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ABSTRACT: Microemulsions based on ionic liquids (ILs)
are being increasingly studied in many different areas of
physical chemistry because of the attractive properties of ILs.
In particular, waterless microemulsions where the IL
represents the polar phase can be of interest for those
applications that demand the nanosegregation of polar
substances, but in which the absence of water is a strict
requirement. In this work, we prepared a reverse, nonaqueous
microemulsion based on the low-viscosity room-temperature
IL, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide , the surfactant Brij 30, and n-nonane. The systems were
characterized by dynamic light scattering and small-angle X-
ray scattering; the IL/oil microemulsion was further employed
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as a templating system for the synthesis of gold nanoparticles from hydrogen tetrachloroaurate(IllI), HAuCl,, by UV-

photoreduction technique.

B INTRODUCTION

An ionic liquid (IL) is a salt whose ions are sterically
mismatched, resulting in these chemicals being in the liquid
state below 100 °C or even at room temperature (room
temperature ILs, RTILs)." These compounds possess many
interesting features, such as extremely low vapor pressure,
excellent solvation capablhtles, high thermal stability, and good
electrical conductivity.”® Their physical—chemical properties,
such as polarity, can be easily modulated by carefully choosing
the ion pair and especially the anion, hence the common
attribute of “designer solvents”.* Interestingly, colloidal
systems where ILs are combined with common surfactants
display the same type of nanostructures and lyotropic phases
known for aqueous and organic solvent-based mixtures.’ ® The
most extensively studied are protic ILs’ such as ethyl-
ammonium nitrate (EAN), which is reminiscent of water in
many aspects.” Self-assembly in EAN was demonstrated,
among others, for systems containing polyoxyethylene non-
ionic surfactants:”'? the associated phase diagrams reveal the
presence of micellar phases as well as lamellar, cubic, and
hexagonal mesophases. Self-assembly of both ionic and
nonionic surfactants can take place in aprotic ILs as well: for
example, CE, surfactants,"’ Triton X-100,'” Brij 35, and
sodium dodecyl sulfate (SDS)"* form micelles in a whole range
of imidazolium-based ILs, and the existence of surfactant
vesicles in ILs has been reported.'” Ternary systems have been
also obtained, with the ILs playing the role of either the
dispersing or the dispersed phase to form microemulsions.'"”
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This is an especially interesting application of ILs: because of
their distinctive physical—chemical properties, their use as
microemulsion components may lead to the nanoconfined
synthesis of new materials with interesting morphologies and
properties that are not accessible using conventional organic
solvents or water."”'? For example, there is a growing interest
in the synthesis and stabilization of metal nanoparticles in IL-
based microemulsions: this is especially true for ILs based on
the imidazolium cation, which are known to play a crucial role
as synthesis medium for various types of nanoparticles.’’”**
Hydrophobic ILs have been used as a polar oil to obtain
microemulsions in aqueous systems.”””* Less frequently
studied, but similarly interesting, are the systems where a
hydrophobic IL is used to replace water as microemulsion
component,” >’ thereby providing a nonaqueous reaction
medium for electrochemistry™ or for the encapsulation of
substances which have low affinity for both water and oils. One
interesting imidazolium-based hydrophobic IL is 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, Bmim
TE,N (Scheme 1):*” indeed, the Tf,N anion is chosen more
and more frequently for its robustness against hydrolysis
compared to other fluorinated ILs,*>’" and ILs carrying this
anion have already been used to prepare nonaqueous direct,
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Scheme 1. Chemical Structure of Bmim Tf,N

reverse, and bicontinuous microemulsions with different ionic
and nonionic surfactants.**”>°

Although the most investigated nonionic surfactant in these
systems appears to be Triton X-100,°°"*" for this work we
selected the polyoxyethylated lauryl ether [Brij 30, linear
formula: C;,H,;(OCH,CH,),OH] and we explored the phase
diagram for the Bmim Tf,N/Brij 30/n-nonane system at 25 °C
(see Figure 1). Samples in the microemulsion region were
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Figure 1. Ternary phase diagram of Bmim Tf,N/Brij 30/n-nonane (in
weight percentage) at 25 °C. The samples marked in the diagram
were investigated by means of DLS and SAXS (see Table 1 for the
exact compositions). The shadowed region corresponds to a
multiphase area, whereas the one above represents the single-phase
region.

prepared and characterized by means of dynamic light
scattering (DLS) and small-angle X-ray scattering (SAXS).
One of the most promising compositions was subsequently
employed for the synthesis of gold nanoparticles via photo-
induced reduction of Au(Ill) ions. Such nanoparticles were
characterized and compared with colloidal gold synthesized in
standard W/O microemulsions through UV—vis spectroscopy
and SAXS techniques.

B MATERIALS AND METHODS

Chemicals. N-Nonane (anhydrous, assay >99%), Brij 30, and
HAuCl,-:3H,0 (assay >99.9% trace metals basis) were purchased
from Sigma-Aldrich. The IL Bmim T£,N (electrochemical grade, assay
>99.5%) was purchased from Covalent Associates Inc. All reagents
were used as received. The water used in this study was purified
through a Milli-Q Plus system.

Sample Preparation. Samples for the determination of the
ternary phase diagram for the Bmim Tf,N/Brij 30/n-nonane system
were prepared and stored in a water bath at 25 °C. Appropriate
amounts of Bmim Tf,N and Brij 30 were first added into glass test
tubes, which were then supplemented with n-nonane and shaken
using a vortex mixer. To better define and characterize the boundaries
of the microemulsion region, further samples were prepared by
weighing the appropriate amounts of Bmim Tf,N and n-nonane into
the glass test tubes; next, Brij 30 was added until the cloudy and milky

mixture became completely clear, which is an indication of the
existence of one single phase. No phase separation was observed over
time, and all systems remained stable for at least 1 year.

Dynamic Light Scattering. Light scattering measurements were
performed on a Brookhaven Instrument apparatus equipped with a
BI9000AT correlator and a BI200SM goniometer. The signal was
detected by an EMI 9863B/350 photomultiplier. The light source was
the second harmonic of a diode-pumped Coherent Innova Nd:YAG
laser (A = 532 nm), linearly polarized in the vertical direction.
Approximately 1 mL of sample solution was introduced into
cylindrical scattering cells (Hellma) and analyzed at a scattering
angle of 90°. All measurements were performed at 25 °C. The
correlation function of scattering data was analyzed via the cumulant
method to obtain the distribution of diffusion coefficients (D) of the
solutes, and then the apparent hydrodynamic radius (R,,,) was
determined using the Stokes—Einstein law: R,,, = kT/6znD, where k
is the Boltzmann constant, T the absolute temperature, and 5 the
solvent’s viscosity (in this case 0.6696 cP at 25 °C for n-nonane).

Small-Angle X-ray Scattering. SAXS experiments were
performed on an S3-MICRO X-ray system by Hecus GMBH
(Graz), equipped with an ultrabrilliant point microfocus source
Genix-Fox 3D (Xenoxs, Grenoble). The impinging radiation was the
1.542 A Cu Ka. The scattered X-rays were detected by a two-
dimensional position sensitive detector, with a sample-to-detector
distance of 281 mm. The primary beam was masked by a 2 mm W
filter, positioned so that the region of scattering vector, g, was in the
range 0.008 < q < 0.54 A™". Here, q has a modulus of (47/1) sin(6/
2), with A the X-ray wavelength (i.e, 1.542 A) and 0 the scattering
angle. All measurements were collected at room temperature and with
an X-ray source power of 50 W. Data modeling was carried out with
the analysis suite developed at the NIST Center for Neutron
Research.”’

Briefly, in a SAXS experiment, the X-ray scattering intensity I(q) is
measured as a function of q. The measured scattered intensity per unit
vo}gme, for randomly oriented colloidal particles, is generally written
as

1(q) = KgV,,,,(8p)"P(q)S(q) (1)

where K is an instrumental constant (not determined in the case of
intensities in arbitrary units), ¢ is the volume fraction of the scattering
particles, V.. is their scattering volume, (Ap)? is the contrast
between the scattering length densities (SLDs) p of the solvent and
the particles, P(q) is the form factor, and S(q) is the structure factor.
P(q) describes the scattering of individual particles and can yield
information on their shape, especially when the structure factor can be
neglected [S(q) = 1], as is the case for very dilute particle systems.
When the particulate system is more concentrated, S(q) describes the
interference of scattering waves originated from the center of mass of
different particles, and it can be used to gain information on the
interaction potential existing among the scattering objects.*

SAXS curves in the dilute regime were modeled using a
mathematical function representing the form factor of cylindrical
objects**

@ /2 5
P(q) = —/ f (g, @) sin a da
chl 0 ()
where the cylinder volume is
2
Vi = 7R'L 3)

and the scattering amplitude f(g,@) is a function the angle a between
the cylinder axis and the g vector

J,(4R sin @)
(qR sin ) 4)

Here, jo(x) = sin(x)/x, and J;(x) is the first-order Bessel function.
SAXS patterns of concentrated samples were best treated according
to the Teubner—Strey model*

flg a)= Z(Pq,] = Pty ) Viytly (qH cos a)
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I(q) = + bkg

a, + clq2 + c2q4

©)

The values of the three fitting parameters a,, ¢, and ¢, allow
calculation of the periodicity, d, and the correlation length, &, of the
microemulsion domains via eqs 6 and 7, respectively

12 —-1/2
d _ 1[2] o
2r 2\ ¢, 4c, (6)
1/2 —1/2
- [ie)
CZ CZ (7)

Synthesis of Gold Nanoparticles. IL/O and W/O micro-
emulsions containing HAuCl, were prepared as follows: an aliquot of
HAuCl, stock solution, either in IL or in water, was added into a
micellar solution of Brij 30 in n-nonane. The volume fraction of the
dispersed phase was the same for the IL-based and water-based
microemulsions (¢ = 1.3% vol). The final concentration of Au(III)
was 7.4 X 107 mol/L in the IL/O microemulsion (Bmim Tf,N 2.5%
wt, Brij 30 15.5% wt, n-nonane 82.0% wt) and 4.6 X 10~* mol/L in
the W/O microemulsion (H,O 1.7% wt, Brij 30 15.5% wt, and n-
nonane 82.8% wt). The samples were placed in a water bath at the
constant temperature of 25 °C. After equilibration for 7 days, an
aliquot of 3.5 mL of each sample was taken in a 1 cm path length
quartz cuvette for UV light irradiation with a 150 W Hg—Xe lamp for
30 min. Aliquots of both systems were taken and analyzed by DLS
and SAXS upon S min UV exposure, and then every S min for
absorbance measurements. UV—vis spectra were recorded with a Cary
100 spectrometer (Varian, Italy) in the 300—800 nm range.

B RESULTS AND DISCUSSION

Phase Behavior of the Bmim Tf,N/Brij 30/n-Nonane
System at 25 °C. Figure 1 shows the ternary diagram
representing the phase behavior of the Bmim Tf,N/Brij 30/n-
nonane system at 25 °C, determined by direct observation of
the transition from turbidity to transparency. The binodal
curve divides the diagram into a single-phase region above and
a multiphase region below (shadowed area in the figure). A
mixture whose overall composition lies within the single-phase
region is most likely to correspond to a microemulsion. The
shadowed area is a multiphase region, wherein a micro-
emulsion phase coexists in equilibrium with excess n-nonane,
excess Bmim Tf,N, or both. As reported in previous works, it is
observed that high surfactant concentrations are required to
achieve a continuous stable single-phase microemulsion.'”***”

Throughout a single-phase region in a triangular phase
diagram, the microstructure can change dramatically as a
function of composition,** from small oil droplets in water (or
polar solvent) at high water content to reverse droplets on the
oil-rich side, possibly passing through bicontinuous structures
in the middle of the phase diagram.”” As we are interested in
the technological applications of the reverse IL/O micro-
emulsion, a series of samples within the low IL-content area
were chosen for microstructural characterization, in particular
along the binodal curve (“A” series, evidenced in Figure 1 with
circular markers). The one-phase region was further inves-
tigated by following two dilution lines: the “B” and “C” series
(blue diamonds and green square symbols, respectively, in
Figure 1) correspond to the dilution lines with surfactant-to-IL
weight ratios of 80/20 and 93/7, respectively. The exact
concentrations relative to all these samples are given in Table
1, along with the corresponding abbreviations that will be used
throughout the text.

12611

Table 1. Abbreviations and Compositions (% wt) of
Samples Marked in Figure 1; “BTf2N” Stands for Bmim
TE,N“

Brij 30 Bmim Tf,N n-nonane
sample (% wt) (% wt) (% wt) Wi
Al = Brij 30/BT2N 10.8 2.4 86.8 0.13
10.8/2.4
A2 = Brij 30/BT2N 23.5 7.5 69.0 0.18
23.5/7.5
A3 = Brij 30/BT2N 29.0 12.5 58.5 0.24
29.0/12.5
A4 = Brij 30/BT2N 33.2 194 474 0.33
33.2/19.4
Bl = Brij 30/BTf2N 20.0 5.0 75.0 0.14
20.0/5.0
B2 = Brij 30/BTf2N 30.0 7.5 62.5 0.14
30.0/7.5
B3 = Brij 30/BTf2N 40.0 10.0 50.0 0.14
40.0/10.0
B4 = Brij 30/BTf2N 50.0 12.5 37.5 0.14
50.0/12.5
BS = Brij 30/BTf2N 60.0 15.0 25.0 0.14
60.0/15.0
B6 = Brij 30/BTf2N 70.0 17.5 12.5 0.14
70.0/17.5
C1 = Brij 30/BTf2N 15.0 1.0 84.0 0.04
15.0/1.0
C2 = Brij 30/BTf2N 20.0 LS 78.5 0.04
20.0/1.5
C3 = Brij 30/BT2N 25.0 2.0 73.0 0.04
25.0/2.0
C4 = Brij 30/BT2N 30.0 2.3 67.7 0.04
30.0/2.3
CS = Brij 30/BT2N 45.0 3.5 S1.5 0.04
45.0/3.5
Cé6 = Brij 30/BT2N 60.0 4.5 38.5 0.04
60.0/4.5
C7 = Brij 30/BTf2N 75.0 S.5 19.5 0.04
75.0/5.5
C8 = Brij 30/BTf2N 90.0 7.0 3.0 0.04
90.0/7.0

“Wy, = [BT£2N]/[Brij 30].

The microstructure of the single-phase region was
investigated by means of scattering techniques. For the
samples that were fluid and isotropic, we used DLS to analyze
the Brownian motion of the droplets’® in n-nonane and
extrapolate their diffusion coeflicients, D. Apparent hydro-
dynamic radii (R,,) and size distribution were obtained
through the Stokes—Einstein law, R,,, = kT/6manD. The
measured DLS curves are shown in Supporting Information
(Figure S1); the experimental data, consistent with a single
relaxation time of the field autocorrelation, were analyzed using
the cumulant method,”" and the results are summarized in
Table 2.

For the “A” series, situated on the binodal curve of the phase
diagram, the average hydrodynamic radii (R,,,) were
comprised between ~10 and 30 nm. For the samples of the
other two series “B” and “C”, DLS measurements suggested
the formation of very small droplets. Indeed, radii were in the
range of 1.5—4 nm, except for sample B1 (Brij 30/BT£,N 20.0/
5.0), which showed about the same droplet size as sample A2
(Brij 30/BTf,N 23.5/7.5). A general trend toward larger
droplets size, that is, a swelling behavior, was observed for
samples lying along the binodal curve as a function of the
[BTf2N]/[Brij 30] ratio, Wy;. However, such behavior did not
follow a linear trend, which could suggest nonspherical droplet
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Table 2. Apparent Hydrodynamic Radii (R, nm) and
Associated Polydispersity Indexes for Bmim Tf,N/Brij 30/
n-Nonane Systems (“BTf2N” Stands for Bmim Tf,N),
Deduced from DLS Measurements through Fitting of the
Autocorrelation Functions with the Cumulant Method”

sample Wi, Ripp (nm) PDI
Al = Brij 30/BTf2N 10.8/2.4 0.13 9.6 0.09
A2 = Brij 30/BTf2N 23.5/7.5 0.18 20.4 0.08
A3 = Brij 30/BTf2N 29.0/12.5 0.24 17.8 0.10
A4 = Brij 30/BTf2N 33.2/19.4 0.33 29.7 0.20
B1 = Brij 30/BTf2N 20.0/5.0 0.14 23.9 0.08
B2 = Brij 30/BTf2N 30.0/7.5 0.14 3.6 0.22
C1 = Brij 30/BTf2N 15.0/1.0 0.04 1.9 0.35
C2 = Brij 30/BTf2N 20.0/1.5 0.04 1.7 0.29
C3 = Brij 30/BTf2N 25.0/2.0 0.04 1.7 0.26
C4 = Brij 30/BTf2N 30.0/2.3 0.04 2.2 0.11
CS = Brij 30/BTf2N 45.0/3.5 0.04 1.6 0.34

“DLS analysis was performed only on those samples that presented a
scattering intensity at least 10 times higher than the pure solvent. Wy
= [BTf2N]/[Brij 30].

shape and/or the existence of interparticle interactions.”” For
the samples located on both dilution lines, which have very low
Wy values, droplets’ size decreased drastically, whereas
polydispersity increased with the concentrations of both
constituents. This seems to hint at the presence of a higher
number of microemulsion droplets; yet some care has to be
taken when interpreting fitting results for broadly polydisperse
samples, keeping in mind that the cumulant method assumes
particle size distribution to be unimodal and monodisperse,
that is, with polydispersity index (PDI) below a value of 0.1.
Generally speaking, for samples with a slightly increased PDI
than 0.1, results should be confirmed using other techniques,
whereas for broader distributions, where the polydispersity is

over 0.2, it is unwise to rely on the average mean.>” In addition,
DLS yields a diffusion coefficient, from which the equivalent
rigid sphere radius can be inferred and, as such, it provides no
information about particle shape. The hydrodynamic radius for
nonspherical objects with the same volume may strongly vary
depending upon shape. Thus, for a better evaluation of the
microemulsion nanostructure, SAXS was used to obtain further
information on the nanostructure of microemulsion droplets.

Figure 2 summarizes the SAXS patterns obtained for all the
samples listed in Table 1. For each series, a tendency toward
lower I(0) scattering intensity is evident for increasing total
surfactant and IL concentrations in nonane at constant Wj.
The curves in (panel a) (samples along the binodal line in the
phase diagram) present a q~' slope in the low g region,
suggesting the existence of elongated scattering objects. A
similar appearance is presented by the more dilute samples of
series B and C. Furthermore, along these two dilution lines a
prominent structure peak appears mid-series and becomes
more pronounced as the Brij 30/BTf2N concentration in
nonane approaches the binary axis. In order to shed more light
on the nanostructures found in this phase diagram, we will
discuss the “dilute” and concentrated regimes separately.

We were able to evidence that the surfactant shell around
the IL core is not addressable because of the nature of the
probe—sample interaction as follows. Table 3 shows the SLDs

Table 3. SLDs (p) of the Different Constituents of the
Bmim Tf,N/Brij 30/n-Nonane System, Obtained from
Molecular Considerations of Each Component

p (A7)
nonane (ps) 7.00 x 107¢
Brij 30 tail (prg) 6.41 X 107¢
Brij 30 headgroup (pyg) 1.05 x 107°
Bmim TEN (py) 1.26 x 107°
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Figure 2. SAXS patterns obtained for the three samples series listed in Table 1. (Panel a) “A” series; (panel b) “B”

series; (panel c) “C” series.

Please refer to legends in each panel for compositions and to Figure 1 to locate series A, B, and C.
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(p) of the different constituents of the Bmim Tf,N/Brij 30/n-
nonane system, obtained from the molecular structure and
volumes of each species. In particular, the surfactant head-
groups and tails are considered separately because of the
different electron-rich and electron-poor moieties. It can be
noticed that the SLDs of the IL and of the surfactant
headgroup are very close, so that we will not be able to resolve
the surfactant shell from the IL core. Hence, as is customary
for heterogeneous particles of this type,”* we can assume the
total p of the particle core to be the average over those of the
IL and the surfactant headgroup. Similarly, the contrast
between solvent and Brij 30 hydrocarbon tails is too small to
resolve a shell structure, and both constituents are therefore
expected to contribute to the total p of the solvent. A pictorial
representation of this situation is given in Scheme 2.

Scheme 2. Schematic Representation of the SLD Profiles of
the Microemulsion Droplets, with p;; ~ pyg (Dark Areas)
and Pgovent & Prc (Light Areas), as per Eqs 8 and 9

On the basis of such reasoning, and using the p values given
in Table 3, for each sample we calculated the volume fraction-
weighted average SLD of the droplet, Py and of the
dispersing phase, Dygyeny according to egs 8 and 9°

Prasticle = by, + (1= by )pye (8)

/Zolvent = ¢SpS + (1 - ¢S)pTG (9)

where ¢b;; and ¢bg represent the volume fractions of the IL and
the solvent, respectively. Subscripts IL, S, HG, and TG refer
respectively to the IL, the solvent, the surfactant headgroup,
and the surfactant tail group.

SAXS patterns shown in Figure 3 pertain to the “dilute”
regime region of the reverse Bmim Tf,N/Brij 30/n-nonane
microemulsion. Best fits were obtained using a form factor
representing the scattering from cylindrical objects (eq 2); the
introduction of polydispersity (Schulz distribution) on the
cylinder radius was necessary to obtain reliable fits at high g
values.

Table 4 summarizes the best fit values for cylinder radius,
radial polydispersity, and cylinder length, obtained by
modeling the experimental data with eq 2: fitting results
showed an apparent decreasing trend in cylinder length as Brij
30 weight fraction increased, whereas radial polydispersity,
which corresponds to the root-mean-square deviation (o) from
the mean cylinder—core radius, showed values ranging
between 0.23 and 0.47. Such decreasing trend is counter-
intuitive; in order to explain it, we must notice that the present
modeling procedure did not take into account any structure
factor. Indeed, considering that the concentrated samples (see
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Figure 3. SAXS curves, obtained at 25 °C, of some Bmim Tf,N/Brij
30/n-nonane mixtures. (Panel a) “A” series; (panel b) “B” series;
(panel c) “C” series. Please refer to legends in each panel for
compositions and to Figure 1 to locate series A, B, and C.

Table 4. Parameter Values Derived from SAXS Data
Modeling in Dependence of the Composition of the
Microemulsion as Reported in Figure 1°

sample Wi R (nm) c L (nm)
Al = Brij 30/BTf2N 10.8/2.4 0.13 0.7 0.8 22.5
A2 = Brij 30/BTf2N 23.5/7.5 0.18 1.2 0.4 24.8
A3 = Brij 30/BTf2N 29.0/12.5 0.24 1.4 0.3 14.8
A4 = Brij 30/BTf2N 33.2/19.4 0.33 1.2 0.3 13.8
B1 = Brjj 30/BTf2N 20.0/5.0 0.14 0.9 0.4 54.6
B2 = Brij 30/BTf2N 30.0/7.5 0.14 1.0 0.4 43
C1 = Brij 30/BTf2N 15.0/1.0 0.04 0.8 0.4 8.1
C2 = Brij 30/BTf2N 20.0/1.5 0.04 0.8 0.4 6.3
C3 = Brij 30/BTf2N 25.0/2.0 0.04 0.8 0.4 3.5

Wy, = [BTf2N]/[Brij 30]; R = cylinder radius (nm); ¢ = radial
polydispersity according to a Schulz distribution of radii; L = cylinder
length (nm).

Figure 2) present a marked structure peak, it is likely that the
SAXS patterns of these dilute samples are also affected by
interparticle interactions even if to a low degree, which would
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account for the fact that the scattering objects appear to shrink
with increasing surfactant concentration. However, introducing
S(g) in the modeling would complicate the procedure because
of the elevated polydispersity in many of the samples: indeed,
in such a situation, the decoupling approximation® is not valid
and we would need to consider the polydispersity for P(gq) and
S(q) separately. Moreover, most available structure factor
models are based on spherical symmetry and not applicable to
cylindrical objects.

In order to evaluate the agreement between results from
SAXS and DLS, the radius of gyration R, can be compared to

the apparent hydrodynamic radius R,,,. Table S reports R,

Table 5. Wy, = [BTf2N]/[Brij 30], R,,, (Apparent
Hydrodynamic Radius), and R, (Gyration Radius) Values in
Dependence of the Composition of the Microemulsion, for
Some of the Samples Reported in Figure 1

sample Wi R (nm) R, (nm)
Al = Brij 30/BTf2N 10.8/2.4 0.13 9.6 7.1
A2 = Brij 30/BTf2N 23.5/7.5 0.18 20.4 6.9
A3 = Brij 30/BTf2N 29.0/12.5 0.24 17.8 4.9
B1 = Brij 30/BTf2N 20.0/5.0 0.14 239 10.0
B2 = Brij 30/BTf2N 30.0/7.5 0.14 3.6 1.7
C1 = Brij 30/BTf2N 15.0/1.0 0.04 1.9 29
C2 = Brij 30/BTf2N 20.0/1.5 0.04 1.7 2.4
C4 = Brij 30/BTf2N 30.0/2.3 0.04 22 1.4

values determined from SAXS data using the Guinier
approximation. As previously described, in a noninteracting
or dilute system the structure factor is equal to 1 and particle
shape can be determined from the form factor P(g). In the low
g-region, only at the very beginning of the scattering curve
(ng < 13),” P(q) decreases exponentially and the Guinier
approximation can be applied*

2 2
q'R,
s

P(q) = exp| — w0
10

For rod particles, the radius of gyration of the cross section,
R, and thus the radius, R, of the particle, can be derived.>®
Within the limit g/ 3> 1 > gR, where [ is the cylinder length,
P(q) decreases exponentially as**

Thus, the radius R of the cylindrical particle can be obtained
from the slope of the so-called cross-sectional Guinier plot:
In[P(q)q] versus q*. However, it is worth noting that cross-
sectional Guinier plots did not show a linear relationship
within the Guinier region: this is considered as being because
of the large distribution of domain sizes and implies that we
must take into account the limitation of the Guinier method
for the analysis of polydisperse systems.

Observing the results reported in Table 5, one can notice
that R, values are in general larger than R,. This is explained
considering that the radius obtained from the diffusional
properties of the particle is indicative of the size of the dynamic
solvated particle, whereas SAXS is a static method sensitive to
the topological radius.*® By definition, R, is the root-mean-
square distance of all scattering elements from the center of
gravity; therefore, the hydrodynamic radius is often larger than
the topological one. Moreover, as previously described,
because of their similar SLDs we expected the surfactant tail
group to contribute to the total SLD of the solvent; hence, the
SAXS particle sizes represent only the polar cores of the
reverse microemulsion.

SAXS curves pertaining to the systems with high surfactant
content are shown in Figure 4. We can observe that increasing
surfactant and IL concentration leads to a decrease of the
scattering intensity at low g. At the same time, a faint peak
develops, which becomes more pronounced and moves slightly
toward larger q values.

The Teubner—Strey model® (eq 5), developed for
bicontinuous structures, well describes the broad scattering
peak and the q™* decay at large g. Using this function to fit the
experimental SAXS data allowed us to calculate the nanoscale
features of the microemulsion structure, namely, the average
interdomain distance between two water or oil domains (the
periodicity), d, and the correlation length, . The ratio d/&
measures the polydispersity of the domain sizes: the smaller
this ratio, the more ordered the system. Thus, d/¢ is expected
to decrease with surfactant concentration.*” In addition,
calculation of f, (eq 12) allows the location of individual
samples on a scale of relative amphiphilicity.>®

ot

J4a,c, (12)

The value of £,°”°”°° amounts to 1 for the disorder line,
where the solution loses its quasiperiodical order; the liquid
crystalline lamellar phase corresponds to f, = —1. These values
define the region where microemulsions may be found. The

A

I(q) (arb. units)

x 2p2
P(q) = — exp| ———
2ql 4
q (11)
0
E
g
©
= "B" series,
£ 13 Brij30/BT2N:
L= 40.0110.0
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Figure 4. SAXS curves of Bmim Tf2N/Brij 30/n-nonane mixtures at 25 °C with increasing IL and surfactant content. (Panel a) “B” series; (panel

b) “C” series (see also Figure 1).
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factor ranges between —0.9 and —0.7 for well-structured
bicontinuous microemulsions. The Lifshitz and the disorder
lines may be taken as demarcation lines for the transition from
weakly structured mixtures to genuine microemulsions.

Table 6 summarizes the fit values of the ¢, coefficients, the
periodicity d, the correlation length &, the disorder parameter

Table 6. c¢; Coeflicient Values from the Teubner—Strey
Model Fitting (Eq 5); &, d, d/€, and f, Derived from the Fit
Results

sample @ E (nm) d (nm) d/é fa

B3 = Brij 30/BTf2N —-0.35 14.6 78.5 54 -0.15
40.0/10.0

B4 = Brij 30/BTf2N —-1.23 13.2 55.0 4.2 -0.39
50.0/12.5

BS = Brij 30/BTf2N -2.79 159 433 2.7 —0.68
60.0/15.0

B6 = Brij 30/BT2N —5.63 15.8 36.0 2.3 -0.77
70.0/17.5

CS = Brij 30/BTf2N -0.97 12.3 57.1 4.7 -0.29
45.0/3.5

Cé6 = Brij 30/BT2N —3.96 14.0 43.6 3.1 —0.61
60.0/4.5

C7 = Brij 30/BT2N —7.24 15.0 35.6 2.4 —0.75
75.0/5.5

C8 = Brij 30/BT2N —11.8 15.4 30.3 2.0 —0.82
90.0/7.0

d/¢, and the amphiphilic factor f,. The ¢, values are negative, as
expected when a correlation peak develops in the scattering
intensity curves.’’ Accordingly, the f, of our samples remains
negative as a function of surfactant and IL concentration,
indicating that systems correspond to an ordered micro-
emulsion. Moreover, f, values decrease by increasing surfactant
Brij 30 concentration, showing the progression to more
strongly structured mixtures.

Microemulsion Templates for the Synthesis of Au
Nanoparticles. The reverse IL/oil microemulsions were
investigated as templating systems for the synthesis of gold
nanoparticles by UV-photoreduction of tetrachloroaurate(III),
HAuCl,.%” The tested IL-containing microemulsion had the
following composition: Bmim Tf,N/Brij 30/n-nonane 2.5/
15.5/829% wt, with HAuCl, concentration of 7.4 X 10™* mol/L.
The formation of gold nanoparticles was monitored using
UV—vis absorption spectroscopy, and the suspensions were
characterized by DLS and SAXS. For comparison, we
performed the same reaction in an aqueous microemulsion
of composition H,0O/Brij 30/n-nonane 1.8/15.5/82.7% wt,
containing 4.6 X 10™* mol/L HAuCl,. The chemical reactivity
within the reverse microemulsions was compared to that in the
respective bulk phases, where HAuCl, was dissolved in Bmim
Tf,N and water at the concentrations of 1.1 X 10~ and 1.4 X
107 mol/L, respectively.

After a brief (S min) exposure to UV light, the color of the
Bmim Tf,N-based microemulsion turned slightly blue-purple,
whereas the aqueous microemulsion produced a pink sol
Figure S5 shows the UV—vis absorbance spectra recorded for
the abovementioned systems after an exposure to UV light of
10 min. Evidently, the optical spectra present the typical
plasmon resonance signature of gold sols, around 540 nm,
which instead is absent in the samples where chloroauric acid
is simply dissolved in either IL or water.

The nanoscale morphology of the particles obtained in both
types of microemulsion was evaluated through SAXS analysis

0.6 O Au(lll)/ neat BT,N
%6 v Au(lll)/ neat H,0

0.5 Au(lll) / BT,N pE

Au(lll) / H,0 pE
0.4

< 034%

0.2

0.1

0.0

T T T T
400 450 500 550 600 650 700
A (nm)

Figure S. UV—vis absorption spectra, after 10 min of UV irradiation,
of gold in Bmim TE,N (dark red circles); water (dark blue triangles);
IL/O microemulsion (light red circles); and W/O microemulsion

(light blue triangles).

of the systems, presented in Figure 6. The experimental data
pertaining to the IL/O system were modeled using the same
cylinder form factor as previously in this work, where the SLD
of the cylinder (2.6 X 107> A™%) was calculated considering the
gold-to-IL ratio. Curve fitting yielded a radius of 1.1 nm with
polydispersity ¢ = 0.48, and a cylinder length of 28.0 nm,
consistent with droplet sizes obtained previously (Table 4).
The aqueous microemulsion data were fitted using a sphere
form factor with Schulz distribution of the radii and
considering a hard-spheres repulsive potential between
particles. The particle p was weighed on the gold/water
volume fraction. As a result, the average particle radius was
found to be 2.7 nm, with polydispersity ¢ = 0.2. Hence, both
microemulsions can be assumed to be very efficient templates
for controlling particle size and shape: gold nanoparticles
obtained from the IL/O microemulsion are cylindrical,
whereas those obtained from the W/O microemulsion are
spherical in shape.

B CONCLUSIONS

In this work, we obtained nonaqueous, reverse microemulsions
in which the polar core of the droplets is constituted by the
RTIL Bmim Tf,N, stabilized by the surfactant Brij 30 in n-
nonane. We investigated the phase behavior and the
microstructure of the ternary system using DLS and SAXS,
which allowed for the identification of two structural regimes
in the IL/O microemulsion region. For low surfactant
concentrations, discrete IL droplets of cylindrical shape are
formed with an average radius of approximately 1—1.5 nm.
The IL is likely to intercalate among the polar headgrou;)s of
the surfactant, modifying its effective packing parameter®” and
inducing the formation of cylindrical structures instead of the
spherical ones found for the water-in-nonane microemulsion.
As the Brij 30 content increases, a percolation behavior is
observed toward the formation of a bicontinuous micro-
emulsion. These results are consistent with other reports in
which nonaqueous microemulsions, discrete and bicontinuous,
are described in the presence of a fluorinated IL stabilized by a
nonionic surfactant in oil.**~**

The reverse Bmim Tf,N/Brij 30/n-nonane microemulsion
was used for the first time as a nanoreactor to perform the
synthesis of gold nanoparticles. The formation of Au
nanoparticles was monitored using UV—vis absorption spec-
troscopy. Nanoparticles were then characterized using SAXS,
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Figure 6. SAXS curves at 25 °C. (a) IL-based microemulsions containing Au salt (green squares) and Au nanoparticles (red circles) obtained after
a S’ exposure to UV light. (b) Water-based microemulsions containing Au salt (pink downwards triangles) and Au nanoparticles (blue upwards
triangles) obtained after a $’ exposure to UV light. In both panels, solid lines are fits to the Au NP-containing microemulsion curves.

resulting cylindrical-shaped as expected from the droplet shape
observed in the low-surfactant regime microemulsion template.
For comparison, gold nanoparticles were prepared in a classical
W/O microemulsion, and they were spherical in shape and
more polydisperse; however, they presented a better colloidal
stability. Further investigation of the effect of different
parameters on the synthesis of gold nanoparticles in the IL-
in-oil microemulsion will take place in order to achieve a better
understanding of the optimal synthesis conditions using the
present method.
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