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RAPIDLY DISSOLVABLE NANOPARTICLES

BACKGROUND OF THE INVENTION

[0001] Nanoparticles, particularly silica nanoparticleayé& been proposed for a
number of applications including as solid suppoatenials in column chromatography, as
polishing agents in the electronics industry, meabrtechnology, catalyst support, silica-
polymer composites, and in diagnostic and drugvdgjiapplications. There is a desire for
uniform or monodisperse nanopatrticles. Furthercéostain applications such as preparation
of membranes having uniform pores and desired @wemgement, where the nanopatrticles
may be used as templates during the preparatiireahembranes, there is a desire that they
be soluble in common or safe solvents. Presemibyvk silica nanoparticles are soluble only
in corrosive solvents such as hydrofluoric acidhay are slow to dissolve in common
solvents, for example, a solution of alkali in waté&ccordingly, there is a need for

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

BRIEF SUMMARY OF THE INVENTION

[0002] The invention provides silica nanoparticles haviigh solubility or

dissolution rate in common or safe solvents, paldity in aqueous alkaline solutions. The
silica nanoparticles have low particle density aimgh internal surface area. In embodiments,
the silica nanopatrticles have a diameter of abOutrh to about 1000 nm and a particle
density of about 1.96 g/cher less.

[0003] The invention further provides a method of prepasuoch silica

nanoparticles, the method comprising (a) reactmgréhosilicate and an alcohol or a mixture
of alcohols in an aqueous medium in the preseneesatft of a metal of Group la or Group

lla or in the presence of a metalloid compoundiomily in combination with ammonium
hydroxide, (b) isolating the resulting nanoparsgland (c) treating the nanoparticles from (b)
with an acid.

[0004] As the silica nanopatrticles are highly solublelkabs, they are useful as
removable templates for preparing membranes haongolled pore sizes and controlled
spatial arrangement of pores.

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

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

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

was employed in its preparation.

DETAILED DESCRIPTION OF THE INVENTION

[0012] In accordance with an embodiment, the present imweprovides silica
nanoparticles having a diameter of about 50 nnbtuB1000 nm and a particle density of
1.96 g/cmi or less.

[0013] In an embodiment, the silica nanoparticles of theention having a particle
density of about 1.93 to about 1.96 gfcm

[0014] The silica nanoparticles of the invention can haarticle size, e.qg.,

diameter, of less than 1000 nm, in particular aigarsize of from about 160 nm to about
630 nm. Thus, for example, the nanoparticles lagparticle size of about 160 nm, about 180
nm, about 200 nm, about 220 nm, about 240 nm, &gihm, about 280 nm, about 300 nm,
about 320 nm, about 340 nm, about 360 nm, abounh88Gbout 400 nm, about 420 nm,
about 440 nm, about 460 nm, about 480 nm, abounh&QGbout 520 nm, about 540 nm,
about 560 nm, about 580 nm, about 600 nm, or ad2@ihm.

[0015] The silica nanoparticles can have any suitableeshépembodiments, the

nanoparticles of the invention are generally syadri
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[0016] The silica nanoparticles of the invention have hegtubility in alkaline
solutions. Solubility can be expressed by the oatdissolution. In accordance with an
embodiment, the silica nanopatrticles have a ratBssblution in 1N KOH solution of more
than 10 nm/min, wherein the rate is measured bynmik-5 mg/mL silica nanoparticles in
1N aqueous KOH solution at 25°C and measuringhbege in diameter of the nanopatrticles
as a function of time by the Dynamic Light Scatigrmethod or measuring the turbidity
decay as a function of time using a nephelomatriidity meter. Preferably, the silica
nanoparticles have a rate of dissolution of ab&utr®/min or higher, and more preferably,
from about 30 nm/min to about 300 nm/min.
[0017] The present invention further provides a methogreparing silica
nanoparticles, the method comprising: (a) reacmg@rthosilicate and an alcohol or a
mixture of alcohols in an agueous medium in thes@nee of a salt of a metal of Group la or
Group lla, or in the presence of a metalloid conmahwptionally in combination with
ammonium hydroxide, (b) isolating the resulting oarticles, and (c) treating the
nanoparticles from (b) with an acid.
[0018] In an embodiment, the orthosilicate used in thpgration of the
nanoparticles is a tetraalkylorthosilicate. Exasspbf tetraalkylorthosilicates
tetramethylorthosilicate, tetraethylorthosilicattrapropylorthosilicate,
tetrabutylorthosilicate, and tetrapentylorthosiieca
[0019] Any suitable alcohol or mixture of alcohols canused in the method
according to the invention, for example, the aldaramixture of alcohols is selected from
methanol, ethanol, propanol, butanol, and mixttineseof.
[0020] The salt of the metal used in the preparation en@noparticles of the
invention can be selected from salts of lithiungdism, potassium, cesium, magnesium, and
calcium. In an embodiment, the salt of the metaldlected from lithium acetate, sodium
acetate, sodium metasilicate, sodium formate, patasacetate, cesium acetate, magnesium
acetate, and calcium acetate. In another emboditienmetalloid compound is a compound
of boron, for example, boric acid or a boric actee such as alkyl borate. The alkyl borate
can be a trialkyl borate such as trimethyl borattiethyl borate.
[0021] In accordance with an embodiment, (a) is perforimethixing water, alcohol,
the orthosilicate, and the salt of the metal omttealloid compound. For example, in an
embodiment, (a) can be performed by mixing abaist 25 mol/L of water, about 8 to about
16 mol/L of ethanol, about 0 to about 2 mol/L ofthemol, about 0.1 to about 2 mol/L of
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ammonia, about 0.1 to about 0.4 mol/L of tetraalkiylosilicate, and about 0.001 to about
0.01 mol/L of a salt of the metal or metalloid caapd.

[0022] Alternatively, (a) can be performed by adding ahasilicate into a solution
comprising the salt of the metal or the metall@mdhpound, water, and alcohol. For example,
(a) can be performed by adding about 0.1 to abdum®l/L of tetraalkylorthosilicate into a
solution including about 2 to 25 mol/L of waterpal 8 to about 16 mol/L of ethanol, about

0 to about 2 mol/L of methanol, about 0.1 to al®uatol/L of ammonia, and about 0.001 to
about 0.01 mol/L of a salt of a metal or metallocanpound and mixing the resulting

mixture.

[0023] In (a), the mixing is carried out for a suitableipé of time, e.g., from about 5

minutes to about 2 hours, or from about 30 mintdesbout 1 hour.

[0024] In (@), the mixing is carried out at a suitable pemature, e.g., from about 20
°C to about 50 °C or from about 25 °C to about@5 °
[0025] The resulting nanoparticles are isolated by cargaf separation followed by

washing with an alcohol, preferably repeatedly.

[0026] In (c), any suitable acid can be employed, prefgralmineral acid or an
organic acid. Examples of mineral acids includdrbghloric acid, sulfuric acid, and nitric
acid, preferably hydrochloric acid or sulfuric aciixamples of organic acids include acetic
acid, formic acid, trifluoroacetic acid, trichlor@etic acid, and p-toluenesulfonic acid,
preferably formic acid. The nanoparticles isolate¢b) can be treated with a 1N to 2N
mineral acid, e.g., 1N HCI, or 10 — 50 weight %aorig acid in water, e.g., 50 % aqueous
formic acid, for a period of about 0.5 hr to ab8utr, preferably about 1 hr to 2 hr. For
example, the nanoparticles can be sonicated iridrbath for the above period. Following
the acid treatment, the nanoparticles are isofflated the acid and washed with deionized
water and dried under vacuum to obtain the silex@oparticles of the invention.

[0027] Fig. 1 illustrates the increased surface areaesifica nanoparticles of the
present invention relative to that of prior artcsilparticles. Without wishing to be bound by
any theory or mechanism, the enhanced solubilithefsilica nanopatrticles is due to the
increased surface area created by the acid treadtmehe silica nanopatrticles formed by the
reaction of the orthosilicate, alcohol, and ammamitoe presence of the metal salt or
metalloid compound.

[0028] The invention also provides nanoparticles prepasethe method described
above.
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[0029] The following examples further illustrate the intien but, of course, should

not be construed as in any way limiting its scope.

EXAMPLE 1

[0030] This example demonstrates the preparation of siligeparticles in
accordance with an embodiment of the invention,re/ithium acetate was used as the metal
saltin (a).

[0031] In a 6 L jacketed flask kept at 25 °C, 4.8 g lithiacetate dihydrate (LIOAC.
2H,0), 2480 mL deionized water (DI-B), 2.9 L anhydrous ethanol (EtOH), and 120 mL
28% w/w NH; in water were stirred for 30 min at 200 rpm usamgoverhead mixer with
PTFE impellers. A solution of 300 mL EtOH with 2610 tetraethylorthosilicate (TEOS),
which was prepared under dry conditions (< 10%tikedehumidity), was rapidly poured into
the 6 L flask, and mixing was increased to 400 gmd a dry air purge (< 1% relative
humidity) was utilized for 5 min. Mixing was redeatto 200 rpm, the dry air purge was
removed, the flask was sealed, and the reactiotinced for a total of 1 h. The particles
were purified by centrifugation and re-suspensioBtOH three times. The particles were
sonicated with 1N HCI, washed with DI water, anetdiunder vacuum at 40 °C. The SEM
micrograph depicted in Fig. 2 show that the paticdre generally spherical. Dynamic light
scattering (DLS) showed a hydrodynamic diametell@8 nm. Elemental analysis was
performed on the particles before and after the tr€2itment.

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

density, and the dissolution rate before and aféatment with HCI.
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Table 1. Reaction conditions and properties obparticles

al

al

al

al

al

al

al

al

al

al

al

Example [HO] | [NH3] | [Salt] | [TEOS] Diameter | Diameter Shape
(DLS) nm | (SEM) nm
1 23.7 0.3 0.0078 0.15 180 160 Generally Spheri¢
2 23.07 0.9 0.007¢ 0.15 330 310 Generally Spherical
3 23.7 1 0.0078 0.15 560 540 Generally Spherig
4 23.5 0.5 0.0078 0.15 310 270 Generally Spheri¢
5 23.5 0.5 0.0078 0.15 310 270 Generally Spheri¢
6 23.9 1 0.0062 0.15 340 320 Generally Spherig
7 23.9 1 0.0078 0.15 340 350 Generally Spherig
8 23.9 1 0.0062 0.15 310 320 Generally Spherig
9 24 0.5 0.0062 0.15 310 260 Generally Spheric
10 23.9 1 0.0067 0.15 270 270 Generally Spherig
1 ” 05 0.0044 0.15 Precipitated/Nonsphe
cal
12 23.9 1 0.0062 0.15 630 440 Nonspherical
13 ” 05 0.0044 0.15 Precipitated/Nonsphe
cal
14 5 0.5 0.0062 0.2 290 280 Generally Spherig
15 20.7 0.5 0 0.15 180 190 Generally Spherig
16 23.9 1 0 0.15 240 225 Generally Spheric

o




Table 2. Properties of nanopatrticles

" " % Metal PP Dissolution Dissolution
Example Carbon | Carbon Metal | Before Metal | Density Rate After HCI| Rate Before
Before After After glcc . .
Hel Hel HCI Hel nm/min HCI nm/min
1 4.3 0.43% Li 0.26 <8 1.94 30 1-10
2 4.9 0.78% Li 0.31 <8 1.93 40 1-10
3 3.4 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 2.3 <49 150 1-10
8 2.9 Cs 5.9 130 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 3.4 Ca 0.87 260 1-10
13 3.4 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 preparationradpeaticles in accordance

with an embodiment of the invention, where lithiaoetate was used as the salt in (a).

In a 6 L jacketed flask kept at 25 °C, 4.8 g LiOG&4,0, 2240 mL DI-HO,
2.9 L EtOH, and 360 mL 28% w/w NHh water were stirred for 30 min at 200 rpm usamng
overhead mixer with PTFE impellers. A solutior360 mL EtOH with 200 mL TEOS

[0034]
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prepared under dry conditions (< 10% relative huty)dvas rapidly poured into the 6 L
flask, and mixing was increased to 400 rpm andyadrpurge (< 1% relative humidity) was
utilized for 5 min. Mixing was reduced to 200 rptime dry air purge was removed, the flask
was sealed, and the reaction continued for a odtalh. The particles were purified by
centrifugation and re-suspension in EtOH three sim8EM micrograph depicted in Fig. 3
shows that the particles are generally spherithk particles were sonicated with 1N HCI,
washed with DI water, and dried under vacuum ClOThe particles were characterized as

in Example 1 and the results obtained are alstogétin Tables 1-2.

EXAMPLE 3
[0035] This example demonstrates the preparation of naticlea in accordance
with an embodiment of the invention, where sodiuptasilicate was used as the salt in (a).
[0036] In a 6 L jacketed flask kept at 25 C, 10 g sodiugtasilicate pentahydrate
(NaSiOs. 5H,0), 2280 mL DI-HO, 1080 mL EtOH, 240 mL methanol (MeOH), and 400
mL 28% w/w NH; in water were stirred for 30 min at 200 rpm usamgoverhead mixer with
PTFE impellers. A solution of 1800 mL EtOH with®ML TEOS prepared under dry
conditions (< 10% relative humidity) was rapidlyyped into the 6 L flask, and mixing was
increased to 500 rpm and a dry air purge (< 1%iveldaumidity) was utilized for 5 min.
Mixing was reduced to 200 rpm, the dry air purge wemoved, the flask was sealed, and the
reaction continued for a total of 1 h. The paetsclvere purified by centrifugation and re-
suspension in EtOH three times. DLS showed a liyar@mic diameter of 560 nm. SEM
micrographs of the particles are depicted in Fjghbwing that the particles are generally
spherical. The particles were sonicated with 1N,dGIfuric acid, or formic acid, washed
with DI water, and dried under vacuum at 40 °Ce Phrticles were characterized as in
Example 1 and the results obtained on the HCI whpheticles are also set forth in Tables 1-
2. Sulfuric acid and formic acid treatments,doled by drying, produced particles having a
carbon content <0.5 wt% and a sodium content ofpf#8. The nanoparticles produced
after treatment with HCI, sulfuric acid, and fornaicid were rapidly dissolvable in aqueous

alkaline solution.

EXAMPLE 4
[0037] This example demonstrates the preparation of ane#tef nanoparticles in

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

(a).
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[0038] In a 1 L Erlenmeyer flask at room temperature @8 0.64 g sodium acetate
trinydrate (NaOAc.3K0), 240 mL DI-HO, 220 mL EtOH, and 20 mL 28% w/w NHh
water were stirred for 30 min at 200 rpm using @nedic stir bar. A solution of 100 mL
EtOH with 20 mL TEOS prepared under dry conditipnd0% relative humidity) was
rapidly poured into the 1 L flask, the flask waals€, and the reaction continued for a total
of 1 h. The particles were purified by centrifugatand re-suspension in EtOH three times.
The particles were sonicated with 1N HCI, washetth Wil water, and dried under vacuum at
40 °C. The particles were characterized as in k@i and the results obtained are also set
forth in Tables 1-2.

EXAMPLE 5
[0039] This example demonstrates the preparation of ya@han set of nanopatrticles
in accordance with an embodiment of the inventibrere sodium formate was employed as
the metal salt in (a).
[0040] In a 1 L Erlenmeyer flask at room temperature @8 0.32 g sodium formate
(HCOONa), 240 mL DI-HO, 220 mL EtOH, and 20 mL 28 % w/w Nlh water were stirred
for 30 min at 200 rpm using a magnetic stir barsofution of 200 mL EtOH with 20 mL
TEOS prepared under dry conditions (< 10% reldtwenidity) was rapidly poured into the 1
L flask, the flask was sealed, and the reactiorticoad for a total of 1 h. The particles were
purified by centrifugation and re-suspension in Htfree times. The particles were
sonicated with 1N HCI, washed with DI water, angdmunder vacuum at 40 °C. The
particles were characterized as in Example 1 amdabults obtained are also set forth in
Tables 1-2.

EXAMPLE 6
[0041] This example demonstrates the preparation of naticlea in accordance
with an embodiment of the invention where potassacetate was employed as the metal salt
in (a).
[0042] In a 1 L Erlenmeyer flask at room temperature 28 0.37 g potassium
acetate (KOAc), 230 mL DI-$D, 210 mL EtOH, and 40 mL 28% w/w NHkh water were
stirred for 30 min at 200 rpm using a magneticlsair. A solution of 100 mL EtOH with 20
mL TEOS prepared under dry conditions (< 10% redatiumidity) was rapidly poured into
the 1 L flask, the flask was sealed, and the reaaontinued for a total of 1 h. Particles

were purified by centrifugation and re-suspensioktOH three times. The particles were
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sonicated with 1N HCI, washed with DI water, anetdmunder vacuum at 40 °C. The
particles were characterized as in Example 1 amddsults obtained are also set forth in
Tables 1-2.

EXAMPLE 7
[0043] This example demonstrates the preparation of ane#tef nanoparticles in
accordance with an embodiment of the invention wlpetassium acetate was employed as
the metal salt in (a).
[0044] In a 1 L Erlenmeyer flask at room temperature 28 0.46 g potassium
acetate (KOAc), 230 mL DI-$D, 210 mL EtOH, and 40 mL 28% w/w NHkh water were
stirred for 30 min at 200 rpm using a magneticlsair. A solution of 100 mL EtOH with 20
mL TEOS prepared under dry conditions (< 10% redatiumidity) was rapidly poured into
the 1 L flask, the flask was sealed, and the reaaontinued for a total of 1 h. The particles
were purified by centrifugation and re-suspensioktOH three times. The particles were
sonicated with 1N HCI, washed with DI water, aneédiunder vacuum at 40 °C. The
particles were characterized as in Example 1 amdesults obtained are also set forth in
Tables 1-2.

EXAMPLE 8
[0045] This example demonstrates the preparation of naticlea in accordance
with an embodiment of the invention, where cesiwetate was employed as the metal salt in
@).
[0046] In a 1 L Erlenmeyer flask at room temperature 28 0.72 g cesium acetate
(CsOAc), 230 mL DI-HO, 210 mL EtOH, and 40 mL 28% w/w Nlh water were stirred
for 30 min at 200 rpm using a magnetic stir barsofution of 200 mL EtOH with 20 mL
TEOS prepared under dry conditions (< 10% reldtwenidity) was rapidly poured into the 1
L flask, the flask was sealed, and the reactioriicoad for a total of 1 h. The particles were
purified by centrifugation and re-suspension in Htfree times. The particles were
sonicated with 1N HCI, washed with DI water, angdmunder vacuum at 40 °C. The
particles were characterized as in Example 1 amdasults obtained are also set forth in
Tables 1-2.
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EXAMPLE 9
[0047] This example demonstrates the preparation of ane#tef nanoparticles in
accordance with an embodiment of the invention,revltesium acetate was employed as the
metal salt in (a).
[0048] In a 1 L Erlenmeyer flask at room temperature 28 0.72 g cesium acetate
(CsOAC), 245 mL DI-HO, 215 mL EtOH, and 20 mL 28% w/w Nlh water were stirred
for 30 min at 200 rpm using a magnetic stir barsofution of 200 mL EtOH with 20 mL
TEQOS prepared under dry conditions (< 10% reldtiwenidity) was rapidly poured into the 1
L flask, the flask was sealed, and the reactioricoad for a total of 1 h. Particles were
purified by centrifugation and re-suspension in Htfbree times. The particles were
sonicated with 1N HCI, washed with DI water, aneédmunder vacuum at 40 °C. The
particles were characterized as in Example 1 amdesults obtained are also set forth in
Tables 1-2.

EXAMPLE 10

[0049] This example demonstrates the preparation of natidlea in accordance
with an embodiment of the invention where magnesagetate was employed as the metal
saltin (a).
[0050] In a 1 L Erlenmeyer flask at room temperature @8 0.80 g magnesium
acetate tetrahydrate (MgOAc.48)), 230 mL DI-HO, 210 mL EtOH, and 40 mL 28% w/w
NH; in water were stirred for 30 min at 200 rpm usangiagnetic stir bar. A solution of 100
mL EtOH with 20 mL TEOS prepared under dry condisig< 10% relative humidity) was
rapidly poured into the 1 L flask, the flask waaled, and the reaction continued for a total
of 1 h. The particles were purified by centrifugatand re-suspension in EtOH three times.
The particles were sonicated with 1N HCI, washetth Wil water, and dried under vacuum at
40 °C. The particles were characterized as in i@ and the results obtained are also set
forth in Tables 1-2. SEM micrographs depictedim B showed that generally spherical
particles.

EXAMPLE 11
[0051] This example demonstrates the preparation of ane#tef nanoparticles in
accordance with an embodiment of the invention eimeagnesium acetate was employed as

the metal salt in (a).
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[0052] In a 1 L Erlenmeyer flask at room temperature @8 0.59 g magnesium
acetate tetrahydrate (MgOAc.4®), 245 mL DI-HO, 215 mL EtOH, and 20 mL 28% w/w
NH3 in water were stirred for 30 min at 200 rpm usangnagnetic stir bar. A solution of 100
mL EtOH with 20 mL TEOS prepared under dry condisig< 10% relative humidity) was
rapidly poured into the 1 L flask, the flask waals€, and the reaction continued for a total
of 1 h. The final reaction mixture contained ppétated particles. The particles were
purified by washing with EtOH three times. Thetjgdes were sonicated with 1N HCI,
washed with DI water, and dried under vacuum ClOThe particles were characterized as

in Example 1 and the results obtained are alstogétin Tables 1-2.

EXAMPLE 12
[0053] This example demonstrates the preparation of naticlea in accordance
with an embodiment of the invention where calciuratate was employed as the metal salt
in (a).
[0054] In a 1 L Erlenmeyer flask at room temperature 28 0.66 g calcium acetate
monohydrate (CaOAc4®), 230 mL DI-HO, 210 mL EtOH, and 40 mL 28% w/w NHh
water were stirred for 30 min at 200 rpm using @nedic stir bar. A solution of 100 mL
EtOH with 20 mL TEOS prepared under dry conditiGnd0% relative humidity) was
rapidly poured into the 1 L flask, the flask waals€, and the reaction continued for a total
of 1 h. The particles were purified by centrifugatand re-suspension in EtOH three times.
The particles were sonicated with 1N HCI, washetth Wil water, and dried under vacuum at
40 °C. The particles were characterized as in i@ and the results obtained are also set
forth in Tables 1-2. SEM micrographs of the namtglas depicted in Fig. 5 show that the

nanoparticles are non-spherical.
EXAMPLE 13

[0055] This example demonstrates the preparation of ane#tef nanoparticles in
accordance with an embodiment of the invention wlwatcium acetate was employed as the
metal salt in (a).

[0056] In a 1 L Erlenmeyer flask at room temperature @8 0.49 g calcium acetate
monohydrate (CaOAc40), 245 mL DI-HO, 215 mL EtOH, and 20 mL 28% w/w Nkh
water were stirred for 30 min at 200 rpm using @nagic stir bar. A solution of 100 mL
EtOH with 20 mL TEOS prepared under dry conditipnd 0 % relative humidity) was

rapidly poured into the 1 L flask, the flask waale€, and the reaction continued for a total
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of 1 h. The final reaction mixture contained ppétated particles. SEM of the nanoparticles
showed that the nanoparticles are non-sphericahemtlighly aggregated. Particles were
purified by washing with EtOH three times. Thetjgdes were sonicated with 1N HCI,
washed with DI water, and dried under vacuum ClOThe particles were characterized as
in Example 1 and the results obtained are alstogétin Tables 1-2.

EXAMPLE 14
[0057] This example demonstrates the preparation of naticlea in accordance
with an embodiment of the invention where boricdagas employed as the metalloid
compound in (a).
[0058] In a 6 L jacketed flask kept at 25 °C, 2.3 g bada, 380 mL DI-HO, 5 L
EtOH, and 200 mL 28 % w/w NHn water were stirred for 30 min at 200 rpm usamg
overhead mixer with PTFE impellers. A solutionl&0 mL EtOH with 270 mL TEOS
prepared under dry conditions (< 10% relative huty)dvas rapidly poured into the 6 L
flask, and mixing was increased to 400 rpm andyadrpurge (< 1% relative humidity) was
utilized for 5 min. Mixing was reduced to 200 rptime dry air purge was removed, the flask
was sealed, and the reaction continued for aodtals h. The particles were purified by
centrifugation and re-suspension in EtOH three simehe particles were sonicated with 1N
HCI, washed with DI water, and dried under vacuu0e°C. The particles were
characterized as in Example 1 and the resultsrddaare 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 natidpea where no salt of
metal or metalloid was used.
[0060] In a 1 L Erlenmeyer flask at room temperature @B 210 mL DI-BO, 250
mL EtOH, and 20 mL 28% w/w NHn water were stirred for 30 min at 200 rpm using
magnetic stir bar. A solution of 100 mL EtOH wiz mL TEOS prepared under dry
conditions (< 10% relative humidity) was rapidlyyoed into the 1 L flask, the flask was
sealed, and the reaction continued for a totallof The particles were purified by
centrifugation and re-suspension in EtOH three simehe particles were sonicated with 1N
HCI, washed with DI water, and dried under vacuu0e°C. The particles were

characterized as in Example 1 and the resultsroddaare also set forth in Tables 1-2.
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EXAMPLE 16
[0061] This example demonstrates the preparation of ane#ief nanoparticles
where no salt of metal or metalloid was used.
[0062] In a 1 L Erlenmeyer flask at room temperature @B 230 mL DI-HO, 210
mL EtOH, and 40 mL 28% w/w NHn water were stirred for 30 min at 200 rpm using
magnetic stir bar. A solution of 100 mL EtOH wi2@ mL TEOS prepared under dry
conditions (< 10% relative humidity) was rapidlyyped into the 1 L flask, the flask was
sealed, and the reaction continued for a totallof The particles were purified by
centrifugation and re-suspension in EtOH three simehe particles were sonicated with 1N
HCI, washed with DI water, and dried under vacua0e°C. The particles were
characterized as in Example 1 and the resultsroddaare also set forth in Tables 1-2. SEM

showed that the particles are generally spherical.

EXAMPLE 17
[0063] This example demonstrates the measurement of tigtgef the
nanoparticles in accordance with the invention.
[0064] A suspension of either commercial particles in watedissolvable
nanoparticles in DMF was measured for weight faacof particles. A small quantity
(approximately 2 g) was placed into a vial, driecn oven at 90 °C for 3 days, and the
weight was measured before and after drying. AnR5specific gravity bottle was calibrated
using water with a known density. The densityh&f suspensions was measured using the
specific gravity bottle. The density of the padd&was determined using the following

equation:

1_~ Jp
p

wherep,is the density of the particlp,is the density of the suspension as measuredeby th
specific gravity bottlepsis the density of the solvent (1.0 g/cc for wated 8.944 g/cc for
DMF) and f, is the weight fraction of particle in the suspensas measured by the drying
experiment. The results obtained are summarizdalne 3.

[0065]



15

Table 3. Density of Silica Nanoparticles

] Solvent Density W/W Density Suspension| Particle Density
Particles Solvent ]
glent Particles glen? glent
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 nanopatrticles.
[0066] The diameter, the carbon content, and the dissolutite of the commercial
silica nanoparticles are set forth in Table 4.

Table 4. Properties of commercial silica nanopbasi

) 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 agions, and patents, cited

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

[0068] The use of the terms “a” and “an” and “the” andl&stst one” and similar
referents in the context of describing the invem{iespecially in the context of the following
claims) are to be construed to cover both the samgund the plural, unless otherwise
indicated herein or clearly contradicted by contékite use of the term “at least one”
followed by a list of one or more items (for examplat least one of A and B”) is to be
construed to mean one item selected from the ligteas (A or B) or any combination of two
or more of the listed items (A and B), unless othee indicated herein or clearly

contradicted by context. The terms “comprisindgyaving,” “including,” and “containing”
are to be construed as open-ended terms (i.e.,inggamcluding, but not limited to,”) unless

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

otherwise clearly contradicted by context.
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CLAIMS:

1. Silica nanoparticles having a diameter of als@ubhm to about 1000 nm and a

particle density of about 1.96 g/Emr less.

2. The silica nanopatrticles of claim 1 havingte @& dissolution in 1IN KOH
solution of more than 10 nm/min, wherein the rateneasured by mixing 1-5 mg/mL silica
nanoparticles in 1N aqueous KOH solution at 25°€raeasuring the change in diameter as
a function of time by the Dynamic Light Scatterimgthod or measuring the turbidity decay

as a function of time using a nephelometric tutlyidieter.

3. The silica nanoparticles of claim 1 or 2, hgvanparticle density of about 1.93
to about 1.96 g/cth

4. The silica nanoparticles of any one of clainte 3, having a particle size of

from about 160 nm to about 630 nm.

5. The silica nanopatrticles of any one of clainte 4, which are generally
spherical.
6. The silica nanoparticles of any one of claime &, having a rate of

dissolution of about 30 nm/min or higher.

7. The silica nanoparticles of any one of clainte &, having a rate of

dissolution of about 30 nm/min to about 300 nm/min.

8. A method of preparing silica nanopatrticles hgwa diameter of about 50 nm

to about 1000 nm and a particle density of abd@® §j/cn? or less, said method comprising:

(a) reacting an orthosilicate and an alcohol wmx@ure of alcohols in an aqueous
medium in the presence of a salt of a metal of @dawr Group lla or in the presence of a
metalloid compound, optionally in combination wagimmonium hydroxide,

(b) isolating the resulting nanopatrticles, and

(c) treating the nanoparticles from (b) with ardac

9. The method of claim 8, wherein the orthosikcata tetraalkylorthosilicate.
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10. The method of claim 8 or 9, wherein the orilicade is selected from
tetramethylorthosilicate, tetraethylorthosilicattrapropylorthosilicate,

tetrabutylorthosilicate, and tetrapentylorthosiieca

11. The method of any one of claims 8 to 10, winettee alcohol or mixture of

alcohols is selected from methanol, ethanol, propdiutanol, and mixtures thereof.

12. The method of any one of claims 8 to 11, winettee salt of the metal is

selected from salts of lithium, sodium, potassiaasium, magnesium, and calcium.

13. The method of any one of claims 8 to 12, wihettee salt of the metal is
selected from lithium acetate, sodium acetate usndnetasilicate, sodium formate,

potassium acetate, cesium acetate, magnesiuniegaaid calcium acetate.

14. The method of any one of claims 8 to 12, winettee metalloid compound is a

compound of boron.

15. The method of claim 14, wherein the compounaboon is boric acid or an

alkyl borate.

16. The method of claim 15, wherein the alkyl b@iia trimethyl borate or triethyl
borate.

17. The method of any one of claims 8 to 16, wine(@) is performed by mixing

water, alcohol, the orthosilicate, and the sathefmetal or the metalloid compound.

18. The method of claim 17, comprising mixing ab®to 25 mol/L of water,
about 8 to about 16 mol/L of ethanol, about O towl2 mol/L of methanol, about 0.1 to
about 2 mol/L of ammonia, about 0.1 to about 0.4lmaf tetraalkylorthosilicate, and about
0.001 to about 0.01 mol/L of a salt of the metai@talloid compound.

19. The method of any one of claims 8 to 16, wine@®) is performed by adding
an orthosilicate into a solution comprising thd sthe metal or the metalloid compound,

water, and alcohol.

20. The method of claim 19, comprising adding aloli to about 0.4 mol/L of
tetraalkylorthosilicate into a solution includingaut 2 to 25 mol/L of water, about 8 to about
16 mol/L of ethanol, about 0 to about 2 mol/L ofthanol, about 0.1 to about 2 mol/L of
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ammonia, and about 0.001 to about 0.01 mol/L afltacf a metal or metalloid compound

and mixing the resulting mixture.

21. The method of any one of claims 8 to 20, wihettee mixing is carried out for
a period of from about 5 minutes to about 2 hours.

22. The method of claim 21, wherein the mixingasried out at a temperature of
from about 20 °C to about 50 °C.

23. The method of any one of claims 8 to 22, wihettee resulting nanopatrticles
are isolated by centrifugal separation followedA@ashing with an alcohol.

24. The method of any one of claims 8 to 23, wihettee acid is a mineral acid or

organic acid.

25. The method of claim 24, wherein the mineral & hydrochloric acid and the
organic acid is formic acid.

26. The nanoparticles prepared by the method ybae of claims 8 to 25.



