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BACKGROUND [00031 As the trenddKNOWBEDEMIENTat uri zati on of

el ectronic circuits continues, decreasing the size of integrated

devices b desirable. Capacitors are one such fundanentally 15
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to achi eve a _desired capacitance using a conventional dielectric

fil m bet we&Hit Rghteindhe Hv§nIn-t he capacitors. Future hi gh- performance
mul tilayered ceram c capacitors are estimated to require dielectric
films with thickneserbderuidiaicd o RoLdain bl ICampheo! yirer

conposites have been investigated 20 for use in t I'm™1 nt egr al
capaci tor in attenpts to conbine the high dielectric constants of
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success in achieving the desitled conposite€ properties by m xing
hi gh- di el ediretiyc ceram ¢ powders with polyners has been I|imted by
the high viscosity of ceram c/polyner m xtures and by ceram c
particle 25 coagul ation and/or |o [ of the ceramc
materials, typically resulting inﬁAgﬁggggghi%le filmaquality, |eading
to dielectric conposites with low electric-field breakdown strength,
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conprising coatings having other desirable properties,
concomitantly decreased, making it problematical to achieve a desired capacitance using a

conventional dielectric film between the elements of the capacitors. Future high-
performance multilayered ceramic capacitors are estimated to require dielectric films with
thicknesses less than 0.5 pm. Certain ceramic/polymer composites have been investigated

20 for use in thin-film integral capacitors; in attempts to combine the high dielectric constants
of ceramics with the high dielectric breakdown strength, processibility, and low cost of
polymers. However, in known nanocomposite materials, success in achieving the desired
composite properties by mixing high-dielectric ceramic powders with polymers has been
limited by the high viscosity of ceramic/polymer mixtures and by ceramic particle

25 coagulation and/or low solubility of the ceramic materials, typically resulting in
unacceptable film quality, leading to dielectric composites with low electric-field breakdown

strength, high dielectric loss and poor mechanical strength.

[6004] Therefors, despite conventional materials known to those of ordinary skill in the art,

there remains a need for ceramic materials having an improved compatibility with



so as to allow the preparation of nanoconposite filns having
properties tailored for use in a variety of electronic and

m croel ectronic applications; so as to overcone the deficiencies of
the prior art. 5 SUMMARY [0005] The various inventions disclosed and
descr i begbljreerei materidia benaopmtithe dengriing avetiiigs avig othel dnsirahié pperies,
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nanoconpagiety fRRERSHi@E mistddechamic apslichiigtspssad ipbapeinid e defdichcits @8
of those inmproved materials in electronic and 10 m croel ectronics

appl i cateREO" 006] I n sone aspects, disclosed are coated netal

oxi de nanoparticles conprising a netal oxide nanoparticle having a
surfage; and phosphoric acid |igargsgid@ehed to the netal oxide
nanoparticle surface. [0007] Also di scl osed are coated netal oxide
nanoparticles conprising a netal oxide 15 nanoparticle having

sur f ace; [048% Thegarieds igundppedisdossinrpddesaifed h@f@ﬂpﬁ&wwﬁk&od&@@s
hi oph d
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phosphi nic aci | nic aci
phospho hguimmh]mcwahp@ismeiam astfinopdvo whnh@bm m;lmcampdgteanmenals

del’lva'[IVﬁﬁ ther(fof an{% m xt ures therog%% attache X goetal gi de
nanopar t "0 85% 474 HUEOVeI PRI 8 204 "8 i RsF SuRGVE TEa B%%%B’h&?ﬁ 8 hé’fl
conpopiNdmiGedRbaicghpllibgtionkr ucture G-R-Xn, wherein Gis a term nal
group; wherein Ris a bridgi ng gr oup, wherein X is a phosphonic acid
group having the structure: P-OH OH.and wherein each n is,
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nanocorrp05| tes In rel ated aspect S, al di scl osed are

met hods 6xide pmvep@twlnguré@at ed metal oxide
[0007] Also disclosed are coated metal oxide nanoparticles comﬁrising a metal oxide
15 nanoparticle having a surface; and ligands selected from residues of phosphonic acids,
thiophosphonic acids, dithiophosphonic acids, trithiophosphonic acids, phosphinic acids,
thiophosphinic acids, dithiophosphinic acids, phosphohydroxamic acids, and
thiophosphohydroxamic acids and derivatives thereof and mixtures thereof attached to the

metal oxide nanoparticle surface.

20  [0008] Also disclosed are phosphonic acid compounds comprising the structure Gn-R-Xn,
wherein G is a terminal group; wherein R 1s a bridging group; wherein X is a phosphonic

acid group having the structure:

OH - ; and

wherein each n is, independently, 1, 2, or 3. Such phosphonic acid compounds can be

25 useful for the preparation of coated metal oxide nanoparticles and/or nanocomposites.



nanoparticles conprising the steps of providing the nmetal oxide
nanoparticles; and reacting the netal oxide nanoparticles with the
phosphoni ¢ acid or an ester or salt thereof, so as to attach at
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conpri sing the steps of reati netal oxi de nanoparticle with
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the metal “6xi de nanopar aspe
|nvent50neoadad3ﬁét®133;dddlmnepamlcﬂel ate to methods for preparing coated
nanoparticles conprising the steps of treating a netal oxide

nanoparti gl h .an chan d reacting, the etched net oxi de
nanopart i @Pgo \\:\%‘#ﬂ d&“ﬁﬁ%iﬂﬁ&ﬁ&@%ﬁ@&”@ﬁ%ﬁgd ”‘?\%& O eélﬁu%m%f% i ng
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additional related aspects, disclosed herein are nethods ftor
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to forma solution or spersion ol ymer and coated et al
oxi de nanoparticles; and formng a fihn conprising a nanoconposite.
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t he pol yn&thanf; @64 Hacithgihe dichel mstaﬁa}acﬂemﬁbparﬁdﬂeS&flthfalﬂlmhoﬁmdmd compound
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of the invention. [0017] Additional aspects of the inventions
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di scl osed herein are set forth in part in the descrjption which
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[0014] Also disclosed are nanocomposite compositions comprising a polymer and a coated

20  metal oxide nanoparticle dispersed within the polymer.

[0015] Also disclosed are articles, films, and capacitors comprising a coated metal oxide

nanoparticle or a nanocomiposite.
[0016] Also disclosed are the products of the methods of the invention.

[0017] Additional aspects of the inventions described and disclosed herein, and advantages
25  ofthe inventions disclosed herein are set forth in part in the description which follows, and

in part can be obvious from the description, or can be learned by practice. Other advantages

can be realized and attained by means of the elements and combinations partidularly pointed

out in the appended claims. If is to be understood that both the foregoing general



are not to be interpreted as restrictive of the inventions actually
cl ai med. BRI EF DESCRI PTI ON OF THE FI GURES [ 0018] The acconpanyi ng

Figures, which are incorporated in and constitute a part of this 5
specification, illustrate several enbodi ments and together with the

descri pliieRs 56y a8 thedfollewgaicthilbd @espipti@iaps @Smplary hiel dxple@nivtyoonly £019]
Figure 1 shows sone target phosphonic acids for

met al - oxredot wdedparreted & reptipets o e inyeatippretpdy glaimsdepr esent s an
al kyl chain, e.g. C2-Cl16. [0020] Figure 2 shows phosphonic acids with

functional groups suitghigrbiEsEPIION OKHIE FeGUREP0! yners. Here n
represents an alkyl chain, e.g. C2-Cl6. [0021] Figure 3 shows (a)

Phosphoni ¢ acids wth pol ynerizabl e groups. Here n regresents

al kyl cH8§18] &hg acc@zp@wg iByres s scppomtpdite andierns it angriad this

pol yrer QRRRPALEsAH
Fer iionar B S e o g b B s
aci d nodixplamdhgaitciptéses tanidveriondi fi ed 15 BaTi 03. [0023] Figure 5
shows sel ected FT-1R spectra of coated BaTi 3 nanoparticles (70nm

Al drich nits.ar ectrum
shows. sUPYIEiteriaond 1Re Pl SRR Rl Sk SRERER" ()
ODPA, ( efmddbRfizatich) HefRfepfeggnts iPIIBAchdih)e. sTIKYARA, and (i) is spectrum
of unnodi fied BaCCB free-BaTi 03. 20 [0024] Figure 6 shows sel ected

FT-IR s t O3naoart1c|e e Wi th

hos phon it e SHhong R aoRa e eS ¥R N B ENuAD EPEO dht oy Hnips o
OPA+HOPAy PR . tm%fenié rehérﬁﬁaﬂﬂgﬂtchﬂn%gf@@swth 1:1 (rolar ratio)

m xture of” |igands, {b) OPA+TPDPA obtai ned by exchangl ng OPA |igand

wi th TPDPA |igand, [0025 ure 7.shqws I ectra of
nanocr ysO&Hl | #%H%EWS&?]] %S%ﬁkﬂ’eﬁ“@s é"f“thépl ZFl?lé &tqugh Hepgn yippgrents
n-octyphg Eﬂa@n 1@, cgoﬁ%?@htﬁés%f%n%moc\eﬁmﬁﬁmp ‘gﬁ@fb?@h@aélﬁer ns

of conmmer ci nano rysta ine netal oxid wder's fore (solid
line) anaibeipent cgmetstaado Iamhet)Phnmdﬂtlrlémmtﬁd\mﬂ}mmr— octyl phosphom C
acid. 4 SEMinmages of (b) BaTi G3; (c) BaZro.2Tio 303; (d) SrTi3

atter modhid g %{:913wﬁgsg@kggglgo@sh&pﬁaﬂm@%wﬂ% bRicRREAE fufin@fifid D

phosphoni'Cc
15  BaTiOs.

[0023] Figure 5 shows selected FT-IR spectra of coated BaTiO3 nanoparticles (70nm,
Aldrich). The x-axes units are in wavenumbers (cm™). Bach spectrum shows surface
modified BaTiQ; with (a) OPA, (b) MPA, (c) HUPA, (d) ODPA, (e) DPPA, (f) FOPA, (g)
TPDPA. (h) TKYNPA, and (i) is spectrum of unmodified BaCO; free-BaTiOs.

20 [0024] Figure 6 shows selected FT-IR spectra of BaTiO; nanoparticles coated with mixtures
of phosphonic acid. The x-axes units are in wavenumbers (cm™). () OPA+FOPA obtained
by treating the surface with 1:1 (molar ratio) mixture of ligands, (b) OPA+TPDPA obtamed
by exchanging OPA ligand with TPDPA ligand.

[0025] Figure 7 shows IR spectra of nanocrystalline metal oxide powders after modification

25  with n-octyphosphonic acid.

[0026] Figure 8 shows (a) powder XRD patterns of commercial nanocrystalline metal oxide
powders before (solid line) and after (dotted line) modification with #-octylphosphonic acid.

4



nanoparticles (BT) and BaTi O3 nanoparticles coated with TPD
phosphonic acid (TPDBT) in MeCN. 5 [0028] Figure 10 shows eni ssion
(top) and excitation (bottom spectra ofBaTi 03 nanoparticles coated
wi th TPD phosphonic acid (TPDBT) in MeCN. [0029] Figure 11 shows
gener al i ze® M jiRtgse of ©) BrBHYs () Bl Biords (DiSaTiRsblzownodification.

reaction/ hydrolysis. [0030] Figure 12 shows schematics of

t ranset herrpia J : [ g | 1 r-pxyl
side gr oup[g(? 7?%&0%1??9 IQZlii/Og;‘luS rl\égls{%rgtlé;ﬂh%mgg@%@ of uoﬁ% Q?Cé%@bﬁéﬂdﬁxrﬂw

sur f ace- nodidnagtlBTBT) @ BakiQenanppadioles neatedaeittd TR ahesphpaictabidl (EBRDBT) in
showed si %‘%éﬁcant wei ght | oss at high tenperature. [0032] Figure 14
shows TGA Of "n- OPA coated on "as received" BT. [0033] Figure 15 shows
TGA of various phosphonic acid |ligands coated on BT. The weight 15

| oss i Acr 48628 Figutdl( showe agiisspnt(te) amd ecithtivn (WetaghispedtrandTEsEioni c

aci ds used. [0034] Figure shows TGA co rison of P(VBPA) and

P( VBPA) - B’F?W{P@fs’f%e}s C?"i‘tg%‘rvéth%%)sﬁaﬁ%ho&ﬁaﬁﬂ %ngiﬂl? MsCasul ts from

BT: PVP thin filnms on I TO gl ass. [0036] Figure 18 shows SEM i nmages of
75% vol . PHRREPA:dRI: M $hotvs bddmlizE0 Byi#hbsfsat Bhosph@fié 2 G@ WYL @A
cross-section prepared by |low tenperature fracture (right colum).
There 20 \X@PBOMOIQ’?I%{CKS on the top surface observed at |ow

magni fi cati on and nmany voids (air packets) observed at high

magni fi cayeos0) FEe L 9%t SGRhlaQBPT thABRISIRAMRD  IRVE AR s 364ifSS
the filmand delanm nation but did not show sedifrentati on. 037]

Fi gur 4019 vaihdpdrorylside gyperst ra from ki netics study. [0038] Figure 20
shows average dielectric constants neasured fromdifferent polyner-
25 bari umggg Lde ' aj 0 %
manopar L1 4o DR T o B R b P of I DA A2

Wit h BYK- ph@@henic RBPcodREGRticlendiofieé digBaTanD8/eipht losautidgtatempeRBik. B:
PEGPA- nodi fi ed BaTi Gs/ pol ycarbonate with BYK-w 9010, FBP:

PFBZPA- nogli b 4. BaTi B/ arbopat.e - Be., unnodi f.i BaTi G3/ Vi ton
with BYK- ﬂzofggﬁglg’é%&%%g@g;ﬁ. HIROP B oF 0%/ AT, By b b
PFBZPA- nodi fi ed BaTi 03/ Viton with BYK-w 9010.

) [0033] Figure 15 shows TGA of various phosphonic acid ligands coated on BT. The weight

15 loss increased with increasing the molecular weight of phosphonic acids used.
[0034] Figure 16 shows TGA comparison of P(VBPA) and P(VBPA)-BT.
[0035] Figure 17 shows characterization results from BT:PVP thin films on ITO/glass,

[0036] Figure 18 shows SEM images of 75% vol. PFBZPA-BT:Viton film. Top surface

(left column) and cross-section prepared by low temperature fracture (right colwmn). There
20 were many cracks on the top surface observed at low magnification and many voids (air

packets) observed at high magnification. The cross-sectional image showed large pinhole

across the film and delamination but did not show sedimentation.
[0037] Figure 19 shows FT-IR spectra from kinetics study.

[0038] Figure 20 shows average dielectric constants measured from different polymer-

25  barium titanate nanocomposites. All the composites contained 50 % nanoparticles by



¥
[ 0039] Figure 21 shows | eakage current neasured by applying up to 100
VDc across thin filmcapacitors. Top: polycarbonate-based devices.
Bott om P(VDF- HFP) - based devices. Raw data was filtered using a | ow
pass filter to renove bad data points and fit by an exponenti al

growt h functigp. ?lﬂmg&lgé@han'ag% ?%&Mieﬁsﬁ@gg@mnpﬁp BTGP ASS

t angent neasur e as a rtunction O requency repr esentative
devi ces niaisid Rumi@aAKil0arhooity 2B B BEEP AngodB3er| Bzﬂ?@e/mam)ate witln041]

evi cos 2 FaUIT OB A SR BN A AR bR S ey e M4 ke T

hypot hetg g,/ i WiteBeR -5 10, IFBV {FRRAP Acapditied BETIRIV e, FBYeBW th t he
different conpositions studied. 15 0043} Fi gure 25 shows powder XRD

of néw EFBZPRHyodifedBafiONien vl BY %81 tht ered tetragonal BT
(synthesized by SCI). The splitting of (002) and (200) peaks around

45 degr §6p39) %1o%§egﬂcéfh@ﬁf§?eal&’a§erbuh% hakatd y}eaﬁp%hﬁgaﬂ%aﬂobt%c(aafo@s hat i o,

a and c are erent lattice paraneters), i.e. the higher the

splitti rigm depesitbisgfer: polyearbymte-baspddayices. Battago RATPTIFR) thosd]dericepur e

Chapo. 0 75048 SRGURRL PR R P o LR RURA R SER B0° o)

BT: pol ycaphrenailgrowtamiaedsmosite filnms. Top: unnodified BT with
BYK-w 9010, M ddI e: PEGPA-BT without BYK-w 9010, and Bottom

PEGPA- BT, w-9010. 046 e 28 sho SE m..cr h f
the 8- S8CUBHERIAROSA crndupL P erspheons o n G BPEERERL ¢
BYK- w 90Psep M&@Hﬁ@e d%&%%@%nmmwolﬁmoweaﬂ:DBa"alm;/P(QBFBWR)om
PFBZPA- BT w t h BYK-w 9010. [0047] Figure 29 shows FT-IR spectra of

BT150. As received (upper), and after shi n th NHACL() ower). 6
[0048] FOHH dizoe ShehnesKitlening readeyn Sty ‘%BQ%@%&%&% it drl ed
BT nanoparticles fromdifferent manufacturers show ng different

amount Oﬂooﬁgrﬁlgﬁ@w Mﬂh@%ﬂe{mﬂ{]ﬁl& %f,f\etdredtaal MR Barheotktcal Alctf afhand
30-50 n 150 nm Inframat:; I00 nm BTS8: 120-160 nm BT16: -50

run. 5 [D@mgynclppgm@z devighmade With o GHEERFPACHBR e 4TEIA50, Bot t om
PFGPA- nodi fi ed BT150.

15 [0043] Figure 25 shows powder XRD of new BT (TPL), old BT (Aldrich), and sintered
tetragonal BT (synthesized by SCJ). The splitting of (002) and (200) peaks around 45 degree
is associated with the relative tetragonality (a/c ratio, a and ¢ are two different lattice

parameters), i.e. the higher the splitting, the higher the a/c ratio or tetragonality.
[0044] Figure 26 shows a SEM micrograph of BT150 showing its average size and shape.

20  [0045] Figure 27 shows SEM micrographs of the 50:50 vol. BT:polycarbonate
nanocomposite films. Top: unmodified BT with BYX-w-9010, Middle: PEGPA-BT without
BYK-w-9010, and Bottom: PEGPA-BT with BYK-w-9010.

[0046] Figure 28 shows SEM micrographs of the 50:50 vol. BT-Viton nanocomposite films.
Top: unmodified BT with BYK-w-9010, Middle: PFBZPA-BT without BYK-w-9010, and
25  Bottom: PFBZPA-BT with BYK-w-9010.

[0047] Figure 29 shows FT-IR spectra of BT150. As received (upper), and after washing
with NH.Cl (lower).



[ 0050] Figure 32 shows dielectric constants neasured from capacitor
devi ces fabricated wusing BT150 nanoparticles. The volunme fraction of
BT150 is 50 % The prefix P and F of " BT" stands for the phosphoni C

id i PFBZP. t . ffi P d V of
c0d 11 Sl PR A e oL T syl o Eand
suffix B sb@aRiSerchtQhaduliRii&s lefw1§g Witrerdtt %Y&Ir%@%@zee ﬁﬁﬁ&y@%ﬁ%ﬁ-ﬁf argind

50FBTV resulted in smaller dielectric constant inp oor film
qual i ty. baeTaeAsbenate Al 3P-60mD, FBk: 1$emm, é?frﬁﬂi!ﬁtz]é)@ Im% - 12Q-46Qnm,
| arger t hapatl ggrlmLeported "best" anmobunt (e.g. -2 w. % for BT8).

[ 0051] Figure ows a contour plot show ng the effective
dielectric constant of a 15 nanoconposite nmade of BaTi 3 (I C = 1000)
i n a host [088Q]rFigunei 3t lsheres: iiop gPFRARA-ttddifiedyB TS0, Bettano i GPaaopdifteicl e
vol une frgﬂg ons. [0052] Figure 34 shows FT-1R spectra of pure ACPA
(upper) and &CPA— nodi fied P25 (lower). [0053] Figure 35 shows
infrared absorption spectra of 70 nmdi aneter BaTi 3 (Al drich) 20
treated V\EOOﬂO]clfigfrmrsershomctihlacﬁm gomgtatseasiutel finanmphatog tévieds falricyled

(-C$HL7) chali ni acid: PH, sul e: .S,
tri met hox344 15\1%1950 l%nn i%&?éwéma%?ndofj B?ﬁ?b IHeft Z The\prefix fgnd F of
phosphoni g @acdignd E@afh@ﬁho@ &ﬁ@é&ﬁn@ﬁ@%ﬁz@mm% PrBAPANSEperitbIP TR ek

(ca. 2900 cni'') %’ %ﬁ ure 36 shows energy dispersive x-ray
spect Foschpd 8f0f iRdoatan f@t%ﬁﬁoﬁrﬁ@fw P@@@quq@gmmﬁtﬂ\cebaa‘ms'efﬁaﬁeﬂands
(bot tom t%pﬂ%sn?@%g? RIRALIL 416! Eé@sﬁ?éﬁ%é‘sbﬁhf\? CoshRld { I}]ﬁ%ﬁerpl ot
shows the presence of phosphorus and i1 ncrease in car bon an oxygen
due to t hiéelkttgandnstaoatplpng ppQOHS] qialigulbe 8o 0ABYXPS- %]E)mynshcan

spectra of bath unc hos oni,c_aci d-coat ed, BT
That  t he i BSERHEN TR bufn oD s EaRtah b areRtuC e A E Y BB TR ght
7 after nodification (OPABT). The decrease in peals height of Ba3d and

A s is duposy Rifee 3BeEGwOL ﬁ&%mmﬁg eateffagtiveididleddkosdinn ¢ aaci d.
[00561 Fi gure 38 shows exer%Q E)hosphonl c acid |jgands from Table 2
used to NEEPFYLASilE fide obipe (koe Hh dpakest ass with rm@wem&u@% ago

shows SUp%B%héﬂoﬁ/%*tﬁ%fe%ﬂﬁ‘rM&HQﬁé te (top) and n-octadecyl phosphonic
acid (bottom DP-MAS 31P SSNWVR spectr a.

[0052] Figure 34 shows FT-IR spectra of pure ACPA (upper) and ACPA-modified P25

(lower).

[0053] Figure 35 shows infrared absorption spectra of 70 nm diameter BaTiO; (Aldrich)

20 treated with different anchoring groups with same length of alkyl (-CgHy7) chain.
(phosphonic acid: PH, sulfonate: SU, trimethoxysilane: SI, and carboxylic acid: CA). Note
that the phosphonic acid-treated particles show the most intense C-H stretch (ca. 2900 em™).

[0054] Figure 36 shows energy dispersive x-ray spectroscopy of uncoated (top) and n-
octylphosphonic acid coated (bottom) 70 nm BaTiO; nanoparticles. The data in the bottom
25  plot shows the presence of phosphorus and increase in carbon and oxygen due to the ligand

coating.

[0055] Figure 37 shows XPS survey scan spectra of both uncoated and r-octyphosphonic
acid-coated BT, Note that the presence of phosphorous peak and increase in Cls peak height



[ 0058] Figure 40 shows DP (upper) and CP (lower) MAS 31P SSNWVR
spectra of n- octadecyl phosphonic acid (top) and n:

oct adecyl phosphoni ¢ aci d-coated BaTi 3. [0059]' Figure 41 shows |R
spectra of BaTi O3 nanopowder after treatment with n-octyl 10 organic
|'i gands. aftdrhddlicRidHOEATT Oie (10060 b heightie HapeseNd1£RAPOES,
conpositjons, articles, devices, and/or methods are disclosed and
descri belfss §iBaCO:gop Bengtit RigePhorscidhey are not limted to
specific synthetic nethods unless otherw se specified, or to
particul mossmgae@s sh@zlz@éc%n@lzﬂ%% RniRRR ﬂgh 286 8 Thle SRR ¥BNodiff
course, var is also to be understood that the term nol ogy used
herein i @Hfaé?0f34ﬁ0pn#1}9§§@c}@$ descri bing particul ar enbodi nents only
and is not intended to be limting. A DEFIN TIONS [ 0061] Although
any th [
neren LoyOEuERRE %@a%?%é?? ol YT b | SO ER G

i nvent i omgid éwtop) BPREABOUR SENMR2estat eri al s are now descri bed. [0062]
Throughout this application, various publications are referenced. The
di scl osu Il » €01 ar.e r eby

i ncor por @%ﬂ%& %Q§ éﬁ%‘ﬁ%@ﬁl(ﬁpﬁ’tﬁb%ﬁ&:bmﬁ% il\gég i gjnéw&ss SFF Og‘? nor e

ful |l y desaadcbgpiidsph@tiadcdd (bp)tane navctadéagiphbsptibnic tiel-qatet aammg. The

ref erences disclosed are al so individually and specifically

i ncor por ence her.ei r t rlal jned in
hem ¢ naltordl Ft G ShaP Fr HRE S Rl P L i B bp Eh ekl
relied up@pnicleiddsng hereln is to be construed as an adm ssion that
the present invention is not entitled to antedate such publication
by virtue of prior invention her. the dates of 8 publlcatlon
provi ded herein can be dlffePgWéItEBH? HeRETHEEY publ i cation dates,
which may need to be independently confirnmed. [0063] As used in the

speci fi cpfob@NBeroR théFreAdPeRBRAnE, BbMiPositldd§, atidleblbidicek inffor nkihods &8
and "the" include pl ural referents unless the cont ext cl early

dictates diselped apd doscrrbrgs it iy rbesmdaratap dat thet asp epiclamites! wép%&ﬁpsmw@tw
"a subst hﬁ%h%dsbmﬁéss oﬁle{?‘;%fs@ pecftffaﬁ S&ﬂ‘&?@ a'muzatrlf a%E tQL?%%D ﬁ?é% e%lf&%icé&

conmpounds, strates, s cah be
expr esseshcherayj of msrsé,r\cmy "TaizaiE to berendeestdoddhet slre twahinelo gﬁuﬁﬂdmreﬁns for

the purpose of describing particular embodiments only and is not intended to be limiting.
A. DEFINITIONS

[0061] Although any methods and materials similar or equivalent to those described herein
can be used in the practice or testing of the present invention, example methods and

20  materials are now described.

[0062] Throughout this application, various publications are referenced. The disclosures of
these publications in their entireties are hereby incorporated by reference into this
application in order to more fully describe the state of the art to which this pertains. The
references disclosed are also individually and specifically incorporated by reference herein
25  for the material contained in them that is discussed in the sentence in which the reference is
relied upon. Nothing herein is to be constined as an admission that the present invention is

not entitled to antedate such publication by virtue of prior invention. Further, the dates of



"about" another particular value. Wen such a range is expressed,
anot her enbodi nent includes fromthe one particular value and/or to
the other particular value. Simlarly, when 10 val ues are expressed

as approxi mations use of the antecedent "abou i
under st odﬁlb{lﬁ%’tontpﬁ@”%f‘ér}%eF%F%’r evdaffaréntfWe&ﬁ‘aﬁ@hé%e}dlﬁ%n‘i’mh Pa¥%an

be furthq{eegmlﬁg%gdmtt?@gnﬁ%dendpm nts of each of the ranges are
significant both in relation to the other endpoint, and

i ndependent l% of the other endpoint. It is also under st ood that there

are a nuni98e3]oks uspd rmfég spRcificeiemandbe apngndedisdpimpdhe paHaniarme s s 28] so

herei n di sglose Ifga]%] (o]

t he val uea%lﬁt‘ggel ?ﬂ @fﬂ Zlggl#% Jnl 1%%3& \a/cigfdﬁggl%ly\é?%é{% &HT osedtﬂ_ﬂg&nfﬁaT
"abouts 1(ExainpleateS@etese ‘Osenbouhtl,”i“s sdlsgatelindtr meaidntihdds nutvemesaf tad ore
is disclosed that "le han or e value, "greater than
or equal T¥°SH 1??5‘?3?8“3%5‘%’ Eﬁ@%lofifngya?saﬁ'ﬁg@e %t ween val ues are al so
di scl osed, as appropriately understood by the skilled artisan. For

exanpl e, [i0064] h&ngaé 448 be EQprefstd Hedl R Feeh tabeut” bespartiidn alucLaidadr td 0
10" as well as "greater than 20_or equal to 10" is aI so, di scl gsed. It
is al so urRdRHs Ttpﬁié{cu}taﬁ?’@% hiylen F‘WE aéi‘ﬁﬂell%%‘ﬂ’Ff@FF  giaqther ﬁ)‘f’?ﬂ}‘i ded

I n a nunbgr,@ds ik ﬁﬁ o8B barkieh Py u PR/ d Bifhe bibkSpAahdar @RS S8Ry, when

endpoints and starting points, and ranges for any corrbl nation of the
dat a Moi ritadues Resrexpeaseglae apprbxmlatlpm by vsel dithecpategedrat raboutl’dit cambr a

particul ar ! a%oé,ld @ga'tt 0o ptaﬁmu{ar vgl'ug (f\’on[né e Qstndr emb%dlﬁ}gle '® rg L B ﬁlﬂﬁér understood

greater t ' an or equal to,,

equal to,th&nbe aﬁﬂpaintstdf edéh @fitble dhgRSrasignificnsbelr Iileﬂal%ﬂloﬁmb ﬂ&extheasmpeint,

as between 10. and 1&. Ité i%gal SO unde ood _t hat unit be vvegn
epidy ofrthe g P

two part i EGratergid beIHiPE]@FoTé Solilﬁfﬂefé% aét 1T R
are di scl\psed gisclob@Metcln, ahd that BachdRthe 1éaldy Bordh 3R cRESTAs0886L 1HB065] A

resi due of a chem cal speci es, as used in the speci fication and
concl i5di ngm@duém tvglue ity asidetion to dhe TrbueriElt JouneramplesifilrevalussH0F isrdysclosed,

product %oﬁ nemical, & Qé‘:l 485 15 algo 'Rl bl i gil LARL! fIEP \Aﬁﬁﬁf}g H‘E Or

subsequen erf or rru atron or em Cca uct, regar ess O
noi ety i s&e thialol yq@btoa’lmsechlﬁd Ogﬂetﬂhﬂhﬁrﬁlﬁmﬂqudlto ﬂmemmﬁ and bﬂlESI,blearlanges

et hyl.ene glycol residue in ol yester refers to
- OCH2 CH2 Betigfnva e ate [3is o O@éeﬁig o ap%%%te@r wderstgrod By, éﬁ%@%ﬁed&eﬂweﬁ@

gl ycol w&ﬂﬁ%@ﬂu& PigPae 1st &1 RRE YRSEALL thawbMidudl tbyl o”@s %ﬁ@m Srediithn
residue in a polyester refers to one or nore -CQO(CH2)8 noi eti es

in the paregstlée |0tieghe disclosedflt is alspivatéreipod et theosighiow th%ap@bﬁaélpn,ef@taby
reacting i3 %R}%ld@g iRE '119111861: RUBSLE rfor&n & findt B PPAA epret‘sglﬁs endpoints and

starting points, and ranges for any combination of the data points. For example, if a
particular data point “10” and a particular data point 15 are disclosed, it is understood that
greater than, greater than or equal to, less than, less than or equal to, and equal to 10 and 15
25 are considered disclosed as well as between 10 and 15. It is also understood that each unit
between two particular units are also disclosed. For example, if 10 and 15 are disclosed,

then 11, 12, 13, and 14 are also disclosed.

[0065] A residue of a chemical species, as used in the specification and concluding claims,
refers to the moiety that is the resulting product of the chemical species in a particular
30  reaction scheme or subsequent formulation or chemical product, regardless of whether the

moiety is actually obtained from the chemical species. Thus, an ethylene glycol residue in a

9



5 polyester. [0066] As used herein, the terns "optional"™ or
"optionally" neans that the subsequently described event or

ci rcunstance can or can not occur, and that the description includes
i nstances where said event or circunstance occurs and instances where

it does pfester (BT ordSor uBEA-GCHA0- URitstis Sheepofetins kapattiéss BEWhether
otherwi se, the term "al " can refer to _a 10 hydrocarbon group t hat
can be c@hdeistaiwof yas Wﬁ%&ﬁprﬂ?%?ﬁhﬁ@oa@%%mémwiaeéSeh@ﬁw&wémé Y5yn a

removin Q%Wééfep&%}s {d S0 dr Brs @O{%ﬁﬂfgéo‘) noi“’en%é/ i th&;é&&es%? r}ege}f&ﬂeés%f

hydrocarbon conpound having straight or branched tarbon”chains, and
repl aci nghethe theydsideeis ohtaper Wy rdactanrgochasic acat aranestenthganf © obtain the
|norgéan| C sué%lstltuent group. In sone aspects of the invention, the
al kyl é}ﬁ are "Cl to C6 alkyl" such as nethyl, ethyl, propyl,

i sopropyl, n-butyl, iso-butyl, 15 sec-butyl, tent-butyl, amyl,

t en- anyl [ooaﬂmmmea helgrmﬂmsemts r‘faptronal”loﬁ: éasntionﬂl}étlnmneﬂnat mlaewsethﬂ{y nyI
anal ogue the Iike. Many enbodi nents of .the invention, c rrprl

" &S"%“aﬂ’mﬁﬁf BlgEstart %’r‘%ﬁ’éﬁ%@“ﬁ%%cﬁhm 1‘6\&7@?““&@'9 e “&F’bups)

t hat i nch&ql@cem@w said€vBitlor cPERRVNce 0dofR-RE ARMhcdd Witk dodsSRt.but yI
sec-butyl, and t-butyl groups, their al kenyl anal ogues, their

al kynyl anal ogues, or the like. Sonme of the preferred al kyl groups of

the i nvel0pGrinespd howin Hrles caprery ¢efinsd pbArwscoths t?}"frefaéwébffay rgfey 9 21 6
b
car bog aﬁﬁ?&mb%nég?ou%%&%%&c&%@%ﬂ gﬁ%ﬁd%m &z@alﬁeﬁ{e é?lger 2 gfr%l%ﬁ B¢

al kyl group can be unsubstituted or stituted.
resi due, refroringbadyigen Gomahd dyactugy wamyclwmmodes{m Ib’éxsbca@on compound

"substityuted ns, o ubst i e

' naependitik el hel evfon SHES e el bl teeR e i gnotaer

hal ogensatbihl i @fdafi, or ¢t @nid W bstiidbbidep. BNGmicQEIR)of RNinDhton)thdElk ¢l
substituent groy &s 25 containing heteroatons (OH, NH2, NO2, SO8H, and

the | i ke§OBRAH® dndtodtscVie] t weh empiSH sthys P1syYy kﬁagﬂpﬂtfbh%%fwt%yl
substi t ufe'atbugﬁ ;@q W81, SRS L i s mWﬁéx?P%B@%nthEﬁ SN 308818 1R

contaln carb ups am no” gr oups roxyl groups and the like,
or cont aallqynyhatmgmm antg thendker Mady ﬁmbcaﬁlmhms bhthe libyeniésn efuprise“C to Ca

e R bSO R0 B s

per f | uor ispats nbheB6&o ﬁﬂyly&eiﬂuuﬁ@raﬁﬂ ﬂbuﬁyh@otqﬁ[ telr AkRAYanilbglee, theief er s
to a partlcle corrpr|S| ng a solid core of 10 a materjal. (for exanple,
an i nor g#kyw! Asiegueyor He ket epma Pt b pppfredlohaoyps ?féléf’s]tm’ﬁﬁ’loplhéﬁ y

20  three or more carbon atoms preferably 3 to 16 carbon atoms, 4 to 14 carbon atoms, or 6 to
12 carbon atoms. The alkyl group can be unsubstituted or substituted. A. hydrocarbon
residue, for example an alkyl group, when described as “substituted,” contains or is
substituted with one or more independently selected heteroatoms such as O, S, N, P, or the
halogens (fluorine, chlorine, bromine, and iodine), or one or more substituent groups

25  containing heteroatoms (OH, NH,, NO,, SOsH, and the like) over and above the carbon and
hydrogen atoms of the substituent residue. Substituted hydrocarbon residues can also
contain carbonyl groups, amino groups, hydroxyl groups and the like, or contain
heteroatoms inserted into the “backbone” of the hydrocarbon residue. In one aspect, an
“alkyl” group can be fluorine substituted. In a further aspect, an “alkyl” group can be

30  perfluorinated.

[0068] As used herein, the term “nanoparticle” refers to a particle comprising a solid core of

10



ordered three dinensional array of netal cations and oxi de anions),
the particle having varying shapes and | ongest |inear dinension of
fromabout 1 run to about 1000 nanoneters. [0069] As used herein,
the term "phosphoni c aci d" refers an organi c conpound having the 5
st ruct ur e:® pptergbior Reangyle. JHdrEEMIRPE! pdegpyantlcoppaisine A eldpashipatially)
radi cal or,J2si fliR AELKInA JPHRER Qﬁfoﬂiarﬁcgmle %rﬁm%zqgee Se Ry PON
atom of the R group. Those of “ordi nary ski In e dr re awar

that t he vaptirecherss and {anghe dintay dithe:sionl ofj frompdoof 1 pinds plvan il ¢0lachoiaetarse
acidic and can be renoved 10 by bases or at appropriate pHs to form

salts of ' ' hayi n hosphonate nono or di-ani.on
avi g ndOPP BSTRR0RG S " B0 PRROREP HSRY & B0 s Shnci APUTE e
ani on phospiwmat e di anion [00701 It is understood that, when present
as an ani on, the phosphonate can include one or nore associ ated
counter ions, for exanple, nonoval ent cations including lithium
sodium 15 or potassiumor one or norejldi val ent cations including
calciumor zinc. The organic "R r@%%ggt or residue conprises at

| east one carbon atom and includes™but’is Aot linited to the nany
wel | - known car bon-contai ni ng groups, resgidues, or radicals well known
to those of ordinary skill in the art.O9fhe R radicals can contain
vari ous heteroatons, or be bonded to another nolecule through a

het er oat omhereinc tdimg gay garbonriohiaBged radsddl dritesidpWBRBIANMS hoffhoAR atdhe
i ke. Exampl e (ﬁ% suitable R ragicals include but are not limted to
al kyl s sudPeRdedyigaRprbon algm of the & e aldwes ot erdigayskil indle whare pvie thasr
subst i t ut e 1atiopbs SEkdas HVOH QOB SphonfdARR FEM de artf QHBE btoved
such as phenyls or substituted aromatics, such as phenols or

ani | i A@s; by biscpon 3fpppropripte pHtiedoryusshis abthp phgsphimit erids hfvingyhogmbyater s

such as Tgfl,008 diga(nié{{sth%()ﬁlg the structure:

8]
| I
HO——P—R -ow——T——a
} }
phosphonate anion phosphonate dianion

[6070] It is understood that, when present as an anion, the phosphonate can include one or
more associated counter ions, for example, monovalent cations including lithium, sodium,
15 or potassium or one or more divalent cations including calcium or zinc. The organic “R”
radical or residue comprises at least one carbon atom, and includss but is not limited to the
many well-known carbon-containing groups, residues, or radicals well known to those of
ordinary skill in the art. The R radicals can contain various heteroatoms, or be bonded to
another molecule through a heteroatom, including oxygen, nitrogen, sulfur, phosphorus, or
20 the like. Examples of suitable R radicals include but are not limited to alkyls such as methyl,
butyl, or octadecyl radicals and the like, or substituted alkyls such as hydroxymethyls,
haloalkyls, aromatics such as phenyls or substituted aromatics, such as phenols or anilines;

or polymeric residues such as polyethylene, flucropolymers such as Teflons or Vitons,

i1



11 pol ycarbonates, etc, and the like. | n many non-pol ynmeric

enbodi nents, the R radicals of the phosphonates conprise 1 to 18
carbon atons, 1 to 15, carbon atons, 1 to 12 carbon atons, 1 to 8
carbon atons, or 1 to 4 carbon atons. [0071] As used herein, the term
"t hi ophogehsirbenagesi ¢it, andfkeylgkea dn mrigyaminep odpnpEuIRtbodawdmyg theXR tabiieals of
structure; O, 1,1l R:P- r RP-SH I | wherei n IS an
organi c ?%%9%5’8%08%% SRR g?_'ég F%Eclm goms.ddp d g’;a%&aé?rﬂswl 2 1%pF‘F’(SI%‘B‘ruor us
atom is demngeth 8 caBorcabebratieMeabod 8mR group. The organic "R

radi cal or residue conprises at |east one carbon atom and includes
but is n imited to.the many wel |l -known carbon 10 contai nin _

gr oups, ﬁé@llhi trinéél,sedol?er‘?“é’cf 1%3???%%9@"%8% agig aﬁgﬁ§ 8" gYeapf 6Pfﬁ&?‘%% SRYINg

in the anhesihBgre: R radi cal s can contain various heteroatons, or be
bonded to anot her nol ecul e through a heteroatom including oxygen,

ni trogen, sulfur, phosphorus, Qr the |iKke. E?barrpl‘ es of suitable R
radi cal s i nclude but are not Ijjmted to al kyljs such as nethyl, butyl,
or octadecyl radicals and the”l i ke, or subst“itut ed al kyl s such as
hydr oxynet hyl s, hal oal | cyl 87 —afometlt cer 1&sUE=aPtphenyl s or
substituted aromatics, such as|phenols or ani|lines; or polyneric

resi dues such as pol yet hyl eneQHf | uor opol ynesi such as Tefl ons or

Vi tons, polycarbonates, etc, and the |Ilike. In many non-pol yneric
enbodi ne ; I: f . COr (1S t 8 _carhbon
R L L R S

at ons, oris Yonded ¥ a aerdnaitorabdiie R droura Fretorganid ‘TREYradisger kesidub€omprises at

conpounds can be. substituted qr functignalized 20 with the brjdgin
e or ™ et e, i B b Bon BPBrh o o peny wellspemarorki [

in the abhtaid ANdkSretitids, GAAAESPRANNI AR I B ok hrP&ill B HBE D¥he
treatnent. with bases or at appropriate pHs to form correspondi ng

sal ts. | tR7agicpls s apménsn syrinya hethgptomaiare poredndrie aaatherantlends thongh a
ised her Sl S OGRS A SO U Bl Bl
conpound suitable R radicals include but are not limited to alkyls such as methyl, butyl, or octadecyl
radicals and the like, or substituted alkyls such as hydroxymethyls, haloalkyls, aromatics
15 such as phenyls or substituted aromatics, such as phenols or anilines; or polymeric residues
such as polyethylene, fluoropolymers such as Teflons or Vitons, polycarbonates, etc, and the
like. In marty non-polymeric embodiments, the R radicals of the compounds comprise 1 to
18 carbon atoms, 1 to 15, carbon atoms, [ to 12 carbon atoms, 1 to 8 carbon atoms, or 1 to 4
carbon atoms. In a yet further aspect, the compounds can be substituted or functionalized
20 with the bridging and/or terminal groups, as disclosed herein. Those of ordinary skill in the
art are aware that corresponding anton(s) can be formed by treatment with bases or at

appropriate pH’s to form corresponding salts. It is also understood that, when present as

anions, the compounds can include one or more associated counter ions.

[0072] As used herein, the term “dithiophosphonic acid” refers an organic compound

25  having the structure:

12



25 having the structure: 12 SOIIl Il RP-SHor RRP-SH | I OH SH
wherein Ris an organic (carbon-containing) radical or residue

wherei n the phosphorus atom is bonded to a carbon atomof the R
group. The organic "R' radi caIS or residue conprises at |east one
carbon atom and includes but [js not limted t the many wel | - known
carbon 5 containing groups, residues, or radicdls well known to those
of ordinary skill in the &t "The SR r&di cRI's £an ebntain vari ous

het er oat ons, or be bonded to gnother nol ecul e {hrough a heteroatom
i ncl udi ng oxygen, nitrogen, suHur, phosphorusgHor the |ike. Exanples
of suitabl e Rradicals include but are not limted to al kyls such as

met hyl , éélem 1?1’@; gﬂ%@ﬂ C(I\élé:Poﬁ @ﬁdt% ?&ﬂﬁﬂaltoqges du%%vhe?éilbﬁllégﬁﬁgph%ggtom

al kyl s suc aronmatics
phenyl s ois bsndwtto b oireon auonrrwth@R g-rcmpc ﬂ"hasrgajme gl sadmal antekidnesympoises at

olymeric, resi du uch t 0 such .as
FetTona. oFHVRRCHE o B earpanidieen Seet e R BRnles ey o
non- pod y NEyrEniLEBRApITREH dies, (o adialsaekl Ciadlosmab tliol@@oﬁ&ﬂﬁl@tj&ﬂﬂl 1 A, Sﬁlel
to 18 carbon atons, 1 to 15, carbon atons, 1 to 12 carbon atons,

to 8 car bBaadigalaen captain viagous haierpdiems, F Berkonder iganpdier frmlftcwérthra%@ct
the CO”pohﬂ%%ﬁat&ﬂnm%d g%%g%énuﬁﬁ%g&f Sﬁ?@=§fhlggf5e}%%2&dthé’ﬁkw BBl (}l}%of

bridging and/or termn oups erein. Those
or di nary skible Rimdicile inchrde bat e avelimitédHaulkebrsndsponethplgbepl ardes)ecytan

cor r osponiiy 851 V8 e RS BTl so BAPRRER e Rk Dipordie”

ani ongy tHeh a@pmﬁyl@ d5 subRfituleiCh i &8 NRcIOis PiRhdls 8580l @hoG@ibik eésiducs
ions. [0073 used herein, the term"trithiaq hosphonl c acid" refers

an or gani %,uc{a anpdvaiaylenzo IReropelymers sudy 4s Jeflanseer \aions, pelysarbpates, etc, and the

like. In many non-polymeric embodiments, the R radicals of the compounds comprise 1 to
18 carbon atoms, 1 to 15, carbon atoms, 1 to 12 carbon atoms, 1 to 8 carbon atoms, or 1 to 4
carbon atoms. In a yet further aspect, the compounds can be substituted or functionalized

15 with the bridging and/or terminal groups, as disclosed herein. Those of ordinary skill in the
art ars éware that corresponding anion(s). can be formed by treatment with bases or at
appropriate pE’s to form corresponding salts. It is also understood that, when present as

anions, the compounds can include one or more associated counter ions.

[0073] As used herein, the term “trithiophosphonic acid” refers an organic compound
20  having the structure:
3
R——P——S8H

SH

3

wherein R is an organic (carbon-containing) radical or residue wherein the phosphorus atom
is bonded to a carbon atom of the R group. The organic “R” radical or residue comprises at
least one carbon atom, and includes but is not limited to the many well-known carbon-

25  containing groups, residues, or radicals well known to those of ordinary skill in the art. The
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SH wherein R is an organic (carbon-containing) radical or residue
wherein the phosphorus atom is bonded to a carbon atomof the R
group. The organic "R' radical or residue conprises at |east one
carbon atom and includes but is not limted to the many wel | - known

carbon 2R r£R&AdaRichfiall VBHES helBsit FHHE By bdbontiadioCabeMBhlec B AW dhe
those of ordinary skill in the art. The 13 R radicals can contain

various beiereriomt bakding oxygenysiveeen, sbfuambospeTusi e liles. txemulsh o

het er oat C ' :

e, B iple 2althig oy B e R RR0 il it s AR W Por oBlagtdl
al kyl s smdina]asnctrﬁﬁe hie,, or bmhsyhuedcnikymsmhlaawdronyﬂmﬁ@m Baladlkyls, raﬁ)nhatﬂce or
substitute kyl s such_ as hydr met h al oal kyl s, omati cs

such as P ﬁ?P%%ééﬁ‘ §?‘i“’£eétﬂgc6“ %ﬁﬁ?l} %é’ie%ﬁ% mﬁﬁé%BP@”t?FlC reeiings
ani | i nesgycRhg pawﬂsaéﬂecm&%cdﬁﬁ&s s@acal@ TRAoMRQr WiohY, Ipe%arbsﬁaw ae%m&r s
such as Tefl ohs or Vit ons, pol ycar bonat es, etc, like.” I'n

many nonlise|ly many sornlBuEHEeRodimpis, rdler&mdmlssvf@ife qomaomﬁp“@nmdse 1to
conpri se r f r

oo, 5185t dSRE 1078 BhOTBoph, LR, PG 20T b R0RE ST BT
aspect, d:dmeom«srpm Undsyecrthérenspash shd (toltﬁpednd:srcaiﬁ im aihsﬁmaddlozé[dmﬂl&mahzédﬂ

the brid or t rm nal groups, as. di close her . _Those. o
or i far y iR fre iSO Sleds @Rime b fbe poraIo G G ORE L Ban
be fornmegt by a%ﬁ&hﬁ%ﬂﬁes%ﬁ&in@ﬁﬁ&ﬁsﬁfan 8t forﬁ:@@ﬁ?ﬁédtﬁ%ﬁt \ﬁltﬂl BaskOorfar m
correspondi ng sal ts. is al so understood that, when present as

ani ons, méomwfmﬂﬁﬁ@sfoeaﬁom%mm %ﬁ&f&- Bis Heredassiond it erhesgursertias
i ons. 10074]. As g&lm?g&ﬁf Belulidéhe %9&&9@%%%@‘; acid’ refers

an organic cbnpoun avi ng ructure -OH OH
wherein Ris an organic (carbon- contalnlng) radi cal or residue
wher ei n_[0884jphosyt drigs, Sederm Trhotpbnleliotaoiaaadi el at wgané carhpuRi
grou The.organic,"R' radical or residue conprises at |east one
carboh alOME HRFYH Fudes but is not linited to the many well-known
carbon 20 contai ning groups, residues, or radicals well known to
those of ordinary skill in the art. e & radicals can contain
vari ous heteroatons, or be bonded to [anot her nol ecul e through a

: R——pP——QH

OH

?

wherein R is an organic (carbon-containing) radical or residue wherein the phosphorus atom
18 bonded to a carbon atom of the R group. The organic “R” radical or residue comprises at
least one carbon atom, and includes but is not iimited to the many well-known carbon-

20  containing groups, residues, or radicals well known to those of ordinary skill in the art. The
R radicals can contain various heteroatoms, or be bonded to another molecule through a
heteroatom, including oxygen, nitrogen, sulfur, phosphorus, or the like. Examples of
suitable R radicals include but are not limited to alkyls such as methyl, butyl, or octadecyl
radicals and the like, or substituted alkyls such as hydroxymethyls, haloalkyls, aromatics

25  such as phenyis or substituted aromatics, such as phenols or anilines; or polymeric residues
such as polyethylene, fluoropolymers such as Teflons or Vitons, polycarbonates, etc, and the
like. In many non-polymeric embodiments, the R radicals of the compounds comprise 1 to

18 carbon atoms, 1 to 15, carbon atoms, 1 to 12 carbon atoms, 1 to 8 carbon atoms, or 1 to 4
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het er oat om i ncludi ng oxygen, nitrogen, sulfur, phosphorus, or the
| i ke. Exanples of suitable Rradicals include but are not limted to
al kyl s such as nethyl, butyl, or octadecyl radicals and the Iike, or
substituted al kyls such as hydroxynethyls hal oal kyl s, aromatijcs 25
such as pPREPRA &0ms. Lyt furiheiaspentdhmeqrarounds edh besu o} @ fgpetionalized

ani | ines; ?*I'l tl%odrﬁﬁgﬁq{?aﬁdfo?ﬁehq}fﬁgﬁ%fa Ch: Asc1hel ¥kl '@Bé‘qnoffo'r?{ﬂirglgﬁkﬁﬂﬁ{e

such as Teflons o i tons obnates, etc,
many non- mhlytmxedhﬂmbtrdsmmhng amblh(e) cﬁnrbadomwdﬂnydfeamﬂmt wihpagndisat

conpri se at ons at o o 12 carbon
Cohs. o1 5 Erelion Signeotoatns e 14 RS B hithes vhehs et
furt heg a5ReG] the thRp&@TP LEISILEENE 18310 Sésotidtet do@iterfibiRct | Onal i zed
with the brldglng and/or term nal groups, as disclosed herein. Those

of ordinar kill in the art are aware that correspondi ng ani on(s)
can be f olES b @u%efléa{% e 1t tha%%%@h@wdaqmafpw 5F§%§ta§ PR OFPOFR
corr espongi g i@kt ontt is al so understood that, when present as 5
ani ons, the compounds can include one or nore associ ated counter

i ons. [0075] As used herein, the tern1"thlgﬁhosphohydroxanlc aci d”
refers an organic conpound having theystructure: NOH R1 -OH SH
wherein R is an organic (carbon- conta q% radi cal or residue
wher ei n the phosphorus atom 10|551T‘ e b a carbon atom of the R
group. The organic "R' radical or resigdue conprises at |east one
carbon atom and includes but is not ISHited to the many wel | -known
carbon- containing groups, residues, or radicals well known to those

of 0rdi nag o shie ks el @ grson-lé}mgg%ﬁfgg (oS AR XAERONS oo

het er oat ons e bon to an roat om
i ncl utd ngisbrydpdrio aknboogienm of3hd R grqupp Ths preaniss R oaditab er tesidee ccErx;ﬁ'rspd S

of 15 sui le R radlcals i.n d but e.n |n1ted alk | s such
06 ot hol 165 e parb i 4G, SdipGindet Bubie maf R uriblo e Mue Bt thedart o
al kyl's sugdhtasind Y0 Yeseduay, los radtb%ls@@élk]ﬁio%m 1B KIQ¥BbT &ﬁma@l&ﬁﬂl BShdPRE NPHeS

or substituted aromatics, such as phenols or anilines; folynerlc
&7

resi dues Rsalbtnlseansenipiriayipesheicredtons.op bE orded to @r&tiwagldf@ﬂ dhroug a
Ao PRLGERICRP s 06, MUy BT 10D B e
15 suitable R radicals include but are not limited to alkyls such as methyl, butyl, or octadecyl
radicals and the like, or substituted alkyis such as hydroxymethyls, haloalkyls, aromatics
such as phenyls or substituted aromatics, such as phenols or anilines; or polymeric residues
such as polyethylene, fluoropolymers such as Teflons or Vitons, polycarbonates, ete, and the
like. In many non-polymeric embodiments, the R radicals of the compounds comprise 1 to
20 18 carbon atoms, 1 to 15, carbon atoms, 1 to 12 carbon atoms, 1 to & carbon atoms, or 1 to 4
carbon atoms. In a yet further aspect, the compounds can be substituted or functionalized
with the bridging and/or terminal groups, as disclosed herein. Those of ordinary skill in the
art are aware that corresponding anion(s) can be formed by treatment with bases or at
appropriate pH’s to form corresponding salts. It is also understood that, when present as

25  anions, the compounds can include one or more associated counter ions.

[0076] As used herein, the term “phosphinic acid” refers an organic compound having the

stmcture:
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20 18 carbon atons, 1 to 15, carbon atons, 1 to 12 carbon atons, | to
8 carbon atons, or 1 to 4 carbon atons. In a yet further aspect, the
conpounds can be substituted or f nctionalized wth the bridging
and/or term nal groups, as disclosed herein. Those of or.dinary skil
inthe art are aware that correspond ng anion(s) can be forned by
treatment with bases or at appropri%&e pH s to form correspondi ng
salts. It is also understood thatg esent as 25 anions, the
conmpounds can include one or nore asgoci ated counter ions. [0076] As
used herein, the term "phosphinic aciid" refers an organi ¢ conpound
having the structure: 15 0 Il R-P- R wherein each R is,

i ndependent|ly, an organic (carbon-containing) radical or residue
wher ei n WhereingsaeheR FoMdspendontiyh 8n orgpie tharthenaopiainh raicshpioesi dtrenRrein

ot 1 Bt M RORAR fonlis RERELERL cardln A6 EHE § PGP PAR A CHREAiRES
many wel be ﬂem@mnm‘,@einimﬂp ool 9tk mtgeagt aitEarbon @ing wes inchrdes Budiiciadt imatet |
known to t ose gédlnar skill .in the art

di
Sont aF n_ i By ek B o i Aing s e AR ST eas & those

t hrough af &@ﬁl@g%ﬁmcamma HE | URIFSAR%N 88 eonfid Y RRRB hetSidhiols, ofRPSANANYS,
or the like | es of suitable R radicals include but are not

linmted fwpther Wi@ﬂ@@@ﬁu%a heteroptom, ingludipe oxpgenceitrg g §u1fur. adoerms 297d
the i ketqe%{e lés%glt A(Klrédlﬁﬂ}clﬂ 1688 b]uQ aME ﬁﬁt'&? thﬁs such as

hal oal | ¢ , aromgtics suc or substltuteé)aronatlcs such
as phenuh@ybbmahptoﬂakmﬂamhpﬂéyﬁhh@hbiesmﬁﬂﬁsﬁéu&hhasdnmlyethylene

quor po rs ) efl ons. or Vitons, . pol onates, etc, an

! he TP kR Rty S Cati s et aioR st Ry 2R SR B ier St o

Corrpound§he@1@mf hifiBnek; @Icpolﬁnﬁ‘fﬂr@ﬁdheaﬁm p&yetﬁyﬁﬁa fRBFpORMAisQiBh asl t O
12 carbon atons, 1 to carbon atons, or carbon atons. In. a

yet furt Aeflonsgp¥itens, PWG%@I@W ierb the difse- bhﬂ réws:tontmiwn@ rembodiments,
f unct ' Ong.J 'lgﬁglcm Eﬁ'_’rfl}ta 'E!&ng 15.11@[9 %&q/tgﬁﬁg DUl U ar @Lﬁ%scar@c% atom%

di scl osed herein. ose ry S af e awar e
cor r espohd cargpreatomns) (139 8©a11noh etoﬁmxr oreldto Bycathos atamen tn wiytihfulibes @espeot; thet

apprapr i %&n?po%ﬁlsscagl e EI%S%%QJ orrersm?o%ggz{lﬂsgd \%%{1 tthe'br{dtging and/or terminal groups, as
disclosed herein. Those of ordinary skill in the art are aware that corresponding anion(s)
can be formed by treatment with bases or at appropriate pH’s to form corresponding salts. It
is also understood that, when present as anions, the compounds can include one or more

associated counter ions.

20 [0077] As used herein, the term “thiophosphinic acid” refers an organic compound having
the structure:
I

R—P-—0OH Of R——T—m—
R

wherein each R is, independently, an organic (carbon-containing) radical or residue wherein

R

2

the phosphorus atom 1s bonded fo a carbon atom of the R group. Each organic “R” radical

25 ° or residue independently comprises at least one carbon atom, and includes but is not limited
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is al so understood that, when present as anions, the conpounds can

i nclude one or nore associated counter ions. 20 [0077] As used
herein, the term "thi ophosphinic acid" refers an organi c conpound
having the structure: SOIIl Il RP-OHor RP-SH | I R R wherein
each R i sio hpaepenakimeyn cathoweepirinias Euaph orsidentoairarioat) welbktioval to drose

residue V\’Qf&ﬁi@%ghsmﬁnmoﬁp h%[ agrﬁc%@ daft @%BH‘?{%&% aete(r.: %E%? 15 8?\1 ltcvjece)tr)ﬁn:aed to

the R group ani c cal reS|
conpr i sesamtiher aaﬁdcubnhrough #)hetemamm, 1r&hdhrigmdygﬁﬁ mnkmlgén |sﬁlﬁﬁophdsp1ﬁorﬁ£ ar

radi oal o ETRoPGURP T HERE RGPt Ry DR HoLTALIA D SR bR

radi cad s gRihyE BifyBioPodadebPUSdBAS @ﬂcptﬁé ORE or UbsBRtRAANARLLER a5 @NOt her
nol ecul e through a heteroatom including oxygen, nitrogen, sulfur,

phosphor ulydrgsymeilids, hilrdkylmasemitios serh asphenyld a spbstisdedapmatioscsusties but
are not | K I r ec

radi cal s %ﬂr?gggﬁé%lﬁlhﬁéef é{Iloéro 1%%2:&% S_?eesgg %’I%)PPIQB{;%% 16’52” OH%%&? &Sys\{rrlﬁ yI S,
hal oal kyl ’Eeﬂcmrs(orrﬁttbmspolycﬂnbmtephﬁmah&tmrlilcs.uhsmhﬁytﬁoaeboaﬁmmmmlﬁdm@
as pheno daa es; or XITEI‘IC r i dues such assp ¥eth yl ene,
¥ uor opol Uidr Bk pt B8 SoreBouBR shBping i 5 SH5ER sRHPOb Ak L oarbeh Eomarido
the like. 14 Surb@ Bone Q't@@'c%h'a%n%naoﬂto%&n atdre IR alattuedbiSispdcr, ttﬁbe
conmpounds conpri se 1'to 18 carbon atoms, 1 to 15, carbon atons,

10 12 car WP%}P@%@H b sekstipitedaprifanctiandirsd wih the brisisinecadion rﬁr@mhgroupm ag
yet furt h?l g%ﬁ ﬁl t%%seb%g?lﬁg%ﬁll [Pheba?t ! %aﬂettllrhtt %&Té%faondmg anion(s)

functiona or termnal ‘groups
di scl os edcahléxeé'pmnedbbrmnwht wrttibrms yr gkapprloprizie pHés tarfbrrmccermprmdmgtsbm It
correspond rmed by treatne t Wi t?]ggases or at

o oo o N AR g, S BB Pladrl At oyt PERh (S pil iyPlud ke iR

t hat , 1whensguigsestun®sicalRl ons, the conpounds can include one or nore
15 associ ated counter ions. [00781 As used herein, the term
"di t hi ophgsphi ni c agl d' refers_an organic corrpound havi ng

[0078] As used herein, the term “dithiophosphinic acid’ refers an organic compound having

the structure:

wherein each R is, independently, an organic (carbon-containing) radical or residue wherein
20  the phosphorus atom is bonded to a carbon atom of the R group. Each organic “R” radical
or residue independently comprises at least one carbon atom, and includes but is not limited
to the many well-known carbon-containing groups, residues, or radicals well known to those
of ordinary skill in the art. The R radicals can contain various heteroatoms, or be bonded to
another molecule through a heteroatom, including oxygen, nitrogen, sulfur, phosphorus, or
25  the like. Examples of suitable R radicals include but are not limited to alkyls such as
methyl, butyl, or octadecyl radicals and the like, or substituted alkyls such as
hydroxymethyls, haloalkyls, aromatics such as phenyls or substifuted aromatics, such as

phenols or anilines; or polymeric residues such as polyethylene, fluoropolymers such as

17



the structure: S RP-SH | R wherein each Ris, independently, an
organi ¢ (carbon-containing) radical or residue wherein- 20 the
phosphorus atomis bonded to a carbon atom of the R group. Each
organic "R' radical or residue independently conprises at |east one
carbon at@ibns 8AdithRCHMFES Rbkes, e, ARE M 1k, t]ﬁ‘i‘nangf‘ﬁoﬁ P@lyf(ﬂ@ﬂbf el‘ﬂ%dlmléﬂtgvm
car bon-cont ai ni ng groups, residués, or radicals we nown to those
of or di ni&eR rediralf of the pbrepawngs conisR1 ta i efab@l @talms,ddntlé; qarhoarabaes 1 to
het er oat r anot | het er.oat om
ot ud nip SR, T bR 15 4TRSS Mol B Y P Rl R
Exanpl eScoﬁﬁpoﬁﬂdﬁcablbe sﬂasﬂﬂldddaﬂ|ﬁﬁ10t1ﬂfd11d£t§whhthe&iiﬁgﬂﬂ@fand/blnﬂeﬁﬁdalt@o@skw S
such as th pbutyl, or octadecyl radi cals and the |like, or
subst?t u‘élggo %ﬂaeﬂe FP ofordingry g ymridiersitiage awase Gt sqprespondngrrgionts)
such as m%@ﬂn%le@rby%gﬂehf Hftﬁgas@g &r@ragﬁ@pnaﬁé’ﬁﬁ 3¢ for&%ﬂ@%y%n@iﬁg salts. It
anilines; or polyméric residues such as polyethyl ene or opol yrers
such as li’Alsrremd@ﬁgod)thaw'ﬂ:x@nsresepb&wmnbdhamsmwﬂ&:cma@defme lor kere | n
many non%()u%qﬁrlc eqpodlnents the R radicals of the conpounds
conpri se 1 {f BOF atons, 1 to 15, carbon atoms, 1 to 12 carbon
atons, | to 8 carbon atons, or | to 4 carbon atons. In a yet further
aspect, [R®] sougedhada, mmerhe“}'@mh‘s’ﬁhdludeedummrkmwhérbimmab bzedramcidic t he
bridgji ng and/ or term.nal ou as, 5 di scl osed herej Those of

o di Al S BIEF ek 0 B SRRl Py TG PRSHOMG: HPo e e
be for neg Haydéd @ akdRAtcVal Mubas@Mw:at appropriate pHs to form
corresponding salts. It is also understood that, when present as

ani ons, the conpounds can_i ncl ude one or fore associ at ed counter
ions. [0079] As®used hereign, theoterm"li “gincludes §tructures
wher ei n ne or hDre acidi & 10 prbtons are abse fromthe conpound
and one or ibre, oxygel or ssut$¢urhatr®ner ar 1mﬂjﬁﬁ 40-khe
surf ace, as |Ilg§trated bel ow: C% HSOEO O=i - /\

O

[0080] As used herein, the term “polymer” refers to a relatively high molecular weight
(when compared to the monomeric unit) macromolecule made up of multiple (i.e, three or

15 more) repeating units. The repeating units, or monomers, can be the same or different.
Those of skill in the art of polymer chemistry can readily recognize polymeric structures.
The term polymer includes a copolymer: a polymer formed from two or more polymers. By
way of example and without lirnitation, & copolymer can be an alternating copolymer, a
random copolymer, a block copolymer, or a graft copolymer. In one aspect, a copolymer

20 can be a segmented polymer.

[0081] Disclosed are the components to be used to prepare the compositions as well as the
compositions themselves to be used within the methods disclosed herein. These and other
materials are disclosed herein, and it is understood that when combinations, subsets,
interactions, groups, etc. of these materials are disclosed that while specific reference of

25  each various individual and collective combinations and permutation of these compounds
can not be explicitly disclosed, each is specifically contemplated and described herein. For

example, if a particular compound is disclosed and discussed and a number of modifications
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-0-li-Ror -OlI-Ror -o- OHOH Olop, o/ [0080] As used herein, the
term"polyner" refers to a relatively high nol ecul ar weight (when
conpared to the nononeric unit) macronol ecul e made up of multiple (i.
e, three or 15 nore) repeating units, The repeating units, or
mononer s, HeEGTIBE made isapenbyr ofimolespleninclntingdle ermrapnds atp diseyiesdar t  of
pol ymer chem il I i -

Fer i pol v S e M50 oriofind
pol yner s. aythe mayifioftiesdnglace nsblunlesaapedificallyatdicaied @ thomoiryrye Thug nf

be an al ternati.ng,copol r random, co ner,, a.bl ock, c I ,
or o oraf EORBEEPPERES P T aaa B st BRI BB Yk esstpt Bliefief DF R
segnent edaioh\eiBihple[0@Q@dhblHatel ASREuIAI 2T B QisCRERD RAlSer B edth issRrd to
prepare the conpositions_as well as the conpositions thenselves to
be used wirdividvatineeciied sashds arividugleendretestively PREISEERY BeAe

mat eri al Soffindion| LECA-NLP) B AP S, (SEURHRLFLACLLAGE] WAk

conbi nati ons, sets, iInteractions, groups, etc. of these materials
are di sc| bikedise,lvay sulisel @ wpbiiafipe of théwiersedisflo®s. dhuh faraxiopls, the sub-

i ndi vi dual _and ti onbi nat i ons_and. per tion of thes
compounde=Bat gt B8 BT Far LY SRRl BE, L Shedt plEF By
cont enpl aipectasfthdepgplidakion iltBidtigNbutmot limB@ITPteps ihimethodabt makihgsind
conmpound i s disclosed, and_di scussed and a n er. of %fi ca%igqr;g) 1(2
that can BEEHEEORRPsHINSnBBYs, Hithers pre@graetyioh addidensd stepab e G BRI EP
di scusseds s \§RESIbH Gak bAhIMRIRRIRI 4t&HsRRCPe FRER¥E WYh Bkl on
and pernutation of the conpound and the nodifications that "are

possi bl e embwlegers peedhbinalidnofiendodiateaty of dhetrhgthedsnt rary. Thus, if a
class of nolecules A, B, and C are disclosed as well as a class of

ol ecul esgoe'agz’ﬁ% ﬁ%gergtogid iﬁ%‘? t}%’&gﬁéé‘ﬁ%n‘% d?sfclrc]) e V}?eg%lié Fﬁ?x?é &Ptaﬂ%%?i‘dhse , A-D

is disclo en even eac S not 1 ndi y recited each is
i ndi viisluaDisylogmichesih breckityielsgudont reqptaieats fmegmiongingabandisciaded dnstions,
A-E, AF di scl.osed.

, B.D B-E, B-F CD GCB.and CGF ar onsi dere
w6, Tl TP B i A TSIt SEREES Flet St S e PR
for examing ard ReSUB-h QM BsRfstrlcties, Bnir thatihdsclet i lvelll B i p stiHe9RL

di scl osed. This concept applies to all 10 aspects of this application
i ncl udi ngsamsaesulfot limited to, steps in nethods of making and

B. COATED METAL OXIDE NANOPARTICLES

20  [0083] The present invention relates generally to surface coatings of metal oxide
nanoparticles by organic ligands and mixtures of organic ligands and the uses of such
particles and/or nanocomposites incorporating such particles. The present invention
provides compositions of ligand coated metal oxide nanoparticles that offer control of
surface energy, solubility, and dispersability in organic or polymeric matrices, and reduction

25  of agglomeration in such media. The invention further provides for the attachment of a
wide range of terminal groups that can impart specific chemical, optical, electronic, and/or

sensing properties to the coated nanoparticles.

[0084] In one aspect, the coated nanoparticles of the present invention are useful when
incorporated into solutions or suspensions, prepolymers, and polymers. The compositions

30  can allow for tailoring of the rate of dissolution or achieving homogeneous suspension in a
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using the conpositions. Thus, if there are a variety of additional
steps that can be perfornmed it is understood that each of these
addi tional steps can be perfornmed with any specific enbodi nent or
conbi nati on of enbodi nents of the nethods. [00821 It. is ‘understood
t hat t heyaomperSiobi RES,, %cﬁ@ix@ﬂﬁi&%@wm@ﬂ@h&%ﬁ babnki#RGhd RRGe odfie
Di scl osed herein are certain structural requirenents for perform ng
t he di schgsdgor igmenalapeps atigplicd to theligander st ood that there are a
variety of structures that can performthe sanme function that are

rel ated LSCle Y ; A

typi cal | [ BehraERe pAReunl bR AU FIRD S Woimstha
NANOPART salidES e ah 08 hicThetajprxedemateiial vempiising aredtatsispagibaiyroaddryd theee
surfage 8oath of qft |...oxi.de nanoparticles %¥ organic | i gapds and
i xt of es SRFTEP R ATE P adaiE caings enbodEumee GRartclshivne Vvt
nanocor npasloh@St liMedipeRadn e ghoupanhi ©laBsut 100EnRLBRRR. THHES | On
provi des conposi_tions of |igand coated netal oxide nanoparticles that

of fer cofidinsry gl indhe prisaelaisde B comppaition andysirueipigs af wpeeenigisplidst y i n
organi c Qf YRl j r gy%££ f . -at |
such ned?gFﬁg e iﬁ%@ﬁ%ﬁ%ﬁbfﬁﬁfﬁgggggﬁﬁl es gfé?ﬁéng%?%c né%%ﬁggnggr
wi de r angwatoics,tse¢indsribg latpe@ot svetl ikavwe elass afjparavsisisecidimesichendtd akide

optical, ectronic Q sensin roperties.to the coated
anopar t PEIEE el e "R n SEE PRRHERES R Bickibin S BB 0951 ¢ e
present haied welhddlied usepasitionhath ak BEDIRR fxakile dorh Ot onS@bithibg Bsicor
suspensi ons,  prepolyners, and pol yners, The conpositions 30 can

al | ow f oP2etllic 57qeR §avsrvapiphle propertions of mixgires ¢fdhe Bptabeatipesy Firg as for
hombgenegus B PENFHAD; bPtibse Wil ¥kl Sidorxyh@Sbn Medhdes. 'Iﬂeéﬁg\% ects,
| i qui ds and pol yneri ¢ ﬁosts, by changi ng t%e nature of the I gands
or term frch ngrapayiisleacemeeadise eithdn érdguipalydhaped 085 paThles pefrmdspberas.”
oxi de nanoparticle"” as used herein refers to a particle conprising a
solid.co f [ gani: i.d ' G risi at .
east pal el e pREERR et et i 08 SRLERE oS VBEbRLRGp Blgtsine
cati ons arth oxitddenapiroeis hatihea pafdck;cing phasphogc wad Vibags ahapes toahel

| ongest |inear, di mensi,on of fromabout 1 urn to about 1000

nanonet ef§tal §HASRAIGPaTElE SiTfA%Fy skill in the arts related to the
conposition and structures of inorganic solids, mnerals and

cer am cs[msg Regh@fasicly HelinteAliBE rdMISEE h cOiteRkbiatoBE Adnopxtigle,

m neral s and/ or i . . :
wherein the at least one phosphonic acid ligand comprises a residue of a compound having

20  the structure Gy-R-X,,, wherein G is a terminal group, wherein R is a bridging group;

wherein X is a phosphonic acid group having the structure:

O

P—OH

*

OH :and
wherein each n is, independently, 1, 2, or 3.

[0088] In a yet further aspect, each n is 1. In a still further aspect, the compound comprises
25  the structure G-R-X.

[0089] In a further aspect, the invention relates to a coated metal oxide nanoparticle

20



ceram cs, such as the large and well known class of perovskites. Sone
such netal oxide 10 materials have a well defined chem ca

conposition (e.g., stoichionetric nmetal oxides having a well defined
conposi tion, such as BaTi @), while sone "non-stoichionetrijc" _

met al | i ¢ e@xingenshavealaxideagneragickplavingrnsiree; pnd Hgands sd¢ctechisorpgasigues
cations, fQr. Ti 0. B4 . 1 M. -
and/ or oxy glﬁsﬁ% gﬁlc\%glg gﬁ%i?’g%lss ?(ﬁ%c%?%saﬁaﬁ%@]gée%lﬁgc Q%%ﬁl%n%hgg‘g{rn t |Ccalczlg§’
can conprp®eplenit heids,ithivglgsplanicycidb aiatbphesphinde ddids|] pieospliohydroxamic acids,

"nanospheres.” 15 100861 In one aspect, the invention rel ates, tot
coat ed igpheReR AP 1t SR AP eLY FighereolAot B ee depreot attached fo
nanopay t i gk &cR@¥iiae nancpufilcRGRifa@nd phosphoni ¢ acid |igands attached
to the netal oxide nanoparticle surface. [00871 In a further aspect,

the invention relates to a coated netal oxide nanoparticle, _wherein
the at | 88%01dna fumless grsat Bredigredlsicrmarier Te8idps o 6Qmpoynds hves e stucture:
conpound hawi-Ag : - HKR; i i. : 1 nal

gr oup: V\hdg’? Ie(i X;"’ ghig%lr;a@gsr ?ﬁg#%él%guéju?&heg ere W&Aﬁ&%&%ﬁgﬁ%ﬁfﬁﬁ aci d
group havichgtetitiwnst ructure: O Il *-P-OH | OH and wherein each n
is, independently, 1, 2, or 3. [0088] In a yet further aspect, each n
is 1. In a stigl further aspgect, the conpownd conprises 25 the
structure G—R{k. [0089] In ﬂlfurther aspect|| the inventioﬁ relates to
a coat ed netalp-exibde paneparg-+ecbe 20 corpip-si-Bg aonet-al—exid®&  or
nanoparticle having a surfacg; and Iigands]selected from nesi dues of
phosphoni ¢ aciagls, thi ophospheni c acids, ditds ophosphonic agi ds,

trithi ophosphoni c acids, phosphinic acids, thiophosphinic acids,

di t hi ophosphi 4 ¢ aci ds, phosphohydroxam ¢ agcidsy and N——OH

thiophosphohyﬂtoxanic acidsl nd derivativeé]thereof and nj|xtures

t hereof att A 5.t he -al_gpgxigde n bgl epgsurtace.—{H090] In
a further aspect, the IigandF conpri se resqdues of conpou?ds havi ng
the structur €oH SH OR OH .

10 and wherein each n is, independently, 1, 2, or 3.

[0091] In a further aspect, X is selected from:

p——SH or

OH SH
0 N——r N~—OH
I | I |
—P—SH or *—FP—S8H or *——P—OH or *—P-—SH
| | | |
OH SH OH OH

[0092] In a yet further aspect, the ligands comprise residues of compounds having the
structure: G,-R-X,, wherein G is & terminal group; wherein R is a bridging group; wherein

15 X is selected from;
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G-RX ,, wherein Gis a termnal group; wherein Ris a bridging
group; wherein Xis selected from OS S *-1-CHor *-i-OH or *-1-SH
or *-I-SHor | I Il OHOHOHSH OONOHNOCH®*I -SHor *-| -SH
or *-] -OHor *-1 -SH OH SH OH OH 10 and wherein each n is,

i ndependentlypo 1, 2, or 3. [@091] In a furthker aspect, X issselected
from SS S *{| -OHor *-1-SH or *-1-SH or OHSH -0 ON N- OH
*-1-SH or #=lls-SHogr %rl *-OHpor—&H1 oSH -OHs@H &0092]—p-h—asryet
further aspecq, t he |igands *onprise residuis of conpounds raving t he
structure: G'-IR X ,, wherein|Gis a termnall group; whereinlRis a
bridgi ng group; wherein 15 Xis selected from 21 OS 0 S 11 ~1311
*-P-OHor *-P-OHor *-P-SH or *-11-SH* * * and wherein each n is,

i ndependgtiitreideack n i8ind@pedden®e 1§ Bioh 3 AEPREhE, asfed) edbhinSis 1. Il dertain
certain further aspects, the conpound conprises the structure G R X

1. PARTI Grifer@apreshy canpeigomprises thegiracigfedt X t he coated net al

oxi de nanoparticle can conprise a coated netal oxide nanoparticle.

For exanpl e, 1 hg, RARPPRKLPESSIGAN conprise a binary, quarternary, or
hi gher

5  [0093] In one aspect, the coated metal oxide nanoparticle can comprise a coated metal oxide
nanoparticle. For example, the nanoparticle can comprise a binary, quarternary, or higher
order metal oxide or mixture thereof. Binary metal oxides comprise cations of one metallic
element and oxygen anions, ternary metal oxides comprise cations of two metallic elements
and oxide anions, quartemary metal oxides have cations derived from three metallic

10 elements and oxygen anions, ¢tc. In a further aspect, a metal oxide nanoparticle can

comprise one or more perovskites, distorted perovskites, or a mixture thereof.

[0094] In a further aspect, a coated metal oxide nanoparticle can have the formula ABO;,
wherein A and B are metal cations of different sizes. In a further aspect, in a coated metal
oxide nanoparticle of the invention, at least one of the perovskites has the termary formula

15 ABQO;, whercin A and B are metal cations of different sizes, where A is a metal cation
selected from Ba, Sr, Pb and mixtures thereof and B is a metal cation selected from Ti, Zr,
Hf, and mixtures thereof. In a further aspect, in a coated metal oxide nanoparticle of the
invention, at least one of the perovskites has the formula ATiOs, wherein A is a metal cation

selected from Bartum and Strontium.

20 [0095] In one aspect, the coated metal oxide nanoparticles and/or nanocomposites of the
invention can be selected to exclude any particular disclosed metal oxide species. For
example, inl one aspect, the coated metal oxide nanoparticles and/or nanocomposites of the
invention can be limited to ternary or higher order metal oxides. As a further example, in
one aspect, the coated metal oxide nanoparticles and/or nanocomposites of the invention can

25 be limited to metal oxides having a perovskite structure.

[0096] Tt is understood that any particular metal oxide can be excluded from coated metal
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order netal oxide or m xture thereof. Binary netal oxides conprise
cations of one netallic elenent and oxygen anions, ternary netal
oxi des conprise cations of two netallic elenments and oxi de anions,

guarternar y,ée net al oxi des have cations derived fromthree netallic 10
el ement s &H wa@ﬂclaﬁﬁﬂéfﬁpmcemppﬁteaof @Pt‘W@Pﬁf’d’sﬁé’éfﬂ,‘aﬂaﬂﬁé{lé’Pe HRF e

nanopar ti e .6a8r AGOIPL RE&uBasRILy TNcH: PEh MEOLLE et bRl hikarticles
perovskites, or a mxture thereof. [0094] I'n a further aspect, a

coat ed nedwiforoxnaempasiepaf the divenitemn Thaverthehespeely Mand®08).0swherei n A
and B are_netal. .cations,of different sizes..ln a further.aspect, in a
coat od- nebrbREsFaEntt A A Brei Gl Ry Pedr e R BB Pone o

t he pey ovsdtbb@Epdns dfifies ihedntieny fornula 15 ABO3, wherein A and B are
nmetal cations of different sizes, where Ais a netal cation selected

fromBa, Sr, P m xtures thereof and B js .a al ,catian sel.ected
fromTi, @0,971 fﬁ.@ ket Shlgtst Dol Pef?‘ffkaesflaﬁgﬁfgﬁeagﬁfé’af tehvigg te
coated Nefed]arPridga &%&91(?505,%@&& A8 B 4rO%RM tAbas 8t dikReAst sieRAn@k is a
t he perovskities has the formula ATi O3, wherein Ais a netal cation

sel ect ed fyreher Bss tham! andi eseteniken gere 020n p geidanther asnspie Aaiid dtare selpded
coated ne ¥o)d| i Lies:

nventi or o k05, AH00RA o faftnOni BheR 0 AR Bhrk Bt
oxi dels pegitopsiunt taad, lekiamp ktegntinm, taméhaaspeatd ruthbeuno i sdatedkispEcts thedpetal
nanoparti cl.es and/ or., nanoconposites of t dLnvent i . he Lim
ot or nar GG TPHGHe SRt HBE Al GrreE et hgddr it b EEEaE ot By,
one aspecs, B4R 76964 CEh BfBdr 20¥dct ehasaPaidd dhPsis@huatternary metal oxide,
nanoconposi tes of the invention can 25 be limted to netal oxides

havi ng a 9&eemane.f&(Z& st ure. [0096] It is understood that any
particular nmetal oxide can be excluded fromcoated netal 22 oxide

nanoparti 2roxaletolancToloy ' & ok X Sistinh
one as pec@,b%]TIiﬂC%)izl‘é g%galgtbﬂr%Al20%§?§%§%d§a§%%d§%fgi§%dlty act))ls gllriﬁ ﬁf mnt kslte e’

coat eth netfa titavateleaspdifeoqoalettric] amanginalt-Grsed ampserpilrporpragss baspd miatenial; a
i nvention, |

f her . Ti . / 1203 i cl
Sy LB SRR SR o, 23R DRORRREBL Lk

e es and/ or

nanoconpostahfs basnnithatahfyeiobdiin bisBRY knhlata shottiuhetisiashetdbateattrdnéiamt
one of the perovskites is a distorted perovskite having the ter ngr y
for nul a ApmEaialay opbaighlepdriconatgidnpicalead pthapure areQies tpnate; lea
di T erenty;sh£6%i Mt ¥ahseAith G atd; S8R wh I8 athte MBI 3 RherlatABarSd ©
0. In a yet further aspect, A and B are sel ected
20  ttanate; and strontium titanate and mixtures thereof.
[0099] In a further aspect, the metal oxide nanoparticle can be selected from the group
consisting of BaTiQs, PbTiOs, and SrTiO; or the group consisting of BaTiO;, SrTi0;, and

BaTis710203. In one aspect, the metal oxide nanoparticle comprises BaTiOs.

[00100] In one aspect, suitable metal oxides, in the bulk, can have a ferroelectric
25  phase. Also, in one aspect, suitable metal oxide nanoparticles can have a ferroelectric

phase.

[00101] It is understood that the coated metal oxides of the invention can be_ selected

to have a relatively large dielectric permittivity. For example, in one aspect, suitable metal

oxides, in the bulk, can have a dielectric constant of greater than about 100, greater than
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fromthe group consisting of titanium_ manganese, copper, tungsten,
ni obi um bismuth, 10 zirconium lead, lithium strontium |anthanum
and rut heni um In rel ated aspects, the netal oxi de nanoparticle can
conprise quarternary netal oxides such as, Pb(Zr,Ti)03, (Ba, Sr)Ti 03,
or BaTi O . r
Uar t or e Fosy il gk 00 e AR ik g S0 los e B 2P R
aspect, thheabmet 4000XNh ddutienagpestt suithisle owtal beids elrepttidles carhavhe dypiwtie

consi st 5 i a based ferroelectric n atebse
o er + al Chgrelthstear e R o8RG T BT AC benS B SR S i

t ant al at eacmma igteatid tifin @bowd 50,29¢ @fcabtr M taBodtang.al at e, ni obate, or
titanate;: bisrmthtitanate strontiumbismuth tantal ate; strontium

bi smuth ni Oba% strontium bismuth tantal ate niobate; |ead zirconate
titanate: PARTYEASHEZi rconate titanate: lead titanate: bismuth
titanate; lithiumniobate; lithiumtantal ate; strontium rhuthenate;

bari um 2foté3)anat emméf@ﬁﬁm%mu&m@t&nmaﬂm& UERISn bHeI8Rdn with
[00991 In a further gqugect he nmetal oxide nanoparticle can be

sel ect ediheipention itgs rst@érﬂéﬁ%hﬁ Iagees rofls 1o opragppaitictss sign dFusher 8 or
t he grou
e e e e e R R S

aspect, twinpadpedicieendlcodiigdes, in the bul k, can have a ferroel ectric
25 phase. ‘Al so, in one aspect sui tabl e metal oxi de nanoparticles can

have @ f ﬁ{? l ect r ica COa{eQQI}EQ%IJOdetC I’IIBE ldgl%%r %E%qg CBIQ%EtI(%Il%Itl?Hat ed

rretal of th |nvén|on can be sele are
| ar ge d| elvertionican mgmﬁstze\hetvgeeu Ebdiut&)eaﬁpl)cmt 10hnaneetsy Gatexamplief abl e
net al ides, .in

t han abo W gtRbo }@Qq%g,m%‘ gﬂgan have i%%ﬁegoéggiﬁncf%ghﬁ td}%{mgr eater

greater baiaBerAdoUl 6033d.ab&ilte80 ﬁﬁnotxﬁb@éi‘s BREHn T 160 arldl B8HEI00 nhﬁtﬁﬂeters
about 1000. In a further aspect, suitable metal oxide nanoparticles

can havebewenedbert F00cand glnvs 5@hpanomeprs at batwedahouioGtnd abougd 9% er

tnan ' SpotiroBerr Bher Ry IO Uhcd oy b S ol AR b e B 0o

When r ef ith itmgnmmubin earfigerirddlieiat aipasichfsinaf dpattih abes 106EthnbMeters, for
?g? gregt It g){naﬁ}\lj\nnéq, Ee‘j%%hgg u\é ?@iﬁ%@@g%etrq;:}ﬁif ‘H’j@ﬂ g rqqt' g(%i na;[ngg[etelsh ?ess %ag about

700 nanometers, less than about 600 nanometers, less than about 500 nanometers, less than

about 400 nanometers, less than about 300 nanometers, less than about 200 nanometers, or

20  less than about 100 nanometers.
3. LIGANDS

100104] In one aspect, a coated metal oxide nanoparticle of the invention can
comprise at least onie phosphonic acid ligand. In a further aspect, a coated metal oxide
nanoparticle of the invention can comprise a plurality of phosphonic acid ligands. Ina

25 further aspect, a coated metal oxide nanoparticle of the invention can comprise more than
one type of phosphonic acid ligand; that is, the phosphonic acid ligands can have differing
structures. In a yet further aspect, a coated metal oxide nanoparticie of the invention can be

covered with phosphonic acid ligands.

[00105] The term “phosphonic acid ligand” as used herein refers to a radical or
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particle size of a coated nanoparticle of the invention refers to the
average particle size of the nanoparticle and coating. 10 [00103]
Typically, the coated netal oxide nanoparticles used in connection
with the invention can range in sjize bhetween abhout | and about,iqgo

manonet er$sidyesitaghed s pecapaplechatashias b the siriags @t HisdugtalsvrsieRpnseicsss,
bet veen ahayt 4428 %nﬁéw\ﬁgﬂ&l@c DANORREE S SordinRINAER ROAHyi1BthdRREnd

about 100 nanoneters, between about 100 and about 300 nanoneters,
bet ween athaphogboniandidsboieir 5QQnisaaltmen be scadidy altpehebtorn satfaestof8300 and

about 1000 15 nanoneters. | urt her aspect t he coated, metal. oxide
onopar t1 R B IR RraER o oF Gt e B oS RS R e
at a par twih Borklk Zghfe @6 Sotakan tapalbi colMeht, ranwereindriscluding threganpl e,

| ess than about 900 nanoneters, |ess than about 800 nanopmeters, |ess
than aboutydrozenbendiearbeiaiesn theabasphamis aBHIRC ABOWY EETIR CEI8, onegidal han
about 500, panqeters, less than about 400 nanoneters, |ess than
about 300 nanoneters, |ess than about 200 nanoneters, or 20 |ess

t han about 100 nanoneters. 3. LI GANDS [00104] In one aspect, a coated
met al oxi de nanopar i BPEYNER-CRMPARBEALINGTIEANS conpri se at | east one
phosphonic acid ligand. In a further aspect, a coated netal oxide

nanopar tigheepl the ik it;{swﬁ }%Pp}ﬁﬁﬂhm{dsiﬁ%v@a RloH aﬁiﬂﬁwopfgetam«?&honi c

acid ligands. 'In a 25 further” aspect, a coated netal "oxide _
nanopét t i sifecesf Phorphomiv-eridiligandsdnveerpbiesasebipenadifmetelmxidgaaoparticles

of phosphonj ¢. aci d.. ki ; »1 hat, i s, R ' i ds i dsz2can
nave. o f FGRTiG S0 dRThag 200 4 Byeh IRARHRER Bl Gaftonts L BRERR LR
oxi de nangpati biy eletheafal hiidysisnme RASO IThe atrfive-meibvfyargegeniit falfbasplani ¢
acid ligands. [00105] The ter m,"phgs{ghoni C agj d |ligand" as used
herei n r eFBPEEOR Washipg iithgyvarisly of sy Aiinglie iag KelFTt Ry <epe L4paBrs. B
at t achi ngmt folifiRd HAERS fﬁre%ﬁill?ﬂ&ﬁooﬁ&z@l‘ine%b&@in@ AR, EGK &K1 SENjatrhe S
derived froma phosphonic acid. ose of ordinary skill in the art

wi | | imdeprsenimdodifipaitonpeabaisive is thusssgrdicapily mieed effashv ofhiee theakse ef can be

readily attached to a r f nan ti.cl.e, ; t . of
one.or " oy Br s Loy S A S R SR o B O BB RR TR, s
rangi ng flignade@val ent, to polar covalent, to ionic, and including

t hrough hydrogen bondi ng, between the phosphorus atom and an oxygen
atomor | [%810(2!5| a n%tuglll modification allows us to prepare stable colloidal suspensions of these
~particles at high concentration (>1 mg mL™) in a wide range of solvents. The modified
20  particles can be employed to give ceramic/polymer mixtures suitable for spin-coating from
solution to form homogeneous fitms of thickness of from about 0.1 pm to about 5 pm (for
example, from about 0.1 pm to about 3 um or from about 0.1 um to about 1 um).
Optimization of the compatibility of metal oxide particles can be achieved with specific
polymer systems through the use of custom-synthesized phosphonic acids as outlined in

25  Figure 1.

[00108] The disclosed phosphonic acid syntheses are straightforward, high-yielding
(often 60% and above), and applicable to the formation of a wide variety of substituted
ligands. For example, Figure 1 depicts ligands designed for compatibility with (a) alkyl-
and fluoroalkyl-containing polymers (e.g., poly(vinylidenedifluoride)), (b) aromatic side-
30  chain polymers (e.g., poly(styrene), poly(vinylcarbazole)), and (¢} hydrophilic polymers
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oxi de surface. a. POLYMER- COMPATI BI LI ZI NG LI GANDS [ 00106] It is known
t hat phosphoric acids have a high affinity for nmetal oxide 10
surfaces. Phosphonic-acid |igands have now been used to nodify
nmet al - oxi de nanoparticles (BaTi O3, SrTi O3, BaTio. sZr02203) to give a

hi gh sur ement al
anal ysi s (f%ﬁg &%%{1 %%o§f§0n§d1£19(g?§%ng£glm§t)g% |s sta IF%dgé\ld IS not
renoved agogatibidizion g/m‘mtmmranada phlymersgfirosgh snmptesreaqmoh afifteglonhtler,
hexane and t ol ue and nodi fie ticl S.;

nanocr yst'dFf PiY8P-a %.B’F]dpﬂlﬁn? %(ﬁﬁupﬁ%% gsn 8%1 éaﬁ};%dst@rwe ceramic
nodi fi caﬁdn@ﬁhrﬁ@gslmigqm fep. t hus significant I y nore effective than the
use of organosilanes to nodi fy BaTi O3 that has been reported in the
scientific Ilteratur(a%éca 1 nd run-2). [00107] Such

nodi f3 cation al | oRs %SOLIBW %‘fl’ébl e col | oi dal suspensions of
these particles at high concentration (>1 ng rnL'u) in a w de range
of sol vem)fos] The @%ﬂﬁ]ﬁﬁc%@tvﬁh@ﬁfpb?h REcHRAR chebeMM el @tbahOolihipeoving
ceram c/ pol yner m xtures suitable spin-coating from_ solution to
form horfggéwéwyalr jtrengh of 2 m@teé%heglserqfwearwﬁse@af@hﬁmomc RAIdE BeaBsuUt 5
pm (for r gm
o sbout “HEAR! Sous R ARR o Dot PhhAL R Ry By Sogr i Epalontndve
parti cl ebeenayntﬂmmad: hTley eldo wittils thp epitlfesis of patoyrnémsiwé pelymetmldughSSt he

use heS|zed hos as out ned. i n |gure
1 Bbe RS Rsha e Rs SiRonr Lol o By Al Jpfets) Cidutl

st r ai ght fnefudepishspivingicids e&aﬁm@ bo&lﬁlﬁﬁcﬁdlc@&olhrﬂcﬁﬂle@ﬁﬁtp@,)suclaﬁnjchappﬁds@ﬁ@| e
to the formation of _a wide variety of substituted gands. . For

exanpl e, CirpagRAteesteryEE 3 (), @a%a@uase@ﬁfgﬁ@ae ?rafs-lél@ﬁéavmgmsylgw th (a)
al kyl - OF-Qa Y Fi bb o Pl o orBis:linked to a polymer cith

pol y(vi ?11%1 taygﬁecfg?} uo¥ oot )?b %rof"ratl C lS| dg S?‘foncﬁalona%% y?rlleerlse1
(e.g., pbéfyl(eﬁyft@me?)tingpl@ﬂge(ammyohﬁmkeaazol e)), and (c) hydrophilic
polymers 25 (e.g., poly(vinylalcohol)), along with (d) l|igands that
maybe. finctionalize th tailor-nmade pol yners
throgsgh sinpl e reécc?}?lglﬁ&(%?&@% vakhﬁ%bh%gﬂn% ne group. Further,

pol ari zabl e groups such as C60 can be directly attached to the

cerani c [Mdanejpar t ik fethe Bethod & ifnpfe@)e)particle/polymer miscibility and, at the same

time, increase the percentage ceramic loading by volume in the composite is to bind the
polymer directly to the ceramic. This removes interfacial barriers inherent in the mixing of
ceramic and polymer in solution and allows the formation of nanocomposites by simple

20  melt or solution processing. Polymers can be directly bound to ceramic nanoparticles
utilizing the disclosed phosphonic acid approach through the synthesis of suitably
functionalized ligands. One strategy identified is to use phosphonic acids with
polymerizable side-chains such as methacrylate and norbornene (Figure 3 (a)); these can be
attached to the nanoparticles either pre- or post-polymerization. Another, potentially more

25 powerful, approach is to employ the ring-opening metathesis polymerization (ROMP)
reaction of functionalized strained alkenes to give polymers terminated with reactive groups
that can be subsequently converted into phosphonic acids, affording well-defined polymer-
functionalized phosphonic acids (Figure 3 (b)). Ring-opening metathesis polymerization
reactions are well known and can be referenced in, for example, “Handbook of Metathesis,”

30 Grubbs (ed), Wiley, 2003.
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5 b. CROSS- LI NKABLE GROUPS [ 00109] Cross-linking between pol yner
chains can be a useful neans of inproving the nechanical strength of
a material. Therefore, a range of phosphonic acids bearing

functional groups that can be covalently bound to pol yners by
cross-linking reacti SARURERRE peen synthesized. This also entails the
synt hesi s of custom desi gned polyners with cross 10 |inkable side
chai ns campaifi bl e ¥ dehaitRg)ebisORB IS5 ok d @ AN PRAPAIES £i® dhREEs 1-

Li gands i nclude phosphonic acids featuring both photo-cross-|inkable
groups, S8erphesphenapedfeghyppsplomrinagidtid -lyg{%wdeﬂﬂ@hﬂseh%ﬂq w4 and

(Figor e Do RO Ra O R B T, "pal yrer i 1 hor

bef or® of3,B8HEL5,6,6417,818 Stttidece Suanoayljwsitohiesicid1gn@ylphosphonic acid, {2-[2-

FUNCTI | ZATI WITH P R 0110].,A. fyr r, method to inprove

parti cl efpBE W%@Zﬁﬁlﬂxﬁefﬁvwﬁﬁﬁﬂ%pgg?c ta%fg’% é(#'e{f[i}’f(liﬂ?‘?é‘?'{"i"hcr easler?hev

per cent agyi&einaBighchiaali G-ty Maind E@ehax@ﬂapﬂppmgh&@c heid Y(01-Bidpck-t he
[

pol yrer directlgl to the ceramc. This renoves Interfacial barriers
i nher ent YPRodymedesy Rphagpkemic acid aprtaflugkebepariphasphanis a8l ut i on and al | ows

the for nﬁat&g%@gb&aﬂgﬁ&gﬁggé %ﬁ, é%@&@gioﬁyﬁﬂe E%s%hoﬁé’ w&,p(@ﬂ—

processi ng ynmers ca und to cer C nanoparticles

uti | il2i nginbdreoydiyrhésstipipipispiomid 388 Hdarppelsapipropheghhontsecid, 3-(3,6-

synt hesi s. of  ,sui.tabl fupctionaljzed l.igands. e strate I
Thent 111 et Reetwob BRORRE R atowr PR Faryner PohBE reonnarits
such as pei hagh¥liad-efand norbonene (Figure 3 (a)); these can be
attached to the nanoparticles either pre- or post-polynerization.

Anot her, potential]y nore 25 powerful, approach is ta enpl oy the
ring- ope[ﬂ%ﬁ%;z]rret atﬁé‘§F§Spﬁﬁq= 1P?§Pi”ﬁﬁ°]g aler%'ﬁlﬁlﬂq%éﬂﬁ%fs“%/fafemy

i nct i onah bR darphi Ak &8 do @dn 89 8Siat SovlieHe PRBhMRISndIRdiAE A6 GH MtifdBen
reactive groups Tthat can be subsequently converted |nt§@£_osphon|c
aci d$5 abdrohing, figmmsicl tihe bt thead of dheyareeen dteme el baphdspeanipind Beavds to the
acids (Fj . . R ng- ng.n hesi s pol el '

eacti oot Bie itkso i FREPE P Bt GRb BRI b fpached 0
" HandbootiegfirfMettgtcheseist bondidP afGilubhsed Bne Woeyof tROGBiIcti26s itlustrated
STRUCTURE [ 001111 In certain aspects, the at |east one organic
phosphonP&9¥ci d conprises n-

S g
| T IR N
_____ O:T——R or ——O——ﬁ-—-—R or ——O—ﬁ—R of e Q——p—p
OH d
20 J00113] In one aspect, R can be an organic radical comprising 1 to 18 carbon atoms,

for example, an organic radical comprising 1 to 16 carbons, 1 to 14 carbons, 1 to 12
carbons, 1 to 10 carbons, 1 to 8 carbons, 1 to 6 carbons, or 1 to 4 carbons. In a further

aspect, R is an alkyl substituted polysther having the structure:

/E\/")H\R.

25  whereinnis 1o 25 (including 1, 2, 3,4, 5,6, 7,8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
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oct yl phosphoni ¢ acid, nethyl phosphonic acid,i

- hydr oxyundecyl phosphoni ¢ acid, octadecyl phosphonic acid,
(11- phosphonoundecyl ) phosphonic acid, 5
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafl uorooctyl)phosphonic acid,

benzyl phosphonhs zacarﬁt 25? 2mb & is a C1-C4 alkyl (including 1, 2, 3, or 4 cmbons) In a yet
(2- nethoxyethoxy)ethoxy et hyl } phosphonic acid (phenyl-rn-

tol yl anﬁm@msm myis selegted ﬁmltrmﬂwhaﬂth}fh B}O@»ﬁbh‘éﬁyb)ﬁﬁttﬂppw[ BRI ED ATHE
aci d, 3@ §@ﬁmﬁ&% ggéx&ﬂggpyl)phosphonlc aci d,

pentafluo honirc a pentabronnbenzylphosphonic aci d,
(1l -acryl oyl oxyundecyl ) phosphoni ¢ acid, (11 10
ci r manojlddidjundedy b pipkh ﬁsﬂi&ompecta]& fisch residue of a polymer. For example, R canbe a

3-(9H carhazo hgsphoni ¢

i ot S P SR B B YBROT ROPObGBHb ST RPE YAt golyvinstidens
pent abr gapRBenZ ¥ NRQEANMBY, GudhGds Teflon otV itdn b Yo Kredidies @ﬁlﬁrcatticﬁi@fb;a?] I n one
aspect, the phosphonic acid |igands are attached to the f face

bonds r apyFERPIEGAbEBY S adtﬂlyethe&kﬁt@maﬁ pelyphgnglene oxige, B e YPQ% e

|nclud|ggﬁaygp%%g%?%gﬂﬂ&%ﬁ%815 bondi ng, fromone, two, or three of

t he oxygen ato phonic acid ligands to the netal oxide
surface. For exanple, the organi c phosghonlc acid ligands can be
at t achedP0dds] t he Toone a&p@ctbt}le@bmh@m 293@ Hendpam soprisgatphasndigni peigne or

trg ngf ér&?%%m %1‘1%?%{' fdﬂ%&f %’50%% Eﬁiﬁg»gtg t? E@E‘F%{:L i?l’{foo r‘ivhgl];]eén o |

aspect, aRmmamlQemanﬂmmgmnnsaba@pmagnmmnﬂﬁramﬁgshphmm@@ncanﬁgwuatons,
for exa organic radical conprising 1 to 16 carbons, 1 to 14
car bons} Wﬁ%@ﬂfﬁmugﬁrbons to 10 carbons, 1 to 8 carbons, 1 to 6
carbons, or 1 to 4 carbons. Ina further aspect, R is an alkyl
substituted pol yet her having the structure: On R 25 wherein nis 1
to 25 (including 1, 2, 3, 4, 5, 6,]7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 27 20, 21, 22 23p—24pHand 25), and R-is a C1-C4
al kyl (including 1, 2, 3, or 4 car ons) In a yet further aspect, R
is selected fromnethyl, ethyl pro , %ﬁi pentyl, hexyl, heptyl,
octyl, nonyl, decyl, undecyl, and dodecy

wherein each n is, independently, 1, 2, or 3. In a yet further aspect, eachn is 1. In a still
15 further aspect, the compound comprises the structure G-R-X.

e. TERMINAL GROUPS

[00116] In one aspect, the terminal group comprises an alkyl, a perflucroalkyl, an
aryl, a perfluroaryl, a hydroxyl, an amine, an amide, an ester, a thicl, a selenol, a phosphine,

a phosphonic acid, or a phosphonate ester group.

20 [00117] Tn certain aspects, the terminal group can be one or more of a luminescent

group, a polymerizable group, a cross-linkable group, or a coordinating group.

[00118] In a further aspect, the terminal group is a luminescent group. As used
herein, the term “luminescent group” refers to a moiety that emits or is capable of emitting
electromagnetic radiation, for example in fluorescent and/or phosphorescent processes. In

25  one aspect, a luminsscent group can emit absorbed electromagnetic radiation. In a further
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[00114] In a still further aspect, Ris a residue of a polyner. For
exanple, R can be a 5 residue of epoxy resin, a polyimde resin, a
cyanate ester or polyurethane, a polyvinylidene di fluoride, a

f Il uor opol C Vi pol yester, a pol nate
Vool yoatBetnEtEd Ehmists 28e it hornahidaS n U e e flhdar S

oxi de, orwmcpqlxs/Memytheﬂ%yesﬁirﬁlbﬂ%pe&rm@ﬁﬂﬁhééﬁ&ﬁ $rduf@a® kit [ 00115] In
one aspect, the phosphoric acid Ilgand can conprise a phosphonic acid

10 conpoudlertoeRstisirshationia sespense &9 a atlmld%é@rrﬁaamalw Wgesneasede insident e
G-RX,, e ;

v oup: Wit BrAg ol s b BBl R e SEHEL Bl el Rl B,

11 *-5 -@@ehr@Hdye. aﬂﬁlﬁlwmmlaapwacms ‘u&rmmal grasu;beqaa bl emy luyninescen? groop kifowd n

a yet fur h n i still, 15 further as ,, the
compound Baise PLRET bS8 tidhie tsendlsded noludenmApi s CBOEIHROH
one aspeciiuoréddeng, aﬁmmm@@ou@n&@mﬂﬁ@ﬁn@gmhﬁswm@s @gﬁafrhlﬁw oal kyl,

an aryl, a perfluroaryl, a hydro %d an am ne, an am an ester, a

thiol , a GRIEHEES, CUORRES pRIvIfae diigl ww@é&%m@%w@%@mm@
ester of OMB- A28 A3 Aln HLaEQE! Bhdl A5G ELRs 1B il gnn@ et be
one or nore of um nescen group, a polymeri oup

cr ossHl i nmloapigeted bodge, and D mpme@nsjadratorrggmgr oup. [00118] In a further
aspect, the termnal group is a lumnescent group. As used herein,

theterm" nescen ers to mts or

capabl e df Hrr;:]ttl ngnge c’i rsgﬁ%gr%gfengmrﬂla%ﬁogg S@rﬁglsﬁ%?lzgﬁlﬁﬁﬁqug fsﬁused

f 1 uor escerieiantif Brm PRoRphtEBReeRip"RERRES § @bicty thalferffifatesS@astapalile of
| um nescent  group,.can emt absorbed_ el ect rorragqyet ic.radiation. In a

further PREiclRahag {n 2 pIRerse PEOIRBRERISIIWIcSReR Sy SAMOHPnG e ladiNsly {a88P at a
di fferentypanal (3@%%11@&@5.‘1 Unfi@br Alonotibts &l iélativ%lngx%f' RRG:r of Brafc &t

further aspect, the |um nescent group can emt " electromagnetic
r adi ai orshpisy @h@m@@s tao b, 1 ienarhpls, a dhoin-graainplr e, staprero e migeerization

nci n
I nci dent process. Exemplary polymerization processes include radical, cationic, anionic,

condensation polymerization, polyhomologation, metal-catalyzed-coupling-based
polymerization, ring opening polymerization (ROP), and ring opening metathesis
polymerization (ROMP). In one aspect, the polymerizable group can undergo a

20 polymerization reaction in response to a stimulus, for example, a change in pH, the presence

of an mitiator or a catalyst, or in response to incident light.

[00120] Exemplary polymerizable groups include a vinyl, an allyl, a styryl, an acroyl,
an epoxide, an oxetane, a cyclic-carbonate, a methacroyl, an acrylonitrile, an isocyanate, an

isothiocyanate, or a strained ring olefin group.

25 [00121] In a further aspect, the terminal group is a polymerizable group comprising a
strained ring olefin group. Although the strained olefin can generally be any known to those
of skill in the art of polymer chemistry, in one aspect, the polymerizable group is selected

from dicyclopentadienyl, norbornyl, and cyclobutenyl.

[00122] In a further aspect, the terminal group is a polymerizable group comprising a
30 silyl group, for example, -(CH,)7SiCls, -(CH2)pSi(OCH.CHs)s, or -(CHz)nSi(OCH;),
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light. In a still further aspect, the termnal group is a | um nescent
group conprising an 5 organic dye. Wiile, in one aspect, the term nal
group can be any |um nescent group known to those of skill in the
art, exenplary organic dyes i nclude xant hene dyes (e.g., rhodam nes,
f1 uor escgidign 30 SRUIBEIRE)o 26 YAHMRS as ylﬁ rah'ﬁ?ce epﬂk g gGyani nes,
squar ai nes, croconluns coronenes, perylene ||n1 unogens

( BASF) , (Ensthdingol, Bhatdoh, 6;!)7 e% 95 U&H Lamd 18) ox oy 1nteger-ffbnam¢b AinclDiingéc?,8s
wher e A gp%) eqié an acceptor group,n represents a 10 conj ugat ed
bridge a @% Sents a donor group. [00119] In a further aspect,
the termnal group is a polynerizable group. As used herein, the

term " pdbg1esi i zablea gribepispectfihe rhmaberons ﬁtaxpolahiaﬁbl@gmtqb CEpatgsryor is

copat Bk BE ha DaP BTl B B R

MoNONer Sdikhine ah®L @t i vely I onger |inear or branched 15 -chai ns. The
process can be, for exanple, a chain-growh or a step-growh
polynerlzatlon process Exenpl ary pol ynerization processes include
radi cal , (0884 oni ¢ In afrthss espectdbnpinmanzable Sonn/ ommIisesd residue of
polyhonDIogatlon nmet al - cat al yzed- coupl i ng- based pol yneri zati on,
ri ng opening pov nmeri zation (ROP), and ring opening netathesrs-

i i i oup can
undergo a 20 pol :ctlon in respons | us, for
exanple, a change in P pee— ef—an i ni ™ cat al yst,
or in response to |nC|dent it . [00120] Exenpl ary i
groups include a vinyl, an alTyl, a styryl, an acroyl,  an epoxi de,

an oxetane, a cy - cgfbonate, a nethacroyl, an acrylonitrile, an
. . o0L ;i str_aJ_nEd_r_l_ng ol efin group. 25

[00121] In a furter alp
group conprisimg®@ strarmed ring olefin group. Although—Re—strained
ol efin can generally be any known,to those of skill ingthe art of

pol ymer chem stry, in one aspect, Y he pol yneri zabl e gro is selected
from di cycl opent adi enyl, norbornyl | . —F a
furtﬂpr aspect—the termnal groug is a polynerizable gé up

conprising a 30 _silyl group,’for exanple, -(CH2)rl S Cl1 ’

- (CH2) i 7SI\ OCH2 )3, orQc(CH2)i 1Si (OCH3) 3, 2%wherein 71 is an

i nteger fr 0 25. In rther aspects, rl is\an integer froml to
12

i socyanate, an
“the term nal group is a polynerizable

—0 OCH3

H

wherein Ryo is a linear or branched alkyl group having up to 25 carbons. In various aspects,
15 Ryg canbe a linear or branched alkyl group having from 1 to 25 carbons (including 1, 2, 3, 4,
5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, and 25 carbons),
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(including 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12) or an integer
froml1lto 8 (including 1, 2, 3, 4, 5, 6, 7, and 8). [00123] In a
further aspect, the termnal group is a polarizable group. Exenplary
5 polynerizabl e groups include

N, N - di phefigg uNoN2-cpibopstnsedipg predyt:): 4,718, Hilphthynd 42 garbong) grhatias
and C60 4 e p rizabl e grou

conpri seégﬁ%%?%éﬁ%g@%g’gnﬁi %7 éﬂ@% %@8@13 1500 10 P_o 000
Rro -O\\'/ -O\ OSor OOQOCH3 wherein RIOis a linear or

br anched [¢M1R§H gr oo fhubdragpagp thede28na gravpnsa crops-lrlrabugows geosed 15

Rio can be a linear.or br hed al kyl .grou vin . -

car bons Fﬁﬁér iRy fﬁmﬁgnggﬁﬁ?DBP %%5%@aéWﬁﬂ?%¥%?gi%%£§%%r%%?%%de15,
16, 17, b8ud bBnatdd,withlmoidBes idIhe Béirix anoh atheqattiadeasy fornBH thagevdimgnsigmal o
12 carbons (including 1, 2, 3, 4, 5, .6, 7, 8, 9 1%, %}, and 12

car bons) MgV OHaVAYTe: &B opgagpesiaf FORLIiniaNE BIRIPGD e a Hzang Orp polymeg that
and 8 Cfi{lﬁ&g@%osu{rggjazéﬂndlﬁb, forlelbhNE b rARALHHatd L 1dBS BRI In@ERE 1S a
cross-linkable group. As used herein, the term "cross-|inkable
group" r eltersld bghi, feones pondwith e arwietn gereatiin, Fubsicale, otynn ar Sofwneich

formation w.th Letl I Ny th trl r . '% . fQrm a
t hr ee-di Eéﬁléi i°0 naggtlhel ea?t\?\%?'ﬂmsat 1r%ll]t cedr I%ae?ét’ ﬁf"g%le’&%%g%%? % Iz:agn ragtgcééafei Jr% %abl e
gr oupo caprdoessaf Fargaiyth treealipohysml pdijradr netwtplrin expestioe dopla linear
stinmulus, for example a radi%gl ini&iator or t nEerature I ncr.ease or
polymer chain. 'In one aspect, the terminal group 1s a cross-lmkable group comprising

chalcone, cinnamate, vinyl, cyclooct-4-eneyl, alkyne, azide, succintmide, or maleimide.

[00126] In a further aspect, the terminal group is a coordinating group, for example a
metal ion coordinating group. As used herein, the term “coordinating group” refers to a

15  moiety that forms or is capable of formmg coordination bonds with an inorganic species, for
example, a cationic species. For example, the coordinating group can comprise a crowi,
ether (including 12-crown-4, 15-crown-5, and 18-crown-6) or a cryptand, or a multidentate

ligand, such as ethylenediaminetetraacetic acid.
f. BRIDGING GROUPS

20 [00127] In one aspect, R comprises a substituted or unsubstituted, linear or branched,
Cj3 to'Csg aliphatic or cyclic aliphatic, fluoroalkyl, oligo(ethyleneglycol), aryl, or amino
group. Although a bridging group can be independently selected for use in connection with
the composition and methods of the invention, in a further aspect, a bridging group can be

selected in combination with a terminal group.

25 [00128] For example, in one aspect, G is an amino group and R and G together
comprise -(CHy;CH,0)o-(CHz)sNR 2R3, -(CHy)p-(OCHCHz)oNRazR a3, <(CF2)sCH2NR 2R3,
-OCHCH;-(CF7)gCH2NR 15R 3, or -O(CF2)gCHaNR ;2R 3, wherein ¢ is an integer from 0 to
25, wherein (3 is an integer from 0 to 25, and wherein R, and R,; independently comprise H,

a linear or branched alkyl group having up to 25 carbons. In various further aspects, Ry, and
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ultraviolet light, forns a bond with a noiety in a matrix, substrate,
pol ynmer or another such |igand on another particle. In a further
aspect, a cross-linkable group can participate in a 10 process of
form ng a three-di mensional polyner network, in contrast to a sinple

| i near olyner chain. In one_aspect, .the,t i.nal..gro i

cross- | ilﬁk%%‘ll &EBF%%Bt?%%Dﬁbnﬂsgﬁﬂ%m ’éﬁ%{m %E%{ky géf ﬁar#%qrr%?%,g u?/?c}];/??ﬁbons
cycl ooctimdhane)l 2, akks me7, 82| 081 1.sddR Rhaisbakd or Davifpketorsi @ehons [ 00126]
In a further aspect, the term nal coor di nat | ngygrou , for

! p ) roup i s
exanpl e GRolisgdh 2id b ol AAKFRGIEr B A S5 86: REPEMETEHECESH m
" coor di naf 0§, Qiﬁ?%bg%diﬁgefﬁf 8,48, & 718 dTab ety add'B) of BfdfRrsHHom § 1@ PADI &

of form ng coord i oh 'bonds “W'th an 1 nofgani ¢ species, for
exanpl e,(imludatgi 1oL 4sheécV.emd 8For exanpl e, the coordi nating group can
conprise a crown ether (including 12-crown-4, 15-crown-5, and

18- cr owy; r aer - ' ' 385
et hyl emgﬁazr?f ncte r%%%@?rﬁép%éi%?sw%ﬁg%fﬁ%&&g@% C%@%Sff] In one
aspect, (RHONE0}SEH)E, SO0, 0) £ ClRTIREE Ol () B n 6Bl 1,0l
ol 1 go( ckpeh ey EaP LR S At oEte G oG S o o
group cagrg-(oageeRnde WhirkinSelk 8 ket fEMUSE 25NWEQEBIAGGE k0Mtakt flom Dhe

( ( fﬁb ; . .
conposition and nethods of the invention, in a further aspect, a

bri di ngSymbersingein 2p integse frewsig 25 nandarisTHaBion iffegsr Fom Biedhall gr oup.

25 [00128]. , 1150 t: I - 3] apd
6 t oget nareBrEEATRR, o, OB ASRBR SRl ABACHENID 120HcAuRP
- ( CH2) p-1,CCHACHR)), ANRSZ R 3.1, ar{d ICKFB) inCGid2NRa2RA R, 8 (including 1, 2,3,4, 5,6, 7,
-G]—ICI—IZ-%SIC:?? OCH2NRa2Ra3, or -Q(CF2) pCH2NRa2Ra3, wherein a is an

i nt eger O to 25, wherein O is an integer fromO to 25, and
wherein Rae and Rai independently conprise H a linear or branched
al kyl grmupsthavi ngn purther pedaGhoNSand BrovpehdRand Grtbpeheraspertes, Rae
and 31 Rai can independent|y conprise |inear or pranched al ky|

gr oups h@Hzﬁaz%r(@gzﬁQN&ar #-(Qrﬁp}h%h%@?wma@,ﬂﬂ&l}wgﬁr figm 71025, o
10, 11, . CAk \els i ) (4 ghng 1, 2,
3, 4 B, R e e ot .

i nt eger sindépepdantlytioteg@s {romcl todi2rinchuding 1, 3, 3,4, 5.8, 763, 9710,d 1, nd 12por 11,

and 12) or intege .0 tp 8,5 (l uding 1, 2, 3, 4, 5, 6, 7, and
8). [ QOllﬁléaﬁerrgkmg] #%ré{ @%C?&déé%gczf 3 ‘b(sf Q’C}amﬁda ogen and R and G toget her
conpri se -

[00131] In a firther aspect, G is a aldehyde group and R and G together comprise -

20 (CH3CH20)4(CHZ)sCHO or -(CHy)s-(OCH,CH,)CHO, wherein o is an integer from 0 to
25, and wherein § is an integer from 0 to 25, In various further aspects, @ and § can be,
independently, integers from 1 to 12 (including 1,2, 3, 4, 5,6, 7, 8,9, 10, 11, and 12) or
integers from 1 to 8 (including 1, 2, 3, 4, 5, 6, 7, and 8).

[00132] In a further aspect, G is a nitro group and R and G together comprise -

25 (CH,CH;0),-(CHy)sNO; or -(CHz)s-(OCH2CH3)NO2, wherein e is an integer from 0 to 25,
wherein 8 is an integer from 0 to 25, wherein yis an integer from 0 to 25, and wherein 6 is
an integer from 0 to 25. In various further aspects, ¢, 3, 6, and y can be, independently,
integers from 1 to 12 (including 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, and 12) or integers from 1 to
8 (including 1, 2, 3, 4, 5, 6, 7, and &).
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(CH2CH2O) r (CH2) sF, -(CH2CH20 a (CH2)sd, -(CH2CH20O, -(CH2)sBr,
-(CH2CH20)a- (CH2) pl, -(CH2)ry-(OCH2CH2)cF, -(CH2)ry-(OCH2CH2)ad ,
-(CH2) fi-(OCH2CH2) ,Br, or - (CH2)fi-(OCH2CH2)j1, wherein y is an
integer fromO to 25, wherein 6 is an integer fromO to 10 25,

wher ei n 40G133hn i nheybutheraspscd G & apslkya aoupmet Biand GIogghasomptisger
fromO t Syl I\ QNS ther-.a t . B n be,
independg%ﬁ%ﬁ@ﬁ%%@ﬁgﬁ?’r%%ﬁiﬁzg jfg@%lﬁ%?%%i g%é)ﬁl(%}]ﬁéﬁgoydﬁj , 6, 7,
8, 9, 10(CHICHaDIHAR))s0HCHY €GEk)-(CHaGHION CHCH, AT OETLCH) R, -4,

5 6, 7, n ). 0] I furthe G.i..s a,cyano. groyp and
2 o0 & (GRIE) (RGHILoNe S s ATRE S Sk PR B

- (CH2} 1Y FoEHCH2 1aeNin A& ShtBeR fiofn @b 19)hRORherti®)) EbnkRisédH, a Ritdr or

wherein 13 is an integer ‘from% to 25. In various further aspects, a
and a cafrdsebed dllad gprandeying yp td Htegleds. from | .to 12 (including 1, 2,

3, 4, 5 6, 7, 8 9,10, 11, and 12) or integers froml to 8 -

(includi r['ngﬂM] 2, 3tn thriows ﬁ@ther@sp&%? R&hn C&IQMS%}T%IGE_LT%I @raﬁn%&d@@fﬂ gr%ﬂﬁé:t ,

G is a aldehyde group and R and G toget her conprise -
( CH2 CH2 Ohatiaeiy O agyons (iGHRYipg ( CoH2 EHR 0aTHOY, Whét aind 13 cabors) of havier

fromO tq .2 nd. wher.ei 1S, an.i-nteger fr 0 ..l.n various
further 326%%??3"%3 (énﬁgldgjggag %éj',’ g’ ?’r?dgélb(g'ﬁ%?\%%gtmﬁl%&%é%n Yom1 to
12 (i1ncl igiependintls? integerdfrorh | 1612 Gnel8din® 1, 4,3, 4,151 6, Arsd9,1R) 10rand il D} @ger s
froml1lto 8 (ipcluding. 1, 2, 3, 4, 5 6, 7, and 8). [00132] In a
further &Epeetiogliie ggmﬁ‘“fi% l'g?&aﬁ’ 2rfd 'R G t oget her conprise 25
(CHzCH2O) r (CH2) oNO2 or - (CH2)s-(OCH2CH2) aNC2, wherein a is an integer

fromO t?ﬁ(ﬁQS] whenel firler Spah) G RSURLinkie® Brollp kd Ri'alldme%@heﬂ cYmbsedn
integer fromO to 25, and erein Sis an mtaer fromO to 25. In

vari ous (GHEPCHpRDS -OGHCHL-(CF2)dr: B o (Clndelre fEm(§E2C).CFy,

i . . , , 56 7 8 ,
and 12) o R dpt Ry SN en R gt froghh goln 1055 B
8). 12 [ 60&33] 6 Isundntogertiiver 0 &sgfe dh vatbussiudirer abfecty) o grdo@igendred R and G
oL SRIRRS bt DS GRAMTRIL o bRRST A § PRk

- (CH2) O- (1%@‘@%@1%0%&udm§@t@)sg-4(%2%)89.‘ Raj, - (CF2)pORat,
-(CF2)pCF3, -Q(CF2) p i, or -OCI—ICHZ-(CFZ)p-O?at, wherein a is an
integer 5 fromO to 25, wherein f3 is an integer fromO to 25, and
wher ei n Iﬁ?ﬁcﬂébr‘rpr i gb%uther agpecisngds apgromatic group and R and G together comprise -

(CH,CH,0),(CHy)s-Phenyl, -(CHz)g-(OCH,CH,)oPhenyl, -(CHy)s-(OCHCH,)oPhenyl, - -
20 (CFa)g-(OCH,CH,)oPhenyl, -(CHy)s-(OCH,CHy)eATYl, -(CF2)p-(OCHLCE)gATY, -
(OCH,CH,)o(CF2)gAryl, (OCH;CHp)e-(CHa)pAryl, -O(CHa)pAryl, or ~O-(CF,)pAry],

wherein «is an integer from 0 to 25, wherein 5 is an integer from 0 to 25, wherein Aryl is

Raz Ra1 — —~

Ch

Raa ) R’*G_- \ / T AgR— \ / \ /

Ra7 Ras| + 5
RAq, RA5 s _ - , Or e = 3

wherein Ch is Se, 8, or O, wherein r is an integer from 0 to 50, wherein s is an integer from

25 0to 3, and wherein Ra1, Raz, Ras, Rag, Ras, Rag, Ra7, Ras, and Ry independently comprise
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branched al kyl group having up to 25 carbons. [00134] In various
further aspects, R can conprise |inear or branched al kyl groups
having tip to 12 carbons (including 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, and 12 carbons) or having up to 8 carbons (including 1, 2, 3, 4,

!t oger SRR RSN PR BRI R, Ao ORaRg e Yo, 11

and 12) (GHZ Neo\(ci: 7 S(CHAIHD)4 (CH)sONa el O (CBL)oB QL0 7, and

el ol e A ek S i H TR R e Buand

-(CF2 CF@(I&z &%R@@I - (CE52H00), CEROFea @ ICH, ), { OEBRER)CH LCHEFRIEF3, or

A S el Eh ot oS b BAC AR,
and @ Co3ghey BORBBDISOHor pisgace omuicho ddfkoslpe g 1. 2

i nt egé froml to 8
(| ncl udi@UHCHRCL3(CHy)s- BDC]HgCHz)TBanCCI&))a-(Q WL HCH2er t her aspect s,

EnedR AL I S e oo

CH2) 0 cel Ha)s, OCH,CH-
ECHZ) WaN CH,C20- (CFJ?@IBMCH%'R 20 BRIELIICHa)z, OCH,

<oommzwﬁcm>@m cug, e@ﬂféﬁﬁ; CE G O BTy G

G

G

- O (CF2) @féfal%(‘llj%z) %gex!vﬂ' r@in'ﬁs %f‘ln{erg&ﬁfﬂﬁﬁ okd @fnaﬁd (Nﬁer%ﬁx Scﬁffaﬁ Lféddr oD an

i nt eger erein Ary

RAg Rai AgR

RAg Ch
RA2 Rae i6 zﬂmsmmm aqrecmhferﬁeﬁ mnd:rr cmsbesmdesend@mb@mfwwféml o i% an

wher ein {n%a% kel s bt ke | BTk AT o T e 2T

conpri sg g @mﬁ; r car{ HRGHRE)r B2 k@R GH3IEng 1, 2, 3,

(f@%) @@&t@
CH2 CHZO CHZ 8CON
§ mzo%,rq BB L B0 Piof 510 Bhoh oot 21, Hos ol Bt
-(G2 CHZE@nE i %'_PZ) (?ngludmé %@,H?,@) 5, (7Ck|2Q ‘i@ 11, and 12) or an integer from 1 to 3

(including 1,2, 3, 4, 5, 6, 7, and 8). In various further aspects, s can be 1, 2, or 3.

[00137] Tn a further aspect, G is an ionic group comprising SO3', NR'S, -POSH, -
PO32', or -COOQ’", wherein each R7is independently selected from H or alkyl.

20 [00138] Tn a further aspect, G is a polymetizable group and R and G together
comprise -(CHzCH,0)o(CHa)s-CH=CH; or -(CHz)p~(CH2CH20)er CH=CHp, wherein «1s an
integer from 0 to 25 and wherein 3 is an integer from 0 to 25. In various further aspects, o
and 8 can be, independently, integers from 1 to 12 (including 1, 2, 3, 4,5,6,7,8,9,10,11,
and 12) or integers from 1 to 8 (including 1, 2, 3,4, 5, 6, 7, and 8).

25 [00139] In a further aspect, G is a cross-linkable group and R and G togsther
comptise -(CH,CH,0)or(CHy)e-C =£H, ~(CHa)p-(CH,CH20)-C=CH, -(CH2CHO0) o (CHy)g-
Nj, or ~(CH2)s(CH,CH,0),- N3, wherein o is an integer from 0 o 25 and wherein 3 1s an
integer from O to 25. In various further aspects, o and 8 can be, independently, integers
from 1 to 12 (including 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 11, and 12) or integers from 1 to 8

30 (including 1, 2,3, 4, 5, 6, 7, and 8).
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(CH2CH20) r (CH2) s1, - (CH2CH20) r (CH2) oPhenyl , - ( CH2) a- ( OCH2CH2) 7CH3,

-(CH2)6 5 (OCH2CH2) aN( CH3) 2, - ( CH2) a- ( OCHz CH2) y CON( CH3) 2,

- (CH2) 5- (CH2CH20) yCN, - (CH2) a- ( OCH2CH2) 7F, - ( CH2) a- ( OCH2CH2) yNCR,

-(CH2) s- 2 7 CH2 OCH2CH?) 7C1, CH2 OCH2CH2) 7B
204232 E 2371 ’?‘6&!@‘) %’ lﬁkﬁ%ﬂ@wn( S)tq(a@@%coml)mser-
CF2) f CHR

oootro. (%%mﬁ%%%%%m@%&z%@f@% . QB YEERR

- O CF2) 50%68@@@1#2@42?5( oS an igter? ﬁpn(mazmﬁéraﬁﬁam whd Ror |
(CF2
whor of 5 RepELER RAGRN, 1, WREEE D biimbi Al | A OER BleDsl GnRs "

rx, R 55, vandlsrfyrthfa aspets, R.pdepRpcen iﬂdypenﬂdéﬁt@@em@nﬁd’ BiBad ot WrarkBed alkyl
(|nclud|n and 12) or integers

from1l to UPF ﬁ%ﬁl%?%fa 1? arg:on%(mciudm%l ]263 3, 9r‘7d 8g9, 10& hlvad ﬂ%&%boﬂs) or

further aspeagspids @@Ebnb%n@lﬁldi gtiegeg LS %mr JanH@ c%%oﬁé)né‘dott%ﬂ?ﬂﬁ don 1%, 3
15 4, 5, 6, 7. 8, 0, 5, 18, 19, 20, 21,

22, 23, 2idegspdenily ] mt%ﬁﬁrﬁfmn@éé@ 12{1r1@m11mgﬂ,02 ﬁ24 (Sl, ﬁd 8P, 11, aad 13) or4,

5 6, 7, § r, ane i lmfromlto 8 (including
1, 2, 3, 4,te%,rs%&%}égar@@%‘%é?lhgvsérai%1162%*?%&8?1& aspects, s can be 1,

2, or 3. 100137] In a fiu-ther aspect, Gis an ionic group conprising
S8 , IONR" 3+, -PQCB#+ COATPEB2., or -COO-, wherein each R 1 is
independently sel ected fromH or alkyl. 20 [00138] In a further

aspect, poI % r

- (CH2CH2 O)[ 1( - (CHZ) %éﬁgk@&g p%ﬁ&,)%g (ag@%%féﬁ%%&%g 06\/%%@ f%"ea"f is
an i ntegée lﬁﬂdMKﬁiemnczﬁltm Auheseé herefn3thie serat‘coatirey esfeds @ AdYer oF a25.
In various_fa th ects d .0 can be, independently, inte ers
from1 t ogTSmE Plﬁcflﬁldfoﬁﬁ}*%nplﬁ%g%‘%nfﬁa%heaéo oxonggct @P h gigeasi g portign 1 thy
or int egem&fefcé of first ®a@rifll AiehueiMiGudaceds (b méal didebhandpar@dith &’elcnb%é
[0013%_]é ﬂ a further aspect, Gis a cross-linkable group and R and

t oget siRpt e aswﬂzhm@)mg §lz§sr@y%alkz cpfvers (h@lﬂﬂl)faﬂe( &:e@b}qpro)vldmg 9 H
- (CH2CH2 OgLﬁfsﬂa%DyQomyl?éte V\%olﬁ)gﬂg} @1 g a N%uch %Plaasp%onﬁga}]gﬁﬂds

integer fromO to ereln

various f dﬁsmbﬁd lasqnécfhsa fiathangspectctha clxing bﬂmmdﬁﬁﬂ)htﬂntlall‘yﬂ% eF s
from1l to 10, 11, and 12) or
i ntegers {16 tr#‘ tiaqﬁfén%egg %]?neéﬁhh‘?]‘?uﬁﬁ‘c?t?Olﬁlm%sublfno@?a% orznulljjgyergpverage,
[00140] |sespectigly.her aspect, Gis an am de group and R and G together
conpri se - :

20 [00142] In one aspect, the phosphonic acid ligands sufficiently cover the metal oxide
nanoparticle surface to form an approximately full monolayer on the metal oxide
nanoparticle surface. In a further aspect, the organic phosphonic acid ligands are present in
a concentration of at least about 2 ligands per nm® of metal oxide surface area, for example,
at least about 2 ligands per nm’, at least about 3 ligands per mm?, at least about 4 ligands per

25 nm? at least about 5 ligands per nm?, at least about 6 ligands per nm?, at least about 7
ligands per nm?, at least about 8 ligands per nm?, at least about 9 ligands per nm?, at least
about 10 ligands per nm?, at least about 11 ligands per nim?, at least about 12 ligands per

1’11'112.

[00143] In a further aspect, the phosphonic acid ligands are present in a concentration

30 of from about 8 ligands per nm® of metal oxide surface to about 10 ligands per nm’* of metal
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(CH2CH20) a- (CH2) pCONRa2Ra3 or - (CH2)s-(OCH2CH2) a CONRa2Ras, wherein a
is an integer fromO to 25, wherein (3 is an integer fromO to 25,
wherein R 2 and Rai independently conprise H, a |inear or branched
al kyl group having up to 25 carbons. In 5 various further aspects,

Ra2 and i nde en s ear_o nch a I

gr oups h S&rarg%e ¥e E'?J%}b@\rﬁg thIr‘gl’ctlfPl Or*?aﬁ' eyl ]égangs arg%geéeﬁt}]y 8, 9,
10, 11, @meknldticasiFansiboat s hgamds pEr 1uf’ tbabsut Qam@amis pki o, uttivag about?,

3, 4, 5,6, 7, and 8 carbons), and g and (3 can be, ind pendently,
i nt eger sligapgrier g toabo| digghdspgr pm’ ot fs@m ghous hﬁndwe@m go aent 147

and 12 er , d
o o RSP rdebianr e Pty %%%ﬁ%)%?‘*ém?c?ﬁﬁm.ﬂazﬁﬁs

f or m fa ci)hgandgp@rm h:eal:s)u‘r$ ag@d@pel rirhie onestfeim ghainti® ligends p@lmm Thaborrd 5
used hergin, the te refers t

e | Tt B fa e R B b FuEhR 4 Rt R e Pt Trtions”
portion :@émta‘ﬂ@t ssighiidr@er @h? @ abbiitsio lpah®eahn’ stinhtalasideherfaey frace of
the netal oxide nanoparticles described 15 herein. In one aspect, the

coating ant i overs the s rfa reb provi ding, a.
bt av PAFRY® Conmietutis Ak spabe it fLculestd B bl s AL (Bigas ¢ he
phosphongd i dpﬁ@;@éj@fkngﬁﬁ @fanfed as Fg]ﬂir&hfiﬂa’uoﬂsfbfﬁlefﬂdﬁ&ﬂﬂﬁfcle% pect, the

coating covers either substantia | ess or substantially nore than
the &hti pecsueitalbencdseiof iy gdsoumsionissenplierofdrert gaal B mgyarcch &Fdr wgeific

respecti é{ﬁfa){e argé)mglggt#zlc%h bl ﬂ G c%ﬁtﬂgﬁtthe Sul¥Gcdl %Z & ano hgle%é Ads

suf fici ent cover e metal oxi nanopartic ur ac n1an
appr oxi natrel/y Thehomoviokaigenalgss {HeA et aith oxdoded anrhm{:r@lmanclb@tlcles can

oresont T bapE BN ERRoede SoeRUaRe SpBane B R BE iR o

met al  oxixd@osuikaseodcdRdund th@é&@rn&'s@mncr@lat {tRASE n@a%ge B the gaﬂ;@k; oper
nn2, at |east about 3 |igands m2 | east about | i gands per

25 nih2, cegtedinagisie figyothat of urncgaiﬁhsarb@.e!thwelghttlossevasgr%@m@lqsﬂfgands
er nng, -her. nds
ber g, Ci3fdey B2 utiiblar fejoh! 0% o0 BBtaBle ER3L: SRMba sl RAETE
per nnR, ataichddeagtanadiquaiticlds. Hihg;armdﬂ)epwn thenﬂge cahvdfeam tha bouber]dt lignginds
er nn2. [00143 n a further ect, th hosphoni ¢ aci i gands
PP pr ackRunfAca Elsmesil Pabio(EATBRE ter i Ran e PPt Ry AR I SR 2
of netal o oxdideesiéd iBGERnit® wah aitaldilath L1330 MFaRe Tn MERit@hiuARtad known that

20 the footprint of phosphonic acid on a titanium dioxide surface is 0.24 nm?, which

corresponds io 4.2 ligands per nm’.
C. METHODS FOR PREPARING COATED METAL OXIDE NANOPARTICLES

[00145] In one aspect, the coated metal oxide nanoparticles of the invention can be

provided by the methods of the invention.

25  [00146] In a further aspect, a method for preparing the coated metal oxide
nanoparticles of the invention comprises the steps of providing the metal oxide
nanoparticles; and reacting the metal oxide nanoparticles with the phosphonic acid or an
ester or salt thereof, so as to attach at least some of the phosphonic acid to the metal oxide
nanoparticle surface, to form a coated metal oxide nanoparticle. In a further aspect, the

30 methods of the invention can further comprise a step of isolating and purifying the coated
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35 oxide surface area. In yet further aspects, the phosphonic acid

| i gands are present in a concentration of fromabout 5 |igands per
m2 to about 15 ligands per urn2, of fromabout 5 |igands per nm2 to
about 10 Iigian_ds per rune, of from about 8 |igands per m2 to about
12 | i garepial peidepapepartisfest dbasigh ofprosidingghevastaperidsmpopasticlpoiir 12

| i gands 0 . I gan .8 | i gands
per np, CpPB for S b} 8P i b AR PRERED G bR BR0PhE | 900
m2. | n aapagpisto atlbest phtshhemoge agi sirfkdegantsinme therese uitablea
concentration of from ab 8 liga per nn2 t bout 10 |igands
per mm2 it Gengs ?@%@_%ﬁﬁ@e a%}ﬁﬁ%%b@@ﬂiwmﬁ@m SEPRFL AR be
ei thers catjgiehAdRA rOYexahR 1eH T GRITRE bastidnUs 1 NIHRS: baat EINBCERSvefsed
known di aneter as approxi mations of the nanoparticles) or 10

exper i e wrioye Peabuindesgscad Sl i od ceredlen pomeie the hydielyels gissrfasm one
aspect, Lp§%e%1%%ﬂﬁatrﬁgl%rh ﬁ%g}grag{n?%ls 'Sﬁttﬁkos%?fac?eagthe%?f ‘ré]ﬁxﬁag?%g sGRlEUb RS,

the surf&ce are nanop €S express
Therni ogravinetric analysis (TGA) on both uncoated and coated
nanopar t il#148] can It hamtheeaspest,flior mediodsocad dudhentoraprisedhamsépgiot plndisition

attributab | o of .att ed,.ligands.,. Wthout wi shing to be
bound bya?%géag?n%iz%ﬁﬁ‘?a%&P%tg{]oﬁl‘%ee?ago @Eﬂg change in the density of
15 coated particle fromthat of uncoated particle, the weight |oss
per gram[@rfl4fparti clresydt Surthei wpdeda imgthbt dormodpadug tie cosedyhbtabdxidde

|l igand to cal cul ate the nunber of |igands.fhat wer attached t ram
of Spart  CREERHA S AT eI oD SRPRER G 6 P B8 Sr e GG e el

l'i gands apeichatd eInd&é@ﬁn% Heeraped AlotafBRALY SirephrEAl vamch SRSV cHefPeS 84 Ve
spectroscopy (EDS) results can also be used in simlar way to

cal cul at 2¥ipgat Frapareropn hehean nddp shametal ¢xidg ranppestigie-t Wame aget Ao

f oot print_gaf - i 6Ac] 4, ani Wi, i o face.is 0.24
2, i SR TRERT Bana s B s Hlo Dbl A0 SR B i B
PREPARI NG COATED METAL OXI DE NANCPARTI CLES [00145] In one aspect, the

coat éd mét d¥adaeroRNOpRMPOIT®NSof the i nvention can be provided by
the nmethods of the invention. 25 [00146] In a further aspect, a

met hod f pari 0X| L 0
T o AP 06, 0S8 T 0 R AEHAL LR on e
nanopar t kcpreside dnchaheacijoste ¢dugposigioas oftke theemmno dastd cpas, av t h t he

phosphoric acid Qr an ester or salt thereof, so as tof%togt%gh atlo}l(ﬁast

some of PHEPCHHBLBIEGATRCHEPHCAEOPRESHRPUY MGk fRfke plurality o mefa e

nanoparticles of the invention dispersed within the polymer. In a further aspect, the polymer
20  has a dielectric constant greater than or equal to about 2.25 and less than about 100 (e.g.,
greater than or equal to about 2.25 and less than about 60 or greater than or equal to about

2.25 and less than about 30) when measured at 1 kHz.
1. POLYMERS

[00150] -  Generally, the polymer can be any polymer known to those of skill in the art
25  of polymer chemistry. Suitable polymers include but are not limited to base polymer resins,
and in particular epoxies, polyimides, and cyanate esters. Suitable epoxies include but are
not limited to cycloaliphatic epoxy and bisphenol-A epoxy. Exemplary base polymer resins
include but are not limited to: 3,4-epoxycyclohexylmethyl-(3,4-epoxy) cyclohexane
carboxylate (sold under the trademarks ERL 4221 by Union Carbide Plastics Company or
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nanoparticle surface, to forma coated netal oxide nanoparticle. In a
further aspect, the 30 nethods of the invention can further conprise
a step of isolating and purifying the coated 16 netal oxide
nanoparticles. The step of providing the netal oxide nanoparticles

can conpr of. t.reatin r etching the surface
of the Lcﬁte&?] g'ég by@‘ﬁ%k%’?ﬂ?&éﬁ@gg’w)a?s@g’aéjf’%bgr tially renove any
surface ﬁetﬁylaj?ﬂld]@ﬂjilﬁlethlygﬁcﬁpﬂe (sSLﬂ dnabﬂ tﬁe tr@deﬁﬁﬂﬁtm‘& | rgoudadaueEntiic
NHACL, a ueous HCO , an aqueo on aspect, dilute 5 acidic

medi a, foastisy QH’&P@YM%E‘& ByeolrS béf&fﬂzﬁ Pr@ﬁuctecqmwﬂéabvmywdehqxe&e HNCB,
can be u&ﬁ% % i @iﬁa\fﬁac@?%ﬂﬂb&gﬁe PR3 BesUonBRdy r?qis I can also

pronote t rolysis of “surface groups to genera nore hydr oxyl
groups owoﬁMc]sp@fc}d)Bﬁ}er telims &w}d mthaﬂn@ itnadersark ERE128D ay Ungpn CH00447] In

a furthe ct, th hods furt c rise.t

our i 11 carran Caimda- et SEReoRiz s Rl heb st Bha e riorae
10 [ 0014@bidhider tietradenibiidifaldate @EC1 75 iy Otk Padub® [30@1@@:@@1 gingdil Rehetsadt ed
netal oxide_ nanoparticle of the .invention conprises the steps of

treat i ngPAYRHERRHIEDR "8UNT A BFA A o8 Sl tispbgppl ey @slé(ﬁléyl b epeé’cralﬁsg
the et Chﬁgcm;sttﬁdse ik qﬁdéﬁ%@é}ﬁ‘&ké H8oWishB #BhoR RS, ﬁib%ﬂ'ggo aﬁtﬂoﬁ 1bb g apen

havi ng an anchoring group that can bind to the netal

nanopar t lQﬂZeEpdnrﬂ (Ofectaspyeiie!l GhemiahChopinyy @pmnlr;fom’a&debmqvgec a
phosphonl phosphonat e

CCNPCSITP %6?%5 PEENET kﬂw ?%%O%ggcﬁ' er%gFmgQEQ% nanopar |cles

of the im&atd DANCEN b’f,»@oue(elmbmml RagMigeegoRe cirevl acostpagkic as those sold
conp03|t|ons of the invention. site

Compos! t P Eartompl HaNd 250 Bmet L aRaRErs) arpr SR BE b dtionstn
oxi de  napeRaAA:IEdoRInd ﬁl}&:ﬂl?l étHé&‘%ﬂIoh%‘EﬂEﬁB% ﬁﬁ@eW@iﬁh@rédﬁ%ml@lﬁﬁiﬁ

In a further aspect has a dielectric constant greater

t hanldr tetraglycidyd t@ttaphﬁnmﬂ@ae éﬁmnl 1@% madaby %ltﬂilﬁheml Cemgany); gjyadtler
nan, o SRS 2, R00HE 80,800 8B RSB BB o0
1. POL YNE@:}o{dQD&ﬁﬂiydﬁ@h@ﬁlaiel (WA alﬂlltﬂaC]ﬁQIsy % Citediohie tsaloytmpmly Y aelrdi gqmam
pol yrmer ShPHErRRIse UrE Y (e s Basiedet Grierar S LR oo g
Pﬁ::f L g gl g% F@lgl?%“b RSsinPObMpAn); ARS £laRB St U AN 3 Sy SRS Sich Ui h BoftRANkeS
20  bisphenol A diglycidyl ether epoxy resins (e.g., DER 542 and DER 511 which have bromine
contents of 44-48 and 18-20%, respectively, and DER 661 all of which are made by Dow
Chemical Company). Epoxy resins suitable for use in the present invention are well known
in the art and are set forth, for example, in many patents including U.S. Pat. Nos. 2,324,483;
2,444,333; 2,494,295, 2,500,600; and 2,511,913, Suitable polymers also include
25  polyvinylidene difluoride, Viton, Polyesters (e.g., Mylar) - ester (K = 3.2 - 4.3){Kapton -
cther and imide], Polyamides (e.g., Nylon) - amide (K =3.14 -3.75), Polycarbonate -
carbonate (K = 2.9), [PEEK - ether and ketone], [Poly(phenylene oxide) - PPO - ether],

[Poly(phenylene sulfide) - PPS- thioether], and Teflon AF.

[00151] In one aspect, the polymer is an epoxy, a polyimide, a cyanate ester or
30  polyurethane, a polyvinylidene difluoride, a fluoropolymer such as Teflon or Viton, a
polyester, a polycarbonate, a polycarbonate-carbonate, a polyether-ketone, a polyphenylene

oxide, or a polyphenylene sulfide, a polyvinylphenol, polyvinylpyrrolidinone, polyolefin
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not limted to cycloaliphatic epoxy and bi sphenol - A epoxy. Exenpl ary
base polyner resins include but are not limted to:

3, 4- epoxycycl ohexyl nmet hyl - (3, 4- epoxy) cycl ohexane carboxylate (sold
under the trademarks ERL 4221 by Uni on Carbide Plastics Conpany or 37

Aral di te @YlybiE9ichy ad bi9aie), SRAREN), poliethictec BMUBALRe (PE
nethylcyc?gﬁglglneth ?ﬂgglpatej?ggfd underptﬁg ?ra%enarks EEL}2289 by

Uni on Car Biaest Wa%mﬂ&% ancgdhe sy Peiuancalet; floxme pp%enm a@ﬂ pePobrpds et s
Conpany) ; wﬁyﬁaéhgfympwemmfue@fﬂe%@ of Eahor%%@% % Ri on Car bi de

Pl astics Conpany); bis(2 5 epoxycycl opent reS|ns (sold
under themﬁﬁﬁdeqmpkﬂERUH¢zmﬂwb@suﬁmaﬁocantw@eﬂwﬂbﬁst|cs Conpany) ;
2- (3, 4-epoxy) cycl ohexyl-5,5-spiro (3, 4-epoxy)-cycl ohexane m di oxane

(sol ddg;lnd@lt.)#ﬂge tr%ﬂ% %Agﬁ’o{; dfhegopgle}? é)gssqmt%abl OJ(Pj'Hi l%p%& i d

gl yci s of Xy resi ns
bi sphenol polymérgé ymcﬂydahectmnh ermmyncrrestoaslml(ablecgiom ahh eeﬁﬁexgﬁ)geolnt i nder

trademar ks as Epon 826, Epon 828, Epon 0, Epon 1001, Epon 1 002
Epon 1004°@P8S ,Eﬂfﬂ'gpléﬁma lewﬁt#%a%qlefaﬁﬁ%gﬁﬂa%ﬁre%?t SR &R

novol ac  pRkyEhYeichal ndlba s8Ry T 884 %Ee&su&bldm cﬁﬂhé’odﬂrfgﬁﬁ
the trademarks DEN 431, DEN 438, and w Chem cal

Conpany) ; CTepbRYs wileabrr indysalaelyreschains withidke @mmsmgndéra faniger aspect,

e

Product s “Cahijpzang) ofthSn&rmpanﬁgﬂeymdﬂgﬂnahentonrqqahﬁayalféiehmti(:ﬁpon 1031 made
by Shell Chem cal Conpany); gI ycidyl ester epoxy resins such as

di gl yci dy, hal at.e ED5 by, Cel anese, Resi ns Conpany) .

i o vt ayoTly ahy dF ShrrRa e BYNPR BAcE el r gD g P P gfgRTeL e
Conpany) piyheHigh ysahidystalhxadmtaeropht hal ate (Araldite CY 183 nade by
Ci ba Products Conpany or ED-5662 made by Cel anese Resins Conpany);

and fla r dan 0 resins such as hal ogen con alnln

e oheao O o s R e B PO VBT R RODTT TesrA i3 AP PDRR 5
whi chyshaveedaragfepeto sgﬁmiedaﬁﬁ-s@aﬁd &%%lﬂgpﬁ;aqcté-gfl?a@m dr %?r&ﬁé?tid HRIY, geidly
DER 661 all of which are made Chem cal qup . Epoxy resins

sui t abl e afdighygrd phen lhéetmré@%@tmqllmx@rtwewhtw@h aeefle nmow&\tmg printhéh rgpin

Nos. "2, 33 HSide s BBR g b TR BRI o "2 2 0L o1,

Suitable pol yners al so include 25 polyvinylidene difluoride, Viton,
Pol yesters (e.Zg. Songinais) - ester (K= 3.2 - 4.3)[Kapton -
[00155] In a further aspect the polymer soluble in an organic solvent. It is understood

20 that a polymer can be selected for its solubility or its insolubility in a selected solvent or
solvent mixture; however, suitable polymers need not be soluble in all organic solvents. In
a forther aspect, a polymer can be selected for its insolubility or partial solubility in a
selected solvent. Suitable organic solvents include N,N-dimethyl formamide (DMF),
pyridine, N-methyl pyrrolidinone (NMP), chloroform, chlorobenzene, cyclohexane,

25  methylehtyl ketone, methylisobutyl ketone, propyleneglycol methylether (PGME),
propyleneglycol methylether acetate (PGMEA), o-xylene, decaline, or trichlorobenzene or
mixtures thereof. In one aspect, the organic solvent is selected from the group consisting of
tetrahydrofuran, acetonitrile, acetone, dimethylformamide, methanol, ethanol, and ethylene

glycol and mixtures thereof.
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ether and imde], Polyam des (e.g., Nylon) - amde (K= 3.14 -3.75),
Pol ycar bonate - carbonate (K = 2.9), [PEEK - ether and ketone],

[ Pol y(phenyl ene oxide) - PPO - ether], [Poly(phenylene sulfide) -
PPS- thioether], and Teflon AF. [00151] In one aspect, the polymer is

an epoxyp0186|Po! Yi i e aspeiC idpalyiee sdieile & a polfd sPREeMUTR tRaNRe, vaater.
pol yvi nyl i dene difluoride, a quoroponner such as Teflon or Viton, a

pol yester, a pol ycarbonate, a ycar bonat e- car bonate, a

pol yet hé¥1&T one, D BN SRRy Flé"r?éh"dé%i RFeparige 250ed THREHVFIERE sul fi de,

a pol yviogylphenol., sQ)?ltr)éXﬁﬂ})ﬁl rHé‘rElro%kdleaﬂ iclPHHY afslﬁa'ﬁt laRa reactlng the
(pol yet hyl ene and “pol ypropylene), polyester (PET), pol’yethylene

napht haleghel i@EN)xide mylammm wﬁthtae)hoq@hbm| abeid ligendl oy hgran podhoag geuper s,
si | oxan ol yners,.. an ner s a vinylidenefluoride or a
trif ﬁuo?‘@gf%\jﬂ%‘{n% %? mgtag%’Fg? Pq‘mﬁ%r oet hyl ene or a

hexaf | uor opr opyl ene or copol ynmers thereof or mxtures thereof. 5
[ 001521 A. nfraMs Wb METHBSP 8Ok PROIECIFGKYUMS 1S a cross-|inkabl e pol ymer.
That is, the polynmer is functionalized with one or m)re

crose LB, O BUER B0 B BRRgR o LB RO R st

t hr ee- difiifgg Skharfatthdrebyar, Kilisd audl piarclby AR ABERQY thel itenvibaURI a yet
pol ymer chains can form crosslinks with other individual pol

chai ns Vit #spesieliies s §f piogiled frmpapgsontosites Pated by gnsthngs of

pol yiwer i GRaERS 163R1ifl eirfler iped! drfikSs ¥h bR pRdpaRa Hoh¥kales & tﬁé’ﬁr%elﬁtfbnt he
phosphoni ¢ acid |1 gands of the nanopar tpl cles and/ or nanoconposi tes

of the invention. [00153] In one aspect, the p fymar is a crystal l'ine

pol ymer [0018% f ur e agpssedic, m\fqn@onfﬁéqtgﬁﬁ@ﬂm%hoai SenFRaigsttam i ne
pol ymer CHII;JB tingthe ﬁ{%péofdﬁl}eg&g{g o@%&@&’i/mgtc}gbe rog%h%{?r‘eﬁ okrgie ﬁa&gahﬁfﬁﬁfs oF &3' n.

As used elrm t term resin to soll em -sol |
organic nwentﬂamha sofvenatlissatingn pslymhhmtth@subvangtorfpmgeacdnadm g digpbrshingh -

and oft ete nat | ecul ar wei ght efinite [tin
o O e et et B Pebla el o oSG oo B i A BT B e her Lo
bl engds. nanocagpb@w & B@Qﬂéﬁéspb(ﬂ the fdih&l'iﬂg%'iep%ﬁﬁ)ﬁ%estahﬁaﬁ Qhy BESIS&latilk.e

in an organi c sol vent. is understood 20 that a pol yner can be
sel ect edlofter blﬂcilgg@aramgp@tmgydrep castiBg,ipeidicuhedating of Aipgoaaredbe edulion QFent

or soly g?sgérsﬂﬁ&h%rsﬁbsﬂ?e"‘%}’cﬁ emovilk bARUSRIN LR ABE A BR-LREnSR! i ©

in all ani ¢ sol vent
the film on the substrate. In a yet further aspect, the forming step comprises screen printing,

inl-jet printing, or other printing methods known in the art. In certain further aspects, the
20  polymer is can be any of the disclosed polymers. In certain yet further aspects, the solvent

can be any of the disclosed solvents.
F. APPLICATIONS

[00160] In one aspect, the compositions of the invention can find utility in a wide

range of applications. For example, dispersions of ligand-coated metal oxide nanoparticles
25  can be used in polymer matrices to form homogenous, high dielectric constant film

materials. As another example, films of ligand coated metal oxide nanoparticles can be

used in polymer matrices in capacitor applications, including high energy density capacitors.

[001611 As another example, ligand-coated metal oxide nanoparticles can be used
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a further aspect, a polyner can be selected for its insolubility or
partial solubility in a selected solvent. Suitable organic solvents
i nclude N, N-di nethyl formam de (DMF), pyridine, N nethyl
pyrrolidinone (NW), chloroform chlorobenzene, cycl ohexane, 25

met hyl eht wherk effedivand mattd’iyd 4 sobtidnal glsed tREsanMe@pneAee] wedlord a dispersion
nethyletheéE%P %E%teneglycol met hyl et her acetate (PGVEA) ,

o- xyl ene nagepariglein Pl SErdy o suh 28 praa®le s weel | n one

aspect, t hadopEboRRIMRN thit 1581aG A0 Hh OB ABIHOUPHE %S%héé%
tetrahydrofuran acetonitrile, acetone, dinethyffornam de ano

et hanol , ah@det%wﬂmﬂmyohngGEWmemd m xtures thereof. 39 [001561 In one
aspect, the pol ynmer soluble in a polar solvent, for exanple, water.
[00157] urt he I

anopart i Bl s ABREE bR Sl P RRL 00 B AR s
nanopar t i vhee Wictlizgaahorehcianbf 11@11@1 is ‘m:amﬂ direptiyhe a pelyﬁfeedAmmﬂler exdnisle,

nanoparticle with a osphoni ¢ d li.gand, havi ncharin rou
5 bt calEEHa b TERLOTEr SMoBEPs® FE B3 VArE o end P AND DS
FOR PRODUGh NG dat(@e[baﬁticﬁ%]potﬁn&mir@ape@ter b bmta@taﬁﬁ@trgp@lbﬁﬁ réaftidnhe
invention can be used to provide films, In a further aspect, filns

can be pr@garcessbipkinge This ersceaheice theanechyssn seemeth of metgleaxidenplmps:
aspect, f £an hods
SFPEL (LR ASaphebRd (PRARAOR AIMISL eSS L
prepar ed VWhaatheHigahd ¢qm1nn‘ a luhendspané Atnicidenal gt{o@@ﬂcﬁs@énsing apphomsptecets t he

i nvention_ rel ates 9 reparin m. conprisin

steps of PTEPERR dRalTLOGR ety PGSR P coplaing PREopoild B be
nanopart i @€ss ﬂ%zdef&etncldﬂ\f@fﬁell@ﬂid rﬂat@nat@lﬂﬁmotheﬂe%qiw Imggndacdaehyﬁ@an in
the solvent to font a solution or dispersion of the polynmer and

coat ed metafc HRPRAE Ha AYPEPINECrRCoMpRYie s igedas Miehflielpicios bigd ¢ he
15 nappc at
I R e R S e S
casting, emergyseustycepdcitog, or d|p coating the solution or dispersion
on a substrate, and renoving or allomtng the evaporation of t he

sol vent rm n_t u pect,
the forni [?1]916 C?%%elasl m % ?.Cé%%ls cf%% ? stmee&ner Pin tfle ?}Fc H%f 1)

ot her pri méatmdmaéelnmqﬂxﬂ@i@m:mctbré dﬁﬁwﬁbh eled:tﬁc eleatrgal Havé uéetlﬁﬂce@sples:t S,
the 20 pol r is can be any of the disclosed polyners. In certain
yet fur F h(ét%érl];‘g’@%c\flgle ?rﬁaéncggf OkGherge that can be stored, F1)s d1¥ect1y proportional to the

20  permittivity of the dielectric material that separates the conductors of the capacitor. The

coated metal oxide nanoparticles of the invention and/or the nanocomposites of the
invention can allow the formation of high quality, defect free thin films that exhibit high
dielectric constants. These thin films enable a greater amount of charge to be stored on a
specific conductor, enabling the production of smaller, higher density capacitors. The high
25  quality of the composite films can also result in less leakage current between the conductors,

resulting in a more efficient capacitor.

[60164] In one aspect, the invention relates to a capacitor comprising at least one
coated metal oxide nanoparticle of the invention. In a further aspect, the invention relates to
a capacitor comprising a nanocomposite composition of the invention. In one aspect, the

30  invention relates to a capacitor comprising the films of the invention. In a further aspect, the

film comprises two or more layers of the nanocomposite composition of the invention.
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can be any of the disclosed solvents. F. APPLI CATI ONS'[00160] In one
aspect, the conpositions of the invention can find utility in a wde
range of applications. For exanple, dispersions of |igand-coated
nmet al oxi de nanoparticles 25 can be used in polymer matrices to form
honmogen t ter

xcanp! o Lok top el e sap RSl ot bt o o0k Gon
used in polynmer matrices in capacitor applications, including hlgh
ener gy d@a%ey caﬂmoilet opsct, thf waﬁﬂoi campaseo b idm hexiagpkgleclricyandagodt ed
metal oxid articles ca d. .40 and co al s a
funct i on S B RBHAS e SR o AT s PP et BRI,
met al SeNBAODIGE 405 bﬁgreat& &, MBI 56liof Behibythad fbostieh) oagreeeeaﬂ@h e,

t he net oxi de/ pol y n£05|te is thus forned froma single

corrpofhen‘tboui 0, pﬁére%rsféﬁc@%? G /Y greatgtiban phsy ARy or of Sgyesthat abmubm sor.

5 [00162] As anot her exanple, |igand-coated netal oxide nanoparticles

can be ugmdseiwher eyt @l 294, @E c%%ﬁW&m@ﬁsés'a&ﬁﬁ%a\rﬁlrgQw%h% rectly
to a polymer. As anot her exanple | i gand- coat ed netal oxid

nanopar t bretkslowoshersgh m’@@tﬂﬁh&neabphfelﬂo o eiEL, éqrmgatapkmﬁﬂrmmhm
group thﬁ%ou?% %%'gr‘gat%ﬁhg Ll%‘i{?i | Vi In?ié%igéézﬁ% F0ehL Y Qz?hﬁ‘m cal

or thernmal feaction , CI0OSS- IS can en

nechanlcgkmﬁﬁmangkhtnﬁrwmhﬁbra&ydﬂﬁphhyﬂnnuﬂm\dpmp05|tes. As anot her
exanpl e, ligand-coated netal oxide nanoparticles can be used where

t he I'ga nt ai ns l,um nescent functional qr for sensin :
oot R A" o T R e R B e b A ey e Brefey Bensity of
nanopar t br@hter GeNiRNE VBm?) mﬂm&s bt gsat&anmt@ouwmn%f plegoBhedut C
or ferroelecgrlc material s. gnot her exa gand coated neta

e
oxi de nahéjemr tafereatcs B abat ﬁd/cﬁ*an@fc%%%h O%té’r.‘f/ e%gaatarsﬂlm grput 8
di el ect f

Olpt?l g;l r ,![/8 If glle%r ﬂlzr.?n Eﬁ)fu{ Q}-Chlv %f*r%p&?fﬁ( tlfﬁﬂgs&{téw%/chﬁ M%Eéa@édha% about 15

tronic app |cat|o i'ncluding hig ergy density
capaC|toﬂsm,k@@ﬁ@ﬁﬁmﬂkmaﬂmhﬂ&)ﬂamcapaC|tor is a device that stores
ener gy |n the electric field created between a pair of conductors on

whi ¢ c ch have be d The C, c
oot CoffESI” o SR AR pe AR B ARS ombASes ATBRAGIIAI AR Y Fonsfih

20 per m bf gredténthef abbhiel ok eiemtrrcl bteaﬂfdbven stadngthheftarahep altaataesmtme

conductors of the capacitor. The
V/micrometer, andpan energy den31hty of greater than about 3 J. Jom?.

G. EXAMPLES

[001.69] The following examples are put forth so as to provide those of ordinary skill
20 in the art with a complete disclosure and description of how the compounds, compositions,
articles, devices and/or methods claimed herein are made and evaluated, and are intended to
be purely exemplary and are not intended to limit the disclosure. Efforts have been made to
ensure accuracy with respect to numbers (e.g., amounts, temperature, etc.), but some errors
and deviations should be accounted for. Unless indicated otherwise, parts are parts by
25  weight, temperature is in °C or is at ambient temperature, and pressure is at or near

atmospheric.
1. PREPARATION OF COATED NANOPARTICLES
[00170] Nanopowders of barium titanate (BT) were obtained from Aldrich (diameter

42



coated netal oxide nanoparticles of the invention and/or the
nanoconposites of the invention can allow the formation of high
quality, defect flee thin filns that exhibit high dielectric
constants. These thin filns enable a greater anount of charge to be
st ored on-78 nns)pewist prysebpiceeisdeicranadto bwg:ubim@hpsredzwé-rdquwdbl &ﬁfadctiem

hi gher densi capaci tar he h y e Sit

can al so f%%‘rﬁ]ﬁmsip O?léégdi%%a‘@%g %’%ﬁ?ﬁ% %gﬁ%ﬁaﬁaﬂ O‘&t%l??&rggtfq%@ arie
resul ti nQ(%%R GoliRidic &id {BeN-oSaRME i Odoid &&%@é&n (9B%9 RRrAsRARd fréhe
invention relates to a capacitor conprising at |east one coated

met al  oxiddripaashied WétbeutdprthgieuiihicABAli on. In a further aspect, the
invention relates to a capacitor conprising a nanoconposite

conposy tion of the 4 ng %ﬂﬁ@ﬁﬁ@ﬁ?ﬂﬁamﬂcmﬁﬂmﬁm g el ates
to a capacitor comprisi ng t ms of the invention. In a further

aspect, the filmconprises two or nore Iaﬁ/ers of the nanoconposite
conposi t i18M Tt he Iisnestien 0?5 it of 9%e i/ esthanal Ho@ perresem Bepuest(BT) was

capaci t Orh%n'&%gm? 134 éﬂﬂg&%ﬁ djr%&%{r%gr fEﬁB@Q&j@ fﬂ% a&ﬂﬁoﬂ Q63 byl of 8{1#%?%0@1?3

In one aspec e “capaci ises a avi ng iele
const ant aofd. The edttere wdrsanrracbm&mcn $or If lorané g4 bpl Alterﬂitngl}eﬂ:teemetﬁllma'rde

about 20, ater .t han t, 30, of eat.er than about 40, o

ont o raPa gt et R b s By S G ViR eargy: Tl ivan o

about 1970, in @fidigb£ & BJatih ) aMheAadar®les wire Bheatdth dxbaR «alad by Wrasehicon

greater than about 100. a?IOOl 6] In a further aspect, the capacitor
T3>

conpri ses A0 Fi40MChiay i hgurafolipwesddst seniaifugspen s wras supamglent siutignas er
th b 0
an abouyf.. 120y t\t{éﬂlalll(ré]r a{)&g{}ﬁfeg 4%9@ XN e reﬁfs &E S'h 8Bpeq ?ég y thd

V/m of greater t m of great out® 15 m  of
great er tshae naitiontt ATBOWWhmg, te nefiopgrieddseverd hmug]tt@hmed 20der VAmunil4 80°C.

[00167] In a further aspect, the capacitor corrpri ses a filmhaving an

energy d reater than .about 3 J/c

gr eat er ﬁﬁginﬁibou t nac/-ocg?ﬁ?sfte §olut1on5t cre qrﬁpmégstgr 1111?12111}3%%?%%@1’1;; fo)%num
greatgr tth@meaxﬁmparﬁcléd BIBridiak (Jgn@e)tf@rm tasphadd W tyde gdlymaa;onen‘e great er
than about 8 _J/c greater than about 9 T/cnB, Pg r eat er _t han

about 10 Pyﬂﬁ?@mw h@frtéa@ E}N%\hélﬁleﬁw&fepn@de §eRgh) feer(afD FHERt @HAEHE R
about 20 plke fﬂ%n tﬂe‘ipchﬁﬁél@%el d&d@d fou4hd RESecasPEEbparlifle dgaa@i%hg $d further

conprises a filmhaving a dielectric constant ~of greater than about
19, a di dlaBatitledichyiddkthblardispersemgt h of greater than about 120
V/mcrometer, and an energy density of greater than about 3 J/cnB.

[00173] Thin films of the nanocomposite were fabricated by spin coating the

20  dispersions on an aluminum coated glass substrate as the base electrode. The aluminum
surface was pretreated by cold plasma treatment with 3 SCFH (standard cubic feet per hour)
air at 750W power for 10 minutes then stored in absolute ethanol before use to clean the
surface and to promote the wetting of the nanocomposite dispersions. The thickness of the

films after soft baking (110°C) was measured by a Tencor KL.A P15 contact profilometer.

25 [00174] Parallel plate capacitors were fabricated by depositing the top electrodes on
the dielectric nanocomposite thin films. 500 nm thick aluminum was deposited through a
shadow mask by a thermal evaporator (Model PVD75, Kurt J. Lesker) at 3 A-/sec deposition
rate. The mask has array of capacitors with circular electrodes of 0.5 mm and 1 mm

diameter.
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G EXAMPLES [00169] The foll owi ng exanples are put forth so as to
provi de those of ordinary skill 20 in the art with a conplete

di scl osure and description of how the conpounds, conpositions,
articles, devices and/or nethods claimed herein are made and

eval uat d arg_inten Q . . and: ar :

Pt endedd 0T it FiehBhGy B8t cMipPtbe it ESIRR MiBR G o hing o

accur acypamilltiqtiosReecdirctid wettinesssreli @y gn Agdmpdpiss LCBpeeatam 80 Hetie 1)

but sone errors _and de i@ti ons sqgul d be accounted. .for. ﬁ?l es
v gtk

i ndi cat edHaeHeYRMEarphsy Yaltage &n opep/shorhoprisglioRanags to Simpals W@F]s in

Cor is c‘?‘#:acﬁm-b ¢k he MRAELloHh & tedHRblvRh BRTHES and t@l_:pr@‘tﬁe A88h. The final
at nospheric. 1. PREPARATI ON OF COATED NANOPARTI CLES [ 00170]

Nanopfowdeeasuraferts avas teket iwtitriens” GRTratigs tisnesve averags rdns Apeavem four

dianeter 42 -70 n whos [y i . 1 j,C
bhace byrsesiidgenth AbteciiE e Ms RORRE broRSHEl SO RIS My ER BT
obt ai nedo flo@YDA WiilcAasatormpdhoairiht iy anet dilextyBi27 aA@ourc@6&hitommitanoi ¢
acid (96%9, 1l-octylsulfoni¢ acid sodjum sal%t. q9§’£<)§h re.obtained from
Al dri ch Rilsetis BrpalidAbTTenghryatencapipd ysimeat Fgfhlevz 45 bt § SRREVBLARY

NANOPARTL (b 55 PIRE RAFMEE M MESEIS0 VIO & 2bbrolinFdsy $6 Wscl An@iEhéboiff of95: 5
(v/iv) et hanolgHZ(% per_ rgm BaTi O3 .BT)aM\;\ggsn ho'm)geniezea byg%?tr_asoni c
pr oc &% si qatpstiephicodeatbe fgifurh &on ald pf the diffstenpelprasippicativm GyReFEPeBhePPlained d.
The m xtyre was stir - - xﬁﬁﬂ@g'ﬁé@].g,Aﬂ he
metal oxide 1‘91’?]%%%%13? %1} C %éd %%%C%%E%%na‘?gé%%g?ﬁé% Egc')usl%?%%u C ac(|5 by

usi ng m e eleav el enendstizatiandeithd dapacitor devikes wemddedsiea in ohewdity amd  The

nanoparticles were rinsed wth cess et.,hanol . ul.trasoni i~on..at
30 - 20 EYEGooTTRgRS C1ib) P@MOB%%W?W&&%%Efglgﬁﬂamc iR Etdof hind
super nat gt tkidh HMSWARondl SEAM5aw . g Midkkeer PT B6il Pitlaalk 8dmeter) to
nanoparticles were redi spersed and rinsed repeatedly by the sane
net hofl. winmmize fiigshechanical Hemagmiopat preapiesopenaediie®ni ght dri ed under
vacuum at 80C. [00172] Nanoconposite solutions were prepared by

initially ball m 'ﬂ.iﬁ%ﬂ?ﬁ:}‘m 15 titanate nanoparticles in pyridine
(Fluka) for PC (bisphenol A type polycarbonate, PolySciences) host
and in N, Ndinmethyl formam de (Al drich) for P(VDF-HFP) (Al drich

host, thiMlTifle polSpnieespaieasmanidadd’ pnppravdetss FRENIIGBO YR REPHHA CHEpRate

di sper si %psuri 1Qsdanfd"f3rr<g\tf§é’s consistent surface conditions from batch to batch, was done as

follows. 4 g of BT was dispersed in 95 mL of distilled water with 1.4 g of ammonium

20  chloride (Fisher Scientific). The dispersion was ultrasonicated in order to remove barium
carbonate impurity from BT. The dispersion was washed three times each with 100 mL of
distilled water by ultrasonication and centrifugation, then dried in vacuum oven at 80 °C

overnight.

[00177] For preparation of surface modified barfum titanate (BT) nanoparticles, 0.4 g
25  of BaCOs-free BT was dispersed in 10 mL of 95:5 (v/v) mixture of absolute ethanol and

distilled water (Solvent A) followed by ultrasonication for 6 hours to achieve better

dispersion. 0.2 mmol of each ligand was dissolved in 1 mL of Solvent A and added to the

dispersion of BT. The whole mixture was further ultrasonicated for 1 hour and stirred at

80 °C overnight. After the surface modification, BT nanopowders were washed three times

30 each with 20 mL of absolute ethano] to remove any excess unbound ligands and dried in



ball mlled to yield stable dispersions. [00173] Thin filnms of the
nanoconposite were fabricated by spin coating the 20 di spersions on
an al um num coated gl ass substrate as the base el ectrode. The

al um num surface was pretreated by cold plasnma treatment with 3 SCFH
(st andar d1gOg eveheat] prr. Theldnied BiwdeRtyvas HEAH ROWRECUIBY 0vER afT U Sferiibi@n
stored in absolute ethanol before use to clean the surface and to

pronot e tReeHBYaeHEUA FolveE. R TsEerayiers keflr psatisr sirdace madifigationwess
of the fjy ) i Ve @gﬁﬁjq@gﬁ r

P15 cont actap%ﬁegft"%ﬁoyrrﬁ ﬁelg’.ﬁgtg’ ?%%%?%g}@% te pl’ate ’%ﬁ%?&%ﬁ%ﬁ%& ée}s'
f abri cat ethdlzadé posi tanmyed he waepngiveb hrvodesrioty oftshleentseheluding water,

nanoconposite thin filns. 50 n_thi.ck al um num was d ited .
e ough secelofieiBletetainn Tty H et Rt opdPure hRe r e g ppeign
Lesker) afo tBVus@Codé@pmsider.on rate. The mask has array of capacitors
with circular electrodes of 0.5 mmand 1 mm dianeter. 43 [00175]

Frequenc nden aci tance and ] oss tangent (djssipation. factor
usi ﬁg a y@ﬂfﬁﬁl el é@?fp}%aﬁ%ﬁlﬁ&ég‘?%& THWP CEBETIAOVO eé@f‘f@it )
4284A LCRyfiepBficlEd @i8wE bhakithelcBmbosild18scdta 4% YRNPnARPIH B heP 18380 PO,

open/short correction node to elimnate the residual capacjtance
from t he Qedingghesemplectienvases ndbasatransmerdocanel Tt ip aophaigatfigat snss

The finalon ﬂﬁ?c%ﬁﬁﬁﬂﬁ%ﬂ 8% oL RKER L Binol &N BnndoBEE BRI G hahb t&ﬁ‘& 0
average reading fromevery FoUr measur enent .Dml_ealkage curre ensity
was mneas ume datpangpighificagt rhasa $osa or héstemperatdevicge. (pantitatitoOthalide adthd e

i o cot r OB ESRABHES o P 3rn e Bine Rharenr B aroutry o R b Py by gl
vol t age suppkivddy WHNSERHREnd ReocARRhi Belitvelt Aganik am S MBGhale of the

appr oxi mat el_g 10 V/sec until the point of 10 catastrophic device
fail ure. FaOapirigle arenid nam f1f dpapier endiphertcel vidlane signidiepe chimesisits density

expl ajse i - .

ot ot o 27 A A Sl IRrAERY oS EL A, Rl BB Bl in Tbe
char act er(Cagtilagmadigafid ¢dhveragapaio-vaylpheyhass acidrenteiedsliOe §70 1m & diameter)
hum dity and oxygen controlled (> 0.1 ppm) glove box on a probe
station ( r@ﬁﬁ?%ﬁgf‘e%'?gﬂ}el H100) with a blunt tungsten tip
(Signatone, .SE-T, 5.0 mtip dianmeter, 25 m!l. shank dianeter) to 15
m nim ze the nmechani cal danmage to soffabRrigani c-containing filnms. b.
ExAMPLP 1

No. of ligands per i i .
Source of Data g. p No. of hgagds per | Corresponding foot
particle nm print of n-OPA

EDS 118,000 7.7 13.1

EA 174,000 11.3 8.9

TGA 216,000 14.0 7.1

20 ¢. EXAMPLE 2

[00179] Surface modification of BaTiO; (70nm m diameter from Aldrich, 120nm in

diameter from Nanoamorphous Inc., and 100nm in diameter from Inframat Advanced

Materials Co.) nanoparticles by G-R-X type ligands, in which X is phosphonic acid was

performed. 0.4 g of BaTiO; nanoparticles were dispersed in 10 mL of 95:5 (v/v) absolute
25  ethanol:distilled water solvent mixture (Solvent A) and ultrasonicated for 6 hours. Each

phosphonic acid ligand ca. 0.2 mmol, depending on its purity, was dissolved either
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[ 001761 Surface pretreatnent on BT nanopowders, which renoves barium
carbonate inpurities and provides consistent surface conditions from
batch to batch, was done as follows. 4 g of BT was di spersed in 95
m. of distilled water with 1.4 g of ammoni um 20 chlori de (Fisher

oar um P Lo RaPeg ey TR AP ERED ot B P BT I ce

times each with 100 nL of distilled water by ultrasonication and
centri f ygensiopn, t Ader sidirgdhé hgand ¢oligaod sointidn),80e Bixtare evasughisoni 061 77]

For preparation of surface, fied bariumtitanate (BT) L
nanopar ti P%]a%@“ a@‘?hmﬁg ti%g(gfé%g WF@@%”V%@%H%& B"aﬁn%et?‘ﬁfp@f
95:5 (Vi) afl e@ouﬁ 800fpnabBIR! HEBre (AR B edtB doonsliefdpet e aM@ivadhed Sol vent
A) followed by uitrasonication for 6 hours to achi eve better

di sper s.tbwou@llazwmlenMOf@b@hlt¢ pihantd taggEoye vyedolasdcexpess Hapnds hecased albnt
A and adde t he f rther
ul t rasog[gcgl% or ac u&srlzsﬁ(g%e eil‘regae S:qﬁglgg@g% o&\?ebrﬂrﬁgg t%ﬁ% tS}(;r t he
surface svm@ss‘ivmtmmmcatﬁ?ﬁ and eegrofetien, \tnewmch/ﬁmlpedfdemaeediismsd 820 each

with 20 , .0f absql ut t hanol .to r.enn any excess unbound nds
And dr | <L FReR ST BB B Oy Vi RBroT R g S enadE AT %%d n
a vacuum moqgm%r 78h &in@eer ni ght  to renove residual solvent.
nanopowdérs before and after surface nodification were char acteri zed
by FT-IR__XRD, SEM EDS, solid-state NVR TGA and El enent

Anal {0si sl0018he | | g&ﬁaleﬁrswﬁ@?atﬁ@méﬁ@SB?m%ﬁé ﬁ?\l%lewmcw&f%Pa’éwtﬁéWéet y
of sol Veﬂa&§peréeagﬁ B MBLRO IO BER e £t Qﬁs@xﬁ%rd%lehqﬁ@é&%shﬁg":

and tol uene icating strong and stable conpl exation he net al
oxi de posydies wefeOOisABH uTi@Ny dlrred tpsiins s @ﬂ.u’pledme Oibﬂhe dwp@ﬁﬁshﬂﬁh% Blsoni c

i d modi f i.ed. BaTi OB h . e |
% of || LEWEELP TG NOMRRER b S0l A HERRRRMT o var os”

in the sanRifi@Hios theeeasiind cyers wcke hsad.abyt thd lg:tw(femﬂmbh aesgcldOmnt 0ss,
indicating_that all the ligand has been renoved. Unnpdified BaTi O3
nanopir t $a8Ibessrygted R%ncelﬁlafﬂga’f&mu% fogsix PRehing CYRiE woregised fofemgy g excess
tenperaty {{ a1 ho %ﬁ:'a&@tl Xx?ds%@@c{ Mé%uﬁﬁdﬁ@?abl@@q{ﬂ b&&t&ﬁrﬁ el es
by EDS an anal yS|s resulted in 3.4 and 4.9 %I i gand by
wei ght , sue@sap@cmatv@ByTlmamaﬁwwsm Sthgwnaﬂl'alembéund by t heory,
assum ng the size and shape of the BaTi O3 particle are 70 nmin

di aneter and spherical with no signgfjgant change in its density

Name of phosphonic acid ligand Abbreviation
*n-Octylphosphonic acid *OPA
*Methylphosphonic acid *MPA
11-hydroxyundecylphosphonic acid HUPA
Octadecylphosphonic acid ODPA
(11-phosphonoundecyl)phosphonic acid DPPA
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorcoctyl)phosphonic acid FOPA
Benzylphosphonic acid BZPA.
{2-[2-(2-Methoxyethoxy)ethoxy]ethyl} phosphonic acid PEGPA.
[3-(4-{[4'-(Phenyl-m-tolylamino)biphenyl-4-yl]-m:- TPDPA
tolylamino} phenoxy)propyl]-phosphonic acid
(11-Prop-2-ynyloxyundecyl)phospheonic acid TKYNPA

20  *Commercially available; OPA from Alfa Aesar, 98%, MPA from Aldrich, 98%.
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15 before and after nodification, the |ligand coverages can be
calcul ated as tabulated in Table 1 (Calculated |igand coverages of
n. - octyl phosphoni c acid-coated BaTiG3 (70 urn in dianeter) from
vari ous nethods). Table 1 Source of Data No. of |igands per No. of

| i gands per Corresponding foot- particle urn, print of n-OPA EDS
118,000 7.7 13.1 EA 174,000 11.3 8.9 TGA 216,000 14.0 7.1 20 c.
EXAVPLE 2[0p0$23179] Suifreeeng®xhé beabs iop@ticRFthdl okiRmMandpartiAet Be
fromAl drich, 120nmin dianeter from Nanoanorphous Inc., and 100nm

i n di anet BFthérestendest ivaiedusinasiiends or wittwes of & fegnh ligadopsibe peres by
GRX i S D i 145 : : i i f 0.4
5 of B BaobERAECTyb Ytk Ehed g PUORAABMRoRELCle URtep BEL B kA or
absol ut e dfemtiiaaods; iijeshhgingalvate coatal napoparindlx surfage F8bldvffment Aparsind
ul trasonicated_for .6 hours., Ea osphoni ¢ i i gan ... 0.

nunor - Caoiak B e 2nd Setided B9 b RER B BE el X Pk R BB G , 1
1 mb of Sqlam@nh tifs BT s@ificeGHiyTRIP A has adreeiefiinof00BaTateBlute ethanol
nanoparti cl es. [00180%9After adding the ligand (or ligand sol ution),

the m xt udiepcieen ¢fik% ae Péa@@trd%wgwﬁi@w e eapivelgrit TRRP 8 100 (for
bat h gver fj&@t Wi th vigorous stirring by a magnetic spin bar at

1, 0001, 500 rpm The m xture was cooled to roomtenperature and washed
5 thoroughly with plenty of absolute ethanol to renove unreacted
excess |i[§ams becalrsolil state NMR pivospdeomi shows e frésgaceds mused wer e

readily solubl e in ethanol. This was, done by.. sucgessive. .

Uit 1 s o GO O PR it SaRsochic o ot b Srigaion

r edi sper s@@ecrifierdPsho¥ls gt HaR©hre Byo §ﬁdsplﬁdnﬁtgacicp%iem@§rebem i thé ASRBHEASION
then the suspension was centrifuged at 3,000 rpmfor 100 m nutes. 10

[00181] Thesuglabkysuefpgsciovad apid speies (HdeweranpliBen B dice peidpisldpgselvat ed

partigl es, 7 ' . : [y, C . t he
next 5\Sllas h}sﬁ%fag?ic{cgﬁh%g@%e 1‘55 ipﬁgglgéfgn églé@% rdew%g%g%t& g§$%%%§+?]%ﬁ% hr ee
to six timesddepmbdiatigg enideime fdi thppeakablomist pprobeinpdue to surface-bound

species.
d. EXAMPLE 3

[00184] BaTi0O4 (100nm), BaZry 2115503 (200nm) and SrTiO; (100mm) nanoparticles
20  were obtained from Inframat Advanced Materials Co. and treated with n-octylphosphonic

acid (Alfa Aesar, 98%) by methods similar to those previously described. Figures 7 and 8

show that the methodology is applicable to metal oxide nanoparticies in general, and that

modification does not alter the morphology of the particles.
e. EXAMYPLE 4

25 [00185] 0.2 g of BaTi0; (70nm, Aldrich) nanoparticles were dispersed in 10mL of
Solvent A by ulirasonication for 6 hours. Added to this dispersion was 0.069 g of TPDPA
then, the mixture was further ultrasonicated for 1 hour followed by stirring at 80 °C
overnight. The coated nanoparticles were washed five times by ultrasonication and
centrifugation each time with 20mL absolute ethanol. The white final product was dried in

30 100 °C oven for 1 hour, then dried under vacuum at 80 °C overnight. TPDPA-coated
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nodi fied particles. Wien the powders were not sticky and easily
sedi nented by centrifugation, three washing cycles were used. For
the powders which are sticky and not 15 easily separated by
centrifugation, up to six washing cycles were used to renbve excess

| i gands. The phosphonic aci.d |Lgands use tabul ated in Table 2
and Ser BTBREIS fovgh Syt bR e Ay £ o B Pttt e chown
i n Fi gur gnsdactelizbd 9y 2r-Na ey ofis pbespian fitoraebitbe lehiang «NBREkGMtiak i on

*n- Cctyl phosphoni c acid *OPA *thhyfphosphonic acid *MPA

11- hydr oXXP$HEEEY! phosphoni ¢ aci d HUPA Cct adecyl phosphoni ¢ aci d ODPA
(11- phosphonoundecyl ) phosphoni ¢ aci d DPPA

(3,3, 4, 41dp18616; 6, fn brdr Br:18mbld Q&%&fﬂnﬁeﬁﬁ%ﬁ%ﬁlﬁ BosRhEshEA aGh@q FOPA
Benzyl phosphoni ¢ acid BZPA {2-[ 2- (2- Met hoxyet hoxy) et hoxy] et hyl )
phos phonhanoaaitidlerParRoxhlet extracied in absolute ethanol for 10 days. The extraction solvent

[3-(4-{[4. -(Phenyl.-nm t |.am bi phenyl - 4- - i< TRDP, . )
tol yl am Wg?% %’g%?gl%a%%foegiy ‘jt{C}Shg@)ﬁ 1% ib8 r&é% 1|:0 dveéﬁléd T¥OPA fronﬁhe particle or due

( 11- Pr optoZoysvflsonsy sitthee-$dynad TP T e~ evet, TPDEXMNBAted ZATICOMIBp £iicléd Y
avail abl e; OPA from Al fa Aesar, 98% A from AlLdrich, 98% 46
[00182] BEREHisHdskpmely Broressentadies wich 2 frsp spthinscoptitivn(see Fagred-

nanoparticles can be fur ther extended by introducing blends or

m xtures @i sAi f f er@ptred 9 GRNCSInARat:ME: fraiBcr MRNTHR bioug e the E¥Bposite,
different nethods; 1) coating of nanoparticle surface by a m xture of

di f f 8 enfnd degametsate the inteoduetigngifdncippalityip redeosiflepanenssitdssdivdresing ace
wth dif b %Qg:- performed and sel ected results are shown
in Figurg%%§&éi%hg ge %%ﬁ%gA | igands coated on the BT surface with
TPDPA was done by refluxing 100nL absol ute ethanol dispersion of 0.2

g of OPA-coated BT. wEEAMBLESnes nol ar equi val ent TPDPA at 100 C for
10 1 hour. [00183] 31P Solid state NVR spectroscopy shows the

presence [(RITISQI’ Surface modified nanoparticles can form more stable dispersions than
unmodified nanoparticles in particular organic solvenis depending on their functionalities on

15 the surface. For example, dispersions of BaTiO; nanoparticles coated with n-
octylphosphonic acid showed enhanced long-term stability in ethanol, chloroform, acetone,
and N-methylpyrrolidinone (NMP) compared to the dispersions of unmodified BaTiO;
nanoparticles. Nanocomposite solutions were prepared by dispersing coated nanoparlicies
in polymeric matrices. 50:50 (v/v) PEGPA-coated BaTiO; nanoparticles and polycarbonate

20  (PolyScience, cat. No. 0962, Lot No. 00584) were dispersed in dioxane. The mixture was
ultrasonicated to completely dissolve polymer and disperse nanoparticles until forming
highly viscous creamy solution. Nanoparticles coated with mixed ligands can be also used
to form a stable dispersion with polymeric matrix. 50:50 {(v/v) nanoparticle:polymer
composite was prepared in dimethylformamide (DMF) from poly(vinylidenefluoride)-co-

25  poly(hexafluoropropylene) (aka. Viton, from Aldrich) and BaTiOs nanoparticles coated with
1:1 mixture of OPA and FOPA ligands. Thin films for capacitor applications were
fabricated by spin coating nanocomposite solutions on cold plasma treated aluminum/glass
substrate. The films were thermally annealed and characterized by optical microscope,

AFM, SEM, and surface profilometers.

48



oct adecyl phosphoni ¢ acid; conparison with the free acid (in a direct
pol ari zati on experinent) shows that there are two phosphonic acid

speci es present in the nanoconposite, presunmably surface-bound acid
species (at |ower ppmthan the free acid) and | oosely 15 associ ated

aci d nol ecul es2( lxrachprakuesrtingd RCIIUNEOUNDGYNTREM! | zat i on
experinments provide corrobor ating evidence for the peak at |ower ppm

bei ng due urfac bou Cles 00184] BaTi
(100%r‘r) E’@%?@ o] og:%é%"f% 2766 Ficstrgs @W?%%dgié% uzp Té?”c(?f%%s 20
ver e obt aicaggtile amylnlinawah P@@E@mﬁéwémyeﬁyd@&?s{ﬁee %rgd Hagatpd et h

n-octyl phosphonic acid (A fa Aesar ods sim | ar to t hose
previ ous| HRIESYE FIapER cambg@@c‘e%éelaﬁecbn%ﬁeslreds bwetqfﬁw:towevmaﬁ@m ogy is
applicable to netal oxide nanoparticles in general, and that

nodi figation does npt f(h-t{f)‘f' @ﬂﬁfpﬁm&%l%ﬁw@ l£rf]opartl cles

EXAMPLE 4 25 [00185] 0 2 g of BaTi 03 (70nm
wer e di spersed i WOLMM@{O}PIS@WG%QDIROM’DWHO&MMACMDIETHTI@EST@Rhours
Added to this dispersion was 0.069 g of TPDPA then, the m xture was

further UiO‘bi oni ca[t33g {igép Pp;r;‘_to YMgﬁm@hﬁé’d 3}11/;1' ng at 80 C

over ni ght. coate es-"were e tinmes by
ul trasoni matlammobpi@nommwmqaidmﬁ@lmgphli mmehWALD; 2iudraia Bsaledt &.5 g)

Pour O heRR et Rl Rt S a ki ailca e e R bai ey The

nanopas t i @heereSNOWESleGEd t@&@icﬁlmee frhdaonios @Eﬂ)‘@c\ﬁ’{)ﬂﬂ@%uﬂs’\(ﬂa@q&np Theys5 °c)
product was characterized FT-IR, UV-VIS absorption, fluorescence

enmi ssi on & " tmg the ﬁtaﬁ&g&éﬁamﬁéﬂ% no Emils‘eflbllerby&rlﬁe v ofzsilgserrpg distilled
excess unhiapsh Gioleed £k DLRRGERAL bl CEQaner e
Soxhl et extract d in abso th e et % F&%}iﬁfg dﬂg sﬁr}%e eiéf‘?(gctnﬁgn
sol vent desnitcgepkscirt gaf E¥rAedttian hiforded ﬂfi&ldssmadyin@iudua 4 Passphakd
TPDPAfromthe I r dye ,to l.oss of so yrf s :
fovever P RBlarel G at RatoRent Rend oot i Y T3 PG LB
f 1 uor gscemts fN%@S goly, dphausl OéB{?h!lOUMHQQdS W7 6S B8, HPHNE-6D5 (m,
[ 00187] Ie:(@tl??es 9 anm)lo i ndi (I;(ate t he presen?t)a of tgg T group(
t he conpo )e0.84 (i, /=7 Hz, 1H), 6.71 (d, /=9 Hz, 4H), 3.91 (m, 4H), 3.57 (t, /= 6 Hz, ZH)
2.03 (s, 3H), 1.99 (s, 3H), 1.95 (m, 2H), 1.78 (m, 2E), 1.03 (t, /=7 Hz). C{'H} NMR
(Cels, 100 MHz, 298 K): 6 155.93, 148.64, 148.47, 148.31, 147.82, 147.27, 141.37, 139.31,
139.18, 135.42, 134.45, 129.56, 129.54, 129.46, 128.12, 127.89, 127.57, 125.61, 124.63,
20 124.53, 124.18, 123,51, 123.34, 122.88, 122.27, 121.21, 115.79, 67.78 (d, Jor = 16 Hz),
61.24 (d, Jop = 6 Hz), 23.16 (d, Jop = 5 Hz), 22.86 (d, Jop = 142 Hz), 21.37, 21.27, 16.52

(d, Jop =6 Hz), *'P{'H} NMR (C4Ds, 162 MHz, 298 K): & 31.72. MS (ESL m/z): 710

(M*, 40 %).
b, [3-(4-{[4'-(PHENYL-M-TOLYLAMINO)RIPUENYL-4-YL]-M-
25 TOLYLAMINQ}PHENOXY)PROPYL]- PHOSPHONIC ACID MONOSODIUM SALT
100191} [3-(4- {[4'-(Phenyl-m-tolylamino)biphenyl-4-yl]-m-

tolylamino}phenoxy)propyl]-phosphonic acid diethyl ester (0.50 g, 0.7 mmol) was dissolved
in CHCly (20 ml) under Ny. Bromotrimethylsilane (0.2 ml, 1.6 mmol) was added via

syringe and the mixture was stirred for 2 hours. Volatiles were removed i vacuo to give a
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10 and denonstrate the introduction of functionality to netal oxide
nanoparticles by treating wth suitable organic |ligands. EXAMPLE 5
[ 00188] Surface nodified nanoparticles can fonn nore stable

di spersions than unnDdified nanoparticles in particular organic

sol vents de

cxamp o BTG BBFIPRCE B e mahenar brerid CleaRR (IR ity e £

oct yl phagphodlias saigiish. &“H@ﬂﬂﬂuﬁmf&ﬁﬁéﬂ fopn@olie mmigabaﬂdl dvipdratediohanol
chloroform acetone, and N-nethy gé rol i di none, g tﬁ% corrpared to the
@

di sper sidynssgp gmmieme&ewmwﬁ@a PREFHPIEPBEIN e
solutio r I

pol yn{er p@dl tfﬁl ég)etggﬁévg&ieéwa(s ﬁ#&&%{(@A coﬁ%@g(%}a&%&%g\%ggg?ﬁl% es and
pol ycar bmaam@t 2(hé PekanSe bEromotriadthyldilene 096:2], 3L20tmniND. Aﬂ@asmpvalef e

di sper sed di oxanc | t rasoni cat ed t
oo ey e FEDeT VRO H s o) BEARR o G SR gl

Vi SCoUSs GleSRMyw pEvEd w213 .obbiRaPBKiE val ﬁSry@t@Eitaﬂﬁ&mteﬂlamﬂ)(Ed)}E) tg @mésxh@ an
be also used to fonn a stable dispersion wth polyneric mat

50: 50 (VirQduchesfbParEe ek M%@ﬁ@}eme@@hﬁ@g@sy@@f %gewgﬂg;eéldnz}t?pal was
di rnet hylg %ggt%%lgl%é H}{@%ofd?ﬁgla?totf}/eﬁd’ 0.89 L1 (e B&{d u@rd, d@has8ls Zand %

pol y( hexat | uor opr opyl e ton, from Al drich) and BaTi O3
nanopar t 7247692 ¢ DaHets W5 46), M 411 Sk ' NVROPADNHD, FOPATH, §aR 8. 5 TAD n

nanoconpibst 18 ec Tt 7 R B VBN Bl o helat SH7e G HaRR D/ e 28

subst r at ey, The, 4.52 (6 /w6y Bz 418! 68867 @ANEAY, e S9N d =odTEE, 2EET. 212@393119)4
optical mcroscope, AFM SEM and %S‘{rfac ErOfl | onet ers

EXENPL ARCPECEPHDRB GnAZH) LEoNPORND | RoDMEBY, 150 §iwe o8t Kok

synt hesi e r % t f € 22lRS ive
o Ryl ! Pasid, [ £PLS Eﬁ‘%ﬂﬁ% i) Pdgéyﬁmll%cﬁﬁflhé’% Qs BR33! e P%C&L
11) 1§'he129°s7pm n:esamnam 4¢m7bﬂ 7ol 246k d24.16, ]déS)D;EG 54by23.f'sle of
nlcromave i rradi ation

3- (4-{[ 4125 BHERNS. 13} 97ré@%ﬁAM%QéSB BT 79 (drge Tl 7 112), 24.09 (d, Jop = 137

TOLYLAM PE )
[3-(4-{ [%9 ?Pgeﬁyﬁ zn-10 y% ant no) mgn @B@R%@W{) EST Rz, 69X
tol yl am %@bMﬁwJ miDPSHHMidiacid) (P %5 Gsactmas fomsl (Palcyiatpd Br

(neutral , frade dr 273 26102 (654.26475). CV (0.1 M "BusPFs/ CHaCly, 298K, vs.
20 FcH'/FcH): +0.24 V, + 0.49 V (both reversible).

c. (3,3,4,4.5,5,6,6,7,7,8,8,8-TRIDECAFLUOROOCTYL)PHOSPHONIC ACID

DIETHYL ESTER

[06192] 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-iodooctane (5.68 g, 11.98 mmol)
and P(OEt); (4 ml, excess) were placed in a 50 ml RBF fitted with a reflux condenser. The

25  mixture was subjected to microwave irradiation (300 W) for 2 hours (max. temp ca. 155 C)
after which time the starting iodide was no longer visible by TLC. Volatiles were distilled in
vacuo (150 'C, 0.01 torr) to give the crude material as a thick yellow oil. Column
chromatography (silica gel, EtOAc elution) afforded the desired product as a thick pale
yellow oil. Yield 3.71 g, 64 %. Analysis found (calenlated) %: C 29.25 (29.77), H 2.96

30 (2.91). 'HNMR (CDCls, 400 MHz, 298 K): § 4.11 (m, 4H), 2.36 (m, 2H), 1.98 (m, 2),
1.33 (t,J=7 Hz). PC{'H} NMR (CDCl, 100 MHz, 298 K): & 121-105 (m, C-F coupling
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and P(CEt)3 (5 m, excess) were placed in a 50 Ml RBF fitted with a
reflux condenser. The 10 m xture was subjected to m crowave
irradiation (300 W for 3 hours (max. tenp ca. 155 C) after which
time the starting brom de was no |onger visible by TLC. Volatiles

vere di stinrbRed), 82M8C06 FHz)25.05 @L/L0¢ 04 1), ¥7.V8 (d b, FLe @48 He, JCF
material as a thick yellow oil., urm_ chr omat ogr ap hggy 5| | i ca el
I ow

Et QAc el Ut A1), ¥deadke T hEZHEST {(;o Bd %d@@@%%%@%

(7. 8'3> Y @A% 3 48 %ﬁéﬁ* {0304 E?%Jt%%?%’fmﬁ%%*%@%%ﬂ%@ wﬁ@?’%gg
K): 8 3«&5(05;4991@85075521) .95 (m 16H), 6.84 (t, J— 7 Hz, 1H), 6.71
(d, J= 9 H, 4H) 3.91 (m 4H), 3.57 (t, J= 6 Hz, 2.03 (s, 3H),

42 St oA Ttk a5 ekt P

147.82, 147.27, 141.37, 139.31, 139.18, 135.42, 134.45, 129.56,
129. 54, 1PO198, 128§332.4,136,6807,8 8T Hdecalldfiodityl)phadhhbsic a2id diyl Baer

12415 155 o P G Wl o

(d, Jc-1 &1 dddolihs ad%i%d &Z,syﬁﬂge%ﬁd uieﬁnfx%ue s stitfedFors Bodg )Vold#& el
NVR (CBD6, 162 , 298 K): 6 31.72. M5 (ESI, nnfz): 710 (Mr, 40 %

b. [3-(4-meved @lmmwmmmwwm thisprayidisgalyed nNyie@H (20 ml) with

E-g_z(l‘_l {[4 ?WJ; Z- to am no%ﬁ% %%%PM&%JOM&Q%NI]

t ol yl am nd}jyisevogiy9 @pﬂpyél]onppumbhokdchhmmfd{@ﬁ:}éwmbd gptmtiof 6f HOhig solid 7
nnnol ) rfi? di_ssol ved

20 d 2. . .
B omot 1 MBS Rdo o T S0 amrred RS Hahin fhutios e dadd apngoe
the m xt Ufsey Wi pabider. azde1a©r562g hQuhsol, YOPAt AhBRisvei® (celRBMRd) ¥4 VRS0

to give a 49 gla al ellow solid; this was dissolved in
et hanol @%@ﬂmgé(ﬁ G R G RYISG 40GMIE, BTKELA? oL AL T30

[0 oi Vo imar & BT AR opllit. pP N Bl A B RRL B s Vo5

i nconpl etlelresiawéﬂp byss g, J§0= Lheizpanderdwas =r18dirss ot pedi MV ¢ ONese,2
(10 nml) under N2 and stirred 5 overnight in the presence of

br onot r i EERVHE; 393d9): 08287 nMS FAB, rlilii!t‘F)ol"f?9 (I 1r08r@dal of volatiles

in vacuo and further MeOH hydrolysis the m xture was evaporated to

dryness and a pale vy J [
Q. YBLHoW. mme%@%Tﬂmdﬁﬁom ACID

recrystal lized from ethanol (Et
DIETHYL ESTER

20 [00194] {2-[2-(2-Methoxyethoxy)ethoxy]ethyl }iodide (6.64 g, 24.3 mmol) and
P(OEt); (4.22 ml, 24.3 mmol) were dissolved in 1,4-dioxane (30 ml} and stirred under
reflux for 24 hours. Volatiles were distilled in vacuo (150 °C, 0.01 torr) to give the crude
material as a thick yetlow oil. Column chromatography (silica gel, EtOAc:MeOH 95:5
elution) afforded the desired product as a pale yellow oil. Yield 1.0 g, 15 %. Alternative

25  synthesis using {2-[2-(2-Methoxyethoxy)ethoxy]ethyl}iodide (5.00 g, 18.2 mmotl) and
P(OEt); (10 ml, excess) under microwave irradiation (100 W, 1hr) gave higher yield after
column chromatography (3.06 g, 10.7 mmol, 59 %). "H NMR (CDCls, 400 MHz, 298 K): &
4.08 (m, 4H), 3.67 (d of t, Jup = 10 Hz, Sy = 7 He, 2H), 3.60 (m, 6H), 3.50 (m, 2H), 3.36
(s, 3H), 2.09 (d of t, Jg.p = 20 Hz, Juy =7 Hz, 2H), 1.28 (t, /=7 Hz). BC{'H} NMR

30 (CDCls, 100 MHz, 298 K): 8 71.72, 70.35, 70.30, 69.97, 64.92, 61.44 (d, Jop = 6 Hz),
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product as an orange-pi nk powder; elenmental analysis of the
recrystallized material was consistent with the nonosodi um salt.
Yield 0.36 g, 0.6 nunol, 79 % Analysis found % C 10 72. 67 (72 77),
H 5.89 (5.66), N 4.15 (4.14). '"H NWR (d6 DI\/ISO 400 MHz, 298 ;

128 v Ry 20 Gl ST, 145045 Tory C 2 thﬁgﬁz "

6. 88- 6. 3 b o S e
Hathy Zgzgs?dnazsﬁ*z@ M8 éﬁ&B ( fn/z); zssQEMle] H)O/ %ﬂé(%%wnldo(oama@t £1$or

Ky: S 155H m/1)428513§39§42852m679)47 14 146 81, 146.19, 139. 84,
138. 96, 138.73, 133.85, 132.64, 15 129. 57, 129.46, 129.29, 127.41,

15506, 101 07, 151 G- @t %@ET%@@%“?Y&”}@C’%ON&%%E&DZS 24,09

(d, Jc-p = 137 Hz) 22.98 (d, Jc-r = 21.12, 21.07. 31P {1H
NVR (5d6-[DNBS] 162 {ME&-(Z-Eﬁalob(ycthcacy)ﬁﬁmxwlp’fhymh(bﬁhﬂﬂc ml,e_l)hetmwer (1.00 g,

o) o5 SBRD B R T B R B PR By SR ™

FcH+/ Fchunoly wls 2dkiel vza*'syﬁné@an\d thdnaixbure exae ktsirdal f8) 2 héurs. Volatiles were
3,3,4,4,5,5,6,6,7,7,8, 8, 8- TRI DECAFL .YL) PHOS
E| ETHYL IES‘I"EQ i @M’QZT give a thick orange oil; this was dissolved in I\/IeO%\Iglgo w1th

3,3,4,4, émﬁg@ ngé i %&o&rsbﬁﬁs@fﬂhu%gnﬁemdﬁ%a e I(oﬁrs@ﬁd@vaﬁb}at&g

nmml ) and excess) were placed in a 50 RBF fitted
wi t hl@a rteﬂrmssct@ gdfe mgbmk yatlo oibBhish wes diesakeesl is (Bj:6btead e?éftﬁcmdofriﬁx/vave

di t 0 f
HEER R R e e R
di sth il Ikesdlululﬂn w\aaaTimc(t&iSH papir. Repfidval ﬁﬁﬁa}atéxﬁn gumal gahea gallodlecrpadlBng sllidas
athc el l ow ol 11 ca
el uti on)%ﬁfvfaéﬁﬁ%%?tﬁ%‘@ﬂﬂﬁ’&ﬁ é‘&ir %lF ?1{12‘% lgfgg'é % ﬁ:}a&mpé §(I: r‘?&%&h oi l .
Yield 3. ﬁéclgtah@f} oPTurhBek s s1if Quid &&@érﬁ&e@%ﬁ@ﬂﬁa@om@&ﬁe&'@ofQcﬁatﬂgs) H
2.96 30 (2 NVR (CDC13, 40 11 (m

( m 2H), fuml ¢s y(eva Bufernatant agde(r wacugss (9.08£9rr) ai@csiqd the dasivl mr@m@% a tm@c

, 298 2 ( pl
Je p 2 ey ol Eea 0 s Shmpmd, HATIRNAE U SURTIY Shhe B8 fRATs
JCF = (4p )Ir- A6z, 34H)( Tl48 (}ﬁ;_(ﬂ-l)‘3 81 b ) 2H)34.23 {s] BET), N\ ((16@(;113?—11@3{1‘%
298 K): I\/E FAB mz 485 égg/HH—I] +, 100 0/3 Exact mass
found (cm?é’&iza?-ﬂﬂ 6 EINMR(ds-RMSO, 10298228 &)( 28520 %805) 09.58, 69.27,
65.41, 58.05, 28.99 (d, Jep = 132 Hz). *'P{'H} NMR (ds-DMSO, 162 MHz, 298 K): §
20 23.15. MS (ESL m/z): 227 (**, 100 %), 229 ((M+H]", 10 %). Exact mass found (calculated

for [M+H]", m/z): 229.08490 (229.08410).

g. 2-BROMO-2-METHYL-PROPIONIC ACID 11-(DIETHOXY-PHOSPHORYL)-

UNDECYL ESTER
!
O
BT>§(O \O
3 N
25 [00196] Diethyl 11-hydroxyundecylphosphonate (1.00 g, 3.24 mmol) and

triethylamine (0.328 g, 3.24 mmol) were dissolved in ~20 mL dry DCM in a 50 mL rbf
under argon. This mixture was stirred and put in an ice bath. Bromo-isobutyryl bromide

(0.719 g, 3.56 mmol) was added dropwise via syringe. After 3.5 hours a thin layer
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5d. (3,3,4,4,55,6,6,7,7,8,8, 8 TRI DECAr LUOROOCCTYL) PHOSPHONI C ACI D
[00193] (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafl uorooctyl)phosphonic acid
diethyl ester (0.79 g, 1.6 nnnol) was dissolved in CH2C12 (5 m)
under N2. Bronotrinethylsilane (0.8 m, 6.1 nnnol) was added via

syringe aoltolb®gfinX{le] &a¥Bgesin d’tﬂ)@dcefcé@é B chREmSyasYoh 8f dthy@ Scéidt Bnd the
removed in_vacuo to %Pve a thick orange oil; this was dissolved in

MeOH (20 Afty Tsnevil ebihe seivar thodegiredeomnpand wis elirined evin oremge pilXl.05Qe,
was Sti rr9@/%&Qn'pgﬁiys%&g?@/@aeﬁ@fe@%f@47% 151/ 9%' (1867 pal e
ditrron o whi't

yel | ow powder d ed separatioh of e solid
fromthe yellow solution. The solid was col | ected by f||trat|on
affordi ng the desi riad Ipr(BERIEOXYERORHARVEINDBOIeACRYIAGED 0.56 ¢, 1.3
nmol , 82 % Analysis found (calculated) % C 22.35 (22.45), H 1.25
(1.41) "H NVR (d6-DMSO, 400 MHz, 298 K): S 2.35m 2H), 1.73 (m 15
2H) . 13C¢{'H NWR (d6- DVSQ 1Qp 29 K S 12‘,mQ5f{n1 CF

coupling unresolved), . 1?}%Q\(d Jc-p = 138
Hz). 33iP {'H NWR (d6- DNBOC> 162 NPE 298 K) 6 22.87. Ms (FAB mz):
429 ([M+H +, 100 % . e.

{2-]2-(2- MXYETWWETH@)@?W@}'WW a. m B.24BhEFHMEicE@RERIC20

00194 24..3
ol )| andRECE E A 45 ROHIED B abaghe B Gt ip fho oL v D
1, 4- dijoxaﬂﬁ 1(1&@Lm’ﬂ)ﬂu1'ﬁlﬂﬂ31§?-ﬂ15 BTIﬁdntbﬁdl@ﬁﬁ{asﬁﬁlfrthIdf}mt inZth 1&0&@[’:13 AM@IO?I| I eis
were dl sti | acC on lve e Ccruae maerla
as a thicRl 9%% @268 35 W&W@ﬁ%@!@g}vgﬁw& nggwq I hougsitiosd rpsiden
95:5 1l Uki@m: sﬁéw&mﬁgaﬁihg 821l @y PIRAHCT, Bn)2 MR BnEls s & dnd

Yield 1. Oﬂih % Alternafive 25 synthesrs usi'ng
{2- [ 2- (2- Bcnoxyeediof §) Bieheaclipn ai¥iyic} Thedisdeic (6 Gslpd il ‘Qa‘fmﬁﬂﬂdlﬂ)enand

P(OEt) 3 1

i gher yi ot 2 e BT SRR MRS B S o BB bt pAEHEMS et 1 nllven M BgHE) ®
1 é 1 HzNNRJ I(-I ﬁfﬁ(ékH BactdD@itvivizter?2 Qge Kﬁga.n16 waéﬂﬁﬂ éﬂhéﬂbaﬁ'@oﬂ( cam@%g(bg éaiuty JH. P

1 = . 3.

2.09 (d Oﬂaporjtppl“ptognéé ap{fﬁow Hllgjgonﬂngb&vacgﬂjl cryplagsgt ed to) form. Fléif; oil 3g

{1H NVR 8@ fe@m%d ﬁa%et%ﬁule%ﬁ@tﬂ@cgsﬁls@lte]% Mofﬁ@e é?stal@glo%d an
64.92, 61.44 (d, ) d, Jc-r =1

16. 22 (d, wj@pws cJ@elmzyl SPEUis. {rmH}nl mﬂcc(r@mzaed bwztamwaporz@@ *ﬂ)d PUSOH hlgh
29.23. Ms %ﬁ@% age[ﬁlz)fhe aes%egi Earod'ﬁ%t was og%mé?i ‘as a y&?ow Iy f&ﬁn?gl‘,' @g% yield). 'H

(cal cul ate
NMR (300 MHz, CDCls) 6 6.40 (dd, J=17.32, 1.54 Hz), 6.12 (dd, J=17.32, 10.40 Hz), 5.81

(dd, J=10.36, 1.54 Hz), 4.17 - 4.02 (m, 4H), 4.14 (t, ]=6.75 Hz, 2H), 1.80 — 1.50 (m, GH),

20 1.42 - 1.22 (i, 20H). *C{'H} NMR (75.45 MHz, CDCl3) & 166.55, 130.66, 128.88, 64.91,
61.61 (d, J=6.88 Hz, 2C), 30.82 (d, J=17.21 Hz), 29.69 (2C), 29.55, 29.44, 29.31, 28.84,
26.13, 25.89 (d, J=139.97 Hz), 22.62 (d, 1=4.59 Hz), 16.71 (d, J=5.74 Hz, 2C). Analysis
found (calculated) %: C 58.66 (59.65), H 9.63 (9.73).

i. DIETHYL PERFLUOROBENZYLPHOSPHONATE

F

P(O)OEt),
25 i
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|—|]+, m z): 285.15395 (285.14670). f.

[ 2- (2- METI | OXYETHOXY) ETHOXY] ETHYL} PHOSPHONI CACID 5 [ 00195]

[ 2- (2- Met hoxyet hoxy) et hoxy] et hyl } phosphoni ¢ aci d di ethyl ester
(1.00 g, 3.5 rrm)l) was di ssolved in CH2O 2 (20 m ) under N2

Bronotri Si | 2 e and
the m xt'ﬁﬁt’%s s ?r ér&b?%y Ji‘loﬁﬁ‘gﬁé 00‘%”?3% %g(rjPZBEﬁéﬁ]D vacuo
to give @mblywele Q&BREE 101 hdﬁ;&h@(l‘@&ﬁl} ShSIflel Qe My k(oﬂu@o Ffachoﬂmt h
fumng to give a |ve a yellow solution. The m xture was stirred for

2 hours @ﬁgla@%@ér &t"@dﬂim Heyrirdedthe proguchas acelpmtesk oYL A3 % U 10 whi ch
was di ssolved in CH2Cl12 and extracted with NaOH (3 x 50 m, aq.,

1M . HCl(cone.) was l%g{gggoﬁ@%tﬁ%yﬁdﬁﬁmﬁgus | ayer until "the
solution was acidic to pH paper. Renmpval of water in vacuo gave a
yellow crystalline solid that was extracted with EtOH and filtered.
Cooling the filtrate to -35 C reSLﬁted in precipitation of further
white solid which was renoved ﬂo@ Renoval of volatiles 15
fromthe yell ow supernatant unde ? Bl torn) afforded the
desired product as a thick yet r Yield 0.60 g, 2.6 nmmol, 74 %
"H NMR (d6- DVSO, 400M—|z 298IC) 8355 (ap. 9. J= 7 Hz, 2H) 3.48
(m 6H, 3.41 ( |n 323s 1.83 (d oft, Jxr:19Hz Jil

11= 7 Hz
50, 69, 68EH 60 éf%r“@f%%%%% K
{1H} NVRufyd: Dlvwm)l%éu—md TASBK3.668, ZESQMW&ﬁdﬁEﬁl Therdhixyure 237
(4", 100 99, 229 ([ MH + E% act found cal cylated for
[ MeH] +, Wforfé@u@sﬂaw ipepe lzfigﬁe”sn OPREPIENI C
ACID 11- é\Qb A Y RO R G oﬂUNRE@I/ts Iﬁﬁ-{;ﬁga&@dlahd 1B dkspedsiost@ied
[ 00196] Di et hyl ].gl hydr oxyundecyl phothonate (1. 006?@ 24 m nol)
and 1@ri| éerQtnartheaf(G@)@m%e pRdpdt warreliepteddy dliitios viakiias White oustals” dr y
DCMin a 5% mI:JB 6r under argon. This mixture was stirred and put in
an ice be ‘i)rb i sobutyryl bromide (0.719 g, 3.56 innmol) was
added dropwi se via syringe. After 3.5 hours a thin [ayer 52

k. 9-(3-BROMOPROPYL)-9 H-CARBAZOLE

%

Br

M
2-
2-

cuu

[00200] Carbazole (15.00 g, 89.71 mmol) and 1,3-dibromopropane (45.5 mL, 450

15  mmof) were dissolved in ~200 mlL dry THF and stirred under argon in a 500 mL tbf.
Sodium hydride (3.23 g, 134.56 mmol) was added and the mixture was brought to reflux
(~78° C) and allowed to do so for 40 hours. After cooling the mixture was diluted in ~800
mL water and extracted with ethyl acetate. The organic layer was dried over magnesium
sulfate and concentrated by rotary evaporation to leave an orange oil and light brown solid.

20 This was distilled under high vacuum (0.05 Torr) at 100° C for 2 hours to remove excess
dibromo compound. A tle in 30:1 hexanes:ethyl acetate showed 6 spots. A column was run
in 30:1 hexanes:ethyl acetate and the third spot was isolated as a thick yellow oil. This oil

was dissolved in hot ethanol and put in the -20° C freezer overnight to yield a white solid
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chromatogram (tlc) was taken in ethyl acetate. A colum was run in
ethyl acetate and the after renoval of the solvent the desired
conmpound was obtained as an orange oil (1.050 g, 75%yield).

Anal ysis found (calculated) % C 47.56 (47.65), H 7.98 (7.86). h.

11- ( DI ETHOXYRHOSRHGRY. ) THiNDceoundCR Yepdtizd ifOhe itdedtide\andl QQTBM]JMIB' iet hyl
11- hydr oxyundecyl phosphonate (1.00 g, 3.24 mmol ), triethylam ne
(0.328 g, °°§512t3mr?ﬁ’|5}?§heéwhérespatul a tip of hydroqui none were dissol ved
in -20 nL dry DCM in a 50. nmL rbf under argon. This m xture was
stirred and put in janyigamabiuof@uxbirHeRb@sidacks. 322 g, 3.56
mmol ) was added dropwi se via syringe. After 3 hours tlc of reaction
10 m xture showed no starting naterial (ethyl acetate, 12 stain).
Reaction was stopped and toluene was added to thé{é action m xture.
The organi ¢ was washed w i E@ﬁ concentrated by
rotary evaporation. The product was then redissolved in DCM and
extracted wwth water. The organic was then dried and concentrated by
rotary evgggiqti on ltlo(dié'ﬂr%k?ph'ésﬁdﬁﬂlﬁﬂ’{d&yﬁ acrHQ{%fMiU AB, VAEMHBNGE¥%St al s
started to form The oil was 15 then redissolved In acetonitrile and
the crystdisslved in < eﬂf dry BOW/RMS brameide (433 mils2.§howead) wes addadk Migwbiringe

cher cal A% S8yl 8ol iBRCONGPIIRANGHBY AL ALY 1Y aRGLAYIGD and

put on hi vacuu BV 4esi Fe was obtal ne
yel | ow Oldonéehﬁﬂteﬁg)y 1&81%6}?&@#&)011 ah&lthd‘jNEﬁt(cBﬁﬁxﬂu\eerhssoEEXEilﬁﬁ BilGmeébanol
(dd, J=17.

1 d 5 81 (dd,
J=10. 36, 9:{1 Wﬁ)”at% alidﬁm‘f ﬁf % h?“rﬁ m&l"‘]“}‘&h FE‘% E’§°*?§at|§|{‘gm?ﬁ) 1M go
- 1.5 (i1 Widadde@add tﬂgpfodﬁetz’zas@kﬂ?act@h% d;laﬁ&{)ﬁl%ﬂhaﬂl\g*@nég 5\(645‘1&%,41?&
CDC13) 8 166, 55, 130.66, 128.88, 64.91, 61.61 (d, J=6.88 Hz, 2Q),

30. 82" ( d,sulfatg7amgipupened dpo Theyqlpeybrowg sgil wapdissplyed foha poctowirgg and put in
2o 120 PRl ol Mot 05 i iRt bl sy oo
(9.73). |MHE,I EIPEY). 5 PERR bt JORPBENZY (FHESPHONATE Ha), 6. 2 @f; 1=17Be0 QB2
FF 5.81 (dd, 7=10.40, 1.60 11z), 4.15 (t, J=6.73 Hz, 2H), 1.82 — 1.50 (m, 6H), 1.42 — 1.18 (m,
15 14H). PC{'H} NMR (125.77 MFz, CDCls) § 166.76, 130.85, 129.05, 65.12, 30.87 (d,
J=17.38 Hz), 29.89, 29.88, 29.76, 29.65, 29.46, 29.01, 26.33, 25.76 (d, J=143.86 Hz), 22.45
(d, J=4.85 Hz). Analysis found (calculated) %: C 55.09 (54.89), H 8.79 (8.88). *'P{'H}
NMR (161.97 MHz, CDCly):  38.76.

m. DIETHYL 3-(9H-CARBAZOL-9-YL)PROPYLPHOSPHONATE

9Pl
O
P

{00202] Triethylphosphite (13.4 mL, 80.1 mmol) was added via syringe to 9-(3-

20

bromopropyl)-9H-carbazole (7.70 g, 26.7 mmol) in a 50 mL rbf. The reaction was heated
and stirred under Argon at 130° C for 18 hours. Excess triethylphosphite and side-products
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25 F 53 [00198] Perfl uorobenzyl brom de (2.00 g, 7.66 mml) and
P(OEt)3 (1.66 g, 9.96 mmol) were dissolved in 1,4-dioxane (10 m)
and heated at reflux for 14 hours. Fractional distillation (66-78 C,
60 mm Hg) afforded the product as a colorless oil (2.43 g, 96 % .

[00159] BN -bIRT IBPoBeRey ISR TRALIET LTl G G0 Oy

di ssol vedmir4o0liy MeE CIRC#s §1b (asi=7rmeg 08 g, ﬂyﬁBrso(ﬁmﬁ@ Qi) 23288

nmol ) was added. The mixture was stirred fo hour s room

t enper at i+ thHerd-4hitdr V0 e PHb ¢ et & Gﬁér‘ﬂfﬁ)e%ﬂ%ﬁ 08 (mo2ldk, .74 (dt,
evapor at h def t he
s\ljsgen5|jgrr1 té:}’l'/?#délgz?gf)fi% yﬁlnz: nu éjlﬁh) aft’gﬁ}éﬁ\@ﬁ QOWch @1%63
col | ect eBoy (2C), 12286 RC)y122.4% BG), \MhP 883(213))/31%565(206 108B7¢2CH U8 (K.

89, 71 Py dink -2 h brionSFaane (s S Hegd S Tk, 1Ll

di ssol vegsisa Hza.Gq: }@hmghﬁ Andustaniag: $90ss, {21980 ththd¥ca@fadly %DF -

Sodi um hydride (3 4.56 nunol ) was added and the mi xture ‘was
brought €65 6%{6619(7), K 7308 (@)Oohhblﬂe @i ( M8 @hoﬂ@oHQﬁ[Wﬂ XSar. Exachfrtasy
cool i ng dj | ut i wat er and extracted with
et hyl ac}é’p&@a%ﬁlﬁégg %/I mj a%lgrm\?\%drs g?ﬂ‘é%%&ver magnesi um sul fate
and concentrated by rot ary evaporation to | eave an orange oil and

| i ghto brown sol i dn. 2B(9HHCaRASAOIY- VL) ROEVLRHT e HORICHTINacuum ( 0. 05
Torr) at 100 C for 2 hours to renpbve excess dibrono conpound. Atlc
in 30:1 hexanes:ethyl acetate showed 6 ,spots. A columm was run in
30: 1 hexanes:ethyl acetate and th 'pot was isolated as a thick
yellow oil. This oil was dissoly ot ethanol and put in the -20
C freezer overnight to yield a wh

[00203] Trimethylsilyl(TMS)-bromide (1.12 mL, 8.67 mmol) was added via syringe
to a solution of diethyl 3-(9H-carbazol-9-yl)propylphosphonate (1.00 g, 2.89 mmol) in ~20
mL dry DCM in a 50 mL 1bf The flask was greased and capped and allowed to stir for 90

15 minutes. The volatile organics were removed under vacuum and 30 mL of 1:1 MeOH:H,0
were added. The solution turmed a cloudy whitish/grey. The solvents were removed and the
product recrystallized from 2:1 H,O:acetone (grey powder, 612 mg) and 1:1 H,O:MeOH
(PJH-II-5¢, glassy grey solid, 42 mg). Both recrystallization solvents yielded pure product.
Total yield was 78 %. "H NMR (400.14 MHz, DMSO) 6 8.15 (d, J=8.00 Hz, 2H), 7.65 (4,

20 J=8.00 Hz, 2H), 7.45 (dt, J=15.41, 1.00 Hz, 21), 7.19 (t, J=14.81 Hz, 2H), 4.48 (1, J=13.60
Hz, 2H), 2.03 — 1.89 (m, 2H), 1.59 — 1.46 (m, 2H). *C{'H} NMR (100.62 MHz, DMSO) &
140.01 (2C), 125.76 (2C), 122.07 (2C), 120.33 (2C), 118.78 (2C), 108.33 (2C), 42.48 (d,
J7=17.31 Hz), 25.00 (d, J=137.35 Hz), 22.67 (4, J=4.13 Hz). *'P{'H} NMR (161.97 MHz,
DMSO): § 26.78. Analysis found (calculated) %: C 62.27 (62.28), H 5.56 (5.58), N 4.73

25 (4.84). MS (FAB, m/z): 290 ((M+H]", 100 %). Exact mass found (calculated for [M+H]",
m/z): 290.09405 (290.09461).
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54 (7.70 g, 30%yield). This compound is reported in the literature
and the 1IH NVMR is consistent with the structure. 1.

11- ( ACRYLOYLOXY) UNDECYLPHOSPHONIC ACCD O O A -OH O 5 [00201]

11- (di et hoxyphosphoryl )undecyl acrylate (420 ng, 1.16 mmol) was

di ssolved in -5 miodrympEit. 3B/B-hiremrderyD-93BcakBAzdL5S Ml ) was
added via syringe_ and the rbf was greased and capped and allowed to
stir for 2 hour sSYLIARESEPEHONME concentrated by rotary evaporation
and the product m xture redissolved in -3 nL nethanol and -5 nL
water and stirred for 2.5 hours during which, a white precipitate
formed. 1 M 10 HO was added and the productf—was extracted into

di chl oronet hane, dried over nagnesi ffate, and punped dry. The
yel | ow brown solid was di ssol ved"TRzhot—acefonitrile and put in the
freezer overnight. Filtration afforgghl White solid (143 ng, 40%
yield). 1H NWR (300 MHz, CDCl13) 6 9.82%t r, s, 2H, 6.40 (dd,
J=17.32,1.61 Hz), 6.12 (dd, J=17.32, 10.41 Hz), 5.81 (dd, J=10. 40,
1.60 Hz), 4.15 (t, J=6.73 Hz, 2H), 1.86§E\.50 (m 6H), 1.42 -1.18

(ni, 15 14H). 13C{'H NWR (125.77 Mz, 3) 6 166.76, 130. 85,
129. 05, 65.12, 30.87 (d, J=17.38 Hz), 29.89, 29.88, 29.76, 29.65,
29.46, 29.01, 26.33, 25.76 (d, J=143.86"Hz), 22.45 (d, J=4.85 Hz).

et v o OBIE (R o oR g b el Fo6% 80 Hihon §47
3 ( 9 HSCAW%G SRR \ﬂefﬂi‘?ﬁ)ﬁ'@'@ (& 1 BhOfludbed with No20r § 62ed] To this
Trlethylphoi?hlte (13.4 was added Vi a syrl%ge to, 9-(3-

br omopr opyiiTyd Skt epAsKed plprmying chlogicd 1 gl 367 Aumplbgowy %ﬁolu‘frfﬁe
reaction ¥Rgd E&%k? g:nd black with gas bubbles appearing. The reaction was allowed to stir for 25
minutes after adding all the aluminum chioride. It was then quenched with 25 mL water and
an extraction performed with water washings followed by 2 X 20 mL 1 M NaOH washings,
10 then another water washing. The vellow organic layer was kept and dried and the solvent
removed under vacuum. A tle in ethyl acetate showed 4 spots with the brightest (and
desired product) being the third spot from the top. A long column was run and the desired
product was obtained as a thick yellow oil (447 mg, 34 % yield). 'H NMR (400.14 MHz,
CD,Cly) & 8.10 (d, J=1.6 Hz, 2H), 7.52 (dd, J=8.80, 2.00 Hz, 2H), 7.35 (d, 8.40 Hz, 2I),
15 4.36 (1,,7=7.00 Hz, 2H), 4.08 — 3.93 (m, 4H), 2.21 — 2.07 (m, 2H), 1.71 (dt, J=18.14 Hz,
6.00 Hz, 2H), 1.45 (18H), 1.25 (1, J=7.00 Hz, 6H). C{'H} NMR (100.61 MHz, CDyCh) 6
142,14 (2C), 139.26 (2C), 123.80 (2C), 123.06 (2C), 116.68 (2C), 108.50 (2C), 61.89 (d,
J=6.4 Hz, 2C), 43.36 (d, I=15.8 Hz), 34.92 (2C), 32.19 (6C), 23.35 (d, 142.2 Hz), 22.59 (4,
J=4.9 Hz), 16.64 (d, 7=5.8 Hz, 2C). *'P{'H} NMR (161.97 MHz, CD,CL): & 31.34.
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and stirred under Argon at 1301 C for 18 hours. Excess

triethyl phosphite and side-products 55 were renoved under vacuum at
-100 Cto yield a thick yellowoil (8.50 g, 92 %yield). 1H NWR
(400. 14 MHz, CD2C12) S 8.10 (dt, J=7.73, 2. 00 Hz 2H), 7.50-7.44 (m
aH), 7.27- 7.19, m 2 J=7.00 4,10-3.95 (m 4H),
2.23-2.09 (m 2HP PI%"M%G' L‘T%R BUTYL- %‘BA%% 1.26 (t, J=7.00
Hz, 6H). 13 1Ry MBvLidesradnMZermCD2Cl2) 6 5 139.99 (2C), 125.36
(2C), 122.42 (2C)) 119.88 (2C), 118.56 (20C),108.37 (20, 61.18 (d,
J=6.44 Hz), 42.52 (d, J=15..39 Hz), ,22.59 (d,, J=141.97 Hz), 21.75
(J=4.83 Hz), 15.91 (d, J=5.84 AVR (161. 97 Mz,
CD2C12): S 31.22. Analysis found (ca % C 65.67 (66.07), H
7.01 (7.00), N 4.05 (4.06). M5 (H, @)l ([M, :100 9% . Exact
mass found (calculated for [M, n12 T R45714264 (345 14938). 10 n.
3- (9H CARBAZOL- 9- YL) PROPYLPHOSPHONI C AC NZ O OH HO [00203]
Trimethylsilyl (TM5)-bromde (1.12 nL, 8.67 mmvl) was added via
syringe to a solution of diethyl

3- (9H carbazol - 9-yl ) propyl phosphonat e (°H2 0B g, 2.89 mol) in -20 nlL
dry DCMin a 50 nL rbf The flask was 'Q(Peased and capped and al | owed
to stir for 90 15 m nutes. The vol atile organics were renoved raider

vacuum dARR0Sb ni Biethyl 3-Rescdirtrpbutyl s adaeiy- PR YRoPsRoBHe (470188 2
! | i i ' i} an
cl oudy %2} %’%3{)%33%55@3?&;@81%%}%31 &1b m\éﬁrﬂsﬁ*&q Elkb%lnqgtn)qﬁ Qﬂwﬁﬂ e

recryst cacetone (grey powder, 612 :
H20: Me OH0. 36 RaL2175 n&npl) gdaas@ipd grassyriggd. iTHe sod@txqmgylmecB@axh purple upon add1t10n

recrystal |.i i el ded pure duct . . Tot

% (D00 TR iR PP Ji8 gt I3 orf il s

J 8 00 Hésn@iﬂ)zhgmémledbl,veﬂwa@ pﬁﬁl,ped-oﬁ@nd‘ﬂls n’ﬂﬂ).u.’e r@dl&&al\(eﬁ ind= 14 81 Hz,
4. 48 13.60 Hz, 2H), 03 -1.89 (m 1.59 -1. 4gé§;wn

2 H) 13@?&@@#@ X mmsznqw&owqj\yg@u @r 2 pyee }(ﬂLrS( Q@)ductlxg@ PHEIE
%2 ]2- 79):7% L (aégf)then%rgaasgﬁ?ag %@fl’e?%ﬁﬁ% }%ﬁ%p 26% Jdg%n %%J.\( 21@% zméo?f a‘%e)( ghlid W as

NVR (16 lisAzted/H5% ylmps@)ltenﬁnzayjs&etomanews gserdomn@tm@ac@gn b\ ed) % C

G INLE L NER MR M e e T
8.17 (2H), 7.52-7.45 (m 4T), 4.39 (t, J=6.67 Hz, 2H), 2.00-1.86 (m, 2H), 1.53-1.43 (m,
2H), 1.40 (18H). *C{'H} NMR (125.77 MHz, DMSO) 6 140.97 (2C), 138.53 (2C), 123.18

15 (20), 122.00 (2C), 116.34 (2C), 108.60 (2C), 42.51 (d, J=17.36 Hz), 34.41 (2C), 31.92 (6C),

25.07 (d, 137.22 Hz), 22.73 (d, J=4.02 Hz). *'P {'H} NMR (161.98 MHz, DMSO): § 26.79.
Analysis found (calculated) %: C 65.87 (68.81), H 7.98 (8.03), N 3.35 (3.49). MS (ESI,
m/z): 402 (M+H]", 78 %). Exact mass found (calculated for [M-+HTY, m/z): 402.220000

(402.219259).
20 q. 11-(DIETHOXYPHOSPHORYL)UNDECYL CINNAMATE
o E’O‘“‘/
= A T N \O\_
0]
[00206] The diethyl 11-hydroxyundecylphosphonate (1.00 g, 3.24 mmol) was

combined with TEA {0.48 mL, 3.40 mmol) in 15 mL dry DCM in a 50 mL round-bottomed
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m z): 290.09405 (290.09461). 56 o. DI ETHYL

3- (3, 6-DI - TERT- BUTYL- 9H CARBAZOL- 9- YL) PROPYLPHOSPHONATE O~PO

[ 00204] Diethyl 3-(9H carbazol -9-yl) propyl phosphonate (1.00 g, 2.89
mol ) was 5 dissolved in 2-chloro-2-nethyl propane (5.0 nL) and

flushed Wiath(rD ah@heimixuitivasbrolght tbwa to 8 Cr Cathasoliuhliie (@65 ragldie@)
al um numchloride (1.16 g, 8.67 mml) sl.o The sol ution g&” ned

chunky aremel) sega etiﬁlf‘@a‘éls%Jbﬁreégl%ﬁﬁ@é?ﬁﬁ%}(or?ﬁ@mfsé'&étﬁieﬁr?t% F°Fowed
to stir for géﬁe 5 Wﬂl?ﬁﬁsghgﬁite ddiRGuatd. thei m'awﬂb%\%d'seﬁ‘eralln’éw

was t hen que ter and an extraction perfornmed with
wat er waspotagThé mhd:tmmdlmye waxthed wathed 3K (Bﬁ@)\h@é]ﬁ fidlowed Oy b"mwn

th t I
and the SO SPor irmare St ca et B4 ritThyt Fbufl Sl
4 spots Whd Ja,hteherebddve@t Q&iﬂ(ﬁt@dﬂﬁbapﬁ@%bm i émgillﬁfei)atd)»easl’lgn biteiht hesmd
spot fromthe top. A long colu run and the desjred %%%hiwas
obt ai ned paeslugt ws isplatpdjep é«ﬁlm-tveiaﬁ?ﬂ With Fs7 00 &) %, 41%?/’@9&
6
CD%%OZM %ﬂ{}oéﬁz&;ﬁ '8 7368](i1 JJ}% é}g%ﬁ)) 7,93 g@ ﬂﬂd*iss} gﬁl?ﬁ@; 6 24@&) 1HE6.02

(m 41' 1)Hz),z42c1(t T=5. DL, mmms (1. 4?111,1(5&14%@861:941@ 225(:@@01:12 Qﬁg{}

Lois bbb T S SR A MRy,

g iC)gz 122 1801 (05, 62328&9;?6 gg mza@cy}sem (R TF16.98, 3H4L @,0),12913 89.p0,)
16. 64 (d 2)9ﬁ252%6$=|22 9??6?5 63fdo *]|(430 %@F@i%@%ﬁ%@sﬁﬁg@%ﬁ]ﬁ%@%{%&
%I pD OD' EE&“PW 6] Wl%%@@%yﬁs fothd RRERNLRIHSEHENC

3- (3, 6- di(63.83)t Hlﬂ;@gl(&%l-M&r(E&Iz m/z)94§ﬂ (e s 11 P 8 phastimess( ool (eglculated

B omobr RGPl | 80 Epsad SO T s addba via syringe. The

solution turned dark purple upon addition
r. (£)-11-(CINNAMOYLOXY)UNDECYLPHOSPHONIC ACID

: Lo
P P Nt N N N NP ~OH

0

[00207] 11-(diethoxyphosphoryljundecyl cinnamate (545 mg, 1.24 mmol) was
dissolved in dry DCM (15 mL) in a 50 mL rbf and stirred. TMSBr (609 mg, 3.98 mmol)

20 was added via syringe. The flask was greased and capped and allowed to stir for 90 minutes.
The volatile organics were removed under vacuum and 20 mL of 1:3 MeOH:H;O were
added. The solvents were removed and the product recrystallized from acetonitrile (white
crystalline solid, 425 mg, 90% yield). *H NMR (500.13 MHz, CDCls) § 7.70 (m, 2H), 7.63
(d, J=16.00 Hz), 7.41 (m, 3H), 6.62 (d, J=16.00 Hz), 4.12 (t, I=6.50 Hz, 2H), 1.66-1.57 (m,

25 2H), 1.51-1.38 (m, 411, 1.37-1.18 (m, 14H). *C{*H} NMR (125.76 MHz, DMSO) &
166.25, 144.38, 134.01, 130.44, 128.90 (2C), 128.34 (2C), 118.12, 64.03, 30.09 (d, J=15.94
Hz), 28.97, 28.95, 28.88, 28.71, 28.69, 28.21, 27.54 (d, 7=136.52), 25.43, 22.73 (d, J=4.65
Hz). *'P{'H} NMR (161.98 MHz, DMSO): & 27.72. Analysis found (calculated) %: C
62.51 (62.81), H 8.21 (8.17). MS (ESI): Exact mass found (calculated for [M-+HT,
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of the TMSBr. The round bottom was then capped with a greased gl ass
stopper and allowed to stir for 2 hours. The sol vent was punped off
and the m xture redissolved in a MO4/DCM1:1 mxture and allowed to
stir for 2 nore hours. Product was punped down 10 and then

r edi ssol méx:383 1 MBI FH201 SBngo)punped down again. 165 ng of a grey solid
was isolated (45%yield). Alternatively, acetonitrile was used in a
| ater reaction to an/recrystallize the conpound to yield a beige
solid. I'H NWR (408 15'% ﬁ@é&)"HQSPHé’Ni‘%A@?H) 7.52-7.45 (m 4H,
4.39 (t, J=6.67 Hz, 2H), 2. 00- 1.86 (m 2H), 1.53-1.43 (in, 2H), 1.40
(18H). 13C¢{1H NWR (125.77 MHz, DMSO 6 14 (20, 138.53 (20,
123.18 15 (20, 122.00 (20, {%60 (20, 42.51 (d,
J=17.36 Hz), 34.41 (20, 31.9 25 07 CH, 137.22 Hz), 22.73 (d,
J=4.02 Hz). 31P {"H NMR (161.98 M—Iz DI\/SO) S 26.79. Analysis found
(cal cul aEOB%QS] % C48ryd7L (684 8alom Flask, @8h G8tinByr, wid fﬁteaam(lﬁa #Q)enk VS

(ES1 s 1 0l AT Mbbonc T8 008 e EXREL. 350 1 O S UL 8 P
11- (DI ETﬁ@WEIH%E’HﬁHteMdﬂbEE@{ES To MMM&EEEbo@)m Qak Q@:‘%@@]he nggo@lgﬁ,t) R%Iﬂ#
ned w

11- hydr oxy olec;fggoﬁa}gqonat (1 00 g 24 ol

TEA (0. 4% Fppulag nyene{ &Qﬁ”ﬁwwmmr}ﬁi ds@smzngeolﬁhan@@ttoned
58 f | asksyktehifwasaB6lcl RE-78 &taHl 8- o1

chl ori desy%566 Elrsrg, §. g ﬁﬁ&@gﬁélg‘g@c?ﬁ%%w setjﬂﬁl%ea%)evgacstl on was
stirred %ﬂgez Th@wsé%nawas e Allasyad 3o stif fomﬁemmtfsmn@dr mtl'@espmsmmmg&

phosphon t a te ) ver

P pot 2 ORES O RNBIIE eralteled B iV B8 At SO0 Rierr T e
by sodi uml pweseddsdifdilatved apdddiasest mashesof 1&&1@@@@{&@3 (ay«srg, pas2d hen
dri ed over%gﬁgpe5| n1su|fate and the solvent renov

chr omat 0P Fhcqalrdde R{A (ol therdibrmiderdinge sna Ot ﬁé’ﬂ@é’éﬁsrﬂé‘%ﬂ

d
pr o ;Icte | %ﬂ@s@ad‘ $Rd it '\]%Re%@ Aiudh m%%%{%%%mm%@ga E%ﬁgtée(%gﬁ W,

( m 2H) seqorgglgoqqﬁ boypgcn atg fast d(o@ wigepB. @Qe seppi)d syatemvz(stthelﬂﬁiﬁ:dMﬂngass
% oot B D G5B o 25 B 0 B
( 2 C) 127pQerye{ld@)color. Removal of the ether left an orange liquid with white precipitate. An
exiraction with hexanes and water was performed and the hexanes layer showed desired
product via GC-MS. The hexane was then concentrated by rotary evaporation off. A
distillation was run and the last fraction to come off was found to be 85 % for desired

20 product by GCMS. This was purified no further and used as was in the next step.

{00209} The 1-bromo-6-phenylhexane (~7.304 g, ~30 mmol) from the previous step
was then added to triethyl phosphite (25 mL, 143.7 mmol) in a round bottom flask fixed
with a condenser and under Argon pressure. This was allowed to reflux overnight. GCMS
(PJH-I-37b) showed no starting bromide left and the reaction was stopped. A distillation

25  was performed to remove the excess triethyl phosphate and then a column in 2:1 hexane:
cthyl acetate. The desired product had an Ry= 0.55. The desired product was obtained with
only a trace impurity of the bisphenyl substituted hexane. The product was be purified

further as it is a new compound, but some of it was used in the next step.

[06G210] 6-phenyl hexylphosphonate (2.00 g, 6.71 mmol) was dissclved in20 mL of
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118. 21, 64.65, 61.28 (d, J=6.54 Hz, 2C), 30.54 (d, J=16.94), 29.42
(2C), 29.28, 29.20, 29.02, 28.65, 25.90, 25.62 (d, J=140.40 Hz),
22.33 (d, J=5.21 Hz), 16.42 (d, J=5.92 Hz, 2C). 31P{1H NWR (161.98
MHz, CDCl13): 6 33.32. Analysis found (cal cul at ed) % C 65.39

(65. 73), de DCdbin(83028). rows Hoksh, ﬂaskzljothﬁ@@s(agwqms bt@ideq 3.0 mac3.49

e 11y %mﬁ%@%%ﬁ%w&%ﬁm%pk@@ﬁa Shgh i o Pl

O 00207}ﬂa§1&wé§hﬂ1€1ﬁ bmmyrnm@ip&m;a@ mﬁ@@tﬁbn wiranereEb €M &4hmelanol wadadded
mol ) was _di ssolved in drlécDS )r na5(I)n1_rbf and stirred.
TVBBr (6604 s Was agginalgvpd %@1 é&a@d b5 mehgnql ige remdved praggiovapad

greased g, 6ARRYLIRAN Rkl IgNaILEAC 8Lid, rwd‘s %c#@auﬂealﬁo%? acetcﬂitﬁlev(@ lserberd .

or ganl CS were rem)ved under vacuum an wer e
added, Thetches wasnvbtainedefor anewesall vield of hd%e 6HTYs) r SENYER @IODMFézi from

(500, 13 WYSOUNAT- PGS0 08, 190y S 267 4 BL Tl B g HE IR

3H), 6.62145477 Ifﬂsrtﬁcn@lswz)mz 89,1123(36,(2 1 62804 {28, 219)62, 3586, 1. B73¢.205 (d25

2 e Bel T g Do S e D 2 Sk 1ok iy MR 2 70 M

118. 1% 28.95, 28.88, 28.71,
28. 651918 2?5}?‘%%7@591@5%%37]?3% %{2]‘1) CH%% 4?%@72% 73 (d, J=4.65 Hz).

31P{'H NWR (161.98 M—Iz DMSO) : S 27.72. Analysis found (cal cul at ed)
% C 62.51 (62.81f, IHEBHIYHPENIABRPMONENPESHPSPHINMNE mass f ound
(calculated for [ MtHl +, 59 nfz):383.197378 (383.198189). s.

6- PHENYLHEXYLPHOSPHONI C ACID O A.gOH O4 [00208] A dry 1 L round
bottomflask, with a stir bar, ttedw th a schlenk 5 adapter
(the joints were greased) and put er RF&ttom It was then filled
wi th nitrogen and Br '

[00211] Pentabromobenzylbromide (4.50 g, 7.96 mmol) was combined with
triethylphosphite (4.36 g, 26.3 mmol) in 2 25 mL 1bf and was heated at 135° C for 15 hours.
15 A solid precipitated upon cooling and was filtered and washed with hexanes (PJI-II-49a,
| beige powder, 4.237 g, 85% yield) 'H NMR (500,13 MHz, CDCl3) & 4.16-4.10 (m, 4H),
4.01 (d, F=22.5 Hz, 2H), 1.32 (t, I=7.00 Hz, 65). *'P {"H} NMR (202.46 MHz, CDCl;): &

22.76.
1. PENTABROMOBENZYL PHOSPHONIC ACID
Br 0
B R-OH
‘ OH
Br Br
20 Br
[00212] Diethyl pentabromobenzylphosphonate (4.00 g, 6.42 mmol) was dissolved in

dry DCM (20 mL) in a 50 mL rbf and stirred. TMSBr (3.44 g, 22.5 mmol) was added via
syringe. The flask was greased and capped and allowed to stir for 4 hours. The volatile

organics were removed under vacuum and 25 mU of MeOH was added and this was heated
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this cycle was repeated several tines. To this round bottom was added
ether (-500 nL) with a cannula. The iodobenzene (15 g, 0.0735 nol)
was then added via syringe. Then the systemwas cooled to -78 C and
n-butyl lithium (30 nL, 2.5Min hexane) was added via syringe. The
system $ hen | owe .stir for, 45 m putes de jtro

o esour et GO0 Zhosi BpkPiuhic fraloliy Belb D A0 Pttt asieg,
up al ongsititlscetdnérifd (PSH-I-Drey walthgswder, 200 g, 88 wels). & davir fodd. piieEizby
addi tion_o excess of _1.6-dibyronmohex 53.8 g, 0.202 1) .
Thi's wasD VSR Bactt o rs 72 Hir b iC Mo b el P Edrss 1308002850
was usedq jnsdoerd 2cThesphedyilbs ki thi s, ¢l ax swag sEens s ?H{} ed
via cannuia from’the€ first to the seéond round bottom at a fas

dr op-iM siEMRaflel.9ThiHz &dbd): $y1Ft58m was then fitted with a glass 15
stopper and allowed to warmto roomtenperature and stir overnight.
The final solution I Renoval of the ether

| eft an orange |i Juyggw(?h%??%ﬁpé@ngﬁ%ﬁ% An extraction with
hexanes and water was performed and the hexanes | ayer showed desired
product via GC-MS. The hexane wag ¢

evaporation off. A distillation

3\

. gy red 20 product by GCMS. This
was purified no further and used|/a$ Pn the next step. [00209] The
1- br ono- 6- phenyl hexane (7.304 g, M BHPEf rom t he previous step
was then added to triethyl phosph 5 @Et 143.7 mmol ) in a round
bottom flask fixed wth a condensg®® and under Argon pressure. This
was al l owed to reflux overnight. g@% (PJH1-37b) showed no starting
bronmide left and the reaction waaCst 'f}ped. A distillation 25 was
performed to renove the excess Methyl phosphate and then a colum in
2:1 hexane: ethyl acetate. Themghesigoed product had an Rf = 0.55. The

desired product was obtai ned w tehdomosskpplyaet race i mpurity of the

bi sphen stit hexane he oduc s b urifjed, further as
ot P gt oot eRs gl [ 199 5me B b ged wip

[ 00210] @feﬂlls}?w%)hn@w,hmﬁm 3 82§ AI08usH bioflfABhd h¥A& Arshelay ed

i n20 nL of 0 in a 50 nL round bottom fl ask. To this was

r D - -
added TMSSoiCofer a%ﬁ@gs-o”shw@actwa ngturayes 3 cleas yiseots apalsadioheeelisgapped
wth a I Sk : - was
then conponrrorfaRRRTDCENG ElUMRE ddnahlcl s o) T HRF bl 28
was addelkbxaanid yidid 8 whits sagiadofidptdepied. Tie stulting frocipitatheas rediFhdved into
met hanol DERPand np\{)g aélalinain{o te(}){\a{na i grecipitate was then dried and washed with sther
(2 X 60 mL). The precipitate was redissolved again into DCM and precipitated into hexane

15 again, The solvent was then removed via vacuum to remove a white sticky/glassy solid.
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5 the product, 6-phenyl hexyl phosphonic acid, was recrystallized from
acetonitrile (6 different batches were obtained) for an overall

yi el d of 1.2949(797% 'HNI\/R(300I\/Hz DIVISO) 6 7.28-7.10 (m
5H), 2.54 (t, J=7.64 Hz, 1.60-1.15 (m | . 13C{1H} NWR

(125.77 MHz, CDC13 (2H), 125.62, 35.80,
31.13, 30.205 (d, b GP‘M@ ﬁ?ﬂL é‘%l‘é’%&%&%&%ﬁ J=144.63 Hz). 21.905
(d, J=1.89 Hz). Anal. Caled for 10 C12H19PQ3: C, 59.50; H, 7.91.
Found: C, 59.64; H 7.93. t. D ETd) ABROMOBENZYLPHOSPI | ONATE  Br
Br POO Br | Br O- Br [00211] Pehft akf omgbenzyl broni de (4.50 g, 7.96
rmmol ) was conbi ned with trlethy h|te (4.36 g, 26.3 mol) in a
25 nL rbf and was heated at 135 @ 5Chours 15 A solid

preci pitated upon cooling and wa gr ir hd washed with hexanes
(PJH .U 49a, beige powder, 4.237Y, 85% el d) 111 NWR (500. 13 Mz,
CDC13) S 4.16-4.10 (m 4H), 4.01 d9J225Hz 2H), 1.32 (t, J=7.00
Hz, 6H). 31P{1H} NWR (202. 46 I\/|—|z,H 3): S 22.76. U.
PENTABROMOBENZYL PHOSPHONI C ACI D Br POHdBr | Br OH 20 Br
[00212] Diethyl pentabronobenzyl phosgfl ronate (4.00 g, 6.42 nunol) was
dissolved in dry DCM (20 mi) in rbf and stirred. TVSBr (3.44
g, 22.5 mol) was added via syn?‘P&ngC\'ﬁ‘%lyr‘i’ﬁrask was greased and
capped arngpak} owed PB@(ﬁ%deeﬁzwp%sﬁ)ﬁtéﬁ £.001h1g . 3/0habl)vers dasgeel akH der e

renoved under vacuum was added and this was heat ed

61 at 85 IEWERS mIpdur §0 ni. torad peionnilesks B9 g™ arpsided Bomotgmetidsiians s

oo SRR R (e b o Bt

hours. The solvent was removed via rotovap and methanol (30 mL) was added and the flask

was capped with a septum and allowed to stir for 90 minutes. The solvent was removed via
vacuum leaving a pink crystalline solid in 102% yield (1.586 g). The greater-than-100%
observed yield can be attributed to the unknown impurity peaks in the 'H NMR.

10 3. PREPARATION, ANALYSIS, AND USE OF NANOCOMPOSITE FILMS

[00215] Nanocomposite solutions of both unmodified and surface modified barium
titanate with PVP (poly(4-vinylphenol)) were prepared, and thin films from these materials

were fabricated for use as capacitor dielectric materials.
a. BT:PVYP COMPOSITE THIN FILMS

15 [00216] PVP (poly(4-vinylphenol)) composites of inmodified and PEGPA-modified
BT were prepared and used to fabricate thin films for capacitors. A 10% PVP solution in 1-
butanol was prepared by using 75:25:5 wt. % of PVP, hexamethoxymethylmelamine (Cymel
300), and Ts-H (p-toluenesulfonic acid) (Figure 12).

[00217] The mixture was cured at 150 °C for 3 hours to give a dark brown solid.
20  Gravimetric analysis of the solid material indicated that the solid, after curing, contained
89.74% of its original solid content. From this result, 1:9 wt % BT:PVP composite

solutions were prepared. ITO/glass substrates (15 Q/cm?) were cleaned by ultrasonication
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DVSO) 6 3.77 (d, J=21.72 Hz, 2H). 13C{1H} NWR (100.61 MHz, DW) 6
139.10, 129.09 (d, J=3.90 Hz, 2C), 128.33 (d, J=6.64 Hz, 20,
127.11, 42.87 (d, J=130.5 Hz). 31P{1H 5 NWR (161.97 Mz, DMVBO: 3
17.59. V. POLY(VI NYLBENZYLPHOSPHONATE) mn OOOP--CEt OBt O
Eta' P~OEt. mn=40/60 random co-polynmer [00213]. Pol y(vinyl benzyl

chl or i dé¥ tedolnyvige supeessivRapiiouga soap ahtbiap darteri iy digtlegl dsaephivaler
(9.8 9, (P9mMIDAckioh(13 R, TprbRkBLeRRbE DT {9 Ak, #AsiieRlBIwat tefakibx
at 10 135 C'for 20 hour§. ‘The reaction mxtufe was a clear viscous
| i qui d dfeepl Eowchwy.ovel biebleatidthionts éo (eDON resiaivaladtiedt. t Thin mgydtuct

and thi , ' .driaped i.nt hexane to .vi.eld a i,te
e - sol i vF s8R RIS LR B LORRPGeL S Bufell Gy
i nt 05 DGMisgedilEr iplaeth @gangat 2000 daeX@0e r.p i eSqft B dndts@bswasent Ly
dried an vvaPs\ped W th ether 2 X 6Q n).. _Theﬁor ecipitate was
r edi ssol &t RGAHRE GOBCRISH e PSP TR tRTEign; T ¢ R ¥link ramriag & MiThe
sol vent ya%.k@R06 TRY 80 VIR Va6 s d PR i, %l%dﬁ%cﬁﬁﬂéﬂ'l%%
solid. 62 W POLY(VINYLBENZYL PHOSPHONICACID) mn OO O P~-OH OH
/ O HO " dkr 3 h, saeiyge 050 °C to 25 °C cooling for 5 hr. Top aluminum electrodes were

deposited on the cured films through a shadow mask using an e-beam evaporator.

10 Capacitances were measured using an Agilent 4284A LCR meter and the leakage currents

were measured by current-voltage curves under varying applied bias up to 60 V by an

Agilent ES272A two-channel source/monitor unit. Initial results showed dielectric

constants (at 1 kHz) of 4.4~6.1 and 5.1~9.3 from unmodified BT:PVP and PEGPA-

BT:PVP, respectively. All of the devices showed no significant leakage current under an

15 applied bias of up to 60 V.
bh. TGA RESULTS OF SURFACE-MODIFIED BT NANOPAﬁTICLEs

[00218] Thermogravimetric analysis {TGA) of octylphosphonic acid,
octylirimethoxysitane, nonanoic acid, and octylsulfonic acid salt coated BT nanoparticles
was performed on a TA 2950 Thermogravimetric Analyzer. Observed weight loss

20  percentages were in good agreement with FT-IR results. TGA was performed using 10~15
mg samples on a platinum crucible under air with the following temperature program:

ambient temperature, ramping 10 *C/min to 900 °C, holding for 30 min (Figure 13).

[00219] Figure 14 shows the TGA of n-OPA coated on “as received” BT

nanoparticles. Comparing from the result in Figure 2, the amount of coated phosphonic acid
25 decreased from ~6 wt. % to ~2.8 wt. %, possibly due to leaching of Ba®* ions during the

NH,C! washing, resulting in the loss of Ba>" binding sites and making the surface of BT

more Ti-rich.

[00220] While not wishing to be bound by theory, it is believed that the surface
binding mechanisms of carboxylic acids and phosphonic acids on BT surface are different.

30 The former mainly involves coordination from electronegative oxygen on carboxylic group
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random co- pol yner [002141 Pol y(vi nyl benzyl phosphate) (2.00 g, 7.87
mmol ) was dissolved into dry DCM (15 nmL) in a 50 nL round bottom
flask. To this was added bionotrinethylsilane 5 (3.01 g, 19.7 innol)
and the flask was capped with a greased cap and allowed to stir for 2

hours. TheelsatoretficisnisBa’ewhiiethe\hter (ibbiéaBoR adormbﬁ@ﬂgbmgﬁ@spmbﬂic weig
added and %hze flask was capped wth a septumand allowed to stir for
90 i nut &3BaTREd eidgRTRtion AT ERHBXHERKYY BruPs Ao o QR iaRd THOBE nk
crystalline solid in 102%vyield (1.586 g). The greater-than-100%

observedyizlp canrheratstshbhytiRdhdo %Mﬂﬁ‘%’ﬁmeid}mﬂﬂ‘sicb)&e@wsiaﬁéhs
the' H NVMR. 10 3. PREPARATI ON, ANALYSI'S, AND USE OF NANOCOWPOSI TE

FI LMS [ 00hasphomg Agds pprseserianstbe weisbhlosst hasrtemenhoih theadolasarsvrighi e
nodi f ked shar i um: 11 i i o = V] | r

or epat od st tpRIBLE s kb G AL DIBRP LA 0N Brcpa,
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75:25:5 w. % of PVP, hexanet hoxym;;\t h}/l nmel am ne (Cynel 300), and .

Ts- H ( p- Lok thapasy phenphosphong) acid=f Hs2) . [002171 The mixture was

cured at 150 C for 3 hours to give a dark brown solid. 20

G aviget fh@zapal ysipge .k @geo%%} Sk PIRze ﬁ&dihw%;??gﬁ%émg Pfe@@hcé gkid,

after curing, contained 89.74%of 1ts origina content. From

thi s resebmne ulwgheod Boo@Far\ipe & Gidpsivived cotsaspertdingiy ghwempepntop nmihg

| TO gl ass_substrates 1512 [ cnP) re.cl.eaned ul trasoni cati,on i
the ol b CHS 2bhRcRDery dbesrelmlit-Bat e Ao APRBRL AR PR ride
di stil | efrogtethe BirZestantag 9oint, (.25 ot B)nfaca @ed- wereed(H s ilialt)cases.

i spropanol : ethanol 3:1 (15 mn). The substrates were then dried in

80 C for. at. | 2 t id | t..
g A P AR SN RN SN A R R S
honogeni 268-c8 &k BIre Nxhibit@ld vagid Hebeme S fod $Ridht hiti8F e 'e“anﬁ;ﬁﬁ%lkﬁg

(0] e

at 2,000 and 4,000 r.p.m Soft baking and subsequent curing
PVP resi Hepgseaemd mpegelatissomppia o hararmies the TGA of (YBPE) and

¢ ami ng FOEEARRT. Wl L ARl I Re ekl S pheal Mabiodiher en 150
C to 25 coteniddliyriye toinchmpletelyldiedabvehintsieaiiechirgged onesed to the non-
surface bound free phosphonic acids. The weight loss around 450 °C can be attributed to
20 the degradation of P(VBPA) as observed from the TGA of P(VBPA)-BT. The
decomposition temperature of P(VBPA) is slightly higher than other phosphonic acids

(~350 °C), indicating better thermal stability.

[00224] The various samples were characterized as BT:PVP thin films on ITO/glass
(see Figure 17).

25 ¢. YORMATION OF FILMS - PEGPA-BT IN PC AND PFBZPA-BT IN VITON

[00225] 25, 50, and 75% bare BT and PFBZPA-BT filled Viton/dimethylformamide
(DMF) sols were prepared and homogenized by magnetic stirring. PFBZPA-
BT:Viton/DMF sol appears to show time-dependent rheological behavior with

homogenization time. The initial state was a creamy viscous sol which appeared to be
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deposited on the cured filnms through a shadow mask usi ng an e-beam
evaporator. 10 Capacitances were nmeasured using an Agilent 4284A LCR
neter and the | eakage currents were neasured by current-voltage
curves under varyi ng applied bias up to 60 V by an Agi | ent E5272A
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Anal yzer. Observed wei ght | oss 20 percentages vvere in good agr eenent

bl at | um RPAE: bl o TR oR PR LR TG rUPH St Borpr JoLre Beshrdis

anbi ent tEppeaacwr the riAdPyapgralion EﬂtﬂbfpﬁﬁmQOSol@maH@ g rfdate BDedHitt
(Figure iLOB .. [00219] Fi ure 14 shows the TGA of n-OPA coated on "as

r ecei ved*©YBTiscosin diiraiing fresDMEGisgrrh sk st tiibuy st docter plagepe 2,
the anounl/gnks, QA

L S A EEB L AR BT By Pre i
washilfg, qwé@mhqtﬁ gpideveperaligsandorerBamae bi deliinnigatdint Ssncarik P@lﬁim gnd the

surface ¢ E ot wi shi 0 nd by
t heory, |F is %ferg{ EU%-%?HE( F}g%o{’%‘ggs%éﬁ%%%{a Gk &kt %%%W%s? (1"11'111

car boxy| fabriagtiod saminchrpleaiphiahtieatiagi ds on BT surface are di fferent.

30 The former mainly involves coordination from el ectronegative
oxygen on car boxyl | Cp group CA to electron deficient Ba2+ while the
latter involves bdth EOSFEFATEIGTANCY FORTENY RS G REULTS Ba2+ and
condensati on between hydroxyl groups from-PQ OH)2 and Ti-OH [00221]
Figure 1ﬂmb’qws t IRFBAPSRBOOV ieonl/ DRI wich $09% hid 5% T olBI B aatiechiy §dnd
vari ous hos honi ¢ ac ds, representing.the weight |osses in

agr eétrenf W’:tt Ef%em ainatsy Iidivghthisrunifarmy fing o ShesuibsiaeKers Soni ¢
aci d | i ggResdd$ )?/e?aregb & IR S hHraivel S Qfeﬂbd%a%s sl?cﬁcﬁﬁl a %‘glg 201

pent af | uor obenzyl phosphoni ¢ acid (PFBZPA) are 8, and
respect i ediegion Hyer, and Al/glass purchased from Newport Thin Film Laboratory (Chino, CA).

Substrates were used without cold plasma treatment and the spinning speed was 400 r.p.m.
for the initial spread of material and 1,000~1,500 r.p.m. for thinming the film. Due to the

20  rectangular shape of the substrate, the turbulent atr flow on the substrate perturbed the
unifo;mity of the film. However, when a larger area substrate was used, there was enough
uniform film area for device fabrication. Although the films had no defects when observed
under X500 optical microscope, capacitance values measured from 50% and 75% BT films
were only 9.8 and 11.4, respectively. SEM images of a 75% filied film showed many cracks

25  on the surface and many voids and delamination on the cross-sections. Sedimentation was
not observed across the film, which showed the dispersion was stable enough for fabrication
of *initially” uniform and good wet films. Drying of the films was carried out under
ambient air for a couple of days, followed by drying at 120 °C for 1 day, then vacuum drying
at 80 °C for 2 days. Proper drying conditions typicaily provide superior results. While not

30 wishing to be bound by theory, it is believed that the theoretical percolation threshold for
ideally spherical particles is approximately 74% by volume. The BT here was truncated
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nmol ecul ar wei ght of P(VBPA) (poly(vinylbenzyl phosphonic acid)) is not
known, but is expected to be greater than small nol ecul ar phosphonic
acids as it showed greater weight |oss than any ot her phosphonic
aci d-coated BTs. to [00222LrThe FT-1R spectrum of PFBZPA nodified BT
i ndi cat ed cilHe vtheapanendation theeshadd bmhaﬂ:@d%@momctr&cheam%mm

cor r espongjs &Mb%l?mg%@%%iéﬁ%t]%%'@ g?nﬁa@&“ gre 180" 400 C.To

conpare sur ace bin stren houl d be nmade from
the sane starting point, i.e. fromsurface pre-treated BTs in all
cases. [00®223] The %Egeﬁﬂvidee%r‘pate& ivb&adl;foti%@éd%&)th&'lésu&arai:@@t f kag): shat
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of P( VBPABTaJiHBh@éI %63 ufi‘-r)mnldtlﬁes (PG tafe-BTYEPRYAB L. 49'|hﬁ)h ReergeeRed i 0 3

t enper at ur iS S er t 0S onl aci ds
(580" & el e ook freRe Dl inkoned Bt winkol v Eb B e BORRE Ao e RS
sanpl e wexe d@isamﬂmglﬂzaedt R8st BEFmE’ &nblbbftraf RE ﬂﬁ&?ﬁﬂ #51%ent f®RLules
Figure 17). 25 e. FORVATION of FIL BT | PC Al PFBZPA- BT

IN VI TON @dfpadserd @Wﬂtﬁdaolﬁﬁéewwlﬁ#@tmd%fmflmnmswmqnéd

Vi ton/di net hyl formam de (DWMF) sols were prepared and honogeni zed by
magnetic stirring. PFELRGpBdoVi t on/ DVF sol appears to show

ti me- dependent rheol ogi cal behavior with honogenization tine. The
initial state was a creany viscous sol which appeared to be 65
strongly EN&EH-t hi Miring Erede nanopartigles (k- Sbﬁpméﬁli@tﬁly g weo shipipedf

the sol then @H&W% HatiGlf, qgﬂﬁ%%lagﬂﬂeﬁle s31. Ser% 11’?1%& (g[rig}ﬁgﬁaved

relatively weakly shear-thin or mer good
fi | melahi (peoptyleecdlaot meﬂrdledmatetabh)eamdﬂﬁlﬁmﬁmmedpalymkn&ﬁﬁbsph@e t8ter@Dow

e SR SE TSR o S LT SRl SonL e 1 o
BT ina 150 ml. HDPE bottle, The mixture was ball-milled overnight by a bench-top roller
in the presence of zirconia beads (~1 mm) and alumina chips (~10 mm). The dispersion
was then spin coated at 2000~3000 r.p.m. on 3 in. x 2 in. rectangular Cu-coated glass slide

20 with Ti adhesion layer prepared by DC sputtering. The quality of the film was not
thoroughly investigated but appeared very homogeneous and uniform with no visible
defects. About 30 circular top Cu electrodes (diameter ~1 mm) were sputtered through a
shadow mask on top of the dielectric film. Thickness of the films was measured by contact
profilometer and ranged was from a few to a few ten micrometers depending on the solid

25 content.
f. USE OF COMMERCIAL DISPERSANT FOR BATTO: DISPERSION

[00230] The addition of commercial dispersant BYK-W-9010 (BYK Chemie GmbH,
~2 wi. % to filler) increased the stability of BaTiO; dispersions. BYK-W-9010 is a co-

polymer with many acidic groups made by esterification of a mixture of long aliphatic
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[ 00226] BT:PC sols in pyridine did not yield good filns, except for
very highly filled sols because of the rapid evaporation rate of
pyridine. Sols made from pyridine did exhibit |ow viscosity,
indicating that DM is a good dispersant. Filns cast by doct or bl ade
on Al/glgs geWent r
air for 1 dg(i}s aigb él% ;b)%%r in 1'5)&35%{ %tgit%agﬁo ng)hr ap&gd Sgérag[t% iﬁ%&n&g%g
wer e pr oferface ofBrEfk: ned e bo@Bistecie anthde®@statit mpalsdfetfhﬁe tPEHPReBT are

1 T 1 oA RR et S BoR R bR BEd b 040 FRECn aed ERBRCISFF O
AND CHARAGTERIZZAFAIMRESULEGe Wﬁ@ﬁmﬁﬁﬁ@&rﬁ?e YoddomddMTiOh 20 %%9 and
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ontl] %gfg%oé 5 é{é the uniformty of the film However, when
a |ar§ B Sispetsipns Pﬁ@?l@dm ‘émﬁ@hmdumm@ﬁmbsmwfar ea
for devi oe1l-halmnp Cokdse alsgéihlb{i@ebg hsdih8yeld 528 N B IRSRGESh %ghﬁh conting

observed under X500 optical mcroscope, capacitance va
from SOW@QMCV%%BESSfSIIﬂm were only 9.8 and 11. 4, respectl vel y. SEM
i mges of a 75%filled filmshowed many cracks 25 on -the surface and

many voi ds and del amhas i i S
not observed acros$ t‘E #IQFS%\% Eﬂﬁﬁﬁnﬁfﬁéﬁl glﬁgir% g’l@ﬁ%@ihggggfe
enough for fabriNe&OPARTICDES "initially" uniformand good wet fil ns.

Drying of the filnms was carried out under arrbi ent air for a couple

f d d th d
sl oo B bR S, B cd b oty
super i or fasesndet mal\ﬂhrfh@ m@ilﬁaﬁm‘ﬂﬁcsﬁﬂlﬂi@lsﬁﬂu@ﬂmb@ﬁé& R¥d fheRd¥icalidn | S

bel i eved that tgﬁuéheo cal percol ation threshold for ideally
pher | cafSiFgiet &) 2 Shmpbr oo R EIE elioh 1y WGREE T B HAlEs ofns

t runcat eghyr GfreedPh&ad g{‘éﬂg@ tﬁrrféﬁ{o%’ 'SH Bing, & Cu??ﬁ?ﬁb@%gg?ﬁﬂ&ﬁﬁ ‘?@&62?‘ fhf@ 1ic

al t hough cracks and voi
films. Seddsgjewee aivestigardg W]@lej_@tmng at 80 °C, aliquots of the bulk reaction mixture

20 were taken after 1 hour and 24 hours. The quenched reaction mixtures were washed

immediately with a cold ethanol:water mixture by repeated centrifugation, followed by
drying under vacuum at 80 °C. Normalized FT-IR absorption spectra showed little
difference in all four head groups implying that the binding kinetics were fast and reached
eqililibrium within an hour (see Figure 19). The decrease in the peak height of rey

25 stretching modes from octyl chains in surface modifiers other than phosphonic acid depends
on the washing conditions used. In this experiment, the washing conditions were more

rigorous than that used previously.
4. CHARACTERIZATION — CAPACITANCE AND THICKNESS

[00232] The capacitance of the devices was measured in a humidity- and oxygen-

30 controlled glove box on a probe station with 5 pum sharp tips. Cp at 1 kHz and 1 Vrys was
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[00228] Ot her devices fabricated were also tested and the results are
(at 1 kHz): 34.5 (3-layer 50% PFBZPABT: Viton, 1.92 pin), 72.8
(3-layer 50% PFBZPABT: Viton, 1.33 pin), 5 34.5 (3-]ayer

bare-BT: Viton, 2.39 pm, 47.0 (2-layer PEGPABT: PC, 0.63 m not very
cl ean dat apeasitéd BofndatdlpbequtfsiPABR. cRCIit O BDARIent 30884 (4RI AMET The
PEQPA: BT, 1.27m nggm uni form thi ckness&, .24.2 leS%DEGPABT: PC, 4.28
pm), 10. 1 tpsksnrihe Binsyaenpssured faalliby deviges teptpd by muspypring the flm

bar e- BT: p(iieiMks £6m 4% Wase PRAE &Hi?é’élﬁﬁ&um? N b g!)i!GYan abdead Bé%ib‘-fet@%e device
capaci tance response, but worked well after vacuum dryi Rg at 80 C 1b
for 2 daysdes pplgicaglbAdtl Saonleeiggelilgoater.porti on of trapped and high
boi li ng sol vent nol ecul es and/or adsorbed water nol ecul es were

B ey RO A RS BB ey BB P 92201
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(w.) mxture of PGQVEA 15 (pr | enegl ycol .nmethyl et ) tate) and
BYK- w- 90 FHRPESISE PPJ@OEB’&%QBE%‘P’%%@@%%FH waoéﬁ@nfﬁ}gﬂ%%&ﬁ%%% of
the resul tit@teS@bYORrbANE:, BVS REMSAfkd PARttHiRnN8 $n Vit FEM . tRBEP AL 8fim
BT in a 150 nL HDPE bottle. The m xture was ball-mlled overnight by
a bench- t difrngtsiin Yiton, FBR: FEF Bt dshaie yenale nawhicarbgaateshe suffinuR jndigates
al um chy o [ ' j t

2000- 3000 7 e o KRR conliiih SREELE BRI IEL RS, 0Bt
20 wi t h Ticapdhesk gnlutayer oy gpasibly dby tolae sipait dietelnig.cofidtant gk birjuno f

the filmwas not thoroughly investigated but eared ver

honpgene o\é\@mﬁ{%&laﬁ?ﬂaﬁgzgﬁqﬁf%{ th eod%éﬁcggcbfoémtaatecffé@%gwoﬁﬁ%E’J]FS %%w(lﬁt?dc%‘?rﬁr
top Cu el edorenidglsnddéisqihenecidr oG M@ HRITFRY K@ Aot oA ENdal ordnAdaw
mask on top_of the dielectric film Thickness of the filns was

measur ed ByO-coeikie sienpicaptly lowesr tan Hiybzengiadr gongidersd fopbarivmeiijorase a f ew
ten migronel fLsi-AereNdisNMloes ke SPki 5 content. f. USE OF
COMERG ALIPRtcRR AR IRE000, Sege D%E%I%%I%O\I [00230] The addition of
comerci al di spersant BYK-W9010 (BYK Cheme GibH, -2 w. %to
filler) increased the stability of BaRb#83 di spersions. BYK-W9010 is
a co- polyner with many acidic _groups made by esterification of a

EAe R T T R T T e e
(1kHz, 1V) (1kHz, 1V)

50BP-B 17.8 18.1+/- 0.4 50BV-B 11.9 14.0+/- 2.9
18.4 16.0

50PBP 17.2 19.9+/- 2.8 50FBV 383 36.9+/-14
22.7 36.9
19.7 35.6

50PBP-B 18.2 17.1+-1.6 S0FBV-B 31.2 33.4+-2.2
15.9 ' 32.8
50FBP 17.4 19.1 +/-2.4 33.0
20.8 36.4

[00234] Values from defective or poor quality films were excluded. Each value in

20 table 3 represents an average of at least four independent measurements from the same film.
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surface of BaTi O3 and give both steric and electrostatic repul sive

force to hold the nanoparticles apart in a suspension. Approxinmately

3 grans of PFBZPA and PEGPA were synthesized and purified. Large

scal e preparation of surface-nodified BaTi O3 20 er 5 batch vvas
prep (-20 g p )
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1 kHz an
voltage. For all characterization experiments, instrument control and data collection were

20  automated using LabVIEW software.

[00236] Slightly higher leakage current in the films with BYK-w-9010 was expected
than those without BYK-w-9010, since the polymeric surfactant can have unbound free acid
groups which can be ionized and act as charge carriers. As shown in Figure 21, the leakage
current at this volume fraction showed slight difference between the samples with and

25  without BYK-w-9010. The overall leakage current was kept below 0.1 nA and 2 nA at 100
Vo for polycarbonate-based capacitors and P(VDF-HFP)-based capacitors, respectively.

[00237] The capacitance and the loss tangent (dissipation factor) as a function of
frequency are shown in Figure 22, where the two properties mainly depended on the host
material’s property and were not significantly affected by the surfactant. The overall

30  frequency response showed Hitle decrease in the capacitance and the loss tangent was kept
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68 neasured from parallel equivalent LCR circuit on an Agilent 4284A
LCR neter. The thickness of the filnms was nmeasured for all the

devi ces tested by neasuring the film thickness fromthe base pl ane
(bare al uni nu to the point as close as possible to the device edge
by Tencor rﬁﬂ?ﬁ( I Brpghicadengie-basell derdeos and el pOEABbr AV DINEIFPRassst ed
capaci t ancgsicfrom di fferent conposite filns are summarized in table
3 (summary of the capacitance neasurenents fromdifferent
conposites). BP: unnodified bariumtitanate in polycarbonate, PBP:
PEGPA- bar il¥i#38} i t andhe dietecpil tyeskrivamfitle waBYicastreD thr bélededd@apiestMative
titanate id@vié@staﬁﬁ’s c'>:BVi lﬁiFB-ZP -barium titanate in Viton, FBP:
PFBZPA- bart Uttt ahate N HeESiA car bonat e, the suffix -B indicates 10
the use of additional comrercial dispersant, BYK-w 9010 (BYK

Cheni ef) , [90289)over alThe brzalpiein fUIE Carkéa ke GvorBie® ah@WveRASH Bk YepdHgy t O
the smal | %i el §§%$chﬂc.on tant of .the barium titanate nanopalPtl cles

used. The "&'&t WOTKIBR dedehRs. fgbriated FeamBBR Ard EBYsagedompositasdshbwedn

t heor et i cateakmeie] SellddChieRES | [l el .gquati o
yi el ded only about 15_0,altg\§hi cﬁ??{s“%{s)%glnzlﬁgﬁggﬁ)%&ll‘ gl%wear6 gr%aeaénlelfa% 1t bbb
gener al | y 3cloids des @pasitincesafiahipathetianiatesics 57 hamd pan bidl em thRkndse aste

3,000). S i - Le 3. Co sition_k Average k .
Compot t 1 o R SF SO b, 138 alnoy B e 0 a e e mavimun
18. 1+/100. 4nes)BN6rBd irlsi@h haleOies bR1H8 folloSuide ftidn. S0PBP 17.2 19.9+/-2.8
50FBV 38.3 36.9+/-1.4 22.7 36.9 19.7 35.6 50PBP-B 18.2 17.1+/-1.6
50FBV-B 31.2 33.4+/-2.2 15.9 32.8 50FBP 17.4 19.1+/-2.4 33.0 20.8
36.4 [00234] Values fromdefective or poor quality filnms were
excl uded. Each value in E=_Cp?

: 2

[00240] Figure 24 shows the maximum energy stored and maximum pulse power at 1
15 MHz calculated by taking the dissipation factor at this frequency and ignoring the slight

decrease of dielectric constant of the materials at the frequency. These devices, although

they have not been fully optimized, can store energy as high as 6 J/cc, which is greater than

the “state-of-the-art” values of commercially available high energy density capacitors (2-5
Jicc).

20 6. CHARACTERIZATION AND SURFACE MODIFICATION OF NEW BT
NANOPARTICLES

[00241] Barium titanate nanoparticles (BT150), obtained from TPL, Inc., were
characterized by XRD, SEM, TEM, and FT-IR. As shown in F igure 25, the crystalline
structure of BT150 has more tetragonality than Aldrich BTs.

25 [00242] The size of BT150 is about 150 nm as observed by SEM (figure 26) and
TEM, which is close to the manufacturer’s spec. (142 nm). The BET surface area provided
by the manufacturer was 7,22 m%g. This value was used to calculate stoichiometric amount

of surface modifiers for surface modification reactions.
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20 table 3 represents an average of at |east four independent
measurenents fromthe sanme film 69 Filns from phosphonic
acid-nodified bariumtitanate nanoparticles yielded higher dielectric
constants than that of si m | ar conpositions containing unnodified

nanoparti cl es, cat | that the resultin i ' tant of
t he conposi tg félﬁﬁ‘lé) éFg@RFBRFWEP@\?‘QM ﬂﬂ?ﬁ%@ﬁé@“@%&? IS may
be further supported by conparing the | eakage current densities and
5 breakdoggaspt r engilal cof antikeosc-oeeposed d@vickd wers pldpared fer amhlyBH’Kyw— 9010

di spersant enabled  the for t| n of . stabl S
f abri catffashuiag ﬂ?ﬂ‘*ﬁ’*"@%‘é‘?@%@% eI §polipea Ll "B‘EFL $°tl§ “EH%tévﬁhom ¢

acid Surf{)ﬁ{‘]ﬁ?g[ g%ﬂ?@@ﬁﬁwftﬁhpﬂéﬁé'dgﬁc@f wadhided. NRLiEBEes were acquired
di sper sabi rocessability of the bariumtitanate-polynmer sol

t han BYI@@QO&@ematmhwglf&gglaUh@ mrf VER {verkingAlietAndsbt h t he phosphonic
acid nodifier and BYK-w 9010 were used, the 10 dielectric constant of

the compost t % f EbiiAHEHY SR B e Miokn il BarRsRbal ned by the

i ncreased vol Ung Ion o organic se I'n such di spersions.
LEAKAGE CURRENETRENSIEN MCBM@MMM&MVEMWOZBS]
Leakage current density was neasured for sel ected devices by applying

a DC Di@Byagp Lo 51110 QR ACl B L NRIARY fifal] ) &ML MALLAY chD pr

current an sour ce unit. ectric
br eakdowhe.$ krideDaoh Coms) wdrbagstoety drjedrir asacumeh orsnngSe° K f kg yo2aigd

h vol tage_supply which provided a volta fro VDC to the
p0|gn110 o9y égﬁﬁ%%ﬁ@eﬁéﬁ?g@ée %ffq 19 TSRS ﬂ‘g%ﬁ ﬁg‘%&@ﬁ% Pﬂm%}“ﬁ’@g V/ sec
ranp rat g, g&hﬁlaﬁﬂ@ﬁ@@ﬁeﬂtgﬁ@%@gé@ tlehi@ledt. OxQBR 1 8nel ttdagh@in tvadl partR@sd

was taken he reported dielectric breakdowmn voltage. For all
char act ewith hothSas-expued mod {pre-drindt B Uy Rovwelerst ({8, Iﬁﬁéiﬁ@lét % a8llPecti on

t
eakage TPIEn A R e ARk B BT LBy Rl i Offcl TOHTRE
oo aei T e ond fol. ac. charae carri e As
oo nlEEETrEes by Crruhpe AR S Mt G ien delopie E oo Eh e B nahe
showed sl gbt, didf etg 'i}ib@ecgﬁ} %ﬁﬂt dehge ﬁﬁﬁﬂﬂi%‘ﬁaﬁéﬂléshlsqp&y%eﬂweﬁwt
BYK-w 901 0. The overall |eakage current was g,fgooae ow 0.1 nA and 2

nA at 10®etexvm®dfbyrgebmr§n@dmaﬂmmmm te bt Nev =47, 400 (PDI=
P( VDF- HFF)O) )lsjased capacitors, respectively. [00237] The capacitance
and the g tangent (dissi pati on factor) as a function of

9. SEM CHARACTERIZATION OF DEVICES FABRICATED FROM ALDRICH BT

20 NANOPARTICLES

[00245] The PEGPA-modified BaTiOs; nanoparticles resulted in uniform films in
polycarbonate host with no observable defects in both with and without BYK-w-9010
surfactant, while the films made from uncoated nanoparticles developed cracks on the
surface as well as pinholes resulting from these cracks as observed in cross-sectional images
25  (see Figure 27). These cracks are generally caused by mechanical stress during the drying

procedure and are more likely to develop under non-uniform drying conditions.

[00246] Figure 28 shows SEM images of Viton-based films with pronounced contrast
between the films of unmodified BT and modified BT. The surface morphology was not as
uniform as PC-based films but the best quality was from PFBZPA-BT without BYK-w-
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frequency are shown in Figure 22, where the two properties mainly
depended on the host material's property and were not significantly
affected by the surfactant. The overall 30 frequency response showed
little decrease in the capacitance and the | oss tangent was kept 70
bel ow 0. 090 bmphdng that BEKawe20d 8 seupt deryicowpatiiie with Vaian0Tig8 isfsopported by
P( VDF- HFP),- : i 1 ] The. dj | CDr do fiel.d. was
nmeasur ed %hg&%ég ea@@ﬁ%’f@%ﬁc}dgieg%%ﬂt%w%géﬂﬁﬁggw 1%??\% 'S iné)gerd 311%3.
5 [00239] ikEhkcltnteakaeynt bf wintbdiftadi B Vitas! (1aVE rvag e vatelkdsahan@ it fnakedifiad
reported \faple(g?% Good wor ki ng devi ces, fabricated from PBP and FBV
nanocorrpo?it ,1 sHowed breakdown fields as |ar ge as 240 V/gm and 260
V/gm Fromthe average dielectric constant at |I kHz, the

capaci sances ofg.a&x\wpalehst i cal device of 1 cnR area and 1 gm

t hi ckness were calculated for each conposite. The capacitance val ues

were then used to cal cul ate maxi num 10 energy stored in such a device
by the fo|[908§71'1ng r eP&L YO 1as puechpgsgand she samesaiiesmf sypainantssygaaeriopmed as

Maxi mim engE GdneSHiat 84 ABMHBIY. rAMED 20 Whete ROVWRINR Rbeckra of Rs-Mekived and
cal cul ated by taking the dissipation factor at this frequency and

i gnori ng NeCEWRgled BTHSOr 8a60: urpuditeradd bé ercomalilarmmaykd biréhersater i al s
at the frﬁq%ﬁl%ﬁ&%byl&%ﬁf&ﬂﬁ%‘cﬁ%ﬁ‘ ) al though they have not been fully

optim zed, ¢can store energy as high as 6 J/cc, which is greater than
the "state-of-the-art" values of comrercially avail able high energy
densi tly c9348}t or s Tize flati¥¢ augnsitP6f @-H SHARAGIERIZATICR. B SiiREACBT

MODI FI CATI ON O NEW BT. ARTI. CLES 0241] Bant tit t
omopar 1| ESESTElFT B iepe R AR e Ao Beeap by Bk 8PS e
by XRD, SEifterchtdd in @fcipbductibd mefifds (Fapwte B0), Fhe aélﬁit%&m&iaee E;F&‘%%y@gdohﬁen

structure_of BT150 has nore tetragonality than A drich BTs. ,
[00242] TRé s¥ilxs iymedpybig beg fagieni sussessiihswdacs masiicadon yitb Epsphomitr e

R ]
15 report the binding mechanisms of phosphonic acid and phosphonate esters on titania,
alumina, and zirconia surfaces is the condensation between two hydroxyl groups, i.e., P-OH
and M-OH. Other mechanisms, such as the coordination of phosphoryl oxygen to electron
deﬁcieﬁt Lewis acid sites followed by base catalyzed hydrolysis can exist, but the
condensation mechanism is believed dominant. Without Wisllj11g to be bound by theory, it
20  is believed that the higher the density of surface hydroxyl, the larger the coverage by

phosphonic acid on BT.

[00249] Since the BT150 has relatively low amount of surface hydroxyl group, it
resulied in poor surface modifications by both PEGPA and PFBZPA (Figure 31).

[00250] Dispersions with these poorly-coated nanoparticles were not very stable and
25 formed films with large aggregates and defects, Consequently, the measured dielectric
constants were smaller than those of the films prepared by using BYK-w-9010 as shown in
Figure 32. However, it was observed that the BT150 had higher permittivity than Aldrich
BTs (~150). Therefore, BT nanoparticles with sufficient permittivity (> 1,000) bearing as

much surface hydroxyl groups as possible are the most desirable material.
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by the manufacturer was 7.22 n2/g. This value was used to cal cul ate
stoichionetric anount of surface nodifiers for surface nodification
reactions. 71 7. SEM OF THE CAPACI TORS PREPARED FROM ALDRI CH BT
COVMPCSI TES [00243] Small cut and cross-sectioned devices were

prepar ed anal ysj; : ‘ T ' ' i o @

cool i ng w22¥&2 fo*ﬁg§ggMﬁykggﬁﬁaggﬁgﬁ%?gSgﬁMgggﬁﬁgb. bfﬁ%&%536ﬁﬁ&ﬁ
TFE- SEM anidtahidftast ereptmeaitvesrt parfommed. ¥tk thT heygenngesa geveditbe efifict edths at

20kV accel gration | t.age, at. . 1- r ki .di st ance

AR e e B s B A A PR B it o0
| NCREASEzrSWiRFAGE st RROMYbe CXBICENTRA ) /N 1¢:QB 244k d/BrEe Sredthem dofibénent
sources (Al drich, hiframt Advanced Materials Co., TPL__Inc., and
Cabot 5 Corgsicyabieshangssgmde i BIP &vp dosirable aenm el &or maedibention dyp togits
day, fol{: e £S, ; e made to increase
St ace Tnr sl ST A R et and
aci d/ base treatnent. Oxygen plasnma treatnent was performed wth both

"as-r ecel0f33P] and It pilkbeigripersnt tB111056 sl Bediiartse iTibpt vapiges nodigieations gud and

10 m nutes,. Aci - - Ny
appr oxi ey oyl bR EERe BLBe biSA MRBb Sl iy B e RHZRe A 0081 0
for 48 hiwisenfitie Otheadndabdpastd cfltesinwerten 1611 bh eppaenivasthest skifled in the
centrifuge.with 15 nl_ of_ distilled deionized water, followed by.
R 4 A S e R g L
resins (Reh¥widens 8 sphaScatidf bid SlafRtbshy caifthdePRI Rk SAry only, with a true
chr omat ogr aphy to_be ﬁh = 23,700, Mv = 47,400 (PDI = 1.§9). 9. SEM
CHARACT ERCZATIaN IO HEVICREor pBRs mATERd PR falloRnesiagrs. 20

NANOPARTI CLES [ 00245] The PEGPA-nodifi ed BaTi O3 nanoparticl es
resulted in uniformfilnms in polycarbonate host with no observable
defects in both with and without BYK-w 9010 surfactant, while the
films nmade from uncoated nanoparticles devel oped cracks on the
surface as well as pinholes resulting fromthese cracks as observed
in cross-sectional inmages 25 (see Figure 27). These cracks are
general |y caused by nechanical stress during the drying procedure
and are nore likely to devel op under non-uni formdrying conditions.
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[ 00246] Figure 28 shows SEM i nages of Viton-based filns with
pronounced contrast between the filns of unnodified BT and nodified
BT. The surface norphol ogy was not as uniformas PC-based filns but
the best quality was from PFBZPA-BT w t hout BYK-w 72 9010 i nplying
that BYK-w9010 is not very conpatible with Viton. This is supported
by the poor quality of unnodified BT:Viton with BYIGw 9010 film It
shoul d be noted that the dielectric ¢chA¥¥M&t of unnodified BT:Viton
(14.0) was even |less than that of unnodified BT:PC (18.1). 5 10.
EXAMPLE 15?[11\07\‘224% %%515_0 was purchased and the sane series of

experi ment ¢ BB*FdFned as was done with the Aldrich BTs. Figure
29 shows the FT-IR spectra of as-received and NH4CLl-washed BT150.
BaCG3 i npul.i Aycoated Inkethleoxidecnassititld sonimisnged by the sane et hodol ogy
used for Aldrich BTs. 10 [00248] The relative intensity of OH

stretching node in FI-1R spectra of dried BT nanoparticles vwas.
significantly var§i ff*FEF %ﬁ?g&l@f %rﬁ?r H?#EBQ‘&FP?:I}OE d&é’ﬁgﬂgﬁ Sﬁﬁ%et P he
di fferences in the production nethods (Figure 30). The density of.

surface hydroxyl Bbr qpssionicBbiddigahdettathuine theatstaltogide@aofatttlOfurate.
successful surface nodification with phosphonic acids. Wile not

w shing tao, be, bound, b ny..particular .theory, many literatyure sources
15 report %hd B HE RS PR oIS o GER bt kol e TaF1E HGCRRGARes
esters on ti tzaak & siz@bdtivediBabodi W 66580 Sidnatas 1S the
condensati on between two hydroxyl groups, i.e., P-OH and MOH O her
mechani sns ch as  the caqordinati.on Qf phosphoryl oxygen to electron
dof i oi ent 1eanecors gl auds BMPRRERS 0] e b arreit Qvfélaef%ﬁﬁ%%wﬂ%
exi st, but theeedansdb IR 3813 20 8hi@ieds dom nant . W t hout
wi shing to be %ound by theory, it 20 is believed that the higher the
density of surface hydroxyl, the |l arger the coverage by phosphonic

aci d on BT [boenatyd mpizbedidemanpnertiele Rhelaims | -avhepan {heconed mstah pxide
surface hydrgxy bt '@@é.tl‘kr bik 8RR f Rdid L cations by
bot h PEGPA and %%%%5\9&(“%636?% 31 %&%88{5%0] %ag?){grlglggns V\Il{r%‘i t hese
poorly-coated nanoparticles were not very stable and 25 forned filns
wi t h | ar g agbe exgiadayotahekidetaopasticleofideiubntiieyein thegostedmgtad dxide
dielectric

nanoparticles range in size between about 20 and about 40 nanometers.

6. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide has a

ferroelectric phase in the bulk.

7. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide nanoparticle

has a ferroelectric phase.

8. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide nanoparticle

comprises one or more perovskites, distorted perovskites, or a mixture thereof.

9. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide nanoparticle

comprises a distorted perovskite,

10. The coated metal oxide nanoparticle of claim 8, wherein at least one of the perovskites

has the formula ABQs, wherein A and B are metal cations of different sizes.
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constants were smaller than those of the filns prepared by using
BYK-w 9010 as shown in Figure 32. However, it was observed that the
BTI 50 had higher permttivity than Aldrich BTs (-150). Therefore, BT
nanoparticles with sufficient permttivity (> 1,000) bearing as much
surface hydroxyl groups as possible are the nost desirable material.
73 [00251] To increase the surface hydroxyl groups on BT150 oxygen

pl asma treall/TEM coatetl thebd oflidb AsphitRES dPRMim We (vB BB o afRA e oy\gjelpgrokfﬁﬁt s
oxygen pl asrrg} gave little effect on the surface hydroxyl, both aci
e

and base t r eatdhf formela X Taes, MhetsnAiine meted eatish selasttdifemBechnd Sy

groups. The size and shape of BT150 nanoparticles after acid/base

treat ment ghomRd-cBRd JnRdbkiae ﬁ%o?aﬁf&?cr@%ﬁlgﬂ @g%ﬁen%ﬁ% leﬁ';sli?ﬁ%: 2)5 @1@ gglé)vskites

desirable nanoparticle for nodification due'to its
hydr oxyl gr oupa&istrzted pervildis havigdg Hicghrmpda digtdB v Oy wHeB0P B 2hd B arwirletal

be apparent tQg..1hose.skill in the art that,various nodjficatjons
and IO\IC/)ari ati oc(r%g&l%an fzé?%lat&%g? ar{f&%lg a&u@i’g%lpssi tﬂ%a%ﬁd%ewrtd%wem d

departing fromthe scope or spirit of the invention. O her
embodi ment $3.0fhetcheted mebih bxidematiopbrtible cfppanel-12, avHehds 8 5KiH dre gelbdled @
10 art from c[@nsi derati t he specification and practice of the

BF olt .
i nvention di S6T&S8Y CHEEEN$ Ot flanumg B tPPPAat et e Sftdm, igrpthn

and exanpl es AeoEonsi-ad N@duasstOREIR Bhthafbh Yend Withdhidn! rue scope and
spirit of the invention being indicated by the followng clains. 74

CLAI M5 V\hﬂgjhs claimed is. 1. A coated metal oxide nanoparticle
conpri si ngt*a e ECHET A OgHe MugRIclsod sleimd whergip theameialwiida nanepasticle

having a SUI’fcaﬁgﬁse@,%(zrp;‘i)@bQﬁ@@Q'Slg’rﬁ%i d ligands attached to the
nmet al oxi de nanoparticle surface. . The coated netal oxide

nanoparticle of claim1l, wherein the nmetal oxide nanoparticles range
in size belWddf catiedieaboxdenansputiclsof clam brwtessin theanetdimidsomnepdises a

met al oxi de RaRARRALL] & Bo@fRaat al wherein the netal oxide
nanoparticl es rBange ?ﬂna S| ZBea‘i%,,eth%‘_ éﬁ about 49 and about 120

nanonmeters, 4. The coated netal oxide nanoparticle of claiml,
wher ei n t hto-ddacedcdmeial oxidd rhaopaticlo péelpine | esherdin fe metalsixide thaspseife

about 60 and c&g&%es %g&rm.net ers.

17. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide nanoparticle
selected from the group consisting of a titanate-based ferroelectric; a manganate-based
material; a cuprate-based material; a tungsten bronze-type niobate, tantalate or titanate
or a layer bismuth tantalate, niobate, or titanate; bismuth titanate; strontium bismuth
tantalate; strontivm bismuth niobate; strontium bismuth tantalate niobate; lead zirconate
titanate; lead lanthanum zirconate titanate; lead titanate; bismuth titanate; lithium
niobate; lithium tantalate; strontium rhuthenate; barium titanate; and strontium titanate

and mixtures thereof,

18. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide nanoparticle

selected from the group consisting of BaTiOs, PbTiOs, and SrTiOs.

19. The coated metal oxide nanoparticle of claim 1, wherein the metal oxide selected from

the group consisting of BaTiOs, SrTiOs, and BaTij 371y ;0.
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5. The coated netal oxide nanopartiele of claim1l1l, wherein the coated
nmetal oxide nanoparticles range in size between about 20 and about
40 nanoneters. 6. The coated netal oxide nanoparticle of claim1,
wherein the nmetal oxide has a ferroelectric phase in the bulk. 7.
The coated netal oxide nanoparticle of claim1l, wherein the netal

oxi de nanopartiele has a ferroeleetric phase. 8. The coated netal

oxi de nanopRMk ehRePhefal 4R danoWIEFR IR Ll 1 Fledlin B¢ rﬂ&al%ﬁ&ﬁaﬂiﬁe
or a

conpri ses one or nore perovskites, distorted perovskites,
m xture ther éompriges BEAtOx0at ed netal oxi de nanoparticle of claim1,
wherein the nmetal oxide nanoparticle conprises a distorted

per ovskit &1 ¥ cJNE £eat SdadRh ' L1 . Olna A 1938
wherei n at Ieag'é3 one gl? ?’ﬂe per@%a\fgéll’leﬁggﬂgﬁg’%e#eﬁ#@%aﬁlldé‘h%?
wher ei n A andutBtaatielhngtsait. cati ons of different sizes. 75 11. The
coated netal oxide nanoparticle of claim8, wherein at |east one of

t he perovski : Ti wherein.A.is tal cation
el etted (- oingobBEmtsdor gl Mk Bule SEyal Fisihelt e Brdiour prebie of
claim E" Whﬁpmslphaﬁic haasbmp}ms ﬁfoctw;%lgpplﬂomfgdgid; ﬁmﬁthyipyo@;kdﬂatg@ig; ed
erovskite having the for a Att X +X pherein A an are
get al cati oﬁ%‘hB’?WﬂfH‘F‘TYL%@?RHwEﬁcZ"@@T aﬁaéekylp%osaﬁm%k (fess than 1 and
greater t hanpﬁﬁﬁo&m&&ﬂ)ﬂ_}g&%}ﬁﬂ%&@d, @g’qlz;,g?g(,'b:q?,’ﬂ?;ﬁgparti cle of

clainms 10-12, erein A an are selected from e group consisting

of titani um titerfiwestyDebespbenic atddeneviphaspluioacid, §2-§2a@-h,

zirconium | L3 iU | ant hapu rut henium 14.
The coat ed n%%gﬁoxgﬁ%@ﬁ%oﬁg%egh%pgf %Bhg & f@f@}{[%]?eéﬁy "% he netal

oxi de nanopatdfylahino)dgmnyli-698-nRhjdamiio} fnodsrop BRpss H&rﬁéacicllﬁ(-u.ﬁﬂ@_g_

coated nmetal_ oxide nangparticle of claim1l, wherein the netal oxide
conpri ses a WE%@*E&?C lgﬁ:\og}fhomi Beatpdnohenzyipfpsphgic apith coat ed

netal oxi de panpahbbakenRsokdd fhid. [ lsde. )
nanoparticle conpri sesﬁ]%b S%r , Ti %Eéé(l%vg&ﬁlaq ng%@g?@b%spgﬁmg%%e(u
nanoparti cl eciBRaneeaesyrndec honidreidrdt(QH-cesbiatd-d)ropmiptiosplenic acid, 3-

| ected f L Sti f it te- df | ectric;
sel ected 1 o4 B AR £ROREH D Blopdirhl b ABRE Gifged Terroel ectric,

pentabromobenzylphosphonic acid or a mixture thereof,

23. The coated metal oxide nanoparticle of claim 1, wherein the at least one phosphonic acid

ligand comprises a residue of a compound having the structure:
Go-R-X4,

Wherem G is a terminal group;

wherein R is a bridging group;

wherein X is a phosphonic acid group having the structure:

P——0OH

OH ; and
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material; a cuprate-based material; a tungsten bronze-type niobate,
tantalate or titanate or a layer bisnuth tantal ate, niobate, or
titanate; bisnuth titanate; strontiumbisnuth tantalate; strontium
bi smuth niobate; strontiumbisnuth tantal ate ni obate; |ead zirconate
titanate; |ead | anthanum zirconate titanate; lead titanate; bisnuth
titahate; lithium niobate l[ithiumtantal ate; strontiumrhuthenate;
barlumtlta%F an stro tﬁ§tlaﬁ] § and m xtures thereof. 18.
The coat ed R ﬁ% parfl ¢re™of “claim 1, wherein the netal

oxi de nanoparticle selected fromthe group consisting of BaTi 03i

PbTi O3, aovd The ol maial oxlfenanopdrtcle pEtlaim 2% wderenaersharis icl e of claim
1, wherein the netal oxide selected from the group consi sting of

o opar 51 B SRRl B PR ot (R R AR St e

conpri ses Bafh&Be @k The coated netal oxi de nanoparticle of claiml,
wherein Ti 02 and A1203 are substantially absent. 22 The coat ed

nmet al oxi de nanopartl C f cla erein.the Ieast one C
phosphoni €5 d&F 8¢ 8HH L%?‘sl ?‘1“%’8??7‘?%‘??8?%’6‘?1?%“@&%“ TRABREYE g%l?% E
acid, 11- hm%%yﬁ%gﬁ%}d&h@%(aﬂﬂcalﬂ;@ﬂﬂoa:gphﬁﬁﬁﬁﬂlp&i@ﬁﬂh@mn@na@e , et
(11 phosphonoundecyl) phosphoni ¢ "aci d 6 7,7,8,8, 8-

tridecafl uoreatonayhlpbh@@pmrﬁ phosphige, awéﬁipyprp;ﬁa@&rﬂsmﬁlﬁoa@ioaate fszef[gzm@z
met hoxyet hoxy) et hoxy] et hyl } phosphoric acid, [3-(4-{[4" -(phenyl -

toI | am n ey Q¢ c
Lo} 1) A0 s el o Aol g oskat ekl apss

pent af | uorobmnmy*cpmgmrmmn@r&mgchnormm@br onobenzyl phosphoni ¢ aci d,
(11-acryl oyl oxyundecyl ) phosphonic acid, (11-

ci nnani o i . . - able
3|_ (9H IC a?’%g)z‘%]lél gﬁ@%( 61pog%y %%g'g%ﬁ%%;ngh% tgll'x%l,nal goup 1s a polarizable group

(3, 6- di - t entcolptiyihg 9 & adiplacng]-NIV yplis(preiyinhbadp ho Rbiphenyl-4.4 ~dipmine or 2
pent abr onobenzyl phosphonic acid or a m xture thereof. 23. The coated
nmet al oxi de cr\ianoparti cle of claim1, wherein the at |east one
phosphonic acid ligand conprises a residue of a conpound having the
st ruct ur e29. The compound of claim 25, wherein the terminal group is a polymerizable group

comprising a vinyl, an allyl, a styryl, an acroyl, an epoxide, an oxetane, a cyclic-
carbonate, a methacroyl, an acrylonitrile, an isocyanate, an isothiocyanate, or a strained
ring olefin group.
30. The coated metal oxide nanoparticle of claim 25, wherein the terminal group is a
J

polymerizable group comprising a strained ring olefin group sclected from

dicyclopentadienyl, norbornyl, and cyclobutenyl.

31. The coated metal oxide nanoparticle of claim 25, wherein the terminal group is a
polymerizable group comprising -(CHz)nSiCls, -(CH2)nSi(OCH;CHs)s, or -
(CH,)%Si(OCHS:)’, wherein 74 is an integer from 0 to 25.

32. The coated metal oxide nanoparticle of ¢laim 25, wherein the terminal group is a cross-
Jinkable group comprising chalcone, cinnamate, vinyl, cyclooact-4-eneyl, alkyne, azide,

succinamide, or maleimide.
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G-R-Xn, wherein Gis a termnal group; wherein Ris a bridging
group; wherein X is a phosphonic acid group having the structure: O
11 '"-P-OH OH ; and 77 wherein each nis, independently, 1, 2, or 3.
24. The coated netal oxi de nanoparticle of claim23, wherein each n
is 1. 25. The coated netal oxide nanoparticle of claim23, wherein

t he conpound conprises the structure GR-X 26. The coated netal

oxi de nan@ﬁ).afﬂe'cﬁ%lt@d fktafbBlidhBRpabR R cRird DS, Wik taltergfig praipsi ses
an al kyl, a perfluoroal kyl, an aryl, a perfluroaryl, a hydroxyl, an
am ne, an amodeljnating grovp epmpusing i erownpthes presieylenediappredsitiperiic agid.
phosphoni ¢ acid, or a phosphonate ester group. 27. The coated netal

oxi de nangpafll le tetaﬂ)ﬁhgh&%ﬁaﬁ‘feﬁro?!cﬁi% B Fiferdh Ralorpriosks dubsttuted or
| um nescent’ group conprising an organi c dye. 28. The conpound of
clai m 25, whesslstitutddeliner oi branchgd.dlyo (e dippaticenricyelisl diphatis fuoroalkyl,
conprising a_. .
N, N - di phenytier(eiileppelyeoln@phdf BREIRFTUL 1' - bi phenyl - 4, 4' - di ani i ne or
a C60 29. The conpound of claim 25, wherein the termnal group is a
pol yner i zah| Eedoad®meR0oHE fimganicld afylajm a6, veidrgih G ja as bynind grognand R
acroyl, an epoxi de, an oxeta cycljc- rhon , rayl ., an
acrylonitri |aad Gieesthg G HREE ‘?Sgﬁ&%%{:g@?&ﬁﬁ?é ?Jaﬁz)é?@gﬁ[é{iﬁ@ﬁﬁ%ﬁ{ﬁg
ol efin groupcry gaﬁhgﬁﬁégmjgﬁ@@gﬁép%ygﬂjmggRBOQacchb5gmgﬂ3gﬁahmﬂﬁ5ﬁna
wherein the termnal group is a .po_ynerlzabfe %FOUE{COHDFISIHQ a
strai ned ri niganindgenfrondup 28 eveweiad it pointear €9 Ddp épaadivaisn Ra and Ras
nor bonyl , and,cycl ohut enyl s ' | cle
mg/l#n&enﬁy P%meﬂ/%séar}fh;lanla-gglgor%?%gﬁéé @%ﬁ 240118 )ﬁhﬁﬁg ug ROPAE b

of cl ai m 25, erein rou

36. The coated metal oxide nanoparticle of claim 25, wherein G is a halogen and R and G
together comprise -(CH,CH,0),-(CHy)sF, -(CHyCH0)er (CH3)gCl, -(CH2CHzO)or-
(CHa)gBr, -(CH,CH,0)o-(CHR)gL, -(CHy)-(OCHCHa)oF, -(CH2)p-(OCHRCH,).C, -
(CH,)g-(OCH,CHy)oBr, or (CHz)s-(OCH2CH,),l, wherein vy is an integer from 0 to 25,
wherein & is an integer from 0 to 25, wherein o is an integer from 0 to 25, and wherein 3

is an integer from 0 to 25.

37. The coated metal oxide nanoparticle of claim 25, wherein G is a cyano group and R and
G together comprise ~(CH2CH20)o-(CHz)3CN or -(CHz)p-(OCH2CH,).CN, wherein «is

an integer from 0 to 25, and wherein 8 is an integer from 0 to 25.

38. The coated metal oxide nanoparticle of claim 23, wherein G is a aldehyde group and R
and G together comprise -(CH2CH0)er(CHz)sCHO or -(CHz)p-(OCHCHz)CHO,

wherein ot is an integer from 0 to 25, and wherein 8 is an integer from 0 to 25.

39. The coated metal oxide nanoparticle of claim 25, wherein G is a nitro group and R and
G together comprise -(CHCH;0),-(CH,)sNO; or (CHz)g-(OCH,CH2)eNO;, wherein o
is an integer from O to 25, wherein 8 is an integer from 0 to 25, wherein yis an integer

from 0 to 25, and wherein 8 is an integer from 0 to 25.

40. The coated metal oxide nanoparticle of claim 25, wherein G is an alkyl group and R and
G together comprise -(CHzCH20)or(CH2)s0R.1, -(CHCH20)er(CH)s-CCH, -(CHa)g-
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pol ymeri zabl e group conprising -(CH2)r7Si C13, -(CH2)nSi (OCH2CH3) 3, or
- (CH2)r1 Si (OCH3) 3, wherein pis an integer fromO to 25. 32. The
coated netal oxide nanoparticle of claim?25, wherein the term nal
group is a cross- linkable group conprising chal cone, cinnamate,
vinyl, cycl ooact-4-eneyl, al kyne, azide, succinam de, or mal ei m de.
78 33. The coated netal oxide nanoparticle of claim?25, wherein the

term nal gr q@p;zcgz@&,cgmp r.@ﬂgtmqucﬂi_?_pcmFKGHQQ(@HQEI@MML or

et hyl enedi ani netetraacetic acid he coated netal oxid

nanoparti c| dCbb)sdOSFhCHDx Rah etizhORae dirbriseliss -4 FulSRint ot & HrHa-(CFa)s-
bstitut |
unsubstitu ]?(?Ru% &1&?% fx% mpiﬁaf’%g{‘lggrﬁ 0% 25 Qe ?ﬂ A égEl £5m WG 25 Gnd

al i phati c, T oa yl eneqyl yco ary or am no group.
35. The coatwighréirRal compiides Hanlompar 61 whehed alkylgcmpmvnmrteﬂﬁcﬁams- an
am no group and R and G together conprise -(CH2CH20O), r (CH2), NRazRa3,

] %Q_E: E %%éﬁmﬂ%na&&@%%%gﬁé%%iﬁmn \% s 8 efllurc]mgated group and R

L\Et eger 1;_\); oM@ é} %g%ﬁer c\Mcii@h@é gca:tz)lﬁqoamzcm)glgeocﬂmfm(@m@CBﬁ r(CERQOE )
erein Rae an i ndependently co in
al kyl group &EHE: dEFz)éf(g%Cga}uggh S(CFg%F 25@'&3{2@5%? ZEF((CE%QE@S*%

nanoparti cl | LAl pgen RoaN®:oGs5.
t oget her coﬁ”pl?e?%ghﬁé(gﬂﬂ-é 2 1?&1%‘22§31|%§W?e fél—lZOilﬁég(é&H(Z)) pCI0
-(CH2CH20) 1 (CH2) f Br (CHZCHZO) Y(CH2) p (OCH2CH?2) aF,

- (CH2) p- (eznquan@@wtal oxigrmytPEBCH T @ }éﬁrem zyal%mqm@)aaﬁ
wherein y is %’E}%o Lagdeh hgé“(@}#zeﬂgé)dp(tcyhgE»ﬁ&ﬁal/rlfg(%ze)?g?gﬁk%gﬁggﬁﬁﬂm 0

to 25, vvhereln a s an I nteger from
integer fr omcmlzlﬁe(omzcw)a?ﬂdwl e pd OTELEH, )aiticds, H(EHapdOCIRCE Y], -

ETIeTIa s 1S R e R BRSOt DA o

i nteger fron@H,HA2A, or20H(GHRARHIMNWRerkH ofi8 ah fit@@Efromroe28, Wherdin £ 88
The coated netal oxl de nanoparticle of claim?25, wherein Gis a

al dehyde gr dbjsearfipor) et VEerdyéeNidd conprise - (CH2CH20) - ( CH2) pCHO or
-(CH2) p- (OCH2CH2) aCHO, wherein a is an integer fromO to 25, and
wherein Ris an:integ@s fromO to 25. 39. The coated netal oxide -
nanoparticle of i 25, wherEin GChi s alnitro group and R and

T\

Raz Ras
Rag , L. _

Raa

Rag

wherein Ch is Se, S, or O, wherein r is an integer from 0 to 50, wherein s is an integer
from O to 3, and wherein Rag, Raz, Ras, Rag, Ras, Ras, Ra7, Ras, and Rap independently
comprise -(CH,CH,0),-(CH;);OCHj, ~(CH2CH20),-(CH2)sN(CHs)s, -(CH2CH20)y
(CH,);CON(CHa)z, -(CH,CH,0),~(CHy)sCN, -(CH2CH20)4-(CHy)sF, ~(CH2CH20)y
(CH,);NOs, ~(CHCH,0),(CHz);CHO, -(CH,CH0)~(CHz)5Cl, -(CH2CH20)
(CHy)sBr, (CH2CH,0)-(CHp)sl, -(CHLCH,0)y-(CHz)sPhenyl, -(CHz)s-
(OCH,CHy),CHs, -(CH2)s-(OCH,CHz)sN(CHa)z, -(CHz)s-(OCH2CH, )/CON(CHa),, -

i (CHp)s-(CH,CH20),CN, -(CHy)s-(OCHCHz).F, -(CH2)5-(OCH2CHz)NO,, -(CHz)s-
(OCH,CH,),CHO, ~(CHz)s-(OCH,CHy),Cl, -(CHa)s-(OCHCHa),Br, -(CHz)s-
(OCH,CHy),L, -(CHz)s-(OCH,CHy),Phenyl, -(CF2)g0CHa, -(CF2)sCHaON(CH;)y, -
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0 together conprise -(CH2CH20) y(CH2) 6NO2 or - (CH2) p- (OCH2CH2) aNO2,
wherein a is an integer fromO to 25, wherein Ris an integer fromO
to 25, whereiny is an integer fromO to 25, and wherein S is an
integer fromO to 25. 40. The coated netal oxide nanoparticle of

claim 25, wherein Gis an alkyl group and R and G together conprise
- (CH2CH20), r (CH2) pORai , -(CH2CH2O) -(CH2)p-CCH, -(CH2)0- 79

E%)O;Z? 2 SO OREEA A, OHIE) (S DETTHACR) DLREIGL. -

OCHCH2- ( CFE)(PF)EFBIN(CRhkr @C @Hnﬁcﬁﬁeqﬂﬁ,eéwziaﬂé%,o - (R R

br anched al RGTIGROGR R At (55 O H-FDL SRES LB BRa ol

oxi de nanoparbizs) 2defheedinb is @binteghefi@n 0 t€24.s a fluorinated group and
R and G together conprise -(CH2)0-(OCH2CH2) cF, - OCHCH2- (CF2) pCF3

- (CF2CF2 CF2 CE2 CF2CF CH2
(G2 p. %&géﬁfy%c%%etal HET BPRPAEE STRMPRCL Qa5 O (O ISEOMRg
wherein (i ?ﬂmhé'S@gelNﬁl'*PmP@3H0 P67, 42-COUewkaeaihedchiY ad indegeddently
nanopartlcle of claim?25, wherein Gis an aromatic group and R and G
t oget her cornplestsdfropdHocHEd) | r (CH2) p- Phenyl |

- (CH2) p- (OCHZCH2) aPhenyl , - (CH2) p- (OCHZCHZ) Phenyl ,

( g:FCg)Z%)p ( %"%g&'gat@f ey l)}ude Ln%c(e%%gﬂ% GfMeYdin Gis a gH gmenzable group

- (CH2) pAry1,and R@J@%;qgﬂ;h?ﬂ comprise gq}*fﬁli‘ép r ﬁ;)aﬂ%@i ra(&%ﬁa(@ﬁ%%@br

RA2 Ra1 On QT et By lpuop B FAED ALt S IBLEL R o 4

S, or O, whereinr is an integer fromO to 50, wherein s is an
i nteger #5.dfhe@otted Bictah oxideharoparicRAIL claiRA25, WAEeIn A4 2 CROSS-linkAde STRAY

e SRy I RO S s

- (CH2CH20) r (32T a e, CH,Ohi2 @RO)- NG Gri2)CGHE,) - ATGHRCER 05, wherein o is an integer

from 0 to 25 and wherein § is an integer from 0 to 25.

46. The coated metal oxide nanoparticle of claim 25, wherein G is an amide group and R
and G together comprise ~(CH,CHO)o(CH2)gCONR 2R3 or <(CHz)g-(OCH,CHy)o
CONR;R.3, wherein o 1s an integer from 0 to 25, wherein § is an integer from 0 to 25,
wherein R,z and R,3 independently comprise H, a linear or branched alkyl group having

up to 25 carbons.

47. The coated metal oxide nanoparticle of claim 25, wherein the polymerizable group

comprises a residue of:

o]

°|

&1



(CH2) 3N®2, - (CH2CH20)r (CH2) aCHO, - (CH2CH2O)r (CH2) 5C1, - (CH2CH20)-r
(CH2)aBr, -(CH2CH20).y-(CH2)al, -(CH2CH20O f(CH2)oPhenyl, -(CH2)s-
(OCH2CH2) - CH3, - (CH2) a- (OCH2CH2) 8N( CH3) 2,

- (CH2) 5- (OCH2CH2) . CON(CH3) 2, - (CH2) 8- (CH2CH20) -, CN,
-(CH2) a- (OCH2CH2) yF, - (CH2)s-(OCH2CH2) - >N02, -(CH2)a- (OCH2CH2)., CHO,
-(CH2)a- (OCH2CH2) . , A, -(CH2)5-(OCH2CH2) 7Br, -(CH2)6- (OCH2CH2) 4,

- (CH2) 6- (OCH2CH2) 7Phenyl , -(CF2)p , - (CF2) pCH20N( CH3) 2,1\ 80

(CF2) pCF3, -Q(CF2)pOCH, -0OCH2CH2- (CFpOCH_. e
- OCH2CH2- ( CF2) pCH2N( CH3) 2, - CXCFZ)QQHZN(CHB)ZJ_CCHZCHZ-(CF ) pCHO

- Q( CF2) pCHO, ——OCRZEH2=-(GRZF$CF3;, —CF2) 0- ( OCH2CH2) aPhenrydg or ,
-(CF2) p-( 2CH2) aghenyl , wherein y is an integeb from 0 to 25, and
wherein 8 is\an ipfeger frox\O to 25. 43. The coaied netal oxide
nanoparticle ai m 25, eretd) G i s ag=honic gr conpr |
S03-, -NR 13+, -PQ3H, -PQOB2-, 8 er ei n eacﬁé '
i ndependent |y sel&cted fromH or' a TheOcoat e
nanoparticl e of aim 25, wherein Gis meri zabl e grou
and G together conprise -(CH2CH2Q CH2) p- CH=CH2 or

- (CHZ) p- (CH2CH20) , r L CH=CH2, wher, i8xan integer to 25 and
wherein $ is an integ 25.145. oxi de

nanoparticle of claimp5, i s a cross-| oup and R
and G together conpri - (CH2CH20O),” - (CH2 (CH2CH20) Cr

CH, -(CHCH20)-(CH2)0-N3, or -(CH2)p-{CTH2CH20O) C -Ns, wherei® a is an
integer fromO to 25 and wherein 0 is an integerofromO to 25. 46.
The coated netal oxide nanoparticle of claim25,/wherein Gis an

am de group and R and G toget her i se
- (CH2CH20) Cr ( CH2) pCONRa2Ra3—e0— AESH2CH2) apc@ONRaZRa3, wher ein
ais an integer fromO to 25, where  is an integer fromO to 25,
wherein R 2 and Ra3 independently conprise H, a |inear or branched

al kyl group having up to 25 carbons. 47. The coated netal oxide
nanoparti cl ewbere Bab i candrdraiched dkylpoduprteringab ke 2§ tabighs. conpri ses
a residue of: 000

48. The coated metal oxide nanoparticle of claim 1, wherein the phosphonic acid ligands are

attached to the surface by bonds ranging from covalent, to polar covalent, to ionic, and

including through hydrogen bonding, of one, two, or three of the oxygen atoms of the

phosphonic acid ligands to the metal oxide surface.

49. The coated metal oxide nanoparticle of claim 1, wherein the organic phosphonic acid
ligands are attached to the surface by bonding as illustrated by one or more of the

structures illustrated below:

OH OH s o ‘\______
----- OZFI’—-"R or l \ ;
| -——O—ﬁ“—-ﬁ or Q—P—R or ———Q—pP—R
OH ﬁ
0

50. The coated metal oxide nanoparticle of claim 49, wherein R is an organic radical

comprising 1 to 18 carbon atoms.
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-o\\V/ o0o--0\\/ OOCH2 -08100 oORoO OSor O-00QCH
wherein Rio is a linear or branched al kyl group having up to 25
carbons. 48. The coated netal oxide nanoparticle of claiml1l, wherein
the phosphonic acid |igands are attached to the surface by bonds
rangi ng fromcoval ent, to polar covalent, to ionic, and i ncluding

t hrough hydrogen bondi n?, of one, two, or three of the oxygen atomns
of the ph%ﬁ%@??*&ecﬁ@ﬁ@ prigannsparbcls héclaim 49, vderadeRgsiaf kg subigitutathe

coat ed net al | ' of claim1l, wherein the organic
phosphoni c ag%ﬂ% gan%sﬁ%%%&gﬁ?ached to the surface by bonding as
il lustrated by one or nore of the structures illustrated bel ow. OH
OHS 00O 0-i I -Ror -0 PrRoOf -O\P-Ror R11 -0 OHOO oo/
50. The coated netal oxi de nanopar © aim49, wherein Ris an
organic radical conprising 1 to 18 &arbon a lqrﬁs. 82 51. The coated

met al oxi de nanoparticle of claim49, wherein Ris an alkyl
substituted

whereinn is 1 to 25, and R’ is a C1-C4 alkyl.

52. The coated metal oxide nanoparticle of claim 49, wherein R is selected from methy],

ethyl propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl, undecyl, and dodecyl.
53. The coated metal oxide nanoparticle of claim 49, wherein R is a residue of a polymer.

54. The coated metal oxide nanoparticle of claim 49, wherein R is a residue of an epoxy, a
polyimide, a cyanate ester or polyursthane, a polyvinylidene difluoride, a flnoropolymer,
a polyester, a polycarbonate, a polycarbonate-carbonate, a polysther-ketone, a
polyphenylene oxide, or a polyphenylene sulfide, a polyvinylphenol, a
polyvinylpyrrolidinone, a polyolefin, polyester, polyethylene naphthalate, cyanoethylated
pullulan and other pulluan esters, siloxane polymers, and copolymers of a
vinylidenefluoride or a trifluoroethylene or a chlorotrifluoroethylene or a

hexafluoropropylene or a copolymers thereof.

55. The coated metal oxide nanoparticle of claim 49, wherein R is a residue of epoXy resin,
a polyimide resin, a cyanate ester, a polyvinylidene difluoride, a fluoropolymer, a
polyester, a polycarbonate, a polycarbonate-carbonate, a polysther-ketone, a

polyphenylene oxide, or a polyphenylene sulfide, or copolymers thereof,

56. The coated meta] oxide nanoparticle of claim 49, wherein X, R, and G to gether comprise
n-octylphosphonic acid, methylphosphonic acid, 11-hydroxyundecylphosphonic acid,
octadecylphosphonic acid, (11-phosphonoundecyl)phosphonic acid, '
(3,3,4,4.5,5,6,6,7,7,8,8 8-tridecafluorooctyl)phosphonic acid, benzylphosphonic acid,
{2-[2-(2-methoxyethoxy)ethoxy]ethyl} phosphonic acid, [3-(4-{[4"-(phenyl-m-
tolylamino)biphenyl-4-yl]-m-tolylamino} phenoxy)propyl])-phosphonic acid, (11-prop-2-
ynyloxyundecyl)phosphonic acid, pentafluorobenzylphosphonic acid,
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pol yet her having the structure O _n R wherein nis 1 to 25, and R
is aC-C4 alkyl. 52. The coated netal oxide nanopaiticle of claim
49, wherein Ris selected fromnethyl, ethyl propyl, butyl, pentyl,
hexyl, heptyl, octyl, nonyl, decyl, undecyl, and dodecyl. 53. The
coated nmetal oxide nanoparticle of claim49, wherein Ris a residue

of a polymer. 54. The ¢ %ted net al  oxi de nanopartlcle of claim 49,
wherei n R i s Psntaromabenzyiphgsphopisxagid, € merjaviaxaandesylishonphosicesidef! lor

pol yur et hane’c1r§1aﬁ9§l¥¥§1ﬂ1}dlaéﬂ)%ﬂ§sgﬂkﬁllgg&go’aﬁgﬁe 9aﬂ;e|z§ n&pg}o%gﬁ)ﬁt’)sphomc acid, 3-

pol yester, a polycarbonat é car
poIyether-keﬁ&ﬁehna%bWEIQﬁheﬂy&@Hby@mmmmmm@ﬂmampmkyphenyIene sul fide,

a ponV|nyIphe ol.yv yrrolidi none, a polyolefin,
pol yester, O?P§$E%B;%% ﬂ%%ﬁf ‘@ cyanoet hyl ated pullulan and
ot her puIIuan esters, siloxane polyners, and copolyners of a

vi nyl i denefT.dhe bﬁi«:&ectmetal didé harppaeicl)f elakn Dfwigrein the phosphonic acid ligands
chlorotrlflu roeth l.ene ﬁ?ta hexafluoropropylene or a copol ymers

t her eof . 55. L an s faghof &Eewatﬁb?a%qr}a@pmleu ai m 49, wherein
Ris a residue of epoxy .resin, a polyimde resin, a cyanate ester, a

pol yvi nyl i senae dd;aftédlﬁétlaﬂ@ﬂd@nidoﬁélﬁl@]é‘ékb’lﬁﬁ{l wherdd® hié%%%honﬁ: acid hgands
pol ycar bonate, _a ycar bonat e- car bonat e, a pol yet her-I'cet one,

pol yphenyl en é“fgﬂeﬂ%y CQYPI the gantylsrridaneaenarticly furfdes todprme @paﬂpwmmstely full
thereof. 56. ,Hh81a &Q&Qﬂaﬂ@&@hxﬂéh&% QEE%IC|6 of claim49, wherein

X, R and G together conprise n- oct osp oni ¢ acid,
nmet hyl phosphoni ¢ acid, i -hydroxyundecylphosphonlc aC|d
oct adecyl pg%gbﬁ erpiitad la%tﬁlcvaéqnampm@slp Rbtowidieoys ) pheds mﬂmmrcthaorgémc

gghgyﬁbﬁog pﬁ ﬁos@hc?mc? d&d ﬁggldg L p%%‘hl 133 g(%%%at}d% 1534 ﬂegsrt ra't)out%choauds per nm®

{2-[2-(2-nethﬁmy@t@n&yﬁmﬁh@myhethyl}phosphorlc aci d,
[3-(4-{[4"-(phenyl -

;g: )él a(nilln@l), }fhg depééﬁlyé%&%%ed Lol %/rb%lg) ggﬁ%ﬁ}? gﬂgg %R: 5O SD xvherePnht(I)lg gggsgalac?mc

pent af | uor obecna YEide aieiREdc6t iAGH dﬂmcs%%aﬁtﬁm(f%l%hpi%k&%‘ Byl SRR oAk 16

(11-acryl oyl ndecyg)phosphonlc acid
C|nnannyloxygﬁﬂ§% PIPEh & ﬁ%“@éﬂ&wemﬁﬂ

3- (9H- car bazol - 9- yI)propyIphosphonlc acid, 3-
61. A coated metal oxide nanoparticle comprising:

a. ametal oxide nanoparticle having a surface; and

b. ligands selected from residues of phosphonic acids, thiophosphonic acids,
dithiophosphonic acids, trithiophosphonic acids, phosphinic acids,
thiophosphinic acids, dithiophosphinic acids, phosphohydroxamic acids, and
thiophosphohydroxamic acids and derivatives thercof and mixtures thereof

attached to the metal oxide nanoparticle surface.

62. The coated metal oxide nanoparticle of claim 61, wherein the ligands comprise residues

of compounds having the structure:

Grl 'R"Xl'l;

84



(3,6-di-tent-butyl-9H carbazol - 9-yl) propyl phosphoni ¢ acid, or
pent abr onobenzyl phosphoni ¢ acid. 57. The coated netal oxide
nanoparticle of claim1, wherein the phosphonic acid Iigands forma
.coating on the surface of the netal oxide nanoparticle. 58. The
coated netal oxide nanoparticle of claim1l, wherein the phosphonic
acid ligands sufficiently %over the netal oxide nanoparticle surface
to form an apProsn e altsrRRal O%Rpnol ayer on the netal oxi de
nanoparticle surface. 59. The coated netal oxide nanoparticle of any
of clains 1 twheddn RPELAUFNE BRUPY gani ¢ phosphonic acid ligands are
present in a concentration of at |east about 5 Iigands per im2 of
netal oxide syrface area. 60. The coated netal oxide nanoparticle of
any of cl ai mEvRFreRXg8selhied %o t he phosphonic acid |igands are
present in a concentration of fromabout 8 |ligands per nn2 to about
10 .ligands r nnm2 of net oxi de surface area. 61. A ceated netal
oxi de nanoparﬁfole conprisiqL: a. a netal ¢xide nanopartigle having a
surface; a —t+Pgands Setdgctedhf room r esi-guessiof ghosphepi-c-aci dsr

t hi ophosphoni g aci ds, dithijophosphonic acﬂds, trithi ophogphonic

aci ds, phosphiOi ¢ acids, tHKHophosphoni e acHds, dithi ophosphinic

aci ds, phosphohydroxani ¢ acids, and thiophosphohydroxanic acids and
derivatives tlgereof and m xtares thereof attaghed to theynet®| oxide
nanoparticle $hrface. 62. T k coat ed netal”oxide nanopart[cle of

clai m 61, ‘wherernst herl i S8APl S€ T-espduas) Ofr conpo {havi ng
t he structure1 G RX,, 84 wherein Gis termnal group; wherein
Ris a bridgiog group; whersein X is selecoed from o S &5 -1, -G

or *-] -OHor *-1-SHor *-11-SH or

wherein each n is, independently, 1, 2, or 3.

63. The coated metal oxide nanoparticle of claim 23, wherein X is selected from:

P——3H or

OH OH SH
8] o] N—OH N——C0CH
| I I I
—pP——SH or * P——353H or * P—CH or * P—-8H
| | |
OH SH OH OH

64. The coated metal oxide nanoparticle of claim 61, wherein the ligands comprise residues

of compounds having the structure:
G]]“R"Xn,
wherein G is a terminal group;

wherein R is a bridging group;
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OHOHOHSH I Il NOHNOH 11 11 *-P-SH or *-P-SH or *-P-CH or
*-P-SH OH SH OH I H and wherein each n is, independently, 1, 2, o
63. The coated netal oxide nanoparticle of claim?23, wherein X is
selected from Il Il Il -1 -OHor *-f -SHor *-P-SH or OH OH I H
[T NOHNOH *-1-SH or *-Il -SHor *-I -OHor *-1I -SH OH SH
64. The coated netal oxide nanoparticle of claim61l, wherein the

| i gands conpriiseeih &Jp gelegied Bemeonpounds having the structure:
G-R X ,, whherein Gis a termnal group; wherein Ris a bridging
group; 85 wher&@n X is selected from OS O *-1 -OHor *-1 g OH or
*.|1-SH or *-1lllSH * ;and whegrein each n is,”independently, 1, 2, or

3. 65. The eealred—omt alor oxi-de-pranppardri cl e ofpclajm 28 whergin gach
nis 1. 66. Thg coated netal cixi de nanoparticle of claim 23,vaherei n
t he conmpound cjrrpri ses the stlructure GR X PB7. A phosphonig acid

conpound conprising the structure: G'-R-X,," * ; and

wherein each n is, independently, 1, 2, or 3.
65. The coated metal oxide nanoparticle of claim 23, wherein each 1 is 1.

06. The coated metal oxide nanoparticle of claim 23, wherein the compound comprises the

structure G-R-X.
67. A phosphonic acid compound comprising the structure:
Gy-R-X,,
wherein G is a terminal group;
wherein R is a bridging group;
wherein X is a phosphonic acid group having the structure:

ﬁ

*——P——OH

OH ; and
wherein each n is, indépendenﬂy, 1,2, 0r3.
68. The compound of claim 60, wherein each n is 1.
69. The compound of claim 60, wherein the compound comprising the structure G-R-X.

70. The compound of claim 60, wherein the at least one organic phosphomnic acid is present
as r-octylphosphonic acid, methylphosphonic acid, 11-hydroxyundecylphosphonic acid
octadecylphosphonic acid, (1 I-phosphonoundecyl)phosphonic acid,
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wherein Gis a termnal group; wherein Ris a bridging group; wherein
X is a phosphonic acid group having the structure: 0 -P-OH OH; and
wherein each n is, independently, 1, 2, or 3. 68. The conpound of
cl aim 60, wherein each nis 1. 69. The conpound of claim 60, wherein
t he conpound conprising the structure GR-X 70. The conpound of

cl ai m 60, whe he at ast  one_organic phosphonlc acid is present
as n-octyl pho(ég ’Jh &Oefs aS%nSEWP%fH’@ECBﬁB'HP@BBJmD@ acid, benzylphosphonic acid,
11- hydr oxyundeqylphespioahs a

(11- phosphon(c)l%ndecyl1?)phogﬂlh}f):’;rjl}Gﬂ(lzlgzéi‘.sgﬁ@')?11}@gﬁls;%ﬂmi%ﬁioP‘?m%[LL &mmh&w%
(3,3,4,4,5,5 t@y@nvm? lah@a 4tyi§-utetolytaminy }pbatoy} ppiped phogilenacicd, (11-prop-2-

benzylphosph ., L.

{2-2- ( 2- et ﬁﬂkﬁ 8‘3'2%? JRPYsBRoAiE P RepirdEgbsErhesphonic acid,

[3-(4- {[4' (@l@ﬁtﬂbi‘bmbﬁcnzylphosphomc acid, (11-acryloyloxyundecyl)phosphomc acid, gll—
t ol yl am no) bi phenyl - 4- -nz-tol yl am ng%& enoxy) y - phosphotic
acid, (11-pr (983“2m°¥)%$‘6‘53w}?8@é%?h91§ﬁ6@§> Hiccaghenzel 9- )Propylphosphomc acid, 3-

pent af | uor obengyi-ph phosp%%cﬁ %%?wagg%%l grhosphonl c acid,

(11- aci yl oyl oxynndecyl oni c
ci nnar noy| ox peretsenbhepaglohtaphpic acidey a mixture thereof,
3-(9H car bazol - 9-yl) propyl phosphoni ¢ acid, 3-

(3, 6-di-teff 5 honi c .acid, or -

pent abr onn%lte;llg%a‘ﬁp%pﬁ‘ﬂ g’%lﬁlgﬂlgglb d‘g%%é%mqu%f?z 8 FRprises o alllﬁ’é

corrpoupfl of @blﬁlumoalgyl M@ryhlametﬂl&?zlirﬂ; %ymbxﬂr&lﬁﬂgﬁ@@ﬂ{ahmm@&tél Kitlol, a
a perfluoro rflur a_hydroxyl, an am ne, an
am de, an es? 14, }%ﬁfpgllnye gp?g%%gwgﬁm ’e{”ﬁl?bgﬁﬂli‘PF?ée eséel"pﬂﬁ@%hom c acid,
or a phosphonate ester group. 72. The conpound of claim 69, wherein

t he term n&l The cunpousd af &l ﬁ@,s;ﬁ%ﬁém GHeQéHhinag ORRAP iiSd R;ﬂnﬁ’é}céift%%bc dye.
73. The conpound. of claim.6 wherein the termnal group is

pol ari zabl e GPERIREERI0L
aN, N - di phenyl - N, N - bi s( 3- net hyI phenyl)-1,1 '-bi phenyl -4, 4" -di am ne
or a C60 73. The compound of claim 69, wherein the terminal group is a polarizable group

comprising a N, N “diphenyl-N,N “bis(3-methylpheny!)-1,1 “biphenyl-4,4"-diamine or a
Coo-

74. The compound of claim 69, wherein the terminal group is a polymerizable group
comprising a vinyl, an allyl, a styryl, an acroyl, an epoxide, an oxetane, a cyclic-
carbonate, a methacroyl, an acrylonitrile, an isocyanate, an isothiocyanate, or a strained

ring olefin group.

75. The compound of claim 69, wherein the terminal group is a polymerizable group

comprising a strained ring olefin group selected from dicyclopentadienyl, norbornyl, and

cyclobutenyl.

76. The compound of claim 69, wherein the terminal group is a polymerizable group

comprising ~(CH,)nSiCls, -(CH2)nSi(OCHCHs)s, or -(CHz)nSi(OCHs)s, wherein 7 is an
integer from 0 to 25.
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74. The conpound of claim69, wherein the termnal group is a

pol ymeri zabl e group conprising a vinyl, an allyl, a styryl, an
acroyl, an epoxide, an oxetane, a cyclic- carbonate, a nethacroyl, an
acrylonitrile, an isocyanate, an isothiocyanate, or a strained ring
ol efin group. 75. The conpound of claim69, wherein the termnal

ro IS neri zabl.e gr rising a strained ring olefin
groﬂg Isel Zyglto ﬂ'iél(lfqnﬂ?ﬁlué &lla%bgéig’ﬂmeé% eltel":%’g%é??yl’ 1s ala‘f'ﬁl“ﬁss' I gl@l&tﬂl@lnyl
76. The conpeimdligis sHartbfB, @ﬁmmﬁ&@r%hﬁ &RRLEM r@n@%‘iu_l]%q%g%z ?e&iﬁzzc%l%e

poI yneri zabl e group conpri si ng -( jrisi Ci13
(CJ-lZ)rlS?r(I'(.IE‘lFBf}lQ? wherein zl is an integer fromO to 25. 87 77.
The conmpound of claim69, wherein the termnal group is a

cross- | i nkabrg, &fnﬂ}bﬂf]ﬁ GPHRI @,3& eFPHHE O Brin ot gﬂﬂg {E?z{[ G%bfaéll:la%lg SOUPs  Tha

cycl ooact - 4- eneyl yne, azi succi namd
conpound of einrFigd crowe ethenort ditgl¢nedinmnsketigamtipadid. a coor di nati ng
group conprising a crown ether or ethylenediam netetraacetic acid.

79. The c 9 R co e ubstituyted Qr
unsubst i t uf eg% ﬁ%ggﬁ&@f&&%rcg)ﬁ‘éﬁ%{ O?BH%S 3137 ?Bﬁ f&malibseg}l&qdr finear
al i phatic, férbomnwhékylsto Qkd ajjlphﬂich;ﬂcﬁd’lﬁgﬂhyﬁaﬁic) ﬂuor@dlk')h,, OI%(@@]Q{% EE&}}ID
80. The conpound of. claim 69, wherein GiIs an am no group and E’{ G
t oget her Zﬁglr PLAMING EFPBHD O) a( CH2) pNRa2Ra3,

- (CH2) p- (OCHZCHZ) aNRa2Ra3, - (CF2)pCH2NRa2Ra3,

- OCHCH2- ( GF2)ipGdaisRaadasslaial 69; %@Eﬂi@@%ﬁmu \M@R%@ G%gétﬁera“

integer fromO to ein 13 is _an integer from

wherein R 2 ?H@“%ééﬂﬁﬁgé(ahﬁggﬁh NP8 sz (QC}%CHB)BEE&R@P br anc hed

al I cyl grougchaven: 0. he
wherein Gi g a@ﬁal %%%Rgno?’%{gﬁét%n?ﬁg}g{hﬁ :}i é%lfrpr I's M{%R%ﬁ Whetein o

( g:laz_l %2—1 g))ogl( a2 Bisger FopAap2d) v Wp@é@ﬁ%ﬂ glﬁb,tege( TIOR3, %&ﬂ %,17 and Ry
a
- (CH2) p- (OCFP ‘%@e@h” "%41 %%}%323“6 e %gyggrﬂ)%#l YHHE P & ancabrreger

fromO to 25, wherein 5is an integer from 0 to 25, wherein a is an
i nteger f Bbrihe comp@d cfivthindty eherefd G & atinldgdt @YER ahd OMHEAS c8Rprise -

(CHzCHL0)y-(CHz)sF, -(CHRCH0)or (CHy)6Cl, -(CHoCH20)o-(CHa)gBr, -(CH,CH,0),
(CHz)gl, -(CHz)s-(OCHCHa)oF, -(CHZ)s-(OCH,CH,)oCL, -(CH)s-(OCHLCH,),Br, or -
(CHz2)p-(OCH,CHoz),f, wherein 7yis an integer from 0 to 25, wherein 6 is an integer from

0 to 25, wherein «ris an integer from 0 to 25, and wherein 8 is an integer from O to 25.

82. The compound of claim 69, wherein G is a cyano group and R and G together comprise
~(CH2CH0)o(CH:)sCN or ~(CH)g-(OCH,CH,)CN, wherein o is an integer from 0 to

23, and wherein 8 is an integer from 0 to 25.

83. The compound of claim 69, wherein G is a aldehyde group and R and G together .
comprise -(CHCH,0)or(CH2)sCHO or ~(CH,)-(OCH,CH,)CHO, wherein ois an

integer from 0 to 25, and wherein 8 is an integer from 0 to 25.

84. The compound of claim 69, wherein G is a nitro group and R and G together comprise -
(CHQCHzo)T(CH2)5N02 or -(CHz)ﬁ-(OCHchz)aNOZ, wherein o is an integer from 0 to
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82. The conpound of claim69, wherein Gis a cyano group and R and G
t oget her conprise -(CH2CH20) a(CH2),CN or -(CH,) O (OCH2CH2) aCN,
wherein a is an integer fromO to 25, and wherein ,Qis an integer
fromO to 25. 83. The conpound of claim69, wherein Gis a al dehyde
group and Rand G together conprise -(CH2CH20O) - (CH2)pCHO or

- (CH2) p- (OCHZCHZ aCHO, wherein a is an integer fromO to 25, and
wherein 9 is Zanwheie 2 ieReofiow (o 25guherdih ey ie wnistaganiiah Octb 85 randl9,

wherein Gis it & G toget her conprise -
( CH2CH20) y( CH e51\105 oé’rglr@%%?l%gpi‘ﬁ%@gmz) aNC2, wherein a is an integer

fromO to 88 25, wherein O is an integer fromO to 25 whereiny is
an i nt eger 83 rldacomponr@st cham 69ywhksrein 6 18 ah slkghgromt agER afid Grivghtlied c@hprise

85. Th d R d G
e

23 2 2)a al:
PP N i T 0) < N
to 25, wher ehrﬁeéegﬁbﬁl (2 25”%91% é%%ﬂ}uﬁﬁepﬁ:&% 0 374 mﬁéré] ﬁa Lgomprises H,

conprises H, a linear or branch group having up
carbons. 86. alhearcohprodeed byl gtoab irGg upwoedSeiarboisi s a f | uor| nat ed
group and R and G together conprise -(CH2)0-(OCH2CH2) aF,

- OCHCH2- CE2 CF2

o oy SR bl A R M0 i « tef R i ST T oteteg e,
from 0 fj 0 ]?SCW&Mgéﬁféﬂ)m(QGHt@{M @EHQHQ-((E]?%@PQ {@Fz@z)gﬁgﬁ)m ~(CF>)s-
compound of LAl %, WEIELD Gal3cll QORI Erghop g R AN &, e

- (CH2) p- ( CIIH&GMZJ) ta%Qﬂtherfﬁ@'?s)& mt(f:ggﬂ%%foaﬁ‘en}"

- (CF2) p- (OCHZCHZ) aPhenyl , -(CH2) p- (Cf:HZCHZ) Aryl, (CF2) 6-

( OCH2CH2) ), CF2)pAr |, -(OCH2CH2), , - (CH2) , Aryl
- Q( CH2) pAr r The ‘iﬂ"gp"é?% é?’ﬁ?x [Whegknids a2 omatiagropp priyR and Gdng@hetro

25, wherein &c?mﬂrfseaccr!z@fs@%(dftml%l? (CED-(WeRLEHD MM, | @2 A
(OCH,CHy)oPhenyl, -(CFy)g-(OCH,CHy) Phenyl, ~(CHy)s-(OCH,CH:)oAryl, -(CFa)s-
(OCH2CHyp)aAryl, -(OCH,CHy)or (CFp)pAryl, ~(OCH;CHy)o(CHa)pAryl, -O(CH,)gAryl,
or -O-(CFz)gAryl, wherein ctis an integer from 0 to 25, wherein 8 is an integer from 0 to
25, wherein Aryl is

F Ch ]

Rag . AT \ / _'* AgR—-\ / \ /

Raz Ras| +
. - ,0r — —

Rag Rag

2

wherein Ch is Se, S, or O, wherein r is an integer from 0 1o 5 0, wherein s is an infeger
from 0 to 3, and wherein Raj, Raz, Ras, Raa, Ras, Ras, Ra7, Ras, and Rag independently
comprise -(CH,CH,0),-(CH,);OCHs, ~(CH2CH;,0),-(CH,)s;N(CHz)3, -(CH;CH20),
(CH2)sCON(CHa),, ~(CH,CH;0),-(CH,)5CN, -(CHCH0)y(CH3)sF, -(CH,CH,0),-
(CH2)sNO;, -(CH,CH,0),-(CH,)sCHO, ~(CH2CEZ0)+(CH2)5CL ~(CH;CH,0),-
(CHz)sBr, -(CH2CH,0)-(CH,)sL, -(CH2CH,0),-(CH,)sPhenyl, ~(CHy)s-
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RAs Rne Rr Ch S A5 or wherein Chis Se, S, or 0, whereinr is an
integer fromO to 50, wherein s is an integer fromO to 3, and
wherein RAI, RA2, RA3, RA4, RA5, RA6, RA7, RAs, and RA9 i ndependently
conprise -(CH2CH20) r (CH2) 5CCH3, - (CH2CH20) r (CH2) &N( CH3) 3, - (CH2CH2O)r
(CH2) bCON(CH3) 2, - (CH2CH2O) r (CH2) oCN, - (CH2CH20) r (CH2) 8F, - (CH2CH20)r
(CH2) 6NQ2, -(CI-lZCI—lZO)réS—lZ(%ﬁtI)G-lQ - (CH2CH20) r (CH2) 0C1, - (CH2CH20)r
(CH2) 0Br, - ( CREEHEERHCIERH2§(il2)s- (Q UM CHOH2 | G (QCEL CHATAZ)N CBR),, -

{(Gr2) 6-{ 00 DG BT LBy s PR ) 8 AP r(OCERCEL N0, -CHi

- (CH2) 6- ( 0042{0823)2C&)ﬁﬂ%ﬁhlamﬁﬁmmcmk@@}ﬁemwy yCHO,

- (CH2) a- ( OCH o - %) - CH2).yBr, -(CH2)6- 2 221.,5,

- (CH2) s- ( OCH%%?&FP@%%& 2 8@@%%@@/]( CE5Y 1 e @RI HRON(CHa),, -
et (AP a0 G B B ORI NG

- O( CF2) ) CHO, € (p)@sz; OCRICT-(CBROHD,  OWHRTI @ POCHCH, GCE,)CFs, -
wherel b 5 1 5 PR Gade DR EBR R et s Giriss 200
wherei n G i s 0an 2b,omidovhgraiuf iscanptepsi fagn 883251 - NR113+ PO3H', -P032
or -COO-, wherein each RI1 is independently selected fromH or alkyl.
R and G ¢ opptne oSt R BLiE sppeittn o Fepdy: R Ppmpie o) NP7

- (CH2) p- ( CH2 @EgR), SPGF-GHZOONRLekih cach RY idRdbRheaRy sEEQm fokGr Bﬁalgﬁd
wherein 13 is an integer fromO to 25. 90. The conpound of cl ai m 69,

wherein G| cross- i nkabl rou nd R and G._together conprise

- (CH2CH20) %f (T%ﬂ‘é‘}TBP‘En%&g,‘ﬂaaln(‘ ‘é?éy -f%)l PoivEICEZakle Sromp B @pd G together
(CH2) p- N3, oOkomfrisd2)qH. RSP 5 NB= . €t (i i f

to 25 and \A/(]%Tié_i n % iiscgaén I nt egﬁelr)jﬁf %%{JQF gzgécﬁéqu%?%ﬁén%zoﬁﬁ%]e%fa

clai m 69, wh&raimfegsrifiony i and yhaseip Sdneh Rtegai@ Dog8Sher conpri se
_(CH2CH20) a- ( CH2) pCONRa2Ra3 or - ( CH2) O- (OCH2CH2) a CONR, 2R 3,  wher ei n

\:;\lh Ie? eiaz iRgﬁeO?Q“ﬁé S8 of Qair 69, WARLEH B i §c£0§s-ﬁllﬁ<aibﬁtg%gt%r arfdr ranndp Gttgge&x%f
comprise -(CH2CH20)or(CHo)g-C =CH, ~(CH;)g~(CH,CH;0)-C =CH, (CH,CH;O)er
(CH;)g-Ns, or -(CH2)s-(CH>CH,0)o-N3, wherein o is an integer from 0 to 25 and

wherein 3 is an integer from 0 to 25.

91. The compound of claim 69, wherein G is an amide group and R and G to gether
comprise ~(CHaCHz0)er(CH2)gCONR.2R 3 0r -(CHy)s-(OCH,CHy) CONR;R3,
wherein cis an integer from O to 25, wherein f is an integer from 0 to 25, wherein R,,
and Rz independently comprise H, a linear or branched alkyl group having up to 25

carbons.

92. The compound of claim 69, wherein the polymerizable group comprises a residue of
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and Rai independently conprise H, a |inear or branched al kyl group
having up to 25 carbons. 92. The conmpound of claim 69, wherein the
pol yneri zabl e group conprises a residue of 90 0 -o\ \ / o- -0\ \
/ 0OCH -0, 0 \ OOO>Ro 0O00.010 OSo OCQCCH
wherein Riois a linear or branched al kyl group having up to 25
carbons. 93. A nefhod for preparing the coated nmet al oxi de

nanoparticle of a of claims 1 to 60 corrpr| & Ng the steps - a.
provi di ng the net al) opakticles; and nmet al
oxi de nanopartlcl- phosyhoni c acid sal t
t hereof, so as Tolattac east/son¥of The phos to the

metal oxide nanoparticle sunfac#, to forma coated neta A de
nanoparticle. 91 94, The hod of claim93 further conprising a step
of isolating and puN & coated netal oxide nanoparticles. 95.

The nmethod of claim} he-steep—ot=peoviding the netal oxide

nanoparticles conp 8
the netal oxide nanoparticles to at ’

D S

PSSRl
MM

0

/

-0 OCH3

?

wherein Ry is a linear or branched alkyl group having up to 25 carbons.

' 93. A method for preparing the coated metal oxide nanoparticle of any of claims 1 to 60

comprising the steps of:
a. providing the metal oxide nanoparticles; and

b. reacting the metal oxide nanoparticles with the phosphonic acid or an ester or
salt thereof, so as to attach at least some of the phosphonic acid to the metal

oxide nanoparticle surface, to form a coated metal oxide nanoparticle.
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| east partially renove any surface contam nants thereon. 96. A nethod
for preparing the coated netal oxide nanoparticle of any of clains 1
to 60 <conprising the steps of. a. treating the netal oxide
nanoparticle with an etchant; and b. reacting the etched netal oxide
nanoparticle with a conpound of any of <clains 67 to 92, wherein X is
an anchorin roup that can bind to the nmetal oxide nanoparticle.

97. The ne?gﬁglemeth,qdaﬁfwﬂ@@,93vﬁn@h@icmnpﬂh%;hga steaot isd ety dnd @arifdnsehel soated
NH4AC1l, aqueo ; gus HNO3. 98. The nethod of claim 96,
further conp?%%?ﬁ%u?ﬁ8£o e%%m%f purification and isolation of the
coated netal oxide nanoparticle. 99. A nanoconposite conposition
conpr i si ng%5. Tae natipdl of wiaim 98rwhekein the atep oAp@eidiret iat mewl Bedoanepatitis! e
of any of clains.l to, 60 grislfersed Wité{ui n the ]?Ol yner. 100. The
nanocoi nposi & RO GSIPi G Aregna g sichngshe sprfaresting metehetigsmmmonaticlgs to at

dielectric coRSiaallyde@aemylshaitetbn8uhtsiRrdn25 and | ess than 30
when neasured at 1 kHz. 101. The nanoconposite conposition of claim

99, wherein the o% mer is soluble in an _organic solvent. 92 102.
The nanoc ogppés‘?l?tgo ﬁqwa%af%ﬁmc?fﬁa@ metd eode napaparticln of wrey eolpams & to 60
solvent is gehpsdigshnbim bhe group consisting of tetrahydrofhran,
acetonitrile, acetone, dinethylformam de, nethanol, ethanol, and

ethyl ene glycol. 103. The nanoconposite conposition of claim 99,
wher ei n t he pol ynr Hedtingthe epia) oxide nprsipgiticlecraith an etghanated est er or
pol yur et hane, a pol yvinylidene difluoride, a fluoropolyner such as

Teflon or Viton, @& ReouBSHRIetchdd BRIYSAROR iclB wi
pol ycar bonat e- car bonat e, §a gzoll yet her - ket%ﬁé&lg@;‘)%ﬁhyap%g}?wlédn%fag ioge,

or a pol yphenyl ene $limg §2to 22, péhkiein Xyd phmnlyring group that can bind to the metal

pol yvi nyl pyrrolidin , l efin, polyester, polyethylene
napht hal at e, cyanoe?ﬁ%egtggég%&bcg%l ul an and ot her pulluan esters,

si |l oxane pol yners, and copol yners of a
97. The method of claim 96, wherein the etchant comprises aqueous NH4Cl, aqueous HCI,
. or agueous HNOs,

98. The method of claim 96, further comprising the steps of purification and isolation of the

coated metal oxide nanoparticle.
99. A nanocomposite composition comprising:
a. apolymer; and

b. the coated metal oxide nanoparticle of any of claims 1 to 60 dispersed within
the polymer.

100. The nanocomposite composition of claim 99, wherein the polymer has a dielectric

constant greater than or equal to 2.25 and less than 30 when measured at 1 kHz.

101. The nanocomposite conposition of claim 99, wherein the polymer is soluble in an

organic solvent.
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vinyl i denefluoride or a trifluoroethylene or a
chlorotrifluoroethylene or a hexafl uoropropyl ene or copol yners
thereof or m xtures thereof. 104. The nanoconposite conposition of
claim99, wherein the polynmer is a polynmer resin. 105. The
nanoconposi te conposition of claim99, wherein the polynmer soluble in
wat er . 106.1 f\ cagﬁci tor conprising at |east one coated netal oxide
nanoparti cl &-of § g coppagitgComppgtigpof claim. 10}, wigsein theooreaerprivest isg

t he nanoconpasjctied GORHRAS biok : ot i 99 to. .106.. 108. A

met hod for preparing a g%{é’?}gg"%sﬁ@géﬁﬁhc g?d(;gﬂnlﬁ’rai%gﬁoﬂlémtehaé:e@%ps of :

a. treating dimehdforaringte, meHvpel cthalod, anil efhylene giiyedlant ; and b.
reacting the etched netal oxide nanoparticle with a conpound of claim

69, whereigg X i | t . C ind to the netal oxide
nanopartici e 10.9?%1;%&#& 0 Sitgrgo%?ée)%goﬁ O%Iagng ? ’I“ﬁli‘ecf?)‘ﬂﬁl?q%qqﬂﬁmtlﬁ%“ SoEps
of : 93 a. dipslyénigkpybime coat@oolvetotiane)d BEVRANORR difl b RE, PHuABYolHher
clains 1 to 60 ina[a solvent; b. dissolving a polynmer in the solvent
to forma softti® eanaﬁ‘éﬁ@%g’!iP&FWétpr,@ﬁglycg Priptee f Palyearberatecarhataty, a
oxi de nanopakpbiyethesketdirda folyhidicAfodal | e. 1410, The
met hod of ¢l ai m 109 \me;?g?nyf’t Pt ﬁg‘# EPQ‘BP%& fé?‘?gs‘fé@&%tapf’é’é‘%’é’lpgﬂéﬂ’
of spin coaPPAY Y igpeelsinencappliglelin pobystenptlyaigylcmbrmphihalate, S@nosthylated
meni scus coating i i ol ytion or. dispersiqgn on a
substrat e, air:‘d r_aenrr%\r(/iicﬁ%qugﬁg%ﬂl%v%r%ﬁgﬁ?)ﬁge%#gﬁ?ﬁ’ﬁ%ﬂp‘agn%@ 50| vent,
to formthe rinyhdeoeludislesnb stifiatrecthyildie. or HhBlorRiNadoahyichdd 109,

wherein the 1,09 St conpri ses inting, screen printing, or ink
--j et print ﬁ%ﬁhﬁwp e r?OHB@TrﬁfSQEE?IS‘PfrﬂrW therepf. wherein the

polymer is an epoxy, a polyimde, a

104. The nanocomposite composition of claim 99, wherein the polymer is a polymer
resin.

105, The nanocomposite composition of claim 99, wherein the polymer soluble in
water.

106,

A capacitor comprising at least one coated metal oxide nanoparticle of any of
claims 1 to 60.

107, A capacitor comprising the nanocomposite composition of any of claims 99 to
106.

108. A method for preparing a coated nanoparticle comprising the steps of:
a. lreating a metal oxide nanoparticle with an etchant; and

b. reacting the etched metal oxide nanoparticle with a compound of claim 69,

wherein X is an anchoring group that can bind to the metal oxide

. nanoparticle

109. A method for preparing a film comprising the steps of:
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cyanate ester or polyurethane, a polyvinylidene difluoride, a

fl uoropol yner, a polyester, a polycarbonate, a

pol ycar bonat e- car bonat e, a pol yet her-ketone, a pol yphenyl ene oxi de,
or a pol yphenyl ene sul fide, a pol yvinyl phenol,

pol yvi nyl pyrrolidi none, polyolefin, polyester, polyethylene
napht hal ate, cyanoethyl ated pul |l ul an and other pulluan esters,

si | oxane pol yner s 2 ahépeeddhy pratesl petakoxidananprisiinés afeny diclaimsd to 60 ina
trifluoroethylene or,g..,chlorotrifluoroethylene or a

hexaf | uor opropyl ene or cépol yners thereof or m xtures thereof. 113.
The met hod of claim 109 or 110, wherein the solvent is selected from
N, N- di net hyl f or trardigselvingya padyme,in Kbersetviand to fgmnr oédhdionamdjspersion of the

chl orof orm chl orobenzene, .cyclohexane, nethylehtyl ketone,
net hyl i sobutyl ket orPeO,%ynﬁ)erI(%BSl/F%aﬁeed)glf‘%ocfxn?‘?e?af'}%%{lﬁ%“r ,Xnd pr opyl enegl ycol
met hyl et her acetate, o-xylene, decaline, and trichlorobenzene and

m xtures thereof. clifémiipe filinlomafsabgtett. by t he met hod of any of clains
109 to 113. 115. An article conprising the filmof claim114. 94

116. A capagj tor..co i Si the filmof.claim114. 117. The capaci.tor
of ol i m LES:  whB e Rep el i, e R e s B et g fesein
nanoconposi t eogtimgpdistdrib®idingf sppfycdating ldadp®st@:, enitQB-codifd ol B coating the
capacitor of claim 116, wherein the filmhas a dielectric constant of
greater thafCHERRer dipersiongn absteale, 484 fegroviie & rHewing 1 evaperdomofithe

filmhas a dg@béﬁyﬁm&npﬁg%ﬁgQM@h§§%gﬂﬁ&h of greater than about 120
VI mcrometer. 120. The capacitor of claim 116, wherein the film has

an energy density of %reate[ than about 3 J/en8. 121. The capacitor
of clai m148; whekepshede! daimi09awherci the Bemingstapsarpesds roftige, sateer

than about 19,in@dbeke6LiLGsRy eakdown strength of greater than about
120 VYnicrong?%rfg aﬁggaﬁhgﬁg'gy density of greater than about 3

J/cnB. 95 ]
112. The method of claim 109 or 110, wherein the polymer is an epoxy, a polyimide, a

cyanate ester or polyurethane, a polyvinylidene diftuoride, a fluoropolymer, a polyester,
a polycarbonate, a polycarbonate-carbonate, a polyether-ketone, a polyphenylene oxide,
or a polyphenylene sulfide, a polyvinylphenol, polyvinylpyrrolidinone, polyolefin,
polyester, polyethylene naphthalate, cyanoethylated pullulan and other pulluan esters,
stloxane polymers, and copolymers of a vinylidenefluoride or a trifluoroethylene or a

chlorotrifluoroethylene or a hexafluoropropylene or copolymers thereof or mixtures
thereof.

113. The method of claim 109 or 110, wherein the solvent is selected from N,N-
dimethyl formamide, pyridine, N-methyl pyrrolidinone, chloroform, chlorobenzene,
cyclohexane, methylehtyl ketone, methylisobuty! ketone, propyleneglycol methylether,

propyleneglycol methylether acetate, o-xylene, decaline, and trichlorobenzene and

mixtures thereof.
114. The film formed by the method of any of claims 109 to 113.

115. An article comprising the film of claim 114,
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116. A capacitor comprising the film of claim 114.

117.  The capacitor of claim 116, wherein the film comprises two or more layers of the

nanocomposite composition of any of claims 99 to 106.

118. The capacitor of claim 116, wherein the film has a dielectric constant of greater

than about 19.

9. The capacitor of claim 116, wherein the film has a dielectric breakdown strength

of greater than about 120 V/micrometer.

120. The capacitor of claim. 116, wherein the film has an energy density of greater than

about 3 J/om®.

121. The capacitor of claim |16, wherein the film has a dielectric constant of greater
than about 19, a dielectric breakdown strength of greater than about 120 V/micrometer,

and an energy density of greater than about 3 J/em®.
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