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Abstract 

We report on changes in the magnitude and length scale of the induced free charge density 

gradient, f, in three imidazolium room temperature ionic liquids (RTILs) with dilution by 

methanol and acetonitrile.  Using depth- and time-resolved fluorescence measurements of cresyl 

violet rotational diffusion, we find that f persists in RTILs to varying degrees depending on RTIL 

and diluent identity, and in all cases the functional form of f is not a smooth monotonic diminution 

in either magnitude or persistence length with increasing diluent, but a stepwise collapse.  This 

finding is consistent with changes in the bulk RTIL as a function of dilution seen using rotational 

diffusion measurements that show the rotating entity in bulk RTILs exhibits a larger effective 

hydrodynamic volume than would be expected based on bulk viscosity data for the diluted RTILs.  

This excess hydrodynamic volume can be understood in the context of aggregation of RTIL ion 

pairs in the diluted RTIL system.  The size of the aggregates is seen to depend on RTIL identity 

and diluent, and in all cases aggregate size increases with increasing dilution.  This finding is 

consistent with the f dependence on dilution data.  The collapse of f is seen to correlate with the 

onset of RTIL ion pair dimer formation, a condition that may facilitate dissociated RTIL ion 

mobility in the binary system. 

  

 
*  Author to whom correspondence should be addressed:  email: blanchard@chemistry.msu.edu Tel: +1 517 353 1105. 
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Introduction 

Room temperature ionic liquids (RTILs) have received a great deal of attention because of 

their utility in a number of applications, ranging from chemical synthesis and catalysis to chemical 

sensing, supercapacitors, reactive gas storage and transport, and ion propulsion.1-6  Among the 

attractive properties of ionic liquids are their characteristically wide electrochemical window, 

extremely low vapor pressure and their ability to solubilize both polar and non-polar compounds.  

Despite the wide use of RTILs, this class of materials remains to be understood fully.  A larger 

goal of our work is to improve our fundamental understanding of the structural and dynamical 

properties of RTILs. 

In a liquid medium, thermal energy gives rise to Brownian motion of the constituent 

species, and an important question is precisely what the dominant species in a RTIL are.  The anion 

and cation can exist as discrete ionic species or as a paired, dipolar moiety and the equilibrium 

constant for this process has been the subject of much investigation.  Estimates have ranged from 

very little dissociation to extensive dissociation,7-8 and several recent works have concluded that 

imidazolium RTILs are ca. 60% dissociated at room temperature.9-10  Understanding the extent of 

dissociation is central to evaluating other RTIL properties, such as conductivity and dielectric 

response. 

Recent work from our group and others has pointed to the existence of relatively long-

range order in RTILs, but the details of the “order” seen by these groups remains to be connected.  

The Israelachvilli group reported order on the nanometer length scale based on force measurements 

and suggested based on that finding that the free ion concentration in RTILs was very low.7, 11-13  

The Fayer group, in a series of elegant experiments using small molecules as probes, has identified 

organization with a persistence length on the order of tens to hundreds of nm in RTILs,14-19 and 
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the Shaw group has identified the evolution of structural order on the micrometer length scale in 

thin RTIL films.20-23  Very recently, the Welton group has identified spatial variation in n, the 

refractive index, over distances of tens to hundreds of nm using Raman scattering.24  It is clear 

from all these studies that RTILs exhibit structural order over length scales vastly in excess of 

what is typical for liquid phase solvents.   

In addition to the structural order seen by the Fayer, Shaw and Welton groups, the 

Blanchard group has identified the existence of an induced free charge density gradient (f) in 

RTILs that persists over length scales on the order of 50 m.25-29  The free charge density gradient 

exists in the form of a gradient in the concentration of discrete ionic species in the RTIL, induced 

by the presence of a charged surface in contact with the RTIL, and sensed by either rotational 

diffusion25-26 or induced birefringence29 experiments.  Not only does the length scale of this 

gradient differ from the organization seen by others, but the charge density gradient does not 

necessarily correspond to a structural gradient.  It is of fundamental interest to determine how local 

and longer-range organization in RTILs is related to the induced free charge density gradient.  In 

the work presented here one focus is on the effect of dilution on f , which is seen to collapse upon 

the addition of 20 to 30 mol% of diluent.  We also report that, as a result of this finding, we have 

identified the existence of molecular-scale aggregates in RTIL solutions of acetonitrile (ACN) and 

methanol, even at high dilution, well beyond the point where f is no longer seen.  These distinct 

and complementary findings suggest the existence of persistent compositional heterogeneity in 

diluted RTIL systems.  The RTILs we have chosen for this work are BMIM+BF4
-, BMIM+TFSI- 

and HMIM+TFSI- in order to gauge the importance of cation and anion identity, and for the 

characterization of f we have used the cationic chromophore cresyl violet (CV+).  The structures 

of these compounds are shown in Fig. 1.  The data we report for these systems provide insight into 
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the short-range organization in RTILs and the relationship of this organization to the longer-range 

charge density gradient. 

Experimental Section 

Chemicals.  BMIM+BF4
- ( 97.0%), BMIM+TFSI- ( 99%, H2O <500 ppm) and HMIM+TFSI- 

(≥ 98%, Sigma-Aldrich) were used after purification (vide infra).  Acetonitrile (anhydrous, 99.8%, 

~50 ppm H2O) and methanol (anhydrous, 99.8%, ~50 ppm H2O) were purchased from Sigma-

Aldrich, dried over activated 4 Å molecular sieves and stored inside a dry box (glove box).  Cresyl 

Violet perchlorate (Eastman Kodak Co.), ethanol ( 99.5%, Sigma-Aldrich), activated charcoal 

(powder, −100 particle size, Sigma-Aldrich), and isopropyl alcohol ( 99.5%, Macron Fine 

Chemicals) were used without further purification.  Water used in these studies was purified with 

a Milli-Q filtration system (Millipore).  ITO coated glass slides (Nanocs Inc., IT10-111-25, 10 

Ω/sq) and silicone rubber sheet of 1 mm thickness (MSC Direct) were needed to prepare the cell 

spacer as described below.  

Purification of ILs.  As-received RTILs BMIM+BF4
-, BMIM+TFSI- and HMIM+TFSI- were 

stored over activated carbon for at least two weeks.  After this time, the activated carbon powder 

has been removed from RTILs using a syringe filter (Durapore membrane, 0.22 µm sterile 

filtration, Millex).  Next, the RTILs are heated to 85 °C for five hours while purging with ultrapure 

Argon (99.9995%, Linde).  The procedure was performed with the RTILs in a round bottom flask 

on a N2-purged Schlenk line.  The water content in the RTILs was measured Karl Fischer titration 

(Mettler Toledo C10SD) and found to be  45 ppm).  The purified RTILs are then stored in a dry 

glove box until they are used in experiments. 

Preparation of RTIL-Chromophore Solution.  Stock solution of chromophore (ca. 5.34 x 10-4 

M) in ethanol was prepared.  The chromophore (final concentration of 5.34 x 10-5 M) + RTILs 
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solution was prepared by dispensing 100 L of the chromophore stock solution (30 minutes 

sonication prior to use) using an Eppendorf pipette into a scintillation vial, followed by 3 h at 100 

°C to evaporate the ethanol.  The vial was then cooled in a desiccator.  An aliquot of 1 mL of 

purified RTIL was transferred by Eppendorf pipette to the vial.  This stock solution was then stirred 

for at least 12 h before use.  All glassware was stored in an oven at 150 C for at least 24 h before 

use to minimize water contamination.  All sample preparation procedures were performed in a N2-

purged vinyl dry box (Coy Laboratories, Grass Lake, MI).  The water vapor in the box was  5 

ppm, as measured with a hygrometer.  

Sample Cell Preparation.  The sample cell used in this work has been described elsewhere.26  

Briefly, ITO coated supports were cleaned by sonication in a detergent solution, then Milli-Q 

water, and isopropanol for 15 min each.  ITO was used because it carries a net positive surface 

charge.30  No current or voltage was applied to either support in the work we report here.26  After 

that the supports were washed with ethanol (200 proof, anhydrous) and dried in an oven at 200 °C 

for 40 mins.  After cooling by purging nitrogen, a UV/ozone cleaner was used to clean the supports 

for 20 min.  The cell spacer (1.6 mm) was cut from a silicone rubber sheet, washed by sonication 

in detergent solution, and in Milli-Q water, and then dried with flowing N2 for 15 min each.  

Fluorescence Anisotropy Decay Measurements.  The TCSPC imaging instrument used in this 

work has been described in detail elsewhere.31  The system is the combination of a time correlated 

single photon counting (TCSPC) laser system coupled with an inverted confocal laser scanning 

microscope (Nikon Eclipse Ti-U) which provides 1.2 µm depth resolution with a 10X objective 

(N.A. 0.30).  The light source is a synchronously pumped, cavity dumped dye laser (Coherent 701-

3) excited by the second harmonic output of a passively mode locked Nd: YVO4 laser.  The output 

of the dye laser is ca. 5 ps pulses at a repetition rate of 4 MHz.  The TCSPC electronics (Becker 
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& Hickl SPC-152) are used to acquire polarized emission transients.  Time resolution is limited 

by the avalanche photodiode detectors (ID Quantique) to ca. 100 ps.  Signal averaging in the plane 

of detection is performed by acquisition of time-resolved data over a region of the sample at a pre-

determined depth using a confocal scanning head (Beck & Hickl DCS-120).  Mechanical control 

over microscope stage vertical position provides spatial (depth) resolution for the time-resolved 

anisotropy decay measurements.  Primary depth-dependent reorientation data are provided in the 

Supporting Information.  Uncertainties in the primary data are the standard deviations of fitted 

time constants for 65,536 sets of time-resolved data (256 x 256 array) and uncertainties in derived 

quantities are propagated from uncertainties in the primary data. 

Binary Systems Preparation.  Binary RTIL/solvent systems were prepared by mass.  We mixed 

measured masses of each component for a given RTIL/solvent system and from that information 

calculated the mole fraction volumetrically (v/v)%.  To minimize water contamination, all binary 

systems were prepared in a N2-purged vinyl dry box (Coy Laboratories, Grass Lake, MI). Sealed 

samples were maintained in the dry box until measurements were performed.  

Results and Discussion 

As indicated in the Introduction, there are two related issues we address in this work.  The 

first is the effect of dilution on the induced free charge density gradient seen in RTILs and the 

second is the role of compositional (spatial) heterogeneity in RTILs that have been diluted.  In 

particular, we are interested in the characteristic differences in the role of hydrogen bonding in 

diluted RTIL systems and for that reason we report on the effect of dilution of RTILs with protic 

(methanol) and aprotic (acetonitrile) solvents.  In the discussion that follows, we briefly recap the 

properties of the induced free charge density gradient seen in RTILs and discuss the manner in 

which we probe the effects of dilution of RTILs prior to consideration of the specific results.   
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The Blanchard group has reported on the ability of a charged surface in contact with a 

RTIL to induce a free charge density gradient, f.25-29  The gradient was initially identified through 

the dependence of the rotational diffusion time constant, OR, of a charged chromophore in the 

RTIL on the distance from the charged support.  The gradient in the density of charged 

(dissociated) species in the RTIL produces a corresponding gradient in the amount of free and 

complexed chromophore, and thus a gradient in the average volume of the reorienting entity.  The 

spatial extent of f has been shown to be ca. 50 m (e-1 depth).  The magnitude of the gradient can 

be inferred from the normalized change in OR with distance from the charged surface and it 

depends on the identity of the RTIL constituent species.27  The quantity f is related to a gradient 

in the dielectric response of the RTIL and through control of the surface charge, s, on the RTIL 

support surface, a gradient in the real part of the RTIL complex refractive index can be 

characterized.29  Such an induced birefringence is not only important for potential applications, 

but it also provides a way to characterize f without the addition of a chromophore to the RTIL.  

Despite the characterization of f we have reported to date, a full understanding of the fundamental 

RTIL properties that support the existence of f over macroscopic distances remains to be 

achieved.   

Several factors are required to support f over macroscopic distances, including effective 

charge screening and limited charge mobility.  While the extent of RTIL dissociation is not known 

with great certainty, a body of work points to these species being ca. 60% dissociated at room 

temperature.9-10  In an effort to understand the relative importance of ionic (charge) mobility in 

maintaining f, it is instructive to compare the results for neat RTILs to the known result in the 

dilute solution limit (the electric double layer) and to characterize the effect of RTIL dilution on 

the persistence length and magnitude of f.   
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It has been reported previously that the interactions between solvents and RTIL 

constituents differ significantly, i.e. RTIL anions and cations experience different interactions with 

diluting solvents,9, 32 and this is not surprising.  Further, the role of hydrogen-bonding interactions 

between protic solvents and RTIL anions such as BF4
- are thought to facilitate mobility of the 

anion.
9, 32  Based on these findings it is reasonable to expect dilution to exhibit a significant effect 

on the persistence length and magnitude of f.  To test this hypothesis, we have studied the 

rotational diffusion dynamics of the cationic chromophore cresyl violet (CV+) as a function of 

distance from a charged support surface and as a function of RTIL and dilution with solvents 

acetonitrile (polar aprotic solvent) and methanol (polar protic solvent).  Our findings demonstrate 

that f can withstand significant dilution before ceasing to exist, and that the RTIL/solvent binary 

systems are not homogeneous, even at comparatively high dilutions.  We discuss these findings 

separately. 

The information we acquire is in the form of the dependence of the chromophore rotational 

diffusion time constant on distance from a charged support surface.  The experimental data are 

polarized time-domain emission decays, taken at polarizations parallel and perpendicular to the 

excitation polarization, I||(t) and I(t).  The difference between these polarized decays, normalized 

for fluorescence lifetime, is the anisotropy decay function, R(t) (Eq. 1), 

( ) ( )
( )

( ) 2 ( )

I t I t
R t

I t I t












 [1] 

The functional form of R(t) provides chemically and physically useful information.  For all the 

measurements we report here, R(t) decays as a single exponential with a time constant OR, the 

orientational relaxation time.  The quantity OR is related to the viscosity of the medium () and 

the volume of the reorienting entity (V) through the Debye-Stokes-Einstein equation (Eq. 2).33-35 
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16OR rot
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Vf
D

k TS

    [2] 

Where Drot is the rotational diffusion constant, f is a frictional interaction term and S is a shape 

factor to account for ellipticity of the rotating entity.33-35  For polar and ionic species f = 1 and S 

depends slightly on whether the rotating entity is the free or complexed chromophore and in all 

cases is close to 1.34-35  From earlier work we have shown that the depth-dependent change in OR 

is related to the depth-dependent change in the average volume of the reorienting entity, Veff,25 

eff dissociated dissociated associated associatedV X V X V   [3] 

The relevant equilibrium is 

( )RTIL RTILCV A CVA    [4] 

With CV+ being the dissociated chromophore and CVARTIL being the associated species.  The 

hydrodynamic volumes of CV+ and A
RTIL (the RTIL anion) are calculated using the method of 

Van der Waals increments36 and Xdissociated + Xassociated = 1.  The variation in Veff with distance from 

the charged support surface is given by Eq. 5, 

eff dissociated dissociated associated associatedV X V X V     [5] 

Which is related to the reorientation time gradient (Eq. 6), 

OR eff
B

f
V

k TS

    [6] 

The gradient in Veff is due to the gradient in [A
RTIL] which represents a gradient in the displaced 

charge (Đ) in the system (Eq. 7),25 

OR fk Ð k       [7] 

Where k is a proportionality constant, and f is the free charge density gradient in the RTIL.  

Because OR varies with the identity of the RTIL and the chromophore used, it is important to 
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present data for such measurements in a manner that can be compared across RTILs and in a 

chromophore-independent manner.  We report the normalized gradient in OR as27 

 
( ) (0)exp( )

x
OR OROR OR

OR OR OR

x x d
  

  





    
     

   
 [8] 

Where x is the axis perpendicular to the support surface plane and d is the e-1 persistence length of 

f.  The quantity OR
x is the orientational relaxation time at distance x from the support surface and 

OR
 is the orientational relaxation time at distances sufficiently far from the charged support that 

f = 0.  It is the dependence of the quantities (OR/OR)(0) and d on dilution that are of interest.  

We fit the experimental data using least squares fitting to obtain values of (OR/OR)(0) and d.  

The quantity (OR/OR)(0) is a gauge of the magnitude of f and d is a measure of the persistence 

length of f, and the dependence of each of these quantities on the amount and identity of diluent 

added to the RTIL reflects the extent to which these binary systems behave as homogeneous media. 

We show the dependence of (OR/OR)(0) (panels a and b) and d (panels c and d) on 

dilution for the RTILs BMIM+BF4
-, BMIM+TFSI- and HMIM+TFSI- with acetonitrile and 

methanol, in Figs. 2, 3 and 4, respectively.  These data contain several significant features.  The 

first is that the magnitude of f depends on the extent of dilution, but this dependence is not a 

smooth trend with increasing dilution.  Rather, f remains at a relatively constant level with 

increasing dilution up to a point and then diminishes to 0 with slight additional dilution.  The trend 

is similar for all the RTILs examined and there is a noticeable difference in the dilution at which 

f ceases to persist in acetonitrile and methanol.  Both the functional form of the data and the 

amount of solvent required to cause f to collapse are consistent with the binary system being 

spatially heterogeneous.  The basis for this assertion is the known monotonic dependence of RTIL-

solvent system viscosity on solvent concentration.37-40  In a homogeneous system, ion mobility is 

Page 10 of 27Physical Chemistry Chemical Physics



- 11 - 

inversely proportional to viscosity, leading to the prediction that f should diminish in proportion 

to the reduction in viscosity, a prediction that is at odds with the functional form of the f data in 

Figs. 2-4.  By way of comparison, the viscosities for which f is seen to vanish is on the order of 

20 cP with acetonitrile dilution and 40 cP with methanol dilution for BMIM+BF4
-.  Normal 

solvents, such as ethylene glycol (15 cP)41 or even higher viscosity solvents such as glycerol (1400 

cP)42 do not support free charge density gradients.  Ion mobility thus appears not to be the primary 

factor leading to the loss of f with dilution. 

The dependence of d on dilution is also shown in Figs. 2-4 (panels c and d), and it does not 

depend smoothly on dilution.  Rather, d is seen to correlate closely with (OR/OR)(0).  This 

information is also consistent with the notion that the RTIL/solvent binary system is not 

homogeneous, even to significant levels of dilution.  The magnitude and spatial extent of f both 

appear to change little with dilution until a critical point is reached and the binary RTIL/solvent 

system will no longer support the charge density gradient.  This critical point differs for the two 

solvents; in acetonitrile, all RTILs exhibit this change in f and d for XACN between 0.3 and 0.4, 

and for XMeOH between 0.2 and 0.25.  In addition to the implication that the RTIL/binary solvent 

system is not uniform, even for relatively high dilution, our findings also suggest that the 

organization of these binary systems serves to screen ionic charge very effectively. 

As noted above, the dependence of bulk viscosity on RTIL/solvent binary system 

composition has been reported and varies smoothly with extent of dilution.37-40, 43-46  It is important 

to consider that the measurement of bulk viscosity represents an average of intermolecular 

interaction energies over poorly-defined macroscopic length scales.  Specifically, the viscosity is 

a measure of the frictional interactions between the species that are present in the liquid and, while 

it is typically taken as representing intermolecular interactions in liquids, this assumption is not 
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necessarily correct in complex multi-component systems.  We have examined the rotational 

diffusion dynamics of CV+ in the RTILs shown in Fig. 1 at a depth within the sample (> 100 m) 

where f is seen to have no effect, as a function of dilution with acetonitrile and methanol.  The 

purpose of this work is to compare the effective viscosity sensed by CV+, which is inherently on a 

molecular length scale, to the known bulk viscosities of the RTILs as a function of dilution. 

The Debye-Stokes-Einstein equation (Eq. 2) relates the induced orientational anisotropy 

decay time constant to the thermal energy of the system (kBT), parameters that relate to the volume 

and shape of the rotating entity (V and S) and the interactions between the rotating entity and the 

surrounding medium ( and f).  Implicit in this model is that the medium surrounding the rotating 

entity behaves as a continuum and this approximation is valid when the volume of the rotating 

species is much larger than the volume of the individual (solvent) molecules surrounding it.33-35  

Experimentally this approximation is seen to hold reasonably well in polar systems where the 

reorienting species and the solvent are similar in size.47-48  The use of  carries with it the 

approximation that the intermolecular interactions between solvent molecules are the same as 

those between the solvent and the rotating entity.  This approximation is typically valid and if there 

is any difference between solvent-solvent and solvent-solute interactions, that difference is 

constant for all measurements in a given series where solute concentration, for example, is varied.   

The relationship between RTIL dilution and bulk viscosity has been reported before for a 

number of systems, including the ones considered in this work.32, 37, 39-40, 49-51  Characteristically, 

there is a smooth, monotonic dependence of the measured bulk viscosity and amount of diluent 

added.  We can use these data in concert with the hydrodynamic volume of CV+ (217 Å3)25, 36 to 

calculate the reorientation time constants as a function of RTIL dilution using Eq. 2.  For a 

homogeneous system, where the reorienting entity is the CV+ chromophore, the experimental 
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dependence of OR on solvent dilution should match the predictions of Eq. 2, save perhaps for a 

small scaling factor, but in any event the functional form of the experimental data and that 

predicted by Eq. 2 should agree.  We do not observe this agreement experimentally.  We show in 

Figs. 5 the calculated vs. experimental reorientation times for CV+ in the RTILs as a function of 

dilution with acetonitrile (left) and methanol (right).   

The data contained in Figs. 5 could be interpreted in several ways.  Based on Eq. 2, one 

potential reason for the deviation between experimental and predicted time constants could be that 

the intermolecular interactions between CV+ and the molecules in its immediate vicinity differ 

energetically from interactions between two constituent species in the RTIL.  Such a difference 

could also be viewed as a variation in the frictional term, f, with dilution.  There is an interesting 

body of work that shows the nature of solvent-solute coupling can exhibit heterogeneity in 

complex systems,52-53 but we believe that such heterogeneity is not dominant in the systems under 

consideration because the timescale of environmental exchange that would give rise to such an 

effect would be necessarily much shorter than the measured rotational diffusion times reported 

here.  In other words, any short-term fluctuations in f would be temporally averaged over the 

timescale relevant for chromophore rotation.  Another possible explanation could be in the context 

of a change in S with dilution, but as noted above, there is insufficient possible variation in the 

value of S (0.75 < S < 1) to account for these findings.35  For these reasons, we believe the most 

plausible explanation for these findings is that the volume of the reorienting entity is changing 

with dilution and, in all cases, the volume of the reorienting entity is larger than the hydrodynamic 

volume of CV+.  Indeed, we have found this to be the case in terms of explaining the basis for the 

observed f in RTILs and assume changes in the hydrodynamic volume of the reorienting entity 

accounts for the results we report here.   
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It is well established that the rotational diffusion of polar chromophores in polar liquids are 

consistent with the calculated hydrodynamic volume of the chromophore is in good agreement 

with experimental data.47-48, 54  For reorientation in RTILs, this is not the case, and these data are 

consistent with the RTIL/solvent system being spatially heterogeneous even under conditions of 

relatively high dilution.  There is literature precedent and support for this assertion44, 46, 55-57 and 

the issue is how to model the reorienting entity.  It is possible, in principle, to account for the 

hydrodynamic volume in excess of that for CV+ to be accounted for either as solvent aggregates 

in the RTIL or RTIL aggregates in the diluent.  There is literature precedent for solvent-RTIL 

interactions that has demonstrated clusters of RTIL ion-pairs in the solvent medium44-46, 55 and we 

evaluate the data shown in Figs. 5 in that context.  The hypothesis is that the CV+ chromophore is 

interacting primarily with the RTIL ion-paired clusters in the binary solvent system and the 

rotational diffusion time constants reflect the motion of the chromophore-RTIL complex.  The 

hydrodynamic volumes of the RTIL constituents are provided in Table 1.  The effective volume 

of the rotating entity can be used to estimate into the average number of RTIL ion-paired 

complexes interacting with the chromophore as a function of dilution (Fig. 6).  In Fig. 6 the blue 

lines indicate the hydrodynamic volumes of the (ion-paired) chromophore plus integer numbers of 

RTIL ion pairs.  There are several significant features contained in these data.   

In considering the data shown in Fig. 6, indicating the effective rotor volume vs. mole 

fraction of diluent added, it is important to note that the reorientation time constant values do not 

necessarily need to coincide with the volume of the rotor and an integral number of RTIL ion pairs.  

Non-integer values of RTIL ion pairs correspond to the average lifetime of the complex being less 

than the rotational diffusion time constant.  The data in Fig. 6 show that the number of RTIL ion-

pairs complexed to the chromophore appears to increase with increasing solvent dilution.  The 
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extent of the effect depends sensitively on the RTIL identity and to a lesser extent on diluent 

concentration, indicating in all cases an increase in aggregate size with increasing dilution.  The 

dependence on RTIL identity for each diluent shows that aggregation is more pronounced with up 

to 12 RTIL ion pairs involved in aggregation with the chromophore for BMIM+BF4
- in acetonitrile 

at high dilution, approximately 5 RTIL ion pairs for BMIM+TFSI- and something closer to dimer 

formation at ca. 40% acetonitrile with HMIM+TFSI-.  We note that for BMIM+TFSI- at the same 

dilution, we observe the same dimer-like formation.  Based on these findings, it appears that the 

RTIL anion and how the diluent interacts with it plays a deterministic role in the aggregate 

formation we observe, and the RTIL cation is less affected by the type or amount of diluent.  The 

same qualitative trends are seen with methanol as the diluent, allowing no clear distinction between 

dipolar solvent-RTIL interactions and hydrogen-bonding solvent-RTIL interactions based on these 

data.  While there has been some consideration in the literature for the relative importance of 

dipolar solvation and hydrogen-bonding interactions in RTIL dilution studies, the data we report 

here do not show a discernible distinction between these two very distinct molecular interactions.  

What is clear, however, is that the dilution of the imidazolium RTILs we have studied here leads 

to the formation of aggregates in the binary system.  Dilution does not produce a homogeneous 

solution, at least to the extent we have diluted the RTILs. We can therefore not make a direct 

connection to dilute solution limit behavior of aqueous salt solutions for RTILs.  

The collapse of the induced free charge density gradient f with dilution correlates with 

onset of aggregation between the chromophore and RTIL ion pairs seen in the bulk RTILs.  The 

gradient f is seen to collapse when dimer-like species are found in the bulk diluted RTILs (i.e. 

V(CV+A-) + 1V(RTIL)).  The structural heterogeneity afforded by the formation of aggregated 

species may facilitate the mobility of dissociated RTIL ions in the solvent-rich regions of the 
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heterogeneous system, leading to the inability of the system to support f.  Further work is required 

to understand the relationship between the collapse of f the formation of dimers and higher 

multimers in diluted RTIL systems. 

Conclusions 

We have examined the dependence of the magnitude and persistence length of f in three 

imidazolium RTILs on dilution with polar protic and aprotic solvents methanol and acetonitrile.  

We find that f persists in RTILs to varying degrees depending on RTIL and diluent identity, and 

in all cases the functional form of f is not a smooth, monotonic diminution with increasing diluent, 

but rather a stepwise change.  This finding is not consistent with dilution producing a homogeneous 

solution.  An examination of changes in the bulk RTIL as a function of dilution using rotational 

diffusion measurements shows that the rotating entity in bulk RTILs exhibits a larger effective 

hydrodynamic volume than would be expected based on bulk viscosity data for the diluted RTILs.  

This excess hydrodynamic volume is understood in the context of aggregation of RTIL ion pairs 

in the diluted RTIL system.  The size of the aggregates is seen to depend on RTIL identity and 

diluent, and in all cases aggregate size increases with increasing dilution.  This finding is consistent 

with the f dependence on dilution data.  The collapse of f is seen to correlate with the onset of 

RTIL ion pair dimer formation, a condition that may facilitate dissociated RTIL ion mobility in 

the binary system.  Further work on selected solvent systems will likely provide greater insight 

into the compositional heterogeneity in RTIL-solvent binary systems. 

 

 

 

Page 16 of 27Physical Chemistry Chemical Physics



- 17 - 

Acknowledgment 

The research was carried out under the framework of project #W911-NF-14-10063 funded by the 

Army Research Office. 

 

Author Contributions 

Both authors contributed to data acquisition, analysis and interpretation. 

  

Page 17 of 27 Physical Chemistry Chemical Physics



- 18 - 

Table 1.  Hydrodynamic volumes of RTIL cations and anions and CV+.  Volumes calculated using 

the method of van der Waals increments (Ref. 36) 

Molecule V (Å3) 

CV+ 217 

BMIM+ 139 

HMIM+ 173 

BF4
- 50 

TFSI- 169 
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Figure 1.  Structures of the RTIL cations and anions, and the chromophore cresyl violet, used in 
this work. 
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Figure 2.  Dependence of magnitude of f, (or/or)(0), (top panels) and persistence length of f, 
d, (bottom panels) for BMIM+BF4

- on dilution with acetonitrile (left panels) and methanol (right 
panels).  Mole fractions are calculated using the associated RTIL (ion pair) and the molecular 
solvent. 
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Figure 3.  Dependence of magnitude of f, (or/or)(0), (top panels) and persistence length of f, 
d, (bottom panels) for BMIM+TFSI- on dilution with acetonitrile (left panels) and methanol (right 
panels).  Mole fractions are calculated using the associated RTIL (ion pair) and the molecular 
solvent. 
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Figure 4.  Dependence of magnitude of f, (or/or)(0), (top panels) and persistence length of f, 
d, (bottom panels) for HMIM+TFSI- on dilution with acetonitrile (left panels) and methanol 
(right panels).  Mole fractions are calculated using the associated RTIL (ion pair) and the 
molecular solvent. 
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Figure 5.  Reorientation time constant, OR, observed experimentally (open circles) in bulk RTIL 
as a function of dilution, and calculated using Eq. 7 with reported values of the RTIL-solvent 
bulk viscosity (solid circles) for (a) BMIM+BF4

- in acetonitrile, (b) BMIM+BF4
- in methanol, (c) 

BMIM+TFSI- in acetonitrile, (d) BMIM+TFSI- in methanol, (e) HMIM+TFSI- in acetonitrile and 
(f) HMIM+TFSI- in methanol.  Mole fractions are calculated using the associated RTIL (ion pair) 
and the molecular solvent. 
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Figure 6.  Effective volume, Veff (red circles) of rotating entity in the RTIL-solvent binary system 
as a function of dilution.  Veff was determined from the experimental reorientation time constants, 
OR, shown in Figure 5.  Calculated hydrodynamic volumes of CV+-RTIL anion with number of 
RTIL ion pairs indicated as blue solid lines.  (a) BMIM+BF4

- in acetonitrile, (b) BMIM+BF4
- in 

methanol, (c) BMIM+TFSI- in acetonitrile, (d) BMIM+TFSI- in methanol, (e) HMIM+TFSI- in 
acetonitrile and (f) HMIM+TFSI- in methanol.  Mole fractions are calculated using the associated 
RTIL (ion pair) and the molecular solvent. 
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