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Colloidal nanocrystal quantum dots (QDs) consist of an inorganic

Target
nanoparticle that is surrounded by a layer of organic ligands. This @\ \@
organic ligand shell dictates the surface chemistry of the QDs and (¥

p_ ] 3

is therefore critical to processing, functionalization, and incorpora- )

tion into various substrates. Ligand-exchange with various thiol

ligands, including dithiols and thiol dendrimers, has been exten-

sively studied;and more sophisticated architectures have been built Figure 1. lllustration of the enhanced affinity of oligomeric phosphines
on these thiol ligands covalently, electrostatically, or via—sysl to QD surfaces in comparison to monomeric phosphines.

chemistry? However, ligand-exchange with thiols usually dimin-
ishes the quantum yield (QY) of the as-grown QD photolumines-
cence (PL). Encapsulating QDs and their initial ligands with
macromolecules such as polymers or lipids can preserve QY, but
generally adds a large volume to the QDs, resulting in a final size 2 i o 2
that may be bulkier than desirédEor example, the increased size RO 0 f >t O IO A/ Ao o
can diminish imaging sensitivity by decreasing the number of QDs
that can be attached to a target. For in vivo imaging, bulky QDs
may have limited accessibility to target systems. For many
applications, thin functionalizable organic shells are ideal. For
example, thin shells are desired for potential sensors that function
by energy transfer to and from QB3&Ve report a new family of
oligomeric phosphine ligands. These electronically passivate QDs
as well as the initial growth ligands, yet form thin and secure organic 4 oigomeric phosphine with methacrylate : R = ()‘L .
shells that allow tunable compatibility in diverse environments and i ﬁ(g
flexibility for further chemistry.
Alkyl phosphines passivate CdSe and CdSe/ZnS (core/shell) QDsscheme 1. Synthesis and Functionalization of Oligomeric
effectively as a major component of the growth ligands. However, Phosphines
monomeric alkyl phosphines are labile as are many other monden-
tate ligands. A considerable concentration of free monodentate ; oon” SN N
ligands is required in solution to keep the QDs well passivated. \_L JJ Crosslinker
When QD growth solutions are diluted or embedded in an Monomeric
environment in which no excess ligands are present, QYs tend to Phosphine DMF °"9°'"e"za"°”

decrease and the QDs aggregate. We have developed oligomeric —
phosphines (OPs) to overcome this behavior. As polydentate { H/} m o HLO
. . . = -0 0.

Chart 1. Chemical Structures of Representative Oligomeric
Phosphines

OR

OR
(1) Oligomerized THPP : R=H

(2) Oligomeric phosphine with octyl alkyl chain : R = ()I\u

[o}
(3) Oligomeric phosphine with carboxylic acid : R = (J\”/\/\/coou

o

ligands, OPs bind more effectively to QD surfaces. For example,
they can securely anchor targets as illustrated in Figure 1. To avoid

aggregation of the QDs, the outermost part of the organic shell

must be compatible with the bulk environment. Chart 1 shows the /C// 3, 2 2 2 «

chemical structures of representative OPs that are functionalized \K”c ojOJOJO.J N9
72

with different moieties. By changing the R group, OPs can be easily § § % SN C\)N >
\(oq SN ‘ m
ol ey /

modified with many functional groups, allowing homogeneous

incorporations into various matrices. The organic shell is designed t L P P

to form three thin, concentric sublayers around the QD: (i) an inner K(,mpj qﬂm)) Hydrolysis
phosphine layer, (ii) a linking layer, and (iii) an outer functionalized o P < r 5 r
layer. The inner phosphine layer passivates the QD surface; the ' - Ojo_Jz, S NS
linking layer protects it; while the outer functionalized layer delivers = 0 7‘( ~ ? \N\l;
desirable chemical properties, including miscibility, the ability to o e/ Avtitrary linkage kmy
copolymerize with other polymer matrices, cross-linking on the 2 (Mostly alkyl chains) b P 5

surface of the dots, and further chemical modifications such as

conjugations to biomolecules. Scheme 1 shows the synthetic routesdiisocyanatohexane (DIH) as a cross-linker. The degree of oligo-
for OPs (see Supporting Information for details). They consist of merization (i.e., the length of the oligomers) is controlled by the
two major steps: (i) oligomerization of monomeric alkyl phosphines stoichiometry of the phosphine unit and the cross-linker. Figure 2
and (ii) introduction of functionality. Trishydroxypropylphosphine shows the mass spectrum of oligomerized THBPA distribution
(THPP) is used as a monomeric alkyl phosphine, along with of different oligomers such as trimer, tetramers, pentamers, and
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Figure 4. Fluorescence microscopy images of biotinylated agarose beads
incubated with streptavidin conjugated CdSe/ZnS(core/shell) guantum dots

Figure 2. Mass spectrum of oligomerized THPB.(Peaks from multiple (a), and beads incubated with unconjugated control sample (b). Fluorescence

charges are merged to equivalent peaks from single charges. (a), (b), (c)image of different color QD-polymer composite sticks.
and (d) represent trimer, tetramers, pentamers, and hexamers, respectively.

from THPP, with the oligomerization omitted for the control ligand.

Faster elution with the oligomerized ligand corresponds to better
preservation of the carboxylate charges around the QDs. The control

Top monomeric phosphine is more easily removed from the QDs by
fo00H o0t _coom the electric field, leaving the QDs behind and causing them to stop

"“\Z::OH w0t s traveling in the gel. The QDs with OPs can travel back and forth

: M?j\ ao in the gel as the electric field is alternated.
120 1000 5000 ap COOH .. T .

Time (hours) u To demonstrate the versatility of OPs, streptavidin is conjugated

Figure 3. (Left) Photoluminescence intensity of CdSe/znS (core/shell) {0 3. Figure 4a and b shows fluorescence microscope images of

quantum dots ligand-exchanged by different ligands; (red) in extremely QD solutions with biotinylated beads. Figure 4a shows that

dilute THF soluntions (oligomeric phosphine with octyl alkyl chain (solid)  streptavidin conjugated QDs bind specifically to biotinlyated agarose
and trioctylphosphine (dashed)); (blue) in dilute pH 10 potassium hydroxide aads. The beads adsorb most of the QDs, leaving the background

aqueous solutions (oligomeric phosphine with carboxylic acid (solid) and . . . . .
mercaptoundecanoic acid (dashed)); (black) in 100% fetal bovine serum atdark' Repeating the experiment with unconjugated QDs resullts in

37°C (oligomeric phosphine with carboxylic acid after cross-linking around @ complementary image with dark beads and a bright background.
quantum dots (solid) and the non-cross-linked control (dashed)). (Right) Both images are taken after incubation without additional process-

Electrophoreses (1.0% agarose gel in pH 8.2 trisborate buffer) of CdSe/ jng. When washed, streptavidin conjugated QDs remain on the

Bottom

3 61224

ZnS (core/shell) guantum dots ligand-exchanged by oligomeric phophine
with carboxylic acid (bottom). Simplified structures of the oligomeric
phosphine and the monomeric phosphine are illustrated.

hexamers is shown. The oligomers larger than the trimer include
branched isomers. The hydroxy group in THPP reacts readily with
the isocyanato group in DIH at room temperature, yielding
carbamate linkag€sThis is observed in the IR as a decrease in
the OH vibration at 3400 cmi, concurrent with an increase in the
carbamate carbonyl peak at 1700¢Chemical functionality can

be introduced tdl by further reaction of the remaining hydroxyl

groups with any molecules containing an isocyanate group and an

additional functional group.

Figure 3 (left) shows PL stability tests of identical QDs with
various ligands. Oligomeric phosphines with octyl alkyl ch&h (
are compared to trioctylphosphine (TOP) (red lin@spassivates
QDs more efficiently than TOP, maintaining the PL over months.
Oligomeric phosphines with carboxylic aci@)(and mercapto-
undecanoic acid (MUA) are compared in dilute NaOH (pH 10)
aqueous solutions (blue lines). The QD sample 10s88% of its
initial QY after ligand-exchange by the thiol ligand MUA, white
maintains the initial QY (consistently in the 2d0% range) through
the ligand-exchange process and for weeks followefficiently
passivates QDs in various buffer solutions of pH ranging from 5.5
to 12 and in high salt concentration solutions. To passivate QDs
even more efficiently, the chemical flexibility &is exploited for
further cross-linking around QDs after ligand-exchargjs.cross-
linked by 2,6-diaminopimelic acid via amide couplings and
compared to the initial sample before cross-linking, both in 100%
fetal bovine serum at 37C (black lines). The cross-linked ligand
passivates the QDs efficiently, with a loss of less than 20% of the
initial QY after 24 h in serum at 37C. Electrophoresis is used to
confirm the efficient binding affinity of OPs (Figure 3 right). The
top elution represents a QD sample w&hThe control run on the
bottom uses a monomeric phosphine with a carboxylic acid
functional group. Both ligands are functionalized identically, starting

beads, while no detectable QDs are observed on the control sample.
Oligomeric phosphines with methacryla®) €an enable homo-
geneous incorporation (i.e., copolymerization) of QDs into many
polymer matrices without the need for additional free ligands such
as TOP in the matrix (Figure 4c). The polymerizable ligafdsn
become incorporated into host polymers and offer synthetic routes
to micrometer- and submicrometer-sized polymer-QD composites.
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