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Hypersensitivity in Lanthanoids: Symmetry
Inversion or Covalency
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Explanation to the phenomenon of hypersensitivity has proved
to be an intriguing problem. Hypersensitivity may refer to “an
enhanced sensitivity of the intensity of specific electronic transitions
to the chemical environment than the normal f-f transitions”. Inten-
sity and transition of the hypersensitive peaks are functions of the
quantum numbers L and J of the ground state of the lanthanoid ions
and generally, three selection rules: AJ <2, AL <2 and somtimes
AS <0° have been proposed to regulate the hypersensitive transi-
tions. It was, however, noted that the transitions having a large
contribution from magnetic dipole interactions (AJ =0, 1) may
also vary little with a change in environment. Hypersensitivity is
thus also called pseudo-quadrupolar transition because it follows
electric quadrupole selection rule.

Several proposals have been made in order to elucidate the phenomenon of
hypersensitivity (HST). Two prominent proposals have been advanced:
(i) pseudoquadrapolar transition'™® and (ii) inclusion of spherical harmonics in
the crystal field potential’. Besides the two proposals, the hypersensitivity has
also been proposed to an account of® vibronic transition, increased covalency, the
nephelauxetic effect, centre of inversion, double photon transition’, in homoge-
neous dielectric'® ! dynamic coupling”, crystal structures'> ' and distinguishing
mechanism'>,

While examining the phenomenon of hypersensitivity in the solution spectra
of lanthanoids, Judd'® noticed that the hypersensitive bands are associated with
large values of U? matrix elements thereby showing hypersensitivity to be
associated with T,. Thus in view to examine the role of covalency and symmetry
to the oscillator strength values for the hypersensitive or pseudo-hypersensitive
transitions'” the present attempt has been made to correlate the oscillator strength
values of the HST transitions for Nd(III) and Er(IIl) in different environments
(our values and the values reported by others in literature) with the T (A =2, 6)
and the B (B = nephelauxetic ratio, 0E*/0E') parameters. The oE' and oE° are the
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variations in the inter-electronic repulsion (Racah) parameters denoting the orbital
and radial part.
According to Judd ofelt theory, the oscillator strength of a transition is given
by
P =X VTy(EyI || U* || £"y0) (¢

where T values are the parameters Wthh depend on the nature of the effect
which allows f-f transitions and the U values are sums of the multiples of tensor

operators within the variation of Q. The vt parameters are less s1gmﬁcant12 18
and are less affected by the environment . However, the E values show significant
variation with the change in environment. Thus in view of Eq. (1) and the values
of TE-U* (A =2, 4, 6) evaluated for Nd(III) and Er(III) (cf. Table-1) along with
the variation in the 4f", S, L, J and the theoretical and experimental values for
Q, (A=2, 4, 6) for aqua systems are recorded in Table-1.

TABLE-1
VARIATION IN THE 4f", S, L, J AND (A) ZE- U= 2,4, 6) VALUES, (B) THE
THEORETICAL Q) (A =2, 4, 6) VALUES, AND (C) THE EXPERIMENTAL Q;
(A=2,4,6) VALUES FOR AQUA SYSTEMS FOR Nd(III) AND Er(III) IONS

(A)
Ln(II) " S L ] TE-U®) zE-U* :zE-U®
Nd (IIT) 3 32 6 92 18264*  20779*  19594*
Er(II) 3 32 6 1512 38532 40232*  45426*
()]
Ln(III) f" S L J Q2(*%) Qu(*) Q6(*)
Nd(IIT) 3 32 6 92 3.04* 4.04* 5.04*
Ex(IID) 3 32 6 152 3.05* 5.05* 4.05*
©
La(IlI) £ S L ] (o)) [ Qs
Nd(III) 3 32 6 92 2.25 4.06 947
093  ¢.00* Tt
Er(1I) 3 32 6 152 1/34 2.19 1.88

159* @195 (.90

Note: The Ty, values (sec. B(*)) have been evaluated assuming the expression P = aX + bY +
cZ where X, Y and Z represent the €, 4 and Qg values which are assumed to be 1+ A,
2+ A and 3 + A for the evaluation of hypotheucal values of Q and following the trend for a, b
and ¢ which correspond to the values of ZE - Ut (A =2,4,6) (viz. section A of this Table (#
values) for Nd(III)/Er(III)).

A comparison of the values reported by us and the values reported in literature
show a variety of sequences for Nd(II) in various ligands as well as crystal hosts.
The observed types of sequences may are
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Q,>0,>Q, (2A)
Q4> Q6> Q, (2B)
Q> Q4> Qg (3A)
Qs> Q4> Q, (3B)
Q4> Q> Q6 (4A)
Qe>Q,>Q, (4B)

Sequence (2A) represents the general sequence with respect to the » EU*
values which shows the even besides a change in the environment the complexes
do not show any symmetry inversion whereas a reverse of the sequence (2B)
represents a change in symmetry around the cation. It may be stated that the
related magnitudes of the , values may represent the degree of symmetry
inversion which may lead to intermediate (miscellenous) sequences of Q, values
viz. (4; A, B ). Sequence (3B) is the general sequence expected on account of the
general features of lanthanoids. It may be stated in this regard that in case of
lanthanoids the 4f-shells being deeply seated, the strong shielding mechanism
makes these orbitals less available for bonding thereby, decreasing the covalency
parameter, i.e., , whereas the large cationic size associated with three concentric
hydration zones may cause greater disruption in symmetry during viscinal
metal-matrix approach thereby increasing the €y values. Same authors have,
however, reported a reverse sequence, viz., sequence (3A) which states about a
greater involvement of covalency parameters than the symmetry perturbation.

Carnall"® has pointed out that the proportionality of the T, parameters using a
crystal field model may be expressed as

TA=(rt+l)2_R—2t—2 (5)

whereas A=2 fort=1, 3; A=4 for t=3, 5 and L =6 for t=5,7. This expects
an order of decreasing sensitivity of the T) parameters to the environment giving
a sequence Tg> Ty > T). Choppin'9' 2 Judd and Jorgenson'®?! and Reisfield®?
have individually observed this sequence for the sensitivity of these parameters
towards the intensity of specific electronic transitions.

Nd(III) Systems

A perusal of Table-2 states variety of sequences obtained for Nd (III) in various
environments. The studies reported by Mishra er al.? state a general sequence of
Q¢>Q4>Q, for 140 systems, where as seven systems have been reported to
have a sequence Q, > Q¢ > Q,. Jayashanker et al.** have reported a sequence of
Q, > Qg > Q, for around 15 systems, sequence Q4 > Qg > €, for seven systems,
sequence Q,>Q,>Q for 14 systems, sequence Q> Q> Q, for § systems,
whereas miscellaneous sequence Q4> €, > Q¢ and Qg > Q, > Q, were reported
for two such systems. Authors in their studies have also reported a sequence
Q¢ > Q4 > Q, for around 24 binary and mixed systems.

A perusal of Table-1 and the hypothetically calculated values of Q, for Nd(III)
represents a sequence €4 > Q¢ > Q).
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While correlating the oscillator strength (P) (figures not shown) values with
E - 1, and E - 15, one may get a linear regression of a type y = mx + ¢ where ‘c’
is the intercept and ‘m’ is the slope Ap/A(E - Tj). For a larger value of slope,
A(E - T,) is expected to be small, whereas for the small stope values, A(E - Ty) is
expected to be large. In view of Q, sequence obtained for Nd(III) the two
correlations may lead to smaller slope values for T4 and larger values for t,. The
observed values for two correlations are m = 0.8315 for T, and m = 0.7010 for
T¢ which states the same sequence of T4 > T, for Nd(III) showing restriction of
any symmetry inversion in case of Nd(III) complexes.

TABLE-2
JUDD-OFELT PARAMETERS (£)) FOR Nd(III) AND Er(1II) IN VARIOUS
HOSTS/ENVIRONMENTS

Systems Sequence Ref.
Aqua-ion : Q6> Q>0 [30]
CdBS Q2> Q4> Qp [27]
LiCdBS; NaCdBS Q6> Q2> [27]
KCdBS Q> Q6> [27]
GdCdBS Q> Q6> [27]
LiBO Q> Q> Q6 [28]
MgLiBO Q4> Q6> [28]
CaLiBO Q> Q6> [28]
StLiBO Q3> Q6> [28]
BaLiBO Q4> Q6> Q) 128]
Nd(PO3);P,0s Q>Q6>N [29]
49Mg(PO3)3-50P,05 Q2> Q4> Q6 [29]
49Ca(PO3)2~50P205 Q6> Q> [29]
49Sr(PO3);-50P,P5 Q6> > [29]
49Ba(PO3),-50P,05 Q6> Q>0 [29]
L27 :33K;0:66.55i0; Q2> Q4> Q6 [30]
H8 : 20MgO-15K;0 : 65.5Si0, Qs> Q4> Qp [30]
H9 : 20Ca0-15K;0 : 65.5Si0; Q2> >Q6 [30]
H10 : 20SrO-15K;0 : 65.5S5i0, Q2> Q4> Q6 [30]
H7 : 20BaO-15K;0 : 65.5S8i0, Q> Q4> Q6 [30]
33Nay0 : 66.5Si0, Q> > Q4> Q6 [31]
15MgO : 20Na,0 : 65.5S5i0; Qs> Q4> Qp [32]
15Ca0 : 20Na,0 : 65.5Si0, Q2> Q4>Q6 [32]
15810 : 20Nay0 : 65.5S5i0; Q2> Q4> Q6 [32]
15Ba0 : 20Na;0 : 65.5Si0; Q> Q4> Qs [32]
25MgO : 10A1,03 : 65P,05 Qs> Q4> Q6 [32]
25Ca0 : 10A1,0345P,05 Q> Q6> [32]

25S10 : 10ALO; : 65P,05 Q> Q6> (32]
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Systems Sequence Ref.
25Ba0 : 10A1,0;3 : 65P;05 Q>Q>NU [32]
KZ : 70K2SO0y4 : 29ZnSO4 Q6> Q>0 [33]
MKZ : 5MgS04-35K3S04 : 59ZnSO4 Q2 >06> [34]
CKZ : 5CaS04-35K3S04 : S9ZnSO4 Q2> Q6> [34]
BKZ : 5BaSO4-35K3S04 : 59ZnSO4 Q2>Q6> U [34]
60BiCl; : 40KCl Q>Q>Q [35]
50ZnCl, : 40KI Q4> Q6> [35]
Lead acetate glasses Q6> Q> [26]
LSG-91H Q4> Q6> [36]
ED-2; S33 Q6> Q>N [36]
30LiSO4 : 69.5Na;SO4 Q2> Q6> 371
15Li;0-20Ba0 : 65Si0, Q> Q6> [30]
20Naz0 : 79TeO, Q> Q6> [30]
GayS; : LayS3 : Nd;S3 Q> Q6> [38]
AlS3 : LazS; : NdsS3 Q> Q6> [38)
LiNOj; + KNO3(melt) Q2> Q6> [39]
Y3Als0q5 Q6> Q> [40]
LaF3 Qu>Q6>0 (41}
Y203 Q> Q4> Q6 [41]
Sodium B alumina Q2> Q4> Q% [42)
NdOg chromophore [18 systems] Q6> QU >Q [23]
NdOg chromophore [6 systems]
[Inner Sphere Complexes]) Q6>U>0 [23]
NdOg inner sphere [2 systems] Q6> Q4> Q) [23]
Schiff base complexes [6 systems] Qs> Q>0 [23]
Mixed ligand complexes [22 systems] Q6> Q> Q [23]
Mixed ligand complexes [35 systems]
[Nd(hist/cysteine)(diol) (H,0)3 Q6> Q> 23]
Nd complexes of nucleic acid component [42 systems] Q6> Q> [23]
Nd-tris haloacetate trihydrated essentially
other sphere [9 systems] Qs>QU>Q [23]
€2y, Values or Ex(III): Sequence Ref.
LiBO Q>QU>Qs (28]
MgLiBO Q>Q>Q6 (28]
CaLiBO Q> Q6> [28]
SrLiBO Q2> Q6> U [28]
BaLiBO Q> Q6> [28]
AN Q2> Q4> Q% (43]
LSS Q2> Q6> [43])
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Systems Sequence Ref.
CSS Q2> Q4> Q6 [43]
PSS Qr>Q6>U [43]
MSS Q> Q4> 06 [43]
MPZS Q> Q6> [44)
CPZS Q> Q6> [44]
BPZS Q>Q6>Q [44]
ZSP Q> Q6> [45]
PSP Q> Q>0 [46]
SFP Q>0 >0 471
SBP Q>Q6>Q [48]
SAP Q> Q6> [49]
BTF Q> QU >Q6 [50]
BZYTLE Q>U>Q6 [s1]
PZGL Q>Q6>Q [52]
ZBLA Q> Q> Q6 53]
ZCBLAL Q> >Q6 [54]
FLSRP Q2> Q6> [55]
FLPH Q>Q>0Q [56]
Phosphate Q> Q6> [56]
Ge/Al silica Q> Q4> Q6 [56])
FLZBLA Q2> Q4> Q6 [57)
Fluorohafnate Q2> Q4> Q6 [58]
Zn(PO3); 2> Q4> Q6 [59]
Pb(PO3), Q> Q6> (59]
TEO Q2> Q4> Q6 [60]
B25N Q2> Q>0 [61]
Si Q> Q>0 [61]
S30N Q> >Q6 [61]
S25AN Q>U>Q [61]
GION Q> Q>0 [(61)
CaAl Q2> Q4>Q6 [61]
Al Q> Q4> Q6 [61]
LiNO3 + KNO3(melt) Q> >0 [62]
Er(dpm); Q>Q6>Q [62]
ErCl3(AICL);3 Qr>Q>Q [62]
ErBr3 Q2>Q6>Q [62]
Aquaion Q4> Q6> [62]
CH3;0H Q>0Q>Q6 [62]

ErW 0033 Q> Q>0 (62]
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Systems Sequence Ref.
Y,0,8 Q2>Q6> [63]
KCaF; Q4> Q5> Qp [64]
LaF; Q> Q6> [62]
YAIO; Q4> Q> Q6 [62]
Y103 Q2> Q>0 [65]
Y,SiO5 Q> Q4> Q6 [66]
Er(CCL3CO0)3-2H,0 Q> Q4> Qp [67]
LiErP405 Q4> Q>0 [68]
ErPs014 Q4> >0 [68]
Ammonium acetate Qi>Q>Q [24]
Magnesium acetate Q2> Q4> Qp [24]
Potassium acetate Q> Q>0 [24]
Sodium acetate Q2> >0 [24]
Erbium Q>0 > Q6 [24]
BNa glass Q> Q> Qp [25]
BLi glass Q> Q> Qp [25]
BAI glass Q2> >0 [25]
BNaAl glass Qr> Q4> [25]
BLiAl glass Qu>Q:>8 [25]
BNaLi glass Q> Q4> Q6 [25])
57ZrF4 — 34BaF, — 4AlF; — 3NaF; — 2ErF; Q> Qu>Q6 [25]
19BaF; - 27ZnF; ~ SYbF; — 27ThF; — 21LuF; — 1ErF3 Q> Qu>Q6 [25]
30BaF; — 20ZnF, — 30InF; — 84YbF; — 10ThF3 — 2ErFs3 05 Q4> 06 [25]
48(NaPOs)¢ — 20BaCl, — 10ZnCl; — 20LiCl — 2ErCl3 Q> Q>0 [25]
50(NaPO3)g — 18BaF; — 10ZnF; — 20LiF — 2ErF; Q> >Q6 [25]
Er(III) Systems

A perusal of Table-2 represents a gencral sequence for Qg > Q4 > Q, for Er(III),
whereas carnall e al.*8 in their studies have reported a sequence Q, > Q¢ > Q,. This
states an inversion of symmetry in the Er(III) complexes as compared to Nd(III).
Table-2 represents variety of sequences obtained for Er(IIl) in various environ-
ments. Jayashanker ez al®*? in their studies have reported a sequence
Q, > Q4 > Qg for around 8 systems, £, > Qg > Q4 for around 14 systems, whereas
sequence 4 > Q) > Q¢ for 2 systems. Similarly Rai et al.® in their studies have
reported a sequence of Q; > Q, > Q¢> for around 10 systems, whereas sequence
Q4 > Q, > Q for one system. Authors in their studies have observed a sequence of
Q4 > Qg > , from their studies.

While correlating the oscillator strength (P) (figures not shown) values with
E -1, and E - T4 one may get a linear regression of a type y =mx+c. The m
values obtained for the T, and T regression are m = 0.0515 for T, and m = 0.0299
for 1, which gives a general sequence of Qg > Q, for Er(III) complexes. The
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resemblance of the T, values for hypothetical calculation and experimental values
is, however, Q, > Q¢ which is in general a sequence of symmetry inversion. The
aqua systems worked out by authors, however, rule out the possibility of any
symmetry inversion.

Inference

A perusal of various patterns for Q, values obtained for Nd(III) and Er(IIf) in
various hosts/environments clearly indicates a difference in the mode of bonding
pattern of Nd(III) and Er(Ill). The Nd(III) systems have shown a greater
dependence on symmetry parameters as compared to that of the covalent model
regulating hypersensitivity whereas the HST transitions in Er(IIl) have, however,
shown greater dependency on covalency model than the symmetry perturbation.
A comparison of general reported sequence of €, for various hosts and the
hypothetical relationship obtained for two cations, Nd (III) and Er(II) under
study, suggest a partial restricted symmetry inversion for Nd(III) ions in various
hosts whereas a general symietry inversion in case of Er(III) complexes. The
aqueous systems, however, have not shown any symmetry inversion. It may be
stated that the two cations have almost similar values for same 4f%, S (spin
quantum number), and L (orbital angular momentum), (3, 3/2, 6 respectively) but
have difference only in their J (total quantum number) values (9/2 for Nd(III) and
15/2 for Er(III)) suggesting a J-dependent behaviour of susceptibility and intensity
of the hypersensitive transitions.

It is, however, necessary to note that the present conclusions have been drawn
only on the basis of T, and T parameters, whereas the exact explanation of this
phenomenon may be drawn taking into consideration all the parameters discussed
in para 2. To seek a quantitative explanation for the overall mechanism, it is
necessary to make a theoretical approach similar to that for crystal field. The
phenomenon seems to be directly affected by chemical bonding and the solution
to the problem probably lies under the influence of dielectric conditions at the
ion site, configuration mixing between 4f" and the nephelauxetic phenomenon
with dynamic coupling. The picture is yet blurred and needs a greater attention
for a more refined case.
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