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Introduction

In the last few years, metal nanoparticles (MNPs) have been
the subject of extensive research, and more particularly in
the case of silver or gold nanoparticles, owing to their
unique physicochemical and optoelectronic properties,
which find application in the fabrication of optical devices,[1]

catalysis,[2,3] surface-enhanced Raman scattering (SERS),[4]

bio-labeling,[5,6] and bio-imaging.[7] Anisotropic metal nano-
structures, especially, have attracted considerable interest
because of their interesting size- and shape-dependent prop-
erties that make them desirable for emerging applications in
fields such as optics[1] and catalysis.[2] Consequently, several
different techniques including ours have been developed for
preparing such anisotropic metal nanostructures with vari-

ous sizes and shapes.[3,8–16] Although great strides have been
made in this area, chemists and materials scientists are still
searching for newer and easier methodologies for the syn-
thesis of such anisotropic noble-metal nanostructures.

Room temperature ionic liquids (RTILs) are of current
research interest because of their novel properties like negli-
gibly small vapor pressure, high thermal stability, high chem-
ical and electrochemical stability, and, especially at elevated
temperatures, the conductivity of ionic liquids can be quite
high. Although some ILs have been reported to show high
stability only in a vacuum and under argon flow.[17] RTILs
are generally considered as green solvents and are applied
in many chemical reactions including catalysis, as well as in
chemical industry as reaction solvents,[18, 19] extraction sol-
vents,[20,21] electrolytic materials,[22] etc. It is known that the
physicochemical properties of ionic liquids (ILs) can be
tuned by varying the chemical nature of their counter ions.
Thus, up till now, to prepare ILs with new properties, many
biologically relevant molecules such as amino acids,[23, 24]

sugar, and sugar derivatives,[25, 26] lactic acids,[27,28] have been
incorporated in the form of anions into the ILs.

Recently, attempts have been made to fuse two broad
areas of research; the nanoparticles and the ionic liquids for
the preparation of hybrid nanomaterials with novel proper-
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ties.[29–41] In a recent review, Endres et al. summarized the
importance of ILs for making MNPs in this medium.[42]

Owing to the nature of the ILs, the solvation of metal salts
and the subsequent stabilization of the formed MNPs in the
ILs are considered to be superior compared to those of con-
ventional organic compounds.[32] Most of the ionic liquid
based-MNPs syntheses involve the use of a metal ion pre-
cursor in an aqueous solution of ionic liquids followed by re-
duction with a conventional reducing agent.[31,33, 36–41] Re-
gardless of the importance of these MNPs, very few reports
are available on their chemical synthesis, or their electro
deposition using ionic liquids as reaction medium.[29,30,43–49]

However, the in situ formation of MNPs in aqueous solution
by using ILs that have a redox-active counter anion are very
limited. For example, Kim et al have reported the prepara-
tion of gold nanoparticles (GNPs) by using alcohol-based
ILs in water.[33] Thus, a room temperature synthesis of noble
MNPs (e.g. gold, silver, and platinum) by using redox active
ILs still waits to dominate/occupy an active area in nanopar-
ticles research.

Recently, our research group has been actively involved
in the synthesis of MNPs using tyrosine/tryptophan-based
peptides by in situ reduction approach in aqueous
medium.[50–53] This encouraged us to explore the in situ re-
duction technique further to synthesize MNPs using newly
designed redox-active ILs as reducing/stabilizing agents. It is
known that ascorbic acid generally exhibits keto-enol tauto-
merisim, the enol form of which is susceptible to ionization
in aqueous solution and has been used as a versatile reduc-
ing agent for variety of metal ion precursors to prepare
MNPs.[54–58] Thus, the choice of an appropriate cationic spe-
cies to conjugate with the ionic form of ascorbic acid is cru-
cial for the synthesis of RTIL, which in turn can be utilized
to prepare MNPs by in situ reduction in the absence of any
externally added reducing agents.

In the present work, we report the synthesis of a series of
novel ascorbic acid based ionic liquids (ILs). These newly
designed ILs are then utilized to prepare anisotropic gold
nanostructures of various morphologies as well as quasi-
spherical GNPs in aqueous medium. The effect of mole
ratio of IL to gold salt on the morphology of the formed
gold nanostructures has also been investigated.

Results and Discussion

The ascorbic acid based room temperature ionic liquids
(RTILs) were prepared by the modification of the Ohno
method.[24] Table 1 depicts the chemical name of all the ILs
that have been synthesized and used for the generation of
GNPs. The synthesis of these RTILs involves, initially, the
preparation alkyl derivative of imidazolium hydroxide fol-
lowed by neutralization with the ascorbic acid (see
Scheme 1). The synthesized ILs were characterized by
1HNMR spectroscopy, ESI mass spectrometry, and also by
elemental analysis. The 1HNMR spectrum of neat ascorbic
acid in [D6]DMSO shows a doublet peak at around d=

4.62 ppm, which corresponds to the five member ring proton
of ascorbic acid. However, in case of sodium ascorbate in
D2O, this peak shows an up-field shift of 0.24 ppm (d=4.62
to 4.38 ppm). This shift is a result of the presence of the
enol form of ascorbic acid in sodium ascorbate solution. The
1HNMR of IL, [C2mim][A] (for definitions please see
Table 1) in D2O also shows a similar doublet peak at around
d=4.40 ppm. This result also indicates and confirms the
presence of enol form of ascorbic acid in this IL. However,
the 1HNMR spectra of the ILs performed in DMSO did not
show such types of peaks, rather a broad peak appeared in
the region d=3–4 ppm, as a result of the DMSO. This broad
peak probably masks the peak produced by the enol form of
ascorbic acid. The ESI mass spectral data of the as-prepared
ILs show the presence of a strong signal (as indicated in the
Experimental Section), which belongs to the cationic part of
the corresponding IL and no other peaks were traced in the
ESI mass spectra and further confirms the purity of the
ionic liquids (see the Supporting Information for spectra).
All the synthesized ILs are initially dark-brown colored,
highly-viscous materials at room temperature and hygro-
scopic in nature. The presence of some impurities might be
responsible for such color. It has been reported that the
presence of ppm levels of impurity affects the properties of
ILs.[59] In our case, after purification with active charcoal
powder, the ILs became colorless. These ILs are soluble in
most polar solvents, such as water, methanol, DMSO, DMF
etc.

Table 1. Chemical names of all the synthesized ILs and their glass transi-
tion temperatures (Tg).

Ionic Liquid Name Tg [8C]

1-methylimidazolium ascorbate ACHTUNGTRENNUNG[C0mim][A] 6.89
1-ethyl-3-methylimidazolium ascorbate ACHTUNGTRENNUNG[C2mim][A] �28.47
1-butyl-3-methylimidazoliumascorbate ACHTUNGTRENNUNG[C4mim][A] �21.48
1-hexyl-3-methylimidazolium ascorbate ACHTUNGTRENNUNG[C6mim][A] �32.33
1-octyl-3-methylimidazolium ascorbate ACHTUNGTRENNUNG[C8mim][A] �34.94
1-decyl-3-methylimidazoliumascorbate ACHTUNGTRENNUNG[C10mim][A] �42.34

Scheme 1. R=H, C2H5, C4H9, C6H13, C8H17, and C10H21.
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Figure 1 shows the thermogravimetric analysis (TGA)
curve of the purified ILs, ([C2mim][A], [C6mim][A], and
[C10mim][A]), which exhibits the decomposition tempera-

tures at around 240 8C and is close to that observed for the
reported amino acid-based ILs.[23,24] The introduction of an
alkyl chain in the imidazolium cation results in a drastic in-
crease in the decomposition temperature (�240 8C) of the
ILs compared to that of an IL without any alkyl groups,
[C0mim][A] (�180 8C). However, an increase in the substi-
tuted alkyl chain length has almost no effect on the decom-
position temperature of all of the synthesized ILs and they
all decompose within nearly the same temperature range
(see the TGA thermograms given in Figure 1).

Furthermore, thermal-transition behaviors of these ascor-
bic acid based ILs were examined by differential-scanning
calorimetry (DSC). The DSC thermograms are shown in
Figure 2 and show that each of these ILs exhibit a sharp
glass transition temperature (Tg). Table 1 depicts the Tg

(onset) of all the ILs. These data clearly reveal that an in-
crease in the length of the substituted alkyl chain of the imi-
dazolium cation, decreases the Tg value of the IL with a
slight deviation in case of [C2mim][A]. It has been reported
that the imidazolium-based ILs with shorter alkyl chains
(n=2–11) are liquid at room temperature and transform to
glassy form on cooling to �80 8C, whereas those with com-
paratively longer alkyl chains (n=12–18) are low melting
solids and showed a mesophase upon heating.[60] Therefore,
we can assume that the length of the alkyl chain attached to
imidazolium ion is responsible for such variation of Tg in
these ILs. Furthermore, we did not observe any crystalline
melting temperatures (Tm) for any of these ILs. According
to the literature, the Tm of an IL strongly depends on the
choice of anions.[61] In this case, the large ascorbate ion pres-
ent in between two layers of imidazolium ions disturbs the
local molecular ordering of the ILs and this may be the
reason for the absence of any Tm values in our synthesized
ILs.

The FTIR spectrum of a representative IL, [C6mim][A]
shown in Figure 3 indicates that the stretching frequency of
>C=O and >C=C< groups of neat ascorbic acid shifted

from ñ=1753 to 1731 cm�1 and ñ=1674 to 1598 cm�1 re-
spectively after IL formation (compare Figure 3a and 3b). A
similar shifting was also observed for sodium ascorbate
(compare Figure 3b and 3c). These results confirm that ILs
are formed by the combination of alkyl imidazolium cation
and ascorbate anion, where the latter exists as a keto-enol
tautomeric form. The FTIR spectrum of the hexyl substitut-
ed imidazolium cation containing gold nanostructures is
shown in Figure 3d, the detailed analysis of which will be
discussed latter in this section.

Figure 1. TGA thermograms of different ascorbic acid based ionic liq-
uids.

Figure 2. DSC thermograms of different ascorbic acid based ionic liquids:
a) [C0mim][A], b) [C2mim][A], c) [C4mim][A], d) [C6mim][A], e)
[C8mim][A], and f) [C10mim][A].

Figure 3. FTIR spectra of a) [C6mim][A], b) neat ascorbic acid, c) neat
sodium ascorbate, and d) gold nanostructures coated with the [C6mim]
cation.
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The reducing property of ascorbic acid is well understood
and has been used for generations of MNPs, mainly in an al-
kaline medium.[54–57] However, the morphologies of the
formed MNPs are mostly spherical in nature. As mentioned
above, in these newly designed ILs the ascorbic acid exists
as a negatively charged ascorbate ion and is, therefore, ex-
pected to be a better reducing agent than the neat ascorbic
acid. Furthermore, the presence of alkyl substituted imida-
zolium cation may influence the formation mechanism,
which might result in the formation of anisotropic gold
nanostructures of various morphologies. Also in this
method, it is not necessary to make the medium alkaline, as
the ascorbic acid remains in the ionized form. Thus, we have
tried to utilize these newly designed ascorbic acid based ILs
to synthesize gold nanostructures with the expectation that
these ILs may give rise to the formation of different shaped
GNPs.

The synthesis of gold nanostructures involves the simple
aqueous-phase mixing of ascorbic acid based ILs and
HAuCl4 at room temperature (see Table 2 for more details).

The progress of the reactions between aqueous solution of
HAuCl4 and ILs was monitored visually and by means of
UV/Vis spectroscopy. A faint color developed immediately
after the addition of IL to the aqueous HAuCl4 solution and
became more intense over time. A stable color was ob-
served within 3 min of reaction, this is an indication of the
formation of nanosized metallic gold. This result also indi-
cates that the reaction is very fast. This concurs with the ki-
netic studies of formation of these gold nanostructures dis-
cussed later in this section. The color of the suspension was
varied and dependent on type of ILs used i.e., pink, purple,
and gray respectively for [C2mim][A], [C6mim][A], and
[C10mim][A] and pink and gray respectively for [C4mim][A]
and [C8mim][A]. However, the time required to develop a
stable color of the gold nanostructure suspension depends
on the R (mole ratio of ILs to HAuCl4) values, that is, at in-
creasing values of R, the reaction develops more quickly.

The stability of the colloidal gold nanostructures’ suspen-
sion depends upon the length of alkyl chain attached to the
imidazolium ion of ILs. For example, a suspension of gold
nanostructures, prepared with [C2mim][A] using R=1, is
stable for 5 days without any precipitation, whereas those
prepared with [C10mim][A] are less stable and precipitation
can occur within 12 hours. These observations indicate that

as the alkyl chain length of the imidazolium ion of ILs in-
crease, the stability of the suspension of colloidal gold nano-
structures decreases.

A set of UV/Vis spectra of the as-prepared suspension of
colloidal gold nanostructures prepared at R= ([IL]/ ACHTUNG-
TRENNUNG[HAuCl4])=1 (see reaction Set 1 in Table 2) recorded after
15 min of reaction can be seen in Figure 4. The spectra of all
the samples in aqueous suspension show the presence of a

broad surface plasmon resonance (SPR) absorption band in
the wavelength region l=500–600 nm indicating the forma-
tion of different-shaped gold nanostructures other than
spheres. More specifically, the as-prepared samples that
were synthesized with ILs exhibit a slightly broad SPR band
accompanied by a long tail at lmax=532, 533, 534, 534, 553,
and 574 nm, for [C0mim][A], [C2mim][A], [C4mim][A],
[C6mim][A], [C8mim][A] and [C10mim][A], respectively (see
Figure 4). For comparison, we have also prepared gold
nanoparticles (GNPs) with sodium ascorbate, the aqueous
suspension of which exhibits a sharp SPR band at l=

530 nm without any tailing (see Figure 4a). These optical re-
sults suggest that the gold nanostructures prepared with ILs
should possess different morphology than those prepared
with neat sodium ascorbate. To confirm this issue, we exam-
ined the morphologies of these gold nanostructures by
means of TEM and the results will be discussed in detail
later in this section. The SPR band position of GNPs pre-
pared with [C0mim][A], [C2mim][A], [C4mim][A] and
[C6mim][A] (see Figures 4b–e, respectively) are essentially
in the same region (l=532–534 nm), whereas those pre-
pared with [C8mim][A] (Figure 4g) and [C10mim][A] (Fig-
ure 4f) show a significant shift in the SPR band position to
lmax =553 and 574 nm, respectively.

To check the effect of variation mole ratio of ILs to
HAuCl4 on the nature of spectra of formed gold nanostruc-
tures, we first carried out reduction of HAuCl4 with different
ILs by decreasing the mole ratio to R= [IL]/ ACHTUNGTRENNUNG[HAuCl4]=0.25
(see reaction Set 2 in Table 2). The UV/Vis spectra showed
a sharp SPR band at lmax =530, 532 and 535 nm for GNPs

Table 2. Detailed reaction recipes for the synthesis of gold nanostruc-
tures at different mole ratios of IL to HAuCl4.

Set ILs [mm] HAuCl4 [mm] R= [ILs]/ ACHTUNGTRENNUNG[HAuCl4]

1 0.5[a] 0.5 1.0
2 0.125[b] 0.5 0.25
3 2.0[c] 0.5 4.0

[a] ILs used: [C0mim][A], [C2mim][A], [C4mim][A], [C6mim][A],
[C8mim][A], and [C10mim][A]; [b] ILs used: [C2mim][A], [C4mim][A],
[C6mim][A], [C8mim][A], and [C10mim][A]; [c] ILs used: [C2mim][A],
[C4mim][A], [C6mim][A], [C8mim][A], and [C10mim][A].

Figure 4. UV/Vis absorption spectra of different as-prepared suspensions
of gold nanostructures prepared with a) sodium ascorbate, b) [C0mim]
[A], c) [C2mim][A], d) [C4mim][A], e) [C6mim][A], f) [C8mim][A], and
g) [C10mim][A] at a value of R=1.
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prepared in reaction with ILs, [C2mim][A], [C4mim][A], and
[C6mim][A] respectively (see Figures 5a–c) indicating the
formation of mostly spherical particles, but the SPR bands

were suddenly broadened for GNPs prepared with [C8mim]
[A] and [C10mim][A] (see Figure 5d and 5e, respectively).

However, upon increasing the concentration of ILs in the
reaction mixture to R=4 (see reaction Set 3 in Table 2), a
slightly different spectral pattern was observed. The UV/Vis
spectra of the suspensions of gold nanostructures prepared
with [C2mim][A] and [C4mim][A] show the presence of a
sharp SPR absorption band at l=528 and 532 nm respec-
tively (see Figure 6a,b). Gold nanostructures prepared by
using [C6mim][A], produce a sharp SPR band at l=532 nm

that is accompanied by a second absorption band in the
higher wavelength region (l�700 nm) (see Figure 6c).
Whereas, gold nanostructures prepared with ILs that have a
long chain alkyl group ([C8mim][A] and [C10mim][A]) pro-
duced a large broadening in the SPR band (see Figure 6d,e).
These shifting of SPR bands of gold nanostructures, suspen-

sion, prepared with [C8mim][A] and [C10mim][A], may be
attributed to either the formation of the aggregated struc-
ture, or to the branching of gold nanostructures as men-
tioned elsewhere.[62]

The kinetics of gold nanostructure formation was studied
via recording the time dependent UV/Vis spectra of the
their colloidal suspensions during their formation. As a rep-
resentative case, we have only studied the kinetics of forma-
tion of gold nanostructures that are prepared at R= [IL]/ ACHTUNG-
TRENNUNG[HAuCl4]=1.0 (see Table 2). For the samples prepared with
the ILs [C2mim][A] and [C6mim][A] the variation of absorb-
ance values at lmax =530 nm were plotted against time (see
Figures 7a and 7b respectively). For samples prepared with
[C10mim][A], the kinetics of formation was studied by meas-

uring the change in absorbance value at lmax =567 nm of the
SPR band (Figure 7c). It is clear that the formation of gold
nanostructures started immediately after the addition of the
respective ILs (see Figures 7a–c). The insets of these figures
represent an enlarged view of the early time segment and
indicate a sudden jump in the absorbance value after 3 min-
ACHTUNGTRENNUNGutes of the reaction. Notably, in three cases, the absorbance
values remain unchanged after 10 minutes of the reaction
(see Figures 7a–c). These results indicate that the reactions
between these ILs and HAuCl4 are very fast and almost
complete within a 10 min time span. For comparison, the ki-
netics of formation of GNPs prepared with neat sodium as-
corbate is also presented (see Figure 7d). The inset of Fig-
ure 7d shows no such jump in the absorbance value as no-
ticed in the earlier cases. Such a fast reaction between the

Figure 5. UV/Vis absorption spectra of the as-prepared suspensions of
gold nanostructures prepared with different ILs a) [C2mim][A], b)
[C4mim][A], c) [C6mim][A], d) [C8mim][A], and e) [C10mim][A] at a
value of R=0.25.

Figure 6. UV/Vis absorption spectra of the as-prepared suspensions of
gold nanostructures prepared with a) [C2mim][A], b) [C4mim][A], c)
[C6mim][A], d) [C8mim][A], and e) [C10mim][A] at a value of R=4.

Figure 7. UV/Vis kinetics of gold nanostructure formation using different
ILs: a) [C2mim][A], b) [C6mim][A], c) [C10mim][A] and d) neat sodium
ascorbate. Insets show the enlarged view for the lower-time region.
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IL and HAuCl4 might be responsible for the formation of
different shaped-GNPs as can be seen from TEM image
analysis discussed later in this section.

The representative TEM micrographs of gold nanostruc-
tures prepared with different ionic liquids following the con-
ditions (R= [IL]/ ACHTUNGTRENNUNG[HAuCl4]=1.0) given in reaction Set 1 (see
Table 2) are shown in Figure 8. From these images, it is ap-
parent that the particles synthesized with [C0mim][A] are

mostly quasi-spherical in shape (Figure 8a), whereas those
synthesized with [C2mim][A], [C4mim][A], and [C6mim][A]
are of almost similar morphology and resemble raspberry-
like nanostructures (Figures 8b–d). For the latter three sam-
ples, it is expected that the nature of the SPR band would
be the same as the morphology looks like the same. Howev-

er, as shown earlier that the SPR band of GNPs prepared
with [C0mim][A] (Figure 4b) compared with the bands pro-
duced from [C2mim][A], [C4mim][A] and [C6mim][A] (Fig-
ure 4c—e, respectively) are almost alike in terms of their
nature and position. Furthermore, the TEM images of gold
nanostructures prepared with [C8mim][A] and [C10mim][A]
show flake and dendrite like morphology, respectively (Fig-
ure 8e,f). This might be the reason that the SPR bands for
the suspensions of these two samples are red-shifted and
broaden, compared to those of samples prepared with ILs
containing an hexyl chain or shorter (see Figure 4f,g). The
insets of Figures 8b–e show the enlarged view of the respec-
tive single anisotropic nanostructure, which apparently indi-
cate that each of these structures are formed as a result of
aggregation or assembly of smaller spherical particles. How-
ever, the sample prepared by using sodium ascorbate under
similar reaction conditions shows only quasi-spherical parti-
cles (Figure 8g). Thus, the gold nanostructures synthesized
with ionic liquids that have shorter alkyl chains form quasi-
spherical morphology, whereas those with longer alkyl
chains result in the formation of anisotropic nanoparticles.

If the value of R is decreased to 0.25 (see reaction Set 2
in Table 2) the TEM images of the samples prepared with
[C2mim][A], [C4mim][A] and [C6mim][A] (see Figures 9a–c,
respectively ) displayed mostly quasi-spherical nanoparticles
(with some aggregation), but did not show any anisotropic

Figure 8. TEM micrographs of gold nanostructures prepared with: a)
[C0mim][A], b) [C2mim][A], c) [C4mim][A], d) [C6mim][A], e) [C8mim]
[A], f) [C10mim][A], and g) neat sodium ascorbate at mole ratio value of
R=1 (see Set 1). Insets show the enlarged view of the respective parti-
cles.

Figure 9. TEM micrographs of gold nanostructures prepared with: a)
[C2mim][A], b) [C4mim][A], c) [C6mim][A], d) [C8mim][A], and e)
[C10mim][A] at a value of R=0.25.
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nanostructures. However, in the case of sample prepared
with [C8mim][A], it appears that they have a certain aniso-
tropy in their shape (Figure 9d). This anisotropy in shape is
more prominent in the case of the gold nanostructures that
were prepared by using [C10mim][A] (Figure 9e). It again in-
dicates that each of the structure in Figure 9e, are formed as
a result of aggregation or the assembly of smaller particles,
as observed for gold nanostructures prepared at R=1 by
using [C2mim][A], [C4mim][A] and [C6mim][A] ILs.

The TEM images of all the samples prepared at R=4.0
(see reaction Set 3 in Table 2) is represented in Figure 10. In
this case, again mostly quasi-spherical particles are formed
along with some aggregation of these particles were also ob-
served if [C2mim][A], [C4mim][A] and [C6mim][A] are used
(see Figures 10a–c, respectively). Whereas, for the samples

prepared with [C8mim][A] and [C10mim][A] a mixture of
quasi-spherical and irregular shaped nanoparticles are
formed. These as-formed particles are not well dispersed
and they have a tendency to form agglomerates.

From the analysis of TEM and optical results, it may be
concluded that the ascorbate ion of the IL reduces Au3+ to
metallic Au and that the alkyl substituted imidazolium
cation plays a crucial role in the shape evaluation. The mole
ratio (R) of IL to HAuCl4 also plays an important role in
the ultimate shape determination.

To get better understanding of the effect of the alkyl sub-
stituted imidazolium cation on the morphology of formed
gold nanostructures, we have carried out the reduction of
gold salt using ILs in presence of an water-soluble polymer,
poly(vinyl pyrrolidone) (PVP) that can also act as a stabiliz-
er. Typical TEM micrographs of the samples prepared by
using [C2mim][A], [C6mim][A] and [C10mim][A] at R=1.0
(e.g., [IL]= [HAuCl4]=0.5 mm) in presence of PVP
(0.1 wt%) are shown in Figure 11. The formation of solely
spherical gold nanoparticles (GNPs) when prepared using
[C2mim][A] and [C6mim][A] ILs respectively can be seen in
Figures 11a,b. This might be a result of the bulky PVP mole-
cules absorbed onto the surface of the GNP, hindering the
GNPs from the anisotropic crystal growth, by preventing co-
alescence between initially formed spherical particles. The

polymer PVP in presence of [C10mim][A] formed particles
that have a little tendency to form dendritic structures (see
Figure 9c). However, owing to the presence of bulky poly-
meric chains, further growth to the dendritic structure was
hindered. Again, the GNPs prepared with these ILs at con-
centrations of PVP greater than 0.1 wt% formed particles
that stuck to the reaction vessel. This might be owed to the
cationic part of ILs interacting with PVP to prevent the
GNPs from proper stabilization.

Wide angle X-ray characterization was carried out on
these gold nanostructure samples obtained according to re-
action Set 1 (see Table 2) to provide support for such aniso-
tropic growth. The X-ray diffraction (XRD) patterns of the
samples prepared by using different ILs (e.g., [C2mim][A],
[C6mim][A], and [C10mim][A]) as a reducing/structure-di-
recting agent can be seen in Figure 12. All the samples
showed an intense peak at 2q=38.2, which corresponds to
the (111) lattice plane of the fcc metallic gold. Whereas the

Figure 10. TEM micrographs of gold nanostructures prepared with: a)
[C2mim][A], b) [C4mim][A], c) [C6mim][A], d) [C8mim][A], e) [C10mim]
[A] at a value of R=4.

Figure 11. TEM micrographs of gold nanoparticles prepared in presence
of PVP using the ILs: a) [C2mim][A], b) [C6mim][A], and c) [C10mim]
[A] at a value of R=1.
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peaks at 2q=44.4, 64.7, 77.6, correspond to the lattice
planes (200), (220), and (311) of Au, are very weak. These
data reveal that with an increase in length of the substituted
alkyl chain of ILs, the intensity of the peak that belongs to
the (111) plane of the formed gold nanostructure increases
and at the same time other peaks gradually diminish. These
results indicate that the growth along (111) plane becomes
more pronounced in comparison to the other planes. This
type of unidirectional growth along the (111) plane might be
responsible for the formation of anisotropic gold nanostruc-
tures of different morphologies. Also, the presence of long
hydrophobic chain in the IL might assist the unidirectional
growth of gold nanostructure that resulted in the formation
of various morphologies.

In these reactions HAuCl4 is reduced by the ascorbate ion
of the ILs in the absence of any externally added reducing
agents. During the reduction, the ascorbate ion is converted
to its oxidized form, as reported earlier,[54–58] whereas the al-
kylated imidazolium cation has a chance to adsorb to the
negatively charged surface of newly formed small gold par-
ticulates, which eventually combine to form bigger gold
nanostructures. This was confirmed by FTIR characteriza-
tion of the precipitated/washed gold nanostructures pre-
pared with [C6mim][A] and the spectra are presented in Fig-
ure 3d. The spectra did not show any bands corresponding
to the >C=O stretching vibration of the ascorbate ion or
any characteristic band of the oxidized form of ascorbate
ion (compare Figures 3c and 3d). The vibration owed to the
-CH2- group of the substituted hexyl chain is very prominent
indicating the attachment of the cationic part of the IL on
the surface of the GNPs (Figure 3d).

On the basis of these results, we can propose a probable
mechanism of growth of such anisotropic gold nanostruc-
tures. The initially formed smaller particles are hydrophobic
in nature, as a result of the adsorption of alkylated imidazo-
lium groups onto the surface. The hydrophobic nature of the
smaller particles makes them poorly soluble in the aqueous
dispersion, which results in the formation of anisotropic

nanoparticles throughout the coalescence of these unstable
particles till the system attains a minimum energy. Further-
more, the enlarged view of TEM images of all the samples
except those prepared with [C0mim][A] (see insets of Figur-
es 8b–f) show that these anisotropic gold nanostructures
consist of smaller spherical particles. The gold nanostruc-
tures prepared with [C8mim][A] and [C10mim][A] show
some unique flake- and dendrite-like growth (see insets of
Figure 8e and 8f).

Conclusion

In this article, our approach has been directed towards the
synthesis of quasi-spherical and anisotropic gold nanostruc-
tures of various morphologies by using a series of newly de-
signed ascorbic acid based ionic liquids (ILs) as a reducing
agents as well as structure-directing agents. In this case, as-
corbate ion acts as a reducing agent and the alkylated imida-
zolium ion acts as capping/structure-directing agent, which
we confirmed by means of FTIR spectroscopy analysis. With
the variation of the length of the alkyl chain attached to the
imidazolium cation, the particle morphology (spherical/rasp-
berry/flake/dendritic) of the gold nanostructures was suc-
cessfully tuned. However, the mole ratio of ILs to HAuCl4
has a significant effect on the morphology of formed gold
nanostructures. These newly designed ILs are excellent re-
ducing agents and can be used for the in situ generation of a
wide range of metal nanostructures.

Experimental Section

General : Ascorbic acid, 1-methylimidazole, ethyl bromide, butyl bro-
mide, hexyl bromide, octyl bromide, decyl bromide, poly(vinyl pyrroli-
done) (PVP), and hydrogen tetrachloroaurate (III) trihydrate
(HAuCl4·3H2O) were purchased from Sigma–Aldrich and were used
without further purification. All the aqueous solutions were prepared
with triple-distilled water and distilled reagent grade solvents were used
for the ionic liquid synthesis.NMR spectroscopy : 1HNMR studies of all
the ILs, neat ascorbic acid, and neat sodium ascorbate were carried out
by using a Bruker DPX 300 MHz spectrometer.

Elemental analysis : Elemental analyses of the purified 1-alkyl-3-methyl-
ACHTUNGTRENNUNGimidazolium bromides and their corresponding ascorbate ILs were car-
ried out by using a Perkin–Elmer 2400 series II CHN analyzer.

ESI mass spectrometry : The ESI mass spectra of the synthesized 1-alkyl-
3-methylimidazolium bromides and 1-alkyl-3-methylimidazolium ascor-
bates were recorded from a methanol solution in a Quadrupole time-of-
flight (Qtof) Micro YA263 mass spectrometer.

Thermogravimetric analysis (TGA): TGA thermograms of all the ILs
were recorded by using a TA SDT Q600 instrument at a heating rate of
20 8Cmin�1 under a N2 atmosphere.

Differential scanning calorimetry (DSC): The glass transition temperature
(Tg) of the ILs was measured using a Perkin–Elmer Diamond DSC
equipped with an intercooler at a scan rate of 20 8Cmin�1. For all sam-
ples, at least one cycle of heating and cooling were performed before
taking the final heating scan. Note that the ILs were dried at 70 8C in
vacuum for three days before the DSC measurements.

UV/Vis absorption spectroscopy : UV/Vis absorption spectra of the sus-
pension of the gold nanostructures prepared with different ILs were re-

Figure 12. XRD pattern of gold nanostructures prepared by using a)
sodium ascorbate, b) [C2mim][A], c) [C6mim][A], and d) [C10mim][A] at
a value of R=1.
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corded in a Hewlett Packard 8453 diode-array UV/Vis spectrophotome-
ter.

Transmission electron microscopy (TEM): One drop of the as-prepared
suspension of the gold nanostructures prepared with different ILs was
placed on a carbon-coated copper grid and allowed to air-dry at room
temperature. The grid was then observed under a JEOL JEM 2010 high-
resolution transmission electron microscope at an accelerating voltage of
200 kV.

X-Ray diffraction (XRD): For XRD analysis, the different as-prepared
suspensions of gold nanostructures were deposited on a microscopic glass
slide and the diffractrograms were then recorded by using a Seifert XRD
3000P diffractrometer at an accelerating voltage of 35 kV by using a Cuka

(l=1.54 N) as the X-ray radiation source.

Fourier Transform Infrared (FTIR) Spectroscopy : FTIR spectra of neat
ascorbic acid, sodium salt of ascorbic acid, ionic liquid and the centri-
fuged/washed/dried gold nanostructures prepared with ILs were recorded
using KBr pellets in a Shimadzu FTIR-8400S spectrometer. The pellets
were prepared by mixing the corresponding dried sample with KBr in a
1:100 (w/w) ratio.

Synthesis of ionic liquids :

Synthesis of 1-alkyl-3-methylimidazolium bromide : In a typical synthesis,
a mixture of 1-methylimmidazole (10 mm) and any alkyl bromide
(10 mm) (such as ethyl bromide, butyl bromide, hexyl bromide, octyl bro-
mide, and decyl bromide) was refluxed at 708C for 36 h with continuous
magnetic stirring. The resultant yellowish viscous compound was then
washed thoroughly with distilled diethyl ether four times for complete re-
moval of unreacted components. Finally, a pale- white waxy solid mass
was obtained. All the purified 1-alkyl-3-methylimidazolium bromides
were then dried in a vacuum and characterized by 300 MHz 1H NMR
spectroscopy (CDCl3) and ESI mass spectroscopy.

1-Ethyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.41 (s,Immidazole ring H), 7.43–7.42 (m, Immidazole ring
H), 4.46–4.38 (q, J=7.4 Hz, -NCH2), 4.12 (s, -NCH3), 1.63–1.59 ppm (t,
J=7.3 Hz, -CH3); MS (EI, 35 eV): m/z : 111 (M+ 100%).

1-Butyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.25 (s, Immidazole ring H), 7.61 (s, Immidazole ring H), 7.49
(s, Immidazole ring H), 4.37–4.32 (t, J=7.5 Hz, -NCH2), 4.15 (s, -NCH3),
1.96–1.86 (m, -CH2), 1.43–1.36 (m, -CH2), 0.99–0.94 ppm (t, J=7.3 Hz,
-CH3); MS (EI, 35 eV): m/z : 139 (M+ 100%).

1-Hexyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.20 (s, Immidazole ring H), 7.53 (s, Immidazole ring H), 7.39
(s, Immidazole ring H), 4.35–4.30 (t, J=7.4 Hz, -NCH2), 4.13 (s, -NCH3),
1.94–1.89 (m, -CH2), 1.32 (bs, 3-CH2), 0.90–0.86 ppm (t, J=7.3 Hz, -CH3);
MS (EI, 35 eV): m/z : 167 (M+ 100%).

1-Octyl-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.43 (s, Immidazole ring H), 7.58–7.55 (d, J=9.0 Hz, Immida-
zole ring H), 7.42–7.39 (d, J=9.0, Immidazole ring H), 4.35–4.30 (t, J=

7.4 Hz, -NCH2), 4.14 (s, -NCH3), 1.94–1.89 (m, -CH2), 1.32–1.25 (bs, 5-
CH2), 0.89–0.85 ppm (t, J=7.0 Hz, 3H); MS (EI, 35 eV): m/z : 195 (M+

100%).

1-Decyle-3-methylimidazolium bromide : 1H NMR (300 MHz, CDCl3,
TMS): d=10.61 (s, 1H), 7.31 (s, 1H), 7.24 (s, 1H), 4.34–4.29 (t, J=

7.4 Hz, 2H), 4.13 (s, 3H), 1.92 (m, 2H), 1.25 (bs, 14H), 0.90–0.85 ppm (t,
J=6.3 Hz, 3H); MS (EI, 35 eV): m/z : 223 (M+ 100%).

Synthesis of 1-alkyl-3-methylimidazolium hydroxide : 1-alkyl-3-methylimi-
dazolium hydroxides were prepared by passing the corresponding aque-
ous 1-alkyl-3-methylimidazolium bromides solution (5 mm) through anion
exchange resin (Amberlite IRA-400Cl, Aldrich). For this, a glass column
was first packed with the resin followed by washing with plenty of water.
The column was charged with an aqueous NaOH solution (2 m) to
modify the resin beads with hydroxide ions. The column was then washed
thoroughly with water to remove any traces of unexchanged hydroxide
ion (tested with Litmus paper). Finally, an aqueous solution of 1-alkyl-3-
methylimidazolium bromide was passed through the column to exchange
the bromide ions with hydroxide ions. The exchange reaction was con-
firmed by means of thin layer chromatography (TLC).

Synthesis of 1-alkyl-3-methylimidazolium ascorbate ionic liquids : In a typ-
ical synthesis of 1-alkyl-3-methylimidazolium ascorbate, solid ascorbic
acid (5 mm) was added to an as prepared aqueous solution of 1-alkyl-3-
methylimidazolium hydroxide (5 mm) and the reaction mixture was
stirred magnetically for 12 h at room temperature. The resultant 1-alkyl-
3-methylimidazolium ascorbates were isolated through freeze-drying pro-
cess. Finally, all the ascorbic acid based ILs (as depicted in Table 1) were
dissolved in a mixed solvent of methanol/acetonitrile (1:9) and filtered to
remove the residual solid impurities. The resultant ILs were dark-brown
and viscous.

Purification of ascorbic acid based ILs : An IL (1 g) was dissolved in dis-
tilled methanol (5 mL) followed by the addition of active charcoal
powder (10 g). The mixture was stirred for 5 min until a homogeneous
mixture was obtained. The mixture was then filtered through a filter
paper (Whatman-1) and washed the residue 10 times with minimum
volume of distilled methanol to collect the ILs that might present in the
residue. After complete removal, all the filtrates were combined together
and the purity was checked by means of TLC. Finally, the ILs were iso-
lated from this filtrate by rotary evaporation and were dried in vacuum
at 70 8C for three days. After purification, all the ILs became colorless.
The purified ILs were then fully characterized by using 1H NMR spec-
troscopy ([D6]DMSO and D2O). For comparison, the 1HNMR spectra of
sodium ascorbate and one of theses ILs, [C2mim][A] were recorded by
using D2O as a solvent.

Ascorbic acid : 1H NMR (300 MHz, [D6]DMSO, TMS): d=4.62–4.61 (d,
five member ring H), 3.90–3.81 (m, J=6.5 Hz, -CH), 3.69–3.65 (m, J=

6.0, -CH2).

Sodium ascorbate : 1H NMR (300 MHz, D2O, TMS): d =4.38–4.37 (d, five
member ring H), 3.91–3.87 (q, J=6.0 Hz, -CH), 3.67–3.62 ppm (d, -CH2).

1-Ethyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, DMSO
[D6], TMS): d =9.1 (s, Immidazole ring H), 7.75 (s, Immidazole ring H),
7.67 (s, Immidazole ring H), 4.21–4.13 (q, J=7.4 Mz, -NCH2), 3.8 (s,
-NCH3), 1.42–1.37 ppm (t, J=7.3 Mz, -CH3);

1H NMR (300 MHz; D2O;
TMS): d=8.58 (s. Immidazole ring H), 7.35 (s, Immidazole ring H), 7.29
(s, Immidazole ring H), 4.40–4.38 (d, 1H), 4.13–4.06 (q, J=6.0 Hz, 2H),
3.39–3.98 (d, 1H), 3.70 (s, 3H), 3.68–3.62 (m, J=6.0 Hz, 2H), 1.39–
1.34 ppm (t, J=7.4 Mz, 3H); MS (EI, 35 eV): m/z : 111 (M+ 100%); ele-
mental analysis calcd (%) for C12H18N2O6 (286): C 50.34, H 6.29, N 9.79;
found: C 50.12, H 6.64, N 9.30.

1-Butyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.05 (s, Immidazole ring H), 7.71 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.15–4.10 (t, J=6.9 Hz, -NCH2), 3.81 (s, -NCH3),
1.76–1.71 (m, CH2), 1.27–1.19 (m, CH2), 0.90–0.85 ppm (t, J=7.1 Hz,
CH3); MS (EI, 35 ev): m/z : 139 (M+ 100%); elemental analysis calcd
(%) for C14H22N2O6 (314): C 53.50, H 7.00, N 8.917; found: C 53.21, H
7.29, N 8.54.

1-Hexyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.05 (s, Immidazole ring H), 7.73 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.12 (bs, -NCH2), 3.82 (s, -NCH3), 1.75 (bs,
-CH2), 1.24 (bs, 3 -CH2), 0.84 ppm (bs, -CH3); MS (EI, 35 eV): m/z : 167
(M+ 100%); elemental analysis calcd (%) for C16H26N2O6 (342): C 56.14,
H 7.6, N 8.1; found: C 56.35, H 7.73, N 7.84.

1-Octyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.04 (s, Immidazole ring H), 7.72 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.14–4.09 (t, J=7.1 Hz, -NCH2), 3.81 (s, -NCH3),
1.77–1.72 (m, -CH2), 1.22 (bs, 5-CH2), 0.85–0.80 ppm (t, J=7.0 Hz, -CH3);
MS (EI, 35 eV): m/z : 195 (M+ 100%); elemental analysis calcd (%) for
C18H30N2O6 (370): C 58.37, H 8.1, N 7.56; found: C 58.22, H 8.21, N 7.40.

1-Decyl-3-methylimidazolium ascorbate : 1H NMR (300 MHz, [D6]DMSO,
TMS): d=9.04 (s, Immidazole ring H), 7.72 (s, Immidazole ring H), 7.65
(s, Immidazole ring H), 4.13–4.09 (t, J=7.1 Hz, -NCH2), 3.94 (s, -NCH3),
1.76–1.74 (m, -CH2), 1.21 (bs, 7-CH2), 0.85–0.80 ppm (t, J=6.3 Hz, -CH3);
MS (EI, 35 eV): m/z : 223 (M+ 100%); elemental analysis calcd (%) for
C14H22N2O6 (398): C 60.30, H 8.54, N 7.03; found: C 60.55, H 8.78, N
6.75.

Synthesis of gold nanostructures using different ILs : In a typical synthesis,
an aliquot (0.1 mL, 10 mm) of each of IL solution was added separately
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to an aqueous HAuCl4 solution (1.9 mL of 0.526 mm) taken in labeled
glass vials to get a mole ratio of IL to HAuCl4 (R=1.0; IL is acting as re-
ducing agent for HAuCl4) under constant magnetic stirring. Two more
sets of reactions were also carried out at varying R values. That is, the
concentration of IL was varied, keeping the concentration of HAuCl4 the
same (see table 2) under reaction conditions similar to that maintained in
the previous reaction. The progress of the formation of gold nanostruc-
tures was then followed through visualization of the color change of the
colloidal suspension as well as by using UV/Vis spectroscopy.
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