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RAPIDLY DISSOLVABLE NANOPARTICLES

BACKGROUND OF THE INVENTION

[0001] Nanoparticles, particularly silica nanoparticles, have been proposed for a
number of applications including as solid support materials in column chromatography, as
polishing agents in the electronics industry, membrane technology, catalyst support, silica-
polymer composites, and in diagnostic and drug delivery applications. There is a desire for
uniform or monodisperse nanoparticles. Further, for certain applications such as preparation
of membranes having uniform pores and desired pore arrangement, where the nanoparticles
may be used as templates during the preparation of the membranes, there is a desire that they
be soluble in common or safe solvents. Presently known silica nanoparticles are soluble only
in corrosive solvents such as hydrofluoric acid or they are slow to dissolve in common
solvents, for example, a solution of alkali in water. Accordingly, there is a need for

nanoparticles that are uniform in size and/or rapidly soluble in common or safe solvents.

BRIEF SUMMARY OF THE INVENTION

[0002] The invention provides silica nanoparticles having high solubility or
dissolution rate in common or safe solvents, particularly in aqueous alkaline solutions. The
silica nanoparticles have low particle density and high internal surface area. In embodiments,
the silica nanoparticles have a diameter of about 50 nm to about 1000 nm and a particle
density of about 1.96 g/cm3 or less.

[0003] The invention further provides a method of preparing such silica
nanoparticles, the method comprising (a) reacting an orthosilicate and an alcohol or a mixture
of alcohols in an aqueous medium in the presence of a salt of a metal of Group Ia or Group
IIa or in the presence of a metalloid compound, optionally in combination with ammonium
hydroxide, (b) isolating the resulting nanoparticles, and (c) treating the nanoparticles from (b)
with an acid.

[0004] As the silica nanoparticles are highly soluble in alkalis, they are useful as
removable templates for preparing membranes having controlled pore sizes and controlled

spatial arrangement of pores.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0005] Figure 1 compares the features of the silica nanoparticles of the present

invention to the features of prior art silica nanoparticles.
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[0006] Figure 2 depicts an SEM micrograph of silica nanoparticles having an SEM
diameter of 160 nm, in accordance with an embodiment of the invention where a lithium salt
was employed in its preparation.
[0007] Figure 3 depicts an SEM micrograph of the silica nanoparticles having an
SEM diameter of 310 nm, in accordance with an embodiment of the invention where also a
lithium salt was employed in its preparation.
[0008] Figure 4 depicts an SEM micrograph of silica nanoparticles, having an SEM
diameter of 540 nm, in accordance with an embodiment of the invention where a sodium salt
was employed in its preparation.
[0009] Figure 5 depicts an SEM micrograph of silica nanoparticles having an SEM
diameter of 440 nm, in accordance with an embodiment of the invention where a calcium salt
was employed in its preparation.
[0010] Figure 6 depicts an SEM micrograph of silica nanoparticles having an SEM
diameter of 270 nm, in accordance with an embodiment of the invention where a magnesium
salt was employed in its preparation.
[0011] Figure 7 depicts the SEM micrograph of silica nanoparticles, having an SEM
diameter of 280 nm, in accordance with an embodiment of the invention where a boric acid

was employed in its preparation.

DETAILED DESCRIPTION OF THE INVENTION

[0012] In accordance with an embodiment, the present invention provides silica
nanoparticles having a diameter of about 50 nm to about 1000 nm and a particle density of
1.96 g/cm’ or less.

[0013] In an embodiment, the silica nanoparticles of the invention having a particle
density of about 1.93 to about 1.96 g/cm3.

[0014] The silica nanoparticles of the invention can have a particle size, e.g.,
diameter, of less than 1000 nm, in particular a particle size of from about 160 nm to about
630 nm. Thus, for example, the nanoparticles have a particle size of about 160 nm, about 180
nm, about 200 nm, about 220 nm, about 240 nm, about 260 nm, about 280 nm, about 300 nm,
about 320 nm, about 340 nm, about 360 nm, about 380 nm, about 400 nm, about 420 nm,
about 440 nm, about 460 nm, about 480 nm, about 500 nm, about 520 nm, about 540 nm,
about 560 nm, about 580 nm, about 600 nm, or about 620 nm.

[0015] The silica nanoparticles can have any suitable shape. In embodiments, the

nanoparticles of the invention are generally spherical.
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[0016] The silica nanoparticles of the invention have high solubility in alkaline
solutions. Solubility can be expressed by the rate of dissolution. In accordance with an
embodiment, the silica nanoparticles have a rate of dissolution in 1N KOH solution of more
than 10 nm/min, wherein the rate is measured by mixing 1-5 mg/mL silica nanoparticles in
IN aqueous KOH solution at 25°C and measuring the change in diameter of the nanoparticles
as a function of time by the Dynamic Light Scattering method or measuring the turbidity
decay as a function of time using a nephelometric turbidity meter. Preferably, the silica
nanoparticles have a rate of dissolution of about 30 nm/min or higher, and more preferably,
from about 30 nm/min to about 300 nm/min.
[0017] The present invention further provides a method of preparing silica
nanoparticles, the method comprising: (a) reacting an orthosilicate and an alcohol or a
mixture of alcohols in an aqueous medium in the presence of a salt of a metal of Group Ia or
Group Ila, or in the presence of a metalloid compound, optionally in combination with
ammonium hydroxide, (b) isolating the resulting nanoparticles, and (c) treating the
nanoparticles from (b) with an acid.
[0018] In an embodiment, the orthosilicate used in the preparation of the
nanoparticles is a tetraalkylorthosilicate. Examples of tetraalkylorthosilicates
tetramethylorthosilicate, tetraethylorthosilicate, tetrapropylorthosilicate,
tetrabutylorthosilicate, and tetrapentylorthosilicate.
[0019] Any suitable alcohol or mixture of alcohols can be used in the method
according to the invention, for example, the alcohol or mixture of alcohols is selected from
methanol, ethanol, propanol, butanol, and mixtures thereof.
[0020] The salt of the metal used in the preparation of the nanoparticles of the
invention can be selected from salts of lithium, sodium, potassium, cesium, magnesium, and
calcium. In an embodiment, the salt of the metal is selected from lithium acetate, sodium
acetate, sodium metasilicate, sodium formate, potassium acetate, cesium acetate, magnesium
acetate, and calcium acetate. In another embodiment, the metalloid compound is a compound
of boron, for example, boric acid or a boric acid ester such as alkyl borate. The alkyl borate
can be a trialkyl borate such as trimethyl borate or triethyl borate.
[0021] In accordance with an embodiment, (a) is performed by mixing water, alcohol,
the orthosilicate, and the salt of the metal or the metalloid compound. For example, in an
embodiment, (a) can be performed by mixing about 2 to 25 mol/L of water, about 8 to about

16 mol/L of ethanol, about O to about 2 mol/L of methanol, about 0.1 to about 2 mol/L of
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ammonia, about 0.1 to about 0.4 mol/L of tetraalkylorthosilicate, and about 0.001 to about
0.01 mol/L of a salt of the metal or metalloid compound.
[0022] Alternatively, (a) can be performed by adding an orthosilicate into a solution
comprising the salt of the metal or the metalloid compound, water, and alcohol. For example,
(a) can be performed by adding about 0.1 to about 0.4 mol/L of tetraalkylorthosilicate into a
solution including about 2 to 25 mol/L of water, about 8 to about 16 mol/L of ethanol, about
0 to about 2 mol/L of methanol, about 0.1 to about 2 mol/L of ammonia, and about 0.001 to
about 0.01 mol/L of a salt of a metal or metalloid compound and mixing the resulting
mixture.
[0023] In (a), the mixing is carried out for a suitable period of time, e.g., from about 5
minutes to about 2 hours, or from about 30 minutes to about 1 hour.
[0024] In (a), the mixing is carried out at a suitable temperature, e.g., from about 20
°C to about 50 °C or from about 25 °C to about 35 °C.
[0025] The resulting nanoparticles are isolated by centrifugal separation followed by
washing with an alcohol, preferably repeatedly.
[0026] In (c), any suitable acid can be employed, preferably a mineral acid or an
organic acid. Examples of mineral acids include hydrochloric acid, sulfuric acid, and nitric
acid, preferably hydrochloric acid or sulfuric acid. Examples of organic acids include acetic
acid, formic acid, trifluoroacetic acid, trichloroacetic acid, and p-toluenesulfonic acid,
preferably formic acid. The nanoparticles isolated in (b) can be treated with a IN to 2N
mineral acid, e.g., IN HCI, or 10 — 50 weight % organic acid in water, e.g., 50 % aqueous
formic acid, for a period of about 0.5 hr to about 3 hr, preferably about 1 hr to 2 hr. For
example, the nanoparticles can be sonicated in an acid bath for the above period. Following
the acid treatment, the nanoparticles are isolated from the acid and washed with deionized
water and dried under vacuum to obtain the silica nanoparticles of the invention.
[0027] Fig. 1 illustrates the increased surface area of the silica nanoparticles of the
present invention relative to that of prior art silica particles. Without wishing to be bound by
any theory or mechanism, the enhanced solubility of the silica nanoparticles is due to the
increased surface area created by the acid treatment on the silica nanoparticles formed by the
reaction of the orthosilicate, alcohol, and ammonia in the presence of the metal salt or
metalloid compound.
[0028] The invention also provides nanoparticles prepared by the method described

above.
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[0029] The following examples further illustrate the invention but, of course, should

not be construed as in any way limiting its scope.

EXAMPLE 1

[0030] This example demonstrates the preparation of silica nanoparticles in
accordance with an embodiment of the invention, where lithium acetate was used as the metal
salt in (a).

[0031] In a 6 L jacketed flask kept at 25 °C, 4.8 g lithium acetate dihydrate (LiOAc.
2H,0), 2480 mL deionized water (DI-H,0), 2.9 L anhydrous ethanol (EtOH), and 120 mL
28% w/w NHj in water were stirred for 30 min at 200 rpm using an overhead mixer with
PTFE impellers. A solution of 300 mL EtOH with 200 mL tetraethylorthosilicate (TEOS),
which was prepared under dry conditions (< 10% relative humidity), was rapidly poured into
the 6 L flask, and mixing was increased to 400 rpm and a dry air purge (< 1% relative
humidity) was utilized for 5 min. Mixing was reduced to 200 rpm, the dry air purge was
removed, the flask was sealed, and the reaction continued for a total of 1 h. The particles
were purified by centrifugation and re-suspension in EtOH three times. The particles were
sonicated with 1N HCI, washed with DI water, and dried under vacuum at 40 °C. The SEM
micrograph depicted in Fig. 2 show that the particles are generally spherical. Dynamic light
scattering (DLS) showed a hydrodynamic diameter of 180 nm. Elemental analysis was
performed on the particles before and after the HCI treatment.

[0032] For this example, as well as the following examples, Table 1 sets forth the
reaction conditions and the particle diameter and shape, and Table 2 sets forth the % carbon
before and after HCI treatment, the % metal content before and after HCI treatment, the

density, and the dissolution rate before and after treatment with HCI.
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Table 1. Reaction conditions and properties of nanoparticles

Diameter | Diameter
Example [H,0] [NH;] [Salt] [TEOS] Shape
(DLS) nm | (SEM) nm
1 23.7 0.3 0.0078 0.15 180 160 Generally Spherical
2 23.07 0.9 0.0078 0.15 330 310 Generally Spherical
3 23.7 1 0.0078 0.15 560 540 Generally Spherical
4 23.5 0.5 0.0078 0.15 310 270 Generally Spherical
5 23.5 0.5 0.0078 0.15 310 270 Generally Spherical
6 23.9 1 0.0062 0.15 340 320 Generally Spherical
7 239 1 0.0078 0.15 340 350 Generally Spherical
8 239 1 0.0062 0.15 310 320 Generally Spherical
9 24 0.5 0.0062 0.15 310 260 Generally Spherical
10 23.9 1 0.0062 0.15 270 270 Generally Spherical
Precipitated/Nonspheri
11 24 0.5 0.0046 0.15
cal
12 23.9 1 0.0062 0.15 630 440 Nonspherical
Precipitated/Nonspheri
13 24 0.5 0.0046 0.15
cal

14 5 0.5 0.0062 0.2 290 280 Generally Spherical
15 20.7 0.5 0 0.15 180 190 Generally Spherical
16 239 1 0 0.15 240 225 Generally Spherical




Table 2. Properties of nanoparticles

" " % Metal b Dissolution Dissolution

Example (;irfz‘r’: C;:’;“ Metal | Before “:;Z“rl DZ‘ZW Rate After HCI | Rate Before

HCl HCl HCI HCl nm/min HCI nm/min
1 4.3 0.43% Li 0.26 <38 1.94 30 1-10
2 4.9 0.78% Li 0.31 <8 1.93 40 1-10
3 34 0.64% | Na 2.8 <16 1.96 30 1-10
4 3.2 Na 0.89 50 1-10
5 3.1 Na 0.92 50 1-10
6 2.7 K 1.9 120 1-10
7 2.2 0.76% K 23 <49 150 1-10
8 2.9 Cs 59 130 1-10
9 2.3 0.87% | Cs 6.9 <49 60 1-10
10 4.1 Mg 0.11 180 1-10

11 4.2 Mg 0.03
12 34 Ca 0.87 260 1-10
13 34 Ca 0.86
14 3.9 B 0.53 200 1-10
15 3.5 10 1-10
16 3.8 0.83% 10 1-10
EXAMPLE 2
[0033] This example demonstrates another preparation of nanoparticles in accordance

with an embodiment of the invention, where lithium acetate was used as the salt in (a).
[0034] In a 6 L jacketed flask kept at 25 °C, 4.8 g LiOAc.2H,0, 2240 mL DI-H,O0,
2.9 L EtOH, and 360 mL 28% w/w NH3 in water were stirred for 30 min at 200 rpm using an
overhead mixer with PTFE impellers. A solution of 300 mL EtOH with 200 mL TEOS
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prepared under dry conditions (< 10% relative humidity) was rapidly poured into the 6 L
flask, and mixing was increased to 400 rpm and a dry air purge (< 1% relative humidity) was
utilized for 5 min. Mixing was reduced to 200 rpm, the dry air purge was removed, the flask
was sealed, and the reaction continued for a total of 1 h. The particles were purified by
centrifugation and re-suspension in EtOH three times. SEM micrograph depicted in Fig. 3
shows that the particles are generally spherical. The particles were sonicated with 1N HCI,
washed with DI water, and dried under vacuum at 40 °C. The particles were characterized as

in Example 1 and the results obtained are also set forth in Tables 1-2.

EXAMPLE 3
[0035] This example demonstrates the preparation of nanoparticles in accordance
with an embodiment of the invention, where sodium metasilicate was used as the salt in (a).
[0036] In a 6 L jacketed flask kept at 25 C, 10 g sodium metasilicate pentahydrate
(NasSi0s. 5H,0), 2280 mL DI-H,0, 1080 mL EtOH, 240 mL methanol (MeOH), and 400
mL 28% w/w NHj in water were stirred for 30 min at 200 rpm using an overhead mixer with
PTFE impellers. A solution of 1800 mL EtOH with 200 mL TEOS prepared under dry
conditions (< 10% relative humidity) was rapidly poured into the 6 L flask, and mixing was
increased to 500 rpm and a dry air purge (< 1% relative humidity) was utilized for 5 min.
Mixing was reduced to 200 rpm, the dry air purge was removed, the flask was sealed, and the
reaction continued for a total of 1 h. The particles were purified by centrifugation and re-
suspension in EtOH three times. DLS showed a hydrodynamic diameter of 560 nm. SEM
micrographs of the particles are depicted in Fig. 4, showing that the particles are generally
spherical. The particles were sonicated with 1N HCI, sulfuric acid, or formic acid, washed
with DI water, and dried under vacuum at 40 °C. The particles were characterized as in
Example 1 and the results obtained on the HCI washed particles are also set forth in Tables 1-
2. Sulfuric acid and formic acid treatments, followed by drying, produced particles having a
carbon content <0.5 wt% and a sodium content of <23 ppm. The nanoparticles produced
after treatment with HCI, sulfuric acid, and formic acid were rapidly dissolvable in aqueous

alkaline solution.

EXAMPLE 4
[0037] This example demonstrates the preparation of another set of nanoparticles in

accordance with an embodiment of the invention where sodium acetate was used as the salt in

(a).
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[0038] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.64 g sodium acetate
trihydrate (NaOAc.3H,0), 240 mL DI-H,O, 220 mL EtOH, and 20 mL 28% w/w NHj3 in
water were stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL
EtOH with 20 mL TEOS prepared under dry conditions (< 10% relative humidity) was
rapidly poured into the 1 L flask, the flask was sealed, and the reaction continued for a total
of 1 h. The particles were purified by centrifugation and re-suspension in EtOH three times.
The particles were sonicated with 1N HCI, washed with DI water, and dried under vacuum at
40 °C. The particles were characterized as in Example 1 and the results obtained are also set

forth in Tables 1-2.

EXAMPLE 5
[0039] This example demonstrates the preparation of yet another set of nanoparticles
in accordance with an embodiment of the invention where sodium formate was employed as
the metal salt in (a).
[0040] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.32 g sodium formate
(HCOONa), 240 mL DI-H,0, 220 mL EtOH, and 20 mL 28 % w/w NHj in water were stirred
for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL EtOH with 20 mL
TEOS prepared under dry conditions (< 10% relative humidity) was rapidly poured into the 1
L flask, the flask was sealed, and the reaction continued for a total of 1 h. The particles were
purified by centrifugation and re-suspension in EtOH three times. The particles were
sonicated with 1N HCI, washed with DI water, and dried under vacuum at 40 °C. The
particles were characterized as in Example 1 and the results obtained are also set forth in

Tables 1-2.

EXAMPLE 6
[0041] This example demonstrates the preparation of nanoparticles in accordance
with an embodiment of the invention where potassium acetate was employed as the metal salt
in (a).
[0042] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.37 g potassium
acetate (KOACc), 230 mL DI-H,O, 210 mL EtOH, and 40 mL 28% w/w NHj; in water were
stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL EtOH with 20
mL TEOS prepared under dry conditions (< 10% relative humidity) was rapidly poured into
the 1 L flask, the flask was sealed, and the reaction continued for a total of 1 h. Particles

were purified by centrifugation and re-suspension in EtOH three times. The particles were
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sonicated with 1N HCI, washed with DI water, and dried under vacuum at 40 °C. The
particles were characterized as in Example 1 and the results obtained are also set forth in

Tables 1-2.

EXAMPLE 7
[0043] This example demonstrates the preparation of another set of nanoparticles in
accordance with an embodiment of the invention where potassium acetate was employed as
the metal salt in (a).
[0044] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.46 g potassium
acetate (KOAc), 230 mL DI-H,O, 210 mL EtOH, and 40 mL 28% w/w NHj in water were
stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL EtOH with 20
mL TEOS prepared under dry conditions (< 10% relative humidity) was rapidly poured into
the 1 L flask, the flask was sealed, and the reaction continued for a total of 1 h. The particles
were purified by centrifugation and re-suspension in EtOH three times. The particles were
sonicated with 1N HCI, washed with DI water, and dried under vacuum at 40 °C. The
particles were characterized as in Example 1 and the results obtained are also set forth in

Tables 1-2.

EXAMPLE 8
[0045] This example demonstrates the preparation of nanoparticles in accordance
with an embodiment of the invention, where cesium acetate was employed as the metal salt in
(a).
[0046] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.72 g cesium acetate
(CsOAc), 230 mL DI-H,0, 210 mL EtOH, and 40 mL 28% w/w NHj3 in water were stirred
for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL EtOH with 20 mL
TEOS prepared under dry conditions (< 10% relative humidity) was rapidly poured into the 1
L flask, the flask was sealed, and the reaction continued for a total of 1 h. The particles were
purified by centrifugation and re-suspension in EtOH three times. The particles were
sonicated with 1N HCI, washed with DI water, and dried under vacuum at 40 °C. The
particles were characterized as in Example 1 and the results obtained are also set forth in

Tables 1-2.
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EXAMPLE 9
[0047] This example demonstrates the preparation of another set of nanoparticles in
accordance with an embodiment of the invention, where cesium acetate was employed as the
metal salt in (a).
[0048] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.72 g cesium acetate
(CsOAc), 245 mL DI-H,0, 215 mL EtOH, and 20 mL 28% w/w NH3 in water were stirred
for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL EtOH with 20 mL
TEOS prepared under dry conditions (< 10% relative humidity) was rapidly poured into the 1
L flask, the flask was sealed, and the reaction continued for a total of 1 h. Particles were
purified by centrifugation and re-suspension in EtOH three times. The particles were
sonicated with 1N HCI, washed with DI water, and dried under vacuum at 40 °C. The
particles were characterized as in Example 1 and the results obtained are also set forth in

Tables 1-2.

EXAMPLE 10

[0049] This example demonstrates the preparation of nanoparticles in accordance
with an embodiment of the invention where magnesium acetate was employed as the metal
salt in (a).
[0050] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.80 g magnesium
acetate tetrahydrate (MgOAc.4H,0), 230 mL DI-H,O, 210 mL EtOH, and 40 mL 28% w/w
NH3; in water were stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100
mL EtOH with 20 mL TEOS prepared under dry conditions (< 10% relative humidity) was
rapidly poured into the 1 L flask, the flask was sealed, and the reaction continued for a total
of 1 h. The particles were purified by centrifugation and re-suspension in EtOH three times.
The particles were sonicated with 1N HCI, washed with DI water, and dried under vacuum at
40 °C. The particles were characterized as in Example 1 and the results obtained are also set
forth in Tables 1-2. SEM micrographs depicted in Fig. 6 showed that generally spherical
particles.

EXAMPLE 11
[0051] This example demonstrates the preparation of another set of nanoparticles in
accordance with an embodiment of the invention where magnesium acetate was employed as

the metal salt in (a).
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[0052] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.59 g magnesium
acetate tetrahydrate (MgOAc.4H,0), 245 mL DI-H,0, 215 mL EtOH, and 20 mL 28% w/w
NH3 in water were stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100
mL EtOH with 20 mL TEOS prepared under dry conditions (< 10% relative humidity) was
rapidly poured into the 1 L flask, the flask was sealed, and the reaction continued for a total
of 1 h. The final reaction mixture contained precipitated particles. The particles were
purified by washing with EtOH three times. The particles were sonicated with 1N HCI,
washed with DI water, and dried under vacuum at 40 °C. The particles were characterized as

in Example 1 and the results obtained are also set forth in Tables 1-2.

EXAMPLE 12
[0053] This example demonstrates the preparation of nanoparticles in accordance
with an embodiment of the invention where calcium acetate was employed as the metal salt
in (a).
[0054] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.66 g calcium acetate
monohydrate (CaOAc.H,0), 230 mL DI-H,0, 210 mL EtOH, and 40 mL 28% w/w NH3 in
water were stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL
EtOH with 20 mL TEOS prepared under dry conditions (< 10% relative humidity) was
rapidly poured into the 1 L flask, the flask was sealed, and the reaction continued for a total
of 1 h. The particles were purified by centrifugation and re-suspension in EtOH three times.
The particles were sonicated with 1N HCI, washed with DI water, and dried under vacuum at
40 °C. The particles were characterized as in Example 1 and the results obtained are also set
forth in Tables 1-2. SEM micrographs of the nanoparticles depicted in Fig. 5 show that the

nanoparticles are non-spherical.
EXAMPLE 13

[0055] This example demonstrates the preparation of another set of nanoparticles in
accordance with an embodiment of the invention where calcium acetate was employed as the
metal salt in (a).

[0056] In a 1 L Erlenmeyer flask at room temperature (23 °C), 0.49 g calcium acetate
monohydrate (CaOAc.H;0), 245 mL DI-H,0, 215 mL EtOH, and 20 mL 28% w/w NH3 in
water were stirred for 30 min at 200 rpm using a magnetic stir bar. A solution of 100 mL
EtOH with 20 mL TEOS prepared under dry conditions (< 10 % relative humidity) was

rapidly poured into the 1 L flask, the flask was sealed, and the reaction continued for a total
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of 1 h. The final reaction mixture contained precipitated particles. SEM of the nanoparticles
showed that the nanoparticles are non-spherical and are highly aggregated. Particles were
purified by washing with EtOH three times. The particles were sonicated with 1N HCI,
washed with DI water, and dried under vacuum at 40 °C. The particles were characterized as
in Example 1 and the results obtained are also set forth in Tables 1-2.

EXAMPLE 14
[0057] This example demonstrates the preparation of nanoparticles in accordance
with an embodiment of the invention where boric acid was employed as the metalloid
compound in (a).
[0058] In a 6 L jacketed flask kept at 25 °C, 2.3 g boric acid, 380 mL DI-H,O, 5 L
EtOH, and 200 mL 28 % w/w NHj3 in water were stirred for 30 min at 200 rpm using an
overhead mixer with PTFE impellers. A solution of 150 mL EtOH with 270 mL TEOS
prepared under dry conditions (< 10% relative humidity) was rapidly poured into the 6 L
flask, and mixing was increased to 400 rpm and a dry air purge (< 1% relative humidity) was
utilized for 5 min. Mixing was reduced to 200 rpm, the dry air purge was removed, the flask
was sealed, and the reaction continued for a total of 1.5 h. The particles were purified by
centrifugation and re-suspension in EtOH three times. The particles were sonicated with 1N
HCI, washed with DI water, and dried under vacuum at 40 °C. The particles were
characterized as in Example 1 and the results obtained are also set forth in Tables 1-2. An

SEM of the nanoparticles is shown in Fig. 7.

EXAMPLE 15
[0059] This example demonstrates the preparation of nanoparticles where no salt of
metal or metalloid was used.
[0060] In a 1 L Erlenmeyer flask at room temperature (23 °C), 210 mL DI-H,0, 250

mL EtOH, and 20 mL 28% w/w NHj3 in water were stirred for 30 min at 200 rpm using a
magnetic stir bar. A solution of 100 mL EtOH with 20 mL TEOS prepared under dry
conditions (< 10% relative humidity) was rapidly poured into the 1 L flask, the flask was
sealed, and the reaction continued for a total of 1 h. The particles were purified by
centrifugation and re-suspension in EtOH three times. The particles were sonicated with 1N
HCI, washed with DI water, and dried under vacuum at 40 °C. The particles were

characterized as in Example 1 and the results obtained are also set forth in Tables 1-2.
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EXAMPLE 16
[0061] This example demonstrates the preparation of another set of nanoparticles
where no salt of metal or metalloid was used.
[0062] In a 1 L Erlenmeyer flask at room temperature (23 °C), 230 mL DI-H,0, 210
mL EtOH, and 40 mL 28% w/w NHj3 in water were stirred for 30 min at 200 rpm using a
magnetic stir bar. A solution of 100 mL EtOH with 20 mL TEOS prepared under dry
conditions (< 10% relative humidity) was rapidly poured into the 1 L flask, the flask was
sealed, and the reaction continued for a total of 1 h. The particles were purified by
centrifugation and re-suspension in EtOH three times. The particles were sonicated with 1N
HCI, washed with DI water, and dried under vacuum at 40 °C. The particles were
characterized as in Example 1 and the results obtained are also set forth in Tables 1-2. SEM

showed that the particles are generally spherical.

EXAMPLE 17
[0063] This example demonstrates the measurement of the density of the
nanoparticles in accordance with the invention.
[0064] A suspension of either commercial particles in water or dissolvable
nanoparticles in DMF was measured for weight fraction of particles. A small quantity
(approximately 2 g) was placed into a vial, dried in an oven at 90 °C for 3 days, and the
weight was measured before and after drying. A 25 mL specific gravity bottle was calibrated
using water with a known density. The density of the suspensions was measured using the
specific gravity bottle. The density of the particles was determined using the following

equation:

1_~ Jp
p

where p, is the density of the particle, p is the density of the suspension as measured by the
specific gravity bottle, psis the density of the solvent (1.0 g/cc for water and 0.944 g/cc for
DMF) and f, is the weight fraction of particle in the suspension as measured by the drying
experiment. The results obtained are summarized in Table 3.

[0065]
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Table 3. Density of Silica Nanoparticles

Solvent Density W/w Density Suspension Particle Density
Particles Solvent 3 3 3
g/em’ Particles g/lem g/em
EM-3530K* Water 1.0 0.306 1.20 2.24
EM-5530K* Water 1.0 0.305 1.20 2.25
EM-7530K* Water 1.0 0.302 1.20 2.27
570 nm Silica
DMF 0.944 0.63 1.40 1.96
(Ex. 3)
310 nm Silica
DMF 0.944 0.55 1.31 1.93
(Ex. 2)
160 nm Silica
DMF 0.944 0.55 1.31 1.94
(Ex. 1)

*commercial silica nanoparticles.
[0066] The diameter, the carbon content, and the dissolution rate of the commercial
silica nanoparticles are set forth in Table 4.

Table 4. Properties of commercial silica nanoparticles

Diameter Dissolution
Particles % Carbon
(DLS) nm Rate nm/min
EM-3530K* 30 <0.5 0.05
EM-5530K* 55 <0.5 0.08
EM-7530K* 75 <0.5 0.08
[0067] All references, including publications, patent applications, and patents, cited

herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

[0068] The use of the terms “a” and “an” and “the” and ““at least one” and similar
referents in the context of describing the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. The use of the term “at least one”
followed by a list of one or more items (for example, “at least one of A and B”) is to be
construed to mean one item selected from the listed items (A or B) or any combination of two
or more of the listed items (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,” “including,” and “containing”

are to be construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless

otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
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shorthand method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate the invention and does not pose a
limitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential to the
practice of the invention.
[0069] Preferred embodiments of this invention are described herein, including the
best mode known to the inventors for carrying out the invention. Variations of those
preferred embodiments may become apparent to those of ordinary skill in the art upon
reading the foregoing description. The inventors expect skilled artisans to employ such
variations as appropriate, and the inventors intend for the invention to be practiced otherwise
than as specifically described herein. Accordingly, this invention includes all modifications
and equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIMS

1. A method of preparing silica nanoparticles having a diameter of 50 nm to 1000 nm
and a particle density of 1.96 g/cm’ or less, and a rate of dissolution in 1N KOH solution of
more than 10 nm/min, wherein the rate is measured by mixing 1-5 mg/mL silica
nanoparticles in 1N aqueous KOH solution at 25°C and measuring the change in diameter as
a function of time by the Dynamic Light Scattering method or measuring the turbidity decay

as a function of time using a nephelometric turbidity meter, said method comprising:

(a) reacting an orthosilicate and an alcohol or a mixture of alcohols in an aqueous
medium in the presence of a salt of a metal or in the presence of a boron compound, in
combination with ammonium hydroxide,

(b) isolating the resulting nanoparticles, and

(c) treating the nanoparticles from (b) with an acid;

wherein the salt of a metal is selected from lithium acetate, sodium acetate, sodium
metasilicate, sodium formate, potassium acetate, cesium acetate, magnesium acetate, and

calcium acetate.
2. The method of claim 1, wherein the orthosilicate is a tetraalkylorthosilicate.

3. The method of claim 2, wherein the tetraalkylorthosilicate is selected from
tetramethylorthosilicate, tetraethylorthosilicate, tetrapropylorthosilicate,

tetrabutylorthosilicate, and tetrapentylorthosilicate.

4. The method of any one of claims 1 to 3, wherein the alcohol or mixture of alcohols is

selected from methanol, ethanol, propanol, butanol, and mixtures thereof.

5. The method of claim 1, wherein the boron compound is boric acid or an alkyl borate.
0. The method of claim 5, wherein the alkyl borate is trimethyl borate or triethyl borate.
7. The method of any one of claims 1 to 6, wherein (a) is performed by mixing water,

alcohol, the orthosilicate, and the salt of the metal or the boron compound.
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8. The method of claim 7, comprising mixing 2 to 25 mol/L of water, 8 to 16 mol/L of
ethanol, 0 to 2 mol/L of methanol, 0.1 to 2 mol/L of ammonia, 0.1 to 0.4 mol/L of

tetraalkylorthosilicate, and 0.001 to 0.01 mol/L of the salt of the metal or boron compound.

9. The method of any one of claims 1 to 6, wherein (a) is performed by adding an
orthosilicate into a solution comprising the salt of the metal or the boron compound, water,

and alcohol.

10.  The method of claim 9, comprising adding 0.1 to 0.4 mol/L of orthosilicate into a
solution including 2 to 25 mol/L of water, 8 to 16 mol/L of ethanol, 0 to 2 mol/L of methanol,
0.1 to 2 mol/L of ammonia, and 0.001 to 0.01 mol/L of the salt of the metal or boron

compound and mixing the resulting mixture.

11. The method of any one of claims 1 to 10, wherein the mixing is carried out for a

period of from 5 minutes to 2 hours.

12. The method of claim 11, wherein the mixing is carried out at a temperature of from

20 °C to 50 °C.

13.  The method of any one of claims 1 to 12, wherein the resulting nanoparticles are

isolated by centrifugal separation followed by washing with an alcohol.

14.  The method of any one of claims 1 to 13, wherein the acid is a mineral acid or organic

acid.

15.  The method of claim 14, wherein the mineral acid is hydrochloric acid and the

organic acid is formic acid.

16. The nanoparticles prepared by the method of any one of claims 1 to 15.



