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Abstract. Synthesis of anisotropic rod-like gold nanostructures was carried out in chloroform employing a
modiﬁed ascorbic acid derivative as a reducing agent in the presence and absence of seed particles. The seed
particles and/or the chloroaurate ions were phase transferred to the organic media using n-octadecyl amine.
High-resolution transmission electron microscopy analysis clearly revealed that the anisotropic structures are
single crystalline in nature. The stabilization of certain crystallographic faces of anisotropic gold nanostructures by amines is invoked to explain the formation of these structures.

Synopsis A convenient way to synthesize anisotropic gold nanorod like structures directly in non-polar
organic media employing a modiﬁed ascorbic acid derivative as a reducing agent is being reported.

1. Introduction
The history of colloidal gold nanoparticles is now well
known and dates back to the 1850s when Michael
Faraday demonstrated early scientiﬁc evidence of gold
nanoparticles.1 A century later, a method pioneered by
Turkevich2 and Frens3 for the synthesis of monodispersed colloidal gold became available. Researchers
have been focusing on gold nanoparticles due to their
fantastic physical, chemical and electronic properties
such as its high surface-to-volume ratio, reactivity,
easy surface modiﬁcation and importantly its localized
surface plasmon resonance (LSPR).4 LSPR of gold
nanoparticles are however dependent on the size,
shape and aspect ratio.4 Thus gold nanoparticles with

different sizes and shapes such as gold nanoprism,5
gold nanostars6 and gold nanorods7,8 have gained a
particular interest, of which gold nanorods have garnered signiﬁcant importance owing to their unique
optoelectronic properties conferred upon by their anisotropy. They are considered as a novel material for
biomedical applications9 such as biological sensing,10,11 imaging12and photothermal contrast agents.13
For good measure, these applications of gold nanorods
were mainly based on the occurrence of two resonance
bands due to transverse and longitudinal polarizations
of collective oscillations of the conduction electrons.14
Concerning their preparation, protocols offering
good control over nanorod yield, dimension, aspect
ratio and hence their properties are well known.15–22Seeded growth based protocol developed by Murphy
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and co-workers,15 silver ion-assisted growth processes16 template method,17–19 electrochemical
method20,21 and photochemical procedures22 are some
of the well-established ones. In general, Murphy and
co-workers’ synthesis of gold nanorods15 by seedmediated growth method is carried out in water. The
symmetry breaking and the anisotropic growth in this
procedure are ascribed to the usage of cetyltrimethylammoniumbromide (CTAB) as the surfactant and
shape directing agent and ascorbic acid as the reducing
agent. The method involves the addition of CTAB,
ascorbic acid and gold chloride solution (HAuCl4) to a
portion of gold seed particles. A small amount of silver nitrate (AgNO3) is also generally used which was
found to increase the aspect ratio as well as the yield
of nanorods. These nanorods are typically phase
transferred into organic solvents or surface modiﬁed
for further applications.23
The phase transfer of gold nanoparticles from an
aqueous phase to an organic phase imparts several
advantages24 such as their high stability in organic
solvents even at higher temperatures,25 dispersion of
higher weight fraction of nanoparticles in the desired
solvent. Furthermore, the control over size, monodispersity and surface functionalization of nanoparticles
in an organic medium are much easier to accomplish
as compared to aqueous medium based protocols.
Finally, the particles in the organic solvent can be
removed and dried to get a ﬁne powder that can be
stored for a long time without any sintering of particles.24 Subsequently, phase transfer of nanoparticles
from the organic medium to the aqueous medium may
also be accomplished for their biomedical applications.26,27 Though, nanorods dispersed in organic
media are more amenable for further modiﬁcation,
methods for the direct synthesis of gold nanorods in
organic media are sparse.28
In general, the gold nanorods preparations are performed in aqueous/polar media employing
cetyltrimethylammoniumbromide (CTAB) as the surfactant and ascorbic acid as the reducing agent.
Ascorbic acid acts as a slow reducing agent and plays
a vital role in the synthesis of gold nanorods in
aqueous media.29 However, to be similarly effective
for the gold nanorod formation in organic solvents its
modiﬁcation at an appropriate place without compromising its reducing ability is imperative. Herein we
describe the synthesis of one such modiﬁed version of
ascorbic acid and by using it describe the preparation
of the gold nanorods in chloroform solutions. Though
derivatives of ascorbic acid have been used to
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synthesize gold nanoparticle-based gels and liquid
crystals,30 this is probably the ﬁrst report on the direct
synthesis of gold nanorods in the non-polar organic
media using modiﬁed ascorbic acid. The nanorod
structures formed by the current method have been
analyzed using High Resolution Transmission Electron Microscopy (HRTEM) and the preliminary results
obtained have been compared with those existing in
literature to get some insight into their formation.
2. Experimental
The synthesis of the modiﬁed ascorbic acid has been
accomplished using simple organic transformations as
provided in Scheme 1 (for detailed procedures see
Supplementary Information).31,32
2.1 Preparation of hydrophobized chloroaurate
ions
In a typical reaction, 50 mL of aqueous 10-3 M
HAuCl4 was stirred with 50 mL 10-3 M of ODA in
chloroform for a period of 2 h. This led to the phase
transfer of chloroaurate ions to chloroform as evidenced by the complete transfer of yellow colour to
the organic phase. The chloroform phase was separated to yield 10-3 M ODA hydrophobized chloroaurate ions.
2.2 Preparation of hydrophobized gold
nanoparticle seeds
In a typical reaction, an aqueous 100 mL dispersion of
gold nanoparticles (for the details of the preparation of
aqueous gold nanoparticle dispersion please see SI.
And the characterization details of these gold
nanoparticles have been provided in Figure SI-1A and
SI-1B, Supplementary Information) was stirred vigorously with ODA in chloroform (10 mL of 10-2 M)
for 6 h. The complete phase transfer of the gold
nanoparticles was seen by the aqueous solution turning
colorless and the chloroform phase assuming a deep
ruby red colour. The organic phase was thereafter
separated and the concentration of gold nanoparticles
in the same was taken to be 10-3 M. The TEM image
of the hydrophobized gold nanoparticle seeds (Figure SI-1C, Supplementary Information) revealed an
average particle size 9.0 ± 1.3 nm (Figure SI-1D,
Supplementary Information).
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Scheme 1. Synthesis of 5,6-O-Isopropylidene-2-O-tertadecyl-L-ascorbic acid (2AAIP). Reagents and Conditions: a)
AcCl, acetone, rt, 12 h; b) C14H29Br, KOtBu, THF:DMSO, -10 °C, 1h.

2.3 Reduction of hydrophobized ions using
ascorbic acid derivatives in the presence
and absence of seeds
In a typical seeded growth reaction procedure, varying
amounts of seed solutions (10-3 M, 25 lL to 1000 lL
ODA capped gold nanoparticles) were added to 5 mL
of 10-3 M ODA hydrophobized chloroaurate ions in
chloroform. To this mixture 2 mg of 2AAIP (4.9
micromoles, 10-3 M) was added. The reaction mixture
was allowed to stand for a period of 12 h and characterized using UV-visible-NIR absorbance spectroscopy and TEM measurements. It may be noted that
when 1000 lL of seed is added the quantity of gold in
seed and growth solutions is very close to one another.
The same reaction was carried out in the absence of
seeds by mixing 5 mL of 10-3 M ODA hydrophobized
chloroaurate ions in chloroform and 2 mg of 2AAIP
(4.9 micromoles, 10-3 M). Here too the reaction mixture was allowed to stand for a period of 12 h before
characterization of the products formed using UVvisible-NIR absorbance spectroscopy and TEM
measurements.

3. Results and Discussion
Figure 1A shows the UV-visible NIR absorbance of
nanoparticulate products formed when hydrophobized
chloroaurate ions were reduced using 2AAIP under the
inﬂuence of ODA capped gold nanoparticle seeds.
Whereas ODA capped seeds exhibit a single peak at
*525 nm (curve 1, Figure 1A) due to surface plasmon
resonance, the product of the reaction when 25 lL of
seed was used shows two peaks at 536 nm and 580 nm
(curve 2, Figure 1A). When the amount of seed was
increased to 250 lL and subsequently to 500 lL, only
one broad absorbance with the absorbance maxima
occurring at 546 nm and 556 nm, respectively (curve 3
and curve 4, Figure 1A) were seen. The same was
shifted to 563 nm (curve 5, Figure 1) when 1000 lL of
seed was used in the reaction mixture. The reaction of
2AAIP with chloroaurate ion was carried out in the
absence of gold nanoparticle seeds to ascertain the role
played by the seed particles. The product formed when
10-3 M of 2AAIP were reacted with 5 mL of 10-3 M
chloroaurate ions was characterized using UV-visibleNIR spectroscopy (curve 2, Figure 1B). For

Figure 1. A) UV-visible spectra of anistropic gold nanostructure obtained by reducing phase transferred Au3? ions with
modiﬁed ascorbic acid in presence of varying amounts of ODA capped spherical gold particles as seeds. Curve 1: ODA
capped spherical particles, curves 2-5: with 25, 250, 500 and 1000 lL seed particles. B) UV-visible spectra of anistropic
gold nanostructures obtained by reducing phase transferred Au3? ions with modiﬁed ascorbic acid in the absence of seed
particles (curve 2). This spectrum is overlaid with that of ODA capped spherical nanoparticles (curve 1).
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Figure 2. A and B) TEM images anistropic gold nanostructure obtained by reducing phase transferred Au3? ions with
modiﬁed ascorbic acid in presence of 25 lL seed particles. The distribution of aspect ratios is plotted in the inset of B. C and
D) TEM images anistropic gold nanostructure obtained by reducing phase transferred Au3? ions with modiﬁed ascorbic
acid in absence of seed particles. Magniﬁed image showing the representative structures is displayed in the inset of D.

comparison, the curve is overlaid with the UV-visibleNIR absorbance proﬁle of ODA capped gold
nanoparticles (curve 1, Figure 1B). The intense
absorption in the NIR region reﬂects the anisotropic
nature of the product formed (curve 2, Figure 1B).
Transmission electron microscopy was employed to
study the morphology of the particles formed. Figure 2A and 2B show the presence of oval-shaped rodlike particles in the reaction mixture when 25 lL of
ODA capped gold nanoparticle were used as seeds.
This explains the occurrence of the two resonance
peaks in the UV-visible-NIR absorbance spectra of
this sample (curve 2, Figure 1A). The peak at 536 nm
and 580 nm respectively correspond to absorbance
arising due to transverse and longitudinal surface
plasmon resonances. The nanorods length was determined to be 62.8 ± 6.1 nm. The distribution of widths
was ﬁtted to a bimodal distribution yielding average
widths of 33.7 ± 2.8 nm and 43.7 ± 2.8 nm. The mean
aspect ratio was determined to be 1.6 ± 0.3 (inset,
Figure 2B). When a higher amount of seed (250 lL,
500 lL and 1000 lL) was used, only a few nanorods
were seen to be formed (Figure SI-3; Supplementary
Information). In case of samples obtained with 500 lL

and 1000 lL seeds, large aggregates of particles were
also seen (Figure SI-3C to 3F). This explains the broad
absorbance observed for such cases (curve 4 and 5,
Figure 1A). TEM analysis of the product when the
reaction was performed without the seeds revealed the
formation of gold nanorods and elongated nanostructures (Figure 2C and Figure 2D) due to the reductive
action of 2AAIP on chloroaurate ions in absence of
seed. It was seen that the particles are characterized by
non-uniform surfaces.
The shift in the surface plasmon resonance peak at
*525 nm and the emergence of two peaks (curve 2,
Figure 1A) in case of the product obtained when 25 lL
seeds were used as compared to only one peak (curve
1, Figure 1A) in the seed particles, conclusively indicate that the reduction of excess chloroaurate ions
added to the seed particles lead to newer nanostructures. As mentioned above the presence of two distinct
peaks (kmax 536 nm and 580 nm) in case of curve 2
suggests the presence of anisotropic structures such as
rods or triangular shaped particles. Here the two peaks
are ascribed to the transverse (536 nm) and longitudinal (580 nm) surface plasmon resonance. It also can
be noticed that as the amount of seed added is
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increased there is a gradual red shift in the kmax
position (when the transverse peak of curve 2 is considered) with a concomitant increase in the full width
and half maximum. Here, though to a cursory glance
curve 3 looks similar to curve 1, a careful analysis
reveals that the kmax of curve 3 is red shifted both with
respect to curve 1 and curve 2. It should also be noted
that for curve 3 the amount of seed solution used was
250 lL compared to 25 lL added in the case of curve
2. As the amount of seed added is 10 times higher it is
possible that the curve resembles that obtained from a
sample consisting of spherical shaped larger particles
than those with anisotropic shapes making curve 3
look similar to curve 1 as compared to the others viz.,
curve 2, 4 and 5.
The reducing action of ascorbic acid is well documented and forms the basis for the popularly established protocols for the preparation of anisotropic gold
nanostructures.9,29 In the present study it can be seen
that in comparison to the dimension of the seed particles (Figure SI-1, average diameter 9.0 ± 1.3 nm),
the length and width of the gold nanorods are greater
(Figure 2A and 2B) indicating that growth occurs due
to the reduction of hydrophobized chloroaurate ions
selectively along certain crystallographic directions of
the seed particles. As the amount of seed is increased
from 25 lL to 250, 500 and 1000 lLs gradually the
number of anisotropic structures start decreasing and
the few anisotropic structures that get formed are
found to be much longer than those observed when
25 lL seed particles were used (see Figure SI-3, SI).
The structures found with 500 and 1000 lL seeds also
featured a lot of aggregates and polydispersity. In
nanostructures formed without seeds (Figure 2C and
2D), a large population of the structures with nonuniform surfaces having a bent shape was seen. The
presence of atomic steps usually characterizes such
particle surfaces.33 These structures justify the UVvisible-NIR proﬁle as seen in Figure 1B. This is in
accordance with reports wherein elongated structures
and rods with non-uniform surfaces have an intense
absorbance in the NIR region.33b
In the literature, two types of nanorods are reported
–one that is derived from single crystalline seed particles and the second that originate from multiply
twinned seeds.33c In the case of single-crystal seeds
the ﬁnal nanorods are also concluded to be single
crystalline in nature. On the other hand, in the case of
rods that are prepared using twinned particles as seeds
the multiple twinned structure is preserved during the
anisotropic growth and the nanorods are in particular
seen to grow into penta-twinned structures. The differences in the HRTEM images and the electron

Page 5 of 8

106

diffraction patterns of these two types of nanorods
have been thoroughly discussed and elaborated on by
Johnson et al.34 Wang et al.21 and Liu and GuyotSionnest.33a Their analysis established that in the case
of single-crystalline nanorods the sides consist of the
{1 0 0} faces which were seen to grow along the [0 0
1] direction.21 In contrast, the penta-twinned nanorods
are found to be bound by ﬁve {1 0 0} side faces
capped by ﬁve {1 1 1} faces at both ends. Further,
these nanorods were found to be growing along the [1
1 0] direction.34
To get more insights into the characteristics of the
nanorods grown in the current study the anisotropic
structures prepared using 25 lL seed solution (Figure 2) were subjected to HRTEM and electron
diffraction analysis. The magniﬁed image of one of the
structures formed is shown highlighting the tip part
(Figure 3A). The non-uniform contrast suggests that
the nanorods either have a defect feature (e-beam
induced damage) or have a facetted single crystalline
structure. The lattice fringes (Figure 3B) corresponding to {200} Miller planes (d = 2.01 Å) indicate that
the relatively high energy {200} face was exposed at
the surface of the nanorod. The single crystalline
nature of the gold nanorod as seen from the SAED
pattern (inset of Figure 3A) obtained from close to the
tip of the nanorod as shown, corresponds to a [100]
zone axis.34 We wish to mention here that all this is
preliminary information and a thorough analysis must
await more HRTEM and electron diffraction data.
Nevertheless, the information gathered as part of the
present study strongly suggests that these are single
crystalline nanorods with {1 0 0} faces as sides and
grow along the [0 0 1] direction. Earlier reports also
clearly mentioned that gold nanorods with smaller
aspect ratios, as is the case in the present study, are
mainly enclosed by the {110} and {100} facets
whereas the {110} and {111} facets are found to be
dominant only in longer rods. Moreover, in these
previous studies also the growth direction of the
shorter nanorods (aspect ratios 3-7) was concluded to
be [0 0 1] while in the case of longer gold nanorods
(aspect ratios 20–35) the growth direction was determined to be \112[.21
Interestingly, in the absence of seed particles very
few nanorods are seen to be formed and the image is
dominated by a lot of elongated structures (Figure 2 C
and 2D). However, the SAED pattern (Figure SI-4;
Supplementary Information) here also corresponds to
the [110] zone axis. The reﬂections could be indexed
to FCC gold and indicate that the surface is comprised
of high energy {220} planes.34 Here too we speculate
the faceting of the gold nanorod to reveal high energy
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Figure 3. An HRTEM image of one nanorod structure obtained by reducing phase transferred Au3? ions with modiﬁed
ascorbic acid in presence of 25 lL seed particles. The selected area electron diffraction pattern of this structure is shown in
the inset. B) HRTEM image showing the lattice fringes corresponding to {200} Miller planes.

planes such as the {110} Miller planes which are
stabilized by the presence of aliphatic amines (ODA).
However, these lack a deﬁnite shape in contrast to the
rods grown in presence of the seed (Figure 2A and
Figure 2B). At the same time, the HRTEM and SAED
analysis strongly suggest that in both the cases (with or
without the seed) the nanorods formed are single
crystalline in nature and are not of the penta-twinned
type. Thus by comparing our results with the previous
literature we propose the following mechanism for the
growth of anisotropic structures. The seed particles
used here are prepared using NaBH4 as a reducing
agent which is known to result in single crystalline
structures with equilibrium geometry, namely, truncated cuboctahedra.33a,9e We assume that the single
crystalline nature and the cuboctahedral geometry
stays preserved when these particles are phase transferred into organic solvents using ODA. Subsequently,
when hydrophobized chloroaurate ions are reduced by
the modiﬁed ascorbic acid in presence of these seeds,
the ODA molecules preferentially adsorb on the {100}
faces allowing the rod-like structures to grow along
the [0 0 1] direction. The growth of anisotropic
structures in the absence of any seeds is more surprising. It may be noted that both modiﬁed ascorbic
acid and ODA are reducing agents. When these two
are present together the chloroaurate ions may be
getting reduced forming small gold nanoparticles
in situ which must be acting as seeds for further anisotropic growth. As mentioned above, even though
these anisotropic structures formed in the absence of
seeds have different morphologies like bent shapes,
etc. these were single crystalline nevertheless. We

reiterate here that this is still a very tentative mechanism based on preliminary HRTEM data and a conclusive and detailed mechanistic understanding can
only be gained by undertaking a thorough HRTEM
analysis on many rods. Also, as per the previous literature, such single crystalline nanorods/anisotropic
structures get formed either electrochemically or under
the inﬂuence of silver ions which were not used in the
present case. This probably is the reason for the formation of short nanorods and also the formation of
very few rods and a lot of elongated bent structures
when no seeds were used.

4. Conclusions
The reduction of hydrophobized chloroaurate ions
was carried out under the inﬂuence of an ascorbic
acid derivative in the presence and absence of
octadecylamine coated gold seed particles. Single
crystalline gold nanorods with small aspect ratios
were seen to form in presence of a small amount of
seeds. The tips of these rods were seen to enclosed
mainly by {100} and {110} facets and their axial
growth direction is [001]. The structures formed in
the absence of seeds revealed the higher energy
faces of FCC gold with the {200} and {220} planes
being exposed. We speculate the stabilizing action
of alkylamines used as phase transfer agents to be
responsible for this. As a further modiﬁcation of
ascorbic acid is also possible, with proper design
elements, methods needing lesser reagents could
probably be developed.
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