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ABSTRACT: Solutions of room temperature ionic liquids
(RTILs) and water were studied by observing the reorientational dynamics of the ﬂuorescent probe perylene. Perylene is
solvated in the alkyl regions of the RTILs. Its D2h symmetry
made it possible to extract dynamical information on both inplane and out-of-plane reorientation from time-resolved
ﬂuorescence anisotropy measurements. Perylene reorientation
reports on its interactions with the alkyl chains. The RTILs were
a series of 1-alkyl-3-methylimidazolium tetraﬂuoroborates
(CnmimBF4, where n is the number of carbons in the alkyl
chain), and the eﬀects on perylene’s dynamics were observed
when varying the alkyl chain length of the cation (n = 4, 6, 8, and 10; butyl, hexyl, octyl, decyl) and varying the water content
from pure RTIL to roughly three water molecules per RTIL ion pair. Time correlated single photon counting was used to
measure the ﬂuorescence anisotropy decays to determine the orientational dynamics. The friction coeﬃcients for both the inplane and out-of-plane reorientation were determined to eliminate the inﬂuence of changes in viscosity caused by both the
addition of water and the diﬀerent alkyl chain lengths. The friction coeﬃcients provided information on the interactions of the
perylene with the alkyl environment and how these interactions changed with chain length and water content. As the chain
length increased, the addition of water had less of an eﬀect on the local alkyl environment surrounding the perylene. The friction
coeﬃcients generally increased with higher water contents; the in-plane orientational motion was hindered signiﬁcantly more
than the out-of-plane motion. The restructuring of the alkyl regions is likely a consequence of a rearrangement of the ionic
imidazolium head groups to accommodate partial solvation by water, which results in a change in the arrangement of the alkyl
chains. At very high water content, BmimBF4 broke this general trend, with both in-plane and out-of-plane rotational friction
decreasing above a water content of one water per ion pair. This decrease indicates a major reorganization of the overall liquid
structure in high water content mixtures. In contrast to BmimBF4, the longer chain length RTILs are not inﬁnitely miscible with
water, and do not show evidence of a major reorganization before reaching saturation and phase-separating. The results suggest
that phase separation in longer chain length BF4 RTILs is a consequence of their inability to undergo the reorganization of the
alkyl regions necessary to accommodate high water concentrations.

I. INTRODUCTION
Ionic liquids are a class of salt compounds deﬁned as having
melting points below 100 °C. If an ionic liquid has a melting
point at or below room temperature (25 °C), it is considered to
be part of the subclass called room temperature ionic liquids
(RTILs). These compounds usually consist of a large
asymmetric organic cation paired with a more inorganic
anion. The large size and asymmetry of the cations hinder
the crystallization of these compounds and give rise to their
unusually low melting points.1,2 RTILs have much lower vapor
pressures than more traditional organic solvents, making them
the object of study for use in a wide range of applications such
as batteries,3−5 separations,6,7 and solvents in chemical
synthesis.8−10
The mesoscopic structure of ionic liquids has been the
subject of signiﬁcant interest.11−14 The concept of nanoscopic
heterogeneity in RTILs ﬁrst arose in molecular dynamics
simulations where it was observed that alkyl tails would
aggregate, forming organic regions isolated from the cationic
head groups and anions.11,13 Since then, this model has
© 2016 American Chemical Society

generated meaningful interpretations of data acquired in a
variety of diﬀerent experiments such as small-angle X-ray
scattering (SAXS),15 small-angle neutron scattering (SANS),16
NMR,17,18 dielectric spectroscopy,19,20 optically heterodyne
detected optical Kerr eﬀect (OHD-OKE),21−25 time-resolved
ﬂuorescence,21,26−28 and 2D infrared spectroscopy (2D
IR).29−31 These simulations also demonstrated that RTILs
with longer alkyl chains had more well-deﬁned apolar regions
with larger organic domains.32
Understanding the eﬀect that water has on the bulk structure
of ionic liquids is important because of their inherently
hygroscopic nature.33 As a result of this high aﬃnity for
water, commercially purchased RTILs typically contain nonnegligible amounts of it. The eﬀects of water on RTIL
properties become evident even in miniscule quantities;9,34,35 a
water contamination on the order of 0.015 mole fraction in 1Received: August 3, 2016
Revised: September 16, 2016
Published: September 19, 2016
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Perylene’s S1 → S0 emission transition dipole lies on the
long-axis in the coordinate system shown in Figure 2 (red
arrow).41 Because perylene has such high symmetry and the
alignment of its transition dipole is along a molecular axis, it is
possible to extract both the in-plane and out-of-plane
orientational relaxation dynamics from its time-dependent
ﬂuorescence anisotropy.42 Using the anisotropy data, the
perylene friction coeﬃcients are determined as a function of
water content and alkyl chain length. The friction coeﬃcients
provide information on the nature of the orientational
relaxation independent of the changes in viscosity, which
accompany changes in water content and alkyl chain length.
OHD-OKE experiments have previously been conducted on
CnmimBF4 ionic liquids with varying water contents ranging
from the pure ionic liquid to ∼0.75 mole fraction water, the
concentration at which longer chained ionic liquids become
water-saturated. It was found that long chained BF4 RTILs
(OmimBF4 and DmimBF4) yielded longer than expected
anisotropy decays. The slow orientational relaxation was
attributed to a stiﬀening of the tail−tail interactions in the
alkyl region.22 It is of considerable interest to study the organic
regions directly; the OHD-OKE study mainly reported on the
behavior of the cationic imidazolium head group. Here we
report on the alkyl region’s response to reorganization of the
ionic region as water is added by examining the trends in the
friction coeﬃcients. It was found that the alkyl chain length has
a substantial impact on the organic region structure as water is
added to the ionic domains. The longest chain length studied, n
= 10, shows little evidence of reorganization of the alkyl region
structure upon the addition of water. However, as the chain
length becomes shorter, the extent of alkyl region restructuring
with water addition increases. At high water content, all of the
liquids (n = 10, 8, and 6) phase separate except for BmimBF4 (n
= 4). In the water content range where the longer chain RTILs
approach phase separation, the BmimBF4 friction coeﬃcient
trend deviates markedly from that of its longer chained
analogues.

decyl-3-methylimidazolium tetraﬂuoroborate reduces its bulk
viscosity by 28% compared to the neat liquid.22 Water/RTIL
mixtures are the subject of research for catalytic reactions in
which water is intentionally used as cosolvent.36 Additionally,
due to their high conductivities and low volatility, these
mixtures have also been considered as solvents for swelling
proton exchange membranes such as Naﬁon commonly used in
fuel cells.37
In this study, time correlated single photon counting
(TCSPC) orientational anisotropy experiments were conducted using perylene as a ﬂuorescent probe of the organic
regions of a series of 1-alkyl-3-methylimidazolium tetraﬂuoroborate ([Cnmim][BF4]) RTILs with n = 4, 6, 8, and 10, Bmim,
Hmim, Omim, and Dmim, respectively (see Figure 1). Water

Figure 1. Structure of 1-alkyl-3-methylimidizolium tetraﬂuoroborate
expressed as CnmimBF4, where n refers to the length of the alkyl chain.
n = 4, 6, 8, 10.

content in the RTILs was varied from dry to ∼0.75 mole
fraction water as the saturation point of each RTIL permitted.
The ﬂuorescent hydrocarbon perylene was selected to probe
the nonpolar alkyl regions of the BF4 RTILs because its D2h
symmetry (see Figure 2) permits substantial information
regarding its orientational dynamics to be obtained from
ﬂuorescence anisotropy experiments.

II. MATERIALS AND METHODS
The CnmimBF4 RTILs were purchased from IoLiTec at 99%
HP grade and were subsequently placed in a vacuum and dried
for 1 week at a temperature of 60 °C. Water content in each of
the ionic liquids was measured to be under 30 ppm using Karl
Fischer titration. A stock solution of perylene in methylene
chloride was made. When preparing an ionic liquid sample, an
appropriate amount of stock solution was placed in the bottom
of a scintillation vial such that the ﬁnal perylene concentration
in ionic liquid would be 10−5 M and the solvent was
evaporated. The vial was then put into a glovebox where the
ionic liquid was added to the scintillation vial along with a stir
bar, and the perylene/RTIL solution was stirred. The addition
of water, when necessary, was performed by using a
micropipette to deposit the desired amount of water into a
perylene/RTIL mixture and the solution was sonicated for 30
min.
The time correlated single photon counting (TCSPC)
technique was used to conduct the ﬂuorescence anisotropy
experiments. The excitation source was a Ti:sapphire oscillator,
which produced ∼100 fs laser pulses at a wavelength of 790 nm.
This wavelength was frequency doubled in a barium borate
crystal to 395 nm for excitation of perylene. The bandwidth of
the 395 nm excitation pulses was 5.8 nm. An acousto-optic
modulator was used as a single pulse selector to reduce the laser

Figure 2. Structure and dimensions of perylene. Rotation about the zaxis is in-plane; rotation about the y-axis is out-of-plane. The transition
dipole direction, shown in red, lies along the x-axis.

Detailed studies to determine the location of aromatic
compounds within alkylimidazolium-based RTIL solutions have
been previously conducted.38 Through NMR studies, it was
found that single ring aromatic compounds may lie in the ionic
region as a result of π-stacking interactions.39,40 In contrast, this
was not found to be true in larger polyaromatic compounds.26
In addition, a study conducted on perylene in an
alkylimidazolium-based RTIL demonstrated that, as chain
length increases, the perylene approaches an environment
akin to that of a mineral oil, further supporting the notion that
the dynamics of perylene report on the organic domains.21
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dynamics. Fluorescence anisotropy is measured by collecting
ﬂuorescence intensity decays with polarization parallel, I∥(t),
and perpendicular, I⊥(t), to the excitation polarization. These
decays are given by

repetition rate from 80 to 5 MHz. A half wave plate mounted in
a computer controlled rotator was used to rotate the
polarization of the excitation beam relative to a ﬁxed polarizer
mounted on the entrance slit of a monochromator. The sample
was excited from the front surface in an essentially normal
geometry through a hole in the lens that collected the
ﬂuorescence. A second lens imaged the ﬂuorescence onto the
monochromator entrance slit. The collected ﬂuorescence was
frequency resolved by the monochromator, and single photons
were detected with a multichannel plate detector (MCP) at a
wavelength of 440 nm.
The instrument response was obtained by measuring the
ﬂuorescence lifetime of aqueous acidiﬁed malachite green with
an optical density matching that of the sample, under identical
experimental conditions to the sample measurements. Malachite green has an extremely short ﬂuorescence lifetime, 5 ps,
which is short compared to the instrument response,28 so a
measurement of its ﬂuorescence lifetime on this system gives
the instrument response including the eﬀects of the ﬁnite
thickness of the sample cell. The instrument response was
found to be no more than 85 ps fwhm.
It is common for CnmimBF4 RTILs to be contaminated with
ﬂuorescent impurities. It has been documented that these
contaminants are generally negligible in concentration, do not
have a signiﬁcant eﬀect on the bulk structure of the ionic liquid,
and only become apparent with techniques such as
ﬂuorescence.43,44 Such contaminants are excited at the 395
nm sample excitation wavelength and emit at 440 nm, meaning
that when present they contribute to the experimental
ﬂuorescent decays. Because of the very low concentration of
both the perylene and the impurities, it is a safe assumption that
they will not interact with each other when solvated by ionic
liquids. The contributions of the perylene and the contaminants
to the ﬂuorescence decays are therefore additive. For this
reason, data from reference samples containing only the RTIL/
water mixtures with no dissolved probe were also collected. A
moving sample stage was used that interchanges the two
samples under computer control so that data were collected on
both the ionic liquid samples, alternating between those with
perylene and those without, keeping all experimental conditions
identical over the course of the experiment. The resulting
perylene lifetime decay curves attained after subtraction of the
reference sample ﬂuorescence decay were single exponentials
with time constants of 5.02 ns within experimental error for all
RTILs studied. The measured lifetime is consistent with the
perylene lifetime in other solvents.45 This observed single
exponential decays with the same lifetimes indicates the
reliability of the background subtraction technique for
removing the contribution of ﬂuorescent impurities in the
RTILs. Because of the absence of ﬂuorescent impurities, Hmim
BF4 samples did not require subtraction, and it yielded the
same ﬂuorescent lifetime, within error, as the other samples.
Furthermore, two diﬀerent batches of Bmim BF4 from the
supplier were used in the Bmim experiments. One batch had
ﬂuorescence impurities and required the impurity ﬂuorescence
subtraction. No subtraction was performed on the batch
without impurities. The results obtained from both batches
were the same, clearly demonstrating the validity of the
background subtraction method.

I (t ) = P(t )(1 + 0.8C2(t ))

(1)

I⊥(t ) = P(t )(1 − 0.4C2(t ))

(2)

P(t) is the excited state population decay, and C2(t) is the
second order Legendre polynomial orientational correlation
function. P(t) and C2(t) are expressed as functions of I∥(t) and
I⊥(t) and show the relationship between C2(t) and the
ﬂuorescence anisotropy r(t).

r (t ) =

P(t ) =

I (t ) − I⊥
I (t ) + 2I⊥

(3)

1
(I (t ) + 2I⊥(t ))
3

(4)

with
r(t ) = 0.4C2(t )

(5)

Therefore, r(t) reports solely on orientational relaxation with
the population decay removed.
Figure 3 shows time dependent anisotropy decays, r(t), of
perylene in HmimBF4 samples with diﬀerent water contents.
Similar plots were generated for each RTIL chain length. It was
determined that the data ﬁt well to multiexponential decays
across all levels of hydration. Fits to all data began at 200 ps to
eliminate the need for convolutions with the instrument
response. The inset in Figure 3 shows the HmimBF4 4:1 data
(magenta curve) and a biexponential ﬁt (black dashed curve).
The time constants for each ﬁt as well as the bulk viscosity of
each solution are given in Table 1. From the table, it is evident
that the reorientation times of the perylene decrease with
increasing water content, which decreases the bulk viscosity of
the RTIL. The decreasing viscosity is a signiﬁcant contributor
to the decreasing reorientational time of perylene. To study the
system further, it becomes necessary to use a viscosity
independent measure. For this purpose, the in-plane and outof-plane rotational friction coeﬃcients were calculated for
perylene in each RTIL/water solution.
To obtain the friction coeﬃcients, ﬁrst rotational diﬀusion
constants must be extracted from the anisotropy data. Equation
6 gives the anisotropy decay for the general case of
orientational diﬀusion of a molecule undergoing diﬀusive
orientational relaxation
r (t ) =

6
(q q γ γ e−3(Dx + D)t + qxqzγxγz e−3(Dy + D)t
5 y zyz
3
((α + β)e−(6D + 2Δ)t
+ qxqyγxγye−3(Dz + D)t ) +
10
+ (α − β)e−(6D − 2Δ)t )

(6)

where
α=

1
[Dx (qy 2γy 2 + qz 2γz 2 − 2qx 2γx 2 + qx 2 + γx 2)
Δ
+ Dy(qx 2γx 2 + qz 2γz 2 − 2qy 2γy 2 + qy 2 + γy 2)

III. RESULTS AND DISCUSSION
The time-dependent ﬂuorescence anisotropy of the perylene
probe was measured to obtain information on its orientational

+ Dz (qx 2γx 2 + qy 2γy 2 − 2qz 2γz 2 + qz 2 + γz 2) − 2D]
(7)
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r(0) for perylene is consistently less than the predicted value of
0.4, as a result of ultrafast inertial orientational relaxation.47
Table 2 lists the time constants and their associated in-plane
and out-of-plane diﬀusion coeﬃcients for perylene in each
RTIL/water solution.
It is notable that for low water content anisotropies in long
chained RTILs (OmimBF4 and DmimBF4) the decays are
triexponential rather than biexponential as hydrodynamic
theory predicts. Orientational probes in solution can have fast
limited-range motions, which may be inertial or diﬀusive.47−49
We propose that the fastest decay in the most viscous solutions
reﬂects a fast, limited-range “wobbling-in-a-cone”50,51 motion of
perylene. At short time, perylene can sample a limited range of
angles, the cone. At longer times, local constraints are released
and the perylene can undergo full orientational diﬀusion,
sampling all angles. In lower viscosity RTIL/water mixtures,
this motion is likely still present but is too fast to observe given
the time resolution of the instrumentation. Because we are
interested in the probe’s rotational diﬀusion leading to
complete orientational randomization, for the water/RTIL
mixtures in which a triexponential anisotropy decay was
observed, we examine only the two slower time constants
that determine the in-plane and out-of-plane orientational
diﬀusion constants.
Previous studies have rigorously demonstrated that perylene
orientational relaxation behaves hydrodynamically in ionic
liquids;21,27 that is, the Debye−Stokes−Einstein (DSE)
relationship can be used to relate the diﬀusion constant to
the viscosity and the temperature. The fact that perylene in
ionic liquids obeys the DSE equation makes it possible to
obtain friction coeﬃcients. When water is added, the bulk
viscosity decreases. Examining the water concentration and
chain length dependences of the friction coeﬃcients permits
the inﬂuence of changing viscosity to be removed. Then, it is
possible to address whether there are changes in orientational
dynamics caused by changes in liquid structure independently
from changes in viscosity. The friction coeﬃcient for rotation
about the ith axis is

Figure 3. Time-dependent anisotropy decays, r(t), for HmimBF4 with
varying water content from pure HmimBF4 (no water added) to the
saturation point at which it phase separates. Water content ratios in
the legend are expressed as HmimBF4 ion pairs:H2O. The inset shows
the 4:1 data (magenta curve) with a biexponential ﬁt to the data (black
dashed curve).

Table 1. Viscosities and Anisotropy Time Constants for
HmimBF4 as a Function of Water Content
HmimBF4:H2Oa

ηb (cP)

τ1c (ns)

τ2c (ns)

pure
16:1
8:1
4:1
1:1
2:1
3:1

190
145
112
76.6
23.8
12.7
8.98

0.74
0.83
0.66
0.46
0.27
0.24
0.24

6.08
6.00
5.18
4.23
2.23
1.51
1.29

a

Mol ratio of HmimBF4:H2O. Pure has <30 ppm of H2O. bDynamic
viscosities measured with a rotary viscometer; error bars ≤1%. cTime
constants from biexponential ﬁts to the anisotropy decays; error bars
given in Table 2.

β = qx 2γx 2 + qy 2γy 2 + qz 2γz 2 −

1
3

1
D = (Dx + Dy + Dz )
3
Δ=

Dx 2 + Dy 2 + Dz 2 − Dx Dy − Dx Dz − DyDz

(8)

λi =
(9)

(12)

where η is the viscosity, T is the temperature (24.5 °C), and V
is the molecular volume of the probe (225 Å3 for perylene21).
Friction coeﬃcients are used to extract the eﬀects of
changing water concentration on the probe’s orientational
dynamics, independent of viscosity and temperature. These
values are then compared to theoretical literature values for an
ellipsoid of the same dimensions. Perylene is smaller or of
comparable size to the ionic liquid solvent without strong
interactions with the solvent, such as hydrogen bonding,
making slip boundary conditions appropriate for the analysis.
For slip boundary conditions, the resistance to the rotation of a
solute arises from displacement of solvent within its swept
volume. Stick boundary conditions are in contrast to slip
boundary conditions in which the molecular probe is
substantially larger than the solvent and drags solvent
molecules along as it rotates.
For an ellipsoid with axes matching the molecular dimension
of perylene, the theoretical slip rotational friction coeﬃcients
are 7.03 for the out-of-plane rotation and 0.37 for in-plane
rotation.52,53 Here, we present experimental friction coeﬃcients
normalized to the theoretical hydrodynamic slip boundary

(10)

Equation 6 is a sum of ﬁve exponentials where qi and γi are the
projections of the excitation and emission dipoles onto the ith
molecular axis and Di is the orientational diﬀusion constant for
rotation about that same axis i.46
Because perylene’s absorption and emission transition
dipoles lie along the long molecular axis (the x axis in the
axis system of Figure 1), rotation about this axis does not cause
ﬂuorescence depolarization, and the diﬀusion constant Dx
cannot be determined from ﬂuorescence anisotropy measurements. Equation 6 can be simpliﬁed greatly by modeling
perylene as an oblate spheroid, for which Dx = Dy ≪ Dz, where
Dy is the out-of-plane orientational diﬀusion constant and Dz is
the in-plane orientational diﬀusion constant. This treatment,
which has been used and validated in previous work on
perylene in imidazolium-based RTILs,21,27 results in a
biexponential expression for the anisotropy of the form
r(t ) = A1e−(2Dy + 4Dz)t + A 2 e−6Dyt

kT
ηVDi

(11)
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Table 2. Chain Length and Water Concentration Dependent Viscosities, Anisotropy Decay Constants, Orientational Diﬀusion
Constants, and Friction Coeﬃcient Ratios
RTIL:H2Oa

ηb (cP)

τ1c (ns)

τ2c (ns)

pure
14:1
3:1
1:1
1:2
1:3

103
76.2
36.7
14
8.5
6.46

0.69
0.64
0.44
0.31
0.15
0.11

±
±
±
±
±
±

0.03
0.05
0.05
0.01
0.06
0.05

pure
16:1
8:1
4:1
1:1
1:2
1:3

190
145
112
76.6
23.8
12.7
8.98

0.74
0.83
0.66
0.46
0.27
0.24
0.24

±
±
±
±
±
±
±

0.02
0.03
0.03
0.02
0.004
0.005
0.02

pure
14:1
6:1
3:1
1:1
1:2.5

352
243
174
116
54.9
24.2

0.23 ± 0.05

1.29
0.82
0.55
0.39
0.30
0.24

±
±
±
±
±
±

0.04
0.06
0.05
0.05
0.05
0.04

pure
64:1
13:1
6:1
3:1
1:1
1:2.35

630
452
376
294
203
96
57.5

0.45 ± 0.04
0.35 ± 0.03
0.14 ± 0.03

1.99
1.99
1.62
0.51
0.42
0.37
0.246

±
±
±
±
±
±
±

0.15
0.15
0.05
0.03
0.08
0.04
0.07

Dzd (ns−1)

τ3c (ns)
BmimBF4
± 0.1
± 0.2
± 0.2
± 0.04
± 0.05
± 0.06
HmimBF4
6.08 ± 0.03
6.00 ± 0.2
5.18 ± 0.2
4.23 ± 0.07
2.23 ± 0.06
1.51 ± 0.02
1.29 ± 0.03
OmimBF4
10.5 ± 0.2
8.22 ± 0.3
5.48 ± 0.4
3.72 ± 0.1
2.73 ± 0.1
2.06 ± 0.1
DmimBF4
16.16 ± 0.4
16.2 ± 0.4
12.6 ± 0.3
5.85 ± 0.2
3.96 ± 0.3
3.11 ± 0.2
1.95 ± 0.2
4.11
4.08
2.82
1.75
0.67
0.50

Dyd (ns−1)

λze ratio

λye ratio

0.34
0.37
0.54
0.76
1.53
2.06

±
±
±
±
±
±

0.04
0.03
0.04
0.06
0.25
0.24

0.041
0.041
0.059
0.095
0.25
0.33

±
±
±
±
±
±

0.003
0.007
0.010
0.016
0.015
0.015

1.56
1.94
2.76
5.13
4.20
4.10

±
±
±
±
±
±

0.20
0.22
0.29
0.53
0.69
0.48

0.58
0.78
1.12
1.82
1.15
1.13

±
±
±
±
±
±

0.05
0.14
0.19
0.31
0.07
0.05

0.24
0.29
0.36
0.52
0.89
0.98
0.96

±
±
±
±
±
±
±

0.03
0.04
0.06
0.08
0.07
0.05
0.08

0.025
0.028
0.032
0.039
0.075
0.11
0.13

±
±
±
±
±
±
±

0.008
0.010
0.010
0.005
0.008
0.004
0.006

1.2
1.32
1.35
1.36
2.58
4.38
6.34

±
±
±
±
±
±
±

0.17
0.20
0.21
0.21
0.21
0.21
0.5

0.5
0.6
0.67
0.8
1.36
1.73
2.03

±
±
±
±
±
±
±

0.15
0.21
0.20
0.10
0.14
0.06
0.09

0.19
0.30
0.44
0.63
0.80
0.99

±
±
±
±
±
±

0.04
0.09
0.04
0.15
0.15
0.10

0.016
0.020
0.030
0.044
0.061
0.080

±
±
±
±
±
±

0.004
0.008
0.002
0.010
0.020
0.021

1.17
0.75
0.72
0.75
1.24
2.28

±
±
±
±
±
±

0.24
0.23
0.07
0.18
0.23
0.52

0.54
0.49
0.46
0.47
0.72
1.24

±
±
±
±
±
±

0.15
0.27
0.07
0.10
0.22
0.32

0.10
0.10
0.15
0.48
0.58
0.65
0.97

±
±
±
±
±
±
±

0.08
0.02
0.001
0.19
0.18
0.14
0.08

0.010
0.010
0.013
0.029
0.042
0.053
0.086

±
±
±
±
±
±
±

0.007
0.007
0.006
0.007
0.019
0.015
0.015

0.87
1.23
0.98
0.39
0.46
0.88
0.43

±
±
±
±
±
±
±

0.68
0.23
0.08
0.23
0.23
0.19
0.19

0.38
0.53
0.48
0.29
0.28
0.47
0.29

±
±
±
±
±
±
±

0.25
0.36
0.23
0.07
0.13
0.13
0.05

Mol ratio of RTIL ion pair:H2O. Concentrations labeled “pure” were determined to be <30 ppm of H2O. bDynamic viscosity measured with a
rotary viscometer; error bars were found to be ≤1%. cTime constants extracted from multiexponential ﬁts of anisotropy decays. dIn-plane and out-ofplane rotational diﬀusion coeﬃcients respectively extracted from anisotropy ﬁts. eIn-plane and out-of-plane friction coeﬃcient ratios respectively
extracted using eq 12 and normalized to the slip boundary condition theoretical values of 0.37 for in-plane and 7.03 for out-of-plane.
a

DmimBF4 over the entire range of water contents. In all the
shorter-chain RTILs, however, the change in friction
coeﬃcients with water concentration shows that the orientational dynamics of perylene do not simply track the bulk
viscosity of the liquid, indicating structural changes in the local
liquid environment of perylene. Previous studies have shown
that, with increasing chain size, the organic regions of the
RTILs become both larger and more clearly segregated from
the ionic region.14,32 Water molecules located in the ionic
regions make hydrogen bonds to the anions. Addition of water
will cause the structure of the ionic region to change, which in
turn can impact the arrangement of the alkyl chains. The results
displayed in Figure 4 show that changes in the structure of the
ionic regions with the addition of water have a decreasing eﬀect
as the alkyl chain length gets longer. For Dmim with its 10carbon chain, there is little or no change in the alkyl region
structure induced by the addition of water. For Hmim, with its
6-carbon chain, there is a substantial change in friction,
demonstrating a substantial change in the alkyl chain
arrangement. Bmim (4 carbons) has an even steeper dependence on the water content to a mole fraction of 0.5; then, the
trend reverses directions. This diﬀerence between Bmim and
the other RTILs is discussed below.

condition values to better emphasize the eﬀect of the solvent
environment on the rotation of the probe; without normalizing
to the theoretical values, the out-of-plane friction coeﬃcient is
much larger than the in-plane coeﬃcient because the out-ofplane rotation requires displacing a much greater volume of
solvent. If the rotation is perfectly hydrodynamic and the only
eﬀect of changing water concentration on perylene’s solvent
environment is the reduction of the bulk viscosity, the
normalized friction coeﬃcients will be constant and equal to
1. However, if the perylene interactions with the solvent change
with sample composition because of reorganization of the
liquid structure changing the solvent interactions with the
perylene probe, the normalized friction coeﬃcients will change.
The friction coeﬃcient ratios using slip boundary conditions
across all ionic liquid chain lengths and water contents were
computed and are shown in Figure 4 for the in-plane and outof-plane components. Figure 4A shows out-of-plane friction
coeﬃcients as a function of the mole fraction of water, while
Figure 4B shows the in-plane counterpart. For the pure liquids
(no water added), the in-plane values are close to 1, which, for
the out-of-plane component, the pure values are close to 0.5.
As chain length increases, there is a decrease in variation of
the friction coeﬃcients with water content to the point where
there is no substantial change in the friction coeﬃcients of
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regions. This change is not seen in the other RTILs because the
reorganization of the ionic domains is not capable of forcing the
longer alkyl tails to restructure. Simulations by Voth and coworkers suggest a local structure change near 0.75 mole fraction
water in the organic region of BF4 RTILs in which there is a
breakdown of the alkyl region in Bmim+ not observed for
longer chain lengths.55 BmimBF4 is completely miscible with
water, while the longer chain length RTILs undergo phase
separation at ∼0.7 mole fraction. The inability of the longer
chain (≥6) RTILs to accommodate large scale reorganization
of the ionic regions at high water content because of the price
paid for the required restructuring of the alkyl region may be
the cause of the phase separation observed between 0.7 and
0.75 mole fraction water in the longer chain BF4 RTILs. In
contrast, BmimBF4 is miscible with water. The water content
dependent friction coeﬃcients for this molecule show evidence
of a major reorganization of the alkyl region in the range of
water concentrations where phase separation occurs with
longer chain RTILs.
The systems CnmimBF4 as a function of water concentration
were studied previously using optical heterodyne detected
optical Kerr (OHD-OKE) eﬀect measurements.22 OHD-OKE
experiments measure the orientational relaxation dynamics of
the bulk liquid. The data decay as two power laws at short time
followed by a ﬁnal exponential decay. The power laws reﬂect
nondiﬀusive orientational relaxation caused by “caging”, and the
exponential is the ﬁnal diﬀusive complete orientational
relaxation of the liquid. This general form has been seen in
many liquids56,57 and is consistent with analysis of supercooled
liquids using schematic mode coupling theory (MCT).58
As water was added to BmimBF4, the ﬁnal exponential decay
became fast in a manner consistent with hydrodynamic
behavior; that is, the orientational relaxation time constants
vs viscosity fell on a line.22 However, DmimBF4 behaved in a
very diﬀerent manner. At higher water concentrations, the
longtime decay was nonexponential. The decay is an
exponential to essentially an oﬀset followed by a much slower
ﬁnal exponential decay. These data were interpreted as a
wobbling-in-a-cone of the imidazolium head group (the faster
exponential decay) followed by the ﬁnal complete orientational
relaxation. BmimBF4 did not display this behavior. It was
argued that the long alkyl chains of DmimBF4 greatly impeded
the bulk liquids orientation relaxation, giving rise to the
observation of the wobbling and the nonhydrodynamic ﬁnal
orientational relaxation.22 The current results are in accord with
and compliment the OHD-OKE studies.

Figure 4. Friction coeﬃcient ratios plotted against the mole fraction of
H2O for all RTILs. The friction coeﬃcients, extracted using eq 12,
were normalized to the slip boundary condition theoretical values of
0.37 for in-plane friction in part A and 7.03 for out-of-plane friction in
part B.

With the exception of DmimBF4, where there is little
diﬀerence, in-plane friction coeﬃcients show a somewhat larger
change with increasing water content than their out-of-plane
equivalents. For example, the in-plane normalized coeﬃcient
for Hmim goes from 1.2 to 6.3, while the out-of-plane
coeﬃcient goes from 0.5 to 2. The changes in the in-plane
friction coeﬃcient result from impedance of motion on the
perimeter of the molecular probe, while changes in the out-ofplane friction coeﬃcient result from impedance of motion over
the surface area of the molecular probe. The results indicate
that the increase in water content changes the alkyl region
structure in such a way that the perylene experiences hindrance
to its reorientation to a greater degree at the perimeter (inplane) while having less of an eﬀect on the out-of-plane
sweeping motion.
The most conspicuous result in both plots is the sudden drop
in friction coeﬃcient on the Bmim trace between 0.5 and 0.75
mole fraction water. Adding water to the ionic regions
promotes rearrangement of the anions and cationic head
groups to accommodate the partial solvation. A study
conducted by Raos and co-workers found that at low water
content BmimBF4, RTIL ions coordinate with the water
molecules; as water content increases, water clusters are formed
within the ionic domains of the RTIL.54 However, rearrangement of the ions requires changes of the structure in the
organic regions, which becomes more diﬃcult as the chain
length increases.1 For Dmim+, addition of water makes little
change in the organic region. The changes increase as the chain
lengths decrease, with Bmim+ showing the largest change. For
Bmim+ at the highest water concentration, the alkyl chains do
not prevent a major rearrangement of the ionic regions, which
in turn produces a large change in the structure of the alkyl

IV. CONCLUDING REMARKS
Time correlated single photon counting experiments were
performed on perylene to collect ﬂuorescence lifetime and
orientational anisotropy decays on a series of CnmimBF4 RTILs
with varying water content from no water to roughly 0.75 mole
fraction water. RTIL/water mixtures without perylene were
used as reference samples to remove ﬂuorescent contributions
from low concentration contaminants found in commercial
RTILs. Excited state lifetime decays showed that there is a
single population of perylene molecules in all RTIL/water
mixtures allowing orientational diﬀusion constants Di to be
extracted from the anisotropy decays. Using the Debye−
Stokes−Einstein relation, the in-plane and out-of-plane friction
coeﬃcients, λi, were calculated from the orientational diﬀusion
constants.
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Fayer, M. D. Room Temperature Ionic Liquid-Lithium Salt Mixtures:
Optical Kerr Effect Dynamical Measurements. J. Phys. Chem. B 2010,
114, 8350−8356.
(22) Sturlaugson, A. L.; Fruchey, K. S.; Fayer, M. D. Orientational
Dynamics of Room Temperature Ionic Liquid/Water Mixtures:
Water-Induced Structure. J. Phys. Chem. B 2012, 116, 1777−1787.
(23) Xiao, D.; Rajian, J. R.; Cady, A.; Li, S.; Bartsch, R. A.; Quitevis,
E. L. Nanostructural Organization and Anion Effects on the
Temperature Dependence of the Optical Kerr Effect Spectra of
Ionic Liquids. J. Phys. Chem. B 2007, 111, 4669−4677.
(24) Xiao, D.; Rajian, J. R.; Hines, L. G., Jr.; Li, S.; Bartsch, R. A.;
Quitevis, E. L. Nanostructural Organization and Anion Effects in the
Optical Kerr Effect Spectra of Binary Ionic Liquid Mixtures. J. Phys.
Chem. B 2008, 112, 13316−13325.
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In long chain RTIL, DmimBF4, increasing water content had
no signiﬁcant eﬀect on the in-plane and out-of-plane friction
coeﬃcients (Figure 4). Changes of structure in the ionic
regions caused by water solvation of the ions are insuﬃcient to
reorganize the alkyl regions because of the substantial favorable
interactions among the long chains. As the chain length was
decreased, however, the addition of water caused both friction
coeﬃcients to increase, with the increases becoming larger as
the chain length became shorter. It was observed that in-plane
friction coeﬃcients were aﬀected more than their out-of-plane
analogues.
For BmimBF4 (n = 4), the trend of a monotonically
increasing friction coeﬃcient with increasing water content was
reversed at high water contents, over 0.5 mole fraction water.
The longer chain RTILs phase separate at a water content of
∼0.7 mole fraction, but BmimBF4 is completely miscible with
water. The nonmonotonic behavior of the BmimBF4 friction
coeﬃcients (Figure 4) may indicate the ability of the alkyl
regions to sustain large changes in structure to accommodate
favorable solvation structures in the ionic regions. The longer
alkyl chains resist major structural rearrangements that would
accompany favorable solvation structures in the ionic regions.
The result is phase separation rather than major changes in the
alkyl region structure.
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