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Spectral Studies of Pr3 + in Different Solvents
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ABSTRAcr. Absorption spectra of pr+ ion in water (deionized), heavy
water, dimethylsulphoxide, hexadeutrodimethylsulphxide, was studied in
the UV-Vis.and near IR regions. Judd-Ofelt (Tv T4' T6), Slater-Condon
(Fv F 4' F6), Racah (EI, E2, E3), and spin-orbit ('4 i) parameters of pr+ in
the aforementioned media are evaluated. The values of nephelauxetic ratio
(B), Sinha's parameter (8%) and the bonding parameters (bll2) are also dis-
cussed.

Introduction

Since 1962 when the Judd-Ofelt theory was publishedll.2], the spectroscopic proper-
ties of tripositive rare-earth ions have been studied extensively, both experimentally
and theoreticallyI3-IO]. Carn~l et al.lll] correlated the experimental and theoretical in-
tensities of the solutions bands of Pr3+ in the ethyl acetate. Surana et al.[12] have
studied the absorption spectrum of Pr3 + in haloacetate solution. Lakshman and Bud-

dhudul13] reported the Slater-Condon, configuration, spin-orbit, nephelauxetic,
bonding, and Judd-Ofelt parameters ofPr3+ in the acetates of Praseodymium, Mag-
nesium, Calcium, and Cadmium complexes. Moreover, Buddhudu and Babul14] re-
ported the Racah and Judd-Ofelt parameters for Pr3+ ion in methYl, butyl, isopropyl
and amyl alcohols. In general, semiempirical calculations based on the Judd-Ofelt
theory were not satisfactory for the Pr3+ ionI14.15]. In these studies, high root-mean-
square deviations of the oscillator strengths and negative values ofT 2 are reported.
In this work, various spectroscopic parameters have been evaluated from the UV-
Vis. bands of Pr3+ in different solution media.
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Theory

1. Experimental Oscillator Strength
The experimental oscillator strength (P exp)of a band is obtained by

= 4. (1)

l8 

X 10-9 J E (v) dvp
exp

VI

where f ~ (v) dv is the area under the corresponding band, ~ (v) is the molar extinc-
tion coefficient defined by :

t' 10E = -log -
C 1 (2)

where C is the molar concentration, t' is the light path length in (cm),and log IJ I is the

optical density.

2. Judd-Ofelt Parameters
According to the Judd-Ofelt theory[l,2] the oscillator strength of an induced elec-

tric dipole transition is given by :

P ed = V L T A (I/li J II VA III/I[ J )2 (3)
A = 2,4,6

where vistheenergyofal\1i~l\1ftransition, expressedincm-l, T A are the Judd-Ofelt
parameters (T 2' T 4' T 6)' and (l\1j J II UA Ill\1/)2 are the squares of the reduced matrix
elements of the unit tensor operator U , Using experimental oscillator strength of
the observed bands and the corresponding squared reduced matrix elements, a
number of linear equations equal to the number of observed bands are the formed.
Employing a least square fit method, the intensity parameters T 2' T 4' and T 6 are
evaluated. These parameters are then used in equation (3) to calculate the so-called
calculated oscillator strength (P cal).

The root-mean-square deviation (r .m.s.) are calculated using formula:

(4)

1

rms = [~~]2
N

where M is the deviation of the jh-levels and N is the number of fitted levels.

3. Slater-Condon Parameters

To a first approximation, the energy Ej of the J-th levels may be expressed in
terms!13] of change in parameters by a Taylor-series expansion:

dEl dEJ
EJ = EOJ + _I d-F ~Fk + -d l: ~ ~4f (5)

K -2,4,6 k ~4 f

where EOJis the zero-order energy, (dEJ I dk) and (dFJ I d~4f) are the partial deriva-
tives. The values of the zero-order energy and the partial derivatives are taken from
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tables of Wong.II6] Employing a least-squares fit method, correction factors ~F2 ,
~F4 ' ~F6 and ~~4Fare obtained. The Slater-Condon (F2 ' F4, F6) and the spin-orbit
(~f.4f) parameters are obtained from the relations.II3]

M2 = F2 -~

M4 = F4 -~

~F6 = F6 -~

~f.4f = f.4f -f.~f (6)

where~,~. ~and f.~fare the zero-order parameters.

4. The Racah Parameters

The Racah parameters (£1, £2, E) are defined[17.18] by :

£1 = (70F2 + 231F4 + 2002F6) 19

F = (F2 + .JF4 + 7F6) I 9

E = (5F2 + 6F4 -91FJ/3
(7)

5. Nephelauxetic, Sinha and Bonding Parameters
The nephelauxetic effect observed in the spectra of rare-earths complexes is re-

vealed by shifts in absorption bands toward lower energies. These red-shifts of spect-
ral bands of 4f-complexes compared to those of the respective aquas, are may be due
to : a reduction in electronic parameters in the 4f-complexes, splittinj of bands, and
their hypersensitivity. [19) The average nephelauxetic ratio (8) is given 13] by :

! 1 v c
B = -I --(8)

n v a
where Vc and va are the wavenumber in cm -1 of 4f-4fband in complex, and aqueous

solutions, respectively and n is the number of observed bands. The ne~elauxetic
ratio (B) is related to the covalency parameter bonding parameter (&%) ] by :

--, (1 -B) x 100 -~-
'" ,8 % = -- (9)

B

The bonding parameter (b1/2) is gjved17] by :

b1/2 = [! (I-B) f/2

2
(10)

Less than one value of Ii and positive values of 8% and b1/2 indicate that the bonding
in complex is more covalent in nature than in aqueous solution. .

Experimental

Material used in this study are:

Pr(NO3)3 5HzO 99.9% (Fluka), PrCl36HzO 99.9% (Aldrich), DzO, (CH3 h SO,
(CD3h SO, and CH3 COOH (BDH).



()11 A.H. Qusti and A.G.M. Al-S~Ii~mi

All the UV-VIS absorption spectral bands of Pr3+ were recorded with Shimadzu
UV -260.spectrophotometer. Optical cells of pathlength of 10 mm were recorded at
25°C.

Results and Discussion

The UV-Vis. absorption bands of Pr3+ in H2O (deionized), D2O, (CH3)2 SO,
(CD3)2 SO, and CH3COOH, were recorded at 25°C. The four bands observed in the
UV'-Vis. regions are due to the 4/-4/ transitions: 3H4-1D2, 3H4- 3pO' 3H4- 3Pl
rI6) and 3H4 -3P2. These bands are shown in Fig. 1.rn this figure, the absorption
bands of Pr3 + in (CD3)2 SO and D;O are shown in (a) and (b) respectively. The two

spectra are similar except that the shoulder of the 3H4 -ID2 band in D20 is on the
right side while the shoulder of the same band in (CD3)2 SO is on left side.
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FIG. 1. Absorption spectra of Pr-'+ at room temperature in: (a) (CD3)z SO, (b) DzO.
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1. Experimental and Calculated Oscillator Strengths
Experim~ntal oscillator strength (P ex ) were obtained using equation (1). The~

area under the observed curves [ f E (v) dv] were determined by weighing method or
by a computer program. The results observed from both methods are nearly identi-
cal. We determined empirical values for the T ~ paraIl\eters and use them in equation
(3), to determine calculated oscillator strengths (P caI.)-. For each observed band the
values of P expO and v are substituted together with corre~ponding squared reduced
matrix element in equation (3). The values of the square reduced matrix elements
used to calculate P tal. of Pr3 + in D2O and deioniZed H2O, ~e;e those .of Pr3 + (aqua)

reported by Carnall. Those used to calculat~ P tal. for Pr bands 10 (CH3)2 SO,
(CD3) SO and CH3COOH were those of Pr3 in methyl alcohol reported by Bud-
dhudut14]. The values of the square reduced matrix elements of a given lanthanide
(Ln3+) are nearly the same in organic and aqueous media. Buddhudu and Babu[14]
have calculated these elements for Pr3 + in methyl alcohol and have used the same
values to calculate P caI.in ethyl, butyl, isopropyl and amylalcohols.

Experimental. and calculated oscillator strengths of Pr3+ bands in HzO
(deionized), D2O, (CH3)2 SO, (CD3)2 SO and CH3COOH are listed in Table 1.

TABLE 1. Experimental and calculated intensities (P x 106) for the observed levels for the Pr3 + ion in var-

ious media.

Pr3+ in

CJI3 COOiI

;::~-l-;:~~~-~;;

~o

D2OTerms
3H -+4 p col.

19.1

P expo

19.4

p cat.

19.0

P expo

19.53p2

3p JI!J

3pO

to.2 10.0 4.72 4.106.51 6.08 9.03' 8.66 7.69 7.49

1.943.26 3.71 4.02 4.27 5.12 5.33 1.542.85 3.38

4.17 4.22 5.01 2.63 3.903.48 5.17 4.05 5.73 3.36D ?

r.m.s.
xlO-7

6.518.49 4.17 3.998.67

In this study, it is found that the experimental oscillator strengths of the observed
transitions decrease in the order:

3P2 : D2O > HzO > (CD3)2S0 > (CH3 )2S0 > CH3CPOH

3p 1 ~ (CD3)2 SO > D2O > (CH3)2 SO > HzO > CH3COOH

3po : (CD3)2 SO> (CH3)2 SO> D2O > HzO > CH3COOH

ID2 : (CD3)2 SO > D2O > HzO > (CH3)2 SO > CH3COOH

The r.m.s. valueSc shown in Table 1 were calculated according to equation (4).
These values are lower than those reported forPr3+ in laser liquids[6], on the other
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hand they are little higher than those reported for Pr3+
tions[14] in which seven bands were observed.

in acetate complexes solu-

2. Judd-Ofelt Parameters

UsingP exp for P ed. the values of T 2' T 4 and T 6 parameters were evaluated using equ-
ation (3), by a least square fit program. The values of these parameters together with
other spectroscopic parameters are presented in Table 2. Our results show that T 2
has negative values for Pr3+ in H2O (deionized), (CH3)2 SO and CH3COOH. Nega-
tive values of T 2 have been also reported for Pr3+ in CD(C2H3OJ2 and Ca(C2H3OJ2'
amylalcohol, and ZrCI4-POCI3. This behaviour may be due one or more of the fol-
lowing. Strongf-d mixing, poor resolution method of the overlapped 3 P-bands, small

number of observed or fitted lines, or due to using incorrect values of the reduced
matrix elements of Pr3+ or due to other reasons.

TABLE 2. Slater-Condon (Fv F4 and F6) Rach (£1, ~ and E), spin-orbit (~f),Judd-Ofelt (Tv
T4 and TJ parameters and hydrogenic ratio F41F2 and F61F2 Pr3+ ion in various
media at room temperature.

Pr3.1- in
Parameters

~o
316.2

DO2

316.1

(CH3)2S0

314.5

(CD3)2S0

314.6

CH3 COOH

314.1F2

F4 60.86 55.90 63.63 63.34 62.07

F6

E1

5.698 5.366 5.833 5.818 5.738

5289 5087 5377 5367 5312

E2

E3

19.28 20.66 18.27 18.36 18.67

475.8 475.9 474.4 474.5 473.5

F4/F2

F6/F2

~f

T2 X 109

T4 X 109

T6 X 109

0.192 0.177 0.202 0.201 0.198

0.018 0.017 0.019 0.018 0.018

743.9 741.1 735.9

735.6

760.5

-.7 .228 3.486 -2.337 1.622 -2.014

0.942

1.036

1.196 1..499 0.542

5.975 5.975 4.524 5.142 4.384

3. Other Spectroscopic Parameters
The calculated energies of Pr3 + ion in various media have been evaluated accord-

ing to equation (5) by a least squares fit method. The values of Eexp. of observed
levels and the values of Eexp. and E~. of Pr3+ in different solvents are given in Table
3. The extremel~ low r .m.s. values indicate excellent agreements between the ex-
perimental and calculated energies. The Slater-Condon (F2' F4), spin-orbit (~4f)'
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Racah (E1, Ez, E) parameters anothe hydrogemc ratio F41 Fz and F61 Fzwere calcu-
lated and are shown in Table 2.

TABLE 3. Experimental and calculated energies of the levels for Pr3+ ion in various media at room temp-
erature.

P 3+or m

CH3COOH

~eXD 1 EcaI.caI~:"-t~

H2O D~O {CD3)2S0Tenns
~4-+ E

expo Ecal.

53470

EE- Ecal,

52830

E.xp. Ecat

51040

Eexpexpo

(CH3 )2 SO

-~-l---;::-:';~1";~
1
So

3p2

116

3pl

3po

lD,

22520 22411 22411 22410 22410 22502 2250222522 22522 22520

2205022020 21730 22070 22060

21350 21240 21240 21240 21240 21304 2130421340 21340 21350

20680 20680 20687 2068720755 20755 20760 207ro 20678 20678

1689216966 16970 16670 16829 16829 16840 16840 1689216966

104

;!P2

;!P3

3S4

3~
~

~5

~4

11070 1107010840 10270 11110

47764787 4802 4757 4757

6115 6115 61856161 6170

71647088 6922 7141 7132

4220 4165 4164 43124221

2007 2007 20852040 2048

0 0 0 0 0

0.252 0.252 0.1150.184 0.198r.m.s.

4. Nephelauxetic Effect
The nephelauxetic ratio (8), covalency (&%), and bonding (b1/2) parameters of

Pr3+ in (CH3h SO, (CD3h SO and CHjCOOH, are shown in Table 4. All the values
of 8 are less than one and all the values of &% and b1/2 are positive. These results in-
dicate more covaient nature of bonding between Pr3+ and the ligand in complexes.
The high value of 8 and the ~mall values of &% and b1/2 in CH3COOH suggest small
partic:gation of the 4f orbitals of Pr3+ in bonding. Tabl~ 4 also shows, that the &%
and b parameters are in the order:

(CH3)2 SO ~(CD3)2 SO > CH3COOH

This order seems to be credible because increase of acidity of the solvent shifts the
system to less covalent nature since b1/2 decreased.
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TABLE 4. Nephelauxetic effect for ~+ ion in various media.

Pr3 + ion in
Parameters

(CH3)2S0

0.9947

(CD3)2 so

0.9948

CH3COOH

0.9974B

8(%.)

blf2

0.5328

0..0364

0.5227 0.2607

0.0361 0.0255
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