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The synthesis and characterization of a family of alternative precursors for the production of CdE nanoparticles (E
=S, Se, and Te) is reported. The reaction of Cd(NR;), where NR; = N(SiMes), with n HOR led to the isolation
of the following: n =1 [Cd(u-OCH,CMes)(NR2)(py)l2 (1, py = pyridine), Cd[(x-OCeHs(Me)2-2,6),Cd(NR2)(py)]: (2),
[Cd(2e-OCeHs(CHMez)2-2,6)(NR2)(pY)l (3), [Cd(ze-OCeHs(CMes),-2,6)(NR2)(pY)]z (4), [Cd(u-OCsHa(NHz)3-2,4,6)(NRz)-
(PY)L2 (5), and n = 2 [Cd(u-OCeHs(Me)2-2,6)(OCeH3(Me)2-2,6)(py)z]o (6), and [Cd(u-OCeH3(CMes),-2,6)(OCeHs-
(CMej3),-2,6)(THF)], (7). For all but 2, the X-ray crystal structures were solved as discrete dinuclear units bridged
by alkoxide ligands and either terminal =NR, or —OR ligands depending on the stoichiometry of the initial reaction.
For 2, a trinuclear species was isolated using four «-OR and two terminal —=NR; ligands. The coordination of the
Cd metal center varied from 3 to 5 where the higher coordination numbers were achieved by binding Lewis basic
solvents for the less sterically demanding ligands. These complexes were further characterized in solution by *H,
13C, and 1°Cd NMR along with solid-state 3Cd NMR spectroscopy. The utility of these complexes as “alternative
precursors” for the controlled preparation of nanocrystalline CdS, CdSe, and CdTe was explored. To synthesize
CdE nanocrystals, select species from this family of compounds were individually heated in a coordinating solvent
(trioctylphosphine oxide) and then injected with the appropriate chalcogenide stock solution. Transmission electron
spectroscopy and UV-vis spectroscopy were used to characterize the resultant particles.

Introduction more flexible precursors will be necessary to generate tailor-
i . ) made, high-quality quantum dots with specific properties. It
Nanomaterials are of increased interest based on theyaq recently reported that the toxic, pyrophoric, and unstable

promise of novel physical behavior related to surface \;e,cq typically used to synthesize CdE materials, could be
phenomena that dominate on this length scale. Examples of

! ' - ’ replaced by “green precursors” such as the acetate, oxide,
this would include photoluminescent quantum dots (i.e., CdE 5nq carhonate derivatives with significant improvements in

where E= S, Se, Te) that demonstrate different color o fina| CdE material®. Metalorganic species, such as

e.missions based on the size pf the nanoparticle. The Stro,r‘galkoxides or amides, may yield even greater improvements
size and shape dependent optical properties of these material§ e to the control that can be introduced by the readily
have led to their use in optoelectronic devicésand as accessible varied ligand sets.

biological tags™® As the application of CE materials grows,  cyrently there is a dearth of structural information
involving cadmium alkoxides (Cd(OR)'** This can be
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rationalized by the relative thermal instability of the com-
bination of a soft metal with a hard alkoxy ligand. If properly
controlled, however, this characteristic instability can be
exploited to fine-tune nanocrystal CdE production. To do
this in a meaningful manner, a family of closely related
precursors must be synthesized and systematically process
to generate materials under identical conditions. We have
previously shown how this approach worked for ZnO
nanoparticles wherein we synthesized a family of mono-,
di-, tetra-, and heptanuclear zinc alkyl alkoxide precursors
that were then systematically converted to ZnO nanomaterials
using 1-methyl imidazole and wat& From this study, it
was found that the structure of the Z0@ central core of
the precursors play a pivotal role in the aspect ratio of the
resultant nanorods. Figure 1. Structure plot ofl. Thermal ellipsoids of heavy atoms drawn
Using a similar approach, we undertook the synthesis andat 30% level. Carbon atoms are drawn as ball-and-stick for clarity.
characterization of a series of cadmium amido alkoxides [Cd-
(NR2)(OR)], and cadmium(ll) alkoxide [Cd(OR)com-
pounds which were then used to generate quantum dots.
Since the potentially useful precursor, cadmium bistrimeth-
ylsilylamide [Cd(NR);] derivative, is a liquid at room
temperature, it was omitted from consideration in this study.
The alcohols investigated ranged framopentanol (H-
OCH,CMes;, HONep), 2,6-di-methyl phenol (HOC;Hs-
(Me)-2,6, H-DMP), 2,6-diiso-propyl phenol (H-OCsHs-
(CHMe,).-2,6, H-DIP), 2,6-ditert-butyl phenol (H-OCsHs-
(CMe3)2-2,6, H-DBP), and 2,4,6-tris(dimethyl amino methyl
phenol (H-OGH,(CHNMey)s-2,4,6, H-TMAP). This family
of compounds was synthesized through the alkoxy amide

exchange shown in eq 1 in toluene (tol), tetrahydrofuran Figure 2. Structure plot of2. Thermal ellipsoids of heavy atoms drawn
(THF) and/or pyridine (py) at 30% level. Carbon atoms are drawn as ball-and-stick for clarity.

CA(NR), + NHOR — Cd(NR), (OR)(s0l) (1)
n=1,

The following heteroligated compounds were identified
as [Cdf-ONep)(NR)(py)]2 (1); Cd[(u-DMP),Cd(NR)(py)]
(2); [(py)2(DMP)Cdu-DMP),CA(NR.)(py)] (23); [Cd(u-
OAr)(NRy)]2, OAr = DIP (3), DBP @), and TMAP ). Plots
of 1, 2, 2a, 4, and5 are shown in Figures-15, respectively.
Note that a plot of3 can be found in the Supporting
Information. The homoligated compounds were identified
as [Cdi-DMP)(DMP)(pyk]. (6) and [Cd-DIP)(DIP)-
(THF)]2 (7). Plots of6 and7 are shown in Figures 6 and 7,
respectively. This report is an effort to shed light into the
structural chemistry of cadmium aryloxides and examine their
potential use as precursors for semiconductor nanocrystals.

Experimental Section

All compounds described below were handled with rigorous
exclusion of air and water using standard Schlenk line and glovebox

Figure 3. Structure plot oRa. Thermal ellipsoids of heavy atoms drawn
(10) Darensbourg, D. J.; Niezgoda, S. A.; Draper, J. D.; Reibenspies, J. H. at 30% level. Carbon atoms are drawn as ball-and-stick for clarity.
J. Am. Chem. S0d.998 120, 4690.
(11) Darensbourg, D. J.; Niezgoda, S. A.; Reibenspies, J. H.; Draper, J. D. techniques. Diethyl ether, THF, and py were stored under argon
Inorg. Chem.1997, 36, 5686. and used as received (Aldrich) in sure seal bottles. The following

(12) E?ggﬁz’Js_éppoall)?r"%rgr'g’ngg;litierltégfflzgraf' L. G Vaissermann, opomicals were used as received (Aldrich): CdBri(NR,),

(13) Herrmann, W. A.; Huber, N. W.; Priermeier, Angew. Chem., Int. H-ONep, H-DMP, H-DIP, H-DBP, H-TMAP, Se<100 mesh,

Ed. Engl.1994 33, 105. 99.5+ %), Te (—40 mesh, 99.997%), S(SiMg, technical grade
(14) flozelé%f'; Chiang, M. Y.; Buhro, W. B. Am. Chem. Sod99q (90%) trioctylphosphine oxide (TOPO), 99% TOPO, and technical
(15) Boyle, T. 3. Bunge, S. D.: Andrews, N. L.; Matzen, L. E.; Sieg, K.; grade trioctylphosphine (TOP, 9_0%)..Tetradecylphosphonic acid

Rodriguez, M. A.; Headley, T. Them. Mater2004 16, 3279. (TDPA) and octadecylphosphonic acid (ODPA) were purchased
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Figure 4. Structure plot of4. Thermal ellipsoids of heavy atoms drawn
at 30% level. Carbon atoms are drawn as ball-and-stick for clairity.

Figure 5. Structure plot of5. Thermal ellipsoids of heavy atoms drawn
at 30% level. Carbon atoms are drawn as ball-and-stick for clarity.

Figure 6. Structure plot of6. Thermal ellipsoids of heavy atoms drawn
at 30% level. Carbon atoms are drawn as ball-and-stick for clarity.

from Alfa Aesar. Methanol (99.9%) and acetone (99.7%) were
purchased from Fisher and used as received. Cg@\Ras
synthesized with minor modification from literature reports using
CdBr, and 2 equiv of Li(NR).16

FT-IR data were obtained on a Bruker Vector 22 Instrument
using KBr pellets under an atmosphere of flowing nitrogen.

(16) Burger, H.; Sawodny, W.; Wannagat, IJ.Organomet. Cheni965
3, 113.

Figure 7. Structure plot of7. Thermal ellipsoids of heavy atoms drawn
at 30% level. Carbon atoms are drawn as ball-and-stick for clarity.

Elemental analysis was performed on a Perkin-Elmer 2400 CHN-
S/O elemental analyzer. All NMR samples were prepared from dried
crystalline materials that were handled and stored under an argon
atmosphere and redissolved in the appropriate deuterated solvent
(tolueneds) at saturated solution concentrations. All solution spectra
were obtained on a Bruker DRX400 spectrometer at 399.8 and 100.5
MHz for H and3C experiments, respectivelfx 5 mm broadband
probe was used for all experimentis. NMR spectra were obtained
using a direct single pulse excitation, with a 10 s recycle delay
and 8 scan average. THd NMR spectra were obtained using a
WALTZ-16 composite pulséH decoupling a 5 srecycle delay,

and an/4 pulse excitation.

Rotors of dry crystalline materials df—4 were packed under
an inert atmosphere, ariéfCd NMR spectra were collected. The
chemical shift was referenced against a 1.0 M (aq) CdgzlO
solution (0.0 ppm) using solid Cd£as a secondary standard (183
ppm)17 The 113Cd solid-state spectra were collected under magic
angle spinning (MAS) conditions at a rotor spinning frequency of
5 kHz. A singlen/2 pulse of 2us was applied with a 60 s recycle
delay, and 2048 scan averages were obtained for each sample.
Multiple MAS frequencies were attempted to discern the isotropic
chemical shift. The spinning sideband manifold was fit with the
DMFIT software packad€ to extract both the chemical shift
anisotropy (CSA) and asymmetry parametgr. (

General SynthesisThe 1 or 2 equiv of the appropriate alcohol
were slowly added to a vial containing Cd(BRin toluene to
generate the respective hetero- or homoligated species. Upon
addition, the initial yellow tinged reaction mixture remained clear
and was allowed to stir for 12 h. After this time, a precipitate formed
for most of the samples. For these reactions, pyridine was added
and the reaction mixture was warmed until clear. Crystals were
grown either by transferring the mixture to a freezeB{ °C) or
allowing them to sit uncapped in the glovebox until crystals formed.
Yields were not optimizedNote! Extreme care must be taken in
the handling and storage of cadmium containing compounds, as
well as the subsequent waste due to the extreme toxicity associated
with this metal.

[Cd(u-ONep)(NR)(py)]2 (1). Cd(NRy)2 (1.00 g, 2.31 mmol) and
HONep (0.203 g, 2.31 mmol) ir5 mL toluene were used. Yield
46.5% (0.47 g). FTIR (KBr, cmt) 2950(s), 2932(s), 284(s), 2778-
(w), 2741(w), 2706(w), 147(m), 1461(m), 1395(w), 1363(m), 1334-

(17) Sakida, S.; Shojiya, M.; Kawamoto, %olid State Commur200Q
115 553.

(18) Massiot, D.; Fayon, F.; Capron, M.; King, |.; LeCal\&.; Alonso,
B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, Glagn. Reson.
Chem.2002 40, 70.
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(w), 1261(m), 1188(m), 1076(s), 1056(s), 1018(s), 958(w), 937(w),
920(w), 901(w), 832(m), 756(m,sh), 679(s), 588(m), 529(sh,m).
113Cd(88.7 MHz, toleg) 6 356 (1 Cd), 241 (2.5 Cd), 138, 137 (0.4
Cd). Anal. Calcd for GHggCbN,O,Siyg: C, 43.77; H, 7.81; N, 6.38.
Found: C, 43.67; H, 8.09; N, 5.99.

Cd[(#-DMP),Cd(NR2)(py)]2 (2). Cd(NRy)2 (1.00 g, 2.31 mmol)
and H-DMP (0.283 g, 2.31 mmol) irr 5 mL toluene were used.
Yield 38.0% (0.380 g). FTIR (KBr, cmt) 3067(w), 3036(w), 2958-

(s br), 1061(m), 1591(m), 1475(s), 1466(m), 1460(m), 1446(m),
1422(m), 1265(s), 1231(m), 1215(w), 1092(m), 1068(m), 933(m),
877(m, sh), 845(s), 753(m), 701(n}3Cd(88.7 MHz, toleg) o
213.8 (2 Cd), 90.0 (1 Cd). Anal. Calcd forslg,ChN,O4Sis: C,
49.86, 6.35 H, 4.31 N. Found 49.46 C, 6.73 H, 4.56 N.

[Cd(u-DIP)(NR2)]2 (3). Cd(NRy), (1.00 g, 2.31 mmol) and
H-DIP (0.412 g, 2.31 mmol) in~ 5 mL toluene were used. Yield
59.6% (0.62 g). FTIR (KBr, cmt) 3061(w), 3025(w), 2960(s),
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(CH3)2)2). 113Cd NMR (THFdg): 6 0.944. Anal. Calcd for &
CdHgOg: C, 62.34; H, 7.79. Found: C, 61.91; H, 7.55.

General Synthesis of CdE NanoparticlesThe general synthesis
follows for the CdE materials produced using the various Cd
precursors. Under flowing argon in a 250 mL three-neck flask
equipped with a septum, a thermometer adapter, and a gas adapter,
TOPO, TDPA, or ODPA, and the desired Cd precursor were mixed.
The Cd solution was then heated to 320 with stirring. In a
glovebox, a chalcogenide stock solution was prepared by mixing
TOP, anhydrous toluene-Q.1 g), and the desired chalcogenide:
(i) S(SiMe&y)s, (ii) Se, or (iii) Te. The chalcogenide stock solution
was drawn into a syringe (3 mL) in the glovebox, transferred to
the Schlenk line, and then rapidly injected1(.0 s) into the heated
Cd solution. After the appropriate time (15 s to 2 h), the reaction
vessel was placed into a boiling water bath. Once the reaction
mixture reached-60 °C, the reaction was quenched via the addition

2928(m sh), 2871(m), 1460(m), 1430(s), 1383(m), 1360(m), 1319 of a previously prepared 50:50 methanol/acetone solution.

(m), 1258(s), 1248(s), 1184(s), 1107(m), 989(m), 932(w), 873(m),
832(s), 756(s), 678(m), 618(m), 569(m), 537(w), 464(WjCd-
(88.7 MHz, toldg) 0 250.0 (1 Cd), 157.5 (3.6 Cd), 139.1 (0.5 Cd),
9.0 (0.3 Cd). Anal. Calcd for £gH3sCdNOS}: C, 48.03; H, 7.84;

N, 3.11. Found C, 48.07; H, 7.79; N, 2.95.

[Cd(u-DBP)(NRy)]2 (4). Cd(NRy), (1.00 g, 2.31 mmol) and
H-DBP (0.477 g, 2.31 mmol) in-5 mL toluene were used. Yield
81.1% (0.90 g). FTIR (KBr, cm?) 3094(w), 3072(w), 2958(s),
2919(m, sh), 2875(m, sh) 1466(w), 1459(w), 1405(s), 1385(m),

(i) CdS Nanoparticles.Compound? or 7 (0.38 mmol), TOPO
90% (3.8 g, 9.0 mmol), S(SiMg (0.10 g, 0.60 mmol), and TOP
(2.0 g, 5.0 mmol) were used in the previously described synthesis.
The reaction time was 4 min.

(if) CdSe Nanoparticles.Compound or 7 (0.39 mmol), TOPO
90% (3.8 g, 9.0 mmol), TDPA (0.22 g, 7.0 mmol), Se (0.041 g,
0.50 mmol), and TOP (2.0 g, 5.0 mmol) were used in the previously
described synthesis. The reaction time was 2 min.

(iii) CdTe Nanoparticles. Compound4 or 7 (0.80 mmol), TOPO

1260(s), 1250(s), 1211(s), 1190(s), 1120(m), 961(s), 872(s), 845-90%(3.2 g, 7.6 mmol), ODPA (0.80 g, 0.30 mmol), Te (0.034 g,

(m), 825(m), 789(m), 756(m), 721(w), 699(m), 633(WFCd (88.7
MHz, tol-dg) 6 142.1 (1 Cd). Anal. Calcd for £gH7sChbN,O,Sis:
C, 50.24; H, 8.12; N, 2.93. Found: C, 50.12; H, 8.00; N, 2.86.
[Cd(u-TMAP)(NR 2)]2 (5). Cd(NR,), (0.48 g, 1.1 mmol) and
H-TMAP (0.29 g, 1.1 mmol) in~5-mL were used. Yield 59.4%
(0.35 g). FTIR (Nujol, cm?) 2963(s), 2905(w), 1447(w), 1414-
(w), 118(s), 1007(s), 876(m), 823(s), 787(s), 705(w), 686(w), 443-
(m). '"H NMR (399.8 MHz, CDC}) & 7.08, 6.96 (1.0H, s,
OGsH2(CH2N(CHg)z)a), 3.65, 3.31 (6.0H, s, Ofix(CH2N(CHz)2)a),
2.27,2.16 (18.0H, s, OfEly(CH,N(CH3),)3), 0.06 (18.0H, s, N(Si-
(CHz)s)2). B3C{'H} NMR (100.5 MHz, toldg) 6 168.3, 153.5, 131.8,
127.3 (QCeH2(CH2N(CHa)2)3), 71.6, 62.3 (OGH2(CH2N(CHa))3),
47.5, 45.8 (OGH,(CHoN(CHa)2)3). 2°S{ 1H} NMR (tol-dg) & —4.51.
113Cd NMR (py-ds) 6 213.8. Anal. Calcd for ¢Cd,HggNgO,Sig:
C, 46.91; H, 8.19; N 10.42. Found: C, 46.82; H, 7.86; N 9.43.
[Cd(#-DMP)(DMP)(py)2]2 (6). Cd(NRy)2 (0.48 g, 1.1 mmol)
and H-DMP (0.27 g, 2.2 mmol) in-5 mL py were used. Yield
51.0% (0.20 g). FTIR (KBR, crmf) 2975(s), 2952(m), 2905(w),

1445(m), 1414(m), 1247(s), 1156(s), 989(s), 883(s), 777(m), 754-

(m), 707(m), 662(wm), 450(m)H NMR (399.8 MHz, pyes) o
7.13 (2.0H, d, OGH3(CHs),)), 6.65 (1.0H, m, OgH3(CHa)y)), 2.50
(6.0H, s, OGH3(CH3),)). 13C{H} NMR (100.5 MHz, pyes) o
168.3, 129.1, 126.6, 124.5, 114.3@H3(CHs),), 19.1 (OGHs-
(CH3),). 13Cd NMR (pyds) 105.2. Anal. Calcd for €Cdh-
HseN4O4: C, 60.83; H, 5.46; N, 5.46. Found: C, 61.04; H, 5.53;
N, 5.19.

[Cd(u-DIP)(DIP)(THF)] 2 (7). Cd(NRy), (0.48 g, 1.1 mmol) and
H-DIP (0.40 g, 2.2 mmol) in-5 mL THF were used. Yield 48.7%
(0.25 g). FTIR (Nujol, cm?) 2979(s), 2949(m), 1588(w), 1484-
(w), 1415(s), 1244(s), 1172(s), 981(s), 887(m), 774(m), 753(m),
684(m), 661(w), 450(m)*H NMR (399.8 MHz, THFds) 6 6.82
(2.0H, d, OGH3(CH(CHg),),), 6.46 (1.0H, t, OGHs;Me,), 3.38
(2.0H, m, OGH3(CH(CHg)2)2), 1.16 (12.0H, d, OgH3(CH(CH3)y)2).
13C{1H} NMR (100.5 MHz, THFdg) 6 167.8, 131.7, 129.8, 123.1
(OCeH3(CH(CHg)2)2), 28.0 (OGH3(CH(CHg)2)2), 23.8 (OGH3(CH-
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0.30 mmol), and TOP (2.0 g, 5.0 mmol) were used in the previously
described synthesis. The reaction time was 5 min.

General X-ray Crystal Structure Information. 7 Each crystal
was mounted onto a thin glass fiber from a pool of Fluorolube and
immediately placed under a liquid,Ntream, on a Bruker AXS
diffractometer. The radiation used was graphite monochromatized
Mo Ko radiation @ = 0.7107 A). The lattice parameters were
optimized from a least-squares calculation on carefully centered
reflections. Lattice determination and data collection were carried
out using SMART Version 5.054 software. Data reduction was
performed using SAINT Version 6.01 software. Structure refine-
ment was performed using XSHELL 3.0 software. The data were
corrected for absorption using the SADABS program within the
SAINT software package.

Each structure was solved using direct methods that yielded the
heavy atoms, along with a number of the C, N, and O atoms.
Subsequent Fourier synthesis yielded the remaining atom positions.
The hydrogen atoms were fixed in positions of ideal geometry and
refined within the XSHELL software. The idealized hydrogen atoms
had their isotropic temperature factors fixed at 1.2 or 1.5 times the
equivalent isotropitJ of the C atoms to which they were bonded.
The final refinement of each compound included anisotropic thermal
parameters on all non-hydrogen atoms. Additional information
concerning the data collection and final structural solutions-of
can be found in the Supporting Information. Table 1 lists the data
collection parameters fdt—7, respectively.

Optical Characterization. UV—vis absorption spectra were
collected at room temperature on a Varian Carey 400 spectropho-
tometer. Each aliquot was quenched directly in a UV cell containing
toluene. The spectra were collected from 800 to 300 nm with a
scan rate of 0.5 nm per minute.

Transmission Electron Microscopy (TEM). An aliquot of the
desired solution was placed directly onto a carbon coated copper
TEM grid (300 mesh) purchased from Electron Microscopy
Sciences. The aliquot was then allowed to dry overnight. The
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Table 1. Data Collection Parameters far-7

1 2 2a 3 4 5 6 7
chemical formula  GHegN4O,Sis CiogH164Ng0sSls CasHeoChN4O3Si; CroH140CUN4OSls CagH7sChN205Sis CaHgsChNgO2Sis CsoHseChN4Os CseHgaChOg
fw 878.06 2601.59 985.95 1800.20 956.20 1074.36 1025.81 1078.03
temp (K) 203(2) 203(2) 203(2) 203(2) 168(2) 168(2) 168(2) 168(2)
space group triclinic monoclinic monoclinic monoclinic triclinic monoclinic monoclinic orthorhombic
P1 P21/ C P2, P21/ C P1 P21/ n C2lc P2:2:2,
a(A) 9.5720(10)  33.733(4) 9.9973(4) 17.051(2) 10.078(2) 13.871(2) 21.819(7) 16.026(5)
b (A) 10.1847(10)  17.768(2) 13.6501(6) 17.567(2) 11.736(3) 13.832(2) 9.497(3) 16.579(5)
c(A) 12.5815(12)  23.015(3) 17.4569(8) 31.225(4) 11.869(3) 14.788(2) 22.736(7) 20.494(6)
o (deg) 98.7510(10) 66.838(3)
f (deg) 109.9070(10) 98.717(2) 94.7970(10) 90.139(3) 88.463(3) 102.302(3) 99.469(5)
y (deg) 98.741(12) 70.341(3)
V (A3) 1112.09(19) 13635(3) 2373.90(18) 9353(2) 1206.4(4) 2772.1(8) 4647(3) 5445(3)
z 1 4 2 1 2 4
Decaicdmg/ne) 1.311 1.267 1.379 1.278 1.316 1.287 1.466 1.315
u(Mo Ko) (mm~%) 1.093 1.036 0.987 1.040 1.012 0.892 0.964 1.040
R12 (%) (all data) 2.96 (3.44)  6.77 (9.79) 2.83(3.14) 12.33 (15.09) 1.72 (1.81) 4.43 (8.11) 3.33(5.37) 5.01 (9.49)
WR2 (%) (all data) 6.45 (6.80) 21.13(23.64) 5.88(6.12) 26.43 (27.62) 4.43 (4.49) 8.25 (9.40) 6.44 (7.00) 8.71(10.88)

AR1= 3 ||IFo| — [Fdll/Z[Fol x 100.°WR2 = [SW(Fo® — Fc® )3 (W|Fe[)? M x 100.

resultant particles were studied using a Philips CM 30 TEM
operating at 300 kV accelerating voltage.

Results and Discussion

A series of structurally characterized heteroleptic “Cd-
(OR)(NRy)” complexes and homoleptic “Cd(OR)were

Cadmium aryloxide derivativess( 7) were synthesized
in good yield by treatment of Cd(NJR with 2 equiv of an
appropriate phenol (eq 2). Selected coordinating Lewis basic
solvents were chosen to assist in the dissolution and
crystallization of these compounds. The= 2 reaction (eq
1) with DMP in py yielded6, whereas with DIP in THF/

evaluated as precursors to CdE nanocrystals to determinewvas isolated. Structure plots 6fand7 are shown in Figures

precursor structural effects on the final materials morphol-
ogies. No reports of structurally characterized heteroligated
"Cd(OR)(NRy)” were available in the literature, and until
recently, the existence of Cd(ORgs discrete, structurally
characterized, molecular species was limited to a few homo-
and heterometallic compoun#s!* The synthesis, charac-

6 and 7, respectively.

Crystal Structures. Single-crystal X-ray diffraction stud-
ies were undertaken to determine the structural aspects of
these compounds prior to formation of CdE nanoparticles.
For 1 (Figure 1), each Cd metal center adopts a distorted
tetrahedral (Td) geometry using a terminal \N&vo u-ONep,

terization, and properties of all precursors and the resultantand a coordinated py solvent molecule. A trinuclear species

CdE nanomaterials are discussed below.

Synthesis.The reaction shown in eq 1 was followed for
the synthesis of the family of “Cd(NJROR)” compounds.
For each sample, the Cd(MNR precursor was dissolved in
tol and allowed to react overnight with the desired HOR.
Except for the DBP derivative, a precipitate formed which

was isolated for the DMP derivati&(Figure 2). The central

Cd was found to adopt a Td arrangement using foMP.

The Td bound terminal Cd atoms are additionally bound by
a terminal NR and a py molecule. An additional structure
was isolated for a reaction mixture that had a slight excess
of H-DMP as2a, shown in Figure 3. The Cd metal centers

would not redissolve even upon heating. Pyridine was addedare again Td and possess tw«®MP. One of the Cd metal
and the reaction was heated until the reaction mixture turnedcenters binds a DMP ligand and two py molecules, whereas

clear. Crystals were grown by allowing the reaction mixtures
to cool and slowly evaporate or cooling the reaction mixture
to —37 °C overnight. Plots ofl, 2, and 2a are shown in
Figures 3, respectively, wherd and 2 were found to
possess coordinated py solvent molecules. An additional off
stoichiometric species was also isolated 2oand crystal-
lographically characterized as gd-DMP),(DMP)(NR,)-
(py)s (28) (Figure 3). This was generated when a slight excess
of H-DMP was added to the reaction mixture. No further

the other Cd binds the NFRand one py molecule.

Both 3 (Supporting Information) and (Figure 4) have
similar arrangements where each of the Cd metal centers
adopt a trigonal planar arrangement using one terminal NR
and twou-OAr. Neither compound, when isolated from py,
showed any coordinated solvent. The increased steric bulk
of the ortho substituents prevents further coordination by
the Lewis basic solvent.

A plot of 5 reveals that the polydentate TMAP-ligated

attempts were made to synthesize this compound or fully compound is dinuclear and solvent-free in the solid state
characterize it; however, its structure demonstrates the(Figure 5). Each Td-bound Cd atom is coordinated to one
various constructs that are available to tailor the properties terminal amido ligand, intramolecularly coordinated to the
of the final CdE nanoparticles generated in this system. The nitrogen atom of the dimethylamino substituent, and is linked

DIP (3, Supporting Information) and DBP derivativd, (
Figure 4) were easily crystallized from toluene. The same
structure was also solved for crystalsdbfrown from py.
The TMAP derivative §), also grown from toluene, is shown
in Figure 5.

to the other Cd atom by two symmetrical bridging TMAP
ligands. The amido aspect of the ligand prevents further
coordination by any solvent molecules.

Investigation of the full alkoxides led to the isolation of
compounds$ and7, shown in Figures 6 and 7, respectively.
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The solid-state dinuclear structures are similar to the amido Table 2. '*3Cd NMR Data for1—7

alkoxy species, wherein each trigonal-bipyramidal (TBP) Cd
atom of 6 bridges to the other Cd atom via twoDMP
ligands. The TBP coordination is completed by the addition
of one terminal DMP and two py solvent molecules. The
Td Cd atoms of7 are bound twq:-DIP ligands as well as
one terminal DIP ligand and one molecule of THF.

The bond distances and angles of the “Cd{NBR)”
speciesl—7 are consistent with those of the previously
reported Cd-(OR)'\°1* and —(NR)!* 23 species. The ter-
minal aryloxide ligands o6 and 7 notably exhibit a small
Cd—0O—Ar angle, demonstrating the absencerotionation
from the aryl ring, a feature typically found present in early-
transition metal aryloxide compounés®

Bulk Properties. To establish that the crystal structures
of 1-7 are representative of the bulk material, Fourier

o solid-state
113Cd (integration)

+ 304, 302, 300

0 solution -state
113Cd (integration)

356(1), 241(2.5),
138, 137(0.4)

nuclearity
Cd CN solv

1 dinuclear, 4 py

compd

2 trinuclear, 4 py 213.8(2), 90.0(1)

3 dinuclear, 3tol  250.0(1), 157.5(3.6), + 202, 200, 198,
139.1(0.5),9.0(0.3) 196, 192

4 dinuclear, 3 tol 142.1(1) +179, 176,173

5 dinuclear, 4 tol 213.8

6 dinuclear, 4 py 105.2

7 dinuclear, 4 THF 0.944

statements concerning the solution structure were not dis-
cernible. Therefore!'®Cd NMR spectra were collected for
each compound and are metrically listed in Table 2. As
indicated by previous studies, the variation of tHéCd
chemical shifts is very complei®:1:27the ligand set and the

transformed infrared (FTIR) spectroscopy, elemental analysis.Coordir_“""iilon number (CN) dramatically affect both the
(EA), and additional analytical information were collected. 1SOtropic**Cd chemical shift and shielding anisotropy. In
The data gamered are discussed in the following paragraphsaddition rapid exchange of ligands along with coordination

The FTIR spectra of—7 show no OH peaks around 3000
cm! which is consistent with full exchange. Fi+5, the
normally strong M-NR; amide stretches present around

1400-1450 cmi* are weaker due to the dominating presence
of the alkyl and solvent stretches, in comparison to the other
family members due to the dominating presence of the alkyl

and solvent stretches. F2rthe NR, resonances are weaker
in comparison to the other members of this family. This is
consistent with the extended trinuclear structure observe
in the solid state. For the MO bonds there should be a
stretch present between 800 and 400 trgach sample also
had a stretch around 755 cfrthat was tentatively assigned
to Cd—0O. For 1, another very broad and strong stretch

associated with py is observed that is not present or is presen

at lower levels for the other species. The EAs of the bulk
powders forl—7 were found to be consistent with the solid-
state structure. This is surprising for a number of the

compounds reported, since molecules with coordinated

solvents often yield inconsistent elemental analyéds.

addition, amido species are often volatile and too reactive

to obtain meaningful analysis.

NMR Studies: Solution Behavior. **C and*H NMR
spectra were collected fdr—7; however, the data obtained
were not informative with respect to the nuclearity of the
complexes in solution. The appropriate sets of ligand

resonances were observed for each sample but definitive

(19) Bashall, A.; Beswick, M. A.; Harmer, C. N.; McPartlin, M.; Paver,
M. A.; Wright, D. S.J. Chem. Soc., Dalton Tran&998 517.

(20) Beswick, M. A.; Cromhout, N. L.; Harmer, C. N.; Palmer, J. S.;
Raithby, P. R.; Steiner, A.; Verhorevoort, K. L.; Wright, D.Ghem.
Commun.1997, 583.

(21) Cummins, C. C.; Schrock, R. R.; Davis, W. @tganometallics1 991,
10, 3781.

(22) Bailey, P. J.; Mitchell, L. A.; Raithby, P. R.; Rennie, M. A
Verhorevoort, K.; Wright, D. SChem. Commurl996 1351.

(23) Just, O.; Gaul, D. A.; Rees, W. Bolyhedron2001, 20, 815.

(24) Kerschner, J. L.; Fanwick, P. E.; Rothwell, I. P.; Huffman, JnGrg.
Chem.1989 28, 780.

(25) Coffindaffer, T. W.; Steffy, B. D.; Rothwell, I. P.; Folting, K.;
Huffman, J. C.; Streib, W. E]J. Am. Chem. S0d.989 111, 4742.

(26) Boyle, T.; Alam, T.; Mechenbier, E.; Scott, B.; Ziller,ldorg. Chem.
1997, 36, 3293.
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by Lewis basic solvents is possible in solution and further
complicates the position of the chemical shift.

In general, for the same ligand type an increase in the Cd
CN results in a decrease in the obserd&¥Cd isotropic
chemical shife® A fully oxygen coordinated Cd species
(either 5 or 6 coordinated) would be predicted to ha¥&ed
NMR chemical shift between-10 and +235 ppn?’2°
Introduction of sulfur in place of oxygen atoms increases

dthe observed3Cd chemical shift on the order e300 to

+400 ppm. In comparison, a similar substitution of nitrogen
for oxygen atoms increases the obser’&dd chemical shift
by approximately+100 to +200 ppm. For example, the
cadmium(ll) maleate dehydrate W&2Cd chemical shifts at

fS —7 and+12 ppm, while the heterometalic alkoxide, [Cd-

{Zr,(OPF)o}] (OPF = OCHMe), has a**Cd shift of +67
ppm (CN=5: all O atoms), CANFO,CCHs)2(OP¥)10 (CN

= 5: all O atoms) of+34 ppm3° and [ Cd(OP¥)s} Ba{ Zr.-
(OPfg}]2 (CN = 4: all O atoms) of+235 ppm?® In
comparison, the octahedrally coordinated Cd with two N
atoms in NaCd(EDTA) (CN=6: two N and four O atoms)
has a'*3Cd shift of approximately-110 to+95 ppm?® These
shifts and predicted changes can be used to understand the
spectra observed in the characterizatiorlof7.

For compoundL, the*3Cd NMR shifts in solution¢ =
+356 ppm) and in the solid-staté @pproximately+302
ppm) correspond to the retention of the dinuclear solid-state
structure in solution (CN= 4: two N and two O atoms).
The appearance of addition&Cd resonance in solution
reveals that there is considerable rearrangement of the
molecule in solution. This dynamic ligand behavior may
statistically generate up to at least 8 types of Cd species (4:
0, 3:1, 2:2, 1:3, 0:4 NROR,; for 4 dimers and 4 monomers).
Compound2a represents an example of the structure that

(27) Summers, M. FCoord. Chem. Re 1988 86, 43.

(28) Wasylishen, R. E.; Fyfe, C. A. High-Resolution NMR of Solids. In
Annual Reports on NMR Spectroscpiyebb, G. A., Ed.; Academic
Press: New York, 1982; Vol. 12; p 1.

(29) Veith, M.; Mathur, S.; Hunch, VJ. Am. Chem. S0d.996 118 903.

(30) Boulmaaz, S.; Papiernik, R.; Hubert-Pfalzgraf, L. G.; Septe, B.;
Vassermann, Jl. Mater. Chem1997, 7, 2053.
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could form in solution for a 1:3 arrangement. The observation @)

of resonances between241 and+137 ppm suggests that &MMMJ\WMNMMMWW“U
either an increase in the CN in solution or a substitution of

oxygen-coordinating ligands in place of nitrogen-coordinating

ligands is occurring. ®)

The trinuclear compoun@shows resonancesat= +213
and +90. The down field chemical shift is consistent with
CN = 5 and suggests coordination by N atoms such as that
observed for the terminal Cd metal centers 2n The
resonance at-90 suggests a fully O coordinated environment (©)
such as that observed for the central Cd atom in compound
2.

For 3, the *3Cd NMR chemical shift in solutiond( =
+250 ppm) and in the solid-staté @pproximately+200 600 400 200 0 -200 -400 ppm
ppm) is assigned to the trigonally coordinated Cd species
(CN = 3: one N and two O atoms). Literature values for

trigonal coordinated Cd species are limited, but the chemical @

shift observed foB is higher than the-77 ppm!3Cd NMR W/WMN\«
chemical shift reported for the Cd environment with trigonal

oxygen coordination in cadmium phenoxidésut is closer (b

to a proposed related pyridine adduct of cadmium phen-
oxide32 The change from an oxygen donating ligand to a WJWMW
nitrogen donating ligand is expected to increase the observed

113Cd chemical shift by~100 ppm, as noted above. The

additional 123Cd resonances observed in solution suggest ©

significant changes in the coordination environment with * .
dissolution for this compound. M

Due to the simplicity of the observed sindf€Cd peaks PR A A S L A A PRI AR F A PRI,
recordgd fo§—7, it is'difficult to state whether the structure Figure 8. Solid-state*Cd MAS NMR spectra of (i) (a3, (b) 1, and (c)
is retained in solution or not. It appears, based on the 4 and (ji expansion of the isotropic region of tHéCd MAS NMR spectra
chemical shift, thab retains its dinculear Td environment; of (&) 3, (b) 1, and (c)4.
however, the chemical shifts férand7 do not agree. Due
to the large sterically bulky ligands, it is assumed that these
species are monomeric in solution with significant shifts
upfield due to change in CN.

Solid-state'™*Cd NMR data were also collected on select
compounds in an effort to discern additional information
about the local bonding environments of these molecules.
Figure 8 shows th&*Cd MAS NMR spectra o2, 3, and4.
Very large spinning sideband manifolds that span hundreds
of ppm resulting from chemical shift anisotropy (CSA) were
]f’otisgr‘;en% 228 ‘:)k:)srﬁr;’:rf' ?:if‘rﬁ vp;/reg\?ic?l?g Egﬁg‘gﬁé@g? Figure 9. Inadiated CJE solutons (& £= S, (5)3, E= Se, and (cp,
NMR investigation of sulfur-coordinated Cd species, it was
demonstrated that the magnitude of the CSA anisotropy . . . . . .
reflects the range of bonding distances associated with Cd,mems’ small d|fferen_ces in the Isotropic chemical sh_n‘ts were
while the CSA asymmetry reflects the local site sym- attributed to small differences in local crystal packing.
metries®34In addition,'1Cd isotropic resonances of similar Attempts to draw a correlation between the major peaks
chemical shift were experimenta”y observed (See inset of in the solid and in the solution phase did not yleld conclusive

Figure 8) for each of these compounds. Due to the extreme€Vidence for peak assignments concerning nuclearity of the
sensitivity of23Cd NMR chemical shifts to local environ- ~ structures. Forl and 3, the solid-state resonances of the

dinuclear species fall between the two major peaks observed
(31) Darensbourg, D. J.; Wildeson, J. R.; Lewis, S. J.; Yarbrough, J. C.  in solution. For4, the solid-state resonance is 30 ppm less

Am. Chem. S0@002 124 7075. han the solution resonance. If this trend is true, then th
(32) Darensbourg, D. J.; Niezgoda, S. A.; Draper, J. D.; Reibenspies, J. H.t a. the solution resonance. If this trend .S true, .t en the
J. Am. Chem. Sod.998 120, 4690. major peaks observed fay 3, and5 are consistent with the

(33) (Lsee, G. SdF]L; Fi%hger,gg. J2 Vassallo, A. M.; Hanna, J. V.; Dance, I.  dinuclear species, where@snd7 would have to represent
(39) M'ul%?]r;?'P. ;ms'%evg‘ns W, C.: Cheung, T. T. P.; Lacelle, S.: Gerstein, MOnonuclear species. This implies the structures observed

B. C.; Kurtz, D. M., Jr.J. Am. Chem. S0od.981, 103 4400. in the solid state are retained in solution.
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Figure 10. UV —vis spectra for CdE materials generated fromZag = S, (b)3, E= Se, (c)4, E=Te, (d)7, E= S, (e)7, E= Se, and (f)7, E= Te.

Nanoparticle Synthesis.While existing reports indicate  Experimentally, TOPO, ODPA, or TDPA and the cadmium
that the choice of precursors has relatively little effect on precursor were heated until a transparent solution resulted.
the final CdE nanoparticles’ morphology, the presence of a A chalcogenide solution was then injected, and the growth
free amine and alcohol (which would be expected to form temperature was set to 320. The progress of crystal growth
upon decomposition d—7) may have a larger effect than for each CdE was monitored by UWis spectroscopy and
decomposition products from the other Cd precursors TEM. For all of the reactions, the ratio of cadmium precursor
investigated. Further, the lower decomposition temperaturesto surfactants, the moles of chalcogenide injected, and the
expected for the compounds reported here in comparison totemperature of the reaction ava 2 htime period were kept
the previously reported “green” precursors should allow for constant. Under these conditions, it was found that the oxide
altered growth patterns. CdE nanoparticles, synthesized from(CdO) and acetate (Cd(OA#)derivatives yielded nano-
2—7, were prepared by slight modification to a method particles of similar sizes and shapes.
recently investigated by Peng and co-workers (i.e., CdS and A survey of the cadmium chalcogenides was performed
CdSe) and also Alivisatos and co-workers (i.e., CF?&).  with these novel precursors. A different precursor was used

_ . for each synthesis to determine the general utility of these
ggg EA(;T\%a,ZLé'Mﬁlﬁg%, )S'. ?] ,Ggl‘sg ETsfﬁﬁ?glclf:"A”lﬁ;tos, A p. Compounds in the preparation of CdE nanoparticles. Figure
Nat. Mater.2003 2, 382. 9 illustrates that all the particles generated were high quality
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Figure 11. TEM images of CdE from (a2, E= S, (b)3, E = Se, (c)4, E= Te, (d)5, E= S, (e)6, E = Se, and ()7, E = Te.

luminescent materials. The UWis spectra and TEM images  particles with little variation in spherical morphology for
are shown in Figures 10 and 11, respectively. The high either precursor (Figure 11a,d). From this study, the amine
quality of the material isolated indicates the potential utility or alcohol generated upon decomposition of either the homo
of these precursors in controlling the various physical or heteroligated species was unable to facilitate anisotropic
properties of CdE materials. wurtzite growth of CdS under the reaction conditions
Cadmium Sulfide. The reaction systems for both com- presented, thus spherical shapes were obtained for both
pounds remained pale yellow during the synthesis of the samples.
nanocrystals. The U¥vis spectra of the CdS nanoparticles  cadmium Selenide Under identical synthetic conditions
from the heteroligated? and homoligateds) species are 15 cgs, the cadmium reaction mixture changed from light
shown in Figure 10a,d. These spectra revealed an absorptiogg|iow to wine red upon injection of the Se/TOP stock
al Amax = 425 and 400 nm, fo2 ands, respectively. These  gqytion, The UV-vis spectra of the CdSe fror or 6
emissions are consistent with the literature reports on TOP(Figure 10b,e) Show Amax = 540 nm for the heteroligated
capped CdS nanocrystals of 8 nm in size”’ TEMimages  anq3 . — 547 nm for the homoligated species. The 9V

(Figure 11a,d) confirm the expected-8 nm sized nano- vis spectra indicate 3 nm CdSe were produced. The TEM

(37) Bunge, S. D.: Krueger, K. M.. Boyle, T. J.. Rodriguez, M. A Headley, images (Figure 11b,d) show ill-defined rods are formed from
T. J.; Colvin, V. L.J. Mater. Chem2003 13, 1705. both precursors. The width are consistent with the 3 nm

Inorganic Chemistry, Vol. 44, No. 5, 2005 1317



Boyle et al.

observed in the UWvis spectrum (the width is the only easily oligomerize reducing their utility. With the mixed
dimension will possess an emission for this shaped material).ligand set, not only can we fine-tune the various properties
As previously described, the presence of TDPA preferentially of interest, we can also use these species to form more
poisons the 001 fac&.Surprisingly, in comparison to the  complex heteroleptic alkoxide species in a controlled manner.
use of CdO or Cd(OAg)as precursors, well-defined nano- Solution-state and solid-state NMR data show the bulk
rods with uniform aspect ratios were not generated from this materials are consistent with the solid-state structures;
synthesis when the same reaction conditions are used. Thishowever, a great deal of fluxtionality was noted on the basis
clearly demonstrates that the precursors have a significantof 113Cd NMR data.

effect on the growth and morphology of the final CdE  ysing these specialty precursors, we systematically gener-
materials. ated a series of CdE materials under identical conditions to

Cadmium Telluride. With respect to the synthesis of  explore the effect the hetero- and homoligand sets have on
CdTe nanocrystals, the reaction mixture changed from the final morphology of the CdE material. It was found that
colorless to dark brown-red upon injection of the Te stock (i) CdS spheres, (i) CdSe rods, and (iii) CdTe spheres were
solution at 320C. The UV-vis spectra show &max= 670 jsplated for both homo- and heteroligated species. These
and 680 nm (Figure 10c,f) fof and7, respectively, which  yorphologies were different from those noted in the literature
are consistent with CdTe nanocrystais®nm in size. TEM sing “green precursors” under identical synthesis conditions.
images confirm the spherical nature and size of the CdTe Therefore, the morphological changes must be related to the
nanoparticles (Figure 11c.f). The CdTe morphology gener- iyfjyence of the decomposition byproducts of the starting
ated under these synj[henc_condltlons is unusual since 3recursors, poisoning and promoting different growth planes.
tetrapod morphology is typically observ&dApparently  aqgitional work in understanding how to further garner
compoundst and7 via decomposition generate conditions  ¢ontro| over the growth of final materials is underway based
that inhibit the wurtzite growth of the tetrapodal arms. on the fundamental information learned in this study.
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