A\C\S

ARTICLES

Published on Web 12/21/2006

Mechanistic Study of Precursor Evolution in Colloidal Group
[I—VI Semiconductor Nanocrystal Synthesis

Haitao Liu, Jonathan S. Owen, and A. Paul Alivisatos*

Contribution from the Department of Chemistry, uisity of California, and Materials Science
Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

Received August 4, 2006; E-mail: alivis@uclink.berkeley.edu

Abstract: The molecular mechanism of precursor evolution in the synthesis of colloidal group 11-VI
semiconductor nanocrystals was studied using *H, C, and 3P NMR spectroscopy and mass spectrometry.
Tri-n-butylphosphine chalcogenides (TBPE; E = S, Se, Te) react with an oleic acid complex of cadmium
or zinc (M—OA; M = Zn, Cd) in a noncoordinating solvent (octadecene (ODE), n-nonane-ad,, or n-decane-
d»,), affording ME nanocrystals, tri-n-butylphosphine oxide (TBPO), and oleic acid anhydride ((OA).0O).
Likewise, the reaction between trialkylphosphine selenide and cadmium n-octadecylphosphonic acid complex
(Cd—ODPA) in tri-n-octylphosphine oxide (TOPO) produces CdSe nanocrystals, trialkylphosphine oxide,
and anhydrides of n-octadecylphosphonic acid. The disappearance of tri-n-octylphosphine selenide in the
presence of Cd—OA and Cd—ODPA can be fit to a single-exponential decay (kops = (1.30 4 0.08) x 1073
s71, Cd—ODPA, 260 °C, and kops = (1.51 4= 0.04) x 103 s71, Cd—OA, 117 °C). The reaction approaches
completion at 70—80% conversion of TOPSe under anhydrous conditions and 100% conversion in the
presence of added water. Activation parameters for the reaction between TBPSe and Cd—OA in n-nonane-
d,o were determined from the temperature dependence of the TBPSe decay over the range of 358—400
K (AH* = 62.0 & 2.8 kJ'-mol™1, AS* = —145 + 8 J-mol~1-K™1). A reaction mechanism is proposed where
trialkylphsophine chalcogenides deoxygenate the oleic acid or phosphonic acid surfactant to generate
trialkylphosphine oxide and oleic or phosphonic acid anhydride products. Results from kinetics experiments
suggest that cleavage of the phosphorus chalcogenide double bond (TOP=E) proceeds by the nucleophilic
attack of phosphonate or oleate on a (TOP=E)—M complex, generating the initial M—E bond.

Introduction quantum dotquantum well structure’$:*4 The quality and
control over nanocrystals prepared using these methods have

The synthesis of group HVI colloidal nanocrystals by ; .
thermal decomposition of organometallic precursors has beenmaoIe them key pieces in the development of fluorescent
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extensively used in the past decade. This synthetic approach Llectronic deviced®

was first reported for the synthesis of cadmium chalcogenide
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The kinetics of growth and shape evolution, especially that

tion), in which case peak integrals were obtained by deconvolution of

of CdSe, has been discussed extensively. Many importantthe two resonances using MestReC (Mestrelab Research). A detailed

concepts such as size distribution focusihgelective adhesion
shape contro};325 and branching*12 have been developed.
Recent kinetic studies by Peft$”as well as by Mulvaney$-2°
have examined the nucleation and growth of CdSe quantum
dots and rods by monitoring the time-dependent evolution of

discussion of the accuracy of the NMR method used in this study can
be found in the Supporting Information.

Synthesis and Characterization of TOPSe, Trin-octylphosphine
Sulfide (TOPS), Tri-n-butylphosphine Sulfide (TBPS), TBPSe, Tri-
n-butylphosphine Telluride (TBPTe), and Triisopropylphosphine

the nanocrystals. In spite of the important conclusions from these Selenide -TPPSe).Traditional syntheses of groupV| nanocrystals

studies, they have yet to be linked to a detailed understanding

of how precursor molecules are converted to groupMVil
materials.
Using a combination of NMR{, 13C, and®lP) spectroscopy

use a mixture of TOP and TOPE (or a mixture of TBP and TBPE) as
the injection solutior?” To simplify the analysis, we used the pure
phosphine chalcogenide instead of a mixture with its parent phosphine.
Phosphine chalcogenides were prepared by stirring the appropriate
phosphine with a stoichiometric or excess amount of elemental S/Se/

and mass spectrometry (MS), we have investigated the synthesisre in a glovebox at room temperature. The supernatant was separated

of group 1-VI semiconductor nanocrystals in TOPO and ODE

from the excess solid chalcogenide and was found to be pure by NMR

by following the disappearance and appearance of molecular(H, 13c, and3'P) and elemental analysis (Supporting Information).

precursors and products. Our results show that surfactant

molecules argeactantsthat convert precursor molecules to
II=VI semiconductor materials. In particular, our experiments

Synthesis of Cadmium and Zinc Oleic Acid Complexes (MOA,;
M = Zn, Cd).®2To a 25 mL flask was added-HOA (4.55 g, 16 mmol)
and CdO (0.518 g, 4.0 mmol). The mixture was degassed af@00

suggest that trialkylphosphine chalcogenides deoxygenate theand 250 mTorr for 30 min. The flask was then filled with Ar and heated

alkylphosphonate or alkylcarboxylate surfactants, liberating the

to 190°C to dissolve CdO. After the dissolution of CdO, the mixture

chalcogen atom. A mechanism is proposed where nucleophileswas cooled to 110C and degassed again at 300 mTorr for 20 min.

such as alkylphosphonate and alkylcarboxylate attack a Lewis
acid activated (TORPE)—M (E = S, Se, Te; M= Zn, Cd)
complex, breaking the=PE double bond.

Experimental Section

Tri-n-octylphosphine (TOP; 97%, Strem), trbutylphosphine (TBP;
99%, Strem), triisopropylphosphine (Aldrich), TOPO (Aldrich, 99%,
lot numbers 24801MB and 04017P&)n-octadecylphosphonic acid
(H.—ODPA; Polycarbon), CdO (Aldrich, 99.9%6), ZnO (Aldrich,
99.99+%), oleic acid (H-OA; Aldrich, 99%), n-nonaned,o (Aldrich,

98 atom % D) n-decaned,, (Arcos, 99 atom % D), and ODE (Aldrich,

The solution was then cooled to room temperature and stored in a
freezer under M A stock solution was prepared by dissolving 2.40 g
of this complex in 1.60 g ofi-nonaned,o and was used in the synthesis

of CdS, CdSe, and CdTe. Zi0A was prepared similarly by dissolving
ZnO (0.167 g, 2.05 mmol) in a mixture ofHOA (2.319 g, 8.02 mmol)

and ODE (2.50 g) at 300C under Ar followed by degassing at 100
°C. The neat reaction mixture was used in the synthesis of ZnS, ZnSe,
and ZnTe.

CdSe Synthesis in TOPO/H—ODPA at 260 °C: “Doubly De-
gassed” Protocol. To a 25 mL three-neck flask equipped with a
condenser and a thermocouple adapter were added TOPO (2.73 g, 7.06

90%) were used as received. Standard air-sensitive techniques werénmol), ,—ODPA (1.07 g, 3.20 mmol), and CdO (0.204 g, 1.60 mmol).

used to handle air- and moisture-sensitive compounds.

NMR Methods. All NMR (*H, 13C, and3!P) spectra were collected
on a 400 MHz Bruker Advance spectrometéP NMR spectra were
acquired either without proton decoupling or with inverse gated
decoupling, and care was taken to ensure adequate relaxatidn) (

The mixture was degassed at 1ZDand 206-400 mTorr pressure for
60 min. The flask was then filled with Ar, and the temperature was
raised to 320°C to dissolve CdO. After CdO was dissolved, the
temperature was lowered to 15080°C and the pressure was reduced
to ~300 mTorr for 60 min (this step will be referred to in the text as

between pulses. In situ kinetics experiments were conducted underthe “second degassing”). The flask was then filled with Ar, and the
vacuum in flame-sealed NMR tubes. These samples were inserted intotemperature was raised to 27€. TOPSe (0.70 g, 1.6 mmol) was
a preheated NMR probe that was calibrated using ethylene glycol as ainjected, and the temperature was allowed to stabilize ati2@0>°C.

standard according to an established proce#flu@DCl; solutions of
aliquots from the TOPO-based reaction were prepared in air. Control
experiments showed that CDColutions of TOPE and TBPE (E

The amount of TOPSe injected (1440.1 mmol) was measured as the
difference between the masses of the syringe before and after the
injection. Aliquots taken after the injection of TOPSe were dissolved

Se, S) stored in air at room temperature are air stable for several weeksin CDCl; and transferred to NMR tubes in air. NMR spectra of the

with only <2% conversion to TOPO P NMR spectroscopy (Figure
S2, Supporting Information).

The concentration of phosphine chalcogenide was obtained by
comparing the integral of it¥P NMR peak with that of the phosphine

oxide peak and assuming the total concentration of the two SpeCIeSH—OA/OA), andn-

was constant during the reaction. This assumption was verified to be
valid (<£2% error) by using an internal standard (ethylphosphonic
acid diethyl ester) in the in situ kinetics runs. THB NMR resonances

of TOPO and TOPS patrtially overlap (Figure S3, Supporting Informa-

(24) Peng, X. G.; Wickham, J.; Alivisatos, A. P.Am. Chem. S0d.998 120,
5343-5344.

(25) Peng, Z. A.; Peng, X. Gl. Am. Chem. So2001, 123 1389-1395.

(26) Qu, L. H.; Yu, W. W.; Peng, X. PNano Lett.2004 4, 465-469.

(27) Peng, Z. A.; Peng, X. Gl. Am. Chem. So2002 124, 3343-3353.

(28) Bullen, C. R.; Mulvaney, PNano Lett.2004 4, 2303-2307.

(29) van Embden, J.; Mulvaney, Pangmuir2005 21, 10226-10233.

(30) We found that the purity of TOPO is less than 99% on the basis &Hts
NMR spectrum (Supporting Information Figure S1). The same batch of
TOPO was used whenever two experimental results were to be compared.

(31) Ammann, C.; Meier, P.; Merbach, A. E. Magn. Resonl982 46, 319—

321.
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aliquots were collected within 24 h of sampling.

In Situ Monitoring of the CdSe Synthesis inn-Nonanedz. To a
5 mm NMR tube were added TOPSe (0.0809 g, 0.18 mmol), the Cd
OA stock solution (0.375 g, 0.18 mmol of &€dand 0.72 mmol of
nonaneek (0.0478 g). The mixture was degassed
by four freeze-pump—thaw cycles before the NMR tube was flame
sealed under vacuum. The NMR probe was then preheated to the desired
reaction temperature, and the sample was inserted into the probe and
allowed to temperature equilibrate for 4 min before NMR spedtta (
13C, and®P) were collected. NMR spectra were collected at room
temperature before and after the reaction to analyze the reaction
products.

Syntheses of other group+VI materials were carried out similarly
using TBPE and M-OA (E = S, Se, Te; M= Zn, Cd) inn-nonane-
dho, N-decanedy,, or ODE (Supporting Information).

(32) Yu, W. W,; Wang, Y. A.; Peng, X. GChem. Mater.2003 15, 4300~
4308.
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Results

Characterization of Reaction Precursors.Dissolution of
cadmium oxide (CdO) with phosphonic acids has been reported
to produce a phosphonic acid complex of cadmR#hA
balanced chemical equation for this reaction is shown in eq 1.

CdO+ H,~ODPA— Cd—-ODPA+H,0 (1)

Upon heating cadmium oxide and,HODPA in TOPO,
immiscible, colorless droplets form on the walls of the reaction
vessellH NMR analysis of these droplets in DMS@3-showed

no peaks other than an increase in the amount of water impurity
in the NMR solvent. The moisture content of this reaction
mixture was further analyzed using a Karl Fischer titration (see
the Supporting Information for experimental detafs}* The
titration results indicate that both commercial samples of TOPO
and H—ODPA used in this study have0.2% (w/w) moisture.

To confirm the stoichiometry of eq 1, CdO (0.211 g, 1.64 mmol)
was dissolved in a mixture of TOPO (1.00 g) angHODPA
(1.07 g, 3.20 mmol) in a tightly closed vial filled with argon at
high temperature, and the resulting mixture was cooled and
dissolved in anhydrous ethanol in a glovebox. Karl Fischer
titration showed that the mixture contained 32 mg of water.
After subtraction of the moisture in TOPO and-HODPA, it

was found that 28 mg (1.56 mmol; expected 29.6 mg, 1.64
mmol) of water was produced upon dissolution of the CdO. To

Table 1. 3P NMR Chemical Shifts of the Phosphorus-Containing
Surfactants and Precursors?@
O(CP) LJEP-T7Se) OCP)  LJEP-TTSe)
(ppm) (Hz) (ppm) (Hz)
TOPO 48.5 TBPSe 36.8 680
TOPO+ H,— 50.2,33.7,24.1 TBPTe —13.2 1658
ODPAP
TOPS 48.6 H—OPA 37.7
TOPSe 36.4 678 HTDPA 38.4
TOPSe+ CcPr¢ 39.3 615 H—ODPA® 29.4
TBPS 48.7 CdODPA 25

a All spectra were taken in CDeht room temperature and referenced
to the peak for trimethyl phosphaté & 3.0 ppm).P Prepared by heating
H,—ODPA and TOPO (1:2, w/ w) under Ar to 29C and then dissolving
the mixture in CDJ. ¢ Cadmium 2-ethylhexanoatéJ(31P—125Te). € Sol-
vent CD;OD/CHs;CH,OH (1:3, v/v).

H,—ODPA in CDC} could be obtained by dissolving a hot
mixture of ,—ODPA and TOPO in CDGlor by heating H—
ODPA and TOPO in CDGI A 3P NMR spectrum of this
mixture (H,—ODPA:TOPO= 1:2, w/w) contains three peaks
at 6 = 50.2 ppm (TOPO), 33.7 ppm gHODPA), and 24.1
ppm (Table 1). The resonance at 24.1 ppm does not arise from
an impurity of TOPO or ODPA, since it is not observed in a
CDCls solution of pure TOPO or in a methandifethanol
solution of pure H—ODPA. In addition, the intensity of the
24.1 ppm peak is 8% of the HODPA peak intensity in a
concentrated sample (50 mg oHODPA and 75 mg of TOPO
in 1 mL of CDCk) and decreases t62% in a dilute sample (5
mg of H,b—ODPA and 10 mg of TOPO in 1 mL of CDg)l

test the effectiveness of the second degassing after decomposil NiS concentration dependence suggests that the 24.1 ppm peak

tion of CdO, the reaction mixture was titrated after it had been
degassed for 5 min and only 3 mg (0.17 mmel,0%) of water
remained.

3P NMR spectroscopy was also used to characterize the
cadmiumn-octadecylphosphonate complex (6@DPA). Im-
mediately after CdO was dissolved with-HODPA in TOPO,
the mixture was dissolved in CDgIgiving a clear, viscous
solution that became turbid after standing for more than a day.
31P NMR analysis of freshly prepared CRGblutions of Cd-

may arise from a hydrogen-bonded complex between TOPO
and H—ODPA or between two or more HODPA mol-
ecules®

The chemical shifts of +=ODPA, TOPO, and TOPSe were
found to be sensitive to the presence of Lewis acids and bases.
For example, the TOPO resonance shifts downfield from its
pure form with added k+ODPA, and the major i+ODPA
resonance shifts upfield with added TOPO (Table 1). The
chemical shift of TOPSe was also found to be sensitive to the

ODPA showed a sharp TOPO resonance and one broad peak afrésence of added Lewis acids. Addition of cadmium 2-ethyl-

0 = 25 ppm (fwhm= 10 ppm). No resonances for free-H
ODPA were observed. In addition, the acid proton efHODPA
could not be located in th#4 NMR spectrum. A similar NMR
analysis was performed on the oleic acid complex of cadmium
(Cd—OA) prepared by the analogous decomposition of CdO in
H—OA using a 4:1 molar ratio of HOA to CdO.H and3C
NMR analysis of C&-OA showed spectra similar to those of
H—OA except that the relative intensity of the acidic proton
had dropped 50% due to the consumption of 2 equiv 6f0A
during the dissolution of CdO. The oleic acid complex of zinc
(Zn—0A), on the other hand, was much less soluble in GDCI
and was not analyzed.

31P NMR chemical shifts of CHODPA, as well as the other
phosphorus-containing reagents, dissolved in G2@ shown
in Table 1. HB—ODPA is very insoluble in CDG| and hence,
its 31P NMR spectrum was recorded in methadgkthanol (1:
3, viv), showing one resonance @at= 29.4 ppm.n-Tetrade-
cylphosphonic acid ((+TDPA) and n-octylphosphonic acid
(H,—OPA) are, however, more soluble in CRGInd showed
singlets ath = 38.4 and 37.7 ppm, respectively. A solution of

(33) Verhoef, J. C.; Barendrecht, &.Electroanal. Chenil977, 75, 705-717.
(34) Verhoef, J. C.; Barendrecht, Enal. Chim. Actal977, 94, 395-403.

hexanoate to a CDgkolution of TOPSe caused it NMR
resonance to shift to higheér and a decrease H(3P—""Se)
(Table 1). In contrast, however, the addition of cadmium
octylphosphonaf to TOPSe in CDG did not change the
chemical shift of TOPSe, nor did it affeég(3’P—""Se). In
addition, aliquots taken in the CdSe synthesis using TOPSe and
Cd—ODPA in TOPO did not show any change in the chemical
shift or 1J(3P—"7Se) of TOPSe when compared to a solution
of pure TOPSe in CDGI

Characterization of Reaction Products In situ 3P NMR
spectroscopy was used to monitor the reaction of-Oé or
Zn—0A with TBPSe in a hydrocarbon solvent in flame-sealed
NMR tubes. In the cases of both Cd and Zn the disappearance
of TBPSe proceeds with the formation of TBPO, which was
verified by the addition of an authentic sample to the NMR
sample as well as by detection with mass spectrometry (Figures
1 and S4, Supporting Information). In several examples, the
total concentration of TBPSe and TBPO was constant through-
out the reaction (withint2%), versus an internal standard

(35) Clearfield, A.; Sharma, C. V. K.; Zhang, B. Bhem. Mater2001, 13,
3099-3112.

(36) This was prepared by adding CdMe a CDC} solution ofn-octylphos-
phonic acid at room temperature in a glovebox.
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Table 2. Spectroscopically Characterized Reaction Products from the Synthesis of Group II—VI Nanocrystals?

precursor surfactant/solvent identified products (characterization)
CdSe TBPSe/CdODPA H,—ODPA/TOPO TBPO (FAB-MS)
Cdse TOPSe/CdODPA H,—ODPA/TOPO ODPA anhydridé{P NMR, 31P—31p COSY)
CdSe TBPSe/CAODPA H,—ODPA/TOPO, TBP ODPA anhydridé NMR)
CdSe TBPSe/CdOAP H—0OA/C1¢D22 TBPO P NMR), (OAXO (33C NMR)
CdSe TBPSe/CdOAbe H—OA/C10D2, TBP TBPO #P NMR), (OARO (*3C NMR)
Cds TBPS/Ce-OAP H—0OA/C10D22 TBPO €P NMR, FAB-MS), (OA)O (13C NMR)
CdTe TBPTe/Ce-OAP H—0OA/C10D22 TBPO €P NMR), (OA%LO (3C NMR)
ZnS TBPS/ZR-OAP H—OA/ODE TBPO £P NMR, FAB-MS), (OAYO (:3C NMR)
ZnSe TBPSe/ZrOAP H—OA/ODE TBPO £P NMR, FAB-MS), (OA)O (13C NMR)
ZnTe TBPTe/Zr-OAbPd H—0OA/C10D2, TBP TBPO #1P NMR), (OA)O (*3C NMR)

aThe nanocrystal products were characterized by transmission electron microscopy (Figure S8, Supporting Informatiais)spB¢troscopy (Figure
S9, Supporting Information), and powder X-ray diffraction. COSYcorrelation spectroscopy.16D22 = n-decaneds,. P In a degassed and flame-sealed
NMR tube.c TBP:TBPSe= 1:1 (mol/mol).d TBP:TBPTe= 1:1 (w/w).

TBPSe

A
A: H-OA/OA™
*: (OA),0
TBPO
*
A x| % * A A
M3MXWJLWummm«MJFM MJA

tin7 v o
] L 1
L X .
T T T T T T T 2
60 50 40 30 ) J

B
*'P Chemical Shift (ppm) - - X . ; , :
180 170 130 129 355 35.0 345

Figure 1. Time evolution of théP NMR spectrum of the reaction between
TBPSe and CdOA in n-nonanedy at 380 K. Spectra were collected at 0,

140, 1110, and 2145 s, respectively. ®C NMR Chemical Shift (ppm)

. . . . Figure 2. 13C NMR spectrum of (A) the reaction between-60dA and
(ethylphosphonic acid diethyl ester), which requires that TBPO TBpse and (B) an authentic sample of (@®)n n-nonanegso. (*) (OA) 0
is the only major product of TBPSe decomposition. A fast atom peaks: 168.1 ppm;{CH,CO),0; 129.8 and 129.4 ppm;CH=CH—; 35.1

ion PPM, (-CH,COOYO. (A) H—OA peaks: 180.1 ppm;CH,COOH; 129.6
bombardment (FAB) mass spectrum of the crude reaction oM. ~ CH—CH~ 34.8 ppm —CHCOOH. The small peak at180 ppm

. — . p
mixture shows a strong peak &z = 219 corresponding 10y the (OAO spectrum is due to the presence of an®#A impurity in
the [TBPO+ H]™ ion (Figure S4). Similar to the synthesis in  the commercial sample. See Figure S6 (Supporting Information) for the

hydrocarbon solvents, a synthesis of CdSe, in TOPO solventfull spectrum.
using TBPSe as the Se precursor, also afforded TBPO as one
of the major reaction products. Analysis of a crude reaction
mixture using FAB-MS showed a strong peaknaz = 219
that corresponds to the [TBPOH™] ion (Figure S5, Supporting
Information). M\A
In addition to the conversion of TBPSe to TBPO, the L R L I

——

formation of oleic acid anhydride ((OAQ) was observed in » 0 % 2
the 13C NMR spectrum of reactions between-Z0A or Cd—

OA and TBPSe. In situ analysis of the reaction products showed ) J{ o

new peaks ab = 168.1, 129.8, 129.4, and 35.1 ppm not present A " % 2
before the mixture was heated. Comparison of this spectrum Chemical Shift (ppm)

W'_th an al;ghem'c sample of (O4Q confirmed the assignment Figure 3. 3P NMR spectrum of a CdSe synthesis in TOPO. The crude
(Figure 2)?" In several runs, the appearance of thmethylene reaction mixture was dissolved in CDCThe inset shows a magnified view
peak {H NMR) of (OA),O (0 = 2.50 ppm) matches the of the 20-35 ppm range of the spectrum. The peak for TOPO 8 at

disappearance of th#P NMR resonance of TBPSe (within ~ 48:7 ppm and that for TOPSe at= 36.3 ppm.

+2%). Similar observations were made in the synthesis of other ) ) )
metal chalcogenides as well as when the reactions were Aliquots from reactions of CHODPA with TOPSe or TBPSe

conducted in the presence of added trialkylphosphine (Table 2,in TOPO show the disappearance of TOPSe and the appearance
Figure S7, Supporting Information). of 3P NMR resonances in the range 6f= 10-33 ppm.
Immediately after injection of TOPSe into a hot mixture of
(37) Control experiments showed that heating the-Od stock solution (at TOPO and Cd-ODPA, several multiplets appear in ti&

120°C in a degassed and sealed NMR tube for 2 h) or puréOi (at — ;
120 °C under a dynamic vacuum for 2 h) did not produce a detectable NMR spectr_um 6_16 32, 29’ 28, and_24 ppm (Figure 3). At
amount of (OA)YO by H and3C NMR. longer reaction times, additional multiplets could be observed

308 J. AM. CHEM. SOC. = VOL. 129, NO. 2, 2007
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B 1.0 m  double degassed
% O with added water
‘ =
\ [ —
Nt L.U\w g os
o _ g
[ ©
g o 100 g
: 0.0
' W ¢ L1450 Z 770 72000 4000 1100012000
il P Time (seconds)
£20.0 Figure 6. Single-exponential fits to the disappearance of TOPSe in the
@@ g 8 t presence of CHODPA in TOPO (Cd-ODPA and TOPSe in TOPO at 260
F25.0 °C). For the reactions with added water, 100 mg of water was added to the
&pﬁ ' t flask at 100°C via a syringe after the second degassing but before TOPSe
30.0 injection.
T T rTT T T T T
300 250 200 150 10.0 Table 3. Exponential Fits to the Disappearance of Phosphine
Chemical Shift (ppm) Chalcogenide?
Figure 4. 3P—31p COSY spectrum of a CdSe synthesis. Peaks of TOPO ) solvent Kobs >j1103 ConvffSiON
and TOPSe give no cross-peak and are not shown. The crude reaction__ maerial precursor (r.°9 ) (%)  note
mixture was dissolved in CDghnd flame sealed in an NMR tube under 1 CdSe CdODPA/TOPSe TOPO (290) 1F0.4 84 b
Ar. 2 CdSe CdODPA/TOPSe TOPO (260) 1.380.08 82 c
3 Cds Cd-ODPA/TOPS TOPO (290) 0.96 0.54 30 d
4 CdSe CeOA/TOPSe  GDx(117) 151+0.04 65 e
5 CdSe Cd&OA/TBPSe  GD»(127) 257+0.13 68 e
6 CdSe CeOA/i-TPPSe @D (127) 0 0 f
| c 7 ZnSe ZmODPA/TOPSe TOPO (290) 0 0 g
8 H,—ODPA/TOPSe TOPO (290) 15 h

a Conversions were calculated using either the amount of TOPSe injected
and [TOPSe] of the last aliquot (TOPO-based synthesis) or the fitting results
. B (in situ studies). The reported errorkgysis the uncertainty from the fit to
a single exponentiaP Doubly degassed. A mixture of TOPSe (0.70 g) and
toluene (0.30 g) was injected at 32C. ¢ Doubly degassedDoubly

* degassed. A mixture of TOPS (0.65 g) and toluene (0.30 g) was injected at
320°C. ©In situ NMR monitoring.f In situ NMR monitoring, reaction time
A 20 min.9 Doubly degassed, reaction time 100 miiiReaction time 4 h.
40 35 30 25 20 show the appearance ¥ multiplets ath = 20—30 ppm that

“P NMR Chemical Shift (ppm) are replaced by two peaks at= 34 and 24 ppm at longer

Figure 5. Effect of added water on th#P NMR spectrum of a TOPSe ; ; i i

and Cd-ODPA reaction mixture in TOPO: (A) before and (B) after addition times (Vbil- T)' tf-:—o _l?ggfgm tlh?t thet ?ﬁded "f‘tert IS Indefd
of water to the reaction. (CYYP NMR of a 2:1 (w/w) mixture of TOPO accessible 0. € solution & _e reacf lon gmpera ure,
and H—ODPA. An asterisk indicates the TOPSe peak. we also carried out a control experiment in which'4®

) ] (Isotech, 95%'0) was injected into a mixture of TOPO and

in the range of = 10—23 ppm.3!P homonuclear correlation Cd—ODPA at 290°C. Both FAB-MS and®P NMR showed
spectroscopy (COSY) shows that the splitting pattern of these rapid formation of'80-substituted TOPO (Figure S10, Sup-

peaks can be explained B¥P—3P through-bond coupling  porting Information), which is consistent with an oxygen
(J(3P—31P) = 35—38 Hz) (Figure 4). The chemical shift and exchange reaction between0 and TOPG?®

magnitude of the couplir}g constants are iq the range of reported  kinetics of Phosphine Chalcogenide CleavagdReaction
values for ostlherglanhydndes of phosphonic aciols 20-30 kinetics of the CdSe and CdS syntheses were studied by
ppm andkJ(*!P—31P) = 25-49 Hz, for pyrophosphonic acit following the concentration of phosphine chalcogenide using
and tristert-butyl)triphosphonic acitf), suggesting similar  sip N\MR spectroscopy. The decay of phosphine chalcogenide
anhydride linkages may explain the coupling patterns observed .,n pe fit to a single-exponential decay (Figure 6) and the
in our spectra. Further confirmation of an anhydride linkage correspondingksps extracted from the fit (Table 3} The

being responsible for the multiplets was provided by addition eayage rates of phosphine chalcogenides increase in the order
of water to the reaction mixture at the reaction temperature. g < g¢ < Te and Zn< Cd by comparing their respectivgss

Upon addition of water, the multiplets in tR& NMR spectrum conversion vs time. It was also observed that-Ce reacts

were immediately replaced by two peak®at 34 and 24 ppm,  more rapidly than does GEODPA and both TBPSe and TOPSe
which are in the range of the resonances observed for H 516 much more reactive than the sterically hinder@®PSe.
ODPA in the presence of TOPO (Figure 5). In addition,#He A control reaction showed that, in the absence of-Cu\ or
NMR showed an increase in the amount of the acid proton. Cd—ODPA, TOPSe still decomposed in a mixture of TOPO
To further clarify the role of water in the synthesis of CdSe 4.4 H—ODPA at 290°C (Table 3, entry 8; also see the
in TOPO, control experiments were carried out by adding water Supporting Information), although at a rate 2 orders of

(100 mg) to the reaction after the second degassing but before,gnitude slower than in the presence of-@# or Cd—
the TOPSe injection. After injection aliquots of this reaction

(40) Denney, D. B.; Tsolis, A. K.; Mislow, KJ. Am. Chem. Sod 964 86,

(38) Ohms, G.; Grossmann, G.; Schwab, B.; SchieferPhbsphorus, Sulfur 4486-4487.
Silicon Relat. Elem1992 68, 77—89. (41) Single-exponential decay of TOPSe was also observed when Gedde

(39) Diemert, K.; Kuchen, W.; Poll, W.; Sandt, Eur. J. Inorg. Chem1998§ used as the cadmium precursor in the CdSe synthesis in TOPO (Figure
361—366. S11, Supporting Information).
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g Scheme 1. Proposed Reaction Pathway for Precursor
124 & 0 Conversion?
gos Se s /CdX2 (I?
-134 g Lo+ == 1 — > CdSe + .+
= § 00 R/R""R CdX; = R. ’R"'R
&, Z 770 2000 4000 R R RR R
_!% Time (s)
E-144 R = CgHq7 or C4H
o Cs |1-|7 4Mg )OL j.j\ o
=Cq7R33 X= “o°R R O)LR'
- . . . . R" = C13H37
0.0025 0.0026 0.0027 0.0028
) . " ) . . (o) (o) o O
Figure 7. Eyring plot of TBPSe reaction with C6OA in n-decanedy,. }I:l, i lg lg lg )
The reactions were carried out at 358, 380, 390, and 400=Ktemperature X= "0o"'R R™ |\O< l,,\0>’ R
(Kelvin). The inset shows a representative single-exponential fit to the OH OH \R ) OH
integrated TBPSe resonance at 380 K. n=012..

ODPA. Activation parameters for TBPSe decay in the presence
of Cd—OA were determined from the temperature dependence
of the exponential fits to the decay curvaH* = 62.0+ 2.8
kJmol-1, AS" = —145 + 8 F}mol-1-K~1, Figure 7; also see
the Supporting Information).

For the reactions carried out in TOPO under anhydrous
conditions, the conversion of the trialkylphosphine chalcogenide
approaches partial conversion§0%) even though Cd was used
in excess{10%) in these reactior’8 The conversion of TBPSe
is even lower £70%) when reacted with CeéOA in a
noncoordinating solvent at relatively low temperature (360
400 K). Interestingly, if water was added to the TOPO-based
reaction, either before or after the injection of TOPSe, the
conversion of TOPSe could be increased to almost 100% (Figure
6).

Discussion

Previous studies on the formation of group VIl nanocrystals
have focused on the role of surfactant molecules in controlling
particle growth by binding to the nanocrystal surface. In this
study we have gathered evidence that phosphonic and carboxyli
acids are also reactants responsible for the conversion of
precursor molecules to the metal chalcogenide. In particular,
the conversion of TOPSe and TBPSe to their corresponding
phosphine oxides is linked to the formation of anhydrides of
n-octadecylphosphonic acid and oleic acid, suggesting that
phosphonic and carboxylic acids are responsible for cleavage
of the phosphoruschalcogen double bond. A partial mechanism
for this transformation is shown in Scheme 1.

Cadmium Precursors.Observations in this study as well as

those by Peng and co-workers indicate that the reaction betweerb

CdO and phosphonic acids produces a phosphonic acid comple
of cadmium and 1 equiv of watéf>42The broad®P NMR
resonance, high viscosity, and low solubility of €@DPA in
CDCl; support the idea that the cadmium precursor of this
synthesis is a coordination polymer. Single-crystal X-ray studies
of Cd(GsPCH;)-H20 and Cd(@QPGsHs)-H2O provide structurally
characterized examples of this type of coordination polymer that
is composed of layers of cadmium ions bridged together by
phosphonate grougd8.Unlike Cd—ODPA, Cd-OA is soluble

in CDCl; and gives sharpH and3C NMR resonances, which
does not, however, rule out the possibility that this compound
also forms a similar coordination polymer or oligomeric

(42) Carbone, L.; Kudera, S.; Carlino, E.; Parak, W. J.; Giannini, C.; Cingolani,
R.; Manna, L.J. Am. Chem. So2006 128 748-755.
(43) Cao, G.; Lynch, V. M,; Yacullo, L. NChem. Mater1993 5, 1000-1006.
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aThe X substituent may change as the reaction proceeds, which will
change the identity of the soluble cadmium ions as well as the TFOPE
CdX; complex. See the discussion in the text.

structure. Single-crystal structures of cadmium acetate and self-
assembled monolayers of other long-chain carboxylic acid
complexes of cadmium support the notion that-@JA may

also be a coordination polymer under our conditions despite its
sharp NMR resonancé4.The low solubility of Zn-OA in
CDCI; may be due to a polymeric structure in this case.

Reaction Products.In reactions where oleic acid was used
as a surfactant molecule, the formation of group-Vi
nanocrystals was accompanied by the formation of trialkylphos-
phine oxides and (OAD (Table 2). Clear identification of the
trialkylphosphine oxide and oleic acid anhydride products was
possible by comparing their respectid® and*C NMR spectra
with those of authentic samples (Figures 1 and 2). Monitoring
the 3P andH NMR spectra of our reaction mixtures showed
that the disappearance of the trialkylphosphine selenide and the
appearance of its corresponding phosphine oxide match the
extent of (OAYO formation (Figure 1). These observations
suggest that these molecules are derived from one another
according to the stoichiometry in Scheme 1.

On the other hand, the products from nanocrystal syntheses
performed in TOPO and H+ODPA were more difficult to
characterize. The formation of trialkylphosphine oxide from the
corresponding trialkylphosphine selenide, for instance, could not
be unambiguously characterized withP NMR spectroscopy
due to overlap with the TOPO solvent. Instead, FAB-MS was
used to identify the TBPO product of TBPSe cleavage (Figure
S5). 3P NMR spectra of the reaction mixtures show the
appearance of several multiplets, not observed in reactions using
leic acid, whose intensities are dependent on the extent of

}eaction and the presence of water. Two observations lead us

to believe these resonances are from anhydrides of OB/PA.

31p COSY showed that their multiplicity arises from phospherus
phosphorus though-bond coupling with coupling constants
similar to other known examples of phosphonic acid anhydrides.
Further, the multiplets could be converted tg-HDDPA upon
hydrolysis (Figure 5). The appearance of additioH& mul-
tiplets at longer reaction times may be the result of deoxygen-
ation of the phosphonic acid anhydride product producing
multiple anhydride linkages in an oligomeric structure like the
one drawn in Scheme h & 0). Alternatively these resonances
may derive from one phosphonic acid anhydride trimer
(n=1) in different coordination environments. Although more

(44) Harrison, W.; Trotter, JJ. Chem. Soc., Dalton Tran%972 956-960.
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work is needed to assign these multiplets, an anhydride linkage Mx; 1%
reasonably explains thé'P—31P coupling observed in the &
spectrum of the reaction products and the reaction of this species R-E’<‘§
with water. “X

The _formation of (OA)O and O?Fadecwph_OSphoniC acid ~ Figure 8. Hypothetical transition structure for TOPE cleavage.
anhydrides under anhydrous conditions requires that 2 equiv

of octadecylphosphonate and oleate are consumed in theoOf activation extrapolated from the Eyring plot in Figure 7
cleavage reaction. In the presence of water, however, thesuggests thatthe steps leading to TBPSe cleavage in the presence
anhydride product can undergo subsequent hydrolysis, regen-of the Lewis acidic cadmium center involve the association of
erating the phosphonic or carboxylic acid surfactant. CdSe two or more molecules. This suggestion is made tentatively,
syntheses conducted in TOPO with added water still, however, however, since the single-exponential fits to TOPSe decay are
produce (ODPA):10,, which, at longer times, revert back to  not likely to result from first-order kinetics. This is especially
H,—ODPA. These observations suggest that at2880°C the true because the reactions approach partial conversion and were

concentration of water in the reaction mixture is not high enough not run under pseudo-first-order conditions. Third, the sterically
to compete with B—ODPA for cleavage of the TOPSe hinderedi-TPPSe reacts with CdOA much slower than does

molecule?>46 TBPSe, which argues against unimolecular decomposition of
TOPSe-Cd?* Coordination. The polymeric structure of  the P=Se fragment. Finally, formation of phosphine oxides via
Cd—ODPA is likely due to the Lewis acidity of the €tlion, cleavage of P=X double bonds frequently involves two steps

which binds to adjacent phosphonate oxygens in an attempt towhere an electrophile i; first bound to X followed by additi(_)n
fill its coordination sphere. On this basis it is not surprising 0f an oxygen nucleophile to the phosphorus center. Previous
that the electron-rich selenium atom of trialkylphosphine studies of alkyl- and arylphosphine selenides and sulfides (X

selenide would bind to Cd. In fact, alkyl- and arylphosphine = Se, S) have shown that conversion to the corresponding
chalcogenides have been shown to coordinate to a large numbephosphine oxide under nonoxidizing conditions can proceed via
of transition-metal ions, including Gd and Zr#*, resulting in a Lewis acid-catalyzed substitution mechanism. In these studies

a weakening of the PE (E = S, Se, Te) double borfd-4° triphenylphosphine selenide or sulfide, when activated by
Our 3P NMR studies show the resonance of TOPSe shifts to trifluoacetic anhydride, undergoes attack by nucleophiles as
highero along with a decreasé&i{3}P—7"Se) in CDC} solutions weak as trifluoroacetate, yielding triphenylphosphine oXfdé.

of cadmium 2-ethylhexanoate, suggesting the formation of a In a similar vein, the accepted mechanisms for the cleavage of
TOPSe-C?* complex (Table 1952 These spectroscopic ~ Wittig (X=CR;) and aza-Wittig (¥*NR) reagents involve
changes were not observed, however, when TOPSe wasaddition to the phosphorus center upon reaction of an electro-
combined with Ce-ODPA, supporting a weaker coordination ~phile with the nucleophilic terminus of thesX double bonc®

of TOPSe to CdtODPA than Ce-OA. This difference may All these points argue for a similar cleavage reaction under our
be due, in part, to a more coordinatively unsaturated cadmium conditions where nucleophilic addition to the phosphorus center
center in Ca-OA and offers an explanation of the faster TOPE proceeds upon Lewis acid activation of TOPE by the cadmium
cleavage by CeOA. or zinc precursor.

Cleavage of the P=E Bond. A number of experimental Role of the Surfactant as a ReagentSurfactants such as
observations suggest that the TOPE precursor is converted toH2—ODPA and H-OA have been extensively used to control
cadmium and zinc chalcogenides by a substitution reaction in the growth of nanocrystals. Their major role has long been
which a Lewis acidic cadmium or zinc center activates TOPE believed to be the selective adhesion to the nanocrystal
to nucleophilic attack by phosphonate or carboxylate (Figure surface??® as well as controlling monomer solubility?82°
8)5354 First, TOPSe cleavage proceeds at a rate 2 orders ofHowever, our results show that,HODPA and H-OA are
magnitude faster in the presence of-@ADPA and TOPO than  Ultimately responsible for cleavage of the=Be bond. Hence,
H,—ODPA and TOPO alone, providing support for the Lewis changing the concentration of these surfactd#3will likely

acid activation step® Second, the large and negative entropy change the TOPE cleavage kinetics in addition to the binding
of surfactants to the nanocrystal surfa&éhis is especially

(45) The slow hydrolysis rate also suggests that most of the added water doesimportam given that the alkylphosphine chalcogenide cleavage
not dissolve in the reaction mixture at 26290 °C.

(46) Cd-ODPA showed increased reactivity toward TOPS cleavage with added IS likely the reaction leading to the formation of semiconductor

water, suggesting that water may contribute to the cleavage mechanism in monomers. and hence. the rate of this cleavage will influence
that case. See Figure S12, Supporting Information. ! !

(47) Karayannis, N. M.; Mikulski, C. M.; Pytleweski, L. linorg. Chim. Acta, particle nucleation and growth.

Rev. 1971 5, 69—-105. ; ; ; i indi
(48) Lobana, T_5.. Gupta, T. R.: Sandhu, SPBlyhedronl982 1, 781-783. The generat|or_1 of multlp_le anhydride linkages |nd|cates_ that
(49) Lobana, T. S. IiThe chemistry of organophosphorous compouhdstley, both ODPA and its anhydride can cleave tre$® bond. This

F. R., Ed.; John Wiley & Sons: New York, 1992; Vol. 2, p 487. ; ;
(50) Grim, S. O.; Walton, E. D.; Satek, L. Can. J. Chem198Q 58, 1476~ change in the cleavage agent over the course of reactions

1479.
(51) Dean, P. A. W.; Polensek, ICan. J. Chem198Q 58, 1627-1632. (55) Other studies have also shown that phosphine sulfide and selenide could
(52) Dean, P. A. W.; Hughes, M. KCan. J. Chem198(Q 58, 180-190. be converted to phosphine oxide by organic Lewis acid like trifluoroacetic
(53) Whether the nucleophile is free in solution as shown in Figure 8 or bound acid anhydride. See ref 57.

to cadmium is unknown. The transition structure drawn was chosen for (56) Chen, C. H.; Brighty, K. ETetrahedron Lett198Q 21, 4421-4424.

the sake of simplicity. (57) Helinski, J.; Skrzypczynski, Z.; Wasiak, J.; MichalskiTétrahedron Lett.

(54) Quantitation of the CdSe nanocrystal produced upon TOPSe cleavage in 199Q 31, 4081-4084.
TOPO/Cd-ODPA by monitoring the size-independent particle absorption (58) Smith, M. B.; March, March’s Advanced Organic Chemistry: Reactions,

at 350 nm (Leatherdale, C. A.; Woo, W. K.; Mikulec, F. V.; Bawendi, M. Mechanisms, and Structyrgth ed.; Wiley-Interscience: New York, 2001;

G. J. Phys. Chem. R002 106, 7619-7622) and®P NMR spectra of p 1231.

reaction aliquots showed the extent of TOPSe cleavage matches the (59) Studies in our laboratory to identify the dependence of the reaction kinetics
appearance of CdSe: Owen, J. S.; Liu, H. T.; Alivisatos, A. P. Manuscript on phosphonic acid are under way: Owen, J. S.; Liu, H. T.; Alivisatos, A.
in preparation. P. Manuscript in preparation.
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conducted with H—ODPA indicates more reaction pathways oleates364-66 Qur results demonstrate the importance of
than shown in Scheme 1, especially at longer reaction times. surfactant molecules as reagents in the conversion of precursor
In particular changes to the soluble cadmium precursor and themolecules to group HVI semiconductor materials, which we
surfactant molecules that bind it undoubtedly impact the hope will lead to a better understanding of particle nucleation
mechanistic details of the TOPE binding and cleavage. Severaland growth kinetics. Continuing work in our laboratory focuses
observations highlight this point. Added water leads to an on how surfactant molecules control phosphine chalcogenide
increase in TOPSe conversion suggesting that (ORR®), cleavage kinetics and thus influence particle nucleation. We hope
may inhibit the cleavage reaction by binding to the cadmium these results will prove useful in the design of new synthetic
precursor or by replacing its ODPA ligan®$We also observe methodologie$’

partial conversion in CdSe syntheses using-Od\ and TBPSe Note Added in Proof. A study by Bawendi and co-workers

in a noncoordinating solve_nt which cannot be explained_ by the 5, the mechanism of PbSe formation supports a_similar
appearance of the anhydride product since (f@@29hould bind mechanism in this ca$8

cadmium only weakly. The limited yield in this case and in
reactions conducted withHODPA may arise from the buildup Acknowledgment. This work was supported by the Director,
of dissolved cadmium selenide that deactivates the soluble Office of Science’ Office of Basic Energy ScienceS, Materials
cadmium precursor and inhibits TOPSe binding and cleavage. sciences and Engineering Division, of the U.S. Department of
Additionally, the reactivity of Cd(OA) may be decreased by  Energy under Contract No. DE-AC02-05CH11231. J.S.O.
coordination of the phosphine oxide proddtt? acknowledges the donors of the American Chemical Society

Finally, our results argue against other proposals for the petroleum Research Fund for their partial support of this
mechanism of ME (M= Cd, Zn; E= S, Se, Te) formation  agearch. We thank Professor Robert G. Bergman and Professor
fro.m trialkylphosphine chfalcogenlde;s and phos'phomc andoleic T pon Tilley for helpful discussions and Dr. Herman van
acid complexes of cadmium and zinc. In particular, pathways paibeek for assistance with the 2D NMR experiment.
involving formation of atomic cadmium, zinc, or chalcogen do
not adequatel_y explain_qur results_. These _rea_ction§ can be Supporting Information Available: 3P NMR analysis of the
expected to display positive entropies of activation since o impurities in TOPO, stability of TOPSe and TBPSe in air,
or more molecules should be generated in the homolysis deconvolution of the TOPO and TOPS resonances using
reaction. Neither do such pathways easily explain the clean pmestRec, accuracy of the NMR method, synthesis and charac-
formation of phosphonic acid anhydrides or oleic acid anhydride terization of TBPE, TOPE (E S, Se, Te), ané-TPPSe, Karl
and trialkylphosphine oxide observed in this study. Fischer titration methods, FAB-MS spectrum of CdSe synthesis
Conclusion using Cd-OA and TBPSe im-decanedy,;, FAB-MS spectrum

of CdSe synthesis using TBPSe and-@DPA in TOPO, full

‘We have shown that TOPE (or TBPEFES, Se, Te) reacts  go4rym of Figure 2, product characterization of the synthesis
with Cd and Zn precursors (oleate or alkylphosphonate) to of CdS, CdTe, ZnS, ZnSe, and ZnTe in a noncoordinating

producg ME (M= Cd,.Zn) _nanocrys_tals, TOPO (or TBPO), __solvent, transmission electron micrograph of CdSe and CdS
and oleic or phosphonic acid anhydrides. We propose a Lewis nanocrystals, UV-vis spectra of CdSe nanocrystals, experi-

aC|q-act|vated subsﬂtqtlon mechanism for this reaction on the mental procedure of the TOP@4,1%0 isotope exchange
basis of the several points: (1) TOPSe undergoes cleavage more

. s feaction, experimental procedure of activation parameter mea-
Eg;) Iglr)(/a\l/ri]otuhse r%fcsr?;r(ljiiti%f gﬁizp‘otf:;n cl_liea(\?e?gPeA (%l;) rlﬁé surement, reaction kinetics of CdSe synthesis in TOPO using

concurrent formation of TBPO or TOPO and (O®) or CdMe, as the cad_mlum precursor, decomposmop of TOP_Se n
- . L TOPO/H,—ODPA in the absence of €4, and reaction kinetics
(ODPA).+10n, and (4) kinetics evidence for the association of L ; N .
. - of CdS synthesis in TOPO. This material is available free of
two or more molecules in the steps leading te$® cleavage.

TBPO and oleic acid anhydride were also observed in the charge via the Intemet at http://pubs.acs.org.
synthesis of CdS, CdTe, ZnS, ZnSe, and ZnTe nanocrystalsJA0656696

using TBPE and M-OA, suggesting a common cleavage
reaction when phosphine chalcogenides are used as a precursqes) We note that, in the absence of acid surfactant, some precursors, such as

)

. P : ; ; phosphine telluride, could react differently. See refs-68.

in combination with cadmium and zinc phosphonates and (64) Stuczynski, S. M.; Kwon, Y. U.; Steigerwald, M. .. Organomet. Chem.
)

1993 449, 167-172.

(60) Spanhel, L.; Haase, M.; Weller, H.; Henglein,JAAm. Chem. S0d.987, (65) Steigerwald, M. L.; Siegrist, T.; Stuczynski, S. M.; Kwon, Y. lJ.Am.
109, 5649-5655. Chem. Soc1992 114, 3155-3156.

(61) We note that a cadmium center coordinated by the more acidic anhydride (66) Steigerwald, M. L.; Rice, C. B. Am. Chem. S0d988 110, 4228-4231.
of ODPA is likely to bind and activate TOPSe to a greater extent, but may (67) Narayanaswamy, A.; Xu, H.; Pradhan, N.; Kim, M.; PengJ XAm. Chem.

also be a weaker nucleophile in the cleavage step. Soc.2006 128 10310-10319.
(62) Bond, A. M.; Colton, R.; Ebner, J.; Ellis, S. Rhorg. Chem.1989 28, (68) Steckel, J. S.; Yen, B. K. H.; Oertel, D. C.; Bawendi, M.JGAm. Chem.
4509-4516. Soc, in press.
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