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Quantum dotgQDs) have been the subject of considerable study in theoretical physics, and water
soluble QDs now appear to have numerous applications in biological tagging, molecular electronic
devices, and nanoscale engineering. The work reported here supports the notion that the aliphatic
chains of the trioctylphosphine oxide molecules decorating tl€s8&6ZnS core-shell QDs are
stabilized by the hydrophobic cyclodexti@D) lumen. Photoluminescence studies show a redshift

of over 15 nm in the emission wavelength of the QDs upon complexation with the CD, and
first-principles calculations reveal an exothermic exchange of the S in the ZnS shell with the CD
hydroxyl oxygen. Unlike simple water-driven surface transformations, the directed bonding of
hydroxyl groups to the ZnS shell results in stable structures, verified by photoluminescence and
Fourier transform infrared spectroscopy.2005 American Institute of Physics

[DOI: 10.1063/1.1854739

Surface chemical modification of semiconductor nano-2—4 h at 60 °C. After stirring at 25 °C for 72 h, the CD-QD
particles in solvent is thought to alter the thermodynamics oproduct was collected by centrifugation and transferred to
the formation/breakage of crystal coordinate bohBsr ex-  water. BothB- and y-cyclodextrins demonstrated the ability
ample, surface water of hydrated ZnS nanoparticles has bedn react with these QDs; however, thecyclodextrin-QDs
shown to contribute to the exchange equilibrium of the cryswere used for further investigation.
tal coordinate bonds of Zn-S and Zn*®Methods for pro- After interaction with cyclodextrins, th€€CdSeZnS QDs
ducing water-soluble quantum da®Ds) have been limited appear to be well dispersed in water. The high-resolution
to uncontrolled application of surface coatings consisting ofitomic force microscopi¢AFM) image of the y-CD-QD
thiol compound%* and macromolecules® Active, soluble  Preparatior{Fig. 1(a)] clearly shows two distinct regions for
QDs stabilized by stoichiometric complexation with CDs €ach object, i.e., a brighthigh z-axis core region sur-
should therefore be of considerable interest. Initially, we obfounded by a diffusive edge region, which is also visible in
served that ZnS or ZnS-shelled nanoparticles were strongl{fe height profile in Fig. ). Analysis of these AFM images
bound to hydroxylated chromatography packing materia|3§howed_that _these structures display a diameter of about
From this, we concluded that the modification of ZnS nano->-2 "M including an edge th,',Ck”eSS of about 1 nm. Hence,
particles with hydroxyl-rich molecules would result in a the Size of the object “core” can be estimated as &25-
high-energy gain. We explored the possibility that natura< 1)=3-5 nm, which is in good agreement with estimates for
cyclodextrins, which have a hydrophobic pockenged by TOPO-QD starting mat_enz?l]’h_e obser\_/ed dlmer_15|on _of the
equatorial hydroxyls, may stabilize the aliphatic chains ofoPiect “edgesT~1 nm) Is consistent with the height dimen-
trioctylphosphine oxide TOPO molecules decorating the Sion of the CD(0.78 nm).
surface of QDs and thus serve as a model molecule to dem- The PL spectra of the TOPO- angcapped CD-QDs
onstrate the energetics of exchange of ZnS crystal coordinalier® compareddata not shownand we observed a sizable
bonds. 15-nm redshift. We cannot rule out the possibility that the

TOPO (CdS8ZnS QDs were synthesized following the ¢hange of the capping group on th€dSeznsS core-shell
method of Dabbousi and co-workérén hexane or toluene, structure may have changed the PL emission. For example,

these QDs are typically 3.4—3.6 nm in diameter and exhibifr:hanr%[]ej tintfher Tnt]iSdSitonbotfhct:f?Si? er?s ha\r/1e r:ﬁc'[?ntlyng?ﬁn
good photoluminescencéPL) quantum yields (PLQY (e 1 "0 Gotn 06 S because the TOPO and
>15%) with little or no evidence of deep-trap emission as- 9 ' '

. . . _CD interaction is thought to be van der Waals-type, it is quite
sociated with surface defects. The TOPO-QDs were purlfle%ifficult to understand why such a redshift could result.

by precipitation and centrifugation in anhydrous methanol. To better explain the observed redshift in PL, we per-

The precipitates were washed with anhydrous methanol g, 0 first_principles density functional thedhy? calcula-

remove residual TO_PO._Aquuots of 0.85 mg QDs in 0.1 mL ions for the interaction of the ZnS shell with the hydroxyls
hexane were slurried in 1.0 mL anhydrous ethanol an

lowl d he h ducan the CD rings. To calculate surface reaction energy, we
slowly pervaporated to remove the hexane. To producge first-principles pseudopotential methodology as imple-
cyclodextrin-(CD) QDs, 0.5 mgy-CD powder dissolved in

' _ mented in the VASP codes. We used the ultrasoft pseudopo-
1 mL ethanol was added to the QD residue and stirred f0fgiais with a kinetic energy cutoff of 300 eV in the plane-
wave basis expansion. The surface is modeled ag1405
@Electronic mail: mikehimmel@nrel.gov surface. We used slab geometry witlx 3 surface unit cell
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case of binding, the reactions are endothermic with 0.67,
0.91, and 0.97 eV energy increases for water, methanol, and
glucose, respectively. In the case of exchange, however, the
reactions are exothermic with —0.2, —0.35, and -0.11 eV en-
ergy changes, respectively. As shown in Figb)2one can
write Zn-S+H-0-R-Zn—-0-R+H-S for thé'binding”
reaction. This reaction is not energetically favorable because
of the high dissociation energy of the H-O bond. On the
other hand, the “exchange” reaction is energetically favored
because it avoids the break up of the H-O bond. Also, with a
larger atomic size, the sulfur atom linked to glucose shown
in Fig. 2(c) can form two, instead of one bond to the ZnS
surface. In other words, surface energetics modeling suggests
exchange reactions occurring on the QD surface between
ZnS and glucose, forming a thin ZnO layer.

54b LN To study the effects of the surface reaction on the optical
— 34 ey \ properties of the QDs, we used an effective mésM)
E 1~ e L model shown in Fig. @.2™ We solved three-dimensional
o 51 ,,f/—\\ = Schrddinger equations for the electron and hole states sepa-
= 34 Fd ™ 2 rately, with charge and current continuity at the layer bound-
& 14~ _ - aries. We have determined experimentally that the
% 54 f"‘ f N (CdSeznS core-shell QDs have a nearly uniform size with
T 34 ~ \\__..»»/ \\.f’ the core radius approximatelyoys=12 A and the shell
L 1~ i thickness,,s=5 A. The thickness of the ZnS layer here cor-
0 160 260 3(')0 responds to roughly tw¢l10) monolayers. To be complete,
) i we have considered below both the binding and exchange
Line scan across the targets { nm ) scenarios. In the former case, we allowed a new ZnO layer to

grow over the existing ZnS layers with,s fixed; and in the
latter case, we replaced the ZnS layers by ZnO layers, keep-
ing tzhsttzno fixed.

Our modeling results show that one can readily rule out
and six monolayers plus nine vacuum layers in the normaihe “binding” scenario not only because it requires additional
direction. Onek-point is used in the Brillioun zone sum. All  zinc source, and is energetically unfavorable, but also be-
forces are minimized to less than 0.02 eV/A. For simplicity, cause to get a 15 nm redshift, the thickness of the ZnO layer
we did not include in the calculation the curvature effect anchas to be at least 5 A or more. For the “exchange” scenario,
lattice mismatch between CdSe and ZnS. the calculated redshiftA\, is depicted in Fig. @), as a

We studied the processes of hydroxyl binding and hy<function of the thickness ratidy,of (tzns*tzno). From this
droxyl exchange with surface sulfur atoms where the hy{igure, we see that a 58% replacement of the ZnS shell by
droxyls come either from waté¢H,0), methanoCH,0), or  ZnO corresponds to a 15 nm redshift in the emission peak, or
glucose(CgH1,0g). Figure 2 shows, as an example, the caseoughly one monolayer of the ZnS is replaced. The reason
for glucose interaction. In Fig.(8), the glucose is intact. In for the observed redshift lies in the characteristics of the
Fig. 2b), it gives away a hydrogen atom to a surface sulfurconduction band shown in Fig(&, where the replacement
and the exposed oxygen atom on the glucose binds to a surf ZnS by ZnO creates an outermost layer that significantly
face zinc atom(“binding”). In Fig. 2c), the glucose gives lowers the barrier height by 1.56 eV. In contrast, the same
away a hydroxyl that replaces a surface sulfur atom. In rereplacement of ZnS by ZnO results in an increase in the
turn, the remainder of the glucose binds to the surfaceralance band barrier height by 1.0 eV. Consequently, holes
through the “give-away” sulfur atortfexchange). Interest- become more localized and electrons become more delocal-
ingly, the sulfur atom in Fig. @) is threefold coordinated ized as measured by the change in their wave vekidrhe
including bonds with two of the surface zinc atoms. In thequantum confinement effect in the optical transition is a

FIG. 1. (a) Atomic force microscopyAFM) images ofy-CD-QDs and(b)
height profiles of possible monomét), dimer (2), and trimer(3).

FIG. 2. (Colon Calculated atomic
structures and energies for a glucose
near the Zng110 surface.(a) Intact
glucose taken as energy zeid) di-
rect binding, and(c) S/O exchange
configurations.
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dows, provided direct evidence for the CD and QD interac-
tion. The spectral dataot shown showed that both the QD
and CD-QD samples displayed the IR band at 332cm
thought to be due to ZnS, whereas the ZnS-related band at
357 cmi! observed for CD-QDs was shifted from the
366 cni! band position observed for the QDs alone. IR
bands at 445 cit and 517-526 ciit could also be due to
shifts of the original bands observed for the QDs. However,
the IR bands observed at 400 dhand 561-586 cit for

the CD-QDs were clearly absent before introduction of the
CDs and are consistent with the ZH@nd zn—O stretching
modes.” respectively.

In summary, a new ZnO layer on the existing ZnS shell
—_— generated by crystal coordinate bond transformations with
t-no Vacuum CDs or CD-water clustet resulted in water-soluble and
stable QDs. Interestingly, this structure may serve to “direct”
the cyclodextrin hydroxyls close to the ZnS surface.
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