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The optical properties of the nanoscale neodymium ceramic cluster §NEHE),Se(SePh)js (Nd8)
and molecular (DMENd(SGFs); (Nd1) were studied by optical absorption, photoluminescence, and
time-resolved spectroscopy. Both complexes exhibited emission characteristic of solid-state materials
with bands centered at 927, 1078, 1360, and 1843 nm for Nd8 and 897, 1071, 1347, and 1824 nm for
Nd1. The observed red-shift in the absorption and emission bands of Nd8 is attributed to the increased
covalency and nephelauxetic effect. Using the calculated radiative decay time, the quantum efficiency of
the *Fz, — 41112 transition is calculated to be 16% in Nd8 and 9% in Nd1 with corresponding stimulated
emission cross sections of 3.64102° cn? in Nd8 and 1.61x 1020 cn? in Nd1 that are comparable
to those of solid-state inorganic systems. This efficiency is the highest reported value for “molecular”
neodymium compounds. This finding, along with the noveln8emission, is attributed to the absence
of direct Nd#* coordination with fluorescence quenching vibrational groups such as hydrocarbon or
hydroxide groups. The direct coordination of S, Se, and F accounts for the improved fluorescence spectral
properties, because these heavy anions facilitate a low phonon energy host environment for neodymium.
Monte Carlo simulation permitted analysis of energy transfer processes to show the primary source of
fluorescence gquenching. Cross relaxation is responsible for the quenching*g§he *l1s, emission
whereas excitation migration quenches thg, — *lg> emission. These processes are mediated by a
dipole—dipole interaction for Nd8 and a quadrupelguadrupole interaction for Nd1.

Introduction materials has long been facile, the incorporation of near-IR
. ) ) ) . emissive lanthanide ions into unconventional materials (i.e.,
Emission of light from lanthanide (Ln) ions is a funda-  organic polymers) remains challenging because of the
mentally important process with a continuously expanding jntrinsic properties of Ln sources.
range of applications in contemporary electronic devices, Of the technologically important near-IR emission sources
from TV screens to lasers and optical fibérs.Control of N, Tm?*, and E#* ions are the most important. The '
emission intensity is often elusive, with competitive processes emis’sion o,f erbium at 1.54m is used extensively in

such as upconversion, photon splitting, or nonradiative telecommunications because glass fibers are transparent to

(vibrogeic) quenching often detracting from ideal perfor- s \yavelengtt. Recently, the intense emission properties
mance? While the introduction of Ln into solid-state oxide ¢ 1o erbium cluster, (THRERS«(SeSells (THF =

tetrahydrofuran), were describ&dand the utility of this
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(SGFs)s (DME = 1,2-dimethoxyethane) have also been
reported® Subsequently, studies on heterometallic chalco-

Kumar et al.

Table 1. Summary of Crystallographic Details for

genide clusters containing Erand Cd or Hg revealed that
chalcogen-bound lanthanide ions generally appear to be
highly emissive sources of near-IR radiatidn.

Both T and N&* are alluring additions to optical fiber
manufacture because they can effectively broaden the avail-
able bandwidth that can be amplified optically. Nds the
more complicated emission source of the three, with a
cascade of emission enerdiés!3that is either rarely (1.34
um) or never (1.81um) observed from molecular Nd
sources. Of these transitions, 1.84n is relevant to the
telecommunications window. Chemical modifications in-
tended to enhance Rtdemission, that is, tethering Ridto
fluorescini* porphyrinl® or terphenyl® sensitizers, remain
a challenging synthetic goal. In this paper, we present a

(DME) 2Nd(SCeFs)3
empirical formula GeH20F15NdOsSs
fw 921.84
space group PT
crystal system triclinic
a(nm) 0.85954(5)
b (nm) 1.27731(7)
¢ (nm) 1.52844(9)
o (deg) 71.244(1)
p (deg) 84.394
y (deg) 88.361(1)
V (nmd) 1.5814(2)
z 2
Deaica (g/cm3) 1.936
temperature (K) 100(2)
A (nm) 0.071073
abs coeff (mm?) 1.962
R(F)2[I > 2a(1)] 0.0
Ru(FA2[1 > 20(1)] 0.0

a Definitions: R(F) = 3 ||Fo| — |Fcll/Z|Fol; Ru(F?) = { Y [W(Fo* — F?)?/

detailed analysis of the emission properties of two recently y[w(F,2?} 2 Additional crystallographic details are given in Supporting

described; highly emissive chalcogen bound &Ndcom-
pounds, (THRINd;O.Se(SePh)s (Nd8) and (DME)Nd-
(SGsFs)s (Nd1).

Experimental Section

Synthesis. Both Nd8 and Nd1 were prepared according to
procedures reported in the literat$ré17

X-ray Structure Determination of Nd1. Data for Nd1 were
collected on a Bruker Smart APEX CCD diffractometer with
graphite monochromatized ModKradiation ¢ = 0.710 73 A) at

Information.

and Discussion). The crystallographic details for (DME)(SGFs)3
are summarized in Table 1. Complete crystallographic details are
given in Supporting Information.

Spectroscopy Absorption measurements were carried out with
crystalline powder dissolved in THF using a double beam spec-
trophotometer (Perkin-Elmer Lambda 9, Wellesley, MARi 1 cm
cuvette using THF as the reference solvent. The emission spectra
of the powdered samples were recorded by exciting the samples

100 K. Crystals were immersed in Paratone oil and examined at With an 800 nm band of a titaniufrsapphire laser (Coherent, Inc.,
low temperatures. The data were corrected for Lorentz effects, Santa Clara, CA) in the 9gexcitation geometry. The emission from

polarization, and absorption, the latter by a multiscan (SADABS)
method. The structure was solved by direct methods (SHELXS86).
All non-hydrogen atoms were refined (SHELXL97pased upon

the sample was focused onto a 0.55 m monochromator (Jobin Yvon,
Triax 550, Edison, NJ) and detected by a thermoelectrically cooled
InGaAs detector. The signal was intensified with a lock-in amplifier

Fop. All hydrogen atom coordinates were calculated with idealized (SR 850 DSP, Stanford Research System, Sunnyvale, CA) and

geometries (SHELXL97). Scattering factor, (f', f') are as
described in SHELXL97. Crystallographic data and fiRahdices
are given in Table 1. ORTEP molecular structural diagfarfes

processed with a computer controlled by the Spectramax com-
mercial software (GRAMS 32, Galactic Corp., Salem, NH). To
measure the decay time, the laser beam was modulated by a

Nd8 and Nd1 are discussed later in the manuscript (see Resultschopper, and the signal was collected on a digital oscilloscope
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J.; Brennan, J. GJ. Am. Chem. So@005 127, 14008.

(12) Kaminski, A. A. Laser CrystalsTheir Physics and Properties
Springer: Berlin, 1989.

(13) Kaminski, A. A.Crystalline Lasers-Physical Processes and Operating
SchempCRC Press: New York, 1996.
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(model 54520A, 500 MHz, Hewlett-Packard, Palo Alto, CA).

Data Analysis. The radiative lifetime %4 of the infrared
emitting state is related to the total spontaneous emission transition
probability, Y A, of all the transitions from an excited staté4,
for Nd3+) by Trad = [ZJ=9/2,11/2,13/2,15/2A]71! whereA is calculated
using Jude-Ofelt theory?22 as

647" |'n(n2 +2)°

Al—j) =
3h(2J + 1)e2/13|. 9

t:;’agtﬁla,glu‘l 8
1)

wheren is the refractive indexe is the electron charge is the

light velocity, h is Planck’s constanf?; are the JudetOfelt intensity
parameters, anitJil are doubly reduced matrix element operators
corresponding td — j transitions (FronfFs, to 4l; wherej = 9/2,

11/2, 13/2, 15/2). Matrix elements were evaluated using the standard
procedur& and are summarized in Table 2 for the observed
transitions. The three Juddfelt parameters were obtained by a
least-squares fitting between the experimentally measured oscillator

(22) Judd, B. RPhys. Re. B 1962 127, 750.
(23) Ofelt, G. S.J. Chem. Phys1962 37, 511.
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Table 2. Calculated Matrix Elements for the Observed Transitions were then calculated to obtain the elements of the characteristic
from 4lg;» Ground State to Various Excited States energy transfer matrix
transition from* 152 U2 U412 [1U82 ]

Gopp 0.0046 0.0608 0.0406 Wop - WO WRT -+ RN,

4Gs/2 0.8979 0.4093 0.0359

4Fg/2 0.0009 0.0092 0.0417

4S5/ 0.0010 0.0422 0.4245

s 0.0010 0.2371 0.3970 WoNo oo W, WDND . WPNo

Fap 0.0000 0.2293 0.0549 wel ™ P YWa1 ANy ©)

1 1 1
strength fexp)?* and the calculated oscillator strengfhJ??23using Wor - WSND War o MNA
the following equations.
2mc N N, N
foo ™ v ) @ 2) WEIA e WERE WAM we Wan,
|
8Pma (i + 22 where the diagonal elements are defined by
fg=—— Z QIISL)JIVIES,LYITF  (3)
27hn(2 + 1) e 1 M No
j— m

. ) . . - WDi————i—ZWS{—f— Z WBi )
whereoy is the fine structure constant,is the absorption coefficient Tpo ] M=
of the bandh is Planck’s constant) is the refractive index of the Np _ Na
material,/ is the wavelength of the band) 2~ 1 is the ground W, = —[—+ Z Wy + Z W'l (7)
state degeneracy, amdlis the concentration of Nid ions. T m=Tm]

The quality of the fit is determined by the root-mean-square _
(RMS) deviation between the experimental and the theoretical and the interaction transfer ratéé] between theth donor (D)
values of the oscillator strengths obtained from the following andjth acceptor (A) ion, separated by a distaR¢és defined by?27

expression
i1 2R, R 1 [ [Ros\® Ros|® Ro10\*°
. ( Af)2 " \NSJI = T_Do eX[{L—O(l - Eo)] + 77_Do (E) + (E) + (?) +
®

(N—m)

where Af is the difference between the experimental and the
calculated oscillator strengthi,is the number of transitions, and  where Rys (S = 6, 8, 10) is known as the critical radius of

mis the number of fitting parameters. interaction, and th&values of 6, 8, or 10 correspond to the dipele
The stimulated emission cross section of the emission band isdipole, dipole-quadrupole, and quadrupetguadrupole interac-
obtained with the help of the Fuchtbaudradenburg equatiéh tions, respectivelyryp is the decay time of the donor emission in
4 the absence of energy transfer as predicted by+@ theory op
- AArap ®) = trap)- The free parameters for the exchange interactiorRare
em 87CMPAA oy andL,, the critical transfer distance and the effective Bohr’s radius,
respectively.

whereAles is the effective line width of the emission band obtained The microscopic individual emissions at a titfer donors and
by integrating over the entire emission band and dividing it by the acceptors in théth crystal sample are calculated by using
peak fluorescence intensity.

Monte Carlo Simulations. The theory of the Monte Carlo (MC) No  NotNa
model for nonradiative energy transfer for random/nonrandom PD,(t) = [Z Z U exp[tT:]]UmP'gg]] +
placement of dopants in solids is reported elsewRetdere, a

random placement of dopants, Ndons, was assumed. From X-ray Na N°+NA
i : i [ Uiy expTiIUI)PRI (9)
crystallographic data, the site locations of 3Ndn both clusters PT Y n)PA
are known. By placing dopants at the actual lattice sites, the MC =
model calculates the energy transfer rate on the basis of the actual No  Np+Na

distances. Our analysis of the fluorescence quenching of tfie Nd =N 0= [Z Z U explT< UKD PO] +
ions is based on such a model because in addition to the direct o

transfer from donors to acceptors we consider a mixture of Na  No+Na
processes, such as migration among donors or acceptors, back [Z Z U exp[tT:fl]U:f:) Pk (10)
transfer from acceptors to donors, and upconversion processes. The =

procedure used in this model to analyze luminescence transients

was as follows. A number of donor (D) and acceptor (A) ions were where Ukr and UkJ correspond to theif] elements of the
randomly placed at the corresponding lattice sites within a numeri- similarity matrix U* and its mversemk) 1, respectively, which
cally generated crystal sample. The transfer rates for all dopantsdiagonalizewk = (UX)~1T<UK, TheTH are the diagonal elements of
the diagonal matrix*. Finally, after generating a large number of
(24) Carnall, W. T.; Hessler, J. P.; Wagner,J.Phys. Chem197§ 82, crystal samples, the normalized macroscopic emissions are calcu-

2152. lated according to equatiotts
(25) Diaz Torres, L. A.; Barbosa-Garcia, O.; Meneses-Nava, M. A.; Struck,
C. W.; Di Bartolo, B. InAdvances in Energy Transfer ProcessEs

Bartolo, B., Chen, X., Eds.; World Scientific Publishing Co.: Hack- (26) Forster, TAnn. Phys1948 2, 55.
ensack, NJ, 2000. (27) Dexter, D. L. JChem. Phys1953 21, 836.
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(a) D4A

overk \

(12) 05A Nd1A

Na
k,0 k,0
PS + Z Py
= overk

wherePg? andPf; are the initial excitation probabilities of thith
donor andth acceptor within th&th sample at = 0. All of these
steps were implemented on a personal computer using a homemad
toolbox developed with MATLAB software (Natick, MA).

Results and Discussion (b)

ORTEP diagrams of the molecular structures of Nd8 and
Nd1 are shown in Figure 1a,b, respectively.

Each Nd8 cluster contains four pairs of Nd ions that are ?
unigue on a crystallographic basis. The Nd pairs can be __/
divided into three chemically distinctive sets of Ln coordina- O / l
tion environments. Two pairs of Nd are unique, with the

first being a pair of eight-coordinate central Nd(2) (THF, L' /-..(r
0?7, 2Sé", 4uSePh), and the second being an external seven- _
coordinate Nd(1) that does not interact with the oxo ligands l

(THF, Sé-, SePh, 4SePh). The remaining two pairs of Nd- - ) ) )

(3) and Na4) ions are in chemically similar coordination 597 %, OFTEP dagrans for () (EMOSe(SePtle wit e €
environments (THF, &, S&-, 4uSePh) that differ only in = and (b) (DME}Nd(SGFs)s, also with the H atoms and C/H labels removed
the spatial distribution of the ligands, rather than ligand for clarity.

identities. Each N# coordinates a neutral THF donor. This
molecule crystallizes in the monoclinic space gr&rg{1)/

c. The shortest and longest separations between twd Nd
atoms within an individual cluster are calculated to be 0.3786
and 0.9822 nm, respectively. The Ndonic concentration

in the unit cell is 19.18x 10% ions/cn¥, which is a high
value relative to rare earth doped materiald ¢*8—10° ions/

cn® range).

In contrast to Nd8, Nd1 has one &don in the molecule.
This neodymium is surrounded by three¢B£ligands and
four oxygen donors from two DME molecules. Also, there
is a weak dative interaction between the fluorine atom F(15)
of one of the coordinating-SC6F5 groups and the Rid
ion. This molecule is triclinic with a space group®f and
a unit cell ionic concentration of 12.65 10 ions/cn?.

The room temperature absorption spectra for Nd8 and Nd1
are shown in Figure 2. In the 46@000 nm region, seven f

It is tempting to believe that these multiple bands may be
attributed to the crystal field splitting of th#=s, emitting
level. The magnitude of the crystal field splitting depends
on the second-order terms of the crystal field param&gys
and B,,. These parameters are due to asymmetric arrange-
ments of the nearest neighbor ligands and the bond distances
between Né" ions and their nearest neighbor ligands.
However, because we were unable to observe such splitting
with Nd1, it is possible that crystal field splitting cannot be
observed at room temperature for these compounds in
general. In addition, assuming we could observe crystal field
splitting, the splitting energy would correspond to 18 nm,
which is more than twice that observed for amorphous
materials ¢8 nm)?® It is unlikely to observe splitting
energies that are much higher than those of amorphous
. o materials, because these materials possess highly asymmetric
—f absozptlon bands of Nd are observed that originate ), 4ing environments for Nd. Thus, a more likely source
from the *lo, ground state to various excited states. All ¢, yhase ghserved multiple absorptions rests with the three
absorption bands are identified using the standard notauonsunique pairs of N&" ions in the Nd8 cluster. Each of these

as shown in Figure 2. The strongest absorption band iSthree pairs contributes a unique crystal field environment
observed at 582 nm. This band corresponds to the hyper-and corresponding absorbance that when superimposed

i, o T g ; " . '
sensitive tran5|t|qr4|||9,2 h Gsia, \,’I‘I’h'Ch IS typmsl f;)rhgll Nd . provide the observed multi-band structure. The use of low-
containing materials. The oscillator strength of this transition temperature spectroscopy will shed more light on this

is higher in Nd8 than Nd1. Deconvolution of the absorption 155,56 cryogenic temperatures can reveal the multi-band
band at 877 nm shows multiple bands corresponding to the

4F3» emitting level for Nd8. Such multiple bands were not (28) Iwamura, M.; Hasegawa, Y.; Wada, Y.; Murakoshi, K.: Nakshaima,
observed for Nd1. N.; Yamanaka, T.; Yanagida, S. Lumin 1998 79, 29.
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Figure 2. (a) Absorption spectrum for (THE)dsO,Se(SePhjs in THF

at 0.0058 m concentration with the spectroscopic notations for the
observed band transitions. The inset shows the deconvolution of the
absorption band at 871 nm with the spectral components. (b) Absorption
spectrum (DME)Nd(SGFs)s in DME at 0.0058 m concentration with
the spectroscopic notations for the observed band transitions.
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Table 3. Experimentally Observed Band Positions, Their Integrated
Absorbance, and Experimental and Calculated Oscillator Strengths
for (2) Nd8 and (b) Nd1 Compound$

wavelength  fo(1) dA

transition (nm) (1077 fexp (1076) fea? (1076)
(a) Nd8 Compound
2Pyp 440
“Goy2 523 4.63 0.454t 0.027 0.213+ 0.012
4Gs2 583 18.7 1.99+0.12 1.67+0.10
“For 677 1.45 0.085: 0.005 0.075+ 0.004
*Sa12 744 6.55 0.318:0.019 0.427-0.025
*Fs/2 801 7.00 0.292£ 0.017 0.409: 0.024
4Fsp 876 6.55 0.228: 0.013  0.146+ 0.008
(b) Nd1 Compound

2Pyjp 440
*Gorz 518 7.44 0.4410.026 0.672+ 0.043
4Gs/2 579 325 1.55+ 0.09 1.55+ 0.09
“For 677 3.38 0.119: 0.007 0.193+ 0.011
1S3 740 10.1 0.297% 0.017 0.423+0.025
*Fs/p 797 11.3 0.284£ 0.017 0.30H 0.018
“Fa 871 7.73 0.162: 0.009 0.20& 0.012

a(a)Q,=28.04+0.12x 1072 cn?, Q4 = 1.54 0.02x 1072 cn?, and
Qs =12+ 0.01 x 102 cnm®. RMS = 0.256x 1076 (b) Q> = 1.1+
0.01x 1072 cm?, Q4 = 1.2+ 0.01 x 1072 cn¥, andQs = 1.0+ 0.015
x 10729 £ cn?. RMS = 0.159 x 1078

absorption indicative of crystal field splitting for both Nd1
and Nd8.
All of the observed absorption bands are numerically

integrated to obtain the experimental oscillator strengths, and
the values obtained are summarized in Table 3(a, b) along
with the observed band positions and their spectral assign-

ments. These values are less than that of"Nid many
reported organic materi&fe®because of the low integrated

(29) Sun, L. N.; Zhang, H. J.; Meng, Q. G.; Liu, F. Y.; Fu, L. H.; Peng, C.

Y.; Yu, J. B; Wang, S. BJ. Phys. ChemB 2005 109, 6174.
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absorbance values of these complexes. The measured oscil-
lator strengths f{.,) are fitted with calculated oscillator
strength f{ca) values to obtain the three phenomenological
intensity parameters. For Nd8, these &g= 8.00+ 0.12

x 10720 cn?, Q4 = 1.50+ 0.02 x 10720 cn?, and Qg =
1.20+ 0.01 x 102 cn?. For Nd1, the corresponding values
areQ, = 1.10+ 0.01 x 102 cn?, Q, = 1.204+ 0.01 x
102° cn?, Qs = 1.004 0.015 x 10720 cr?, respectively.
RMS values were found to be of the order of 1-5956 x

10 "cm?, which showed that the Juedfelt model was
suitable in predicting the radiative spectral properties with
these three fitting parameters.

The errors in the JuddOfelt fitting analysis depends on
three factors, which include (1) the number of transitions
involved in the fitting procedure, (2) the accuracy with which
the oscillator strengths are evaluated, and (3) the exclusion
of the hypersensitive bands. Because the experimental
oscillator strength of the hypersensitive bahg — *Gs), is
comparatively higher than that of the other absorption bands,
the involvement of this band results in larger error in the
fitting procedure and is normally excluded, as it was in this
study. The other source of error is associated with the
mathematical approximations used in the derivation of the
line strength. However, it is widely accepted that this theory
can be applied very effectively to compute the radiative
spectral properties of a rare earth ion in any matrix with an
error of 15-20%32° This is in contrast with the systematic
error found in the actual spectroscopic measurement, which
is typically less than 2%.

The calculated JuddOfelt intensity parameters are used
to evaluate the transition probability and radiative decay time
for the infrared band of interest. Changes in the JuOelt
parameters arise from the difference in the ligand field and
bonding properties around the Ndon. TheQ, parameter
is particularly sensitive to the ligand field and is more related
to the covalency of the Nid-first coordination shell interac-
tion.3! The Judd-Ofelt intensity parameter®; depend both
on the chemical environment and on the rare earth ion, and
theoretically they are given By

@+ DY IAERSY
t (2S+ 1)

(12)

whereAgp are the crystal field parameters of rank S and are
related to the structure around the rare earth idgg.is
related to the coordination geometry and to the nature of
the chemical environment around the ¥Ndion and is
generally expressed &s

4

Aor= (Zt + 1)1/2 2 R "

where ¢ is the isotropic polarizability of thgth ligand
atom or group of atoms at position; Rnd Y'p is the
spherical harmonic function of rark Thus,Q; is affected

Yo(65.9) (13)

(30) Kumar, G. A.; Lu, J.; Kaminskii, A. A.; Ueda, K. I.; Yagi, H.;
Yanagitani, T.; Unnikrishnan, N. VMEEE J. Quantum Electror2004
40, 747.

(31) Judd, B. R, JChem. Phys1979 70, 4830.
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by the asymmetry of the rare earth sites, which is reflected interaction parametei&4f) of Nd8 are smaller than that for

in the Agp term in eq 13. The lower value @2, in Nd1
results from the weaker bonding of Kdn lattice sites than

Nd1] and causes a contraction of the energy level structure
of the ion in the crystal matrix. Consequently this leads to a

for Nd8. shift of the absorption and emission bands toward lower
E(S, t) is related to the matrix elements between the two energies. Thus, by measuring the red shift of the hypersensi-
radial wave functions of 4f and the admixing levels (e.g., tive bands, the degree of neodymitttigand bond covalency
5d and 5g) and the energy difference between these twocan be evaluated. In the present complexes, the red shift
levels.Z(S ) is directly proportional to the nephelauxetic observed for the two hypersensitive transitions are in the
parametefs,?2 which in turn is proportional to the degree of range 579-583 (g, — *Gsp) and 733-737 nm (lgp —
covalency of the rare earff. 4F7;0). Also, the values of the nephelauxetic parameter
For Nc&f™ the transitiong, — “Gsp is found to be obtained are 8.55¢ 1072 (Nd8) and 1.67x 1072 (Nd1).
hypersensitive by the selection ruldJ = 2). Also, the The lower value ofQ, in Nd1 results from the weaker
transition®lg, — “F72 is observed to be hypersensitive to bonding of Nd&" in lattice sites. The increase in the peak
the environment. Thus, these two transitions can indicate thewavelength of the hypersensitive transition for Nd8 reflects
degree of covalency of the rare earth ligand interaction. a decreasing 4f5d energy difference, that iSA\E. The
Quantitatively this effect can be expressed by the nephe-increase is attributed to increasing polarizability of the ligands
lauxetic parametef and is given b¥{? around the rare earth ions. Selenium ions have higher
polarizability than fluoride ions because of the lower
ViV electronegativity. Higher ligand polarizability results in a
vy (14) larger overlap between rare earth and ligand orbitals, that
is, a higher degree of covalency between rare earth ion and
wherev; andy are the transition energies of the free ion and the ligands. According to the nephelauxetic effect, this leads
the ion in the matrix, respectively. Data for Nd ions can be t0 an expansion of the partially filled 4f shell, decreasing
found in ref 33. Because the nephelauxetic parameter isthe repulsion between the electronic configurations of the
directly related to the JuddOfelt parameter through eq 12, rare earth ions. As a result the energy difference between
an increase in the nephelauxetic parameter shows stronghe 4f' and 4#~5d configuration decreases, which in turn

ﬂ:

covalency of the N& with the surrounding matrix. Because
the value of theQ, parameter is mainly controlled by the
transition matrix elementdl /41U *Gs/;[J it can be seen that
Q, depends entirely on the intensity of the, — *Gs
hypersensitive transition. Thus the value<hfare closely

related to the intensity of hypersensitive transitions, that is,
the larger the oscillator strength of the hypersensitive

transition, the larger will be the value 6%,.
Another way of accounting for the covalency of the rare

earth ligand bond is through the measurement of the @f|r

covalency paramet®rof the hypersensitive bands. This is
obtained from the ratid, /ls, wherel,_ andls are the long

and short wavelength transition intensities of the Stark

increases the value 6%, and, thusz(SA4) andAgp according
to the expressidh

EESH=[2 Z (2f+1)(2 + 1)(_1)f+|]{].;]. ;t fs}{]; é |0}
| s f)@Bfrinidml|ro4f0
— (15
{0 0 0} AE(n)

where the terms within the braces are 6j symbols and
s|n'l'Oare the radial integrals

JRODERWT) dr (16)

components of the hypersensitive bands. An increase in thisAE(nI) are the energy difference between th& dnd the

ratio is found to indicate a shift of the absorption band

baricenter to a longer wavelength, which in turn shows an

increase in the covalency of the bond.

To account for the covalency effect on these crystals, the 14 measure the quantum efficiency of tHey.

covalency parameteli(Is) and nephelauxetic parameter were
measured. An increase in the intensity ratidl§) shows a

excited 4F~In'l' configuration, in this case ¥f'5d, andR/r

is the radial part of the appropriate one electron wave
function.

— 41
transition, the fluorescence decay timg)(was extracted
from the measured decay curve shown in Figure 2a,b. Both

shift of the center of hypersensitive absorption bands to a decay curves were fitted with the MC model described in

longer wavelength, indicating an increase in neodymtum
ligand bond covalency. This red shift results from the

egs 6-9 to yield a decay time of 186 0.9 us in Nd8 and
110+ 0.5us in Nd1. Also, for Nd8, a decay time of 78

nephelauxetic effect, which arises from the expansion of the 0.4 us was obtained for the 927 nm emissidfse — “lo12)

partly filled f shell due to charge transfer from the ligands
to the core of the central ion. The overlap of the ligand field
with the Nd* ion reduces the values of the free ion
parameters such as Slat€€ondon and spin orbit interaction
[following the energy matrix diagonalization procedure, we
found that the SlaterCondon (k, F4, Fs) and spin orbit

(32) Jorgenson, C. KModern aspects of Ligand Field Theori{orth
Holland: Amsterdam, 1971.
(33) Henrie, D. E.; Choppin, G. R.. Chem. Physl1968 49, 477.

and for Nd1, a decay time of 138 0.7 us was obtained for

the 1347 nm4Fs, — *l13) emission. The fitting takes into
account of all the cooperative energy transfer processes
between Né" atoms located in the various crystallographic
sites. Because the radiative decay time is inversely propor-
tional to the linear combination of2, and Qs, the Nd1
complex shows a higher radiative decay time of 1338
while the corresponding value in Nd8 is 115&. The
experimental decay time, together with the calculated radia-
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Table 4. Fluorescence Decay Time*fs2 — 1112 and the Phonon (a) 1.0 g
Frequencies of Some Reported Laser Hosts .
lifetime phonon frequency
host (us) (cm™1) refs ) Exp.Decay Curve

sulfide 110 456-700 1 S o6 s Monte Carlo Fit
selenide 410 456700 a1 2 Radiative Decay
tellurite 233-313  456-700 42 2 o4l

germanate 406550 900 41 2

ZBLA fluoride glass 548-610 500 41 = oal

LaFs 800 200-400 43-45 '

yttrium aluminum garnet 250 400 30

00 1 1 1 1

) ) ) o ) 0.2 0.4 06 08 10
tive decay time, results in calculated quantum efficiencies Time(ms)
of 16 + 0.2 and 9+ 0.1% for Nd8 and Nd1, respectively. (b)), 06
These values are the highest reported efficiencies for = Exp.Decay
molecular N&" compounds. Earlier, Hasegavea al. ob- 0.05 g > Monte Carlo Fit
tained a decay time of 18s and a quantum efficiency of S oosl © Radiative Decay
3.2% in N&* (bis-perfluorooctanesulfonylimidg}* and in \g
all other report®4° the quantum yields obtained are in the =003
range of 102—107°. The reported lifetimes are typical of a o 0021
low phonon energy host, which is supported by Table 4 =
where the emission lifetimes of various classes of low phonon 0.01}
energy hosts are summarized and found to range from 110 0.00 it
to 800us 304145 02 04 06 08

The emission spectra of Nd8 and Nd1 are compared in Time(ms)

Figure 4. The characteristic Ridemission transition scheme ~ Figure 3. (a) Fluorescence decay of ty, — “l1./; transition of Nd*

. . . . . in (THF)sNdsO.Se(SePhjs (circle) and the corresponding MC fit (square)
is shown in the inset. For N, the only excited J manifold assuming a dipoledipole interaction. The upper curve (triangle) is the

that is not relaxed predominantly by multiphonon relaxation radiative decay corresponding to a decay time of 1487b) Fluorescence

is the“Fs), state. The pump photons at 800 nm populate the decay of theéFs, — “l1yptransition of Nd* in (DME).Nd(SGFs)s (circle)

4 . . _ and the corresponding MC fit (square) assuming a mixture of dipdifole,
Fa2 excited state, and relaxation to tfig (‘J = 9/2, 1172, dipole—quadrupole, and quadrupetguadrupole interactions. The upper

13/2, and 15/2) manifold yields four emission bands. The curve (triangle) is the radiative decay corresponding to a decay time of
observed emission wavelengths for these compounds are 9274180us.
1078, 1360, and 1843 nm for Nd8 and 897, 1071, 1347, and

1824 nm for Nd1. Using the three Jud@felt intensity i
parameters and the emission spectral bandwidths the transi-

—o—(THF),Nd,0,Se,(SePh) ,
—o— (DME),Nd(SC F,),

. . . . 4
tion probabilities, fluorescence branching ratigh, (and | e[ [ele Fae
stimulated emission cross sections are evaluated and sum- 800nm g5 |2 §4I
marized in Table 5a,b for Nd8 and Nd1. As observed in the Pump 4192

absorption spectra the emission spectra also show consider-
able red shift in the Nd8 spectrum. Because the transition
matrix elementdiFz4IUAR 4 ;0are zero for Né&" ions the

Q, parameter will not have any influence on the stimulated
emission parameters of Ridions. The luminescence branch-
ing ratio can then be represented as a functiorf2gfQs

Intensity (a.u)

1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 4. Comparison of the emission spectra offNih the two complexes

(34) Hasegawa, Y.; Ohkubo, T.; Sogabe, K.; Kawamura, Y.; Wada, Y. (pumping scheme and emission channels shown in the inset).

Nakashima, N.; Yanagida, &ngew. Chem., Int. EQ200Q 39, 357.
(35) Wolbers, M. P. O.; van Veggel, F. C. J. M.; Hofstraat, J. W; Geurts,

F. A. J.; Reinhoudt, D. NJ. Chem. Soc., Perkin Tran$997, 2275. S . -
(36) Wolbers, M. P. O: van Veggel. F. C. J. M: Snellink-Ruel, B. H. M; which is usually known as the spectroscopic quality factor

Hofstraat, J. W; Geurts, F. A. J.; Reinhoudt, D. N.Chem. Soc.,  (Q), and its value typically varies between 0.22 and%.5.

Perkin Trans 1998 2141. : :

(37) Kiink, S. I: Hebbink, G. A: Grave, L: van Veggel, F. C. J. M: Herg the value 0@ is 1.25 for Nd8 and 1.2 for Nd1, which
Reinhoudt, D. N; Slooff, L. H; Polman, A; Hofstraat, J. \l.. Appl. are in the range of reported values. Because the values of
Phys 1999 86, 1181. _ Q4 andQs are comparable for Nd8 and Nd1, the fluorescence

(38) Hebbink, G. A; van Veggel, F. C. J. M.; Reinhoudt, D. Bur. J. . . .

Org. Chem 2001, 4101. branching ratios are comparable for all the emission bands.

(39) Hasegawa, Y.; Murakoshi, K.; Wada, Y.; Kim, J. H; Nakashima, N; = Also the experimental branching ratios are well in agreement

Yamanaka, T; Yanagida, &hem. Phys. Lettl996 248 8. ; .
(40) Wada, Y.; Okubo, Tg Ryo, Munenoriy; Nakazawa, T.; Hasegawa, Y.; with the calculated values. Except for thEs, i

Yanagida, SJ. Am. Chem. So®00Q 122, 8583. transition, the effective fluorescence bandwidth is higher for
(41) Optical Fiber Amplifiers-Materials, Deices, and ApplicationsSudo, i i i i i

S' Ed.: Artech House. Inc.:. Norood. MA. 1997, all bands in Nd1 than |.n.Nd8. The mhompgeneous line width
(42) Shen, S.; Jha, A.; Zhang, E.; Wilson, SCJR. Chim2002 5, 921. results from Stark splitting of the J manifolds, the extent of

(43) Kaminski, A. A.Crystalline Lasers-Physical Processes and Operating which depends on the nature of the local field, crystal field

SchemegCRC Press: New York, 1996. L . .
(44) Fan, T, Y; Kokta, M, RIEEE J. Quantum Electrori989 25, 1845. symmetry, and N# ionic concentrations. Thus accordlng

(45) Stouwdam, J. W; van Veggel, F. C. J. M.Nano Lett 2002 2, 733. to expression 5 to obtain large stimulated emission cross
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Table 5. Observed Emission Bands and Their Measured and Calculated Radiative Properties for (a) Nd8 and (b) Nd1 Compounds

transition from wavelength Sa(10720) 0e (10729)
“Fa2t0 (nm) (cm?) A(s™) Bin (%) Pex(%0) Aett (NM) Trad (US) 0 (uS) (cm?)
(a) Nd8 Compound
4152 1843 0.03 9 1.06 9 28 1187 0.0138
4132 1360 0.25 142 16.8 14 39 1187 0.29
41112 1078 0.49 580 68.5 72 38 1187 1860.93 3.04
(b) Nd1 Compound
4o 927 0.07 111 13.1 6 44 1187 #30.39 1.72
4152 1824 0.03 9 1.2 13 37 1398 0.0092
4132 1347 0.213 121 16.9 16 31 1398 1:300.65 0.30
41112 1071 0.41 492 68.8 54 59 1398 11 0.55 1.61
“or2 897 0.06 93 13 16 85 1398 0.71

(@)n = 16.0+ 0.24%. (b)y = 9.3+ 0.13%.

sections it is necessary to maximize the value€2gfand emissions. On the other hand, the longest separation is 0.98
Qs and reduce the effective spectral bandwidth. The stimu- nm between N# atoms located at Nd(1) and Nd(1A) lattice
lated emission cross section obtained for tRg, — %111/ positions. This distance is comparable to the critical separa-
transition in Nd8 and Nd1 are 30 102°and 1.6x 102° tion beyond which the dipotedipole interaction between
cn?, respectively, and are comparable to many well-known this pair is minimal. Thus, these pairs will contribute the
laser hostd?43 fluorescence intensity in Nd8. The region with slopel

To understand the mechanisms of fluorescence quenchingndicates that at longer periods of time energy transfer is
the fluorescence decay was analyzed using the MC energydominated by migration. The slope variation indicates an
transfer model. The nature of the multipolar interaction energy transfer transition from an initial dipetdipole
responsible for the energy transfer was understood by interaction at a very early time<@00us) toward a process

extracting the energy transfer functi®t) from the experi- dominated by a migration at a later time 400 us). The
mental decay. According to the Forstddexter modeP-2” critical separation for the latter process is estimated to be
the transfer function is defined by Rog = 2.7 nm.
Cu 31/ t \3is (a)
N
1F
whereCy = 3/(47Ry) is the critical concentration defined _
through the critical transfer distan&gs, with s= 6, 8, and 2
10, andI" is the gamma function. In the ledog scaleP(t) =
is represented by a straight line with a slope . I'he o
transfer function shows the induced deviation from the 0.1 F siope= 112
exponential decay due to the energy transfer process; that (DD Interaction) ¢
is, the experimental decay can be expressed as follows: o © “
t y - : .
ID(t) = lO eXF(— %) exp(_P(t)) (18) 1E-6 1E-5 Time (8) 1E-4 1E-3
(b) &

wherertqp is the radiative decay time in the absence of energy
transfer and the corresponding radiative decays are shown TE e
in Figure 3a,b with the\ symbols for Nd8 and Nd1. The
energy transfer functioR(t) is plotted as a function of time
in the log-log plot in Figure 5a,b for Nd8 and Nd1i, 5
respectively. For Nd8 the curve can be fitted with two straight =
lines; the first with a slope of = 3/6 up tot = 400us and o 4
the rest of the curve with a slope of 1. The region veth

3/6 shows that the energy transfer is predominantly by a
dipole—dipole interaction, and hence the dipeldipole 3 ot
interaction was assumed for the MC simulation of the decay ] .
curve in Nd8. Results of the simulations show a best fit with 1E-4 1E-3
the experimental decay curve corroborating the fact that the
dipole—dipole interaction is the driving mechanism respon- _ . .

. . " . Figure 5. (a) Experimental energy transfer function of g, — 4112
sible for the energy transfer in Nd8, and the critical separation yecay of Nd* in (THF)NGE0,Se(SePh)s. The two slopes on the temporal
for the dipole-dipole interaction is estimated to be 1 nm. window show the evolution of energy transfer from dipetipole (DD)
Because the shortest separation between two Bhms in to a _migration 4process4 at a later time. J(rb) Experimental energy transfer
Nd8 (0.38 nm) is less than this distance, there is always g function of the'se — flayz decay of N&” in (DME):NA(SGF)s. The

) _ _ slope,s = 3/10, shows the predominance of a quadrupgjeadrupole
multi-polar interaction between them to quench fluorescence interaction-mediated energy transfer process.

Slope=3/10

Time(s)
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2000 1110
! ,, N Nd* Nd* Nd* R0 = 225;:6 c f 1<® El(OE) s (dipole—quadrupole)
(21)
-2000 |-
— wherefs(E) andfa(E) are the normalized line shape functions
5 ~4000 _4'1512 of the sensitizer emission and acceptor absorption spectra
& -6000 o (here both sensitizer and acceptor are the sam&,the
g 132 refractive index of the materia@, is the oscillator strength
- -8000F 1 of the absorption band of the acceptor, which is in resonance
-10000 | 4| with the sensitizer emission transition, alds the average
% energy of the overlapping transition. Thus the strength of
-12000 : . . ' ’ ! ’ the energy transfer depends directly on the overlapping

Cross-Relaxation  Excitation-Migration integral of the interacting ions and inversely on the separation

Figure 6. Schematic representation of cross relaxation and excitation petween them.

migration mechanisms quenching the3NdF;, fluorescence. . . . .
In addition to concentration quenching, the major factor

reducing the fluorescence quantum yield in®Ndystems is

In Nd1, the log-log plot of P(t) versust yields a slope of  myitiphonon emission through vibrational relaxation by
S= 3/10, indicating that the dominant interaction is quad- Cha|cogenide bonds and nearby Organic |igands‘ F&t Nd
rupole-quadrupole. For medium and longer times the MC jons, one principal channel for nonradiative multiphonon
simulation shows the best fit for the experimental decay when relaxation is through théFs;, — 155, transition, which is
dipole—dipole and dipole-quadrupole (multipolar) interac-  emitting at 1843 nm. The energy gap of this band in the
tions are taken into account. Thus it is assumed that in Nd1present Nd complexes is 5368 ch Thus, assuming the
the energy transfer is driven by a mixture of the three highest vibrational frequency of NeSe is 400 cm?,*¢ 15
interactions and the critical transfer distances obtained for phonons are required to bridge the, — *l15,» energy gap.
these interactions algys = 1.05, Rog = 0.99, andRy10 = The probability of phonons bridging this energy gap is very
0.93 nm. The little initial deviations between the MC fitand low, which means that th#, — 15, transition is radiative.
the experimental decay curve of Nd1 are due to the weak For this same reason, chalcogenide hosts 6 Mdve been

coupling to the detection system during the decay measure-observed to emit at 1.8m.*” This is in contrast to other
ment. high phonon energy oxide hosts for Ndwhere the band

at 1843 nm has not been observéd.

Cross relaxation and excitation migration are mechanisms  For these materials, the disappearance of the 1843 nm band
that can cause the multipolar interaction between nearbyis due to both the influence of the multiphonon relaxation
Nd** ions (Figure 6). For cross relaxation, the excitation as well as the energy transfer assisted by the cross relaxation
energy that is initially localized in one ion is transferred to involving 4Fs2% ¢, and“l1s;; levels. Because the influence
a nearby unexcited ion thereby leaving both of them in the of the energy transfer depends on the lattice locations of the
same average energy state. For*Ndhis process occurs  Nd®*, different hosts show different degrees of fluorescence
through the interaction betweéfs, 15, and“ly, levels guenching. In addition, the nearest neighbor coordination
and is represented Bz, + *lis, — *lisp + 4o Cross number of Nd is different between these two hosts. For
relaxation mainly influences the emission intensity of the evaluating the influence of phonon energy, it is important
4F3, — 4155 transition. For excitation migration, the prob- to consider the bonding of oxygen about neodymium. In Nd8,
ability of fluorescence quenching is increased by the move- there are two central oxygen atoms with trigonal planar
ment of excitations from one location to another and finally geometry with each of them coordinated with three neody-

to a trap site where it is fully quenched. For Nd this mium atoms to form NetO bonds. Because of the threefold
process occurs through the interaction between similar levelsNd®™ coordination, the NetO coordination sphere is struc-
as cross relaxation but is represented instedFas+ “lor turally different from the coordination sphere found in oxides

such as as NfD; or YAG. In these cases, the oxygen atom
is tetragonally coordinated by Rid We believe that a higher
oxygen coordination sphere, such as Ol-bonded Nd(3) in
Nd8, leads to high phonon energies (e.g., 1200 cfor

an oxide host). This difference in phonon energy is sufficient
to quench many infrared emissions, which includes the 1843

— 412 + “F312. Both cross relaxation and excitation migration

are mediated by multipolar interactions, and according to
the ForsterDexter theory, the critical separation for these

mechanisms is given by refs 26 and 27 as follows:

6 3h'c* . fS(E) fA(E) dE dinole—diool nm band. For example, for 1843 nm, only 5 phonons would
Ry = 4t A = (dipole—dipole) be required to bridge th#=;, — %l15/, transition.
(19) Both O—H (3450 cntl) and G-H (2950 cn?) functional
groups are also potential quenchers of Nemission in many
1357h°c*Q, .f(E) fA(E) dE
8 _ poc QAI s(B) I;E ) (dipole—quadrupole) (46) Berg, D. J.; Burns, C. J.; Andersen, R. A.; Zalkin @rganometallics
n 1989 8, 1865.
(20) (47) Rare Earth Doped Fiber Lasers and AmplifieBigonnet, M. J. F.,

Ed.; Marcel Dekker, Inc.: New York, 1993.



2946 Chem. Mater., Vol. 19, No. 12, 2007 Kumar et al.

2000 " energy transfer and crystal field modeling, it is possible to
ol Nd Emission C-H Vibration  O-H Vibration design a structure with optimal performance characteristics,
[ Fae 8 5 but unfortunately the experimental realization of such
2000 |- o 5 systems is difficult because of chemical and thermodynamic
T - B stability requirements that control phase formation in the
S 4000 § 5 system. In the present Nd experiments, the fluorinated
g',’ 6000 - 4I15/2 ol | 1= ° thiolate compound Nd1 is shown to be the most emissive
u 132 - = monometallic Nd compound reported to date, and cluster
-8000 f- “IW2 N _‘L g Nd8, with a significant number of hydrocarbon functionalized
10000k 4 AB=docm 5 = selenolatg ligands, has even .bqghter emission properties. Nd8
902 IS N has the highest quantum efficiency reported for a molecular
12000 e I5——+ L Nd compound. Further developments in the areas of oxo and

Figure 7. Schematic representation of the vibrational quenching of the NON-0x0 clusters are currently under investigation.
4F3;, emission in N&" by the vibrational modes of €H and O-H
functional groups.

Conclusions
organic compounds. Ths, — %l152 €nergy gap matches
with the vibration modes of OH (3400 crf) and CH (2950 The chalcogen bound Nd compounds (TELRE0.Se-
cm™Y) as shown in Figure 7 and hence both can contribute (SePh)s and (DME}NA(SGFs)s show 9-16% quantum
to the efficient nonradiative deactivation of tfiey, level. yield of emission at 1077 nm which is comparable to that

The quenching due to overtones of the CH band is prominentof inorganic hosts. These are the highest efficiencies for
for the *Fsi, — %152, “l11/2, and*le,, emission bands whereas  molecular Nd compounds reported to date. The superior
OH mostly influences thélis, band. In the present com-  performance of this compound class is attributed to the
pounds O-H is completely absent, and-CH is present, but  absence of high-frequency vibrational groups such asiC

in an apparently limited sense as observed from the infraredand O-H in the core and the direct link of Nd with heavy
absorption spectra. In the fluorinated thiolate; i€ units elements such as Se and S.

are found only on the DME ligand that coordinates weakly

though Na-OR, bonds. In Nd8, there are-&H bonds in Acknowledgment. We would like to acknowledge the
the weakly bound THF ligand and in the Ph (Se) ligands sypport of NSF (CHE-0303075), The New Jersey State Com-
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With direct coordination of N& to heavier atoms, the Supporting Information Available: Crystal data and structure
coupling between the energy levels is less efficient and the refinement, atomic coordinates and equivalent isotropic displace-
Frank-Condon facto?’ for the relaxation process is reduced, ment parameters, bond lengths and angles, anisotropic displacement
effectively increasing the lifetime. Thus, both compounds Parameters, hydrogen coordinates and isotropic displacement
are highly emissive in the near-IR spectrum, particularly Parameters, and torsion angles fag#:5NdsO1sS@s and (DME)-
when compared to the current literature. Nd(SDsFs); (PDF). This material is available free of charge via
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