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efficient and | ow cost nethod in aqueous nedium and the use of the
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wi t hout d vent escr i . In Ited States
Patent 8, d*aerreswgmﬂlcies%gNa'inﬁrg?v%?ﬁr?feof%qeaﬁmar%wnt'%éne ke Mel §lvate of
sol vent and varied reduci ng agents such as hydrazi nes and rel ated
conpounds. United States Patent 7,645,318 to D. Anderson et al. describes
the use of a pre-fornmed and suspended pol yner for the forrmation of netal
nanoparticles that are incorporated into the polyner particle. Simlarly,
United States Patent 7,718,094 to P. Alexandridis and T. Sakai teaches the
use of polyneric species to stabilize and reduce netal ions and protect the
resulting nmetal nanoparticles. Although nmany nethods are known to fabricate
silver nanoparticles, a majority of them have certain di sadvantages. Most
not ably, the use of organic solvents in nost preparations increases both
costs and environnmental inpact. Additionally nmany nmethods provide only
limted control over the size and size distribution of the particles
forned Thus there IS a need for |nproved nethods of S|Iver nanopartlcle
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Since silver nanoparticles are frequently used as surface coatings or
conponents in surface coatings, nethods are al so needed to anchor the
particles to the surface or coating. Such nethods are known. For exanpl e,
United States Patent 6,121,298 to T. Sakanoto and T. Sato describes the use
of organopol ysil oxanes as the matrix of silver nanoparticles, prepared in
organic solvents. United States Patent 7,648,762 to H S. Sohn et al.

descri bes the preparation of silver nanoparticle containing hard coating

that pr ]QV' Ag%p Mést@cotes‘anb@d fRREGrAM, iS4 Allew b?fpf‘ﬁleemnTé}% cgret ﬂQkaM%@@H)
snspect {1l BHESRURLY B BAST A SRRl L AORL AT SRHTL SO, oy
Uni ted St aPewmizst Batsian CIROGalRiemsdvor, 807 pp76D5t630.ThiBeyRwistwepposRies et al .
suggest thgcusey ok SRlchenés Hasee @Y s8@Im Zitrate, laponite, sodium dodecylsulphate,
polyethyleneimine, polyacrylic acid, oleic acid, polyvinylpyrrolidone), silver salts, and reducing
agents (e.g. sodium citrate, aldehydes, NaBHy, hydrazine, hydroquinone). The medium of silver
nanoparticle synthesis may be in organic solvent or in water. A method of organic amine
stabilized particle preparation in organic solvent is provided in United States Patent 7,867,316 to
B.-H. Jun et al. while a similar approach is described by S. Parashar et al. in United States
Patent 7,968,008 relying on alkylamine stabilizer and inclusion of glycol, alcohol or toluene
solvent, It is also possible to make silver nanoparticles without dedicated solvent as described
by P. Liu et al. in United States Patent 8,057,849 utilising alkylamine stabilisers that take the
place of solvent and varied reducing agents such as hydrazines and related compounds.

United States Patent 7,645,318 to D. Anderson et al. describes the use of a pre-formed and
suspended polymer for the formation of metal nanoparticles that are incorporated into the
polymer particle. Similarly, United States Patent 7,718,094 to P. Alexandridis and T. Sakai
teaches the use of polymeric species to stabilize and reduce metal ions and protect the resulting

metal nanoparticles.

Although many methods are known to fabricate silver nanoparticles, a majority of them have
certain disadvantages. Most notably, the use of organic solvents in most preparations increases
both costs and environmental impact. Additionally many methods provide only limited control
over the size and size distribution of the particles formed. Thus, there is a need for improved
methods of silver nanoparticle preparation that do not use solvents while the control of particle

size can be achieved.

Since silver nanoparticles are frequently used as surface coatings or components in surface
coatings, methods are also needed to anchor the particles to the surface or coating. Such
methods are known. For example, United States Patent 6,121,298 to T. Sakamoto and T. Sato
describes the use of organopolysiloxanes as the matrix of silver nanoparticles, prepared in
organic solvents. United States Patent 7,648,762 to H.S. Sohn et al. describes the preparation
of silver nanoparticle containing hard coating that provides antibacterial and antistatic effect.
The method uses unspecified sitane coupling agent to coat an insulating layer on the
nanoparticle for the incorporation of the particle into the coating layer. United States Patents
7,799,432 and 7,279,173 to C. Becker-Willinger et al. suggest the use of solvent based sol-gel
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derived coatings for antibacterial purposes that incorporate silver

nanopadi cl es and conpl exi ng/ di spersi ng agent of am nosilanes. Although

t hese net hods have useful application areas, they suffer from conpl ex
coating preparation process as well reliance on organic solvents. An
alternative nethod in United States Patent 7,344,773 to K M Subramanya and
|. Yeo teaches the preparation of nanopadicle |ayers through the
functionalisation of the substrate by varied nol ecul es including

al kyl si | ox r I y hng articles.
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nanoparticl es and reduce the silver ions was described by Y.J. Choi, and
T.-J. Luo (2009) "Self-Assenbly of Silyer - Amnosilica hbnoconp05|tes

t hrough Silver Nanoparticle Fusion on dr ophobi ¢ Surfaces" Applied
Materials and Interfaces, vol. 1(12) pp. 2778-2784, and by Y.-J. Choi et
al . (2009) "Spontaneous Formation of Silver Nanoparticles in Am nosilica"
J. Sol -CGel Sot Technot, vol. 51 pp. 124-132. Although this approach is
relatively sinple, it utilises toxic methanol as the reaction nedi um
Additionally, the procedure requires an excess of stabilizer.
Silverbis[3-(trinmethoxysilyl)-propyliethylenediamne = 1:3 to 1:4 nol ar
rati os were reconmended to obtain stable sots. The presence of such |arge
anount of stabiliser can have the effect of covering the silver surface
excessively and thus reducing certain activities such as conductivity or
potentlally antlbacterlal actlon Clher si |l ane speC|es have also been
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The inventor has found, through experinentation, that an agueous sol ution
of silver ions (froma silver salt or froma silver conplex), in the
presence of am nosilanes, can form stable silver dispersions wthout

i ntroduci ng excessive anmounts of stabilisers that is advantageous in
various applications, for exanple in antim crobial preparations. The
preparation relies on form ng an am ne conplex of silver ions using

am nosi | anes, such as am nopropyl trinet hoxysil ane,
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simple, it utilises toxic methanol as the reaction medium. Additionally, the procedure requires an
excess of stabilizer. Silver:bis[3-(trimethoxysilyl)-propyljethylenediamine = 1:3 to 1:4 molar
ratios were recommended to obtain stable sols. The presence of such large amount of stabiliser
can have the effect of covering the silver surface excessively and thus reducing certain activities
such as conductivity or potentially antibacterial action. Other silane species have also been
proposed for the preparation of silver nanoparticles such as by |. Pastoriza-Santos, and L.M.
Liz-Marzan (1999) “Formation and Stabilisation of Silver Nanoparticles through Reduction by
N,N-Dimethylformamide” Langmuir, vol. 15 pp. 948-951; S. Bharathi et al. (1999) “Direct
Synthesis and Characterisation of Gold and Other Noble Metal Nanodispersions in Sol-Gel
Derived Organically Modified Silicates” Langmuir, vol. 15 pp. 1929-1937; S. Devarajan et al.
(2005) “Bimetallic Nanoparticles: A Single Step Synthesis, Stabilization, and Characterization of
Au-Ag, Au-Pd, and Au-Pt in Sol-Gel Derived Silicates” J. Coll. Interface Sci., vol. 290 pp. 117-
129; and S. Harish et al. (2011) “Role of pH in the Synthesis of 3-Aminopropyl Trimethoxysilane
Stabilized Colloidal Gold/Silver and their Alloy Sols and their Application to Catalysis” Mat.
Chem. Phys., vol. 127 pp. 203-207. However, all these methods suffer from the requirement of
organic solvent (N,N-dimethylformamide or methanol) and large molar excess of aminosilane
stabiliser used. The need for adherent silver nanoparticles that are produced in water in a
simple and cost effective process had not been met in the prior art.



silver nanoparticles are used on surfaces through inproved adhesion of the
particles to the surface. Thus, an optinmm | evel of am nosilane shoul d be
used within the range of am nosilane:silver=0.01:1to

am nosilane:silver=2:1 nolar ratios. Apart from adhesion of particles to

extran rfac th ence of am nosilane can al so i nduce the
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silver ions by the aminosilanes. This reaction may take place slowly. In order to increase the
rate of particle formation, a reducing agent, such as an aldehyde, can be introduced into the
solution, together with an optional base to increase pH when acid is produced as part of the
reaction products of the silver reduction. The rate of silver reduction can be further increased by

increasing the temperature above room temperature.

It was found advantageous to limit the amount of aminosilane in comparison to the silver in
order to obtain preparations with stronger antimicrobial effect. In the prior art, aminosilanes were
used in organic solvent at high molar ratio, in excess of aminosilane:silver=100:1 molar ratio.
However, high levels of aminosilane may reduce the antimicrobial activity of silver
nanoparticles. Even the aminosilane:silver=1:1molar ratio (particles prepared according to the
present invention) was found to reduce the effectiveness of silver nanoparticles against bacterial
growth as compared to preparations that contained a lower amount of aminosilane. On the other
hand, the presence of aminosilane can help to anchor the silver nanoparticles to surfaces as
known from the prior art. This phenomenon can be utilised to obtain longer lasting effects when
silver nanoparticles are used on surfaces through improved adhesion of the particles to the
surface. Thus, an optimum level of aminosilane should be used within the range of
aminosilane:silver=0.01:1 to aminosilane:silver=2:1 molar ratios. Apart from adhesion of
particles to extraneous surfaces, the presence of aminosilane can also induce the controlled
5



Figure 1 shows Extinction spectra of nanoparticle dispersion of Exanple 1
nmeasured at 10 ppm silver concentration by UV-Vis spectroscopy at two
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The reduction step can be done at roomtenperature but it is advantageously
carried out at elevated tenperature in the range of 25 Cto 100 C, or nore
preferably in the range of 30 Cto 70 . The increase in tenperature

i nproves the reduction rate while it also pronotes the formation of nore
uniformparticles. Once the silver is reduced and primary particles are
formed, the particles can be further grown by introducing additional silver
ions in the presence of a reducing agent By controlling the rate of

addi tion aBETAIDEDB ggﬁbtrmo&:lr DM&ﬁTga”' cle size can be

control |l ed |naW||5|e range. q’faﬁ# erlas to Irntroduce silver ions are

aqueous sotnétdeRdral midthcil df g.%r ﬁabéa&;c@rsyﬁhésvsafesmaa)bwess a&.aasw.ptl@adambove
in the prepar a articl

of usi ng. ofa UPrANet Pt B0 ok J8hs LRy ol buddli Pl A3 2P 7
ions. At t¢racesigtionfin th seagheninitufss Bieegwuntef ?W@PS'WFEW%M feRtign 9abhe ﬁ'k‘!Pfes are
grown and wsegpivhtioR @k tedlitiid BgdntsQitiutiian Diinosines, thbeurpiet graw qtvauid pahep are

further gr;ﬁa%les b?./ on%rolied &Qg t|(§?1abq t3| veJ isis, SHdGhe !)Jl EJIO% off 6 s w&gyto 1

desired, can be trea ance their
conpat i bi I?WWWQ'WW@%%@I@“W&'@H aI s or to | npr ove thei r st ab| lity. Such
treatnent may consi st of adding a surfactant or surface nodifying agent.
Sur f act ant Ehealathagerr slerdeer meeipRYiriag isagaiAres barfest ierryidinoian adkeeuaseluied déscri bed

for exanpl igadt ona ahfekieve Mth AneY prefdriedicheraibdl staudture Lof H.RIEHACH 2A)L)CH, Met aI
Nanoparti Cé @R%ﬂhe@ﬁ%@sﬁg%ew%%gen (I)D Ex%p %tllz Qpln?eggr t;enrgegﬁglalﬁd ng’éhggk

Structural evi e
Non- | i mi t i #galesk aiepr Beludng HeEH. eth&ﬁtréwhrsgpra% bgtyall%mﬁ'tﬂoﬂ@cw gﬂfb"pﬁ%ﬁ %J
pol yvi nyl pgR rakbiydomt@enat brolip © cagdb@, of dldey)disih abseouabdiytbaand®@ss carnithprove

polyi m nesthe sollu£ hgﬁPﬁ]%ds%Bé}&é 8 foQ%m%QEan@faﬂ%@%r ¥8h?§/her§ Qﬁﬂckdcw il \QBQJt i ons

of the mater aring the
ani nosi | andMigesipes ol athps siketyesicrake: wet v thenpreagnt r"a‘FP‘{?"s"i‘?oWF'H ﬁiéaff'% t he
range of Oarfidsslanke®indluds silBésewhidhedoatambdt Yeabtront Rikoxyadie® m@f ndleODe tadable bf 1.

H gher armﬁ”&%@mﬁésfbga LI){;%%!())I{OZH%“;W%P% pg uPl?thgP%ﬁ.ta%IEBJn%: s’mégl'oaqs% c%ﬂt% In?oré’md mor e

adherent par unct 1 ona i mni shed
anti m cr oba) onefsflieitatesp 'nke@ e'é!@ath@awuweﬁneﬁ P-SirgraurRs ey a'lgafawavﬂs @FCHer | ver

may vary bretoreen e % dnlbyaprmoup Orht Um(nbORAOsqrargd. muvbiieee poledileriabiier t he
silver CO”tB%@ﬁle\%taallP g‘%& (ﬁ@‘?’e\l\ﬁq BE’m)OJoK%&@r%% nRPRL sBlgnoQ %o@t%&?a@% S0 siantl t hough

silver concentra m cou use [ow silver content is not
advant ageoli¢ as marNr(Qoqm"PQ?@YQ‘?K%FOH‘QPMB}HH?tP‘?XM?”é”%ppI i catN&mdmipe§De hi gher
concent r at aomsprapdtrieiatis/siiane, 0B ambsrafyitiirgetsdxgqilave) LE-ainilbeprapgledédxytsienac Nk eve t he
desired coRc i ce_at s nt ent.

on the ot ﬁ@r @ﬂe;anﬁl @e‘th?lzZ at'rhr{ogﬁylgélﬁrfmlﬂgp%%ltﬁm s%r% arfd I\I ﬁlwﬁoédn}{@é’th F)Q

ddncent rat oh may te excessive
particle a"ﬁ@jF‘%?QHH‘?@W"HB’PPMG@W%"H%%?‘% o RR*RBIRS ?%’@”lﬂ"?"%”ﬁs tREIRA R ed
preci pi t atstaauefangideveiptigpagpbtitddemovd Eanr @iuicd ergplagentsinadiress dohtaining ke ani no
groups of the, am.n ?gﬂ %@m@argr ey@, ofdR@ Proportion of silver and reducing

agent is optinmum a e sto c tric level. For exanpl e, when al dehydes

are used % s%%(dng %Sin FOQT &f‘{hg(p?(ﬁ/og!arcﬁclgsclg 91% :R%d&ﬂgn 51‘ JIN&“OH? ﬁ'ﬂ%the aqueous

al dehyde: si | ver roduced acid
i s furtherangsqstanssdluinn tgiallaneine fgsmationef @”vemm'mswerce@ew oTﬁ'St'%ﬁﬁéerva@ B¥e) a
| ower anmounkingfan alqdehy deluidd FUf ilved @ittortsiveachingwe intde sindiosiEinerselutianc r at i o.

H gher Coer%ﬁgélé gfv!eroﬁg% Q{d srl\fég H&ﬁdﬂ'&eégrg %@métba%/ gollwhﬁn %@ %lugl%gﬁén jatio)

can be us e reactio e unreact re UC|ng
agent wi | | SoglewRi and siveeoxide) tpdermentilysr cpreeplialiensefd Q0 %4 HPRFR\P" E'S’Pﬁ' MNBut e as
an unnecessating eRamyladf Badhi Gver shis dig silverdhiteitd) gihag partisorite) diver tshiphate, silver

st oi chi Oneéntl:efté: s’l\gy@htat'e %@érsa%etggsﬂvg] c%hbohzﬂe ts'i”e? nﬁrﬁéea’s weil L sﬁvcer E%|JXQQUCt Ion

may be faci However, it the total
amount of 4 %Eo%d’%‘i G tl*‘@@@&?tﬂgonégé‘f‘ﬂhgeéﬁ”é F‘f‘%\?*ef ey é’H?”dFdo’fsulaP‘il reduce
the silver ions, then the conversion of, silver ions into netallic
nanoparti cl es will be limted. Wen thé primary particles grown through the
reduction of silver ions in the am nosilane conplex are further grown in
size wth the addition of silver ions, the size of the final particles wll
depend on the ratio of silver in the primary particles and the silver added
to the primary



particles. If the additional silver is introduced at a sufficiently slow
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The preparation of the nanopadicles according to the present invention is
further el aborated by the follow ng non-limting exanples. Al percentage
conpositional information is based on the wei ght of the conponents.
Simlarly "ppmt (parts per million) units are al so based on wei ght.
EXAMPLES Exanpl e Preparation of am nosilane stabilised silver nanoparticles
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N- ( 2- am noet hyl ) - 3- (am nopropyl )tri net hoxysi |l ane in water to obtain a
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formal dehyde was prepared by mxing 5.98g of stock solution 2b with 3.84g
0. 37% f or mal dehyde sol ution, and 15.13 g of this m xture was added to the
war m am nosi | ane sol uti on. Arrber col our started developing within a m nute.
The tenperature of the solution was raised to 60 E in about 5 m nutes and
52. 479 silver-amm ne conplex (stock solution 2c) was introduced into the
m xture drop by drop over a period of nine mnutes. After a further 1

m nute heating (at 60 t) the dispersion was |left to cool. The concentrated
di spersion had a dark, nearly black, colour. Upon dilution with water, the
di spersion reveal ed a blue colour. As shown in Figure 2, the colour is due
to broad absorption in the visible light range indicated relatively |arge
sizes for the particles. (B) Nanoparticles with am nosilane-silver=0.5:1
nmol ar ratio.



First warm am nosil ane sol ution was prepared by using 20.00g stock sol ution
2a that was further diluted by 15.52g water and heated to 45 C. A solution
of silver nitrate and fornal dehyde was prepared by m xing 23.20g of stock
solution 2b with 3.74g 0.37% formal dehyde solution, and 26.62 g of this

m xture was added to the warm am nosi |l ane sol ution. Anber colour started
developing within a mnute. The tenperature of the solution was raised to
60 Cin 5 mnutes and 34.94g silver-amm ne conpl ex (stock solution 2c) was
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"C. A solution of sifver nitrate and tornal dehyde was prepared by m xi ng
46.31g of SPVRIIYLAHEN GNcoH At h 3. 74g 0.37% f or mal dehyde sol ution, and
49.53 g of this m xture was added to the warm ami nosi |l ane sol ut| on. Anber

col our st aft B8 CYRRIIPD Bl Y AAPRRTFP AMHPSTutne OPed HIsRTHAN 4P PRUSE ' N4B1 ut i on
was rai sed ptrposs® s@hnasadepuiitiod onforautie®s an@n lkedipdrertt laetingcralrial dddintenio nseass &

m nut es. N@ordeétfR/@gédltgb‘“H‘éo'aﬁrig@_slpr&fervﬁﬁ\)e\(r?\'}anb%mw&w' &tJSQQQQ@QntlmT(t?&)laI
di spersion was left to cool he concentrated dispersion dar anber,

col our. Up6ing PETTEOWPTHSvdlidePNers nEoUR &p 67 b APH A% @6-‘/ ée%ﬂ’? gRECR rher
col our. Aspshetes iha e gor enndiatdhead@vel durivashal stitesis dut b pe atidaepbyon in

tsrlgegl ]l‘Jgr e?@atﬂé tal‘wrre{?ilgrédblaﬁlblgé it épgaicoﬂm@gﬂﬁ sﬁé@es' M'e%}ﬁ;ﬁ'éj wﬁr@ ;?arrﬂc}é@Iabé 8 B@-l |
nAnopart PP B o Binst PoBan i aves! b alpa ). e rasmBri B4 FRASESI T (v of
t he i nvent berimpovesr by ucetnpat of dhe pavifleh withr lpregd cBaiz ealkylBxawep| @ Bndichaier

nanopart i chRgmyesRankt 8RAE §chertl mrh@é bfmzmc 19),- a;rlgy,,torta hRd ﬂéqm @qg of
silver durlsggct he article

or gani ¢ an St By D aReo ) F Pt S ool g at Bfeedn "
reactants Werrenqsr%pa‘ﬂedlhe Anfaeggieshoent sel be acveved bamirodsing drecalkviesnineade t o

contai n 0. 33A% e MoREsdmie) dkpbaidh NARNRIMAY the brBHRASYSiHeARBodakRSE K

sol ution 3??Jm the aqueous dispersion and re-dispersion of the separated particles in the organic phase.
Similarly, if long term storage of the particle dispersion is desired, additional stabilizing agents
can be added to the dispersion. Many useful stabilizing agents are known in the art including
polyvinylpyrrolidone, citric acid, polyamines, surfactants, and polyimines. These stabilizing
agents can be readily introduced into the aqueous dispersion to provide additional particle
stabilisation.

in some applications, metal particles with low amounts of contaminants are desired. The
nanoparticles of the present invention can be purified by the methods of sedimentation (in
normal gravitational field or through the application of a centrifuge as required by the silver
particle size) or by filtration and the separation of supernatant solution that carry most of the
contaminants. These purification methods are especially suitable for the particles described in
the present invention since the particles contain aminosilanes that are able o cause reversible

aggregation of the silver particles. Since the aggregated particles tend to settle easier, the
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A silver nitrate solution was prepared in water containing 1.00% silver
nitrate (stock solution 3b). An organic am ne conplex of silver was
prepared by first dissolving silver nitrate in water to obtain a 1.00%
solution and mxing it with an aqueous sol ution of trinethyl ol propane 13
tris[poly(propylene glycol), amne term nated] ether (also known as
Jeffam ne 1-403, avail able from Huntsman Corporation) to obtain final
silver nitrate concentration of 0.589% and Jeffam ne T-403 concentration of

1.02% thu eéifn%)ernp}l ﬂ‘gstg nrH% c%rneg tlslh Ingr%r ! %g\ggtiogwgl f‘%%lﬁng ald% 539 Een?r?%gataénA)

Nanopartic KOst 1Ene- S|
am nosi | andltesstivay Freepiisopion pared: B)Fa'w? eried SﬁgatéQV@éKOtéf@Pﬂtﬁpé?ﬁssod " hat was
further disisttediubRyiorbSindidgy, waltr&on anded) &atfi@@tidnoof 4ggrégated paaikied feods tobe Bir | ver

nitrate a”ﬁlgfe #/Q%Xq%t\é@Edlad@aF% r?ogargéfey‘gﬁ%%glgéd()%ga %‘;mag%‘én $Qi ytion 3b

wth 3.92 m xture was added
to the war Wﬁ%ﬂh Hﬁ'ﬂféﬂdl %@Pgﬁi?%f’lsa‘ﬁsm%rﬂo@?f%&”%ﬁd %\t aedireentaiey érofiraignwil t hin a
m nut e. Theestr@nperaat ridep@tiod, tes gerlettlly 0sefuNas addaadsigicha etafiidiry dgant&paattto 5
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m xture drop by over a perio Ive m nutes. ter a furt

m nut e heaPQ'W@V’(’%{EO"MetC}""t - BRNGAEIEE PshPol@NgSef t t o cooI The concentrat ed
di spersion_had a dark, nearly black, colour. Upon dilution with water, the
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sedi nment at ihemlieking asr-inglirgSexavges. Wn@emeruasg%ecooi)o:ath)omtmfmtmday blamdlwahed t he

presence of, @ﬁ‘})ﬂhé (\!oglpégén%r g ||W9Wr brfs! Sﬁmlll&ﬁgmmgéﬂﬁds d S

am nosi | ane-si | ver Fatio. First rmam nosi ane SO ut| on was
prepared by using 14.70g stock solution 3a that was further diluted by

54. 00g Wat%(mﬁﬂck eated to 45 t. A solution of silver nitrate and

f or mal dehyde was prepared by m xing 3.99g of stock solution 3b with 3.82¢g
0. 37% f or net#ifpyrle sol ution, and 7.35g of this mxture was added to the
war m am nosi | ane sol uti on. Anber col our started developing within a m nute.
The t enper Breparaliop of arhieosiiagie stabiepdwiier nasiogasirlasovitB@minosilanadivert1:6 melanwties and

19. 169 si | v&rcafRERLEY fﬁ§H@gd{vxrﬁﬁll—Kﬁ-érﬁ]ﬁbeﬂ@%%%ﬁmédﬂéﬁymﬂ#@tﬂ&ymﬂh@lntv{?%rﬁib xture
drop by dr oyer fter a

r e
neati g (atos D1 Eachi<RpaP et aBerilife sOldshwe el Akt 285
di sper si onwHerding heriedto aﬁ@mqrqturbirabkcanmfdér‘c tOLﬁQdﬁ Aghi daugdus Aolyijop qu slagrer , the
di sper si oLy el BfhaRichRMias a6 bP ikt dissolving silver nitrate in water and then adding a

0.37% solution of formaldehyde to obtain a solution with 1.09% silver nitrate and 0.048%
formaldehyde content. A 12.90g aliquot of this second solution was added to the warm
aminosilane solution prepared in the previous step. Upon addition of silver and formaldehyde,
the solution turned dark amber within minutes indicating the formation of silver nanoparticles. At
the same time, the solution was heated to 60 C and kept at that temperature for 10 minutes.
The dark dispersion was then left to cool; it was kept at room temperature for 12 days and
additional formaldehyde was added (1.69 g of 0.37% solution) to complete the reduction of
silver. The resulting dispersion contained 1002 ppm silver (0.1002%).The dispersion was
characterised by UV-Vis (Ultraviolet-Visible) spectroscopy by first diluting the dispersion by 100-
fold to 10 ppm concentration and recording the spectra. The measurement was done at 6 days
and 45 days after the preparation was completed, and the resulting spectra are shown in Figure
1. As seen, there is very little change in the absorption properties of the silver indicating a stable
dispersion for a period of over 6 weeks. The extinction peak is centred near 400 nm indicating
the presence of surface plasmon resonance, characteristic of silver nanoparticles of small
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(© Nanoparticles with am nosilane-silver=0.5:1 nolar ratio. First warm
am nosi | ane sol ution was prepared by using 29.40g stock solution 3a that
was further diluted by 42.09g water and heated to 45t . A solution of
silver nitrate and fornmal dehyde was prepared by mxing 7.77g of stock
solution 3b wwth 3.74g 0.37% formal dehyde solution, and 11.1764g of this

m xture was added to the warm am nosil ane sol ution. Anber col our started
devel oping within a mnute. The tenperature of the solution was raised to

60 t in ab%%‘ne@r %Ip%tlo% (%rhqn %‘g kn%%g frgﬁlt}y Erlopgm&élgﬁ&tsgﬂﬂ?%?lhcg rgﬂlart%g) was

i ntroduced 1 nto nut es.
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i ndicating t sence ver nanopart
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N (2- am noet am nopr opyl ){rl met hoxysi | ane in water was further

di | uted vmtEQa,ﬁﬁ e279 water and heated to a tenperature in the range of 45t
to 50 "C. To this solution, 14.26g of an aqueous solution of silver nitrate
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t urned dar Isulvandmmleb( nitheGasmpig dénastfaoesntad methoddf contalliihg shielsize bf peativtg afitst, cl es.
The resul tiipg §J|L|n¥r%rof%%@£s§ér9 a@@&s WA pré;%re%oﬁ?k aqu-gbt?s O A}tn&?éf SHYsRAL was

1000 ppm The silver nanopartic di spersion water to 500
ppm concent'faesh 988 éd é?rﬂ”&i”%’gw%Pn(%“'E‘?Hr%')tr"ﬁetBWﬂ'??F eioak golieBr m

| ayer. The2hayesivaasirale seldioanthssirepaed ihovat 4ohteining .0.38R%adilvgudttato{stddk 1l
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i nocul ated onto ramc coated ceram c
tile was i %%?‘%Pe‘bg‘f‘és" %P'LF'E-I-'? é?‘bﬁ‘e‘é‘g 'W@ @@Pa?ﬁ“&onﬁ F%‘&‘OO\é‘? 8bt§'ﬁé'8fie§dveéf ter 15
m nut es W hirat8Mopegpestioe o« Weli 8%nahdlarimafia tchreentiation et 094820¢, itous fnesing an

transferr egmg,%goﬁg(g)p@gwef lbhs%toaﬁt%ml?&hticﬂ' I m was exam ned for col ony
formation after incubation for 24 hours at 37 "C. Bacterial gromh was 93%

i nhi bi ted %l\%ﬂ%ﬂ&l@éjw&@arﬁ p&,,gngfsﬁve%%1 fet@mbe 5 The silver nanoparticle

di spersion of Exanple 3B, containing approxinmtely four tines |ess
am nosi | an t o f obi al
fest accor i 3 °9"a?'§%é raesco e AT B 88, USSRt B

was 100% i ﬁ’ﬁtpﬁl g@&d(%%ftmmétan% rre)ated to 456 €. A qutlon 'of silver nitrate and
formaldehyde was prepared by mixing 5.98g of stock solution 2b with 3.84g 0.37%

formaldehyde solution, and 15.13 g of this mixture was added to the warm aminosilane solution.
Amber colour started developing within a minute. The temperature of the solution was raised to
60 T in about 5 minutes and 52.47g silver-ammine c omplex (stock solution 2¢) was introduced
into the mixture drop by drop over a period of nine minutes. After a further 1 minute heating (at
60 ) the dispersion was left to cool. The concentrated dispersion had a dark, nearly black,
colour. Upon dilution with water, the dispersion revealed a blue colour. As shown in Figure 2,
the colour is due to broad absorption in the visible light range indicated relatively large sizes for

the particles.

(B) Nanoparticles with aminosilane-silver=0.5:1 molar ratio.
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Exanple 6 An aliquot of nanoparticle dispersion of Exanple 3B was left to
sedinment and fornmed a well-defined | ayer of dark precipitate and a clear
supernatant. Mst of the supernatant was renoved, and repl aced by dei oni sed
wat er. The resulting nanoparticle dispersion was shaken vigorously. This
mld treatnment was able to re-disperse the particles. In addition, the
particle sedinentati on was noticeably slower after the purification.
Conpar ative Exanple 1 hbnoparticle preparation was attenpted according to
t he met hod_descri bed .
N (27 2 noBRgRT™ 37 PRHERG ST S BTSSP 08578 P23 P} 28 e
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[
to Brrxgaldeﬁ%o%r%ﬂgofz&d% 69 ofg'?‘| rr@ gtur% ag @He)étt(ytrhg wglﬁpgih%i% s% uti 91 56%

silver nitrate a for m nut es,
a grey prethpareapy sirtedievgloping withied mi'”ﬁ‘?t B&deraperﬁarﬁéb@retsp'ewswa r"ﬂ’?elgéo in

Exanpl e3B gherie sainads 4hapa]oag eilvaesmmise BonilexC @topi axutbhec)smdsvmrod@creumﬁo to

duct i d
Cha act or B RS oy o RO Al offy hueh WBP arflyshucY RRRPLR a0
Derived Or ae&igparsgionss '¢f @GO%IThPé%ﬁCé@"at‘tda‘?ﬁ?ﬁﬁloﬁ,haQI@)Fja.‘r ISartYpp.'acﬁ.Q’Q@W 1937.
Y. J. Choi , Ugonddildtion dvith lua@er,(126€ BiSpersidbeleleafs semtidish afouSiAs\saswn inANguro s thé ca
l\lanoconposéotlo%ﬁlstdné %W%dsa'blsaf fon WQQQ&F%'&%@E&%HB&&@%ﬁM 8%@99%3(:@3@%]: aces

Applied Materials and | nter aces
al. ( 2009) Pa'@ﬁ‘é Retermalaidhap arrieles Brredt Exgm

J. Sol -CGel Sot Technol., vol. 51 pp. 124-132.
(C) Nanoparticles with aminosilane-silver=1:1 molar ratio.

Nanoparticles in An1n05|llca

First warm aminosilane solution was prepared by using 40.02g stock solution 2a that was
further diluted by 15.52g water and heated to 45 T. A solution of silver nitrate and
formaldehyde was prepared by mixing 46.31g of stock solution 2b with 3.74g 0.37%
formaldehyde solution, and 49.53 g of this mixture was added to the warm aminosilane solution.
Amber colour started developing within a minute. The temperature of the solution was raised to
60 T in about 5 minutes and kept there an addition al 6 minutes. No further quantities of silver
ions were introduced. The dispersion was left to cool. The concentrated dispersion had a dark,
amber, colour. Upon dilution with water, the dispersion revealed a bright amber colour. As
shown in Figure 2, the colour was due to a sharp absorption in the blue end of the visible light

range and indicated relatively small sizes for the particles.

Comparison of the UV-Vis spectra of the three nanoparticle preparation of Example 2 clearly
demonstrates the ability of the invention to produce particles with varied size.

Example 3

Silver nanoparticles were prepared similarly to Example 2 but the addition of silver during the
particle growth step was achieved with the use of an organic amine complex of silver. First,
solutions of the necessary reactants were prepared. An agueous solution of aminosilane was
made to contain 0.333% N-(2-aminoethyl)-3-(aminopropyl)trimethoxysilane (stock solution 3a).
A silver nitrate solution was prepared in water containing 1.00% silver nitrate (stock solution 3b).
An organic amine complex of silver was prepared by first dissolving silver nitrate in water to
obtain a 1.00% solution and mixing it with an aqueous solution of trimethylolpropane
13



S. Devarajan et al. (2005) "Binetallic Nanoparticles: A Single Step
Synthesis, Stabilization, and Characterization of Au-Ag, Au-Pd, and Au-Pt
in Sol-Gel Derived Silicates”" J. Coll. Interface Sc!., vol. 290 pp.
117-129. D.D. Evanoff, and G Chunmanov (2004) "Size-Controlled Synthesis of
Nanoparticles. 2. Measurenent of Extinction, Scattering, and Absorption
Cross Sections" J. Phys. Chem B, vol. 108 pp. 13957-13962. D.D. Evanoff,
and G Chunmanov (2005) "Synthesis and Optical Properties of Silver
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London, VvoIT.403 4ohcpiratickdds4 D84, ths formiatgi asdompliex afl silvet R0 EJock &altien &f). pH i n t he
Synt hesis of 3-Am nopropyl Trimet hoxysilane Stabilized Coll oi dal

CGol d/ Si | vera)aadogahries witd dnaiyoshiesinarad. obeinfolaARpb.i cation to Catal ysis" Mat.
Chem Phys., vol. 127 pp. 203-207. A'Y. AQenin and G V. Lisichkin (2011)

"Metal  Nanepamaing hiiSodiliheCRNEENSRMrddactd &y ubhEnadidcr Bolatve 3k et Bed triteind

Surface St r t . I . 605-
030, 1. pabfihibe dt RARL R nelF | A REG, for UEl e i Sbrmaliyfl wRE

Stabi | i sat P@ﬁar@# bgimixgr 2 $gandS Fiack selvtios %m'%ufgﬁgﬁeﬁdcciorwebyde solution, and

(Nzg- DI) met hgl4b@ rorens dﬂ(}furd_&lagmdddd toviak . wahﬁla&mosMS -sBfaflon. BnYer €uIANGteeted al . .

11) "Pr I I eads
and | hvest APy g g ik Sine BRRPALL] e SRBEWRL Refid BFE MARR E20C0
vol . 257 pﬁ"””@g@Bd 6971 silysr (sjock splytipp B¢) veas infoduceq ¢ e mW%%(P%PY YAP BYer
Col | oi dal Sipktierrof Biesipiatiss. omsr Diurthdre 0 RohuyoheaRigp@ess T) Pardispdrsiodyad keésd s and
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al . (1997) reparation o sper si ons
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pp. 293- 29farticles over the course of about one day indicated the presence of relatively large

nanoparticles.
(B) Nanoparticles with aminosilane-silver=0.25:1 molar ratio.

First warm aminosilane solution was prepared by using 14.70g stock solution 3a that was
further diluted by 54.00g water and heated to 45 . A solution of silver nitrate and
formaldehyde was prepared by mixing 3.99g of stock solution 3b with 3.82g 0.37%
formaldehyde solution, and 7.35g of this mixture was added to the warm aminosilane solution.
Amber colour started developing within a minute. The temperature of the solution was raised to
60 T in about 5 minutes and 19.16g silver complex (stock solution 3c) was introduced into the
mixture drop by drop over a period of four minutes. After a further 11 minute heating (at 60 C)
the dispersion was left to cool. The concentrated dispersion had a dark, nearly black, colour.

Upon dilution with water, the dispersion revealed a reddish colour.
(C) Nanoparticles with aminosilane-silver=0.5:1 molar ratio.

First warm aminosilane solution was prepared by using 29.40g stock solution 3a that was
further diluted by 42.09g water and heated to 45 C. A solution of silver nitrate and
formaldehyde was prepared by mixing 7.77g of stock solution 3b with 3.74g 0.37%
formaldehyde solution, and 11.1764g of this mixture was added to the warm aminosilane
solution. Amber colour started developing within a minute. The temperature of the solution was
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J. Sun et al. (2006) "Toward Monodi spersed Silver Nanoparticles with
Unusual Thernmal Stability" J. Am Chem Soc., vol. 128 pp. 15756-15764. 17
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raised to 60 T in about 5 minutes and 12.69g silve r complex (stock solution 3c) was introduced
into the mixture drop by drop over a period of three minutes. After a further 12 minute heating
(at 60 C) the dispersion was left to cool. The con centrated dispersion had a dark, brownish,
colour. Upon dilution with water, the dispersion revealed a deep yellow colour indicating the

presence of relatively small silver nanopatrticles.
Example 4

Silver nanoparticle dispersion was prepared similarly to Example 1 containing aminosilane at
the aminosilane:silver=1:1 mol ratio for antibacterial tests.

A 37.28g portion of 0.500% N-(2-aminoethyl)-3-(aminopropyl)trimethoxysilane in water was
further diluted with 38.57g water and heated to a temperature in the range of 45 T to 50 TC. To
this solution, 14.26g of an aqueous solution of silver nitrate and formaldehyde was added
containing 1.00% silver nitrate and 0.088% formaldehyde; followed by heating the solution to 60
€ and keeping it at 60 C for 10 minutes. Upon add ition of silver and formaldehyde, the
solution turned dark amber indicating the formation of small silver nanoparticles. The resulting
silver dispersion was left to cool. The silver content was 1000 ppm. The silver nanoparticle
dispersion was diluted with water to 500 ppm concentration and sprayed onto ceramic tiles in a
thin and uniform layer. The layer was dried and stored for 24 hours. An aliquot of 0.1ml
Staphylococcus Aureus (ATCC 6538) dispersion containing 10° CFU was inoculated onto the
coated ceramic tile. In addition, an uncoated ceramic tile was inoculated as a reference. The
ceramic tiles were swabbed after 15 minutes with 3M pipette swab and 1ml of the diluted
solution was transferred onto 3M petrifilm. The petrifilm was examined for colony formation after
incubation for 24 hours at 37 <C. Bacterial growth was 93% inhibited as compared to the

reference.
Example 5

The silver nanoparticle dispersion of Example 3B, containing approximately four times less
aminosilane than the preparation of Example 4, was used for antimicrobial {est according to the
procedure described in Example 4. Bacterial growth was 100% inhibited (no growth at all).
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Example 6

An aliquot of nanoparticle dispersion of Example 3B was left to sediment and formed a well-
defined layer of dark precipitate and a clear supernatant. Most of the supernatant was removed,
and replaced by deionised water. The resulting nanoparticle dispersion was shaken vigorously.
This mild treatment was able to re-disperse the particles. In addition, the particle sedimentation

was noticeably slower after the purification.
Comparative Example 1

Nanoparticle preparation was attempted according to the method described in Example 3B but
N-(2-aminoethyl)-3-(aminopropy!)trimethoxysilane was replaced Jeffamine T-4083.

A solution of 1.0% Jeffamine T-403 was prepared in water. A 1.70g portion of this solution was
further diluted with 18.81g water and warmed to 60 . To this amine solution, 3.86g of a
mixture consisting of 0.256% silver nitrate and 0.179% formaldehyde in water was added.
Within minutes, a grey precipitate of silver formed instead of nanoparticles unlike in Example3B

where an aminosilane was used to complex the silver prior to reduction.
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1. The nethod of meking silver nanopadicles in an aqueous nedi um by m xi ng
at | east one am nosilane and silver ions. 2 The nethod of nodifying the

si ze of nanopadicles by first preparing nanoparticles according to Caiml
and then grow ng the particles to a |larger size by supplying additional
silver ions to a nanoparticle dispersion of Claiml at a controlled rate,
in the presence of reducing agents. 3. The nethods of Cains 1 and 2 where
the silver ions are supplied to the aqueous nmediumfroma water sol uble
silver sal Unfily YBIEP t%g ubl e silver conplex to provide silver ion
concentration above 0.001% 4. The method of Caim 1 where the aminosilane
is selected fro gr ounds containing at | east one am ne or

i mne functi onaz{gargg;bgbp 3@&'9' Ifrggg?'e linked to a silicon atomthrough at

| east one carbmnaAaesn He T.RarAdH BsST. Isaee of C aim 4 where the am nosil ane
further contains at |east one al koxy functional group linked to the silicon
atom 6. The n&tFHEd98f @ HiSrhetviswhelre t he am nosilane is provided in the

concentration o .0019%:t % and the initial silver ion concentration is
i ndependent |y ssfe?3§t,5g%d it‘hgtEﬁé”rFejﬁ - of 0.001%to 1% and the

ani nosi | ane: si | ygi 1591 an, EaddcReriviiingl &gl ned in the range of
anm nosi |l ane: silver=0.01:1 to am nosi | ane:silver=2:1. 7. The nethods of

Clainms 1 and 2 Ad)7@3 t heo EdyliSausmanyx bt leYapt i onal | y i ncl udes an addi ti onal
reduci ng agent where the reducing agent is selected fromthe group of

al dehydes, al dos¥s;31hydrioguineHeset aﬁydr azi ne, hydrazine derivatives,

hydr oxyl am ne, LRxyl am,re riyvatives, phenols, ascorbic acid, sodium
t et rahydr obor at@ggﬁ% aﬁlérh'reé'ss&ﬁcellt %Idi ng am nosilanes. 8. The nethod of
Claim 7 where thgsagueousHRY.Xdhtkeatoptional ly includes an acidity
controlling agent where the acidity controlling agent is a base, selected
fromthe group ef18&8Pkal ito HeAleendivigeoxT-desal al kal i earth netal hydroxi des,

or gani ¢ am nes, i a, ts of alkali nmetals with weak acids, salts of
al kali earth ne7tg'§g8%tﬁ°€\§}a?ﬁﬁeé’3?ed’§t§'9. The nethods of Claims 1 and 2 where

the aqueous m xti6@e®f S HMREng RS and aminosilane are optionally reacted
at el evated tenperature between 25 Cto 100 C
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10. The method of Claim7 where the aqueous m xture of silver ions,

am nosi | ane and the additional reducing agent are optionally reacted at

el evated tenperature between 25 E to 100 C. 11. The nmethod of Caim8
where the aqueous m xture of silver ions and am nosilane, the additional
reduci ng agent, and additional acidity controlling agent are optionally
reacted at el evated tenperature between 25 Cto 100 'C. 12. The nethod of
purifying the nanoparticles of Clains 1 and 2 by sedi nentation, either
natural or aid i ing, or by filtration and renoving at |east a
portion of the%@%'ésn %\%Esso'uti on 13. The method of purifying the
nanoparticles according to Caim1l2 where the presence of am nosilane on
t he nanoparticles pronotes reversible or partially reversible aggregation

of the parti ¢l t hu nhanci ng t he dinentation qr filtration.of the
nanoparti cl eg'. er%ﬁm e_‘f“ﬁé"ﬁ”&%ﬁ‘ﬁ‘&d‘”& narng‘?asﬁ%%ps)énna |aﬁ§e({uﬁén eﬁ'ﬁﬁc? ar "?agc"’]t gegs%) °d ai ns
12 and 13 in a aingaiade AROiilANB§ mi xi ng t he nanoparticles with the |iquid
medi um fol |l owed by agitating the m xture. 15. The method of functionalising

Stabi 2 g 2od e g & MRudog fro, 35, of FarcBfiad o st BRoRRE" hGnles
nanoparticl es @ecoding fpsClgim 3 ang Ahem growigs dhel Raridesaiot @ fAres Gizedly BWAYING t uent s,
di si nfectants, aamtbnaoatdrigs tdradendphititie tibgersianNa@adin i1cdt @Scontlolled Bk inse of

nanoparticl es i , 13, and 14 as antimcrobial additives in
pai nts, coati n%gﬁs%%?ﬁp%w}gr% %rﬂ[%’ent s, disinfectants, and disposable

di apers. 18. The use of nanoparticles of Cains 1, 2, 12, 13, and 14 as
preservat i ved: iThefusteds af Elmsr bA0E Lsvherre INGRIYRY Qi die sUPRieshicl i eauesyaps
['iquid cleani ngnddrbefagenivater PRIDBRGIN sgiEdrevaps ecluid Siverleapiey toqadveiepiiaduct s,

househol d cl eaning, pr YL Sve 0.001%.

4. The method of Claim 1 where the aminosilane is selected from the group of compounds
containing at least one amine or imine functional group per molecule linked to a silicon

atom through at least one carbon atom.

5. The aminosilane of Claim 4 where the aminosilane further contains at least one alkoxy

functional group linked to the silicon atom.

6. The method of Claim 1 where the aminosilane is provided in the concentration of
0.001% to 2%, and the initial silver ion concentration is independently selected in the
range of 0.001% to 1%, and the aminosilane:silver molar ratio is maintained in the range

of aminosilane:silver=0.01:1 to aminosilane:silver=2:1.

7. The methods of Claims 1 and 2 where the aqueous mixture optionally includes an
additional reducing agent where the reducing agent is selected from the group of
aldehydes, aldoses, hydroquinones, hydrazine, hydrazine derivatives, hydroxylamine,
hydroxylamine derivatives, phenols, ascorbic acid, sodium tetrahydroborate, and amines

including aminosilanes.
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19. The use of nanoparticles of Clainms 1, 2, 12, 13, and 14 in conductive
i nks, decorative inks, and sensors. 20. The use of nanoparticles according
to Clainms 16, 17, 18, and 19 where the nanoparticle adhesion to surfaces
treated by the nanoparticles in enhanced by the presence of am nosilane in
the silver nanoparticle preparation.

8. The method of Claim 7 where the aqueous mixture optionally includes an acidity
controlling agent where the acidity controlling agent is a base, selected from the group of
alkali metal hydroxides, alkali earth metal hydroxides, organic amines, ammonia, salts of
alkali metals with weak acids, salts of alkali earth metals with weak acids.

9. The methods of Claims 1 and 2 where the aqueous mixture of silver ions and

aminosilane are optionally reacted at elevated temperature between 25 T to 100 C.

10. The method of Claim 7 where the aqueous mixture of silver ions, aminosilane and the
additional reducing agent are optionally reacted at elevated temperature between 25 T
to 100 C.

11. The method of Claim 8 where the aqueous mixture of silver ions and aminosilane, the
additional reducing agent, and additional acidity controlling agent are optionally reacted

at elevated temperature between 25 C to 100 T.

12. The method of purifying the nanoparticles of Claims 1 and 2 by sedimentation, either
natural or aided by centrifuging, or by filtration and removing at least a portion of the

suspending solution

13. The method of purifying the nanoparticles according to Claim 12 where the presence of
aminosilane on the nanoparticles promotes reversible or partially reversible aggregation

of the particles, thus enhancing the sedimentation or filtration of the nanopatrticles.

14. The method of re-suspending the nanoparticles of Claims 12 and 13 in a liquid medium
by mixing the nanoparticles with the liquid medium followed by agitating the mixture.

15. The method of functionalising the nanoparticles of Claims 1, 2, 12, 13, and 14 by the
addition of stabilizing agents that interact with the nanopartices.

16. The use of nanoparticles of Claims 1, 2, 12, 13, and 14 as antimicrobial constituents,

disinfectants, and coatings made with the nanoparticles.

17. The use of nanoparticles of Claims 1, 2, 12, 13, and 14 as antimicrobial additives in
paints, coatings, textile treatments, disinfectants, and disposable diapers.
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18. The use of nanoparticles of Claims 1, 2, 12, 13, and 14 as preservatives in formulated
products including paints, coatings, soaps, liquid cleaning detergents, personal care
products, beauty care products, household cleaning products.

19. The use of nanoparticles of Claims 1, 2, 12, 13, and 14 in conductive inks, decorative

inks, and sensors.

20. The use of nanoparticles according to Claims 16, 17, 18, and 19 where the nanoparticle
adhesion to surfaces treated by the nanoparticles in enhanced by the presence of
aminosilane in the silver nanoparticle preparation.
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