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ABSTRACT 

The size evolution of gold nanoparticles synthesized using tannic acid with initial gold chloride concentrations ranging 
from 0.2 - 2 mM at various tannic acid to chloroauric acid molar ratios (ranging from 2:1 to 12:1) has been analysed. 
Dynamic light scattering spectroscopic and tramission electron microscopic analyses were performed to assess the size 
of formed gold nanoparticles. Two different patterns of nanoparticle size evolution were obtained; the size evolution 
trend below 1 mM chloroauric acid concentration was found to be different from the one obtained at gold chloride con- 
centrations higher than or equal to 1 mM. In case of sizes obtained for less than 1 mM gold chloride concentration, a 
general decrease in particle size was observed with increase in gold salt concentration. On the contrary, for the particles 
synthesised using chloroauric acid concentrations higher than or equal to 1 mM, with increase in gold salt concentration, 
a general increase in nanoparticle diameter was seen. For the molarities 0.2 and 0.5 mM, with increase in tannic acid/ 
chloroauric acid ratios, first the size decreases and then increases and finally reaches saturation. Particles formed at mo- 
larities greater than equal to 1 mM do not exhibit plateaux in their size rather initially decrease and then increase in re- 
sponse to increasing tannic acid/chloroauric acid ratios except for 2 mM concentration at which a small saturation is 
observed. The findings enumerate that higher gold chloride concentrations leave a significant impact on the sizes of 
gold nanaparticles obtained using tannic acid as a reducing agent of chloroauric acid solution. 
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1. Introduction 

The last few decades have witnessed the emergence of 
nanotechnology as a promising field since it deals with 
nanoparticles displaying unique optical [1], electronic [2], 
chemical [3], photoelectrochemical [4] or magnetic pro- 
perties [5] which render them to be applied for diverse 
functions. The foundation of nanotechnology is based on 
the size and shape of nanoparticles which play a signi- 
ficant role in tuning these properties. Indeed, the simila- 
rity of the size of nanoparticles to that of biological 
molecules (like proteins and DNA) along with bacteria 
and viruses has sprouted enormous interest in exploiting 
nanoparticles for various biomedical applications [6]. 
Moreover, it has been proposed recently that the uptake 
of nanoparticles by mammalian cells is size-dependant 

[6]. This makes the study of the size of nanoparticles of 
utmost importance. 

Owing to the diverse properties exhibited by gold 
nanoparticles (GNPs) [7], they bear applications in va- 
rious areas such as cosmetics [8], electronics [9], thera- 
peutics [10,11], imaging [12,13], drug delivery [14,15] 
and pollution remediation [16,17]. However, applications 
in such diverse fields often require GNPs to be of a par- 
ticular size and be in large numbers or higher concen- 
trations [18,19]. Hence, it becomes relevant to study the 
effect of changes in synthesis procedures on nanoparticle 
properties including size. The synthesis of GNPs me- 
diated by citrate reduction of gold chloride solution is 
well documented [20-22]. Citrate molecules act as both 
reducing and stabilizing agents, allowing for the forma- 
tion of the colloidal gold [22]. Like citrate, exploitation 
of tannic acid (a plant derived polyphenol) as a reductant *Corresponding author. 
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and stabilizer in the synthesis of gold nanoparticles dates 
back to early 20th century [22,23] but citrate in the past 
few decades enjoys an extra edge over tannic acid (TA) 
as an agent for GNPs synthesis. Overwhelming amount 
of literature is available for the effect of citrate concen- 
tration [24], pH [25], temperature [26] and gold chloride 
concentrations [22] on the characteristic properties of 
GNPs synthesized using citrate as reductant. However, 
similar studies on the GNPs synthesized exploiting TA 
have not been much explored and our knowledge on this 
subject remains in its infancy. Nevertheless, the realiza- 
tion of this paucity combined with the stability of TA 
coated nanoparticles in higher particle concentrations 
prompted the scientific community to study the TA me- 
diated synthesis of GNPs and as a result, reports on this 
issue had appeared recently. For instance, recently 
Sivaraman et al. and Zhang et al. have demonstrated the 
synthesis of GNPs (at room temperature) and nanoplates 
respectively exploiting TA [27,28]. Moreover, the effect 
of pH on the size distribution of GNPs synthesized using 
TA has also been investigated [27]. Aromal and Philip 
(2012) very recently reported facile one pot synthesis of 
GNPs using TA and its application in catalysis [28]. 

The objective of the present work was to perform a 
systematic study on the size evolution of the synthesized 
GNPs when the molarities of the initial chloroauric acid 
solutions and their respective TA/chloroauric acid ratios 
were increased. To investigate the pattern of size evolution 
of GNPs formed, different starting conditions were taken 
to induce the synthesis of GNPs: seven chloroauric acid 
concentrations ranging from 0.2 mM to 2 mM were 
examined and TA/chloroauric acid molar ratios from 2:1 
to 12:1 had been investigated. The sizes of as-synthe- 
sized GNPs have been measured by dynamic light scat- 
tering (DLS) spectroscopy and transmission electron 
microscopy (TEM). The patterns of the particle sizes 
obtained were further analysed and it was found that the 
concentration of the initial chloroauric acid solution had 
a marked impact on the size of GNPs obtained. Although 
reports enumerating the effect of higher gold salt concen- 
trations on the size of GNPs synthesized using citrate are 
available [21,22], this is the first report where effect of 
high concentrations of gold chloride has been analysed 
on GNPs synthesized exploiting TA. 

2. Materials and Methods 

2.1. Chemicals 

Hydrogen tetrachloroaurate (III) hydrate (HAuCl4) and 
TA (ACS reagent) were purchased from Sigma Aldrich 
Co. All the chemicals were of highest purity available 
and used as received. All glasswares used for gold nano- 
particle synthesis were washed with freshly prepared 
aqua regia solution (three parts HCl, one part HNO3) and 

rinsed with deionized water. The same deionized water 
was used throughout the experiments.  

2.2. Gold Nanoparticle Synthesis 

For the gold nanoparticle synthesis, first of all 1% and 
5% aqueous stocks of chloroauric acid and TA respec- 
tively were prepared. Further, the molarities of HAuCl4 

and TA were calculated accurately. The gold chloride 
concentration was varied between 0.2 to 2 mM by ac- 
curately picking gold chloride solution from the 1% 
stock. The TA to gold (III) molar ratios (MR) ranged 
from 2:1 to 12:1 by adding fitting amount of TA from the 
5% aqueous stock to the 0.2 - 2 mM solutions of boiling 
gold chloride28. Boiling was continued for 2 minutes. The 
solutions were kept under continuous stirring for 20 to 30 
minutes depending on the appearance of ruby red colour.  

2.3. Dynamic Light Scattering (DLS)  
Measurements 

In order to gauge the average hydrodynamic diameter of 
the as-synthesized GNPs, DLS spectroscopy was per- 
formed with the samples of the obtained GNP solutions 
on a Malvern Zetasizer Nano ZS (Malvern, Southbor- 
ough, MA). GNP samples were stored at 4˚C and ali- 
quots were taken to repeat the experiment three times for 
monitoring the size of GNPs by DLS. The average of  
all DLS measurements was calculated for each GNP 
sample and the resulting hydrodynamic diameters were 
recorded. 

2.4. Transmission Electron Microscopy (TEM) 

In order to validate the results obtained by DLS, micro- 
scopic analysis of the various samples of the prepared 
GNPs was performed using a transmission electron mi- 
croscope (1200 EX, JOEL Inc, Peabody, MA) following 
a method described elsewhere [29]. A drop of GNP solu- 
tion from each of the sample was put on a negative car- 
bon-coated copper grid which was further dried before 
being transferred to the transmission electron micro- 
scope. 

3. Results and Discussion 

Citrate mediated reduction of chloroauric acid for the 
generation of GNPs has been well studied with respect to 
the effect of various concentrations of citrate, effect of 
pH and temperature, effect of incubation time and more 
recently reports of the effect of higher gold concentra- 
tions on the generation of GNPs by citrate mediated re- 
duction have started appearing. Nevertheless, despite TA 
mediated synthesis of GNPs being an old approach, 
studies on the variations in synthesis conditions using TA 
as the reductant have not been explored much and our 
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understanding of the nature of GNPs synthesized using 
TA under different conditions remains in its infancy. In 
the present study, taking a lead from a recent report on 
the effect of high gold chloride concentrations on the size 
of GNPs prepared by citrate reduction of gold salt [22], 
we studied the variation in the size of GNPs produced 
using TA as the reducing and stabilizing agent with dif- 
ferent initial molarities of HAuCl4 solution (ranging from 
0.2 to 2mM) and taking TA to HAuCl4 molar ratios in the 
range of 2:1 to 12:1. DLS and TEM analyses were used 
to perform the study. 

3.1. DLS Studies 

DLS studies exhibiting the effect of the initial gold salt 
concentration on the size of GNPs synthesized are dis- 
played by the Figures 1-4. Figures 1 and 2 show the 
trends of the hydrodynamic diameter of the generated  
 

 

Figure 1. Variation of GNP size as a function of tannic acid 
to chloroauric acid ratios at gold chloride concentrations 
less than 1 mM. 
 

 
Figure 2. Size variation of GNPs with respect to increasing 
molar ratios of tannic acid/gold chloride at various concen- 
trations of chloroauric acid below and equal to 1 mM. 

 

Figure 3. Diameter of GNPs as a function of various con- 
centrations of chloroauric acid at different tannic acid to 
HAuCl4 ratios ranging from 2:1 to 6:1. 
 

 

Figure 4. Size of GNPs with respect to HAuCl4 concentra- 
tions at various tannic acid/HAuCl4 ratios ranging from 7:1 
to 12:1. 
 
GNPs as a function of TA to HAuCl4 molar ratios at 
various molarities of HAuCl4 solution taken. Under vary- 
ing initial gold chloride concentration, the size evolution 
of the generated GNPs exhibited two different patterns; 
one for HAuCl4 molarities less than 1 mM (Figure 1) and 
the other for the HAuCl4 molarities greater than or equal 
to 1mM (Figure 2). 

Variation of hydrodynamic diameters of GNPs as a 
function of various TA to chloroauric acid ratios at 
different initial concentrations of HAuCl4 

The GNPs synthesized from 0.2 and 0.5 mM chloro- 
auric acid solutions exhibit large hydrodynamic diame- 
ters (around 38 and 33 nm respectively) when a TA/ 
HAuCl4 ratio of 2:1 is used (Figure 1). The size of GNPs 
was found to abruptly decrease and reach a minimum 
diameter at TA/HAuCl4 ratio of 4:1 for both 0.2 and 0.5 
mM chloroauric acid solution, however, the sizes were  
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found to increase again as the TA/HAuCl4 molar ratios 
increased and finally saturation was achieved beyond the 
molar ratio 8:1. While the evolution of the GNP sizes 
followed similar fashions for 0.2 and 0.5 mM chloroauric 
acid solutions, for the same TA/HAuCl4 ratios, the GNPs 
generated from 0.5 mM chloroauric acid solutions were 
found to be smaller in size than those prepared using 0.2 
mM chloroauric acid solutions. The differential sizes 
become more apparent while moving towards higher 
ratios as exhibited by the wide gap in the size profile of 
GNPs produced by 0.2 mM and 0.5 mM chloroauric acid 
(Figure 1). As seen in the Figure 2, the size of GNPs 
synthesized using 0.2 mM chloroauric acid reaches satu-
ration at diameters of around 39 nm whereas the hydro-
dynamic diameter profile for 0.5 mM HAuCl4 plateaus 
around 29 nm. These results overlap with those observed 
by Zabetakis et al. for GNPs formed using citrate and 
chloroauric acid less than 0.8 mM. They too observed 
that for chloroauric concentrations below 0.8 mM, higher 
HAuCl4 concentrations generate saturation with smaller 
sized particles. However, in their case the saturation was 
achieved at higher molar ratios (>14:1) but in the present 
study, tannic to chloroauric acid ratio of 9:1 induced pla- 
teau formation. Moreover, the particle size at a particular 
TA/HAuCl4 ratio was found to be around 10nm larger 
than induced by the same citrate/HAuCl4 ratio. Larger 
particle size and smaller saturation ratio can be explained 
as TA is a more aggressive reducing agent that consumes 
rapidly all the chloroauric acid to form GNPs.  

GNPs prepared from 0.8mM chloroauric acid solution 
exhibit a mid-way pattern as shown with 0.2 and 0.5 mM 
chloroauric acid solutions and those displayed with 
chloroauric acid concentrations beyond or equal to 1 mM. 
It is observed that 0.8 mM gold solutions form smaller 
GNPs than the GNPs formed with 0.2 and 0.5 mM gold 
solutions. However, at 12:1 ratio, the particle size for 0.8 
mM solution was found to be greater than 0.6 mM 
choloroauric acid solution. Till ratio 4:1, the particle size 
continuously decreases, forms plateau from 5:1 to 7:1 
and again rises and the particles attain 30nm diameter at 
the TA/HAuCl4 ratio of 12:1 (Figure 1). 

Formation of GNPs from 1 - 2 mM chloroauric acid 
solutions with respect to TA/HAuCl4 ratios is displayed 
by Figure 2. In a manner similar to lower HAuCl4 con- 
centrations, first with increasing TA/HAuCl4 ratios, hy- 
drodynamic diameter of GNPs formed from 1 - 2 mM 
chloroauric acid solution decrease until they reach a 
minimum size at around 6:1 ratio and then again increase 
as the ratio is increased. Interestingly, in contrast to 
chloroauric acid concentration less than 0.8 mM, in none 
of the ratios saturation is observed except a short plateau 
for 2 mM gold solution along 11:1 and 12:1 ratios. 
Moreover, the slopes for decrease and increase in diame-  

ter become steeper with increase in concentration of 
choloroauric acid that renders formations of large sized 
GNPs. Furthermore, the least hydrodynamic diameter 
obtained for 1, 1.2 and 1.5 mM HAuCl4 ranged between 
21 - 22 nm but with 2mM concentration, it was found to 
be 24 nm. Also, the highest diameter of 40 nm was ob- 
served for 2 mM chloroauric acid solution (Figure 2). 

Size variation of GNPs in response to various initial 
molarities of chloroauric acid at different TA to HAuCl4 
ratios 

Variation of hydrodynamic diameter of as-synthesized 
GNPs with respect to initial molarity of HAuCl4 has also 
been studied at different TA to HAuCl4 molar ratios 
(Figures 3 and 4). As exhibited by Figure 4, with in- 
crease in chloroauric acid concentration, the hydrody- 
namic diameters for ratios 2:1 and 3:1 first decrease, 
reach a minima at 0.8 mM concentration and again in- 
crease steeply till 1.2 mM concentration but further the 
rise in diameter is not sharp rather a slow growing slope 
is observed from 1.2 to 2 mM concentration. For each of 
the slope from 4:1 to 6:1 ratios, as the HAuCl4 concentra- 
tion increases, first the hydrodynamic diameter decreases 
to reach a minimum value at 1 mM concentration and 
further the slope rises slowly with increasing concentra- 
tion of HAuCl4. Moreover, when the TA/HAuCl4 ratio is 
increased from 2:1 to 6:1, a universal decrease in the 
hydrodynamic diameter of GNPs is seen across the 
choloroauric acid concentrations ranging from 0.2 to 2 
mM.  

As the TA/HAuCl4 ratios were further increased from 
7:1 to 12:1, a common increase in the size of GNPs was 
observed across the range of chloroauric acid concen- 
trations taken. For the ratios from 7:1 to 10:1, with in- 
crease in HAuCl4 concentration, the particle size was 
observed to decrease unless it reached minima at 0.8 or 
1mM concentration and then slowly increased with in- 
creasing chloroauric acid concentration. Interestingly, at 
12:1 ratio, as the HAuCl4 concentration increased al- 
though the size decreased steeply but it did not increase 
in sharply with further increase in chloroauric acid con- 
centration rather increase slowly till 1.2 mM concentra- 
tion and then levelled off beyond this (Figure 4). 

Of note, for the same TA/HAuCl4 ratio, with different 
initial HAuCl4 concentrations GNPs of different diameter 
are produced as observed in the Figures 4 and 5. 

For example, for the ratio 7:1, at the concentrations 1.2, 
1.5 and 2.0, GNPs with diameter 12, 13 and 16nm are 
formed respectively. The results discussed above are 
more or less similar to the findings obtained for effect of 
higher gold concentrations on the synthesis of citrate 
mediated GNPs, although with slight variations at some 
instances. This may happen since TA behaves similarly 
to citrate as a reducing and stabilizing agent in GNP syn- 
the is. s
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Figure 5. Representative TEM images of GNPs synthesized using initial chloroauric acid concentrations of 0.2, 0.5, 1 and 2 
mM at tannic acid to HAuCl4 ratios of 4:1, 6:1, 9:1 and 12:1. 
 
3.2. TEM Analysis tios 4:1, 6:1, 9:1 and 12:1 gave almost similar sizes for 

0.2mM concentration with respect to corresponding 2.0 
mM concentration HAuCl4 which very well match the 
hydrodynamic diameters exhibited by DLS. The size 
obtained for 0.2 mM HAuCl4 at 12:1 ratio was found to 
largest (36 nm) followed by the size measured for 2 mM 
concentration at 12:1 ratio (34.4 nm) amongst all the 
samples tested. The ratio 9:1 at 1mM HAuCl4 concentra- 
tion exhibited the smallest size (14 nm) followed by the 
size obtained for 0.5 mM concentration at the same ratio 
and for 1 mM concentration at the ratio 6:1(17.2 nm). 
The sizes measured for the ratios 4:1, 6:1 and 12:1 at the 
concentrations 0.5, 0.2 and 1 mM respectively are ob- 
served to be almost same i.e. of 21 nm. The results ob- 
tained by TEM are in complete agreement with the sizes 
measured by DLS. 

In order to ascertain the size pattern of GNPs obtained by 
DLS, TEM analysis was also done. GNP samples pre- 
pared with initial chloroauric acid concentrations of 0.2, 
0.5, 1.0, and 2 mM were chosen. TEM images were cap- 
tured for each of these concentrations for TA/HAuCl4 
ratios of 4:1, 6:1, 9:1 and 10:1. Particle sizes were meas- 
ured for each of the 16 samples (Figure 5) and a com- 
parative study was performed with the measurements 
observed by DLS. The sizes measured by TEM were 
time and again found to be smaller than the hydrody- 
namic diameter measured by DLS (in solution) which 
was quite expected. Nevertheless, the pattern of sizes 
observed by TEM analysis was in well concordance with 
the sizes obtained by DLS. 

As observed in Figure 5, samples with TA/HAuCl4 ra- 
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4. Conclusion 

The data of the present study elaborate that HAuCl4 solu- 
tions exhibit two different patterns, one at a concentra- 
tion below 1 mM and other with molarities higher than or 
equal to 1 mM with respect to TA/HAuCl4. With increas- 
ing concentration of HAuCl4, a general decrease in the 
size of GNPs is observed whereas the sizes obtained for 
HAuCl4 molarities greater than 1 mM present a different 
pattern; as the concentration of chloroauric acid in- 
creased, a general increase in the size of as-synthesized 
GNPs is observed. GNPs synthesized from HAuCl4 con- 
centrations below 0.8 mM exhibit a minimum in their 
size at the ratio 4:1 followed by an increase in size which 
further levels off beyond the ratio 8:1. However, this 
trend is not followed by the size of GNPs synthesized 
above 1 mM concentration wherein except for a minimal 
saturation from ratios 10:1 to 12:1 for 2 mM concentra- 
tion, all other gold solutions with molarities less than 2 
mM exhibit a general pattern of first decrease in size, 
reaching a minimum and then increase in diameters as a 
function of TA/HAuCl4 ratios. So, from the results ob- 
tained in this study, it can be concluded that the higher 
ionic strength as a result of high molarities of HAuCl4 

leave a significant impact on the size of gold nanoparti- 
cles obtained. Moreover, the findings demonstrated in the 
present study are very much similar to those reported 
earlier for gold nanoparticles synthesized using citrate 
under higher concentrations of gold chloride [22]. Hence, 
it can be said that TA behaves similar to citrate in con- 
trolling the GNP size when higher concentrations of 
HAuCl4 are used. TA may render a “similar” effect since 
it behaves as a reducing and stabilizing agent in GNP 
synthesis as citrate does but the effect might not be 
“same” owing to the greater aggressiveness of TA as a 
reductant than citrate. 
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