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ABSTRACT: A seed-mediated approach was applied to synthesize gold (Au) nanoparticles (NP) by using twin tail alkylammonium
cationic surfactants such as 12-6-12 and 12-0-12 as capping agents in aqueous phase at ambient conditions. The growth of Au NP
was monitored by changing the amount of seed. Spherical NP (10-50nm) and nanorods (aspect ratio = 2-3) were obtained in the
presence of 12-6-12 as capping agent; their shape and size systematically deformed because of anisotropic growth with a decrease
in the amount of seed. In contrast, when 12-0-12 was used as a capping agent, no anisotropic growth was observed. An effective
liquid/solid interfacial adsorption of 12-0-12 prevented anisotropic growth which led to precise morphologies. This was not observed
in the case of 12-6-12 because of the presence of a spacer which restricted an effective interfacial adsorption because of the steric
factors. XPS and FTIR studies clearly indicated the presence of a surfactant film on the surface of Au NP, while XRD analysis
demonstrated a difference in the preferential adsorption of 12-6-12 and 12-0-12 at different crystal planes of fcc geometry which

resulted in a difference in their capping behaviors.

Introduction

Morphology control is the main objective in the development
of advanced nanomaterials.' The seed-mediated approach has
become increasingly popular recently” in the production of
ordered morphologies of Au NP in aqueous surfactant solutions.
A systematic growth of Au NP requires weak reducing condi-
tions and appropriate selection of a capping agent. Some studies®
have successfully controlled the size distribution (typically
10-15%) in the range of 5-40 nm by manipulating the ratio of
seed to metal salt. Step-by-step particle enlargement is more
effective than a single-step seeding method to avoid secondary
nucleation.* In a seed-growth method, small metal NP are
prepared first and later used as seeds (nucleation centers) for a
systematic growth of large sized NP. Such methods have been
successfully applied for shape -controlled synthesis of Au, Ag,
Ir, Pd, and Pt NP.> However, finding a suitable growth condition
that inhibits additional nucleation generally limits the application
of such methods.®’ The secondary nucleation mostly leads to
anisotropic growth which can be controlled by a selective
adsorption of surfactant ions on specific crystal planes. For
instance, cetyltrimethylammonium bromide (CTAB)** prefers
to adsorb at {100} facets of fcc geometry of Au or Ag NP and
hence directs the growth at {111} crystal planes to form
nanorods or nanowires. Because the adsorption of a cationic
surfactant like CTAB on specific crystal planes governs by
electrostatic interactions, polarity of the surfactant headgroup
plays an important role in an effective capping process.

Quaternary ammonium Gemini surfactants® are basically
dimeric homologues of monomeric cationic surfactants. They
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are much more hydrophobic than their monomeric homologues.’
Greater hydrophobicity in fact provides a driving force for a
stronger liquid/solid interfacial adsorption and that is important
for a shape controlled synthesis. Because the surfactant adsorp-
tion, for instance at {100} crystal planes of fcc geometry, is
electrostatically controlled, polarity of an ionic headgroup plays
an important role. It becomes a prominent factor when the
surfactant is dimeric in nature like a Gemini surfactant.
Although, there are few studies'® of Au NP formation by using
Gemini surfactants in the literature, little is known about the
role of Gemini headgroup as far as their surface adsorption is
concerned. We have undertaken a comprehensive study to
quantitatively evaluate the effect of Gemini headgroup on shape-
controlled synthesis by comparison of the capping ability of
bis (alkyl ammonium) bromides such as 12-6-12 and 12-0-12.
12-6-12 possesses a dimeric ammonium headgroup with a
hydrophobic spacer of 6 methylene groups, while 12-0-12 has
no spacer and is monomeric. Because both surfactants have C12
twin hydrocarbon tails, the degree of liquid/solid interfacial
adsorption would only be controlled by the nature of their head
groups and that would, in turn, affect the overall crystal growth.

Experimental Section

Materials. Tetrachloroauric acid (HAuCly), sodium borohydride
(NaBHy), and trisodium citrate (Na3Cit) were obtained from Aldrich.
Hexamethylene- 1,6-bis(dodecyldimethylammonium bromide) (12-6-12)
and didodecyldimethylammonium bromide (12-0-12) were synthesized
as reported in the literature'' and used after repeated crystallization
from ethanol. The molecular structures of both 12-6-12 and 12-0-12
have been shown in Scheme 1. Ultra pure water (18 MQ cm) was
used for all aqueous preparations.

Synthesis of 12-6-12/12-0-12 Capped Au NP by Seed-Growth
(S-G) Method. The S-G method used here (Scheme I, SI, Supporting
Information) is essentially similar to that reported by Murphy et al.'?
Briefly, the preparation of a seed solution includes 25 mL of HAuCl4
aqueous solution ([HAuClys] = 0.5 mM) in a screw-capped glass bottle
along with [Na3Cit] = 0.5 mM. The addition of 0.6 mL of aqueous
NaBH, ([NaBH,] = 0.1 mol dm ™) solution led to a ruby red color to
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the final solution. The growth solution was prepared by taking 5 mL
of [12-6-12] = 0.5 mM (critical micelle concentration, cmc¢.12 =
1.2 mM)'° and [HAuCl,] = 0.5 mM in three glass tubes, that is, G1,
G2, and G3. Then 0.2 mL of freshly prepared ascorbic acid (AA)
aqueous solution ([AA] = 0.1 M) was added in each tube. Immediately
after this, in tube G1, 0.5 mL of previously made seed solution was
added, and the solution was mixed couple of times. After 1 min of
time interval, 0.5 mL of solution from G1 was taken out and added
into G2 and then similarly from G2 to G3. In this way, three steps
were performed, and all G1, G2, and G3 solutions were kept in dark
undisturbed to avoid photoreduction for at least two days. Similar
reaction sequences with three steps were carried out by using 0.25
(G4-G6) and 0.125 mL (G7-G9) of seed solutions. Identical reaction
series, namely, H1-H3, H4-H6, and H7-H9, by using 0.5, 0.25, and
0.125 mL of the same seed solutions, respectively, were carried out in
the presence of 12-0-12 = 0.5 mM (cmcjz0.12 = 0.2 mM)'% as a
capping agent. In this way, three reaction sequences of G and H series
of reactions were separately carried out, and Table 1 summarizes various
components of all reactions along with different shapes and structures
of Au NP obtained.

Methods. UV-visible spectra of prepared NP solutions were taken
by UV spectrophotometer (Multiskan Spectrum, model no. 1500) in
the wavelength range of 200-900nm to determine the absorbance caused
by surface plasmon resonance (SPR). The formation of Au NP was
monitored in the visible absorption range around 520nm. The shape
and size of Au NP were characterized by transmission electron
microscopy (TEM). Samples were prepared by mounting a drop of NP
solution on a carbon-coated Cu grid and allowing it to dry in air. They
were observed with the help of a Philips CM10 TEM operating at
100kV. The X-ray diffraction (XRD) patterns were characterized by
using Bruker-AXS D8-GADDS with 7. = 480. FTIR spectra were
taken by using FTIR spectrometer (Shimadzu) in the range of 4000-400
ecm~'. A few drops of a concentrated aqueous Au NP solution were
placed in the center of a clean silicon wafer equal to the size of
spectrophotometer window. The sample was dried by keeping it in the
vacuum oven and then loaded on the spectrophotometer window. Each
spectrum was measured in transmission mode with 256 scans and 4
cm™ ! resolution. The chemical composition of some samples containing
Au was confirmed with the help of X-ray photoelectron spectroscopic
(XPS) measurements. A portion of an aqueous NP solution was placed
onto a clean silicon wafer and then it was put into the introduction
chamber of the XPS instrument. The liquid was then pumped away.
The XPS analyses were carried out with a Kratos Axis Ultra
spectrometer using a monochromatic Al Ka source (15 mA, 14 kV).
The instrument work function was calibrated to give a binding energy
(BE) of 83.96 eV for the Au 4fy, line for metallic gold and the
spectrometer dispersion was adjusted to give a BE of 932.62 eV for
the Cu 2psp, line of metallic copper. The Kratos charge neutralizer
system was used on all samples. Survey and high-resolution analyses
were carried out with an analysis area of ~300 x 700 um using pass
energies of 160 and 20 eV, respectively. Special care was taken to
completely remove the uncapped surfactant from each sample used for
FTIR and XPS measurements.

Results

UV-visible Measurements. Au NP provide a sharp absor-
bance in the visible region around 520nm. The shape of the
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resonance peak can be qualitatively related to the nature of NP.
Small and uniform-sized NP with narrow size distribution give
a sharp absorbance, while NP with wide size distribution or
any kind of aggregation show a broad absorbance.'? Figure 1a
and b shows the UV-visible absorbance of 12-6-12 and 12-0-
12 capped Au NP, respectively. Figure 1a shows the absorbance
of Au NP made with 0.5 mL seed solution with a complete
reaction sequence of G1—G3. For samples G1 and G2, the sharp
absorbance located at 520nm is caused by the presence of small
spherical NP. Another shoulder for G2 at higher wavelength
(~720 nm) is the result of longitudinal SPR of rod-shaped
(nanorods, NR) NP."* It is not possible to identify the absorbance
only resulting from the transverse SPR of NR because of the
presence of spherical NP. Therefore, the magnitude of the ab-
sorbance intensity at 520nm is much larger than that of the
longitudinal SPR. For the G3 sample, both absorbances show a
red shift of ~30 nm, indicating a relative increase in the size
of both kinds of NP. On the other hand, although similar
reactions for H series of samples (Figure 1b) show sharp
absorbances resulting from spherical NP of H1 and H2 at
530nm, no shoulder caused by longitudinal SPR of NR is
observed for H2. The absorbance of H3, like that of G3, is
slightly red-shifted, and H3 also shows a prominent shoulder
resulting from longitudinal SPR. A comparison between the
absorbances of two series of corresponding G and H samples
indicate a clear difference in the absorbance wavelength of
longitudinal SPR. The absorbance for G3 is more than 100 nm
red-shifted from that of H3 and might be caused by some
ordered arrangement'* (this will be explained along with TEM
images in next section). Essentially, a similar comparison can
be made between other sets of G (G4-G6 and G7-G9) and H
(H4-H6 and H7-H9) series of samples where identical amounts
of seed solutions were used (not shown).

TEM Measurements. All TEM images of G samples (12-
6-12) have been compared with H samples (12-0-12) to drive
a precise conclusion on the basis of a spacer effect of Gemini
surfactants. First of all, step I of three reaction sequences (i.e.,
Gl1, G4, G7 for G and H1, H4, H7 for H samples) has been
compared in Figure 2. All G1, G4, and G7 samples have
identical amounts of ingredients, except seed solution, which
is 0.5, 0.25, and 0.125 mL, respectively. The same situation
exits for HI, H4, and H7 samples. The size distribution
histogram for each sample is shown in Figure S1, SI. It is to be
mentioned that the size distribution histogram for each sample
was manually calculated to clearly quantify the various mor-
phologies. For G1, mostly small spherical NP (10.6 + 3.5 nm)
are obtained, which become slightly bigger (12.3 £ 2.0 nm)
for G4, along with the presence of NR (aspect ratio = 1.97 £
0.35). For G7, the size of both particles (sphere = 19.1 £ 3.6
nm; NR = 3.16 £ 0.67) further increases. In the case of
corresponding H series of samples (corresponding histograms
in Figure S2, SI), H1 contains mostly spherical NP (10.6 £ 3.6
nm) which slightly grow in size (12.9 £ 2.5 nm) for H4. Here,
unlike the formation of NR as it happened in the case of G4,
many triangular NP (12.7 & 3.3 nm) are also obtained along
with spheres and few NR (aspect ratio = 1.7 & 0.37). In H7,
the size increases for sphere, triangle, and NR (Table 1,
respective histograms, Figure S2y7,pc, SI), but this sample now
also contains few hexagons. Thus, a relative comparison between
the corresponding G and H series of samples suggests a clear
shape evolution (sphere, rod, triangle, hexagon) in the NP of H
series of samples with 12-0-12 as a capping agent, while only
spheres and rods are obtained in G series of samples with 12-
6-12 as a capping agent.
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Table 1. specifications of all samples of S-G Reaction Sequences in the Presence of 12-6-12 (G samples) and 12-0-12 (H samples) and the Shape
and Size of Gold Nanoparticles of Each Sample®

G samples

H samples

sample no. seed (mL)

NP shape and size” % NP

NP shape and size” % NP

Gl HI 0.5
G2 H2 0.5

S,10.6 & 3.5 nm
S,24.3 &£ 6.2 nm; R, 2.71 &£ 0.67

G3 H3 0.5

G4 H4 0.25 S, 123 £2.0m; R, 1.97 +£ 0.35

G5 HS5 0.25
G6 H6 0.25 S, 154 £ 22.8 nm
G7 H7 0.125 S, 19.1 &£ 3.6 nm; R, 3.16 &+ 0.67
G8 H8 0.125

GY H9 0.125 S, 250 £ 49.3 nm

S,56.5 £ 129 nm; R, 229 £ 097 S=78, R=122 §S,454 + 166 nm; T, 33.3 £+

S, 587 £26.6 nm; R, 245+ 073 S=84,R=16 S, 66.0+24.6nm; T, 85.8 &

S, 10.6 £ 3.6 nm

S=49,R=51 S§,287+£32nm;T,374+£99 S=43, T=18, H=28 R =11

nm; H, 23.7 &+ 3.7 nm; R, 2.98

+ 0.87

S=6,T=11,H=32,R =50
8.7 nm; H, 27.2 + 4.4 nm; R,

2.20 £ 0.44

S=74,R=206 S,129+25mm; T, 12.74+33 S=92, T=6,R=2

nm; R, 1.7 £ 0.37

S,403 £ 11.2nm; R, 3.05 £ 057 S=54,R=46 S,380+4.6nm;T,61.1+65 S=33,T=10,H=32,R=25

nm; H, 23.3 + 1.4 nm; R, 3.53
+ 0.84

S, 85.0 & 27.6 nm; T, 84.6 +
26.2 nm; H, 67.6 + 9.4 nm; R,
323 + 1.34

S=15T=15H =38 R =31

S=70,R=30 S,193+£25mm;T,233£89 S=91, T=2,H=4R=3

nm; H, 20.5 + 4.3 nm; R, 2.1

+ 0.54

S=25,T=6,H=14,R =155
19.1 nm; H, 65.0 &= 17.4 nm;
R, 2.81 £ 0.59

S, 65.0 + 129 nm; T, 47.1 £
7.2 nm; H, 42.5 + 8.4 nm; R,
2.69 + 0.75

S=40,T=11,H=13,R=23

@S — sphere, T — triangle, H — hexagonal, and R — rod. ” The size of rod is in aspect ratio.

12 T T T T T T T T
1 G2, Seed=0.5ml |]
G3, Seed=0.5 ml
('] . .
o osf longitudinaH
©
2 06| ! SPR ]
g '
Q [}
e 04 |- -
N ! d
. o ] -
G1=>G2>G3 ¥
1 1 1 1 1 1 1 1
320 400 480 560 640 720 800 880
Wavelength / nm
12 T T T T T T T T
1 —H2, Seed=0.5ml |]
———H3, Seed=0.5 ml
(']
o 08
=
: b
£ os
)
(71
3 04
02 F
H1-=>H2->H3
1 1 1 1 1 1 1 1

320 400 480 560 640 720 800 880
Wavelength / nm

Figure 1. UV-visible absorption spectra showing the absorbance of
(a) 12-6-12 capped Au NP with a complete reaction sequence of
G1—G3 with 0.5 mL of seed solution and (b) the corresponding
reactions for H1—H3 of 12-0-12.

Likewise if we compare the samples of step 2 (Figure 3) for
both series of reactions as the amount of seed solution decreases
(i.e., G2 > G5 > G8 and H2 > H5 > HS), the shapes of spheres
and NR are very clear in G2 but start distorting in G5 and attain
significant distortion in G8. The size of spheres increases from
G2 to G8 (Table 1 and Figure S3, SI). A close inspection of
NP of sample G5 indicates that spheres have become polyhedral,
while NR have attained rounded instead of sharp ends. The NP
of sample G8 have attained highly significant polyhedral

geometries, while NR become dumbbell shapes.'*>'® In contrast,
this is not so in the case of corresponding H series of samples.
Here, different morphologies such as sphere, triangle, hexagon,
and rod are now very prominent and clearly visible in the H2
sample. The nanorods seem to have penta-twin facets. Interest-
ingly, the shape evolution becomes more clear and size increases
(see TEM for HS5 and H8) for all shapes as the amount of seed
decreases in the order of H2 > H5 > HS8 (Table 1 and Figure
S4, SI). The percent yields of different kinds of morphologies
have been listed in Table 1. The yield of spheres, triangles, and
hexagons predominantly decreases from H2 to H8 while that
of NR increases. It means NR grows at the expense of all other
morphologies as the amount of seed decreases from 0.5 to 0.125
mL. Apart from this, no dumbbell or polyhedral geometries are
observed in these samples. Thus, step 2 gives a clear indication
that the crystal growth is very much affected by a significant
difference in the capping ability of 12-6-12 (G2-G8) and 12-
0-12 (H2—HS).

At step 3 (Figure 4), the shape distortion becomes very
prominent especially for G6 and G9 and clearly points to
anisotropic growth. Interestingly, different morphologies of Au
NP in the corresponding H6 and H9 samples do not show any
sign of anisotropic growth.

All results have been put in Figure 5 to systematically
understand the capping behavior in terms of the crystal growth.
Figure 5 shows a qualitative comparison between the size of
spheres (upper frame) and rods (lower frame) of both series of
samples. A similar comparison of triangles and hexagons cannot
be made since such shapes are absent in G series of samples. It
is interesting to note that for G series of samples, the size of
sphere increases from step I to step 3 in a particular reaction
sequence at a fixed amount of seed and with a decrease in the
amount of seed from 0.5 to 0.125 mL. On the other hand, for
H series of samples, although size of spheres increases from
step 1 to step 2, it decreases as the amount of seed decreases
from 0.25 to 0.125 mL (see the curve fitting). The overall size
of spheres at each step is predominantly larger for G series of
samples rather than H series. For NR (lower frame), the aspect
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Figure 2. Comparison between the TEM micrographs of step 1 of G
series (G1, G4, and G7) (left panels) and H series (H1, H4, and H7)
(right panels) of samples (see detail in text).

ratio increases from step 1 to step 2 and then decreases to step
3 in each reaction sequence at fixed amount of seed essentially
for both G and H series of samples, but the overall aspect ratio
for H series of samples is predominantly higher than that of G
series of samples. This is mainly caused by the dumbbell-shaped
NR formation in the G series of samples.

FT-IR and XPS Measurements. To quantify the surface
adsorption of 12-6-12/12-0-12 on Au NP surface, FTIR spectral
studies of some G (G2, G5, and G8) and H (H2, HS5, and HS8)
series of samples have been carried out. Figure S5 shows
representative examples of FTIR spectra of pure 12-6-12/12-
0-12 and that of respective samples G2 and H2. Similar spectra
were observed for other samples (not shown). The peaks at 975,
948, and 898 cm ™' in the case of pure 12-6-12 can be assigned
to the C—N™" stretching modes. These peaks shift to 1107, 967,
and 883 cm ™! for G2; 1107, 966, and 891 cm™! for G5; and
1109, 962, and 891 cm™ ' for G8; respectively, suggesting 12-
6-12 head groups are directed at the Au NP surface. Similar,
behavior is demonstrated by C—N" stretching modes of 12-0-
12 for H2, HS, and H8. Apart from this, the peak at 721 cm™!
in pure 12-6-12/12-0-12 arises from the rocking mode of the
methylene (—CH,—), chain, which shifts to higher frequencies
for both G and H series of samples indicating the presence of
much ordered arrangement of surfactant hydrophobic tails on
the Au surface in the form of a surfactant capping film.

Bakshi et al.
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Figure 3. Comparison between the TEM micrographs of step 2 of G series
(G2, G5, and G8) (left panels) and H series (H2, HS, and HS8) (right panels)
of samples (see detail in text). Note the dumbbell shaped NR in G8.

Head groups of surfactant molecules directed at Au surface
are further evident from N Is emission peak of XPS spectrum
(low-resolution XPS spectra of G4 and H5 as representative
examples have been shown in Figures S6 and S7, SI, and the
corresponding binding energies and area occupied by various
species of all samples have been listed in Table 2). Panel a,
Figure 6 shows the N 1s peak of G4 which appears in the form
of a doublet with binding energies at 402.0 and 398.83 eV and
possessing 66.5% and 33.5% contributions, respectively. Similar
doublets with corresponding contributions have been observed
for other samples (Table 2). The peak around 399 eV can be
attributed to free or bound amine'” because its binding energy
falls in the range of 398-400 eV, while the peak at a relatively
higher energy, ~402 eV, indicates the electrostatic interactions
between the charged —N(CH3);" species and Au NP surface.'®
Panel b shows strong emission caused by C 1s of G4, which
has been deconvoluted into number of components. Several
species of C 1s from different functional groups constitute this
strong emission. The percentage area occupied by each species
indicates that maximum emission (~78.8%) comes from C—C
and C—H functional groups at 284.15 eV, which constitute the
hydrophobic tails of 12-6-12. Other weak emissions at 287.82



Crystal Growth of Gold Nanoparticles

Figure 4. Comparison between the TEM micrographs of step 3 of G
series (G3, G6, and G9) (left panels) and H series (H3, H6, and H9)
(right panels) of samples (see detail in text). Note the anisotropic growth
in G6 and G9.

and 286.01 eV are caused by C=0 and C—OH, respectively,
of adsorbed citrate ions. The relative amount of N 1s (N/Au)
increases from G4 to G6 which is almost in line with the
increase in the amount of C 1s (C/Au) (Table 2). It suggests
that the Au NP of both series of samples have 12-6-12/12-0-12
surfactant coating around them.

Discussion

A collective analysis of all results from different studies point
to a fundamental difference between the capping behavior of
12-6-12 and 12-0-12. This difference only arises from the
presence of the spacer and the dimeric nature of 12-6-12 and
from it having a completely different mode of surface adsorption
than 12-0-12. We know that the stability of individual planes
of fcc geometry decreases in the order of {111}>{100}>
{110}"® because of an increasing interatomic distance or
decreasing surface atomic density. This provides {110} planes
with highest surface energy to interact favorably with surfactant

Crystal Growth & Design, Vol. 8, No. 5, 2008 1717
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Figure 5. Upper frame shows the size distribution histogram of all G
and H series of samples of three reaction sequences at different seed
amounts for spherical NP only. Lines are the fitting of data in order to
compare the size among various Au NP from one sample to another.
Lower frame shows a similar plot for nanorods. Samples G1, H1, G6,
and G9, do not show clear nanorod formation; therefore their data is
not listed. Error bars refer to the standard deviations in each case (see
detail in text).

molecules. But during the crystal growth, low-energy {111}
planes are more favored because of greater stability. XRD
patterns of G4, G5, and G6 (Figure 7a) and that of H4, HS, and
H6 (Figure S8, SI) show a predominant crystal growth at {111}
facets along with a less-prominent growth at other planes of
fcc geometry. Plots of (111)/(200) and (111)/(220) intensity
ratios with respect to order of crystal growth from step 1 to
step 3 within a same reaction (Figure 7b and c) supports this
argument. For the G series of samples, both ratios increase
though the increase is substantial in the former case which
clearly points to a predominant growth at {111} planes.
Actually, this is the reason why the size of spherical particles
increases for G series of samples (Figure 5) in comparison to
that of H series of samples. However, a decrease in the aspect
ratio of G series of samples is the result of them acquiring
dumbbell shapes. In contrast, a decrease in the size of H series
of samples is simultaneously supplemented by the triangular
and hexagonal NP formation, and there is no sign of dumbbell
NR formation as well. These samples indicate a predominant
growth at {100} or {110} facets in comparison to {111} (Figure
7b and c). Adsorption of Au (IIT) and Au (I) intermediates at
staking faulty or twinning plane helps in the development of
facets that might favor different geometries.'>'*?® Thus a
difference in the surface adsorption among 12-6-12 and 12-0-
12 holds a key for a specified growth.

The preference for {100} surface is perfectly working at step
1 for all G series of reactions (i.e., fine spheres and NR are
obtained for G4), but their shapes start distorting at step 2 (G5)
and step 3 (G6), and the effect is very much prominent with
substantial anisotropic growth for G6. It demonstrates that 12-
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Table 2. Binding Energies (eV; I) and Area (%; II) of Some Species Constituting the Surface Composition of Au NP for G and H Series of

Samples”
Au 4fsp Au 4f7 O 1s C 1s (C—C, C—H) N 1s
sample 1 11 1 II I I I 11 O/Au 1 11 C/Au 1 I 1 I N/Au
G4 87.72 154 84.05 20.6 532.03 423 53035 57.7 8.5 284.15 78.8 43 402.00 66.5 398.83 335 1.5
8742 274 8375 36.6
G5 87.81 428 84.14 572 53216 61.5 530.53 385 7.2 284.66 69.6 41 402.12  70.0 399.08 30.0 1.8
G6 87.71 17.2 84.04 23.0 3.2 284.30 81.2 98 401.65 62.6 39850 37.6 4.9
87.00 25.6 83.33 342 530.95
H4 87.79 428 84.12 57.2 53245 703 530.27 29.7 17 284.77 63.4 43 - - 0.23
H5 88.02 42.8 8435 572 53209 574 53056 426 35 284.54 68.9 69 402.09 38.1 399.06 619 2.1
H6 87.82 428 84.15 57.2 532.62 850 530.68 15.0 2.7 285.19 90.5 8 402.54 57.7 39946 423 0.18
“ O/Au, C/Au, and N/Au represent the atomic percent ratio.
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Figure 7. (a) XRD patterns of Au NP for G4, G5, and G6. Panels b
o and c show a variation in the intensity ratios of (111)/(200) and (111)/
7 (220), respectively, of G (G4, G5, and G6) and H (H4, HS, and H6)
series of samples.
" formation of high aspect ratio.>* A spacer group of 6 methylenes
g embedded in the headgroup of 12-6-12 creates steric hin-
drances®' during a perfect monolayer formation and might be
responsible for improper monolayer formation during a crystal
6 growth along <111> directions. Thus, it may cause excessive
uncontrolled nucleation along <111> directions leading to the
formation of dumbbell morphologies at step 2 (G5/G8) and that
subsequently acquire anisotropic growth at step 3 (G6/G9).
4
Conclusions
—t ‘ ; : - S It is concluded that the nature of capping surfactant signifi-
¥4 %2 W0 8/ W/ W\ W2 B 2B i
R Baregy ) cantly influences the morphology of Au NP. Only spheres and

Figure 6. High resolution XPS spectra for N Is (panel a) and C 1s
(panel b) (see detail in text, and Table 2).

6-12 cannot fully protect the {100} surface planes with proper
monolayer formation during crystal growth along <111> planes
of fcc geometry. Otherwise, it would have led to fine NR

NR are produced in the presence of 12-6-12, while fine
morphologies of different shapes are obtained in the presence
of 12-0-12. 12-6-12 though controls the shape and structure at
step 1 of each reaction sequence, it cannot control the crystal
growth in the subsequent steps of the S-G reaction resulting in
anisotropic morphologies. This has been attributed to the
imperfect monolayer formation at {100} facets of fcc geometry
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because of steric hindrances created by a spacer of 6-methylenes
of 12-6-12. On the contrary, this is not the case with 12-0-12
because of the absence of spacer and hence, it produces fine
morphologies of different shapes without any sign of anisotropic
growth.
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