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I
onic liquids (ILs) are defined as molten
salts with melting points at or below
100 °C.1,2 Unlike conventional salts,

such as sodium chloride, ILs are typically

formed from bulky asymmetric organic cat-

ions paired to partially fluorinated anions

which serve to make packing highly ineffi-

cient, resulting in melting points near ambi-

ent.3 In this paper, we investigate a novel

class of material we have given the acronym

GUMBOS, defined as a group of uniform ma-

terials based on organic salts. While our

study encompasses salts which are formally

ILs by the typical definition, GUMBOS are

also inclusive of related organic salts with

melting points above 100 °C. Thus, GUM-

BOS are intriguingly useful ionic materials

which retain the designer versatility of ILs,

in that a manipulation of either the anion or

the cation structure/functionality may yield

significant changes in physicochemical

properties, allowing them to be devised for

a host of applications.4,5 We note that the

term “room temperature ionic liquid” (RTIL)

has typically been reserved for salts that are

liquid at room temperature (i.e., 25 °C). RTILs

have been employed for applications such
as chromatography,6 extractions,7 cataly-
sis,8 and nanosynthesis.9,10 Recently, RTILs
have also been used as supports for the syn-
thesis of nanowires,11 as dispersants to
regulate the shape of nanorods,12 and as a
dispersed phase in IL/oil emulsions to regu-
late the growth of hierarchical macroporous
metal oxides.13

Aside from the use of ILs as solvents
and in other liquid-state applications, very
little focus has been given to ILs and their
tunability in the solid state. In 2007, Rutten
et al. employed frozen ILs (ILs with melting
points exceeding ambient, thus remaining
ionic solids near room temperature) as sub-
strates for rewritable imaging.14 More re-
cently, our group reported the first nano-
and microparticles developed from the fro-
zen IL 1-butyl-2,3-dimethylimidazolium
hexafluorophosphate ([bm2Im][PF6]) using
a novel melt�emulsion�quench ap-
proach.15 Herein we report the first ex-
amples of nanoGUMBOS with functionality
capable of mimicking the properties of
usual nanoparticles with the task-specific
properties of ILs.

In recent years, magnetic nanoparticles
have garnered considerable interest in vari-
ous disciplines such as drug delivery,16

separations,17 magnetic resonance imag-
ing,18 and cancer hyperthermia treat-
ment.19 Iron oxide nanoparticles with diam-
eters typically around 10�20 nm exhibit su-
perparamagnetism and can be magnetized
in the presence of an external magnetic
field and readily redispersed in the absence
of a field with negligible particle aggrega-
tion.20 For many of these applications,
modifying the surface of the nanosized
magnetic particles can be a considerably
difficult and tedious task. Surface modifica-
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ABSTRACT The size and uniformity of magnetic nanoparticles developed from a group of uniform materials

based on organic salts (GUMBOS) were controlled using an in situ ion exchange, water-in-oil (w/o) microemulsion

preparation. Most of these nanoGUMBOS are in fact ionic liquids (i.e., melting points less than 100 °C), while others

have melting points above the conventional 100 °C demarcation. Simple variations in the reagent concentrations

following a w/o approach allowed us to smoothly and predictably vary nanoparticle dimensions across a significant

size regime with excellent uniformity. Average sizes of GUMBOS particles ranging from 14 to 198 nm were achieved

by manipulation of the reagent concentration, for example. Controllable formation of this new breed of

nanoparticles is important for numerous potential applications and will open up interesting new opportunities in

drug delivery, magnetic resonance imaging, and protein separations, among other areas.
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tion is typically achieved by physi-
cally adsorbing or chemically at-
taching molecules to the
nanoparticle surface. For example,
in an article by Hong et al.,21 to syn-
thesize fluorescent magnetic nano-
particles, the process first started by
separately preparing iron oxide
nanoparticles and quantum dots.
Next, a complex linking process to
combine the dual functionality of
the fluorescent and magnetic par-
ticles was employed using poly-
meric materials. Due to the inher-
ent nature of the linking process
and lack of control over cross-
linking-caused aggregation, typi-
cally the functionalization task is
neither simple nor does it produce
uniformly functionalized particles.
In addition, commonly used metal
oxide nanoparticles (e.g., Fe2O3,
NiO, CoFe2O3) are relatively toxic
and require benign coatings (e.g.,
polyethylene glycol) for biological
applications which further restricts
their use in
vivo.22 Therefore, routes to biocompatible magnetic
nanoparticles with tunable properties that can be eas-
ily tailored to a specific application remain of para-
mount importance. GUMBOS are immediately perti-
nent in that aspect since they can be designed to be
nontoxic and might even play a medicinal or nutritive
role by synthesizing GUMBOS from environmentally re-
sponsible “green” materials including various vitamins,
amino acids,23 artificial sweeteners,24 nutraceuticals,
drugs,25 and phytochemicals.

ILs with anions containing transition metal com-
plexes have recently sparked considerable
interest.26�28 Although these ILs were among the earli-
est developed, their magnetic behavior was largely
overlooked.26 The first report of a magnetic IL, 1-butyl-
3-methylimidazolium tetrachloroferrate ([Bmim][FeCl4]),
and its response to a magnetic field appeared in 2004.27

To our knowledge, however, the synthesis of a nano-
scale material composed solely from magnetic ILs/
GUMBOS has yet to be reported. We hypothesize that
magnetic nanoGUMBOS will hold significant advan-
tages as compared to other common magnetic nano-
particles because they should also exhibit the tunabil-
ity and inherent functionality of ILs. In addition, both
the anion and the cation may carry unique functional
properties, allowing dual or polyfunctional nano-
GUMBOS to be prepared. This tunability will ultimately
provide superior control over relevant properties of the
nanoparticles, such as solubility29 and melting point.30

When paired with particle size control, this provides an

ideal platform for targeted drug delivery, as well as for

sensory and imaging applications.

Challenges encountered in the synthesis of mono-

dispersed nanoparticles have led to extensive research

into size control by use of various organized media.31,32

For example, aerosol-OT (AOT, sodium bis(2-ethyl-

hexyl)sulfosuccinate), a well-studied surfactant, is

known to form stable and spherical reverse micelles in

nonpolar solvents such as n-heptane.33 Use of these re-

verse micellar templates for nanoparticle formation of-

ten leads to relatively monodispersed nanoparticles

with controlled sizes due to the ability of this reverse

micelle system to stabilize relatively large water pools

of defined sizes.34,35

In this paper, we report the initial synthesis and

behavior of particles composed of GUMBOS contain-

ing both the BF4
� and the FeCl4

� anion and demon-

strate the tunability of their physicochemical proper-

ties evident via changes in the cationic component

of the GUMBOS. In this current work, we employ AOT

reverse micelles as templates to exert size control

over the resultant liquid and solid GUMBOS particles.

Parameters such as surfactant concentration, water-

to-surfactant molar ratio, temperature, and solvent

composition were optimized for size-targeted GUM-

BOS particles synthesis. The synthesized GUMBOS

particles were characterized using transmission elec-

tron microscopy (TEM), UV�visible absorption spec-

troscopy (UV�vis), atomic force microscopy (AFM),

and measurements using a superconducting quan-

tum interference device (SQUID).

Scheme 1. Basic processes for nanoparticle formation within AOT reverse micelles. Individual
reverse micelles are shown without free surfactants:33 (a) [Bm2Im][BF4] nanoGUMBOS; (b)
[Bm2Im][FeCl4] magnetic GUMBOS particles.
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RESULTS AND DISCUSSION
Particle Size Control. NanoGUMBOS composed of

[Bm2Im][BF4] and [Bm2Im][FeCl4] GUMBOS particles
were prepared following an AOT templating reverse mi-
cellar method.28 The exchanging salts which yielded
the GUMBOS were solubilized separately in the water
pools of two water-in-oil microemulsions. After combin-
ing the two parent solutions, the formation of particles
followed the steps outlined in Scheme 1 in the follow-
ing order: (1) diffusional approach of reverse micelles;
(2) surfactant layer opening and micellar coalescence;
(3) diffusion of solubilized molecules within the merged
reverse micelles; (4) metathesis or reaction between sol-
ubilized species with concomitant formation of prod-
uct(s); and (5) decoalescence of reverse micelles carry-
ing a GUMBOS particles payload (Scheme 2).33 It is
notable that the pockets of water formed in the core
of the reverse micelles act as nanoreactors for the syn-
thesis of these nanoparticles, while the use of self-
assembled surfactants limits the particle growth to pro-
duce small and stable particles by providing a
protective layer to preserve the microdroplets.33

Nonmagnetic NanoGUMBOS of [Bm2Im][BF4]. Nonmagnetic
[Bm2Im][BF4] nanoGUMBOS were prepared using the in
situ ion exchange emulsion preparation outlined above,
as summarized in Scheme 1a. Particle size control was
easily achieved by careful variation in the surfactant and

reactant concentrations, choice of nonpolar solvent,
temperature, mixing regime, and the relative water vol-
ume. In terms of the latter, the level of water within
the water pool is defined as the molar ratio of water to
surfactant, �0. It was observed that controlled changes
in the concentrations of reactants directly regulated the
average size of the harvested nanoGUMBOS. Using re-
actant concentrations in the 0.2�0.6 M range at a fixed
A/B molar ratio of 1:1 (Scheme 1), average nanoparti-
cle diameters of 14.7 � 2.2 to 68.0 � 17.0 nm were ob-
tained for 0.1 M AOT in n-heptane at a water loading
(�0 � [H2O]/[AOT]) of 13.34. Panels a�d of Figure 1
present representative TEM images of [Bm2Im][BF4]
nanoGUMBOS with average sizes of 14.7, 20.8, 34.3,
and 68.0 nm using initial concentrations of 0.2, 0.4, 0.5,
and 0.6 M reagent, respectively. NanoGUMBOS shown
in Figure 1 appear nonaggregated and uniformly dis-
persed on the carbon film of the TEM grid. The entire
surface is covered with relatively uniformly sized par-
ticles with standard deviations of 2.2 nm for Figure 1A
and 1.8 nm for Figure 1B. In contrast, the particles
shown in Figures 1C,D are scattered more sparsely on
the surface, although the relative standard deviation
(RSD) in the particle size remains quite good. In fact,
across the entire range of nanoGUMBOS synthesized,
the RSD in particle size is near 15%. A higher polydisper-
sity might be expected for the larger nanoGUMBOS.
The underlying reason for this observation is that higher
concentrations of reactants afford higher ion exchange
and reactant diffusional collision rates, shifting the
equilibrium-driven coalescence and decoalescence of
the reverse micelles during particle formation. Table 1
is a presentation of data on the increase in diameter of
[Bm2Im][BF4] nanoGUMBOS with increasing reagent

Scheme 2. Exchange reaction at (A) the micellar core and
(B) magnetic GUMBOS synthesis at the micellar core.

TABLE 1. Effect of Reagent Concentration on Particle Sizea

reagent concentration (M) particle size (nm) standard deviation (nm)

0.2 14.7 2.2
0.4 20.8 1.8
0.5 34.3 4.8
0.6 68.0 17

a�0 � 13.34, molar ratio � 1:1, AOT concentration � 0.1 M.

Figure 2. Size distributions of nanoGUMBOS synthesized via
Scheme 1 in water-containing AOT reverse micelles at vari-
ous reagent concentrations: [AOT] � 0.1 M; molar reagent
concentrations � 0.2, 0.4, 0.5, and 0.6 M.

Figure 1. TEM micrographs of [Bm2Im][BF4] nanoGUMBOS
synthesized according to the approach shown in Scheme 1
and imaged by TEM at the indicated magnifications with av-
erage nanoparticle diameters of (A) 14.7 � 2.2 nm, (B) 20.8
� 1.8 nm, (C) 34.3 � 4.8 nm, and (D) 68.0 � 17.0 nm. Images
were taken using an LVEM5 electron microscope with an ac-
celerating voltage of 5 kV without staining.
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concentrations. Histogram plots summarizing the
[Bm2Im][BF4] nanoGUMBOS size distributions resulting
from analysis of TEM results are furnished in Figure 2.
This result clearly illustrates that the nanoGUMBOS par-
ticle size can be smoothly modulated simply by con-
trol over the reagent concentrations, a boon for simple,
uniform nanoparticle production.

Simultaneously acquired topography and phase
AFM images of nanoGUMBOS dried on mica are dis-
played in Figure 3 at two different magnifications.
These particles are observed to possess highly spheri-
cal shapes ranging from 20 to 120 nm in diameter. Ag-
gregation with neighboring particles is minimal, despite
the fact that roughly 10% of the imaged surface is cov-
ered with particulate. The nanoscale variations in sizes
are well apparent in the wide area frames (60 � 60 �m2)
of Figure 3A,B. There is an interesting imaging artifact
in the phase image of Figure 3B, which shows a bright
crescent at the left of each sphere. Zooming in for a
close-up view in Figure 3C,D (12 � 12 �m2), we see that
the larger nanoGUMBOS appear to be less spherically
symmetric and occasionally show slight ellipticity.
These local views are not fully representative of the
range of sizes observed for the entire sample. The cor-
responding phase image indicates a homogeneous sur-
face composition; a uniformly dark color is observed
for nanoGUMBOS regardless of size (Figure 3D). Fur-
ther, the crescent artifact is not observed in the phase
image at this magnification; this and the fact that it only
occurs at the left-hand side of the topographical im-
age suggests a tip artifact. Moreover, we note that the
size of the AFM tip is quite large compared to the size of
the nanoGUMBOS. Likely, the lateral dimensions of the
nanoGUMBOS are somewhat broadened by
tip�sample convolution.36,37 The diameters of the
nanoGUMBOS were measured based on the reliable
z-resolution of the AFM acquired from 200 cursor height
profiles to confirm the observations from TEM imag-
ing. The heights were referenced to uncovered bare ar-
eas of ultraflat mica as a baseline. For all of the areas ex-
amined throughout the sample, clusters of aggregated
nanoGUMBOS were notably absent. However, due to
their spherical shapes, nanoGUMBOS were observed to
easily roll across the mica surface, along the direction of
scanning, as a result of imaging forces induced during
tip motion (data not shown). Therefore, strategies in-
volving low forces and tapping mode are required to
prevent unwanted perturbation of the nanoGUMBOS
samples during AFM scanning. The images in Figure 3
were acquired using low imaging force, and the nano-
particles were not displaced.

Magnetic [Bm2Im][FeCl4] GUMBOS Particles. Magnetic
[Bm2Im][FeCl4] liquid particles (melting point �2.66 °C;
see Supporting Information) were similarly produced
using the in situ ion exchange emulsion method
(Scheme 2B). When prepared in bulk, [Bm2Im][FeCl4] liq-
uid GUMBOS show three absorption peaks at 528, 617,

and 684 nm, which are known to be characteristic of
[FeCl4

�] (see Supporting Information).27 The liquid par-
ticles produced had an average diameter of 98 � 17 nm
when 0.3 M [Bm2Im][Cl] and 0.3 M [FeCl3 · 6H2O] were
used for 0.1 M AOT in n-heptane (�0 � 13.34) based on
an optimization study to maximize yield and minimize
PDI (data not shown). As the TEM images shown in Fig-
ure 4 reveal, a higher number density of spherical mag-
netic GUMBOS particles was observed when compared
with nonmagnetic nanoGUMBOS of similar dimensions.
Interestingly, the [Bm2Im][FeCl4] particles were densely
packed with frequent particle aggregation and overlap-
ping observed in the TEM images. Similar to our re-
sults for nonmagnetic
nanoGUMBOS discussed above, high reactant concen-
trations yielded larger particles on average. For the case
of increasing the reagent concentration to 0.4 M, all
other conditions remaining the same, an effective dou-
bling in particle size to 199 � 26 nm was obtained (Fig-
ure 4B). These larger GUMBOS particles were more
spherical and well-segregated on the surface of the

Figure 3. Images of [Bm2Im][BF4] nanoGUMBOS synthesized in Scheme 1 acquired
with tapping mode AFM at a frequency of 150 kHz. (A) Topographical image (60
� 60 �m2) and (B) simultaneously acquired phase image. (C) Zoom-in view 12 �
12 �m2 and (D) corresponding phase channel.

Figure 4. Micrographs of magnetic [Bm2Im][FeCl4] GUM-
BOS particles synthesized in Scheme 1 obtained from TEM
revealing mean particle sizes of (A) 98.0 � 17 nm and (B)
199.0 � 26 nm. Images were taken using an LVEM5 elec-
tron microscope with an accelerating voltage of 5 kV with-
out staining.
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TEM grid. Table 2 clearly shows the increase in diam-

eter of [Bm2Im][FeCl4] GUMBOS particles with increas-

ing reagent concentrations. A histogram of the particle

size distribution is shown in Figure 5. Surprisingly, in

both bases, GUMBOS particles deposited onto fresh-

cleaved mica were well-dispersed and did not form pro-

nounced aggregates. In fact, despite examination of

dozens of areas over multiple samples, no clusters or

aggregates of [Bm2Im][FeCl4] GUMBOS particles were

found. This result reflects the role played by surface hy-

drophobicity during nanoparticle deposition (indeed,

there remains little information on how ILs or ionic sol-

ids interact with solvate solid surfaces and highlights

the soft matter nature of the nanoGUMBOS).38,39

Two batches of magnetic GUMBOS particles formed

with different target sizes are compared side-by-side in

Figure 6. A regular spherical morphology is revealed for

100 nm [Bm2Im][FeCl4] nanoGUMBOS (Figure 6A,B). In

contrast, in the lower panels of Figure 6, it can be seen

that larger magnetic GUMBOS particles sometimes as-

sume slightly egg-shaped morphologies on mica. In

both cases, the phase images show uniform dark con-

trast for the magnetic GUMBOS particles, indicative of a

homogeneous surface composition. The phase image

of Figure 6B also has the sensitivity to reveal numerous

tiny magnetic nanoGUMBOS that were not resolved in

the topographical view. Fewer magnetic GUMBOS par-

ticles were captured within the 20 � 20 �m2 frames of

Figures 6C,D for the nominally 200 nm particles. How-

ever, the total surface coverage remains nearly the

same as that for the 100 nm GUMBOS (approximately

7 and 6% surface coverage is observed in Figure 6B,D,

respectively). A few small streak marks were also de-

tected within Figure 6C,D, which is thought to be pro-

duced by the action of the AFM tip pushing magnetic

GUMBOS particles across the surface. Overall, it is appar-

ent that variations in the amount of reagent in each re-

verse micelle play a significant role in the sizes of par-

ticles produced for both nanoGUMBOS and magnetic

GUMBOS particles.

The magnetic properties of bulk magnetic GUMBOS

and nanoGUMBOS samples composed of

[Bm2Im][FeCl4] were investigated using SQUID measure-

ments. In these experiments, bulk [Bm2Im][FeCl4] and

nanoGUMBOS samples were contained within two

separate capsules, and their magnetic moments were

measured in the magnetic field range of �10 000 to

�10 000 Oe using an MPMS SQUID measuring system.

Capsules containing both bulk and nanoscale

[Bm2Im][FeCl4] GUMBOS show linear responses to the

magnetic field, as shown in Figure 7. The magnetic sus-

ceptibility of bulk [Bm2Im][FeCl4] is 34.3 � 10�6 emu/g

TABLE 2. Effect of Reagent Concentration on Particle Sizea

reagent
concentration (M)

particle
size (nm)

standard
deviation (nm)

0.3 98 17
0.4 199 26

a�0 � 13.34, molar ratio � 1:1, AOT concentration � 0.1 M.

Figure 5. Size distributions of magnetic GUMBOS particles
(shown in Figure 4) at various reagent concentrations: [AOT]
� 0.1 M; molar reagent concentrations � 0.3 and 0.4 M.

Figure 6. Differently sized samples of magnetic [Bm2Im][FeCl4] GUMBOS par-
ticles synthesized in Scheme 1 imaged by tapping mode AFM for 20 � 20 �m2

scan areas at a 180 kHz driving frequency. (A) Topographical image of mag-
netic nanoGUMBOS with a diameter near 100 nm and (B) the matching phase
image. (C) Topography of 200 nm GUMBOS particles and (D) the correspond-
ing phase frame.

Figure 7. Magnetic susceptibility of bulk [Bm2Im][FeCl4]
alongside [Bm2Im][FeCl4] nanoGUMBOS synthesized in
Scheme 1.
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according to the slope of the response to the mag-
netic field. The magnetic susceptibility of the magnetic
nanoGUMBOS sample was identical. In comparison, the
magnetic susceptibility of bulk [BmIm][FeCl4] is 40.6 �

10�6 emu/g, according to the literature.27 Similar results
were obtained for longer alkyl chain imidazolium-based
ILs containing the [FeCl4

�] anion. According to the lit-
erature, 1-hexyl-3-methylimidazolium and 1-methy-3-
octylimidazolium cations coupled with [FeCl4

�] exhibit
magnetic susceptibilities of 39.6 � 10�6 and 36.6 �

10�6 emu/g, respectively.40

CONCLUSION
In summary, a facile and reproducible method

for synthesizing controllable sizes of nanoGUMBOS
is reported. The ability of nanoGUMBOS to host func-
tional magnetic properties was demonstrated. The
overwhelming simplicity and versatility of
nanoGUMBOS, particularly illustrated by elaboration
of magnetic nanoGUMBOS in the present work, sug-
gest broad application for these emergent nanoscale
materials in the biomedical, electronics, analytical,
and separations fields.

EXPERIMENTAL SECTION
Materials. 1-Butyl-2,3-dimethylimidazolium chloride

[Bm2Im][Cl] (97%), sodium tetrafluoroborate [Na][BF4] (99%),
iron(III) chloride hexahydrate (Fluka, 98%), sodium bis(2-
ethylhexyl)sulfosuccinate (AOT), and n-heptane (Sigma, 99%)
were purchased from Sigma Aldrich (St. Louis, MO) and used as
received. Ultrapure water (18.2 M� · cm) was obtained using an
Elga model PURELAB ultra water filtration system.

Preparation of NanoGUMBOS and Magnetic GUMBOS Particles.
NanoGUMBOS of [Bm2Im][BF4] and [Bm2Im][FeCl4] GUMBOS par-
ticles were prepared via a modified reverse-micellar method.35

In a typical preparation, two separate 0.2 M solutions of
[Bm2Im][Cl] and [Na][BF4] were prepared in ultrapure water. For
the magnetic GUMBOS particles preparation, the [NaBF4] was re-
placed by [FeCl3 · 6H2O]. Two additional solutions containing 5
mL of 0.1 M AOT in heptane were prepared separately. First, 120
�L of the aqueous [Bm2Im][Cl] solution was added into 5 mL of
0.1 M AOT solution in heptane, and then 120 �L of the aqueous
[Na][BF4] solution was added into a separate vial also contain-
ing 5 mL of 0.1 M AOT solution in heptane. Each solution was
then vortexed for 5 min and allowed to equilibrate for 1 h. The
molar ratio between [Bm2Im][Cl] and [Na][BF4] was 1:1. The two
solutions were then mixed in a tightly sealed 20 mL scintillation
vial and stirred for 24 h at room temperature. The nanoGUMBOS
size can be controlled by varying the concentrations of
[Bm2Im][Cl] and [Na][BF4]. For 14.7 nm diameter
nanoGUMBOS, 0.2 M [Bm2Im][Cl] and 0.2 M [Na][BF4] were used.
To produce 20.8 nm diameter nanoGUMBOS, 0.4 M [Bm2Im][Cl]
and 0.4 M [Na][BF4] were used. To synthesize 34.3 nm diameter
nanoGUMBOS, 0.5 M [Bm2Im][Cl] and 0.5 M [Na][BF4] were used.
Last, use of 0.6 M [Bm2Im][Cl] and 0.6 M [Na][BF4] afforded 68.0
nm diameter nanoGUMBOS. The magnetic GUMBOS particles
sizes could also be controlled by varying the concentrations of
[Bm2Im][Cl] and [FeCl3 · 6H2O]. For approximately 98 nm diam-
eter nanoGUMBOS, 0.3 M [Bm2Im][Cl] and 0.3 M [FeCl3 · 6H2O]
were used. Likewise, to produce 199 nm diameter particles, 0.4
M [Bm2Im][Cl] and 0.4 M [FeCl3 · 6H2O] were employed, other
conditions remaining the same.

UV�Vis Characterization. To characterize the bulk
[Bm2Im][FeCl4], we first measured its visible absorption spectra
using a Shimadzu UV-3101PC UV�vis�NIR scanning spectrom-
eter (Shimadzu, Columbia, MD). Absorption was collected using
a 1.0 cm2 quartz cuvette at room temperature, and the blank was
subtracted from each spectrum.

Electron Microscopy Characterization. An LVEM5-TEM (Delong
America, Montreal, Canada) was used for characterization of the
nanoGUMBOS. Samples were prepared by placing 1 �L of the
water-in-oil emulsion (w/o) emulsion containing nanoparticles
directly onto a carbon-coated copper grid. After 10 min, the grid
was immersed in a solution of heptane for 30 s to remove any ex-
cess surfactant. The TEM grids were then air-dried at room tem-
perature for 10 min prior to analysis. TEM accelerating voltage
was 5 kV. No staining was employed while preparing the TEM
samples.

Atomic Force Microscopy Characterization. A Veeco Bioscope scan-
ning probe microscope (SPM) was used for AFM imaging, oper-
ated in tapping mode (Veeco Metrology Inc. Santa Barbara, CA).

Topography and phase images were acquired with Nanoscope
v5.12 software. Digital images were processed with Gwyddion,
using Gwyddion open source software, which is freely available
on the Internet and supported by the Czech Metrology Institute
(http://gwyddion.net/). Silicon cantilevers with resonance fre-
quency range of 146�236 kHz and spring constants ranging
from 21 to 98 N/m were used to acquire tapping mode images
(Nanosensor, Lady’s Island, SC). Estimates of surface coverage
were obtained with UTHSCA Image Tool for Windows version
3.00 (San Antonio, TX). The percentage of colored pixels was de-
termined subjectively to provide estimates of surface coverage.
The topography images were converted to grayscale bitmaps,
and a threshold value was selected visually for conversion to
black and white pixels for quantitative comparisons. Solutions
of nanoGUMBOS and magnetic nanoGUMBOS were diluted in
heptane and deposited on freshly cleaved pieces (1 � 1 cm2) of
Ruby muscovite mica (S&J Trading Co., NY). Samples were dried
for at least 48 h then imaged in ambient air using tapping mode
AFM.
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