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Abstract: In polymer—nanoparticle composites, uniform dispersion of the nanoparticles carries advantages
over cases where nanoparticle aggregation dominates. Such dispersion has been particularly difficult to
obtain in the case of composites prepared from nanoparticles and conjugated polymers. Here, we show
that cadmium selenide nanocrystals, or quantum dots, can be integrated into thin films of poly(para-
phenylene vinylene) (PPV) without aggregation. The two key departures from previous studies of quantum-
dot/electronic polymer composites are (1) the synthesis of high-quality quantum dots directly in novel,
functional ligands, thus eliminating the need for ligand exchange, and (2) polymerization chemistry that
grafts PPV to the quantum dot surface. Solid-state photoluminescence spectra of composite materials
prepared by these novel techniques reveal the critical importance of the quantum dot—polymer interface
that will enable new investigations in nanoparticle-based light-emitting devices.

Introduction solubility or miscibility within the host environment. This in
turn requires a tailoring of the ligand periphery at the quantum
Quantum dots provide a functional platform for novel (ot surface.

materials and devices that benefit from the unique physical Seminal efforts and subsequent studies centered on the
properties that arise from their quantum-confined nature, giving preparation of cadmium selenide quantum dots have provided
rise to properties between those of the molecular and the'Bulk. samples of extremely high quality, that are chemically passivated
For semiconductor quantum dots such as CdSe, variation ofby tri-n-octylphosphine oxide (TOPO) ligands to give a
particle size provides continuous and predictable changes inhydrophobic and chemically inert ligand shelf!® Subsequent
fluorescence emission. Such quantum dots are under investigaconversion of TOPO-covered quantum dots to water-dispersible
tion as the basis for new materials and devices including Materials requires ligand exchange to give coverage, for
photovoltaic cell$* light-emitting diode€7 bio-sensorg; 1! example, witho,w-thioalkanoic acidg? or related compounds

and hybrid materials prepared by directed- and self-assemnyWith multivalent coordination site%. Recent studies centered
technique$:12-16 However, exploitation of quantum dots in N tailored ligands to cover quantum dots include the use of

i 2,22,23A1i i 0 li i
device applications requires an appropriate manipulation of their synthetlg po'ymefé’ ohgopepndesl, oI|g(_)nugIe(_)t_|de§,and
electronically active materiaf$.There remain significant chal-

lenges associated with the use of ligand-exchange techniques
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Figure 1. Synthesis of ligand, growth of1-covered CdSe nanocrystals, and tailoring of nanocrystals with PPV by polymerization from the crystal surface.

nanocrystals in a functional ligand that is stable at high gives quantum dots with high quantum yield, and the absence
temperatures, and (2) the subsequent use of these functionalizedf ligand-exchange chemistry allows for the inherent photolu-
guantum dots for the preparation of PPZdSe composite minescence properties of the as-grown particles to be main-
materials. tained. Furthermore, the polymerization method eliminates the

The interest in quantum deelectronic polymer composites  difficulties associated with attempted blending of quantum dots
is based on the use of these composites for a new generation ofnto polymer materials such as PPV.

devices such as photovoltaic céft$ and light-emitting di- Compoundl contains a phosphine oxide group similar to
odes!-*>?°Numerous advances, as well as difficulties, related hat of TOPO, as well as a phenyl bromide substituent to be
to the fabrication of such devices from nanoparticle-based ;sed in subsequent polymerization chemistry. This novel
composites have been encou_ntered. One key problgm is CentereShosphine oxide was prepared in 85% vyield by nucleophilic
at the polymer-quantum dot interface. The insulating TOPO-  gpstitution of din-octylphosphine oxidé on 4-bromobenzyl
coverage limits charge transport between the quantum dots andyoride under phase transfer conditions, using tetbaiyl-

the surrounding matrix. Furthermore, the use of either TOPO- ammonium hydrogen sulfate (BNHSQy) in a mixture of

covered or TOPO-free (‘stripped”) quantum dots leads 10 oyene and NaORy, Compoundl showed good stability at
nanoparticle aggregation within the polymer matrix and dimin- high temperatures (2575 °C), a critical feature for growth

ished interfac.ial interacltions. Repent elegant approaches havey high-quality nanocrystals with narrow size dispersion. When
targeted a tuning of the ligand gnwronment to match the polymgr 1 was used in place of TOPO in the quantum dot synthesis,
of |ntere_st, for exampl_e, polythiophene-covered nanocrystals in high-quality, spherical nanocrystals were obtained. Figure 2a
a polythloph(_ane matrix’ Here, we show th‘"’_‘t for poI;_a(ar_ar shows a high-resolution transmission electron microscope
phenyle_ne vinylene}quantum dot composites, an intimate (TEM) image taken on a typical sample btovered quantum
ponnectlon of the polymg rtothe quantum dot surfacg profoundly dots. Electron diffraction revealed the crystalline nature of these
impacts the photophysics of the resulting composites. functionalized quantum dots, and UWis and photolumines-
Results and Discussion cence measurements on hexane solution-afvered nano-
crystals confirmed their quantum-confined nature and consider-
able quantum yield (65%) (Figure 2b). Taken together, these
data confirm the successful preparation of high-quality, func-
tionalized quantum dots, where ligand-exchange chemistry is
not necessary to achieve the functionalized nanocrystal periph-

Two novel methods, depicted in Figure 1, enable the effective
dispersion of CdSe quantum dots into thin films of PPV: (1)
growth of the quantum dots in a phenyl bromide-functionalized
phosphine oxide ligand, shown as compouhd and (2)
copolymerization of 1,4-divinylbenzene and 1,4-dibromoben- ery
zene derivatives in the presenceletovered quantum dots for '

the surface-grafting of PPV. The nanoparticle growth method 1-Covered quantum dots were then used as starting materials
in the synthesis of PPVYquantum dot composite materials, using

(24) Milliron, D. J.; Alivisatos, A. P.; Pitois, C.; Edder, C.; Tteet, J. M. J. the mild, palladium-catalyzed Heck-type coupling conditions
Adv. Mater. 2003 15, 58.

(25) Gao, M. Y.; Richter, B.; Kirstein, SSynth. Met1999 102, 1213.

(26) Coe, S.; Woo, W. K.; Bawendi, M.; Bulovic, \Nature 2002 420, 800. (27) Williams, R. H.; Hamilton, L. AJ. Am. Chem. S0d.952 74, 5418.
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Figure 2. (a) Transmission electron micrograph of two functional CdSe nanocrystals (circled for clarity) at 650 K magnification. The lattice structure
observed, as well as the electron diffraction pattern (inset), shows the crystalline nature of the functionalized quantum dotsvighpdétrum (blue

curve, band-edge absorption at 550 nm) and photoluminescence spectrum (red curve, emission maximum at 570 nm; fwhml3€omeredfquantum

dots in chloroform.

reported recently by Fu and co-workégsA tetrahydrofuran (blue curves of Figure 3), PPV oligomers dominate the

solution of1-covered quantum dots was stirred at®&Dfor 24 photoluminescence emission spectra (emission maxima ap-
h in the presence of the monomers 1,4adictyl-2,5-divinyl- proximately 440 nm), and only a small fluorescence contribution

benzene and 1,4-dibromo-2,54tiectylbenzen® using Pd(0) from the quantum dots is seen. In the solid state, PPV also
catalysis. The PP¥quantum dot product was isolated by dominates the photoluminescence of the blends (red curves of
precipitation into methanol, which effectively separated the Figure 3a and b). However, in the solid-state photoluminescence
palladium catalyst and short-chain PPV not bound to the spectrum of the composite, the quantum dot emission dominates
quantum dot surface. The quantum-dBPV composite material ~ (red curve, Figure 3c, emission maximum approximately 570
was isolated as the precipitate and was subsequently redissolvedm), with almost complete quenching of the PPV emission. Loss
in common organic solvents (e.g., hexanespCly THF, etc.). of PPV fluorescence in the solid state, and emergence of a strong
Evidence to support successful polymerization was given by quantum dot emission, is observed even in cases of very low
nuclear magnetic resonance (NMR) spectroscopy on @DCI quantum dot loading 25 wt %). This stands in marked contrast
solutions of the composite material, where singlet resonancesto the high loadings (50% or greater) typically needed to observe
at 0 7.33 and 7.23 ppm were observed, corresponding to quantum dot emission in quantum datonducting polymer
aromatic and vinylic resonances, respectively, in the polymer blends.
backbone. Matrix-assisted laser desorption ionization-time-of-  The spectra and micrographs of Figure 3 demonstrate the
flight (MALDI-TOF) mass spectrometry measurements per- jmportance of nanocrystal dispersion and effective surface
formed on this quantum defPPV composite material confirmed tailoring. While the quantum vyield of PPV is expected to
the formation of PPV oligomers, primarily trimers and tetramers. diminish when going from solution to the solid state, due to
The polycondensation method used in this study is designed tose|f.quenching, this in itself does not explain the spectroscopic
give a mixture of PPV connected to the quantum dots and *free” gpservations of Figure 3c. These observations can be rationalized
or unconnected PPV that acts as the host matrix. It should bepy the increased PPVguantum dot contact in the solid state
emphasized that the observed compatibility of the quantum dotse|ative to the more extended conformation of PPV around the
with the polymerization conditions was key, as quantum dot gyantum dots in solution. Such contact facilitates energy transfer,
degradation was not observed by any of the analytical methodssych that holes generated in the PPV are transferred to the
used (TEM, UV-vis, and fluorescence). quantum dots, where they subsequently recombine with electrons
As illustrated in Figure 3, striking differences were observed n the quantum dot core, resulting in emission. Photolumines-
in the transmission electron micrographs and photoluminescencecence emission from the quantum dots in the solid state is by
spectra of the composite material relative to PROISe blends 5 more intense in the composite materials prepared by the
prepared by simply mixing the two components. By TEM, noyel polymerization reported here. Figure 4 reveals the high
blends of1- and pyridine-functionalized quantum dots (Figure = gyantum dot loadings required to observe emission in PPV
3a and b, respectively) are seen to aggregate in PPV, while theg,antum dot blends, for the examples of 10, 30, and 50 wt %
quantum dots are observed to be well-dispersed throughout theg,antum dots in PPV. In these blends, the presence of substantial
PPV matrix in the case of the composite material (Figure 3c). hanoparticle aggregation, as demonstrated by TEM measure-
The PPV-quantum dot composites were found t0 poSsess ments, |imits interfacial contact between the polymers and
unique optical properties not found in the blends, also illustrated gyantum dots, thus limiting energy transfer pathways, and
in Figure 3. In dilute solution of both blends and composites  frthermore leading to self-quenching of nanoparticle fluores-
(28) Littke, A. F.: Fu, G. CJ. Am. Chem. So@001 123 6989. cence. Ev_en at quantum dot Iqadings of 50 Wt %, emission f_rom
(29) Rehahn, M.; Schiter, A. D.; Feast, W. JSynthesi<1988 386. PPV dominates the photoluminescence profile. The low weight

11324 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004



Quantum Dots Tailored with PPV ARTICLES

a)

Normalized Intensity
Normalized Intensity

350 400 450 500 550 600
Wavelength (nm)

350 400 450 500 550 BO00
‘Wavelength (nm)

Mormalized Intensity

350 400 450 500 S50 600
Wavelength (nm)

Fmi

Figure 3. TEM micrographs and photoluminescence spectra of Pdantum dot composites. In each of the three photoluminescence profiles, the blue
curve is solution photoluminescence and the red curve is solid-state photoluminescereEufiajionalized CdSe nanocrystals blended with PPV; (b)
pyridine-covered CdSe nanocrystals blended with PPV; and (c) composite CdSe nane&fystaivhere PPV was grown from the nanocrystal surface.

Each sample contained about 5 wt % nanocrystal. In the dispersed example of case c, the solid-state photoluminescence emission profile isydominated b
the quantum dots.

—10% In summary, we have demonstrated a preparation of “PPV-
—_—30% tailored quantum dots” by methods that allow for their direct
—50% connection to electronically active polymers. The ability to tailor
and disperse quantum dots in PPV thin films in this fashion
dramatically impacts the photophysical properties of these
materials relative to conventional blends. While PPV coverage
is emphasized here, the novel quantum dot growth methods,
and the general polymerization methodology, carry the potential
for broad applicability that will enable new physical studies and
375 475 575 device fabrication using polymeiquantum dot composite
Wavelength (nm) materials.

Figure 4. The effect ofl-functionalized CdSe nanoparticle loading (10,
30, and 50 wt %) on the solid-state fluorescence emission spectra ofCdSe Acknowledgment. We gratefully acknowledge financial

PPV oligomer blends. support from the National Science Foundation (CAREER award
CHE-0239486), a gift from the Eastman Kodak Company, and
a grant from the U.S. Army Research Laboratory-supported
Polymer Materials Center of Excellence at the University of
rl\/lassachusetts Ambherst (DAAD19-01-2-0002 P0O0005).

Normalized Intensity

percent of quantum dots that can be utilized effectively in the

composite materials described here carries important funda-
mental and practical implications for future advances in quantum
dot-based materials, assemblies, and devices. This will also ope
opportunities for the use of quantum dots in conjunction with

a range of polymer materials, where the intrinsic structural,
morphological, and self-assembly properties of the polymers
can be exploited, rather than precluded by an overwhelming
presence of the quantum dots. JA047260R

Supporting Information Available: Experimental details.
This material is available free of charge via the Internet at
http://pubs.acs.org.

J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004 11325



