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The electronic absorption, emission spectra and 
fluorescence lifetimes of anhydrous and diluted 
(0.01-0.13 M) solutions of Nd(ClO,), and Nd- 
(NO,)3 in CH&N, (CH,),CO, DMSO, and DMF are 
used to investigate the solvation of the Nd(III) ion. 
Both the oscillator strengths and the lifetimes depend 
strongly upon the solvent; these latter range from 300 
ns in (CH,),CO to 485 ns in DMF, 660 ns in CH,CN, 
1850 ns in DMSO, and 2300 ns in CD3CN. Upon 
addition of nitrate to anhydrous solutions of Nd- 
(ClO,), in poorly coordinating solvents, stable, inner- 
sphere complexes of formula [Nd(N03)dJ’3- ‘)+ 
form, with n = I-5. The oscillator strength of the 
hypersensitive ‘G,,=, 4G,,2 + 419,2 transition in- 
creases strongly and linearly with the concentration 
of added nitrate. The addition of DMSO to an- 
hydrous solution of Nd(ClO,), in CH3CN results 
in the formation of an equilibrium between nona- 
and deca-coordinate species [Nd(DMSO),J3+; the 
average number of coordinated DMSO molecules 
per Nd(HI) ion is estimated to be 9.7 f 0.8 from the 
lifetime data. In DMF, inner sphere nitrato com- 
plexes also form upon addition of nitrate to Nd- 
(ClO,), solutions; equilibria take place that involve 
mono-, di-, and, possibly, tri-nitrato complexes, 
/Nd(N03),J’3-“‘+ with n = 1, 2, 3. The apparent 
equilibrium ratio for n = I is K,= 110 + 30 l*mot’. 

The 5;2~ parameters, derived from the Judd-Ofelt 
theory, are calculated and discussed; in particular, 
Qi is shown to increase linearly with the number of 
coordinated nitrate ions in the first coordination 
sphere. This number is estimated to be 1.5 for Nd- 
(NO,), so& tions 0.02 M in DMF. The relationship 
between QA and crystal field operators is discussed. 

Introduction 

The interest in the spectroscopic properties of 
neodymium(II1) ions has been largely stimulated by 
its use in lasers, in the solid state, in glasses, and in 
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solutions [2]. Also, the discovery by Moeller and 
Ulrich that the *CT,=, 4G5,2 c41g,= transition in 
the yellow part of the visible spectrum is very sensi- 
tive to the environment of the metal ion [3] resulted 
in many studies which attempted to explain the 
hypersensitivity phenomenon [4], as well as in 
numerous applications taking advantage of this 
feature. For instance, the stability constant of [Nd- 

W3)1=+ in water was determined [5] and a method 
for estimating the complexation constants was pro- 
posed [6]. 

Furthermore, a relationship between the shape of 
the hypersensitive absorption bands and the coordi- 
nation number and symmetry of the lanthanide ion 
was discussed [7]. Finally, the electronic spectra of 
Nd(III) solutions in mono- and di-substituted amides 
[8], along with conductometric and ultrasonic ab- 
sorption measurements, were used to investigate the 
nature and symmetry of the solvates and complexes 
formed in these solvents. In this communication we 
present a spectroscopic investigation of neodymium 
perchlorate and nitrate in anhydrous acetonitrile, 
acetone, dimethylformamide (DMF), and dimethyl- 
sulfoxide (DMSO). Both the absorption spectra and 
the fluorescence lifetimes are used to assess the 
nature of the complexes formed in solution. The 
results are compared with those presented in previous 
parts of this series for europium(II1) [l, 9-l l] and 
terbium(W) solutions [ 121. 

Experimental 

Preparation of the Solutions 
Anhydrous Nd(C104)3 and Nd(N03)3 were pre- 

pared from the oxide (99.9%, Glucydur) as previously 
described for the europium [13, 141 and terbium 
[ 121 salts. The purity of the salts was controlled by 
complexometric analyses, by their IR spectra and by 
their fluorescence lifetimes. The solvents CH,CN, 
CD,CN, (CH3)2CO, DMF, and DMSO were carefully 
dried before use. NaC104 and NaN03 were dehy- 
drated under vacuum (lo-= mmHg/80 “C). All the 
solutions were prepared under a strictly controlled 
atmosphere (N, with less than 10 ppm water); their 
Nd-content was determined by complexometric 
analyses after completion of the measurements. 
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Spectroscopic Measurements 
Absorption spectra were measured on a Hitachi- 

Perkin-Elmer 340 spectrometer equipped with a 
microprocessor; the e vs. i data were transferred to 
a Hewlett-Packard 9825 A calculator to evaluate the 
band maxima and barycentres. The oscillator 
strengths were calculated according to 

2303 mc* 9n 
P= - ___ . 

Nne* (n* + 2)* s 
e(V)dV 

The refractive indices of the solutions, n, were mea- 
sured at 20.0 f 0.1 “C under daylight illumination 
with a Zeiss refractometer. 

The emission lifetimes were calculated over at 
least 3 lifetimes after 512 accumulations: 7 = l/S, 
S being the slope of In1 = f(t). The samples were 
excited by a pulsed neodymium laser with frequency 
doubler (530 nm, pulse width: 15 ns, pulse energy: 
20 mJ). The emitted light (885 nm, 4F3,2 + 419,2 
transition) was analyzed by a Bausch and Lomb 
grating monochromator and measured with a SHS- 
100 photodiode from EC and G. The signal was fed 
to a Tektronix R-7912 transient recorder coupled to 
a PDP 11/04 computer. 

Results and Discussion 

Solvent Effects on the Oscillator Strengths and Life- 
times of Dilu te Nd(CiO,), Solutions 

The four more intense absorption bands in the 
visible part of the Nd(III) spectrum were measured 
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as a function of the solvent for 0.01 M solutions of 
neodymium perchlorate (Table I); these transitions 
are labelled as follows: 

Nd-1 : 4F,,2, ‘H9,* + 419,2 (-800 nm) 
Nd-2: ‘F,,*, 4S3,2 + 419,2 (-750 nm) 
Nd-3: *G,,*, 4GS,2 + 4I9,2 (-580 nm) 

Nd-4: 2K,3,2, 4%2, 4%2 t4Lw2 (-520 nm) 

The assignments are made by comparison with 
Carnall’s data on aqueous solutions [ 153. With 
respect to water, the transitions undergo a batho- 
chromic shift and their intensity increases for all the 
three solvents. The largest changes occur for the 
hypersensitive transition Nd-3 which is shifted by 
210, 150, and 90 cm-‘; its oscillator strength in- 
creases by 40%, 80%, and 110% for solutions 
in DMSO, CHaCN, and DMF respectively. This 
transition appears as a structured band, similar in 
shape to that observed for aqueous solutions; there- 
fore, according to Karraker’s criterion [7] the coordi- 
nation number of the Nd(II1) ion should be the same, 
nine [ 161. Such comparisons are, however, essential- 
ly qualitative, so that we have studied the Nd(II1) 
solvation in more detail (cc following Sections). 

The lifetimes reported in Table II were measured 
on 0.1 M solutions: in all cases, a single exponential 
decay was observed. Moreover, the lifetimes do not 
depend upon the excitation power (lo-90 mJ) 
contrary to what was observed for solutions in PO- 
C1s/SnC14 [ 171. The fluorescence quenching occurs 

TABLE I. Wavenumbers @max, cm-‘) and Oscillator Strengths P of Selected Nd(ll1) Transitions for Perchlorate Solutions 0.01 M 
in Various Solvents, at Room Temperature. 

Transitiona H20b DMSO CHsCN DMF 

L’max 106.P Glax 106. P P/Paq Gmax 106.P P/P,, &ax 106.P P/Pa9 

Nd-1 12595 6.9 12485 8.7 1.3 12560 11.4 1.6 12485 11.2 1.6 
Nd-2 13515 6.5 13 350 7.6 1.2 13475 12.0 1.8 13 350 10.9 1.7 
Nd-3 17390 8.1 17 180 11.6 1.4 17300 14.3 1.8 17 240 16.7 2.1 

Nd-4 19 155 5.8 19 120 6.3 1.1 19 120 9.4 1.6 10 045 8.9 1.5 

%ee the text for the assignment of the transitions. bThese data were recorded to calibrate our measurement method; they are 
within 2 2% of those reported by Karraker 171. 

TABLE Il. Lifetimes of the 4Fs,2 Level of Nd(ll1) in Perchlorate Solutions 0.1 M in Various Solvents, along with Relevant Data. 
Observed Transition: 4Fs,2 + 41gn. 

(CH&CO CH3CN CD3CN DMF DMSO 

7 (ns) 300 i 40 660 * 30 2300 + 110 485 + 30 1850 i 60 
GA-_B (cm-‘)a 1710 2254 2258 1680 1050 
AE/3,_,b 3.1 2.3 2.3 3.1 5.0 
W~-H(D)~ 1.8 1.8 2.3 1.8 1.8 

%tretch wavenumber, A = C, S. and B = 0, N. bAE = E(4Fs,s) - E(41ts,2) = 5280 cm-‘. ‘&__H = 3000 cm-‘, ^ V’C-_D = 
2258 cm-l. 
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Fig. 1. Influence of the nitrate concentration on the absorption spectra of anhydrous Nd(ClO& solutions 0.01 M in acetonitrile. 

via a multiphononic process; if we consider the 
vibrational stretching modes more likely to be in- 
volved, namely the C-H(D) one and the one involv- 
ing the donor atom, we can calculate the number of 
phonons necessary to induce the 4F3,2 + 411,,2 non- 
radiative transition: it ranges between 2 and 3, except 
for DMSO (cJ: Table II). The influence of the C-H 
vibrations is evidenced by the increase in the lifetime 
from 660 to 2300 ns in going from CHsCN to CDs- 
CN. It may also explain the larger quenching effect 
of acetone as compared to acetonitrile, the former 

containing two methyl groups instead of one for 
CHsCN. 

Complex Formation with Nitrate and with DMSO 
When nitrate is added to anhydrous solutions of 

neodymium perchlorate in weakly coordinating 
solvents, both the shape of the absorption bands 
(Fig. l), the oscillator strengths (Fig. 2, Table III), 
and the fluorescence lifetimes* (Table IV, Fig. 2) 

*Acetone was used instead of acetonitrile, for solubility 
reasons. 
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Fig. 2. Influence of the nitrate concentration on the osciIla- 
tor strengths of the 2G7n, 4G5,2 + 41g,z (top) and 4F,,z, 

5s 3,~ + 41a,2 (middle) transitions and on the lifetimes (bot- 
tom) of anhydrous solutions of Nd(CIO& 0.010 M in CHs- 
CN or 0.127 M in (CH3)zCO (lifetimes). 

undergo large changes which reflect the formation of 
[Nd(N0,),12-. A similar situation occurred for Ln = 
Eu [l] and Tb [12], while Walker and Weeden 
reported that in solution in methylene chloride and 
nitrobenzene, the hexanitrato complexes completely 

TABLE III. Oscillator Strengths (x10”) vs. the Concentra- 
tion of Added Nitrate for Anhydrous Solutions of Nd(ClO& 
0.01 Min CH3CN; R = [NO,-],/[Nd3+Jt. 

Transition* R = 1 R=2 R=3 R=4 R=.5 R=6 

Nd-1 8.8 8.0 6.6 5.6 4.9 4.7 
Nd-2 10.8 9.3 7.9 7.2 5.9 5.6 
Nd-3 18.6 23.5 19.4 35.2 42.7 42.2 
Nd4 8.5 7.7 7.4 7.3 7.3 6.8 

%ee the text for the assignment of the transitions. 

TABLE IV. Lifetimes of Anhydrous Nd(CI04)s Solutions in 
Acetone, Acetonitrile or DMF vs. R = [L]r/[Nds+]t; he,, = 
530 nm, &id = 885 nm. 

R 7(ns) R r(m) 

L = N03-, [Nd%] = 0.127Min acetone 

0.7 350 It 30 4.0 
1.5 415 + 35 5.0 
2.2 450 * 40 6.0 
3.0 560 * 50 

L = DMSO, [Nd*] = 0.128 M, in acetonitrile 

2.0 800 it 30 10.0 
4.0 830 + 40 12.0 
6.0 1090 * 40 14.0 
8.0 1410 + 50 18.8 

L = N03, [Nd*] = 0.1 Min DMF 

1.0 500 t 50 5.0 
1.9 525 k 50 6.0 
3.0 550 f 50 7.0 
3.7 565 f 50 8.0 
4.5 575 f 40 

740 + 40 
1320 + 70 
1340 t 60 

1850 f 60 
1880?60 
1820 it 50 
1850 r 60 

585 t 40 
585 f 40 
575 f 40 
575 t 40 

dissociate into pentanitrates [ 181. According to [4], 
the intensity of the hypersensitive transitions may be 
related to the electron-donor ability (basicity) of the 
ligands whereas the intensity of the non-hypersen- 
sitive transitions depends upon the symmetry of the 
complex. Our results are in agreement with the first 
part of this statement: the Nd4 oscillator strength 
increases strongly and linearly with the nitrate con- 
centration. The intensity of the other transitions 
decreases with increasing [N03-1, Nd-I and Nd-2 by 
a factor of 1.9, Nd-3 by a factor of 1.2. Another 
interesting point is the concordance between ab- 
sorption and lifetime data. Since the former reflect 
complex formation in the ground state whereas the 
latter give information on the Nd(III) excited state, 
one can conclude that no substantial change occurs 
in the inner coordination sphere upon excitation, 
contrary to what is observed for Gd(III) in aqueous 
solutions [ 191. The Stern-Volmer quenching constant 
[12] calculated from the lifetime data is 1 .I6 + 0.04 
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l.mol-‘. The slight deviation from linearity of the 
Stern-Vdlmer plot in Fig. 2 for small values of R = 
[NOa-],/[Nd3+], probably arises from the presence 
of perchlorate in the inner coordination sphere of 
Nd(II1) [20]. 

Similar measurements were performed on an- 
hydrous Nd(C104)3 solutions containing various 
amounts of DMSO. The oscillator strength of the 
hypersensitive Nd-3 transition first increases slightiy 
up to R= [DMSO],/[Nd3+], =4 and then decreases 
sharply up to R - 10 (Fig. 3). The intensities of the 

sphere. The fluorescence lifetimes (Table IV, Fig. 3) 
increase upon addition of DMSO. The resulting 
Stern-Volmer plot is strictly linear for R >4 and 
horizontal for R > 10, the intersection being at R = 
9.7 f 0.8; the corresponding quenching constant 
amounts to 0.50 f 0.03 l*mol-‘, approximately 
half the value observed for nitrate. From both the 
P(Nd3) and the lifetime data we conclude the for- 
mation of an equilibrium between [Nd(DMSO)J3’ 
species with n = 9 and 10 when R> 10. Lugina 
et al. have deduced from electronic and IR absorp- 
tion data the presence of similar equilibria between 
species with n = 8 and 9 in DMSO/water [21] and 
CH3N02/DMS0 [22] mixtures. Detailed FT IR 
measurements point to an average coordination 
number slightly larger than 9 [20] for Nd(III) in 
CH3CN/DMS0 mixtures in agreement with our 
(rather inaccurate) estimate. 
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Fig. 3. Influence of the DMSO concentration on the osciUa- 
tor strength of the 2G,,2, 4G 5,2 + 41,,, transition (top) 
and of the lifetimes (bottom) of anhydrous solutions of 
Nd(C104)3 0.128 Min CH3CN. 

other transitions decrease by 30-35% between R = 
0 and R = 4 and then remain approximately constant. 
The data for R <4 reflect the replacement of the 
inner-sphere coordinated perchlorate [20] by DMSO 
molecules, as confirmed by conductivity measure- 
ments on 0.01 M solutions: the molar conductance 
increases from 208 to 242 ~;2-1~cm2~mol-1 between 
R = 0 and R = 4.5, and then remains constant; these 
values are characteristic for a 2: 1 electrolyte [ 1 I]. 
We have however no explanation for the absolute 
variation of P(Nd3) vs. R and for the constancy of 
the other transition intensities for R> 4, despite 
the changes that still occur in the inner coordination 

Solvation of Neodymium Perchlorate and Nitrate 
in DMF 

Neodymium perchlorate is a 3:l electrolyte in 
DMF [8] and absorption spectra are consistent with 
a first coordination sphere essentially comprised of 
solvent molecules [23]. In fact, a recent temperature- 
and pressure-dependent study [24] has shown the 
presence of an equilibrium between an octa- and 
a nona-coordinate species [Nd(DMF),] 3+. Neverthe- 
less, we have found a slight dependence of the fluor- 
escence lifetime of anhydrous Nd(C104)3 solutions 
0.1 M in DMF with the perchlorate concentration: 
r increases from 485 + 30 to 505 f 30 and 535 + 30 
ns when [C104-]t/[Nd3’] t is increased from 3 to 6 
and 9 respectively. This effect reflects a weak, pos- 
sibly outer-sphere, C104-/Nd3+ interaction. 

When nitrate is added to Nd(C104)3 solutions in 
DMF, both the absorption band shapes (Fig. 4) 
the oscillator strengths (Table V), and the lifetimes 
(Table IV) undergo substantial changes reflecting the 
formation of inner sphere nitrato complexes; this 
conclusion is in agreement with spectroscopic data, 
ultrasonic absorption spectra and conductivities of 
Nd(N03)3 in DMF [8], but contradicts an earlier 
report [25]. The intensity changes, as well as the 
Stern-Volmer plot (Fig. 5) point to the presence 
of equilibria between different species [Nd(NOaA- 
(DMF),](3-n)+, with n = 1, 2 and possibly 3, as was 
observed for Eu(II1) [9]. Conductometric data for 
Nd(N03)3 solutions [8] indeed show a gradual shift 
from a 2:l (<0.002 M) to a 1:l electrolyte (CO.1 
M) and even to a non-electrolyte (0.2 M) behaviour. 
Using known procedures [26], we have estimated 
the apparent equilibrium ratios K, form the P(Nd-3) 
data: 

__ [Nd(N03)n(DMF),](3-“)+ 
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TABLE V. Oscillator strengths (X106) vs. the Concentration of Added Nitrate for Anhydrous Solutions of Nd(ClO& 0.018 M 

in DMF; R = [N03-]t/Nds+],. 

Transition* R= 1.0 R= 2.0 R = 3.0 R = 4.0 R=5.2 R 6.2 = 

Nd-I 10.5 9.5 9.0 8.9 8.8 8.7 
Nd-2 10.6 10.0 9.7 9.5 9.2 9.1 
Nd-3 21.7 23.1 23.7 24.1 24.2 24.4 
Nd4 9.1 8.8 8.5 8.4 8.4 8.3 

aSee the text for the assignment of the transitions. 
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Fig. 4. Influence of the nitrate concentration on the absorption spectra of anhydrous Nd(C104)3 solutions 0.018 M in DMF. 
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Fig. 5. Stem-Volmer plot for anhydrous Nd(ClO& solutions 
0.1 M in DMF containing various amounts of nitrate. 

We find Kr = 110 + 30 l.mol-’ and K, x 260 l* 
mol-‘. These values are to be taken as indicative only. 

Complexation Effects on the Rh Parameters 
In order to summarize the influence of the ligands 

on the oscillator strengths of the f-f transitions we 
have evaluated, by a least-squares procedure, the RA 
parameters [ 151, which are deduced from the Judd- 
Ofelt T* parameters: 

P = z 3T;\(f3\LJIIU(“‘IIf3rll’~~)’ 
234.6 

3h 9n 
!$=(2J+1)Th. __ - ~ 

8n2mc (n* + 2)2 

The results are presented in Table VI, along with 
comparative data. These parameters are difficult to 
link to a unique property of the ligands. However, 
Reisfeld and Jdrgensen [2] have shown Rz to be 
quite sensitive to the metal-ion surroundings, so that 
this parameter is often associated with hypersensitiv- 
ity. In particular, its value increases considerably 

TABLE VI. Rh Parameters (X1020, cm2) for Various Nd(III) 
Solutions with [Nd*] Between 0.01 and 0.02 M. 

salt Solvent 

WC10& Hz0 VI 0.93 5.0 1.9 
CH3CN 1.2 1.1 9.8 
DMF 1.2 8.9 8.4 

Nd(NOs)s CH3CN 11.8 2.1 6.6 
DMF 6.1 5.0 1.6 
TBPa [21] 11.5 3.2 8.9 

(Me4l%Nd(NOa)s CH3CN 18.1 1.0 4.9 

Nd(acac)sa DMFb [2] 24.5 0.11 9.1 

when anionic ligands, either conjugated (acetyl- 
acetonate) or polarizable (nitrate), are bonded in 
the inner coordination sphere. This is reflected by 
our data: perchlorate solutions in CHsCN and DMF 
have the same RZ whereas this parameter increases 
considerably, and linearly, with the number of nitrate 
ions in the first coordination sphere of the Nd(II1) 
ion in acetonitrile solutions. 

Taking advantage of this linear correlation, we 
calculate an average number of inner-sphere coordi- 
nated nitrate ions per neodymium ion, ii, equal 
to 1.5 in 0.02 M solutions of Nd(NOa)s in DMF. 
This value is in agreement with the conductometric 
data [8] and with ii = 1.8 found for Eu(NOs)s 
solutions 0.05 in DMF [9]. For these latter solutions, 
the intensity of the hypersensitive ‘Do + 7Fz tran- 
sition also increases linearly with ii. 

If the Racah formalism is used to calculate the f-f 
transition intensities [28], taking into account the 
J-mixing [29], one finds that the ah parameters 
essentially depend upon the following Cqk opera- 
tors* : 

h=2 k= I,3 
h=4 k=3,5 
X=6 k=5,7 

When nitrate is added to Nd(C104)3 solutions, a4 
and !& decrease, but L& increases considerably, 
which is therefore due solely to the matrix element 
containing C, l. 
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