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Robust synthesis of small colloidal silica (SiO2) nanoparticles with narrow size distributions
(<5%) is challenging because the possible involvement of continuous nucleation and growth of
SiOz2 in the widely used Stober process usually results in silica nanoparticles with large sizes
and broad size distributions. Promoting heterogeneous nucleation and growth of silica is
promising to tackle the challenges by in-situ forming transient (sacrificial) colloidal seeds that
provide nucleation surfaces for silica condensate. In this work, poly(acrylic acid) (PAA) is
introduced to the Stdber synthesis solutions, which are usually composed of ethanol (containing
a trace amount of water), tetraethyl orthosilicate (TEOS), and ammonia, to mediate the
nucleation of TEOS hydrolysates and growth of SiO2 nanoparticles. PAA reacts with ammonia
to form soft PAA-NH3 complex colloids that serve as transient seeds to facilitate heterogeneous
nucleation and growth of SiO2 nanoparticles after adding TEOS to the synthesis solution. The
number of PAA-NH3 complex colloidal particles, which strongly depends on the molar ratio of
PAA and ammonia, determines the number of the resulting SiO2 nanoparticles and thus the size
of the SiO2 nanoparticles correspondingly according to the supply of TEOS. Highly uniform
SiO2 nanoparticles with finely tuned diameters in the sub-100 region have been successfully
synthesized, and the synthesis protocol is feasible to be scaled up while maintaining the high

quality of SiO2 nanoparticles.

This article is protected by copyright. All rights reserved

B5US17 SUOLILLOD dAIERID 3|Ged! ddke 8Up Aq paUBAOB S8 SB[ 1L YO ‘B8N JO S3IMU J0) Aeiq 18Ul |UO A1 Lo (SUO!I!pUOO'PUE5WElﬂU09'/bI!M'AEJQ!IQU!IUOII-SAW) SUL!{!!JUOO pueswi L 8yiees MUIQUD Ariqi] GU!IUOQI!/\!\‘TLKIJ !jtum:t;m!uuom puY 21J1UB1S JO 39140 Ad 90000ZZ0Z BUILI/ZO0T OT/I0P/0Y"A3| 1M ARe.q 18U |UO//SUNY WOy papeoiuMOd ‘€ ‘2202 ‘XZ6966TC



WILEY-VCH

1. Introduction

Silica (SiOz2) is one of the most common materials naturally existing as a compound of
several minerals and in various living organisms. Synthetic colloidal SiO2 particles have been
widely applied as critical components in industries, for example, optical filters, painting
additives, catalysis supports, pharmaceutical binders, chromatography fillers, and so on.'?®
Stober process represents one well-known method for the synthesis of colloidal SiO2 particles
through controlled hydrolysis and condensation of silicon alkoxides (e.g., tetraethyl
orthosilicate or TEOS) in alcohol solvents (e.g., ethanol) in the presence of trace amount of
water and a base catalyst (e.g., ammonia). Extensive efforts have been devoted to synthesizing
submicron-sized SiO: particles with high monodispersity.1>?° Two-step regrowth strategy has
been employed to produce SiO2 particles with larger sizes (i.e., the scale of micrometers).?
However, it is rarely reported the synthesis of highly uniform SiO2 nanoparticles with smaller
sizes, i.e., smaller than 100 nm. The challenge for synthesizing sub-100 nm SiO2 nanoparticles
is ascribed to the difficulty in precisely controlling the hydrolysis of TEOS and the following
condensation kinetics. The sub-100 nm SiO2 nanoparticles have been highly demanded in high-
technology industries. Although some types of SiO2 nanoparticles with sizes below 100 nm are
commercially available, the degree of uniformity is yet to qualify their applications in advanced
technologies such as semiconductor packaging. Herein, we report the development of precise
control over TEOS hydrolysis and condensation kinetics enabled by adding poly(acrylic acid)
(PAA) to the StOber reaction systems, leading to the synthesis of highly uniform SiO:2
nanoparticles of sub-100 nm in size. PAA reacts with ammonia to form flexible PAA-NH3
colloids in the water/ethanol solvent to serve as heterogeneous seeds that guide nucleation and
growth of the TEOS hydrolysate. Such heterogeneous nucleation of growth results in more
precise control over Kinetics than the homogeneous nucleation and growth of the TEOS
hydrolysate involved in the conventional Stober process, offering the ability to synthesize
smaller SiO2 nanoparticles with high uniformity. The PAA to NHs-H20 ratio effectively
influences the concentration of the PAA-NH3s complex colloids (i.e., heterogeneous seeds) in
the reaction system, enabling the synthesis of SiO2 nanoparticles with a precisely controlled
diameter. Dynamic light scattering studies have verified the formation of PAA-NH3 complex
colloids in reaction solutions to shed light on the formation mechanism of highly uniform SiO2

nanoparticles of sub-100 nm in size.

2. Results and Discussion
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Figure 1 presents the results of the SiO2 nanoparticles synthesized from the typical recipe
highlighted in the Experimental Section, i.e., dissolving 5 mg of PAA in 30 mL of ethanol and
sequentially adding 1.5 mL of NH3-H20 and 0.75 mL of TEOS. The TEM images clearly show
their spherical shape and uniform size (Figure 1a, b). The narrow size distribution leads to the
formation of ordered packing on the TEM grid during solvent evaporation. Statistical analysis
(Figure 1c) reveals that the as-synthesized SiO2 nanoparticles exhibit an average diameter of
53.0 nm with a standard deviation of 2.3 nm (equivalent to 4.3%). When the synthesis is in the
absence of PAA, the resulting SiO2 particles exhibit much larger sizes in a broad range from
170 nm to 405 nm (Figure S1). The broad size distribution indicates the involvement of
continuous nucleation and growth of the nuclei into SiO2 nanoparticles with different sizes at
different times. The significant differences of the SiO2 nanoparticles synthesized from these
two reactions highlight the importance of PAA in not only reducing the nanoparticle size but

also narrowing down the size distribution of the SiO2 nanoparticles.
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Figure 1. (a, b) Typical TEM images of different magnifications and (c) size distribution
histogram of the SiO2 nanoparticles synthesized from the reaction solution containing 5 mg of
PAA, 1.5 mL of ammonia solution, 0.75 mL of TEOS, and 30 mL of ethanol (190 proof). PAA
was first dissolved in ethanol followed by the addition of the ammonia solution to form PAA-

NH3s complex colloids.

Experiments have been conducted with different amounts of PAA to determine the effect
of PAA on the synthesis of SiO2 nanoparticles. Figure 2a-e compares the typical TEM images
of the SiO2 nanoparticles synthesized in the presence of different concentrations of PAA,
showing the high uniformity of the nanoparticles regardless of the PAA concentration. The
average diameter of the SiO2 nanoparticles decreases as the concentration of PAA increases
(Figure 2f and Figure S2). The high uniformity of diameter of the SiO2 nanoparticles rules out

the possible occurrence of continuous nucleation that commonly occurs in the homogeneous
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nucleation and growth of colloidal nanoparticles. The results imply that the presence of PAA
in the synthesis solution may form colloidal particles before the hydrolysis of TEOS, and the
PAA-containing colloids serve as seeds to promote heterogeneous nucleation of the TEOS
hydrolysate and growth of the SiO2 nanoparticles. PAA can react with NH3-H20 in the synthesis
solution to form the PAA-NHs complex colloids with tunable numbers (or concentrations)
depending on the amounts of PAA added to the synthesis solution. The controlled formation of
PAA-NH3 colloids enables predictable heterogeneous nucleation and growth of SiO2
nanoparticles. A less amount (or lower concentration) of PAA forms a smaller number of PAA-
NHs colloidal particles, which guide the formation of a smaller number of SiO2 nanoparticles
with larger sizes through heterogeneous nucleation and growth as the TEOS supply is fixed.
Agglomerating the PAA molecules into colloids happens in the presence of NHs-H20,
which reacts with PAA to form the PAA-NH3s complex insoluble in ethanol. When dry ethanol
(200 proof) is used, the PAA-NHs complex colloids shrink significantly to form dense and solid
particles.?? The concentrated NHs in the solid PAA-NHs complex particles promotes hydrolysis
of TEOS on the complex particle surface and form silica shells outside the particle. The post-
washing with water can leach out the PAA-NH3 complex to form hollow silica nanoshells.??
The formation of voids (or pores) in silica nanoparticles can also be realized by leaching out
the unreacted silicone species encapsulated in silica nanoparticles.?® In contrast, the PAA-NHs
complex particles formed in wet ethanol (e.g., 190 proof used in this work) might be less dense
and exhibit flexible geometry and dendrimer-like mass distribution because the strong
hydrophilicity of PAA retains many water molecules in the colloidal particles. The floppy
geometry and concentrated water and NHjs facilitate TOES hydrolysis within the flexible PAA-
NHs complex particles. Since the hydrolysis of TEOS protonates NH3,* the PAA-NH3z complex
will dissociate to dissolve in ethanol due to the high solubility of PAA molecules and NH4" in
ethanol. Once the TEOS hydrolysates condense to form silica nuclei within the floppy PAA-
NHs complex particles, continuous hydrolysis of TOES will grow the silica nanoparticles, and
the PAA-NHs complex particles will simultaneously disappear. The simultaneous
dissociation/dissolution of the PAA-NH3 complex could leave mesoscale porosity in the silica
nanoparticle, particularly the small silica nanoparticles formed from short-time growth.?
However, the PAA-NH3 complex may not exist anymore at the late stage of growing large silica
nanoparticles in the presence of high-concentration TEOS, leading to the formation of solid
silica nanoparticles. In addition, the high geometric and dimensional uniformity of the
synthesized SiO2 nanoparticles (Figure 1) indicates that the growth of SiO2 nanoparticles is
independent of the templating effect of the PAA-NHs complex colloids. Therefore, the PAA-
4

This article is protected by copyright. All rights reserved

B5US17 SUOLILLOD dAIERID 3|Ged! ddke 8Up Aq paUBAOB S8 SB[ 1L YO ‘B8N JO S3IMU J0) Aeiq 18Ul |UO A1 Lo (SUO!I!FJUOO'PUE‘SLUEIILUOO'/@I!M'/(HJQ!IQU!IUOIISAW) sugu’!!:uog pueswi L 8yiees MUQUD Ariqi] au||uog|!/\[“u(|3 !jwo:gleo!uuoal puY 21J1UB1S JO 39140 Ad 90000ZZ0Z BUILI/ZO0T OT/I0P/0Y"A3| 1M ARe.q 18U |UO//SUNY WOy papeoiuMOd ‘€ ‘2202 ‘XZ6966TC



WILEY-VCH

NHs complex colloidal particles are crucial to promoting localized hydrolysis of TEOS and
heterogeneous nucleation of TEOS hydrolysates into small silica nanoparticles (or nuclei). The
simultaneous protonation of NHs dissociates the PAA-NHs complex and dissolves PAA
molecules in ethanol. The transient stability of the PAA-NHs complex particles during TEOS
hydrolysis highlights their importance in promoting uniform nucleation of silica rather than
template effect for guiding the growth of SiO2 nanoparticles. Once the silica nuclei are formed,
continuous TEOS hydrolysis can grow them to nanoparticles with appropriate sizes depending
on TEQOS concentration. The transient stability of the PAA-NHs complex colloids also excludes
the influence of their nonuniformity on the quality of SiO2 nanoparticles determined by the
growth process.

A series of experiments have been performed to study how the concentration of ammonia
in synthesis solution influences the SiO2 nanoparticles while keeping the concentration of PAA
constant. Figure 3a-e compares the typical TEM images of the SiO2 nanoparticles synthesized
from the solutions containing different volumes of original ammonia solution while other
conditions are the same. The size distributions of SiO2 nanoparticles are always narrow,
although their average particle sizes depend on ammonia concentration in the synthesis
solutions. The SiO2 nanoparticles exhibit larger sizes when the concentration of ammonia
increases (Figure 3f and Figure S3). More ammonia induces the formation of a smaller number
of PAA-NHs colloidal particles with larger sizes for guiding heterogeneous nucleation and
growth of the SiO2 nanoparticles. As a result, uniform SiO2 nanoparticles with larger sizes are

synthesized from the solution with a higher ammonia concentration.
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Figure 2. TEM images of SiO2 nanoparticles synthesized from the solutions containing
different amounts of PPA: (a) 0.08 g, (b) 0.01 g, (c) 0.005 g, (d) 0.002 g, and (e) 0.0001 g. Other
conditions were the same as those in Figure 1. (f) Plot of the average diameters (with error bars

representing standard deviations) of the SiO2 nanoparticles as a function of the mass of PAA.
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Figure 3. TEM images of SiO2 nanoparticles synthesized from the solutions containing
different volumes of original ammonia solution: (a) 1.0 mL, (b) 1.5 mL, (c) 2.0 mL, (d) 2.5 mL,
and (e) 3.0 mL. Other conditions were the same as those in Figure 1. (f) Plot of the average
diameters (with error bars representing standard deviations) of the SiO2 nanoparticles as a

function of the ammonia volume.

A closer observation of the quality of SiO2 nanoparticles indicates that a high enough
concentration of PAA (i.e., corresponding to >5 mg PAA) is crucial for achieving narrow size
distribution of SiO2 nanoparticles. In contrast, varying the concentration of ammonia (e.g., 1.0
- 3.0 mL of original ammonia solution) results in minor changes of the size deviation of SiO2
nanoparticles synthesized from the solutions containing 5 mg PAA (Figure S4), but significant
changes of the average particle sizes (Figure 3). According to the mechanism of heterogeneous
nucleation and growth of nanoparticles, the size of SiO2 nanoparticles is determined by the
number of PAA-NH3 complex colloidal particles formed in the synthesis solution before the
initiation of hydrolysis of the same amount of TEOS. A more significant number of PAA-NH3
colloidal particles promote heterogeneous nucleation of TEOS hydrolysate and growth of SiO2

nanoparticles with smaller sizes when the concentration of TEOS is constant. The syntheses
6
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indicate that a higher concentration of PAA and a lower concentration of NHs-H20 favor
forming a more significant number of PAA-NHs complex colloidal particles to guide
heterogeneous nucleation and growth of SiO2 nanoparticles with smaller sizes (Figure 4a).
Quantitative analysis reveals that the number of SiO2 nanoparticles is proportional to the
concentration of PAA and inversely proportional to the concentration of NHs-H20, which is
consistent with the linear relationship between the number (with the unit of mole) of SiO2
nanoparticles and the molar ratio of npss /NN, 1,0 (Figure 4b). The linear dependence is valid
up to 0.0064 for mpaa/Mnu,-1,0, @nd exhibits a slope of 5.51x107" mole. Further increasing the
Npaa/NMyu,n,0 Fatio from 0.0064 to 0.05, the linear relationship becomes invalid, and the

number of SiO2 nanoparticles increases from 3.93x10° mole to only 4.65x10°° mole.
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Figure 4. (a) Diameter of the SiO2 nanoparticles as a function of the concentrations of PAA
and NHs-Hz0. (b) Fitted linear plot showing the dependence of the number (with a unit of mole)

of SiO2 nanoparticles on the molar ratio of npaa /My, ny0-

When the appropriate concentrations of PAA and NHs-H20 are chosen to support the
narrow size distribution of SiO2 nanoparticles, the concentration of TEOS also influences the
size of SiO2 nanoparticles by providing a tunable supply of TEOS hydrolysate. For example,
the average diameter of the SiO2 nanoparticles decreases from 53.0 nm to 9.6 nm when the
volume of TEOS decreases from 0.75 mL to 0.003 mL (Figure S5a vs. Figure S5b). The size
of SiO2 nanoparticles increases to 86 nm as the volume of TEOS is 3 mL (Figure S5c). The
linear dependence of the average volume of each SiO2 nanoparticle on the volume of precursor
TEOS confirms that the number of SiO2 nanoparticles of each synthesis is the same when the
amount of PAA and ammonia are 0.005 g and 1.5 mL (Figure S6). The independence of the
number of SiO2 nanoparticles formed in each synthesis solution on the concentration of TEOS
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indicates that the formation of PAA-NHs colloidal seeds quickly completes before adding

TEOS to the synthesis solution.

PAA initially dissolved in ethanol
ar y,— % b 100 —
v g N . ani PAA initially dissolved
r { in ammonia

“|PAAinitially dissolved
] in ethanol

5 40 80 5 40 80
Mass of PAA (mg)
Figure 5. (a) Photographs of the mixture of PAA (5 mg, 40 mg, 80 mg), 1.5 mL of ammonia

solution, and 30 mL of ethanol (190 proof). The solutions were prepared following different
mixing sequences: (top) sequence i — PAA dissolved in ethanol followed by mixing with
ammonia solution, and (bottom) sequence ii — PAA dissolved in ammonia solution followed by
mixing with ethanol. (b) Hydrodynamic diameters of PAA-NH3 complex colloidal particles

formed in the mixtures.

The critical process of forming PAA-containing colloidal seeds requires the acid-base
reaction with ammonia to form PAA-NHs complex. Dynamic light scattering (DLS)
measurements have been performed to confirm that the PAA-NHs complex colloids are formed
in the mixture of PAA, ammonia, and ethanol (190 proof). These three components can be
mixed following two different sequences: (i) dissolving PAA in ethanol followed by addition
of ammonia (i.e., the sequence used for the synthesis of SiO2 nanoparticles presented in Figure
1-4), and (ii) dissolving PAA in ammonia and then being mixed with ethanol. When following
sequence i, dissolving PAA in ethanol forms a transparent solution regardless of the amount of
PAA. The solution with a high PAA concentration becomes translucent after adding ammonia
(Figure 5a, top photo), confirming the formation of PAA-NH3 complex colloids. The DLS
measurements confirm the formation of colloidal nanoparticles that exhibit hydrodynamic
diameters increasing with the PAA concentration. PAA reacts with NH3-H20 to form a

transparent PAA-NHs complex solution when PAA is dissolved in ammonia solution following
8
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sequence ii. The addition of ethanol leads to colloids that exhibit a translucent or opalescent
appearance (Figure 5a, bottom photo). The observations of the mixing sequence ii indicate that
ethanol is a poor solvent for the PAA-NHs complex to favor the formation of PAA-NH3
colloidal particles. The DLS characterizations show that the PAA-NHs complex colloids
formed from the mixing sequence ii are much larger than those formed from the mixing
sequence i (Figure 5b). Since the total amount of PAA in the synthesis solution is constant, the
number of PAA-NH3s complex colloidal particles formed from the mixing sequence ii is lower
than the mixing sequence i. As a result, heterogeneous nucleation and growth of TEOS
hydrolysate on the PAA-NHs colloidal seeds in the solution of mixing sequence ii leads to form
SiO2 nanoparticles with larger sizes.

When TEOS and ethanol are maintained constant, the number (or the size) of SiO:
nanoparticles is determined by the number of PAA-NHs complex colloidal particles formed
from the mixing sequence ii. Varying the quantities of PAA and ammonia solution results in
SiO2 nanoparticles of different sizes (Figure 6 and Figure S7). The SiO2 nanoparticles
synthesized from the mixing sequence ii also exhibit high size uniformity regardless of their
sizes. Figure 7a plots the dependence of the average size of SiO2 nanoparticles on the
concentrations of PAA and NHs, showing that less NHs and more PAA favor the synthesis of
larger SiO2 nanoparticles. The number (with the unit of mole) of SiO2 nanoparticles follows a
two-tier linear relationship with the npsa/Nng,.u,0 ratio (Figure 7b). The slopes of the fitted
linear plots are negative, different from that for the mixing sequence i shown in Figure 4b.
When the npsa /Ning, 1,0 ratio smaller than 0.025 is tuned by varying the volume of ammonia,
the number (with the unit of mole) of SiO2 nanoparticles linearly decreases with the
Npaa/Myn, 0,0 ratio, exhibiting a slope of -1.87x107 mole. When the npaa/nyy,.n,0 ratio
increases from 0.025 to 0.077 by changing the amount of PAA, the number of SiO2
nanoparticles further decreases from 7.70x107° to 1.96x102° with a relatively shallow slope of
-1.1x10® mole. The contrast dependence of the number of PAA-NH3 complex colloidal seed
particles (same as the number of the SiO2 nanoparticles) on the npsa/Mnw, 1,0 ratio (Figure
4b versus Figure 7b) indicates that the formation mechanism of PAA-NH3 complex colloids
following the mixing sequence ii is different from that following the mixing sequence i. The
mechanistic difference does not influence the size uniformity of the synthesized SiO:2
nanoparticles, making the synthesis protocol robust. With appropriate reactants and solvents,
highly uniform SiO2 nanoparticles with diameters from 9.1 nm to 114.3 nm have been
successfully synthesized (Table 1). Moreover, it is interesting that the TEM images (e.g., Figure

6) of the synthesized SiO2 nanoparticles show the non-uniform imaging contrast in individual
9
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nanoparticles. The non-uniform imaging contrast is consistent with the heterogeneous

nucleation and growth of SiO2 on the PAA-NH3 complex colloidal seeds.
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Figure 6. TEM images of SiO2 nanoparticles synthesized from the procedure with the mixing
sequence ii, i.e., PAA dissolved in ammonia solution followed by mixing with 30 mL of ethanol
(190 proof). The volume of TEOS was 0.75 mL. (a-d) The reaction solutions containing 0.04 g
of PAA and different volumes of ammonia solution: (a) 3.0 mL, (b) 2.5 mL, (c) 2.0 mL, and
(d) 1.5 mL. (e, f) The reaction solutions containing 1.5 mL of ammonia solution and different
masses of PAA: (E) 0.08 g and (F) 0.12 g.

a 120 b 4.0x10°
110 .
U100 3.0x10°° \\
9 9
] ~ %
g % QO 2.0x10° - \
2 2} o
57 c \
2 60 9 \
1.0x10°
) .-
407 r=-___
0.0 &

001 002 003 004 005 006 007 008
n(PAA)/n(NH,)

Figure 7. (a) Dependence of the average diameter (with error bars representing the standard

deviation) of SiO2 nanoparticles on the concentrations of PAA and NHs-H20 in the synthesis
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solutions. (b) Fitting plot of the linear relationship between the number (with the unit of mole)

of SiO2 nanoparticles on the molar ratio of npaa /Mnu, Hy0-

The robustness of the synthesis protocol facilitates scaling up the recipe without
significantly sacrificing the size uniformity of SiO2 nanoparticles. For example, we have
focused on the recipe (A4, Table 1) used for synthesizing the SiO2 nanoparticles shown in
Figure 1, in which the PAA-NHs complex colloidal seeds are formed from the mixing sequence
i. When the reactants and solvent are simultaneously scaled up by 30 times (Figure 8a), the
synthesis results in uniform SiO2 nanoparticles. Statistical analysis shows that the average
diameter of the SiO2 nanoparticles is 57.3 nm (only 4.3 nm larger than those shown in Figure
1). The standard deviation of the size distribution is 2.8 nm, corresponding to 4.9% that is
slightly higher than that (4.3%) of the nanoparticles shown in Figure 1. The minor differences
in particle size and size distribution between the small-scale (Figure 1) and large-scale (Figure
8) syntheses confirms the robustness of the synthesis protocol that is promising for mass

production.

a

Figure 8. (a) Photograph of the set-up for the scale-up synthesis. (b) Typical TEM image of the
SiO2 nanoparticles synthesized from the large-scale recipe. (c) Size distribution histogram of
the SiO2 nanoparticles determined from the statistical analysis of the TEM images. The
synthesis solution was prepared by following the mixing sequence i. 0.15 g of PAA was first
dissolved in 900 mL of ethanol (190 proof). The solution was then mixed with 45 mL of
ammonia solution, forming the PAA-NH3 complex colloidal seeds. 22.5 mL of TEOS was
injected into the solution at a rate of 1 mL/h to initiate the heterogeneous nucleation and growth

of SiO2 nanoparticles.

Table 1. Recipes of the synthesis solutions and the statistical analysis of the synthesized SiO:

nanoparticle (including average diameter and standard deviation or STD).
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B

Sample PAA (g) NH3;H,O(mL) TEOS Ethanol (mL) Average Diameter STD g,
(mL) (m) (nm) :

Al 0.0001 15 0.75 30 138.2 114 g
A2 0.002 15 0.75 30 69.8 3.6 §
A3 0.005 1 0.75 30 47.6 2.3 5
A4 0.005 15 0.75 30 53.0 2.3 %
A5 0.005 2 0.75 30 54.0 2.6 g
A6 0.005 25 0.75 30 56.1 3.2 §
A7 0.005 3 0.75 30 60.3 2.9 %
A8 0.01 15 0.75 30 42.1 2.1 §
A9 0.08 15 0.75 30 39.8 2.6 §
A10 0.001 15 0.75 30 72.2 4.1 E
All 0.0015 1.5 0.75 30 69.7 44 §
A12 0.005 15 3 30 86 25 ;
A13 0.05 15 0.01 30 9.1 1.9 §
Al4 0.08 15 0.2 30 22.9 1.4 -I—J%
A15 0.005 15 0.003 30 12.6 1.8 (@]
A16 0.08 2 15 30 48.3 2.2 e
AL7 0.16 2 0.75 30 31.9 2.2 Oe
A18 0.04 2 0.75 30 35.1 2.3 i
B1 0.04 3 0.75 30 44.7 25 H]
B2 0.04 25 0.75 30 49.6 35 (C:
B3 0.04 2 0.75 30 54.6 41 zﬁ
B4 0.04 15 0.75 30 72,5 47 g@
B5 0.08 15 0.75 30 97.1 5.6 7
B6 0.12 15 0.75 30 114.3 5.4 :
B7 0.08 3 0.75 30 68.6 37 §
B8 0.08 3 0.75 30 79.3 8.4 3
c1 0 15 0.75 30 324.8 58.2 <E§

3. Conclusion

In summary, a robust protocol relying on the PAA-mediated Stober process has been
developed to synthesize sub-100 nm SiO2 nanoparticles with high uniformity. The acid-base
reaction between PAA and NHs-H20 in ethanol (with low water concentration) forms PAA-
NH3s complex colloids, which behave as seeds to promote the heterogeneous nucleation of
TEOS hydrolysate and growth of uniform SiO2 nanoparticles. The number of nanoparticles
(correspondingly the size of nanoparticles) exhibits a strong dependence on the molar ratio of
PAA and NHzs-H20, providing a powerful way to finely tune the size of the synthesized SiO2
nanoparticles in the sub-100 scale. The demonstration of scale-up synthesis sheds light on the
promise of mass production of highly uniform sub-100 nm SiO2 nanoparticles for possible

industrial applications.

4. Experimental Methods
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Chemicals. All the chemicals were purchased and used without further purification. Tetraethyl
orthosilicate (TEOS, 98%) and poly(acrylic acid) (PAA, Mw ~ 1800) were obtained from
Sigma-Aldrich. Ethanol (190 proof, 95 vol%) was purchased from PHARMCO-AAPER.
Ammonia solution (NHs-H20, 28-30%) was bought from Fisher Scientific.

Synthesis of SiO2 nanoparticle started with dissolving PAA in ethanol. The procedure is
described by taking the synthesis of SiO2 nanoparticles with a diameter of 53.0 nm as an
example. In a typical synthesis, 5 mg of PAA was dissolved in 30 mL of ethanol (190 proof) to
form a transparent solution with the assistance of gentle stirring. To this solution was then added
1.5 mL of ammonia solution. The following slow injection of TEOS (0.75 mL) at a rate of 0.1
mL/h initiated hydrolysis of TEOS and growth of SiO2 nanoparticles. The synthesis reaction
continued for 4 hours. The resulting SiO2 nanoparticles were collected from the synthesis
solution through centrifugation followed by water washing. This procedure was scaled up by
30 times and produced SiO2 nanoparticles of the similar size and quality. The synthesis of SiO2
nanoparticles of different sizes followed the same procedure except for the amounts of PAA,
ethanol, ammonia solution, and TEOS (see Sample A1-A18 in Table 1).

Synthesis of SiO2 nanoparticles started with dissolving PAA in ammonia solution. An
appropriate amount of PAA was dissolved in the ammonia solution. The PAA-NH3 mixture
was then added to ethanol (190 proof). The following injection of TEOS at a rate of 0.1 mL/h
to the solution initiated the TEOS hydrolysis and formation of SiO2 nanoparticles. The synthesis
continued for 4 hours. The resulting SiO2 nanoparticles were collected from the synthesis

solution through centrifugation followed by water washing. (see Sample B1-B8 in Table 1).
Characterization. Transmission electron microscopy (TEM) images were taken on a JEOL-
1400 transmission electron microscope operated at an acceleration voltage of 120 kV. The

diameters of SiO2 nanoparticles in the TEM images were statistically analyzed with the

software ImageJ.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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The acid-base reaction between poly(acrylic acid) and ammonia forms a complex to
agglomerate the polymer molecules into colloids in ethanol. The polymer colloidal
nanoparticles serve as seeds to mediate heterogeneous nucleation and growth of highly uniform
silica nanoparticles with precisely controlled sizes below 100 nm. The synthesis protocol is

feasible to be scaled up for mass production.

Feng Hu, Kowsalya Devi Rasamani, Sasitha C. Abeyweera, Dongtang Zhang, Yugang Sun”

Poly(acrylic acid) enabling the synthesis of highly uniform silica nanoparticles of sub-
100 nm

Si precursor

PAA-NH, colloids

SiO, nanoparticles

1) High monodispersity
2) Continuous control of size

Heterogenous Q Q

formation

Poly(acrylic acid), ammonia;
ethanol - i

16

This article is protected by copyright. All rights reserved

t

elq i au!IUOgI!M ‘uo !Q?'JUI [E21UYOR L PUY OIUBIOS JO 39140 Ad 900002202 BLIUD/Z00T OT/I0P/LL0d" A3 |1 ARl 1[BU1IUO//SONY WO Papeo|umod ‘€ ‘20T X26966TC

I

ETENEES lyOZ/!OIQ

uo) ;!:e]s'.u

85UB0 1T SUOWIWOD BAIIRID a|qedl(dde ayy Aq pausenob are sapie YO ‘8sn Jo Sa|nJ 1oy AkeiqiTauluQ A3 1M UO (SUO T IPUOD-pUe-SLLBY WO A3 1M Areiq Ul |u0//séuq) SuonIp



