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ORBITAL ENERGY DIFFERENCES AND CHEMICAL BONDING
IN RARE EARTHS

Chr. Klixbiill J¢rgensen

Cyanamid European Research Institute,
Cologny (Geneva), Switzerland

ABSTRACT

The absorption spectra of lanthanide compounds show three types
of transitions: internal transitions in the 4f* configuration, where the
very small shifts induced by the ligands (the nephelauxetic effect) al-
low conclusions on weak covalent bonding; transitions 4f — 5d produc-
ing broader and more intense absorption bands; and electron transfer
bands A — 4f strongly dependent on the reducing character of the li-
gands. A common theory for the variation with the number g of 4f
electrons of the two latter categories explains why the wavenumbers
are particularly low for q = 8 and q = 6, respectively. The behaviour
of metallic alloys is discussed, and parenthetical remarks made about
the 5f elements. The reluctance of lanthanides to change their oxi-
dation state is connected with the very large effect of repulsion be-
tween 4f electrons.

Recent theoretical interpretation of rare earth absorption and
luminescence spectra can be used in two different ways: for the spec-
troscopist, it is a most fascinating case of pseudo~atomic spectroscopy
and an example of how to apply group theory; for the chemist, it is
possible to draw conclusions about the extent of covalent bonding and
to understand the conditions for formation of metallic or nonmetallic
compounds. Here, I am concentrating on the second aspect, because
much chemical speculation can be clarified by comparison with the
newly established experiment facts.

The broad absorption bands are the main subject of the rest of
the paper; their wavenumbers are rather dependent on the neighbor
atoms, the ligands, and their width is caused by the Franck-Condon
p11nc1ple acting on different eiectron configurations where the inter-
nuclear distances at equilibrium would be different, and usually larger
than in the ground configuration 4f3, On the other hand, the Narrow
line groups caused by transitions to excited J-levels belonging to 4t
as well do not shift much when the 11gands are varied. Many autho:s
have collaborated the last twelve years in identifying a large number




of such levels. 1,2 The most frequent attempts to describe the fine-
structure of each J-level are based on the electrostatic model of the
ligand field; however, a closer analysis shows that the only condition
for the apparent success of ligand field theory is the consistent oceur-
rence of seven slightly different (to the extent of some hundred cm™)
one-electron energies of the partly filled f shell. Actually, itis pos-
sible to predict these small energy differences by a thieory of weak

o -anti-bonding effects involving fewer parameters than the conyentional
electrostatic model and being physically far more plausible. @» = It
would be highly desirable to extend this description in terms of ¢ -anti-
bonding effect% to other chromophores MXN of known symmetry, such
ag the C,-site’ in the C-type oxide M503. " Another gquantitative argu-
ment for the presence of weak covalent bonding is the nephelauxetic
effect” first observed by Ephraim in 1926 that the interelectronic
repulsion parameters separating the J-levels are roughly one percent
smaller in relatively covalent compounds, such as anhydrous chlorides,
bromides, iodides or complexes of organic ligands, compared to the
aqua ions (in solution or hydrated salts) and the fluorides. In order

to separate this minute effect d B it is necessary' to write for the
wavenumber of the baricenter of each J-level:

9 compound = Zaqua do-(dg) Oaqua (1)

where it is assumed that the J-level energy differences all are de-
creased by the same perce;x%éfge d Brelative to the aqua ion (the cor-
responding gaseous ions M '~ are, unfortunately, not known; they
probably have d B about - 0.01) and d 0 represents the "ligand field"
stabilization of the lowest sub-level of the ccmpound, relative to the
lowest sub-level of the agua ion. The parameters of interelectronic
repulsion definitely decrease when the 4f shell expands (because of
lower effective charge of the central ion) or participates in anti-bonding
molecular orbitals, However, we realize that the Hartree-Fock 4f
radial functions8 predict values of these parameters roughly 50% lar-
ger than the observed ones. This may be explained by special dif-
ficulties for the one-electron descriptionl. 1t is satisfactory that
neutron diffraction experiments on erbium(ill) compounds indicate a

4f radial functipy nearly coincident witk the Hartree-Fock calculation
for isolated Er'~. It is surprising that oxides7, 9 show a very pro-
nounced nephelauxetic effect, d 8 frequently being between 0.04 and
0.02, and nearly as lar%e as the relatively very covalent sulfidesl0
and cyclopentadienides. 1 One reason may be anomalously short
M-0O distances, becauae it is known from high~pressure experiments
that the nephelauxetic effect increases under such circumstances.
Another reason may be the variable diagonal element of ionization
energy of the oxide ligand, which is very strongly dependent on the
Madelung energy of the solid. A last phenomenon regarding internal
413 transitions to be mentioned is the strong variation of the intensity
of absorption bands corresponding to transitions J — J~2 ( and inso-~
far Russell-Saunders coupling obtains, L — L ~ 2 and S invariant).
These are called hypersensitive pseudo-quadrupole transitions because
of the quadrupole-like selection rules.:

12
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The 4f — 5d transitions in I.?.?thanide compounds are not the only
case known of approxin:ite n, — nl transitions in chemistry; 5f — 6d,
5s — 5p and 6s — 6p transitions are also kaown; and the ionic halides ;
show even, to a ceriain approximation, strong(np) — (nt+l s) absorption
bands. In X-ray aLsorption and eraission spectra, the phenomenon is
very frequent. However, the 4f — 5d transgitions are interesting by
having so relatively low wavenumbers. They are the lowest in divalent
lanthanides such as Sm(II), Eu(Il) and Yb(II}14, 15 and have been iden-
tified by McClure and Kissl® in all divalent lanthanides in dilute solu-
tion in solid CaF,. In trivalent agua ions, Ce(Ill) and Tb(III) show
these transitions within the easily accessible wavenumber range beiow
50000 cm~1, and Pr{III) just on the limit. 17,18

It is possible 0 construct a theoryl? for the characteristic
variation of both 4f — 5d and electron transfer (filled M. Q. concen-
trated on the ligand) —~ 4f transitions. Previously, the electron trans-
fer bands were not known of lanthanid« Lomplexes, though, according
to private communication from Profcssor K. W. Sykes, Dr. A.G.
Davies observed such bands in 1957. The experimental difficulty is
that most ligands, which are sufficientty strongly reducing to produce
electron transfer bands in lanthanide complexes, are either coloured
because of internal transitions in the ligands or de not displace water
from the aqua ions. Bromides in nearly anhydrous ethanol and
dialkyldithiocarbamates extracted in dichloroethane shcw such bands,
which are very broad and relatively weak. 17 Their wavenumbers
vary in a characteristic way with the central ion

Eu(II) < Yb(IIl) < Sm(Ill) <Tm(Ill) < .... (2)

similar to the chemical tendency to be reduced to M(II). Actually, the
aqua ionsl9 of Eu(IIl) show an electron transfer band at 53200 cm-~1
and of Yb{III) about 59000 cm~1l. Barnes and Day-zoa 21 studied a vari-
ety of anions bound to lanthanides and found remarkably low wavenum-
bers of the sulfate complexes: EuSO4+ 41700, YbSO4+ 44500 and
SmSO‘l.Jr 48100 cm-1. Normally, SO4"~ is not considered to be parti-
cularly reducing, but it is known22 to undergo photochemical oxidation
to SO4~ above 55000 cm~l. Another interesting phenomenon is the re-
latively low wavenumbers of the electron transfer bands of ethanol
solvates(Eu(III) 44100 cm'l) though it is not easy to make a distinction
from the effects of possibly coordinated ClO4~. In gaseous state,
C,H5OH has the ionization energy23 16000 cim~! below that of H>O0.
Hartmann24 made similar comments on the electron transfer spectra
of VCl3 in alcohols, though here, it is difficult to avoid interference
with chloride complexes. It is possible to rationalize the positions of
electron transfer bands in all five transition groups by means of the
concept1 of optical electronegativities, Xopt- If corrected for spin-
pairing energy, the values of Xopt VALY Tinearly in a given transition
group with a given oxidation numberé2, 206 a5 function of increasing
number q. The spinpairing energy {due to differences in inter-
electronic repulsion) for the average of all terms with the same S is:
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where the parameter ) is proportional to the average value of the
reciprocal radius < #~* > of the partly filled shell. Eq. (3) expresses
the stability of half-filled shells and hence, it explains the particularly
low wavenumbers of the 4f— 5d transitions in 4f° systems such as
Tb(Ill) and of A — 4f electron transfer transitions in 4f° systems such
as Eu(Ifl), whereas the wavenumbers are particularly high both of

4f = 5d and )\~ 4f transitions in 4f7 systems such as Gd{III}), If the
spin-pairing energy(3) was the only effect superposed a linear, gradual
stabilization of the 4f orbitals as function of increasing q, the energy
differences would fall on two straight lines making a jump 8D at the
half-filled shell. However, there occur a few other, less important,
effects which can be treated by Racah's theory27 of inter-electronic
repulsion in the configurations f4 and by a first-order relativistic
treatment in terms of Lande's parameter {,;. The actual variation
of the wavenumbers of the lowest A — 4f transition is expected to be
(changing from the ground configuration 4f4 to 4fdt Ly

3

E otk 8o (4)

W - q(E-A) + k) D+ k,

and the variation of the lowest 4f% - 4fq-15d transition:

3 )
W2 + (g-1) (E—A)2 + k4_I_)_+ kSE + k6 Cnf (5)

where Table 1 gives the coefficients k_. The wavenumbers W and W

are just standards of reference for comparison within a given series,

where only q is varied. The symbols (E-A) and(E-A}, indicate that

the gradually increasing stabilization of the 4f orbital“energy can be

written as the difference between the increase E of the core attraction

and the increase A(of the type FO) of interelectronic repulsion in the

4f shell. One of the reasons why (E~A) and (E-A), are different is that

we neglect the repulsion between 4f and 5d electrons; McClure and

Kiss 16) have given explicit expressidns for this interaction. It is

worth noting that the spin-pairing parameter D is equivalent to Racah's
: _}_5':.1\ and that E' ~ 14.7 F, and E ~1.48 F_ in terms of the Slater-

Condon-Shortley parameter F,used by many aufhors. Though eqs. {4)

and (5) seem to involve many parameters, the great advantage is that

D (or E!), E? and already are well determined from the internal

transitions in the 4f shell. However, the values of (E-A), (E-4), and

D given in Table 2 cannot usually be taken seriously better than :E 10%.

Since D is strongly fixed by comparison with the known values for the

internal 4f transitions, the wavenumbers of which do not vary much

with the ligands, it has been estimated and is given in brackets in

Table 2 when only two data were available, or when three observations

gave unreasonable values of D by the strict application of three equations
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with three unknown parameters. Table 3 gives the numerical values
of §3 and {,¢-

The hexahalides of trivalent lanthanides MX6'"3 were not pre-
viously known, but Ryan30 has recently studied them in a solvent con-
sisting of a mixture of acetonitrile and succinoritrile. The only MX(™"
known is CeClg~ ", and hence, only W can be given in Table 2. It may
be remembered that A — 5f and £f — 6d transitions have been identified
in U(IV), Np(IV) and Pu(IV) hexahalides32 and that the 5f group ele-
ments exhibit an evolution of the optical electronegativities interme-
diate between the 4f and the three d groups. 33 Recently, electron
transfer spectra of neptunium(iV) aqua, methanol, sulfate and chloride
complexes have been further studied.

W is expected to be a linear function of the optical electronega-
tivity *opt of the ligands, and actually, it has approximately the form

+ (30000 cmnl) x

w=Ww, Zopt (6)

where Wj = -15000 cm"1 for trivaient lanthanides and Wy = -65000 cm-1
for quadrivalent lanthanides. This is aé much larger variation with the
oxidation number than in the d groups2 where W only decreases some
15000 cm=! for each unit of increase of oxidation number ékeeping q
and the ligands constant). In the cornpressed hexahalides 0 Mx¢
with unusually short M-X distances, Wy seems to be only - 18000 cm-1l.
I may warn you that electron transfer spectra of lanthanides
are only observable under rather special conditions. Impurities of
Fe(ll) or less frequently, of Ti(IV), Cu(ll), Pt(IV)(from crucibles)
and Pb(II) may imitate the broad relatively weak bands, The lanthanides
are characterized by magnetic moments, which in nearly all cases
correspond to an integral number of electrons in the partly filled 4f
shell. Hence, itis possible to define an oxidation state even in metal-
ic alloys (such as NdCd) ] containing Nd(III) but UCd;j} containing
U(IV)3°) and black, low-energy-gap semiconductors where the inter-
nal 4i-transitions cannot be observed. Professor K. A. Jensen has
proposed to write such oxidation states derived from spectroscopic
and magnetic measurements with sharp brackets M [II] and M [II1] in
the cases where they would be different from the Stock nomenclature.
It is now well known that eventhe metallic elements are Eu[Il] and
Yb [II] but for instance Gd [III] and Er [IIT ] in this sense. The situa-
tion is entirely different in the d transition groups where antiferro-
magnetic interactions can be extremely strong even in compounds with
normal visible absorption spectra(e. g. of many oxides and halides).
However, many low-energy-gap semiconductor s36 still have magnetic
moments cerresponding to well-defined S which is not usually the case
for metallic compounds, Goodenough3 “proposed a criterion for lo-
calized magnetic moments occurring when the closest distance between r
transition group atoms is larger than 2.5 times the average radius of \

B

the partly filled shell.
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In this connection, it iz very interesting that
LaS, CeS, PrS, NdS, GdS, TbS, DyS, HoS, ErS and TmS are metals
containing roughly one conduction electron and the number of 4f elec-
trons corresponding to M [III] whereas SmS, EuS and :(bS are non-
metallic M(II) compounds. 38 The parameter329 given in Table 2 for
MS satisfy the condition that the non-metallic monosulfides have 4f4
groundstates and that thé metals would have had 4f4-15d groundstates
if it were not for the larger average radius of the 5d shell transforming
itself into a deloczlized conduction band. Metallicity can also be caused
by non-stoichiometric composition; a very interesting case is the me-
tallic Ce3.4S4 becoming non-metallic for the stoi%I%)iornetric valu.e
x=0. 333 but retaining the same crystal structure. The metallic
transition sometimes can be extremely sharp; thus, ¥ NdSe and
Ndj.xSm Se are metallic for x < 0. 11 but is distinctly metallic for
i x>0.13.7 The diiodides Lal,, Cel; and GdI; are metallic alloys where-~
i as Ndl,, Sml,, Eul,, Tml, and Ybl, are strongly coloured, non-me-
tallic comzpomds, and Prl; a somewhat uncertain intermediate
case. 41,42 The parameterf adapted to McClure and Kiss' M(II) in
in dilute solution in fluorite 6 given in Table 2 predict that La(II),
Ce(lIl), Gd(Il) and Th(Il) have 4f9-154 goundstates and that 43 of Pr(1I)
is only 2000 cm™! below 4f25d in agreement with the behaviour of the
undiluted MI, (and quite different from the gaseous Prtt, where the
lowest energy level of the configuration 4f3 occurs 43,44 12850 cm™
below the lowest level of 4f25d). When comparing gaseous ions MtZ
and compounds, two opposite tendencies act. At one hand, the energy
difference between 4f and 5d tends to decrease in complexes45 (this
is also true for 6s — 6p in TI(I), Pb{Il), Bi(III{)52 and at the other
hand, the relative ¢ -anti-bonding character3, 19 of the five 5d orbitals
is rather different in chromophores MXy of various symmetries, and
may shift the position of the first 4f — 5d absorption band some 10000 ¢y L.
The mononitrides MN all have magnetic moments46 correspond-
ing to M [III] though they show metallic conductivity. This may be
caused by weak deviations from stoichiometry, or by "accidental me-
tallicity' (occurring e. g. in Bi or CoS; where only a small fraction of
an electron p r atom is involved in the conduction30), There is optical
evidence47 that the stoichiometric mononitrides, atleast DyN, HoN
and ErN, would be semiconductors with a relatively large energy gap.
However, MP and MAs, which also crystallize in NaCl lattice, are
genuinely black. It is interesting to note that many chalcogenides
ME. are black with metallic brillance and has a very
high electric conductivity, but for x=1.50 it is black like smoke and
— only semiconducting. 48 "The lanthanides are particularly interesting
' by showing extreme transition group properties. The dd configurations
show intermediate properties with respect to delocalization of the part-
ly filled shell etc. between 5f9 and the p9 configurations existing in a
certain sense in complexes of Se(Il), Br(IIl), Te(Il), I(III) and
, Xe(IV){g=2) and I{I) and Xe{Il)(g=4). One may go as far as to say that
| the 4f shell shows internal transitions which have been shifted from
X the X-ray region into the visible. The 4f eiectrons have enormously
: large integrals of attraction by the core potential® and correspondingly
small average distance fromthe nucleus, but the interelectronic re-
pulsion between the 4f electrons (of the _lf‘_o type) is so large as to cancel
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the attraction nearly completely and to obtair ionization energies com-
p'rable to those of the loosest bound electrons (with far larger <r > )
of other atoms. However, a consequency of this cancellation is that
the 4f ionization energy increases unusually rapidly as function of the
ionic charge + z. This explains the great reluctance of the lanthanides
to change oxidation number to the highly reducing M(II) or the highly
oxidizing M(IV). Another consequency is the necessity of the presence
of one or more 5d and 6s electrons in the isolated M°, Mt, and Gdte ,
Hence, Ce(Il), Gd(II) and 'l‘b(II)16 in CaF) are, like the gaseous mel-
ecule? TiO, among the rare examples in chemistry of the simulta-
neous presence of two partly filled shells. This situation does not
appear in undiluted compounds, because one of the two shells de-
localizes to a conduction band in all known case¢. There is no con-
tradiction49 between the presence of 5f electrons in Th'*'3, Pa(IV),
U(II), U(LV),... and the higher and more variable oxidation numbers
compared with the lanthanides. The quantitative difference is caused
by the cancelling core attraction and interelectronic repulsion just
mentioned and can be expressed empirically by the valuesé W, ~ 0 for
M(ILI) aqua ions, W, 133000 cm-1 for M(IV) aqua ions, and W~60000
and Wj ~ 18000 cm ™" for M(IV) hexabromides. 22 Actually, there

is no necessary connection between the presence of f electrons and a
tendency towards the oxidation state + 3. There is very little positive
evidence for any measurable influence of the 4f clectrons on the chem-
ical bonding in lanthanide complexes, though minute effects such as the
"gadolinium break! may perhaps be caused by the weakly pronounced
(but quite verified) M. O. formation of the 4f shell. Analternative con-
tribution may be the 5d bonding possibly being influenced by the half-
filled shell effects discussed here. However, we remember that the
mechanism of the invariant oxidation number of elements such as
beryllium or aluminum is different from that of holmium: Be(II) and
Al(III) would loose electrons from a very strongly bound inner shell,

if oxidized, and gain electrons in an external shell of weak electron
affinity if reduced. The lanthanides loose or gain 4f electrons; but the
ionization energy is much larger than the electron affinity because of
the small average radius of the partly filled 4f shell and the concomi-
tant huge effects of interelectronic repulsion. A closer analysis shows
that this is also the fundamental reason for the tendency towards local-
ized 4f shells in metallic materials. Table 4 gives a numerical, qual-
itative model of the differences between 4f and 3d elements; the concept
of ionizaticn energy of chemical species is discussed p. 236 of ref. 52.
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Table 2. The parameters of egs. (4) and (5) for different environments
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of lanthanides M(II), M(III} and M(IV).

gaseous Mt W2 = 8000
gaseous M+3 Wz = 50000
M(I) in CaF, W, =-17000
MS solid W, =-25000
M(H,0) W = 90000

W, = 33000
M,0, solid W = 75000

W, = 21000
MSO," in water W = 80000
MC1™ in ethanol W = 78000
MCl,™? in nitriles W = 74000
MBr't in ethanol W = 70000

W, = 31000
MBr,™> in nitriles W = 66000
MC16" W = 25000
Cs,MF, solid W = 54000

(E-4),
(E-A),
(E-4),
(E-4),
(E-4)
(E-4),
(E-4)
(E-4),
(E~A)
(E-4)
(E-4)
(E-4)
(E-4),

(E-A)

(E-4)

it

3600
5000
3800
3000
2800
5000
3000
3800
3000
3150
3200
3000
4700
3100

5600

[ D=5500]
[ D=6700]

D=5200

ref.
ref.
ref.
ref.

ref.

ref.

ref.
ref.
ref,

ref,

ref.
ref.

ref.

17, 28
17, 28
29
29
19

20
20
30

17

30
30
31




Table 3.

10
11
12

13

13

The parameters §_3 and {
transitions in the partly filled { shell.
certain values for 5f elements in the oxidation states M(III)

. -1
in cm

determined from internal
The slightly less

50

and M(IV)°! have recently been estimated by comparative

studies.
23

prtt 410
Sm(II) 480
Tm(II) -
Pr(11I) 460
NdJ(III) 490
Pra(I1I) 520
Sm(1m) 550
Eu(I11) ~600
Gd(11) ~600
Th{ITI) ~600
Dy(Ll)  ~600
Ho(I1I) 620
Er(I11) 640
Trm(II) 670

Yb(III)

650
1050
2510

730

880
1030
1180
1360
1540
1720

1920

2080
2380
2620
2950

51, q =

3

4

U(I1I)
Np(I1I)
Pu(Il)
Am{I11)
Cm(III)
u(1v)
Np(IV)
Pu(1V)
Am(IV)
Cm(IV)

|tz

290
330
350
380
410
3G0
330
360
410
450

C nf
1670

2070
2290
2550,
2950
1370
2190
2430
2820

3040

1
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Table 4. The spectroscopic ionization energies Ip;), the sum of
Madelung-like and chemical bonding terms Epq, and the re-
sulting chemical ionization energies Cpti =Ihe) -~ EM, all
in eV. A chemical species is only stable if C,,, is larger
than 3 eV, and if the corresponding electron at inity G, is
smaller than 9 eV. The example is purely qualitative, sug-
gesting why M(II), M({II) and M(IV) exist for a typical 3d
element, and only M(III) of a typical 4f element.
341 41
bl BEM Cart | T Bm Can
M— M 6 5 1 - 4 -
T4 +2
M—-M 18 15 3 4 12 -8
Mt 30 25 5 22 20 +2
VAR Vil 42 35 7 40 28 12
VAR Vs 54 45 9 58 36 22
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OPTICAL SPECTROSCOPY OF RARE EARTH
COMPOUNDS

by
K.H.Hellwege

Institut filir Technische Physik, Technische
Hochschule Darmstadt.

Abstract

New results covering the following filelds are presented:
he term B4 3t
schemes of Nd and Tb” iong have been investigated up to

ko ooo cm—l; the absorption spectrum of the 2F5/3 2F7/2
transition in unhydrous CeCl3 has been analyzed. An
extensive study of magnetically ordered compounds has
been undertaken (Gd013, DyAlG, ErlIG, DyIG, HoIG); the
internal fields for these compounds have been obtained
in the ordered state. In La(Er)Cl3 an example for the
correlation of linewidth of fluorescence lines and the
ORBACH coefficient is given.
Introduction.

The main fields in our present spectroscopic investiga-~
tions of rare earth compounds are: The completion of
the level schemes of the trivalent rare earth ions;
linewidth of absorption and fluorescence lines, proper-
ties of magnetically ordered compounds. In the following
section we shall give some recent results in all three
fields.

IT. Experimental procedure.
For the spectroscopic investigations we used four spec- i
trograpns: a 6 m ROWLAND concave grating, a 3,5 m and
a 2 m EBERT mounting spectrograph and a prism spectro-
graph for the infrared investigations. The crystals
were placed in conventional glass or metal dewars either {
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directly in liquid nitrogen or liquid helium or
fastened to a copper block which itself was cooled by
the cooling liquid. The spectra were photographed or
directly photorecorded with a multiplier or a PbS photo-
resistor.

ITI. Term schemes of the trivalent

rare earth ilons.
The term schemesof the trivalent rare earth ilons have
by now all been completed up to about 30 o000 czm'1 1)
At higher energies in some cases the term density be-
comes so large that the analysis of the spectra gets
very complicated. We have analyzed the ultraviolet ab-
sorption spectra of Nd}+ 2) and Tb3+ 3) salts. In the
case of Nd3+ it was possible to assign all observed
linegroups to theoretical terms. For Tb3+ the analysis
was much more difficult because of the large term
density in the investigated spectral range. Yet it was
possible to attribute some of the observed line groups
to theoretical terms. Fig. 1 shows the term schemes for
all¢ trivalent rare earth ions in their present state.
In CeCl3 4) the transition F5/2 7/2 was

investigated in order to obtain the crystal field para-
meters in this compound. The crystal field level scheme
deduced from our measurements is shown in fig. 2. The
crystal field parameters with which we could best fit
the observed levelo are: A2 (ru;- 64,5 cm” , a8 <rg. =

1, A6 kr§> = -64,1 cm -1 1

and Ag (r’6> = 399, lcm".
IV, Magnetically ordered compounds.
The spectroscopic investigation of magnetically ordered
compounds can yield useful information about the inter-
nal flelds in the or&ered state, the level schemes in

~41,0 cm

the ordered state and the effect on the ordered state
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of an applied external magnetic field.

a) Rare Earth Iron Garnets.
WICKERSHEIM and WHITE 5) were the first to investigate
a rare earth iron garnet (YbIG) by obtical spectrosco-
py. We have performed a study of the iron garnets of
Er, Ho, and Dy . It was possible to determine the
level schemes of these three garnets (fig. 3). The
ground term level schemes are in agreement with those
from other investigations, i.e. the far infrared
spectroscopy of SIEVERS and TINKHAM 7) and the specific
heat measurements of HARRIS and MEYER 8). From the

splittings of the excited 483/2 term in ErlIG and the ex--:

cited 6F3/2 term in DyIG it was possible to determine
the exchange fields acting in the ordered state on the
rare earth ions. They are (285 pa 30).103 oe and
(305 T 50).103 oe for ErlG and DyIG respectively as
compared to 285 . 103 oe an® 327 -lo3 oe 9 deduced from
a magnetization measurement.

b) Dysprosium Aluminium Garnet (DyAlG).
DyAlG has a very large anisotropic splitting factor
(gz = 18,2, By = 8y = C) which causes an antiferro-

magnetic ordering of this compound at 2,49 K la). We

. o} — 6 6 11)12)
investigated the transitions H15/2 F5/2’ F3/2
in this compound in the ordered and paramagnetic state.
In the ordered state the KRAMERS doublets are split by
the internal fields. Fig. 4 gives a photorecording of

—
the whole transition H15/2 F5/2 at various tempe
ratures. The ground term splittings are proportional
to the magnetization curve of DgAlG. Fig. 5 shows the
3 (g = -> =

gptica}l% measured points ¢ H15/2 F5/2 x
HlS/é, F3/2) as compared with the curve which is a
result from a neutron diffraction measurement 13). The

?
splitting of the lowest doublet of the 6H]5/2 term iﬂk
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ordered state isAW = (S,Eﬁo,s)cm"l which is to be com-
pared with the value 5,4 em™L of COOKE et allu), and
with two theoretical values 14) 4,9 em™t

¢) Gadoliniuvmchloride(GdCl,).

orders ferromagneticallle; at 2,2 %K. The optical

and 5,46 em™L.

GdCl3
measurements 16) yield a value of the internal field
Hopp = (8,5 T 2,0) 102 oe extrapolated to o °K. The

value of the exchange field deduced from a magnretiza-
tion measurement is H_ = (8,2) 10° oe 15).

V. Linewidth and ORBACH-relaxation.
A correlation exists between the linewidth in special
optical transitions and the ORBACH coefficient in para-
magnetic relaxation 17) as can be deduced from fig.b6.
The linewidth of the A-line is given by the strain
broadening. The linewidth of the E-line is given by
strain broadening plus the broadening of the II 115/2
level by spontaneous emission of phonons; the rate for
spontaneous emission of phonons on the other hand is
measured in paramagnetic relaxation experiments by
the ORBACH coefficient. The results of an experiment
of Er(5%) LaCl, are l8): " (A) = o,34 cm'l,rv(E) =
0,39 em™t which yields I (II) = 0,05 em™t, On the

-

other hand the relaxation time measurement 18) yields
z L. /"'(II) 2T c . exp ( -Q/[/&T) = 1.4 x 10%° exp
{(~-54.5/T) that is T (II) = 0,07 em ™t in good agreement
with the above figure,

This work was supported by the Deutsche Forschungs-

gemeinschaft.
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INTERACTIONS OF RARE EARTH IONS WITH
THEIR CRYSTALLINE ENVIRONMENTS

R. E. Watson

Bell Telephone Laboratories, Inc.
Murray Hill, New Jersey
and
Brookhaven Natlonal Laboratories
Upton, Long Island, New York

ABSTRACT

The speaker wlll inspect the current status of our
understanding of the interactlon of rare earth ions with
crystalline environments. Emphaslis wlll be placed on the
electrostatic interactions, though some features of the
associated magnetic problem wilill be conslidered. Comparilsons
will be made with transition metal crystal fileld theory, a
topic which 1g tradltionally thought to be more complicated,

but which, in fact, 1s simpler and better understood than

the rare earth case.
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2,2' - DIPYRIDYL COMPLEXES OF RARE EARTHS - II
CHANGE IN FLUORESCENCE INTENSITIES OF EUROPIUM
AND TERBIUM CHELATES ON LIGAND SUBSTITUTION

S. P.. Sinha

Cyanamid European Research Institute

Cologny (Geneva), Switzerland

ABSTRACT
A semiquantitative comparison of fluorescence intensities of un~
substituted and'p.aré. dimethyl substituted dipyridyl chelates of trivalent
europium and terbium is presented. The electron donating methyl
grc;ups increage the overall intensity for both europium and terbium
chelates. However, in case of europium the intensity ratio nDimp/Dip

7F1 and 7F2 levels are not of the

for the two transitions from 5D° to
salnlx.‘e order of rhagnifude. The.r’Dimp/Dip values for all transitions of

terbium are ré,\;ghl& the same.

' Rec‘éntly(l‘). we ha\}é demonstr#ted the effect of para CH,-groups on
th:e"'sp‘ec,trurr’x, of ‘substituted neodymium-bis-dipyridyl chelate and it has
beén concluded that the increase in electron density around the nitrogen
atoms of the ligand due to + I effect is responsible for greater red thft
in Nd-bisf(é. 4'.-dimethy1-2, 2'-dipyridyl) chloride chelate compared to
the unsubstituted one. Two recent paperg(z' 3) describe the substitution

effect of the ligand on the fluorescenceintensity, quantum yield, spectral

PRECED!NG PAGE BLANK
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line splittings and shifts of various substituted 8 -diketonate chelates of
europium and terbium. Electron donating substituents in the proper posi-
tion of the ligand increase the fluorescence yield while the reverse effect
is obtained with electron withdrawing groups. (3) In europium doped tung-
states VAN UITERT(4) has shown dependence of fluorescence intensity of
europium with the bond energy between europium and oxygen atoms of the
first coordination sphere. I% has also been shown(s) that the radiationless
intramolecular energy transfer in complexes containing Eu-O covalent
bond is more efficient than that of Eu-O ionic bond. We have previous-
ly(6) noticed approximately fifteen fold increase in 5Do - 7F2 transition

of trivalent europium on changing the ligand from phthalate [C6H4(COO);-]
to napnthalate [CIOHé(COO)Z“J in the anionic cornplexes. This signifi-
cant enhancement of fluorescence, besides many reasons, may be due to

the presence of highly conjugated ligand (i. e. the naphthalate moiety) which

imperts some quasiaromatic nature to the chelate ring. However, the

non-fluorescent nature of terbiura naphthalate has been explained(7) on
the basis that the triplet state lies below the 5D4 resonance level of ter-
bium ion.

In this paper a semiquantitative treatment and a comparison of the
relative fluorescence intensities of europium and terbium dipyridyl and

para dimethyl substituted chelates are presented.

RESULTS AND DISCUSSION

The relevart portions of the fluorescence spectra of 4, 4'-dimethyl

substituted and unsubstituted chelates of europium and terbium are pre-

sented in Figs. 1 and 2. The experimental conditions (such as slit width,

P T 20
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sensitivity etc.) for each set of experiments were kept constant for com-
parison. In case of europium a direct comparison: of inte'nsitieﬁ of

°D_— 'F, and °D_~ "F, transitions of individual chelates is difficult
because the transition around 16900 cm-l coqtains second order contri-
bution from the excitation radiation and it is quite difficult to extract the
real contribution of I:'Iu3Jr ion transition. However, we can compare the
spectra of dipyridyl(Dip) chelates of both europium and terbium with that
of the 4, 4'-dimethyl substituted dipyridyl(Dimp) chelates under the same
experimental conditions as is done in here. The intensity ratio n (de-

fined as the ratio of intensity 6f the Dim.p-chelate to Dip-chelate) is a

measure of increment-of fluorescence intensity due to substitution.

Eu3? chelates: Table 1 clearly shows an overall enhancement of fluores-
ceriqe"intensity iof Eu3+ ion in Eu(Dimp)ZCI3~ ZHZO chelate. The inten-
sity ratiom, '~ ,  (Dimp/Dip) has a value ~3.7 and ng , ~1.4
. bgr 'Fp D, —~ 'F,
(allowing ‘errors as indicated in the preceeding paragraph). These values
poiéx't"o'ut two importand facts. (1) The electron donating CH;-groups in
the para position of the ligand increase electron density (+ I effec:t)’.t
around the nitrogen cdbrdinatioq sites of dipyridyl and hence possibly

through a better orbital overlap of ligand-metal bond results effective

enélrgy‘ tr»a.nsf’elr‘ with consequent increase in fluorescence. Increase in
ioni‘c fluores;cence Aof eui‘opium in dibenzoylmethide chelates with elec-
tron donating substituents and the expected opposite effect in presenée of
electron wlith‘dra.wing groups have been observed by FILIPESCU et al. 3)

(2) The difference of n values for the two transitions of europium

*Methyl groups are also capable of supplying electron density to the
conjugated system by resonance (+R) effect.
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originating from the same resonance level (SDO) suggests that the tran-
sition probabilities to the TF levels are not of the same order of magnitude
and is very sensitive to the change of environments around the europium
ion.

The decrease in halfwidth for the transitions from 5Do to 7F1 and
7F2 speaks for the narrowing of the transitions of europium in Dimp-
chelate and is substituent dependent. ~ Components of 5Do — 7F2 transi-
tion at 16556, 16460, 16366 (maximum) and 16194 cm” ' for the Dimp-
chelate have been observed at room temperature. The position of maxi-
mum of 5D° - 7F2 transition experiences very minor change with para
CH3-substitution. The separation between 5D1 and 5D0 levels in the

Dimp-chelate is somewhat smaller than that of the Dip-chelate.

'I‘b3+ chelates: A comparison of the fluorescence data of the Dip-chelate

with the Dimp one is made in Table 2. The overall increase in fluores-
cence intensity is again apparent for the Dimp-~-chelate. However, one

interesting point in this case is that the  value for all observed bands
are roughly the same and has an average value of 1. 16. It appears that
in case of terbium chelates once the energy reaches the resonance level
(5D4), the fluorescent transition probability from the resonance level to
the lowlying 7F states is approximately the same. The same conclusion

can be reached by comparing N5 2 values for Dimp (1., 69) and

Do-'. FS
5p_— 'F,

Dip (1. 68) chelates of terbium. In this case such comparison is feasible
because the second order contribution of the excitation source lies out-

side the terbium transitions concerned (see Fig. 2).
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EXPERIMENTAL

The complexes Eu(Dip)ZC13' ZH2 ,Cl3 2

and Tb(Dimp)Z(NO3)3 were prepared by reacting the hydrated europium
and terbium salts with the ligands in commercial absolute ethanol as

described previously (1, 8) .

Fluorescence Measurements

The solid state fluorescence spectra were recorded with an

AMINCO spectrophotoﬂuorometer(9) using 0.2 mm groove sandwich cell

(106-Q8S) at room temperature. The comparison spectra were recorded

on the same chart paper under the identical experimental con litions.
The europium chelates were excited by monochromatic radiation of
2950 4. qu 1 mm slits were used for the excitation monochromator
and slits of 2 and 0.5 mm were used for the emission monochromator.
The rotary turret for slit selection for the photomultiplier was ~0. 05.
The photometer sensitivity control was adjusted at 14 x 0. 03. In these
experiments the second order contribution of the excitation radiation
around 5900 A complicated the measurements of fluorescence intensity
for the 5Do - 717‘1 transition of Eu3+. The terbium chelates were ex-
cited by 3200 A radiation and the slits and rotary turret settings were
exactly the same as used for europium chelates. Only the photometer
sensitivity was different and was adjusted at 10 x 0.03. The second
crder contribution lies beyond (6400 i) the fluorescence transitions of

Tb3+ (see the dotted portion of the spectrum in Fig. 2).

0O, Eu(Dimp),Cl,* 2H,O, Tb(Dip)z(NO3)3
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COORDINATION AND CHEMICAL EQUILIBRIUM
IN CHELATE LASER MATERIALS

H. Samelson, C. Brecher, and A. Lempicki

General Telephone & Electronics Laboratories Inc.
Bayside, New York

ABSTRACT

Chelated rare earth ions have been found to exist in solu-
tion in a multiplicity of molecular structures, differing in
the number and geometrical arrangement of cocordinating
ligands, Eight-fold coordination is the mcst common, but
changes in temperature, solvent, or substituent groups
may alter the coordination in either direction. Further-
more, most chelates dissociate progressively further as
their concentration is lowered. The ramifications of such
behavior on theu' luminescence and laser applications will
» be discussed.

I.  INTRODUCTIONM

The use of rare earth chelates in liquid lasers has given increased im-
petus to the investigation of their coordination chemistry. This has
beenthe subject of considerable research interest.1 It had generaily
‘been thought that the structure of the trivalent rare earth coordination
compounds raralleled that of the corresponding d-type transition metal
ions. Indeed, the octahedral coordination typical of the latter has been
accepted in much of the recent literature as being equally valid for the
rare earths. However, for some time now evidence has been accumu-
,latm that the coordin%tion chemist3y of these ions is not so easily
explamed_. Thompson® and Choppin” have found chemical evidence that
four bidentate ligands can coordinate with lanthanide ions. Charles4

has reported a number of europmm chelates for which the coordination
number may be greater than six. Hoard® and his coworkers have shown
that coordinations as high as ten can be found. In our own work® and m8
that of Bauer, Blanc and Ross? and Melby. Rose, Abramson and Caris,

coordination numbers of exght and nine have been unequivocally estab-
lished.

The extremely intense fluorescence emission from many europium g~

diketone chelates in solution is the basis for their successful application

in liquid lasers. This application has raised many questions about the

quantum efficiency of the fluorescence and the path of the energy
PRECEDING PAGE BLANK
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migration from its absorption in the ligand singlet band to its ultimate
appearance as ion fluorescence. The investigation of these problems,
however, is hampered by the fact that these europium chelates disso-
ciate in solution. This dissociation process depends not only on the
chemical nature of the ligand, but on the solvent as well. Since the
spectroscopic properties observed arise from a mixture of species, the
characterization of the energy transfer phenornena requires a detailed
knowledge of the species present in solution.

In this paper we will discuss the solution chemistry of two different -
diketone chelates of europium, the benzoylacetonate and the benzoyltri-
fluorcacetonate. The emission of both the tris and tetrakis forms are
studied at various concentrations in a number of commonly used sol-
vents and their behavior characterized. In addition, a method for
obtaining the dissociation constants of the chelates will be described,
and this method will be used to obtain these constants for one particular
system.

1I. EXPERIMENTAL
A, Materials
The chelates used in this work, the tetrakis and tris benzoylacetonates

and benzoyltrifluoroacetonates, were ~repared by standard methods de-
scribed elsewhere,® For the tetrakis compounds which require a

- A aksmaba

neutralizing positive charge, the cation present was piperidiniurn. These

compounds were analyzed for europium, and the agreement with the
expected formula was always within 0.2%. There were four solvents
used ia this work and these are listed in Table I. The detailed deter-
mination of the stability constants was done only for the benzoylacetonate
in the mixed alcohol solvent and dilution studies in the first three sol-
vents. The last solvent medium is included because ithas an interusting,
and as yet unexplained, influence on the structure of the tetrakis ben-
zoylacetonate chelate.

B. Apparatus

The experiments to be described were the determination of the fluores-
cence spectrum performed under steady iliumination and flash experi-
ments to determine the existence of laser action. The apparatus for
the lattezr has been described elsewhere in considerable d¢tail, 9

The apparatus for the measurement of the fluorescence emission
spectra is shown in Fig. 1. The output of an AH-6 Hg arc lamp was
filtered and focused on the sample. At the same time this output was
monitored by a phototube so that the variations in the lamp output could
be corrected for. The sample tube was kept in a dewar, and the tem-
perature controlled to witkin 0.2°C by a flow of pre-cooled nitrcgen
gas. The fluorescence output was focused on the entrance slit of a
Jarrell-Ash 0.5 m Ebert monochromator. The monochromator output
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TABLE I

Solvent

Composition

Preparation

Mixed alcchol

EPA

Nitrile

Mixed alcohol —
sodium acetate

3:1 mixture by volume of
ethanol and methanol

5:5:2 volume mixture of
ethanol, 2 methylpentame
and di-ethyl ether

1:1:1 volume mixture of
isobutyro-, n butyro-
and propionitriles

Solvent 1 + anhydrous
sodium acetate

Absolute ethanol (USI)
and spectroscopic grade
methanol used directly.

Absolute ethanol (USI).
Other reagents, spectro-
scopic grade.

All reagents distilledand
mixture stored over anhy-
drous CaSO4 until ready
for use.

Prepared as used.

FILTERS

CORNING 460:1

MONITOR
PHOTOTUBE

Fig. 1.

IRIS QUARTZ
DIAPHRAGM  LENS

/

AH-6

FILTERS

SCHOTT UGII SAMPLE

TEMPERATURE
REGULATED
NITROGEN
FLOW

cence emission spectra.

GLASS
LENS CORNING 3-7i

FILTER

\

~i{ MONOCHROMATOR

PHOTOMULTIPLIER—
RCA 7268

ELECTROMETER

CHART
RECORDER

Experimental arrangement for the measurement of fluores-

was detected by an RCA 7268 photomultiplier and recorded. The
straight-through optics are particularly suited to these experiments
since the intense absorption of the ligands provide a sharp fluorescent
image of the exciting arc, which is then focused on the entrance slit of

the monochromator.

Meaningful intensity comparisons can be made as
long as this image is at the focus of the iens.

In the more dilute solu-

tions there is considerable penetration of the exciting radiation and this
tends to result in a diffuse image of significant depth. This diffuseness
introduces geometrical effects, making intensity comparisons much

more difficult.

In all the work used for quantitative determinations

either the absorption was sufficiently intense to result in a sharp fluo-
rescent image line or appropriate corrections were made.

At o




ﬁa«r% et o R ST

- '.--u~h———-—:' "%

P

D e - — PR

44

IIl. EXPERIMENTAL RESULTS

~>

The results of the fluorescence experiments are interpreted in terms
of the energy level structure of the enropium ion. _The p%'incipa.l emis -
sion that is most easily detected is that due to the D, - 'F3 transition
in the 6100-6250 A region. The ® Do - F, and ®°Do-’ F transitions at
5850-5950 A, and 5800 A, respectively, are more than an order of mag-
nitude less intense butnevertheless easily detectable. Atlow temperature
the emission lines are quite sharp and the structure of the fluorescence
is easily discernibleé Thvis emission has two important properties.

The first is that the “Dgy-" Fg transition is not split by fields of any sym-
metry, and therefore multiple emission linesinthis regionare evidence
of multiple species. Moreover, there is little overlapbetweenthe lines
even if they are separated by as little as 44 and the intensities can be
interpreted quantitatively, The second important propcsarty 7of the emis-
sion is that the structure of the fluorescence from the "D,-" F, transi-
tion is characteristic of the coordination symmetry. Although the
breadth and overlap of the lines in this transition vitiates their use in a
quantitative manner, they can, nevertheless, be used to identify the
structure of a given species.

In the subsequent discussion we will exnloit these two properties, first
quantitatively to evaluate the relative amounts of the various species
present in solution from which one can ascertain the dissociation con-
stants; second, qualitatively in a more general discussion of the
solution chemistry.

A, Determination of Dissociation Constants

The dissociation censtants of the benzoylacetonate chelates of europium
were determined in the mixed alcohol solvent at -180°C. A reries cof
solutions with constant 0,01 M europium concentration but varying ligand
concentration was prepared. This was done by using appropriate
volumes of solutions of europium tetrakis benzoylacetonate and achy-
drcus europium chloride, both in the mixed alcohol solvent., Equivalent

spectra were obtained if the solutions were prepared by mixing appro-

priate amounts of piperidinium benzoylacetonate and europium chloride
only, but the former method was somewhat more convenient.

Some of the spectra obtained are shown in Fig, 2. It is readily seen
that as the ratio of eurcopium to benzoylacetonate is variec}l, the number
and wavelength of the principal emission lines in the Dg-"Fo re.agion
changes. In all there are four distinct lines, each corresponding to 3
given chelate species. The emission from the free europium ion istoo
weak to be detected at the concentration used with the methed of excita-
tion described.

. S 7 .

The emission in the D,~ F, region of the spectrum also undergoes
rather marked changes with the variation in metal ion-to-ligand ratio.
As can be seer, these emissions are quite characteristic for each of the

*
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chelate compounds and can serve to identify them. The intensities of
the individual lines, however, cannot be measured precisely because
there is far too much overlap between the lines of each spescies. Thus
for quantitative work one is limited to the transitions in the D, -7 F, re-
gion alone. ' '

To a very good'approximation the absorption of ultraviolet radiation by
"europium chelates is determined by the absorption characteristics of the
ligand. In fact, there is good evidence® that theabsorption constant on
a per ligand 'basis is constant. If it is further assumed that all the ex-
citing radiatign is absorbed, then the number of photons absorbed per
cm? per sec by a.species having n ligands per molecule is given by

’_nCn ' .
where P, is the incident flux density and C,, is the concentration of the

species with n ligands and CL is the total concentration of ligand, free
and combinéd. ' '

The intensity, I.n, of the emission from the species with concentration

C,, is proportional to Pp!

I = A P = Anpo—azf ‘ | | | (2)

n n n
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nC
I = [°__n

n n—az_ * (3)

If the I.n are known and I, measured, then C, coan be determined. Be-
cause there is always some dissociation, the I,'s have tobe determined
by an iterative procedure.

Starting with spectrum b of Fig. 2 and assuming this solution to be
entirely the tris species, a tentative value of 'Lg is obtained. Using this
value, along with material balance considerations, the spectra a, b,
and ¢, and Eq (3}, one can, by an 1terat10n procedure, rapiuly con-
verge on a cons1stent set of values for 14, I_,3 I . Kyjand Kz. Using Ia
and the spectra d and e; one can then find Ij, K and K,. These
values are listed in Table II. The equ111br1um constant for each step
in the dissociation is defined as K, = (C,.,CB)/Cy where Cp andCy,-,
follow from previous definitions and CB is the concentratlon of free
benzoylacetonate anion. These constants have been calculated on the
basis of concentration and not act1v1t1es, and are estimated to have a
probable error of 10%. The In values depend, of ccurse, on the par-
ticular experimental arrangement employed, but their ratios are
generally applicable to the system itself.

TABLE II

K 1°

n n n
1 1.20 x 10™° 0.40
2 2.66 x 10~ ¢ 9. 62
3 1,30 x 10°° 5,80
4 1.17 x 10~° 0. 45

This technique is complementary to other methods for determining sta-
bility constants. It depends onr an easily interpretable emission
spectrum and may thus be limited only to europium chelates. Inaddition
to this, not only must the particular chelates be fluorescent, but the
lines must be sharp. It is therefore essentially limited tolowtempera-
ture application in a solvent system that glasses readily and provides
sharp emission lines. However, within these limitations, the spectro-
scopic method described here will produce information not obtainable
by any other means.

B. Behavior of Chelate Solutions on Dilution

With the existence of equilibi'ia. having dissociation constants as large
as those found for the europium benzoylacetonate chelates, the relative
proportions of the various species present in a solution will be depen-
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dent on the concentration even at the concentrations normally used in
fluorescence experiments. Furthermore, the equilibria will also de-
pend on the solvent itself and will shift as the solvent is altered. To
study these effects, two chelates of europium, the benzoylacetonate
and the benzoyltrifluoroacetonate, were selected because of interestin
their laser application. The solvents were chosen because of the pre-
valence of their use in either fluorescence studies or as a laser host
medium.

The behavior of the tris and tetrakis europium begzoylacetonate chelates
in the mixed alcohol solvent on dilution from 10 " to 10°% M is shown
in Figs. 3aandb. This behavior is what would be expected on the basis
of the equilibrium constants already determined. In each case thereis
a gradual increase in dissociation so that at the lower concentration
the solute consists not of the starting compound, but of species having
one or two fewer P-diketone ligands. The tris and tetrakis benzoyltri-
fluoroacetonates exhibit a different sort of behavior in this solvent as
shown in Figs. 4a and b. For this ligand the tetrakis compound is
completely dissociated into the tris even at the h1ghest concentration,

since the spectra obtained from both compounds are¢ identical except for
intensity. The spectrum of the tris compound is about 1/3 more intense
than that of the tetrakis because the dissociated ligand absorbs energy
but does not lead to fluorescence., Dilution does not alter the spectrum
but decreases the intensity. For this ligand then, only the tris formis
. stable in this solvent; the equilibrium constants for the other forms
‘must be extremely high.
_ ‘ . :

In the nitrile mixture, which is a highly coordi.nating solvent, a markedly
different sort of behavior is observed as seen in Figs. 5 and 6. Both
the tris and tetrakls benzoylacetonates are less stable here than in al-
cohol and by 10™* M the chelates have dissociated nearly completely
‘into free ligand and {ree ion, It should also be noted at 1072 M the spec-
trum of the tetrakis chelate is not the same as that in alcohol. Forthe
benzoyltrifluoroacetonate, Figs. 6a and b, the spectra of the tetrakis
and.tris compounds are different at the hxghest concentration and the
tris spectrum shows the presence of a small amount of the tetrakis. As
the solutions are diluted, the tetrakis spectrum does not alter exceptin
intensity, while that of the tris is converted to the tetrakis. In this co-
. ordinating solvent then, the lower chelate species are essentially un-

'stable and the tetrakis form has a smaller dissociation constant than the
tris form.

EPA is a solvent commonly used for fluorescence expenments and the
results of dilution experiments in this solvent are shown in Figs. 7 and
8. In the case of both the tris and tetrakis benzoylacetonates there are
at least four species present in solution even at concentrations as high
as 1072 M. As the concentration is decreased, the relative amounts of
the lower coordination components increase until at 407* M it is dif-
ficult, if at all possible, to identify the chelate components with any
degree of confidence. With the benzoyltrifluoroacetonate, both the tet-
. rakis and tris compounds produce solutions that are mixtures of the

i
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tris and bis species. The relative amounts of these remain unchanged
on dilution from 1072 M to 107% M.

C. Structural Considerations

Thus far the solvent has been considered as having an effect only on the
stability of the various complexes. However, its influence is more
deeply felt. In the tetrakis chelates the metal ion resides in a cage of
eight oxygens. With the available metal orbitals, two possible arrange-
ments of these oxygens are dodecahedral and antiprismatic. The solvent
can play a key role in determining tkis structure. In alcohol, for exam-
ple, it has been shown®, 10 thatthe emission spectrum of europium tetrakis
benzoylacetonate in the 5Do -7 F, region is consistent with a dodecahedral
structure of symmetry D,4. In the nitrile solvent, on the other hand,
the emission spectrum is more consistent with a structure belonging to
the symmetry group C4. Nitriles can coordinate strongly through the
nitrogen, and in so doing will distort the dodecahedral structure toward
an Archimedean antiprismatic one since the latter allows the nitrogen

to approach the central ion more closely. The coordinated nitrile group
produces an overallnine~fold coordination and lowers the site symmetry
from D, to C,. This has been discussed in some detail previously.
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Fig. 9. Europium tetrakis benzoylacetonate {0,041 M) in mixed alcohol
solvent at -150°C containing various concentrations of sodium
acetate.

An even more intriguing case occurs when the alcohol solvent isaltered
by the addition of sodium acetate. The change in this case is a more
general one as is seen in Fig. 9. The spectrum of the tetrakis benzo-
ylacetonate is altered so that a single emission line in the "D_-"E,
spectral region becomes increasingly more dominant, consistent with

a gradual conversion to a structure having a symmetry of the antiprism
alone or D,. This symmetry can be achieved by coordinating either two
or none of the singly charged cations to a chelate molecule, but the
question has not yet been resolved.

Iv. INFLUENCE ON LASER ACTIOM

The dissociation and structural factors have a strong influence on the
laser capability of these compounds. As of this writing, one highly
significant point that has emerged is that only the tetrakis chelates, and
no tris or lower coordinated forms, have been made to exhibit laser
action. Thus, the dissociation of the tetrakis chelate to the tris chelate
can only be deleterious. Even in those cases where such dissociation
can be reversed by additional chelate anion, there isnot muchadvantage
since the non~useful absorption is also increased. From the point of
view of the laser, the solvent effects can be much more useful. Thus,
while the tetrakis benzoyltrifluoroacetonate dissociates to afar greater
extent than the benzoylacetonate in alcohol, it dissociates much less
than the latter, indeed hardiy at all, in the nitrile. Such a complete re-
versal of behavior of the tetrakis benzoyltrifiuoroacetonate chelate
makes it possible to achievn laser action in the nitrile solvent, In fact,
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the nitrile is such a good solvent medium for the benzoyltrifluoroace-
tonate that this chelate retains its fluorescence intensity arnd undissociated
nature even at room temperature, enabling the room temperature che-
late laser to become a reality.

Furthermore, the effect of the solvent is not limited to the dissociation
equilibrium, since the tetrakis form itself is markedly dependent on the
nature of the solvent. Indeed, the europium tetrakis benzoylacetonate
can be made to show laser action in three distinct forms, the dodeca-
hedral, the antiprismatic, and the antiprisrn adduct, at wavelengths of
6130, 6144, and 6126 A, respectively. This is achieved by merely
changing the solvent. Thus the very structure of the lasing molecule it~
self is readily altered by interactions with the solvent, making it
possible to attain some degree of frequency tuning of the laser emission
by chemical means.

V. SUMMARY

The interaction of europium P-diketone chelates and the solventdepends
on the nature of both the ligand and the solvent. Inthisworkabeginning
has been made toward an understanding of this interaction. It has been
shewn that the dissociation constants of these chelates can be deter-
mined from fluorescence measurements. It has also been pointed out
that because of the dissociation problem, great care must be exercised
when comparing and interpreting fluorescence data, particularly when
these are obtained from dilute solutions. By an awareness of these
prodblems it should be possible to study energy transfer phenomena and
fluorescence efficiency with greater control over the structural and
chemical parameters. In this way more meaningful comparisons can
be made and a greater insight into the laser behavior of these com-
pounds can be obtained.
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OPTIMUM ACTIVATOR CONCENTRATIONS IN RARE-EARTH OXIDE PHOSPHORS

R, C. Ropp

Westinghouse Electric Corpofation
Lamp Division - Hloomfield, N. J.

ABSTRACT

The intensity of fluorescence of rare-earth activators in rare-earth
oxide phosphors is an inverse function of the degres of ground-state
splitting which occurs, and also of the degree of resonance omergy
interaction between ions within the lattice. Such phenomena probably
account for the completely different optimm concentration observed
for the various activators stadied.

The number of papers dealing with yttrium and gadolinium oxide phosphors
has increased of late, but little has been preaented regarding the relationship
between concentration and emisasion intensity for the various rare-earth activa-
tors in these matrices. In this raspact, B3 is unique becsuse of the rela-
{ively high concantrations which may be accommodated without affecting cmiesion
intensitiss,

The phosphors were prepared by coprecipitation of the rare-serth oxalates,
as has been reported pr'evioua]yl. The precipitate wag calcined at temperatures
ranging from 1000-1400°C for one to four hours in air, depending upon the com~
position., Brightness measurements were made by illuminating the su.lsce of a
powder plaque with the radiation ( 25371) from a regulated low-pressure mercury
discharge lamp and comparing the response (by means of a 1P28 photomultipiier
and a Photovolt Model 520M power supply) with that of an arbitrary standard phos-
phor whose emission band coincided with the rwro-earth emission.

In T,05- and 0d,0;-based phosphors, 1t was shown previously’ that only Sz,
3

273
mt3 , Tb ~ and Dy+3gave fluorescence of anv appreciable intensity, Such inten-

gity was a function of the wavelength employed for excitation.

In order to obtain a comparison of intensity of emission, as a function of
activator concentration, it was necessary to obtain the relative measurement of
the various members in s series. The easiest method proved to be measurement
of plaque brightness., Although the Sm+3, E1+3 y 'I’b"~3 and Dy+3 activators pro-
duced considerable differences of intensity in response to 25378 excitation, &
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shown in Table I, the measurements proved sufficisnt for relative comparison,

TABLE I
Relative Brightness of Rare-Earth Actiwators
% 25371 Major Peak
Rare-Earth Activator Response Excitation Band _ Standard Smployed  Enission
“T75;7§ﬂ7531'T203) Angstroms Angstroma
Sm*3 8 2080 Cay(F,C1){PO, ) 1SbsMn 5850
B*3 92 2537 * 1,05 1Ba oo 6125
™*3 L9 3060 * ZnZSiOh.an 5280
py*3 10 2080 Cag(F,C1)(PO, );1SbaMn 5850

*depending upon activator concentration,

The brightest phosphor in each series wes then chosen and the other members

were read in terms of it. This gave the results shown in Figure I which pre~
sents the effact of activator concentration on relative plaque brightness, The

optimum concentrations found are given in Table II.

TABLE II
Cptimum Activator Concentration in Y
Optimum Concentration

2%

Activator (mols per mol) Ratio
sm'3 0.0015 1
a3 0.1500 160
™3 0.0250 17
py*3 0.01.00 7

One of the major differences found for Eu+3- and Tb+3-act1vated phosphors
was the existance of a broad excitation band, due to a parturbed activator
state, which was pot found in Sm*3- or Dy+3»activated phosphors., The relative
peak heights were a function of the activator content, as shown in Figure II
for m*3 in Y2O,. Such behavior was not observed in the Sm'>- or Dy+3-acti~

vated phosphorsi.

Another difference noted was the relative brightnese as a function of host
) sensitization. Matrix excitation of Y203 phosphors may be obtained at 208052.
When excitation of the optimized phosphors is achieved by means of a cadmium
lamp, vhich has a spectral line at 2288f, the results shown in Figure III are
obtained, Note that the Bu'3 ang mv*3 phosphors are up to six times brighter
than the corresponding Sm+3 or py+3 phosphorg. Since these results are also
& measure of host sensitization, it is obvious that the efficiency of energy

transfer from host to activator center varies considerably. Host sensitiza-
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tion occurs for Bu'3 or Tb'3, but to a much smaller dsgree for Sm'> or Dy' .

This aspect was investigated in more detail, with the results shown in Table
IIi. The relative number of photons emitted (N ) was measured by employing an
excitation beam of constant enmergy at a 20804 wavelength. This produced matrix
exc.tation, with subsequent energy transfer and emission by the rare-earth acti-
vator. The emission lines obgerved were integrated, resulting in an average en-
ergy of emission which is specified both as energy and wavelength. Calculation
of the luminogity then showed the same general results given in Figure III. Note
that To*3., sn'3- and Dy*>-activated phosphors do emit about the same relative
mmber of photons, However, because of the higher luminosity of the Tt pho-
tons, the emission brightness is greater than Sm+3, for example. The Eh+3~
activated phosphor is four times more efficient than the other materials, In-
deed, measurements of 120 :E1+3 have shown this phogphor to possess a quantum
efficiency of 92% under 25378 excitation, and Bu'> has been observed® to pos-
sess quantum efficiencies close to, or in excess of, 100%.

TABLE IIT
Calculation of helative Brightness of Phosphors Based on Y0

273
I 0 .Ekx.ls Y 0 'Tb.OZS Y203:Sm.0015 Y203:D,7001

Flem?) I V(em™) I Flen™) I V(em™) I

1. Bmission Observed 15,900 .C4 15,800 .03 1L,720 .06 14,640 .05
16,100 .03 16,000 .03 1h4,850 .07 14,920 .Ok
16,400 .62 16 130 .02 15,120 .06 17,110 .19
16,600 .10 16,720 .03 16,000 .11 17,430 .47
17,100 .14 17,170 .03 16,390 .18 20,LL0 .09
17,500 .05 17,810 .03 17,050 .21 20,660 .10
18,900 .02 18,180 .23 17,430 .11 21,140 .06

18,420 .36 17,680 ,20
20,220 .Oh 18,h20 .03
20,390 .06 20,40 .03
20,610 .05 20,660 .03
20,770 .07 20,769 .03

20,930 .02
2 é;fﬁ:fgnEnergy °f 16,130 em™t 18,495 cm™* 16,577 cn™* 17,540 em™
(S(Fx1)) (6o86k)  (s38uk)  (6o32k) (55704)
3. Color Red Green Red-Orange Yellow-Green
b. Relative Number of .
Photons Buitted (N ) 1% 38 23 2

5. Flectron Volts 2,04 2.30 2.05 2,22

-
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TABLE III - (Continued)

IZOB:Eu.ls Y203:Tb.025_ !203:Sm.0015 12031Dy.01

6. Calculated Intensity

(N, x a.v.) 204 87 L7 53

7. Luminosity Factor (f) .5156 .9603 5926 9995
8. Calculated Luminosity

(Lc) 106 8L 28 53

Spectra of the rure earths have been observed to consist mainly of electrisa
dipole transitions, although some magnetic dipole transitions have also been
noted ’5. It might be possible to explain the experimental intensity differ-
ences obssrved in terms of emlssion involving electric dipole transitions
(Eu+3) as opposed to those involving magnetic dipole transitions (Tb+3, Sm*3
and D?+3). However, while it is possible that quenching interactioms, which
oceur between rare-earth lons of different species, ars ussocieted with mutual
relationships of their energy levels, as proposed by Van Uitert and Iﬁd&é,
these factors do not fully explain the quenching interactionr observed batween
similar species nor the differences determined for the optimm actizator con-
centrations. Neither do they explain the differences observed fur quenching
effects of other rare carths on Bu*> emission in Y, ye Resulte for T,Cytdn (ot

Rgx systens are shown in Figure IV,

Therefore, there are at least two factors which nsed tc be explained:
1. TFluorescence-quenching between similar gpacies.
2, Fluorescence-quenching between unlike rare earths,

As shown by the absence of lattice frequsnciey in their emission apectra7,
m+3 and Tb+3 do not interact as strongly with itreir enviromment as the rarve-
carth ions which have H or I ground states. Thus, it would be expected that
the latter ions would behave quite differently, particularly Eu'? whose emit-
ting level, SDO, and ground state level, 7FO, are not affected by the crystsl
f£iald.

Only a few measurements have been made on the ground-state splitting of
the rare~ecerths in a crystalline fieid. The most extensive of these involves
the garnets, IBA15012 and IBGa 0 Table IV shows the measured resulis as

512
found by various investigators.
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TABLE IV
Ground-State Splitting of Rere-Earth Activators ‘

Fnergy Differences

Activator Ground State Matrix of Stark lLevels  Refarence
(1SJ Ternm) ‘cm"l
+3 7

B Fo 13&5012 None 8
"3 61% { 1:30@5012 ks 8 ‘

/2 LaCl, 66 9

m*3 7F6 T 0ec0,, s 10

13515012 ™ 10

13A1 o 70 11

"3 6 { IBGagom 18 8

Hgro Tacl, ). 9

T : J T410, 56l 12

Hs/2 | 7,0 510 13

st by Y.A1.0 8L8 1)

e 9/2 375712
'3 335 1,0, 797 13

Note that the same ¢rder of magnitude prevails, regardless of the matrix in

which the rare eart: finds itself. Thus, the valuea for rare earths are mt

1likely to be much uiffzrent for 1203 as compared to IBAlsolz or 13035012. Note

also the reciprocal v-lationship between ground-state splitting (Stark compo-

nents) and fluores:wnt intensity found previously for 1203 pbouphorale This

simple fact covld accoun’ for differences obsarved in optimm activator concen-

trations, For nuampis: Qeenching belween E1+3-E.1'3 palirs does not occur at

concentratior s one hunt!m;d times higher than that observed for -Sm+3-3n#3 pairs,

yet the prossues of sm'? st a 1:00 raf,.c in Y203 :Ba causes & considerabie "
quenching cf )m"’3 emiseion intensit: . thus, even the low degrez of ground- 1

state spliltding for Eu+3 or Tb+3 does not fully explain the observed effgcis.

It may b soncluded that the two factors affecting the fluorsscent inten-
sity of r.re-earth emission in the oxides are (a) the degres of ground-state

|
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splitting and (b) the amount of Quantum mechanical resonance energy transfaer
which occurs between umlike ions. The crystalline field, according to its sym~
metry properties, remcves the degeneracy of a glven state, producing Stark
levels (20 + 1). When a significant degree of ground-stats splitting occurs,
vibronic coupling of both the excited and ground states occurs, resulting in
dissipation of excitation energy by phonon processes. Such phenomena prohably
account for the low optimum activator concentration determined for Sm+3 and
DY+3, since 2 minimum of vibronic coupling is mandatory to obtain fluworescence
When concentrations are increased above the optimum, interactions betwesn cen-
ters increase rapldly and phonon vibrational dissipation of ensrgy occurs.
Butd and ™3, being much less affected by the lattice fleld, can be tolerated
at rmuch higher concentrations before fluorescernce-quanching begins t¢ occur.

It is interesting to calculate the number of cation sites occupied by the
activator per unit cell, assuming random distribution. There are thirty-two
cation sites per unit calll®, twenty-four of which have G, symetry, Table V
shows the caleulated sites occupied as a function of activator,

TABLE V
Comparison of Sites Occupied in Y203 Matrix
Optimum Sites Occupied

Activator Concentration per Unit Cell per 5-Unit Cells
(mols/mol)

'3 0.1500 12.0 60

™3 0.0250 2.0 10

Sm*3 0.0015 1.2 6

py*3 0.0100 .8 L

Hote that even the Eu+3 activator occuples only a fraction of the total
available sites. In fact, just half of the sites having 02 symmetry are oc-
cupied, Bscause there are three times as many 02 sites as 86 aites, ono would
expect nine 02 sites and three sites having 86 symmetry if random distributiogr
occurred. Whether all possess 02 symmetry is unknown., Note that only one Sm E
center per unit cell (80 atomz) can be tolerated without producing losses in
filuorescent intensity.

The other factor of resonance ecnergy transfer between unlike ions within
the lattice also affects luminescence adversely. For B or Tb+3, dipole-~
dipole or dipole~-quadrupole s=cananse enargy tranafer between unlike lons
causes a significant loss of intensity due to the increased degree of lattice
vibronic coupling at the other rare-earth ion site.

S e
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Some factors which remain to be explained include (a) lack of host-sensi-
tization in the weakly emitting phosphors, (b) lack of excitation "activator
band" for Dy+3 and Sm43, (c) the mechanism of lattice energy exchange with the
activator center, (d) t.e degree of exchange-coupling between two centers,
either identical or different cations, (e) the total mechanism of fluorescence-
quenching and the paths which energy dissipation can take, and (f£) the nature
of the spectroscopic transitions within the various activator centers.
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COMPARISON OF MATRIX AND ACTIVATOR
EXCITATION BANDS
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FLUORESCENT INTENSITY OF RARE-EARTH
ACTIVATORS IN Y,04
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EFFICIENCY OF Eut3 FLUORESCENCE IN OXYGEN-DOMINATED
HOST LATTICES

Hans J. Borchardt

Central Research Department
E. I. du Pont de Nemours & Company
Wilmington, Delaware

ABSTRACT

The efficlency of Eut® fluorescence in a variety of
rare earth oxygen-dominated host materlals was measured
under excitation by 2537 R UV at 25°C. It was found to be
of the same order as that of the commeircial phosphor mag-
nesiam arsenate:Mn in all such hosts. To account for the
insensitiveness uf efficiency to the nature of the host
lattice, it 18 proposed that europium-oavgen states are
exclted directly and that the corresponding absorption co-
efficlent 1s of a magnitude to make this the dominant
absorption process Independent evidence for europlium-
oxygen charge-transfer absorption is given.

-~ INTRODUCTION

- It has .been known since the turn of the century that
Eu+3 gives rilse to a re? gluorescence when incorporated in
a wide variety of hosts Such materials had not been
cona%dired as practical phosphors until recently, how-
ever It was first poilnted out by the writer that Eut®
(and Tb*3), 1in certain oxygen-containing hosts, fluoresces
with-an efficiency comparable to that of commercial phos-
phors (3) High efficiency fluorescence of Eut3- gogeg
oxildes has slnce been reported by other workera 7)
as has the Bgactical utilization of such materialas in color
television It is the purpose of this paper (1) to show'
tnat high e¢fficlency Eut® fluorescence is not the property
of a few 1solated hosts but rather that it occurs generally
~in host lattices of a type that will be specified, and (2)

to offer a plausible explanation for the generality of the
phenomenon,
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The high efficiency fluorescence was flrst observedaﬂ
with Eu™@-doped rare earth tungstates of stoichlometry
R2(WO4)s and RaW0g. R 1is one of the elements Sc, Y, ILa,
¢d, and Lu. It is believed that these elements are not
directly involved in the fluorescence process but function
only as dilue?§§ to reduce quenching interactions between
europium ions . After this finding with tungstates,
molybdates and then a wide variety of other rare earth
oxygen-dominated hosts were investigated. It was from
these data that the generalization regarding europlum
fluorescence in oxygen-dominated hosts emerged.

EXPERIMENTAL

Preparation of Materlals

The compositions listed in Table I were prepared in
most instances by direct reaction of Eupa0s, the oxide of
one of the above-cited rare earths, and a third oxide. The
powders were mixed on a Crescent "Wig-L-Bug" and fired in
alr in platinum-lined boats. Sample welghts were approxi-
mately 1.5 g. The materials were generally prefired at
500-600° for one to two hours, then ground and fired a
second time at high temperatures. The maximum firing
temperatures are listed in Table I. (Y;-xEux)z0a compo-
sitions were prepared both by direct reactlion of the con-
stituent oxides and by coprecipitation of the oxalates. A
considerably higher quantum efficiency was obtained with
the ccprecipltated materials and the results glven herein
are for materials prepared in that fashion.

To assure that all the compositions are single phases,
the pseudoblnary phase diagrams of the systems Ra03-MOx
(for example, Y203-Sr0) were determined in part. This work
will not be described herein. In those cases where the
host lattice has previously been reported, a reference to
prior work is given in Table I.
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Measurement of Relative Emission Intensities

The emission intensitles were measured relative to
that of magnesium arsenate, manganese activated. The
latter was obtained from the National Bureau of Standards
as "NBS Standard Sample 1030". A quantum efficlency of
0.71 has been reported for "NB? Standard Sample 1030" by
Bril and van Meurs-I-Ioekstra(9 .

The apparatus consists of (a) a Beckmann Model DU
monochrometer and hydrogen lamp to provide the incident
UV light, (b) a Beckmann diffuse reflectance attachment
which contains sample holders and means for focusing the
fluorescence from the sample onto a ground glass screen,
(c) a Corning 3-69 filter situated adjacent to said screen
which passes the fluorescence and filters out reflected
exclting radiation, and (d) a detector which is situated
adjacent to sald filter. The detector is a Dumont 6911
infrared photomultiplier which is wused in conjunction with
a Hamner Model N401 power supply. The output was measured
with RCA Model WV-84C microammeter. The relative emission
intensity was determined by exposing the sample to the ex-
clting beam, recording the detector output, exposing the
magnesium arsenate:Mn to the same beam, again recording the
detector output, and taking a ratio of these readings.

A small correction must be made because the detector
is slightly more sensitive to the magnesium arsenate:Mn
emission than to the emlssion from Eut®, A comparison of
the respective fluorescence emission spectra with the de-
tector response curve supplied by the msnufacturer shows
this correction to amount to 7%. The values in Table I are
the measured values multipllied by 1.07.

Measurement of UV Absorption

The reflectance is measured directly and the s
absorption is taken to be (1- reflectance). The UV re-
flectance (fraction of incident 1light which is reflected)
1s measured with the same apparatus described above for
relative emission intensities, with the exception that
(a) a Corning 7-54 filter is employed which passes the
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reflected UV light and filters out the fluorescence, and
(b) a 1P28 photomultiplier is used as detector. The in-
tensity of the incident light 1s determined by allowing 1t
to reflect off a USP magnesium carbonate block (whose re-
flectance is taken as unity) into the detector. With the
geometry identical, the sample 1s substituted for the
magnesium carbonate block and the ratio of detector read-
ings with sample and carbonate block 1s taken as the re-
flectance. The reflectance of the magneslum arsenate:Mn
was found to be 0.06; 1.e., 94% of the incident UV (2537 A)
is absorbed. From these numbers it 1s seen that the UV
absorption 1s very insensitive to experimental errors. In
thls instance, a 100% error in the measured reflectance
causes only a 6% error in absorption.

Both absorption and emission were measured at 2537 Z.

Quantum Efficlency

The quantum efficiency of the subject materials rela-
tive to that of magnesium arsenate:Mn 1s readily calculated
from the above measurements by means of the formula

QEu  _ Tepu/Tepps
Qaps Iagy/Iapps

where the subscripts "Eu" and "Ars" refer to the europium
phosphor and magnesium arsenate:Mn respectively, where
Iery/Iegps 1s the ratio of emission intensities and Ig,

the UV absorption. Introducing the value of 0.71 for Qars
glves QEu' This method of det»rmi n§ quantum efflclencles
is discussed by Tregellas-Williams

RESULTS

The results are summarized in Table I. The warlous
hosts that were prepared and the respectilve Eut? doping
levels are given in the first two columns. (The actual
material that was prepared would, for the case of the first
entry, be (Yo.sEuo.1)28r04.) The Eu™ concentration at
which the brightest emission occurs was found to be in the
range of 10's of percents. Within this range there is a
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regular variation; the more atoms per formula, the higher
the optimum Eu™® concentration. This is illustrated in
Figure 1 which shows curves of relative emlssion intensity
versus Eu™3 concentration for a number of hosts.

The emlssion intensity relative. to magnesium
arsenate: Mn, the UV absorption, and quantum efficiency, all
at 2537 A are tabulated in columng 3-5, respectively.¥

DISCUSSION

Empirical fGeneralization

A striking result is that the quantum efficiency of
the materlials, although lower than that of magnesium
arsenate:Mn, is of the same order of magnltude as that of
this commercial phosphor. It is well known that the
efficlency of a new phospnor can generally be improved by a
factor of 2 or 3 by optimizing the method of preparation
and adjusting composlition. The magnesium arsenate:Mn
standard (obtained by the NBS from lamp manufacturers) is
such an optimized material whereas the europium phosphors
of Table I are not. This further narrows the gap between
the effilciency of these materials and commercial phosphor.

It may be noted that the hosts include a rather broad
range of elements, namely, elements from Groups II, III, IV,
V, and VI of the Periodic Table. This suggests the fol-
lowlng generalization: Eut3® fluoresces very efflclently
(e.g., of the same order as commercial phosphors which pre-
sumably have quantum efficlencles in the range 60% to 100%)
in all crystalline oxygen-dominated host lattices at room

* In Reference 3, quantum efficiencies in excess of 80% are
cited. This referred to (Y;-xEux)aoa compositions and was
based on a quantum efficiency of .85 for magnesium
arsenate:Mn, the value in the literature at that time(lo).
In Reference 8, a quantum efficlency of unity is cited,

This referred also to (Yi-xEux)z20s compositions, but under
2400 A excitation.
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temperature under 2537 Z UV where the catlons are only Eu™s
and one or more from the group Sc, Y, La, G4, and Lu and
where the Eut® concentration is in the range of 10's of
percents. Excluded from this generalization, of course,
are such colored hosts as would absorb this emission.

The efficient fluorescence of Eut®, or for that
matter any phosphor "activator! in such a wide varieby of
hosts, is a new phenomenon. It 1s of interest to speculate
upon the underlying cause for the insensitiveness of
fluorescent efficiency to the nature of the host.

Fluorescence Mechanism

1t seems likely that the mechanlsm of fluorescence
which gives rise to high quantum efficlency in the variety
of hosts 1s essentially the same in each of these hosts.
This requires that all steps in the fluorescence process,
absorption, excitatlon and emission may involve only ele-
ments that are common to all the materlials; these common
elements are europlum and oxygen. Emission 1s known to
originate from excited 4f states of Eut®. The only
question then 1s whether Eu™ 1s excited directly or
whether europium-oxygen states are involved in absorption.
For reasons glven below, we believe that europium-oxygen
states are excited first. The overall mechanism then is
postulated to be absorption by europium-oxygen groups re-
sulting in the excitation of charge transfer states (e.g.,
Eu+2-0“), relaxation of these leaving Eut3 in an excited
4f state and emission from said excited Eut® ion.

Evldence for Eu-0 Charge-Transfer Absorption

1. Competition for Incident UV with Charge-Transfer
Absorbers

Charge-transfer absorption involves very large absorption
coefficients. In order for europlum to fluoresce
efficlently, it must be able to compete effectively with
other host constituents for the incldent UV. Some of these
host constituents may be charge-transfer absorbers.
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An example of competitive charge-transfer absorption
by a host constituent is found in the case of
(Gdo, 8Fuo. 2)2(Mo04)s. At 77°K the fluorescence emission
spectrum of this material shows both the broad band mo-
lybdate fluorescence as well as the llne emission of Eute.
This indicates that energy transfer from MoO,~ to Eut® is
not occurring. The quantum efflciency with respect to
Eut® emission (quanta emitted by Eut3/total quanta
absorbed) is found to be approximately 0.6 at this temper-
ature. Therefore, absorption by europium must be greater
than the absorption by MoO4~. The absorption by Mo0.~ is
known to be extremely intense and is believed to involve
charge-transfer processes 11)|  The absorption coefficient
of europium must, therefore, be greater than that of thils
particular charge-transfer absorber, and it 1is, therefore, ~
likely that the absorptlon by europium also involves a
charge-transfer process (e.g., excitation of Eu-0 states).

2. Interpretation of Reflectance Spectra.

Additional evidence for ~harge-transfer absorption by
europlum-oxygen states is implicift in the reflectance
spectra of the rare earth oxides shown in Fig. 6 of Refer-
ence 8. The spectra of the oxides of Sc, Y, La, and Lu
show broad UV absorption bands which are attributable to
charge~transfer absorption states involving the rare earth
element and oxygen. A similar absorption band is seen in
Euz03, except that it extends slightly further to long wave
lengths. Thils similarity suggests that the band in Euz0s3
1s due to charge-transfer absorption.

. If this band were not due to exciltation of Eu-0O
states, it would have to be due to excitation of Eut®
alone. If this were the case, a simllar band should be
seen in europlum compounds which contain no oxygen such as
EuFs. The refiectance spectrum of EuFs 18 shown in Fig. 2.
The broad UV absorption btand of Eupx0s 18 seen not to be
present.
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Miscellany

1. Energy transfer.

Emphasis has been placed upon localized absorption by Eu-0.
We do not wish to imply thereby that absorption by the host
and energy transfer to Eut® 1s elther not occurring or not
important. The only assertion belng made is that such
processes are not the underlying cause for thez order of
magnitude generalization regarding efficlency. It 1s very
likely, however, that the detailled varilation 1n quantum
efficlency from host to host seen in Table I is due pri-
marily to variatlons in the degree of such competltive
absorption by and energy transfer from the host.

2. Role of host catlon

The experimental work involved only hosts with the rare
earth cations Sc, Y, La, Gd, and Lu. The proposed mecha-
nism does not refer to these at all. Presumably any cation
which would serve to dilute the Eut® and which would not
interfere with the optical processes could be used.

3, Mode of excitation.

Experimental work was wlth 2537 3 UvV. From the proposed
mechanism 1t follows that UV anywhere in the range where
Eu-0 charge-transfer absorptlon occurs would efficlently
exclte fluorescence. If our Interpretation of the re-
flectance spectrum 1s correct, thig would be at wave lengths
anywhere below approximately 2800 A (Fig. 6B, Ref. 8). Ac-
cording to the proposed mechanism, the Uf electrons of Eu
are very effectively coupled to the host vlia Eu-0 charge-
transfer states. The latter are salid to have a large
absorption coefficient. Thus the excitation cross section
of Eu 1s very large and presumably any means for generating
approximately 4-6 e.v. units of excitation in the host would
exclite fluorescence. These might include x-ray, cathode
rays, etc.

T —————— . o = e e e




\(-W‘ B R

1.

v o N4 O

10.

11.

12.

16.
17.

——— L e v et ———— o = e 0 gty ¥ W
- —e e i N a0 - e e e e Lot 3

73

REFERENCES

G. Urbain, Ann. Chim. Phys. ;§, 222-386 (1909) and
references cited.

Chem. Week, p. 29, Nov. 14, 1964; C & E News, p. 54,
Nov. 23, 1964,

H. J. Borchardt, J. Chem. Phys. 38, 1251 (1963).
N. C. Chang, J. Appl. Phys. 34, 3500 (1963).

K. A. Wickersheim and R. A. Lefever, J. Electrochem.
Soc. 111, 47 (1964).

R. C. Ropp, ibid., 111, 311 (1964).
A. Bril and W. L. Wanmaker, ibid., 111, 1363 (1964).
H. J. Borchardt, J. Chem. Phys. 39, 504 (1963).

A. Bril and W. van Meurs-Hoekstra, Philips Res. Repts.
19, 296 (1964).

J. Tregellas-Williams, J. Electrochem. Soc. 105, 173
(1958).

F. A. Kroger, "Some Aspects of the Luminescence of
Solids," Elsevier Publishing Co., New York, 1948.

T. Moeller and G. L. King, J. Am. Chem. Soc. 75, 6060
(1953).

S. Geller, Acta. Cryst. 10, 243 (1957). |
M. L. Keith and R. Roy, Am. Mineral 39, 1 (1954).

S. J. Schneilder, R. S. Roth, J. L. Waring, J. Res.

Natl. Bur. Std. 65a, 345-374 (1961).
M. Gmelin-Kraut, Handbuch Anorg. Chem. 6 (1932).

D. Guisca and I. Popescu, Soc. Roumaine de Physique
Bull. 40 (3) 13 (1939); Sci. Abstr. U43A, 352 (1940).

L Yo



e © s e e——
74
TABLE I
Eu+° Quantum Efficiencies in Various Host Lattices
kost lLattice £’? COnc.(a) Iepu/lqA,S(b) IaFu(b) gfil Firing Temp. Rererence(c)
Y2510, 0.1 0.43 0.8 0.33 1400°C ---
Gd2Sr0, 0.1 0.41 0.87 0.31 " -—-
¥GaOs 0.2 0.45 0.87 0,24 " .-
LaGaQs 0.2 6.17 0.92 c.12 " 12,12
YaGa3502 0.2 0.50 0.82 0.4} " 14
GdaGasO,2 0.2 0.62 0.82 0.50 " 15
YEOa 0.2 0.25 0.61 0.27 " 16
GdBO, 0.2 0.33 0.70 0.32 1100* 16
La(BO2)3 0.2 0.53 0.93 0.38 1000° 16
LazGeOs 0.2 0,22 0.93 0,16 1500° 17
GdaGeOs 0.2 0.38 0.87 0.29 1200° -
Y2Geo07 0.2 0.38 0.6% 0.40 1L09? 17
LaPO, 0.2 0.%2 0 82 0.3 1200° 16
GdPO, 0.2 .44 0.72 0.41 " ——-
Sc2(Mo04)s 0.2 0.17 0.92 0.12 900° —-
Y2(MoO4)s 0.2 0.23 0.94 0.16 " 1
Laz(Mo04) s 0.3 0.15 0.93 0.11 " 16
Cd2(Mo04) 4 0.3 0.23 0.94 0.16 " -
Lu2(Mo04) » 0.2 0.15 0.95 0.11 " ———
Y2W0q 0.1 0.60 0.91 0.4k 1400° s
Sc2(W04)a 0.2 0.19 0.94 0,14 1000° &
Y2(W04)a 0.2 0.14 0.95 0.10 " o
Laz2(W04)s 0.4 0.32 0.93 0.23 " &
Gd2(W04)a 0.4 0.39 0.93 0.28 " [
Lu2(%04)a 0.2 0.17 0.95 0.11 v 3
Y203 0.08 0.78 0.80 0.69 1L00?

(a) Expressed as mole fraction of rare earth ions.
(v) Under 2537 R at room temperature.
() Where no reference 1is given, the host lattice has not been previously reported,
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Fig.1 FLUORESCENCE EMISSION INTENSITY AS A FUNCTION OF
Eut3 CONCENTRATION. RELATIVE TO MAGNESIUM ARSENATE:
Mn. EXCITATION: 2537A UV. T=25°C.
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ON THE ENHANCEMENT OF
THE FLUORESCENCE OF AQUEOUS SOLUTIONS OF
NEODYMIUM, SAMARIUM AND DYSPROSIUM CHLORIDES*

Adam Heller

General Telephone & Electronics Laboratories Inc.
Bayside, New York

ABSTRACT

Substitution of HO by DO enhances the fluorescence of
aqueous solutions of the chlorides of trivalent neodymium,
samarium and dysprosium. The fluorescence of the two
latter weakly absorbing ions is further intensified by ener-
gy transfer from water soluble organic compounds in their
triplet state. The minimum deuteration enhancement fac-
tors are four for neodymium, fourteen for samarium and
one hundred for dysprosium. The sensitizing triplets en-
hance the fluorescence of samarium and dysprosium by an
order of magnitude.

" The emission spectra: of the H20, D20, sensitized or un-
sensitized solutions.of any of the ions are identical. The
dominant emission lines are 10,550 A for nrodymium,
5947 A for samarium and 4795 K for dysprosium.

This study was undertaken to evaluate the attainable enhancemer;t of the
intensity of luminescence of aqueous solutions of neodymium, samarium
and dysprosium a‘.ndﬂ tb 6bta'm, through the enhancement techmiques, emis-
sion'spe:tra.Qf'imp_rovecli resolution. Although the emission spectra of
trivalenf neodymium, sarharium and dysprosium have been studied inde-
tail m various é,i'yétalline matrices, little work has been done on the
emission of their aqueous solutions. The reason for this may be sought
in the extremely weak intensity of emission of the aqueous ions. The
weakness of the fluorescence is not due to absorption, since the extinc-

tion length of water exceeds 1 cm up to 13,000 X, 1 but rather to

* Work ddne in part at the Bell Telephone Laboratories, Murray Hill,
New Jersey.
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radiationless relaxations from the excited states and to insufficient ab-
sorption of the pumping radiation by some of theions. Kroppand Windsor
found that the radiationless de-excitation can be at least partially elimi-

0.%3
2 .

nated by substituting DZO for H
in hydrated crystals by Freeman, Crosby and Lawson. 4 Heller and

A similar effecthas been reported
Wasserman5 suggested that broad purnping bands could be attained in
dilute solutions of rare earth ions by energy transfer from organic mole-
cules in their triplet state. In this process aromatic aldehydes and
ketones, which are excitable in broad absorption bands, undergo inter-
system crossing to their triplet state and lose their energy inadiifusion

controlled process to the ion.

The present study extends these results from organic to aqueous solu-
tions, and includes as energy acceptors samarium and dysprosium in
addition to the previously investigated terbium and europium ions. The
water-soluble compound chosen to sensitize the samarium ion was di-
potassium 1, 5-dibenzoylnaphthalenedisulfonate. Dysprosium was sensi-
tized by dipotassium 4, 4-benzophenone-dimethylenesulfonate. The
choice oi the sensitizers resulted from considerations of triplet energy
and solubility. For efficient energy transfer, it was found desirable to
have the triplet energy slightly above, yet close to, the energy required
to excite the rare earth ion. > The energy of 1-benzoylnapthalene triplet
is approximately 20, 000 cm-i, 6 slightly exceeding the ernurgies of the
4F3/2 and 4G5/2 states of samarium at 19, 000 crn"1 and 18,00Ccm 1. 8
The energy of benzophenone triplet is approximately 24, 000 cm-i, ©, 7, just
above the energy of the 41:‘9/2, 4115/2 izr;d :GM/Z states of dysgrosium

at about 24,000, 22,000 and 23,000cm .

Experimental

The measurements were carried out on 0.1 M rare earthchloride solu-

tions. Analysis of the 99. 9% anhydrous rare earth chlorides indicated a
98% purity of the material by combined rare earth and chloride analysis;
the remaining 2% was assumed to be water. The heavy waterwas 99.7%

in deuterium oxide. In the sensitized solutions the concentration of the
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sensitizer was 0,01 M, To prevent transferrinﬁg triplets from being
quenched by oxygen and to avoid contact with atmospheric humidity, all
operations were carried out in a nitrogen atmosphere. Measurements
v,ere made on sealed samples in pyrex ampules of 4 cm diameter. In-
tensity measurements were reproducible within better than +10%. The
reported excitation spectra correspond to light emitted by a 700-watt
Hanovia high-pressure xenon lamp filtered through a 1-64 Corningfilter
and attenuated by the 1.5 mm wall of the pyrex ampule. The enhance-
ment factor due to sensitization depends on the spectrum of the light
source, the cell thickness, and the concentrations of the components.
Therefore, the sensitization enhancement factors reported here are

rigorously correct only for the particular source, cell and concentra-

tions employed.

The emission spectra are corrected for the detector response of the
RCA 7265 and the RCA 7201 photomultipliers used.

Results

Figure 1 shows the emission spectra of neodymium chloride in DZO and

in HZO° A four-fold enhancement is observed. This and following

—l }—SLIT

- .

RELATIVE INTENSITY

8000 9000 10000 11000 12000
WAVELENGTH (A)

Fig. 1. Emission spectra of 0.1 M NdCl; in HZO and in D_O,

2




w—mt

80

enhancement factors should be regarded only as minimum values, since
the HZO still present may induce nonradiative trunsitions; its ¥ .noval
should lead to further enhancement of the luminescence. The uominant
emission occurs at 10, 550 A and corresponds, by analogy to the results
of Dieke and Crosswhite on the energy levels of the free ion, 8 to the

v 4 4 YL : .. ,
familiar F3/2 IM/; transition. The second transition observed is

4F3/2 -»419/2 at 8850 A, No attempt has been made to sensitize the
neodymium emission because the ion has extensive absorption bands for
direct pumping. Since the signal-to-noise ratio with the available 7102
photomultiplier was poor, no high-resolation spectroscopy could bedone

on aqueous neodymium chloride.

The emission spectrum of sensitized samarium chloride in DZO is shown
in Fig. 2. The emission spectra oftheion in sensitized H,O and in non-
sensitized DZO and HZO solutions seera to be identical with the emission
spectrum in the sensitized DZO solution. To compare the intensities,
the 5947 A line emissions of the HZO and non-sensitized solutions are

presented. The enhancement due to the deuteration of the solvent is at

_—HEL! T

— D,0 +SENSITIZER
D0
H,0 + SENSITIZER

RELATIVE INTENSITY

Lot 3% AN

6000 " 1000, 8000
WAVELENGTH (A)

“Sypuswed
) 4

v v

' 9000

Fig. 2. Emission spectrum of 0.1M SmCIl3 in D70 sensitized by 0.1 M
dipotassium 1,5-dibenzoylnaphthalene disulfonate. The re-
lative intensities uf the non-sensitized D20, sensitized H20
and non-sensitized HyO solutions are indicated for the strongest
emission line.
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Fig. 3. Excitation spectra for 5947 A emission of 0.1 M SmCIlj3 solu-
tions in D20O. The upper curve shows the excitation spectrum
of a solution to which 0. 01 M dipotassium 4, 5-dibenzoyl-
naphthalene disulfonate has been added.

least fourteen-fold. The addition of the sensitizer increased the emit~
tance ten-iold, and therefore the lines were intensified one hundred and

forty-fold relative to those of the non-sensitized HZO solution.

The dominant emission occurs at 5947 & and indicates the presence of
at least two lines. Other transitions at 5605, 6455, 7040, 7800, 8870
and 9300 A have been observed. By analogy with the results on the free
ion, these wavelengths correspond to transitions from the 4(}5/2 state,

s e 6
with the dominant transition terminating in the H7/2 state.

Figure 3 presents the excitation spectra of sensitized and non-sensitized
heavy water solutions of samarium chloride. The excitation lines due
to the direct absorption by the ion are observed in both. The sensitized
solution has an additional broad pumping band which is attributable to
absorption by and energy transfer from the conjugated system of 1,5-di-

benzoylnapthalene.

The spectrum of fluorescence of sensitized dysprosium chloride in

heavy water is shown in Fig. 4. The limiting lowest enhancement factor

v
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Fig. 4. Emission spectrum of 0.1 M DyCl3z in D0 sensitized by
0.01 M dipotassium 4, 4'-benzophenone-dimethylenesulfonate.
The relative intensities for the strongest emission line are
indicated for non-sensitized DO and sensitized HpO solutions.
The non-sensitized H2O emission is too close to the baseline
to be seen.

due to deuteraiion is one hundred. Sensitizationincreasesthe emitiance
eight-fold, ard therefore results in an overall eight hundred-fold en-
hancement of the fluorescent radiation relative tothat of the unsensitized
aqueous sclution, The emission wavelengths are 4795, 5735, 7180,
7500 and 8350 A. The dominant first transition, as well as the third
transition, are split into at least two components. These transitions
probably orginate in the 4F9/2 state and terminate in . series of 6H

states, the dominant transition being 4Fq/2-9 ()H1 8

5/2°

Figure 5, which shows the excitation spectra of sensitized and non-
sensitized heavy water solutions of dysprosium chloride, rzsembles
Fig. 3. Here again the spectra consist of the dysprosium absorption

lines which, in the case of the sensitized solution, are superimposed

on the broad pumping band due to the conjugated system of benzophenone.
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Fig. 5. Excitation spectra for 4795 A emission of 0.1 M DyClj3 in
D20. The upper curve shows the excitation spectrum of a solu-
tion to which 0.01 M dipotassium 4, 4'benzophenone~-dimeth-
ylenesulfonate has been added.

Discussion

The data presented indicate that the 2nhancernent of the emission by
combined deuteration and sensitization may be of two or even three
orders of magnitude. The concentration of HDO in a 99. 7% DZO solu-
tion is still 0.33 M, exceeding by more than three-fold the rare earth,
and more than thirty-fold, the sensitizer concentrations. This rela-
tively high concentration combined with the rapid diffusion of HDO in
DZO suggest that all the present and the previously reported enhance-
ment factors are minimum values. To make them more meaningful,
the HDO concentration and the bimolecular quenching constants of the
HDO {for the rare earth under consideration must be stated. An attempt
to measure such a constant is shown in Fig. 6, which describes the
quenching of europium perchlorate emission by HZO‘ Obviously, the
quenching is not proportional to the concentration of HZO’ since small
amounts of HZO cause a strong decline in the fluorescence intensity,
and even pure HZO solutions exhibit some fluorescence. As might be

expected and as indicated by the linear dependence of the inverse of the

\ e amed o -
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Fig. 6. Variation of the fluorescence intensity of a 0.1 M Eu(ClOy4)3
solution in DO with the concentration of the HpO present.
The straight line shows the variation of the inverse of the
luminescence with the HpO concentration.

fluorescence intensity on the HZO concentration, the Stern Volmer re-
lation is obeyed. The increase in concentration of HZO required to

lower the fluorescence to 50% of its initial value is approximately 2%.

The question may be raised whether the energy transfer between the
anionic sensitizer and the rare earth cation is intermolecular or intra-
molecular, The experimentalevidence indicates thatthe energytransfer
is intermolecular: the emission spectra of the rare earths are not
changed on sensitization at the sensitizer concentrations employed. Had
a new species been formed, a new symmetry would arise, leading to a
change in the spectrum. Furthermore, the sensitized emission is
quenched by oxygen. Had there been a stable compound between theion
and the energy donor (as occurs in the rare earth-f-diketone chelates),
the energy transfer would not be oxygen quenched; this is because the
probability of the sensitizer being in the proximity of the rare earth ion

would always greatly exceed the probability of its meeting an oxygen
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melecule. However, the question on the intermolecular or intramole-~

cular transfer in these aqueous systems depends largely on our defini-

tion, as hydrated pairs of rare earth cations and sensitizer anions are

undoubtedly present.
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LOV-TEMPERATURE OPTICAL STUDIES OF RARE-EAQTH CYCLOPENTADIENIDTES

e R.Pappalardo
e ‘

Cyanamid European Research Institute, Cologny(Geneva)

Switzerland,

ABSTRACT

A systematic study of the optical properties of rare-earth
cyclopentadienides was started. These compounds,where the rare-
earth ion is bound to a five-membered aromatic ring, are very air
sensitive,This required the use of suitable handling techniques
in order to take absorption specfra at low temperatures,
Most rare—eartﬂ tricyclopéhtadieni&es have been studied at 78°K,
both as subii@gd filmSand as solutions in 2 Me-~THF,The spectrum
of Ndcp3 has Beeﬁ.studied iﬁ detail at liquid helium temperatures,
MahyVOf fhe uﬁdiiuted rare-earth cyclopentadienides show fluores-
cencé ﬁSSociéted withv;ﬁe Aromatic ligand(Gd cpJ;Ce ch;La cp3;
Eu cpg)dnd bf;ad absorbfion'baﬁds at rather low energies,
\ complex chemistry is shown by Ytterbium in its reactions with
cyclopentadi%he,fhé;composition of sublimed phases is discussed
on fhe-bésis of théif infrared and optical spectra.

. | ‘ﬁvi

‘fhc rg;enéarth cyclopentadienides [ Ln(CsllS)3 or Ln 228 ]

and their derivatives are at present the only known mnetallo-organc

(1,2)

compounds of rare-earths. In view of this,and of the unusual
properties of the cyclopentadienyls of the first transition servies
a ypectroscopic study of the corrésponding rare-earth compounds

secmed justified., llere was apparently a class of compounds where

PRECEDING PAGFE BLANK
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caralancy effrcts or the hf-slcctirons f gitt he guite i-portant.
\rnotror pessibilit was that in these compeonnds the tranefer of
photeon cnergy from the organic ligand to the 4f-levels might be
suitable for energy-conversion processes. For these reasons a

study of the optical properties of these systems was begun.

Experimental: Since the coqﬂpounds in question are air-sensitive,
all manipulations were performed under nitrogen or“in vacuo? In
the preparatior of the samples due attention was given to the
purity of reactants and solvents,;especially with respect to water
impurities. So far we have prepared most of the rare-earth tri-
cyclopentadienides using the procedure introduced by Birmingham

@)

and Wilkinson, ‘that is by ihe metathetical reaction:

LnCl3 + 3 Na cp -Igg) Ln cpy * 3 Na c1 (1)

Other reactions of this type were carried out in diethyl ether and
liquid ammonia.

For most of the products we took spectra with a Cary 1A
Spectrophotometer, both at room temperature and at 78°K. The pro-
ducts were either studied as sublimed films or as solutions of
such sublimates in tetrahydrofuran or 2«Methyl-tetrahydrofuran.,

Up to now we have studied at liquid helium temperatures only the
spectr!2>of Nd cp3 in 2-Me-THF. The spectroscopic data in the
range of the Cary 14 Specirophotometer were further supplecmented
by the IR spectra. For this purpose we used a rather simple deviceyg
which incorporated the features of sublimator, IR cell and cryo -

stat. Thz raw Ln cp, were introduced in the device,films were sub-

|
¥l
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lJimed om a sodinm chloride plate and the IR spectra taken with a
Perikin~Zlmer 521. The device was then transferred to the Cary ik
and the samples, always kept in a vacuum, were studied at room
temperature and at 78°K., By a suitable modification of the Cary %
we could also take low-temperature reflection spectra. Some of
these reflection spectra compared quite favourably with the dif-
fuse transmission spectra,

Results: We would like to mention now some preliminary results of
our survey study of these systems.

a) Ronding effects, First of all, the effect of the bonding to a

CSH; group on the 4f-electronic levels. Already from the solu=-
tion spectra of Pr cp3 and Er cp3 in THF, as reported by Birming~
ham and Wilkinsoélzfor the visible region of the spectrum,one
could infer that in the etherates of Ln cp3 no spectacular alter-~
ations of the energetics of the Li"-levels took place., This we
confirmed also in the case of sublimed,unsolvated Ln cpj. As
typical examples we could t;ke the cases of Ce cp3; Ho cp3 and
the unusual strongly coloured Yb CPye (Fig 1 to 3).

There are of ccurse shifts in the position of the J~manifolds
when one compares these spectra to those of more familiar systems,
but they are of the same order of the shifts one observes for in-
stance in a series of halide compounds in going from fluorides

(1)

to chlorides etc., ‘So the Lf-electrons would seem scarcely afifect=-

.

ed by thec bonding. This is not in contrast with the observed sol-

ubility properties and volatility of Ln cp3 and their derivatives,
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The latter do not necessarily imply covalent bonding within the
molecule, but simply a weak intramolecular attraction. lonic tond-
ing is also confirmed by the easc of hydrolitic attacke.

b)Fluorescence properties, We observed line fluorescence in undi-

luted sublimates of Tb c¢cp Sm ¢p, and Dy cp., under 3660 A ex-

3’ 3 3
citation, Eu cp3 has not been isoiated yet. Other undiluted cyclo-

pentadienides show intense band emission. The intense blue fluor-

escence of Gd cp3 and a weaker La cp

(5)

emission have been already

3

reporied Ce cp3 shows a pronounced red @mission (peak at 16900

cm"1 at RTj;at 18350 cm-1 and 15690 cm-l at 78°K), Eucpz‘nNH3 shows
prior to sublimation an intemnse yellow emission(peak at 17400 at
RT) ;which becomes red and weaker(16950 cm"1 at RT) after removal
of the ammonia molecules at the sublimation temperatures of

Eu cpg. Generally we observed for these systems capable of emitt-
ing, that the fluorescence of the raw cyclopentadienides was diff-

erent from those of the sublimed produc .s.

c) Composition of sublimed species. It was stated in the original

paper1 on the preparation of this class of compounds that by sub-
limation of the reaction products one obtained a non-solvated en-
tity of composition Ln cp3. This conciusion was essentially based
on the determination of the C; H and rare-earth content. Of course
the fact that the compounds we are discussing are very air-sens-
itive makes it hard to have very accurate analyses. This conclus-
ion on the composition of sublimed species has been recently ques-

{
tioned by Fischer and Fische?S)on the basis of their IR studies

b s g e

e
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of rare-earth cyclopentadienides. We had come to a similar con-
clusion from the interpretation both of our IR data and of those
pertaining to the 4f" transitions. As an example we shall mention

what situation is met with in the case of Yb tricyclopentadien-

(7)

ides, systems we have studied extensively , Inspection of the

2

F - “F5/2 transition of Yb cp3 in sublimed materials shows

7/2
three different types of spectra, They have been finally un=-
ravelled as belonging to a Yb cp,. THF species, to a Yb cp3.
(F1g3 to 5)

NH, spccies and to pure Yb cp3 » A surprising conclusion we de-

4
rived from our data is the following. The final composition of
the sublimed species depended on the'method used to obtain the
rare-earth chloride, required for reaction (1), Two different
methods are commonly used to obtain the anhydrous chloride:either

treatment of the oxide with NHQCI at 300°C and removal of NH, Cl

4
by sublimation; or dehydration of the rare-earth chloride by
thionyl chloride. WVhen one reacted a chloride obtained by the
first method, one obtained by sublimation of the raw cyclopenta-

dienide an ammonia adduct, Of this we have conclusive evidence

for the case of Er cpj

ly, but there are indications that this might be true fcr Nd cp3

, and Yb cp3. We did not look into it close-

too. Incidentally, the ammonium chloride method was used by

(1)

Birmingham and Wilkinson in their work .

) ] )
d) Divalent cyclopentadienides: Fischer and Fischerga made use of

the solubility of Eu metal in liquid ammonia, in order to prepare

Lu cp, by direct reaction with cyclopentadiene., We applied this

—— -
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iiquid anmmonia,

method o the other rarc-ecarth =etal soluble in
tbat ig Ybh, Apari from or ammoriate Yh cpjonNHB, which sublinmes
two more species of high sublimation temper

at ~ 1209C/10™ 3w Ue,
is not quite conclusive thai the latter

It

atuares were obtained,
Wwe found in cffect that the sublimates still ex~

are pure ¥Yb CP,e

hibited the Yb3+ lines at ¥ 1. Another method for obtaining

Yb cp, will be reported soorn. It is based on the treatment of
Yb CPQCI or Yh ch with Naj K or even Yb metal in TIHF. Ve have
not checlied yet whether this method can be extended to otlter tri-

lanthanides, not soluble in liquid ammonia. It is an inter

valent

esting possibility for Sm and Tm and would allow to see how the

Yf = 34 iransitions are affected by the presence of cyclopenta-
Broad ab-

dienyls.
e) Absorntion bands in rare-earth cyclopentadienides.

sorption bands appear in the spectra of Ln cp3 at unusually lew=-
encrgy.lypical are the cases of Ce ch;Gd cp3 and La cp3 with

1 ) -1 -

3 25770 cm ;28990 cm re-

bands located at 23600 and 264CC cm ;
T"is meant for instance that the absorption lines of

spectively,
is tricyclopentadienide could not he observed,since they

_ 5)
by a broad absorption band. A nosi striking examplc of

that of ¥Yb cp3
41

are ashed
e prozescs of low-enorzy absorption
which iz dur' grees hecausc of tue abtsorption bands at 1540C cm
-1
and ZET7C0C o o' 2ffect related to these absorption hands of
- . 7 o . . » . .
Le ez, Iz izt undzr 3690 A cucitation band emission is observed
-
n .
whenavers there are w0 387 levels toa thich Maten erergy aight be
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Three possiblz mechanisms could be operating. The absorption
hands could cither be due to 4f — 5d transitions, or to 7| - 'n*
transitions within the five-membered ring, or finally to charge
transfer from the ligand to the nentral lanthanide. Both the
molar extinction coefficient of the bands in question(observed
value for ¥Yb cp3:E ~ 700; € ~ 55 )and the presence of band

3+,C 3+

.. 2+ . . .
emission for Gd e and Eu are more in line with the second
alternative, The emission would then correspond to transitions

from a triplet level of the ligand to the singlet ground state.

(1)J.M.Birmingham and G.W¥ilkinson, J.Am.Chem.Soc.78,42(1956).

(2)R.,E.Maginn,S.Manastyrskyj and M.Dubec,J.Am,Chem,Soc. ;85,672

(1963),
(3)R.Pappalardo,Helv.Phys.Acta 38,178{1965).

(4)C.K.,Jfrgensen, Orbitals in Atoms and Molecules,Academic Press

1962,page 146-57,
(5)R.Pappalardo and S.Losi, J.Iaorg.Nucl.Chem.27, 733(1965).
(6)E,O,Fischer and H.Fischer,J.Organomet.Chem,3,181(1965),
(7)F.Ca1derazzo, R.Pappalardo and S.Losi, to be published,

(8) %, 0.Fischer and H,Fischer, Angew,.Chem.76,52(1964).
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transmission at 78°K of sublimed

Fig,3. a)Diffuse

Yo cp,*NH,. b)Same,sublimed Yb cp,*THE .

c) Seme, Yb cp,.
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- TFig.4.Reflection spectra of sublimed,green Yb cp3°nNH3.

*ow-frequency side

1

two lines at 9,200 and 9,410 o disappear on eooling,

(¢}

a)At room temperature.b)At 78 K, On th

Possible vibrational frecuencies of 760 cm-land 1360 cmul

are also indicated,
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Fig,5. Detail of the absorption in the red region of the spectrum

3
for various Yb u tricyc.opentadienides, a) Sublimed

Yo cp, at 76°K. b) Sublimed Yo cp,*niH

3

at room tempersture,

¢)Same,at 78°K. d)ye cpsoTHF in THF solution,room temp.
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SPECTROSCOPIC STUDY OF CERIUM
IN YTTRIUM GALLIUM AND YTTRIUM IRON GARNET

K. A. Wickersheim

Research Laboratories
Lockheed Missiles & Space Company
Palo Alto, California

and
R. A. Buchanan

Infrared Division, Research Department
U. S. Naval Ordnance Laboratory
Corona, California

ABSTRACT

A fundamental problem in magnetism is the origin and description
of the exchange interaction between magnetic ions. The dzvelopment of
an exchange field formalism, 2pplicable to the rare earth jons in the
rare earth iron garnets, is reviewed. It is shown that further prog-
ress depends upon a more complete solution of the crystal field problem
and on the acquisition of more experimentsl exchange splittings for
specific rare earth ions. The advantages of using cerium as a "probe"
to provide the necessary information are discussed. Cerium and ytter-
bium are compared, and spectroscopic results for cerium substituted
into both yttrium gallium snd yttrium iron garnet are presented.
Especially noteworthy are (a) the large size of the crystal field
splittings (of the order of 1500 em™t for the J = 7/2 state), (b) the
large size of the exchange splittings of the Kramer's doublets (of the

-1
order of 200 cm ~) and (c) the general sharpness of the cerium specira.
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Introduciion

While the work we plan to discuss in this paper is of recent
vintage, it represents a continuation of a program which has been in
progress for a number of years. The program had its origins in the
calculations of White and Andelinl who first attempted to treat simul-
taneously the effects of the electrostatic (crystal) field and the
exchange field on the energy levels of the rare earth ions in the rare
earth iron garnets. The simplifying assumptions made by these workers,
both with regard to the cubic symmetry of the crystal field and the
isotropy of the exchange interaction, have not been borne out in sub-
sequent work, However, the general predictions of large level shifts
and splittings showing a strong dependence upon the orientation of the
net magnetization have been fully confirmed.

The program was given life and definition with the advent of
explicit experimental data on actual exchange field effects. The most
complete information was obtained from near infrared.e’3 and far infra-
redh spectroscopic investigations of ytterbium iron garnet.5 The spec--
troscopic studies demonstrated that the exchange splittings of a
Kramer's ion can be observed directly, the splittings being surprisingly
anisotropic with regard to exchange field orientation (See Figure 1).
It was found that the g-tensors obtained for ytterbium in yttrium
gallium garnet6 apply, at least in the first approximation, to the irn
garnet as well, and that a large part of the anisotropy in the split-
tings must therefore come from anisotropy in the exchange interaction

itself. (We note that Wolf' had correctly anticipated that such




enisotropy

10296 cm™!

o —[110]

YblG

Figure 1.

garnet as a function of exchange field orientation.
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might exist.)
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Liquid nitrogen temperature spectrum of ytterbium iron

The splittings of

the terminal states, derived from the sharp-line pattern near 10,300

-1
em ~, are shown below.
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A rudimentary exchange potential formalism was developed on the

3

basis of the optical irormation. This potential was obtained via a
harmonic series.expansion consistent with the site symmetry of the rare
earth ion with only the two leading (anisotropic) terms being retained.
The net result was an exchange potential exhibiting orbital dependence.
This formalism was made to predict correctly, with three adjustable
parameters, the exchange splittings for both the ground state and an
excited state of the ytterbium ion in the iron garnet. The numerical
agreement of the f'it may well have been fortuitous, but the prediction
of correct topology, especially for the excited state, suggested
strongly the merit of the exchange potenﬁial approach.

Levy'8 has recently propcsed a much more complete formalism in
which the rare earth-iron exchange interaction is characterized by as
many as 10 exchange poutential parameters. With a specific model of the
rare earth-iron exchange interaction, these parameters could in ”
principle be derived. However, no such model exists. 1In the absence
of a detailed model, the parameters must be determined empirically. At
the present time an empirical determination of so many parameters is
equally impossible since Lhere is neither a sufficiently complete
solution to the crystal field problem to allow the calculation of a
reliable set of starting wavs functions, nor are there enough independ-
ent pieces of data on the exchange splittings for any rare earth in the
iron garnets. It is to the experimental aspects of this dual problem

that we now address ourselves,

We have chosen to build on the ytterbium results, while at the

same time increasing our understanding of the rare earth series as a

TN o Bttt g o W~ &
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whole, by undertaking a careful study of the spectra of trivalent

cerium in yttrium gallium and yttrium iron garnet. Cerium and ytter-

bium, though near the opposite ends of the rare earth series, have

intimately-related energy level schemes.

T, |
143cm  139¢m '
99¢ni’!
EXCHANGE C.F S.0.
[\ v J
3+
Ce

(See Figure 2). The ions

e o
/2 ‘

~550 cni. |
22,25¢n

S.0. C.E EXCHANGE

(3x)  (10X)

\ W,

2

3+
Yb

Figure 2. Energy level schemes for cerinm and ytterbium in the garnets,

showing spin-orbit, crystal field and exchange field effects, the latter

obtained with no applied magnetic field.
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differ, howeve-, in the magnitude of the spin-orbit interaction, the
relative positions of the J=5/2 and J=7/2 menifolds and the relative
sequence of crystal-field-split levels within the two J-manifolds.
Other dissimilarities resulting from differences in ion size relative
to site dimensions, from differences in shielding of the 4f levels,

and from differences in the relative magnitudes of the spin-orbit and
crystal field effects for the two ions are also to be anticipated. The
purpose of this paper is to describe how, desnite these differences,
the study of cerium seems likely to further our approach to a satisfac-

tory picture of exchange in the garnets.

Experimental Proceudres

Crystals of yttrium gallium garnet and yttrium iron garnet, doped
with cerium, were grown from lead oxide-lead fluoride fluxes. While
the intended doping level (i.e. the ratio of cerium to yttrium in the
melts) was 5 mole-percent, the level of incorporation is almost cer-
tainly lower because of the large size of the Ce3+ ion. It would
appear from absorption spectra that more cerium enters the iron garnet
than the gallium garnet.

The cerium spectra were obtained with a Cary Model 14B spectro-
photometer, the samples being cooled by conduction in a metal dewar of
conventional design.

For studies (in the iron garnet) of the cerium spectrum as a
function of exchange field orientation, a special liquid nitrogen dewar

was constructed, this dewar having a tip small enough to fit between

B R VU PSP P—
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the pole pieces of a LO00 oersted magnet. The entire assembly was
constructed in such a way as to fit into the normal sample chamber of
the Cary spectrophotometer. The sample was physically rotated in
increments of lOo with spectra being taken at each angular position.
The spectra of ytterbium iron garnet (Figure 1) which we present
for comparison are from prior work,2 these having been obtained photo-

graphically with a Bausch and Lomb dual-grating spectrograph.

Results and Discussion

The full orthorhombic crystal field experienced by the rare earths
in the garnet structure requires 9 parameters for its specification.

Past workers have used various approximations to reduce the number of

9

parameters. If we teke the spin-orbit spiitting into account, 10
independent pieces of data are required for a proper empirical determi-
nation of all parameters. Since Ce3+ and Yb3+ each have only 7 4f-
electron energy levels, and thus 6 energy separations, we must turan to
the anisotropic g-tensors (3 principal values each) for sufficient
inpuv data. Computational programs, designed to utilize such a combi-
nation of experimental information, are being prepared.

Unfortunately, for ytterbium only two levels are sufficiently
sharp to allcw the g-tensors to be determined.6 Five energy levels
(four separations) have been observed with certainty for ytterbium,
but some dispute remains as to the relative distribution of levels in

the ground state manifold.lo Even with the proper identification of

levels, we have the bare minimum of daia for the crystal field

.
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calculation.

For cerium, on the other hand, six energy levels have been located
and four of these are sufficiently sharp for Zeeman effect analysis.
Thus for this ion we expect a redundancy of information for the solu-
tion of the crystal field problem. In the liquid helium spectrum of
cerium in the gallium garnet (Figure 3) we observe four transitions
(at 2161, 2176, 2373 and 3570 cm'l) from the ground state to the four
levels of the J=7/2 manifold. A second level of the J=5/2 manifold,
131 cm"l above the ground state, is revealed by the temperature-

dependent band observed at liquid nitrogen temperatures near 3539 cm
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Figure 3. Low temperature spectra of cerium in yttrium gallium and
yttrium iron garnet. Sample thicknesses are 8.3 and 1.5 mm respec-
tively. Absorptions in the region from 3.0 to 3.8 microns are also

present in crystals containing no cerium.
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The more interesting features of the spectra are (a) the close
proximity of the three lowest levels of the J=7/2 state, (b) the
remarkably large crystal field splitting of that state - perhaps the
largest yet observed for a rare earth ion, and (c) the sharpness of
not only the two longer wavelength lines, but of the shortest wave-
length line as well. The last feature we attribute to the unusual size
of the crystal field spiittings, the uppermost level here falling well
above the region of expected vibronic (vibrational plus electronic)
levels associated with the lower energy states of the J=7/2 manifold.
Thus the expected broadening resulting from resonance with the vibronic
levels is not observed for this particular electronic state. This is
most fortunate, for it is this uppermost s*ate of cerium which corre-
sponds to the ground state of ytterbium and thus forms our strongest
link with prior results.

The increased amount of data available for Ce3+ as opposed to Yb3+
is also apparent in the iron garnet spectra (see Figure 3). The
exchange splittings of the cerium levels can be discerned if one com-
pares the gellium garnet and iron garnet spectra. Note for example
the obvicus splitting of the 2.7 micron line atl h.ZOK. The size of
these splittings - of the order of 200 cm"l compared with 10 to 30 cm-l
for ytterbium iron garnet - is another of the surprising results of
this study. We expect to be able to analyze the splittings for perhaps ~
as many as 5 states of cerium, in the process obtaining more than the
10 pieces of input data required to test Levy's exchange potential

fermalism.

. - s
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We have carried out a preliminery analysis of the splitting of the
uppermost state. While the splitting of this state is far larger than
that found for the ground state of ytterbium, the relative anisotropy
of the splittings (principal values for the splitting tensor ranging
from 165 to 225 cm_l) is markedly less. Despite these differences, the
topological similarity of the splittings for the corresponding states
of the two ions is apparent.

The exchange splittings of the low-lying levels of cerium, as
presently interpreted, also show some unusual features. The splittings
of the two lowest levels are sufficiently large to exceed the crystal
field separation observed in the gallium garnet. Thus we will appar-
ently have to treat theseas components of a lW-level system rather than
as two exchange-split Kramer's doublets.

The next step in this program will be to obtain the g-tensors for
as many of the cerium states (in the gallium garnet) as possible - this
being done in part via spin resonance and in part via optical (Zeeman
effect) techniques. When the maximum availeble data have been obtained,
crystal field calculations will be carried out.

The analysis of the iron garnet exchange splittings must also be
completed. The applicability of the gallium garnet g-tensors should
be checked via higb field experiments. We then expect to be able to
combine the wave functions obtained from the gallium garnet crystal
field calculation with the analysis of the exchange splitting tensors
obtained from the iron gurnet and obtain empirically the full set of

exchange constants required by Levy's formalism.
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SOME NEW ELECTRON-TRANSFER SPECTRA OF
TRIVALENT LANTHANIDES

John C. Barnes and Hugh Pincott

Chemistry Department, Queen's College, Dundee, Scotland

ABSTRACT

Electron transfer spectra are presented for the compounds
LnPO,, Ln,(CO,),, Ln,{oxalate), 10 H O and several compounds
containing sulphaté or halide ion.” Ln =Sm, Eu and Yb. The con-
sequence of change in coordination number and structure are dis-
cussed. Oxyanion have very similar optical electronegativities,
which do not correlate with their oxidation potentials.

A change of ligand or co-ordination number produces only small
changes in the 4f—4f transitions of the trivalent lanthanides. By look-
ing far enough into the ultra-violet, and selecting the raetals which
have accessible divalent states, we can sometimes find other transi-
tions which are broader, of higher extinction coefficient, and much
more dependent on ligand. Jg{rgensen]‘ has shown that these transitions
can be assigned to electron transfer from an orbital located mainly on
the ligands to one which is essentially metal 4f in origin. These spectra
can be interpreted by the same arguments that Jdrgensen has used with
electron transfer in transition metal complexes, 2

If we are to see these bands, which have ¢ ~100, the ligand must
be transparent well into the ultra-violet or else must have a low opti-
cal electronegativity such as diethyldithiocarbamate.1’ 3 The donor group
must also be adjacent to the metal ion; the introduction of a solvent
sheath as in the well-known Ln(HZO);+ unit has the two-fold effect of -
moving the band to higher energy, normally into the vacuum ultra-violet,
and also reducing the orbital overlap so much that the band intensity

would be close to zero.
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With a given ligand the band is seen at lowest energy with europium,
then followed by ytterbium, samarium and thulium (Figure 1}, the band

energy increasing linearly with M3+—->M2+ redox potential. 4 As far as

the metal is concerned the process is reduction, except that the M2+
complex produced is in an excited state which loses energy by returning
to the ground state of the 15\/13+ complex rather than stabilisation of the
lower oxidation state.

So far the electron transfer spectra ;;ublished for the lanthanides
refer almost exclusively to complexes in solution. L3 In this paper we
shall deal with some solid complexes and compare these where possible
with the solution data. We shall confine cur remarks to the first electron

transfer band although often more than the one can be observed.

EXPERIMENTAL TECHNIQUES AND RESULTS

Powder reflection spectra were measured on a Hilger Uvispek,

which was shown to give useful data to 53 kK. The reference was alu-
mina. Solution spectra came from a Unicam S.P. 700 spectrophotom-
eter.

The compounds discussed are LnPO4. LnZ(CO3)2,

IOHZO, Ln(NO3)3' 10H,0 and series of compounds containing sulphate

or halide ions in various environments. These were all prepared and

an(oxala.te) 3

analysed by conventional techniques. In each case Ln signifies La, Eu,
Sm, and Yb. Lanthanum shows no electron transfer bands, and is used
as a check against false assignment of ligand bands to electron transfer.
The oxalates and nitrates have strong ligand transitions in the
ultra-violet and no electron transfer bands could be seen, with the pos-
sible exception of Eu(NO:,))3 . 6H20. Since oxalates are powerful re-
ducing agents, this emphasises that the ability of a polyatomic ligand
to donate an electron in the excited state of a complex is not the same
process as is measured by a solution redox potential. 3
All the other compounds gave spectra which we assign to electron
transfer. Justification of these assignments is obtained by plotting the
band energies for the range of ligands with one metal against those for

the same ligands with a second metal. If the bands ar2 due to electron
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transfer the difference in band energy between two metals with the same
ligand environments ( Ag) should be independent of the ligand. Figure

2 shows that the correlation for Sm and Eu is very good, the average
deviation from the chosen line of unit slope is a 6. 5kK, and the greatest
deviation 2. 2 kK even when solution data is included with the solids
(average AOEu-Sm EAol = 8.5 kK. ). Thus we can be certain that all

our data do refer to electron transfer bands, and we have a firm basis
for further discussion.

The data for Yb are also plotted against Eu in Figure 1. This
time the deviations are more marked, an average point is 1. 44 kK
from the line of unit slope, and the maximum deviation is 5.0 kK. The
very large deviations are for solid compounds and their effect is always

to increase AOEu-YbEAOZ from the average value of 5. 0 kK.

DISCUSSION

Correlation between metals

TR el -~ ol e gt e s oo e
e ——p— S ——r e aa

In the most naive terms the worsening of the correlation of
band energies of Yb against Eu compared with Sm against Eu can be
stated as "Sm and Eu are neighbours in the series, Yb is many ele-
ments away. ' The blame cannot be placed directly on the size differ-
ence between the ions since this is essentially independent of environ-
ment and must figure in Ag for all complexes, in solution or in the solid
phase. However, one of the consequences of the lanthanide contraction
is that the crystal structure of a compound often changes somewhere
between La and Lu. This will lead to a change in coordination and prob-
ably a fall in ccordination number in the latter part of the series. One
example of this is the series of hydrated sulphates. Lanthanum gives
LaZ(SO4)3- 9H20, but along the se'ries 8H,0 is the rule. > In the lan-
thanum compound sora« of the La3T ions are 12 coordinate but the

heavier elements have Y as the maximum coordination number.

ft
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Reducing the number of donor ligands is known to produce a blue
shift in the first electron transfer band. For example:6 the first band
in CuBri_ is at 16. 9 kK whereas in Cu(HZO)SBr+ no intense transition
is seen until 35, 4 kK.

The compounds LnCl3 . 6H20 and LnZ(SO4)3

to have the same crystal structure for Ln = Sm, Eu and Ybt, and the

8HZO are 1'eported5’

values of AUZ obtained are; 4.5 kK and 5.5 kK, very close to the average
value 5.0 kK. The compounds YbCl3 and YbOC], however, are known
to differ in structure from their Sm and Eu analogues although the inner
coordination spheres do not seem to be established for either of the ¥b
compounds. These are two cases where Ao, is much larger than the
average value, 9.0 kK for YbCl3, and 8.9 kK for YbOCl. We suggest
that the coordination numbers will prove to be smaller in the Yb com-
pounds than the established value of 9 for the Sm and Eu analogues.
Support for this argument is obtained by doping Sm, Eu and Yb
(5%) into LaOCl. ‘The bands all shift (Iable 2) but Ac, is now 3. 8 kK,
a slightly less than average value, while Aay remains constant within
0.6 kK. A similar experiment doping into LaC13 is less conclusive;
AO-Z became 4. 3 kK, but a reasonable value for Agl can only be obtained

by using the position of the second intense transition in La C1

0.955™) 95

Correlatior. between ligands

Oxyanions

Phosphate, hypophosphite, cerbonate, sulphate and .elenate are
all rather similar ligands in that an approaching metal icn finds only
the backsides of covalently bonded oxygen atoms with which to interact.
The energies of the oxygen lone-pairs which function as donor orbitals
cannot differ very greatly in these ions and this is supported by the
similar electron transfer band energies (Table 1).

The oxidation potentials of these ligands vary widely and hence
cannot be of great importance in determining the electron transfer band
position; one might predict that the anhydrous perchlorates would show

bands at about the same energies. As further support for this vre can

3
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quote a band at 40. 8 kK in Eu(NO3)3 . 6H20, and one a8t 41.5 kK in euro-
pium oxynitrite (prepared as d:scribed by Sherwood). = These are
thought to be electron transfer bands since they are not found in the La
compound. At the appropriate energies for the samarium and ytterbium
compounds the ligands are absorbing too strongly for the weak electron
transfer bands to te seen.

Table 1 shows that the three solid sulphate compounds of each
metal have their bands at very similar energies. This suggests that
the inner coordination sphere cannot change very greatly from the hy-
drate to the anhydrous salt or the sodium-lanthanide double sulphate.
Detailed x~ray structures are not available for any of these compounds
at present; but in l’...az(SO4)3 . 9H2(') sulphate appears in the inner coor-

? The solution spectrs. for LnSO4+ show bands at sim-

dination sphere.
ilar energies, supporting the belief that the solution species contain a
sulphate group in the inner coordination sphere. More evidence for
this comes from studies of the =thyl su_lphates. In 131,1(504]E)t)3 . 9H20
no electron transfer band is seen below 50 kK; the cr rstal is known to
contain only water attached directly to the metal ion. 10 Likewise, in
aqueous solution we find no electron transfer bhand except at very high
concentrations of EtSO4- (0 = 44. 8 kK) presumably under these condi~
tions the equilibrium

Eu(HZO)g+ + EtSC, e==2 Bu(H,0j_ SO 4E’s2+ +(90) H,0
displaced some way tc the right.

The small variation within the solid sulphate specira appear to

be random and no correlations can be drawn at present.

rT

Halides

The specira of ail the compounds and solutions containing halogen
are sumr.:arised in Table 2. The range of values for a given halogen
with a metal is far greater than that observed for sulphate. As men-
tioned earlier an increase in the number of donor atoms coordinated
to the metal produces a red shift in the electron transfer cpectrum.

2O to five
in EuOCl and nine in EuC13 moves the band 3. 3 kK and 12. 3 kK

The change from two coordinated chloride ions in EuCl36H
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respectively to lower energy.

A blue shift was observed when the reducible lanthanides were
doped into LaCl3, whereas a red shift occurred in doped LaOCl. We
have arguedl1 that in the oxychlorides the europium can approach one
halogen more closely than in the pure EuOCl since the field at the metal
is assymetric; produced by halide layer on one side of the metal and a
layer of oxide ions on the other. 12 Tu the trihalides the metal is com-
pletely surrounded by halide, 13 and if the lattice spacings of the halide
are preserved the europium-halogen distance must increase, giving
rise to the observed blue shift.

Comparison between chloride, bromide and iodide for both oxy-
halide and trihalide produces the surprising result that the bromide and
iodide spectra appear far closer to the chlorides than would be ex-
pected from Jgrgensen's extensive studies of transition metal hexa-
and tetra halides, where a separation of 6.0 kK is usual between chlo-
ride and bromide and 10 kK between bromide and iodide. 2 We have
suggested an explanation for the oxyh.a.lides11 in terms of the transferred
electron coming from a halide in the next layer, the distance of which
from the metal atom increases rapidly down the series Cl, Br, I 12

A similar explanation might be offered for the trihalides if the
donor orbital is located mainly on the three halogen atoms about the
waist of the Euxg" units, i.e. XII in Figure 3. The distance M- XII
will increase more rapidly than M - XI with halogen radius from packing
requirements. In EuBr3 one of the X’II bromide atoms is over 4 A from
the metal.

We hope to test this hypothesis by investigating the pelarization

of the electron transfer band in single crystal spectra in the near future.

Thanks are due to the Department of Scientific and Industrial
Research and the Society of the Sigma Xi for apparatus and the Chem-
istry Department, Queen's College, for a studentship (H. P.).
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TABLE 1

Reflection spectra of complexes with oxyanions

Energy of first electron transfer band in Kilo Kaysers

Compound

Ln PO4

an(CO:,’)3

LnZ(SO4) anhyd.

3

3 8H20

N::LZSO4 . LnZ(SO4)3 . nHZO

Ln SO 4+ (solution)

LnZ(SO 4)

Ln Se04+ (solution)

Ln HZPOZZ-i~ (solution)

Ln =Sm
52.0
52.1
50. 8
50.3
50.3

48. 4

Eu

44.0

45. 8
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TABLE 2

Electron transfer spectrain kK of lanthanide halide complexes.

Compound

Ln Cl3

L Cl

35,95 1%, 05 “13

In Br3

In I3

Ln Cl,- OH,O

3 2
Ln OCl1

La OCl1

0.95 %0, 05
LnOBr

Lay o5 Lng g5 OBr
Cl™ in EtOH rolution

Br in EtOH solution

Ln = Sm
37.2
39.2

34.5

48.1
46. 5
44.0
44.5
42.0
45.7

40. 2

Eu
28
34.7
26
25.0
40. 3

37.0

Yb
37.0
38.5

28.2

44. 5
45.9
37.7
43

36. 4
41.0

35.5

- s
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Fig. 1. Diffuse reflectance spectra of NaZSO 0.
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Sm Yb Eu

i i 1 i

50 45 40 35 30 kK

Fig. 2. Energy of first electron transfer transitions for Sm and Yb
compounds plotted against the spectra of the corresponding
Eu compounds.

Fig. 3. Arrangement of Halide Ions in nine-coordinate LnX

i Struct
(The distances M-X, and M“Xrl are shown as equal?f ructures,

I or clarity. )
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OPTICAL AND PHYSICAL PROPERTIES OF
SINGLE CRYSTAL LANTHANUM TRIFLUORIDE

*
Hugh M. Muir and William Stein

Varian Associates, Palo Alto, California

ABSTRACT

Optical and physical measurements made on high purity single crys-

tai LaF3

The excellent transmission over é very broad spectrum extending from

indicate its potential as a valuable optical window material,

~ 1300 & in the ‘vacuum u1trav1olet to ~ 13 p in the intermediate in-
frared, coupled with a h1gh degree of chemical and physical stability,

makes LaF extremely attractive for a wide range of optical applications.

3
Some of. the critical purlflcation and crystal growth conditions neces-

sary for the synthes1s of thé high purity, optical grade LaF3, as well

as the optical and physical parameters, are presented.

* Presently at Department of-Materials Science, Stanford University.
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1. INTRODUCTION

Over thé past 25 years very little in the wéy of new optical mate-
rials has been witnessed for the spectrum range extending from the vac-
uum ultraviolet (~1100 Xf ts the intermediate infrared (~10.0 p).
Optical glasses presently available have a vefy'limited usefulness out-
side of the visible spectrum, and currently only cover a range of approx-
imately 3000 X to 2.0 p. Research now in progress on some chalcogenide
glasses indicate they may be of some importance in the 12.0 - 14.0 pn
region.

For years synthetic optical fluoride crystals such as LiF, Can,
BaF2 and MgF2 of select quali;y have been the o!d line material systems
that fulfill the- preponderance of optical requirements over the 1100 L
to 10.0 u range. There are, however, some inherent optical and physical
weaknesses in all of ‘these systems, namely, their relative softness,
lack of chemical.aﬁd thermal stability, and individually limited trans-
mission ranges,bwhicb_allaw consi@erable room for improvement.

During the course of an evaluation at Varian of single crystal LaF3

as an experimental laser host, it became apparent that LaF, possessed

several ﬁnique optical and physicual properties which indiczted that it
could become an important replacement for several of the optical fluo-
ride crystal-systems'now in use. This paper is a presentation of pre-
liminaty'optiéalﬂéndiphysical data for che optical grade, single crystal

LaF, grown in a hydrogen flucride atmosphere.

2. - EXPERIMENTAL

a) L§F3 Starting'Mhtevia{

Anhydrous rare-earth fluorides first became important in the
enrly 1950's through the research efforts of Spedding and Daanal at the
A.E.C. Ames Laboratory in the preparation of the first really high puri-
ty rare-earth metals. It was determined in this research that the water

content of the fluoride was extremely critical to the control of the

B m . e v mn




s —— = 5o AT

. 8till do not meet the specifications required, for an optical -grade LaF

125

gaseous impurity content of the reduced metal. The degree of purity of
the startiny LaF; material for optical applications must be at least an
order of magnitude better than that now accepted for high purity metals
production. Commercially available "anhydrous" rare-earth fluorides

3.
Light scattering centers in LaF3, assumed to be Lazo3 and/or LaOF, cause

-excessive transmission losses, especia’lly in the vacuum ultraviolet re-

gibﬁs. Their elimination requires the use of special processing tech-

niques,

The initial stage of the fluoridation process that has been
developed for -optical grade Lan is quite similar to the one described
by -Carlson and Schmidt2 for the preparation of anhydrous rare-earth
fluorides. High. purity 99.997%. La2 35 purchased from Linsay Chemical
Company and Rasearch Chemicals Company, is used as the starting material.
Fig. 'l i1s a schematic of the fluoridation apparatus employed. Arhydrous
hydrogen fluoride, carried by argonm, i3 passed over the freshly ignited
La; 03 at a temperature of ~ 800°C for & peried of six to eight hours
to complete the following reaction:

800°C

L8203 + 6HF » 2LaF

5 3H20

The resulting product, in a fine powder form, is approximately
99.99% converted. In order to get below the 100 ppm oxygen impurity

[ Load

eval reaulred from o nsiderations; ‘4 second stage to the fluo-

ridétion process has been developed. In this stage LaF3 is brought to

‘a melt, under a hydrogen fluoride atmosphere, and a zone refining pass

is made through a thermal gradient. This phase of the process provides
& polycrystalline ingot with the total oxygen impurities reduced to ap-
proxiﬁateiy'SO‘pym, which is acceptable for the actual single crystal
growﬁh.

b) ngB,§£ngl¢.6rxstq1'Grpwth

' Commerical optical fluoride crystals preséntly available are

G S - 7o
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grown either in a high vacuum or an inert atmosphere. The most commonly
employed crystal growing technique for these systems is the Bridgman-
Stockbarger method. LaF3 has been grown at Varian employing several
techniques, namely, the Storber, Czochralski, as well as the Bridgman.
To date the best results, both from an optical and physical viewpoint,
have been obtained employing the Bridgman technique. To insure excel-
lent optical and physical properties in the lanthanide fluorides, it has
been found necessary to provide an "active ambient atmosphere," in par-
ticular a hydrogen-fluoride atmosphere, during the entire growth and

annealing cycles.

The list of references pertaining to the growth of fluoride
crystals employing active atmospheres is of recent vintage, and is quite
meager. In 1961 Catalano and Stratton3 of the Lawrence Radiation Lab-
oratory described a Storber growth technique of CoF2 and MnF2 in a stat-
ic hydrogen fluoride atmosphere. In 1962 and 1964 Muir and Stein4’5
detailed the growth of LaF3 and other rare-earth fluorides employing a
dynamic hydrogen fiuoride atmosphere with Bridgman, St8rber, and Czoch-
ralski growth techniques. Guggenheim of the Bell Telephone Laboratories
published a paper in 19636 in which a Bridgman technique was employed
utilizing a static hydrogen fluoride atmosphere for the growth of Ca,
Ba, Li and La fluoride crystals. The most recent publication is one by
Robinson of the Hughes Research Laboratories describing a Bridgman-
Stockbarger method for the growth of LaFB:Nd3+ laser crystals in a dy-

namic HF atmosphere.7

Fig. 2 is a schematic presentation of the crystal growing
furnace employed in our Bridgman growth studies. The furnace is of a
stainless steel, double-walled, water cooled design, The furnace end
plates, also water cooled, are designed as electrical contacts for the
graphite resistance electrode as well as hydrogen fluoride gas inlet
and outlet ports. A radial sight tube sealed with a LaF3 window, which
is impervious to the reactive hydrogen fluoride atmosphere, is provided

for visual and pyrometric observations. The upper radial tube contains
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a graphite-tungsten thermocouple for temperature control. Power .. sup-
plied by an 18 KVA saturable controlled reactor controlled by a . % N

Speedomax proportionating system,

The growth process consists of lowering 2 comnical bottomed
crucible filled with zone refined LaF3 through a sharp thermal gradient
in the closely controlled hydrogen fluoride atmecsphere. Dzop rates are
selected depending upon the cross section of the crystal being grown.
After the growth cycle is completed, a programmed annealing cycle is
utilized to remove strains. The crystal is then ready for cutting,

coring and optical polishing.

3. OPTICAL PROPERTIES

Lanthanum trifluoride possesses several unique optical and physical
properties that could make it a promising new optical material. Table I
11

oy

ts some of the preliminary optical data obtained for single crystal

LaF,. The optical transmission range of LaF3 from 1300 & - 13 y indi-

cates that it will cover the spectrum now requiring five materials for

coverage, namely, LiF, CaF,, BaF Mng and PbF2. Its low index of re-

2° 2°
. 8 . e s . .
fractior  and reflection losses” pernit its use without costly anti-
reflection coatings being required. The optical quality of LaF3 has
b.ren determined to be equivalent to that of a fine optical glass.

Fig. 3 is a Twyman-Green interferogram of LaF3 taken through a crystal

4 cm long. . distortion of the background fringe pattern was found
o be s¢ !l : crystal had to be rotated to polarize the pattern
in order tha Y be distingaished from the background. Light

scattering cencers .. Lan have been essentially eliminated when the
oxygen content of . vgials is held to 10 - 50 ppm through the care-

ful control of the hydro_en fluoride atmosphere.

~anthanum fluoride belongs to the hexagonal system and therefore
has &n optic axis. The associated birefringence can be used in the de-

sign of polarizers and quarter wave plates for the vacuum ultraviolet.
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4. PHYSTICAL PROPERTIES

Lanthanum trifluoride's physical properties are quite remarkable
compared with any of the other halide crystal systems now employed.
Table II lists some of the physical properties determined for LaF

3
crystals grown in a hydrogen fluoride atmosphere.

LaF3 has been found to be a very durable single crystal system.
Its hexagonal structure is much less prone to cleavage than are the
cubic systems; consequently edge chipping is much less of a problem.
Dislocation counts of approximately 5 x 103/cm2 are considerably below
those reported for other single crystal halides, which are normally in
the 105 - 106/cm2 range. The Knoop hardness of 450 allows excellent
optical finishes to be obtained, with only moderate handling care re-
quired to maintain this surface quality. LaF3 has also been found to
be chemically inert, as is evidenced by the data showing low solubility
in various acids and bases. Thermal shock resistance has also been
determined to be excellent. Optical viewports used on our furnaces,

in continuous operation for the past two years under reactive atmos-
pheric conditions, have seen many hundreds of thermal cycles from ap-
proximately 150°C to 20°C. No optical degradation has been observed
during this period. Crystals with thicknesses ranging from 7 to 13 mm
have been rapidly cycled from 20°C to -77°C and back to 20°C many times
without fracturing. The excellent compression and rupture strength,
along with a fair degree of elasticity and combined with the chemical
inertness, should allow very durable windows, lenses, cells, prisms,

etc. to be fabricated that will possess long useful lives,

Also of considerable interest is the coefficient of expansion for
LaF3. Fig. 4 details the expansion vs. temperature up to 1100°C, This
curve is similar to that of copper, the 300 series of stainless steel,
and monel. This characteristic could allow the development of high
vacuum, high temperature crystal-to-metal seals, eliminating the some-
what undesirable epoxy, wax and AgCl type seals now required for the

other fluoride systems,
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5. CONCLUSIONS

Considerable improvements in the optical and physical properties

of single crystal Las, have been realized through the use of a dynamic

hydrogen fluoride atmgsphere during the entire growth and annealing

cycles., Further increase in the purity of the starting material and
the crystal growth parameters could conceivably extend its useful op-
tical transmission range, especially into the vacuum ultraviolet, and

make LaF3 an optical material of considerable merit.

 k k k k k%
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TABLE |

GENERAL OPTICAL PROPERTIES OF LaF3

Transmittance Cutoff { 0.43mm Thick Polished) ~ .13-DBua2d%T

Optical Activity ~ 90° Rotation
Reflection Loss ~n 5%
Light Scattering << 1.0%

Refractive Index:

Wavelength (microns) index At 20°C
0.4 : 1.60
0.8 1.580
1.2 1.567
2.0 1.555
2.2 1.552
100 [
|/ \
IS
g
—_
R
0 ' 4
.1 2 9 15
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TABLE il
GENERAL PHYSICAL PROPERTIES OF l.aF3

Meiting Point (°C}

Density (gmlcm3)

Structure

Lattice Constants (ao)

Lattice Constants (C 0)
Dislocation Density (counts/cm 2)
Radiation Resistance (Rads}
Dielectric Constant (IMC)
Hardness (Knoop)

Expansion Coefficient a0

)
Rupure Modulus (psi)
Elasticity Modulus (psi)
Compressive Strength (psi)
Thermal Conductivity (Cat/tseckcm®H°Clem))
Solubility (100°G/100 hours):
H,0
V2 N NaOH
V2 N HC1
V2N S0,

uzN HN03

B . e 5 RS i, PN e

1493
5. 966

Hexagonal (Pﬁ,lmcm)

7.184 A
7.351 A
35 100
5% 10
14
~ 450
15

8000
12x10°
100, 000
0.025

- «uﬂw
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TWYMAN-GREEN INTERFEROGRAM OF VARIAN-MADE
LaF5. 10% Pr3* ROD 1'' x 1/4" D

(Photograph courtesy of Dr. R. H. Kingston, Lincoln Laboratory. )

FIGURE 3
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LOCALIZED H™ MODES IN RARE EARTH TRIFLUORIDES IN VIBRONIC SPECTRA

G.D. Jones and R.A, Satten

University of California, Los Angeles

Crystals of LaF PrF3 and NdF3 doped with hydrogen and deuterium

3
have been studied spectroscopically. Two strong polarized fundamentals
and their combinations have been observed in the infra-red for both H~
and D~ . The fundamentals appear also polarized in the vibronic spec-
trum of pure NdF3 coupled to several electronic transitions, Extra
electronic lines appearing only in the doped crystals occur on the long
wavelength side of the usual rare earth electronic transitions. From
frequency differences, these extra levels are the parent states for the
local mode vibronic transitions, The displacement of the extra elec-
tronic lines from the usual electronic transitions is mainly due to a
changed crystalline field and covalency arising from the replacement

of H for F , and is greater for higher ievels. In addition the ex-
tra electronic levels have slightly different frequencies for hydroge-
nated and deuterated crystals, This isotope shift depends in both mag-
nitude and sign on the particular electronic level and ranges from 0.4
et for 4F3/2 to -2.9 cmt for 4F7/2 . This effect is accounted
for by a large difference in zero point amplitude for H™ and D~

localized modes which, through the electron-vibration interaction, per-

turbs each electronic level to a different extent.
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SPECTRAL CH/RALCTERISTICS OF NDJ*+ AND ErS+
TRIETHYLENETETR/MINEHEX/:CETIC ACID COMPLEXES

E. A. Boudreaux and A. K. Mukherji

Department of Chemistry, Louisiana‘State'University in
New Orleans, New Orleans, Louisiana 70122

ABSTRACT

A new series of stable rare earth chelates with tri-
ethylenetetramine-hexaacetic acid (TTHA) have been prepared

in aqueous solution. Those of Nd3+ and Er3+ show particu-

larly striking intensification of the uGS/E anduGll/2 ab-
sorption bands respectively.

In all cases the.rare earth lon--TTHA stolchiometry is
1:1, and on making reasonable assumptions about the complex
having the common nine-fold coordination of D3h symmetry,

the rationalization of these observations in terms of a weak
covalent bonding Interaction does not seem reasonable. How-
ever, the mechanism of pseudo- quadrupole interaction at the
rare earth ion may perhaps offer a plausible explanation.

INTRODUCTION

The spectra of rare ‘earth ions are characterized by
sharp, well—deﬁined, line-1l1ike absorption bands occurring
through the near infrared, visilble and ultraviolet regions,
depending upon the particular ion involved. The many bands
found in these regions are generally of low intensity (Gmex

£7.0) and there 1s an abundance of evidence supporting the
fact that they are associated with f-f transitions of a

particular’fnudodfiguretion.

‘These features in the absorption spectra of rare earth
ions are consistent with the properties of 4f orbitals pene-
trating the atom.core to a considerable extent and are well
shielded from environmental perturbations by the outer
filled 5s and Sp orbitals. Thus, even in what may be con-
sidered the strongest complexes, the above spectral features -
are not significantly altered, except for small llgand fileld :

splittings of the order of 100 cm—l. There are, however,
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some cases in which certain absorption bands are intensified
by as much as two to five times the molar extinction coeffi-
cient of the aqueous ion. Furthermore, less dramatic ef-
fects are sometimes observed in which one or more bands are
broadened and the band contour modified. These latter ef-
fects have been lnvoked as evidence for the involvement of
Lf electrons in some degree of covalent bonding(l), and in
accord with these views the small splittings have been rein-
terpreted recently on more quantitative grounds(2).

In most cases where enhancement of absorption intensity
is observed, the involved ground state —> excited state
transition rigorously obeys the selection rule AJ + 2. 1In
view of these observations, it has been suggested(3) that
the enhancements may be due to pseudo-electric quadrupole
radiation field across the rare earth ion, for which the se-

lection rule is AJ”<:2. For Nd3+ and Er3+ this is identifi-

L L L
Zble with the transitions 197@;——9~ G5/2 and 115/2-———-ﬁ>
G11/2 regspectively.

According to this theory, the oscillator strength, P,
for a given transition W/fJ —_ y'J: is glven by

D

- A
P T e < 1f’JlE‘( ), Yge>2

where A is the frequency of the transition, U(x) is a unit
tensor operator of rather complex form, and T\ parameters

gauging the magnitude of the effect which are apparently as-
soclated in some way with the time dependence of the transi-

tion. Furthermore, T2 of the various TA is particularly

sensitive to fhe environment and is henceforth employed as a
measure of the relative magnitudes of the various factors
possibly contributing to an increase in the oscillator

Strength of a particular transition. The importance of T

i<s further varified in the fact that g(e)
N 2.

—0 unless IJ~J?|

The four principle phenomenological effects contribu-
ting to T2 are:

1. forced electric dipole radiation as a result of the
motion of the lon in the solvent producing a charge
at some distance R from the ionic nucleus, giving
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]
rise to Te(*);

2. mixing of vibrational modes into the electronic wave
functions producing electric fields at the lonic nu-

cleus, for which the contribution is T2(2);

5. contribution to T2(3) vlia pure electric quadrupole
radiation in a homogeneous dielectric environment;

4, electric quadrupole fields at the ion in an inhomo;
)
geneous dielectric environment, contributing to Térz

Each of these effects has already been considered in some
detail(3) with respect to the oscillator strength of the
MI G transition of Nd3+, which has been evaluated
9/2 5/2

as 1.05 x 1072 in aqueous solutions(4). If it is assumed

that P 1s increased by a factor of four, then T, = 8.8 x

sec. Reasonable estimates to the upper limit of each
of the effects (1.-4.) leads to the following results. For

10-20

Tg(l) to have the value 8 x 10°°° sec. requires unrealistic
assumptions regarding the solvent interaction. Similarly,
T2(2 A5107°2 sec. and is thus not considered a principal

factor. Lastly, values of T2(3) fall short by a factor of
lO5 whether or not weak covalent bonding effects are con-

sidered, while estimates of Te(u) appear to be the correct
order of magnitude based even on the simplest model.

EXPERIMENTAL
Agueous NdCl3 and ErCl3 solutions were prepared from

99.9 per cent pure salts (Michigan Chemical Corp.). These
vere standardized by EDTA titrations using Xylenol Orange
indicator.

A 0.2 M TTHA (Geigy Chemical Corp.) was prepared by
dissolving 9.89 gm of the pure solute in 40 ml. of distiiled
water, to which was added (constant stirring) 30 ml. of 1.5
M NaOH. The solution was then heated to approximately 80°C
for 20 minutes so as to insure complete dissolution, and
then made up to 100 ml. tectal volume after cooling to ambi-
ent temperature.

.

it
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Appropriate volumes of the rare earth chloride and TTHA
solutions were thoroughly mixed and then set aside a iew
minutes for complete equilibretion. The spectra of these
solutions were then scanned against distilled water on a
Beckman DK-1 spectrophotometer.

RESULTS £&ND DISCUSSION

Aqueous solution spectra of Nd3+ and Er3+, and spectra
with 1:0.5 and 1l:1 rare earth ion to TTHA ratios are pre-
sented in Figures 1 and 2.

Although in the Nd3+ spectra (Fig. 1) several bands ap-
pear to be modified at a maximum Nd3+ to TTHA ratioc of 1:1,

the 3G5/2 bandushows significant enhancement in intensity.
the G5/2 and G7/2 bands are, however, separated only by a
few wave numbers(5) and hence appear as a single band at

573 mu. However, Er3+ with its Mfll configurations is three
electrons short of a full f‘l4 configuration, thus its spec-
tral tfterms are the same as those of Nd3+ except for an in-

version in the order of multiplets. Hence, the 4115/2___9

4G11/2 transition occurs at 372 mu, and is furthermore not

complicated by an overlapping band of different multiplicity
as in the case of Nd3+. It is this band which shows the
most pronounced enhancement in the 1:1 Er3+—TTHA complex
(see Fig. 2).

The TTHA molecule has the structural formula

(HOQCCHE)QN(CHQ)21\11—(CH2)2—1;1--(CH2)2—N-(CH2—COOH)2
CH2 ?He .
COCH COOH

and thus as a decadentate ligand has a maximum potential co-
ordination number of ten with respect to a rare earth ion.
Simple structural models show that thls ligand would not
have to be subjected to much strain in order to achieve an
opcimum configuration for maximum coordination. However,
there 1s the alternative possibility that the coordination
may involve only the terminal carboxyl groups, their respec-
tive nitrogen atoms and three additional water molecules, to
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give a M(TTHA)(HEO)B- complex analogous to the known
La(EDTA)(Heo)B' complex{6). Since the water molecule is such

a strong coordinating ligand for rare earths, this latter
assumption is adopted in further discussion.

Although it has already been pointed out that electric
quadrupole effects may be of prime importance, it is none ‘he
less of interest to attempt at least a qualitative explana-
tion of the observed effects in terms of the weak covalent
interaction mechanism suggested by Jgrgensen, et.al. 32). On
the assumption that both NA(TTHA)(H 0)3- and Er(TTHA) (H o)3

are symmetrical complexes having point group symmetry 3h

the transformation properties of the seven f symmetry orbi-
tals of the rare earth ion and the ¢ group orbitals of the
ligands may be derived as shown in Table I. The bonding is
then considered to arise through antibonding combination of
the form where ¥hf is the appropriate atomic f orbital and!#o

¥mo = a¥ye - D y%

the o-group orbitals of the ligands. The interaction is
strongest when b >a thus spreading electron density onto the
liganés. The relative ordering of the resulting ¥mo's is an
indication of which f orbitals attain added stabilization.

It is conceivable that mixing of the lowest lying¥mo
with a non-bonding f orbital could further remove the forbid-
den character inherent in pure f-f transitlioas, and thus en-
hance the intensity of the involved absorption band. A qual-
itative representation of this effect is presented in Figure
3. The diagram is constructed empirically relative to the
data derivea for the neodymium and erbium ethyl sulfates(2).
The 64(e'), m(e') and ¢(a ') are assigned as singularly occu-
pled f orbitals having orbital gquantum numbers appropriate to
4 transitions. For Nd(TTHA)(Hzo)B‘ this scheme places the

o(ay' ') antibonding orbital some 50 em™! above the ¢4 (a ')
non—bonding orbital, while this separation is at least 100

nt in Er(TTHA)(H20)3 . Thus the enhancement of UheuGs/2
band in Nd3+ should be greater than that of the uGll/e

Er3+. However, this is apparently not the case since the
ratio of the molar extinction coefficient of NA(TTHA ) (H o)3

to that of the aqueous Nd-" ion is about 2.4, while this ratio
for Er(TTHA)(H20)3 to the aqueous Er-t ion 1s 4.0.
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Consequently this simple interpretation does not seem to
provide an adequate explanation of the observed effects.

A logical explanation may indeed lie in the mechanism
of pseudoquadrupole radiatilon in the environment of an inho-
mogeneous dlelectric as pointed out earlier, but the data
necessary to test this hypothesis 1s unattainsble for the
cases 1in point. Nevertheless, if this mechanism 1is indeed
reasonable, then it is anticipated that the intensity of the
transition should increase regularly with increasing polari-
zabllity of the environment, particularly in those cases
where the interaction of the environment with the rare earth
ion is chemically similar.

The absorption spectra of Nd3+ and Er3+ acetylaceto-
nates in various solvents having widely different dielectric
properties have been reported by Moeller and Ulrich(?). Al-
though these data may be subject to some criticism owing to
the lack of knowledge of the exact extent of hydration of
the solutes, the reported analytical data nevertheless seem
consistent with the formulations Nd(CBH702)3 and Er(C5H702%§

Furthermore, the fact that these particular complexes may
have been hydrated seems rather unlikely in view of the sol-
vents in which they were dissolved. The pertinent data are
reproduced in Table II, and the solvents have been grouped
according to thelr chemical similarity. The effective molar
polarizabilities, (ocm)eff were calculated from the Clausius-

Mosotti equation employing dielectric constants available
from the literature. In addition to the molar polarizabili-
ties of the solvents themselves, the differences in polari-
zabllitles between the various solvents and acetylacetone,
A(OCm)eff, are also reported. These data show no apparent

correlation between trends in molar extinction coefficients,
€ .+ and either solvent polarizability or A(ocm)eff. In

fact in some instances the anticipated trends are even re-
versed.

Although these findings are by no means sufficient to
say conclusively that the mechanism of pseudoquadrupole in-
teractlion is not primarily responsible for the effects ob-

served in the spectra of the Nd3+ and Er9+ TTHA complexes,
they do give cause for some skepticism in accepting this as
the ultimate explanation. In the light of these results, it
seems more reasonable to conclude that a combination of fac-
tors; i.e. covalent interaction, pseudoquadrupole, vibra-
tional and induced dipole effects, each properly weighted in
its own right, collectively contribute to the net effect.
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A-0.1 M NdCl,
B-0.1 M NdCI, + 0.05M TTHA
C~-0.1 M NdCl, + O.1M TTHA
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EMPIRICAL ONE ELECTRON ENERGIES OF Nd(TTHA)(H20)3‘, (&)
AND Er(TTHA)(Hgo)B', (B) RELLTIVE TO THEIR ETHYLSULFATES*
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CHANGES IN MOLAR EXTINCTION COEFFICIENTS FOR Na-t
AND Er-t ACETYLACETONATES

Nd(c5 % 2)3 TABLE II
Solvent M) e (ecm)®ers Aocm)Pefr
MeOH 585 21.6 14.7 21.6
EtOH 584 25.4 20.5 15.8
n-ButOH 584 20.4 30.5 5.8
CCLy 586 21.1 11.1 25.2
CH013 585 23,4 17.8 18.5
Benzene 586 25.2 10.5 25.8
Toluene 586 22.9 13.3 23.0
(05H702)3
Solvent Mmp) e (ocm)eff A(eCm)Pers
MeOH 379 36.0 14.7 21.6
EtOH 378 25.1 20.5 15.8
n~ButOH 378 29.8 30.5 5.8
CC1, 378 35.2 11.1 25.2
CH013 378 38.6 17.8 18.5
Benzene 378 29.6 10.5 25.8
Toluene 378 29.3 13.3 23,0

a) The effective molar polarizability calculated from the
molecular Clausius-Mosotti equation.

b) The difference in the effective molar polarizability be-
tween the solvent and acetylacetone (—xm = 36.3).
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Arun i, Dey, Surendra I, Sinhat, Satendra ¥. Sangal
and Kailash N. Funshi
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ABSTRACT

The use of Alizarin Red S, Chromotrope 23, 4-{2-
pyridylazo) resorcinol, 2-(p-sulphophenylazo)-1l:8-dihydroxy-
naphthalene-3:6-disulphonate, Thoron, Chrome Azurol S,
Aluminon and Xylenol Orange, as chromogenic reagents for the
lanthanoids has been described. They are sensitive, but not
selective for the rare earths. Xylenol Orange and 2-(p-
sulphophenylazo)-1:8 dihydroxynaphthalene 3:6-disulphonate
are particularly suitable, the former being highly sensitive
and the latter being more tolerant towards other cations.

INTRODUCTION

The methods for the detection and determination of
metal ions with colourless reagents have recently been found
to be inadequate for analytical purposes in view of the
increasing demand for sensitivity. Hence, there is growing
tendency to employ organic coloured reagents; especially
dyes, which are usually more sensitive, For the rare earth
elements, the following chromogenic reagents have been des-
cribed in recent years : Alizarin Red S (23), Tiron (24),

Arsenazo I (12), Arsenazo III (25), Pyrocatechol Violet (31)

-* Supported by grants from the Council of Scientific and

Industrial Research, MNew Delhi.

+ Present address : Erie County Laboratory, 462 Grider
Street, Buffalo-15, Ii.¥, (U.S.A.)
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l-(2-pyridylazo) 2-naphthol (28), Thymolphthalexan (20),
Bromopyrogallol Red (9) and llaemetoxylin (27).

The present paper describes thne use of some organic
chromogenic reagents, studied in these laboratories, which
form coloured chelates with the lanthanoids, and are there-
fore useful in colorimetric analysis.

EXPERIMENTAL
Instruments : All measurements were made with a Unicam SP
500 spectrophotometer using 1 cm glass cells. A Leeds and
Northrup direct reading pH indicator with a glass-calomel
electrode system was used for pH measurements,
Metal Solutions : Standard solutions of the rare earths
(Johnson Matthey and Co.) were prepared by dissolving either

their oxides or chlorides in dilute hydrochloric acid, and
then diluting to the required extent.

Reagent Solutions : The standard solutions of the reagents
were made by dlscolving knovwn weights of pure samples in
wvater. Xylenol Orange was dissolved in 107 aqueous ethanol
All the reagents were obtained from British Drug Houses,
except PAR which was of E.Merck make.

Table 1. Chromogenic Reagents for the Rare Earths

Abbreviated
Chemical name Trivial name name
1. 3".Sulpho-2":6-dichloro-3:31-
dimethyl-4-hydroxyfuchsone-
5:5'-dicarboxylic acid
(sodium salt) Chrome Azurol S CAS
2. 3:3'-bis H:N-di(carhorymethyl)
aminomethyl-~o-cresolsulphon-
phthalein Xylenol Orange DCAC
3. Ammonium aurintricarboxylate Aluninon AAC

4, 4-(2-Pyridylazo)-resorcinol cee PAR
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5. 2-(pn-Sulzhophenylazo)-1l:8~
dihydrozynashtihalene-3:6-~
disulvnhonic acid (sodium salt) oo SPADIIS

6. p-liitrobenzene azochromotropic
acid (sodiunm salt) Chromotrope 2B CIB

7. l-(o-arsonophenylazo)-2-
naphthol~3:6-disulnhonic
acid (sodiun salt) Thoron APANS

8. l:2-dihydroxyanthraquinone
3-sulphonic acid (sodium
salt) Alizarin Red S ARS

Conditions of Study : All experiments were performed in an
air conditiouned roum at 25°+10C, The total volume of all
the mixtures were kept 25 ml and pH was adjusted at a cons-
tant level by the addition of suitable amounts of hydrochlo-
ric acid or sodiwmn hydroxide. In the case of ..AC, mannitol
was added to prevent the separation of the lakes. In view
of the high value of the absorbance of some of the reagents
at the vavelengths of maximum absorbance of the correspond-
ing chelates, the observations were recorded at wavelengths
vhere the differences between the absorbances of the
chelates and of the reagent alone, were appreciable.

Rate of Colour Formation and Stability of Colour at Room
Temperature : In some cases colour formation was instantane-
ous, while in others 10 to 30 minutes were required to deve-
lop the full intensity. Therefore, the absorbance measure-
ments were performed after equilibration for a veriod of one
hour in each case. Once the mixture attains the maximum
colour intensity, the absorbance does not change even after
standing for 24 hours.

Order of Addition of the Reagent : The effect of the order
of addition of the reactants has hardly any eiffect on the
sensitivity of the reaction or on the absorbance values.

Influence of Temperature : Temperature has no effect on
the colour intensity from 5°-90°C. but if the mixtures are
boilled for a long time the lakes %end to precipitate.

Effect of Reagent Concentration : Mixbtures were prepared
with constant metal ion and varying reagent concentrations.
The absorbasnces were noted at definite wavelengtins. At
least 4-6 tines excess of the reagent is necessary to
develop the maxirmm colour intensity.
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Absorption Maxima of the Chelates : Several nixtures
containing metal ion : ligand in the ratio of (a) 0:1, (b)
1:0.5, (¢) 1:1, (d) 1:2, (e) 1:3 and (f) 1l:4, were prepared
at fixed pH and absorbances were measured between 350 and
650 mp. The wavelength of maximum absorbance in (a) indi-
cated the Pgsx of the reagent, while the Mpax of the chelate
was found from the spectral curves of the other mixtures.

Influence of pH : The ligands used in this work, being
dyes, change in colour with the variation of pH. The metal
chelates also show changes in colour as the hydrogen ion
concentration is varied. A number of mixtures containing
known excess of ligands were prepared and pH adjusted to
different values. The pH range within which the absorbance
(at the A,y of the chelate or at the wavelengths of obser-
vation) remains constant is the effective pH range for the
photometric determinations.

Beer's Law : Mixtures were prepared by keeping the reagent
in excess and adding varying amounts of the metal ions,
keeping the total volume constant. The range of concentra-
tion for adherence to Beer's law in p.p.m. for each system
was determined. From the Beer-law plots, the range of
effective photometric determination in p.p.m. was evaluated
for each systen.

Sensitivity : The sensitivity of the colour reactions has
been expressed in ug of element per sq. cm. for absorbance
of 0.001, as defined by Sandell. Different mixtures con-
taining excess of the reagent and metal ion in varying con-
centrations, were prepared and absorbances were noted
against reagent blank. The sensitivity index was then
calculated.

RESULTS AND DISCUSSION
The resulls obtained from a study of the various
reagents and their chromogenic reactions with the rare
earths, are briefly described in the following account.

Alizarin Red S

Several vorkers have studied the chromogenic reac-
tions of ARS with the lanthanoids (5,8,11,23,30). In con-
tinotion with our studies (19) of the ARS chelates of
scandium (III) and yttrium (III), we have now obtained the
analytical data of the rare earths with ARS, The results
are surmarized in table 2.
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Table 2. Photonmetric Determainations with ARS

Composition of the chelates - iletal:deagent = 1:2; pll of
stucy 4.0; Wavelength of study 530 nmpn; A,nx of ARS = 420 my1s
liolar excess of the reagent = 4-fold. '

Rare Wavelength Range for effec- . Sensitivity
earth  maximum tive determina- Optimum pH Index
(III) (mp) tion (p.p.m.) range ng/cme
Sc 500 0.3 - 12.0 3,5 - 4.3 0.020
Y 510 0.6 - 25.0 4.0 ~ 4.5 0.08¢
La 520 1.0 - &.0 3,7 - 4.5 0,087
Ce 820 1.0 - 8.0 3.7 - 4.5 0.093
Pr 525 1.0 - 8.0 3.7 - 4.3 0,090
I\Id 520 100 - 8.0 307 had 4—03 00072
Sm 520 1.0 - 8.0 3,7 ~ 4,3 0,100
Eu 530 1.0 - 8.0 3.7 - 4.3 0.100
Gd 620 1.0 - 8.0 3.7 - 4,3 0.078
b 520 1.0 - 9.0 3.7 -~ 4.5 0.070
Dy 530 1.0 - 9.0 4,0 - 4,5 0.080
Ho 530 0.8 - 17.0 4,0 - 4,5 0,082
Er 530 0.8 - 15.0 3,7 - 4.3 0.083
Tm 520 0.8 - 10.0 3.7 - 4,3 0.08%
Yb 520 0.8 -~ 10.0 3.7 - 4,3 0.086
L'Ll 520 009 - 12.0 4.0 Ld 4.5 00086

Chromotzope 2B

The excellent chromogenic and chelating properties
of CIB and our earlier studies of their metal chelates (18),
prompted the present study and we have, for the first time,
observed the formation of coloured chelates of the lantha-
noids with CTB. A summary of the work is given in table 3.

Table 3. Photometric Determingtions with CIB

Composition of the chelates - Metal:Reagent = 1l:1; pH of
study 6.0; Wavelength of study 580 mu; Agax of CTIB = 515 mp;
Molar excess of the reagent = 4-fold.

Rare Wavelength Range for effec- Sensitivity
earth maximum tive determina-  Optimum pH Index9
(III) (mn) tion (p.p.m.) range - pg/em®

Sc 530 0.3 - 3.0 5,5 « 6.5 0.022

Y 530 0.5 -~ 5.0 5.5 - 6.5 0.044
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La 540 0.5 - 9.0 5.6 - 6,5 0.139
Ce 540 0.6 - 10.0 5.7 - 6.5 0.093
Pr 535 0.6 - 10.0 5.7 - 6.5 0.070
Nd 540 0.7 - 8.0 5.5 - 6,5 0.070
Sm 530 2.0 - 8,0 5.5 - 6,3 0.070
Bu 530 0.7 - 16.0 5.6 - 6,5 0.080
Gd 530 0.7 - 6.0 5.7 - 6.7 0.100
Ib 540 0.5 - 8.0 5,7 = 6.5 0.100
Dy 630 0.7 = 9.0 5.7 - 6.5 0.080
I'IO 545 008 -x 900 5.8 - 60'5 00082
BEr 540 0.8 - 10.0 5.8 - 6,3 0,083
Tm 540 0.8 - 10,0 5.7 - 6.5 0.084
Yb 540 0.8 - 12,0 5,7 - 6.5 0.086
Iu 540 0.8 - 15.0 5.7 - 6.5 0.088

. 4-(2=-Pyridylazo) Resorcinol

PAR has recently been suggested as a chromogenic
reagent for the determination of metal ions (3,10). This
reagent belongs to the same family as 1~(2-pyr1dy1azo) naph-
thol (PAN) but has the added advantage of being soluble in
water. We have earlier reported (16) the analytical data
for the spectrophotometric determination of the rare earths
vith PAR, which are summarised in table 4.

Table 4. Photometric Determinations with PAR

Com0031tlon of the chelates - Metal:Reagent = 1:2; pH of
study 6.2; Apax of PAR = 410; Molar excess of the reagent =
4-fold.

Rare Wavelength Range for effec- Sensitivity
earth maximum tive determina- Optimum pH Index2
(III) (mm) tion (p.p.m.) Tange ng/cm
Y 515 0.5.- 4.0 5.5 - 7.0 0,020
La 515 0.4 - 6.0 5.8 -~ 7.0 0,043
Ce 515 0.4 - 7.0 6.0 - 7.0 0.053
Pr 515 0.4 -~ 7.0 6.0 - 7.0 0.056
Nd 515 0.5 - 6.0 6.0 - 7.0 0.028
Sn 515 0.5 - 6.0 5.0 - 7.0 0.025
Eu 515 0.5 - 6.0 6.0 - 7,0 0.034
Gd 515 0.5 - 6.0 6.0 - 7.0 0.036
Tb 5].5 004 - 7.0 6.0 fand 7.0 00039
Dy 515 0.4 - 7.0 6.0 - 7.0 0.032
Ho 515 0.4 - 7.0 6.0 - 7.0 0.041
Eb? 515 005 L 600 6-0 w— 700 00025
Tm 515 0.5 - 6.0 6.0 - 7.0 0.033

Contd...
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Yb 515 O. 0
0 6.0

5 - 6.0 6.8 0.043

2-(p-Sulphophenylazo)-1l:8-dihydroxynaphthalene 3:6-
disulphonate

The use of SPADHS in the determination of thorium and
zirconium has been described (1,2). The formation of colo-
ured chelates with the rare earths have been reported for
the first time from these laboratories (17). Similar to the
other known reagents for the rare earths, this reagent is
not selective but is quite sensitive under the conditions
described., The results are given in table S.

Table 5. Photometric Determinations with SPADNS

Composition of the chelates -~ lietal: Reagent = 1:l; pH of
study 6,0; Wavelength of study 580 m; 7* SBADKS =
515 mp; Holar excess of the Teagent = 6-?01d

Rare Wavelength BRange for effec- Sensitivity
earth maximum tive determina- Optimum pH Index
(II1) (mp) tion (p.p.m.) range pg/cn?
Y 555 0.3 - 2.5 5.7 - 6,5 0.018
La 545 0.5 -~ 3.8 5.7 - 8.5 0.033
Ce 545 0.5 Lad 3,8 5.7 had 6.5 00035
Pr 550 0.4 - 4.0 5.8 - 7.0 0.035
Nd 550 0.3 - 4.0 5.8 - 6.3 0.020
am 565 0.3 -~ 4.0 5.8 - 6.3 0,017
Bu 560 0.3 - 4.0 5.7 - 6.3 0.022
Gd 5690 0.3 - 4.0 5.7 - 6,3 0.024
' Tb 560 O.4 bl 400 5.8 - 700 00026
Dy 560 0.3 - 4.0 5.8 - 6,5 0.023
Ho 565 0.4 - 4.0 5.8 - 6.5 0.027
Er 565 0.3 - 4.0 5.8 - 6.5 0.016
Tm 560 0.4 - 4.0 5.8 - 6.3 0.024
Yb 565 0.4 ~ 4.0 5,7 - 7.0 0,034
Lu 565 0.4 - 4.0 5.7 - 7.0 0.036

Thoron

Some observations are available on the chroiogenic
reactions of rare earths with thoron (13,14), A detailed
study of the lanthanoid chelates of thoron has now oeen
done and table 6 describes the results.
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Table 6. Photometric Determinations with APAIIE

Composition of the chelates - Metal:leagent = 1:2; pH of
study 4.0; Wavelength of study 545 u; Apay of APKNS =
430 mp; Mol.ar excess of the reagent = 4.ifold

Rare Wavelength Range for effec- - Sensitivity
earth  maximum tive determina- Optimum pH Index
(III) (mp) tion (p.p.m.) Tange ug/cm2
SC 500 003 - 2.0 3.7 - 4.5 03022
Y 500 004 - 1000 3.7 - 405 0004'-2
La 515 0.6 - 12.0 4.0 - 4.5 0.046
Ce 500 0.6 - 2.0 3.7 = 4.5 0.070
Ha 500 0.6 - 9.0 3.7 - 5.0 0.Cz0
Sm 500 0.8 - 9.0 3.5 - 4,5 0.075
Eu 500 0.8 - 10.0 3.7 - 4.5 0.076
Gd 500 1.0 - 9.0 3.7 - 4,5 0.106G
Tb 500 008 - 1200 3.7 Lad 4.5 OrO?l
Dy 500 1.0 - 9.0 3.7 - 5.0 0.080
Ho 500 1.0 - 8.0 3.7 - 5.0 0.082
Er 500 0.8 - 15.0 3.5 =~ 4.5 0.083
Im 500 1.0 = 9.0 3.7 - 5.0 0.084
Yb 500 1.0 - 9.0 3.7 - 5.0 0.086
In 500 1.0 - 10.0 3.7 - 5.0 0.087

Chrome Azurol S

CAS forms coloured chelates with many metals (7).
The chromogenic reactions of the lanthanoids with CAS were
noted for the first time in these laboratories and details
of the experimental findings are recorded in table 7.

with CAS

Igble 7.

Comvosition of the chelates -~ Metal:Reagent = 1:1: ph of
study 6.0 A?ax of CAS = 420 mp; Molar excess of the

reagent = 4~-fold.
Rare Vavelength Range for effec- Sensitivity
earth of study ‘tive determina- Optimum pH Index
(111) (mp) tion (p.p.m.) range ng/cm?

SC 560 100 - 800 5.5 - 6.3 00050

Y 500 100 had 7.0 5.7 - 6.5 00092
Ia 520 1.0 - 6.0 5.7 - 6.3 0.139

Ce 520 007 - 600 5.7 - 605 00093

Contd...




s bl e ot as T Rl e T —————— -~ e - e e e -

159

Pr 500 1.0 - 8.0 5.7 - 6.5 0.075
id 5 0.7 - 8.0 5,7 - 6.3 0,070
Sm 520 0.8 - 8.0 8.7 - 6.3 0.075
BEu 550 0.5 - 7.0 5.5 - 6,5 0.056
Gd 520 0.8 - 8.0 5.7 - 6.5 0.0738
b 520 0.8 - 8.0 5.5 - 6.5 0.0563
Dy 540 0.8 - 8.0 5.7 - 6.3 0.069
o 550 1.0 - 8.0 5.8 - 6.5 0.082
Er 520 1.0 - 2.0 5.8 - 6,3 0,167
Im 520 0.6 - 6.0 5.8 - 6.3 0,113
Yb 550 1.0 - 8.0 5.8 - 6.5 0,113
u 550 1.0 - 9.0 5.8 - 6.3 0.140

Aluminon

Aluminon, like CAS, gives a large number of coliour
reactions with metal ions (7). Corey and Rogers (6) repor-
ted that AAC forms coloured products with scandium., In the
present paper details of the experimental findings are
worked out for the spectrophotometric determination of the
rare earths, and the results are given in table 8.

Table 8. Photometric Determinations with AAC

Composition of the chelates -~ Metal:Reagent = 1:1;

pH of
study 6.0; of AAC = 520 mu; Molar eXcess of the
4834,

reagent =

Rare Vavelength Range for effec- Sensitivity
earth maxXimum tive determina- Optimum pH Index
(1I1) (ma) tion (p.p.m.) range ng/cms

. Y 540 0.5 - 12,0 5.5 -~ 6,5 0.029

La 540 1.0 - 9,0 5.5 - 6,5 0.069
Ce 540 0.6 - 10.0 5.5 = 6.5 0.070
Pr 540 0.6 ~ 14.0 5.5 -~ 6,5 0.056
jifel 540 0.5 - 15.0 5.5 - 6,8 0.057
Sm 540 0.4 - 18.0 5.6 = 6,5 0.070
Ell 540 004 bl 1802 5.5 - 6.5 00038
Gd 540 0.4 ~ 18.8 5.5 - 6,5 0.039
Ib 540 0.4 - 19.0 5.5 - 6,5 0.039
Dy 540 0.4 - 19.4 5.5 - 6,5 0.040
Ho 540 0.4 - 19.7 5.5 - 6,5 0,041
Er 540 0.4 -~ 20.0 5.5 - 6,5 0.042
Tn 540 0.5 - 23,3 5.5 - 6.5 0.042
Yb 540 0.5 - 2.0 5.5 - 6,5 0,043
In 540 0.5 - 25.0 5.5 - 6.5 0.043
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Xylenol Orange

Xylenol Orange has been used in the determination of
various rare earths including yttriwm (26,29), praseodynium
(27), neodymium (27,28), samarium (4,22,27), gadolinium (4),
dysprodium (4), holmium (27), and ytierbium (4). We have
also worked out in detail (15) the analytical data for the
colorimetric determination of rare earths with DCAC. The
results are reproduced in table 9.

Table 9. Photometric Determinations with DCAC

Composltion of the chelates ~ Metal:Reagent = 1l:1; pH of
study 5.0;5 Apax of DCAC = 440 mp; Molar excess of the
reagent = 4-fold.

Rare VWavelength Range for effec- Sensitivity
earch mnaximunm tive determina-  Optimum pH Index
(I11) (my) tion (p.p.m.) range ng/cm?
Y 580 7.5 - 50 4,7 - 5.5 0,015
La 580 10.0 - 75 4.8 - 5,3 0.022
Ce 585 12,5 - 75 4.8 - 5.3 0.023
Pr 585 12.5 - 175 4,8 - 5.3 0.028
Nd 580 75 -« 175 4,7 - 5.4 0.014
Sm 585 7.5 - 100 4,8 - 5.3 0.007
En 585 7.5 - 100 4,8 - 5,3 0.016
Gd 580 7.5 - 100 4,8 - 5,3 0.020
Th 580 10.0 - 100 4,8 - 5.4 0,026
Dy 580 10.0 - 100 4,7 - 5.3 0.020
Ho 580 10.0 - 100 4,7 - 5.5 0.016
Er 580 10.0 - 100 4,7 - 5.4 0.013
Im 580 10.0 -~ 100 4,7 - 5.4 0.010
Yb 580 12,5 - 112 4,7 - 5.4 0.021
In 580 12.5 - 115 4,7 - 5.4 0.019

Unfortunately none of these reagents described here,
are specific for the individual rare earth metals. The
reagents known so far give colour reactions with all the
elements of the family, producing almost similarly coloured
chelates. However, chronatography ard ion exchange separa-

tion procedures enable a sharp separation of the individual
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lanthanoids. So the main rcquiremnents of the reagents are
now : (i) high sensitivity, (ii) water solubility to avoid
. organic solvent extraction and (iii) reproducibility.

The above mentioned criteria are satisfied by the
reagents investigated in this work. DCAC is the most sensi-
tive, but also gives colour reactions with many other metal
ions. ©SPADIS is quite sensitive and has a lesser tendency
of colour formation with elements other than the rare
earths. These two reagents particularly show possibilities
of use as suitable chromogenic reagents for the lanthanoids.
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