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ABSTRACT

FACILE ONE POT SYNTHESISOFHIGHLY MONODISPERSE SILICANANOPARTICLES
INWATER BASED M EDIUM . Highly monodisperse silicananoparticles (SNs) were successfully prepared
using water based synthesis. Theright catalyst and controllablerelease of silanol compoundsinto water phase
was the two mostimportant parameters in the SNs water based synthesis. The particle size of the SNs
produced by this method was easily controlled by changing TetraEthyl OrthoSilicate (TEOS) concentration.
The particle size ranging from 60 nm to 200 nm can be prepared in one pot synthesis. The SNswere analyzed
by using dynamic light scattering.
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ABSTRAK

SINTESIS SATU LANGKAH BERBASIS AIR YANG MUDAH UNTUK MEMPEROLEH
NANO PARTIKEL SILIKA YANG SANGAT MONODISPERSE. Nanopartikel silika(SNs)yang sangat
monodisperse berhasi| disintesa dengan menggunakan sintesis berbasis air. Katalis yang tepat dan pelepasan
terkendali senyawa silanol ke fasa air adalah dua parameter yang paling penting dalam sintesis SNs berbasis
air.Ukuran partikel dari SNsyang dihasilkan oleh metodeini dengan mudah dikontrol dengan mengubah konsentrasi
Tetra Etil OrtoSilikat (TEOS).Ukuran partikel mulai dari 60 nm hingga 200 nm dapat disiapkan dengan satu

langkah sintesis. SNsdianalisisdengan menggunakan hamburan cahayadinamis.

Kata kunci: Nanopartikel silika, Sangat monodisperse, Sintesis berbasisair, Satu langkah sintesis

INTRODUCTION

Colloidal silicaspheresuniformin sizeand shape
have been widely used and applied as optical filters,
pharmaceutical binders, photographic emulsions,
chromatographic agents, sensing elements, catalysts,
chemical and mechanical polishing materias, stabilizers
and coating layers[1-5].

The Stgber process [6] is awell known process
to prepare SNs. A lot of howadays methods used to
prepare SNswereinspired by Stcber’swork. Stcher use
alcohol/water mixture to control the hydrolysis and the
condensation of TetraEthyl OrthoSilicate (TEOS).
The hydrolysis and condensation reaction of TEOS
were catalyzed by ammonia. Thetechniqueisproved to
have arelatively good control over the particle size and
size distribution for low solid contents.

However, the Particle Size Distribution (PSD)
broadens and the particles become less spherical, for

A

solid contents higher than typically 5wt% [7]. Therefore
there have been numerous method proposed with the
main goal s were to increase both particle size and solid
content while maintaining narrow particle size
distributions[8-15].

The formation of SNs was often simplified into
two main reactions which are the hydrolysis reaction
and the condensation reaction.

Hydrolysis reaction:
hydrolysis
Si(0C,H;), + H,0 ——— Si(0C,H;),0H + C,H.

Condensation reaction:

water condensation

Si(0C,H,);0H + Si(0C,H,),0H ————

(0C,H;)3Si — 0 — Si(0C,Hy); + H,0
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alcohol condensation

Si(0C,Hy), + Si(0C,H;);0H ———————
(0C,H;)4Si — 0 — Si(0C, H,); + C,H.OH

The condensation reaction is fast, difficult to
control and it is the reaction that responsible for the
formation of three dimensional network or single
monodisperse particle[16]. The water condensationisa
lot more faster than the alcohol condensation [17]. The
pH applied during the reaction is also affecting the SNs
produced. Too high pH will make the SNs dissolve and
low pH will make SNsunstable[8].

Hartlenet d. (2008) [9] and Yokoi et d. (2006)[12]
had been working to produce highly monodisperse SNs
by using basic amino acids as catalyst in water medium
[9,12]. Yokoi et a. wereusing lysinewhile Hartlen et al.
were using arginine.Yokoi et al. wereusing D-, L-forms
and their mixture of lysine to control the silica particle
sizewhich allowed size variation in a fairly limited
range[12]. Hartlen et al. were using regrowth method to
get sizevariationin morewider range[9].

In this paper we report a one stage process to
produce highly monodisperse size (low poly dispersity
index (PDI)) of SNs ranging from 60 nm to 200 nm.
The basic principle in this synthesis method is to
maintain the oil phase relatively undistributed. Theaim
isto control the hydrolysisreaction/therel ease of silanol
into the water phase. Since the condensation reactionis
faster than the hydrolysis then it would be easier to
control hydrolysis reaction. By doing so, it can control
the nuclei population at the early stage of reaction.

EXPERIMENTAL METHOD
Chemicals

Diethylenetriamine (DETA, reagent grade) from
Acros, tetraethyl orthosilicate (TEOS, 98%) from TCI;
Toluene (reagent grade) from SigmaAldrich, were used
asreceived. Deionized water with pH around 6 was used.

Instruments

Zetasizer Nano (Malvern Co.) and Goniometer
with light scattering system BI-200SM (Brookhaven
Instrument Co.) from National Taiwan University of
Science and Technology was used to determine the size
of the SNsand their uniformity. The sampleswere diluted
100 times using deionised water. The measurements
were conducted at standard room temperature (25 °C).
The temperature was automatically controlled by
the instruments.

Synthesis

The synthesiswas performed in 20 mL of closed
vial by adding areagent grade of DETA into deionized

Table 1. Experimental setup to study the effect of difference
Toluene concentration.

Experiment DETA HO Toluene TEOS Reaction
() () 9 (9  time(h)
TO-D3 0.03 7 0 0.62 24
T0.5-D3 0.03 7 0.31 0.62 24
T1-D3 0.03 7 0.62 0.62 24
T1.5-D3 0.03 7 0.93 0.62 24
T2-D3 0.03 7 1.24 0.62 24

Table 2. Experimental setup to study the effect of difference
DETA concentration.

Experiment DETA  H,O Toluene TEOS Reaction
(9 9 9 9 time (h)
D1-T1 0.01 7 0.62 0.62 48
D3-T1 0.03 7 0.62 0.62 24
D6-T1 0.06 7 0.62 0.62 24
D10-T1 0.1 7 0.62 0.62 24

Table 3. Experimental setup to study the effect of difference
TEOS concentration.

Experiment DETA H,O Toluene TEOS Reaction

(9 9 () (9 time (h)
TO-D3-HT 0.03 7 0 3.72 48
T0.5-D3-HT 0.03 7 1.86 3.72 72
T1.5-D3-HT 0.03 7 1.86 124 48
T0-D3 0.03 7 0 0.62 24
T0.5-D3 0.03 7 0.31 0.62 24
T1.5-D3 0.03 7 0.93 0.62 24

Table 4. Experimental setup to synthesize high solids content
of SNs.

Experiment DETA  H,O Toluene TEOS Reaction
(9 () () (@  time(h)
TO-D3-HT 0.03 7 0 3.72 48
TO-D6-HT 0.06 7 0 3.72 48
TO-D8-HT 0.08 7 0 3.72 48
T0-D10-HT 0.1 7 0 3.72 48

water at the beginning. Then the co-solvent (Toluene)
slowly added, followed by the TEOS. Toluene was used
asthe co-solvent in these experiments because it’s poor
solubility in water. Theterm“ co-solvent” was used rather
than “solvent” is because, beside of its little amount,it
act to preserve the TEOS from being distributed in the
water (by magnetic stirrer) and at the end of the synthesis
process those hydrocarbon liquid will be auto removed
or vaporized, leaving only a mixture of nanoparticles,
water and probably some ethanol inthe form of sol. The
solutions were stirred but keep the oil phase relatively
undistributed and continued by heating at 60 °C until
the reaction reach completion. The colloidal SNs were
filtered without cooling to remove any scrap formed
during the synthesis. Finally the colloidal SNs were
cooled to room temperature for further analysis. The
experimental setups are presented Table 1 to Table 4.

RESULTSAND DISCUSSIONS
TheEffect of Co-Solvent

The studies start with synthesizing SNs in
agueous phase with an addition of co-solvent. The aims
was to investigate the effect of co-solvent in the
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Figure 1. The effect of cosolvent concentration on SNs
produced. DETA = 0.04 M; TEOS = 0.425 M; reaction
time = 24 hours; solid content = 2 wt%.

synthesize process. In order to have stable nuclel growth
condition, co-solvent was used. The co-solvent wasable
to slow down the release of hydrolyzed TEOS in water
phase through hydrophobic interaction [9]. The TEOS
was aggregated with co-solvent, and the hydrolysis
reaction took place at the oil-water interface, while the
condensation reactions happened in the water phase
because the catalyst used was miscibleinthewater. Thus
condition would slow down the population of nuclei in
the water phase and ensured its stability.

As co-solvent concentration increase, the SNs
size also increase as shown by Figure 1. The result
indicates that the co-solvent works more effectively at
higher concentration to slow down the silanol release
into the water phase. Hence the water phase was not
populated with new silica nuclei. The number of silica
nuclei was able to be kept constant and the addition of
silanolinto the water phase made the existed nuclei to
grow. Neverthel ess, without the existence of co-solvent
the SNs produced still has high uniformity in size at
0.04 M of DETA.

The result apparently would be different for
higher concentration of DETA as shown in the next
discussion topic. The used of water medium to
synthesize monodispersedSNs was considered as a
breakthrough and recently only few references
avallablesuch asHartlen et a., Yokoi et a., Daviset a.
and Snyder et al. which were using basic amino acids as

@ JoT

Figure 2. (a). Average particle size of 136 nm obtained at
1.5:1 toluene to TEOS ratio, (b). Average particle size of
191 nm obtained at 2:1 toluene to TEOS ratio.
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Figure 3. The SNs produced at different DETA
concentration. Toluene to TEOS ratio = 1:1;
TEOS = 0.425 M; reaction time = 24 hours (48 hours for
0.014 M of DETA); Solid content = 2 wt%.

the catalyst [9, 10, 12, 18, 19] and Donatti et al. which
were using hydrogen chloride acid as the catalyst [20].

Nevertheless only Hartlen et al. used solvent to
guide the hydrolysisreaction of TEOSin water medium.
Though they used cyclohexane to slow down the
hydrolysis reaction, but the effect given by tolune in
these experimentswas similar because both are miscible
in water. Hartlen et a. also tried to usesmall amount of
ethanol instead of cyclohexane but resulted in rather
polydisperse of SNs[9].

TheEffect of DETA Concentration

Higher concentration of DETA increases the
hydrolysis rate of reaction, hence the TEOS was
consumed faster to form new nuclei andthus population
of nuclei in the early stage would also increase. The
final SNswill be smaller because more of TEOSwas used
to form new nuclei (Figure 3). Dense population of nuclei
increased the probability of collision between them.

DL S measurement shows that the SN's produced
at 0.14 M of DETA was similar like it was found when
ammonia was used as the base. The SNs produced had
bimodal sizedistribution (Figure 4).

Observation on thereactor condition reveal sthat,
the big silica particles that existed in the final product

Drameter (m) Cewmtar (nrm)

Figure 4. PSD of SNs produced at DETA concentration
of (8 0.14 M and (b) 0.04 M. Average Particle size = (a)
71.7 nm; (b) 122.3 nm. Toluene to TEOS ratio = 1:1;
TEOS = 0.425 M; Solid content 2 wt%.
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Figure 5. PSD of SNs obtained using 0.014 M DETA.
(@) 179.4 nm. (b) 209.1 nm. Toluene to TEOS ratio =
1:1; TEOS = 0.425 M; Solid content 2 wt%.

and causing the bimodal size distribution may also cause
by the scraps on the reactor wall or the breaking of oil
phase in the beginning of reaction. The scrap formation
is caused by the SNs, in which attracted and stick to
reactor’sglasswall. Thescrapisfound onall of condition
used in this study. Nevertheless, several careful run at
0.14 M of DETA cannot diminish theformation of bimodal
size distribution. Some of the samples obtained from
0.14 M of DETAwereabletoformgel. Thegel formation
should be avoided.

The result indicates that the reaction is more
stable at DETA concentration region equal/below 0.08
M. Nevertheless, lower the DETA concentration with
constant TEOS concentration means slower reaction rate
and thus would increase the size of SNs produced. The
reaction at 0.014 M of DETA was extended to 48 h to
ensure the completion of reaction and showed bigger
particle size than the others in which they had much
higher of DETA concentration (Figure5). Thissituation
haveto be consider for synthesizing higher solid content
of colloidal SNs.

The result shows in these experiments are
reasonable and in good agreement with the previous
results [9, 18].Arginine and Lysine had been proved to
be good catalyst to synthesize monodisperse SNs in
water medium because of their ability to functionalized
SNs surface and stabilize them at the water [21]. Their
structures are somewhat similar with DETA, having
secondary amine groups which enable them to
functionalize the SNs surface. In other cases when
ammoniawas used asthe catalyst, the SNs surface were
only stabilized by the —OH groups [22] which less
effective compare to long chains of amine groups like
lysine, arginineand DETA.

TheEffect of TEOS Concentration

Form previous result of experiments, the factors
affecting the rate of reaction can be defined. Factors
such as DETA concentration and co-solvent
concentration play a major role in SNs synthesis.
Another factors that did not observed but believed to

Table 5. SNs particles obtained from different TEOS
concentration at 0.04 M DETA.

Toluene: TEOS TEOS  Size PDI SC Reaction
(M) (nm) (Wt%)  time(h)
15:1 0.425 136 0.026 2.84 24
15:1 0.85 205 0.018 3.75 48
05:1 0.425 103 0.053 2.86 24
05:1 2.55 154 0.016 7.4 72
0:1 0.425 115 0.054 2.86 24
0:1 2.55 152 0.055 8.22 48

have impact on reaction rate are the mixing rate and the
interfacial area between water and oil phase.

Herethe TEOS concentration wasincreaseto get
higher solid concentration of SNs. The first study was
to observe the stability of the reaction at high
concentration of TEOS. High reactant concentration
surely would increase the rate of reaction.

The experiment was conducted at different TEOS
concentration and different co-solvent to TEOS ratio.
The results shown at Table 5 suggest that as the TEOS
concentration increase, the uniformity of SNs produced
do not change. Nevertheless, the trend is showing that
the SNs produced are more uniform since it having
narrow size distribution. In general, as the oil phase
concentration increase (with or without co-solvent) the
particle sizeincrease aswell and the SNs produced have
more narrow size distribution. Theresult is strengthening
the suspected reaction mechanism that at high oil phase
concentration, the TEOS is getting strongly held in oil
phase. Hence, the hydrolysis reaction is slow and the
release of silanol to water phase is also slow. Thus the
population of nuclei inwater phaseisremained at stable
population, preventing them to have collision with
each other. The stable nuclei are then growing into
stable SNs.

a

100 500 1000 S0 100 500 1000
Ciameter (nm] Chiameter {nm)
Figure 6. PSD of high solid content SNs synthesized
at different DETA concentration. (a) 0.11 M DETA,
137 nm; (b) 0.14 M DETA, 125 nm.

Table 6. High solid content of SNs synthesized at
different DETA concentration.

DETA Size  pp SC  Reaction
(M) (nm) %)  time(h)
0.04 152 0055 822 48
0.08 135 0053 1142 48
0.11 137 0100 1140 48
0.14 125 0130 1151 48
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Figure 7. SNs synthesized with varying DETA concen-
tration at (o) 0.425 M and (=) 2.55 M of TEOS.
Toluene TEOS = (a) 1; TolueneTEOS = (=) O.

The experiment was expanded to observe the
result of the synthesiswithout co-solvent at high DETA
concentration. The DETA concentration was increase
up to 0.14 M where the bimodal size distribution was
found. Theresult is presented in the Table 6. Examples
of particlesizedigtribution (PSD) from DL S measurement
are presented in Figure 6.

The data from Figure 6 can be joined with the
data presented in Table 6 and it strengthen the
hypothetical mechanismthat anincrease inthe oil phase
have an impact inincreasing particle size as well asthe
stability of the SNs produced (low PDI).

At 2.55M of TEOS concentration, theinclination
of the particle size curvedue to the reduction of DETA
concentration was not so steep. The synthesis of
2.55 M of TEOSwas performedwithout co-solvent while
the synthesis of 0.425 M of TEOS was performed with
toluene: TEOS equal to 1. The TEOS at 0.425 M was
having difficulties to reach the oil-water interface
because of the TEOS molecules had to diffuse through
the masstransfer boundary layer resistancein oil phase.
Thus would slow down the reaction and made the fina
size of the SN's produced bigger (Figure 7). Though this
method was using water medium but the principle of the
reaction control is similar with Stcher method. Stcher
method was using ethanol medium with small amount of
water [6, 13, 15, 23, 24]. By controlling the amount of
water, it was able to limit the hydrolysis reaction and
therefore able to control nuclei population .

CONCLUSION

The method to produce colloidal SNs had been
improved based on Stgher method. Using similar method
to control the reaction but with different medium than
Stcber, and by using miscible co-solvent with the right
catalyst, the highly monodisperse SNs can be
produced.The Stcber technique is proved to have a
relatively good control over the particle size and size
distribution for low solid contents. However, the particle
sizedistribution (PSD) broadensand the particlesbecome
less spherical, for solid contents higher than typically
5 wt%. The method presented in this paper is able to
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produce high solid content of colloidal SNs while
maintaining their uniformity (low PDI) through one stage
synthesis process. The SNs with size variationranging
from 60 nm to 200 nm can be prepared in single stage
process. Further experiments need to be conducted to
know the effect of other parameters such as the
temperature and theinterfacial areabetweenthe il phase
and water phase.
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