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Synopsis.
The narrow /^-absorption bands of Pr (III), A'd (III), Sm (III), and Gd (III) 

are shown to be shifted ~l°/0 towards lower wave numbers in anion complexes, 
compared to the aquo ions. This effect is interpreted as a decrease of the para
meters Fk of electrostatic interaction between electrons in a partly filled shell. 
The ratios F2:F4 and F4:F® are not freely adjustable, but slightly depend on the 
radial wave function. It is possible to extrapolate from the values of Fk to the 
average radius r0 of the partly filled shell, which is somewhat smaller than the 
ionic radii of trivalent lanthanides. The decrease of F^ is shown to be caused by 
partly covalent bonding. The broad 4 /-> 5d transitions of Ge (III), which occur 
at lower wave number in the aquo ion than in gaseous Ce+ 3 is further shifted in 
anion complexes where the crystal field also gives varying splittings of 5d. A weak 
band of the Ce (III) aquo ion possibly originates from a rare geometrical configur
ation. The absorption spectra of CeCZ3 in C2II5()H and HCl are reported, and the 
complex equilibria discussed.
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he absorption spectra of transition group complexes with 
± partly filled d-shclls can be described by crystal fields of 

different strength and symmetry, acting on the terms of the ga
seous ion, known from atomic spectroscopy.50 Tanabe and Su- 
GANO,88 Owen,67 and Orgel66 introduced the idea that the term 
differences are smaller in complexes than in the gaseous ions. 
This is equivalent to a decrease of the parameters of electrostatic 
interaction F*  as defined by Condon and Siiortley.9 Schäffer77 
and the present author48’50 found that decreases more in 
anion complexes such as tris-oxalato or hexa-chloro complexes 
than in complexes with neutral ligands such as water and amines. 
Representative values of the decrease of F*  are 8—12 °/o in man
ganese (II), 15—30 °/o in nickel (II), 20—50 °/o in chromium 
(III), and even more in cobalt (III) and rhodium (III) complexes. 
There is a rough correlation between the decrease of F*  and 
the crystal field strength (Fi — F2) in octahedral complexes,49 
—about 2 °/o for each 1000 /<.*  The present paper is a report 
on investigations into the much smaller decrease of Fjc in com
plexes with partly filled /’-shells and the behaviour of [AT] 4/’-> 
[AT] 5d transitions in cerium (III) complexes. Absorption spectra 
of complexes in solution at room temperature are measured.

Praseodymium (HI) Complexes.

The four visible band groups32 of Pr (III) are caused bv 
transitions from 3H4 to 1Z>2, 3Po> 3Pi, and 3/J2, respectively. The 
first group is rather broad in solution, while the three other groups 
in the blue are each represented by a single maximum of the

* The unit of wave number cm-1 will be called K ( = Kayser) in this paper 
in accordance with the proposal made by the Joint Committee for Spectroscopy, 
1952.

1*



4 Nr. 22
0 -Ç / W > >

"Ï < 72 "2 ■'S "■} 1 ? n__2__ *

s 2) O *s ZQn *'■*•  w z
c? cP " O ©

X -1
+

X 
o

CTQ
CD

cd’

JC, Xi *?

*D ?
jq 'S

CD

p lex

c © ■3 4 CD

-s CD X

M cT
C5 
CD 2
£"

CD

■—.

X X X
OC _k f) X X X X X X X X X X o X X X X X X X X X X X X

d X 'T, X d 4 d co X 4’ d XI X 4
14 co d d X X x d

s~"
d X X 4

1 1 1 1 1 1 + 1 1 1 1 1 1 1 1 1 t- 1 1 1 1 1 1 1 1 1 rc O®
>—L ©

— x d t4 — Z~ 14 "“J 2^ X b4
X X 
O O’

-d
r4

o o o d d o c< © d z o d 6 d o © d © © d ©

X — X x x X X
-d *d o X <1 Cl ■41 ■d ■d *d ^1 *d X <1 ~d 92 ? <1 41 Cl 41 

re
1 “i Fi

oc © © w © X <1 X b5 41 H- X d O -d b5 4 X s “ d d

fu,

w

1 1 1 1 1 + 1 1 1 1 1 1 1 1 1 1 1 1 1 1 + , 1 1 1 1 14
-

b4 14 ^1 X 4 4 4 4 d 14 4 — b4 14 X
x <1 “d

S c-
d X

ci o d
° s Ï4 c- ©

*d bo
O

X o 
o d

d

90 /<

X X X 4 X X
X ■41 d X —- — x 4- X X X 4’ 4 ’ 4 ’ — X — — X d x X X

d -1 X ^0 —■ X d X Ci X Cl Cl X o [4 X -d d *d X
O’ d Oi 14 i4 14 d t4 X Cl X d X

-

1 1 i 1 4- 1 1 1 1 1 1 1 1 1 1 4 1 1 + 1 1 1 1 1 14
4

tc 14 
t4

o
d

14 — bO bo z 9J *̂1 tc !rt 14 d

© O1 C-I © © © © = © d © o © © 3 o d ©

1

<1 X Ci
l""k

oc g re 14
14 X X Ï4 14

V. < tr cdage
it

JD
- d Ci - — — — M co co 14 co co co CO co

c

'flic shift of absorption bands of Praseodym
ium (III) com

plexes.



Nr. 22 a

aquo ion. These bands are shifted ~ 1 °/o towards lower wave 
numbers in the anion complexes in solution as seen from Table 1. 
The absorption bands of the nitrogentriacetate and citrate com
plexes are split into several components (but it is not certain that

aquo ions. The percentage decrease is given as a function of the atomic number for 
A-Pr2()3, the C-oxides, anhydrous bromides and chlorides, and the solutions of 

citrates, tartrates, and ethylenediaminetetraacetates studied here.

these spectra correspond to a single complex, with a definite 
geometrical configuration, even though the spectra are indepen
dent of the concentration of the ligand, when it is present in a 
large excess). However, average shifts ~ 1 °/o can also be esti
mated in these complexes. Birmingham and Wilkinson4 found a 
larger shift, ~ 3 °/o, relative to the aquo ion in the strongly split 
band groups of praseodymium (III) tris (cyclopentadienide). 
Figure 1 illustrates the relative decrease of this red shift of the 
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absorption bands of several compounds with increasing atomic 

number in the series Pr(III), .Vd(IlI), Sm(III), and Gd(III). 

Ephraim and Bloch12-15 studied the absorption spectra of solid 
praseodymium (III) salts and found in the anhydrous halides a 

red shift, amounting to ~ 2 °/o of the wave number, while the 

solid hydrates and ammoniaeates exhibited much smaller red 

shifts. In only one case, the ammonium double nitrate, the shift 

was found towards higher wave numbers (and the percentage 

is then reckoned as negative in Table 1). Most other praseody

mium (III) salts with oxy-anions exhibit moderate shifts towards 

the red. An extreme case is represented by Pr^Os, where the 

shift can exceed 5 °/o- Boulanger7 later studied Pr(III) and 

found a similar large shift in some forms of Pi-2(Mo()a)3. The 

existence of more crystal forms of P12O3 (A-type stable at high 

temperatures, C-tvpe at low) was established by Goldschmidt.26 
Since the local environment of oxygen atoms around a praseo

dymium (III) ion in C-Pi^O^ consists of two types of defect 

cubes97 (two of the eight places are empty) and in A- Pr^O^ 
consists of seven irregularly arranged oxygen atoms,97 the low 

co-ordination numbers 6 and 7 can be said empirically to pro

duce decreased term differences, relative to the ordinary 9-co- 

ordinated lanthanide complexes.34’36-68 As discussed by Zaciia- 
riasen,81 the ionic distances increase by 0.11 .4 for the co-ordi
nation number .V = 9 and by 0.19 .4 for Ar = 12, as compared 

with cations with AT = 0. 'Pho values given by Zachariasen for 
the ionic radii of 6-co-ordinated lanthanides (see Table 8) 

perhaps deviate from those given by Goldschmidt due to this 
effect.

Ephraim explained the shift in wave number as a contraction 
of the lanthanide ion, when influenced by many ligand atoms, 

as found in solvates and in solution. In partly covalent com

pounds, such as Pi'zOs, PrJ%, PiBr%, and PrClz, the 4/-shell 

was assumed to have a larger radius, corresponding to lower 

wave numbers. It is interesting that the aeetylacelonate Pr ncv/3 

is not very covalent according to this criterion ( fable 1 ). As 

discussed below, Ephraim’s hypothesis is qualitatively correct, if 

restricted to the dilatation in covalent compounds. Plie high 

wave numbers found of the absorption bands of aquo ions and 

double nitrates do not in the author’s opinion depict an active
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influence of the environment; rather the conditions of the free, 
gaseous ion with the highest wave numbers are approached.

Even before the crystal field theory of Betiie,30 Brunetti8 
assumed the observed band shifts of praseodymium (III) salts 
to be due to the strong intermolecular electrostatic fields. How
ever, while the sub-levels of each level have different energy 
caused by this Stark-effect, the levels can only be moved by 
variation of the central field, as shown below from the theory 
of perturbations.

The shifts found at room temperature are composed of 
changes in the energy differences between the levels 25+1A j and 
changes of the sub-levels of the excited levels and the ground 
level, due to the influence of crystal fields. The sub-levels of a 
given level are usually distributed over a range ~ 200 K. The 
absorption spectra of solids cooled to low temperatures (e. g. in 
liquid helium) are caused by transitions from the lowest sub
level of the ground-level, since other sub-levels are not suffici
ently populated in the Boltzmann distributions. Even though the 
lowest sub-level was situated some 50 K lower in the anion 
complexes relative to the aquo ion, it could not explain the ob
served red shifts between 100 and 1000 K.

Neodymium (III) Complexes.

The excited level 2Pi/2, which cannot split into sub-levels due 
to the Kramers degeneracy, corresponds to a very narrow band 
in (III) ~ 23400 A44. The shift observed of this band is given 
in Table 2 a, while the shift of some other band groups are shown 
for a few anion complexes in Table 2 b. The results are scattered 
around 1 °/o shift and seem to be smaller than in the correspond
ing praseodymium ( III) complexes (cf. Fig. 1).

Leveling55 discovered that the absorption bands of NdCls and 
AT7(ATO3)3 are shifted towards lower wave numbers for organic 
solvents than for aqueous solutions. Jones et al.39’40’41 thoroughly 
investigated these effects and especially the intermediate spec
tra of solutions with a few volume °/o water. The exchange pro
cess of water, alcohols, and anions will be discussed below in 
a separate section. Schäffer78 and Uzumasa91»92 also studied
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Table 2 a. The shift of absorption bands of Neodymium (III) 

complexes.

a: The excited level 2Pl/2 Shift Ref. no.

Aquo ion............................................ 4273 Å 23400 K 0.00 %
Ethylenediaminetetraacetate . . . 4292 105 0.44
Nitrogentriacetate............................ 4293 - 110 0.47
Tartrate.............................................. 4296 125 0.54
Citrate................................................... 4301 150 0.65

4330 310 1.33
4297 - 130 0.56 > 82
4271 + 10 — 0.05Vd+++ in 12 M IICl...................
4328 - 285 1.24
4291 - 100 0.41
4272 -r 5 - 0.02

NdCl3 in CHSOH.......................... 4295 120 0.52 6,39
Nd(NO3)3 in CH3OH.................... 4280 40 0.16 39
3 M Nd(NO3)3 in IHO................ 4280 40 0.16 41,82
Didymium glass.............................. 4312 210 0.94
Nd aca3, anhydrous....................... 4305 170 0.75 21
Nd aca3, 2II,() ............................... 4301 150 0.65 21

4310 200 0.87
Nd aca, in CRIIR, CCI., CS,.

4303 160 0.70 ) 73
or C2H5.I................................. 4297 130 0.56

Nd aca3 in CII3OH ...................... 4302 160 0.68 73
Nd(WrO3)3, 9 II 2().......................... 4273.8 5 0.02 11
Nd(C2II3S()^3, 9 II2O.................... 4279.7 36 0.14 11
NdCl3, 6 II.,() (in La-salt)......... 4283.6 58 0.23 11
NdF3.................................................. 4265 45 — 0.11 17
NdCl3................................................ 4313 215 0.94 17
NdBr3................................................ 4334 - 330 1.53 17
Nd^C,!)^, 10 IPO........................ 4299 - 140 0.61 17
(NHJ, Nd(N03\, 4 11,0............. 4261 65 — 0.28 17
Nd2O3................................................ 4378 — 560 2.46 17,96

this phenomenon and Hartmann and Lorenz28 Xdf'd^ in mix

tures of waler and formamide.

The acetylacetonate Nd acas lias been studied in a solid state21 
and in many différent solvents.73 Since the dihydrate is rather 

stable,21 and since Xd cica^ seems* to dimerize38 in CCI4 and CS2,

* Note added in Proof: However, Moeller and Ulrich6111 detected no dime
rization by cryoscopy. These authors compare the solvent effects on acetylaceto- 
nates thoroughly and find much higher intensity of some bands of Nd aca3, Ho 
aca3, and Hr aca3 than of the corresponding aquo ion bands, while other bands 
of these complexes, and all bands of Pr aca3, do not exhibit increazed intensities.
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there seems to be a considerable rest affinity in the 6-co-ordinated

xVd mv/3.
Recently, ethylenediaminetetraacetate and nilrogenlriacetate 

have been discussed by Moeller and Brantley60 and Vickery94 
as a mean for splitting of the absorption bands of lanthanides. 

The low symmetry of the crystal field produces 2 J + 1 distinct 

sub-levels from each level in the case of an even number of 

1
4/-electrons and .7 4- — sub-levels for an odd number of 4/’- 

electrons. However, in many cases, such as Pr enter and (id enter 
studied here, the absorption bands are not conspicuously more 

split than for the aquo ions. Actually, the red shift is the most 

prominent difference between the spectra of AW (I II) anion com

plexes (such as Nd(SO;))3 ) and the aquo ion.95
If 5 denotes the distance from a maximum with the molar 

extinction coefficient en to the wave number cr, where e = —, 
9 

ô is only 16/< for the 2Pi/2 of the neodymium (111) aquo ion, 
exemplifying the sharpness of transitions between two single 

sub-levels (cf. Fig. 4). The somewhat broader band al 23090 K 
cannot be re-found in the other complexes and is perhaps caused 

by an excited sub-level at 320 K over the ground-level.

Satten75 found the five sub-levels of the ground-level 47g/2 

at 0,1 15,184,363, and 384 K in NdÇBrOz)^, ÿH%0, while Satten 
and Young76 found the sub-levels at 0,76,226,263, and 301 K 
in .57/2(804)3, 8H2O.

Samarium (III) Complexes.

Only the band slightly below 25000 K has been measured 
here. It is presumably44 due to a transition from 6H5/2 to a level 

of 6P. In the aquo ion, the band is symmetrical with 5 = 100 K, 
while it develops a shoulder towards the red in some of the anion 

complexes. The shifts are somewhat smaller than found for the 

soluble complexes of Nd (Ill), while the anhydrous solid com

pounds17 such as SmClz and SinBr3 exhibit a rather large shift 
towards lower wave numbers (cf. Fig. 1 ).
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Table 3. The shift of an absorption band of Samarium (III) 
complexes.

Shift Ref.

Aquo ion................................ 4012 A 24920 K 0.0 o/o
Ethylenediaminetetra- | 4036 24780 140 K 0.6

acetate ........................... | (4060) 24630 — 290
Nitrogentriacetate................ 4036 24780 140 0.6
Tartrate.................................. 4034 24790 - 130 0.55
Citrate...................................... 4051 24690 -230 1.0
Sm+++ in 12 Af HCl......... 4017 24890 30 0.1
SmCl3..................................... 4080 24510 — 410 1.7 17
SmCl3, 8 Nil3..................... 4037 24770 — 150 0.6 17
Smlir3..................................... 4156 24050 — 870 3.5 17
Sm->()3..................................... 4082 24500 — 420 1.7 17

Gadolinium (III) Complexes.
The Gd(III) aquo ion exhibits a rather complicated spectrum 

in the ultraviolet61*87 consisting of bands with 10—15 K. The 
band groups are assumed44 to have the multiplets and 6/ as 
the excited levels. The spin-forbidden character of the transition 
from 8S7/2 is not evident in the four intense bands. As appears 
from Table 4 and Figure 2, these bands are regularly shifted in 
the ethylenediaminetetraacetate and citrate, while the fine struc
ture is somewhat blurred out. Nutting and Spedding64 investi
gated many solid gadolinium (III) salts and found a series of 
increasing wave numbers of the band groups:

Gd (C2W5COO)3, 3H2O < GdCls, (\H2O < Gd2 (SO4)s,
8//2O < Gd(C2H5SO4)3, 9H2O.

Berton and Boulanger3 found the band groups of Gd2()3 shifted 
much more (0.8 °/o) towards lower wave numbers than the other 
anion complexes (~ 0.3 °/o) as seen from Table 4 and Fig. 1. 
Thus, the general trend of strongest red shift of the oxides is 
common to all the lighter lanthanides.

Erbium (III) Complexes.

Selwooi)82 found that for strong nitrate solutions, the bands 
of iVd(III) are shifted towards lower wave numbers, but of 
Ho (I II) and Er (III) towards higher wave numbers. Thus, the
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Figure 2. The absorption spectra of Gadolinium (ill) complexes. The aquo ion, 
the ethylenediaminetetraacetate and the citrate are measured as described in 
the experimental section. The unit of the molar extinction coefficient scale is 1.

decreasing red shift in anion complexes with increasing atomic 

number seems to be reversed in this case. Ephraim, Jantsch, 
and Zapata18 still observed a small red shift in the anhydrous 

halides of holmium (III) and erbium (III). Vickery94 did not 

detect any systematic trend in the wave numbers of Er enta~ and 

Er(H20)N+++- Table 5 gives some of the strongest bands of these 

two complexes. Birmingham and Wilkinson4 did not observe a 
shift in erbium (I II) tris(cyclopentadienide) either.

A similar result is found by Hellwege et al.31-33 for E11CI3, 
6 H2O and £'112^13(^03)12, 24 H2O, where the centres of gravity 

of 52>o, 5Oi, and 5I)i only deviate 0.012, 0.014, and 0.017 °/o 
respectively.
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Table 5. The strongest absorption bands of Erbium (III) 
complexes.

Group no. Aquo ion Ethylenediaminetetraacetate

1................ 6650 1 15040 K 6560 A 15240 K
6520 15340 6540 15290

6505 15370
9 5230 19120 5210 19190

(5210) 19190 5195 19250
5185 19290

3............... 4915 20350 4885 20470
4875 20510

(4855) 20600
1............... 4535 22050 4505 22200

4500 22220
5............... 4070 24570 4075 24540

4055 24660 4055 24660
6............... 3795 26350 (3804) 26290

3788 26400
3780 26460
3776 26480

- 3645 27440 27290
(3640) 27470 3653 27380

3607 27720

Ytterbium (III) Complexes.

Since there is only one hole in the 4/’-shell, only one term 
exists of Äe 4 f13, and the parameters of electrostatic interaction 
F*  cannot be determined. The band group60 with maxima at 
10,250 K (e = 1.7) and 10,620 F (e = 0.6) of the aquo ion is 
therefore caused by the spin-reversing transition 2F?/2 -> 2F5/2. The 
ethylenediaminetetraacetate is not very di lièrent with maxima 
at 10,220 F (e = 1.8) and 10,640 K (e = 0.9). All four bands 
have ô = 150 K.

Freed and Mesirow20 reported broad bands of T6(III) in 
the ultraviolet. Even though the bands were weaker than those 
of Ce(III), they were believed to be [ATjl/’13-> [A”e] 4/'12 5c/ 
transitions. However, the solution of ytterbium (III) perchlorate 
measured here does not show any sign of these bands, and e is 
below 0.1 in the range 25,000—40,000 K. Probably, traces of 
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iron (III) or organic materials are responsible for the frequent 
observation of broad ultraviolet absorption bands of lanthanides 
with higher atomic number than cerium.

Actinide Complexes.

The anion effect seems to be somewhat larger and more varying 
in the actinides than in the lanthanides. The present author43 
reported the bands of the uranium (IV) tetraoxalate ion with 
~ 2 °/o lower wave numbers than of the aquo ion. Similar results 
have been obtained from the solutions in strong hydrochloric 
acid, while the effect is negligible in the ethylenediaminetetra
acetate. The spreading of the sub-levels of U (IV) is rather large 
as evident from Gruen’s study of fluorides.27 In the chloride 
and nitrate complexes of plutonium (111 ) and plutonium (IV), the 
bands are shifted towards higher wave numbers.81 In a note in 
Acta Chem. Scand., it will be discussed, how the absorption spect
rum of grey U (III) in HCIO4 or 2-6 MHCl is changed in 
11 MHCl, corresponding to the dark red colour.44

Cerium (III) Complexes.

Freed19 discovered three high and broad bands of Ce (I II) 
in the ultraviolet, which by cooling of Ce(C2HsSO4)3, 9 H2O from 
300° K to 20° K were shifted only 400 K towards higher wave 
numbers. Besides these bands, CeCls, CH2O was found to ex
hibit a weak band at 33,100 K at room temperature only.

Lang54 found the energy levels of gaseous Ce+++:

[Xe] 4f: 2F5/2 0 K
2F1/2 2253

[Xe] 5d: 2Z>3/2 49737
2D5/2 52226

[Xe] 6s: 2Si/2 86602.

The internal 2F-transition has not yet been identified in cerium 
(HI) complexes, even though the reflection spectrum of an an
hydrous compound such as CeFs probably would show it. 
Kröyer and Bakker53 estimate the splitting of the doublet as 
1900 K from the emission spectrum of fluorescent cerium (III) 
compounds.
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The strong bands have as excited levels the term -1), split by 

the crystal field. Due to Kramers’ degeneracy, no more than five 

levels are possible for any symmetry of the complex. Five bands 

are known of the aquo ion, according to Stewart87 and Heidt 
and Berestecki29 (see 'Fable 6 and Fig. 3). It is evident that the 

centre of gravity of these levels are situated some thousand K 
below 51,230 A' from the gaseous ion.

Table 6 demonstrates that the anion effect in Ce (III) com

plexes is composed of two phenomena: the average distance be

tween the electron configurations [AT] f/’and [AT] 5 c/ is decreased, 

and the crystal field splitting of [AT] 5 c/ is changed with resulting 

variation of the relative positions of the strong absorption bands.

The two strongest absorption bands of the cerium (III) aquo 

ion are shifted ~ 4000 A' towards lower wave numbers in the 

case of ethylenediaminetetraacetate, nitrogentriacctate, and ace

tate complexes (Table 6). Thus, in the latter complexes, the di
stance between the electron configurations [AT] 4/’ and [AT] 5 c/ 

is roughly 72 °/o of the distance in the gaseous ion, while in the 

aquo ion the value is 83.5 °/o, if the band at 39,500 A is assumed 

to be doubly degenerate, and the small band at 33,700 A is not 

reckoned, as rationalized below.

Fried and Hindman22 found a close analogy between the 
absorption spectra of protactinium (IV) and cerium (HI), im
plying the ground state [A’/n] 5/’of the former ion. Thus, the two 

aquo ions have probably the same co-ordination number, 8 or 

9. There does not seem to be a small band of Pcz (IV) al a low er 

wave number than the strong bands, which are situated22 at 

36,300 A, 39,200 A, and 44,800 A with 1500, 1000, and 400, 

respectively. Thus, the spreading of the three bands in Pcz (IV) 

is 8600 A, while the analogous distance in Ce (III) is 5600 A’. 

This increase in the crystal field strength, amounting to 54 °/o 

from 5 c/- to 6 (/-electrons, can be compared with the crystal field 

strength, denoted by (Ai— E2) in octahedral c/”-complexes, 

which have the ratios 1.00:1.45:1.75 for 3d-, 4c?-, and 5 c/- 

electrons, respectively.47’50 The absolute value of the crystal field 

splitting of [AT] 5 c/ in CT (III) and of [Em] Ç>d in Pcz (IV) is rather 

low', as compared w ith (Ei— AT)~ 20,000 A of titanium ( 111 ) 

and other trivalent hexaaquo ions. The small values found for 

cerium (Ill) may be explained by three causes: the symmetry
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of the crystal field may produce a low over-all splitting (especially, 
if it approximates spherical symmetry); and ions with no crystal 
Held stabilization of the ground state usually have comparatively 
small values of Hie crystal field strength. This may be ascribed 
to the decreased distances to the ligands in the stabilized com
plexes and perhaps also to partly covalent bonding, i. e. inter- 

.5 
mixing of molecular orbitals. Thus, the d5-svstems with 5” 2
are not stabilized, and (Ei — E2) is only 7800 K for manganese 
(II) and 13,700 K for iron (111) hexaaquo ions.50 Finally, the ionic 
radius of Ce (III) is considerably larger than that of most other 
trivalent ions with partly filled shells.

The Possibility of an Equilibrium between Cerium (III) 
Aquo Ions with Different Co-Ordination Number, and the 
Absorption Spectra of Lanthanide Chlorides in Aqueous 

and Alcoholic Solutions.

The band at 33,700 71 of cerium (111) aquo ions has only an 
intensity ~ 3 °/o of the other bands. It may be caused by a com
paratively rare geometrical configuration in equilibrium with the 
other Ce(lII) complexes. J. Bjerrum5 suggested that aquo ions 
with different co-ordination number A can be in equilibrium in 
solution, e. g. zinc (II) with four or six water molecules. Ana
logously, the common form of cerium (III) aquo ions might have 
AT = 9 (as found34 in NdÇBrO^s, QH2O) and the rare form might 
be octahedral with N = 6. Heidt and Berestecki29 studied the 
spectra of 0(6/04)3 in solutions of HCIO^ and NciClOi. £1 of the 
small band at 33,700 K is further diminished, and the presence 
of an isosbestic point supports the formation of only one complex 
CefElOt) (H2O)++. However, a surprising effect was reported: 
£1 of the aquo ion is raised from 18 to 26 by warming the solution 
from 16° C. to 54° C., while the intensity of the strong bands is 
not noticeably changed. The present author has found a similar 
result for 0.03 3/ CeCls in H2O.

If the oscillator strength of the small band does not vanish 
for accidental reasons such as a selection rule for transitions in 
the crystal field,30 the temperature effect is almost a proof of the 
existence of an equilibrium, where the complex giving the small 
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band is formed under absorption of heat, probably with a lower 
co-ordination number than the common form. Spedding el 
al.84,85,86 assume that the lighter lanthanides may have a higher 
co-ordination number in solutions than the heavier lanthanides, 
since the ionic conductances and thermodynamic functions are 
not monotonous functions of the atomic number, and since36 
La+++ in L<72(>SO4)3, QH2O has partly A7 = 9, partly N = 12.

The small band of CeC/3 in 63/ HCI is ~ 2 times higher than 
the band of the aquo ion, analogously to the result of Newton 
and Arcand63 for CeSOi+. In 12M HCI, the small band has in
creased to be as intense as the other bands, and it is shifted 
1300 A towards lower wave numbers (Figure 3 and Table 6). 
Since the second band has had no large tendency to move, the 
chloro complexes in strong HCI can be assumed to have the low 
co-ordination number. 0.002 3/CeC/3 in ethanolic solutions ex
hibit a similar development when the water content is removed. 
Thus 10 volume °/o water produces ei — 100, rather indepen
dently of the chloride concentration, if added in excess, while 
the absorption spectrum of 0.0023/CeC/3 in 2 °/o H2O*  much 
resembles the spectrum of CeCls in aqueous 123/ HCI. It might 
seem reasonable to ascribe the variations of absorption spectrum 
of ethanolic CeCl% by addition of small quantities of water to the 
exchange of C2H5OH and H2O in the first co-ordination sphere 
without the interference of chloride ions. However, since CeÇClO^a 
exhibits a much smaller band at 33,400 K in 98 °/o C2H5OH, the 
ethanol solvate of CeC/3 must be assumed to contain at least one 
chloride ion.

Katzin51’52 discovered anion complexes (in organic solvents) 
the formation of which is much more dependent on the absence 
of water than on the presence of a considerable excess of the 
free anion. The system CeC/3, C2H5OH, H2O is a new member 
of this class. Thus, 0.00043/CeC/3 in 99.5 °/o C2H5OH is seen 
from Table 6 to form the chloride-ethanol complex to a high 
extent, while in aqueous 0.63///C/, the formation constant57 
of CeCl++ is only 3.

The situation cannot be described only on the assumption 
that the order of bonding to metal ions is

* This is the explanation of the new band reported of PrClz in absolute etha
nol.39

2*
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alcohol < anion < water,

since alcohol distinctly is not 1000 times more weaklv bound to 

metal ions than water, but only ~ 10 times more weakly bound

Figure 3. The absorption spectra of Cerium (III) complexes. The first part gives 
the spectrum of the aquo ion, the second part the nitrogentriacetate and the 
ethylenediaminetetraacetate. The third part gives the spectra of the following 

solutions in aqueous ethanol:
Curve 1: 0.0004 M CeCl3, 0.3 M II.O 

2: 0.002 M CeCl3, 1 M II2O ~ 
3: 0.002 M CeCl3, 5M II.O.

per molecule.6’45’51 Rather, the formation of anion complexes 

serves as indicator for the ethanol solvation, since the pure ethanol 

solvate is much more unstable towards uptake of anions, rela

tive to the aquo ion. In the case of cerium (111) the high co

ordination number (nine?) cannot be obtained with ethanol 
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molecules alone. The characteristic property of water as an 
ionizing solvent is its ability to replace all the anions in the 
first co-ordination sphere of a metal ion in solution or in salt 
hydrates, rather independently of the dielectric constant.

In the case of NdClz in alcohols with a small content of 
water6*39’40’41 it cannot be excluded that the anhydrous form is 
actually a mixed chloride-alcohol complex. Thus, the behaviour 
of Xd(X()z)3 and XdCl3 in ethanol highly resembles the solutions 
in concentrated HXOz and HCl, respectively. Thus, Quill and 
Selwood71 found a shift 30 K and broadening of the 2Pi/2 band 
of Xd( III ) in 163/ HXO3, while three bands with a larger distance 
are exhibited in 12 3///67 (Table 2 and Figure 4).

* as suggested by the fact (Table 6) that the high Ce (III) bands are identical 
in aqueous 0-5 M hydrochloric acid.

The somewhat narrower band of the A7/(III) aquo ion is 
not changed in 63/ HCl, while the effect of nitrate is observed in 
much more dilute solutions. Il is rather surprising that the neo
dymium (III) spectrum is not changed until two or three chloride 
ions are taken up, as extrapolated from the equilibrium constant 
for CeCl++ (if the latter does not refer to some association of 
chloride ions*  in the second co-ordination sphere). Thus, the 
spectral change may very well be connected with a dehydration, 
leading to a lower co-ordination number. The third band of 
XdCl$ in 12 M HCl, which has a wave number even 80 K below 
the band of anhydrous XdCl%, can of course belong to an excited 
sub-level of the ground-level. Figure 4 gives the absorption 
bands of A7/(III) in aqueous hydrochloric acid of varying con
centration.

The reflection spectra2 of Xa2Ce(XO3)$ and 3/7302(3/03)12, 
24 H2O exhibit absorption edge at 27,000 A’, while the edge in 
the corresponding lanthanum(III) compounds is situated at 
33,000 A. Even though the nitrate ion has a band at the latter 
position, there seems to be a specific cerium (III) nitrate absorp
tion band. A similar case is encountered2 in the oxalate 02(0204)3, 
9//2O with the edge 27,200 K, while the other lanthanide oxa
lates have edges above 37,000 A.
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Red Shifts of Emission Bands of Fluorescent Cerium (III) 
and other Lanthanide Compounds.

Orgel66 explained the shift of emission bands of fluorescent 
and phosphorescent manganese (Il ) compounds to lower wave 

numbers than those of the absorption bands by means of the 

Franck-Condon principle. The excited levels have another 
equilibrium distance of the ligands than the ground level, if the 

two levels have a different crystal field stabilization, and there

fore the transition by emission from the excited level corresponds 

to an energy difference ~ 2000 K too small.

Gobrecht25 and Mukherjee62 observed fluorescence of 
cerium (Ill) in crystals and in solutions. The emission band is 

rather broad, with the maximum at 28,000 K. If the correspond
ing absorption band is the small band discussed above, the red 

shift is ~ 5000 K. Kröver and Bakker53 investigated the fluores
cence of many other cerium (III) compounds and found two 

exciting wave number ranges.

Also the other [Xe] 4/* w_1 5d states of the lanthanides can 

decay with emission of light, which is shifted towards lower 

wave numbers. Przibram69»70 recognized these excited electron 
configurations in divalent lanthanides, which occur as traces in 

fluorite. Thus, Szn++ gives an emission maximum at 15,900 A', 

Eu++ at 23,800 A", and )7>++ at 17,500 A\ This is in all cases 

~ 0000 K below the corresponding absorption maxima.
On the other hand, the fluorescence of gadolinium ( 111 ) 

salts3’89 occurs at almost the same wave number as the absorp

tion, because neither the ground state nor the excited level is 

stabilized by the crystal field. In the case of Szn+++, Eu+++, and 
/A/+++, the emission ends with excited multiplets of the con
figuration [Äe]4/’rt.

Phe Integrals of Electrostatic Interaction between Electrons.

In the theory of Slater, Condon, and Shortley9 the distan
ces between the centres of gravity of the different terms (with a 

definite S and L) of a given electron configuration can be ex

pressed as multiples of the integrals Ek, which can be written 
for equivalent electrons:9



Nr. 22 23

(1)

e is the electronic charge and R is the radial wave function. For 
the energy differences of /^-systems, the integrals with k = 2, 
4, and 6 are of consequence.

For isomorphous radial wave functions, which can be trans
formed to each other by change of the unit of distance r, the 
ratios between F2:F4:F6 will be identical, and the integrals Fk 
will be inversely proportional to a characteristic radius, e. g. 
rmax with the maximum value of R2.

If the electron was concentrated on the surface of a sphere 
with radius ro, the integrals Fk would all be identical and equal 
to the integral

f°°F2 e2
W = e2 \ —dr; in casu W = —. (2)

.'o r ro

For all other radial functions R, a set of inequalities will be valid:

W > F° > F2 > F4 > F6 > . . . (3)

However, for reasonable functions R, the decrease of Fk with k 
will not be very great. Therefore, the present author44 and 
Judd42 emphasized that the ratios F2:F4 and F4:FG are only 
semi-adjustable parameters ; it is objectionable to admit F2 ~ 
F4 ~ 10 F6 as maintained for the configuration [Aejd/2 of La+, 
which must be strongly perturbed by electron configuration inter
actions.9 Trefftz90 calculated for hydrogen-like 4 f-wave func
tions

F2 = 0.45 VV; F4 = 0.30 W; and F6 = 0.22 W. (4)

As shown below, this slow decrease of F*  with increasing k is 
present for most radial functions R rather independently of the 
shape. Thus, the observed values of Fk can be translated to 

.. e2
characteristic values of radii ro = — by extrapolation to Vv.

We consider the “rectangular” function

R2 = -------- for 1 < r < n, and elsewhere R2 = 0. (5)
h - 1



24 Nr. 22

'fhe integrals Fk are then for Â-> 0 :

while for k = 0

and

9
F° =------------(/j - 1 - In n)

(n -l)2

IV =
In n

n - 1 *

(6)

(7)

(«)

For the limiting case, R- a delta function as discussed above, 
n can be set = 1+6. Then the series, valid also for k = 0, is:

Table 7 gives the numerical results for n = 2, 3, 5, and 10 for 
several of these integrals. It is seen from 'fable 7 that the de
crease, represented by the inequality signs in eq. 3 is more pro
minent, the higher n, i. e. the broader the wave function. The 
values in eq. 4 for hydrogen-like 4/-wave functions correspond 
rather closely to a value of n = 3.1 for the „rectangular” ap
proximation of eq. 5, while hydrogen-like 3 (/-wave functions 
with F2 = 0.41 IV and 774 = 0.27 IV (see ref. 4) correspond to 
n — 4. For hydrogen-like /-wave functions, the integrals Ffr 
diverge for k~>2l + 2, while F*  is defined for all k in eq. 6. 
However, this does not seem to be of consequence for the allowed 
ratios between F*.  If the radial wave function has maxima for 
two or more values of r, the decrease of F*  relative to IV will 
generally be more pronounced. This case is realized46 for 4 <7-, 
5(/-, . . . 5/*-,  . . . electrons, since the number of maxima of a 
hydrogen-like (nf)-wave function is n — I ; and for covalent 
bonding, where the linear combination of atomic orbitals have
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Table 7. Numerical values of the integrals Fk and IV, derived 
in eqs. 6, 7, and 8 for the rectangular wave function, defined 

in eq. 5.

R = 2 3 5 10

w.............. 0.6932 0.5493 0.4024 0.2558
F° ........... 0.6137 0.4507 0.2988 0.1654
F2 ........... 0.4167 0.2593 0.1467 0.0700
F* ........... 0.3062 0.1753 0.0938 0.0432
F*  ........... 0.2388 0.1310 0.0686 0.0312
F*  ........... 0.1945 0.1042 0.0538 0.0243
F10........... 0.1637 0.0864 0.0433 0.0200
F2/W . . . . 0.602 0.472 0.366 0.274
F*/W  .... 0.442 0.320 0.234 0.169
F6 /W .... 0.345 0.238 0.171 0.122

maxima both in the central ion and in the ligands. If the square 
of the radial function F2 is distributed on several peaks with 
the areas An, arranged according to increasing values of rn, 
an approximate expression will be:

The first part of eq. 10 is derived from the series in eq. 9 for a 
peak with width ôn, while the second part can make the further 
approximation of assigning the width ôn — 0 to the individual 
peaks An.

Condon and Siiortley9 divide the integrals F*  by denomina
tors I)k in order to get integral values of the multiples of the new

F*
integrals F*  = — . Thus, these authors define for /‘-electrons

F2 = 225 F2; F4 = 1089 F4: and F6 = 7301,64 F6 , (11) 

while for (/-electrons

F2 = 49 F2 and F4 = 441 F4. (12)
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The Decrease of Fk in Complexes.

According to eq. 1, the observation of different values of F*  

in various complexes of the same central ion can easily be inter

preted as a variation of the average radius of the electron cloud. 

This can either be caused by a general expansion of the electron 

cloud, conforming to some sori of „electroneutrality” principle,50 

or to a transport of a certain amount of the wave function into 

the region of the ligands.67

Actually, some kind of covalent bonding is present if defined 

as more negative charge being present between the nucleus of 

the central ion and the electron considered than in the correspond

ing gaseous ion. This follows from the theory of perturbation: 

The electrostatic potential U from a spherical surface with radius 

ro and charge e is constant inside the sphere, and continuously 
approaching zero outside the sphere:

e e
U = — for r < ro and U = - for r > ro. (13) 

ro r

Thus, if any wave function is totally imbedded in the sphere, 

i. e. /? = 0 for r > ro, the perturbation energy delivered by the 
potential of eq. 13 will be a constant. Only if the wave function 

slightly penetrates into the volume with r > r0, the perturbation 

energy will decrease, if the charge e is negative.

Schläfer79 observed that the term differences in the spectra 
of manganese (11 ) chloride solutions decrease for increasing chlo

ride concentrations. The present author49 maintains that these 

phenomena can rather be ascribed to formation of complexes 

MnÇH2Ü)5Cl+ and Mn(H2O)tCl2 than to a physical salt effect. 

However, Schläfer79 investigates an electrostatic model for this 
variation of the term differences, which is quite interesting. For 

numerical calculations, he uses the ns-levels of a hydrogen atom. 

This choice is provoked by the results, valid for crystal fields 

which have no spherical symmetry: The crystal field from a 

distribution of electrical charges is generally expanded in a 

series37: Go, representing the action on a charged sphere, G2, 
and 6’4. The first contribution is very large, but not measurable, 
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because it appears identically in the energy of any level of the 
central ion. The parameters G2 and 6’4 have the weighted average 
contribution zero for the levels, split by the crystal field. .Thus, 
C12 and G4 are of no consequence for the ns-levels, which cannot 
be split.

The result of Schläfer that a Debye-Hiickel potential of the

and a crystal lattice with the anions nearest to the central ion both 
decrease the energies of the excited hydrogen levels, and most 
for the highly excited levels, is a paraphrase of the action of 
negative charge between the nucleus and the electron. The 
Debye-Hiickel potential of eq. 14 can only be created by a charge 
distribution, which partly presents also small values of r, cf. eq. 13.

Now, the observed decrease of Fk can be formulated in two 
ways: either the electron considered is partly present in the 
domain of the ligands, or electrons from the ligands have partly 
invaded the central ion.

The first possibility has been discussed as formation of 
molecular orbitals 9/3 by linear combination of d-orbitals from 
the central ion and some distinct orbitals from the ligands.67’88’93 
If the intermixing of d-orbitals is so great that the part x of the 
anti-bonding orbital occurs in the ligands and the part (1 — x) 
in the central ion, then Fk will to a first approximation be mul
tiplied by (1 —.r)2, according to eq. 10, since rm is much larger 
than ri. Thus, the most complete intermixing with .v = 0.5 (when 
the unperturbed orbitals have the same energy) will imply Fk 
slightly over 25 °/o of the value, found in the gaseous ion. These 
conditions hardly prevail even in Co(CN)^ ~ or RhCl^ . The 
latter arguments are not changed much49 by the consideration 
of the large overlap integrals 0.4—0.7, which occur between the 
d-electron and the orbitals of the ligands, if the Pauling case 
is approached.

The second possibility does not necessitate that the covalent 
bonding occurs in the 9/3-orbitals in the case of d-electrons. Any 
other kind of bonding, e. g. of even yi and odd y4-orbitals, for
ming the s- and /Aparts of Pauling’s sjD3d2-hybridization,47 can 
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increase the electron density, producing the central field in the 

theory of Coxoox and Shortley.9 Orgel65 compared the screening 
effects of «-electrons in the electron configurations of gaseous ions 

]A] 3 dn 4 s and A] 3d" 4.s'2 relative to [A] 3d” with the analogous 

effect of covalent bonding. Thus, the small decrease of Fk in

Xe 4/'"-complexes do not necessarily imply the beginning pre
sence of 4/-electrons out in the ligands, but can as well be ascri

bed to the effective charge of the central ion being diminished 

by more conventional forms of covalent bonding. Since Fk is 

roughly proportional in the lanthanides to Zq, the external 

charge plus one,46 a decrease in Fk amounting to 1 °/o corresponds 
to an effective charge 2.96. It would be interesting to extrapolate 

to the value of Fk in the gaseous ions of the lanthanides from 
the observed differences for aquo ions and anion complexes. 

It would not be expected from the (/"-systems that the shift 

gaseous ion -> aquo ion would be more than three times as large 

as the shift aquo ion anion complex. The diminished term 

differences between [Xe ] 5 d and [Xe 4 f in cerium (III) com
plexes reported above disclose a similar effect.

In the theory of absorption spectra of the transition group 

complexes, the interest has been concentrated much more on the 

energy levels than on the wave functions. However, in the dis

cussion of covalent bonding, evidence from paramagnetic re

sonance and its hyperfine structure*,  due to the ligands’ nuclei, 

can be very valuable.67 A very interesting discovery was made 

by Shull, Strausser and Wollan,83 who found the 3 (/-wave 
function of manganese (II) compounds from the neutron dif

fraction of these paramagnetic materials. The wave function has 

/’max = 0.6 A and vanishes more rapidly for large values of r 
than Hartree’s self-consistent 3(/-wave function.

Actual Values of Fh in the Lanthanides.

The absorption spectra of trivalent lanthanides44’75 have 

provided values of F*  for the [Xe] 4/’"-systems, which according 

to eq. 4 and Table 7 can give information about the average 

radius (or rather the average reciprocal distances) of the /’-shell. 

The distances between the terms with the maximum value of S,

* cf. the recent study88*1 of Mn(II), Fe(II), Co (II), and Cr(III), imbed
ded in Zn F2.
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5 Fa + 6 F4 91 I?6. However, there is no doubt44 that the single 
parameters can reliably be isolated by assuming eq. 4 or slightly 
higher values of Fq-.F^. Thus, the terms with lower S in praseo- 
dymium(III) and neodymium (III) can then be explained, and 
the sextet terms in gadolinium (III) also imply a value of F 
which agrees with the 
gives 
It is 

2, 
neighbouring lanthanides.42’44 Table 8 

the values of F2, which probably are not 10 °/o in error, 
remarkable that Ffc does not increase much in the range

from Pr(III) to 7)p(III). If IV is assumed to equal 2 F2, values 
of ro can be inferred as given in Table 8. The value of ro ~ 0.8 .4 

Table 8. Observed values of Fk and crystallographic radii of the 
trivalent lanthanide ions. The average radius of the 4 /'-shell ro 

derived from eq. 2 and the assumption IV = 2 F2.

F2 'o

Ionic radius

Zaciia-
RIASEN81

Gold
schmidt26

/2 La+................................ 21000 K 2.8 A 1.6 A extrapolated 
from Cs+

jz pr+++ 69000 0.84 1.00 A 1.16 A
f3 Nd+++ ......................... 72000 0.80 0.99 1.15
f'° Sm+++ ......................... 72000 0.80 0.97 1.13
R Gd+++ ........................... 76000 0.76 0.94 1.11
R Dy+++ ........................... 78000 0.74 0.91 1.07
R2 Tm+++ ....................... 98000 0.59 0.86 1.04

giving the strongest absorption bands, are multiples72’80 of

is somewhat smaller than the crystallographic radii, as given in 
Table 8. Thus, the /-electron can be said to be mainly incorpo
rated in the kernel,46 while4 La+ with F2 = 21,000 K under the 
same assumptions corresponds4 to ro = 2.8 Å Goeppert Mayer56 
predicts a rather drastic change of the screening conditions for 
4/'-electrons at the beginning of the lanthanide group. The po
sition calculated of the “inner” /’-electron at 0.22 .4 in La and 
0.17 A in Nd is undoubtedly too small. The values observed of 
Ffc are not compatible with a smaller ro than 0.5 A in the trivalent 
lanthanides. Since the 4/'-wave functions in complexes cannot 
be as broad as the hydrogen-like ones, where R2 has half the 
maximum value for r = 1.5 rmax, lower values of n from Table 7

1 A hydrogen-like 4/-electron with Z( 2 has r0 = 4.23A.
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are suggested for the complexes supporting Ibis conclusion. In 
the first transition group F2 and F4 are approximately propor
tional9 to Zo, the external charge plus one, in the d2-systems from 
Sc+ lo A7+8. The values observed are F2 = Zo • 1 7,000 A' and 
F4 = Zo' 13,500 F, while a hydrogen-like 3d-electron has 
F2 = Zo- 9950 K, F4 = Zo. 6490 F, and IV = Zo. 24,390 F. In 
gaseous ions such as Cr+++ or ATi++, the value of F2 is ~ 70,000 F. 
If IV is assumed to be 150,000 F, the effective radius /’o will be 
116,000/150,000 = 0.77,4. Since F2 is decreased in nickel(II) 
and chromium (III) complexes, the corresponding values of 
7’o > 1 ,4 are definitely larger than the crystallographic radii, 
suggesting a partly covalent bonding of the type described by 
eq. 10.

Experimental.

Cerium (III) solutions. CeCl3, 6 H2O was recrystallized by satur
ation of the solution with hydrogen chloride gas at 0° C. This 
removes iron (111) efficiently, while considerable amounts of 
other lanthanides were present in the crystals. However, the 
latter do not influence the spectrum in the ultraviolet. Solutions 
of tartrates and citrates in aqueous ammonia are rapidly oxidi
zed to yellow cerium (IV) complexes, while ethylenediaminete
traacetates and nitrogentriacetates (made from 0.2 M Neu enta 
and 0.2 4/ Nagata, both of “Komplexon” quality) are much 
more slowly oxidized. The acetate complex was measured in 
2 M CH3COONH4, 2 M CH3COOH.

The consecutive formation constants of the cerium (III) sul
phate complexes23 in 1 M NaClO^ are: CeSO^ : 43, Ce(SO4)2 :5, 
and Ce(SÖ4)3~3:6, while in dilute solutions the first formation 
constant86 is 2600. The consecutive formation constants of ace
tate complexes24 are 48, 10, 3.2, and 2.

Since the neutral cerium (III) citrate is feebly soluble, the 
easily soluble complex in alkaline solution probably contains two 
citrate groups.1 Boulanger7 demonstrated the formation of lan
thanide complexes with two nitrogentriacetate groups, while the 
ethylenediaminetetraacetates do not seem to read with excess of 
the reagent.59
Praseodymium (III) solutions. Pr60n was supplied by Thorium 
Ltd., London. From the absorption bands at 7400 and 2540 ,4
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Figure 4. The absorption spectra of Neodymium (III) in hydrochloric acid. 0.38 M 
didymium chloride, as described in the experimental section, dissolved in the 
following solutions:

II.,0 Curve 5 9.5 M HCl
6.2 M HCl 6 10.3 M -
7.4 M 7 11.0 AZ -
8.9 M - 8 1 1.3 M -

1.9 M didymium chloride in II2O gives in 2 cm cells a spectrum identical with 
Curve 1, which was measured as the other curves on the figure of solutions in 

10 cm cells. The neodymium content is 54°/0 of the didymium mixture.

it was found to contain less than 0.7 °/o Nd and 0.015 °/o Ce. The 
double band in the far ultraviolet, reported by Stewart,87 was 
observed as a single band at 2148 .4. A solution was prepared, 
0.2 M Pr(ClOz)3, 0.4 .1/ HCIO$, and added to solutions of organic 
acids in NHs and NcizCOa, as described above.
Neody (Hl) solutions. Technical Didymium Oxide B, as 
supplied by Thorium Ltd., London, was used for most measure
ments, because the Nd (III) bands studied are free from inter
ference with bands of the other lanthanides. The lanthanide 
composition is 1 °/oCe, 10 0/0 Pr, 54 °/o A57, and 11 °/o Szn, as 
estimated from spectrophotometry. The rest is mainly La. The 
absorption spectrum of the ethylenediaminetetraacetate was 
shown to be independent of addition of aqueous ammonia, when 
pH was higher than 8. But the solid salts, which can be crystal
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lized and which dissolve in water, giving pH ~ 5, show a different 
spectrum with more lines, which is changed on addition of base. 

Probably, the latter solution contains a mixture of complexes, 

i. e. some carboxyl groups are not co-ordinatively bound and 

have taken up protons.

Berzelius observed that didymium tartrate, dissolved in 

aqueous ammonia, by evaporation of the highly viscose solution 

at room temperature forms a transparent, glassy material. If the 

latter is dissolved in some water, it gives the same absorption 

spectrum of a mixed solution of DiCis, NHz, and ammonium 

tartrate.

Solid Diacaz was precipitated from the stoichiometric amounts 
of acetylacetone, didymium chloride and aqueous ammonia in 

90 volume °/o ethanol. It was observed that the oscillator strength 
of the peak at 5710.4 and the broad band ~ 5800 .4 is roughly 

10 times that of the band group ~ 5750 .4 of the aquo ion. Else, 

the oscillator strengths*,  i. e. the areas of the bands, do not vary 

much for various neodymium (III) complexes.

Two crystals of the size 3 X 3 X 2 cm3, of (.¥7/4)2 DiÇNOa)^, 
.v H2O were measured in the spectrophotometer. They both con
firmed the blue shift of the 4265 and 4255 .4 band group.17 

However, some other band groups were different in the two cry
stals. Thus, bands were found at 7310 and 7440 .4; and 7310 

and 7470 .4, respectively.

The bathochromic effect of the decreased in AW2O3 is 

clearly demonstrated by the bright blue colour96 in contrast to 

the other pink neodymium ( 111 ) complexes.

Samarium (III) solutions. 99 °/o S7212O3 from Thorium Ltd., Lon

don, and a fraction from re-crystallization of magnesium double 

nitrates (Miss Merete Wich ff. i.d assisted in its preparation) 

were used for some measurements. However, for the study of 
the strong band at 4020 .4 the didymium solutions mentioned 

above were sufficient, because the other lanthanides do not 

disturb this band.

Gadolinium (III) solutions. 200 mg (Ù/2O3 (from Universitetets 

Institut for teoretisk Fysik) was disolved in 2.5 ml 2 M HCIO4 
and diluted to 3.1 ml in the absorption cell. The ethylenediamine-

* Merz58 reports that the oscillator strength of the bands of Afÿ3Pr2(.VO3)12, 
24 H2() is ~ 20 times smaller than of Pr2(SOp3, 8 H2O, and Pr(C2//5SO4)3, 9 II2(). 
Cf. the foot-note p. 8.
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tetraacetate was prepared by neutralization of a part with XH% 
and addition of a slight excess of Na^enta, while another part 
was added to aqueous ammonia and citrate. It was not possible 
to dissolve Gd(OH)s to a large extent in XH3 and tartrate.
Erbium (III) solutions. A sample of E^Os, Y2O3 etc. from S. M. 
Jørgensen, and some fractions prepared by Miss Karen Jensen 
(now Mrs. Kümmel) from gadolinite supplied by Konservator 
K. Kristoffersen, Norges mineralogiske Museum, were used for 
the measurements.
Ytterbium (III) solutions. 200 mg Y/?2^3 (from Universitetets ln- 
stilut for teoretisk Fysik) was boiled with 3 ml 2 M HClOi for 
several minutes, until it suddenly passed into a clear solution. 
It was diluted to 3.1 ml in the absorption cell and later also 
measured as Yb enta~.
The spectrophotometer was the Cary recording model 11 MS-50. 
For standardization of the wave-length scale, the 2Pi/2 band of 
the neodymium (I II) ion was assumed to be situated at 4273 A 
in general agreement with the literature. In the ultraviolet, mer
cury vapour (in a 10 cm cell at room temperature) was found 
to give the 2536.5 A line very sharply. The measurements of the 
narrow bands were made with the lowest possible scanning speed 
and recorded with the tungsten lamp 8000—3250 T (12.5 A per 
division = 0.83 cm of paper) and with the hydrogen lamp 
4000—2050 A (5 .1 per division). The slit control was set at 10. 
The relative shifts of the narrow bands can be measured with 
an uncertainty ~ 1 A. The shift 23 .4 of the narrowest band of 
neodymium (III) tartrate was also found with a Beckman DU 
spectrophotometer. The latter instrument was used for the 
measurement of 17? (Ill) in the infra-red.
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Summary

The narrow bands caused by internal /’"-transitions in Pr(III), 

AW(III), Sm(III), and G’d(IU) are shown to be shifted ~ 1 0/() 

towards lower wave numbers in complexes with ligands such 

as ethylenediaminetetraacetate, nitrogentriacetate, tartrate, and 

citrate, relative to the aquo ions. Ephraim et al. have previously 
demonstrated even larger shifts in the reflection spectra of oxides 

and anhydrous halides. Even though the sub-levels of the ground 

levels can be distributed in a different way for the complexes, 

the main part of the red shift is due to a decrease of term dif

ferences. These can be interpreted as multiples of the parameters 

of electrostatic interaction between electrons, F*,  as defined bv 

Slater, Condon, and Shortlev.
The high and broad absorption bands of cerium (HI) com

plexes, due to 4 f -> 5 d transitions, are shifted much more in 
anion complexes. One of these bands is comparatively low, and 

its change with temperature suggests the presence of a Ce (III) 

aquo ion with a low co-ordination number in equilibrium with 

the more common form. CeCh in anhydrous ethanol develops 

a new band, which disappears by addition of water. Since 

Ce(C/O4)3 exhibits another behaviour, the new band is presum

ably due to a complex with chloride and ethanol whose formation 

is much more sensitive to addition of water to the solvent than 

to the chloride concentration. (Thus, the absorption spectrum 

of 0.0004 4/ CeCl% in ethanol resembles that of Ce (III) in 12 4/ 
ZZCZ).

It is further shown that the fluorescence of excited [Äe] df"-1 5cZ 

levels in the lanthanides exhibits the red shift discussed by 

Orgel in the case of manganese (I I) complexes.
The FÂ' integrals are shown to decrease smoothly with in

creasing k, rather independently of the wave function assumed 
for the electron in the partly filled shell. Thus, the ratios F2:F4 

and F4:F6 are only semiadj ustable parameters, as previously 

maintained. From the observed values of FA‘ in transition group 

complexes, the average radius of the wave function can be 

estimated. In trivalent lanthanides this radius varies slowly 
around 0.8 .4 in the series from Pr(lll) to Fy(III), approaching 

0.6 .I in Tin (III). This is somewhat less than the crystallographic 
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radii of trivalent lanthanides, indicating no large screening. In 
La+, the 4/’-electrons with radius = 2.8 A are distinctly external 
electrons. Since the ionic radii are particularly small in Pr^Os, 
Nd^Os, SmzOs, and Gd^Oa with the low co-ordination number, 
this may explain the large decrease of Fk in these solids. In all 
cases, the decrease of Fk is most conspicuous in Pr(III), where 
the two 4/‘-electrons are least shielded.

The increased effective radii of the (/-shell in (/^-complexes 
due to covalent bonding do not necessarily imply the intermixing 
of the (/-electrons with the electrons of the ligands, since the 
central held can be changed by filling of bonding molecular 
orbitals of other symmetries. However, the values of Fk are so 
small, even in the gaseous ions, that the (/-shell must penetrate 
into the domain of the ligands, thus forming partly covalent 
bonds.

Chemistry Department A,
Technical University of Denmark, Copenhagen.
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