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Abstract: The reaction of Nd(SePh); with SeO, and Hg in pyridine gives the dodecanuclear cluster
[(py)18Nd1206Ses(Se2)a(SePh)a(Se2Ph).Hg.(SePh)4][(Hg(SePh)s].. In this compound the 12 Nd(lll) ions are
stacked in four sets of Nds, with pairs of tetrahedral oxo ligands separating the Nds planes and Se, SeSe,
SePh, pyridine, and HgSePh groups encapsulating the oxo core. Both the Nd—O bond lengths and the
geometries about the oxo ions are remarkably similar to those found in solid-state Nd,Os. Near-IR emission
experiments indicate that the cluster emission properties are less intense than those of highly emissive
(DME)2Nd(SCsFs)s or (THF)sNdsO.Se,(SePh)is but brighter than the nonemissive solid-state compound
Nd;Os. Intensity variations are interpreted in terms of concentration quenching and phonon relaxation.

Introduction of Ln sources and the various technological barriers associated

Emission of light from lanthanide ions is a fundamentally with sohds_ processing. ) . I .
important process with a continuously expanding range of Lanthanide cluster compounds, with their solubility in organic

applications in contemporary electronic devices, from TV solvents and their relatively high concentration of Ln ions/unit
screens to lasers and optical fibér8.Control of emission volume, , are prornlglng sources of Ianthamde ions in the
intensity is often elusive, with competitive processes such as prepa_ratlon_of emissive comp_osne_ materials. 'I_'hesg clusters can
upconversion, down-conversion, cross-relaxation, photon split- be quite emissive, if ligands with high-energy v_|brat|ona| modes_
ting, or nonradiative (vibronic) quenching often detracting from a;e exclutjed._ For exzmple, ret(:fnt reports Ou_t“ne;}%% syn(;[hess,
ideal performancé.While introduction of Ln into solid-state characterization, and extraordinary properties an

21 i i (oh
oxide materials has long been facile, the incorporation of near- Nd, ghalcqg?]er;g; clusters. F;;St note(;l wasTthe L
IR emissive lanthanide ions into emerging materials (i.e., organic emission wit 6 quantum efficiency from (THEEr10Se-

olymers) remains challengifig® due to the intrinsic properties (SeSejle, and this was followed by the neodymium cluster
polymers) gifg prop (THE)sNAO,Se(SePh)s (Nd8), which showed emission at 1349
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and 1832 nm, the latter wavelength being unprecedented for a
molecular Nd source.

The Nd cluster was important not only because of the startling
emission but also because the synthesis route was potentially
general for the synthesis of increasingly large clusters. Further,
the approach precluded the incorporation of fluorescence
quenching OH ligands. While oxo chemistry of the lanthanides
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has, in the past, revealed a series of structures ranging fromExperimental Section

bimetallic molecules with LrO—Ln connectivitied? 26 to G | Methods All svnth o out under high burit
increasinaly large (Ln X | 4the tenden eneral Methods.All syntheses were carried out under high purity
creasingly large (Ln 8, 9) oxo based clust€rs* the tendency nitrogen (WELCO Praxair), using conventional drybox or Schlenk

.Of the§e m‘?“e.”a's to |nclyde OH ligands has quenched IntereSttechniques. Solvents (Aldrich) were purified with a dual column Solv-
in their emission properties.

; . . o . Tek Solvent Purification System. Nd, Se, Seé@nd Hg were purchased
Outlined here is the first clear examination of how dimen- ¢om strem and used as received. PhSeSePh was purchased from
sionality influences physical properties in lanthanide cluster agrich and recrystallized from hexane. Melting points were taken in
compounds, in terms of both vibronic coupling and concentra- sealed capillaries and are uncorrected. IR spectra were taken on a
tion quenching. The synthesis and characterization of the largestThermo Nicolet Avatar 360 FTIR spectrometer and recorded from 4000
Ln hydroxy-free oxo cluster compound reported to date are to 600 cnt! as a Nujol mull on NaCl plates. Electronic spectra were
described, the fluorescence properties of the compound arerecorded on a Varian DMS 100S spectrometer with the samples in a

examined, and analogies to the properties of both molecular 9-10 mm quartz cell attached to a Teflon stopcock. Elemental analyses
and solid-state materials are clearly defined were performed by Quantitative Technologies, Inc. (Whitehouse Station,

NJ). The compounds are air-sensitive and are unstable with respect to
loss of lattice solvent when isolated from the mother liquor. Calculated
values for the compound without lattice pyridine molecules are included
in parentheses. Unit cell determinations on single crystals were obtained
each time an emission measurement sample was prepared.
Synthesis of [(py)sNd120eSe(Se)s(SePh)(SePh).Hg.(SePh)]-
[(Hg(SePh}]»+2.8(py)(Nd12).Nd (2.0 mmol, 0.29 g), PhSeSePh (3.0
mmol, 0.94 g), and Hg (0.30 mmol, 0.06 g) were added together in
pyridine (40 mL) in a Schlenk flask under nitrogen and stirred until all
the metal dissolved (24 h) to give a dark forest green colored solution.
Elemental Se (2.00 mmol, 0.158 g) and $€®.00 mmol, 0.111 g)
were added, and the color of the reaction mixture changed to greenish
black within 3 h and finally red-brown upon stirring overnight. The
solution was filtered, reduced in volume to ca. 25 mL, and layered
with 10 mL of hexane to give tiny yellow block-shaped crystals (0.44
g, 34%) that do not melt but turn dark red-orange at 286 Anal.
Calcd for GogH1sdHGaN20 €06SesoNdi2 C, 30.5(29.2); H, 2.34(2.22);
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from either promotion to the* orbital in SeSe or from any Se-to-Hg
charge-transfer excitations between 300 and 750 nm, when dissolved
in pyridine. IR: 2923 (m), 2854 (w), 1592 (s), 1569 (m), 1463 (s),
1378 (s), 1258 (w), 1221 (m), 1216 (s), 1144 (m), 1066 (s), 1032 (s),
1005 (m), 735 (w), 700 (w), 620 (w) crm

X-ray Structure Determination. Data for Nd12 were collected on
a Bruker Smart APEX CCD diffractometer with graphite monochro-
matized Mo K radiation ¢ = 0.710 73 A) at 100 K. Crystals were
immersed in Paratone oil and examined at low temperatures. The data
were corrected for Lorenz effects, polarization, and absorption, the latter
by a multiscan (SADABS¥ method. The structure was solved by direct
methods (SHELXS86% All non-hydrogen atoms were refined
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(SHELXL97)* based upoifFrqyss. All hydrogen atom coordinates were
calculated with idealized geometries (SHELXL97). Scattering factors
(fo, ', ') are as described in SHELXL97. Crystallographic data and
final Rindices for Nd12 are given in Table 1. An ORTEP diagtaff

for the Nd12 core is shown in Figure 1. Significant bond geometries
are given in Table 2. Complete crystallographic details are given in
the Supporting Information.

Optical Characterization. Absorption measurements were made
from THF (0.05 mM) solutions prepared by dissolving crystalline
material, using a double beam spectrophotometer (Perkin-Elmer Lambda
9, Wellesley, MA) h a 1 cmcuvette using THF as the reference solvent.
The emission spectra of the powdered samples were recorded by
exciting the sample with a 800 nm band of a Ti sapphire ring laser
(Coherent Inc, Santa Clara, CA) in the°9&citation geometry. The
emission from the sample was focused onto a 0.55 m monochromator
(Jobin Yvon, Triax 550, Edison, NJ) and detected by a thermoelectri-
cally cooled InGaAs detector. The signal was intensified with a lock-
in amplifier (SR 850 DSP, Stanford Research System, Sunnyvale, CA)
and processed with a computer controlled by the Spectramax com-
mercial software (GRAMS 32, Galactic Corp, Salem, New Hampshire).

To measure the decay time, the laser beam was modulated by a chopper
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Table 1. Summary of Crystallographic Details? for Nd12 Table 2. Significant Bond Lengths [A] for Nd12
empirical formula CaooHiasHgaN20 gNd1,05Se30 Nd(1)-0(3) 2.345(9) Nd(1)O(1) 2.369(9)
P —576.92 Nd(1)-O(3) 2.376(9) Nd(13-0(2) 2.425(9)
e aro 176 Nd(1)-Se(6) 3.0795(17)  Nd(HSe(2) 3.1406(16)
an A group 16.8241(12) Nd(1)-Se(4) 3.2092(16)  Nd(B)Se(s) 3.2523(15)
A 1 8745(12) Nd(1)-Se(5) 3.9552(16)  Nd(2rO(1) 2.256(10)
A 20.1160014) Nd(2)-Se(8) 2.9956(17)  Nd(2)Se(6) 3.0032(16)
| Ay Nd(2)-Se(4) 3.0107(17)  Nd@Se(d) 3.0932(18)
o (de9) o Nd(2)-Se(10)  3.1030(17)  Nd(3yO(1) 2.345(9)
A (deg) ogaay Nd(3)-0(2) 2.365(9) Nd(3ySe(5)  2.9779(16)
J ((Ase)g) o8 6((7)) Nd(3)-Se(3) 3.0385(18)  Nd(3)Se(10)  3.0577(17)
y 2959 Nd(3)-Se(7) 3.0658(17)  NA(4)O(@) 2.244(9)
Nd(4)-0(2) 2.449(9) Nd(4) Se(5) 3.0212(16)
?(Ca"’d)t(g/"”?é) 2192 Nd(4)-Se(6)  3.0413(16)  Nd(4)Se(1) 3.0679(17)
f(r%’era ure (°C) ol Nd(4)-Se(7) 3.1224(16)  Nd(#)Se(8) 3.6837(17)
e ot (i) ot Nd(5)-O(3) 2.287(9) Nd(5}O(LY 2.426(9)
D Dot o dess Nd(5)-Se(5) 3.0433(17)  Nd(5)Se@®) 3.0532(18)
2 : Nd(5)-Se(1) 3.1213(16)  Nd(5)Se(10)  3.1270(16)
R(F2° (1 > 20(1)] 0.1746 Nd(5)-Se(2) 3.1817(16)  Nd(5)Se(9) 3.3157(19)
a Additional crystallographic details are given in the Supporting Informa- Hggg;:géa) %32055?3(;()18) l\’l\ldd(%gggg g(l)ggéllg%
tion. ® Definitions: R(F) = |[Fol — [Fell/XIFdl; Ru(F?) = {S[w(Fs* - Nd(6)—Se(7) 3.1743(18)  Nd(6)Se(3) 3.2994(18)
Fe) V=R O(1)-Nd(5) 2.426(9) O(3)-Nd(1) 2.376(9)
Se(1)-Se(2) 2.392(2) Se(3)Se(4) 2.365(2)
Se(5)-Nd(3) 2.9779(16)  Se(5)Nd(4y 3.0212(16)
Se(6)-Nd(4) 3.0413(16)  Se(AC(L) 1.924(15)
Se(8)-Se(9) 2.429(2) Se(8)Se(6) 2.910(2)

Figure 1. ORTEP diagram of the core atoms of the dication in Nd12,
with the C and H atoms removed for clarity. Phenyl substituents are bound
to Se7, Se9, and Sel0.

and the signal was collected on a digital oscilloscope (model 54520A,
500 MHz, Hewlett-Packard, Palo Alto, CA).

Results

In situ prepared Nd(SePhjeduces Se@and Se in pyridine
to form an oxo cluster (Reaction 1) that crystallizes in-30
40% vyield. Low-temperature structural characterization of the
product identified the compound as [(pyNd;20sHg.Se
(SePhg][Hg(SePh)], (Nd12). Figure 1 shows an ORTEP
diagram of the Nd12 dication, and Table 2 gives a list of
significant bond geometries. The structure consists of a0
core, with four sets of three Nd atoms separated by pairs of
tetrahedral oxo ligands, with the surface of the oxo core
encapsulated with Se, SeSe, SePh, and HgSePh groups. It is
distinctly asymmetric cluster compound, with six crystallo-
graphically inequivalent Nd coordination environments that
differ either by coordination number, i.e., CK 8, Nd(1)
through Nd(4); CN= 9, Nd(5) and Nd(6), or by identity of the
donor atoms within the primary coordination spheres. Of the
three unique Nd atoms in the internal portion of the cluster,
namely Nd(1), Nd(5), and Nd(6), two are distinctive in their
high coordination numbers (Nd 5, 6), while the third, Nd(1), is

5928 J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007

the only Nd in the structure that does not coordinate to a neutral
pyridine donor. Nd(1) is also the only Nd to coordinate to more
than two oxo ligands, with direct bonds to O(1), O(2), O(3),
and O(3). The terminal cluster regions are bound to a greater
number of pyridine ligands, presumably because they are
unconstrained by the presence of the two Hg(SgRioieties
that are covalently bound to the Se in the cluster surface.

12Nd(SePh)+ 2 Se+ SeQ + 2 Hg—
[(py);2Nd;,0sHG,Se (SePhil[Hg(SePh)], +
12 PhSeSePh (1)

The absorption spectrum of Nd12 is shown in Figure 2 and

o
Mo

Abs.Coeff (cm™)

600 700 800 900
Wavelength(nm)

ﬁ'igure 2. Absorption spectrum of Nd12 measured in THF with a
concentration of 0.05 mmol.

500 1000

is similar to N&* spectral transitions of typical solid-state
materials with comparable absorption coefficiefts® The
emission spectrum, obtained by exciting the metastable level
4F3/2, is shown in Figure 3. Three well resolved emission bands
are observed at 926, 1082, and 1352 nm corresponding to the
transitions frontFs; to lgi2,*l11/2, and*l 132 levels. In order to
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Figure 3. Emission spectrum of Nd12 (black) and Nd8 (red) obtained by
excitation at theéF5,2 band by the 800 nm emission of a Ti Sapphire laser.
The band positions for Nd12 [926, 1082, and 1352 nm] and Nd8 [926,
1078, and 1349 nm] are for the emission transitions ff&gm to o2, 11/2,
and®l13;;levels, respectively. Solid-state bk does not emit at either 1349
or 1832 nm.

measure the quantum efficiency of they, — *l11/» transition,

the fluorescence decay timep] was extracted from the
measured decay curve shown in the Supporting Information.
The decay curve was fitted with the Monte Carlo mdtied
yield a decay time of 14Ls for the 1082 nm emission. The
fitting takes into account all the cooperative energy transfer

processes between Nd atoms located in the various crystal-PfOCESS€S, I.€.,

and LnSewas observed, and the present cluster can be viewed
as an intermediate along this molecules-to-solids pathway.

The molecular structure of the (pyiINdiHg.Se(SePhy
dication is composed of a NgDs kernel surrounded by Se, $e
and SePh bridging ligands and capped by SePh, py, and Hg-
(SePh) groups. While this Nd12 cluster is by far the most
complicated lanthanide oxo cluster reported to date, there are a
significant number of simpler compounds available for com-
parison. For LgO containing structures in the Cambridge
Structural Databas€,the O atom generally resides in one of
four sites: (A) the center of a lytetrahedrorfé-29.46.5561 g5
is the case in the structure presented here, where the extended
Nd120g core region contains six examples of O atoms very close
to their respective tetrahedron centroid (O.4toentroid< 0.25
A); (B) off-center of the Ln tetrahedrord®3262such that there
is an opening of one edge of the {tetrahedron and one kn
O-Ln angle is near 180(0.5 A < O...Lny-centroid <0.8
A);47.63-64 (C) at the center of a square-planar arrangement of
the Ly (O...Lny—centroid~0 A); and (D) capping a square-
planar Ln, face (0.5 A< O...Lny—centroid < 0.8 A)42

In addition to four coordinate L-AoX0 structures, there exist
an extraordinary range of additional oxo geometries, from the
linear or slightly bent Lr-O—Ln found in numerous bimetallic
molecules’?~26 to trigonal planar, pentagonal bipyramidal, and
octahedral bonding environments. A coordination number of 2
results when the ancillary ligands inhibit ligand redistribution
in the [Cg™],O compounds, where dispro-

lographic sites. The effective experimental decay time, together Portionation to give CpiL.n/[Cp*LnO] is energetically unfavor-

with the calculated radiative decay tifié®of 1160us results
in a calculated quantum efficiency of 12% for Nd12.

Discussion

Chalcogen encapsulation of high nuclearity oxo clusters
appears to be an effective method for inhibiting disproportion-
ation and the deposition of solid-state oxides, as was initially
proposed in the synthesis of the relatively small octanuclear
clusters (THRLNgO,Se(SePhjs (Ln = Ce, Pr, Nd, Smj! The

able because of the ligartlgand repulsions in Cgt.n. Smaller
ancillary ligands do not prevent redistribution, and so oxo
geometries with higher coordination numbers (and the associated
increase in nuclearity) become possible. The present cluster
contains a varied array of weakly bound chalcogen encapsulants
and flexible monodentate pyridine donor ligands that comprise
a particularly pliable set of ancillary ligands. The shallow
potential energy surfaces that define-t8e and La-N(py)
interactions are clearly secondary in importance to the optimiza-
tion of Ln—O bonding interactions, and the result is a diverse

Nd12 product reported here has a considerably larger perCent""‘g%ncillary ligand system that facilitates adoption of the tetrahedral

of oxo ligands, with a structurally diverse set of selenium based

oxo geometry. The absence of any octahedral oxo ligand

anions surrounding the oxo core. These clusters appear 10 b&ironment can also be understood by noting that in the solid-

stable with respect to ligand redistribution reactions and the
precipitation of NdOs. It should be noted that, in the thermolysis
of (THF)gNdsO,Sex(SePhjs, disproportionation to give LnO

(65) Bruker-ASX. SADABS, Bruker Nonius area detector scaling and absorption
correction, v2.05, Bruker-AXS Inc., Madison, Wisconsin, 2003.
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Structures, University of Gongen, Germany, 1986.
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Polyhedron200Q 19, 2203.
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state oxide there is no alternative for increasing Ln coordination
numbers, whereas in the present compound there is an abun-
dance of ancillary anions with well delocalized charges available
to saturate the assortment of Nd coordination environments.
The extended N@j core region of the Ng dication affords,
for the first time, the comparison of the internal, 0y core of
a predominantly organic molecule with the inorganic structure
of its pyrolytic product, LaOs. Figure 4 illustrates the similari-
ties of the two cores, with the organic fragments of the cluster
removed for clarity. In the solid-state structure of J9g,7®
although all of the Nd atoms are seven-coordinate with a single
characteristic environment, the O atoms have two types of
environments, namely, tetrahedral two-thirds of the time and
octahedral one-third of the time (giving the Ny ratio 2:2:1
for overall stoichiometry NgD3). In the Nd cation, all of the

(77) Allen, F. H.; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday, A.;
Higgs, H.; Hummelink, T.; Hummelink-Peters, B. G.; Kennard, O.;
Motherwell, W. D. S.; Rodgers, J. R.; Watson, D. &cta Crystallogr
1979 B35 2331.

(78) Boucherle, J. X.; Schweizer, Acta Crystallogr.1975 B31, 2745.
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Figure 4. Representation of the NgDg core and a fragment of the NOs
lattice, with purple Nd and red O.

O atoms are tetrahedral, bonded to Nd only, and form only a
single Q layer, rather than the extended, @f the NdO3
coordination compound. The Nd bond lengths in NgDs are
three at 2.30 A (@, one at 2.40 A (Q, and three at 2.66 A
(Oy). The shorter (tetrahedral) of these compare well to those
in the Nd12 dication, which range from 2.24 to 2.45 A, where
the bond-elongating NelO bond strain for the octahedral
situation in NdOg3 is absent. The average N® bond length

for the tetrahedral oxygen in Nd12 and Jg are 2.34 and 2.33

A, respectively.

The Nd12 structure is not general for other Ln, with identical
experiments using Pr or Sm yielding no crystalline products.
Whether this specificity is or is not going to be noted frequently
in the synthesis of larger Ln clusters remains to be seen. A
general isolability was noted for octanuclear (solvghriyEe-
(EPh), (E =S, Se) cluster8-82 spanning most of the Ln series
La—Er, but only three Ln gave the decanuclear clusters
(THF)LN10Ss(SeSedls products (Ln= Ho, Er, Tm)& It is
reasonable to assume that multiplying the effect of single Ln
ionic radii changes by in ann atom cluster is going to impact
upon the ability of surface ligands to effectively saturate the
cluster perimeter. With Ln coordination geometries defined by
such shallow energy potentials, changes in the Ln ionic radius
could easily lead to distortions in the cluster surface, particularly
when, as in this case, there is a variety of ancillary ligands
available.

The present cluster has hybrid electronic properties that blend
the characteristics of molecular and solid-state compounds, with

(79) Freedman, D.; Emge, T. J.; Brennan, JJGAm. Chem. S0d.997 119
11112.

(80) Melman, J. H.; Emge, T. J.; Brennan, J.@em. Commuril997, 2269.

(81) Melman, J. H.; Emge, T. J.; Brennan, J.IGorg. Chem1999 38, 2117.

(82) Freedman, D.; Emge, T. J.; Brennan, Jlirg. Chem.1999 38, 4400.

(83) Huebner, L.; Kornienko, A.; Emge, T. J.; Brennan, J.IG&rg. Chem
2005 44, 5118.
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a quantum efficiency of 12% and measurable emission at 1.34
um. Earlier we reported efficiencies of the order of 16% for
(DME),Nd(SGsFs)3 and (THF}NdsO2Se(SePhjs that were, and

still are, the highest reported efficiencies for emission from
molecular Nd compound®.For comparison, Hasegawa et al.
have obtained a decay time of 48 and a quantum efficiency

of 3.2% in Nd (bis-perfluorooctanesulfonylimidgy and in all
other report® % the quantum efficiencies obtained are in the
range 0.00%1.0%. The present example, while not as luminous
on a per Nd basis, is capable of delivering higher concentrations
of Nd into organic matrices.

The low-energy emissions are particularly important proper-
ties of these compounds, with the two lowest energy transition
emissions falling within the range that would be useful in the
telecommunications industry. Significantly, Nd12 emits 1352
nm radiation, as was noted in the emission spectra of the Nd
thiolate and Nd8 cluster mentioned above. This 1352 nm
emission is absent in measurements recorded on solid-state
Nd>Os. In contrast, Nd12 is similar to N@s in that it does not
emit at 1832 nm. This particularly low-energy emission was
observed in the spectra of (DMIEA(SGFs); and (THF}-
NdsO,Se(SePhys.

The disappearance of the 1832 nm emission band in Nd12
can be explained in terms of vibronic behavior within the
structure of the Nd12 complex. The Nd12 compound has a core
consisting of continuous N@- layers, with the tetrahedral oxo
ligand essentially identical to those found in 4.7 This
Nd,Os-like core structure facilitates a higher multiphonon
relaxation rate, as is typically seen in high phonon energy hosts.
As seen from Figure 5, this multiphonon relaxation drastically
quenches the emission of thes;, — 41152 transition. In NdO3
the oxygen atom is tetragonally coordinated witl*Ndand this
leads to a high phonon energy environment with a frequency
on the order of 1200 cnt that is sufficient to quench most of
the emissions, especially the 1832 nm band.

The quantum efficiency of the present Nd12, being greater
than solid-state N@D3 but less than Nd(S4Fs)s or the Nd8
cluster, can be understood in terms of the coordination environ-
ments of the Nd atoms in the cluster. From the molecular
structure, it is clear that the Nd ions are mostly bound to Se
based anions; of the 100 bonds to Nd in the structure, only 24
are bonds to oxo ligands, 9 are to pyridine nitrogen, and the
remaining 58 bonds involve some form of interaction with the
Se electron density. As reported in our earlier Nd complexes
this heavy anion coordination provides a low phonon energy
environment for the molecular cluster, and that results in intense
infrared emission. With a low vibrational frequency of the host,
multiphonon relaxation losses diminish, and more intense
infrared emission can be expected. A comparison of the
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La solids’® In the series Nd(SgFs)s, Nd8, and Nd12, there are
—m— Oxide increasing numbers of LALn interactions that can lead to a
1.8um —e— Selenide decrease in emission intensity. More significantly, the-Lm
separations decrease as the bridging chalcogen anions are
m“m replaced by smaller oxo ligands. Our detailed energy transfer
calculation& show that in Nd12 the energy transfer is through
a combination of supermigration and dipel@ipole interactions.
Within the Nd12 complex each Nd ion has at least one first
neighbor at a separation of less than 0.39 nm. The average
number of first neighbors in the inner core is 2.6 Nd for
\ separation distances smaller than 0.39 nm. As such, all Nd ions
- can have fast energy transfers to nearest neighbors, driven by
\ X | . ) , . T , single dipole-dipole interactions. As a consequence, at short
6.0 8.0 10.0 12.0 times energy transfer to first neighbors is always present, and
Energy Gap(10°cm™) all the unexcited Nd ions will act as trap centers to quench the
) . . . luminescence of theéFsz, state by a dipoledipole driven
Figure 5. Comparison of the effect of multiphonon relaxation on the . . . .
observed fluorescence bands ofNih selenide and oxide hosts. The almost ~ Migration energy transfer process. Results of the simulations
straight-line behavior shows that multiphonon relaxation is almost inde- Yyield a critical separation of 0.64 nm in Nd12. In Nd12 the
pendent of the_z emission process in Nd d_op(_ed selenides. In oxides the _eﬁECtShOI'test separation between Nd ions is 0.37 nm, whereas the
\';itmrr]i Zrnoer?ér;eg;g?r the 1832 nm emission and goes off exponentially !ongest.is 1.03 nm. $ince the shortest.s.eparation petween two
interacting Nd&" ions is less than the critical separation, Nd12
has efficient quenching of the excited Nd ions by energy transfer
influence of the multiphonon relaxation in a chalcogenide and to the first neighboring Nd ions. Also, since the average number
an oxide host on the four emission bands ir*Ni shown in of first neighbors for each excited Nd in Nd12 is higher (2.6
Figure 5. This figure shows that in a low phonon energy host neighbor/Nd ion) than that in either Nd8 (1.5 Neighbor/Nd ion)
like Nd12 the infrared emission is independent of the mul- or the molecular thiolate, the migration process is more dominant
tiphonon relaxation, whereas in a high phonon energy host like in Nd12.
Nd,Os vibrational relaxation is the major parameter controlling Conclusions

the infrared emission characteristics. The relative decrease in . .
quantum efficiency of Nd12 compared with the previously Increasingly large oxo cluster compounds of the lanthanides

reported Nd8 is also consistent with the increasing number of can be prepared and stabilized with electropositive chalcogen
encapsulants. With cluster dimensions greater than 1 nm, these

materials exhibit hybrid molecular/solid-state properties, includ-

In addition to lattice phonons, vibrations in-@i functional ing structural characteristics that resemble solid-state lanthanide
groups are potential quenchers offN@mission. ThéFsz—*I1s, oxides and emission properties that blend the characteristics of
energy gap matches with the vibration modes of CH (2950 molecular and solid-state sources. Both vibronic coupling and
cmY) and hence can contribute to the efficient nonradiative concentration quenching have a significant influence upon
deactivation of théFs, level. The quenching due to overtones emission intensity.

of the CH bands originating with the pyridine and Ph(Se) ligands Acknowledgment. This work was supported by the National
encapsulating the cluster core is prominent for'ffig, — “l1s:2 Science Foundation under Grant No. CHE-0303075, and the
“l11/2 andlg;2 emission bands. Both py and SePh are weakly pgyx giffractometer was obtained under CHE-0091872. Sup-
bound to Nd, relative to the oxo and selenido dianions, and the hort  from  Sunstones, Inc. is gratefully acknowledged
Ph groups are distanced significantly from Nd by relatively long by R.R.
Nd—Se bond lengths. Nevertheless, it seems reasonable to
assume that the multitude of-@ bonds have also detracted _ ™

files in CIF format for the crystal structure of Nd12. Fluores-

from optimal quantum efficiency. Elimination of SePh ligands e . o -

. . - cence decay curve and exponential fit. This material is available
will presumably improve quantum efficiency. . ]

_ _ _ o _ free of charge via the Internet at http://pubs.acs.org.

One final factor influencing quantum efficiency is concentra-
tion quenching or Lr-Ln relaxation. Generally, in solid-state
materials QE can be optimized by controlling the proximity of 91y pi Bartolo, B. InEnergy Transfer Processes in Condensed MatBr

i icai i i Bartolo, B., Ed.; Plenum Press: New York, 1984; p 103.
nearest. nelghbgr LPL Em|s§|ve Ln .materlals.us.ually contain (92) Kumar, G. A.: Riman, R, E.- Diaz Torres, L. A.: Banerjes, S.: Emge, T. J.
the desired Ln ion doped into an inert matrix, i.e., Nd doped Brennan, J. G. In preparation.
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high phonon energy NeO ligands in the former.
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