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ABSTRACT: Water-dispersible, polymer-wrapped nanocrystals

are highly sought after for use in biology and chemistry, from

nanomedicine to catalysis. The hydrophobicity of their native

ligand shell, however, is a significant barrier to their aqueous

transfer as single particles. Ligand exchange with hydrophilic

small molecules or, alternatively, wrapping over native ligands

with amphiphilic polymers is widely employed for aqueous

transfer; however, purification can be quite cumbersome. We

report here a general two-step method whereby reactive strip-

ping of native ligands is first carried out using trialkyloxonium

salts to reveal a bare nanocrystal surface. This is followed by

chemically directed immobilization of a hydrophilic polymer

coating. Polyacrylic acids, with side-chain grafts or functional

end groups, were found to be extremely versatile in this

regard. The resulting polymer-wrapped nanocrystal dispersions

retained much of the compact size of their bare nanocrystal

precursors, highlighting the unique role of monomer side-

chain functionality to serve as effective, conformal ligation

motifs. As such, they are well poised for applications where

tailored chemical functionality at the nanocrystal’s periphery or

improved access to their surfaces is desirable. VC 2012 Wiley

Periodicals, Inc. J Polym Sci Part A: Polym Chem 000: 000–000,

2012
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INTRODUCTION Colloidal nanocrystals are of great interest
because of their unique size and shape-dependent physical
properties.1–3 They are prepared by high-temperature syn-
thesis routes from inorganic salts or organometallics in the
presence of both coordinating and noncoordinating solvents,
which serve to exert control over their size, morphology, and
composition.4,5 Once synthesized, the ligand-passivated nano-
crystals are usually hydrophobic and require further manipu-
lation before use in polar or aqueous media.6,7 Accordingly,
efficient transfer protocols for colloidal nanocrystals into
water are highly desirable. This has been shown for a variety
of amphiphilic polymer coatings, which leave the native coor-
dinating ligands intact.8–10 Although general for most nano-
crystals, purification of single particles can be difficult owing
to the presence of higher order supramolecular aggregates of
polymers and nanocrystals. Moreover, for functional poly-
meric coatings, it can be difficult to assess a priori the opti-
mum balance of amphiphilicity to yield the highest fraction
of single particles. In cases where the physical properties of
the nanocrystal are sensitive to thermal treatments in aque-
ous media required to anneal a tight, conformal polymer
coating, the method falls short. Alternatively, native hydro-
phobic ligands can be displaced from the nanocrystal surface
by exchanging with small molecules that contain chemical

functionality directed toward metal adatoms at the nanocrys-
tal surface.11–16 The generality of this approach is less
straightforward, as the adsorption enthalpies vary widely
between various nanocrystal compositions and ligand types
(anionic, dative, multivalent, etc.). In most cases, because
driving the ligand exchange involves mass action,17–24 often
at high temperatures,25–28 or nonequilibrium control via
phase transfer,29–34 the exchange efficiency is typically low.
Inefficient exchange protocols may also cause undesirable
nanocrystal aggregation,35,36 in particular for biphasic proce-
dures, and often results in irreversible adatom desorption
from the nanocrystal surface or irreversible precipitation.

A more attractive approach would involve the removal of
hydrophobic ligands to reveal a bare, pristine nanocrystal
surface for subsequent repassivation. This has been difficult
to achieve without degradation of the nanocrystal, and hence
has not been previously explored. Nonetheless, dispersions
of bare nanocrystals with tailored functionalities are desira-
ble for applications in aqueous media including drug deliv-
ery,37 bioimaging,38,39 bioassays,40–42 magnetic separa-
tions,43–45 (bio)chemical remediation,46,47 and catalysis48,49

and also hold promise for use as nanoinks.50–52 Toward this
end, we have recently described the use of Meerwein’s and
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related trialkyl oxonium salts as exceptionally mild reagents
that efficiently and quantitatively strip native ligands from
nanocrystal surfaces without etching them or otherwise per-
turbing their physical properties.53 Bare nanocrystals are
likewise afforded by chemically treating nanocrystals with
NOBF4, although this more aggressive reagent cannot be
used with Lewis-acid-sensitive metal oxides (e.g., ZnO, AZO,
Cu2O, etc.) or metal chalcogenides containing selenium or
tellurium owing to oxidation of the chalcogenide and com-
plete destruction of the lattice. Nevertheless, with Meerwein-
or NOBF4-treated nanocrystals, repassivation of the bare
nanocrystal surfaces has been reported previously using
small organic ligands or commercially available high-molecu-
lar-weight polyvinylpyrolidinone.54 More deliberate passiva-
tion strategies using functional polymers especially designed
to bind strongly to nanocrystal surface-bound adatoms have
not yet emerged, nor has it been possible to test new coating
strategies on a more complete spectrum of nanocrystal com-
positions, which is uniquely afforded by Meerwein’s salt-
based reactive ligand stripping.

Here, we show that bare nanocrystal surfaces generated
using trialkyloxonium salts, with metal adatoms intact, are
readily passivated by a variety of functional polymers based
on the synthetically accessible polyacrylic acid (PAA) plat-
form. The two-step strategy is highly general, and is high-
lighted here for dispersions of metal oxide, metal chalcoge-
nide, and inorganic nanocrystals. The PAA scaffold is
especially desirable because of the simplicity in which it can
be functionalized with various end groups or side chains of
differing composition or grafting density. Several new poly-
mer coatings based on PAA are synthesized here using, for
example, reversible addition fragmentation chain transfer
(RAFT) polymerization55,56 which affords excellent control
over the polymer’s molecular weight and polydispersity and
is amenable to end-group modification.57 The resulting poly-
mer–nanocrystal hybrids exhibit remarkable stability over
extended periods, are easy to purify, and in contrast to some
previously explored methods, do not suffer from aggregation
or precipitation. The protocol reported herein for preparing
functional polymer–inorganic hybrid nanomaterials from
bare nanocrystal dispersions dramatically simplifies their
synthesis toward greater commercial scalability. Further-
more, with the ability to use a variety of polymers we can
tailor the interactions of nanocrystal surfaces with biological
systems to, for example, minimize toxicity thereby allowing
their use in clinical setting.

EXPERIMENTAL

Materials and Methods
Octadecylphosphonate (ODPA)-passivated CdSe nanocrystals
(d ¼ 4.1 nm) and ODPA/octylamine (ODPA/OAM)-passivated
CdSe/CdS quantum dot-quantum rods (QD-QRs) were pre-
pared using an automated nanocrystal synthesis robot,
WANDA, as reported by us previously.15,58–60 Oleate passi-
vated a-Fe2O3 (d ¼ 8 nm) were synthesized via a micro-
wave-assisted hydrothermal route, while upconverting b-

NaYF4 doped with 20 mol % Yb(III) and 2 mol % Tm(III) (d
¼ 17 nm) were synthesized using a high-temperature syn-
thesis in an organic medium.53 PAA (MW �1800 g mol�1)
grafted with four methoxy-terminated polyethylene oxides
(amide linkages) were synthesized using N,N0-dicyclohexyl-
carbodiimide (DCC)-mediated coupling.61 All other chemicals
were of the highest commercial grade possible and used as
received unless otherwise stated. Monomers were distilled
over CaH2 prior to use. 2,20-Azodiisobutyronitrile (AIBN) was
recrystallized from ethanol. Anhydrous solvents were
obtained at the highest possible purity. All buffers were pre-
pared from biochemical grade salts and MilliQ water and
sterile filtered prior to use. Automated flash chromatography
was carried out on a Biotage SP1 system using HPLC-grade
solvents. 1H and 13C NMR spectra were recorded in CDCl3 or
CD3OD using a Bruker 500 Ultrashield NMR. The solvent
peak was used as a reference. IR spectra were taken using a
Perkin Elmer Spectrum One Fourier transform infrared spec-
troscopy (FTIR) Spectrometer. Dynamic light scattering (DLS)
was carried out using a Malvern Nano Series Zetasizer.
Transmission electron microscopy (TEM) images were
recorded on an Analytical JEOL-2100F FETEM equipped with
a Gatan camera using a beam energy of 200 kV. X-ray diffrac-
tion (XRD) was performed on a Bruker Gadds-8 diffractome-
ter with a Cu-Ka source operating at 40 kV and 20 mA. Pho-
toluminescence spectra and absolute quantum yields were
acquired on a Horiba Jobin Yvon Fluorolog-3 Spectrofluorom-
eter equipped with an integrating sphere.

Synthesis of tert-Butyl 2-(2-
(dodecylthiocarbonothioylthio)-2-methylpropanamido)
ethylcarbamate Chain Transfer Agent (2)
To an ice-cold solution of 2-(dodecylthiocarbonothioylthio)-
2-methylpropanoic acid 162 (3.65 g, 10 mmol) in dimethyl-
formamide (DMF) (45 mL) was added 2-(6-chloro-1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate
(HCTU) (4.55 g, 11 mmol) portionwise, followed by N,N-diiso-
propylethylamine (DIPEA) (4.52 g, 35 mmol) in one portion
and then mono Boc-protected ethylene diamine (1.60 g, 10
mmol) in DMF (5 mL). After 12 h, the reaction mixture was con-
centrated in vacuo, and the residue dissolved in diethyl ether
(200 mL) prior to extraction. The ethereal layer was washed
successively with saturated aqueous KCl (3 � 50 mL), saturated
aqueous sodium bicarbonate (3 � 50 mL), deionized water (3
� 50 mL), and then brine (1 � 50 mL) prior to purification by
flash chromatography using a gradient elution of 4:1 hexa-
nes:DCM to 1:4. The product (2) was isolated as a bright yellow
solid (3.30 g, 65%). 1H NMR (500 MHz, CDCl3): d ¼ 6.91 (t,
1H), 4.82 (t, 1H), 3.4–3.3 (m, 6H), 1.71 (s, 6H), 1.68 (m, 2H),
1.46 (s, 9H), 1.40 (m, 2H), 1.32–1.27 (m, 16H), 0.88 (t, 3H)
ppm. 13C NMR (125 MHz, CDCl3): d ¼ 173.1, 156.4, 79.5, 57.1,
41.0, 37.1, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 29.0, 27.7, 25.8,
22.7, 14.1 ppm. FTIR: m ¼ 3350 (w), 2960 (s), 2927 (m), (2855)
(m), 1698 (m), 1662 (m), 1528 (m), 1496 (s), 1392 (s), 1366
(m), 1278 (m), 1255(m), 1175 (m), 1146 (m), and 815 (m)
cm�1. Anal. Calcd for (C24H46N2O3S3): C, 56.87; H, 9.15; N, 5.53;
S, 18.98. Found: C, 56.84; H, 9.20; N, 5.51; S, 18.93.
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Synthesis of Boc-NH-CH2CH2-Poly(tert-Butyl
Acrylate)-Trithiocarbonate (3)
A solution containing chain transfer agent (CTA) 2 (253 mg,
0.50 mmol), tert-butyl acrylate (1.60 g, 12.5 mmol), and
AIBN (8.0 mg, 0.05 mmol) was charged into a 50-mL Schlenk
tube and degassed using four cycles of a freeze–pump–thaw
sequence. The polymerization was then carried out at 70�C
for 1 h. The polymer was precipitated three times in 1:3
MeOH:H2O from acetone, and the residue dissolved in DCM
before drying over anhydrous MgSO4, filtering and concen-
trating to give the final polymer (3) as a viscous yellow
product (1.40 g, 76%). Monomer conversion was determined
to be �80% by 1H NMR. 1H NMR (500 MHz, CDCl3): d ¼
3.4–3.2 (m, 4H), 2.3–2.1 (m, 30H) 1.9–0.7 (m, 380H) ppm.
FTIR: m ¼ 2979 (m), 2936 (m), 2894 (s), 1729 (m), 1529
(s), 1482 (s), 1458 (m), 1373 (m), 1368 (m), 1355 (s), 1152
(m), 1044 (s), 925 (s), 847 (m), and 755 (s) cm�1. Anal.
Calcd for (C164H286N2O43S3): C, 64.16; H, 9.39; N, 0.91; S,
3.13. Found: C, 64.10; H, 9.50; N, 0.92; S, 3.08. THF-SEC: Mn

¼2750 g mol�1; Mw ¼ 2840 g mol�1; PDI ¼ 1.03.

Synthesis of H2N-CH2CH2-Poly(acrylic
acid)-Trithiocarbonate (4)
Polymer 3 (1.0 g, mmol) was dissolved in DCM (10 mL)
prior to the addition of an equivolume of trifluoroacetic acid
(TFA). The reaction mixture was stirred for 24 h before con-
centrating in vacuo to yield the final product (4) as a yellow
foam (615 mg, 100%). 1H NMR (500 MHz, MeOD): d ¼ 2.5–
2.3 (s, 32H), 2.0–0.9 (m, 72H) ppm. FT-IR: m ¼ 3500(m),
3120 (m), 2941 (m), 2878 (s), 2600 (m), 1716 (m), 1457
(m), 1264 (m), 1207 (m), and 820 (s) cm�1. Anal. Calcd for
(C79H118N2O41S3): C, 51.35; H, 6.44; N, 1.52; S, 5.21. Found:
C, 51.30; H, 6.48; N, 1.53; S, 5.14.

Synthesis of FITC-NH-CH2-CH2-Poly(acrylic
acid)-Trithiocarbonate (5)
Polymer 4 (92 mg, 0.05 mmol) was dissolved in 50 mM
borate buffer at pH 9.0 (2 mL) (and the pH adjusted with
5 N NaOH until a pH of 9.0 was achieved) and the solution
cooled in an ice bath prior to the addition of fluorescein iso-
thiocyanate (96 mg, 0.25 mmol) as an aliquot in dry DMSO
(300 mL). The reaction was placed on a rotating carousel in
a cold room maintained at 4�C for 6 h before passing
through a PD10 Size Exclusion Column (GE Healthcare) equi-
librated to MilliQ water to remove unreacted dye. The frac-
tion containing FITC-labeled polymer was acidified with 1 N
HCl until a pH of 2–3 was obtained prior to lyophilization.
The crude product 5 (i.e., containing some residual NaCl
salts) was isolated as a yellow–orange solid and used with-
out further purification. 1H NMR (500 MHz, MeOD): d ¼ 8.1–
6.5 (m, 9H), 2.4–2.3 (s, 39H) 2.0–0.9 (m, 94H) ppm. FTIR: m
¼ 3475 (m) 2956 (m), 2596 (s), 1724 (m), 1457 (s), 1424
(s), 1267 (m), and 828 (s) cm�1. Anal. Calcd for
(C100H129N3O46S4): C, 53.68; H, 5.81; N, 1.88; S, 5.73. Found:
50.75; H, 5.25; N, 1.80; S, 5.36. The deviation in the elemen-
tal analysis from the calculated is consistent with the incom-
plete reprotonation of all of the sodium acrylates following
the work-up. On average, this is �6 Na acrylates per poly-
mer. The solubility of 5, compared to pristine PAA was also

noted—where some portion of water (up to 10% w/w) was
preferred when attempting to dissolve into polar aprotic sol-
vents like DMF for the NC passivation.

Preparation of Bare Nanocrystal Dispersions in DMF
Ligand stripping reactions were performed in a nitrogen dry-
box. Equal volumes of nanocrystals in hexanes (1–20 mg
mL�1) and Meerwein’s salt or, alternatively, Me3OBF4 dis-
solved in acetonitrile (ACN) (1–10 mM) containing DMF (0–
10 eq. with respect to the trialkylammonium salt) were com-
bined, resulting in a biphasic solution. Upon gentle agitation,
a precipitate consisting of bare nanocrystals was observed.
Chloroform (2 mL) was added to the reaction and the bare
nanocrystals were pelleted by centrifugation at 2500 RPM
for 1–3 min (Eppendorf Centrifuge 5702). The supernatant
was discarded and the pellet was washed with additional
chloroform (4 mL) and pelleted (2�) before redispersing in
DMF (1 mL). The resulting dispersions were transparent and
stable for months. In the case of QD-QRs, the preferred
method involved direct transfer to DMF containing Me3OBF4
(10 mM). Quenching of the excess alkylating agent, if neces-
sary, could be carried out via addition of N,N-diisopropyl-2-
ethanolamine. Here, the alcohol serves as a sacrificial nucleo-
phile, whereas the internal nonnucleophilic, tertiary amine
serves to quantitatively neutralize the in situ-formed HBF4
upon alkylation of the alcohol.

Preparation of Polymer-Wrapped Nanocrystals
A dispersion of bare nanocrystals in DMF (25–100 mL) was
added to 1 mL of DMF containing the PAA-derived polymer
coating of interest (10 mg mL�1). An additional volume of
water was required to dissolve PAA-FITC into DMF, most
likely owing to the presence of residual salt. In all cases,
then, the reaction mixture was sonicated for 1–2 h before
adding dropwise into 50 mM borate buffer at pH 9 (20 mL).
After stirring (30 min or 24 h, depending on the sample),
the solution was purified and concentrated to a final volume
�1 mL via spin dialysis (MWCO ¼ 10, 30, or 50 kDa
depending on the size of the nanocrystal and molecular
weight of the polymer coating, Millipore Amicon Ultra).

Preparation of Citrate-Passivated Nanocrystals
A similar procedure was carried out for the passivation by
small molecules. In this case, citric acid in DMF (up to 100
mg mL�1) was employed.

RESULTS AND DISCUSSION

The use of trialkyloxonium salts to rapidly and efficiently
remove native hydrophobic ligands leaves the nanocrystal
surface bare, with cationic metal adatoms residing at their
surfaces along with anions (e.g., BF4

�) weakly interacting
electrostatically in their place [Scheme 1(a)].

We have shown in previous study that these stripped nano-
crystals can be redispersed in polar solvents that engage in
dative coordination to their cationic adatoms (e.g., DMF or
HMPA).53 Indeed, FTIR of dried nanocrystal films—either
CdSe, CdSe/CdS, a-Fe2O3, or upconverting b-NaYF4:Yb/Tm-
treated first with Me3OBF4 in ACN, precipitated, and redis-
persed in DMF showed characteristic stretches in the
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carbonyl region consistent with DMF-adsorbates to surface
adatoms. No etching of the nanocrystals was observed by
TEM (Fig. 1).

This dynamic, dative coordination sphere of DMF ligands is
shown here to be readily displaced in favor of stronger-coor-
dinating anionic carboxylate functionality present on poly-
mer side chains [Scheme 1(b)]. PAA was selected as a plat-
form for passivating nanocrystals with functional polymers
both on the basis of its coordination potential to adatoms at
the nanocrystal surface, as well as its straightforward syn-
thesis from commercially available materials or via con-
trolled radical polymerization. In addition to low-molecular-

weight PAA polymer adsorbates, a series of functional poly-
mer coatings were prepared to assess the generality of the
method. For example, PAA grafted with 2000 Da methoxy-
terminated polyethylene oxides63–66 (PAA-mPEO4) was useful
for preparing nanocrystals with PEGylated peripheries. Addi-
tionally, we prepared a fluorescein-terminated PAA using
RAFT polymerization, following the sequence shown in
Scheme 2.

Briefly, a nascent amino-modified RAFT CTA 2 was prepared
from Boc-ethylene diamine and the trithiocarbonate CTA 1
using HCTU in DMF in the presence of DIPEA. The polymer-
ization of tert-butyl acrylate was then carried out using CTA

SCHEME 1 (a) Reactive ligand stripping of nanocrystals using trimethyloxonium tetrafluoroborate and redispersion in DMF: NC ¼
a-Fe2O3, CdSe, b-NaYF4:Yb/Tm, or CdSe/CdS QD-QRs. (b) Passivation of bare NCs surfaces with poly(acrylic acid)-derived polymers

(e.g., PAA, PAA-mPEO4, PAA-FITC) and subsequent transfer into aqueous buffers.
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2 in the presence of AIBN, where [tBu Acrylate]:[2]:[AIBN]
was 25:1:0.1. The monomer conversion was �80% after 1 h
at 70�C. The RAFT process afforded a narrowly dispersed
product (PDI ¼ 1.03), where the observed number average
molecular weight was determined to be Mn ¼ 2750 g mol�1

and the weight average was Mw ¼ 2840 g mol�1. The Boc-
terminus and side-chain tert-butyl groups were quantita-
tively deprotected using TFA in DCM (24 h) prior to labeling
the amine chain end with FITC (50 mM borate buffer, pH
9.0, 6 h). To verify the robustness of a polymer passivation
approach for coating bare nanocrystals over a small molecule
with a similar coordination motif, citrate was also
investigated.

The rapid attachment of PAA-derived polymers to bare nano-
crystal surfaces was accomplished by combining polymers
dissolved in DMF (10 mg mL�1) to DMF dispersions of bare
nanocrystals (25–100 mL). The resulting dispersions were

sonicated briefly and then transferred dropwise into basic
aqueous buffer (50 mM borate buffer, pH 9.0). Polymer-
wrapped nanocrystals were readily purified by spin dialysis.
In that all of the polymer coatings used here were low mo-
lecular weight and did not self-assemble into supramolecular
aggregates, the purification of excess materials from the
wrapped nanocrystals was significantly improved (i.e., did
not require extensive purification by size exclusion chroma-
tography, as is a standard practice to yield single nanocrys-
tals). These dispersions were significantly more stable (i.e.,
no precipitation) than those with citrate as a ligand;
unequivocal precipitation occurred for citrate-coated nano-
crystals within a few hours post-aqueous transfer (Fig. 2).
Furthermore, control experiments where, for example, ole-
ate-passivated a-Fe2O3 nanocrystals were allowed to
exchange their surface passivation with PAA-mPEO4 at room
temperature and in THF did not produce aqueous dispersible

FIGURE 1 Transmission electron micrographs of ligand stripped, bare nanocrystals: a-Fe2O3, CdSe, b-NaYF4:Yb/Tm and CdSe/CdS

QD-QRs. The removal of native ligands is concomitant with nanocrystal clustering.
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materials, highlighting the importance of first stripping the
hydrophobic native ligands prior to passivation with func-
tional PAA-based coatings.

To verify the size distribution and quality of the wrapping
procedure, DLS was used to measure the hydrodynamic
diameters of both bare nanocrystals dispersed in DMF as
well as their wrapped counterparts. Nanocrystals passivated
with unmodified PAA coatings exhibited the smallest size
increase relative to the bare nanocrystal precursor. For
example, a-Fe2O3 nanocrystals initially �7–8 nm in diameter,
once wrapped with PAA, gave a hydrodynamic diameter of 9
nm. In contrast, for coatings based on PAA-mPEO4, a hydro-
dynamic diameter of 12 nm was observed. The larger size
associated with the PAA-mPEO4 wrapping can be attributed
to the polyethylene oxide grafts extending from the nano-
crystal surface. For a-Fe2O3 passivated with citrate, however,
a hydrodynamic diameter of 33 nm indicated significant
aggregation even at this early stage of repassivation. The
robustness of the polymer passivated approach was con-
firmed by images of a-Fe2O3 nanocrystals succeeding aque-
ous transfer. Those nanocrystals possessing the PAA-derived
polymer coat were nonaggregated, exhibiting stable uniform
dispersions and an overall retention of nanocrystal quality.
In contrast, the citrate wrapping of a-Fe2O3 was inefficient,
resulting in aggregation of nanocrystals [Fig. 2(a)].

A similar trend was delineated for the wrapping of bare,
upconverting NaYF4:Yb/Tm. In this case, similar hydro-

dynamic diameters �18–20 nm were observed for both the
PAA and the PAA-mPEO4-wrapped nanocrystals, where the
bare nanocrystals were �17 nm. For citrate-capped nano-
crystals, however, the diameter was measured at 28 nm con-
sistent with significant aggregation using this procedure.
Metal chalcogenide nanocrystals were also efficiently trans-
ferred to water with direct binding of metal adatoms to poly-
mer-bound carboxylates. Thus, for 4.1 nm CdSe nanocrystals,
hydrodynamic diameters of 6 and 9 nm for CdSe wrapped
with PAA and PAA-mPEO4, respectively, were observed. CdSe
nanocrystals passivated by PAA-derived polymers exhibited
nonaggregated, uniform dispersions over extended periods
of time [Fig. 2(b)]. By contrast, a citrate coating was so poor
at stabilizing dispersions of CdSe that the sample resulted in
precipitation shortly after the aqueous transfer; the hydrody-
namic diameter was, therefore, not measurable.

This strategy was also successful in manipulating the surface
of nanocrystals with more elaborate polymer coatings. For
example, FITC-PAA polymer 5 derived from RAFT polymer-
ization was readily placed at the surface of otherwise color-
less dispersions of bare, upconverting NaYF4:Yb/Tm nano-
crystals. Upconverting nanocrystals based on these materials
offer photostable luminescence ideal for single particle imag-
ing, sharp emission bandwidths, and large anti-Stokes shifts.
Previously reported syntheses of aqueous dispersible, upcon-
verting nanocrystals typically require heating for extended
periods of time to displace native coordinating ligands with

SCHEME 2 Chemical synthesis of a FITC-terminated PAA for passivating the surfaces of bare nanocrystals. Reagents: (i) HCTU,

DIPEA, DMF; (ii) tBu-Acrylate, AIBN; (iii) DCM, TFA; (iv) FITC, borate buffer, pH 9.0.
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polymeric ligands. This process is known to slowly degrade
the lattice over time at the high temperatures required for
exchange.67 Loss of ions from the nanocrystal lattice both
reduces the number of sensitizing/emitting species and
affects phonon coupling and energy transfer efficiency in the
nanocrystal owing to differences in interfacial strain for par-
ticles of different sizes. This is completely avoided using the
strategy reported here. The mildness of our two-step proce-
dure was able to retain both the luminescence of the
appended dyes now localized to the nanocrystal surface as
well as dimensions and crystal phase of the NaYF4 lattice
that is necessary to maintain high-photon upconversion effi-
ciency. The FITC dye was readily detected both in the pres-
ence and in the absence of UV light, tinting colorless NaY-
F4:Yb/Tm with a readily observable yellow hue [Fig. 3(a, b)].

The dispersions were uniform and stable (i.e., no precipita-
tion). The XRD pattern of NaYF4:Yb/Tm showed the expected
highly emissive b-phase and its power-dependent emission
profile upon excitation at kex ¼ 980 nm was taken to con-
firm its crystal structure and upconverted luminescence [Fig.
3(c, d)]. Chromogenic tags for these otherwise colorless
nanocrystals may also be useful in performing further
manipulations (e.g., labeling with proteins or other biomole-

cules) using standard purification and detection apparatus
found in most laboratories engaged in synthetic chemistry or
chemical biology.

We were also interested in characterizing the limitations, if
any, of using a PAA-platform as a stabilization strategy for
luminescent metal chalcogenide nanocrystals, in particular as
these have not been explored previously. To that end, we
investigated in detail the effects on the photophysical prop-
erties upon sequential manipulation of CdSe/CdS QD-QRs
surfaces, from their native ligand coordination sphere of
ODPA and OAM to stripping and repassivation with either

FIGURE 2 (a) Aqueous dispersions of repassivated a-Fe2O3

nanocrystals: PAA, PAA-mPEO4, PAA-FITC, or citrate-coated

nanocrystals (left to right); (b) Aqueous dispersions of repassi-

vated CdSe nanocrystals: PAA, PAA-mPEO4, PAA-FITC, citrate-

coated nanocrystals (left to right).

FIGURE 3 Characterization of polymer passivated upconverting

nanocrystals: (a) aqueous dispersions of b-NaYF4:Yb/Tm nano-

crystals passivated by PAA-FITC in ambient light; (b) aqueous

dispersions of b-NaYF4:Yb/Tm upconverting nanocrystals passi-

vated by PAA-FITC illuminated from below with UV light; (c) X-

ray diffraction pattern of b-NaYF4:Yb/Tm nanocrystals showing

characteristic peaks for the highly emissive hexagonal phase;

(d) Power-dependent upconverted emission from b-NaYF4:Yb/

Tm excited at kex ¼ 980 nm.
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PAA or PAA-mPEO4 (Fig. 4). The QD-QRs initially had a pho-
toluminescence quantum yield (PLQY) of 43%, measured in
hexanes using a fluorometer equipped with an integrating
sphere. The emission maximum was kem ¼ 614 nm. Upon
stripping and dispersing into DMF, the PLQY decreased to
�2.4% and the emission maximum red-shifted to kem ¼ 620
nm. The emission at longer wavelengths for stripped QD-QRs
confirms that reactive ligand stripping is exceptionally mild
(i.e., does not etch, which would shift the emission to shorter
wavelengths owing to confinement effects68) and also sug-
gests that the presence of DMF at dative coordination sites
at the nanocrystal surface has the effect of modulating the
energetics of the exciton’s relaxation, most likely owing to
effects on the nanocrystal’s phonon modes. As with the CdSe
nanocrystals, repassivation was successfully realized for both
PAA and PAA-mPEO4. QD-QRs wrapped with either of these
coatings shared nearly identical photophysics: both had
PLQY values between 14 and 15%, thus recovering favorably
from the losses incurred upon stripping, and both had an
emission maximum at kem ¼ 617 nm. These data collectively
suggest that recovery of photoluminescence to �33% of the
original QD-QRs with their native ligands intact is directly
related to carboxylate vs. DMF binding at the nanocrystal
surface. The extent of photoluminescence recovery is also
similar to that observed for the displacement of native
ligands by small molecules.69 Thus, we can infer that the
extent to which PAA-derived macromolecules are able to
conform and passivate trap sites at the nanocrystal surface
is competitive with that for small-molecule ligands. In that,
grafting additional functionality along the PAA backbone, in
this case mPEO chains, does not adversely affect this recov-
ery points more generally to opportunities in future schemes
to deliberately engineer the topological display of different
chemical functionalities using these coatings. PAA-derived
coatings should offer a more reliable platform in that regard
than might otherwise be carried out using, for example,
amphiphilic polymers where functionalization can be upset
in the balance of amphiphilicity required to efficiently wrap

the nanocrystal and also to ensure its aqueous solubility as
required for purification.

CONCLUSIONS

We have developed a general, two-step strategy for generat-
ing polymer-wrapped nanocrystals from dispersions of bare
nanocrystals and hydrophilic polymers. Metal oxide, metal
chalcogenide, and inorganic nanocrystals and heterostruc-
tures are amenable to repassivation, as shown here, with
PAA-based polymer ligands for use in aqueous media. The
method is exceptionally mild, minimizing damage to nano-
crystals surfaces, and was observed to provide a more robust
coating long term compared to small molecules like citrate.
In carrying out this approach, the use of amphiphilic poly-
mers is completely avoided, which dramatically simplifies
the purification of the hybrids. As colloidal dispersions, these
new aqueous nanocrystal compositions remained stable for
months. Our approach should broadly apply to other func-
tional polymer coatings specifically tailored for biological
and chemical applications.
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