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Abstract:
The effects of surface treatment of three aminosilanes on silica nanoparticles was
investigated: 3-aminopropyltriethoxysilane (APES), aminopropyldimethylethoxysilane (APMS),
and N-[3-(Trimethoxysilyl)propyl]ethylenediamine (TMPE). Aminosilanes attach to the surface
of silica nanoparticles via a hydrolysis reaction of the ethoxy group(s). Surface modification was
characterized through Dynamic Light Scattering (DLS), which measures the diameter of the
particles, Zeta potential, which measures the charge of the particles, and Transmission Electron
Microscopy (TEM), which gives images of the particles at the nanoscale level. It was proposed
that surface modification will further stabilize the particles due to the formation of an unreactive
steric layer. Zeta potential measurements showed different isoelectric point for each aminosilane,
with the highest being for TMPE (pH=8.6), followed by APMS (pH=7.4), and lastly APES
(pH=4.9). Zeta potential results indicate that even though surface of the particles is modified
upon adding the aminosilane, surface treatment with all the 3 aminosilanes destabilize particles
in the near neutral pH region due to electrostatic forces, where zeta potential exhibits values
<|20mV|. Hence, electrostatic forces seem more dominate than steric hinderance.
A two-step modification process using an aminosilane followed by glutaric anhydride
was also investigated. Results showed that there is not a direct relationship between glutaric
anhydride concentration and shifts in IEP. However, particle’s charge was further improved in
the neutral pH region (by up to 10 mV in the cases of APMS and APES, and by up to 15 mV in
the case of TMPE). This was achieved at certain glutaric anhydride concentrations.
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Chapter 1: Introduction
Colloidal spherical silica nanoparticles are important in many applications: composite
materials, pigments, detergents, cosmetics, absorbents, photonics, pharmaceuticals, thermal
insulators, sensors, catalysts, medical diagnosis, and many more (van Blaaderen et. al., 1993). In
heat exchangers, they are used to enhance heat transfer, thus improving the thermal efficiency
(Kulkarni, 2008). In most cases, decreasing the size of the particles enhances their application
due to increase in surface area. However, smaller particles are often unstable and decreasing
particles’ size is often associated with particles’ coagulation; where particles tend to aggregate
forming larger particles. Also, in some cases, the application medium could disrupt the
electrostatic forces that stabilize the particles, which causes particles aggregation. Thus, there is a
need to improve the stability of the particles. One way to achieve that is through surface
modification where a surfactant is attached to the surface of the silica particles.
This thesis is intended to investigate the effects of surface modification of silica
nanoparticles using different surface coupling agent (SCA). It is proposed that through surface
treatment, silica nanoparticles will become more stable due to the formation of an unreactive
steric layer on silica’s surface. The thesis includes, but is not limited to, investigation of
stabilization of silica nanoparticles at neutral pH for the application in heat exchanger fluids. Due
to the medium of the heat exchangers, silica particles tend to aggregate and form larger particles.
Silica nanoparticles are synthesized through a hydrolysis reaction that involves tetraethyl
orthosilicate (TEOS), ammonia, ethanol, and water. After forming the silica, surface
modification is done through the addition of the SCA. Surface modification is analyzed through
dynamic light scattering (DLS), zeta potential measurements, and transmission electron
microscopy (TEM).
1

Since abbreviations have been used intensively throughout the thesis, a list of all the
abbreviations is provided in appendix A.
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Chapter 2: Chemistry Background
Spherical silica nanoparticles are synthesized using a method developed by Stöber, where
a solution of an alkoxysilane and ethanol is mixed with a solution of ammonia, water and ethanol
(Stöber,1968). Ethoxy groups on TEOS are hydrolyzed by water with ammonia being the
catalyst in the reaction. Figure 2 shows a schematic of the synthesis of spherical silica
nanoparticles from TEOS (structure is shown in figure 1).

Figure 1: The Chemical Structure of Tetraethyl Orthosilicate

Figure 2: Schematic of the Synthesis of Silica Nanoparticles from TEOS (Beganskiene et.
al., 2007)
Multiple studies have been done to investigate the effects of each parameter on the final
size of the silica nanoparticles. The reaction is catalyzed through nucleophilic attach of OH-,
which is produced from the reaction of NH3 and water. Hence, the higher the concentration of
ammonia and water is, the larger the diameter of the silica nanoparticles is. This increase occurs

3

until a maximum is observed, after which increasing the concentration of ammonia or water
decreases the diameter (van Blaaderen, 1993).
Increasing the concentration of TEOS leads to a slight increase in particles size (van
Blaaderen, 1993). An alkoxysilane with a different carbon chain could be used. The influence of
substituent on the silica atom depends on its ability to withdraw electrons or steric hinderence to
an attacking nucelophile. Hence, lower alkoxysilane are hydrolyzed faster than higher
alkoxysilane (van Blaaderen, 1993). In addition, methanol could be used instead of ethanol,
which acts as a solvent. Methanol results in smaller size nanoparticles since it has a shorter
carbon chain (Bogush, 1988).
Reaction could be run at different temperatures. Lowering the temperature always results
in larger size silica nanoparticles. In some cases, lowering the temperature to 30°C could
increase the radius by 4 times (Bogush, 1988). In this thesis, all reactions were carried at room
temperature. Although temperature could vary from one experiment to another, temperature
effects were ignored. In addition, the hydrolysis reaction reaches completion in few hours and
the size of the nanoparticles remain constant afterwards (Zhijian et. al., 2006).
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Chapter 3: Literature Survey
A substantial body of literature exists on the surface modification of colloidal silica
nanoparticles via chemical attachment of a variety of molecules. Typical SCA contain silane
group –S(OR)x (x=1, 2, 3). By properly selecting the degree of polarity of the SCA chain, it is
possible to control the degree of hydrophobicity of the modified particles. This type of reaction
has been studied extensively in the literature (Iler 1957; Nitze et al. 1972; van Blaaderen 1993,
1994; Zhijian et al, 2006, 2007; Phan et al, 2007). Given that untreated silica is hydrophilic,
much of the work in this area has been focused on producing hydrophobic silica. Several patents
(Iler 1957; Nietzsche 1972; Clark 1977; Podszun, 1986; Panster 1993; Noritake, 1997; Yoshitake
2000); have been issued for the production of surface-treated silica that can be dispersed in
polymeric (non-polar) matrices and although there is occasional reference to the aggregation
state of the treated silica (Burns, 2000), there is little to indicate the effect of treated silica on
colloidal stability.
A number of studies have looked into the effect of surface treatment on the stability of
the silica (van Blaaderen 1993, 1994; van Helden 1981; Zhijian 2006, 2007). These studies have
established that it is possible to modify the surface of silica without causing aggregation of the
particles. However, the intrinsic stability of the surface modified colloids in aqueous solutions,
particularly in the near neutral pH region (pH 5-8) is not known. Lee and coworkers (Zhijian
2006, 2007) performed a detailed study of silica modified by a variety of silanes. They reported
that the hydrophobicity of the treated silica can be controlled via the length of the hydrocarbon
chain that is attached to the particles. This conclusion was reached based on the contact angle of
nanocomposites formed by mixing polystyrene with surface treated silica. It was found by this
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method that the contact angle could be increased from approximately 85°, for untreated silica, to
100°, for silica treated with a silane with an 11-methylene chain.
In summary, studies in the literature indicate that it is possible to surface treat silica with
a variety of silanes so as to place a steric layer onto the particles without causing particles to
aggregate during the surface modification step. Such particles have been shown by indirect
methods to possess a variable degree of hydrophobicity that is a function of the chain attached to
the silane. The mechanical stability of the surface modification and the colloidal behavior of the
surface modified particles in near neutral pH is not known. Table 1 summarizes some of the
studied SCAs.

6

Table 1: Summary of s Studied SCA in the Literature
Molecule

Name

Reference

Si(OC2H5)4

tetraethoxysilane

Zhijian et al, 2007

(C2H5O)3SiCH3

methyltriethoxysilane

Zhijian et al, 2007

(C2H5O)3SiCH=CH2

vinyltriethyloxysilane

Zhijian et al, 2007

(C2H5O)3Si(CH2)2CH3

n-propyltriethoxysilane

Zhijian et al, 2007

(CH2H5O)3Si(CH2)6Si(OCH3)3

Bis(trimethoxysilyl)hexane

Zhijian et al, 2007

(C2H5O)3SiC6H5

phenyltriethoxysilane

Zhijian et al, 2007

(C2H5O)3Si(CH2)7CH3

n-octylthriethoxysilane

Zhijian et al, 2007

(C2H5O)3Si(CH2)11CH3

n-docecyltriethosilane

Zhijian et al, 2007
van Blaaderen and Vrij 1993, 1994;

(C2H5O)3Si(CH2)3NH2

aminopropyl triethoxy silane (APES)

Zhijian et al, 2006;
Pham et al 2007;

(CH3O)(CH3)2Si(CH2)3NH2

aminopropyl triethoxy silane (APMS)

Pham et al 2007;

A number of SCAs were investigated in this thesis, namely: APES, APMS, and TMPE
(N-[3-(Trimethoxysilyl)propyl]ethylenediamine). The reason these specific SCA were chosen is
because much of the literature studies was directed toward creating hydrophobic silica, and very
few studies have looked into improving stability of silica in hydrophilic solvents. Silica modified
with these surfactants is expected to be soluble in hydrophilic solvents. Below is a summary of
literature studies on APES and APMS.
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3.1: 3-aminopropyltriethoxysilane (APES)
The structure of APES is shown in figure 3. It is anticipated that silica modified with
APES would be more stable due to the formation of a steric layer on the surface of the
nanoparticles, especially that the tail of APES in an unreactive amine group.

Figure 3: The Chemical Structure of APES Molecule
Few studies have investigated the effect of APES on silica nanoparticles (Zhijian et al,
2006 ; and Phan et al, 2007). These studies have demonstrated the ability to modify the surface
of the nanoparticles without inducing aggregation, but were specific to certain diameter value.
The studies also did not look into particle’s stability after surface modification. In the study made
by Zhijian and co-workers, silica was synthesized using Stöber method. After forming silica
nanoparticles, APES is added to the solution. The size of silica particles was 132 nm before
APES was added, and 167 nm after APES was added. The study did many tests to illustrate
surface modification, but most importantly, zeta potential measurements showed a distinct
behavior as shown in figure 4.
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Figure 4: Zeta Potential Measurements for Untreated (TEOS) and APES-Treated Silica
Nanoparticles (Zhijian et al, 2006)
The change in zeta potential curve between untreated and APES-treated particles
suggests that particles’ surface is modified. A number of other tests were used to confirm this
conclusion: Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA), and
water vapor adsorption. Treated silica nanoparticles are expected to be more stable than
untreated nanoparticles due to the steric layer surrounding the surface of the nanoparticles. Since
aggregation takes place by the reaction of unstable free -O- groups on the surface of the particles,
surface modification is expected to minimize this problem since these groups will be largely
replaced with an unreactive aminopropl group. Schematic of the proposed hydrolysis reaction for
surface modification using APES is shown in figure 5.
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Figure 5: Schematic of Surface Modification Process using APES
Due to the limited experimental conditions carried by these studies, it was desired to
investigate the effects of APES on a wider range of diameters. Also, it was desired to determine
the stability of the particles after modification, which was not studied before.
Preliminary study on APES-treated silica was done previously (Kolandra, 2009). In her
thesis, Kolandra observed that silica nanoparticles aggregated forming larger particles after the
addition of APES. Figure 6 shows the effect of APES on the size of the diameter of the
nanoparticles. Figure 7 shows TEM images of one of the studied samples before and after the
addition of APES. The aggregation between the nanoparticles is clear from these images.
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Figure 6: Effects of Adding APES (Surfactant) on the Diameter Size at Different Ammonia
Concentrations (Kolandra, 2009)

Figure 7: TEM Images of Silica Nanoparticles before and after APES Surface Treatment
(Kolandra, 2009)
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3.2: Aminopropyldimethylethoxysilane (APMS)
The structure of APMS is shown in figure 8. APMS has a very similar structure to APES,
however, it has only one ethoxy group, which makes it a less reactive SCA.

Figure 8: The Chemical Structure of APMS
Very few studies have looked into the effects of surface treatment of silica using APMS
(Phan et al, 2007). In their study, Phan and co-workers compared the behavior of silica
nanoparticles modified with APES to that modified with APMS. Experiments were carried on
TM-40 LUDOX colloidal silica purchased from Sigma-Aldrich, which are silica nanoparticles
(diameter of ~33 nm) dispersed in water (40 wt% of silica). Silica was diluted to 10 wt% by the
addition of water before 1/200 wt.% of SiO2/SCA was added to the solution to treat the surface
of the particles. The diameter of the nanoparticles did not change after the addition of the APES
or APMS. When APMS is used, aggregation didn’t occur at any concentration. However, APES
resulted in aggregation at certain concentration (at ratio higher than 1/200 wt. of APES/SiO2).
Results showed a similar zeta potential curve of APMS to that of APES, as shown in figure 9.
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Figure 9: Zeta Potential Measurements for Unmodified and Modified Silica using APES
and APMS (Phan et. al, 2007)
Similar to the case of APES, it was desired to see the effect of APMS on a wider size
range of silica, and it was desired to test the stability of APMS-treated silica.
3.3: Two-Step Modification Process using APES Followed by Glutaric Anhydride
Mahalingam and co-workers did a six-step surface modification on silica nanoparitlces
(Mahalingam et. al, 2004). In their work, silica was synthesized using a modified Stober method,
similar to the one described in this thesis. That is, using TEOS, ethanol, ammonia, and water.
Although the concentration of ammonia was not mentioned in the study, it could be determined
experimentally by knowing that they used 50 nm particles. In each step, a different functional
group is introduced to the solution. Figure 10 shows a schematic of the six-step modification
steps.
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Figure 10: Schematic of the Six-Step Silica Modification Process (Mahalingam et. al, 2004)
APES is added in the first step, and glutaric anhydride is added in the second step. They
used salicylaldehyde test to show that nitrogen group in APES was modified upon the addition of
glutaric anhydride. However, the interesting result of this study is that after the second step (after
the addition of glutaric anhydride), zeta potential measurements gives a value of ~ -50 mV at
neutral pH, which indicates that particles are stable. Zeta potential results are shown in figure 11.
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Figure 11: Zeta Potential Measurements of the Six-Step Surface Treatment (Mahalingam
et. al, 2004)
In this thesis, a two-step modification process was tested for each aminosilane (APES,
APMS, and TMPE) followed by glutaric anhydride. It was proposed that if modification of one
nitrogen group in the aminosilanes will improve the stability of silica, then the presence of two
or three nitrogens could further improve the stability. For that reason, the effect of TMPE was
tested.
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Chapter 4: Experimental Procedure
4.1:

Preparation of Silica Nanoparticles:

A modified Stöber method adopted from (Zhijian et al, 2006) was used to synthesize
silica nanoparticles. 2.79 mL of TEOS purchased from Sigma-Aldrich is mixed with 22.2 mL of
pure ethanol. In another solution, 0.638 mL of NH4OH (28% in water) purchased from SigmaAldrich is mixed with 17.6 mL of pure ethanol and 6.8 mL of distilled H2O. Each solution is
mixed using magnetic stirrer for few minutes, before the two were mixed together. A white
turbid started to form rapidly after mixing. The final solution (around 50 mL) was allowed to
react for at least 24 hours. The final composition was 0.25M TEOS, 0.188 M NH3, 8 M H2O, and
13.6 M ethanol. The diameter of the particles is measured using DLS, and zeta potential
measurements are taken at different pH values. For some samples, TEM images were taken.
Note that the volume of ammonia was the adjustable parameter to achieve different diameter
sizes. By varying the amount of ammonia from 0.3 to 1.0 mL, the particle size is found to vary
between 30 and 150 nm. Larger particles size could be formed by using a higher ammonia
volume.
4.2:

Surface Modification Process:
At least 24 hr after silica nanoparticles are formed, a SCA is added to the solution at

desired concentration. The solution is allowed to mix under stirring for at least another 24 hr.
The size of the particles is measured using DLS and zeta potential measurements are taken at
different pH values. For some samples, TEM images were taken.
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4.3:

Dynamic Light Scattering (DLS):

DLS is one of the most common techniques to measure the diameter of particles. Light
(in this case laser) is passed through a sample, which scatters particles in its path. A
sensor/detector is used to measure scattered light. The detector collects light and sends it to a
correlator for analysis. The detector records fluctuations in the intensity of the scattered light
shifts.
Stokes-Einstein equation relates the diffusion of the particles to the diameter. For
speherical particles, the following relation holds:
𝐾𝑇

𝐷 = 6𝜋𝜂 𝑅

(1)

where (k) is Boltzman’s constant, (D) is the diffusion constant, (T) is the temperature in Kelvin,
(η) is the viscosity, and (R) is the radius of the particle (Pecora, 1985).
The analysis of fluctuation is carried out by a correlator, in which auto-correlator
function, G(τ), for a monodisperse system, is described by:
𝐺(𝜏) = 𝑒 −𝛤 𝜏

(2)

𝛤 = 𝐷 𝑞2

(3)

𝑞=

4𝜋𝑛
𝜆

𝛳

sin( 2 )

(4)

where (τ) is the interval time (correlation time), (𝛤) is the decay constant, (q) is the magnitude of
scattering vector, (n) is the refractive index of the scattering medium, (𝛳) is the scattering angle
that can be changed by moving the detector, (λ) is the wavelength of the laser (Pecora, 1985 and
Bryant and Thomas, 1995). Combining the results of (𝛤) and (q), radius of the particles can be
17

found along with G(τ). A typical relationship between G(τ) and τ is shown in figure 12
(Williamson , 2006).

Figure 12: Typical Relationship between Correlator Function (G(τ)) and Correlator Time
(τ)
Brookhaven Instrument Corporation’s Digital Correlator along with Spectra-Physics
Model 127 35 mW Helium-Neon Laser were used. Wavelength was set to 633 nm. The angle
between the laser and the detector was 90°. To carry DLS measurements, a couple drops of the
sample are diluted with distilled water in a test tube. Measurements are taken 5 times to ensure
good reading. Only measurements with a percentage error of <0.1% were recorded.
4.4:

Zeta Potential Measurements:

Colloidal stability depends on electrostatic repulsion forces between particles. Charged
particles in an electric field experience two forces: a drag force (Fd) and an electric force (FE), as
shown in figure 13.
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Figure 13: Forces Experienced by a Charged Particle in an Electric Field
The drag force is defined as:
𝐹𝑑 = 6 𝜋 𝜂 𝑅 𝑣

(5)

where (v) is the velocity of the charged particle. The electric force is defined as follow:
𝐹𝑒 = Q E

(6)

The mobility of the particles is related to the zeta potential through the following
relationship:
𝐵=

2 є0 є 𝜉
3𝜂

𝑓(𝜅𝑅)

(7)

where f(𝜅𝑅) is a constant (obtained from theory), (є) is the electric permittivity (𝜉) is the zeta
potential, and (є0) is the electric permittivity of free space. A particle with a potential of│50mV│
is considered stable. Zeta potential gives the isoelectric point (IEP), which is the pH at which
particles exhibit no net charge (a zeta potential value of 0 mV), which signifies the most unstable
point.
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Few drops of the sample are diluted with distilled water in a cuvette. Measurements are
taken 5 times to ensure good reading. For zeta potential measurements at different pH values, pH
of the sample is adjusted by carefully adding small amounts of diluted HCl (<1 M) or NH4OH.
Standard deviation is calculated for each sample. Note that zeta potential is a function of the
ionic strength, which could be affected by the addition of HCl and NH4OH, however, these
effects were assumed to be negligible since HCl and NH4OH are added in very small volumes.
4.5:

Transmission Electron Microscopy (TEM):

TEM gives an image of the particles at the nano-scale. A beam of electrons is transmitted
through an ultra thin specimen. Electrons interact with the specimen forming an image which is
magnified and focuses into an imaging device. The small de Broglie wavelength of electrons
gives TEM a high capability of magnifying images.
The sample of interest is diluted in water with a volume ratio of at least 1:20. Few drops
of the sample are place on a carbon grid before TEM images are taken.
4.6:

Stability Test:

The concentration of the particles (Cp) could be used to calculate the half time (t1/2) of
particles. This could be done as follow:
𝑑𝐶𝑝
𝑑𝑡

where R =
k12 =

𝑘12 𝐶𝑝 2
2

= −𝑅

(9)
8𝑘𝑇

. (k12) is a constant. For untreated particles: k12°=

3µ

, and for treated particles:

𝑘12°
𝑊

, where (W) is a stability factor that is a function of ionic strength and pH. Using the

expression of (R) and solving the differential equation by separation of variables:
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1
𝐶𝑝

=

𝑘12
2

1

𝑡 + 𝐶𝑝0

(10)

where Cp0 is in initial particle concentration. By graphing 1/Cp0 against (t), k12 could be
calculated. (t1/2) is defined as the time it takes for the particle to reach twice the initial
concentration. Using this definition, (t1/2) could be calculated as:
2

t1/2= 𝑘12 𝐶𝑝0

(11)

The concentration of the particles is related to the mass concentration of the particles as follow:
𝐶𝑚 = 𝑉 𝑝 𝐶𝑝

(12)

where (p) is the density of the particles and (V) is the particle volume:
V=

𝜋
6

𝑑𝑝3

(13)

where dp is the particle’s diameter. DLS measures dp, from which (V) could be calculated using
equation (13). Since CM is an experimental parameter, Cp is calculated using equation (12), from
which t1/2 could be calculated using equation (11).
Experimentally, comparison of the stability between different samples could be done by
comparing t1/2 at the same pH.
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Chapter 5: Results and Discussion
5.1: Surface Modification of Laboratory Synthesized Silica using APES:
APES molecule has three active ethoxy groups, which present the possibility of bridging
between two neighboring silica via APES on the surface of one silica nanoparticle and another
APES on an adjacent silica surface. This makes it more challenging to modify silica particles
without inducing aggregation. Schematic of this process is shown in figure 14.

Figure 14: Schematic Showing the Possibility of Bridging between APES-treated Silica
Nanoparticles (Phan et al, 2007)
The first step in this thesis was to establish the appropriate concentration of APES in
which nanoparticles do not aggregate. Experimental procedure described in (Zhijian et al, 2006)
was used as a starting point. Silica nanoparticles were synthesized as explained in the
experimental procedure section (section 4.1). Experimental conditions were adjusted through
varying ammonia concentration, which results in different diameter sizes, and through varying
APES concentration. Experiments showed that the high concentration of APES in the
preliminary study by Kolandra was responsible for nanoparticles aggregation. Table 2 shows a
summary of the experimental results where silica did not show aggregation upon the addition of
APES.. Note that, for each sample presented in table 2, any higher concentrations of APES than
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the ones presented in table 2 leads to particles aggregation. Aggregation refers to bridging
between particles which creates larger particles (the size in this case increases by over >200 nm).
It was observed that particles that aggregate after the addition of APES are unstable and result in
formation of gel, with variation in that time period (most of these particles take 24-48 hr until gel
forms).

23

Table 2: Summary of the Experimental Results at which APES-treated Silica Nanoparticles
did not Show Aggregation
SAMPLE

APES (M*10-3)

Light Scattering diameter (nm)

-

51.3

0.90

52.7

-

34.5

1.81

39.1

2.71

37.1

-

42.3

1.72

65.1

2.44

63.3

-

49.2

2.62

52.1

4.89

55.3

-

128.7

0.90

137.0

-

79.6

1.36

134.0

E

G

N

L

F

O

Data in table 2 are plotted in figure 15. Overall, the diameter of APES-treated
nanoparticles increases by approximately 5 to 10 nm compared to untreated silica (with the
exception of sample O). The diameter also increases with increasing the concentration of APES.
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The size increase is most likely due to a degree of aggregation induced by bridging between
APES molecules on neighboring particles. Nonetheless, particle size is stable over time after the
addition of APES, indicating that the treated particles are colloidally stable and do not exhibit
further aggregation. Nonetheless, particle size should be tested over a prolonged period of time
(more than two weeks) to confirm these results. However, this was not done in this thesis. In
addition, results in figure 15 show that the lower the particle size is, the higher the concentration
of APES that could be added to the solution without causing nanoparticles aggregation. This
could be due to the lower concentration of ammonia in these solutions, since lower size particles
has a lower concentration of ammonia, especially since ammonia acts as a catalyst in the
reaction. Note that the presence of ammonia is not critical for the surface modification step.
Ammonia is present in the solution since it acts as a catalyst in the synthesis of silica
nanoparticles. This hypothesis could be tested by evaporating the ammonia after silica
nanoparticles are synthesizes since ammonia has a lower boiling point than other chemicals
involved in the process. Comparison between maximum concentration of APES in which
aggregation is induced between the solution with- and without ammonia would indicate if this is
the reason or not. However, this was not tested in this thesis. In addition, it is possible that
adding APES dropwise will allow for a higher concentration of APES to be added without
inducing aggregation. This is because lower amounts of APES will be available to react, and that
in each step, APES would have fully hydrolyzed prior to adding an extra amount. However, this
was not tested in this thesis.
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Figure 15: Summary of the Experimental Results at which APES-treated Silica
Nanoparticles did not Show Aggregation
Results in figure 15 indicate that there is a maximum concentration of APES for each
diameter size above which nanopartricles become unstable, most likely due to bridging induced
by APES molecules.
TEM images of samples L and O are shown in figure 16. Due to the small size change
after surface modification, it is difficult characterize the samples using TEM images. Thus,
TEM was no longer used as a characterization technique.
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L1

L (untreated)

L (APES-treated)

O (untreated)

O (APES-treated)

Figure 16: TEM Images of Untreated (L, O) and APES-Treated (L1, O1) Samples
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Zeta potential measurements were taken for untreated and APES-treated nanoparticles of
sample O in the pH range 2 to 10. Results are shown in figure 17. As shown in the figure, treated
silica has a distinctly different behavior compared to untreated silica. The difference is especially
pronounced in the pH range below 7, in which APES-treated silica exhibits a positive potential
whereas untreated silica exhibits a weakly negative potential. The results indicate that the
presence of the surface modification can be identified by the zeta potential of the particles. This
is a very useful finding in light of the fact that the thickness of the surface layer formed by APES
is far too small to be identified visually by microscopically techniques.

Figure 17: Zeta Potential Measurements for Sample O
The behavior in figure 17 could be explained as follow: the negative charge on the
unmodified silica nanoparticles is due to the dissociation of protons from the silica surface:
-SiOH + OH- → -SiO- + H2O
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[1]

At high pH, most H+ are removed due to the basic environment. At acidic pH, the
abundance of H+ protonates most negatively charged groups which increases zeta potential
value. However, as figure 17 suggests, there is still a negative charge on the surface of the
nanoparticles.
For APES-treated silica, the presence of amino groups on the surface of the nanoparticles
increases their positive charge. In that case, the following reactions take place:
-NH2 + H+ → -NH3+

[2]

-NH2 + H2O → -NH2 + H2O

[3]

-NH2 + OH- → -NH- + H2O

[4]

At low pH, as figure 17 suggests, the potential of the particles becomes positive due to
the abundance of H+, which promotes reaction [2]. At neutral pH, the amino groups remain
uncharged due to reaction [3]. At basic pH, the amino groups are deprotonated due to reaction
[4], which contributes to the negative charge of the nanoparticles. Surface coverage of APES
might be responsible to the lower potential magnitude of APES-treated particles in the neutral to
basic pH range compared to untreated particles. This is a result of having less negatively charged
groups exposed on the silica surface, and the fact that in general, silica has a higher negative
surface charge compared to amine groups at basic pH.
5.2: Surface Modification of TM-40 Colloidal Silica using APES and APMS
Instead of synthesizing silica nanoparticles as described previously, TM-40 LUDOX
colloidal silica (purchased from Sigma-Aldrich) were used in this part of the thesis. TM-40
LUDOX colloidal silica has 40 wt% SiO2 in water. Unlike the synthesized SiO2, TM-40 colloidal
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silica does not contain ammonia; however, the original pH of the solution is basic (pH~9). The
solution also doesn’t include any ethanol which serves as a solvent during the synthesis of silica.
The degree of aggregation problem faced with synthesized silica is expected not to be as
significant in this case due to the absence of the catalyst, ammonia.
In this experiment, APES and APMS molecules were the SCA. Since APMS contains
only one active ethoxy group (structure is shown in figure 8), the problem of bridging between
nanoparticles should be largely avoided as APMS could only form a dimer with another APMS
molecule.
A modified procedure from (Phan et al, 2007) was used in this experiment. LUDOX TM40 colloidal silica was diluted to 10 wt% SiO2 by the addition of distilled water. The final
volume of the LUDOX TM-40 colloidal silica was 20 mL. SCA is then added to the sample.
Table 3 shows the concentration of SCA that was used. After 24 hr from the addition of APES,
the size of the nanoparticles is measured using DLS. Table 3 summarizes DLS measurements.
The solution was mixed using a magnetic stirrer throughout the entire experiment.
Table 3: DLS Results before and after Adding SCA to TM-40 LUDOX Colloidal Silica
Sample

SCA (M)

Diameter (nm)

SiO2

-

33.8 ± 0.3

SiO2 + APES

2.26*10-3

38.7 ± 0.2

SiO2 + APMS

3.11*10-3

36.7 ± 0.2

As shown in table 3, there is a slight increase in the diameter of the nanoparticles upon
the addition of APES and AMS, with a smaller change in the case of APMS. This was expected
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due to the presence of one active group in the case of APMS which reduces the possibility of
bridging between particles. Zeta potential measurements were taken for the three samples in
table 3 at different pH values. Results are shown in figure 18.

Figure 18: Zeta Potential Results for Untreated-, APMS-, and APES-treated Silica Samples
Presented in Table 3
Results in figure 18 show that APMS-treated nanoparticles have a very similar behavior
to APES-treated nanoparticles, which are similar to the behavior APES-treated silica shown in
figure 17 (silica in that case was synthesized in the lab). Note that differences in potential
magnitude are probably due to a different particle size and SiO2 concentrations. Figure 18 also
shows that at high pH, zeta potential of treated silica is higher than untreated silica. This is likely
due to surface coverage of APES/APMS which reduces surface charge. Likely explanation for
the behavior of each curve is identical to the one presented previously (figure 17 explanation).
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These results indicate that although surface of the particle is modified, the resulting
nanocolloid isn’t likely to be stable in the neutral pH range since zeta potential values are lower
than │30│ mV. To test nanoparticles stability, a salt experiment was carried out on untreated
and APES-treated nanoparticles presented in table 3. Through screening effect, salt decrease the
surface charge of the nanoparticles, and thus reduces their stability. Table 4 shows the amount of
NaCl added to each solution. Salt was added to each solution step-wise until aggregation
occurred (gel formed). Note that the experiment was carried on samples at their original pH. That
is, no pH adjustments were made on any of the two samples.
Table 4: Salt Experiment Results for Untreated and APES-Treated SiO2.
Size (nm)
APES-Treated SiO2

NaCl (M)

Untreated SiO2

0.039

37.9

-

0.060

38.6

-

0.086

38.6

-

0.112

-

40.7

0.121

39

-

0.129

-

39.9

0.172

39

-

0.190

-

140.7

0.207

41

-

0.207

43.5

-

0.241

-

Aggregation

0.276

109.6

-

0.302

Aggregation

-

0.345

-

-

Note that dashes (-) refers to salt concentrations that were used for one sample but not the other.
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Table 4 shows that a higher concentration of salt is needed to induce aggregation in the
untreated nanoparticles case, which indicates that untreated nanoparticles are probably more
stable than APES-treated. However, another explanation to this behavior is the incomplete
modification of the nanoparticles surface by APES molecules which doesn’t lead to the
formation of a complete steric layer. In the later case, electrostatic forces still play a major role in
stabilizing the particles. If a complete layer is formed, it is expected that APES-treated particles
will be less affected by salts compared to untreated particles. Note that the surface of silica
nanoparticles isn’t completely spherical and that irregularity on the surface are likely, which
leaves some ethoxy groups untreated. This could also contribute to the incomplete surface
modification.
Since aminosilnaes (APES and APMS) increase the surface charge of the particles, it is
unlikely that any aminosilane would improve the stability of silica nanoparticles especially that
silica has a negative surface charge and that the amino silane would increase this surface charge
and get it closer to the 0 mV range. And indeed, in all previous the samples presented, particles
coagulate to form a solid after few days (here I am referring to samples with zeta < │20mV│).
5.3: Surface Modification using N-[3-(Trimethoxysilyl)propyl]ethylenediamine
(TMPE)
Due to the need for more stable nanoparticles at neutral pH, an alternative SCA was used.
TMPE (structure is shown in figure 19), has a similar structure to APES, with an extra ethyl
amine attached to the propyl amine. Literature survey showed that there weren’t studies that
tested the effect of this SCA on silica prepared using Stöber method. The main reason TMPE
was tested is to study the effect of two amine groups on the two-step modification process, which
will be discussed later. It was not anticipated that the one step modification process using TMPE
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would show improved stability in the neutral pH region, especially that it will lead to an increase
in particle’s charge which would get zeta potential closer to the unstable zeta potential range
(~<│20│ mV).

Figure 19: The Chemical Structure of TMPE
0.03 g of TMPE (6.75*10-3 M) was added to a 20 mL of 10 wt% TM-40 LUDOX silica.
The size of the particles was measured 24 hrs after the addition of TMPE using DLS and was
determined to be 39.1 nm (around 6 nm increase from the original size). Zeta potential
measurements were taken for the sample and are shown in figure 20, along with APES(2.26*10-3 M), and APMS (3.11*10-3 M)-treated silica.
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Figure 20: Zeta Potential Measurements for APES-, APMS-, and TMPE-treated TM-40
LUDOX Silica
Figure 20 suggests that stability near neutral pH did not improve upon the addition of
TMPE, although the behavior is different from APES- and APMS-treated silica. The IEP shifted
to a pH of 8.6 from a pH of 7.4 and 4.9 for APMS and APES, respectively.
5.4: Two Step Modification Process on LUDOX TM-40 Silica using APES
Followed by Glutaric Anhydride (GA):
A two-step modification process (described in section 3.3) was done on the LUDOX TM40 treated with the three aminosilanes (APES, APMS and TMPE). LUDOX TM-40 silica was
diluted to 10 wt% by the addition of distilled water. In each experiment, 20 mL of the 10 wt%
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TM-40 LUDOX silica is used. Also, in each case, 24 hr after the aminosilane is added, glutaric
anhydride (dissolved in DMF) is added to the solution. In the case of APES, each sample had
2.26*10-3 M of APES. Figure 21 shows the results of two-step modification process using APES
at different glutaric anhydride concentrations.
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Figure 21: Zeta Potential Measurements for APES-Treated LUDOX TM-40 Silica using
Two-Step Modification Process at Different Glutaric Anhydride Concentrations
Results in figure 21 show that there is no systematic shift in zeta potential with respect to
glutaric anhydride concentration. This was not anticipated. Since the results were not replicated,
it is possible that this is due to experimental errors. Nonetheless, results for the sample at glutaric
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anhydride concentration of 4.28E-03 M are promising. Figure 22 compares best result (in terms
of zeta potential stability at neutral pH) of two-step modification process (APES then glutaric
anhydride) against APES-treated particles in a one step process and untreated particles.
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Figure 22: Comparison between Best Result of Two-Step Modification Process (APES then
GA) Against APES-Treated Silica and Untreated Silica
Results shown in figure 22 indicate that the two-step modification process could yield a
more stable silica in the neutral pH range (stability is improved up to 10 mV).
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5.5: Two Step Modification Process on LUDOX TM-40 Silica using APMS
Followed by Glutaric Anhydride:
Similar to the case of APES, a two-step modification process was done on the TM-40
LUDOX silica treated with APMS. LUDOX TM-40 silica was diluted to 10 wt% by the
addition of distilled water. In each experiment, 20 mL of the 10 wt% TM-40 LUDOX silica is
used. Also, in each case, 24 hr after the aminosilane is added, glutaric anhydride (dissolved in
DMF) is added to the solution. APMS concentration in each sample was 3.11*10-3 M. Figure 23
shows the results of two-step modification process using APMS at different glutaric anhydride
concentrations.
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Figure 23: Zeta Potential Measurements for APMS-Treated LUDOX TM-40 Silica using
Two-Step Modification Process at Different Glutaric Anhydride Concentrations
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Similar to the case of APES, there is no systematic shift of the zeta potential curve with
respect to glutaric anhydride concentration. Nonetheless, at glutaric anhydride concentration of
3.75E-03 M, particles exhibit a relatively good stability. Figure 24 compares zeta potential
curves of the best case in the two-step surface treatment process to APMS-treated silica and
untreated silica.
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Figure 24: Comparison between Best Result of Two-Step Process on APMS-Treated Silica
against APMS-Treated Silica and Untreated Silica
Results shown in figure 24 are similar to the ones in figure 22 for two-step modification
process using APES; zeta potential is further improved by the addition of glutaric anhydride
compared to untreated silica.
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5.6: Two Step Modification Process on LUDOX TM-40 Silica using TMPE
Followed by Glutaric Anhydride:
Similar to the case of APES and APMS, a two-step modification process was done on the
LUDOX TM-40 treated with TMPE. LUDOX TM-40 silica was diluted to 10 wt% by the
addition of distilled water. In each experiment, 20 mL of the 10 wt% TM-40 LUDOX silica is
used. Also, in each case, 24 hr after the aminosilane is added, glutaric anhydride (dissolved in
DMF) is added to the solution at different concentrations. TMPE concentration in each sample
was 6.74*10-3 M. Figure 25 shows the results of two-step modification process using TMPE at
different glutaric anhydride concentrations.
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Figure 25: Zeta Potential Measurements for TMPE-Treated LUDOX TM-40 Silica using
Two-Step Modification Process at Different Glutaric Anhydride Concentrations
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Similar the previous two cases, TMPE-treated silica using a two-step modification
process did not show systematic shift in zeta potential with respect to glutaric anhydride
concentration. More experiments should be carried out to confirm these results. Nonetheless, the
sample with glutaric anhydride concentration of 5.84E-03M showed promising results. Figure 26
compares zeta potential results of best case two-step modification using TMPE to TMPE-treated
silica and untreated silica.
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Figure 26: Comparison between Best Result of Two-Step Process on TMPE-Treated Silica
against TMPE-Treated Silica and Untreated Silica
As shown in figure 26, two-step modification process has the potential of further
improving particle’s stability up to 15 mV at neutral pH region. This result is better than twostep modification process using APES and APMS.
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Bests result for the two-step process for each aminosilane is plotted in figure 27. As
shown in the figure, all two-step processes show improved stability over untreated silica in the
neutral pH region. These results could be further optimized by testing different glutaric
anhydride concentrations.
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Figure 27: Best Results for Two-Step Surface Modification using APES, TMPE, and
APMS-Treated Silica against Untreated Silica
5.7: Surface Modification of Fumed Silica:
Experiments were carried on purchased fumed silica to compare the results to synthesized
silica. Fumed silica consist of fine particles, about 10-20 nm in size, which are present in the
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form of aggregates that range from about 100 nm to more than a micron. Figure 28 shows TEM
images of these silica.

Figure 28: TEM Images of Untreated Fumed Silica
Figure 24 shows how particles are present in an aggreagate form. Due to the presence of
silica in an aggregate form, it was necessary to separate the nanoparticles to a smaller size.
Sonication was carried out on a sample prepared by mixing 0.366 g SiO2 in 20 mL of water. The
sample was sonicated for two hours. Samples were withdrawn every 30 min and the diameter
was measured using DLS. Results are shown in figure 29.
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Figure 29: Effect of Sonication on the Dispersion of Silica in Water
Results in figure 25 show that silica is suspended in the form of aggregates with an
average size of about 600 nm. Increasing the sonication time does not improve the state of the
dispersion. In fact, the opposite behavior is observed: aggregate sizes appear to increase with
increasing sonication time, possibly due to increased contact between aggregates as a result of
sonication. Results indicate that prolonged sonication does not improve dispersibility and may
even cause further aggregation. Due to the large size of particles, and the inability to separate
them into a smaller size, no further experiments were carried out on fumed silica.
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Chapter 6: Conclusion
In this thesis, the effects of surface treatment of silica nanoparticles using three
aminosilanes (APES, APMS, and TMPE) were investigated. In the case of APES-treated silica
(where silica was synthesized in the lab), the appropriate concentration of APES in which
nanoparticles do not exhibit aggregation was established. This concentration was established on
a wide range of particles’ sizes (30-150nm). This was important especially that APES has three
active ethoxy groups that allows bridging between adjacent silica particles modified with APES.
Zeta potential measurements of APES showed that APES-treated silica exhibit positive zeta
potential values in the acidic range (compared to slightly negative zeta potential of untreated
particles). In the neutral to basic pH region, APES-treated silica has a lower │zeta potential│
compared to untreated silica. This behavior is explained by the presence of the amine groups on
APES.
The effects of APMS were also investigated. APMS has only one active ethoxy group,
making it a less reactive SCA compared to APES. Experimental results indicated that silica
nanoparticles do no exhibit any degree of aggregation upon treatment with APMS. Although a
wider range of particles’ diameter should be tested to confirm this conclusion, this result is
anticipated since APMS has only one active ethoxy group, which allows the formation of only a
diamer with another APMS molecules. Also, bridging between neighboring silica is not possible
in this case, in contrast to APES. However, zeta potential behavior is not much different between
APMS and APES.
TMPE was another SCA that was investigated in this thesis. The degree of aggregation
for TMPE-treated silica was not tested in this thesis. However, a similar behavior to APES is
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anticipated since the two aminosilanes have three active groups, which is the chief responsible of
aggregation. Zeta potential measurements showed a similar behavior to the two aminosilnaes,
however, IEP shifted to a pH of 8.6 from a pH of 7.4 and 4.9 for APMS and APES, respectively.
TEM was used to characterize surface modification. However, comparison between TEM
images between untreated and APES-treated silica showed no differences. This is likely due to
the small size changes of modification step. Although it is possible that no changes took place
upon surface treatment, the distinct behavior in zeta potential discards such possibility.
Results of APMS, APES, and TMPE-treated silica suggests that the addition of
aminosilanes will not to improve the stability of silica in the neutral pH range since it will shift
the zeta potential curve (which is originally negative) upward closer to the zero zeta potential
region, as a result of the charge of the amine group. This conclusion also indicates that
electrostatic forces dominate over the formation of a steric layer on the surface of the particles,
although the incomplete surface coverage is a possibility since particles are not completely
spherical and irregularity, especially on the surface, is very likely.
In addition, a two-step modification of silica nanoparticles using an aminosilane followed
by glutaric anhydride was investigated. In all three aminosilnaes, results showed no systematic
shift of zeta potential with respect to glutaric anhydride concentration. Also, in all cases, some
glutaric anhydride concentrations showed improved stability of treated-silica in the neutral pH
region (up to 10 mV in the case of APES and APMS, and up to 15 mV in the case of TMPE).
TMPE results were more promising than APES and APMS. Also, zeta potential results of the
two-step modification process for the three aminoslines showed a positive sign in the acidic pH
region, which suggests that there are still some untreated amine groups on the surface of silica.
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Chapter 7: Future Work
Below is a list of suggestions for future work:
1. The amount of APES added to silica synthesized using Stöber method could increased by
one of the following:
a. Adding APES dropwise. This would minimize interactions between APES
molecules since less of them will be present in each time.
b. Evaporating ammonia prior to adding APES. Ammonia serves as a catalyst in the
reaction and is not critical for the surface modification step.
2. A study on a wider range of APMS was not done in this thesis. Although it is not
anticipated that the addition of higher concentration of APMS than the ones tested in this
thesis will lead to aggregation, this should be confirmed experimentally. Also, it will be
interesting to see the behavior of particles (in terms of zeta potential and DLS) upon the
addition of extra amounts of APMS. That is, if there will be a shift in zeta potential or if
it would remain the same. This will also help in establishing the concentration in which
all the surface of silica will be coated with a steric layer.
3. Similar to the case of APMS, a wider range of experimental data should help in
understanding TMPE-treated particles.
Note that the previous three comments do not look promising especially that aminosilane-treated
silica is not likely to show improved stability due to electrostatic forces as explained in the
thesis.
4. For the two-step modification process, the concentration of glutaric anhydride in the
second process which leads to complete treatment of all amine groups should be
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determined. Sensitivity analysis was done in this thesis were different concentrations of
glutaric anhydride were used. There are many chemical tests that will show whether the
amine is primary or secondary, one of which is Keiser test. By applying such tests, the
degree of modification of the amine groups could be determined, which will help in
determining the concentration of glutaric anhydride that will modify all amine groups.
5. In the two-step modification process, the first step was a focus for many research papers
(as shown in the thesis). Researchers confirmed that APES actually attaches to the
surface of silica. However, the proposed scheme for the second step is not fully
confirmed. Thus, further analysis should be done in this part. Contact angle test could
give a good idea since silica should be more hydrophobic after the second step due to the
increased carbon chain. BET could be used to calculate the surface area. Surface area is
expected to increase after the second step. These, in addition to the degree of the amine,
would confirm the proposed schematic of the second process.
6. In the two-step modification process, it is not established why TMPE shows improved
stability over APMS and APES, since one of the nitrogen is primary and the second is
secondary. Further investigation should be done on this part.
7. In general, glutaric anhydride readily reacts with water, which is present in abundant
quantities in the solution. Although amine groups react faster with glutaric anhydride, this
aspect should be further studied.
8. The effect of adding glutaric anhydride to untreated silica should be studied. Glutaric
anhydride readily reacts with water, which is present in abundant quantities in the
solution. Hence, it is not expected that it will modify the surface.
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9. In the two-step modification process, results showed no systematic shifts in zeta potential
with respect to glutaric anhydride concentration. More experimental data should be
collected to confirm this conclusion.
10. Stability test (discussed in section 4.5), will confirm if modified particles are more stable
than unmodified ones. Since this was not tested in this thesis, stability test should be
carried out to show if treated particles are more stable than untreated ones.
11. Alternative surfactants studied in the literature that showed improved stability in the near
pH region:
a. Sodium dodecyl sulfate (SDS) and sodium oleate (NaOl) are two anionic surfactants
(Wang et al.,2007)
b. 2-(4-chlorosulfonylphenyl) ethyltrimethoxysilane (Wang et al.,2003)

49

References:
Beganskiene A, Raudonis R, Zemljic Jokhadar S, Batista U and Kareiva A. (2007). Modified
sol-gel coatings for biotechnological applications. Functional Materials and
Nanotechnologies , Conference Series 93.
Bogush, G.H; Tracy, M.A.; Zukoski, C.F., IV J. Non-Cryst. Solids 1988, 104
Bryant, Gary, and John C. Thomas. ―Improved Particle Size Distribution Measurements Using
Multiangle Dynamic Light Scattering.‖ Langmuir 11 (1995): 2480-2485
Burns G. et al. Method for making non-aggregated hydrophobic colloidal silica. US Patent
6,051,672 (2000).
Byers, C.H.; Harris, M.T.; Williams, D.F. Industrial Engineering Chemical Resin. 1987, 26(9).
1916-1923.
Clark H., Pigment Free coating compositions. US Patent 4,027,073 (1977).
Pecora, Robert. Dynamic Light Scattering. New York: Plenum Press, 1985.
Kolandra T. Analysis of Nanocolloidal Silica Particles When Coated With The Silane Coupling
Agent APES. Honors Thesis, Pennsylvania State University, 2009.
Kulkarni, Devdatta P., Namburu, Praveen K., Ed Bargar, H. and Das, Debendra
K.(2008)'Convective Heat Transfer and Fluid Dynamic Characteristics of SiO2 Ethylene
Glycol/Water Nanofluid',Heat Transfer Engineering,29:12,1027 — 1035
Iler R., Process for preparing sols of colloidal particles of reacted amorphous silica and products
thereof. US Patent 2,786,042 (1957).
Nietzsche S. at al. Mehtod for preparing hydrophobic silica. US Patent 3,677,784 (1972).
50

van Blaaderen A., A. Vrij, Synthesis and Characterization of Monodisperse Colloidal Organosilica Spheres, Journal of Colloid and Interface Science, 156, (1993).
van Blaaderen A. and A. Vrij. Model Particles from Organosilanes, in The colloid chemistry of
silica. Chapter 4. American Chemical Society, 1994.
Van Helden A. K., J. W. Jansen, and A. Vrij. Preparation and characterization of spherical
monodisperse silica dispersions in nonaqueous solvents. Journal of Colloid and Interface
Science, 81(2):354–368, 6 (1981).
Mahalingam V, Onclin S, Peter M,B Jan Ravoo, Huskens J, Reinhoudt D. "Directed SelfAssembly of Functionalized Silica Nanoparticles on Molecular Printboards through
Multivalent Supramolecular Interactions." Langmuir (2004): 11756-11762.
Noritake M. and Yuasa, S. Inorganic compositions. US Patent 5,609,657 (1997).
Panster P. et al., Pasty dental material which is an organopolysilane filler combined with a
polymerizable bonding agent. US Patent 5,219,899 (1993).
Pham, K. N., Damian Fullston, and Kwesi Sagoe-Crentsil. Surface Charge Modification of
Nano-Sized Silica Colloid Aust. J. Chem., 60, (2007), 662–666.
Podszun W., Inorganic-organic fillers for polymerizable compositions. US Patent 4,617, 327
(1986).
Stober W., A. Fink and E. Bohn. Controlled Growth of Monodisperse Silica Spheres in the
Micron Size Range Journal of Colloid and Interface Science, 1968), 26, 62-39.

51

Wei Wang , Baohua Gu, Liyuan Liang. (2007). Effect of anionic surfactants on synthesis and
self-assembly of silica. Journal of Colloid and Interface Science , 169-173.
Wei Wang, Baohua Gu, Liyuan Liang, and William A. Hamilton. (2003). Fabrication of NearInfrared Photonic Crystals Using Highly-Monodispersed. J. Phys. Chem. B , 1211312117.
Williamson, A. The stabilization of nanocolloidal titania particles through the use of cationic
surfactant CTAB. Honors Thesis, Pennsylvania State University, 2006.
Yoshitake K. and Yokoyama T. Process of producing hydrophobic organosilica sol. US Patent
6,025,455 (2000)
Zhijian Wu, Hong Xiang, Taehoon Kim, Myung-Suk Chun, Kangtaek Lee. Surface properties of
submicrometer

silica

spheres

modified

with

aminopropyltriethoxysilane

and

phenyltriethoxysilane Journal of Colloid and Interface Science 304 (2006) 119–124.
Zhijian Wu, Hyuk Han, Woojoo Han, Bumsang Kim, Kyung Hyun Ahn, and Kangtaek Lee.
Controlling the Hydrophobicity of Submicrometer Silica Spheres via Surface
Modification for Nanocomposite Applications Langmuir 23, (2007), 7799-7803.

52

Appendix A: Glossary
Below is a list of the abbreviations that were used throughout the thesis
Table5: List of Abbreviations used Throughout the Thesis

Abbreviation

Synonym

APES

3-aminopropyltriethoxysilane

APMS

Aminopropyldimethylethoxysilane

DLS

Dynamic Light Scattering

GA

Glutaric Anhydride

IEP

Isoelectric Point

SCA

Surface Coupling Agent

TEM

Transmission Electron Microscopy

TEOS

Tetraethyl orthosilicate

TMPE

N-[3-(Trimethoxysilyl)propyl]ethylenediamine
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