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The reaction of [(3,5-Me,-CsH3N).Zn(ESiMe3);] (E = Se, Te) with cadmium(ll) acetate in the presence of PhESiMe;
and P"Pr; at low temperature leads to the formation of single crystals of the ternary nanoclusters [Zn,Cdio—xEs-
(EPh)12(P™Pr3)4] [E = Se, x = 1.8 (2a), 2.6 (2b); Te, x = 1.8 (3a), 2.6 (3b)] in good yield. The clusters [ZnsHgs-
Seq(SePh)1a(P™Prs)s] (4) and [Cds7Hgs3Ses(SePh)io(PPrs)s] (5) can be accessed by similar reactions involving
[(3,5-Me,-CsH3N),Zn(SeSiMes),] or [(N,N'-tmeda)Cd(SeSiMes),] (1) and mercury(ll) chloride. The metal silylchal-
cogenolate reagents are efficient delivery sources of { ME,} in cluster synthesis, and thus, the metal ion content
of these clusters can be readily moderated by controlling the reaction stoichiometry. The reaction of cadmium
acetate with [(3,5-Me,-CsH3N),Zn(SSiMes),], PhSSiMes, and P"Pr; affords the larger nanocluster [Zn,3Cdi47S4-
(SPh),6(P"Pr3),] (6). The incorporation of Zn(ll) into {CdicE} (E = Se, Te) and Zn(ll) or Cd(ll) into {Hg:0Se}
nanoclusters results in a significant blue shift in the energy of the first “excitonic” transition. Solid-state thermolysis
of complexes 2 and 3 reveals that these clusters can be used as single-source precursors to bulk ternary Zn,Cd,—E
materials as well as larger intermediate clusters and that the metal ion ratio is retained during these reactions.
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capping ligands, and this can have a profound influence on

these alloyed compounds, manipulation of the band gapthe products observedl.In addition, these reagents are
energy can be achieved by changing both particle size andreadily adaptable to introduce specific chemical func-

composition (i.e. the ratio of M to M. Recently, this has

tionality into the cluster architecture. The synthesis of the

been demonstrated with the synthesis of a series highly of complex Feg®-CsH,SeSiMg), and the monosilylated coun-

luminescent ZgCd,—Se nanocrystals whose emission energy

terpart °-CsHs)Fe(;>-CsH,SeSiMe) has yielded a route for

can be tuned across the visible spectrum by increasing thethe introduction of redox-active ferrocenyl units onto

Zn:Cd ratio®® Thus, the development of new approaches to
access ternary nanoparticles is an attractive pursuit.

group 11 and group 12 metal selenolate clusters, respec-
tively.22:22 Similarly, the design of metalchalcogenolate

Semiconductor nanocluster materials whose structures carcomplexes with reactive [S(SiM8),?" 1% or [E(SiMe;) ] (E

be determined crystallographically are of significant interest
from the perspective that they allow an investigation of the

=S, Se, Te&¥?¢ functionalities offers a powerful entry into
high-nuclearity ternary cluster and nanocluster materials.

development of materials properties from the molecular size Metal—chalcogenolate reagents for the controlled incorpora-

regime!* This is particularly relevant in reference to cluster
molecules of VI semiconductors because many of these
complexes are built from the same structural units that

comprise bulk crystalline and nanocrystalline semiconduc-

tion of the heavier congeners, Se and Te, are particularly
difficult to access due to the reactivity of these chalcogen
elements.

Recently, we developed an approach to ternamfll~

tors:415Thus, these clusters can be regarded as molecularvi nanoclusters via the silylated chalcogenolate complexes
models for these larger systems. This analogy was cemented(N,N'-tmeda)Zn(ESiMg),] and their use in the synthesis of
by a recent investigation of the optical properties of a series the ternary It-11'—VI nanoclusters ,N'-tmedayZnsCch1E; s

of structurally characterized CdSe clusters ranging from
molecular [Cd(SePhiCl;]?~ to the nanocluster [GeSea s
(SePh)s(P"P13)4].%8 In this report, it was demonstrated that

(EPh)].?” The chelating\,N'-tmeda ligands constrain the Zn
centers to reside at the surface of the nanocluster, and thus,
the cluster can be viewed as the molecular limit of a core/

the absorption and emission features of these clusters carshell nanoparticle. This approach has been expanded to the
be correlated with those observed for larger nanoparticles synthesis of +11'—VI clusters wherein the metal ions M

and the quantum confinement effects observed for CdSeand M are intimately mixed within the cluster coteHerein

nanoparticles could be extended to these molecules.

The area of metal chalcogen cluster chemistry has con-

we report on the synthesis, structure, and optical properties
of a series of ternary ZnCdE (E S, Se, Te), ZnHgSe, and

tinued to emerge in nanomaterials science, attributable in CdHgSe clusters.
part to the advent of the use of silylated chalcogen reagents.
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affords the opportunity to easily control the nature of the
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Ternary 11—11"'=VI Nanoclusters

Experimental Section [(N,N’-tmeda)Cd(SeSiMeg),], 1. A solution of cadmium(ll)
acetate (0.20 g, 0.87 mmol) and TMEDA (0.20 mL, 1.30 mmol)
Materials and Methods. Standard Schlenk teChniqUeS and was prepared in 15 mL of THF. The reaction was cooled-#8
gloveboxes were employed for all synthetic and handling proce- °c at which temperature th&l(N'-tmeda)Cd(OAg) adduct pre-
dures. The solvents THF, toluene, pentane, hexane, and heptangjpitates out of solution. Bis(trimethylsilyl)selenide (0.37 mL, 1.73
were dried and collected using an MBraun MB-SP Series solvent jymgl) was added at 78 °C, and the reaction was allowed to warm
purification system with tandem activated alumina (tetrahydrofuran) sjowly to —40 °C, where a clear, colorless solution was obtained.
or activatc_ad alumina/activated copper redox catalyst (hydrocar- The complex could not be isolated; however, the complete
bons)® Dichloromethanet, and THFd; were purchased from — conversion of starting reagents to product was determined by in
Cambridge Isotope Laboratories. The precursor complexes [(3,5- sjiy NMR experiments in both THB; and CDCl,. H NMR
Me,-CsH3N),Zn(ESiMe),] (E = S, Se, Te) were prepared according (CD,Cly, 193 K, 8): 2.79 (s, br, N-CH,), 2.38 (s, br, N-CH),
to the procedures described previo¥\Cadmium acetate was (33 (s, SiMg). 13C{1H} NMR (CD,Cl,, 193 K, 0): 55.97 (s
purchased as the dihydrate (Strem) and dried in vacuo af@35 N—CH,), 44.86 (s, N-CHy), 6.46 (s, SiMg). 295i NMR (CD,Cl,
for 12 h. The reagents PhESIMEE = S, Se, TE} = and PPR* 193 ¢ 4): 6.6.77Sg[IH} NMR (CD,Cl,, 193 K, 6): —534.
were synthesized according to literature proceddeg!H} nuclear [Zn 1 6Cds sSa(SePh)o(P™Pra)], 2a. A solution of [(3,5-Me
1. 8. 2! 3)4ly . 197 -

magnetic resonance spectra were measured using a Varian Inovab : ; N
. - sH3N),Zn(SeSiMg);] in 20 mL of THF at—78 °C was prepared.
400 spectrometer with an operating frequency of 161,957 MHz. The THF was removed cold in vacuo and replaced with 40 mL of

Chemical shifts were repor_ted N _ppm and were referenced cold (=78 °C) toluene. This solution was added to a solution of
externally to 85% HPO,. Ultraviolet—visible spectra were recorded .

on a Varian Cary 100 Bio UV vis spectrophotometer. Solid-phase cadmlu_m(ll) acetate (1.51g, 6'540 mmol) a”?“’B (3:25mL, 16.4
diffuse reflectance spectra were measured on the same instrumen&nmon in toluene (150 mL) at78 °C. PhS.eS'MQ(ZAs mL, 0.98
using an auxiliary module. Samples were diluted in anhydrous KBr. mmol) was then added, an(_j th_e reaction was allow_ed to warm
Solution photoluminescence spectra were measured at 77 K on aSlOWIy to room temperature ylta.I(j.|ng.a palg yellow solution. Cluster
SPEX Fluorolog Il spectrofluorometer using a HgXe excitation 2_a C_OU|d be |solate_d by precipitation W!th 100 mL of heptane,
lamp. Thermogravimetric analyses (TGA) and single differential filtering out, gnd drying u_nder vacuum. Sln_gle crystals §U|tab|e for
thermal analyses (SDTA) were carried out using a Mettler Toledo Xjray analysis Wgre obtained by. overlayering the reaction solution
TGA/SDTA85EF instrument. Volatile decomposition products were with heptane. Yield of crystallin€a 2.38 g (67.9%). Anal._
transferred via nickel tubing to a Varian CP-3800 gas chromato- c@lcd: C, 33.52; H, 3.75. Found: C, 33.60; H, 3.63. Metal ion
graph with a Varian Saturn 2000 GC/MS/MS mass spectrometer Stoichiometry given by AAS (Chemisar): £§Cds... Metal ion

as the detector. Powder X-ray diffraction (PXRD) patterns were Content given by AAS analysis: Cd, 22.630.61%; Zn, 2.62=
obtained on a Rigaku diffractometer with Caxiadiation source ~ 0-14%; yielding a metal stoichiometry of ZfCde.s. Atomic ratios

(A = 1.799 260 A). Dynamic light scattering experiments were 9IVen by EDX analysis: ZnCds2SeaPso $P{*H} NMR
carried out with a Malvern Zetasizer Nano S series particle size (CDCl, 295 K, 9): —12.8 (s, br, Ce-P"Pr), —21.1 (s, br,
analyzer with a He-Ne laser (633 nm) and avalanche photodiode Zn—P"Pry).

photon detector. Solvents and samples were filtered through 0.02 [Zn26Cd7.4Se(SePh)(P"Prs)4], 2b. Cluster2b was prepared
um Anotop 10 inorganic membrane filters (Whatman) prior to in the same manner as f@a, with cadmium(ll) acetate (1.51 g,
analysis. EDX analyses were carried out by Mr. Ross Davidson at 6.54 mmol) and FPr3 (3.25 mL, 16.40 mmol) in toluene (150 mL)
Surface Science Western (UWO). An EDAX Phoenix model energy at—78°C with the exception that the amount of [(3,5-M&HsN).-
dispersive X-ray (EDX) system with light element detection Zn(SeSiMg);] was increased (2.28 mmol) with a corresponding
capability was used to obtain semiquantitative analysis of Zn, Cd, decrease in PhSeSiM¢2.11 mL, 8.46 mmol). Pure, crystalline
Se, Te, and P. The instrument was coupled to a Hitachi S-4500 2b was precipitated from solution with heptane, filtered out, and
scanning electron microscope (SEM). Analyses were carried out dried. Single crystals for X-ray structural characterization were
using a 20 kV electron beam focused on single crystals of the obtained in the same manner as & Yield: 2.54 g (75.6%).
samples and repeated to ensure reproducibility. Atomic absorption Anal. Calcd: C, 33.80; H, 3.79. Found: C, 33.12; H, 3.75. Metal
spectroscopy (AAS) measurements were carried out using a Varianion stoichiometry given by AAS (Chemisar): ZiCd;s Atomic
SpectrAA flame atomic absorption spectrometer. Samples were ratios given by EDX analysis: znCd; :Ses 3.2 31P{tH} NMR
prepared by decomposition of the clusters in concentrated HNO (CD,Cl,, 295 K, d): —12.8 (s, br, Ce-P"Pr), —21.1 (s, br,
followed by dilution to 0.1 M HN@such that the zinc and cadmium ~ Zn—P"Pr).

concentrations would fall within the range of the respective standard  [zn, (Cdg ;Tes(TePh)(P"Pr3),], 3a. Cadmium (Il) acetate (1.00
curve. The standard solutions were of Zn(iOand Cd(NQ). g, 4.34 mmol) was dissolved in THF (100 mL) withFR; (2.1
dissolved in 0.1 M HN@ The concentrations of the standards were m 10.8 mmol). The solution was cooled +78 °C and added to

0, 0:5, 1,2,5, anq 10 ppm Zn and Cd. Metal content was determinedy freshly prepared solution of [(3,5-M€sHsN),Zn(TeSiMe),]

by linear regression to dat_a from the stapdards. Chemical analy_ses(llog mmol) with excess 3,5-lutidine at the same temperature. The
were performed by Chemisar Laboratories Inc. (Guelph, Ontario, yegyiting pale yellow solution was immediately treated with
Canada). PhTeSiMe (1.49 mL, 6.51 mmol) producing a bright yellow
solution. Upon warming slowly to room temperature, a yellow
(29) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; solution was obtained. The addition of heptane (100 mL) produced

Timmers, F. JOrganometallics1996 15, 1518-1520. . ; :
(30) Degroot, M. W.'gCorrigan 1. R)rggnometallicsin press. a very pale yellow precipitate, which was filtered out to remove

(31) Bruynes, C. A.; Jurriens, T. K. Org. Chem1982 47, 3966-3969. the mother liquor, washed with pentane, and dried in vacuo.
(32) Detty, M. R.; Seidler, M. DJ. Org. Chem1981, 46, 1283-1292. Alternatively, single crystals were obtained by overlayering the
(33) Jones, C. H.W.; Sharma, R. [D.Organomet. Cherd984 268 113- reaction solution with heptane. Yield: 1.67 g (66.8%). Anal.
(34) Cumper, C. W. N.; Foxton, A. A.; Read, J.; Vogel, AJI.Chem. CalCd C, 2797, H, 3.13. FOUnd:. C, 27.72; H, 316 MeFaI on
S0c.1964 430-434. stoichiometry given by AAS (Chemisar): ZgCds 4 Atomic ratios

Inorganic Chemistry, Vol. 44, No. 15, 2005 5449



given by EDX analysis: ZpgCdgsTesPse 3P{H} NMR
(CDCly, 295 K, 0): —20.9 (s, br, Ce-P"Pr3), —25.4 (s, br,
Zn—P"Pr).

[Zn,6Cd7 4Tes(TePh)(P"Pr3)4], 3b. Cluster3b was formed in
the same manner &a, with cadmium(ll) acetate (1.51 g, 6.54
mmol) and PPr; (3.25 mL, 16.40 mmol) in toluene (150 mL) at
—78°C but using 1.52 mmol of [(3,5-MeCsH3N).Zn(TeSiMe),]
and 5.64 mmol (1.29 mL) of PhTeSiMePure, crystallin&b could
be precipitated from solution with heptane and isolated after
filtration and drying in vacuo or could be crystallized by layering
with heptane. Yield: 1.90 g (70.4%). Anal. Calcd: C, 28.14; H,
3.15. Found: C, 28.92; H, 3.02. Metal ion content given by AAS
analysis: Cd, 18.26- 0.65%; Zn, 3.26t 0.14%; yielding a metal
stoichiometry of ZasCd; 5. Atomic ratios given by EDX analysis:
Zny Cdy 4Ter3. P32 31P{*H} NMR (CD,Cly, 295 K, §): —20.9 (s,
br, Cd-P"Pr), —25.4 (s, br, ZrR-P"Pr3).

[Zn3Hg7Se(SePh) (P "Prs)s], 4. A solution of mercury(ll)
chloride (0.30 g, 1.09 mmol) and'™; (0.43 mL, 2.18 mmol) in
toluene (30 mL) was cooled t678 °C and then added to a freshly
prepared solution containing [(3,5-MEsH3N),Zn(SeSiMg),] (0.38
mmol) and PhSeSiMe(0.35 mL, 1.42 mmol). The addition
immediately produced a pale yellow solution which darkened within
a few minutes to deep yellow and then pale orange. After being
allowed to stir at—78 °C for 15 min, the reaction solution was
layered with 40 mL of cold heptane and stored-&80 °C overnight.
The reaction was warmed slowly by storage-&5 °C overnight
and then finally being allowed to warm to room temperature in an
ice bath. A small number of bright yellow crystals formed at the
solvent interface, and a small amount of black precipitate was
observed; however, the reaction solution remained bright yellow.
Mixing of the solvent layers produced a bright yellow crystalline
precipitate. After 1 day, a large number of bright yellow crystals
of 4 suitable for X-ray crystallography formed on the side of the
flask, along with another small amount of black solid. Complex

was isolated by transferring the crystals by pipet to a second flask,

DeGroot et al.

The reaction was stirred for 15 mina#8 °C and was then treated
with PhSSiMg (0.35 mL, 1.87 mmol) and allowed to warm slowly.
After 90 min, a clear, colorless solution was obtained, and the
reaction was allowed to warm to room temperature overnight. Single
crystals suitable for X-ray analysis were grown by layering the
reaction solution with heptane (20 mL). Yield: 0.19 g (38.4%).
Anal. Calcd: C, 40.94; H, 3.40. Found: C, 39.28; H, 3.21. Atomic
ratios given by EDX analysis: ZrCdi4.:S:5Pz.2.

X-ray Structural Characterization. Single crystals of com-
pounds2—6 of suitable quality for X-ray analysis were carefully
selected from large collections of crystals that were immersed in
polyfluoropolyether oil or paraffin oil (Aldrich). The coated crystals
were mounted on either a glass fiber or nylon fiber “hoop” attached
to the goniometer head, with the oil setting upon cooling in a flow
of cold N,. The X-ray diffraction data for complexes 3, and5
were collected at 200 K using graphite-monochromated Mg K
radiation ¢ = 0.710 73 A) on a Nonius Kappa-CCD diffractometer.
Intensity data were collected using the software COLLECT (Nonius,
1998). Nonius DENZO software was used for crystal cell refinement
and data reduction, while scaling was performed using Nonius
SCALE-PACK. Data for4 and6 were measured at 150 K on an
Oxford Cryostream equipped Bruker SMART APEX CCD diffrac-
tometer (University of Waterloo) with the same radiation source.
Intensity data were collected using Bruker SMART software
(version 4.05, Bruker AXS Inc., Madison, WI, 1996), while SAINT
software (version 4.05, Bruker AXS Inc., Madison, WI, 1996) was
used for cell refinement and data reduction. Data for all compounds
were corrected for Lorentz and polarization effects. Structures for
all complexes were solved using direct methods program and refined
on F,? data using the full-matrix least-squares method program of
the SHELXTL (G. M. Sheldrick, Madison, WI) program package.
The weighting scheme was of the formn= 1/[03(F?) + (aP)? +
bP] (a, b = refined variablesP = /3 maxFy?, 0) + 43F?). For
complexes2a and 3b all non-hydrogen atoms were refined
anisotropically, while for4—5 heavy atoms (Zn, Cd, Hg, P, Se)

followed by repeated washing with hexane to remove the amorphousWere refined anisotropically with carbon atoms refined isotropically.
precipitate. The crystals were then dried under vacuum. Isolated Hydrogen atoms were included B 3, and5 as riding on their

yield: 0.18 g (32.4%). Anal. Calcd: C, 29.28; H, 3.28. Found: C,
29.61; H, 3.00. Atomic ratios given by EDX analysis: 32Hg7.0-
Seg a7

[Cd3HgesSe(SePh),(P"Pr3)4], 5. Mercury(ll) chloride (0.296
g, 1.09 mmol) was dissolved in toluene (30 mL) with 2 equiv of
P'Pr; (0.43 mL, 2.18 mmol), and the solution was cooled-68

respective carbon atoms. For cluséediffraction data was weak
and the structure could only be satisfactorily refined in the chiral
space group2. The atomic positions of the respective carbon atoms
of the PPr; and—SPh groups were grouped and refined collectively
using free variables. Cadmium atoms were refined anisotropically,
while S, P, and C atoms (including those of two toluene molecules)

°C. This solution was then transferred to a freshly prepared solution Were refined isotropically. Hydrogen atoms were not included.

containing [(N,N'-tmeda)Cd(SeSiMg;] (0.38 mmol) and PhSeS-
iMe3 (0.35 mL, 1.42 mmol) in 10 mL of THF, also at78 °C.
The solution immediately turned bright yellow. The reaction was
allowed to warm slowly to—25 °C overnight, and the solution
darkened to a deep yellow. The solution was layered with 30 mL

Molecular diagrams were prepared using the SHAKAL 99 drawing
programs®

Solid-State Thermolysis of the Clusters.Solid-state thermal
decomposition was carried out on crystalline samples of complexes
2ab and 3ab under a stream of nitrogen in the TGA analyzer.

of cold heptane, and the reaction flask was stored undisturbed inSamples were placed in a 1aQ platinum crucible heated at a

the dark at 4°C. After 2 days at this temperature, bright orange
single crystals had formed amidst a large amount of red/brown

rate of 15°C/min to the desired final temperature and then
maintained at that temperature for 30 min. The volatile decomposi-

precipitate. The crystals were transferred by pipet, washed severaltion products were identified by GC/MS via “on-line” transfer of

times with hexane to remove the precipitate, and dried in vacuo.
Isolated yield: 0.03 g (6.5%). Anal. Calcd: C, 28.76; H, 3.22.
Found: C, 29.65; H, 3.02. Metal stoichiometry given by AAS
(Chemisar): CeglgHgs .. Atomic ratios given by EDX analysis:
Cds Hgs 3S@8. P44

[Zn2.3Cd14S4(SPh)e(P"Pr3),], 6. Cadmium(ll) acetate (0.30 g,
1.30 mmol) was dissolved in 30 mL of toluene with the addition
of P"Pr; (0.97 mL, 4.88 mmol). The solution was cooled-td'8
°C and added to a similarly cooled slightly turbid solution of [(3,5-
Me,-CsH3N),Zn(SSiMe),] (0.24 g, 0.36 mmol) in 6 mL of THF.
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the TGA purge gas to a sample preconcentration trap (SPT) on the
GC instrument. Solid residues were collected and stored under
nitrogen for further analysis.

Results and Discussion

Synthesis, Composition, and Structural Characteriza-
tion of the Ternary Nanoclusters. The synthesis of metal

(35) Keller, E.SCHAKAL 1999, A Computer Program for the Graphic
Representation of Molecular and Crystallographic Mogleleiversita
Freiburg: Freiburg, Germany, 1999.
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Table 1. Crystallographic Data and Parameters for Complexe§

param 2a 3b 4 5 6
formula CiogH144P4Zn 2C sSess CiogH144P4ZnCogTess CiogH144P4HO10S €6 CiogH144P4sCdyHgeTeLs C174H17P2Cdi7S30
fw 3897.04 4637.65 4835.37 4570.80 5289.43
cryst system tetragonal tetragonal _ cubic _ cubic monoclinic
space group 144/a 144/a F43c 143m 12
temp (K) 200(2) 200(2) 150(2) 200(2) 150(2)

a(A) 25.3442(5) 25.9100(2) 37.1143(12) 18.6251(5) 34.2588(2)

b (A) 25.3442(5) 25.9100(2) 37.1143(12) 18.6251(5) 35.932(2)

c(A) 20.2084(6) 21.6000(2) 37.1143(12) 18.6251(5) 35.100(2)

o (deg) 90 90 90 90 90

p (deg) 90 90 90 90 90.239(2)

y (deg) 90 90 90 90 90

V (A3) 12980.4(5) 14500.7(2) 51124(3) 6460.0(3) 43208(4)

u(Mo Kay) (mm™%)  6.205 4.709 16.610 13.363 1.980

z 4 4 16 2 8

peaca(g cmr3) 1.994 2.124 2513 2.350 1571

reflens collcd 14 327 16 307 58 308 1915 145 399

indpndt reflcns 7449 8298 3776 1093 75212

Rint 0.0831 0.0348 0.1220 0.0345 0.0778

R indices R = 0.0525 R = 0.0309 R = 0.0695 R =0.0412 R =0.1067
[1 > 20(]P wWR, = 0.1104 wR = 0.0779 wR = 0.1636 wR =0.1111 wR = 0.2538

aThe ambiguity between the metal compositions determined from analytical methods (AAS, EDX, and elemental analyses) and those obtained from
X-ray crystallographic data can be attributed to the difficulty in assigning with certainty low occupanciesifothd crystallographic model. While these
data were valuable in providing information regarding the location of the metal sites with highestdpancy, more confidence was placed in the ratios
obtained from the other analytical meaRR; = =||Fo| — |Fq||/Z|Fo|. WR2 = {Z[W(Fo?2 — FAYZ[W[FA4Y2

chalcogenolate complexes with terminal trimethylsilyl func- property relationships regarding the incorporation of a second
tionalities offers a powerful route for the production of metal ion within the quantum confinement regime.

ternary MME nanocluster$t2® The preformed metal
chalcogen bond combined with the inherent reactivity o
—ESiMe; groups toward metal halide or acetate salts ensures
the essential formation of ME—M' bonding interactions
during cluster growth. The synthesis of (trimethylsilyl)-
chalcogenolate complexes of zinc(ll) has been reporte
recently?’:2830 This chemistry has been extended to the
formation of (\,N'-tmeda)Cd(SeSiMg,, 1 (eq 1). Itis found

¢ Cd(OAc), + TMEDA + 2Se(SiMg), —
[(N,N'-tmeda)Cd(SeSiM;] (1) (1)

The reaction of [(3,5-MgCsH3N).Zn(SeSiMg),;] with
d (P"Pr3),Cd(OAc) and PhSeSiMgin toluene in a 0.25:1:1.5
ratio produces the cluster [£5Cds ;Se(SePh),(P'Prs)4], 23,
in good yield. An increase in the molar fraction of the zinc

that complext is not stable for extended periods in solution (trimethylsiIyl)selenolate precursor to _0'35 equiv_ (with
even at low temperature and decomposes readily to bright-CO""eSPondingly less PhSeSibjeesults in a proportional
yellow polynuclear CdSe species via the elimination of increase in the Zn content_of the_clu_ster, yielding crystals of
Se(SiMe),. The instability of these complexes versus the the crlluster comp(k))und with itmch;om(;:-try [Zgﬁ:d7,4|SQ—
zinc derivative® can be attributed to the relative strength (SePhi(PPra)], 2b (eq 2). The related ZnCdTe clusters
of the M—N interaction, which is expected to be stronger in [Zn1.dClk2Te(TePh)AP'Pr)d], 3a, and [ZQ,GQd7,4Te4(TeRh)z

the case of zinc. These observations are in agreement with(PnPr3)4]' 3b, can be cry§tall|zed_from similar reactions of
the reported sensitivity of polymeric “[Cd(SeSiMig..". ¢ [(3,5-M@-C§H3N)22n(TeS|MQ)2] with (PPr),Cd(OAc) and
Attempts to isolate crystalling have to this point proven PhTeSiMg in toluene (eq 2).

unsuccessful, as this invariably results in the formation of X[(3,5-Me,-CH,N),Zn(ESiMey),] +

intractable solids that could not be dissolved in organic n .
solvents. These results suggest that the removal of solvent (X+ ZV)[(P'Pry),Cd(OAC)] + YPhESiMg —

results in the formation of polynuclear or polymeric CdSe [Zn,Cd,, ,E,(EPh)(P'Pr),] (2,3) E=Se, Te (2)
compounds. Similarly, attempts at synthesizing [(3,5-Me )
CsH3N).Cd(SeSiMeg);] from [(3,5-Me-CsH3N).Cd(OAc)] The structures of clusteiza and 3b were confirmed by
have not been successful. Thus, further applications in clusterX-ray crystallographic analysis (see Table 1). Both clusters
synthesis require thaN(N'-tmeda)Cd(SeSiMg, be gener- crystallize in .the te_tragonal space grom@l/a and are
ated in situ. The synthesis of ternary derivatives of the Crystallographically isomorphous to the binary [c3-
adamantoid clusters [ME«(EPh)«(L)4] (M = Zn, Cd, Hg) (SePh)y(P"Pr;)4]4° and [ZnoTey(TePh)y(P"Pr),]** analogues.

IS appealm_g be(?ause the. phOtOphySICal propert|es_ of the(38) (a) Eichhiger, A.; Troster, E.Eur. J. Inorg. Chem2002 2253-2256.
corresponding binary derivatives have been described in (b) Eichhider, A.; Degimann, PEur. J. Inorg. Chem2004 349—

detail1637-39 Gijven that these cluster molecules can be 355.

. . . . (39) Adams, R. D.; Zhang, B.; Murphy, C. J.; Yeung, L.&em. Commun.
structurally characterized, it is possible to establish strueture 1999 383-384.

(40) Soloviev, V. N.; Eichhfer, A.; Fenske, D.; Banin, UWJ. Am. Chem.
So0c.200Q 122, 2673-2674.

(41) (a) Eichher, A.; Fenske, D.; Pfistner, H.; Wunder, [. Anorg. Allg.
Chem.1998 624, 1909-1914. (b) Pfistner, H.; Fenske, @. Anorg.
Allg. Chem.2001, 627, 575-582.

(36) Babcock, J. R.; Zehner, R. W.; Sita, L. Rhem. Mater.1998 10,
2027-2029.

(37) Eichhder, A.; Aharoni, A.; Banin, U.Z. Anorg. Allg. Chem2002
628 2415-2421.

Inorganic Chemistry, Vol. 44, No. 15, 2005 5451



DeGroot et al.

PPr3 Table 2. Selected Interatomic Bond Distances (&) for Compleas
| and3b
M
\‘/ \‘/ [Zn1 6Clk » Se(SePh) {P'Pry)a], 22
M) " Cd1-P1 2.572(6) Cd2Sel 2.570(1)
f ~ E // Cd1-Se2 2.583(6) Cd2Se2 2.705(1)
E/ - 2 TE \( Cd1-Se3 2.651(5) Cd2SedA 2.696(1)
F,raF,/M\|\‘ — ~|\LM\PPI_ Cd1-Se4A 2.587(6) Cd2SelA 2.593(1)
} M \< 3 Zn1-P1 2.61(2) Cd3Sel 2.588(1)
}M\< Znl-Se2 2.685(19) Cd3selB 2.588(1)
/ Znl-Se3 2.459(17) Cd3Se3 2.706(1)
PP Znl-Se4dA 2.65(2) Cd3Se3B 2.706(1)
Figure 1. Line diagram representing the fused adamantane structure of  ~q1—p1 [an'g(_:sdzl'i-(r;l (TePh) 2(2;2%22]’1% 2.738(1)
the [M10E4(EEhlz(P1F).r3)4].(M =12Zn, Cd; M : Cd., Hg; E=Se, Te) clusters Cdil-Te2 2.772(8) Cd2Te2 2.881(1)
(2—5). The site distribution of the metal ions is discussed in the text. Cdl—Te3A 2.690(8) Cd2Te3 2.869(1)
Cd1-Te4B 2.732(9) Cd2TelA 2.762(1)
The overall arrangement of metal and chalcogen ions Znl-P1 2.543(14) Cd3Tel 2.763(1)
generates a tetrahedral framework consisting of four fused %21}:@ " g:sgg((g)) ggg;lls gggggg
{M4E¢} adamantane units (Figure 1), similar to the building Znl—Te4B 2.748(13) Cd3Te4B 2.877(1)

blocks that constitute the cubic (sphalerite) phases of the bulk
materials. The four apexes of the tetrahedron are terminatedZn1/Cd1 ion in this position is occupied by on&PR and
by coordinated phosphine ligands, and thig Bchitecture threeu-SePh ligands. The crystallographic structural model
is prevalent among HVI nanoclusters’~* The identities indicates that the incorporation of Zn is accommodated
of clusters2b and3awere verified by determination of the  primarily by a displacement of the position of the metal
cell constants of single crystals of the compounds. center. In this model, the ZriSe3 (2.459(17) A) and
The metal compositions of all clusters reported herein were Cd1-Se3 (2.651(5) A) contacts are consistent with the bond
determined by EDX analysis on single crystals and confirmed distances of the corresponding Mi-SePh interactions in
by AAS and elemental analys&sThe measured Zn:Cd ratios  [NEts]2[ZnsCl.Se(SePh)]*'2and [CdSe(SePhyyP'Prs)],*°
are remarkably consistent with the amounts incorporated intorespectively. The M+Se2 and M*+Se4 bond lengths
the reaction scheme, illustrating that the precursor complexes(2.583(6)-2.685(19) A), on the other hand, lie intermediate
[(3,5-Me-CsHsN),Zn(ESiMe),] are efficient delivery agents ~ between the expected Z$e and CetSe distances. Interest-
of {ZnE;} (E = Se, Te) in cluster synthesis. The inability to  ingly, longer distances are observed for the Z&e than
fully resolve zinc and cadmium from crystallographic data for the Cdt-Se interactions, which are, in turn, shorter than
is indicative of intimate mixing of the metal ions within the  those observed for [GeSe(SePhyy(P'Prs),]. For their part,
clusters. For clusteBb, a satisfactory model however was the M1-P1 bond distances exhibit a similar effect with short
achieved with site occupancy of g&€dys given to the metal ~ Cd1—P1 and long Zn+P1 interactions relative to those in
ion sites bonded to the apical"M®; ligands with the  related cluster§.“3
remaining zinc ions distributed among the rest of the core The Cd atoms present in the cluster center exhibit
metal sites in the structure. A similar disorder model was Cd—us-Se and Ceu-SePh interactions that lie within the
attained for the terminal metal sites in clusga however range of those reported for [gSe(SePh),(PRs)4],*%*3thus
with a lower Zn occupancy (30%). This leaved/; of the favoring an assignment of predominantly Cd to these sites.
Zn in the cluster to be distributed among the remaining six However, the longest of these contactaare significantly
metal sites in the core of the cluster. This mixing is unlike shorter than the longest observed in [§S&(SePh)APRs)4],
the positions of the Zn centers in the-Il'—VI nanoclusters  suggesting that a small percentage of zinc exists in the cluster
[(N,N'-tmedgsZnsCdi1E13(EPh)] in which the chelating core sites.
N,N'-tmeda ligands constrain all Zn(ll) to the surface the  The X-ray crystal structure of clust@b shows struc-
nanoclusters! tural features similar to those dfa, with M1—P1 and
A summary of relevant bond distances and angles for M1—u-TePh bond distances that are intermediate between
clusters2aand3b is presented in Table 2. The key structural those in the clusters [ZgTes(TePh),(P'Pr)4]* (Zn—P =
effect of Zn/Cd site disorder at the terminal position in cluster 2.428(4), Zn-Te = 2.630(2)-2.718(1) A) and [CeTes-
2ais observed as a slight deformation of the adamantane(TePh)y(P"Pr)4]%" (Cd—P = 2.618(2), Cd-Te = 2.789(1)-
cages. The distorted tetrahedral bonding environment of the2.898(1) A). Again, the largest effect is observed in the bond
distance of one [M*Te2] of the M—u-TePh interactions,

(42) (a) Choy, A.; Craig, D. C.ébl)Dance, I. G, S%udder, M. Gét&em. which lie within the range of those observed in the binary
Commun1982 1246-1247. (b) Dance, I. G.; Choy, A.; Scudder, M. i R
L. J. Am. Chem. Sod984 106, 6285-6295. () Nyman, M. D.: molecules. The remaining Zal _TePh bond Iengths are
Hampden-Smith, M. J.; Duesler, E. Norg. Chem1996 35, 802— comparably longer than the equivalent Cdlle distances.
803. For the metal atoms in the cluster core (assigned exclusivel
(43) Behrens, S.; Bettenhausen, M.; Eicfamp A.; Fenske, D.Angew. . . ( Y y
Chem., Int. Ed. Engl1997, 36, 2797-2798. to Cd in the structural model), evidence for low levels of

(44) While EDX analysis provides only semiquantitative elemental analysis, Zn is imparted by the average €de and Cd-TePh bond

the reliability of these data regarding the metal ion composition of . . -
the clusters was confirmed by quantitative measurement of the Zn/ distances, which are S“ghtly shorter than those reported for

Cd content of clustersaand2b using atomic absorption spectroscopy.  [CdioTes(TePh)o(P'Pr3)4].3"
5452 Inorganic Chemistry, Vol. 44, No. 15, 2005
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Cd-PrPr inconsistent with the expected positions on the basis of the
integration of preformed{ZnE,} units in the synthetic
scheme. At the apical positions, metal centers are bonded

Zn-PrPry only to a phosphine ligand and three bridging Phigands.

c | * Thus, it would be anticipated that these sites would contain

“*WM a low percentage of Zn because the—h interactions

present in the precursor complexes [(3,5:MBH3N).Zn-

(ESiMe;),] must be broken to accommodate this transfer.

Notable in this discussion is the observed retention of the

{(N,N'-tmeda)Znk} units in the structures of INN'-

b s tmedayZnsCdy1E13(EPh)Y].?” Thus, it is rather unlikely

p' HL L . that the solution decomposition of the precursor to form

E(SiMe&), preceded the reaction of the complexes with
Cd(OAc), especially in the case of the selenolate analogue,
which is stable for short periods even af©. For the Te

a complexes, the addition of [(3,5-M&sH3N).Zn(TeSiMe),]
to the Cd(OACc) solution at—78 °C results in an abrupt color
change, suggesting the formation of-Zhe—Cd interactions

20 10 0 -0 -20 -30 -40 -50 ([(3,5-Me-CsH3N),Zn(TeSiMe),] is stable for extended
Chemical Shift (ppm) periods in solution at this temperature). As the temperature
Figure 2. 31P[1H} NMR spectra of (a) [CdSe(SePh)(P"Pr)d], (b) IS increased, ZRE bond clegvage must result in a “migra-
cluster2a, and (c) clustegb in CD,Cl.. 1ICdA1Cd satellites are denoted  tion” of the zinc to the peripheral sites. The preferential
with asterisks. occupation of zinc at these positions (versus core sites) may

Further support for the assignment of Zn(ll) at the then be attributed to an increased flexibility in bonding
peripheral sites was provided BYP{1H} NMR spectroscopy ~ arrangement and distances at the exterior of the clusters
(Figure 2). Thé¥P{*H} NMR spectrum of the CdSe cluster ~relative to those in the cluster core.

[CdieSe(SePh)(P'Prs)4] (Figure 2a) shows a broad (fwhm In addition to the effects of Zn incorporation on the optical
= 21.3 Hz) single resonance atl2.8 ppm. The single peak properties of the clusters (vide infra), the presence of Zn
is consistent with the chemical equivalence of the four ions at the terminal positions appears to have a marked effect
phosphine ligands on the cluster, and the downfield shift on the relative stability of the cluster complexes. This is
relative to that of free ®Pr; (—32.0 ppm) corresponds with  evidenced by the fact that cluste2s,b can be stored for
the effect observed in phosphine-coordinated cadmium extended periods in THF. In contrast, it has been reptfted
complexed?® For cluster2a,ba second peak at21.1 ppm that the dissolution of [CdSe(SePh)PPh),] in THF leads

is observed in thé'P{*H} NMR spectra in addition to that  to the formation of [CebSe(SePhys(PP)4] within a few
assigned to a CdP interaction (Figure 2b,c). Consistent with days. Thus, the synthesis of bindi@d,0Sg clusters is typic-

the effect observed in coordination complexes of zinc and ally carried out in DME or toluen&. The ternary ZnCdTe
cadmiun® this peak can be attributed to a-ZR interaction. analogues3a,b, similarly show an increased stability in the
The relative ratios of Zn:Cd at these sites are qualitatively solid state. Crystalline samples of these clusters remain
comparable to those determined by X-ray crystallography unchanged for weeks at room temperature under inert
(i.e. 2a, 30:70). In all cases, the G resonances were atmosphere, whereas the complex {{J@s(TePh)x(PPh)4]

accompanied by satellites due ¥8§Cd—3'P and''!'Cd—3'P decomposes to an optically and spectroscopically different
coupling. The CdP coupling constants'J(***Cd—3'P) = compound under the same conditidfs.
497 Hz;YJ(*'Cd—3'P) = 530 Hz] are significantly smaller The use of metal (trimethylsilyl)chalcogenolate com-

than those reported for mononuclear cadmium phosphineplexes can readily be applied to the synthesis of ternary
complexed®# indicating that the CeP interactions are  ZnHgSe and CdHgSe clusters. Reaction of complex
weaker in the cluster compound8P{*H} NMR spectro- [(3,5-Me&-CsH3N)2Zn(SeSiMeg),] with  (P"Prs),HgCl, in
scopic data for cluster8ab were consistent with the the presence of PhSeSiMia toluene generates the cluster
estimated Zn:Cd ratio at the terminal positions, with two [Zn;Hg;Se(SePh)(P'Pr)4], 4 (eq 3). If [(3,5-Me-CsH3N),-
peaks of similar intensity observed at20.9 and—25.4 Zn(SeSiMg);] is substituted withl,N'-tmeda)Cd(SeSiMVg,
corresponding to CeP and Zr-P interactions, respectively.  then single crystals of [GaHgs :Se(SePh)(P'Pr3)4], 5, can
The considerable fraction of the Zn ions being located at be isolated in low yield (eq 4). Again, the metal ion
the apical sites in these clusters is interesting because it isstoichiometry was determined by EDX and elemental
analysis on single crystals of the cluster compoufidshe
(45) ;eéfl%}: %—Cw-?Nﬁisﬁ;gJﬁ.%é\s/gﬁj Eﬁgﬁggﬁ' fgf Nelson.o- H FI¥e: disparity between the metal content in clusfeand the
(46) Goel, R. G.; Henry, W. P.; Jha, N. Korg. Chem1982, 21, 2551 observed Cd/Hg ratio is interesting; however, the low yield

2555. of this complex precludes any rationalization in terms of the
(47) (a) Mann, B. E.Inorg. Nucl. Chem. Lett1971 7, 595-597. (b) P P y
Meehan, P. R.; Ferguson, G.; Shakya, R. P.; Alyea, El. Chem.
Soc., Dalton Trans1997 3487-3491. (48) Eichhder, A. Personal communication.
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Table 3. Selected Interatomic Bond Distances (A) and Angles (deg) and the propensity of Hg over Zn and Cd to adopt lower
for Complex5 coordination geometried.In metal chalcogen cluster com-

Hgl-P1 2.496(8) PtHgl-Se2 111.05(6) plexes containing mercury, linear or trigonal coordination
Hgl-Se2 2.649(2) SedHg2-Se2 90.41(17) of the Hg centers has been obser¢#.In a most related
Hg2—Se3 2.531(8) Se3Cd2-Se2 91.53(10) . .
Hg2—Se2 2.801(13) HgtSe2-Cd2 104.3(2) case, the_ solid-state structure of the. fused adamantmd/
Cd2-Se3 2.609(7) HgtSe2-Hg2 101.5(3) barrelanoid cluster [HgSea4(SePhy¢ consists of Hg(ll) ions
Cd2-Se2 2.678(9) C35Se2-Cd2 106.6(6)

at the terminal positions that are coordinated only to three
increased stability associated with the higher Cd content. —S€Ph ligands in distorted trigonal planar fashiti?Even

if phosphine ligands are provided in the synthetic sché&the,
0.35[(3,5-Mg-C.H,N),Zn(SeSiMg),] + [(P"Pr,),HgCl,] + the cluster crystallizes with “uncapped” Hg centers at the

. cluster terminus. In relation to clustetsnd>5, the presence
1.3PhSeSiMg— [Zn;Hg,Se(SePh),(F'Pr)] (4) (3) of largely Hg ions at the peripheral sites may be due to an

0.35[(N,N'-tmeda)Cd(SeSiMg,] (1) + [(P"Pr,),HgCl] + |Sn0c|lrﬁiessned ability to accommodate phosphine exchange in
1.3PhSeSiMg— [Cd, Hg; ;S&(SePh),(P'Pry) ] (5) (4) Repeated efforts to prepare the sulfur analogues of clusters
L . - 2 and 3, [ZnsCdio-xSy(SPh),(P"Pr3)4], via the reaction of
Clusters4 and5 grystalhge in the cubic space groug8m [(3,5-Me~-CsHaN),Zn(SSiMe);] with Cd(OAc) or CdCh
andF43c, respectively. Similar to clustesand3, as well a6 ynsuccessful. Instead, these reactions invariably led to
as ref:ently reported binary HgSe clust&rghe structures the isolation of the larger ternary cluster [Z8dhs S(SPh)s-
exhibit thg well-known fused tetr_aadamantane cage archi- (P'Pr)5], 6 (eq 5). The inability to isolate the corresponding
tecture (Flggre 1) that also comprises the extended structureM10 derivative was rather surprising considering the well-
of bulk cubic HgSe. For clustes, the phenyl groups and  y,0mented stability of the [MS«(SPh)g*~.#? The formation
carbon atoms of the phosphine ligands are disordered overy¢ hase and other polynuclear metalilfur complexes

two positions with equal occupancy. In the case of complex .ot he precluded, however, in view of the relatively low
4, the structure was solved as two independent moIecuIes.yie|d and zinc deficiency (with respect to the reaction

The inability to resolve Zn in the molecules is attributable stoichiometry) of clustes.

to the relatively weak diffraction data and small crystal size;

however, substantially larger thermal parameters for the six 0.28[(3,5-Mg-C4H,N),Zn(SSiMe),] +
core metal positions compared to the terminal sites sug- . ,
gest that the Zn ions occupy these (disordered) positions. [(P'Pry),Cd(OAC)] + 1.4PhSSiMg—

UV—vis data also indicate interstitial locations for the [Zn, LCd,, S,(SPh)«(P'Pr,),] (6) (5)
Zn(ll) (vide infra). For the Ce&-Hg—Se cluster5, the

crystallographic model refined most suitably with @ 0.7:0.3  The structure of clustes was solved and refined (Table
Cd/Hg disorder assigned to the six core metal positions. No 1) in the space groul®2 with two chemically equivalent but
cadmium was assigned to the four apical metal ion sites. crystallographically independent molecules in the asymmetric
The molecular formula [CHgs sSe(SePh)(P'Prs)4] ob- unit. The supertetrahedral [V8,g2* core of the cluster
tained from crystallographic refinement is in near agreement consists of four edge- and vertex-sharing adamantane cages
with the {CdsHgss} stoichiometry determined by EDX  with terminating barrelanoid cages residing at the four
analyses. Examination of the bond distance data for CIUStercornerS of the tetrahedron (Figure 3) The latter are repre-
5 (Table 3) further supports the assignment of the metal sentative of the fundamental structural unit of the hexagonal
positions discussed above. The HgSePh and HgP1  (wurtzite) CdS system. Either"Pr; or —SPh ligands occupy
bond distances are similar to those in other binary HgSe clus-the terminal coordination sites on the four apical metal
ters®249suggesting predominantly Hg at the apical positions. centers. The cluster architecture is analogous to those of the
The concentration of the lighter metal ion within the cores previously reported clustd{Cd;-Su(SPh}g2} 5 as well as

of clusters4 and5 contrasts with the metal ion distributions  the selenium derivative{Cdi-Se(SePh)(PPh),]?'} 54 The
determined for the ZnCdSe and ZnCdTe compleXe®d  combination of two neutral Pr; and two anionic PhS

3, in which the zinc centers preferentially occupy peripheral |igands at the terminal positions of the structure leads to the
sites in the cluster. In view of the discussion above, this may gverall neutral charge of clustér which represents the first

be a result of the low-temperature synthesis of the Hg-con- giscrete neutral group XII M cluster. The cluster solid

taining clusters, such that the cleavage of-&® and  [Cd;,S(SCHCH,OH)4 is also charge neutral; however, this
Cd—Se bonds in the polynuclear framework may be inhib-

ited. Alternatively, this arrangement may again reflect the (50) Kaupp, M.; von Schnering, H. Ghorg. Chem1994 33, 2555-2564.
site preference of the individual metal atoms. The prevalence (1) fgfg”hause”v M.; Fenske,D.Anorg. Allg. Cheml99§ 624, 1245~

of the larger (Hg) metal ion at the terminal sites is contrary (s2) Fenske, D.; Bettenhausen, Ahgew. Chem., Int. EA998 37, 1291

to that observed for clusteBsand3. This can be explained 53) 1L294-G S He Craio. D. G- Ma. L Scudder. M. L Bailev. T.
. - B : ee, G. S. H.; Craig, D. C.; Ma, I.; Scudder, M. L.; Bailey, T. D.;
by the relative lability of the #Pr; versus—SePh ligands Dance. |. G.J. Am. Chem. S0d 988 110, 4863-4864.
(54) Behrens, S.; Bettenhausen, M.; Deveson, A. C.; EigthA.; Fenske,
(49) Behrens, S.; Fenske, Ber. Bunsen-Ges. Phys. Chei@97, 101, D.; Lohde, A.; Woggon, UAngew. Chem. Int. Ed. Engl996 35,
1588-1592. 2215-2218.
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Absorbance (a.u.)

230 250 270 290 310 330 350
Wavelength (nm)

Figure 4. Absorption spectra of [GdSe(SePhj(P'Prs)s] (— — —),
[ZNn1 6Cds 2Se(SePAPPr3)4], 2a(---), and [Zn.6Cdy sSen(SePhyAPPrs)4],
2b (—) measured at 200 K in Ci€l,. The data are normalized for

comparison.
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Figure 3. Ball and stick representation of the molecular structure of cluster N~
6. For clarity, the carbon atoms of theSPh and FPr; ligands are shown T ——i iy
as lines (H atoms omitted). Relevant bond distances (A)-GeS = 2.45- 250 300 350 400
(4)—2.58(4), Ca-u-SPh= 2.47(4)-2.60(4), Cd-SPh= 2.46(5)-2.47(5),
Cd—P = 2.50(8)-2.57(8). Wavelength (nm)

Figure 5. Absorption spectra of [ZneCdssTes(TePh)x(P'Pr)4], 2a,
[ZNn2.6Cd7 4Tes(TePh)o(P'Pr3)4], 3b, and [CdoTes(TePh)AP"Prs)s] mea-

is achieved via bridging interactions of the terminal thiolates Sured at 200 K in ChCly. The data are normalized for comparison.

between cluster units resulting in a lattice netw@rrystal-
lographic data did not afford unambiguous assignment of ¢|,ster molecule$s3” these results correspond to effective
Zn(ll) to any of the metal ion positions in clustéfand a  “pand gap” energies that can be tuned from 4.1 to 3.86 eV.
satisfactory model was attained with cadmium assigned t0 These effects are in concert with the relative band gap
all metal sites. Nonetheless, the presence of zinc(Il) within energies of ZnSe (2.6 eV) and CdSe (1.7 V) semiconductor
the cluster was verified reproducibly by EDX analysis on solids, as well as the trend reported for,Zd; ,Se nano-
single crystals, which revealed a 6.4:1 (Cd:Zn) stoichiometry, particles!? Although the spectra a2ab were obtained on
yielding an average composition of ZiCdi47for the cluster  gingle-crystalline samples of the clusters, the absorption
moleculest* Although weak diffraction data precluded an profiles are somewhat broader than those of the binagy Cd
explicit assignment of zinc(ll) to any of the metal sites on yerivatives (Figure 4). The stoichiometry of the ternary
the basis of atomic thermal parameters or bond distance datag|sters indicates that they requisitely contain a mixture of
derivative evidence for the presence of zinc(ll) at the apical species [i.e. (ZsCd), (Zn:Cdy)], accounting for this effect.
positions of the cluster was provided again®§{*H} NMR  Ajthough a statistical distribution of Zn(ll) [i.e. ZZny
spectroscopy. Th#P{*H} NMR spectrum of this complex i the individual clusters is possible, this is not supported
reveals two shifts at-5.6 and—13.1 ppm and can be py the shapes of the absorption profiles. Clearly, no ab-
assigned to CeP'Pr; and Zn-P'Pr; interactions, respec-  sorption maxima are assignable to the all cadmium cluster
tively. [Cdi0Se(SePh)y(P'Prs)4).16 This is consistent with previous
Optical Properties of the Ternary Il —1I"-VI Clusters. reports, demonstrated via electrospray mass spectrometric
The low-temperature absorption spectra of clusterbare  and NMR analysis, for selective Zn:Cd ratios in mixed-metal
presented in Figure 4, together with that of the analogous M, and M sulfide/thiolate nanoclusteps.
binary [CdoSe(SePh)(P'Pr),].** Within the series, a A similar pattern is observed for the series [ xTes
modest yet discernible shift to higher energy of the absorption (TePh),(P"Pr3)4] (Figure 5) with “excitonic” maxima ranging
onset is observed with increasing Zn content. A correspond-f,om 321 nm (3.86 eV) to 328 nm (3.78 eV). Clustérand
ing blue shift in the absorption maximum of the first 3 are Juminescent only at low temperature, featuring broad
transition occurs with experimental values of 302, 310, and gmission maxima that are significantly shifted to lower
321 nm obtained for cluste@s, 2b, and [CdoSe(SePh)z energy relative to the excitation onset (see Supporting Infor-

(P"Pr3)q], respectively. Consistent with the assignment of this mation). Consistent with the optical properties of related
absorption to the first “excitonic” transition in othéM g}

(56) (a) Laver. T.; Henderson, W.; Bowmaker, G. A.; Seakins, J. M.;
(55) Vossmeyer, T.; Reck, G.; Katsikas, L.; Haupt, E. T. K.; Schulz, B.; Cooney, R. Plnorg. Chem.1997, 36, 3711-3723. (b) Dance, I. G.
Weller, H. Sciencel995 267, 1476-1479. Aust. J. Chem1985 38, 1745-1755.
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CdSe and CdTe clusters, the “trapped” emission is assigned
to forbidden transitions involving the surface phenylchalco-
genolate ligand¥3’ Since the luminescence in these clusters
arises from ligand-based transitions, the presence of Zn(ll)
in the cluster is not expected to affect the photoluminescence.
Indeed, the emission energy of clusteis identical with

that of the binary [CabSe(SePh),(P'Prs)4] cluster.

The observed effects in the optical spectra can be rational-
ized in the following manner: considering the constitution
of the valence and conduction bands in bulk CdSe and CdTe,
the lowest energy band in the absorption spectra of JExel
(EPh)(P"Prs)4] (E = Se, Te) is expected to arise from a 4p 250 300 350 400 450 500 550 600 650 700
(Se)/5p (Té") — 5s (Cd') transition. The introduction s Reom twa;?:"gth (";I“)t v oot
of Zr?t introduces orbitals in the form of 4s (Z1). If we lgure 6.~ Room-temperature ditfuse retiectance Svisivie spectrum o
consider the clusters [Z80ho xE4(EPh)APPr3)4] (2, 3) to E,Z”ﬂiﬁgﬁf,&éﬁ‘f_"“h(""%"‘]' 4 and [CdHgssSa(SePhiAFPr). 5
be molecular species with truly discrete bonding and anti- ) . S
bonding orbitals, the position of the first absorption should ©Pserved with Zn(ll) incorporation in the ZnCdSe system
not change upon the incorporation of Znbecause the (wde supra). These outcomes support the notion that the
energy of the lowest unoccupied molecular orbital (LUMO) op.tlcall propertles. of these ternary compounds are dictated
would not change. Thus, the effects of2Zrincorporation pr|marlly by the identity of the core met.al ions and th.e
would involve merely a decrease in the intensity of the first @SSignment of the lowest energy band in the absorption
transition observed in the all cadmium derivative and the SPectra to a Se—M transition. -
coincident appearance of a higher energy band corresponding S°lid-State Thermolysis of the ClustersThe accessibil-
to a 4p (S&)/5p (Té") — 4s (Zr?+) transition. The observed ity, stability, and ease of handlmg exh|l?|ted by metal
blue shift of the absorption in cluste2a,b supports previous chalcogen clusters have generated interest in the use of these
account® associating the optical properties of CdSe clusters COMPplexes as precursors to larger compouids. The
with those of nanocrystalline compounds. The optical spectradiscrete, “premixed” nature of these cluster molecules,
of the ZnCdE cluster and3 are consistent with this analogy cOmbined with their labile ancillary ligands, may afford
and suggest the mixing of orbitals resulting in a “pseudobangd” altérnate, low-temperature routes into corresponding (and
structure. Thus, [Zi€coEAEPhY(P'Pr)s] (E = Se, Te) possibly new) solid-state materials.

can be viewed as molecular models of ternaryGtio_E Thermogravimetric analysis of complexzsb under inert-
nanoparticles and semiconductor solids. atmosphere conditions showed that the thermolytic pathway

for cluster degradation involves two successive steps (Figure
upon the incorporation of Zn in cluste?aand3 is consistent ~ /)- SPTA Oreveals. one process occurring in the first step
with the prevalence of Zn(ll) in the terminal positions of (180-260°C), while three ‘3'St'n0t peaks can be observed
the tetraadamantane cages where there are ro(S#/ in the latter s_tage (290420 Q). The experimental weight
Te*) bonding interactions. Thus, the position of the lowest '0SS€S associated with the first step for both clustées (
energy transition should be more strongly influenced by the 15.4%;2b, 15.9%) are conS|ste:-nt with the theore’qcal values
zinc ions that occupy the six core sites versus those at the(16-5% and 16.7%, respectively) corresponding to the
cluster periphery. This accounts for the modest differences COmplete removal of the four terminal phosphine ligands.

in the absorption onset for the [ZBcho E«(EPh)YAP'Pr).] _Concurrent transfer of the TGA_purge gas_to a GC_/MS
clusters2 and 3 versus the binary CdE analogues. instrument confirmed®r; as the primary constituent during

The instability of the ternary MHgSe clusters in solution this stagg.. Interestingly, there exists.a modest shift in the
required that their optical properties be examined in the solid P€2k Position Oj the SDTA curve 0 higher temperature for
state. The diffuse reflectance W\isible spectra of clusters ~ ClUSter2b (240°C) versus2a (235°C). The origin of this
4 and5 are displayed in Figure 6. The spectrum of cluster effect can perhaps be_ attrlbut_ed to the relative _strength; of
4 exhibits an absorption shoulder at 370 nm (3.35 eV) that Zn—P.and Ca-P consistent Wlth the apparent higher ratio
is significantly shifted to higher energy relative to that of °f Zn in the terminal phosphine-bound positions of cluster
the binary cluster [HgSe(SePh)(PPh"Pr)] (410 nm, 3.02 2P (vide supra). .
eV)3#aCluster5 exhibits a similar absorption profile butwith '€ Second segment of the cluster decomposition pathway
the excitonic absorption maximum observed at slightly higher corresponds to the loss of theSePh ligands via the
energy (364 nm, 3.40 eV). Although the observation of a

Intensity (a.u.)

The moderate shift to higher energy of the first absorption

(57) (a) Cumberland, S. L.; Hanif, K. L.; Javier, A.; Khitrov, G. A.; Strouse,

higher energy transition in the spectrumofersus that of G. F.; Woessner, S. M.; Yun, C. €hem. Mater2002 14, 1576~

4 contrasts with the relative band gap energies of ZnSe and ~ 158. (b) Osterloh, F. E.; Hewitt, D. Rhem. Commur2003 1700~
CdSe, the effect can easily be rationalized by the higher M (sg) () Eichtiter, A.; Beckmann, D.; Fenske, D.; Herein, H.; Krautscheid,
content in the former. More interesting is that the shifts in H. Isr. J. Chem.2001 41, 31-37. (b) Eichtider, A.; Fenske, D.;

- - Scheer, PEur. J. Inorg. Chem2004 93-97.
the absorption spectra of complexkand5 (relative to that (59) Kowalchuk, C.. Corrigan, J. F.; Huang, €hem. Commur200Q

of the binary HgSe analogue) are substantially greater than ~ 1811-1812.
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a composition [CehSy(SPh);].6* The intermediate was
postulated to occur via the attack of the termirabPh
groups on the tetraalkylammonium cations producing a
(NMe,SPh) side product. The authors suggested that the
intermediate consisted of aggregated, but int§€dq}
cluster units; however, this seems rather unlikely con-
sidering marked red shift in the excitation maximum of the
intermediate species (400 nm) versus that of the CdS cluster
precursor (296300 nm). Indeed, similar thermal treatment
of [Cd1oSe(SePh)(PRs)4] has been shown to result in the
50 150 250 350 450 550 650 formation of [Cd.,Se4(SePhjs(thf)s] following crystalli-
Temperature (°C) zation from THF solutiorf? The complete elimination of

CAandS o the soiid ) | o phosphine ligands during thermolysis was confirmedHty
Figure 7. TGA and SDTA curves for the solid-state thermolysis of clusters 31pf 1
2a(—) and2b (---). The inset shows the single weight loss observed in the and .P{ H} .NMR spectroscopy, an_d Only resonances
TGA curves of the resulting solids obtained after heating the clusters to associated with the phenylselenolate ligands were observed
250°C and holding at that temperature. in the'H NMR spectra. The bright yellowz@,b from 2a,b)

and orange &a,b from 3a,b) products isolated after such

geneoration and elignination of 6 eguiv of Fe Qa& expt treatments are soluble in polar solvents such as THF or DMF.
36.8%, calcd 36.2%2b, expt 35.2%, calcd 36.5%). The 1o oojution absorption spectra of these complexes (see

identity of this product was also copfirmed by GC./MS' The Supporting Information) showed a marked red-shift of the
loss O.f PhSe can be paralleled with the formation of six lowest energy transition relative to those of th¥lig}
Se” ligands via SeC bond homolysis. Powder X-ray precursors, suggesting the formation of larger cluster com-

diffraction analysis of the corresponding black crystal- , .
line solids revealed that these products are phase pure terpounds. Bright yellow single crystals dfa,b have been

nary ZnCo,Se with the hexagonalwrizitd lattice isolated by slow conceqtratlon of solutions |n_THF; _how-
. : S ever, these were not suitable for X-ray analysis. While the

structure. The composition and uniform distribution of metal . . :

; : . . . . identity of these compounds has not been confirmed struc-

ions in these materials were determined using the linear . . .

d - turally, elemental analysis data are consistent with the
ependency of cell constants on the stoichiometry of alloyed valent f i f Zn/Cd derivati f th
compounds (Vegard's lavfy.The calculated lattice param- equwader; toima |<;n OCdse?ary I nt Tehrlva |l\)/es Ot' €

eters correspond to stoichiometries ofoZ#Cdys0Se and expanded tetrahedra]Ccs,S¢ cluster. € absorption

ZNno»:Cch 7:Se, respectively, consistent with those of the maxima in the spectra dfa,b are shifted to hig?ﬁer energy
cluster precursors. versus that reported for [Gsbe 4(SePhjs(PPh),],° consis-

The TGA curves of cluster3a,b show a similar two-step te!’“ W't.h t.h € resu_lts observeq for clusteta, by however,_
I . this shift in Anax is substantially greater than the shift
decomposition pathway as observed for compl&eeb, with LS
: L observed for the latter. This implies a greater concen-
the loss of the four terminal phosphine ligan@s,(expt

13.3%, calcd 13.8%2b, expt 13.0%, calcd 13.9%) pre- :Lano'\r;l of Zn(ll)l|ons mFthtehcore posﬁu;nsﬂ?f r:zlatlvef[. to f
ceding the generation and elimination of TeRBa, expt e{Mio} complexes. Further support for the formation o

35.0%, calcd 36.5%3b, expt 35.8%, calcd 36.7%) (eq 6). larger cluster derivatives is provided by the PXRD patterns

The residual crystalline products were found to be cubic of 7ab, which are similar to that of the binary &8e

ZNo1CchgsTe and ZB.2Ccb 7eTe by powder X-ray diffrac- cluster!® however, with peak positions shifted slightly to
tion. ' ' ' larger angles. Furthermore, dynamic light scattering experi-

ments revealed particle sizes in the 2289 nm range for
. clusters7ab, and this can be compared to the size (3.1 nm)
[2n,Coho-,E(EPh}AFPT)] obtained for [Ce:Sa«(SePh)s(PPh),] from similar experi-
10ZnCd, ,E+4PPr, +6 PhE E=Se,Te (6)  mentst Size analysis experiments on solutions &b
revealed that these particles are substantially larger, sug-
The segmented nature of the thermolysis of clus2exsd gesting that the analogoussple cluster is not obtained in
3 provided an opportunity to further investigate the process these thermodegradation reactions. The PXRD patterns of
of decomposition for these complexes. If the temperature is these compounds can be indexed to the cubic modification.
maintained following the complete removal of phosphine The metal ion ratios [ZenCto.sqd (78), [ZNo.2:Cth74 (7b),
ligands for2a,b (250°C), no further weight loss occurs (see  [Zng1&Cdyg;] (8a), and [Zry2<Cdh.7g (8b) were determined

Figure 7 inset), indicating that the removal of phosphine py EDX analysis and are consistent with those present in
results in the formation of a metastable species with a the precursor clusters.

composition [ZRCdio-«E4(EPN)7]. Farneth et al. reported

similar results for the thermolysis of [(NMg4[Cdi0Ss- (61) Farneth, W. E.; Herron, N.; Wang, Chem. Mater1992 4, 916~

(SPh)¢], with the isolation of an intermediate species with 922.

(62) Eichhder, A. Personal communication.

(63) Eichhder, A.; von Hanisch, C.; Jacobsohn, M.; Banin, Mater. Res.
(60) Vegard, L.Z. Phys.1921 5, 17—26. Symp. Proc2001, 636, D9.53-63.

Mass Loss (%)

Inorganic Chemistry, Vol. 44, No. 15, 2005 5457



DeGroot et al.

Conclusions Acknowledgment. We gratefully acknowledge the Natu-
ral Sciences and Engineering Research Council (NSERC)
f Canada and the Government of Ontario’s PREA pro-
gram for financial support of this research. We thank Prof.
P. D. Harvey (Universitele Sherbrooke) for his assistance

with the PL and PLE measurements. Dr. A. Eicfdro
(Instittt fur Nanotechnologie, Karlsruhe, Germany) is thanked
for providing samples of [CdSe(SePh),(P"Prs)4 and
[CdioTes(TePh)y(P'Prs)4]. The Canada Foundation for In-
novation, NSERC, and The University of Western Ontario
are also acknowledged for equipment funding. M.W.D.
thanks the NSERC for a postgraduate scholarship.

The use of the silylated zinc(ll) and cadmium(ll) chalco-
genolate complexes reported here offers a general route fo
the controlled and efficient introduction of Zn or Cd in
ternary nanocluster and colloidal synthesis. The synthesis
of a series of [N&Mlmxa(EPhlz(mPrg)d (M, M'=7Zn, Cd,

Hg; E = Se, Te) cluster complexes with similar structures
afforded the opportunity to examine the effects of M
incorporation on the photophysical properties of these
molecules. It was observed that the absorption spectra of
these nanoclusters could be modulated by controlling the
metal ion composition and that the distribution of metal ions
within the cluster framework had a marked effect on the  sypporting Information Available: X-ray crystallographic files
stability of the cluster as well as the optical properties. in CIF format for clusters [ZnsCds Se(SePh)(P'Prs)] (2a),
Furthermore, solid-state thermolysis of the ZnCdSe and [Zn,¢Cd;sTey(TePh)y(PPrs)4] (3b), [ZnsHg:Se(SePhy(PPrs),]
ZnCdTe complexes revealed that these clusters are single{4), [Cds Hgs sSe(SePh)(P"Prs)4] (5), and [Zn sCh4 7Sa(SPh)e
source precursors not only to bulk ternary,@d,Se and  (P"Pr)2] (6), crystallographic disorder models, NMR spectra for
Zn,Cd,_,Te materials but also larger intermediate clusters the precursor complexi({N'-tmeda)Cd(SeSiMg] (1), a3*P{*H}

that can be isolated under mild conditions. The metal ion NMR spectrum for complex3b, TGA/SDTA curves for the

ratios present in the cluster precursors are retained in theth€rmolysis of clusterSa,b, powder X-ray diffraction patterns, and
UV —visible spectra and particle size analyses for the residues

thermolysis products. remaining after solid-state thermolysis of clust@rand 3. This
Note added in proof Full details on the thermally  material is available free of charge via the Internet at http:/

induced condensation of CdSe clusters were reported duringoubs.acs.org.

the revision stage of this manuscript. See EidbhdA. Eur.

J. Inorg. Chem2005 7, 1245-1253. 1C0481576

5458 Inorganic Chemistry, Vol. 44, No. 15, 2005



