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ABSTRACT 

Room temperature ionic liquids (RTILs) have been used in a variety of fields due to their 

unique physical and chemical properties which are rooted in their complex molecular 

arrangements and interactions. It is therefore important to shed light on the organization of RTILs 

to control the physical and chemical properties to maximize potential. The Blanchard group has 

previously observed an intriguing phenomenon of surface charge induced free charge density 

gradients (𝜌௙) with a characteristic persistence length of ca. 50 μm. There is no existing theoretical 

framework for molecular liquid systems that can explain this unprecedented observation. We 

hypothesized that there is analogy to the piezoelectric effect with this long-range order. Therefore, 

the larger goal of this work is to determine if RTILs exhibit the piezoelectric effect and to elucidate 

the underlying molecular-level mechanism. 

The free charge density gradient (𝜌௙) is sensed by measuring the induced orientational 

anisotropy decay of trace amounts of charged chromophores in the RTILs as a function of distance 

from the charged support (silica or ITO). In Chapter 2, we successfully demonstrated the 

piezoelectric effect in RTILs by measuring open circuit potential (OCP) as a function of applied 

pulsed pressure. For this measurement, we devised a cylinder-piston cell system which allows the 

acquisition of reproducible data over many measurements.  

In Chapter 3, we conducted a comprehensive investigation into the structure dependence 

of the piezoelectric effect with six different imidazolium and four different pyrrolidinium RTILs. 

Our findings revealed that the piezoelectric effect is influenced by the head group of RTILs. We 

explored chiral ionic liquids anticipating a stronger piezoelectric response due to their non-

centrosymmetric nature, a prerequisite for the piezoelectric effect. We found that chiral ionic 

liquids exhibit the piezoelectric effect which is slightly larger than that of pyrrolidinium based ILs 



but is less than that of HMIMTFSI. The piezoelectric effect exhibited by RTILs is not solely a 

molecular-level phenomenon but, rather, the characteristic length scale of the relevant structural 

unit is larger. 

In Chapter 4 and Chapter 5, we aimed to investigate the impact of dilution on RTILs and 

explore the existence of nano-domains within RTILs. Our findings revealed that 𝜌௙ persists up to 

a certain amount of dilution, maintaining its magnitude and characteristic length. However, beyond 

this dilution level, the free charge density gradients collapses. The functional form of the 

magnitude and characteristic length do not resemble that of a homogeneous solution, rather the 

binary mixtures of RTILs are highly heterogeneous (85% of dilution). We calculated the 

hydrodynamic volume of the reorienting entity in the bulk RTIL-solvent system at 200 𝜇𝑚 from 

the charged support surface, where there is no active free charge density gradient. We found that 

RTILs aggregate and form nano-domains. Moreover, the size of the nano-domains (aggregates) 

increases with increasing dilution. 

In Chapter 6, we achieved a significant breakthrough by establishing a connection between 

the free charge density gradients (𝜌௙) and molecular scale organization. We measured the 

rotational diffusion dynamics of two different chromophores, cresyl violet and perylene to 

investigate polar and non-polar regions, respectively. Both chromophores exhibited the 

characteristics of oblate rotors, allowing the extraction of the Cartesian components of their 

rotational diffusion constants, thereby gathering detailed information on the local environments of 

the rotating entities. This information revealed depth-dependent changes in the organization of the 

chromophore local environments that correlated with the existence of f. 

In Chapter 7, we summed up and suggested some future work to enhance our understanding 

of the piezoelectric of RTILs. 
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1.1 Overview of Room Temperature Ionic Liquids 

Room temperature ionic liquids (RTILs) are organic salts with melting points below room 

temperature. RTILs have emerged as a very useful class of materials with promising applications 

in numerous venues, including as electrolytes in energy storage devices such as supercapacitors1-3 

and batteries,4-5 in biomedical applications such as novel anti-cancer and antimicrobial agents,6-7 

as components in bioink, in the fabrication of wearable electronics, as MRI contrast agents,8-10 and 

for oral and transdermal drug delivery.11-12 Despite the utility of these materials in so many venues, 

there remains a great deal to be understood about ionic liquids. RTILs are liquid phase organic 

 

Figure 1.1 Examples of RTIL cation and anion structures. 
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salts where the constituent cations are typically large, organic and of low symmetry, and the anions 

are also usually large (examples in Figure 1.1). RTILs are generally characterized by high viscosity, 

negligible vapor pressure, high thermal stability, and a wide electrochemical window, and for their 

ability to dissolve both polar and nonpolar compounds. Extensive and significant efforts have been 

made to develop task-specific ionic liquids. 13-18  One example is the incorporation of chirality into 

RTILs by using chiral cations or the introduction of chiral functionalities in the alkyl chain,13-14 a 

structural modification that may open the door to applications of RTILs in bio-related and second 

order nonlinear optical phenomena.  Additionally, the careful choice of cation and anion can also 

be used to tailor viscosity or the formation and size of local heterogeneities in RTILs.19-20  Ionic 

liquids also exhibit organization over length scales vastly in excess of that seen in molecular liquid 

solvents, and it is this property that has posed a significant challenge to our understanding of these 

materials.  In order to harness the maximum utility of these useful materials, we will need to have 

a fuller understanding of the structural and dynamical heterogeneity that ultimately regulates 

RTILs physical and chemical properties. 

The organization of ionic liquids does not resemble the NaCl lattice where all the ions exist 

as discrete entities and are arranged in a regular and rigid lattice structure.  There is substantial 

evidence suggesting that ionic liquids exist primarily as ion-paired dipolar species. 21-23  However, 

the degree of dissociation is generally not well characterized due to the difficulties in measuring 

conductivity and free ion concentrations in the medium, as well as contributions to the apparent 

conductivity related to the association and dissociation kinetics of the RTIL ions. Drawing 

comparisons between ionic liquids and (ionic) liquid crystals is appealing, if only to a limited 

degree.  The ability to control molecular orientation by means of templating or applied potential 

demonstrates that organic systems can exhibit long-range organization. Indeed, some organic ionic 
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systems go from solid to (ionic) liquid crystalline to ionic liquid phases with increasing 

temperature and pressure.24-26 This phenomenon is commonly observed in alkyl imidazolium ionic 

liquids with long alkyl chains, typically around C14, due to van der Waals interactions. Most 

imidazolium-based ionic liquids have a C2-C8 alkyl chain, with C4 being the most prevalent. 

Though a liquid crystalline mesophase has not been reported for these RTILs, it is possible that 

subtle forms of organization may exist (vide infra). There are a number of reports that indicate thin 

films of imidazolium-based ionic liquids exhibit ordering that is induced by the presence of an 

interface.27-32 Additionally, the Brand group in a recent study deposited monolayer of ionic liquids 

on an Au substrate and demonstrated that the organization of an ionic liquid monolayer can be 

altered by controlling the surface potential of the gold substate.33  They found that the orientation 

of the monolayer imidazolium aliphatic chains exhibited a surface potential-dependent tilt angle.  

This finding is not only intriguing, but also opens the door to possible control over structural 

organization in ILs.  

Our group has discovered that, apart from induced structural order, macroscopic free 

charge density gradients can also be induced in ionic liquids. 34-36  This finding not only 

underscores our limited current understanding of RTILs, but also raises the question of the 

relationship between structural order and the existence of a free charge density gradient in RTILs.  

There are several bodies of information, some of which are discussed in this dissertation, that point 

to a connection. 

1.2 Organization in Room Temperature Ionic Liquids (RTILs) 

Organization in RTILs was first predicted by computer simulations and later established 

by a range of experimental techniques.  To this point, the spatial extent and characteristic length 

scale of structural order in RTILs appears to depend on the means used to examine the order.  There 
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is a substantial literature on scattering techniques such as X-ray or neutron diffraction by ionic 

liquids that points collectively to the presence of structural organization of RTIL constituent ions. 

The specifics of this organization are influenced by factors such as the cation and anion structures, 

pressure and the temperature of the system.37-41  Although these findings do not directly indicate 

the persistence length of molecular-level structural regularity, they have yielded intriguing results, 

including the concept of extended networks formed by RTIL constituents.  These networks 

encompass a range of structures, from polymeric supramolecular arrangements to aggregates and 

triple-ion or contact ion pair structures.41  The existence of such molecular-scale organization 

provided a logical basis for anticipating order on longer scales within these materials. 

The Israelachvilli group conducted temperature-dependent surface force measurements to 

investigate the (exponential) Debye decay length of the diffuse double layer forces.21-22  Their 

findings support the notion that ionic liquids (ILs) exhibit long-range electrostatic screening, which 

is central to understanding the ability of RTILs to support a measurable free charge density 

gradient. Specifically, Gebbie et al. showed a significant temperature-dependence of the effective 

Debye length using equilibrium force-distance measurements.  The Debye length was seen to vary 

from 6.7 nm at 22 C to 3.4 nm at 60 C for RTIL, 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIM+TFSI-) and was measured to be ca. 12 nm for 1-butyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM+TFSI-).21-22  This result indicates 

either a very low concentration of effective free ions or highly efficient screening of free charge in 

ILs.  From their force-distance data, they determined the charge carrier activation energy to be ca. 

9.5 kBT, suggesting that the dissociation of RTILs is very limited.  Using the assumption that the 

chemical potential of RTIL dissociation is given by Ed/, where Ed is the dissociation energy and 

 is the dielectric constant (relative permittivity) of the RTIL, they estimated the equilibrium 
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concentration of dissociated ions to be on the order of 10-4 M, corresponding to a pKd of 9.14 for 

BMIM+TFSI-.22  This finding is not in agreement with other estimates of effective ion 

concentration in RTILs, based on the concept of ‘ionicity,’ which evaluates the fraction of ions 

participating in charge conduction using ion exchange dynamics and diffusion (i.e., kinetic 

phenomena).23, 42  The disparity between these estimates likely arises from the fact that force-

distance measurements rely on thermodynamic equilibrium quantities, whereas ionicity 

measurements focus on kinetic aspects.  It is useful to consider that RTIL properties such as 

temperature-dependent conductivity and viscosity differ from those of simple ionic solutions such 

as KCl(aq).43  The force-distance measurements reveal an ordering effect in the diffuse double 

layer that extends further than would be expected if RTILs could be understood in the context of 

the Gouy-Chapman-Stern or other similar models.  

In addition to the organization associated with a Debye length (ca. 10 nm), RTILs have 

exhibited structural order on length scales ranging from 1 nm to 60 nm.44-46  Much of this structural 

order is seen within the first several nm of (charged) surfaces, where arrangements such as  

“herringbone” order and charged layers have been documented.47  RTIL organization on this length 

scale has also been seen to evolve over time.48  While the details of this organization differ 

substantially from traditional Gouy-Chapman-Stern or Helmholtz behavior, what is observed is in 

much closer proximity to the interface than have been reported by several other groups. A recent 

study by the Brand group has shown that a surface RTIL (C18Im+) monolayer formed using 

Langmuir-Blodgett deposition, significantly alters the electric double layer at a charged 

electrode.33  

The Shaw group has found compelling evidence for long-range structural organization in 

ionic liquids. They employed a dynamic wetting technique to form thin RTIL films and 
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characterized the long-range order with FTIR, optical ellipsometry and second harmonic 

generation measurements.27-29  By monitoring the polarized infrared reflection absorption (IRRA) 

spectra of BMIM+TFSI- thin films as a function of time (minutes to days), the Shaw group 

observed gradual band position and intensity changes for several bands in the 1000 cm-1 to 1400 

cm-1 region.  While some bands remain unchanged, four bands associated with the S-N-S stretch 

(1069 cm-1), the SO2 symmetric stretch (1149 cm-1), the CF3 symmetric stretch (1244 cm-1), and 

the SO2 asymmetric stretch (1366 cm-1) of the TFSI anion displayed changes in intensity and/or 

frequency.  The disappearance of these bands from the polarized IRRA spectra suggests that the 

anion reoriented itself, predominantly aligning these vibrational modes parallel to the film surface 

and support. The spectral evolution required ca. one hour, and this finding is consistent with the 

time-dependent second harmonic generation response of the same thin film.  For the thin films 

used, the organization that evolved in time was found to be present through the entire thickness of 

the film. Thin films of RTILs with different anions, containing cyano groups, have been 

investigated. Interestingly, RTILs with a B(CN)4
- anion demonstrated ordering that appeared to 

template from the support surface while RTILs with a N(CN)2
- anion demonstrated ordering that 

was templated from organization of the air-IL interface.29  

The Fayer group has utilized surface charge density to control the properties of RTIL thin 

films30-32, 49-50 and confined environments.51  In thin films of RTILs (50 nm to 250 nm thick), they 

reported the time-resolved band position and shape of the CN stretch of SCN- and SeCN- and CO2 

reorientation to assess the evolution of local environment as a function of surface charge density 

and RTIL imidazolium aliphatic chain length.30-32, 49-50 They reported that the presence of surface 

charge slows the dynamics within the RTIL thin films to a distance of ca. 250 nm from the surface, 

and that the influence of interfaces on RTIL dynamics persists up to ca. 30 nm.30  The Fayer group’s 
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work is complementary to that of the Shaw group in the sense that it points to changes in dynamics 

of the RTIL local environment(s) while the Shaw group’s results indicate structural organization. 

The organization of RTIL films affects the dynamics of the local environments within them and 

the role of surface charge in mediating these dynamics aligns with the ability to create long-range 

charge density gradients in RTILs. (vide infra). 

Various experimental and theoretical methods have revealed the existence of long-range 

organization in RTILs. This organization cannot be explained by the models appropriate for dilute 

solution, despite data that suggests very limited dissociation in RTILs.21-22  Additionally, another 

body of data indicate the existence of nanoscale heterogeneities in RTILs, which contradicts the 

notion of RTILs being treated as “normal” liquid phase solvents. 19-20, 52-53  The rationale behind 

these domains lies in the amphiphilic nature of the cationic constituents of RTILs, where nonpolar 

moieties, typically found on the cation, are large enough to form nano-domains. Such 

compositional heterogeneity has been suggested as the basis for the ability of RTILs to solubilize 

nonpolar species.20  

1.3 Charge Density Gradients in RTILs 

There is ample scientific literature in support of surface charge induced structural 

organization in RTILs. Most of these reports place such organization up to multiple tens of nm,21-

22, 30-32, 49-51 and in some instances the organization is limited by the thickness of the RTIL films 

examined.27-29  The Blanchard group has found evidence for induced charge density gradients (f) 

in RTILs with a spatial extent of tens of m.34-36  In the following discussion, we consider these 

findings and their implications, focusing on how the observed free charge density gradients may 

be influenced by the structural organization within RTILs. It is important to consider that the 



9 
 

structural order observed in thin RTIL films could have longer-range effects in thicker samples, 

potentially allowing structural organization and free charge density gradients to be reconciled.  

1.3.1 Measuring the Charge Density Gradient 

The Blanchard group initially observed long range organization in RTILs in the form of a 

free charge density gradient f in BMIMାBFସ
ି over a charged surface (silica).28 We measured f in 

RTILs through the depth dependent fluorescence anisotropy decay of trace amounts of charged 

(cationic and anionic) chromophores.54 The system used for these measurements is a time 

correlated single photon counting (TCSPC) detection system coupled with an inverted confocal 

microscope. The TCSPC data were used to construct induced orientational anisotropy decay 

functions of an ensemble of chromophores in the confocal imaging plane of the inverted 

microscope to achieve depth resolution on the order of 900 nm, and precise control over the 

microscope stage vertical position. 

The induced orientational anisotropy decay function, R(t), is the normalized difference of 

time-resolved plane polarized emission intensities i.e., parallel (vertical) and perpendicular 

(horizontal) polarization of an ensemble of rotating entities. 

 ||

||

( ) ( )
( ) (0) exp

( ) 2 ( ) OR

I t I t
R t R t

I t I t





  


 [1.1] 

1(6 )OR ROT
B

Vf
D

k TS

    [1.2] 

The information content of R(t) has been established and the information of interest is its functional 

form.55-61 The orientational relaxation time constant, OR, extracted from fitting R(t) to an 

exponential decay function, can be related to the rotational diffusion constant, Dୖ୓୘ , the shape of 

the rotating chromophore, S,62-63 RTIL viscosity, , the volume of the rotating chromophore, V,57 
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and the frictional boundary condition term f.56, 59-60 by the modified Debye-Stokes-Einstein model 

(Eq. 1.2). The OR data as a function of distance from the charged surface is shown in Fig. 1.2 for 

the cationic chromophore cresyl violet (CV+), the anionic chromophore resorufin (R-), and the 

neutral chromophore nile red (NR0).  There are several important features in this data.  The first is 

that for the charged chromophores, there is a clear depth-dependence of OR, and the depth-

dependencies are different for the cationic and anionic chromophores.  The second important 

feature is that the change in OR persists for distances greater than 100 m.   

 

Figure 1.2 Depth-dependent OR in BMIM+BF4
- supported on a silica surface for anionic 

(Resorufin), cationic (Cresyl Violet) and neutral (Nile Red) chromophores. 
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The reason for the depth-dependence in OR can be determined through examination of Eq. 1.2.  

The DSE equation contains thermal energy (kBT), shape (S) and frictional boundary condition (f) 

terms, and these are all constant or almost constant for all chromophores.  The bulk viscosity of 

the medium, , is constant, as reflected in the depth-independent OR data for NR0.  The only term 

that can account for the depth-dependent data for the charged chromophores CV+ and R- is the 

hydrodynamic volume, V, of the reorienting entity. 57 

Depth-dependent changes in V can be accounted for by the fact that the charged chromophores 

participate in an association equilibrium with free RTIL ions.  The dissociation of RTIL (Keq, Fig. 

1.3) depends on the identities of the cations and anions. The dissociated RTIL ions form complexes 

with the chromophore (KD, Fig 1.3).  The chromophore complexation and thus the relative amount 

of free and complexed species is determined by Le Chatelier’s principle.  If there is a gradient in 

the RTIL ions throughout the sample, there will be a corresponding gradient in the relative amounts 

of free and complexed chromophore, and thus a gradient in V that is reflected by a gradient in OR.  

OR (Eq. 1.4) is a consequence of V (Eq. 1.3).  

 

Figure 1.3 Schematic of dissociation equilibria of BMIM+BF4
-(top) and CV+BF4

- (bottom). 

KD

+

+

Keq
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free free complex complexV V X V X        [1.3] 

OR
B

f
V

k TS

      [1.4] 

where the quantities X are mole fractions (Xfree + Xcomplex = 1).  Vfree and Vcomplex can be calculated 

using the method of van der Waals increments.34, 57  The relationship between the measured 

reorientation time gradient, OR, and the free charge density gradient, f, is (Eq. 1.5) 

' ' ' 2 'Đ =OR f
B

f
V k k E k k

k TS

                   [1.5] 

The gradient Xfree (Eq. 1.3) is the (normalized) free charge gradient, Ð (Eq. 1.5), where k’ is 

a collection of constants.  In the RTIL, Ð is related to the surface potential of the silica support 

through Poisson’s equation (Eq. 1.5), where  is the dielectric constant of the RTIL,  is the scalar 

electric potential field arising from the surface charge (s).  Controlling s thus provides control 

over the magnitude of f in the RTIL, which can be seen through OR.35  Considering the 

existence of surface charge induced structural organization in RTILs, it may be tempting to 

correlate with such order to the f we observe. However, the slope of the gradient depends on the 

charge of the chromophore and Nile red (neutral chromophore) shows no depth dependent 

orientational dynamics (Fig 1.3). Therefore, our reported induced free charge density gradient, f 

cannot be explained in the context of a depth-dependent effective viscosity of the RTIL, a quantity 

that will depend sensitively on structural organization.  We note that the change in relaxation 

dynamics seen by the Fayer group30-32, 49-51 must have some effect on the rotational diffusion 

dynamics of larger chromophores, such as CV+, R- and NR0, but the spatial extent of the slowed 

dynamics they report is less than the depth of focus of the optics we use for the rotational diffusion 

measurements and we would not expect to be sensitive to the effect they reported. 
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The surface charge-induced long-range order that the Blanchard group reported is 

unprecedented for any liquid system and cannot be explained with the traditional Gouy-Chapman-

Stern model. The presence of free charge density gradient in response to surface charge is 

analogous to the piezoelectric effect in a solid, which can be described by the coupled equations 

(Eq. 1.6). 

𝐷 = 𝜀𝐸 + 𝛿𝑇 

𝑆 = 𝑠𝑇 + 𝛿௧𝐸          [1.6] 

Where, T is the stress applied to a material, S is the resulting strain produced in the material, E is 

the electric field, s is compliance, 𝛿 is the matrix describing piezoelectric effect, and 𝜀 is the 

dielectric constant of the materials.  We return to a discussion of the piezoelectric effect in RTILs 

below. 

1.3.2 Gauging the Magnitude of the Charge Density Gradient 

The sign and magnitude of f necessarily depend on the polarity and magnitude of the 

surface charge density, s, and the extent of RTIL dissociation.  There are several points to consider 

in this regard.  A primary consideration is that the RTIL maintains bulk neutrality since no charges 

are introduced into or removed from the system. In creating f, the perturbation to the RTIL that 

produces the charge displacement is determined by s on the support. Quantitation of surface 

charge density s of silica or ITO can be a challenge because of the complex structures of their 

surfaces. The surface silanol group density is on the order of 5 mol/m2 (31014 O-/cm2).64  The 

silanol groups on silica are characterized by two distinct populations, with pKa values of ca. 4.5 

(20%) and ca. 8.5 (80%).  It is not possible to determine the pH of silica surface in contact with 

RTILs, but if the pH is approximately neutral then the surface charge density is 61013 O-/cm2, 
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based on the silanols characterized by a pKa of 4.5 being deprotonated and those with a pKa of 8.5 

are fully protonated. 

The magnitude of free charge density gradient f depends on both the estimation of the 

equilibrium constants for RTIL dissociation (Keq in Fig. 1.3) and for the chromophore-RTIL 

counter-ion complex (KD in Fig. 1.3). It is also necessary to express the reorientation time gradients 

in a manner that is comparable between different RTILs. We use the normalized change in 

reorientation time, OR/OR, where the denominator term is the value of OR well into the bulk 

RTIL, where it becomes invariant with depth. From Eq. 1.5, the term of interest is V and thus 

the gradient in the relative concentration of the RTIL counter ion, Xfree.  Considering this 

discussion in terms of a cationic chromophore, we have introduced a term, , to relate the 

concentrations of the free and complexed RTIL counterion (A-) as a function of distance from the 

charged support.36 

 1 1 1
[ ] [ ]

surface bulk bulk surface
free free free free

eq surface bulk surface bulk surface bulk
free free free free

X X X X
K A A

X X X X
      
    


 [1.7] 

Considering the boundary conditions  = 0 (no gradient) and  = 10 (large gradient) where the 

relative amounts of Xfree at the surface and bulk can be different by as much as a factor of ~10. For 

the value of OR in the bulk, we use the value at which there is no longer a depth-dependence. We 

calculate the hydrodynamic volumes of the free and complexed chromophores by the method of 

van der Waals increments to determine the hydrodynamic volume for the chromophore (CV+) and 

for the RTIL counter-ions we have used, BF4
- and TFSI-.57  Using these quantities (V(CV+) = 217 

Å3, V(BF4
-) = 50 Å3, V(TFSI-) = 169 Å3) and the concentrations of the RTILs, which will vary 

according to their molecular weights and densities, OR/OR will be related to  and the specific 

RTIL system under examination.  As the value of  ranges from 10 to 0, the corresponding values 
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of Xfree will be between 0.91 to 0.09.  The normalized change in rotor hydrodynamic volume, 

V/V, is proportional to  according to Eq. 1.7, 

surface bulk
free freeOR A

bulk
OR complex free A

X X VV

V V X V

 






   
      

 [1.8] 

VA
- is the hydrodynamic volume of the RTIL counter-ion that complexes with the chromophore.  

The experimentally measured OR gradient is thus related to the RTIL counterion concentration 

gradient in a manner that accounts for the molecular structure of the RTIL counterion.  For the 

imidazolium RTILs, f ranges from ca. 15 (C/cm3)/m for BF4
- anions to values up to ca. 110 

(C/cm3)/m for TFSI- and C6MIM+.36  To provide some perspective on this magnitude, a charge 

density gradient of 110 (C/cm3)/ m corresponds to a concentration gradient of ca. 0.5 ppm/m.  

To put this gradient in perspective, the K+ gradient across a plasma membrane is on the order of 

3.5x105 ppm/m, based on [K+] = 10 mM outside the cell, 100 mM inside the cell, and a plasma 

membrane thickness of 10 nm.  

1.3.3 Controlling the Charge Density Gradient 

By controlling the sign and magnitude of the surface charge s on the support, the induced 

free charge density gradient f can be controlled. (Fig. 1.4).  For silica the surface charge density, 

s is on the order of 6x1013/cm2. The Blanchard group has demonstrated the ability to control the 

sign and magnitude of f, in RTILs.35  In that work, a sample cell of sandwich configuration was 

used in which two ITO- or FTO-coated plates are placed on both side of a spacer of ca. 1 mm thick 
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with O-ring inside (to confine RTILs) can serve the purpose. Below pH 6, the ITO surface carries 

a net positive charge.65 Configuring the sample holder as a capacitor with plate distance of 1 mm 

does not allow the surface charge density s to be modified beyond a few ppm of the ambient 

charge, an amount insufficient to make a measurable change in f. Using one of the support 

surfaces as a resistor allows for the modulation of s in a charge carrier density range 

commensurate with the ambient surface charge density of the ITO-coated support.36  Slow drift 

velocity of the carriers in the microcrystalline thin film conductor renders current proportional to 

carrier surface density.  

With this configuration, Joule heating of RTIL is a byproduct of operating the ITO surface 

as resistor.  From the modified DSE (Eq. 1.2), the rate at which the chromophore rotates is sensitive 

to the viscosity and temperature of the surrounding medium.  To assess Joule heating, the RTIL 

 

Figure 1.4 Current-dependence of f measured using CV+. The sign of f changes due to 
control of s. 
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was replaced with ethylene glycol in the sample holder and the rotational diffusion time constant 

of CV+ was measured as a function of current applied across the ITO support surface.66-67 The 

relationship between viscosity and temperature is well known for ethylene glycol, providing a 

facile means to calibrate the temperature of the cell as a function of current..68 Importantly, no 

depth-dependence in the CV+ reorientation is seen for any applied current measured, 

demonstrating the absence of a temperature gradient within the sample cell.  The current required 

to change the sign of f gives rise to T~6C in the sample.  This method of controlling s allows 

for thermal and free charge density contributions to be readily separable. 

1.4 Piezoelectric Effects of RTILs 

The known theoretical framework to treat liquids with concentrated charge start from the 

premise of the Gouy-Chapman-Stern models,69-71 where a short-range ion density gradient is 

expected.  The presence of long-range order in the form of a free charge density gradient, with f 

up to 100 µm is unprecedented.  Therefore, we require an alternative framework for understanding 

RTILs.  The presence of 𝜌௙in RTILs implies a similarity to piezoelectric materials, as noted earlier, 

and we have established experimentally that RTILs exhibit the piezoelectric effect. This 

connection provides a conceptual framework in which to understand and model RTILs. 

Piezoelectric materials produce surface charge upon experiencing external stress.  The direct 

piezoelectric effect is a mechanically induced charge-displacement, and the converse piezoelectric 

effect is a charge-induced organizational change in a material, manifested as a dimensional change 

in solids.  We have demonstrated both effects in RTILs.  The presence of a charge density gradient 

f can be described in the context of the converse piezoelectric effect, which is characterized by a 

change in the charge distribution within the material resulting from the application of a surface 

charge.  We have demonstrated the direct piezoelectric effect in RTILs in our labs by open circuit 
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potential measurements using an electrochemical bench (CH Instruments 604B) (Chapter 2).  For 

the measurements, we devised a special cylinder-piston cell system.  The body of the cell is made 

of steel while the piston is made of Delrin® and is equipped with an O-ring to ensure a liquid-tight 

seal.  Two electrodes were attached, one in the center of the piston and the other at the bottom of 

the cylinder.  To our knowledge, this is the first demonstration of the piezoelectric effect in an 

ionic liquid. We investigated the structure-dependent nature of this effect in RTILs. (Chapter 3) 

The results indicated that the piezoelectric response in RTILs is not solely governed by the 

molecular-level arrangement but rather by the organization at the nanometer scale or even larger 

within the RTILs. This implies that the piezoelectric effect is influenced by the overall structural 

organization of the RTILs rather than just the individual molecular arrangements. Therefore, it is 

essential to investigate the molecular processes responsible for the organization in RTILs and it 

can be done by diluting RTILs with molecular diluents. In the subsequent chapters, we diluted 

different RTILs with diluents of varying properties. 

1.5 The Effect of Dilution on Charge Density Gradient 

The ability to establish f in RTILs rests on two conditions. The first is that there is 

extensive screening within the RTIL, such that charges are effectively isolated, and the second is 

that the mobility of dissociated ions within the RTIL matrix is sufficiently low that f, once 

established, is not compromised significantly by diffusion.  Understanding screening in RTILs and 

other dielectric media has been treated previously.72 It is known that the addition of certain agents 

(solvents) to RTILs increases constituent mobility.73. To understand the relative importance of   
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ionic (charge) mobility on the persistence length and magnitude of f we diluted imidazolium based 

RTILs with diluents of varying properties, such as dielectric constant, viscosity, and dipole moment 

(Table 1.1). In the work in Chapters 2 and 3, we investigate the molecular-scale processes 

responsible for compositional heterogeneity in RTIL/solvent binary systems.  Since RTIL anions 

and cations experience different interactions with diluents, we used two different anions (BFସ
ି and 

TFSIି) with the same cation (BMIM+) to investigate the role of anion.  These studies are aimed at 

resolving the role of the RTIL ion structure in mediating f and persistent long-range organization.  

We quantify the magnitude and characteristic length scale of f by fitting the depth-dependence of 

the reorientation time constant to an exponential decay in distance from the charged support.74  

Rather than using the rotational diffusion time constant directly (Fig. 1.5a), a quantity that varies  

 

Table 1.1 Properties of polar diluents to be used for dilution studies: acetonitrile (ACN), 
dimethylsulfoxide (DMSO), propylene carbonate (PC), and methanol (MeOH).  = Dipole 
moment,  = viscosity,  = dielectric constant and n = refractive index. 

Solvent  

(D) 

 

(cP) 

 n 

ACN 3.92 0.33 37 1.344 

DMSO 3.96 1.99 48 1.479 

PC 4.94 2.50 65 1.419 

MeOH 1.69 055 33 1.331 
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with the identity of the RTIL constituent species and the chromophore, we use the normalized 

change in OR over the length scale of f (Fig. 1.5b, Eq. 1.9), 

     
200

200

0

exp
x m
OR OROR OR

m
OR OR OR x

x x d




  
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

    
     

   
 [1.9] 

where x is the distance from the (charged) support surface and d is the characteristic (e-1) length 

scale of f. The measured magnitude of OR/OR depends on the chemical identity of the RTIL 

constituents and can be used to quantitate f.74  The magnitude of f is ultimately limited by the 

surface charge density, s.  We extract the quantities (OR/OR)x=0 and d from these fits (Fig. 1.5b). 
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Figure 1. 5 (a) Rotational diffusion time constant of CV+ in HMIM+TFSI- as a function distance 
from the support surface for a series of acetonitrile diluent concentrations.  (b) Normalized OR 
gradient as a function of distance from support surface. (c) Magnitude of (OR/OR)x=0 as a 
function of diluent, and (d) characteristic length scale of f as a function of diluent. 
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For the data presented here, we have used acetonitrile (ACN) and HMIM+TFSI-, with the addition 

of 10-5 M CV+ (Fig. 1.5c and 1.5d). The data in Figs. 1.5c and 1.5d demonstrate that the magnitude 

of f depends on the extent of dilution, but this dependence is not a monotonic trend with increasing 

dilution. Rather, f remains at a relative constant level with increasing dilution up to a point and 

then diminishes to zero with slight additional dilution. The characteristic length scale of f follows 

the same functional form with increasing dilution up to the point of collapse. This trend is similar 

for all the RTILs examined although it varies with the variation of diluents and RTIL identity.  

Dilution beyond the point of f disappearing yields anisotropy decay data consistent with 

aggregates of RTILs rather than isolated chromophores. The aggregates are found to increase in 

size with increasing dilution (up to 85% of dilution), while aggregate size depending on both RTIL 

anion and diluent identities.  These distinct and complementary findings suggest the existence of 

persistent compositional heterogeneity in diluted RTIL systems. The magnitude of f is determined 

by RTIL dissociation and s, and the length scale over which the gradient persists, d, is expected 

to diminish in proportion to diluent concentration in a homogeneous system.  This is not seen to 

be a monotonic trend experimentally; RTILs form a compositionally heterogeneous system with 

the addition of solvent. The raw OR(x) data shown in Fig. 1.5a reveal further information regarding 

the heterogeneity of the RTIL medium.  

As noted above, the Debye–Stokes–Einstein equation (Eq. (1.2)) 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 (Z and f).  Eq. 1.2 relates the rotational diffusion time constant 

to the volume of the rotating entity. 55-56, 59-60  Low viscosity solvents are expected to alter the 

(diluted) RTIL  significantly.  The effective viscosity, as sensed by CV+, is calculated to vary 
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between ca. 75 cP in the neat RTIL to ca. 40 cP for XACN = 0.42, well beyond the collapse of f. 

Ethylene glycol (15 cP) and glycerol (1400 cP)75-76 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.  This 

finding is consistent with CV+ residing within RTIL-rich regions of the (heterogeneous) medium.  

These results are consistent with other studies where RTILs are mixed with water77-78 and 

acetonitrile.79   

1.6 Relating the Charge Densigy Gradient to Molecular-Scale Organization 

The long-range order we have reported is in the form of free charge density gradient induced by 

the surface charge of the support (silica or ITO). It is instructive to see if there is any relationship 

between the induced free charge density gradient and molecular scale-organization.  It is well 

established that RTILs with imidazolium cations exhibit mesoscopic structures when the side chain 

(alkyl chain) lengths are C4 or longer.  The non-polar domains become larger and interconnected 

without disrupting the polar/ionic network formed by the polar head groups separated in 

increments of nonpolar aliphatic regions.52, 80-82 The use of 1-Decyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (DMPyrr+TFSI-) as the RTIL and 1-decanol as the diluent make 

diluent RTIL cation aliphatic chain lengths equal.  Dilution of RTILs with molecular solvents has 

revealed persistent aggregation of RTIL ion pairs to relatively high dilution, indicating nanoscale 

compositional heterogeneity (Chapters 2 and 3).  The goal of matching the aliphatic functionalities 

of the RTIL and the molecular solvent was to optimize nanoscale phase segregation to produce a 

system with comparatively isolated polar and nonpolar regions, which we probe selectively with 

polar (CV+) and nonpolar (perylene) chromophores.  We used spatially-resolved and time-resolved 

fluorescence anisotropy decay measurements to characterize the rotational diffusion dynamics of 

the two chromophores in the binary RTIL-decanol system.  We used Eq. 1.9 to quantify the 
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magnitude and characteristic length scale of f by fitting the depth-dependence of the reorientation 

time constant to an exponential decay in distance from the charged support.74  The information of 

interest is the functional form of anisotropy decay R(t).  The relationship between the functional 

form of R(t) and rotational diffusion constant DROT, and its Cartesian components, has been 

reported by Chuang and Eisenthal.55  The anisotropy decay function can contain up to five 

exponential decays, but with the appropriate assignment of the Cartesian axes to be coincident 

with transition moment axis or axes, reduces R(t) to either single or bi-exponential anisotropy 

decay functionalities.  The rotating entity can be described by ellipsoidal shapes, with either the 

unique axis being longer (prolate ellipsoid) or shorter (oblate ellipsoid) than the remaining two 

axes.  For the chromophore absorption transition dipole moment assigned as the x-axis, prolate 

and oblate ellipsoids result in the functional forms of R(t) given in Eq. 1.10.  

z

x z x

Prolate rotor: R(t)=0.4exp(-6D t)

Oblate rotor: R(t)=0.1exp(-(2D +4D )t)+0.3exp(-6D t)
    [1.10] 
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k TS
D D D D

Vf
           [1.11] 

For both chromophores in neat DMPyrr+TFSI-, reorientation as oblate rotors is seen. Perylene 

maintains a two-component anisotropy decay from neat DMPyrr+TFSI- through neat diluent, and 

CV+ exhibits a biexponential decay up to 75 mole% of 1-decanol, and single exponential decay 

R(t) data for higher fractions of 1-decanol. These data demonstrate long-range order in this binary 

system, consistent with non-polar regions of quasi-lamellar structure and substantial clustering of 

RTILs dominated by the polar headgroups.  The order seen in this system is more extensive and 

dilution-resistant than what has been seen in other RTIL-molecular liquid binary systems.  
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The chromophore reorienting as an oblate rotor allows extraction of the Cartesian components of 

the rotational diffusion constants and these data provide insight into dilution-dependent changes 

in the chromophore local environment (Chapter 4).  Significantly, these data provide the first direct 

connection between RTIL local organization and the ability of these materials to support induced 

free charge density gradients over macroscopic distances.  

1.7 Summary 

Room temperature ionic liquids have found wide application, in large part because of properties 

that are anomalous when compared to “normal” molecular solvents.  Understanding the molecular-

scale dynamics and interactions that are responsible for these properties is central to utilizing this 

family of materials to their fullest extent.  Among the manifestations of the unusual effects is the 

existence of organization in RTILs on length scales ranging from nanometers to tens of 

micrometers.  To date, both structural organization and induced charge density gradients have been 

reported in RTILs, with the characteristic length scale of each effect depending significantly on 

the design of the experiment and the means by which the effect was measured.  Our focus has been 

on understanding free charge density gradients and the direct piezoelectric effect in ionic liquids.  

We continue to work to identify the mechanism(s) by which the piezoelectric effect operates in 

RTILs and the commonality and connection between the various long-range phenomena seen in 

RTILs.  Making such connections will lead to novel applications for these materials. 
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CHAPTER 2. Ionic Liquids Exhibit the Piezoelectric Effect 
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2.1 Introduction 

The piezoelectric effect has been known since 18801 and it has found wide application in areas 

ranging from spark sources to nano-actuators and biosensors.  The direct piezoelectric effect 

produces a charge separation in a material upon application of force and this is understood to occur 

based on the distortion of the material structure on the unit cell or molecular scale.  This effect is 

seen in non-centrosymmetric crystalline materials, such as quartz, LiNbO3, BaTiO3 and Pb[ZrxTi1-

x]O3 (0 ≤ x ≤ 1) (PZT), and also in some ceramics,2 nanomaterials,3 polymers,4-5 composites6-13 

and even in non-crystalline materials including DNA,14-17 viral proteins18-19 and amino acids.20 

Materials that exhibit the direct piezoelectric effect also exhibit the converse piezoelectric 

effect, where the application of charge to a material causes a bulk physical distortion, and this 

effect has found use in many applications, especially in nanoactuators and other small-amplitude 

motion control applications.  In all known examples of the direct and converse piezoelectric effect, 

the material manifesting these effects is a solid.  We report for the first time the observation of the 

direct piezoelectric effect in a neat liquid.  The piezoelectric liquids reported here are room 

temperature ionic liquids (RTILs), a class of compounds that exhibits a range of unusual and useful 

properties,21 and that are generally recyclable.22-23  Based on the data reported here we can now 

identify the induced free charge density gradient, f, reported earlier in ionic liquids24-33 as the 

converse piezoelectric effect. 

2.2 Methods 

2.2.1 Materials Used 

Room temperature ionic liquids 1-butyl-3-methyl imidazolium 

bis(trifluoromethylsulfonyl)imide (BMIM+TFSI-, >99%, <500 ppm H2O) and 1-hexyl-3-methyl 

imidazolium bis(trifluoromethylsulfonyl)imide (HMIM+TFSI-, 98%) were purchased from Sigma-
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Aldrich in the purity grade indicated and were then purified prior to use according to a procedure 

reported previously.27, 34  Following purification, the water content of the RTILs was measured by 

Karl Fischer (Mettler-Toledo C10S) titration and found to be less than 50 ppm.  Ethylene glycol 

and sodium chloride (Sigma Aldrich) were used as received. 

2.2.2 Measurement of the Direct Piezoelectric Effect in RTILs 

The cell used to quantitate the piezoelectric effect in RTILs is schematized in Fig. 2.1.  The 

body of the cell is made of steel, the piston is made of Delrin® and is equipped with a steel center 

electrode.  The Delrin® piston contains an O-ring (Viton) to ensure a tight seal upon contacting the 

RTIL.  The seal is liquid-tight but not air-tight, such that air can escape until the piston contacts 

the RTIL.  The dimensions of the piston are 1.2 cm diameter, and with the O-ring, 1.4 cm in 

diameter, which is the same as the inside diameter of the cylinder.  The bottom of the O-ring is 2.5 

mm above the bottom of the piston.  For the 200 L sample size used for all measurements, the 

thickness of the RTIL confined in the cylinder is 0.64 mm (see calculation in SI).  The force-

induced charge is measured as an open circuit potential difference between the cell body and the 

piston center electrode as a function of force applied to the piston.  The force applied is measured 

with a digital force gauge (Vetus 500N).  In this configuration the force and potential difference 

are along the same axis.  

2.2.3 Open Circuit Potential Measurements 

Open circuit potential measurements were performed using an electrochemical bench (CH 

Instruments 604B).  For these measurements the input impedance is ca. 1012  with a small stray 

capacitance contribution that can be seen in the control (blank) measurements (vide infra). 
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Figure 2.1 Schematic of cell used to measure the direct piezoelectric effect in RTILs.  The piston 
is non-conductive (Delrin®) and contains an electrode along its center axis.  The cylinder is made 
of steel.  The system is sealed using an O-ring. 
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2.3 Results and Discussion  

As noted in the Introduction, the piezoelectric effect has been observed in composite materials, 

some of which contain ionic liquids as a constituent, but in all of those systems, the resulting 

material exists in the solid state.7-13  The work we report here is the observation of the piezoelectric 

effect in neat ionic liquids.  The notion of the piezoelectric effect in a liquid is a topic that has not 

received much discussion in the literature, for several reasons.  The first is that the signature of the 

converse piezoelectric effect is a change in the dimension(s) of a material upon the application of 

a potential across the material, and the definition of a liquid is a material that assumes the shape 

of its container, making the characterization of such changes challenging.  The second reason is 

that charge separation in liquids is typically characterized as a nominally uniform, diffusion-

mediated spatial distribution of dissociated ions in bulk media, and the imposition of charge (e.g., 

an electrode surface) leads to ion organization on the sub-nm length scale but not beyond.35  This 

behavior is well-characterized in molecular liquids, but our work with RTILs has demonstrated 

the existence of an induced charge density gradient that persists over multiple tens of microns.  It 

is clear for this reason and others that RTILs cannot be understood in the same conceptual 

framework as molecular liquids. 

We have measured the direct piezoelectric effect in neat RTILs and show the potential vs. force 

data for BMIM+TFSI- in Fig. 2.2 and for HMIM+TFSI- in Fig. 2.3.  The magnitude of the force 

impulse applied is indicated on the potential vs. time graphs (Figs. 2.2a and 2.3a).  The dependence 

of open circuit potential on force applied is presented in Figs. 2.2b and 2.3b, revealing a linear 

dependence over the range studied for both RTILs.  The data are reproducible over multiple 

experiments, and fluctuations in the signal baseline are a consequence of the high input impedance 
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of the electrochemical bench and electrical connections between the cell and bench.  The functional 

form of the data, i.e., the shape of the potential pulse resulting from the application of force, is  

 

Figure 2.2 (a) Potential measured vs. time raw experimental data for BMIM+TFSI-.  The values 
indicated above each peak are the force applied.  Scan time for the open circuit potential 
measurement shown was 400 sec.  (b) Potential measured vs. force applied for multiple time-
scans.  The slope of the dependence is 16  1 mV/N. 

 
  



38 
 

 

Figure 2.3 (a) Potential measured vs. time raw experimental data for HMIM+TFSI-.  The values 
indicated above each peak are the force applied.  Scan time for the open circuit potential 
measurement shown was 200 sec.  (b) Potential measured vs. force applied.  The slope of the 
dependence is 17  1 mV/N. 
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determined by the mechanical relaxation of the cylinder/piston apparatus and does not reflect an 

intrinsic relaxation effect in the RTILs.  We show in Fig. 2.4 the control experiments, where the 

cell is filled with either neat ethylene glycol (red lines) or 1M NaCl in ethylene glycol (black lines), 

in the absence of force (Fig. 2.4a) and with the application of force (Fig. 2.4b) in the same manner 

as for the RTILs.  The open circuit potential is 350 mV or less in all cases, with a slow build-up 

over time due to the charging of stray capacitance within the system.  In all cases the magnitude 

of the control experiment data is a factor of ca. 20 smaller than the potential maxima shown in 

Figs. 2.2 and 2.3 for the RTILs, and there is no measurable piezoelectric response for either the 

neat molecular liquid or a 1M NaCl solution. 

The magnitude of the direct piezoelectric effect in the RTILs reported here is 16  1 mV/N for 

BMIM+TFSI- and 17  1 mV/N for HMIM+TFSI-, as determined from the slope of the best-fit lines 

shown in Figs 2.2b and 2.3b.  Based on the geometry of the cell and the volume of RTIL used (200 

L), these slopes correspond to piezoelectric constants, d33, of 0.34  0.02 pC/N and 0.36  0.02 

pC/N assuming a dielectric constant of  ~ 10 for both RTILs36 (calculation in SI).  It is noteworthy 

that the magnitude of the values we recover for RTILs are within a factor of ten of quartz (d33 = -

2.3 pC/N).  These data also suggest that the RTIL cation aliphatic chain length do not play a 

dominant role in determining the piezoelectric response, and more investigation will be required 

to establish the relationship between RTIL constituent structure and piezoelectric response. 

A material that exhibits the direct piezoelectric effect should also exhibit the converse 

piezoelectric effect, and this phenomenon is manifested as the induced free charge density 

gradient, f, that we have reported before.25-33  The quantity f is a consequence of organization 

in RTILs that persists over ca. 100 m when the RTIL is placed in contact with a charged surface.  

The charge density gradient does not necessarily imply the existence of a spatial variation in  
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Figure 2.4 (a) Potential measured vs. time raw experimental data for neat ethylene glycol (red 
line) and 1M NaCl in ethylene glycol (black line) where no pulsed force is applied to the piston 
of the apparatus.  Three scans are shown to indicate run-to-run variations in the baseline, and to 
show a slow increase in open circuit potential.  (b) Potential measured vs. time for neat ethylene 
glycol (red line) and 1M NaCl in ethylene glycol (black line) where force is applied at regular 
intervals, analogous to that used for the data shown in Figs. 2 and 3.  The slight increase at early 
time is an electronic artifact and is not correlated to the application of force.  For both data sets, 
the slow baseline drift is due to stray capacitance in the apparatus and detection electronics. 

 



41 
 

molecular structural organization but recent work has revealed a connection between f and a 

spatial variation in molecular organization within these systems,24 and the observation of the direct 

piezoelectric effect is consistent with induced structural order (vide infra).  This behavior is not 

consistent with the known properties of molecular liquids. 

The direct and converse piezoelectric effects in RTILs cannot be interpreted solely in the 

context of known theory for the piezoelectric effect, and traditional materials characterization 

methods such as resonant ultrasound spectroscopy will not be directly applicable to liquid phase 

piezoelectrics.  These factors underscore the need for the development of a new theoretical 

construct for the piezoelectric effect in RTILs.  The current theory for the converse piezoelectric 

effect in solids is based on the piezoelectric material being treated as a dielectric, where there is 

no net free charge density in the bulk material and any charge resides at the interface(s) of the 

material or at domain boundaries.  While we have implicitly assumed a (mostly) dielectric material 

to explain the free charge density gradient in these materials, it is well known that RTILs dissociate 

to some extent,37 which gives rise to the presence of a steady state concentration of unassociated 

ions at any given time.  The analogy between piezoelectric solids and liquids may be better 

approximated by comparison of RTILs to ceramics or micro/nanocrystalline materials where 

charge can accumulate at grain boundaries.  This analogy is consistent with the known nanoscale 

compositional heterogeneity of RTILs upon dilution, and such organization may exist in some 

manner in neat RTILs owing to the amphiphilic nature of typical RTIL cations.24-26   

Another issue is that the theory for piezoelectric solids couples Hooke’s law with the response 

of a dielectric material to the presence of an electric field.  While Hooke’s law applies to the solid 

and liquid phases, at least under conditions of appropriate confinement and under compressive 

force (pressure), liquids exhibit very limited compressibility.  It is thus likely that the current theory 
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for solid state piezoelectric materials will require some modification to account for the 

experimental observations presented here.  

The observation of the direct piezoelectric effect in RTILs carries an interesting implication 

about organization within these materials.  Solid phase piezoelectric materials are non-

centrosymmetric, and despite some reports of piezoelectric behavior in nominally 

centrosymmetric media, symmetry breaking has been invoked as a mechanism for the observed 

behavior.38-40  Bulk liquids are centrosymmetric and the observation of a surprisingly large direct 

piezoelectric response in RTILs implies a force-induced macroscopic lifting of a center of 

inversion in these liquids.  Local organization is well-established both experimentally and 

theoretically in RTILs,41-53 although the molecular-scale details of that organization are complex.  

Modeling and scattering studies consistently show organization on the several nm length-scale,53 

and experimental studies have revealed order on length-scales ranging from nm to tens of m, 

depending on the means used to probe the organization.24-27, 41-45, 49-52  Much work remains to 

develop a better understanding of organization in RTILs.  The data presented in Figs. 2.2 and 2.3 

indicate that the bulk center of symmetry in RTILs is broken by the application of force, and the 

existence of f in these materials suggests that charge can be used to produce the same structural 

effect.  Clearly further work is required to understand the structural details associated with the 

direct and converse piezoelectric effects in RTILs. 

2.4 Conclusions 

We have reported for the first time the direct piezoelectric effect in a bulk liquid phase 

material, the room temperature ionic liquids BMIM+TFSI- and HMIM+TFSI-.  The magnitude of 

the direct piezoelectric effects in these materials is an order of magnitude smaller than that of 

quartz, a widely used piezoelectric material.  The existence of the direct piezoelectric effect in 
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RTILs implies organization being induced in these media that lifts the bulk center of symmetry 

that is characteristic of most liquid phase media, and these results invite the development of a 

theoretical framework in which to understand these phenomena.  The discovery of the piezoelectric 

effect in a neat liquid opens the door to applications that have previously not been accessible with 

solid state materials, and RTILs are more readily recyclable and in many instances pose fewer 

environmental issues than many currently used piezoelectric materials. 
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APPENDIX 

Calculation of cell volume for piezoelectric measurements. 

Conversion of potential vs. force results to d33 values. 

1. Calculation of cell volume. 

Diameter of cylinder = 14 mm 

Diameter of piston = 12 mm 

Diameter of O-ring = 14 mm 

Distance from base of piston to base of O-ring = 2.5 mm 

Volume of Ring between cylinder and piston in the region between the bottom of the O-ring and 

the bottom of the cylinder: 
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Calculation of d33 from the slope of the force-dependence of the open circuit potential.  When the 

cell is viewed as a capacitor, V/f = the slope of the line, and r ~ 10 for both RTILs. 
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CHAPTER 3. Structure-Dependence of the Piezoelectric Effect in Ionic Liquids. Possible 
Mechanistic Insights 
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3.1 Introduction 

The piezoelectric effect is well-known and has been observed only in solids, until recently.  

We have reported the two imidazolium room temperature ionic liquids (RTILs) exhibit both the 

direct and converse piezoelectric effect.1  The discovery of the direct piezoelectric effect in RTILs 

was based on the observation of induced charge density gradients in RTILs when exposed to 

charged interfaces, with the gradient persisting on the order of 50 m into the bulk medium.2-9  

Among the surprising findings in the study of the induced free charge density gradient in RTILs 

is that the gradient persists upon dilution of the RTILs with molecular solvents up to concentrations 

of ca. 30 mol% molecular solvent.10-11  These findings suggest that it is not molecular-scale 

organization, but rather organization within the RTILs on the order of nanometers or longer, that 

is responsible for the effects we observe.   

Organization in RTILs over length scales ranging from hundreds of nm to micrometers has 

been reported by a number of groups, with the length scale and type of organization depending on 

the means used to detect the organization.12-21  There is a complementary body of information on 

phase transitions in RTILs, based on temperature and/or pressure and, as with the studies of the 

liquid phase RTILs, the details of the phase transitions depend on both the means by which the 

phase transitions are examined and the identities of the RTILs.22-52  The results from these bodies 

of work are, generally, that each RTIL exhibits system-specific behavior, with many RTILs 

exhibiting a liquid-to-glass phase transition with increasing pressure, with some undergoing a 

subsequent glass to crystalline phase transition with increasing pressure.  Other RTILs do not 

undergo a glass to crystalline phase transition with increasing pressure, but do exhibit a glass to 

crystalline phase transition with decreasing pressure.   
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The vast majority of these studies have used diamond anvil cell (DAC) technology to achieve 

pressure control, with either Raman scattering or X-ray diffraction (XRD) to characterize the 

morphology of the RTIL at elevated pressures.  Unfortunately, to date, the pressure region that is 

most accessible with DAC technology is somewhat higher than that where the piezoelectric effect 

has been observed. 

For solid state materials, only those that do not possess a center of inversion have the potential 

to exhibit a piezoelectric response.  While there have been a limited number of reports where 

materials possessing a nominal center of inversion exhibit the piezoelectric effect, it appears that 

these materials distort to lift the inversion center, allowing the existence of the piezoelectric effect.  

Given that the operative model for solid piezoelectric materials has, to this point, provided 

predictions that are consistent with the experimental data, we assume that the “unit cell” of the 

structure responsible for the piezoelectric effect in RTILs must not possess a center of inversion.53-

54  In analogy to our dilution studies on RTILs, it is likely that the basic relevant structural unit in 

RTILs is at least of nanometer dimensions; larger than individual RTIL constituent anions and 

cations.  We also expect that any organization on the nanometer scale present in the RTILs, will 

necessarily depend on the structures of the constituent cations and anions.  In an effort to 

understand the relationship between the direct piezoelectric effect in RTILs and constituent ion 

structures, we have evaluated the magnitude of the piezoelectric effect for several pyrrolidinium 

and imidazolium cations paired with tetrafluoroborate and bis(trifluoromethylsulfonyl)imide 

anions.  Our experimental potential vs. applied force data reveal not only an RTIL constituent-

dependent piezoelectric response, but also a threshold force for the piezoelectric effect that 

likewise depends on RTIL constituent structures. 
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3.2 Methods 

3.2.1 Materials Used 

The imidazolium ionic liquids 1-butyl-3-methyl imidazolium 

bis(trifluoromethylsulfonyl)imide (BMIM+TFSI-, >99%, <500 ppm H2O, Sigma-Aldrich) and 1-

hexyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide (HMIM+TFSI-, 98%, Sigma-

Aldrich) were purified before use according to a procedure reported elsewhere.3, 55  After 

purification, the water content of the RTILs was determined by Karl Fischer (Mettler-Toledo 

C10S) titration and found to be less than 50 ppm.  The pyrrolidinium ionic liquids were synthesized  

The pyrrolidinium ionic liquids 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(BMPyrr+TFSI-), 1-hexyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(HMPyrr+TFSI-) and 1-octyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(OMPyrr+TFSI-) were synthesized following methods reported earlier,56-57 with slight 

modifications.6  The chiral ionic liquid 1-citronellol-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (CitMIM+TFSI-) was synthesized by the Guazzelli group and 

was sent to the Blanchard labs for evaluation. 

3.2.2 Measurement of the Direct Piezoelectric Effect 

A schematic of the cell used to quantitate the piezoelectric effect is shown in Fig. 2.1.  It is in the 

form of a cylinder-and-piston configuration, with the cylinder being made of steel, and the piston 

made of Delrin®.  The piston contains a steel center steel electrode and has a Viton O-ring mounted 

near the base to create a liquid-tight seal for the RTIL contained within the cylinder.  The O-ring 

seal is not air-tight, allowing air to escape prior to the piston contacting the RTIL.  The piston is 

12 mm diameter and cylinder is 14 mm diameter, with the O-ring providing sealed contact between 

the piston and cylinder.  The sample size for all measurements reported here is 200 L, resulting 
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in a RTIL thickness of 0.64 mm.1  Force is applied to the cylinder, producing a potential difference 

between the piston electrode and cylinder body.  The force is measured using a digital force gauge 

(Vetus 500N).  The apparatus is configured such that the force and potential difference are along 

the same axis, providing data that are related to the piezoelectric coefficient d33.  

3.2.3 Open Circuit Potential Measurements 

Open circuit potential measurements were made with an electrochemical bench (CH Instruments 

604B).  The input impedance of the bench for open circuit potential (OCP) measurements is ca. 

1012 .  There is characteristically a small component arising from stray capacitance that can be 

seen in the control measurements.1  

3.3 Results and Discussion 

As noted above, we reported recently on the direct piezoelectric effect in two imidazolium 

ionic liquids.  In this work we report on the magnitude of the direct piezoelectric effect in several 

more RTILs, with imidazolium cations with C8 alkyl and citronellyl functionalities, pyrrolidinium 

cations with C4, C6, C8 and C10 alkyl functionalities, and we compare the piezoelectric response of 

imidazolium RTILs with BF4
- and TFSI- anions.  We find that the magnitude of the direct 

piezoelectric effect does depend on both cation and anion structure, and, significantly, that the 

potential vs. force relationship for all RTILs is characterized by a structure-dependent force 

threshold.  This latter point likely speaks to the mechanism of the direct piezoelectric response in 

RTILs.  We consider the magnitude of the piezoelectric response and the threshold force 

separately. 

In the initial report, we found that the piezoelectric coefficient, d33, for BMIM+TFSI- and 

HMIM+TFSI- were the same to within the experimental uncertainty and were within a factor of ten 

of d33 for quartz.  To better understand the dependence of d33 on cation aliphatic chain length, we 
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have measured the relationship between open circuit potential and force applied for BMIM+TFSI- 

(C4), HMIM+TFSI- (C6) and OMIM+TFSI- (C8) (Figs. 3.1a-c).  These data reveal that all three 

RTILs have the same d33 to within the experimental uncertainty (Table 3.1).  Significantly, the 

addition of an unsaturation and a stereocenter to the imidazolium aliphatic chain does have a 

measurable effect on d33 (Fig. 3.1d).  Despite the chirality intrinsic to the CitMIM+TFSI- cation, 

the value of d33 is smaller than for the 1-alkyl-3-methylimidazolium RTILs.  We will return to a 

discussion of this finding, but it is clear from the data that the organization of CitMIM+TFSI- is 

substantially different than the alkylimidazolium RTILs.   

 

Figure 3.1 Potential (V) vs. force (N) data for (a) BMIM+TFSI-, (b) HMIM+TFSI-, (c) 
OMIM+TFSI-, and (d) CitMIM+TFSI-. 
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To evaluate the role of the cation polar headgroup, we show in Fig. 3.2 the potential vs. force 

relationships for 1-alkyl-1-methylpyrrolidone RTILs for BMPyrr+TFSI- (C4), HMPyrr+TFSI- (C6), 

OMPyrr+TFSI- (C8) and DMPyrr+TFSI- (C10).  As was the case for the imidazolium cations, the 

aliphatic chain length does not appear to have an influence on d33 for the pyrrolidinium RTILs.  

When comparing the results for the imidazolium and pyrrolidinium RTILs, however, the 

imidazolium RTILs possess a d33 value ca. six times larger than the pyrrolidinium RTILs.   

 

 

Figure 3.2 Potential (V) vs. force (N) data for (a) BMPyrr+TFSI-, (b) HMPyrr+TFSI-, (c) 
OMPyrr+TFSI-, and (d) DMPyrr+TFSI-. 
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The piezoelectric coefficient also depends on RTIL anion identity (Fig. 3.3).  Comparing 

BMIM+TFSI- and OMIM+TFSI- to BMIM+BF4
- and OMIM+BF4

-, the BF4
- RTILs are characterized 

by d33 values a factor of ca. 6 smaller than the TFSI- RTILs.  Note the cation aliphatic chain 

independence for both TFSI- and BF4
- RTILs.  The d33 values reported for the imidazolium BF4

- 

RTILs are essentially the same as those for the pyrrolidinium TFSI- RTILs (Table 3.1). 

 

 

Figure 3.3 Potential (V) vs. force (N) data for 
(a) BMIM+BF4

- and (b) OMIM+BF4
-. 
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Taken collectively, the d33 data for the RTILs examined demonstrate several trends.  The first 

is that the piezoelectric response is nominally independent of cation alkyl chain length, but is does 

depend on the structure of the aliphatic chain (CitMIM+TFSI-).  This result is somewhat surprising 

because a requirement for the piezoelectric effect to be operative, at least in a solid, is that there is 

no center of inversion in the medium.  The use of a chiral constituent would ensure the absence of 

a center of intersion, at least for a solid state material, which may be present upon the application 

of force (vide infra).  The piezoelectric response does depend on the identity of the cationic polar 

headgroup and the anion, although information from these data alone is not sufficient to infer any 

details about local organization. 

With these data in mind, we turn to a discussion of the other important feature in the data 

shown in Figs. 3.1-3.3.  Specifically, regression of the potential vs. force data for each RTIL 

reveals that there is a threshold force required for the piezoelectric response.  This feature was not 

apparent in our initial report based on its relatively small value for the alkylMIM+TFSI- RTILs, 

but the acquisition of more data and the use of regression analysis shows clearly the existence of 

a threshold force.  The threshold force is seen to depend on RTIL cation and anion structure (Table 

3.1).  The presence of this feature in the data is important because it provides a means of 

reconciling the piezoelectric effect in RTILs with the piezoelectric effect in solid state materials.   

There is a significant literature on pressure-induced phase transitions in RTILs, with the 

majority of the data being X-ray diffraction, Raman scattering, or both.22-24, 26-29, 32-43, 45-52  In that 

literature, the most commonly observed phase transition is from liquid to glass with increasing 

pressure, although there is evidence for crystalline phases under certain conditions.  The significant 

limitation of that literature, however, is that the range of pressures studied is substantially higher 

than we apply to the RTILs to observe a piezoelectric response.  Given the experimental geometry 
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of our piezoelectric measurement system, typical pressure ranges we access are on the order of 

0.003 GPa, and the pressure ranges accessed by DAC apparati are typically in the range of 0.4 to 

3 GPa.  Thus, the structureal features associated with the pressure-induced phase transitions 

reported for RTILs cannot be used directly to explain the phenomenon we observe.  Despite this 

limitation, we hypothesize that pressure-induced phase transitions in RTILs are a potential 

explanation for the operation of the piezoelectric effect in this class of materials.  The threshold 

force required to observe the piezoelectric effect exhibits a dependence on both RTIL cation and 

anion structure, and we would expect any pressure-induced changes in organization to depend 

sensitively on the structure of the constituents.  The most convincing means to verify this 

hypothesis is through experimental data.  At the present time the Xie laboratories at MSU are 

measuring the pressure-dependent X-ray diffraction data for HMIM+TFSI-. 

3.4 Conclusions 

Our data have demonstrated several important points.  First, the piezoelectric effect in ionic 

liquids is a general effect for this class of materials, and is not restricted to a small subset of 

structures.  This finding is important because it speaks to the utility of these materials for 

technological applications.  Our findings also demonstrate that the magnitude of the piezoelectric 

response of RTILs does indeed depend on the identities of the cation and anion constituents, 

thereby providing a route for optimization of the effect.  The magnitude of the CitMIM+TFSI- 

piezoelectric response relative to RMIM+TFSI- RTILs demonstrates that simple chirality of one 

RTIL constituent is not sufficient to impart organization on the bulk system.  In other words, the 

smallest structural unit required for the piezoelectric material to be operative is larger than either 

individual ions or ion-paired units.  We know that the converse piezoelectric effect in RTILs is 

associated with a charge displacement gradient, D, that persists for ca. 50 m.  The organization 
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that is important to the direct piezoelectric effect is thus greater than molecular-scale, with an 

upper-bound determined by the length-scale of D.  Structural organization on the m length 

scale is unprecedented in a “normal” liquid phase medium, and would be readily detectible through 

scattering studies, and there is no experimental evidence in support of such structural order in a 

bulk RTIL.  One way to evaluate the existence and characteristic length scale of organization in a 

liquid phase medium is through dilution studies, and we consider the results of such studies in the 

following chapters.  
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Table 3.1 Fitting results for potential vs. force data for the RTILs reported in this work.  N = 
number of data points, slope = potential/force in units of mV/N.  Threshold force (X-int) in N, 
and d33 in units of pC/N. 
 

RTIL 
N 

Slope 
(mV/N) 

Std. 
Error 

Y-int 
(mV) 

Std. 
Error 

X-
int 
(N) 

Std. 
Error 

d33 
(pC/N) 

Std. 
Error 

BMIM+TFSI- 12 16.9 1.7 -457 424 27 25 0.36 0.04 

HMIM+TFSI- 5 19.7 1.2 -574 167 29 9 0.42 0.03 

OMIM+TFSI- 11 17.2 2.5 -1964 641 115 41 0.37 0.05 

CitMIM+TFSI- 31 5.2 0.8 -1807 386 349 75 0.11 0.02 

BMIM+BF4
- 18 2.3 0.3 -171 80 75 36 0.05 0.01 

OMIM+BF4
- 19 2.8 0.6 -816 325 289 131 0.06 0.01 

BMPyrr+TFSI- 20 2.1 0.2 -824 79 391 47 0.05 0.01 

HMPyrr+TFSI- 20 2.5 0.2 -652 76 260 35 0.05 0.01 

OMPyrr+TFSI- 29 4.8 0.7 -1510 344 313 83 0.10 0.02 

DMPyrr+TFSI- 24 2.7 0.6 -970 334 366 151 0.06 0.01 
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CHAPTER 4. The Effect of Dilution on Induced Free Charge Density Gradients in 
Room Temperature Ionic Liquids 
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4.1 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. 4.1.  The data we report for these systems provide insight 
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into the short-range organization in RTILs and the relationship of this organization to the longer-

range charge density gradient. 

 

Figure 4.1 Structures of the RTIL cations and anions, and the chromophore cresyl violet, used in 
this work. 

 
4.2 Experimental Section 

4.2.1 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 

BMIM+

HMIM+ TFSI-

BF4
-

CV+
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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.  

4.2.2 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. 

4.2.3 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 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 
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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.  

4.2.4 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.  

4.2.5 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 & 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 
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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. 

4.2.6 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.  

4.3 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.   

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 
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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.   

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 
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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. 4.1), 

( ) ( )
( )

( ) 2 ( )

I t I t
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




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




 [4.1] 

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. 4.2).33-

35 

16OR rot
B

Vf
D

k TS

    [4.2] 

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 
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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   [4.3] 

The relevant equilibrium is 

CVା + Aୖ୘୍୐
ି

  
⇇ (CVAୖ୘୍୐) [4.4] 

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. 4.5, 

eff dissociated dissociated associated associatedV X V X V    [4.5] 

Which is related to the reorientation time gradient (Eq. 4.6), 

OR eff
B

f
V

k TS

    [4.6] 

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

charge (D) in the system (Eq. 4.7),25 

OR fk D k      [4.7] 

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 

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 
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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.   

 

Figure 4.2 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. 

 
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. 
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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. 4.2-4.4, 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  

 

Figure 4.3 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. 

 
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 
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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 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. 

4.2-4.4.  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. 4.2-4.4 (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. 
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Figure 4.4 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. 

 
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 

necessarily correct in complex multi-component systems.  We have examined the rotational 

diffusion dynamics of CV+ in the RTILs shown in Fig. 4.1 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 
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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. 4.2) 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. 4.2.  For a 

homogeneous system, where the reorienting entity is the CV+ chromophore, the experimental 

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. 4.2 should agree.  We do not observe this agreement experimentally.  We show in 
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Figs. 4.5 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. 4.5 could be interpreted in several ways.  Based on Eq. 4.2, 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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Figure 4.5  Reorientation time constant, OR, observed experimentally (open circles) in bulk RTIL 
as a function of dilution, and calculated using Eq. 4.7 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. 

 
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 
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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. 4.6).  In Fig. 4.6 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.   

Table 4.1 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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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. 4.6 show that the number of RTIL ion-pairs 

complexed to the chromophore appears to increase with increasing solvent dilution.  The 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  
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Figure 4.6 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 4.5.  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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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 

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. 

4.4 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 
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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. 
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Figure S1 Example of experimental data for CV+ in BMIM+BF4

- (X=0.603) in ACN (X=0.397).  
(a) show raw experimental I||(t) and I^(t) data.  (b) shows R(t) calculated using Eq. S1 and the fit 
of the function S2 to the experimental data. 
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Figure S2 Anisotropy decay time constants of CV+ in BMIM+BF4

- as a function of distance from 
the ITO support and as a function of dilution with ACN as indicated in the legend.  Each time 
constant is the result of the average of 65,536 (256 x 256 array) I||(t) and I(t) time-resolved data 
sets.  The resulting data are processed according to Eq. 1 and the resulting R(t) function is fitted 
to a single exponential decay function.  The error bars are 1 uncertainties for fits of R(t) to a 
single exponential decay function.  Replicate measurements were performed at least three times. 
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Figure S3 Anisotropy decay time constants of CV+ in BMIM+BF4

- as a function of distance from 
the ITO support and as a function of dilution with MeOH as indicated in the legend.  Each time 
constant is the result of the average of 65,536 (256 x 256 array) I||(t) and I(t) time-resolved data 
sets.  The resulting data are processed according to Eq. 1 and the resulting R(t) function is fitted 
to a single exponential decay function.  The error bars are 1 uncertainties for fits of R(t) to a 
single exponential decay function.  Replicate measurements were performed at least three times. 
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Figure S4 Anisotropy decay time constants of CV+ in BMIM+TFSI- as a function of distance 
from the ITO support and as a function of dilution with ACN as indicated in the legend.  Each 
time constant is the result of the average of 65,536 (256 x 256 array) I||(t) and I(t) time-resolved 
data sets.  The resulting data are processed according to Eq. 1 and the resulting R(t) function is 
fitted to a single exponential decay function.  The error bars are 1 uncertainties for fits of R(t) 
to a single exponential decay function.  Replicate measurements were performed at least three 
times. 
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Figure S5 Anisotropy decay time constants of CV+ in BMIM+TFSI- as a function of distance 
from the ITO support and as a function of dilution with MeOH as indicated in the legend.  Each 
time constant is the result of the average of 65,536 (256 x 256 array) I||(t) and I(t) time-resolved 
data sets.  The resulting data are processed according to Eq. 1 and the resulting R(t) function is 
fitted to a single exponential decay function.  The error bars are 1 uncertainties for fits of R(t) 
to a single exponential decay function.  Replicate measurements were performed at least three 
times. 
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HMIM+TFSI- diluted with ACN 

 
Figure S6 Anisotropy decay time constants of CV+ in HMIM+TFSI- as a function of distance 
from the ITO support and as a function of dilution with ACN as indicated in the legend.  Each 
time constant is the result of the average of 65,536 (256 x 256 array) I||(t) and I(t) time-resolved 
data sets.  The resulting data are processed according to Eq. 1 and the resulting R(t) function is 
fitted to a single exponential decay function.  The error bars are 1 uncertainties for fits of R(t) 
to a single exponential decay function.  Replicate measurements were performed at least three 
times. 
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HMIM+TFSI- diluted with MeOH 

 
Figure S7 Anisotropy decay time constants of CV+ in HMIM+TFSI- as a function of distance 
from the ITO support and as a function of dilution with MeOH as indicated in the legend.  Each 
time constant is the result of the average of 65,536 (256 x 256 array) I||(t) and I(t) time-resolved 
data sets.  The resulting data are processed according to Eq. 1 and the resulting R(t) function is 
fitted to a single exponential decay function.  The error bars are 1 uncertainties for fits of R(t) 
to a single exponential decay function.  Replicate measurements were performed at least three 
times. 
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CHAPTER 5. Dilution-Induced Changes in Room Temperature Ionic Liquids.  Persistent 
Compositional Heterogeneity and the Importance of Dipolar Interactions 
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Md. Iqbal Hossain and G. J. Blanchard; Dilution-induced changes in room temperature ionic 
liquids. Persistent compositional heterogeneity and the importance of dipolar interactions. Journal 
of Molecular Liquids 367 (2022) 120447-120455. 
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5.1 Introduction 
 

Room temperature ionic liquids (RTILs) are a class of materials that have attracted wide 

interest because of their physical and chemical properties, including low volatility, wide 

electrochemical window and ability to dissolve polar as well as nonpolar compounds. These 

properties have resulted in a variety of applications, ranging from gas sequestration and chemical 

synthesis to energy storage and ionic propulsion.1-6 Despite the appeal of this class of materials, 

there remains much to be understood regarding the organization and dynamics of RTILs, and their 

ability to exhibit and support structural order and charge density gradients over macroscopic 

distances. 

While organization is seen in RTILs, the structural details and length scale of the organization 

appear to depend on the means used to probe the organization7-21 and the structures of the RTIL 

cations.22-25  In the work we report here, we are concerned primarily with the effect of dilution on 

RTILs. There is a substantial body of work that has reported formation of micellar structures  

in RTILs diluted with water.22-23, 26-33  It is thought that the nonpolar functionalities of the 

amphiphilic RTIL cation associate to minimize interactions with the polar solvent while the ionic 

headgroups and RTIL counterions are distributed more uniformly, and the presence of such 

molecular-scale heterogeneity increases with RTIL cation aliphatic chain length.24-25  There has 

also been evidence of compositional non-uniformity in RTILs diluted with non-aqueous 

solvents,34-37 but the reason(s) for the formation of RTIL aggregates in such solvents remains 

unclear. The formation of compositionally heterogeneous mixtures rather than uniform solutions 

is an important issue for these systems for reasons of their effect on physical properties. An earlier 

report by our group focused on methanol and acetonitrile as diluents of several RTILs, and a key 

implication of that work was that the formation of ion pairs served as a nucleating process in the 



102 
 

formation of nanoscale aggregates.34  Because of the comparatively low viscosity of both solvents, 

dynamics at high dilution could not be studied with sufficient resolution, and the explicit roles of 

hydrogen bonding and dipolar interactions between ion pairs were not resolved. In the work we 

report here, we are interested in further elucidating the molecular-scale processes that are 

responsible for compositional heterogeneity in RTIL/solvent binary systems. We have chosen 

dimethyl sulfoxide (DMSO) and propylene carbonate (PC) as solvents because both are polar 

aprotics and are characterized by comparatively large dielectric constants (𝜀 ~ 49 for DMSO and 

𝜀 ~ 65 for PC). With this choice of solvents we can evaluate the extent to which dipolar interactions 

play a role in persistent compositional heterogeneity. We use two RTILs which share a common 

1-butyl 3-methyl imidazolium cation (BMIM+), with tetrafluoroborate (BF4-) and bistriflimide 

(TFSI-) anions. We have made these choices deliberately, to address the questions that remained 

from the previous report regarding the contribution of hydrogen-bonding to our findings.34  

Collectively, these studies are aimed at resolving the role of the RTIL ion structure in mediating 

𝜌௙ and persistent organization. 
 

We have probed the properties of BMIM+BF4- and BMIM+TFSI- diluted with DMSO and PC 

through the rotational diffusion time constant of the cationic fluorophore cresyl violet (CV+) as a 

function of distance from a charged support surface to understand the dependence of 𝜌௙ magnitude 

and persistence length on dilution.11-12, 17-19, 34  The structures of these compounds are shown in 

Fig. 5.1. We find that 𝜌௙ does not vary linearly with RTIL dilution. Rather, 𝜌௙persists up to ca. 

20 mol % dilution for BMIM+TFSI- and ca. 30 mol % for BMIM+BF4- in both DMSO and PC. 

For greater extents of dilution, 𝜌௙ is not observed. When the same rotational diffusion 

measurements are performed in the bulk RTIL-solvent binary system, i.e., in regions where 𝜌௙ does 

not influence CV+ reorientation, the dependence of CV+ reorientation on dilution is consistent with 
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the formation of RTIL aggregates, with the characteristic aggregate size depending on the diluent 

and on the identity of the RTIL anion. These findings underscore the importance of RTIL contact 

ion pairs in determining the properties of neat and diluted RTILs.34 

 
 

Figure 5.1 Structures of the compounds used in this work.  BMIM+ = 1-methyl-3-butyl 
imidazolium, CV+ = cresyl violet, BF4

- = tetrafluoroborate, DMSO = dimethyl sulfoxide, TFSI- 
= bis(trifluoromethane)sulfonamide, and PC = propylene carbonate. 
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5.2 Experimental Section 
 
5.2.1 Chemicals and Purification 

BMIM+BF4
- (>97%) and BMIM+TFSI- (99%, < 500 ppm H2O) were obtained from Sigma-

Aldrich and were purified. RTILs were stored over activated carbon for fourteen days. The 

activated carbon was removed by syringe filtration (Durapore membrane, 0.22 m pore diameter, 

Millex). The RTIL is then heated to 80 °C under reduced pressure for four hours while being purged 

with Ar. Subsequent Karl Fischer titration (Mettler-Toledo C10SD) yielded < 20 ppm water. 

Purified samples were stored in a dry glove box until use. Solvents DMSO (anhydrous, 99.9%) 

and PC (anhydrous, 99.7%) were procured from Sigma-Aldrich and used as received. 

5.2.2 Solution Preparation 

A stock solution of cresyl violet perchlorate (CV+) (Exciton) was made to ca. 5.3x10-4 M in 

ethanol. A quantity of 100 L of this stock solution was dispensed into a scintillation vial and 

evaporated to dryness at 100 °C for three hours, and subsequently cooled to room temperature in 

a desiccator. The dried chromophore aliquot was taken up in 1 mL of RTIL and the resulting 

solution was stirred for 12 h prior to use. All glassware used was stored in an oven at 150 °C for 

at least 24 h and cooled in a desiccator prior to use. All sample preparation was performed in a N2 

purged glove box (Coy Labs, Grass Lake, MI). Binary systems were prepared by mass 

measurement. Measured masses of RTIL and solvent were used to calculate mole fractions. All 

binary systems were prepared in a N2 purged glove bag. 

5.2.3 Sample Cell Preparation  

The sample cell used here has been described and used elsewhere.12, 34 The cell is fabricated 

using an indium doped tin oxide (ITO)-coated microscope slide. ITO is known to carry a positive 

surface charge, and no potential or current was applied across the ITO film in this work.12, 38  The 
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slides were cleaned ultrasonically in detergent, washed with Milli-Q water and i-propanol. The 

slides were subsequently washed with anhydrous ethanol and dried in an oven at 200 °C for 40 

min. Following cooling, the support was cleaned using a UV/ozone cleaner for 20 minutes. The 

thickness of the cell was determined by a silicone rubber spacer (1.6 mm thick) that was cleaned 

ultrasonically with detergent solution, rinsed with water and dried with N2. The cell was covered 

with a microscope coverslip that was cleaned in the same manner as the support slide. 

5.2.4 Spatially Resolved Fluorescence Anisotropy Decay Measurements 

The instrument used to acquire time-resolved and spatially-resolved data has been 

described elsewhere.39  Briefly, a confocal scanning inverted microscope (Nikon Eclipse Ti-U) is 

used for spatial acquisition. Confocal scanning is performed using a Becker & Hickl DCS-120 

instrument. The depth of focus for this instrument is ca. 1.2 m using a 10X objective (Nikon, 

N.A. 0.30). Time-resolved data are acquired using two-channel time-correlated single photon 

electronics (Becker & Hickl SPC- 152) equipped with two avalanche photodiode detectors (ID 

Quantique). The instrument response function for this system is ca. 100 ps, and the light source is 

a synchronously pumped cavity dumped dye laser (Coherent 701-3 laser and 7220 cavity dumper). 

The pump source for the dye laser is a Spectra Physics Vanguard passively mode locked NdYVO4 

laser. The pump laser produces 13 ps pulses at a repetition rate of 80 MHz, with 2.5 W average 

power at both the second harmonic (532 nm) and third harmonic (355 nm) output wavelengths. The 

second harmonic output is used to excite the dye laser (Pyrromethene 567, Exciton). Dye laser 

output is ca. 25 mW at 575 nm, with 5 ps pulses at a repetition rate of 4 MHz. The dye laser output 

is split, with one half sent to a reference photodiode and the remaining light focused into a fiber 

optic and directed into the confocal scanning head. Time-resolved polarized fluorescence data are 

acquired across the sample imaged area (256 x 256 pixels) and data sets for each pixel are processed 
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and the results averaged. 

5.2.5 Semi-empirical Calculations 

Semi-empirical calculations were performed using Hyperchem 8.0 software. PM-3 

parameterization was used for geometry optimization and calculation of molecular properties. 

5.3 Results and Discussion 
 

We present our investigation of two RTILs diluted with DMSO and PC. The dilution of RTILs 

has been studied previously, for both fundamental and applied reasons. From a fundamental 

perspective, understanding how RTILs interact with diluents can provide insight into the driving 

forces for long-range organization in these materials. The two RTILs chosen have a common 

cation (BMIM+) and different anions (BF4
- and TFSI-), for the purpose of elucidating what role the 

anion plays in RTIL organization. Specifically, BF4
- is known to participate in hydrogen-bonding 

but it is not known the extent to which it participates in dipolar processes.  The solvents were 

chosen because they are both polar and aprotic, precluding contributions from hydrogen bonding 

to our experimental data. For both neat RTILs, f is known to persist over a distance of ca. 50 

µm,34 and with a magnitude on the order of ca. 50 C/cm3/m.17 What remains to be established 

from first principles is the reason that such a gradient can be supported in a fluid medium. One 

way to potentially address this issue is to study the behavior of RTILs upon dilution. Specifically, if 

f is mediated by ion translational mobility then the magnitude and persistence length should scale 

with DT, which is related inversely to the viscosity of the medium through the Stokes-Einstein 

equation.40-41  We do not observe a smooth, monotonic diminution of either the persistence length, 

d, or magnitude of f (expressed as (OR/OR)(0)) with dilution. Rather, there are discontinuous 

changes in these quantities with increasing dilution, and the point at which the changes occur 

depends on the identity of the diluent. Dilution beyond the point of f disappearing yields 
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anisotropy decay data consistent with aggregates of RTILs persisting. The aggregates are found to 

increase in size with increasing dilution, with aggregate size depending on both RTIL anion and 

diluent identities. We consider the dilution-dependence of f and the existence of RTIL aggregates 

in the diluents separately, then discuss the implications of these findings on the molecular-scale 

organization that is characteristic of RTILs. 

5.3.1 Gradient Magnitude and Persistence Length as a Function of Dilution 

We have demonstrated the existence of an induced free charge density gradient, f, in RTILs 

previously.11-12, 17-19  The charge density gradient can be characterized by either of two means; 

depth-dependent reorientation dynamics of a charged chromophore, or surface charge-induced 

birefringence. We have chosen the former method for this work because it is more sensitive to 

molecular-scale processes and f persistence length, d, than induced birefringence. We extract the 

chromophore reorientation data from polarized, time-resolved emission data as a function of 

position within the RTIL sample. These polarized transients, I||(t) and I(t), are used to produce the 

induced orientational anisotropy function, R(t), 

( ) ( )
( )

( ) 2 ( )

I t I t
R t

I t I t












 [5.1] 

The relevant information is contained in the functional form of the decay of R(t). For all the 

measurements reported here, R(t) decays as a single exponential, and the time constant of the 

decay, OR, is related to the properties of the system through the modified Debye-Stokes-Einstein 

(DSE) equation,42-44 

16OR rot
B

Vf
D

k TS

    [5.2] 

where Drot is the rotational diffusion constant,  is the bulk viscosity of the medium, V is the 
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hydrodynamic volume of the rotating entity,45 f is the frictional boundary condition term for 

interactions between the rotating entity and it’s local environment,43 kB is the Boltzmann constant, 

T is the system temperature, and S is a correction factor to account for the ellipsoidal shape of the 

rotor.44  The time constant OR is seen to depend on distance from the (charged) RTIL support and 

this depth-dependence results from the existence of a gradient in the concentration of dissociated 

RTIL ions.11 Because the viscosity of RTILs depends on the chemical identities of the (ionic) 

constituents, comparing results between different RTILs is more facile when the data are presented 

in normalized form, as (OR/OR)(x) vs. x, where x is the distance from the sample cell support 

surface and OR = OR(x)- OR(∞). As OR changes to its bulk value, it is seen empirically to have 

the form of an exponential decay in (x), 

     0 expOR OR

OR OR

x x d
 
 

    
    

   
 [3] 

We show the dependence of (OR/OR)(x) and d for BMIM+BF4
- diluted with PC (Fig. 5.2) and 

DMSO (Fig. 5.3), and for BMIM+TFSI- diluted with PC (Fig. 5.4) and DMSO (Fig. 5.5). These 

data contain several interesting features. The first is that the magnitude of f in neat RTILs is the 

same for both RTILs. This finding is consistent with our previous findings,11-12, 17-19, 34 and 

suggests a physical rather than chemical basis for the existence of f. It is important to note, 

however, that while the magnitude of f is the same for both neat RTILs, and this quantity is likely 

determined by the surface charge density carried by the support. Interestingly, while f is the same, 

the characteristic persistence length, d, differs significantly for the two RTILs, with BMIM+BF4
- 

being characterized by d ~ 60 m and BMIM+TFSI- exhibiting d ~ 40 m. This finding implicates 

the RTIL anion as playing a role in determining d. 
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Figure 5.2 (a) Magnitude of f, expressed as OR/OR and (b) persistence length of f, as a 
function of mole fraction of PC diluent for BMIM+BF4

-.  
 

  

0.0 0.1 0.2 0.3 0.4 0.5
-10

0

10

20

30

40

50

60

70

0.0 0.1 0.2 0.3 0.4 0.5
-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

0.15
di

st
an

ce
 (
m

)

mole fraction X
PC


 O

R
/

O
R

mole fraction X
PC

a

b



110 
 

 

Figure 5.3 (a) Magnitude of f, expressed as OR/OR and (b) persistence length of f, as a 
function of mole fraction of DMSO diluent for BMIM+BF4

-.  
 

 

 

0.0 0.1 0.2 0.3 0.4 0.5
-10

0

10

20

30

40

50

60

70

0.0 0.1 0.2 0.3 0.4 0.5
-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

0.15
di

st
an

ce
 (
m

)

mole fraction X
DMSO


 O

R
/

O
R

mole fraction X
DMSO

a

b



111 
 

 

Figure 5.4 (a) Magnitude of f, expressed as OR/OR and (b) persistence length of f, as a 
function of mole fraction of PC diluent for BMIM+TFSI-.  
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Figure 5.5 (a) Magnitude of f, expressed as OR/OR and (b) persistence length of f, as a 
function of mole fraction of DMSO diluent for BMIM+TFSI-.  
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When the data in Figs. 5.2-5.5 are viewed as a function of dilution, f is seen to diminish 

slightly until ca. Xdiluent ~ 0.3 for BMIM+BF4
- in both DMSO and PC, and the same behavior is 

seen until ca. Xdiluent ~ 0.2 for BMIM+TFSI- in both solvents. These data suggest again that the 

RTIL anion plays an important role in supporting f. The functional form of the data presented in 

Figs. 5.2-5.5 are not consistent with the formation of homogeneous solutions with the RTILs and 

the diluents. In a homogeneous solution, ion mobility would be proportional to the bulk viscosity 

of the solution and the collapse of f would be a smooth function of dilution. The persistence 

length would also be expected to diminish rapidly with the addition of diluent and neither of these 

predictions are consistent with the data. We are thus left to conclude that the RTIL-DMSO and 

RTIL-PC systems are both spatially heterogeneous and turn to consideration of how to characterize 

and account for the heterogeneity in these binary systems. 

For both neat RTILs, the value of (OR/OR)(∞) is achieved when the (con)focal plane of the 

microscope objective is ca. 200 m above the charged support surface plane. We can measure OR 

for CV+ at a depth of 200 m into the RTIL as a function of dilution. The dependence of CV+ 

reorientation on medium viscosity should be predicted by Eq. 5.2 for a homogeneous medium where 

the bulk viscosity of the binary systems has been reported.46-49  We show the comparison between 

the experimental data (points) and the predictions of Eq. 5.2 (lines) where bulk viscosity was used 

in the calculations of BMIM+BF4
- diluted with PC (Fig. 5.6) and DMSO (Fig. 5.7), and for 

BMIM+TFSI- diluted with PC (Fig. 5.8) and DMSO (Fig. 5.9). There is a clear difference between 

the data and the predictions of Eq. 5.2. 
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Figure 5.6 (a) Experimental reorientation time constant, OR, for CV+ in BMIM+BF4
- as a 

function of dilution with PC (open circles).  Predicted OR values based on Eq. 2 using bulk 
viscosity data for BMIM+BF4

- as a function of dilution with PC (solid line).  (b) Effective 
hydrodynamic volume, Veff, of the reorienting entity as a function of dilution, calculated using 
Eq. 2 and bulk viscosity data.  Dashed lines indicate effective volumes for aggregates with 
specific numbers of RTIL ion pairs.  
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Figure 5.7 (a) Experimental reorientation time constant, OR, for CV+ in BMIM+BF4
- as a 

function of dilution with DMSO (open circles).  Predicted OR values based on Eq. 2 using bulk 
viscosity data for BMIM+BF4

- as a function of dilution with DMSO (solid line).  (b) Effective 
hydrodynamic volume, Veff, of the reorienting entity as a function of dilution, calculated using 
Eq. 2 and bulk viscosity data.  Dashed lines indicate effective volumes for aggregates with 
specific numbers of RTIL ion pairs.  
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Figure 5.8 (a) Experimental reorientation time constant, OR, for CV+ in BMIM+TFSI- as a 
function of dilution with PC (open circles).  Predicted OR values based on Eq. 2 using bulk 
viscosity data for BMIM+TFSI- as a function of dilution with PC (solid line).  (b) Effective 
hydrodynamic volume, Veff, of the reorienting entity as a function of dilution, calculated using 
Eq. 2 and bulk viscosity data.  Dashed lines indicate effective volumes for aggregates with 
specific numbers of RTIL ion pairs.  
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Figure 5.9 (a) Experimental reorientation time constant, OR, for CV+ in BMIM+TFSI- as a 
function of dilution with DMSO (open circles).  Predicted OR values based on Eq. 2 using bulk 
viscosity data for BMIM+TFSI- as a function of dilution with DMSO (solid line).  (b) Effective 
hydrodynamic volume, Veff, of the reorienting entity as a function of dilution, calculated using 
Eq. 2 and bulk viscosity data.  Dashed lines indicate effective volumes for aggregates with 
specific numbers of RTIL ion pairs.  
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There are several possible explanations for the discrepancy between model and experiment. 

The numerator in Eq. 5.2 contains three terms, the viscosity of the medium, , the hydrodynamic 

volume of the rotating entity, and a frictional term, f, describing the interactions between the rotor 

and its immediate environment. The viscosity is taken to be the bulk viscosity of the medium, a 

quantity that is measured macroscopically. Solvent-solvent frictional interactions between like 

molecules will not be the same as those between solvent and rotor, and the correction for this 

difference is treated through the term f.43  For high-friction interactions, the so-called stick limit, f 

= 1, and changes in this frictional term have been described as the slip limit, where 0  f  1, with 

the value of f depending on the ellipsoidal rotor shape.43-44  The DSE model assumes the solvent 

surrounding the rotating moiety is a dielectric continuum, an assumption that is adequate in the 

limit of the solvent molecules being much smaller than the rotor.42  This limit does not obtain for 

the systems under consideration. Gierer and Wirtz have reported a means to account for changes 

in the frictional term based on the relative sizes of the solvent molecules and the rotating entity,50 

and Prabhu and Dutt have applied this correction to ionic liquid/molecular solvent binary 

systems.37  In that work, they also observed a discrepancy between DSE predictions and 

experimental data, but application of the Gierer-Wirtz correction was not sufficient to account for 

the difference. Attempts to account for the difference between experiment and model for the data 

shown in Figs. 5.6a-5.9a using this correction were likewise not successful. For the difference 

between experimental data and the predictions of the modified DSE model based on frictional 

interactions would require values of f that change with dilution and in all cases, f would have to 

exceed unity. This is considered to be the “super stick” limit, but there is no widely accepted 

model to describe such interactions. 

Considering that the difference between experiment and model can be accounted for in the 
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context of the hydrodynamic volume of the rotating entity offers the opportunity to consider 

molecular association as a contributing factor to the observed dynamics. Treating the data in this 

context is consistent with the RTIL-solvent binary system exhibiting heterogeneity (vide 

supra).34 

We have calculated the hydrodynamic volumes of the species relevant to this work using the 

method of van der Waals increments (Table 5.1).34, 45 

Table 5.1 Hydrodynamic volumes of system constituents 
 

Species V (Å3) 

BMIM+ 139 

TFSI- 169 

BF4
-
 50 

CV+ 217 

PC 83 

DMSO 75 

 
 
The bulk viscosity for RTIL-solvent binary systems has been reported previously,46-49 where the 

viscosity measurements were made using bulk techniques. From these data we calculate values of 

OR using Eq. 5.2 where the volume of the rotating entity is taken as 217 Å3 (CV+). These 

calculated results are shown as solid lines in Figs. 5.6a-5.9a. The experimental hydrodynamic 

volume of the reorienting entity is shown as a function of RTIL-solvent composition in Figs. 5.6b-

5.9b. There are several noteworthy features contained in these data. The first is that in neat RTILs, 

the rotational diffusion time constant is consistent with that of CV+ associated with the RTIL anion 

rotating with a stick-limit friction coefficient (f = 1). With the addition of solvent to the RTIL and 
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the use of bulk viscosity data46-49 in Eq. 5.2, the effective volume (Veff) of the reorienting entity 

increases, and this trend is seen for all systems examined here. The horizontal dashed lines in Figs. 

5.6b-5.9b represent the hydrodynamic volumes of the chromophore-RTIL anion and integer 

numbers of RTIL ion pairs, as indicated in Eq. 5.3. 

Vaggregate  VCV RTIL anion  nVRTIL ion pair       [5.3] 
 

where VCV-RTIL anion is the hydrodynamic volume of CV+-BF4
- or CV+-TFSI-, depending on the 

RTIL used, VRTIL ion pair is the volume of BMIM+BF4
- or BMIM+TFSI- and n is number of RTIL ion 

pairs. Because of the dynamic nature of any liquid phase system, the average lifetime of the 

aggregate will contribute to the apparent volume, as sensed on the timescale of the anisotropy 

decay time. It is thus not necessary for n to take on integer values. This finding has precedent and 

there are several implications of these findings.34, 51-54 

The functional form of the Veff data is not consistent with the rotating entity undergoing 

rotational diffusion in a uniform medium. Rather, these data are consistent with the RTIL- 

molecular solvent binary system existing as a compositionally heterogeneous medium. Since the 

RTIL and molecular solvents do not appear to produce phase segregation in any proportion, it is 

not appropriate to consider this system as a mixture, but the size of the RTIL aggregates observed 

here suggests that analogy to either a nano-emulsion or a micellar system is apt. While there is 

precedent for the description of RTIL-water systems in the context of micellar behavior,22, 26-33 we 

do not attempt to make that case here. The non-homogeneous nature of the RTIL-molecular solvent 

binary system is consistent with the functional form of the dilution-dependence of f and d seen in 

these systems (Figs. 5.2-5.5). A corollary implication of this persistent heterogeneity is that the 

means by which f is supported in RTILs is not mediated by the mobility of individual dissociated 

ions, at least for modest dilution. This assertion is based on the expectation that, if the RTIL-
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molecular solvent system was homogeneous, then dissociation of the RTIL would lead to ions 

exhibiting translational mobility determined by the viscosity of the medium,40-41 and such a 

condition would lead at the least to a reduction in the persistence length of f, if not the magnitude, 

in a continuous manner that monotonically approaches f = 0 with increasing dilution. The 

discontinuous nature of this trend (Figs. 5.2-5.5) argues against this prediction. 

It is also important to note that there is a qualitative similarity in the functional form of the 

data for RTIL dilution in DMSO and PC to the analogous data where methanol and acetonitrile 

are used as diluents.34  This finding is important not only because it points to the generality of this 

behavior for RTILs, but also because the mobility of ions in methanol and acetonitrile is expected 

to be substantially higher than in DMSO and PC. Despite the differences in these solvents, the 

persistence of f and the characteristic length scale, d, are essentially the same in all solvents, 

suggesting that the magnitude of f is determined primarily by the support surface charge density, 

s, and the persistence length is best explained either on a physical rather than a chemical basis, or 

is mediated by the RTIL and the properties of the molecular solvent diluent play a secondary role. 

Elucidating the primary factors responsible for the magnitude and persistence of d (Eq. 5.3) is a 

topic that remains under investigation. 

Notwithstanding the qualitative similarities discussed above, there is a discernible 

difference in the extent of aggregation for BMIM+BF4
- and BMIM+TFSI- in DMSO and PC. 

Specifically, the aggregation of BMIM+BF4
- appears more prominently, i.e. is consistent with 

greater numbers of RTIL ion pairs in the aggregates for a given extent of dilution, than is seen for 

BMIM+TFSI-.55  The clear implication is that the extent of aggregation of RTILs in these and other 

molecular solvents is determined primarily by RTIL properties. The properties that could be 

responsible for such difference in behavior must necessarily have to be concerned with strength of 
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interaction between RTIL ion pairs. While it may be tempting to relate the equilibrium constant 

for RTIL ion pair dissociation to these differences, we do not attempt to do so. We refrain from 

this comparison because the accurate determination of Keq for these and other RTILs remains to 

be achieved, although there are indications that many RTILs exhibit ca. 50% dissociation when 

not diluted.56 Unfortunately, there is very little information available on Keq for RTILs when 

diluted with molecular solvents. RTIL ion pairs can be considered in the context of being a single 

molecular entity when associated and thus they exhibit a dipole moment that depends on the 

structure of the ion pair. We understand that there will be a variety of configurations for RTIL ion 

pairs, but we can estimate the lowest energy conformation with the aid of semi-empirical 

calculations. We show the results of those calculations for RTIL ion pairs, optimized geometrically 

at the semi-empirical level in Fig. 5.10.  We recognize that these calculations are not quantitatively 

accurate but, owing to the complexity of the ion paired system in an aggregated format, achieving 

a quantitative determination of system properties could be challenging.  Despite the limitations of 

computations at this level, the dipole moments for BMIM+TFSI- and BMIM+BF4
- ion pairs are 

different by a factor of ca. 2, and that difference is sufficient to account for the greater propensity of 

BMIM+BF4
- ion pairs to aggregate in molecular solvents, presuming dipole-dipole interactions 

play a significant role in aggregate formation. The similarity of the dipole moments for PC ( = 

4.9 D) and DMSO ( = 4.1 D) is consistent with the finding that the extent of aggregation in these 

systems is determined to a significant extent by the dipole moments of the RTIL ion pairs.56  To 

provide a qualitative estimate of the difference in strength of interaction, the portion of the 

intermolecular interactions mediated by dipole-dipole interactions is expected to be stronger by a 

factor of ca. 19 for BMIM+BF4
- than for BMIM+TFSI- based on the relative values of the calculated 

dipole moments. 
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Figure 5.10 (top) BMIM+TFSI- ion pair structure calculated at the semi-empirical level with 
PM3 parameterization.  Dipole moment is calculated to be 8.8 D.  (bottom) BMIM+BF4

- ion pair 
structure calculated at the semi-empirical level with PM3 parameterization.  Dipole moment is 
calculated to be 18.4 D.  (bottom)  
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5.4 Conclusions 

We have reported on the effects of dilution of two imidazolium-based RTILs with two 

dipolar aprotic solvents, PC and DMSO. Our data on the dependence of the charge-induced free 

charge density gradient, rf, in these binary systems show that the magnitude and persistence length 

of f do not vary in a continuous, monotonic manner with extent of dilution. Rather, there is an 

abrupt change in the ability of the system to support f at dilutions of ca. Xdiluent = 0.2 for 

BMIM+TFSI- and ca. Xdiluent = 0.3 for BMIM+BF4
-. These findings are qualitatively consistent 

with what has been seen with other solvents,34 and their functional form demonstrates that RTIL- 

molecular solvent binary systems exhibit compositional heterogeneity. Examination of the 

reorientation dynamics of the probe fluorophore CV+ for higher dilutions demonstrates the 

persistence of compositional heterogeneity, with the size of RTIL aggregates increasing with 

increasing dilution. Aggregates were seen to be larger for BMIM+BF4
- than for BMIM+TFSI- in 

each diluent, consistent with the calculated difference in dipole moment for the RTIL ion pairs. 

Overall, these findings underscore the importance of dipolar interactions in determining the 

observed properties of RTILs and suggest that the ability of this class of materials to support a 

charge density gradient over tens of micrometers is not determined primarily by ion mobility in 

the binary systems. Further work is underway to elucidate the physical and chemical basis for 

these materials being able to support f over macroscopic length scales. 
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CHAPTER 6. Relating the Induced Free Charge Density Gradient in a Room Temperature 
Ionic Liquid to Molecular-Scale Organization 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted with permission form: 

Md. Iqbal Hossain, Laxmi Adhikari, Gary A. Baker and G. J. Blanchard; Relating the Induced Free 
Charge Density Gradient in a Room Temperature Ionic Liquid to Molecular-Scale Organization. 
J. Phys. Chem. B 2023, 127, 8, 1780-1788. 
 

 

 



131 
 

6.1 Introduction 

Ionic liquids have proven to be remarkably versatile materials, finding application in areas 

ranging from supercapacitor electrolytes1-2 to organic synthesis,3-5 carbon capture6-12 and ion 

propulsion.13-14  Despite the broad utility of these materials, much remains to be understood about 

their properties from a fundamental perspective.  For example, there has remained significant 

uncertainty over the extent to which RTILs dissociate until recently,15 and the relative importance 

of association and dissociation vs. ion translational mobility in mediating conductivity remains an 

open question.  In addition, ionic liquids have been shown to exhibit a free charge density gradient, 

f, with a spatial extent of ca. 50 m, induced by placing the RTIL in contact with a charged 

surface,16-21 and this gradient persists upon dilution.22-23  In addition to the potential practical 

implications of these unusual RTIL properties for optical, electronic and other applications, neither 

of these findings are consistent with the behavior of molecular liquids and understanding them 

from a fundamental perspective requires further investigation. 

The existence of order in RTILs is well-established, although the details of the reported 

order have, to this point, been dependent on the means by which the order was observed.  The 

Fayer group has reported organization over a length scale of hundreds of nm using vibrational 

molecular probes,24-28 and organization on the m length scale has been seen by the Shaw group 

in thin RTIL films.29-30  There is also a significant body of x-ray31-36 and neutron37-41 scattering 

data pointing to single nm-scale order in RTILs, and these findings are supported by modeling 

studies.42-50  Because of the extensive body of information on organization in RTILs and the 

existence of f in these materials, we are interested in better understanding the relationship between 

this phenomenon and molecular- and longer-scale organization in these systems. 
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Figure 6.1 Structures of the solvent components and molecular probes used in this work.  Top 
left: RTIL cation DMPyrr+ (the TFSI- anion is not shown), bottom left: 1-decanol, top right: 
perylene, bottom right: cresyl violet (counter anion not shown).  The Cartesian axes shown 
approximate those used for interpretation of the fluorescence depolarization data.  The S1 ← S0 
transition dipole moment defines the x-axis for each chromophore. 
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Our prior work has shown that the primary structural influence on the properties of RTILs 

is the aliphatic chain length of the RTIL cation.  When RTILs are mixed with water, micellar 

structures have been reported42, 51-54 and non-micellar but aggregated RTIL structures have been 

seen for mixing with other molecular solvents, and the characteristic size of these aggregates is on 

the order of 1 nm diameter.22-23  We have undertaken the current study to evaluate RTIL aggregation 

and its effect on the ability to support f under the condition that the RTIL cation and the molecular 

solvent have the same aliphatic chain length.  We have chosen the 1-decyl-1-methylpyrrolidinium 

RTIL cation and 1-decanol as the molecular solvent (Figure 6.1).  The motivation for using these 

species is to examine nanoscale order in a binary system where the aliphatic character is prominent 

and both constituents have the same aliphatic chain length.  The underlying assumption is that a 

ten-carbon-long aliphatic chain is sufficient to provide reasonable spatial separation between polar 

domains.  The expectation is that order within such a microheterogeneous system will be amenable 

to spectroscopic interrogation.  We have used two fluorophores in this work, the cationic probe 

cresyl violet (CV+) and the non-polar probe perylene (Figure 6.1).  We have characterized the 

fluorescence depolarization dynamics of these chromophores as a function of composition of the 

DMPyrr+TFSI-–1-decanol binary system.  Our data show that the two chromophores sense the 

polar/ionic and aliphatic regions of the binary system selectively, and that molecular-scale order is 

seen in each region.  For all system compositions, perylene is seen to reorient as an oblate rotor.  

For system compositions of 1-decanol mole fraction Xdecanol ≤ 0.75, CV+ reorients as an oblate 

rotor.  This behavior allows for the determination of the Cartesian components of the rotational 

diffusion constant, providing information relevant to the organization of the immediate 

environments of the probes.  Composition-dependent changes in organization differ for the polar 
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and nonpolar regions and, for the first time, we are able to relate molecular length-scale 

organization to the induced free charge density gradient f in an RTIL. 

6.2 Experimental Section 

6.2.1 Materials Used 

The ionic liquid 1-decyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl) imide 

(DMPyrr+TFSI-) was prepared using methods described elsewhere.18, 55-56  Karl Fischer titration of 

the prepared RTILs determined the water content to be 50 ppm or less.  The solvent 1-decanol was 

purchased from Sigma-Aldrich in the highest purity grade available and used as received.  Perylene 

was purchased from Sigma-Aldrich and used as received.  Cresyl violet perchlorate was purchased 

from Exciton and used without further purification. 

6.2.2 Preparation of Solutions 

Stock solutions of chromophores (ca. 5 × 10–4 M) in ethanol (cresyl violet) and in hexane 

(perylene) were prepared.  Aliquots of the chromophore solutions were heated in an oven at 100 

°C for ~2-3 h to evaporate solvents (i.e., ethanol or hexane).  The final concentrations of 

chromophores in all the mixtures were ca. 5 × 10–5 M for CV+ and 5 × 10–6 M for perylene.  The 

solutions were then stirred for at least 24 h before use.  All glassware used was maintained at 150 

C for at least 24 h before use to minimize water contamination.  Binary RTIL/solvent systems 

were prepared by weight.  We mixed carefully measured masses of each component for a given 

system and calculated the mole fraction volumetrically from that information.  To minimize water 

contamination, all binary systems were prepared in a N2-purged flexible vinyl glove box (Coy 

Laboratory Products Inc., Grass Lake, MI).  Sealed samples were maintained in the glove box until 

measurements were performed.  The sample cell consisted of a microscope slide coated with ITO, 

a ca. 1 mm spacer (rubber), and a microscope coverslip.  



135 
 

6.2.3 Rotational Diffusion Measurement 

The instrument used to measure the rotational diffusion dynamics of CV+ and perylene in the 

systems studied here has been reported in detail elsewhere.16, 57  Briefly, a confocal scanning time-

correlated single photon counting (TCSPC) imaging instrument was used to acquire the data.  The 

chromophores were excited using the output of a synchronously pumped, cavity-dumped dye laser 

(Coherent 701-3).  The source laser that pumps the dye laser is a passively mode-locked diode-

pumped Nd:YVO4 laser (Spectra Physics Vanguard) that produces 2.5 W average power at 532 nm 

and 355 nm.  Pulses are 13 ps fwhm with an 80 MHz repetition rate.  The dye laser output is 5 ps 

pulses at a 4 MHz repetition rate, at 575 nm (Pyrromethene 567, Exciton, Lockbourne, OH) for 

CV+ excitation or 435 nm (Stilbene 430, Exciton) for perylene excitation.  Excitation power at the 

sample is <1 mW average for all measurements.  The confocal scanning head (B&H DCS-120) is 

mounted on a Nikon Eclipse Ti-U inverted microscope.  Emission was filtered through color filters 

and was collected at polarizations parallel and perpendicular to the excitation polarization using 

two avalanche photodiodes (ID-Quantique ID100) and processed using TCSPC detection 

electronics (B&H SPC-152).  The instrument response function for this system is <100 ps.  A 

Nikon 10× objective was used for data acquisition with B&H software.  Uncertainties in the 

polarized emission and reorientation data are the standard deviations of time constants fitted for 

65,536 sets of time-resolved polarized emission data (256 x 256 array).  Uncertainties in quantities 

derived from the anisotropy decay data are propagated from the experimental data. 

6.2.4 Steady State Spectroscopy 

Absorbance measurements were performed using a Cary 4000 UV-visible spectrometer.  

All data were acquired with 1 nm spectral resolution.  Emission data were acquired using a Jobin-
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Yvon Fluorolog 3 spectrometer, with excitation and emission monochromators set to 1 nm 

resolution for all measurements. 

6.3 Results and Discussion 

Among the properties of RTILs that has seen application is the ability of these materials to 

dissolve both polar and nonpolar compounds.  As noted above, there is a substantial body of 

literature that points to nanoscale heterogeneity in RTILs and in RTIL-molecular solvent binary 

systems.  Indeed, the spatially heterogeneous nature of these binary systems is retained even for 

comparatively high levels of molecular solvents.  In the work we consider below, we have 

deliberately matched the ten-carbon-backbone length of the DMPyrr+ aliphatic chain with that of 

the molecular solvent.  The goal was to choose constituents likely to exhibit local organization in 

the binary solvent systems.  We chose polar (ionic) and nonpolar probes in an attempt to evaluate 

these regions selectively.  Before we consider the rotational diffusion data in detail, we first 

consider the absorption and emission spectra of the two molecular probes in DMPyrr+TFSI- and 

1-decanol (Figure 6.2). 

The absorption and emission spectra of perylene in DMPyrr+TFSI- and 1-decanol are 

shown in Figure 6.2a.  These data show that perylene experiences essentially the same chemical 

environment in the RTIL and the molecular solvent, and we assert that in both cases the 

chromophore resides in non-polar, aliphatic-rich regions.  In support of this claim, the band 

positions and vibronic structure are the same as those reported for perylene in alkanes.58  The  
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Figure 6.2 (a) Normalized absorption and emission spectra of perylene in DMPyrr+TFSI- (red) 
and 1-decanol (black).  (b)  Normalized absorption and emission spectra of CV+ in DMPyrr+TFSI- 
(red) and 1-decanol (black). 
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absorption and emission spectra of CV+ in DMPyrr+TFSI- and 1-decanol are shown in Figure 6.2b.  

These data reveal that the environment CV+ experiences in DMPyrr+TFSI- is similar to that which 

it experiences in polar solvents such as short-chain alcohols.  The absorption and emission data for 

CV+ in 1-decanol exhibit a significant shift compared to those seen in the RTIL.  The absorption 

and emission spectra in 1-decanol are both red-shifted relative to those seen in  DMPyrr+TFSI-, 

and they exhibit more partially resolved spectral features.  The Stokes shift also appears to be 

smaller in 1-decanol than it is in DMPyrr+TFSI-, although this is a qualitative comparison because 

of the possibly different relative contributions of the vibronic bands associated with low frequency 

vibrations.  These data, in conjunction with the limited solubility of CV+ in 1-decanol, suggest that 

the ground electronic state, S0, of CV+ is de-stabilized more than the first excited singlet state, S1, 

in this solvent.  Semi-empirical calculations (not shown) indicate that the permanent dipole 

moments for the CV+ S0 and S1 states are similar in magnitude (ca. 4 D vs. 5 D) and orientation.  

We take these data to indicate that CV+ partitions selectively into a polar or ionic environment if 

one is available whereas perylene partitions selectively into nonpolar environment(s).  We thus 

expect that the reorientation data for these two chromophores will be different because they reside 

in environments of different polarity, and comparison of the two datasets will provide insight into 

composition-dependent organizational changes in the different regions of the binary systems.  With 

this information in mind, we now turn to a discussion of the rotational diffusion data and its 

interpretation. 

Time-resolved polarized fluorescence intensity decay data (I||(t) and I(t)) were acquired using the 

system described above.  From the raw experimental data, the anisotropy decay function is 

generated according to Eq. 6.1,  

( ) ( )
( )

( ) 2 ( )

I t I t
R t

I t I t











 [6.1] 
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The information of interest, the rotational diffusion constant DROT, and it’s Cartesian components, 

is contained in the functional form of the R(t) decay, and the relationship between these quantities 

has been described in detail by Chuang and Eisenthal.59  The anisotropy decay function can contain 

up to five exponential decays.  Appropriate assignment of the Cartesian axes for the reorienting 

chromophore (i.e., the transition dipole moment for the S1 ← S0 transition defines the x-axis and 

the z-axis is perpendicular to the chromophore -system plane) affords substantial simplification.  

Under these conditions and with the absorbing and emitting transition dipole moments parallel to 

one another, one obtains either a one-component or a two-component exponential decay of R(t), 

depending on the unique axis.  Expressed in terms of the Cartesian components of the rotational 

diffusion constant, DROT, a prolate rotor is defined as Dx  Dy = Dz and an oblate rotor is defined 

as Dz  Dx = Dy.   

Prolate rotor:  ( ) 0.4exp( 6 )zR t D t   [6.2] 

Oblate rotor:  ( ) 0.1exp( (2 4 ) ) 0.3exp( 6 )x z xR t D D t D t      [6.3] 

We consider next the experimental reorientation data for perylene and CV+, and then compare the 

results to evaluate the implications of our data on organization within the DMPyrr+TFSI-–1-

decanol system. 

6.3.1 Perylene Reorientation 

Perylene can reorient as either a prolate rotor or an oblate rotor, depending on its immediate 

environment.58  Perylene exhibits a two-component anisotropy decay (oblate rotor, Eq. 6.3) in neat 

DMPyrr+TFSI-, neat 1-decanol, and all of the binary systems reported here.  Because of this, we 

can extract both Dz and Dx (Dy) from the experimental data, providing significant insight into the 

local organization within these binary DMPyrr+TFSI-–1-decanol solvent systems.  We note that 

perylene is not sensitive to f in these binary systems because it is not charged, and any depth-
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dependent organization within this system that would be imposed by f (vide infra) is not observed 

experimentally in the nonpolar regions where perylene is located.  We show in Figure 3 the 

dependence of Dz, Dx and the ratio Dz/Dx on binary system composition.  There are several 

interesting features contained in these data.  In Figures 3a and 3b, we report Dz and Dx for perylene 

as a function of the mole fraction of 1-decanol in the DMPyrr+TFSI-–1-decanol binary system.  

Both Dz and Dx exhibit a modest dependence on system composition up to Xdecanol ≈ 0.4.  Above 

Xdecanol = 0.4, Dz exhibits a discontinuous decrease while Dx achieves a plateau value.  There is 

thus a decrease in the rotational freedom about the perylene z-axis and no x-axis dependence on 

binary system composition.  This is seen clearly in the ratio of Dz/Dx as a function of composition 

in Figure 3c.  It is significant to note that, while the local environment appears to become more 

isotropic with increasing addition of 1-decanol, based on the ratio Dz/Dx, examination of Dz and 

Dx independently show that the freedom of rotation about z actually decreases with increasing 

Xdecanol and rotation about x becomes independent of system composition above Xdecanol ≈ 0.4.  We 

are not aware of any data on the viscosity () of this binary system as a function of composition 

but  for neat DMPyrr+TFSI- is reportedly 150 cP60 and  for neat 1-decanol is ~12 cP.  If this 

binary system behaves in a manner consistent with other RTIL-molecular liquid binary systems, 

the bulk viscosity should vary smoothly with composition between the limits of Xsolvent = 0 and 

Xsolvent = 1. 
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Figure 6.3 (a) The z-Cartesian component of the rotational diffusion constant, Dz, for perylene 
in the binary DMPyrr+TFSI-–1-decanol binary system, (b) the x-Cartesian component, Dx, for the 
same system, and (c) the ratio Dz/Dx.  
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If that is the case, then the data shown in Figure 3 are inconsistent with the modified Debye-Stokes-

Einstein model,61-63 which predicts: 

 1
3 6

B
ROT x y z

k TS
D D D D

Vf
     [4] 

As noted above, DROT is the rotational diffusion constant, kB is the Boltzmann constant, T is the 

absolute temperature,  is the bulk viscosity of the medium, V is the hydrodynamic volume of the 

rotating species, 64 S is a shape factor to account for the ellipsoidal shape of the rotating molecule,63 

and f is the solvent-solute frictional boundary condition.62  Our experimental findings suggest that 

the binary system exists as a non-homogeneous mixture of domains and that the perylene 

chromophore is sequestered within one of the domains, presumably a non-polar one.  While there 

is a change in the nature of the nonpolar domain for Xdecanol ≥ 0.4, the change is stepwise 

(discontinuous) in nature and does not depend smoothly on the composition of the mixture.  

6.3.2 Cresyl violet Reorientation 

Cresyl violet is found to reorient as an oblate rotor for Xdecanol ≤ 0.75 and as a prolate rotor 

for higher values of Xdecanol (Figure 6.4).  Cresyl violet is typically seen to reorient as a prolate 

rotor in molecular solvents, although oblate rotor behavior has been reported for reorientation in a 

mesophase of 1-dodecanol.65  The reorientation of CV+ as an oblate rotor up to high values of 

Xdecanol in this binary system indicates confinement within a relatively structured environment.  We 

note that f is seen to contribute to CV+ reorientation dynamics (Figure 6.5) in the DMPyrr+TFSI-

–1-decanol binary system up to Xdecanol ≈ 0.75.  We will return to a discussion of the information 

contained in the depth-dependent reorientation behavior of CV+ after considering its reorientation  
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Figure 6.4 (a) The z-Cartesian component of the rotational diffusion constant, Dz, for CV+ in the 
binary DMPyrr+TFSI-–1-decanol binary system, (b) the x-Cartesian component, Dx, for the same 
system, and (c) the ratio Dz/Dx.  For Xdecanol > 0.75, CV+ exhibits a single-exponential anisotropy 
decay (not shown).  
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dynamics in the bulk binary system (i.e., for measurements ~200 m distant from the charged 

support surface – ITO in this work). 

The rotational diffusion data for CV+ are summarized in Figures 6.4a and 6.4b for Dz and 

Dx, respectively.  While both components of DROT are seen to increase with increasing Xdecanol, the 

increases are modest and are relatively continuous functions of Xdecanol to within the experimental 

uncertainty.  In contrast to the analogous data for perylene presented earlier (Figure 3a and 3b), 

there is no discontinuous change in either component of DROT with changes in Xdecanol for the 

molecular probe CV+.  There is, however, a significant plateau region for both Dz and Dx such that 

the ratio Dz/Dx (Figure 6.4c) is independent of Xdecanol from ~0.3 to 0.75.  While it may be tempting 

to perceive a trend in Dz/Dx, the uncertainties in these values do not allow such a conclusion with 

any level of certainty.  Interestingly, the same viscosity-independence is seen for CV+, suggesting 

that this chromophore is also confined within a nanoscale domain in the binary system.  We believe 

that for Xdecanol ~0.8 and above, the observation of prolate rotor behavior reflects the disruption of 

a local environment dominated by the RTIL polar head group and counter ion. 

In addition to the composition-dependent rotor shape of CV+, the induced free charge density 

gradient, f, seen in RTILs is also seen in the depth-dependence of the reorientation dynamics for 

this chromophore.  This is an expected result, however, the fact that CV+ reorients as an oblate 

rotor in this binary system allows the extraction of more detailed information regarding the 

chromophore local environment than we have been able to obtain in previous studies where single-

exponential decays in R(t) were observed.  We present in Fig. 6.5 the depth-dependent change in 

Dx and Dz for CV+, expressed as Di/Di (i=x, z) as a function of binary system composition from 

Xdecanol = 0 to Xdecanol = 0.75.  These data reveal the effect of f on the effective rotor shape and 

several notable features emerge from these experiments. 
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Figure 6.5 Normalized depth-dependent variation in Dz and Dx for CV+ as a function of 
DMPyrr+TFSI-–1-decanol binary system composition.  (a) Xdecanol = 0, (b) Xdecanol = 0.08, (c) 
Xdecanol = 0.16, (d) Xdecanol = 0.26, (e) Xdecanol = 0.35, (f) Xdecanol = 0.46, (g) Xdecanol = 0.55, (h) 
Xdecanol = 0.65 and (i) Xdecanol = 0.75.  
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The most prominent feature is that Dx is small near the charged support surface and becomes larger 

with increasing distance.  In contrast, Dz reveals fast reorientation near the charged support surface 

which slows with increasing distance.  In other words, rotational motion about x becomes less 

hindered with distance from the charged support while rotational motion about z becomes more 

hindered.  While this change does not provide detailed structural information, a change consistent 

with these data would be an environment proceeding from lamellar organization to one more 

spherically symmetric.  The existence of lamellar or quasi-lamellar organization has been seen 

before for RTILs near surfaces,66-67 but in those instances, there was no organization that existed 

over length scales comparable to that reported for f, and any connection between those bodies of 

work and our observations remains to be made.  There may be shorter-range organization in RTILs 

that is consistent quasi-lamellar organization.  We show in Figure 5.6 the ratio Dz/Dx for CV+ in 

neat DMPyrr+TFSI- as a function of distance from the charged support surface. These data clearly 

show that the CV+ local environment becomes more isotropic with the decay of f.  Together, the 

results shown in Figures 5.5 and 5.6 provide the first direct connection between f and the 

molecular organization of the medium.  This is an important connection to make because it 

provides a greater understanding of the factors required to support a macroscopic charge density 

gradient in a fluid medium. 

The data in Figure 6.5 show that f persists with the addition of 1-decanol up to Xdecanol = 

0.75, a value remarkably higher than that seen in other RTIL-molecular solvent binary systems.22-

23  The gradient appears to be essentially independent of Xdecanol for x-axis rotation while f is seen 

to influence z-axis rotation more significantly.  This is an indication that the overall CV+ 

environment depends on Xdecanol in an anisotropic manner.  The extent to which this composition-

dependent variation in the local (polar) environment can be inferred for other systems is not clear 
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because for most other RTIL-molecular solvent binary systems a single exponential decay of R(t) 

is seen for charged chromophores, precluding the ability to compare reorientation rates about the 

different Cartesian axes. 

The data we have reported for the reorientation dynamics of perylene and CV+ in the same 

binary systems provide two perspectives on the complex environments formed.  Of particular note 

is that the discontinuity in Dz for the perylene local environment at Xdecanol ~ 0.4 (Figure 6.3a) has 

no corresponding change in the local environment of CV+ and, conversely, the prominent change 

in CV+ local environment for Xdecanol > 0.75 is not seen in the reorientation dynamics of perylene.  

The polar and non-polar environments are necessarily coupled but not to a sufficient extent that 

the different regions within this binary system have a direct influence on one another.  This is not 

a surprising result because the dominant (van der Waals) forces determining organization in the 

nonpolar regions are of different magnitude than the (dipolar and ionic) forces that mediate 

organization in polar regions.  It appears that any organizational changes with dilution appear 

primarily in the nonpolar region(s) of the binary system. 

The characteristic persistence length of f  (i.e., the depth at which the decay of f  is e-1 of 

its magnitude at the RTIL-support interface) in the DMPyrr+TFSI-–1-decanol system is the same 

to within the experimental uncertainty as that seen in other RTILs, a finding that suggests a 

physical rather than chemical structure limitation on the spatial extent of this phenomenon.  

Despite the RTIL-independence of the persistence length of f, the DMPyrr+TFSI-–1-decanol 

binary system supports f to much higher concentrations of molecular solvent component than is 

seen in other binary systems.22-23  It is tempting to ascribe this finding to the structural similarity 

in terms of aliphatic chain length (C10) for the RTIL and molecular solvent.  The longer aliphatic 

chain lengths  
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Figure 6.6 Ratio of Dz/Dx as a function of distance from the ITO support for CV+ in neat 
DMPyrr+TFSI-.  
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likely support local structures in these binary systems where the polar/charged regions are more 

segregated than in analogous systems with less aliphatic character.  

It is also important to consider that this binary system behaves anomalously in terms of the 

experimental viscosity-dependence, from the perspective of both chromophores.  We show in 

Figure 6.7 the expected dependence of bulk viscosity on system composition.  We are not aware 

of any experimental data on the DMPyrr+TFSI-–1-decanol system, but the composition-

dependence of viscosity has been reported for several other RTIL-molecular solvent systems.  In 

all cases there is a smooth, continuous dependence of bulk viscosity on the extent of RTIL dilution.  

Because of the bulk nature of typical viscosity measurements and molecular-scale viscosity sensed 

by rotational diffusion measurements, the two quantities may not correspond.  We have modeled 

the expected bulk viscosity behavior (Figure 6.7 line) based on the functional form of the 

dependence seen in other systems, and compare it to the viscosity sensed by perylene and CV+ 

through the reorientation measurements.  Both chromophores exhibit essentially viscosity-

independent dynamics up to Xdecanol ≈ 0.75.  The nanoscale dimensions of the compositional 

heterogeneity seen in RTIL-molecular solvent binary systems, and the confinement of the 

chromophores within different nanoscale domains, provide an explanation for the discrepancy 

between the two measurements.  The local environment of perylene appears to be characterized by 

a viscosity of 10-15 cP, with even the reorientation time in neat DMPyrr+TFSI- being in the same 

range.  These values assume stick limit behavior, which is open to question, but in any event, the 

local environment of perylene appears to be dominated by a local medium of aliphatic character.  

CV+ senses an environment of apparently higher viscosity, in the 30-40 cP range up to Xdecanol = 

0.75.  For higher values of Xdecanol, the apparent viscosities are different due primarily to the change 
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of rotor shape and consequent loss of information.  The fact that the apparent viscosities are 

different  

 

Figure 6.7 Viscosity determined from rotational diffusion data as a function of DMPyrr+TFSI-–
1-decanol binary system composition for perylene (solid black circles) and CV+ (open circles).  
Calculated bulk viscosity for the binary system is shown as a red line. 
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is not surprising for reasons of structural/compositional differences of the local environments, but 

also because of the likely difference in frictional boundary conditions for the two chromophores.  

Regardless, the compositional independence of the effective viscosities points to both 

chromophores being sequestered within different domains within the binary solvent system.  The 

apparent decoupling of viscosity from diffusion has been seen before, for both RTIL and deep 

eutectic solvent (DES) systems.  In those works, this decoupling was interpreted as evidence for 

heterogeneity within the media, and our findings are consistent with that explanation.68-74  In other 

words, the viscosity sensed by reorientation measurements is that of the environment in the 

immediate proximity of the chromophore, while bulk viscosity is reflective of interactions between 

larger assemblies (e.g., aggregates) in which the chromophores are confined. 

6.4 Conclusions 

We have examined the DMPyrr+TFSI-–1-decanol binary system using two fluorescent 

probes.  The nonpolar probe, perylene, sequesters in the nonpolar region(s) of the binary system 

and the polar probe, CV+, is localized in the polar/ionic region(s) of the system.  Both 

chromophores are seen to exhibit a two-component exponential decay of their anisotropy decay 

function, allowing for the extraction of two Cartesian components of the rotational diffusion 

constant, DROT.  The dependence of the rotational diffusion constant components on the 

composition of the binary system reveals that there are distinct, composition-dependent changes 

in the local environments of the chromophores, but these changes do not occur at the same 1-

decanol concentrations.  The rotational diffusion data for CV+ also contain information on the 

induced free charge density gradient we have reported previously for RTILs.  The persistence 

length of f is the same for DMPyrr+TFSI- as for other reported RTILs, but the rotational diffusion 

data demonstrate for the first time a relationship between molecular-scale organization and f.  We 
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also observe that the diffusion constant components are essentially decoupled from the bulk 

viscosity of the binary system, a phenomenon reported previously that is taken as an indication of 

microheterogeneity within the RTIL medium.  This is consistent with our findings and the data 

point collectively to the important role that nonpolar aliphatic domains can play in determining the 

bulk properties of RTIL systems. 
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CHAPTER 7. Conclusions And Future Directions 
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7.1 Conclusions 

Room temperature ionic liquids (RTILs) exhibit unique physical and chemical properties 

which originate from their complex molecular organization and thus, are not directly comparable 

to conventional molecular liquids. Consequently, it is instructive to develop an alternative 

theoretical framework to treat this very useful class of materials. In this dissertation, our main 

objectives were to establish analogy between RTILs and piezoelectric materials, and to understand 

the length scale of organization relevant to the piezoelectric behavior of these materials. By open 

circuit potential (OCP) measurements under varying pulsed pressure, we successfully 

demonstrated the direct piezoelectric effect in RTILs.1 Furthermore, we investigated the structure-

dependent nature of this effect in RTILs.  The structure dependence of RTILs suggests that the 

piezoelectric effect in RTILs is not determined solely by molecular-scale structure, but rather by 

organization occurring on the nanometer scale or larger within the RTILs themselves.2  

Interestingly, the induced free charge density gradient, 𝜌௙, persists up to 30 mol% dilution of 

RTILs with molecular solvents.3, 4  RTILs form nanometer aggregates on dilution and the size of 

the aggregates increases with increasing dilution.  A key challenge in this dissertation was to 

establish a connection between free charge density gradients, 𝜌௙, and molecular-scale organization 

in the RTILs.  Using long alkyl chain (C10) RTILs, we demonstrated for the first-time a correlation 

between 𝜌௙ and structural organization.5 

In this dissertation, we have introduced a liquid piezoelectric material and tried to unravel the 

molecular-level mechanism of this unusual behavior.  The potential applications of such a material 

in various technological fields are substantial. However, there is still much ground to cover to fully 

grasp the physics and chemistry of the piezoelectric effect in RTILs, and to harness their maximum 

potential.  In the following discussion are few suggested areas to characterize RTILs and compare 
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their piezoelectric properties with those of well-established solid state piezoelectric materials.  

7.2 Future Directions 

7.2.1 Atomic Force Microscopy (AFM) Measurements 

We have successfully demonstrated the direct piezoelectric effect in RTILs by measuring open 

circuit potential (OCP) as a function of applied pressure.  The piezoelectric effect is described 

through the relationship between the application of a stress to a material and the resulting charge 

displacement, Ð (Eq. 7.1),6  
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where 𝜀 is the dielectric constant of the material, E is the applied electric field, 𝛿 is the matrix 

describing the piezoelectric response, with 𝛿௧ being the transpose, relating the application of an 

electric field E to the induced strain, S, i.e., the converse piezoelectric effect.  T is the stress applied, 

which produces a strain, S, with s, the compliance, characterizing the proportionality between 

stress and strain. 

It is not possible to measure the converse piezoelectric effect in RTILs in the liquid phases by 

traditional methods. This is because the converse piezoelectric effect involves measurement of 

dimensional change as a function of applied potential and liquids inherently take the shape of their 

container. Therefore, freezing of RTILs will produce materials with a measurable converse 

piezoelectric response when a potential is applied across the material. Measuring the (converse) 

piezoelectric effect quantitatively in solids can be done with atomic force microscopy (AFM), a 

technique capable of measuring extremely small dimensional changes in (solid) materials resulting 

from an applied potential difference across the material.  The literature provides ample evidence 

of making mono-, bilayers of RTILs using techniques such as Langmuir-Blodgett and Langmuir-

Schaefer techniques (Figure 7.1) 7-11. 
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Once the mono- or bilayer are formed, they can be transferred onto a charged surface (ITO), 

inducing the free charge density gradient (𝜌௙). By controlling the temperature and freezing the 

sample, we can convert the RTIL into solid mono/bilayers. Subsequently, we can perform AFM 

measurements using AFM as a function of potential difference between the support surface and 

the AFM tip.  This approach serves two purposes: first, it enables measurement of the converse 

piezoelectric effect directly, and second, it allows evaluation of the piezoelectric (converse) effect 

as a function of film thickness.  The AFM measurements will determine the magnitude of d33, the 

piezoelectric coefficient in RTILs for interfaces of molecular dimension.  

7.2.2 Non-linear Optical Measurements 

RTILs exhibit an induced birefringence due to 𝜌௙ 12, 13 which is a manifestation of the 

converse piezoelectric effect. Our demonstration of the direct piezoelectric effect in RTILs allows 

 

Figure 7.1 Monolayer (a) and bilayer (b) of pyrrolidinium-based ionic liquids. 



163 
 

determination of d33, but for liquids, other piezoelectric coefficients cannot be evaluated because 

of the characteristically small values of Young’s modulus and the shear modulus in the liquid 

phase.  Quantitating the direct piezoelectric effect in the solid form of the RTIL at a temperature 

below its melting point will allow evaluation of piezoelectric coefficients other than d33 (e.g., d31), 

as well as allowing the comparison of d33 in the (nominal) liquid and solid phases of the same 

materials.  The key to more detailed evaluation of the piezoelectric effect in RTILs is the 

identification and use of measurements that can be used for both the solid and liquid phases of 

RTILs.  Optical second harmonic generation (SHG) can be used for this purpose. 

The piezoelectric effect and optical second harmonic generation are described by the same 

third rank tensor dijk.14 The quantities 𝛿 and 𝛿௧ (Eq. 7.1) are the piezoelectric strain tensor and its 

transpose, respectively. These are third rank tensors, and they are related to the 𝜒(ଶ) tensor through 

the relationship 𝜒(ଶ) = 2𝛿.15 Hence, there exists a direct correlation between the piezoelectric 

response and second order nonlinear optical effects. It is known that RTILs exhibit a usefully large 

 

Figure 7.2 Left: Schematic of RTIL SHG measurement. Amplified Ti:Sapphire laser light 
source, 50 fs, 1 J pulses at 800 nm. Right: SHG signal from BMIM+TFSI- in 1 mm cuvette. 
Red = bulk RTIL, normal incidence; black = thin film RTIL, normal incidence, magenta = thin 
film RTIL, ca. 45 angle of incidence. 
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second order nonlinear optical response at the air-RTIL interface,16 and we have demonstrated it 

experimentally (Fig. 7.2).  Measuring the magnitude and polarization-dependence of the second 

order nonlinear optical response of RTILs at temperatures below and above the RTIL melting point 

will provide a direct comparison of the magnitude of the piezoelectric effect in the solid and liquid 

states. 

SHG will be observed most easily in an interfacial reflection mode, where the surface order 

and inherent absence of a center of symmetry of the RTIL-air interface will produce a second order 

response, as reported by the Shaw group.16 We hypothesize that the surface charge applied to the 

interface will modify RTIL organization and the reflected SHG will depend on both the RTIL 

support surface charge and polarization of the incident electric field.  

Comparison to the second order nonlinear optical response of the same solid RTILs will 

determine the correspondence between RTIL piezoelectric effect in the solid and liquid states. 

With the calibration of the relationship between the piezoelectric and optical measurements 

established for solid phase RTIL(s), the optical measurements will be made on RTILs to gauge 

the change in magnitude of f across the phase transition and its temperature-dependence. This 

information will provide a convenient means of evaluating the magnitude of piezoelectric 

phenomena in RTILs in the future. 

7.2.3 Piezoelectric Effect under Nano-confinements 

Dilution studies of ILs have provided a great deal of molecular-scale insight into the 

competition between IL associated ions and solvent-ion interactions. In Chapters 4 and 5, we have 

reported on the interactions of a series of imidazolium based ILs with molecular solvents methanol, 

acetonitrile, propylene carbonate and DMSO.  It has emerged that ILs diluted with other molecular 

solvents produce compositionally heterogeneous systems, with the size of the nanometer-scale IL 
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aggregates depending on the identities of both the IL and the molecular fluid diluent.3, 4  We thus 

have control over average IL ion pair aggregate size, and that control yields nanoscale aggregates 

in the size scale centered around 1 nm in diameter. 

As described in Chapter 2, the piezoelectric behavior of ILs is novel and among the many 

opportunities that stem from this discovery, one that is of foundational importance to the future use 

of these materials is understanding the relationship between IL dimension and the magnitude of 

the piezoelectric response. The point is to determine the relationship between nanoscale IL 

aggregate dimensions and piezoelectric response. To accomplish this task, we will use molecular 

fluid diluents that are capable of undergoing polymerization. Once the IL nanoscale aggregates are 

formed in the molecular fluid, the polymerization of the diluent matrix will transform the binary 

mixture into a solid composite material. A few polymers exhibit the piezoelectric effect, PVDF 

being the most widely used example,17-19 but most do not. Moreover, polymers have been used 

before in the formation of nanocomposite piezoelectric materials, but in those systems, inorganic 

nanoparticles were used as the piezoelectric material.19 After the formation of solid composite 

material with RTILs and polymer, their piezoelectric effect can be measured with all the traditional 

methods and can be compared with the effect as a function of domain size. 
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