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Preparation and self-assembly of carboxylic acid-functionalized silica
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Abstract

A simple method for the fabrication of silica nanoparticle film based on the covalent-bonding interaction between carboxylic acid-functionalized
silica nanoparticles (SiO2–COOH) and amino-terminated silicon wafer was developed. Prior to assembly, silica nanoparticles with an average
diameter 80 nm were prepared using the Stöber method, amino-functionalized silica nanoparticles (SiO2–NH2) were prepared by a silanization
with 3-aminopropyltriethoxysilane (APTES), while carboxylic acid-functionalized silica nanoparticles (SiO2–COOH) were prepared by a ring
opening linker elongation reaction of the amine functions with succinic anhydride, at the same time, amino-terminated silicon wafer (Si–NH2) was
obtained by self-assembling 3-aminopropyltriethoxysilane, then one layer relative close-packed carboxylic acid-functionalized silica nanoparticles
(SiO2–COOH) was arranged on silicon wafer through amidation reaction under DCC coupling agent.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The organization of nanoparticles in film form is important
for applications [1,2]. Self-assembly of nanoparticle by the col-
loidal on suitable supports is one of the interesting techniques
currently being investigated for realizing such structure be-
cause of the colloid size controllability and monodispersity [3].
Nanostructure based on silica nanoparticles has found exten-
sively applications in areas like optoelectronic devices [4,5],
MEMS device [6], photonic crystal [7,8], chemical/biological
sensor [9,10].

Various techniques such as electrostatic assembly [10,11],
colloidal epitaxy [12,13], convective self-assembly [14,15],
physisorption mediated by surface tension [16], and applica-
tion of an external electric field [17,18] have been employed
to direct the assembly of nanoparticles on surface. However,
there existed weak adsorption between these nanoparticles and
the substrate [19]. Recently, covalent interactions have been
utilized to bind the nanoparticles to a substrate, and it is con-
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sidered necessary for nanoparticles and the substrate to have
active groups [20–22]. Amine group and carboxyl group have
brought attention due to their better activity.

Surface modification is usually used to obtain reactive group
on silica nanoparticles, most of the recent literatures concerning
surface modification are based on surface grafting organosi-
lanes onto silica [23,24], and amine, vinyl, dendrime, and pyri-
dine especially amine group which has been applied extensively
in biomedical. However a very limited member of articles de-
scribes the modification of carboxyl group to silica nanoparticle
surface. Carboxyl groups on silica surface were obtained by
trichlorocyanoethylsilane (TCES) [19], polymer [25] and suc-
cinic anhydride [26,27] through different methods, especially
succinic anhydride converts amino groups into carboxyl groups
easily without higher temperature or additional catalyst [28,29].

Here, we describe a method to assemble nanoparticles
to the silicon directly by amidation between amine group
of silicon surface and carboxyl group of the modified sil-
ica nanoparticles. The silica nanoparticles derivated from
the conversion of amino-functionalized into carboxylic acid-
functionalized by a ring opening linker elongation reaction
of the amine functions with succinic anhydride, and silicon
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Scheme 1. Process of preparing the carboxylic acid-functionalized silica nanoparticles.
Scheme 2. Process of carboxylic acid-functionalized silica nanoparticles self-assembly on silicon substrate.
surface was amino-terminated through self-assembling with
3-aminopropyltriethoxysilane. The surface was terminated with
carboxyl group, which is active to further react with relevant
reagents.

2. Experimental

2.1. Chemicals

3-Aminopropyltriethoxysilane (APTES, 99%) was obtained
from Acros, tetraethoxysilane (TEOS), ammonium hydroxide,
succinic anhydride, N,N -dimethylformamide (DMF), N,N -
dicyclohexylcarbondiimide (DCC), anhydrous ethanol, and
acetone were analytical grade without further purification. Dou-
ble distilled water was used.

2.2. Preparation of amino-functionalized silica nanoparticles

Amino-functionalized silica nanoparticles (SiO2–NH2) were
prepared using the modified Stöber method [28–30]. Briefly,
4 ml of tetraethoxysilane (TEOS) was added to a mixture of
3.3 ml ammonium hydroxide and 47 ml of ethanol with stirring,
the reaction was continued 24 h; the resulting silica colloidal
dispersion was functionalized with APTES by quickly added
0.3 ml of APTES with a vigorously stirring. The mixture was
stirred overnight. The nanoparticle was purified by centrifuga-
tion and redispersion in ethanol. Above procedure was repeated
three times. Meanwhile, bare silica nanoparticles (SiO2) ob-
tained under the same condition without addition of APTES.

2.3. Preparation of carboxylic acid-functionalized silica
nanoparticles

A dispersion of SiO2–NH2 obtained in DMF (20 ml) was
added dropwise to a flask containing 20 ml of 0.1 M succide
anhydride in DMF. The mixture was stirred for 24 h, the result-
ing silica nanoparticles with carboxylic-function groups at their
surface (SiO2–COOH) were cleaned as described above. DMF
was used as the washing medium.

The procedure of preparing the carboxylic acid-functionalized
silica nanoparticles are summarized in Scheme 1.

2.4. Carboxylic-functionalized silica nanoparticles
(SiO2–COOH) self-assembly film on silicon wafer

Scheme 2 illustrates the procedure to assembly carboxylic-
functionalized silica nanoparticles to silicon wafer surface. Sili-
con wafer was cleaned in piranha solution (H2SO4/H2O2 = 7:3
v/v) for 3 h at 90 ◦C, and then rinsed with water and acetone
thoroughly. The cleaned substrates were placed into the APTES
solution of 5.0 × 10−3 M in a mixture solvent of acetone and
ultra-pure water (v/v = 5:1), and kept for 3 h, followed by rins-
ing with acetone and ethanol, the target monolayer of APTES
was thus formed on the hydroxylated silicon surface (Si–NH2).

A dispersion of SiO2–COOH in DMF (10 ml) was sonicated
for 10 min. DCC was added to this solution as a condens-
ing agent. After 3 h, APTES modified silicon (Si–NH2) was
then immersed in this solution for 24 h at room temperature.
After having been rinsed with DMF and water, carboxylic-
functionalized silica nanoparticle (SiO2–COOH) self-assembly
film formed on silicon wafer, and the silicon surface was termi-
nated with carboxyl group (Si–COOH).

2.5. Characterization

The diameter and morphology of nanoparticles were in-
vestigated by JEM-1200EX transmission electron micrographs
(TEM). DLS measurements and zeta potential of the nanopar-
ticle were performed with a Zetasizer nano-ZS ZEN3600
(Malvern instruments Ltd., US). The compositions of nanopar-
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ticles were determined by a thermorgravimetric analysis (PE7-
TGA) and PHI-5700 X-ray photoelectron spectroscopy (XPS).
The thickness of the films was measured on a Gaertner L116-E
ellipsometer, static contact angles were measured with a Kyowa
contact-angle meter, and atomic force microscopy (AFM) im-
ages were obtained by using a nanoscope IIIa (Veeco, Digital
Instruments).

3. Result and discussion

3.1. Particle characterization

The relatively monodisperse silica nanoparticles were gen-
erated by the Stöber method. 3-Aminopropyltriethoxysilane
(APTES) was used to introduce priming amine groups to the
particles by a silanization. The carboxylic acid group was ob-
tained by a ring opening linker elongation reaction of the amine
group with succinic anhydride. The conversion was qualita-
tively tested by salicylaldehyde [28,31]. Upon addition of sal-
icylaldehyde, SiO2–NH2 turned yellow immediately, indicat-
ing the presence of amino groups, whereas SiO2–COOH was
hardly observed yellow even after 24 h. This is a clear indica-
tion that most of the amino groups have reacted.

3.1.1. TEM and size analysis
The modification of surface was accompanied by change

of surface charge of silica nanoparticle, which was confirmed
by zeta potential measurements, and change to both particle
size and polydispersity (PD) (Table 1, Fig. 1). The SiO2–NH2
nanoparticle aggregated in water for it has the point of zero
charge while the pH value between 7 and 8. In our experiments,
although the SiO2–NH2 was washed three times after reaction,
ammonium hydroxide cannot be removing completely. The so-
lution showed alkalescence and a low negative zeta potential at
Fig. 1. TEM photographs of SiO2 nanoparticles (a), SiO2–NH2 nanoparticles (b) and SiO2–COOH nanoparticles (c).
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about −10.15 mV, so SiO2–NH2 aggregated in a short time,
which agrees with the result by Schiestel [29]. It is found from
Fig. 1 that SiO2, SiO2–NH2 and SiO2–COOH are of similar
size because the additional organic group does not increase the
volume of nanoparticle obviously. The single particle of diam-
eter was between 70 and 100 nm, while the average particle
size determined by Zetasizer was about 139 nm. The differ-
ence obtained from DLS and TEM imaging resulted from the
different underlying principle of the applied methods [32]. For
TEM, preparation of the samples required dilution of the solu-
tion of nanoparticles, dry samples are used that may not reflect
the particle distribution present in solution, whereas for DLS,
measurements are collected in solution, and the size of the par-

Table 1
Characteristics of silica nanoparticles

Zeta potential (mV) Mean diameter (nm) PDI

SiO2 −35.33 139.4 0.077
SiO2–NH2 −10.15 Aggregate
SiO2–COOH −42.21 135.5 0.030

Fig. 2. Thermogravimetic analyses of SiO2 nanoparticles (a), SiO2–NH2
nanoparticles (b) and SiO2–COOH nanoparticles (c).
ticles in solution were affected by the pH, solvent and other
factors of solution.

3.1.2. TGA and XPS analysis
The organic content of the surface modified silica nanopar-

ticles assessed by TGA. Fig. 2 shows the respective weight loss
curves of SiO2, SiO2–NH2 and SiO2–COOH. The loss weight
of SiO2 is relatively low due to removal of absorbed water
and adventitious hydrocarbon contamination. Fig. 2b shows a
higher mass loss than that of SiO2 which indicated that APTES
modified onto the SiO2. The largest loss weight among them
was indicated in Fig. 2c. Compare the curves of b with c, we
can see that the organic content of the nanoparticle increases
from 16.5 to 19.7%, which indicated further derivatization re-
action of SiO2–NH2 was carried out by succide anhydride.

Investigation of the chemical composition of the nanopar-
ticle surfaces was carried out by XPS. The XPS survey scans
of SiO2, SiO2–NH2 and SiO2–COOH are presented in Fig. 3.
The apparent surface compositions of silica nanoparticles are
reported in Table 2. The presence of C1s peak at 284.6 eV in
Fig. 3a is due to contamination of the bare silica during the XPS
spectrometer operation, while N1s peak is detected in Figs. 3b
and 3c in addition to Si, O and C; the atom percent of N is
4.41% and 3.84%, respectively. Both SiO2–NH2 and SiO2–
COOH contain nitrogen elements from APTES. The changes
of contents of Si, O and C element between the SiO2–NH2 and
SiO2–COOH is quite small. The high resolution spectra of N
element were analyzed and showed in Fig. 4. In Fig. 4a, the N
element for SiO2 does not appear, after treated with APTES, the
N1s spectrum (Fig. 4b) for SiO2–NH2 reveals two components:
one is corresponded to free amino group at 399.1 eV with a con-

Table 2
Apparent surface compositions (at%) of silica nanoparticles as determined by
XPS

C (at%) N (at%) O (at%) Si (at%)

SiO2 22.83 0 55.88 21.29
SiO2–NH2 30.37 4.41 43.80 21.41
SiO2–COOH 36.99 3.84 41.81 17.35
Fig. 3. XPS survey scans of SiO2 nanoparticles (a), SiO2–NH2 nanoparticles (b) and SiO2–COOH nanoparticles (c).
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Fig. 4. XPS N1s spectra for SiO2 nanoparticles (a), SiO2–NH2 nanoparticles (b) and SiO2–COOH nanoparticles (c).
Table 3
Contact angle and thickness for the silicon and the modified silicon surface

θ (measurement) θ (reference) Thickness (nm)

Si (after piranha) 5 5 2
Si–NH2 47 48 0.8
Si–COOH 15 27 70

tent about 67.5%, and the other peak at 401.1 eV (32.5%) may
be due to some interactions between the amino groups undergo
H-bonding with each other or with substrate hydroxyls [33]. At
the ring opening linker elongation reaction step, the N1s spec-
trum for SiO2–COOH could be deconvoluted into three peaks.
The amide group presented in the N1s spectrum at 399.6 eV
was about 51.4%, the content of free amino group (at 398.7 eV)
decrease to 14%, and the content of the other peak at 400.9 eV
was 34.6%, which was almost similar to the sample of SiO2–
NH2. This suggested that the N element of amide group came
from the reaction of the amine free group with the succinic an-
hydride.

3.2. Characterizations of self-assembly film

3.2.1. Contact angle and thickness measurement
Contact angle measurement is an effective way to reflect the

variation of solid-surface chemical composition. The contact
angle for water on the pretreated silicon surface and the self-
assembled films thereon are shown in Table 3. At least five
replicate measurements were carried out for each specimen,
and the measurement error was below 2◦. The obtained con-
tact angles for the pretreated silicon surface and APTES mod-
ified silicon surface is about 5◦ and 47◦, respectively, which
are all in agreement with the previously reported value [34,35].
When SiO2–COOH nanoparticles was assembled on the silicon
wafer, the contact angle is about 15◦, because that –COOH is
more hydrophilic compared with –NH2, according to the work
of Toworfe [36], in which the contact angle of –COOH termi-
nated self-assembly monolayers (SAMs) modified silicon wafer
about 27◦. The difference results from the surface roughness,
the RMS of the nanoparticle film in this work is about 24 nm,
while the RMS of the –COOH terminated self-assembly mono-
layers (SAMs) is only a few nanometer, according the Wenzel’s
law, the contact angle will decrease with increased roughness
of a hydrophilic surface [37].

Table 3 shows the thickness change from the bare silicon
wafer to SiO2–COOH nanoparticle assembled film. Five repli-
cate measurements were carried out for each specimen. The
oxide coating thickness on the silicon wafer after piranha so-
lution treatment (prior to salinization) was measured as 2 nm
by ellipsometry. After the formation of silane layers on the sur-
face, the thickness of the APTES SAMs was determined to be
approximately 0.8 nm, similar to the data of elsewhere papers
[34] the thickness mentioned above was recorded to an accu-
racy of ±0.3 nm. After SiO2–COOH film was formed, the film
thickness greatly increases to 70 nm which has an error of 4 nm.

3.2.2. AFM characterization
Typical AFM images of self-assembled SiO2–COOH on

APTES modified silicon obtained using the tapping mode in
air were shown in Fig. 5. Fig. 5a shows the image of SiO2–
COOH self-assembled film in the presence of DCC. Fig. 5c
shows the image of SiO2–COOH self-assembled film without
DCC coupling agent. It is easy to identify the bright quasi-
spherical space with SiO2–COOH, while the background in
a darker gray scale, corresponds to the APTES modified sil-
icon. Compared Fig. 5a with Fig. 5c, only small number of
silica nanoparticles were adsorbed without DCC even for more
then 72 h. The nanoparticles density was almost invariable
from 6 to 72 h, only a few nanoparticles attached on the sil-
icon surface which might caused by electrostatic interactions
or hydrogen bond. The density of silica nanoparticle on amine-
modified surface was increased intensively until 24 h by using
DCC and slowly a close-packed nanoparticle film was formed,
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(a)

(b)

(c)

Fig. 5. AFM image of SiO2–COOH nanoparticles assembled film in DCC (a), the corresponding section analysis (b) and AFM image of SiO2–COOH nanoparticles
assembled film without DCC (c).
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which similar to Park’s work [38]. That means the covalent
bond between a carboxylic group functionalized silica nanopar-
ticles and an amine-modified silicon wafer was formed by using
DCC. Fig. 5b shows corresponding typical height profile mea-
sured in the linear regions of Fig. 5a. By analyzing the profile,
the film has an average height of about 77 nm, a value similar to
the SiO2–COOH diameter, which indicated the film was com-
posed of one layer SiO2–COOH. Compared with the thickness
of film by ellipsometry, we can conclude that the nanoparticles
assembly via covalent bond is an efficient way to reach close-
packed relatively one layer SiO2–COOH nanoparticles film.

4. Conclusions

Amino- and carboxyl-functional groups were covalently
coupled to the surface of silica nanoparticles easily, then SiO2–
COOH nanoparticles self-assembled film were formed on sili-
con by amidation successfully. One layer relative close-packed
SiO2–COOH nanoparticles were arranged on silicon wafer.
Compared to the existing methods, it is evident that covalently
bonding of carboxyl groups of silica nanoparticle to aminosi-
lane groups on silicon is an effective method of bonding silica
nanoparticles. It is envisaged that functionalized nanoparticle
assemblies will serve as a platform for further assembly of
relevant information such as nanoparticle, biomolecule, fluo-
rescence indicator and so on.
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