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Abstract

Amines are used extensively as reductants and subsequent capping agents in the synthesis of metal
nanoparticles, especially gold, due to its affinity to nitrogen. Taking 2-methyl aniline as an example, we
show that metal reduction is followed by polymerization of the amine, while part of it covers the nano-
particle surface another fraction deposits in the solution. It is found that the oxidative polymerization of the
amine goes in step with the formation of gold nanoparticles. The gold nanoparticles thus formed have a
mean diameter of 20 nm. The polymerized amine encapsulates the gold nanoparticle forming a robust shell
of about 5 nm thickness, making the gold core inert towards mineralizing agents such as chloroform,
bromoform, sodium cyanide, benzylchloride, etc. which react with the naked gold nanoparticles. The
deposited polymer is largely protonated, taking up protons from the medium during its formation. Similar
results have been observed in the case of aniline also. The materials have been fully characterized by
spectroscopy and microscopy.

Introduction

Metal nanoparticles have been known to exhibit
properties sensitive to their immediate environ-
ment and hence there has been an interest to
understand the nature of the species stabilizing the
nanoparticles. An understanding of the reduction
and subsequent functionalization mechanism is
necessary for a better comprehension of the
properties of nanoparticles. The most common
stabilizing agents used in gold nanoparticle syn-
thesis are alkanethiols (Brust et al., 1994). One of
the initial reports of gold nanoparticles synthesis
employing hydroxylamine as the reducing agent
triggered extensive use of organic amines as
reducing and capping agents for the synthesis of
gold nanoparticles (Graf & van Blaaderen, 2002).

Leff et al. (1996) succeeded in synthesizing
hydrophobic gold nanocrystals functionalized with
primary amines. Recently, Selvakannan et al.
(2003) reported a water-soluble gold nanoparticle,
functionalized with amino acid, lysine. Aslam
et al. (2004) have also reported a one-step syn-
thesis of oleyl amine-capped gold nanoparticles. A
variety of other amino compounds have been
experimented with as capping agents for gold
nanoparticles. Thomas et al. used aminomethyl
pyrene (2000) and benzylamine (2002) as stabiliz-
ing agents for gold nanoparticles. Kumar et al.
(2003) have investigated the formation of com-
plexes between alkylamines and gold nanoparti-
cles. There have also been reports of aniline
being used as reducing and capping agent (Nakao
et al., 2003; Pillalamarri et al., 2004). Of late,
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polyamidoamine (PAMAM) class of dendrimers
have been used to incorporate auric ions, followed
by their reduction leading to gold nanoparticles of
2–5 nm size (Wang et al., 2001). The exact nature
of binding is still unknown. The N atom, the C@O
moiety, and even the conjugated six-membered
ring may all be potential binders on the metal
surface. The weak signals from such interactions
make it difficult to clearly establish the dendron
coordination mode. The advantage of using an
amine capping is that it lends itself to a variety of
spectroscopic studies and thus the chemistry
occurring at the surface of the nanoparticle can be
probed easily. However, the exact mechanism of
the reduction of auric ions and the subsequent
capping is still unknown and we proposed to study
this in some detail. We have chosen 2-methyl
aniline (MA) for this investigation. The choice of
this amine arises from the fact that its polymerized
forms have wide-ranging applications in the fab-
rication of devices such as electrochromic displays
and pH-based sensors. We show that during
nanoparticle synthesis amine polymerization
occurs; while one part covers the nanoparticle
surface, another part precipitates from the solu-
tion. The results have been confirmed using aniline
as the reducing agent. This study is a continuation
of our investigations of the structure and proper-
ties of monolayers (Mitra et al., 2002; Mukho-
padhyay et al., 2003; Nair et al., 2004a,b; Pradeep
et al., 2004; Sandhyarani & Pradeep, 2003) of
protected metal nanoparticles (Eswaranand &
Pradeep, 2002; Nair et al., 2003, 2004a,b; Patel
et al., 2003; Tom et al., 2003).

Experimental

Materials

Chloroauric acid trihydrate (HAuCl4Æ3H2O) was
purchased from CDH. 2-methyl aniline (MA),
benzylchloride and bromoform were purchased
from Sigma Aldrich. Ethyl acetate, 2-propanol and
acetonitrile were purchased from local sources and
distilled prior to use. 2-methyl aniline was vacuum-
distilled prior to use. All other chemicals were used
as such without further purification. Triply distilled
de-ionized water was used for all the experiments.
Potassium bromide (spectroscopic grade) used for
infrared studies was purchased from Merck.

4-hydroxy azo benzoic acid was used as the matrix
for Matrix Assisted Laser Desorption Ionization
(MALDI) mass spectrometry studies and was
purchased from Sigma Aldrich.
(1) Synthesis of 2-methyl aniline – capped gold

nanoparticles: For the synthesis of 2-methyl ani-
line-capped gold nanoparticles (MA-AuNPs),
25 ml of 0.03% (by weight) aqueous solution of
chloroauric acid trihydrate was heated to 80�C
followed by the addition of 0.5 ml of 0.1 M
aqueous MA. The reactants were stirred continu-
ously for 20 min at the same temperature resulting
in the formation of MA-AuNPs.
(2) Purification: For purification, the

as-synthesized gold nanoparticles in the aqueous
phase were mixed with ethyl acetate and shaken
vigorously in a separating funnel. The nano-
particles were transferred into the organic layer,
while the ionic impurities remained in the aqueous
phase. Complete transfer of MA-AuNPs occurred.
This is explained as due to the increased hydro-
phobicity of the capping agent with the incorpo-
ration of the methyl group. In addition, a bluish
black precipitate was collected at the organic–
aqueous junction. The organic portion containing
the nanoparticles was centrifuged to recover the
precipitate, which was analyzed by infrared spec-
troscopy and MALDI-TOF MS. The nanoparti-
cles remained in the solution.
Nanoparticles in the organic phase were further

concentrated using a rotavapor (Büchi rotovapor
R-200) and dried under vacuum at room temper-
ature to remove the unreacted parent organic
compounds. The dried nanoparticles were found
to be redispersable in organic solvents such as
acetonitrile, tetrahydrofuran and ethyl acetate. All
the studies were done with this purified material.
(3) Estimation of gold and the polymer: A known

weight of the vacuum-dried MA-AuNPs was taken
in a porcelain crucible and heated gradually to
700�C in a furnace held at atmospheric conditions
(and cooled back to room temperature in air). The
molecular cover was evaporated leaving behind a
film of gold. From the known weight of gold film
left behind and the initial weight of the nanopar-
ticles taken, the monolayer quantity was esti-
mated. Experiments of this kind were done using
thermogravimetry also. From the weight loss
measurements, an estimate of the fraction of total
polymer formed, which goes to cap the gold
nanoparticle is calculated.
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(4) Characterization: Samples were characterized
using UV–Visible spectroscopy (Perkin Elmer
Lambda 25). Bright-field transmission electron
microscope images were taken using a JEOL 3010
high-resolution transmission electron microscope
(HRTEM) operated at 300 keV. The samples for
transmission electron microscopy were prepared
by dropping a dispersion of the particles on copper
grid supported Formvar films. For recording
infrared spectra, the vacuum-dried samples were
made in the form of 1% (by weight) KBr pellets
and the spectra were measured with a Perkin
Elmer Spectrum One FT–IR spectrometer. Mass
spectrometric studies were conducted using a
Voyager DE PRO Biospectrometry Workstation
of Applied Biosystems (MALDI-TOF MS). A
pulsed nitrogen laser of 337 nm was used (maxi-
mum firing rate: 20 Hz, maximum pulse energy:
300 lJ) for the MALDI MS studies. The mass
spectra were collected in both the negative and
positive ion modes and were averaged for 100
shots. Nuclear magnetic resonance spectra of 1H
were recorded with a Bruker WM 400 spectrome-
ter operating at 400 MHz (for 1H). For this study,
the vacuum-dried samples were redispersed in
CD3CN and the chemical shifts were measured
with tetramethyl silane (TMS) as the reference.
Thermal analysis was performed by Netsch STA
409 under nitrogen atmosphere. A scan rate of
10�C/min was used.

Results and discussion

UV–Visible spectrum of MA-AuNPs in ethyl
acetate is shown in Figure 1. The MA-AuNPs
(Figure 1) exhibit a plasmon resonance peak at
530 nm. The slight red shift in kmax when com-
pared to Au@citrate in water arises from the large
dielectric constant of the capping medium around
the gold nanoparticles. The oxidized amine cap-
ping around the gold nanoparticles results in a
positive charge on the surface of the nanoparticles.
The kmax was shifted to longer wavelengths as the
amount of MA used in the synthesis was increased.
A shift in the peak maximum with increase in
amine concentration used in the synthesis suggests
that more amine is incorporated onto the nano-
particle, increasing the shell thickness. This will
not happen if amine exists on the surface of the
nanoparticle as a monolayer of molecules as in the

case of thiols (Sandhyarani & Pradeep, 2003).
Although an increase in size of the nanoparticle
can make this happen, the nanoparticle size is
expected to decrease with increasing capping agent
concentration (Hostetler et al., 1998).
A bright field transmission electron microscopy

image (TEM) and an electron diffraction pattern
of MA-AuNPs are shown in Figure 2. The for-
mation of nanoparticles is clear from the TEM
image. The mean diameter of the gold core as
observed from the TEM images is 20 nm. A large
area image (Figure 2d) fails to show the details,
but an image of one particle (shown as Figure 2)
shows a clear shell (of 5 nm thickness) and a core.
The core is shown to be nanocrystalline gold
(Figure 2c). Near spherical geometry was noticed
for most of the particles. The TEM image suggests
the possibility of a nearly homogeneous polymeric
coating on the nanoparticle surface (see below).
To check the thickness and the porosity of the

shell, the MA-AuNPs in ethyl acetate were treated
separately with benzylchloride, sodium cyanide
and bromoform in presence of isopropyl alcohol.
As there was no reaction at room temperature, the
solution was refluxed for 24 h. In the case of
Au@citrate, the benzylchloride reaction leads to
the mineralization of the core producing Au3+

within a few hours (Nair et al., 2003). In the
present case, the reaction does not occur even
under reflux conditions. However, irradiating the
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Figure 1. UV–Visible spectrum of MA-AuNPs taken with
ethyl acetate as the solvent. Inset: UV–Visible spectra of
MA-AuNPs synthesized with varying amounts of MA.
25 ml of 0.03% chloroauric acid was treated with 0.25 ml
(a) and 0. 375 ml (b) of MA giving a kmax of 500 and
520 nm, respectively.
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reaction mixture containing bromoform with
ultraviolet light (from a Xe arc lamp, 1 kW)
brought about complete mineralization of the gold
nanoparticles within 5 min. This reaction was
monitored through UV–Visible spectrophotome-
try and the decrease in the surface plasmon reso-
nance of the MA-AuNPs was accompanied by a
simultaneous increase in a new peak at 398 nm
indicative of the formation of Au3+ ion. Obvi-
ously, the radicals formed by photolysis of CHBr3
do penetrate the shell. This observation supports a
polymeric cover rather than an amine monolayer,
the latter would have made the reaction with
benzylchloride possible.
To arrive at the exact nature of the oxidized

amine capping the gold nanoparticle and to
investigate the capping mechanism, various studies
such as infrared spectroscopy, 1H NMR and
MALDI-TOF MS studies were carried out on the
vacuum-dried MA-AuNPs and the precipitate
obtained during phase transfer.

The infrared (IR) spectrum of MA-AuNPs is
compared with the corresponding pure aromatic
amine in Figure 3. In the case of pure MA (Fig-
ure 3, curve a), the characteristic N–H symmetric
and asymmetric absorption bands occur at 3370
and 3458 cm)1, respectively. The corresponding
regions in the case of MA-AuNPs (Figure 3, curve
b) are broadened. The oxidized MA-AuNPs
appears to form a polymeric network and broad-
ening at 3450 cm)1 is ascribed to the presence of
quinonoid ring forms. This is further supported by
other features of the IR spectrum, which show
marked decrease in intensity of the ring modes,
due to the oxidation of MA. Quinonoid structures
are known to show less intense bands at 1500 cm)1

than the benzenoid rings (Andrade et al., 1996).
The band at 1500 cm)1 decreases in intensity as

MA is oxidized. This indicates the polymeric nat-
ure of the capping species. The argument that the
gold nanoparticle is covered with a polymeric
oxidized form of MA is further supported by the

Figure 2. (a) TEM image of a single MA-AuNP having a clear demarcation between the core and the shell. Inset shows a
larger area image giving well-separated MA-AuNPs. The portion enclosed by the box is magnified (45X) and shown in (b). (c)
The electron diffraction pattern of the MA-AuNPs. (d) TEM image of a group of MA-AuNPs showing almost uniform size
distribution and spherical shape.
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fact that the C@N stretching frequency, usually at
1600 cm)1, shifts to lower wavenumbers and
occurs as a shoulder at 1570 cm)1. This is because
of the presence of C–NH+@C group, which causes
deformation of the bonds of the group (Andrade
et al., 1996). The CH3 deformation band at
1384 cm)1 is present which is manifested in the
monomer also.
From these data, it is clear that the gold core is

capped with a polymeric network of oxidized
aromatic amines comprising of a mixture of ben-
zenoid and quinonoid moieties. This is further
substantiated by MALDI-TOF MS analysis. Mass
spectrometric analysis of the nanoparticles in the
positive ion mode shows well-resolved peaks with
uniform separation of 105 Da in the case of
MA-AuNPs, corresponding to C7H7N (Figure 4).
The same sample when analyzed through the
negative mode gave no distinct polymer peaks.
Most of the peaks in the negative mode are

attributed to the matrix. We conclude that it is
because of the oxidized aromatic amine network
(poly(2-methyl aniline)) present on the nanoparti-
cle surface.
A post source decay (PSD) mass spectrum of the

peak at m/z of 736 Da was measured in the
reflectron analyzer, in the positive mode. Figure 5
shows the resultant spectrum showing peaks at m/z
526, 421, 316 and 211 and associated other ions,
separated at m/z 105. PSD is not the best frag-
mentation mode and therefore, an ideal daughter
ion spectrum is not obtained. However, polymeric
nature of the ions is established.
The 1H NMR spectrum of pure MA-AuNPs

was recorded. In the 1H-NMR of pure
MA-AuNPs, it is observed that the methyl protons
are shifted downfield to d � 3 ppm and the aro-
matic region possesses multiplet peak structure at
d � 7 ppm. The signals in the 1H NMR of
MA-AuNPs are broadened because of spin–spin
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Figure 3. The infrared spectra of pure MA (curve a) and
MA-AuNPs (curve b). The region from 2800 to 1800 cm)1

is featureless and therefore, not shown.
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Figure 4. MALDI-TOF MS of MA-AuNPs taken in the
linear positive mode. The sample was analyzed with 4-hy-
droxy azobenzoic acid (HABA) as the matrix.

Figure 5. PSD mass spectrum of the peak at 736 Da shown in Figure 4.
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relaxational (T2) broadening (Figure 6). These
features are indicative of the polymeric network
associated with the gold nanoparticle.
The bluish black precipitate obtained during the

purification of the nanoparticles was analyzed by
infrared spectroscopy (Figure 7a). A notable fea-
ture in the infrared spectrum was the intense
background absorption, starting at 1000 cm)1 and
increasing up to 4000 cm)1. This feature has been
observed in polyaniline and is attributed to the
presence of delocalized electrons (Colombian et al.,
1994). As discussed in the case of MA-AuNPs, the
appearance of a broad band at 3450 cm)1, marked
decrease in intensity of the peak at 1500 cm)1 due
to contribution from quinonoid forms, the broad
band at 1588 cm)1 and the prominent CH3 defor-
mation are all present in the IR spectrum of the
residue. Therefore, it is concluded that the unre-
acted parent MA is polymerized in the presence of
protons from chloroauric acid. The pH of the
reaction mixture was acidic (pH ¼ 3.4) at the start
of the reaction, which aided polymerization.
Analysis of the residue by MALDI-TOF MS
(Figure 7b) further confirmed that the material is
the polymer. The peaks spaced are spaced at m/z
105, just as in the case of Figure 4.
Based on the previously discussed experimental

observations and spectroscopic evidences, we
propose the following process for the formation of
aromatic amine-capped gold nanoparticles from

auric ions. As shown in Scheme 1, the oxidation of
the aromatic amine proceeds through the loss of
electrons (Liu & Freund, 1997). The electrons
formed go on to reduce the auric ions to gold
atoms. The gold cluster formation and polymeri-
zation of the aromatic amine advance simulta-
neously. The polymer forms a shell around the
gold nanoparticles, the process being favored by
the strong affinity of gold towards the nitrogen
atom. Some of the protons formed in the medium
are taken up by a fraction of the polymer leading
to its precipitation. These protons are likely to be

Figure 6. 1H nuclear magnetic resonance spectrum of
MA-AuNPs. The spectrum were collected with acetonitrile
– d3(CD3CN) as the solvent and tetramethyl silane (TMS)
as the reference.
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Figure 7. (a) Infrared spectrum and (b) MALDI-TOF MS
of the residue obtained during phase transfer of
MA-AuNPs. Inset of (b) shows an expanded region, where
the second set of peaks differing by 15 Da from the original
peaks is seen. The MALDI-TOF MS spectrum was re-
corded in the linear positive mode with sinapinic acid as the
matrix. The spectrum was better with this matrix than with
HABA.
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incorporated at the imine positions. This sugges-
tion is supported by the MALDI spectrum given in
Figure 7, which shows an additional set of peaks
(in comparison to the spectrum presented in Fig-
ure 4) at 15 Da higher than the main peak (inset).
This additional set occurs due to an addition of
–NH fragment to C7H7N resulting in C7H8N2

(which is likely to be –NH–C6H3–CH3NH–).
Fragmentation leading to this unit becomes pos-
sible due to protonation of the imine nitrogen of
the polymeric chain. As the MA-AuNPs did not
show this feature it is clear that most of the

polymeric capping on the nanoparticle is unprot-
onated. This may be expected as the nitrogens of
the capping polymer are already involved in
binding with the nanoparticle. Protonation of the
polymeric chain is also evidenced by the unit mass
number spacing of all the peaks as shown in the
inset of Figure 7b. Increase in the amine concen-
tration results in a fractional increase in both the
surface coverage and the polymeric precipitate.
This was checked by an independent experiment.
The process is summarized in Scheme 1. Increase
in the concentration of H+ was manifested in
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terms of the decrease in pH during the course of
the reaction (from 3.4 to 2.0). Based on the weight
loss and thermogravimetry data, in a typical syn-
thesis around 60% of the total polymer formed
goes into capping the gold nanoparticle, while the
remaining 40% is recovered as the polymeric pre-
cipitate.

Conclusion

Gold nanoparticle protected with poly(2-methyl
aniline) were synthesized and characterized by
various spectroscopic techniques. The process of
reduction of the auric precursor and subsequent
capping of the nanoparticles by the amines is elu-
cidated. The reduction of the auric ions and the
oxidation of the aromatic amine occur simulta-
neously, suggesting that they behave as a redox
couple. It is found that the oxidative polymeriza-
tion of the aromatic amines goes in step with the
formation of gold nanoparticles from the reduced
gold atoms. Finally the polymerized amine
encapsulates the gold nanoparticle forming a ro-
bust shell. The polymer-protected nanoparticles
were found to be inert towards mineralizing agents
such as chloroform, bromoform, sodium cyanide
and benzylchloride, which have been known to
react with naked and monolayer-protected gold
core.
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