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Abst rac t  

The excited state (4F~ 2) of Nd "~+ readily undergoes radiationless energy transl:er via vibra- 
tional excitation of surrounding medium and dipole-dipole energy transfer via cross relaxation 
and energy migration, which makes it difficult to observe tumfi~escence of Nd 3+ in a liquid 
matrix. In order to suppress such de-excitation of the 4F 3 2 state, two kinds of ~-diketonato 
ligands which have no C-It and O-H bonds having high. vibrational frequency were success- 
fully designed for observing luminescence of Nd 34 in a liquid matrix. Luminescence of 
Nd "~+ was observed for the first time by using deuterated tris-{hexafluoroacetylacetonato) 
neodymiumfllI), Nd(~FA-D)3, in deuterated organic solvents. The luminescence inten- 
sity. tit;etime and quaumm yiekl of the complex were measured in methanol-d4, acetone- 
d,. THF-ds, DMF-d~ and DMSO-d~,. Deuterated tris(bis-(perfluorooactanoyl) 
methanato)neodymium(ltI 1, Nd(POM-D)3, gave enhanced luminescence in DMSO-d6 by 
minimizing energy migration during diffusional collisions in the liquid matrix. The intensity 
was independent of concentration in the micromolar range from 0.01 to 0.07M. The bulky 
perfiuoroalkyl groaps in the ligands effectively prevented de-excitation via vibrational excita- 
lion and cross relaxation in liquid media. © 1998 Elsevier Science S.A. 

Kerwor&: E~ :ited state: Energy t ransfer :  Luminescence 

I. Introduction 

Solid systems containing Nd 3 + have been regarded as the most popular lumines- 
cent materials for laser system applications [1-3]. Since high-power neodymium 
lasers with output wavelength at around 1.06 gm are of interest in laser inertial 
confinem~,nt experiments, Nd-containing matrices such as oxide, fluoride, phosphate 
and mixed glass matrices have been inxestigated for capability of higher power laser 
radiation under control of Nd 3 * densit), in glass matrices. At the Institute of Laser 
Engineering (I LE ), Osaka University, research on laser-induced inertial confinement 
nuclear l\~sion has been in progress using an Nd 3 +-containing phosphate glass laser, 
GEKKO Xlf since 1976, and the ILE achieved more than 60 TW as a maximum 
power of this laser system [4,5]. ttowever, Nd-laser glass systems would have an 
intrinsic problem of heat destruction under conditions of high-power laser emission 
with high frequency: repeated operation causes accumulation of heat, resulting in 
degradation of solid matrices. At the present stage of experimentation using the 
GEKKO XII system, only one or two operations are allowed in one day (0.0001 Hz). 
In order to achieve continuous operation tk)r the inertial confinement at a level 
of practical application (hopefully more than 10Hz), the system of liquid 
Nd~-containing luminescent medium has been considered promising compared 
with recent progress of semiconductor laser (laser diode) devices. Liquid 
Nd~+-containing luminescent media could be cooled by circt, lation, which would 
c:.,~bte the laser system to work with high power and high frequency. 

From these points of view, we have aimed at developing lumil~,escent materials 
consisting of Nd a ~ complexes in liquid organic media. Literature survey revealed 
that Rusakova and Beeby reported the emission of Nd( NO0 3 ~ in deuterated DMSO 
[6-8]. In general, effective luminescence of  Nd 3 .~ was regarded as ahnost impossible 
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in organic solvents, becaeae me emitting level of Nd 3 + is susceptible to the radiation- 
less transition thiough vibrational excitation of ligands or solvent molecules. In 
addition~ excitation migration induced by collision between Nd 3+ was regarded 
unavoidable in a liquid matrix. Here we present a review of  how to control radiation- 
aess quenching of emitting states of Nd 3 + in an organic liquid matrix, i.e, strategies 
for enhancement of the luminescence by designing ligand and solvent molecules in 
liquid neodymium complex systems. 

2. Theoretical aspects for enhancing luminescence c f  ghe Nd s + ion 

Absorption and emission processes of Nd 3 + originate from electronic transition 
in its f-orbitals. Although the electronic transition in the f-orbitals is forbidden by 
the selection rule, the perturbation from the surrounding medium makes the f - f  
transitions allowed, enabling the excited states to emit photons with relatively long 
lifetimes. Since Nd a + may have metastable excited states under favorable conditions, 
the formation of a population inversion via "4 level transition" for laser emission 
of Nd 3+ becomes possible as illustrated in Fig. 1. As expected, all emissions of 
Nd a+ arising from the 4F3/2 state to the various ground states manifolds aI s, ,1= 
15/2, 13/2, 11/2, 9/2. Accordingly, it is necessary to minimize the nonradiative energy 
transfer from the 4F3/2 s tate .  One approach is suppression of radiationless energy 
transfer via vibrational excitation. Another approach is prevention of energy transfer 
through cross relaxation and excitation migration during diffusional collisions. 
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Fig, 1. Absorption and radiative ~:-ansition of the Nd ~" imp, 



464 S. t}magida etal, / Coordination Chemistry Reviews 171 (1998) 461 480 

2.1. Suppression of energy transfer process via vibratiotml excitation 

The energy transfer process via vibrational excitation has been considered as a 
dominant process which quenches the excited states of  Nd 3+ in solution, The 
difficulty in enhancing the luminescence of  Nd 3+ in liquid systems is believed to be 
due to the radiationless relaxation of  the emitting level (~F3/2) via vibrationalexcita- 
tion of  the liquid matrix consisting of  ligand and solvent molecules as shown 
schematically in Fig. 2(a). The vibrational transition probability is proportional to 
the Franck-Condon factor, i.e. overlap integrals between the energy gap and vibra- 
tional energy. In terms of the energy gap theory, the rate constant for radiationless 
transition, ~TRa~liationless Transmission, is given by 

where p is the density of  state, J (=  ~ 4~Qg'j dr) is the coupling constant between the 
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Fig. 2. Radiationless transition via vibrational transition and Franck-Condon factor. 
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electronic wave functions due to nuclear motion, F is the Franck-Condon factor. 
The factor F should be estimated quantitatively when an approximation using an 
undistorted oscillator model is adopted. In the model, F is given by 

F(E) = e x p ( -  7)~,,"/v! (2) 

;:= ½k( q-Cf )2 /hco (3) 

where q and qO are the equilibrium positions of  the vibrational initial and final 
states, respectively [9]. If 3: is assumed to be 1, the Franck--Condon factor decreases 
with increase of  vibrational quanta v as shown in Fig. 2(b). 

The radiative transition in Nd 3 ÷ occurs at 4F3/2. The energy gap of the crucial 
radiative transition in Nd 3~ (4F3/:-*4115/2:5400 cm-~) matches well the vibration of 
C - H  and O - H  bonds (5900 and 6900 cm-~, respectively) with vibrational quanta 
v = 2, and vibrational excitation leads to effective quenching of  the excited state of 
Nd 3+. Since conventional organic solvents contain many C - H  bonds, de-excitation 
via vibrational excitation prevails. Accordingly, if the Nda+-surrounding liquid 
matrix can be constructed with molecules of  larger vibrational quanta (v_>3), the 
radiationless transition through vibrational excitation should be suppressed to an 
appreciable extent. The idea of  employing solvent molecules with low energy vibra- 
tion as a liquid matrix lbr Nd 3+ was demonstrated by Heller et al. [10, 11] whose 
work led to the first successful utilization of  inorganic aprotic liquid molecules, 
SeOCI2 and POCI3, for enhanced luminescence of  Nd a+ in a liquid matrix, and 
eventually for laser emission [12-17]. However, such unconventional solvents are 
not appropriate for practical applications because of their high reactivity and toxicity. 

While the O - H  or C - t t  bonds are vibrational energy gaps which match the 
radiative transition at vibrational quanta, v=2,  O-D,  C-D,  C-O,  C - C  and C - F  
bonds give larger vibrational quanta, v >_ 3 (Fig. 3). In theoretical calculations, the 
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Fig. 3. Schema t i c  p r e s e m a i t o n  o f  the  v ib ra t iona l  energy  o f  chemica l  b o n d s  and  their  m a t c h i n g  wi th  the  
e lec t ronic  energy  gap  o f  the  Nd ~ ion.  
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Fig. 4. Ci3emicat structure of tris-(bexafluoroacetylacetonato)neodymium( tlt ). Nd( HFA-D)3, and vibra- 
t~oa wave numbers, 

Franck-Condon factors of C-H and C - F  are determined to be 0.18 and 0.0031, 
respectively. These facts suggest that favorable liquid media could be constructed 
usng Jigand and solvent molecules with C-D and C - F  bonds instead of C-H bonds° 
This theoretical understanding led to the first successful utilization of deuterated 
hexaflaoraocetylacetone (HFA-D) as an effective tigand, which enabled the resulting 
Nd complex to exhibit luminescence in an organic liquid matrix (Fig. 4) [18, 19]. 

2.2. Prevention of  energy tran,sfer through cross re&xation and excitation migration at 
diffusion collision 

Deactivation of the luminescent states of N d  3÷ in solution occurs not only via 
vibrational excitation but also via dipole-dipole energy transfer between neighboring 
Nd 3 + complexes. Diffusion of Nd :~ + complexes in a liquid system induces collisions 
between the molecules, leading to energy transfer via cross relaxation and excitation 
migration. As depicted in Fig. 5, these quenching processes are based cn a dipole- 
dipo!e interaction between the molecules [20,21]. 

The cross relaxation is a process where the energy of excitation, initially localized 
on one ion, is partially transferred to a neighboring ion, leaving both ions in lower 
energy levels that decay rapidly to the ground state. The migration of excited states 
by hoping does not quench luminescence by itself, but it enhances the probability 
of quenching by permitting the movement of the excitation to sites where more 
rapid queuching can take place. The cross relaxation and excitation migration 
processes are both examples of dipole-dipole energy transfer processes. According 
to F6rster-Dexter theory, the critical distance RDx for nonradiative dipole-dipole 
energy transfer is given by 

R6 3c [~ o.era ~ ,~o.abs t~" DX= 4 ' D ( q  X t q d 2  (4) 
8r¢ n 'A  r ,I 
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Fig. 5. Three major relaxation processes for the neodymium( llI) ion. (a) Radiative decay: the spontaneous 
emission of photons accompanies transitions from the '4F3~ 2 metastable state to lower-iying energy leve!s. 
(b) Cross relaxation: an excited Nd 3 + ion share~ its energy with a neighboring Nd 3 * ioa. (c} Excitation 
migration: the excitation energy mo-'es from one Nd 3÷ ion to another. 

where n, Ar and S a~ (2 ) °~  °~(2) d2 are the ion density, total spontaneous radiative 
emission rate and resonance integral, respectively. 

The theory indicates that the dipole-dipole energy transfer rate declines inversely 
with the sixth power of the distance between interacting centers. Typical values of 
the critical distance for excitation migration (4F3!2--419/2) and cross-relaxatien 
(~F3/z- 4I~s/z and 4I~s/z-q9/2) processes in the system of  Nd 3 +.containing phosphate 
laser glass were estimated to be 1t.14 and 4.07 A, respectively. 

The average rates for the energy transfer processes depicted in Fig. 5 should 
increase rapidly as the Nd 3+ concentration increases. This reduced luminescence 
efficiency at high concentration is known as concentration quenching. In order to 
enhance emission efficiency in liquid systems, we sought to prevent the energy 
transfer quenching to an appreciable extent even when collision occurs frequently 
in the liquid systems. In accord with our theoretical understanding of dipole-dipole 
energy migration, we successfully designed deuterated bis-(perfluorooctanoylmeth- 
ane) (POM) which exhibited luminescence of the Nd 3+ complex in a liquid matrix 
(Fig. 6) [22]. 

3. Luminescence  o f  Nd ( H F A - D ) 3  

We successfully observed luminescence of the neodymium(I | l )  ion (Nd 3+) in 
some deuterated organic solvents using deuterated hexafluoroacetylacetonato 

.~.~_,/O ~CF2C- 2CF2CF2CF~CF,CF3 \ 

@ , - - o  " " 
w r,O--~, 

\ ,  ~CFzCF2CF2CF2CF2CF2CF3 / 
3 

Fig. 6. Chemical structures of Nd( POM~D)3. 
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(HFA.°D) as complexi)~g ligands of Nd '~' (Fig. 4), Tim physical nature of the 
Nd '~+ coordinatkm ~mvironment of the system was compared with that of the 
Nd ~" ion in solid luminescent materials such as Ntl "~'-eontaining crystals, Nd:YAG 
aml Nd ~'' ,o(,:omai~i,~g phosphate glass, LGi DS. 

3. f, (Tmractcristics o f  Nd(III;;4-D) ~) 

Hexafluoroacetylacetone (HFA) was chosen as a promising iigand because it has 
only one C-H bond, which is readily replaced by a C-D bond. The z*,ructure of 
the Nd ( HFA).~ complex was reported to be a square-antiprism with eight coordinated 
oxygens of three HFA ligands and two waters of crystallization [23-25]. In fact, 
DSC analysis of 0m complex (Nd(HFA-H):) .2H,O) gave two endo!:hermic peaks 
a{ 132,5 and 163.2 '(~" due to elimination of water molecules of crystallization 
followed by an endmhermic peak at 243.5 >C, the melting point. To eliminate water 
of  crystallization and to repla,:e the C'-.H bond with C-D bonds, the Nd complex 
wa'a treated with methanol-d~ and mcthanol-d~) lbr deuteration using keto-enol 
equifibrium. The resulti~g det~terated Nd complex (Nd(HFA-Dh)  is soluble in 
various organic solvents such as methanol, pyridine, acetonitrile, DMSO, THF, 
DMF, ether and ac~ tic acid. In particular, acetone gave an extremely high co::cen- 
tration of more thaws 2M. With this fact in min,::l, acetone-de, was chosen as the 
solvent t>r optical me,i~surements of Nd(HFAoD) a. 

., ,;. First observation o f  luminescence of  the neodymium (HI) ion in acetone-d~; 

A solutioll of Nd(ttiFA-.D):~ in acetone-d~, showed emissions at 880, i062 and 
1345 tm-~ whe~ the sysiem was excited at 585 m'n (Fig. 7). The qtm~tum yMd of the 
lummcsccm:e was determined m bc on tl,e order of ! 0  ~ ~:dng an integral sphere 
{126,271. No pho~ohm'm~esce~,ce was observed m cilhef nonodeuterated acetone or 
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deuterated acetone without careful dehydration of the system. The quantum yield 
of the system containing C q t  or O41  bond vibrations was estimated to be on the 
order of 10 -s. Spectral peaks at 880, 1062 and 1345 nm were attributed to the f--f 
trailsitions 4F3i:<,~..~-,4|0!2, 4Fai2-~,411ii;, + and 'aF:~t~-+al~:~s> respectively. The emission 
band at I062 nm is important because it is potentially applicable for laser emission. 
Interestingly, it has a symmetrical and narrow structure as is observed for the 
luminescence o f  N d : Y A G .  it is said that the luminescence fronl N d  a+ in glass 
matrices shows a relatively wide emission with multiple components due to the 
various environments of Nd 3+ in amorphous solid matrices. The band shape with 
a highly symmetrical structure and relatively narrow width suggests that the environ- 
ment of Nd 3 + in Nd(HFA-D)a could be uuiti~rm in the solution system. The energy 
gap law indicates that the harmonic matching number of the vibrational quanta 
s h o u l d  be larger than that o f  O - , H  a n d  C - H  vibrations (3450 and 2950cm-1). 
HFA-D ligands in Nd(HFA-D)a molecules have vibrations of C-F stretching at 
1200cm -~ and C - D  stretching at 2100cm -~, arid O . D  slretching at 2 5 0 0 c m  ~. 
Absence of C.4t  and O.-H vibrations led to the obserw.ttion of luminescence from 
Nd ~ + in organic solvents. We believe this is the first observation of effective lumines- 
cence of Nd ~~ in organic solvents. 

3.3. Effect of  coordimttion structures of  Nd( HFA- D) 3 on lumi,tescem'e 

3.3.1. E~,ct of  water in the coordinaUon sphere 
The quantum efficiency of 0.1M Nd(HFA-D)< in acetone-do was on the order of 

10-~, and the energy transfer via vibrational excitation of surrounding media must 
still participate in the quenching process. The coordination number o|' rare earth 
ions in sohition is known to vary l)'om eight to ten de~endiil:,t:, g on the nature of 
ligating molecules f ~  ~,vl ,~.,-,+.,). The Nd(I-II:A-.D):~ complex was prepared l)om 
Nd(1-1FA-.H )a' (l]{zO)a and CD:~OD. Since Ht::A-D ligands occupy six coordination 
sites of Nd(HFA-D).~, D,O molecules may coordinate to the mmccupied sites. The 
quenching via vibrational excitation of D20 should be responsible lbr the stiliolow 
emission etfieiency, because the probability of energy tran:d!b':, to the i)e() 
(2500 c m  i) vibration can be estimated to be qt.iile high. /\ccordi~!~_ly, it :,,hould be 
possible to enhance ll'ic enlission by replaci!Ig I)20 ill lhc IViCiilily <',l Nd(ItFA,d))~ 
with deuterated solvent molecules having h:)wer vibrational raodes l-qg. g). 

0 

...... 0 ...... f ..... 0~ , ,  

q.:-:::/ i /±.]7;::::;9-.,  s '. o<:.::" I \ "7. s 

o ............... o--,--o o ............. s tj I . . ,  ,,.'+ 
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Fig. 8. Suppression of  energy lranslT-r quenching via vibrat ional exciiaik)it by ivl  ~ t: g co',~rdhmtcd 
l),O molecules by low vibrational s(dvclll molecules, 
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state to emitling level ) transmissions spectra. 

3.3.2. Near IR anaJk,sis of  coordination 
Fig. 9 shows the absorption spectrum of 0.4M Nd(HFA-D)3 in acetone-d6. 

Absorption bands were observed at 513, 524, 582, 680, 745. 800 and 865nm 
and attributed to the Nd 3+ transitions of qg/z (ground state)-+ 
~'G~u 2, 419.2---~2G9/2, 419/2..-,2Gv/> 419i2--+4F9/2, 419/2--+4F7/2, aL, i.~-,aF5/2 a n d  419/2-+ 
qT':~/> respectively. The adsorption spectrum is quite comparable to that of  Nd:YAG. 
The broad absorption band at 320-350 nm is explained as due to ligand HFA-D 
molecules. 

One of the important characteristics of the spectrum is a splitting of the peak at 
865 nm as shown in the inset of Fig. 9. The band peak at 865 mn is attributed to 
the transition '19/2-+aF3!2. Thus, ,.he observed splitting indicates that the degenerate 
4F31 a level, i.e. the emitting level, splits slightly into two levels. Slight splitting of 
the q::~j, degenerate levels should be induced by change in the ligand field around 
Nd 3 ~. 

Table 1 summarizes the splitting energy of the Nd 3+ ion states in Nd(HFA-D)3, 
Nd:YAG and LHG-8. The splitting energy of the Nd(HFA-D)3 4F3e 2 states, 
82.3 cm-~, is similar to that of  Nd:YAG (84 cm- : )  [28]. On the other hand, LHG-8 
Nd3+-containing glasses have a splitting (101.9 cm- t )  which is larger than that of 
Nd{HFA-D)3 and Nd:YAG. LHG-8 is an amorphous glass, and does not have a 

Table i 
Splilting energy of emitting level m Nd 3. 

Compound ~F~ .~ (nm) Spiiuing energy (cm ~) 

N d  ~ ' YAG ~;68. t ~.q4.5 84 
L[IG-8 865.5 873.2 101.9 
Nd( I-H:A- D i s 84,4.8 87t .2 82.3 
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symm~:trical structure, whereas Nd:YAG is ~ pure crystal with the garnet structure. 
The sp~.itting width observed for the absorption of Nd:YAG can be explained in 
terms of  the characteristics of the crystal structure of the matrix [28]. The comparable 
splitting width observed tbr the absorption of Nd(HFA-D)3 in liquid media with 
respect to that of  Nd:YAG suggests that the field due to the oxygens of the ligand 
molecules should be similar to that of Nd:YAG. Nd 3+ in Nd(HFA-D)3 should be 
coordinated to eight oxygen atoms which are in three ligand molecules and two 
solvent molecules, resulting in a strong ligand-field perturbation similar to that in 
Nd:YAG. 

The similarity of the absorption spectra to that of Nd:YAG~ suggests that the 
electronic structure of  the Nd 3+ in the present system should be comparable "ai~h 
that of  Nd 3+ in Nd:YAG. 

3.3.5. NMR analysis of coordination 
In order to elucidate the coordination structures of Nd(HFA)  s in solution, we 

carried out ~sC and ~9F N M R  measurements. Chemical shifts of  carbonyl carbon 
atoms and trifluoromethyl carbon atoms were obtained, and their relative difference 
(AE) was determined by comparison with that of  the free ligand (Table 2). Down 
field shifts due to the coordination were observed in the system. The shifts should 
depend on the strength of interaction between Nd 3 + and the ligand molecule. AE 
values of carbonyl carbon atoms and trii]uoromethyt carbon in acetone-d6 are 
comparable with those in THF-d8. 3,E values in DMF-d~ were smaller than those 
in acetone-d6 and THF-ds. AE values in DMSO-d6 were much smaller than AE in 
other solvents. This is also true for the relative difference (AE) in ~gF N M R  spectra 
(Table 3 ). 

These resuRs suggest that the coordination structure of the Nd complex depends 
on the solvent, The difference in AE among the solvents reflects the coo:dination 
strex4th between HFA and Nd 3 +. When solvent molecules coordinate to Nd 3 + the 
chemical shifts in HFA should become small. Shifts in signals of t3C and tgF N M R  
of the ligand can b c a  measure of the donation effect of solvent molecules. The 

Table 2 
tsC N M R  chemical shifts o1" hexal! uoroacet hyiacetone 
( hexafluoroacetylacewnato)neodymium( Ill ) ( Nd( H F A ) 0  in solvents 

~, t t F A  ) and tris- 

Solvent Chem,cai slfift 6 in ~C N M R  ( p p m P  
isCO of  13CO of  tsCO of  I-~CF 3 of  !3CF3 of  ~)CF 3 of  
HFA Nd( HFA I~ AE b HFA Nd( HFA )3 AEb 

Aceto~e-cL, 173.92 187.77 13.85 117.85 150.71 32.96 
TH F-d s 173.24 t 92.37 19. t 3 l 18.04 152.71 34.67 
DMF-d~ 171.52 180.6~ 9.0~a 119.14 114.01 24.87 
DMSO- d ,  170.73 174.23 3.50 117.96 132.4! 14.45 

~' The :~C N M R  chemical shifts were determined -.tsmg tetramethylsiiane (TMS)  as an internal standard. 
b k E = i s i g n a l  position o f  N d ( H F A h ) - ( s i g n a !  po:,ition of  HFA).  
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Table 3 
:~F N M R  chemical sI?ifts o f  hexafltaoroacethyiaceione (HFA~ and l r is-(hexai]uoroacetylacetonalo)  

neodymit tm( 111 } { Nd( I-;[FA 1.0 i~ solvents 

Solvent Chemical shift ~5 in I~l:: N M R  {ppm)" 

('~'~tz'~ o f  H[VA Cl'~Iz 3 of  Nd{ HFA )~ C2'~F:~ o f  AU' 

Acelmieod~ --: 74.91 -- 72.80 2.11 
TH F-de ~ 75.32 - 73.17 2.15 
DMF-d3  -- 74.70 - 74.35 0.35 
D M  SO-de, - 75.05 - 74.99 0.06 

'~ tgF N M R  data  were determined using hexafluorobenzene as an ex{er,~al s tandard  
b AE==(signat position of  Nd(t-I~'A)3)-(signal posit ion o f  HFA).  

small AE values in DMSO-d6 suggest that DMSO~do molecutes shovld interact 
strongly with Nd a+ of  Nd(HFA-D)3 in DMSO-d,,. 

The ability of  the solvent molecules to coordinate to metal centers can be estimated 
fi:om the donor number (Table 4). The order of  donor numbers follows the same 
trend as the decrease in AE values in NMR measurements. Coordination of  these 
solvent molecules is known to take place via oxygen atoms, thus the coordination 
strength depends on the electron density at the oxygen atoms. Electron densities of  
oxygen atoms in the solvent molecules, calculated using a MOPAC system (the 
MNDO/PM3 method), are listed with donor number in Table 4. 

The localization of  electrons on the oxygen atom in DMSO is significant compared 
with other solvent molecules. The strong coordination of  DMSO molecules con- 
firmed by NMR is in agreement with the negatively charged oxygen of  DMSO 
molecules. 

3,3.4. Soh,ent eff~,ct on h#ni~,~.escelwe 
The effect of  solvent molecules on the luminescence properties of  Nd(HFA-D) a 

was investigated using methanol-d4, acetone-d6, THF-da, DMF-dv and DMSO-d6. 
The emission lifetime and quantum yield of  Nd(HFA-D)3 were determined in each 
solvent. The relationship between th,. emission characteristics can be understood in 
terms of solvated molecular structures of Nd(HFA-D)  3 in the various solvents. 

Tebie 4 
Doe'.or number s  and calculation o f  charge distr ibution o f  hmeroa toms  l\~r various  solvents 

Sotvent Donor number Charge distribution ~ 

Acetone 17.0 --0.2793 
THF 20.0 - 0 . 3 2 7 7  
Water  18.(I -- 0.329 t 
D M F  26.6 --0.4363 
D M S O  29.8 - 0.7068 

~' Calculated by M O P A C  Vet. 6.10 ( M N D O / P M 3 )  program using the C A C h e  system, 
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Emission intensity due te the 4Fa/2--,gI~m transition depends on the choice of 
solvent. The intensity of the band in DMSO-d6 was larger by about one order of 
magnitude than that in methanol-d4 (Table5). The emission spectrum of 
Nd(HFA-D)3 in DMSO-d6 is shown in Fig. l i(d). The emission spectrum had a 
symmetrical shape with narrow band width. Full width at half maximum (FWHM) 
of the emission at t.06 gm (in DMSO-d6) was 31.2 rim. Solutions of Nd(HFA-D)3 
in acetone-de, THF-ds, DMF-dv or methanol-d4 also gave similar emission spectra. 
Interestingly, the FWHM depended on the solvent employed (Table 1 ). The FWHM 
of [Nd(HFA-D)3] spectra were narrower than that of LHG-8 (35rim) where 
Nd 3+ is surrounded by a glass matrix, and were comparable with that of Nd:YAG 
(30 nm). The quantum yields of the luminescence in each deuterated solvent are 
summarized with the emission in~:ensities in Table 5. 

The emission decay was also measured (Fig. 10). Tke inset of Fig. t0 shows a 
decay profile of the DMSO-d6 system on a linear scale. The intensity rose within 
t las, and then decayed exponentially. The lifetimes of the emission, detemfined by 
the slope in logarithmic plots of the profile (Fig. 10), are summarized in Table 6. 
Nd(HFA-D)3 in methanol-d4 showed the shortest lifetime, 0.70 gs, and the lifetimes 
in acetone-d6, THF-ds and DMF-d7 were 1.71, 2.33 and 2.86 l.ts, respectively~ The 
lifetime of Nd(HFA)a in DMSO-d6 was determined to be 6.30 gs, which was the 
longest among the observed lifetimes. The quantum efficiency increased in the order: 
methanol-d4< acetone-d6 <THF-ds < DMF-d7 < DMSO-d6, which a~rees well with 
the order of the emission lifetimes. This agreement suggests that the effective emission 
in such deuterated solvents should be due to suppression of the nonradiative relax- 
ation processes for Nd 3 +. Anhydrous D M S O - d  6 w a s  found to be the solvent which 
gave the strongest emission of Nd(HFA-D)a in the liquid system. 

The characteristics of the luminescence in DMSO cannot be explained only by 
the difference of the vibrational wave numbers of solvents. The dominant vibrational 
frequency of DMSO (Vs=o=1060cm -t)  is comparable with that o~ THF 
(Vc_o_c = 1070 cm-~)~ In spite of the similarity in the vibration frequency between 
DMSO and THF molecules, the emission efficiency in DMSO was fbur.td to be much 
higher than that in THF. The solvent dependence of the emission efficiency, which 

Table 5 
Characteristics of the emission due to aF3 a - , q u  ~ transition of Nd( HFAb in deuterated solvents 

Solvent Peak wavelength (rim) F'%~HM (~mt Relative intensity ~' Lifetime (~s) b g~ (%)~ 

Methanol-da t063 33.3 1.0 0.70 - 0 . i  
Acetone-d6 i055 32.9 t.34 1.7i 0.2 (0.4) 
THF-ds 1059 32.0 1.97 2.33 0.3 (0.5 
DMF-d~ 1059 30.6 3.00 2.86 0.3 (0.6) 
DMSO-df, t063 31.2 !0.6 6.30 0.6 ( 1.! ) 

The quar ,m yields of the emission in non-deuterated solvents were determined to be i~} tile order of tess 
than i0 -5 . 

Relative intensity was determined from the intensity of the system using methanol-da as a reference. 
b Excitation at 532 nra. 

Excitation at 585 nm. Values in the parentheses are total quantum yields (aF3 z--'ai~ > ~'F~ z -,q:~ 2 and 
41"73~2"-~ 4[. i3:2 }. 
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Table 6 
('haraclerishc:+ of  the emission: duc to ~|:~ z-+')lt, 2 transi t ion of  Nd :~ complexes in det, t.erated DMSO" 

Complex  Peak wavelength (ran) F A ' H M  {::m) Relative imensi ty  Lifethne (~.ls)" q++ ( % F  

?4d(HFA-D) , ,  1063 31 1.0 6.3 t.3 
Nd{ P(IM+D) ~ 1049 25 2.2 14.5 3.2 

+' The sample concemrafion:~ ~ere  0.05 m,)l m ' l ixcitatiun at 5S5 m u  
b Excitation at 532 ran. 

Values were totalquactt tJn/ y i c l d l q  ~ +,-+ 1,,+,4 .q:,++, ~qt~2 a n d ' l ~ : ~  I ~ 3 ,  " +L 

cannot be correlated with the order of vibrational frequency, suggests that structures 
of Nd(HFA+D)~ in solution vary depending on solvent properties. One of the 
dominant processes for the quenching via vibrational excitation should be due to 
the O-D band (v~>D=2500cm -~) of two coordinating D++O molecules of 
Nd(HFA-D) 3 in solution. The effect of DMSO could be attributed to complete 
displacement of the coordinating D::O molecules 

4. Luminescence of Nd(POM-D) 3 

In order to plcvent dipole-dipole energy transfer via cross relaxation through 
collisions betweeu Nd ~+ complex molecules, we fuccessfully utilized deuterated 
bis.,(perfluorooctanoyhnethane); POM is a novel and bulky tigand (Fig. 6(b)). 
We now discuss the enhanced and characteristic emission of the tris(bis- 
( perfiuorooctanoyl ) methanato) neodymium ( III ), Nd (POM-D)3, system in DMSO- 
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4.1. Luminescertce ill DMSO-d6 

Fig, 11 shows the absorption and luminescence spectra of DMSO-d6 solutions 
(0.05M) of Nd(HFA-DI3"2D20 and Nd(POM-D)3 determined under the same 
conditions and those of LHG-8 glass. Absorption is attributed to excitation from 
the ground state., ~19/2, to various excited-state levels. Both solution systems gave 
larger extinction coefficients than the glass system of LHG-8 (0.6 wt%). 

Emission spectra were obtained by excitation at 585 n m  (419/2-407/2) .  Emission 
peaks at 885, 1054 and 1325nm were assigned to the f--f transitions of 
4F3:2-+419i 2, 4F3/2-,4IlI/2 and 4F3i2-+41t3/2, respectively. The full width at half maxi- 
mum ( F W H M )  of the 4F3/z-~al t 1/2 transition wa:; 25 nm, which is smaller than that 
of LHG-8 (35 nm) glass and that of Nd:YAG (?It nm). The shape of the emission 
band, which was more symmetrical and relativel,: narrower than that of t, HG-8, 
suggests that the environment of Nd:' ~ in solutio~ systems is at least as uniform as 
that in solid Nd -*+ laser systems (Table 6). 

4.2. Concemro iort-independent l'emine.wence 

To confirm the effect of the POM ligand which might prevent excitation m, igration 
even at collision between Nd 3+ complexes, we measured the dependence of  the 
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emission etIiciency on the concentration of Nd(POM-D).~ in DMSO-G, and com- 
pared it with that in the Nd(Hf:A-D)~ system, 

The Nd(POM-D):~ system has a higher quantum efficiency than tile 
Nd(HFA-D)a system over the entire range of concentrations tested. While the 
quantum yield of Nd(HFA-D)3 decreased as the concentration increase{~, that of 
the Nd(POM-D)3 system was ahnost constant (3.2%) between 0.01 and 0.07M 
(Fig. 12). 

According to tlhe equation of the critical distance RDx tbr nonradiative dipole-- 
dipole energy transfer (Eq. (41}), the typical values of the critical distances for 
excitation migration (4Fa/2- q9/~) and cross-relaxation (4F3,.'2- 4I,sj~ and 
4 |  15/2 "~' qgj,,.) proce~ ~es in the system of N d  3 + -containing phospl~ate laser glass were 
estimated to be 11.14 and 4,07 A, respectively [29]. The emission decay z(= W~m', 
emissio~ rate) and quantum yield, qom, of 0.1M Nd(HFA-D)~ were 6.3 its and 1.1%, 
respectively. Since the total spontaneous radiative emission rate is given by 
A~=q¢ml'I~m, the total spontaneous radiative emission rate of the present system is 
1746 s - '  which is comparable to that of the Nd-containing glass (A~2-~2400 s -~). 
The absorption coetlicient of Nd(HFA-D):~ (e=4.0M -~ cm-'~ was also quite close 
to the value of Nd~'÷-containing glass (e=5.0M -~ cm- ' )  at 870 n m  (419/2--~4F3/2 
transition). According to Eq. (4), the critical distance of Nd(HFA-D)3 was estimated 
as 11.7 A. 

In liquid systems, diffusional processes dominate energy transfer quenching [ 1 ]. 
The size of the Nd( HFA-D)3 molecule is about 6 A which is smaller than the critical 
distance (!1.7 A) of resonance energy transfer. The Nd(HFA-D)3 complex could 
undergo cotlisional quenching with other Nd(HFA-D)3 even at concentrations less 
than 0.1M (average distance between molecules in liquid med:a is estimated as 14 .& 
[30,31]). 

In the system of Nd(POM-D)3, the absorption coefficient was comparable to that 
of Nd(HFA-D)3, and the quamum yield of Nd(POM-D)3 was about three times 
larger than lhat of Nd( HFA-D)3. From these results, the critical distance is estimated 

5 

C/ 

E Nd(POM-D)3 

N'N, \ \  

| \qK\ Nd(HFA-D)3 

a 
0.01 0. I 

Concentration I mot dm 3 

Fig. t2. ('oncentration dependence of quantum yield of Nd( HFA-D)~ and Nd( POM-D)~, 
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to be about 6 ~,. The diameter of Nd(POM-D)3, estimated by MM2, is 25 A (CAChe 
ver. 6.10: Fig. 13), suggesting that the collision distance is much greater than 6 A, 
Thus the distance should be enough to prevent excitation migration even at collision. 
The observed concentration-independent behavior of the quantum yield supports 
the hypothesis that excitation migration has been suppressed in the liquid system 
by the use of the bulky diketonato complex of Nd 3 +. 

4,3. Excitation migration at high concentration 

A sudden decrease in the emission quantum yield of Nd(POM )3 was  observed at 
concentrations greater than 0.7M. Interestingly, dynamic light-scattering spectropho- 
tometer (DLS) measurements showed an increase in the average ;,ize (102 A) at 
a concentration of 0.4M (Fig. 14). The lipophobic perfluoroalkyl groups of 
Nd(POM)a should contribute to aggregation in DMSO, as is the case with surfactant 
molecules at the CMC in water. 

The authors propose that Nd(POM)3 aggregates at high concentrations a'~d that 
this aggregation enhances energy transfer via an excitation hopping precess, which 
leads to a decrease in the quantum yield of tile luminescence. The high-order 
multipole and exchange interaction are also expected to contribute to the energy 
transfer process in such aggregated systems. The contributions of this process to the 
quenching are not clear at the present time [32]. 

The ratio of the emission intensity at 885 nm to that at 1053 nm reflects the 

Fig. i3. Three-dimensional model of Nd( POM )3 by MM2 calculation (CaChe syste~n ver. 6.10). 
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probability of excitation hopping be: ;,veen the complexes (excitation migration) [29], 
When the emission at 885 nm is absorbed by a neighboring ;,~d :~+ complex, the ratio 
changes because the re-absorbed light contribu|es to emission at 1054 nm. This ratio 
in the Nd(POM-D) a system was greater than that In the Nd( t tFA-I) )  3 system. This 
indicates that excit,,tion migration in fluid solution is suppre:ssed more in 
Nd(POM-D)~ than in Nd(NFA-D)3. Interesting~3, this ratio in Nd(POM-D)3 
became smaller a~ the high concentration of 0.3M, suggesting excitation migration 
m the aggregated system. Dipole-dipole energy transfer between Nd 3+ has been 
successfufiy sl:ppressed in the liquid system by use of  the bulky [3-diketonato complex 
of Nd ~ + 

.& Conclusion 

The luminescence of the liquid Nd 3 ~ system can be realized and enllanced by 
de;;ignit~g molect~le:~ wtfieh coordinate oz solvate to Nd a " ill the system. Two kinds 
of deutefated t:~-.dik,~'.tone molecules, HFA-D and POM-D, containing C-F,  C--O, 
O t )  and C--D bonds, were found to bind Nd 3+ and to enable the excited state 
('~F3/z, ~ to tmdergo radiative relaxation, giving effective luminescence of Nd 3+ in 
anhydrous deuterated organic solvents. Nonradiative relaxation via vibrational exci-. 
tation and cros~,-.relaxation processes could be suppressed effectively in the liquid 
systelns. 

Ti~e pteaetlce of [)20 in the Nd ~'- primary coordination sphere contributes to 
nonradiative de-excitation and thus replacement of  D:;O with solvent molecules with 
mt|ch lower vibrational bonds thai~ D20 could decrease the radiationless transition. 
The relatively weak emission of [Nd( HFA-D):~]. 2D~O in acetonc-d~, can be rational~ 
ized as due lo the comparable coordination ability oi' acelone and D20. DMSO-d~,, 
molecules, which have higher electron density on the oxygen atom than D20 mole- 
ca!es, can replace D,O molecules° In other words, DMSO molecules alter the 
coordination structure of Nd(HFA-D)3 in solution, and enhance the emission by 
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minimizing radiationless transitions via vibrational excitation because l) ,O is elimi- 
nated from the vicinity of the Nd ~ + 

The preseni luminescence enhancement is not sufficient lk)r laser applications, 
Furtt~,er etfort is being directed towards designing ligands tbr N d  "~' . We seek to 
overcome the inherently low absorbance of neodymium. Asymmetric lig,,qds and 
ligands with chromophores which absorbs light and transfer energy to Nd 3+ seem 
promising for enhancing,_ lm, mnescence.' The synthesis of such compounds is in 
progress and will be reported shortly. 
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