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Surface Modification of Y,O3 Nanoparticles
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Rare earth ion-doped yttrium oxide {83) nanocrystals are nontoxic and can be prepared as upconversion materials
for cellular imaging, but they do not suspend well in water. In contrast to their tendency to dissolve in acidic media,
yttria (Y,03) nanopatrticles readily react with phosphonic acids to give phosphonate-bonded yttria particles. Through
the choice of phosphonic acid, the hydrophilicity of the nanoparticles can be controlled. The synthesis of a novel
tetraethylene glycol-derived phosphonic acid is described; yttria treated with the corresponding phosphonate is easily
dispersed in aqueous media. The preparation of yttria bonded to a phosphonate that may be used for cross coupling
with biomolecules is also described.

Introduction discover that ¥Oj3 particles can react with phosphonic acids to
Semiconductor quantum dots have received significant at- 9V€ stable phosphonate-coated materials. Herein we show that,
tention for biological applications such as cellular imaghtyt through the choice of phosphonic acid structure, these yttria

their constituent toxic elements (e.g., CdSe) and their need for Particles can be made to be either more hydrophilic or less
UV excitation can limit their use in vitro and compromise in nydrophilic than the native oxide and can be activated for the
vivo applicationg: Rare earth ion-doped yttrium oxide {¥5) covalent attachment of biomolecules.

nanocrystals are an interesting alternative to CdSe quantum dots
for two significant reasons: they are nontoXiand they can be
prepared as upconversion matertals.the latter context, they Acetoxy(tetra[ethyleneoxy])propyl Dimethyl Phosphonate (5).
absorb multiple infrared photons and emit in the visible re§ion. A modification of the literature procedufewas used. Dimethyl
Because IR excitation is less damaging and penetrates furthefPhosphite (2.481 g, 0.0226 mol) aA¢2.095 g, 0.0076 mol) were
into living tissue than UV, upconverting yttria is a promising added to a 50 mL three-necked flasl_< fitted Wlth areflux condenser,
material for in vivo imaging. However, untreated yttria an argon inlet, and a septum. The stirred solution was heated to 105

tal twithout orobl ) ticles tend t t °C.tert-Butyl peroxybenzoate (0.1 mL, 5.2610“ mol) was added
nanocrystais aré notwithout problems: partcliestendlo aggregate, ;, syringe to initiate the radical addition. An additional portion of

and they lack surface groups that can be used to attach targeting,gica| initiator was added aftd h and again afte2 h of reaction
biomolecules Whereas surface coating with silica/siloxane layers time. After 4.5 h of total reaction time, the mixture was allowed to

is a common method of enabling partieleiomolecule conjuga-  cool. The resulting oil was purified by silica column chromatography
tion, this treatment can significantly increase particle izhjch using increasing amounts<{®%) of methanol in ethyl acetate to
affects transport to and into cells, and silica and siloxane coatingsobtain a colorless oil (0.750 g, 25% yieldd NMR (300 MHz,
can be hydrolytically unstable under physiological conditibns. CDCl;, 6): 4.21 (dd,J = 3.9, 5.4 Hz, 2H), 3.74 (dJ = 10.7 Hz,

A surface treatment that yielded a robust, covalently bound, 6H), 3.72-3.56 (m, 14H), 3.51 (t) = 6 Hz, 2H), 2.06 (s, 3H),
hydrolytically stable organic monolayer capable of being 1.92-1.76 (m, 4H):%C NMR (100 MHz, CDC4, 0): 171.16, 70.86,

functionalized would seem to be superior. It would only nominally 70.72,70.67, 70.21, 69.22, 63.71, 52.42¢; 6 Hz), 22.77 (d ]

X . - ) . = 5 Hz), 21.37 (d,J = 141 Hz), 21.093P NMR (121.6 MHz,
increase the particle size yet allow the particle to be chemically CDCL6): 36.21. FTIR (neat): 3461, 2952, 2870, 1738, 1456, 1375

bound to a targeting reagent. We have shown that phOSphoniC]_352 1246. 1182. 1113, 1055. 1031, 952. 843. 810 citRMS
acids can react with a variety of metal oxide surfaces to yield, (g|): 387 (M + H)

ultimately, phosphonate monolayer filtfsGiven the tendency Hydroxyl(tetra[ethyleneoxy])propyl Phosphonic Acid (1b).

of yttria to dissolve in acidic solutions, we were surprised to This method was adapted from a literature procedtifesolution

- — - of 5(0.271 g, 7.01x 104 mol) in 15 mL of CHCl, was added to
Elg&f_fisrl)otn(:ingpauthgf-FE-Talli {chwant@DPrr:ncet&n-eéiu- e s 8 50 mL three-necked flask equipped with a stir bar, an argon inlet,

IChalet, X.; Flnaud, F.; Lacoste, |. D.; Dahan, ., bruchez, N : :

Alivisatos, A. P.. Weiss, SSingie Mol.2001, 2, 261276, and a septum. The sqlutlon was stirred at room tergperature under
(2) Kirchner, C.; Liedl, T.; Kudera, S.; Pellegrino, T.; Javier, A. M.; Gaub, &rgon, and trimethylsilyl bromide (0.5 mL, 3.2910"° mol) was

H. E.; Stolzle, S.; Fertig, N.; Parak, W. Nano Lett.2005 5, 331—-338. added dropwise via syringe. The reaction mixture was stirred for

R (3)(:Schubergb(?é: ??4a2rgélgfgle-: Raitano, J.; Chan, SBWichem. Biophys. 24 h. Methanol (0.109 g, 3.40 103 mol) was then added, and the

es. Commu . H : HY H H

(4) Capobianco, J. A.; Vetrone, F.; Boyer, J. C.; Speghini, A.; Bettinelli, M. solution was S.tlrre.d for.an.addltlonal 24h. Hydrochloric acid (1 mL,

J. Phys. Chem. R002 106, 1181—1187. 5% HCI solution in deionized water) was added, and the mixture
(5) Auzel, F.Chem. Re. 2004 104, 139-173. was stirred for 30 min before the layers were allowed to settle. The
(6) Lim, S. F.; Riehn, R.; Ryu, W. S.; Khanarian, N.; Tung, C.-k.; Tank, D.;  aqueous layer was collected, and the water was evaporated under

Austin, R. H.Nano Lett.2006 6, 169-174. i i 0,
(7) Wang. F.. Tan, W. B.. Zhang, Y.: Fan, X.: Wang, Manotechnology reduced pressure to yield an orange oil (0.232 g, 104%). The product

Experimental Section

2006 17, R1-R13. was >95% pure_b_y31P_ NMR spectroscopy, and no significant
(8) Sivakumar, S.; Diamente, P. R.; van Veggel, F. C. JOMem—Eur. J. impurities were visible in théH or 13C NMR spectra sdb was not

2006 12, 5878-5884. _ ) purified further before use (Scheme 1). It is likely that all of the

zzés_a)zggverman, B. M.; Wieghaus, K. A Schwartz, Uangmuir 2005 21, water is not removed during evaporation because of the hydrophilic
(10) Gawalt, E. S.; Avaltroni, M. J.; Danahy, M. P.; Silverman, B. M.; Hanson,

E. L.; Midwood, K. S.; Schwarzbauer, J. E.; Schwartzl_@ngmuir2003 19, (11) Sasin, R.; Olszewski, W. F.; Russel, J. R.; Swern]..Am. Chem. Soc.

200-204. Gawalt, E. S.; Avaltroni, M. J.; Danahy, M. P.; Silverman, B. M.; 1959 81, 6275-6277.

Hanson, E. L.; Midwood, K. S.; Schwarzbauer, J. E.; Schwartadgmuir2003 (12) Gaboyard, M.; Hervaud, Y.; Boutevin, Bhosphorus, Sulfur Silicon

19, 7147. Relat. Elem2002 177, 877-891.
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Scheme 1. Synthesis of Hydroxy(tetra[ethyleneoxy])propyl Phosphonic Acid (1b)
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a (i) Allyl bromide, NaOH, THF, reflux for 3 h; (ii) AcCl, DIPEA, CHCI,, 0°C for 3 h; (iii) dimethyl phosphitetert-butyl peroxybenzoate,
105 °C for 4.5 h; (iv) TMS-Br, CH.Cl,, 24 h; (v) MeOH, 24 h; (vi) HCI, 30 min.

Scheme 2. Surface Modification of Yttria Particles by Hydrophobic (2a) or Hydrophilic (2b) Phosphonates or by Phosphonates
of Intermediate Hydrophilicity (2c)

R H

:" 0] R
C CH,C O. 4

/ 2 2 32

0 \ RCH>CH->POz;H \\\ R C J

\
HO R =CygHa3; 12 //Fgo 0 O Q P;P\
R = CHy(OCHoCH2)4OH; 16 O 2 R~ o

Y203 0’0 \ 2

R= CHZ(CHZ)BOH; 1c Yo

TFA l -COs
CF
FaC 3

)'\O F3C O”’k CF3

6]
o) O= RCHzCH2P03H2
0 "o §<
- 0 -TFA

nature oflb. 'H NMR (300 MHz, CBOD, ¢): 3.70-3.52 (m, happy to find that, even in the presence of these surface
18H), 1.93-1.75 (m, 4H)*C NMR (125.7 MHz, CQOD, 9): 73.61, contaminants, simply stirring a suspension gd¥nanoparticles
71.88,71.74,71.62, 71.56, 71.42, 71.19, 62.29, 24.43 {139 in atetrahydrofuran (THF) solution of octadecylphosphonic acid

Hz), 24.13 (dJ = 4 Hz).3"P NMR (121.6 MHz, CBOD, 8): 32.47.
FTIR (neat): 3362, 2927, 2881, 1718, 1456, 1352, 1249, 1086, 946
cmL. LRMS (ESI): 315 (M— H)

(ODPA; 1a) gave, after isolation and rinsing, particles coated
with a film of octadecylphosphonated). The IR spectrum (Figure

. . 2) had peakscn, = 2919 and 2850 cmi characteristic of ordered
Carbonate Removal by TFA (3).Yttria nanoparticles{35 mg, . i e
Nanocerox) were dispersed by sonication in 20 mL of acetonitrile aliphatic chains®There was also a broad band from 1160 to 990

and were transferred to a 50 mL round-bottomed flask. Trifluoroacetic €M * @nd a sharp peak at 1090 chattributed tove—o; there

acid (1.5 g) was added, and the reaction mixture was stirred overnightWas no band at 1240 crh (ve—o), which is consistent with a

(15 h) at room temperature. Nanoparticles were collected by tridentate-bound phosphonate filftHowever, carbonate bands

centrifugation, and the solvent was removed under reduced pressurevere still apparent.

to give 3. We find that surface carbonate can be removed from yttria by
Phosphonate Film Formation Nanoparticles (35 mg, asreceived  treating a suspension of the uncoated particles with trifluoroacetic

or TFA-treated3) were dispersed by sonication in 10 mL of THF  acid (TFA) in acetonitrile. The resulting materid) (showed

and were tran.sferr.ed to a 50 mL round-bottomed .ﬂask containing tyifluoroacetate coordinationgco,- = 1675, 1460 cmt; vC—F

the phosphonic acid (2.8 10 mol of 1a, 1b, or 1¢) in 25 mL of =1220, 1160 cm?, Figure 1) and was more resistant than native

THF. The reaction mixture was then stirredr f8 h at room } . . . .
temperature, and the nanoparticles were collected by centrifugation.ytma. to r_eact|on V.V'th atmosphgrlc_ QOt.d'd’ howevgr, react
readily with asolutionola after rinsing with methanolic NaOH,

In the case of coating witha (to give2aor 2&), 10 mL of methanol
was added to the THF suspension to help precipitate the particles

on centrifugation. The phosphonate-coated nanoparticles were 100 y W= e O i <
washed by dispersing in 20 mL of methanol containing 9 drops of | '-\ e y ] 3
0.05 M NaOH/methanol solution. This suspension was manually 0| ot A ‘--\\
shaken for 5 min, and the particles were collected by centrifugation L i \_;
to yield 2a, 2b, or 2c (Scheme 2). e e R e i M-l
i . | M ] e
Results and Discussion i | I‘ N \
Yttria reacts with ambient waterand CQ,# and the IR Y 1
spectrum of yttria nanoparticles is dominated by carbonatg( 60! \

= 1530, 1405 cm?) and OH ¢on = 3400 cn1?) bands (Figure f i
1); the latter band is attributed to both yttria surface hydroxyl \

groups and strongly adsorbed molecular water. High-temperature | \
(900 °C) treatment removes virtually all of the surface water il s
and most of the carbonatébut such harsh conditions can result : 11[
in deleterious particle aggregation and sintefifighus, we were | \
30 |
(13) Kuroda, Y.; Hamano, H.; Mori, T.; Yoshikawa, Y.; Nagao, Mingmuir 2000
200Q 16, 6937-6947. Wavenunbers (om1)
20(()24%9?03%%23"’515_'\““’ D.; Asheraft, R. W.; Parsons, GApl. Phys. Lett Figure 1. IR spectra of as-received,®; (top) showing strong
(15) Lee, M.-H.; Oh, S.-G.: Yi, S.-CJ. Colloid Interface Sci200Q 226, carbonate bands that can be removed by TFA treatment to Jield

65—-70. (bottom).



9160 Langmuir, Vol. 23, No. 18, 2007
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Figure 2. IR spectrum ofla (bottom), which was deposited on
Y .03 and 3 to yield 2a (middle) and2d (top), respectively.

the IR spectrum of these particl@sl() showed the trifluoroacetate
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Figure 3. IR spectra ofLb (bottom) and hydrophilic nanoparticles
of 2b (middle) and2b’ (top).

Cl, at 0°C using acetyl chloride and a tertiary amine to give

bands to be absent and aliphatic and phosphonate regions to b@imethyl phosphonate ester derivatbas then prepared using

similar to those for2a (Figure 2). Apparently TFA treatment,

3:1 dimethyl phosphitd:heated to 108C 311 Radical initiator

although useful in removing surface carbonate, has only a smallt€rt-Putyl peroxybenzoate was then added; additisextibutyl
effect on the formation of the deposited organic film. It may be Peroxybenzoate was added after #i @rh ofreaction. Attempts
that, in the absence of TFA pretreatment, an ordered organict© Purify 5 by distillation failed, but chromatography on silica

film exists in regions separated by carbonate islands.
As-received yttria nanopatrticles do not suspend well in various

organic solvents such as THF; they agglomerate even after

sonication. SEM images of these particles show micrometer-
dimension aggregates of 480 nm crystallites. Dynamic light
scattering (DLS) measurements of nanoparticles dispersed b
sonication in THF show an average hydrodynamic diameter of
approximately 420 nm. It is likely that sonication fractures the

micrometer-dimension aggregates seen by SEM into the smaller

ones measured by DLS. Particle®afand2a sonicated in THF
showed DLS particle sizes of 296 and 466 nm, respectively. The
difference in measured particle sizes betw2arand2a may
result from differences in their surface composition (surface
carbonate and/or phosphonate) and solvents used in thei
preparation Za in THF; 3, the precursor o2d, in acetonitrile
before reaction witlia). Despite their relatively large sizes, the

particles were easily suspended in nonaqueous media. Interest
ingly, gross suspendability characteristics did not depend on the
presence of residual carbonate: both TFA-treated and non-TFA-

treated?d and2ashowed suspendability that was good in CEICI

or CH,Cl, and better in THF or ethyl acetate. Thus, whereas any
remaining large aggregates quickly settled out, smaller particles
remained suspended for weeks.

As-received yttria nanoparticles can be suspended in water

with sonication, but they begin to agglomerate and settle out of
suspension after several hours. Because biological application

might require better aqueous suspendability for these nanopar-

ticles, we synthesized and bound a novel tetraethylene glycol-
containing phosphonate to the yttria surface (Schemes 1 and 2)
First, tetraethylene glycol was monoallylatéasing allyl bromide

and NaOH in refluxing THF and was then acetyldfad CH,-

(16) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem.
S0c.1987, 109, 3559-3568.

(17) Guerrero, G.; Mutin, P. H.; Vioux, AChem. Mater2001, 13, 4367~
4373.
(18) Perret-Aebi, L.-E.; von Zelewsky, A.; Dietrich-Buchecker, C.; Sauvage,
J.-P.Angew. Chem., Int. EQR004 43, 4482-4485.

(29) Ishihara, K.; Kurihara, H.; Yamamoto, 8.0rg. Chem1993 58, 3791~
3793.

S

was adequate. Thed NMR spectrum of5 consists of a series
of complex multiplets ad 1.95-1.78 for the methylene protons
closest to the phosphorusl§_c = 141 Hz;2Jp_¢, = 5 Hz) and
a series of overlapping AA'BB’ patterns for the Ggroups of
the ethyleneoxy unitsd(4.2 and 3.8-3.5). Phosphonate ester

ygroups of5 (3P NMR, CDCB, 6 36.21) were cleaved using

trimethylsilyl bromide (4 equiv in CkCly,) followed by treatment
with methanol (24 h at room temperatutéHydrolysis of the
acetate with a stoichiometric amount of aqueous HCI gave
hydroxy(tetra[ethyleneoxy])propylphosphonic acitib) (3P
NMR, CDsOD, 6 32.47). The phosphonic acid was deposited on
yttria or TFA-treated yttriaJ) by stirring the particles for 3 h

in a THF solution ofLb to give2b or 2b', respectively (Scheme

rl)' Any impurities remaining from the preparation 1§ were

deemed to be removed by washing particle2iofind2b'. IR
spectra oRband2b’ were similar, with the exception of carbonate
bands present ib (Figure 3). For botl2b and2b’, vcp, = 2870
(br) and 2930 cm! (shoulder) were observed, similar to
disordered oligoethylene glycol chains of thiolate derivatives on
gold 20 Similar to2a, the band fowp_o from 1200 to 960 cmt,
the peak at 1110 cmd, and the absence of a peak near 1240tm
are consistent with tridentate phosphonate coordinéfion.
Particles oRband2b’ suspend readily in water with agitation.
Sonication enables longer-term suspension. Smaller particles
remain suspended for days, and unlike as-received particles that
stay visibly aggregated after settling o2ib can be resuspended
easily by manual agitation. Hydrodynamic diameters of as-
received particles in water were measured to be 300 nm, whereas
those of2b and2b’ were 238 and 400 nm, respectively. Here,
too, observed DLS size differences are likely derived from particle
surface composition and the solvent employed in their preparation.
Partitioning of2b and2b’ between CHGland water occurred
as expected for the hydrophilicity of the phosphonate monolayer.
Mixing CHClzand hydrophili@b or 2b’ followed by the addition
of water and agitation gave an aqueous suspension of nanopatrticles
above the organic layer. Conversely, mixing water and hydro-

(20) Herrwerth, S.; Eck, W.; Reinhardt, S.; Grunze, MAm. Chem. Soc.
2003 125 9359-9366.
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acids have been used to surface modify iron oxide nanoparticles,
but this requires elevated temperature, long reaction times, and/
or high-energy ultrasound treatméi#£3 Phosphonic acid
reactivity seems to correlate with the basicity of the metal oxide

substrate; for example, AD; and ZrQ show higher reactivity
toward them than does Ti3* The ease with which yttria reacts
with ambient CQsuggests a surface of high basicitjiowever,
unlike Al,Os3, which is also highly reactive with phosphonic
acids and gives phosphonate sétgtria yields a stable organic
film. The coated particle aggregates described herein may be of
immediate use for certain bioass&§s3°but in vivo applications

Figure 4. Partitioning of modified nanoparticles in biphasic CHCI : g ;
H,0 solvent mixtures. (Lef@a(hydrophobicla-coated) suspended such smaller particles are commencing; others, to conjugate

in a CHCE layer. (Right)2b (hydrophilic, 1b-coated) suspended in biomolecules fo yttria particles using hydroxyl-terminated
a water layer. phosphonate films, are underway.

phobic2aor 2a showed particles floating on the water surface ~ Acknowledgment. This research was supported by the
until CHCl; was added and the mixture was sonicated. The National Science Foundation and CRG Chemical, San Diego,
biphasic mixture was then a suspensioBabr 2 inthe organic ~ CA. We thank Mr. Joseph A. Traina and Dr. Bruce Mann for

layer only (Figure 4). measuring DLS data.
A third system was examined in which yttria nanoparticles
were bonded to 11-hydroxyundecylphosphonic ata), (which Supporting Information Available: Preparation of tetraethylene

we have previously used to attach biomolecules to solid metal 9lycol monoallyl ether and. *H and**C NMR spectra oflb and5. IR
oxide surfaced®2! The resulting particles have hydrophilicity Isr?tgﬁr; %?Egnslziblgisn;?tenal is available free of charge via the
intermediate between that d?a and 2b. IR spectra are p-/ipubs.acs.org.
characteristic of less-well-ordered films witlan, = 2923 and LA701653V
2852 cnt! for 2c and 2921 and 2851 cmh for 2¢. The
phosphonate regions facand2c showedp_o as a broad band (22) Shafi, K. V. P. M.; Uiman, A; Yan, X.; Yang, N.-L.; Estournes, C.;
centered at 1060 cm, similar to those foa and 2b. White, H.; Rafailovich, M.Langmuir2001, 17, 5093-5097. :
(23) Yee, C.; Kataby, G.; Ulman, A.; Prozorov, T.; White, H.; King, A,;
. Rafailovich, M.; Sokolov, J.; Gedanken, Aangmuir1999 15, 7111-7115.
Conclusions (24) Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; RevenlL.angmuir
. . 1996 12, 6429-6435.
We have sh_own that phosphonates readllyllpond to yttrium 9?25),23:rk5%§ ,ff;hem_ Re. 1965 65, 177-198.
oxide nanopatrticle surfaces and that the hydrophilic characteristics  (26) van de Rijke, F.; Zijlmans, H.; Li, S.; Valil, T.; Raap, A. K.; Niedbala,

; ; i~R. S.; Tanke, H. JNat. Biotechnol2001, 19, 273-276.
of _these pa_rt|cles can be controlled by choice of the phospho_mc (27) Kuningas, K.. Rantanen. T - Ukonaho, T-vignen, T  Soukka, TAnal.
acid. Bonding apparently occurs at room temperature, which chem.2005 77, 7348-7355.
contrasts with the reactivity of phosphonic acids with particles s (ﬁ?)dcéogstjeRné F’+ L. If\. ﬂélE %; Zuidﬁrwijlé,_ l\{l Earggsé,;(l.g Qberjm;sé W.
: . .; Niedbala, R. S.; Tanke, H. roc.: Nanobiotechno! —72.

of several other metal oxides. For example, alkylphosphonic (29) Zijlimans, H. J. M. A. A.; Bonnet, J.; Burton, J.; Kardos, K.; Vail, T_;
Niedbala, R. S.; Tanke, H. Anal. Biochem1999 267, 30—36.

(21) Midwood, K.; Carolus, M. D.; Danahy, M. P.; Schwarzbauer, J. E.; (30) Hampl, J.; Hall, M.; Mufti, N. A.; Yao, Y.-M. M.; MacQueen, D. B.;
Schwartz, JLangmuir2004 20, 5501-5505. Wright, W. H.; Cooper, D. EAnal. Biochem2001, 288 176-187.

may require smaller particles and/or aggregates. Studies using



