
ents experience by the two types of probe molecules. Previous

uorescence studies of orientational relaxation in RTILs have seen
ebye–Stokes–Einstein (DSE) behavior [57] and possibly devia-

ions from DSE behavior [17,58,59]. Most of the studies examined
ery polar and charged dye molecules. Mali et al. studied a charged
ye molecule and a non-polar chromophore in a single RTIL [58].

The sample preparation has been described in detail [36]. All of
he samples were of the high purity and very low water content.
he samples were handled in a glove box to avoid picking up water
uring sample preparation in 1 cm quartz spectroscopic cuvettes.
he viscosities of all of the samples were measured as a function of
emperature [36].

The time dependent fluorescence measurements were made
ith time correlated single photon counting (TCSPC) [36,50]. The

amples were housed in a computer controlled cryostat stable
o ±0.1 K. The instrument response was measured to be ∼40 ps.
ime dependent fluorescence data were collected at each temper-
ture (298–333 K in 5 K increments) in parallel, perpendicular, and
agic angle (54.7◦) polarizer orientations. Samples were excited

t 380 nm for MPTS and 409 nm for perylene. The excitation pulses
ere single pulses selected at 4 MHz  rate from a Ti:Sapphire oscilla-

or and doubled to the excitation wavelengths. Fluorescence, after
assing through an appropriate long pass filter to remove excitation

ight, was observed at 420 nm for MPTS and 469 nm for perylene
ith a channel plate detector on a monochromator.

The fluorescence experiments measure the time dependent
nisotropy, r(t), defined as

(t) = I||(t) − I⊥(t)
I||(t) + 2I⊥(t)

, (1)
ith I|| and I⊥ the time dependent fluorescence intensities polarized
arallel and perpendicular to the excitation beam, respectively.
he functional form of the fluorescence anisotropy decay for the
ost general case of orientational diffusion has been presented
paraffin oil 0.0483 ± 0.001
Theory slip 0.085

[60]. In the experiments described here, the observed exponen-
tial decays (bi-exponential for perylene and single exponential for
MPTS, see below) were related to hydrodynamic properties through
the Debye–Stokes–Einstein relation:

� = 1
6D

= �VfC

kT
(2)

where � is the measured orientational relaxation time constant,
D is the orientational diffusion constant, � the viscosity, k is the
Boltzmann constant, V is the molecular volume, C is a friction coef-
ficient, and f is the shape factor. For a given molecule, the friction
coefficient will contain information on the rotational friction expe-
rienced by the molecule. For large particles, the stick boundary
condition (C = 1) almost always holds. For rotators of similar size
to the solvent molecules, the continuum approximation of the sol-
vent begins to break down. This is manifest as a decrease in friction
toward the slip limit, for which the value of C depends on the geom-
etry of the rotator.

Figure 1 shows the structures and dimensions of the fluo-
rophores used in this study. For both molecules, the shape is close
to ellipsoidal based on a geometrically minimized structure. Using
the van der Waal radii of the constituent atoms, molecular volumes
of 225 Å3 for perylene and 343 Å3 MPTS were calculated. From the
molecular dimensions, the shape factors [61] and theoretical slip
friction coefficients [62,63] can also be generated. These quantities
have been reported for perylene and MPTS [36].

2.1. Perylene

Due to the high D2h symmetry of perylene, the equation for the
fluorescence anisotropy simplifies to a bi-exponential. The orien-
tational motions of perylene are very different in the plane of the
molecule and out of the plane. The out of plane motions requires
a great deal of solvent to be ‘pushed’ out of the way, in contrast to
the in plane motion. In plane rotation occurs about the axis nor-
mal  to the plane of the molecule, the z axis in Figure 1. Perylene
is modeled as an oblate spheroid rotator, that is the diffusion con-
stants Dx = Dy < < Dz, using the coordinate system of Figure 1. Then
the anisotropy decay is [36]

r(t) = 0.1e−(2Dx+4Dz)t + 0.3e−6Dxt. (3)

Anisotropy studies of perylene have often encountered a well-
known ‘anisotropy deficit,’ that is, an initial anisotropy of less than
the theoretical value of 0.4 [64]. Then the prefactors in Eq. (3) have
smaller than the theoretical values of 0.1 and 0.3, which does not
impact the information content of the experiments.

To extract the rotational diffusion constants, measured time
dependent anisotropies were fit to a bi-exponential function con-
volved with the instrument response using nonlinear least squares.
From the fits, the appropriate diffusion constants can be obtained
from linear combinations of the exponential time constants using

Eq. (3). Figure 2 shows the temperature dependent orientational
relaxation decay constant, � = 1/6D, where here D is the average
diffusion constant. The lines through the data in the figure are fits
that confirm Debye–Stokes–Einstein behavior.
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Table 2
Ratios of in and out of plane experimental friction coefficients to their theoretical
slip values.

In-plane Out of plane

C2mIm+ 1.2 0.39
C4mIm+ 1.0 0.44
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Table 3
MPTS exp. friction coefficients C.

Solvent Friction coefficient

C2mIm+ 2.22 ± 0.05
C4mIm+ 2.36 ± 0.03
C6mIm+ 2.77 ± 0.04
C6mIm 0.90 0.53
C8mIm+ 0.67 0.54
Paraffin oil 0.55 0.60

The results of the analysis are presented in Table 1 as a list of
he experimentally determined average friction coefficients (C in
q. (2)). As the alkyl chain length increases, the friction coefficient
pproaches that of perylene in paraffin oil, which is the first indica-
ion that the alkyl tail regions of the RTIL behaves like a hydrocarbon
hen the tails are sufficiently long.

From the values listed in Table 1, perylene is found to rotate
ith slip to sub-slip boundary conditions. Rotational dynamics in

he sub-slip regime have been studied previously [65,66] and are
ften attributed to complex solvation structure in the vicinity of the
robe molecule. This structuring can lead to effective void spaces
hrough which the molecule can rotate with little hindrance, lead-
ng to a decrease in rotational friction below slip. This picture was
sed to describe the rotational dynamics of tetracene in alcohols
67].

In the perylene/RTIL experiments, the degree of sub-slip
ncreases with increasing alkyl tail length, approaching the value
or perylene in paraffin oil at C8mIm+. Due to the high symme-
ry of perylene, the bi-exponential experimental decays permit the
otational diffusion to be further decomposed into components of
otation in-plane (Dz) and out-of-plane (Dx). The results are pre-
ented in Table 2 as the ratio of the appropriate friction coefficient
o its theoretical value for slip boundary conditions. A value of 1

eans that the measured and calculated values are the same. A
atio larger than 1 indicates that the measured value is slower than
lip, and a ratio smaller than 1 shows that the experimental value
s faster than slip. The trends displayed in Table 2 demonstrate that

s the length of the alkyl chain length increases, relative to the the-
retical slip values, the in plane rotational diffusion becomes faster
ith a concurrent slower rotational diffusion out of plane. Both the

n-plane and out of plane rotational diffusion are converging on the
Water 0.99 ± 0.02
DMSO 1.25 ± 0.01

values found in the paraffin oil. The increase of in-plane rotational
diffusion constant with alkyl chain length is consistent with previ-
ous work on perylene in n-alkanes. For longer alkanes, the results
are interpreted as a partial alignment of the alkane chains along the
long axis of the perylene [68,69]. This interpretation is supported
by studies of gas phase van der Waal complexes [70]. Therefore, the
orientational relaxation trends with RTIL chain length demonstrate
that the environment experienced by perylene is increasingly like
that of a partially ordered alkane. The trend in Table 2 suggests
by a chain length of ten carbons, the alkyl environment would be
virtually indistinguishable from a long chain alkane.

These convergent trends of perylene demonstrate that the sol-
vation environment of perylene in the ionic liquids becomes more
alkane-like as the alkyl chain increases in length. In the context of
ionic liquid structure, one might concluded that the aliphatic moi-
ety is dominant in solvating the perylene. This is consistent with
simulations on solvation in ionic liquids [71,72], as well as optical
Kerr effect experiments [73]. The selective solvation constitutes an
effective partitioning of the perylene into the hydrophobic regions
of the bulk ionic liquid structure. The sub-slip rotational behavior
is describing the structure and microviscosity of the hydrophobic
pockets. It is important to note the apparent lack of a ‘turn-on’
of nanoscale segregation. Both the in plane and out of plane fric-
tion coefficients change continuously toward those of perylene in
paraffin oil.

This interpretation leads to several interesting possibilities.
Although not necessarily of the same origin, void spaces in RTILs
have been evoked when discussing the solubility of CO2 [74]. The
directionality of the rotational friction (see Table 2) may  provide
insight into anomalous Diels–Alder reactions in RTILs [38]. Tiwari
and coworkers find that the rate of an intra-molecular Diels–Alder
reaction involving a nonpolar reactant does not change significantly
in going from C4mIm+ NTf2

− to C4mIm+ [BF4
−], even though the vis-

cosity changes substantially. The reaction involves the rotation of
the dienophile over the plane of the molecule. This is the direction
of rotation in C4mIm+ that is most strongly sub-slip, indicating a rel-
atively unhindered rotation produced by the ionic liquid structure
that should be relatively insensitive to the anion.

2.2. MPTS

The anisotropy decays of MPTS in all liquids studied are sin-
gle exponential decays, reflecting the lower symmetry of MPTS
compared to perylene and indicating similar MPTS rotational dif-
fusion coefficients for the various axes. The decay times vs. �/kT are
shown in Figure 3 for three RTILs (A), DMSO, and water (B). MPTS
is essentially insoluble in C8mIm+, so this liquid could not be stud-
ied. Because of the low viscosity, the data for MPTS in DMSO and
water have very fast decays times. The data for these two  liquids
are shown in Figure 3B. Note the differences in the axes between
Figure 3A and B. As is the case for perylene, the MPTS temperature
dependent data in each liquid is linear within a very small error,

demonstrating Debye–Stokes–Einstein behavior.

The friction coefficients for the five liquids are given in Table 3.
The friction coefficient for stick boundary conditions is 1. In con-
trast to the perylene (see Table 1), the MPTS friction coefficients
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with Li+ mole fraction cannot ruled out. As is clear from the fig-
2 4

ave been shifted up 4 ns and 2 ns, respectively. Note the differences in the axes for
 and B.

re all greater than 1 for the ionic liquid samples (Table 3), indi-
ating super-stick boundary conditions. MPTS in water and DMSO
ere used as control solvents for comparison. MPTS in these two

olvents yield close to stick boundary conditions. Super-stick condi-
ions observed in the RTILs are traditionally explained using either
he ‘solventberg’ model [75] or Nee-Zwanzig dielectric friction [76].
he former assumes specific solvent–solute interactions anchor
olvent molecules of non-negligible size to the solute, effectively
ncreasing the rotator volume. The latter involves the electrostatic
orque between a dipole and the reactive field of the surrounding
ielectric cavity. For alcohol solvents that can hydrogen bond to
he solute, research on the relative contributions of the two mech-
nisms has indicated that the ‘solventberg’ effect dominates [77].
etailed calculations of the dielectric friction model show that it
annot explain the MPTS in RTIL results given in Table 3 [36].

The 3 formal −1 charged sulfonate groups should interact very
trongly with the charged cations of the ionic liquid. The MPTS
rientational relaxation data show highly hindered motion that is
ikely caused by strongly associated solvent molecules. The most
bvious possibility is that RTIL cations are bound to the sulfonate
nions. A simple calculation can estimate the number of associated
olvent molecules that would be necessary to obtain the results for
he RTILs given in Table 3. Using the cation van der Waals volumes,
he results yield 3.0, 2.8, and 3.1 cations are ‘attached’ to each MPTS

n C2mIm+, C4mIm+, and C6mIm+, respectively. These numbers,

hich are all basically 3, correspond to the number of sulfonate
roups on MPTS, supporting the idea that cation coordination is
rs 616–617 (2014) 259–274 263

responsible for the slow (super-stick) orientational relaxation of
MPTS in the RTILs. Furthermore, the friction coefficient increases
as the RTIL cation alkyl chain increases. The increase in friction is
consistent with larger and larger cations being strongly bound to
the MPTS sulfonate groups as RTIL solvent goes from C2mIm+ to
C4mIm+ to C6mIm+.

The results presented above are consistent with a picture of
RTILs in which there is nanoheterogeneity consisting of ionic
regions and alkyl regions. Based on measurements of rotational fric-
tion for perylene and MPTS, two  distinct rotational environments
were found. Perylene undergoes orientational relaxation in the slip
to sub-slip regime, that is orientational relaxation is faster than
predicted by hydrodynamic theory. As the alkyl chain length of the
cation increases, the in plane and out of plane orientational relax-
ation friction coefficients converge to those of perylene in paraffin
oil (see Table 2). Perylene partitions into alkane-like environments
[35]. The trends in the in plane and out of plane friction coefficients
indicate a degree of alkyl chain alignment along the perylene long
molecular axis.

MPTS undergoes orientational relaxation with super-stick
boundary conditions, in contrast to MPTS in DMSO and water,
which show approximately stick boundary conditions. The slow
orientational relaxation of MPTS in the RTILs cannot be ascribed to
a non-specific strong solute–solvent interaction [36]. The results
indicate that three RTIL cations are bound to the three MPTS sul-
fonate anions, and the entire assembly undergoes orientational
diffusion. The increased volume of MPTS accounts for the slow ori-
entational diffusion. The friction increases with increasing size of
the solvent cation, which is consistent with the picture of cations
bound to the MPTS sulfonate anion.

2.3. Addition of lithium cations

Relative to the neat liquids, the viscosities of solutions of
lithium salts in RTILs increase significantly [50,78,79]. The results
of experimental studies [80–83] and molecular dynamics sim-
ulations [81,82,84] suggest that RTIL anions aggregate around
the Li+ ions, producing the increase in viscosity. Because of the
importance of lithium ion transport to battery operation, the
influence of lithium ions on RTIL structure and dynamics is a
topic of considerable interest. The alkylimidazolium bistriflimide
(bis(trifluoromethyl)sulfonyl imide) ionic liquids are attractive for
battery applications because of their relatively low viscosities, as
well as good electrochemical stability [85] and broad operating
temperature ranges.

The influence of lithium cations on the structure of the alkyl
chains was  investigate by using perylene as a dynamical probe
of the alkyl region structure of 1-butyl-3-methylimidazolium
bis(trifluoromethyl)sulfonyl imide ([BmIm][Tf2N]) as a function of
the Li+ concentration [50]. The methodology is the same as used in
the studies described above that examined the influence of chain
length on the structure of the alkyl regions by measuring the tem-
perature dependent orientational relaxation of perylene, which
gave the friction coefficients.

To show the nature of the trends with Li+ concentration, the
three diffusion constants, in-plane, out-of-plane (see Figure 1A),
and the average diffusion constants are displayed for a single tem-
perature, 298 K, in Figure 4A. The dashed lines are aids to the
eye. With the exception of the points at � = 0.1, the points all
fall very close to the lines. The points for � = 0.1 are probably
off the lines because of experimental error, but the possibility
that the diffusion constants do not change in a linear manner
ure, the orientational diffusion becomes slower with increasing
lithium ion concentration. Orientational diffusion constants for
solute molecules generally depend inversely on solution viscosity,
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of-plane friction coefficients to their theoretical slip values, were
n a natural log scale. Lines connecting the data points are single exponential fits to
he  data.

nd the viscosity of [BmIm][Tf2N] solutions increase with LiTf2N
oncentration, as shown in Figure 4B. The temperature-dependent
iscosities are fit very well with single exponentials with a small
ffset (R2 greater than 0.999 for each LiTf2N concentration). The
arameters for the exponential fits have been given previously [50],
o that the viscosity over the range of temperatures studied can be
btained for the various Li+ concentrations.

In Figure 5, the experimental values of the orientational relax-
tion times, �, taken over a range of temperatures for perylene for
ach lithium/RTIL solution are plotted against �/kT. To make it eas-
er to see the nature of the results and the trends, the figure shows
he data rescaled and shifted. The true slopes of the data, which
epresent the proportional dependence of � on �/kT, have been pre-
erved in all cases. Linear least-squares fits gave R2 of greater than
.98 for each sample. The linearity of the plots confirms hydrody-
amic behavior. To obtain actual values of � for the corresponding
/kT from Figure 5, find the point of interest on the plot and the
ssociated shift and scale values from the inset. Subtract the shift
alue from � and then divide both � and �/kT by the scale factor.

As can be seen in Figures 4A and 5, as the mole fraction of
i+ increases the diffusion constants become slower (the orienta-
ional relaxation time constants become longer). This is expected
s increasing �(LiTf N) increases the viscosity at any given tem-
2
erature. However, to determine whether the slower orientational
iffusion of perylene with increasing lithium ion concentration

s solely a consequence of increasing viscosity or indicates a
Figure 6. The in-plane and out-of-plane friction coefficient ratios as a function of
lithium cation concentration.

structural change in perylene’s solvation environment, it is nec-
essary to analyze the trends in the diffusion constants with
temperature and viscosity. A useful approach is to consider the
unitless friction coefficient C, which represents the coupling
between the solute and the solvent and is independent of tempera-
ture and viscosity for rotators that display hydrodynamic behavior
[62,86]. This is the same method used for the analysis in Section
2.1. Figure 5 shows that the orientational relaxation of perylene in
all of the samples is hydrodynamic. The friction coefficient Ci for
rotation about the ith axis of an oblate ellipsoid is related to the
associated Di as [62]

Ci = kT

�VDi
, (4)

where V is the volume of the solute. Ci can be calculated from the
measured temperature-dependent values of Di and �. For perylene
in each solution, the ratios of the experimental in-plane and out-
calculated from the dimensions of the rotator [62,63]. Figure 6 is a
plot of the friction coefficients with a linear fit to the data points.
The friction coefficients change significantly with lithium ion
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oncentration. The values of the friction coefficients are given else-
here [50]. The fact that the coupling between solute and solvent,

s quantified by the friction coefficients, is not constant with LiTf2N
oncentration demonstrates that adding lithium ions has an effect
n the alkyl region of the RTIL beyond altering the solutions’ bulk
iscosities. As shown in Figure 6, both in-plane and out-of-plane
rientational friction coefficients decrease as the Li+ concentration
ncreases. The in-plane friction coefficient (Cz) is greater than the
heoretical slip value with no lithium cations in the solution. As
iTf2N is added, the in-plane friction coefficient falls, becoming
ubslip for concentrations above �(LiTf2N) = 0.2. The out-of-plane
riction coefficient (Cy) is subslip even for � = 0. It becomes increas-
ngly subslip as �(LiTf2N) increases. Cz decreases more in relative
erms than does Cy; Cz decreases by a factor of ∼6 from �(LiTf2N) = 0
o 0.4, while Cy decreases by a factor of ∼3. At high lithium ion
oncentration, �(LiTf2N) = 0.4, Cz is approaching Cy.

The decreases in the friction coefficients, Cz and Cy, show that
hanges in the liquid structure in the RTIL alkyl region in response
o increased lithium concentration result in less hindered orien-
ational diffusion both in and out of the plane of perylene after
djusting for the increased viscosity of the RTIL. This is in contrast
o the effect of increasing alkyl chain length on perylene in 1-alkyl-
-methylimidazolium bistriflimides discussed in Section 2.1 [36].
s the length of the cation’s alkyl tail increased, the dynamics of the
erylene probe converged toward those of an ordered alkane, with
he in-plane Cz (rotation about the z axis) decreasing and becom-
ng subslip while the out-of plane Cy (rotation about the y axis)
ncreased. Therefore, the structural changes in the alkyl region in
esponse to lithium ions are qualitatively different from those that
esult from changing the alkyl chain length.

The trends in the orientational dynamics of perylene can pro-
ide insights into the changing nature of the liquid structure of the
TIL alkyl regions as lithium cation is added. Slip boundary condi-
ions for orientational diffusion of solute molecules apply when the
nteractions with the solvent are not strong, e.g., no solute-solvent
ydrogen bonding. Slip boundary conditions are frequently seen for
olvents that are similar in size or larger than the solute molecules
87]. Under these conditions, the rotating solute does not ‘drag’
olvent with it. A hypothetical spherical solute with slip boundary
onditions would rotate freely. However, for non-spherical solutes
ith slip boundary conditions, the solute must still displace solvent
olecules that are within its swept volume as it rotates, which gives

ise to the friction. In some cases, C may  be less than the theoretical
lip value; such subslip behavior has generally been explained by
he presence of void spaces or excess free volume in the local liq-
id structure around the rotator, giving lower than average solvent
ensity within the swept volume of the rotating solute [65,67,74].

Figure 6 shows that for the pure liquid (no Li+), the in-plane fric-
ion is greater than the out-of-plane friction. As discussed above,
he values in Figure 6 are the ratios of the measured friction coef-
cients to the theoretical values for perylene modeled as an oblate
llipsoid. A value of 1 means the measured friction coefficient is
he same as the value for the perylene model under slip conditions.
he slip condition can be thought of as occurring in a hypothetical
deal solvent that does not have a particular local structure that is
ifferent for in-plane and out-of-plane. The only source of friction

s sweeping out the volume of solvent molecules by the rotator.
he model oblate ellipsoid in this ideal solvent would have friction
oefficient ratios in-plane and out-of-plane that are both 1. The fact
hat the in-plane ratio is greater than slip and substantially larger
han the out-of-plane ratio, which is subslip, indicates that pery-
ene finds itself in a structured environment even in the absence

f lithium cation. The structure is such that relative to the theo-
etical slip calculation, it is more difficult for perylene to push the
lkyl tails of the RTIL out of the way when rotating in the plane of
he molecule than out of the plane. This is in contrast to perylene
rs 616–617 (2014) 259–274 265

embedded in the alkyl chains of paraffin oil discussed in Section 2.1
for which the two friction coefficients ratios are almost identical
and both are subslip [36].

Figure 6 show that increasing the Li+ concentration causes
both friction coefficients to decrease. These decreases as �(LiTf2N)
increases clearly demonstrate that putting Li+ in the ionic regions
of the RTIL changes the structure of the alkyl regions. It is becoming
easier for perylene to undergo rotational diffusion (after accounting
for the increased viscosity of the solutions) as the Li+ concentra-
tion increases. The change is more pronounced for the in-plane
motion than the out-of-plane motion, and both motions become
substantially subslip at �(LiTf2N) = 0.4.

Adding Li+ to the ionic region can change its organization caus-
ing the configuration of the BmIm cations to alter as the Li+

concentration grows. Changing the configuration of imidazolium
cations in the ionic regions alters the organization of the butyl
chains that solvate perylene in the alkyl regions. The large decrease
in the friction coefficients implies that the chain packing density
around the perylene is reduced, but in an anisotropic manner. The
structuring in the ionic regions may  generate a good deal of free vol-
ume  in the alkyl regions, resulting in reduced hindrance of perylene
orientational diffusion.

3. Bulk dynamics of RTILs and the influence of water –
OHD-OKE experiments

3.1. Pure RTILs

The last section clearly demonstrated the nanoscopic hetero-
geneity of the RTILs and explicated aspects of interactions with
solutes that selectively locate in the alkyl and ionic regions. A
remarkable aspect of pure RTILs is that they have bulk dynamical
properties that in many respects are indistinguishable from those
of relatively simple organic liquids. The dynamics of RTILs were
investigated using optical heterodyne detected optical Kerr effect
experiments [88–90]. The results are analyzed with schematic
mode coupling theory [51,52].

The temperature dependent orientational relaxation of RTILs
and normal liquids has a complex time dependence that spans a
few hundred femtoseconds to hundreds of nanoseconds and can
exhibit five decades of signal decay. As discussed below, the dynam-
ics involve several power laws and, at long time, a final exponential
decay. The power laws reflect the dynamics on time scales during
which a molecule is ‘caged’ by the surrounding molecules and is not
undergoing orientational diffusion. The final exponential decay is
the orientational diffusion complete randomization of the liquid. To
observe the complete time dependence requires a method that can
span the necessary range of times and signal amplitudes. The OHD-
OKE experiment has the necessary time and amplitude dynamic
ranges to observe the full range of orientational relaxation.

The OHD-OKE experiment measures the time derivative of the
polarizability–polarizability correlation function, which is directly
related to the data obtained from depolarized light scattering
experiments by Fourier transform [91–94]. However, the OHD-OKE
experiments have the advantage of working in the time domain,
which provides a wider dynamic range in both signal amplitude
and time span. The polarizability-polarizability correlation func-
tion is essentially the second Legendre polynomial orientational
correlation function except at short time (less than a few ps) where
‘collision induced’ or ‘interaction’ effects (density fluctuations) can
also contribute to the decay [92–95]. In the experiments, a pump

pulse creates an optical anisotropy and a probe pulse is used to het-
erodyne detect its decay at variable time delays. To observe the full
range of liquid dynamics, at each temperature several sets of exper-
iments were performed with different pulse lengths and delays. For
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4

ame functional form of their decays, i.e., two power laws followed by an exponential
ecay.

imes t < 30 ns, a 5 kHz mode-locked Ti:Sapphire laser/regenerative
mplifier system was used (� = 800 nm)  for both pump and probe.
he pulse length was varied by from 75 fs to 100 ps as the time scale
f the measurement increased to improve the signal-to-noise ratio.
or longer times, a CW laser was used for the probe, and a fast digi-
izer (1 ns per point) recorded the data. The scans taken over various
ime ranges overlapped substantially, permitting the data sets to
e merged by adjusting only their relative amplitudes. The details
f the experimental setup can be found in previously published
ork [96,97]. The latest version of the experiments uses a four pulse
hase cycling system, in which the phase of the probe and the polar-

zation of the pump are cycled every shot at 5 kHz using Pockels
ells [56]. This method greatly improves the signal-to-noise ratio
eyond that achieve in the initial experiments described here. The
ew method is used to obtain some of the data presented below.

Figure 7 shows the nature of the data. The date in Figure 7A
s for dibutylphthalate, a normal organic liquid [54]. The data in
igure 7B is for the RTIL butylmethylimidazolium tetrafluorobo-
ate (BmImBF4). A number of normal liquids [98,99] and RTILs
51,52,83] have been studied using OHD-OKE experiments, and for
he pure liquids, they all have the identical functional form. At short
imes, the data consist of two power laws, called the intermediate
ower law and the von Schweidler power law [51,98,99], which
re followed by an exponential decay [54]. There is a third power
aw predicted by MCT, called the fast  ̌ process [89,100] that is
ot shown in Figure 7. In the supercooled liquid literature, the final
xponential decay is referred to as � relaxation. The dashed red line
hrough the BmImBF4 data is a fit to the empirical fitting function,

hich is based on MCT  analysis,

(t) = [at−s + pt−z + dtb−1] exp
(−t

�˛

)
. (5)
indicating the intermediate power law and von Schweidler power law. The fast ˇ
process power law can be seen at the shortest times. The inset shows the exponential
decay (the � relaxation) at long times on a semi-logarithmic scale.

The second and third power laws are the intermediate power
law and the von Schweidler power law, respectively. This func-
tion, which captures the form of the numerical solutions to the
schematic mode coupling description (see below) is useful as it
permits the power law exponents and the exponential decay time
constant to be extracted. In fitting data, it is necessary to do a global
fit to Equation 5 to obtain the exponential time constant as the
power laws influence the decay even in the exponential region of
the data. An important point shown in Figure 7 is that the nanos-
tructuring of the RTIL does not change the functional form of the
overall bulk liquid orientational relaxation dynamics.

Temperature dependent experiments with analysis using mode
coupling theory have been performed on a number of RTILs
[51,52,83]. Figure 8 shows data for N-propyl-3-methylpyridinium
bis(trifluoromethylsulfonyl)imide (PMPIm) at T = 233 K, where the
liquid is deeply supercooled [52]. For supercooled van der Waals
liquids, the exponents z and b are found to be temperature inde-
pendent [98,99]. The exponential  ̨ relaxation, however, is highly
temperature dependent, with the time constant �� increasing dra-
matically as the glass transition is approached from above [98]. The
lack of temperature dependences for the z and b exponents is also
found for RTILs, as is the strong temperature dependence of the
� relaxation [51,52]. The inset shows the long time portion of the
decay on a semi-log plot. The long time portion of the data is lin-
ear, showing that it is an exponential decay. Figure 9 displays the
PMPIm OHD-OKE data and fits using Equation 5 for the range of
temperatures studied. From the top to the bottom, the curves are
arranged in the order of increasing temperatures. The curves have
been off-set along the vertical axis for clarity of presentation. The
lowest temperature data span the longest time window because the
final complete � structural relaxation slows down as the temper-
ature is decreased. The functional form of OHD-OKE decay curves
does not change when the temperature is varied, but the numerical
values of some of the fitting parameters change with temperature.

The temperature dependent data permits a detailed compar-
ison to the predictions of schematic mode coupling theory. The
numerical solutions to the MCT  coupled differential equations
that describe the density and orientational correlations functions

have been shown to very accurately reproduce the complete time
dependence of the RTIL OHD-OKD data over the full ranges of
temperatures studied [51,52,83]. MCT  also predicts certain scal-
ing relations [101] for the supercooled liquids as they approach the
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Figure 10. (A) and (B) show data for the MCT  scaling relationships for (A) the expo-
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igure 9. Temperature dependent OHD-OKE PMPIm data on a log plot. The data
ets have been off-set along the vertical axis for clarity of presentation. Fits to the
ata using Eq. (4) are also shown (dashed red curves).

CT  critical temperature Tc. Tc is called the ‘ideal’ glass transition
emperature because in schematic MCT, the �-relaxation is pre-
icted to diverge at Tc, becoming infinitely slow. The cessation of
omplete structural relaxation predicted by MCT  to occur at Tc, that
s, the liquid becomes non-ergodic, was thought to signal the glass
ransition. However, experimentally the �-relaxation time does not
ecome infinitely slow at Tc and continues to increase below Tc.
he experimental glass transition temperature Tg is usually 15% to
0% below Tc. Previously reported OHD-OKE data on several super-
ooled organic molecular liquids obey the MCT  scaling relations at
emperatures above Tc [98].

As a test of MCT  in RTIL systems, the standard MCT  scaling law
nalysis was performed on PMPIm and other supercooled RTILs.
he MCT  scaling relation for the �-relaxation time constant, �˛,
ives scaling with temperature as [101]

� ∝ (T − TC )−� or �−1/�
� ∝ T − Tc, (6)

ith

 = a  + b

2ab
, (7)

nd a and b are MCT  parameters, which are related to each other
ia

� 2(1 − a)
� (1 − 2a)

= � 2(1 + b)
� (1 + 2b)

, (8)

here � is the gamma  function and b is the von Schweidler power
aw exponent, which is obtained experimentally. The von Schwei-
ler power law amplitude d (Eq. (5)) scales with temperature as
101],

 ∝ (T − Tc)ı or d1/ı ∝ T − Tc, (9)

ith

 = a + b

2a
, (10)

Using the value 0.49 for b determined from the fits in Figure 9,
 is found to be 0.28 from Eq. (5). Then � and ı are 2.79 and 1.36
espectively using Eqs. (7) and (10).

Figure 10A displays the rectification diagram for �� [52]. The

xperimental data points (the open circles) fall on a line indicating
he validity of MCT  scaling relationship over a significant tempera-
ure range. The solid line is a linear fit to Equation 6 using Tc and a
roportionality factor as adjustable parameters. The extrapolation
Both relationships only depend on the value of the von Schweidler power law expo-
nent. Both sets of points fall on lines showing that the MCT  scaling relationships are
obeyed. The lines extrapolate to the MCT  critical temperature, Tc = 231 K.

of the calculated line to its intersection with the abscissa yields
Tc = 231 K.

The temperature dependence of the von Schweidler power law
amplitude d (plotted as d1/�) is shown in Figure 10B. A linear fit
using Eq. (9) is shown as the solid line. Tc is found to be 231 K, con-
sistent with the result determined from ��. The ratio Tg/Tc = 0.81.
For comparison, the ratios for 2-biphenyl phenol, ortho-terphenyl,
salol, dibutylphthalate, benzophenone, and acetylsalicylic acid are
0.82, 0.83, 0.85, 0.79, 0.85, and 0.87, respectively. Therefore, the
ratio of the RTIL falls within the range of the ratios for common
molecular liquids.

The results shown above for PMPIm and for several other RTILs
bring out an important aspect of RTILs. The schematic MCT, which
has been very successful in describing van der Waals supercooled
liquids, works exceeding well for RTILs. The functional form of the
decays curves and the scaling relations are the same for van der
Waals liquid and RTILs. Schematic MCT  is a theory of homoge-
neous liquids. There is nothing in it that would take into account
the nanoscopic heterogeneity of RTILs. Therefore, very detailed con-
sideration of the temperature dependence of the dynamics of pure
bulk RTILs show no differences from homogeneous organic liquids.

3.2. The influence of water and chain length on RTIL dynamics

As discussed briefly in the Introduction, co-solvents [41–43]
and particularly water [44] are important in many applications
and properties of RTILs. Voth and co-workers simulated the addi-

tion of water to various RTILs and proposed that adding water
promotes the alkyl tail aggregation up to a water mole fraction
of ∼0.75 and then proceeds to break it up as the volume frac-
tion of water becomes larger [45,46]. Firestone observed that
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Figure 11. OHD-OKE decays for 3 of the samples (solid black curves) and their fits to
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-decyl-3-methylimidazolium bromide or nitrate (DmImBr or
mImNO3) RTILs gelled at a similar mole fraction of water

47] and Bowers noticed the same behavior for 1-methyl-3-
ctylimidazolium chloride (OmImCl) [48]. Later, Bhargava and
lein successfully simulated the hexagonal mesophase structure
riginally proposed by Firestone [49]. The structural changes in
TIL/water mixtures may  significantly influence processes that
ccur in them. Therefore, the dynamics of such binary mixtures
re important.

In this section, the influence of the addition of water on the
ynamics and structure of RTILs is addressed. OHD-OKE exper-

ments as discussed above are employed, but the experimental
ystem uses the new phase cycling method mentioned previously
56]. The experiments were conducted on a series of 1-alkyl-
-methylimidazolium tetrafluoroborate RTILs and their mixtures
ith water. Using the phase cycling method, the decays can be

ollowed from a few hundred femtoseconds up to ∼0.4 microsec-
nds (six decades of time) and over six decades of signal amplitude.
he pure RTIL decays are analyzed as two power laws followed by

 final exponential decay like those discussed in Section 3.1. As
ater is added, the viscosities of all of the RTIL solutions decrease
onotonically. For the shorter alkyl chain samples, and for the

ower water concentrations of the longer chain samples, as water
s added the final single exponential decay, reflecting the com-
lete randomization of the liquid, becomes faster. However, when
ater was added to the RTILs with an alkyl tail of hexyl or longer,

he long time scale orientational dynamics became bi-exponential.
he slowest component of the dynamics for the RTILs with octyl or
ecyl tails does not obey the Debye–Stokes–Einstein (DSE) equa-
ion, which was  attributed to significant local structuring of the
lkyl tails. The fast component of the bi-exponential dynamics is
ssigned to the restricted reorientation of the imidazolium head
roup (wobbling-in-a-cone). Detailed analysis yielded estimates of
he cone angle sampled by the head group prior to complete ran-
omization. The bi-exponential dynamics and non-DSE behavior of
he systems indicate that the use of water as an RTIL co-solvent can
ave effects on reaction rates and other processes that cannot be
olely explained by changes in viscosity.

RTIL/water mixtures were prepared by mass. HmImBF4,
mImBF4, and DmImBF4 are not fully miscible with water (unlike
mImBF4), saturating at water mole fraction of ∼0.75 at 24.5 ◦C.
ater mole fraction is defined as mol  H2O/(mol cation + mol

nion + mol  H2O). Water contents were measured with Karl Fisher
itration after data acquisition for all samples. For the pure RTILs,
he water concentration was 100 ppm or less. Dynamic viscosi-
ies for BmImBF4 and HmImBF4 solutions were taken from the
iterature [102–104]. For the OmImBF4 and DmImBF4 solutions,
ynamic viscosities were measured with a Brookfield LVDV-11+P
one and plate viscometer [55]. Multiple literature values were
veraged for the pure viscosity of OmImBF4 [105–110] while
he pure DmImBF4 viscosity was measured in the nitrogen glove
ox using the Brookfield viscometer [55]. All measurements were
one at 24.5 ◦C. Imidazolium tetrafluoroborate RTILs are known to
ydrolyze slowly in the presence of water [111]. To ensure that the
easured dynamics of the binary mixtures were not affected by the

ydrolysis products, the OHD-OKE decays of fresh and weeks-old
amples were compared. No measurable differences were seen.

Here the primary interest is in the long time scale relaxation
hat follows the power law decays. The data were fit with Eq. (5)
sing only the second and third power laws and the exponential
hen the final decay is single exponential. Figure 11A shows three

epresentative OHD-OKE decays for three BmImBF4 samples on a

ogarithmic plot (black solid curves) and fits to the data using Eq. (5)
red dashed curves). The curves have been offset along the vertical
xis for clarity. All the BmImBF4 solution OHD-OKE decays, includ-
ng those not shown, display similar trends, that is, a power law
Eqs. (5) or (11) (dashed red curves). Curves have been offset along the vertical axis for
clarity. (A) BmImBF4:H2O samples. (B) HmImBF4:H2O samples. (C) OmImBF4:H2O
samples. The bi-exponential decays are indicated by the arrows.

at short time, a power law at intermediate time, and an exponen-
tial decay at long time. Figure 11B shows three HmImBF OHD-OKE
decays (black curves) and fits (red curves). At the lower water con-
centrations, the final decay is exponential. However at the highest
concentration, the final decay is not quite exponential (see arrow).
The non-exponential nature of the decay is taken into account in the
fits as discussed below. Figure 11C shows three decays for OmImBF4
(black curves) and fits (red curves). At the highest water content
shown, the final decay has an inflections point (arrow) and is clearly
not exponential. Finally, Figure 12 shows three decays for DmImBF4
(black curves) and the fits (red curves). For this sample, there is a
clear break in the data where the decay slows and then decays more
rapidly. The inset shows the long time portion of the data with fit
for the saturated sample. Note the different time axis for the inset.
The decay time constants were obtained as described below.

For the higher water content in longer alkyl tail samples, the
OHD-OKE data could not be satisfactorily fit with Equation 5. As can
be seen in Figures 11C and 12, the water-saturated samples appear
to have a bi-exponential form (see arrows). The bi-exponential long
time behavior is particularly clear in Figure 12. Therefore, these
samples were fit with a modified, bi-exponential form [55],

[ (−t
) (−t

)]

F(t) = [at−s + dtb−1] A1 exp

�1
+ A2 exp

�2
. (11)

The fits reproduce the decays well over their entire range. All
the exponential amplitudes and decay times from the fits have been
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Figure 12. OHD-OKE decays for 3 select DmImBF4:H2O samples (solid black curves)
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nd  their fits to Equation 5 or 11 (dashed red curves). Curves have been offset along
he  vertical axis for clarity. The inset shows the long time portion of the water-
aturated DmImBF4.

eported previously [55]. It is notable that such clearly separated bi-
xponential decays (see Figure 12) have never been seen before in
ptical Kerr experiments. Prior experiments on simple molecular
iquids, RTILs (including those with dissolved salts), supercooled
iquids, liquid crystals in their isotropic phase, and other molecules
n aqueous solutions have always shown a long time scale single
xponential decay preceded by the power laws [51,83,112,113].

Bi-exponential decays of orientational correlation function are
enerally recognized as arising from one of two  physical situa-
ions. In the first case, there are two separate subensembles in
he sample that reorient at different rates. The fast component of
he bi-exponential corresponds to the randomization of the fast
ubensemble’s orientations, which leaves behind the decay of the
low subensemble’s orientations. Each subensemble completely
andomizes. This mechanism would require two distinct and well
efined local structures that each give rise to a single exponen-
ial decay of its orientational anisotropy. Since the vast majority
f the signal comes from the imidazolium head groups [55], for
his model to be true, there would have to be two  imidazolium
ubensembles with distinctly different dynamics due to distinctly
ifferent environments. However, the volume fraction of water in
he samples showing bi-exponential orientational decays is ∼5% or
ess. It seems physically unreasonable that such a small amount of

ater can perturb the system to the point of generating two dis-
inct cation subensembles with dynamics that differ by two  orders
f magnitude. Such a scenario is physically unrealistic.

The alternative case is one in which there is a single ensem-
le that undergoes orientational relaxation with two timescales,
ne fast and restricted, and one slow and complete. This is known
s wobbling-in-a-cone (WC) [55,114,115]. In this model, the fast
otational diffusion component is restricted in a potential cone,
hile the cone itself rotationally diffuses on a slower time scale.

he functional form of the correlation function is given by

2(t) =
[

S2 + (1 − S2) exp
(−t

�c

)]
exp

(−t

�l

)
(12)

here �c is the decay time of the diffusion within the cone, � l is the
ong decay time of complete diffusive reorientational relaxation,
nd S is termed the order parameter. Within this model, the fast

ecay time extracted with Eq. (11), �1, is not the cone-restricted
ecay time, but is related to it by

−1
c = �−1

1 − �−1
2 (13)
rs 616–617 (2014) 259–274 269

and the cone semiangle, �, is obtained using

S2 =
[

1
2

cos �(1 + cos �)
]2

. (14)

S2 obeys the inequality 0 ≤ S2 ≤ 1, with S2 = 1 corresponding to
a cone semiangle of 0◦ (no cone) and S2 = 0 gives a cone semian-
gle of 180◦ (unrestricted reorientation). � l in Eq. (12) is �1 in Eq.
(11). As can be seen from Eq. (12), S2 is the amplitude of the slow
decay. While the diffusion constant of the final orientational ran-
domization is given by Dl = (6� l)−1, the diffusion constant of the
cone-restricted motions (Dc) depends on the cone angle and is given
by the expression

Dc = x2(1 + xc)2{ln[(1 + xc/2)] + (1 − xc)/2}
�c(1 − S2)[2(xc − 1)]

+ (1 − xc)(6 + 8xc − x2
c − 12x3

c − 7x4
c )

24�c(1 − S2)
(15)

where x = cos �. Because of this complex dependence on �, it is not
meaningful to directly compare �c values, but instead comparison
was made of Dc, which therefore requires knowledge of S2 [55].
The WC model is often applied to systems in which the rotating
species is tethered to a slow or immovable scaffold, such as a pro-
tein backbone [116] or a polymer chain [117]. The WC model was
used to analyze the bi-exponential decays seen for the higher water
content mixtures [55].

A standard way  to analyze the rotational diffusion times is
through the Debye–Stokes–Einstein (DSE) equation, Eq. (2) in Sec-
tion 2 [55,118]. While the DSE equation is hydrodynamic, it works
remarkably well for describing the rotational motion of molecules
as was  shown for the fluorescence depolarization experiments dis-
cussed in Section 2 [119–121]. In Eq. (2), V, f, C, and T are constants.
Then, the orientational relaxation decay times, �, plotted vs. viscos-
ity (�) should fall on a line if the system obeys the DSE equation,
that is, the orientational relaxation is hydrodynamic.

All of the OHD-OKE exponential decay times from the fits are
plotted vs. viscosity in Figure 13. For all the RTILs studied here, the
addition of water reduces the shear viscosity of the solution. As can
be seen in Figure 13A, the long time scale exponential decays in
the BmImBF4/water samples show DSE behavior. As the viscosity
of the solution decreases, due to the addition of water, the orien-
tational decay time becomes correspondingly faster, with a value
of 1.4 ns for the pure RTIL and 30 ps for the most dilute solution
(1:100 BmImBF4:H2O). For the next longest chain RTIL, HmImBF4
(Figure 13B), the DSE relation is also obeyed for the slowest expo-
nential, but now there is a second, faster exponential relaxation
process seen in the 1:1 and water-saturated samples. These are
the red circles in Figure 13B–D. The black circles in the figures
come from analysis using the WC model discussed above and fur-
ther below. (For a number of points, the black circle is on top of
the red circle, and obscures it.) Figure 13C shows the DSE plot for
OmImBF4. There is a fast exponential rotational diffusion time that
emerges for the water-rich samples (3:1, 1:1, and water-saturated,
red circles). At low water content, the OmImBF4 samples are fit to
Eq. (5) (single exponentials at long time) and display DSE behavior
(Figure 13C, blue points at high viscosities). However, as the water
content is increased, the long time decays become bi-exponential
(see Figure 11C bottom curve). The fast component (red points)
still has DSE dynamics, however, the slow component of the bi-
exponential fits appears to plateau and turn up as water is added.
Thus, while the viscosity is decreasing upon water addition, the
slow rotational diffusion time is not affected in the water-rich sam-

ples in a manner consistent with the DSE equation.

This non-DSE behavior becomes much more dramatic in the
DmImBF4 plots shown in Figure 12. Again, the rotation times for
the water-poor DmImBF4 samples (blue circles, solid line) are single
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igure 13. DSE plots for BmImBF4 (A), HmImBF4 (B), OmImBF4 (C), and DmImBF4 (
ollows: �2 – blue, slow component; �l – red, fast component; black, from wobbling
uides  to the eye.

xponentials. The slow single exponential and the fast component
f the water-rich samples (inset) are linear in viscosity. But the slow
otation time of the bi-exponential decays in the water-rich sam-
les now moves in the opposite direction from that predicted by
he DSE equation. As water is added the viscosity is going down,
nd yet the slow component of the rotational dynamics is drasti-
ally slowing down. For the water-saturated DmImBF4, the slow
omponent is 89 ns, while the fast component is only 780 ps (see
igure 12). The pure (no water) DmImBF4 has a long time single
xponential rotational diffusion time of 14.3 ns. The amplitude of
he slow component grows upon addition of water and the con-
entration at which the bi-exponential behavior emerges shifts to
ower water concentrations as the alkyl tail length increases.

In contrast to the pure RTILs, once a sufficient amount of
ater is added, the mixtures show distinctly bi-exponential OHD-
KE decays. The bi-exponential dynamics are interpret as a local

tiffening of the cation’s alkyl tail-tail associations [55]. The
i-exponential dynamics are particularly prominent in the water-
aturated DmImBF4 sample in which a very pronounced separation
f time scales is observed (see Figure 12). As discussed above, the
ast component is attributed to the wobbling-in-a-cone motions
f the tethered imidazolium head groups and the longest time
omponent to slow, overall cation reorientation due to alkyl tail
ggregates. The cone angle for the wobbling imidazolium head
roups was determined for the highest water content DmImBF4
ample, which has the largest separation in time scales. Detailed
nalysis of the data yielded a cone angle of 41 ± 1◦ [55]. The local
tiffening of the alkyl tail associations prevents orientational relax-
tion of the head groups and tails on a single time scale. As water
s added, it will strongly interact with the ionic groups of the RTILs.

ecause there is insufficient water to fully hydrate the ions, the

ons and water molecules will organize to maximize the water-ion
nteractions. This organization of the ionic regions forces a structure
n the entangled alkyl tails that come together from different ion
e inset in D is an expanded plot of the fast decay time constants. Color coding is as
cone model. Some of the red and black points are on top of each other. The lines are

clusters. For the long alkyl chains, the chain arrangement ‘locks’
them into stable configurations that resist randomization of their
orientations. As water is added up to the saturation point for
OmImBF4 and DimImBF4 in particular, the organization of the
ionic regions increases, and the alky chain regions become increas-
ingly resistant to orientational randomization. The result is the
observed slowing of overall orientational relaxation (slowest OHD-
OKE decay component) as water is added even though the viscosity
of the solutions decreases. The constrained alkyl chain motions
become so slow that the wobbling motion of the cation head groups
occurs on a much faster time scale and is observable as a separate
exponential decay (the faster exponential decay component).

The details of the observed dynamics, that is, the bi-exponential
decays at higher water contents, is consistent with the water-
induced gelation seen in a few alkylmethylimidazolium RTILs
[47–49], but the solutions studied here phase separate before a
gelation concentration is reached. Gelation of an RTIL is discussed in
the next section. The local structuring and stiffening of the alkyl tail
associations suggest that reaction rates in RTIL/water co-solvent
mixtures should be highly dependent on the nature of the reactants
and not solely on the global viscosity of the mixture.

3.3. Dynamical signature of the approach to gelation in RTILs

There are extensive reports of the aggregation behavior of RTILs
in water, but most of these involve dilute RTILs in water or stud-
ies of RTILs that do not show gelation [44,104,122–134]. Studies
of gelling systems have largely focused on the structure of the gel
[46–49,135–139]. Dynamical measurements of gelling RTIL/water
systems are limited in number and scope [140–142]. The OHD-

OKE studies described above demonstrated that the orientational
dynamics anomalously slowed down as water was added to the
longer chain RTILs. The orientational relaxation (rotational diffu-
sion) clearly becomes bi-exponential with the slow decay becoming
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Figure 15. OHD-OKE decays for the OmimCl/water system for various water con-
centrations (solid black curves) and fits to Eqs. (5) or (11) (dashed red curves). Note
the  logarithmic axes. The curves have been offset along the vertical axis for clarity
of  presentation. Stable gel formation occurs between the OmimCl:water = 1:2 and
1:4.5 samples.

Figure 16. Hydrodynamic (DSE equation) type plot for the longest, overall cation
complete orientational randomization decay times, �l . The dashed black line indi-

Figure 16 shows the slowest decay time constant (black circles)
igure 14. Viscosity vs. the mass fraction of water in OmImCl. The shaded blue area
hows the range of water content in which the OmImCl/water mixtures form gels.

lower even as the viscosity decreases with the addition of water.
his behavior was attributed to organization of the ionic regions
ia ion-water interactions, which in turn cause long alkyl chains
o arrange in a manner that resists orientational relaxation. The
i-exponential relaxation may  be a dynamical signature of the
pproach to gelation [55]. OmImBF4 and DimImBF4 saturate at rel-
tively low water contents. Presumably, if more water could be
dded, these RTILs would gel.

However, OmImCl is completely miscible with water, and it
els. Figure 14 shows the dependence of the OmImCl viscosity
ith water content [143]. The viscosity decreases monotonically as
ater is added to the pure RTIL. However, in the range of water con-

ent from ∼2.2 to ∼4.2 water molecules per ion pair (mass fraction
2O ∼0.16–0.25, mole fractions 0.69–0.81) the mixture becomes a
el. It has essentially infinite viscosity.

Some binary mixtures of pure RTILs show gelation behavior
144], and some can be caused to gel with small molecule ‘gelators’
o form what is now called an ionogel [145,146]. There is consid-
rable interest in the RTILs that undergo gelation solely by the
ddition of water [47,135,136,147]. Members of this latter group
re probably better classified as lyotropic liquid crystals since many
eports indicate formation of lamellar, cubic, hexagonal, and micel-
ular phases as the water concentration is increased [47,49,135].
he fact that mixing water with some RTILs (i.e., mixing two  liq-
ids) can lead to stable gel formation may  be unique to this class of

iquids. Of those RTILs that show this hydrogel/ionogel behavior,
mImCl is particularly interesting. The gel has a melting tem-
erature just above room temperature [135], and OmImCl is the
robably the smallest hydrogelator known.

We examined OmImCl in the identical manner that we used
o study the dynamics of the alkylmethylimdazolium tetrafluo-
oborate samples [56]. Figure 15 displays the OHD-OKE data as a
unction of the water content. The numbers next to the data curves
re the number of ion pairs to the number of water molecules
ion:water). The red dashed curves are the fits to the data (black
urves) with Eq. (5) using only the second and third power laws
nd the exponential when the final decay is single exponential or
q. (11) when the final decay is bi-exponential. (The curves have
een offset along the vertical axis for clarity of presentation.) At
he lowest water content, 22:1, the final decay is a single expo-
ential, as was observed for OmImBF4. However, with OmImCl it

s possible to go to very high water concentration. For the highest

ater content, 1:100, the final decay is also a single exponential.

n contrast to the very high and low water contents, the OHD-
KE decays for intermediate water concentrations are distinctly
cates what the decays times would be if the system displayed hydrodynamic
behavior (DSE Eq. (2)) as calculated using the maximum �l value. The concentration
range over which the stable gel forms is shown in blue.

bi-exponential, similar to the previous experiments on 1-alkyl-3-
methylimidazolium tetrafluoroborate/water mixtures [55].

As in the treatment of the OmImBF4 and DmImBF4/water mix-
tures, the OmImCl bi-exponential decays were analyzed with the
wobbling-in-a-cone model in which the fast, cone-limited motions
correspond to the imidazolium head group restricted reorienta-
tion and the slow motions to the complete orientational relaxation
of the head group plus alkyl chain [56]. The extracted ‘relative’
order parameters indicate that as the OmimCl/water gelling con-
centration is approached from the water poor side, the motions
of the imidazolium head group become less restricted. In contrast,
as the gelling region is approached from water rich side, the head
group motions become more restricted. Analysis of the longer chain
CnmimBF4/water data [55] indicates that as water is added to the
pure RTIL the head group motions become more restricted [56].
for the OmImCl/water mixtures as a function of viscosity (water
content). The dashed line shows what the decay time constant
vs. viscosity trend would be if the final complete orientational
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andomization was properly described in terms of hydrodynam-
cs, that is, it obeyed the Debye–Stokes–Einstein equation (Eq. (2)).
he blue shaded region indicates the viscosity range over which
he system is a gel. Comparison of the data points and the dashed
ine confirms that the viscosity dependence is far from hydrody-
amic. The overall cation reorientation time in the OmimCl/water
amples is anomalously slow compared to the DSE equation cal-
ulation. The experiments cannot be conducted in the gel region
ecause the sample is not transparent. However, data were taken
ery close to the gel region with the water contents just below
1:2) and just above (1:4.5) the water concentrations that produce
ellation. On either side of the gel boundary, the long decay time
onstants (complete orientational randomization) are the same
ithin experimental error even though the viscosity is different

y a factor of somewhat greater than two. The results indicate that
he bi-exponential decays are a precursor to the onset of gelation.
he nature of the gel has been investigated. It has been suggested
hat the gel phase of OmImCl is dominated by a hexagonal struc-
ure [135]. Thus, the bi-exponential decays seen in the OHD-OKE
tudies may  be associated with the organization of the imidazolium
ead groups and the alkyl chains that give rise to the large devia-
ions from hydrodynamic behavior and are the precursor to the
ormation of an ordered gel phase.

. Concluding remarks

Time dependent experiments were employed to explicate
spects of the relationship between dynamics and structure in
TILs. The mesoscopic heterogeneity of RTILs was  shown clearly
y the distinct solvation environments of the non-polar fluores-
ent probe perylene and the charged fluorescent probe MPTS
see Figure 1). For the RTILs with sufficiently long alkyl chains,
he friction coefficients obtained from the orientational relax-
tion of perylene in RTILs converged toward those of perylene
n long chain length alkanes. The results show that the RTIL
lkyl regions are truly distinct with properties that approach
hose of a pure long alkane chain. Chemical reactions or other
rocesses that occur in the alkyl regions of a long chain RTIL
ay  be independent of the overall bulk properties of the RTIL,

uch as viscosity. The ionic MPTS fluorophore was  located in the
onic regions of the RTILs and displayed orientational dynam-
cs consistent with very strong associative interactions between
he negatively charged groups on the MPTS and the alkyl-

ethylimidazolium cations. Lithium cations in the form of Li+

is(trifluoromethanesulfonyl)imide− were added to the alkyl-
ethylimidazolium bis(trifluoromethanesulfonyl)imide RTILs. The

ithium cations locate in the ionic regions. The time dependent flu-
rescence depolarization experiments on perylene located in the
lkyl regions showed that the addition of Li+ in the ionic regions
odified the structure of the alkyl chains. Although the RTILs are

anoheterogeneous with ionic and organic regions, the regions
trongly influence each other.

In contrast to the fluorescence depolarization studies of the
rientational relaxation of fluorophores selectively solvated in dif-
erent regions of the RTILs, OHD-OKE experiments were used to
xamine the bulk liquid orientational relaxation dynamics. The
xperiments on pure RTILs, which spanned many decades of time
nd signal amplitude, displayed a complex time dependence that
onsisted of several power law decays at short time followed by a
nal exponential decay (see Figure 7). The final exponential decay

s associated with complete orientational randomization of the liq-

id while the power laws reflect the dynamics that occur from
aging in which orientational relaxation of a molecule depends
n the structural relaxation of surrounding molecules, the cage.
he functional form of the RTIL data was shown to be identical
rs 616–617 (2014) 259–274

to that found for many non-ionic non-polar organic liquids. The
data were analyzed with schematic mode coupling theory. The
RTIL data obeyed standard MCT  scaling laws as do many non-
ionic organic liquids (see Figure 10). The excellent fits with MCT
and the applicability of the MCT  scaling relationships shows that
MCT  provides a very good mathematical description of the RTIL
bulk orientational relaxation. The important aspect of the useful-
ness of MCT  to describe RTIL dynamics is that MCT  is a theory of
homogeneous liquids. Therefore, in terms of the bulk orientational
dynamics of RTILs, there is no manifestation of the nanoscopic
heterogeneous nature of the liquids. An RTIL can exhibit proper-
ties related to its nanoheterogeneity or behave as a simple liquid
depending on the property of interest and the experimental observ-
able.

The OHD-OKE experiments showed that the behavior of RTILs
differed substantially from that of simple organic liquids when
small amounts of water were added. For the short chain length
alkylmethylimidazolium tetrafluoroborate RTILs, the final decay
was a single exponential independent of the water content. The ori-
entational relaxation times displayed hydrodynamic behavior, that
is, they were linear in the viscosity. However, for the longer chain
RTILs, particularly OmImBF4 and DmImBF4, the long time decay
became bi-exponential at water concentrations near saturation.
This behavior was  most pronounced for DmImBF4 (see Figure 12).
The final exponential decay deviated drastically from hydrody-
namic behavior becoming slower as the viscosity decreased (see
Figure 13D). This behavior was  described in terms of the influ-
ence water has on the structure of the ionic regions. When the
number of water molecules is small compared to the number neces-
sary to fully solvate the individual cations and anions, the ions will
organize to maximize their sharing of the water molecules, which
in turn changes the structure of the alkyl regions. The long alkyl
chains from different ionic regions effectively become locked into
very stable configurations that resist structural rearrangement, i.e.,
orientational relaxation. The fast component of the bi-exponential
decay arises from wobbling of the cations in a limited cone of
angles with essentially fixed alkyl chain structure. On a much longer
time scale, complete randomization of the entire liquid structure
occurs, giving rise to the long component of the bi-exponential
decay.

With BF4
− as the anion, only a relatively small amount of water

can be added to the long chain length RTILs before the miscibil-
ity limit is reached. Some RTILs form gels over a narrow range
of water concentrations. The dramatic slowing of the structural
dynamics of DmImBF4 as water was  added raised the interesting
question if the slowing and bi-exponential dynamics are signa-
tures of the approach to gel formation. OmImCl is infinitely miscible
with water and forms a gel over a small range of water concentra-
tions, i.e., about 2.2–4.2 water molecules per ion pair. The OHD-OKE
data showed that the slowest dynamics were single exponential
decays for either exceedingly little water or a great deal of water.
However, at intermediate water concentrations, the decays became
bi-exponential (see Figure 15) and did not display hydrodynamic
behavior (see Figure 16). In addition, the decay times for complete
orientational relaxation were the same just below and just above
the gel region (see Figure 16) even though the viscosities were quite
different. The results indicated that the non-hydrodynamic behav-
ior and bi-exponential dynamics are signatures of the approach to
the gel transition.

Structure and dynamics play off against each other. The use of
RTILs in applications requires understanding both structure and
dynamics. The methods discussed here are being extended by the

application of ultrafast 2D IR vibrational echo experiments to the
study of RTILs [148,149]. The 2D IR experiments provide a different
type of observable and have the potential to greatly increase our
understanding of RTIL dynamics and structure.
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