
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Revised, March 28, 2014 

 

 

 

 

 

 

Particle Aggregation Mechanisms in Ionic Liquids
+
 

 

 

Istvan Szilagyi, Tamas Szabo, Anthony Desert, Gregor Trefalt,  

Tamas Oncsik, Michal Borkovec* 

 

 

 

Department of Inorganic and Analytical Chemistry, University of Geneva, 

30 Quai Ernest-Ansermet, 1205 Geneva, Switzerland 

 

 

+
Supporting information available.  

*Corresponding author: Phone: + 41 22 379 6405, E-mail: michal.borkovec@unige.ch 

 

 

 

 

 

Page 1 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



2 

Abstract 

 

Aggregation of sub-micron and nano-sized polystyrene latex particles was studied in room 

temperature ionic liquids (ILs) and in their water mixtures by time-resolved light scattering. 

The aggregation rates were found to vary with the IL-to-water molar ratio in a systematic 

way. At the water side, the aggregation rate is initially small, but increases rapidly with 

increasing IL content, and reaches a plateau value. This behaviour resembles simple salts, and 

can be rationalized by the competition of double-layer and van der Waals forces as surmised 

by the classical theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO). At the IL side, 

aggregation slows down again. Two generic mechanisms could be identified to be responsible 

for the stabilization in ILs, namely viscous stabilization and solvation stabilization. Viscous 

stabilization is important in highly viscous ILs, as it originates from the slowdown of the 

diffusion controlled aggregation due to the hindrance of the diffusion in a viscous liquid. 

Solvation stabilization mechanism is system specific, but can lead to a dramatic slowdown of 

the aggregation rate in ILs. This mechanism is related to repulsive solvation forces that are 

operational in ILs due to their layering of the ILs close to the surfaces. These two stabilization 

mechanisms are suspected to be generic, as they both occur in different ILs, and for particles 

differing in surface functionalities and size. 
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Introduction 

 

Ionic liquids (ILs) have unusual properties, including high chemical stability, low vapour 

pressure, and wide electrochemical window.
1-3
 Their properties can also be systematically 

varied through the nature of their ionic constituents. Due to these unique aspects, ILs are 

developing into promising media for material science applications.
4-6
 Among those, particle 

suspensions in ILs represent an important class of media, as they are relevant in catalysis
7-11
, 

solar cell developments
12
, and mirror design.

13
 Such suspensions are also obtained during the 

synthesis of metal
14-16

, oxide
17,18

, or latex
19
 particles in ILs. The stability of such suspensions, 

or their aggregation state, can be decisive. The presence of aggregates further determines the 

suspension rheology and controls the formation of particle assemblies, colloidal glasses, and 

gels.
20-22

 Various reports indicate that the nature of ILs and of the particles affects their 

aggregation state strongly. Silica particles were reported to be unstable in imidazolium-based 

ILs, while their stabilization could be achieved by surface functionalization.
23
 Metal and silica 

particles were reported to be stable in dry ILs, while small amounts of water induced 

aggregation.
15,16,24

 The presence of alkali metal cations was shown to stabilize particles in 

ILs.
25
 However, this knowledge remains sketchy, and a mechanistic picture of particle 

aggregation in ILs is lacking.  

 

 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory was developed to explain the 

stability of aqueous particle suspensions.
21,23,26,27

 This theory represents the interaction 

potential as a superposition of van der Waals and electric double-layer forces, and explains 

why aqueous suspensions are stable at low salt levels, and unstable at higher ones. At low salt 

level, the repulsive double-layer forces dominate and lead to slow aggregation. At higher salt 

levels, double-layer forces are screened, and the attractive van der Waals forces induce fast 

aggregation. While this behaviour is well-documented for simple salts
28-32

, a similar scenario 

might apply to dilute aqueous solutions of ILs.
24
 The aggregation remains fast in aqueous 

suspensions at higher salt levels, since the diffusion is rapid due to the low viscosity of 

aqueous solutions. On the other hand, the high viscosity of ILs will substantially slow down 

the diffusion process. This effect will reduce the aggregation rate, and this mechanism will be 

referred to as viscous stabilization. The existence of highly stable particle suspensions in pure 

ILs contradicts DLVO theory, since the ILs should screen the double-layer forces fully.
23
 

Stabilization in ILs was attributed to solvation forces originating from their structuring near 
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interfaces.
21,23,24

 These forces were measured with the atomic force microscope and they were 

found to be oscillatory, but overall repulsive.
24,33

 This stabilization mechanism will be 

referred to as solvation stabilization. 

 

Here we demonstrate that solvation and viscous stabilization controls the aggregation of 

particles in ILs. This assertion will be based on detailed measurements of aggregation rates of 

colloidal particles in IL-water mixtures with time-resolved light scattering. The present article 

provides the first systematic study of this kind, and shows that these techniques can be used to 

clarify the mechanisms of particle aggregation processes in ILs.  

 

Methods 

The following section summarizes the essential methods and concepts needed to analyse 

particle aggregation kinetics by time-resolved light scattering. The supplement provides 

details concerning the materials and experimental protocols used. 

 

Particle Aggregation Kinetics. Particles suspended in a liquid diffuse due to thermal motion, 

and attractive van der Waals forces make them stick upon contact. When the suspension is 

initially composed of isolated particle monomers, they will form aggregates, initially dimers, 

according to the scheme 

 2A A A+ →  (1) 

The kinetics of this process can be described with the rate equation 

 21 2
12

dN dN
k N

dt dt
− = ⋅ =  (2) 

where 1N  and 2N  are the number concentrations of the monomers and dimers, respectively, t 

is the time, and k is the aggregation rate coefficient. Equation (2) describing aggregation of 

colloidal particles is exactly the same as in chemical reaction kinetics, except in that field one 

defines the rate coefficient half as large. The other important difference from the chemical 

kinetics is that colloidal particles readily form higher order aggregates, such as trimers, 

tetramers, namely  

 

2 3

3 4

2 2 4

A A A

A A A

A A A

...

+ →

+ →

+ →

 (3) 

Page 4 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

Therefore, aggregates keep growing, until they sediment, cream, or interlink to form a gel. By 

assuming that each of these elementary kinetic steps proceeds with the same rate coefficient k, 

Smoluchowski has shown that in a suspension initially composed of monomers only, the total 

number of particles or aggregates 1 2 3 ...N N N N= + + + decreases as
26,27

 

 0

1/21 /

N
N

t T
=

+
 (4) 

where 0N is the total (or initial) particle concentration 0 1 2 32 3 ...N N N N= + + +  and 

 
1/2

0

2
T

kN
=  (5) 

is the half-time of aggregation. This half-time represents the characteristic time, after which 

the total number of aggregates is reduced by a factor of two. When only monomers and 

dimers are present, eq. (2) would lead to the same expression for 1/2T as eq. (5) up to the factor 

of 2.  

 

The van der Waals attraction close to contact is normally very strong, which makes the 

aggregation process irreversible, meaning that aggregated particles do not detach from each 

other. For weaker attraction forces, as for example, in the case of depletion interactions or 

critical Casimir forces, the aggregation process may become reversible and lead to 

equilibrium phase separation.
34-36

 Currently, we have no indications that such a situation 

might be encountered in ILs. Therefore, the irreversible aggregation process always leads to 

destabilization of a colloidal suspension, whereby the half-time given by eq. (5) sets the 

corresponding time scale. Depending on the system, however, this half-time may differ by 

orders of magnitude. When this half-time is large, the suspension is stable, while when it is 

small, it is unstable. For a half-time that is comparable to the experimental time window, the 

aggregation process can be followed by various techniques in real time. Initially, particle 

dimers form, while higher order aggregates occur later (Fig. 1). Correspondingly, one refers to 

early stages and late stages of the aggregation. Since the formation of doublets in eq. (1) is a 

second order kinetic process, the half-time does not only depend on the aggregation rate 

coefficient k, but also on the particle number concentration 0N . Thus, a suspension can be 

stabilized by adjusting the conditions such that aggregation rate coefficient is small, by 

appropriate dilution, or both.  
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In the case of fast aggregation, one assumes that the diffusing particles do not interact but they 

stick to each other at every encounter.
26
 This model is equivalent to diffusion controlled 

reaction kinetics or, in colloid language, to a fast aggregation process. Smoluchowski has 

further shown that the corresponding rate coefficient is given by
26,27

  

 17 3B
S 1 1

8
16 1.23 10  m /s

3

k T
k D Rπ

η
−= = = ×  (6) 

whereby 
1D  and 1R  denote the diffusion coefficient and the radius of the aggregating 

particles. The second equality sign in eq. (6) follows from the Stokes-Einstein relation, which 

relates the former quantities as
26
 

 B
1

16

k T
D

Rπη
=  (7) 

where η  is the shear viscosity of the dispersing liquid, T is the absolute temperature, and Bk  

is the Boltzmann constant. The numerical value given in eq. (6) refers to water at 25 °C, while 

for ILs this value can be substantially smaller.  

 

Equations (5) and (6) can be used to distinguish stable and unstable colloidal particle 

suspensions in aqueous salt solutions (Fig. 1b). Since viscosities of ILs can be substantially 

larger than the ones of aqueous solutions
5,6
, the respective boundary is displaced to the right. 

The stability time windows and the corresponding particle concentrations for stable particle 

suspensions in ILs reported in the literature are also shown.
16,23-25

 The fact that these points 

cluster above the grey region suggests the importance of solvation stabilization. When the 

interaction potential acting between the particles is known, aggregation rates could be 

estimated more accurately.
26,37

 We shall not pursue this aspect here, since the information 

concerning the interaction potentials between particles in ILs is currently incomplete.  

 

Light scattering. Particle suspensions are being routinely characterized by static light 

scattering (SLS) and dynamic light scattering (DLS).
26,38

 When these techniques are 

employed in a time-resolved fashion, they allow probing particle aggregation processes in 

detail.
39-42

 

 

SLS measures the light scattering intensity I versus the scattering angle θ , which is 

commonly expressed in terms of the magnitude of the scattering vector  
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7 

 
0

4
sin

2

n
q

π θ
λ

=  (8) 

where n is the refractive index of the medium and 
0λ  is the wavelength of the incident light in 

vacuum. The scattering intensity ( )I q  from a stable and dilute suspension of colloidal 

particles can be used to evaluate the particle size accurately. For small particles and weak 

contrast, the angular dependence of the scattering intensity can be calculated within the 

Rayleigh, Gans, and Debye (RGD) approximation. The contrast is characterized by the 

difference between the refractive indices of the particles and the dispersing liquid. In the 

general case, the exact Mie theory for spheres must be used.
43
 For quantitative analysis, 

particle polydispersity and back-reflection correction have to be included. 

 

The scattering intensity from an aggregating suspension varies with time. For a dilute 

suspension, this quantity can be expressed as  

 1 1 2 2( , ) ( ) ( ) ( ) ( ) ...I q t I q N t I q N t= + +  (9) 

where 1( )I q  and 2 ( )I q  are the scattering intensities of the monomer and dimer, respectively. 

For early stages of aggregation, one can measure the initial apparent static rate Σ , which 

reflects the rate of change of the scattering intensity normalized by the initial intensity. This 

quantity can be obtained from eqs. (2) and (9) and reads
40
 

 2
0

10

( )1 ( , )
1

( ,0) 2 ( )
t

I qdI q t
kN

I q dt I q
→

 
Σ = ⋅ = − 

 
 (10) 

In order to evaluate the aggregation rate coefficient, the optical factor must be known. Within 

the RGD approximation, this factor is given by
26,40

 

 2 1

1 1

( ) sin(2 )
1

2 ( ) 2

I q qR

I q qR
= +  (11) 

In the general case, the T-matrix theory must be used to evaluate this ratio of scattering 

intensities.
37,43

 At low scattering angles ( 0)q→ , the apparent static rate is always positive, 

meaning that the scattering intensity increases with time. At larger angles, this quantity can 

also become negative, which reflects the fact that the scattering intensity may also decrease 

with time.  

 

DLS measures the intensity autocorrelation function, and from its decay constant one can 

extract the apparent diffusion coefficient D. In a stable suspension, the particle radius can be 
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directly evaluated from this quantity with the Stokes-Einstein eq. (7). When a dilute 

suspension is aggregating, the apparent diffusion coefficient can be expressed as
40
 

 1 1 1 2 2 2

1 1 2 2

( ) ( ) ( ) ( ) ...
( , )

( ) ( ) ( ) ( ) ...

D I q N t D I q N t
D q t

I q N t I q N t

+ +
=

+ +
 (12) 

where 
1D  and 2D  correspond to the diffusion coefficients of the monomers and dimers, 

respectively. We prefer to report the apparent hydrodynamic radius ( , )R q t  that is obtained 

from the apparent diffusion coefficient ( , )D q t  by eq. (7). In the early stages of aggregation 

one can measure the apparent dynamic rate ∆ , which corresponds to the initial relative rate of 

change of the apparent hydrodynamic radius normalized to the initial radius. Following 

similar arguments as above, this rate can be expressed as
40
 

 2
0

10

( )1 ( , ) 1
1

( ,0) 2 ( )
t

I qdR q t
kN

R q dt I qα
→

 ∆ = ⋅ = − 
 

 (13) 

where 1 2 2 1/ / 1.39D D R Rα = = �  is the hydrodynamic factor. The respective hydrodynamic 

radii of the monomer and the dimer are denoted by 
1R  and 2R . The numerical value of this 

factor a  can be estimated from low Reynolds number hydrodynamics.
44
 This apparent 

dynamic rate is always positive, meaning that the hydrodynamic radius always increases with 

time, as one would intuitively expect. As will be shown in the next section, these light 

scattering techniques are powerful means to investigate particle aggregation processes in ILs.  

 

 

Results and Discussion 

 

Aggregation of sub-micron sulphate and amidine latex particles, as well as nano-sized 

sulphate latex particles was studied in various ILs and their mixtures with water (Fig. 2a). 

Many ILs are hygroscopic, and may contain substantial amounts of water.
45
 We have 

therefore systematically studied particle suspensions over a wide range of IL-to-water molar 

ratios, from dilute solution of ILs in water (water side) to ILs containing small amounts of 

water (IL side). We have analysed ILs containing the anions tetrafluoroborate, BF4
–
, 

dicyanamide, N(CN)2
–
, and thiocyanate, SCN

–
, with 1-butyl-3-methylimidazolium, BMIM

+
, 

as the cation. We have further investigated ILs with N(CN)2
–
 as the anion, and BMIM

+
, 1-

butyl-3-methylpyridinium dicyanamide, BMPY
+
, and 1-butyl-1-methylpyrrolidinium, BMPL

+ 

as cations. Comparison experiments were carried out with 1-butylpyridinium 

tetrafluoroborate, BPY-BF4, and simple KCl electrolyte solutions. Viscosities, refractive 
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indices, and densities of the IL-water mixtures were determined by standard techniques (Figs. 

2b and S1). The viscosities of pure ILs used are 30–150 times larger than the one of water. 

Refractive indices and densities can be accurately described by ideal mixing laws. We will 

first summarize how light scattering can be used to characterize these particles and their 

aggregation kinetics. Subsequently, we will discuss the generic dependence of the aggregation 

rates on the IL-to-water molar ratio, and finally address system specificities.  

 

Particle Characterization by Light Scattering. We study spherical polystyrene latex as 

model particles. Most experiments were carried out with sub-micron particles having amidine 

surface modification and a radius of 110 nm and with sulphate surface modification and a 

radius of 265 nm. Figure 3a shows measured form factors of the particles in water and in 

BMIM-SCN whereby the scattering intensity originating from pure ILs was subtracted. This 

residual scattering can be up to 10 times larger than the one for toluene, probably due to the 

presence of nm-sized transient clusters that are spontaneously forming in the ILs.
46
 However, 

this residual scattering is still sufficiently small such that the excess scattering from the 

particles can be easily measured. The form factors are compared with best fits with Mie 

theory, whereby the refractive index of 1.59 was used for polystyrene.
47
 The analogous results 

of the simpler RGD calculations are also shown. One observes that the RGD theory is 

applicable in ILs, while deviations from this theory are apparent in water, especially for the 

larger sulphate particles. Mie theory must be used in that case. The fitted particle radii and 

polydispersities are in excellent agreement with the values obtained by electron microscopy 

(Table S1). RGD theory works well in the IL since the contrast is smaller, meaning that the 

refractive index of the latex particle is closer to the one of the IL than the one of water (Fig. 

2c). Figure 3b further illustrates that the form factor of the latex particles remains the same 

over long times. The constancy of this scattering profile confirms that the particles remain 

stable in the IL and that they neither swell nor dissolve. Hydrodynamic radii were also 

measured by DLS in these suspensions and they are about 6% larger than the ones obtained 

by SLS (Table S1). This slight increase in radius is probably caused by polydispersity effects 

or solvation of the surface layer. The absolute scattering intensity remains constant within the 

experimental error of about 5% over the entire experimental time period, which further 

demonstrates that sedimentation or creaming effects are negligible in these systems. 

 

Aggregation Rates by Time-resolved Light Scattering. The scattering intensity from an 

aggregating suspension may increase or decrease with time (Fig. 4a). The initial slope of this 
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10 

intensity trace reflects the apparent static rate Σ  given in eq. (10) and this quantity can be 

determined by fitting a straight line to the initial part of the time-dependent scattering 

intensities. When the scattering intensity decreases with time, this quantity becomes negative. 

The measured dependence of the apparent static rateΣ on the magnitude of the scattering 

vector q is compared in Fig. 5a with predictions of RGD theory. This relation agrees well with 

the experiment for the amidine particles, but the more accurate T-matrix theory must be used 

for sulphate latex. The deviations are more important in water than in the IL due to larger 

contrast. The remaining discrepancies are probably related to slight particle asphericity. The 

respective aggregation rates are obtained by least-squares fit (Table 1). One observes that the 

aggregation rates in ILs are substantially smaller than the ones in water. 

 

In an aggregating suspension, the apparent hydrodynamic radius always increases with time 

(Fig. 4b). The apparent dynamic rate ∆  can be obtained by fitting straight lines to the initial 

portion of the hydrodynamic radius trace. The dependence of the apparent dynamic rate ∆  on 

the magnitude of the scattering vector q can be fitted well with eq. (13) whereby the optical 

factor can be determined by RGD or T-matrix theory (Fig. 5b). When one uses the 

aggregation rate coefficients obtained from static light scattering, one obtains the 

hydrodynamic factors. They are summarized in Table 1 and they agree well with the 

theoretical value of 1.39α = .  The data points scatter more strongly in the IL due to weaker 

contrast. 

 

When the optical and hydrodynamic factors are known, the aggregation rate coefficients can 

also be obtained from the measurement of the apparent dynamic rate at a specific scattering 

angle. The typical procedure is to perform time-resolved single-angle DLS experiments at 

various compositions and determine the apparent dynamic rates from the initial slope (Fig. 

4c,d). The rate coefficients can be extracted from eq. (13) by inserting the known values of 

the optical and hydrodynamic factors. This single-angle DLS technique was used to measure 

the rate coefficients in the various IL-water mixtures, and the resulting aggregation rates are 

in excellent agreement with multi-angle SLS (Table 1). 

 

In order to probe the doublet formation rate, the experiment must be carried out in the early 

stages of aggregation. This condition can be ensured with time-resolved DLS by satisfying 

two criteria. First, the initial apparent hydrodynamic radius should agree within experimental 

error with the corresponding radius in a stable suspension. Second, the relative increase of the 
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apparent radius should be not more than 20–30% of its initial value. Such conditions are best 

found by varying the particle concentration (Fig. 4e). This figure also indicates that the 

apparent rate of aggregation is proportional to the particle concentration (Fig. 4f), as 

stipulated by eq. (13). 

 

Another way to ensure that one focuses on the early stages of the aggregation process is to 

evaluate the half-time of the aggregation (Fig. 4f). These half-times are also shown in Fig. 1. 

Since our aim is to measure aggregation rates, we situate ourselves near the unstable region. 

The appropriate experimental window must be substantially shorter than the half-times, in 

practice by about a factor 3–5. To estimate the half-time properly, the actual aggregation rate 

coefficient must be known. However, this quantity is only accessible when the respective light 

scattering measurements have been completed and not when the experiment is initiated. From 

this point of view, the criteria concerning of the relative increase of the hydrodynamic radius 

are more practical. 

 

Generic Features. Figure 6a shows the measured aggregation rates for the different latex 

particles in various ILs and in their water mixtures. The striking aspect is that all systems 

studied behave similarly. Three main aggregation regimes can be identified. (i) At low IL-to-

water ratio, one recovers the classical DLVO regime. In this regime, the aggregation rate 

increases strongly with the IL content first, and then saturates at a plateau value. The increase 

in the rate corresponds to slow aggregation, which results from progressive screening of the 

double-layer repulsion. The plateau reflects fast aggregation, where particle encounters are 

only limited by their rapid diffusion in water. (ii) At higher IL-to-water ratios, the aggregation 

rate decreases gradually. This decrease originates from the increasing viscosity, even though 

the aggregation process remains diffusion controlled. In the systems studied, this mechanism 

can slow down the aggregation process by almost two orders of magnitude. This regime is 

referred to as viscous stabilization. (iii) At high IL-to-water ratios, which correspond to ILs 

containing small amounts of water, the aggregation rate decreases rapidly with increasing IL 

content. This regime reflects a stabilization that is specific to the type of the IL, and will be 

referred to as solvation stabilization. 

 

The DLVO regime (i) on the water-rich side is very similar to simple, monovalent salts, like 

KCl. This fact is not surprising since ILs normally dissociate in water like simple, strong 

electrolytes.
48
 The effect of simple salts on the aggregation of colloidal particles is well 
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documented.
30-32

 The transition between slow and fast aggregation can be described by DLVO 

theory for weakly charged particles.
30,31

 Slow aggregation for highly charged particles is often 

more rapid than predicted by DLVO theory, which is typically caused by surface charge 

heterogeneities.
30,32,49

 

 

The importance of viscous stabilization in regime (ii) can be confirmed by comparing the 

aggregation rate coefficients to the Smoluchowski’s value Sk  given in eq. (6). Viscosities of 

the IL-water mixtures increase strongly with increasing IL content (Fig. 2b), and thus the 

Smoluchowski’s rate decreases (Fig. 6a). This point can be better illustrated by plotting the 

aggregation rate coefficients normalized with the Smoluchowski’s value 
S/k k  (Fig. 6b). The 

normalized rate coefficient remains constant throughout the entire intermediate concentration 

regime (ii) within experimental error, which confirms that the aggregation is diffusion 

controlled. However, the rate coefficient is about a factor of 2–4 smaller than the 

Smoluchowski’s value. Similar discrepancies were reported in aqueous suspensions of latex, 

silica, or metal oxide particles.
49-52

 They can be partly explained by including van der Waals 

and hydrodynamic interactions in the calculation of the aggregation rate, which results in 

aggregation rates that are about a factor of two smaller than the Smoluchowski’s value. While 

the Hamaker constant, which defines the strength of the van der Waals force, could vary with 

the type of IL and its water content, the actual value of the aggregation rate depends only 

weakly on this constant.
27
 The remaining discrepancies probably originate from inaccuracies 

in the hydrodynamic resistance function at small distances.
52
 

 

The onset of solvation stabilization can be best localized through the abrupt decrease of the 

normalized rate coefficient at high IL content (Fig. 6b). Solvation stabilization occurring in 

regime (iii) on the IL-rich side is probably caused by repulsive forces generated by the 

structuring of the ILs near solid surfaces. This structuring was observed by X-ray 

reflectivity
53
, and the respective forces could be measured with the surface forces apparatus

54
 

and the atomic force microscope.
24,33,55

 While such solvation forces are oscillatory, they are 

overall repulsive, and probably responsible for the stabilization of colloidal particles in ILs as 

suggested earlier.
21
 Since we lack reliable models of the interaction potential acting between 

the particles in IL-water mixtures, we shall not attempt to evaluate the aggregation rates in 

this regime quantitatively.  
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The transition between slow and fast aggregation within the DLVO regime at the water rich 

side occurs in a narrow concentration range, referred to as the critical coagulation 

concentration (CCC). A similar critical concentration can be identified at the IL rich side, 

which signals the transition between the solvation and viscous stabilization regime. We 

distinguish these two CCCs by referring to CCC-W on the water-rich side, and by CCC-IL on 

the IL-side. To remain in line with the customary definition of CCC in water, we will express 

CCC-W as molar concentration of the IL. In analogy, CCC-IL will be expressed as molar 

concentration of water. The respective molar concentration axes are indicated in Fig. 6. 

Figures S2–S4 facilitate conversions to these and other concentration units. The respective 

CCCs can be inferred from Fig. 6 and they are summarized in Table S5. 

 

Sub-micron Amidine Latex Particles. CCC-W is lower for the ILs than for the simple salts, 

such as KCl. Charged particles suspended in simple, monovalent salt solutions have CCCs in 

the range of 0.1–0.5 M.
28,29,56

 The corresponding values induced by ILs are consistently 

lower, around 0.03–0.1 M. This shift is probably related to a stronger affinity of the IL anions 

to the particle surface than with Cl
–
. One further observes that CCC-W increases in the 

sequence of SCN
–
, N(CN)2

–
, and BF4

–
, suggesting that the affinity of the surface for these 

anions decreases in the same way. The effect of the cations on CCC-W is less pronounced. 

 

The CCC-IL can be clearly observed for all ILs studied, except in the presence of the BF4
–
 

anion. Typical values observed reflect water concentrations of 2–7 M. The ILs containing 

BF4
–
 anion seem to induce only minor solvation stabilization for the water contents studied, 

eventually setting in below 1.0 M. This hypothesis seems consistent with the absence of 

aggregation of gold particles in very dry BMIM-BF4 over time periods that were substantially 

larger than the half-times estimated with the Smoluchowski relation (Fig. 1b).
16
 Silica 

suspensions were also found to be unstable in BMIM-BF4.
23
 Adopting this hypothesis, CCC-

IL increases in the sequence of  BF4
–
, SCN

–
, and N(CN)2

–
. The effect of cations seems more 

important for CCC-IL, since BMPY
+
 yields the highest value, while BMIM

+
 and BMPL

+
 

behave similarly. 

 

Sub-micron Sulphate Latex Particles. The values of CCC-W for the sulphate particles are 

very similar to the values for the amidine particles. This fact can be understood since the 

magnitude of the charge densities of both types of particles are comparable (Table S1). 

However, the effects of anions are different. With the BMIM
+
 cation, one observes the reverse 
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sequence than for the amidine particle. The CCC-W thus increases through the anions BF4
–
, 

N(CN)2
–
, and SCN

–
. This trend suggests that the affinity of the surface for these anions 

decreases in the same sequence, and is thus opposite than the one for amidine particles. This 

reversed trend is probably related to the negative charge of these particles. The effect of 

cations on CCC-W is again minor, and these values are similar for BMIM
+
, BMPL

+
, and 

BPY
+
. 

 

The CCC-IL for the sulphate particles situate in the range 3–13 M, which is somewhat larger 

than for the amidine particles. As for the amidine particles, the ILs containing the BF4
– 
anions 

lead only to minor suspension stabilization at low water concentrations, around 0.4 M. The 

CCC-IL increases with BF4
–
, N(CN)2

–
, and SCN

–
, which reflects the same sequences 

observed at the water side. The role of cations is less important, one still observes the 

sequence BMPY
+
, BMIM

+
, and BMPL

+
. These findings suggest again that cations interact 

with the particle surfaces more weakly than anions. 

 

Nano-sized Sulphate Latex Particles. To address the applicability of our findings to smaller 

particles, aggregation rates of nano-sized sulphate latex particles with 50 nm radius in BMPL-

N(CN)2 and its water mixtures were measured (Table S1). Due to the weak scattering power 

of these particles, the respective measurements are more difficult, especially in ILs. While the 

overall trends are similar, the present data suggest that the nano-sized particles aggregate 

more slowly than the sub-micron sized ones on the IL side. This point is in agreement with 

the observation that suspensions of nano-sized silica particles were more stable than 

suspensions of larger ones.
21
 However, such differences could be also related to different 

particle concentrations of the samples. 

 

The present scenario is consistent with visual observations of silica particle suspensions in 

mixtures of ethylammonium nitrate and water by Smith et al.
24
 These suspensions were stable 

in pure water and the pure IL, but unstable in the mixtures. Figure 1 reveals that solvation 

stabilization must be the relevant stabilization mechanism in that system too. We thus 

estimate CCC-W around 0.1 M and CCC-IL around 2 M in that system.  
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Conclusions 

 

Our light scattering studies demonstrate that colloidal particles suspended in ILs and their 

water mixtures form aggregates. However, the time scale of this process strongly depends on 

the particle concentration and on the value of the aggregation rate coefficient. The rate 

coefficients vary characteristically. At the water side, ILs behave like simple, monovalent 

salts and the data are in line with the DLVO theory. In this DLVO regime, one observes slow 

aggregation at low IL content. With increasing IL content, the aggregation rate increases and 

finally reaches the plateau reflecting fast aggregation. At the IL side, aggregation may 

proceed again very slowly. Two mechanisms are responsible for this stabilization. Viscous 

stabilization mechanism is important in viscous ILs, and originates from the slowdown of the 

diffusion process in a viscous liquid. Solvation stabilization mechanism is system specific, but 

can lead to a dramatic slowdown of the aggregation rate. This mechanism is probably related 

to repulsive solvation forces that are operational in ILs due to strong layering close to 

surfaces. These two stabilization mechanisms are suspected to be generic, as they are 

operational in different ILs and for particles with different surface functionalities and of 

different size. We further suspect that in ILs containing BF4
–
 anions the principal mechanism 

is viscous stabilization, and solvation stabilization is unimportant, unless the IL is extremely 

dry. On the other hand, ILs containing N(CN)2
–
 or SCN

–
 anions tend to stabilize suspensions 

by both mechanisms, and solvation stabilization can be even operational in ILs containing 

10% of water by mass. 
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Table 1. Aggregation rates and hydrodynamic factors of sub-micron latex particles measured 

with time-resolved light scattering. 

 

Method 
Amidine Latex

a
 Sulphate Latex

b
 

KCl
c
 BMIM-SCN

d
 KCl

c
 BMIM-SCN

d
 

Multi-angle SLS
e
 (2.9±0.1)×10

–18
 (8.5±0.5)×10

–19
 (3.3±0.1)×10

–18
 (4.5±0.9)×10

–19 

Multi-angle DLS
f
 1.35±0.02 1.43±0.02 1.32±0.02 1.35±0.02 

Single-angle 

DLS
e
 

(3.1±0.3)×10
–18
 (8.3±0.8)×10

–19
 (3.2±0.2)×10

–18
 (3.0±0.4)×10

–19
 

 

a
Amidine latex of 110 nm in radius. 

b
Sulphate latex of 265 nm in radius. 

c
Measurements were 

carried out in 1.0 M KCl solutions. 
d
IL-to-water molar ratios of 0.092 and 0.27 were used for 

amidine and sulphate latexes, respectively. 
e
Aggregation rate coefficients k in m

3
/s. 

f
Measured 

hydrodynamic factor α . 
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Figure 1. Particle aggregation in ILs. (a) Schemes depicting the structure of a stable 

suspension and of unstable suspensions at early and late stages of the aggregation. (b) 

Aggregation time scale versus the particle number concentration. Half-times are calculated 

with eq. (5) and Smoluchowski’s eq. (6) in water (solid line) and in the ILs used in the present 

study (shaded area). The blue region indicates the conditions of the present experiments. Data 

points refer to experimental time windows reported by Nordström et al.
25
, Smith et al.

24
 

involving ethylammonium ions (EA
+
), Vanecht et al.

16
, and Ueno et al.

23
 The other acronyms 

are defined in Fig. 2 and further details are given in Table S6.  
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Figure 2. Properties of ILs used and of their mixtures with water. (a) Structures and 

abbreviations, (b) shear viscosity, (c) and refractive index measured at 533 nm. The refractive 

index of the latex particles is also indicated.  
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Figure 3. Monomer form factors P(q) versus the magnitude of the scattering vector q of 

amidine latex particles of 110 nm in radius (left) and sulphate latex of 265 nm (right). (a) The 

experimental points in water and in pure BMIM-SCN are compared with Mie and RGD 

theory from which the particle radius can be extracted. (b) No dependence with time of the 

form factors is observed in BMIM-SCN. 
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Figure 4. Time-dependence of the light scattering signal in aggregating particle suspensions 

in ILs. Amidine latex particles measured at different scattering angles in BMIM-SCN of 0.092 

IL-to-water molar ratio with (a) SLS and (b) DLS. Hydrodynamic radius measured with DLS 

for amidine latex particles in BPY-BF4-water mixtures at different IL-to-water molar ratios 

(c) on the water side and (d) on the IL side. Particle concentration dependence for amidine 

latex particles in BPY-BF4 on the (e) hydrodynamic radius and (f) the apparent dynamic rate 

(left axis) and half-time of aggregation (right axis). 
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Figure 5. Apparent aggregation rates versus the magnitude of the scattering vector q of 

amidine and sulphate latex particles measured in 1.0 M KCl (left column) and in BMIM-SCN 

water mixtures of the IL-to-water molar ratios indicated (right column). Experimental data are 

compared with RGD (dashed line) and T-matrix (solid line) calculations. The resulting 

aggregation rates and hydrodynamic factors are given in Table 1. (a) SLS and (b) DLS. 
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(two column figure, do not print this text) 

Figure 6. Aggregation rates of sub-micron latex particles versus IL-to-water molar ratio in 

various ILs. Molar IL and water concentrations are indicated on separate axes. Amidine (left 

column) and sulphate latex (middle column) in different ILs, and different particles in BMPL-

N(CN)2 with the CCCs indicated for the amidine particles. (a) Aggregation rate coefficient k 

and (b) the same quantity normalized to the Smoluchowski rate coefficient Sk . Solid lines in 

(a) correspond to the Smoluchowski rate, while in (b) they serve to guide the eye.  
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