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ABSTRACT: Here, we analyze the effect of gold-nanoparticle (AuNPs)-doping of the protic
ionic liquid (IL) propyl ammonium nitrate (PAN) on some physical properties, such as density,
viscosity, and ionic conductivity, in a broad temperature range. This IL was lightly doped with
four different AuNPs (concentration of gold lower than 0.2 mM): Au nanospheres of about 15,
60, and 80 nm diameter and Au nanorods of about 40 nm length and 12 nm width. AuNPs were
synthesized following a seed growth approach and further functionalized with O-[2-(3-mercapto
propionylamino)ethyl] O′-methyl-poly(ethylene glycol) (m-PEG-SH) in order to provide stability to the IL medium. The stability
of the AuNPs in PAN was characterized by UV−vis spectroscopy. The results obtained here indicate that their presence produces a
strong influence on the measured transport properties of PAN, decreasing viscosity up to 25% and increasing ionic conductivity up
to 10% for the smallest AuNPs. Moreover, as temperature increases, the influence of AuNPs produces a decrease in the percentage
deviations for viscosity and ionic conductivity. In the case of density, the AuNP-doping produces a mainly unexpected increase only
for the sample with the smallest AuNPs, that is practically constant with temperature. When we equalize the AuNP concentration for
all sizes and shapes, it is observed that the smallest AuNPs give higher variations in the studied properties than the bigger ones; also,
the shape of the rod has an influence on the measured results. In addition, we have applied Walden’s rule to relate the three
measured magnitudes, observing that AuNP addition decreases ionicity with respect to the reference sample, which is even more
when we added smaller AuNPs. Finally, we explain all data assuming cation solvation of the AuNPs, which creates a local breaking of
the pseudolattice structure of the PAN. Comparison with other published data is difficult because the behavior of a nanoparticle
solution strongly depends on its particular composition and no data are available, in our knowledge, of any similar mixture to those
studied here.

1. INTRODUCTION

Nowadays, we can find in the literature several references
about the potential uses of nanofluids (NFs) in diverse fields
such as heat transfer and cooling technologies,1−3 solar thermal
engineering systems,4−6 biomedicine,7−10 or optical applica-
tions.11,12 A NF13 is a fluid that consists of a base fluid (a
common molecular solvent such as water, glycols, etc.) with a
suspension of solid nanometer (NP)-size particles (generally
carbon, a metal, or a metal oxide). The addition of small
amounts of these nanoparticles produces changes in the
physical properties of the base fluid thus tailoring it for their
future applications.
One of the most studied properties of NFs is thermal

conductivity.14−17 This is because these fluids have shown a
higher value compared to the base fluid, making them
appropriate for substituting traditional coolants. This enhance-
ment is affected by the NPs’ nature (metallic or non-metallic)
as well as their size and shape.14−17

However, apart from thermal conductivity, there are other
properties that play an important role in the features of any NF
such as viscosity,16,18−21 density,16,18,19 or ionic conductiv-
ity18,22 that will also affect its behavior. Thus, viscosity is
important because not only does it have an influence on the

fluid flow but also on the heat-transport properties and
consequently the thermal conductivity. In the literature, the
majority of articles are focused on the development of
theoretical models to predict viscosity in NFs or to analyze
the effect of several factors such as shape/size of particle,
temperature, pH, and so forth on the viscosity.18−21 However,
neither has developed an appropriate theoretical model that
can explain the behavior of the NF nor has found a suitable
explanation about the effect of the factors mentioned above on
the viscosity.20,21 This is because classical models have been
used to describe the behavior of NFs when it is well known
that these systems do not follow that behavior, and so, many of
the mentioned studies are not consistent because of contra-
dictory results. Due to these discrepancies, the gathering of
experimental results is necessary in order to contribute to the
development of new theoretical models as well as to
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understand the effect that the addition of nanoparticles has on
the physical properties of a certain fluid.
A particular case of NFs is the ioNanofluids (INFs),23 whose

base component is an ionic liquid (IL), making them more
complex than those that use a common molecular solvent due
to specific interactions between the ions and the nanoparticles.
It makes understanding of their physical properties even more
difficult. In spite of this, scientists should make special efforts
in the study and comprehension of these systems due to their
promising possibilities.
Focused on INFs, in the literature, some data exists for

thermal conductivity and viscosity but data for density and
ionic conductivity hardly exists. However, the study of the
ionic conductivity in this kind of compounds is necessary from
the theoretical and practical points of view. For example, in the
case of batteries, the role and importance of the electrolytes
used in this kind of devices are well known. The common
electrolytes employed in batteries include, among other
advantages, high energy density, low self-discharge, and longer
lifespan; however, their safety problems (that can result in
short circuits and even fire), as well as their cost and
environmental impact make necessary the search for new ones.
Among the candidates being considered as alternatives to
typical electrolytes are polymer electrolytes,24 ILs, and INFs,
some of them with nanoparticle hybrids.25−29

Herein, we prepare stable INFs based on the combination of
synthesized gold nanoparticles (AuNPs) dispersed in ethanol
and propyl ammonium nitrate (PAN). The final INF contains
the AuNPs dispersed in PAN with 2% in volume of ethanol
(which represents a mole fraction of ethanol of 0.0365). This
last binary mixture will be considered as the reference sample
or base fluid. The choice of AuNPs to prepare an INF based on
the protic IL PAN was due to several reasons: (1)
nanoparticles of control size and shape can be obtained
following wet chemical methods, (2) the surface chemistry of
the AuNPs can be tailored through thiol chemistry, and (3) the
stability of the resulting INF can be monitored through the
optical properties of the AuNPs.15 Moreover, we study the
effect of AuNPs in the density, viscosity, and ionic conductivity
of the reference sample in a broad temperature range from 278
to 343 K. Additionally, we will analyze the effect of AuNP size
and shape on the physical properties of the studied INFs after
calculating the different magnitudes for common gold content.

2. MATERIALS AND METHODS
2.1. Chemical Products and Nanoparticles.

2.1.1. Chemicals. Tetrachloroauric acid (HAuCl4 × 3H2O),

perch lora te was suppl ied by Aldr ich . O - [2 -(3-
Mercaptopropionylamino)ethyl] O′-methyl-poly(ethylene gly-
col) (m-PEG-SH, Mw 5000) and cetyltrimethylammonium
bromide (CTAB) were purchased from Fluka. Silver nitrate
(AgNO3), sodium borohydride (NaBH4), citric acid
(C6H5O7Na3 × 2H2O), and ascorbic acid were procured
from Sigma. HCl (37%) was supplied by Panreac. PAN with
mass fraction purity >0.97 was provided by IoLiTec. In
addition, we used pure grade ethanol and Milli-Q grade water
in all preparations. The chemicals used in this study with the
name, provenance, CAS number, molar mass, and purity are
presented in Table 1.

2.1.2. AuNP Synthesis. 2.1.2.1. AuNP15. Citrate-stabilized
Au spheres of around 14 nm diameter were synthesized as
previously stated.30,31 Briefly, 5 mL of trisodium citrate (0.5%)
was added to 95 mL of a boiling aqueous HAuCl4 solution (0.5
mM). The gold nanospheres obtained were around 13.9 ± 2.0
nm in diameter as we can observe in Figure 1A, where we show
transmission electron microscopy (TEM) pictures of AuNP15,
and in Figure 1B, the histogram giving the size distribution.

2.1.2.2. AuNP60 and AuNP80. Average-sized, 60 and 80 nm
in diameter CTAB-stabilized gold nanospheres were prepared
following the seeded growth method mentioned previ-
ously.30,31 In short, to 100 mL of an aqueous solution
consisting of HAuCl4 (0.5 mM) and CTAB (0.015 M) at 308
K, was added 1 mL of ascorbic acid (0.1 M), followed by the
addition of citrate-stabilized Au seeds of 15 nm in a final
concentration of [Au] = 3.97 × 10−6 M in terms of Au atoms.
It was allowed to react for 3 h. The gold nanospheres obtained
were around 67.0 ± 8.3 nm in diameter as we can observe in
Figure 1C, where we show TEM pictures of AuNP60, and in
Figure 1D, the histogram giving the size distribution. To obtain
80 nm particles, the 60 nm particles were overgrown by means
of the same procedure described for the growth of 15 nm
AuNPs. The gold nanospheres obtained were around 81.2 ±
7.8 nm in diameter as we can observe in Figure 1E, where we
show TEM pictures of AuNP80, and in Figure 1F, the
histogram giving the size distribution. All resulting AuNPs
were centrifuged at 6000 rpm for 45 min (15 nm), 20 min (60
nm), and 10 min (80 nm) and then redispersed in the same
volume of water.

2.1.2.3. AuNProd. For the synthesis of the gold nanorods, a
previously stated strategy was followed.31,32 First, 2−3 nm
AuNPs were synthesized by adding 0.05 mL of freshly
prepared 25 mM borohydride to 5 mL of 0.25 mM HAuCl4
in an aqueous 0.1 M CTAB solution under vigorous stirring.
After 2 h, 24 μL of Au seeds was added to a growth solution

Table 1. Name, Provenance, CAS Number, Molar Mass, and Mass Fraction Purity of the Chemicals

chemical name provenance CAS number
molar

mass/g mol−1
mass fraction

purity analysis method

PAN Io-li-tec 22113-88-8 122.12 >0.97 NMR
tetrachloroauric acid (HAuCl4 × 3H2O) Aldrich 16961-25-4 393.83 0.99 trace metal

analysis
O-[2-(3-mercaptopropionylamino)ethyl]
O′-methyl-poly(ethylene glycol) (m-PEG-SH)

Fluka 401916-61-8 5000 1 NMR

CTAB CH3(CH2)15N(Br)(CH3)3 Fluka 57-09-0 364.45 ≥0.98 TLC
silver nitrate (AgNO3) Sigma 7761-88-8 169.81 ≥0.99 titration by

KSCN
sodium borohydride (NaBH4) Sigma 16940-66-2 37.83 0.99 hydrogen

evolution
sodium citrate (C6H5O7Na3 × 2H2O) Sigma 6132-04-3 294.10 ≥0.99 titration by

HClO4

ethanol Sigma 64-17-5 46.07 ≥0.998 GC
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containing 0.1 M CTAB, 0.5 mM HAuCl4, 0.12 mM AgNO3,
0.8 mM ascorbic acid, and 19 mM HCL. It was allowed to
react for 12 h and then the colloids were centrifugated at 6000
rpm for 30 min and redispersed in the same volume of water.
The gold nanorods obtained were around 40.4 ± 4.4 nm in

length (l) and 12.0 ± 1.5 nm in width (w) as we can observe in

Figure 1G, where we show TEM pictures of AuNProd, and in

Figure 1H, the histograms giving both size distributions. The

AuNP characterization is improved in Section 3.1.

Figure 1. (A−G) TEM images of Au nanospheres and corresponding histograms of 13.9 ± 2.0 (A,B), 67.0 ± 8.3 (C,D), and 81.2 ± 7.8 nm (E,F)
in diameter and Au nanorods of 40.4 ± 4.4 in length and 12.0 ± 1.5 in width (G−H).
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2.1.3. mPEG-SH Functionalization and PAN Transfer.
First, an aqueous solution containing mPEG-SH (amount to
provide 4 molecules/nm2), previously sonicated for 15 min,
was added dropwise under vigorous stirring to 10 mL of the
obtained Au nanoparticles. ([Au] = 5 × 10−4 M). After 1 h, Au
nanoparticles were centrifuged twice (at 6000 rpm for 30 min)
to remove the excess PEG, and they were redispersed in a
small volume of ethanol. The final concentration of the
different Au colloids in ethanol was 6.5, 9.0, 10.5, and 7.5 mM
in terms of Au atoms for 15, 60, and 80 nm Au nanospheres
and Au nanorods, respectively. The PAN transfer was carried
out by adding with vigorous stirring, 200 μL of Au colloids in
ethanol to 9.8 mL of PAN. The uncertainty for the
concentration of nanoparticles is 0.01 Mm.
2.2. Experimental Techniques. 2.2.1. Nanoparticle

Characterization. UV−vis−NIR spectra were measured with
an Agilent 8453 UV−vis spectrophotometer using a cell with a
1 cm path length. The wavelength accuracy of the
spectrophotometer is <±0.5 nm. TEM was carried out with
a JEOL JEM 1010 transmission electron microscope operating
at an acceleration voltage of 100 kV. The TEM has a resolution
of 0.4 nm. We measured the refractive index at the sodium D
line with a commercial Abbe refractometer, Atago DR-M2,
with a temperature controller (resolution 0.1 K at 298 K). The
refractometer was calibrated with deionized water, and its
expanded uncertainty (0.95 level of confidence) at the sodium
line was 4.4 × 10−4.
2.2.2. Density and Viscosity. Density and dynamic viscosity

measurements were carried out in an Anton Paar SVM 3000
Stabinger viscodensimeter, which was thermostated with an
internal Peltier cell with a standard uncertainty of 0.02 K. The
expanded uncertainty in the measurement of density is about
0.5 kg m−3, while for viscosity, the relative standard uncertainty
is 0.004 of the measured value. This viscodensimeter
automatically corrects the density value depending on the
viscosity of the sample. Also, the viscosity value range goes
from 0.2 up to 20,000 mPa s and is checked with reference
chemicals recommended by the supplier (M114 and C117 SH
Calibration Service GmbH).
Remember that the viscosity of INFs varies exponentially

with temperature changing its value more than 10 times in the
temperature range studied, from 278 to 343 K. Note that
above 363 K, AuNPs precipitate.
2.2.3. Ionic Conductivity. Ionic conductivities were

measured using a Crison GLP31 conductimeter, which has a
relative standard uncertainty of less than 0.005. This
conductimeter uses a fixed 500 Hz ac current of 4.5 V peak
to peak. The samples were thermostated in an external bath
with an uncertainty of 0.1 K. Details of the ionic conductivity
measurement and calibrated procedure were published
previously.33 The reference fluids used to calibrate the
measurement instrument were those called as P/N
L7W9710.99 and P/N L7W9700.99. Measurements were
carried out at atmospheric pressure in a broad temperature
range, from 273 to 353 K.

3. RESULTS AND DISCUSSION
3.1. AuNP Characterization. Au nanospheres of 13.9 ±

2.0 (AuNP15), 67.0 ± 8.3 (AuNP60), and 81.2 ± 7.8 nm
(AuNP80) diameter and Au nanorods of 40.4 ± 4.4 length (l)
and 12.0 ± 1.5 nm width (w) (AuNProd) were synthesized in
water, following the wet chemical methods (see Experimental
part for details). As presented above, Figure 1 shows the TEM

images of the different AuNPs and the corresponding
histograms giving the size distribution.
The particles, initially in water, were transferred to ethanol,

but it a ligand exchange with mPEG-SH was required. This
molecule contains a thiol group with a strong affinity for gold
that is able to displace the capping agent (citrate or CTAB)
and to bind covalently to the metal surface. Once the AuNPs
were in ethanol, they could be easily redispersed in PAN by
simple addition. The final colloids in PAN contained (2 ±
0.05)% of ethanol in volume (equivalent to a mole fraction of
ethanol xet = 0.0365 ± 0.0005). As shown in Figure S1 in the
Supporting Information for 60 nm AuNPs, their transfer to
PAN just produced a slight red-shift of the localized surface
plasmon resonance band due to the higher refractive index of
PAN (nD = 1.4551) with respect to that of ethanol (nD =
1.3612), purity 99.8% measured at the same temperature 298
K. A similar behavior was observed for the rest of the samples
(data not shown). As observed in Figure 2, the resulting INFs

exhibit the characteristic optical features in the extinction
spectra of their dispersed AuNPs, shown pink (wavelength 550
nm) for the spheres (as seen in TOC) and maroon
(wavelength 800 nm) for the one with rods. Therefore, the
fact that the optical properties of INFs are just slightly changed
with respect to those of AuNPs in ethanol demonstrates that
mPEG-SH provides good colloidal stability to the AuNPs in
PAN. The concentrations of the different Au dispersions in
terms of Au metal were 0.13 mM (AuNP15), 0.18 mM
(AuNP60), 0.21 mM (AuNP80), and 0.15 mM (AuNProd).
The refractive index of all samples was the same within the
experimental uncertainties, nD = 1.4516, on average, with no
influence of the AuNPs up to the fourth decimal. The
discrepancy between the refractive index of pure PAN and of
those which contain nanoparticles (ΔnD ≈ 2 × 10−3) is caused
by the ethanol concentration inherent to the process. In order
to verify it, we prepared solutions of PAN + ethanol obtaining
the same refractive index as their counterparts that contain
ethanol. A summary of the four INFs prepared is given in
Table 2, where we include the particles’ characteristic lengths,
the gold concentration, the estimated number of AuNPs, and
the volume and external surface of all AuNPs. For the last three
calculations, we assume that the density of the AuNPs is the
same as that of gold. Obviously, the values calculated have very
high uncertainty, and they are intended simply to illustrate a
qualitative analysis of the obtained results.

Figure 2. Extinction spectra of different INFs based on PAN-
dispersed AuNPs: 15 nm Au nanospheres (black line), 60 nm Au
nanospheres (red line), 80 nm Au nanospheres (blue line), and 40 ±
12 nm Au nanorods (green line).
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3.2. Density. Density data measured for the four different
INFs studied in the function of temperature are plotted in
Figure 3 and the corresponding numerical data is presented in

Table S1, including the reference sample (PAN with 2 vol % in
ethanol, i.e., a mole fraction of ethanol equal to xet = 0.0365).
As can be observed, density presents a linear behavior with
temperature in the range studied, and its value decreases as
temperature increases with a very similar slope for the four
samples, about −0.7 mg cm−3 K−1. However, if we analyze the
values obtained at the same temperature, the sample AuNP15
presents a much higher density than the base fluid, while the
other INFs have a similar density as that of the reference
sample within the experimental uncertainties. To better
observe density deviations, we calculate the increase in the
percentage of the density of the four INFs with respect to the
reference sample at all temperatures. Results are plotted in
Figure 4, where we observe how the density value increases
0.25% in the AuNP15 sample and very subtly (less than 0.1%)
in the rest of the samples which is within the experimental
uncertainties. This effect slightly decreases with temperature.
The small increase in density of the INF with AuNP15 is

very high compared with that expected in the mixture of the
reference liquid and the AuNPs. Thus, if we perform the
corresponding calculations, based on the mass and volumes of
the AuNPs added to the sample, the density variation would be
below the experimental uncertainties of our equipment as it
happens for the three other INFs. Take into account that gold
represents only tenths of ppm in weight of the sample and

units of ppm of volume fraction. One explanation for the
observed increase in density is that AuNP15 are solvated by
the propyl ammonium cation, thus packing tighter in the
solvation layer than they were in the bulk. Although some
authors in the literature report that AuNPs can be solvated by
anions25 or cations,34,35 in our case, we assume that the AuNPs
were solvated by the cations due to their surfactant nature.
This model is validated by the fact that only the smallest
spherical AuNPs present a density increase because they have a
greater surface to be solvated, while the external surface in the
other two spherical AuNPs is more than 3 times smaller, as
observed in Table 1. The AuNProd is a special case because it
presents a similar external surface to that of the INF with
AuNP15, while its density is not increased at all. Thus, it seems
that the spherical shape allows a better cation packing than the
rod one.

3.3. Viscosity. The experimental dynamic viscosity data for
the compounds studied versus temperature are presented in
Table S1 and illustrated in Figure 5. As it was expected,14,36

viscosity values decrease markedly with temperature increases,
following a Vogel−Tamman−Fulcher (VFT) trend.37−39 The
VFT equation can be written as

B

T T
exp

l
m
oo
n
oo

|
}
oo
~
ooη η=

−
η

η
∞

(1)

where η∞, Bη, and Tη are treated as fitting parameters. The first
one represents the limiting viscosity value at infinite temper-
ature, the second one is related to a pseudo activation energy,

Table 2. Mean Characteristics of the INF Samples Solved in PAN + 2 vol % Ethanol (i.e., xet = 0.0365), including, from Left to
Right, Size of AuNPs; Gold Concentration in Mole per Liter of Solution (C), Mole per Kilogram of Solvent (C′), Mole
Fraction of Gold; AuNPs Number per Liter of Solution (n); AuNPs Surface per Liter of Solution (S), and AuNP Volume per
Liter of Solution (V)a

sample AuNP size/nm C/mM C′/m × 10−3 xAu × 10−4 w % gold nAuNP/L × 1012 S/m2 V/m3 × 10−9

AuNP15 (spherical) 13.9 ± 2.0 0.13 0.91 1.11 0.0179 943 0.57 1.33
AuNP60 (spherical) 67.0 ± 8.3 0.18 1.26 1.53 0.0247 11.7 0.16 1.84
AuNP80 (spherical) 81.2 ± 7.8 0.21 1.46 1.79 0.0288 7.64 0.16 2.14
AuNProds (rods) 40.4 ± 4.4 (l) 12.0 ± 1.5 (w) 0.15 1.05 1.28 0.0206 335 0.59 1.53

aStandard uncertainty: u(C) = 0.01 mM, u(C′) = 7 × 10−5 m, u(xAu) = 9 × 10−6, u(w %) = 1.4 × 10−3, and u(xet) = 0.0005. Relative standard
uncertainty: ur(n) = 0.5, ur(S) = 0.5 and ur(V) = 0.5 (given for qualitative analysis).

Figure 3. Measured density of reference sample, PAN + 2 vol %
ethanol (star) and different INFs based on PAN-dispersed AuNPs:
AuNP15 (square), AuNP60 (circle), AuNP80 (triangle), and
AuNProd (rhombus). Lines are the best fit of the AuNP15 and
AuNProd samples to a straight line.

Figure 4. Percentage deviation of density vs temperature for the
different INFs based on PAN-dispersed AuNPs with regard to the
reference sample: AuNP15 (square), AuNP60 (circle), AuNP80
(triangle), and AuNProd (rhombus). Lines are the best fit of the data
to a straight line.
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while Tη is usually near but above the glass transition
temperature.
Viscosity clearly decreases for the INFs studied with respect

to that of the reference sample, the values obtained being 25%
(AuNP15 and AuNP60), 10% (AuNP80), and 15%
(AuNProds) lower with respect to the reference sample.
To compare the viscosity measured in the different INFs

among them, we must normalize the data to a common
concentration, accepting a linear dependence of viscosity
decrease with respect to concentration, that is,, Δη α C, in the
range of concentrations studied, as was suggested by other
authors.20,21,40 Thus, in Figure 6, we present the percentage

deviation of viscosity for the four INFs studied with respect to
that of the reference fluid versus temperature, after being
normalized to the same concentration (0.13 mM) correspond-
ing to the AuNP 15 sample which corresponds to only 1.33
ppm in volume. This decrease of viscosity observed for our
INFs is not the usual finding because a majority of INFs
present a higher viscosity than the base fluid, but the NP
concentration is much higher than ours and the NPs are

usually insulators. In recent reviews about the rheology of
INFs, it has been published that in some cases, for conducting
metal NPs, viscosity decreases.20,21,40,41 Direct comparison of
our data is not possible because there is no data published
about INFs formed by an IL and AuNPs.
The data obtained allow us to establish a direct connection

between the diameter of the AuNPs and the viscosity decrease;
qualitatively, we observe in Figure 6 that smaller AuNPs show
a higher viscosity decrease, but it seems that this effect is not
directly related to the external gold surface. Hence, it is much
higher for AuNP60 than for AuNP80, their external surfaces
being very similar. Finally, note that AuNProd presents a
percentage of viscosity reduction between those of AuNP60
and AuNP80, while it presents a AuNP external surface very
close to that of AuNP15 (see Table 1). Thus, the rod shape is
less effective in increasing the fluidity of the reference sample
than the spherical ones. Regarding the temperature behavior, it
can be observed in Figure 6 that the viscosity decreases with
temperature increases probably due to the fact that thermal
agitation weakens the pseudolattice structure of pure ILs.42

Note that a protic IL as PAN presents a strong ionic well-
ordered nanostructure, not broken by the tiny ethanol content
of the samples.43

3.4. Ionic Conductivity. Temperature-dependence data of
ionic conductivity for the reference sample and the different
INFs studied are included in Table S1 in the Supporting
Information section and plotted in Figure 7. Ionic conductivity

values increase markedly with temperature following a VFT
equation for the five samples measured, as was expected.44,45

The VFT equation for electrical conductivities is similar to that
given in eq 1
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where again κ∞, Bκ, and Tκ are fitting parameters. The first one
represents the limiting value of k at infinite temperature, and
the second one is related to the activation energy for ion
charge transport.
The VFT equation was best-fit to all samples, but we only

plot in Figure 7 the one corresponding to the reference one.

Figure 5. Measured viscosity vs temperature of reference sample,
PAN + 2 vol % ethanol (star symbols), and different INFs: AuNP15
(square), AuNP60 (circle), AuNP80 (triangle), and AuNProd
(rhombus). The line is a VFT-type equation fitted to the reference
sample data.

Figure 6. Percentage deviation of viscosity against temperature for the
different INFs studied normalized to the same concentration (0.13
mM) corresponding to the AuNP15 samples: AuNP15 (square),
AuNP60 (circle), AuNP80 (triangle), and AuNProd (rhombus).

Figure 7. Measured ionic conductivity at different temperatures of
reference sample, PAN + 2 vol % ethanol (stars), and different INFs
based on PAN-dispersed AuNPs: AuNP15 (square), AuNP60
(circle), AuNP80 (triangle), and AuNProd (rhombus). The line is
the best fit of the VFT equation to the reference sample data.
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We observe that, in general, the addition of AuNPs to the
reference fluid slightly improves its ionic conductivity. To
compare the results obtained in the different INFs, we must
again normalize the measured values for each sample to a
common concentration. As for viscosity, we have chosen that
of the AuNP15 sample (0.13 mM). To do that, we simply
assume that the deviations of measured κ from the reference
sample value are proportional to the AuNPs concentration in
the range studied.44,45 In Figure 8, we plot the percentage of

ionic conductivity increase for the four different INFs at the
common concentration. As also happens for viscosity, the
maximum increase is for AuNP15 and the minimum one for
AuNP80 (but this last is similar to the other two INFs). With
respect to the temperature behavior, the effect of AuNP
addition decreases with temperature for all samples but is more
evident for that with the highest deviation, like it happens for
viscosity, as shown in Figure 6. Hence, while at 273 K,
differences among the different samples areare up to 10%, at
353 K, they are about 5%. This fact can be easily explained due
to the weakening of the ionic pseudolattice due to an increase
in thermal agitation; so, the perturbation produced by the
AuNPs is less important. It seems again that the external gold
area can explain this result. If AuNPs are solvated by cations,
the ionic pseudo-lattice that presents all ILs46 is destroyed in
the vicinity of the AuNPs. This fact allows the anions to move
faster in this region, thus increasing the net ionic conductivity.
In the case of the AuNProd sample, it presents a lower ionic
conductivity increase than could be expected from its external
surface. To understand this fact, we suppose that the rod shape
does not have a privileged orientation with the electrical field,
and so it does not favor the ionic mobility along the long axis.
Unfortunately, it is not possible to develop a quantitative

model of the effects observed with our present data due to
three facts: first, expanded uncertainty of the data presented in
Figure 8; second, PAN is a high hygroscopic compound,44

therefore the presence of different tiny quantities of water in
the different samples would alter the measured values, and
third, the calculation of the gold exposed surface is
approximate due to the different AuNP sizes in each INF, as
observed in the histograms shown in Figure 1. From a
qualitative point of view, our results show that even tiny

quantities of AuNPs will increase the ionic conductivity up to
10%, that the effect is more pronounced for the smallest of the
spherical AuNPs, and that a rod shape is less efficient than a
spherical one. This increase of the electrical conductivity with
the addition of NPs has been reported before. The effect is
more pronounced for metal conducting NPs, but it has been
also observed in insulating ones.45 Also, it has been reported
that the increase of electrical conductivity decreases as the NP
concentration increases for non-conducting ones.46 The
increase in electrical conductivity was found to be mainly
determined by three causes: surface conductance of nano-
particles, electrical double layer development, and liquid
polarity.45 As before, direct comparison with previous data is
not possible because there is not any publication with the same
INF published earlier, and again, the nature of NPs and base
fluid is crucial for the electrical conductivity behavior.
With respect to the temperature behavior, the effect of

AuNP addition decreases with temperature for all samples but
is more evident for that with the highest Δκ, like it happens for
Δη shown in Figure 6. Thus, while at 273 K, differences among
the different samples are up to 10%, at 353 K, they are about
5%. This fact can be easily explained due to the weakening of
the ionic pseudolattice due to an increase in thermal agitation,
so the perturbation produced by the AuNPs is less important.

3.5. Walden’s Rule. The three magnitudes measured here:
density, viscosity, and ionic conductivity (ρ, η, and κ,
respectively) can be related among them for each sample
using Walden’s rule,47−49 which relates viscosity with molar
conductivity, Λ = κ/C (where C is the ionic concentration of
the sample, i.e., C = ρ/M, where M is the molar mass of PAN)
through the following equation

KΛη = ′ (3)

where K′ is a constant called the Walden product. ILs do not
follow that simple expression probably due to the fact that the
activation energies for conductivity and viscosity are different
mainly because of the strong coordination among the ions in
ILs and to their great size difference.36 Thus, in these systems,
we replace eq 3 by the so-called fractional Walden’s rule,48,50

which reads

KηΛ =γ (4)

This equation takes into account that Arrhenius activation
energy for ionic conductivity is lower than that of viscosity.
The plot of log Λ (S cm2 mol−1) versus log η−1 (Poise−1) is
known as Walden’s plot. This plot provides information about
the tendency of ILs to form neutral ion pairs; in other words,
the number of mobile charge carriers in an IL. The slope of the
Walden plot, γ, is related to the ratio of activation energies of
conductivity and viscosity. Walden’s plot takes as a reference
the ideal line obtained from a dilute 0.01 M aqueous KCl
solution, where log Λ (S cm2 mol−1) is equal to log η−1

(Poise−1) for all ranges of values. In this ideal solution, the ions
are fully dissociated and both anion and cation have equal
mobility. The deviation of data obtained for any electrolyte
from the reference line of KCl is an indicator of its “degree of
ionicity”.48,50 Thus, in Figure 9, we show the Walden’s plot for
the four INFs studied and the reference sample, with the
corresponding linear fit. As can be observed, the five samples
present a linear tendency, which indicates that eq 4 is valid also
for these samples. They also present a similar γ slope, from
0.90 for AuNP60 to 0.87 for the reference sample, similar to
that presented by other ILs,44,46 while the K value ranges from

Figure 8. Percentage deviation of ionic conductivity normalized to the
same gold concentration of 0.13 × 10−3 m: AuNP15 (square),
AuNP60 (circle), AuNP80 (triangle), and AuNProd (rhombus). The
lines are the best fit of the data to a straight line.
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0.66 to 0.56, being higher for the samples with smaller γ value.
The addition of AuNPs to the reference sample produces a
decrease in the degree of ionicity indicating that the number of
free ions decreases. This is compatible with the solvation of
AuNP external surface by the IL cations, which get trapped in
the gold surface and so decrease the ionicity. This effect of
cations solving the AuNPs has been detected for ILs,34 and it
has been used to synthesize AuNPs.35

From another point of view, the effect of adding AuNPs to
the IL is similar to adding a solvent to it, that is, both break the
pseudolattice of the IL, allowing more mobility of anions and
so increasing fluidity and electrical charge transport. A more
quantitative analysis is difficult as explained above, and our
next aim is to measure the same sample with different AuNPs
content.

4. CONCLUSIONS
We have measured the variation of three different physical
properties of four INFs composed of the IL PAN plus 2 vol %
ethanol (equivalent to xet = 0.0365) which contains AuNPs
(AuNPs) of three different sizes and of two morphologies in
the final concentrations of about 0.15 mM of gold. INFs
increase density and ionic conductivity and decrease viscosity
with respect to the reference sample or base fluid. This effect is
higher for AuNP15. These facts could be explained assuming
that propyl ammonium cations solvate the AuNPs’ external
surface as if they were surfactants; so, density increases due to
the packing. Also, the ionic layers covering the AuNPs break
the IL network in their vicinity; so, more nitrate anions will be
free to move, increasing fluidity and ionic conductivity. From
the comparison among the different sizes and shapes studied,
we have observed that for smaller AuNPs, the effects are more
important (for a fixed gold concentration) and also that the
rod shape is less effective than the spherical one to improve
conductivity and fluidity in terms of overall Au external surface
in the different INFs studied. Comparison of the results
obtained here and those published in the literature for other
INFs is impossible because the nature of the NPs and of the
base fluid are crucial in the behavior of the studied magnitudes
but also, NP size and shape, INF concentration, temperature,

and so forth affect the transport properties. In addition, there is
not, to our knowledge, any paper devoted to the same (or even
similar) INF to those studied here. In any case, more research
is needed to fully understand the AuNP-addition effect at a
nanoscale and to control quantitatively the effect on density,
viscosity, and ionic conductivity of AuNP doping of ILs.
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