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Unpolarized emission spectra and magnetic field induced circularly polarized emission spectra are reported for four different
Fu’*/ligand systems in aqueous solution at pH =8 and with [Eu®*]/[ligand] < 0.33. Under these solution conditions,
each of the ligands is expected to coordinate to Eu®* via a terdentate chelation mode, forming 9-coordinate tris-terdentate
complexes. The ligands are oxydiacetate (ODA), dipicolinate (DPA), iminodiacetate (IDA), and (methylimino)diacetate
(MIDA). The polarized emission results reveal that the dominant coordination species formed in the 1:3 Eu**/ODA and
1:3 Eu’*/DPA systems are tris-terdentate Eu(ligand),*" complexes having trigonal dihedral (D;) symmetry. For the 1:5
Eu’*/MIDA system, the polarized emission results suggest Eu(MIDA),* complexes of C;; symmetry as the dominant
coordination species present in solution. The spectra obtained for the Eu3*/IDA system indicate that the dominant coordination
species have nonaxially symmetric structures. The latter are attributed to outer-sphere complexes formed via interactions
between bound >N-H groups and unbound IDA molecules in solution. Although the unpolarized emission spectra obtained
for the various Eu**/ligand systems exhibit some sensitivity to the ligand environment (especially the ’F, < *D, intensities
and the ’F, < 3D, crystal field splittings), the magnetic field induced circularly polarized emission spectra are shown to
be considerably more useful for eliciting structural information about the complexes.

Introduction

The 7F,; < °D, emission spectra of europium(III) complexes
provide especially useful probes of ligand structure and ligand
field symmetry. The *D, emitting state is nondegenerate and
is always totally symmetric in the point group of the Eu(III)
coordination site. The ’F, ground multiplet level is also
nondegenerate and totally symmetric, so that the "F, < °D,
transition must always consist of just one line whose intensity
(or appearance) is subject to rather strict symmetry conditions.
The ’F, multiplet can split, at most, into just three components
in the presence of a ligand field or an externally applied
magnetic field, and the dominant mechanism for a ’F, < 3D,
radiative transition in Eu(III) systems is known to be magnetic
dipole. This transition is magnetic dipole allowed in the “free
ion” (by the intermediate-coupling selection rule, AJ = 0, %1,
excluding J = J' = 0), so that its oscillator strength is expected
to be relatively independent of the ligand environment.
However, the splitting pattern and intensity distribution within
a 'F, < 3Dy transition region can provide detailed information
about ligand field strength and symmetry.

The "F, <— D, transition can exhibit, at most, five crystal
field sublevels (or five Zeeman sublevels in an externally ap-
plied magnetic field), so that its interpretation with regard to
structural perturbations on the Eu(III) ion remains relatively
uncomplicated. However, the major interest in this transition
as a structure probe derives from its hypersensitive behavior.
That is, the oscillator strength of this transition is known to
be extraordinarily sensitive to the details of the ligand envi-
ronment about the Eu(IIl) ion.!”* The dominant intensity
mechanism for the ’F, < D, transition is electric dipole, and
the ligand field plays the essential role of providing a non-
centrosymmetric potential (static or dynamic) to break parity
conservation in the 4f — 4f transition processes. The splitting
patterns and intensity distributions become progressively more
complicated in the 'F, 456 < *D, transitions, and spectra—
structure correlations become more difficult to sort out.

In a previous paper® we demonstrated the utility of "Fy ,
< 3D, magnetic circularly polarized luminescence (MCPL)
spectra for deducing structural information about europium-
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(IIT) complexes in solution media. MCPL is the emission
analogue of magnetic circular dichroism (MCD), and its
theory and applications have been discussed in detail else-
where.”® In the MCPL experiment, a static magnetic field
is applied to the sample with the magnetic field direction
aligned parallel to the direction of emission collection and
detection. Application of the magnetic field in this configu-
ration will cause the sample to emit light that is elliptically
polarized (that is, unequal amounts of left and right circularly
polarized light). The emitted light is analyzed in terms of a
circular intensity differential, Al = I} — I, and in terms of
total intensity, I = I; + Iy, where I () denotes the intensity
of the left (right) circularly polarized component of the emitted
light. Since A is a signed quantity whereas [ is not, it may
be expected that two closely spaced, strongly overlapping
emission bands that remain unresolved in the total emission
spectrum (/ vs. A) may be clearly resolved in the MCPL
spectrum (A vs. A) if they have oppositely signed Al values.
Therefore, at the very least, one may expect MCPL mea-
surements to aid the detection of slightly split components
within the ’F ;. < 5D, emission manifolds of Eu(III) systems.

In the present study, we report unpolarized emission and
MCPL spectra obtained on four different europium(III)
complexes in aqueous solution and show how these spectra can
be used to deduce structural information about the complexes.
The ligands used in forming these complexes were oxydiacetate
(1), dipicolinate (2), iminodiacetate (3), and (methylimino)-
diacetate (4). Each of these ligands is potentially terdentate
with respect to chelation to a metal ion (forming two five-
membered chelate rings), and each has two carboxylate donor
groups in terminal positions. However, they each differ with
respect to their middle donor moiety. In 1, this moiety is an
ether oxygen atom; in 2, this moiety is a pyridinium nitrogen
atom; in 3, this moiety is a secondary amine nitrogen atom,
and in 4, this moiety is a tertiary amine nitrogen atom. They
also differ with respect to the conformational properties pre-
dicted for their chelate ring systems. For 1 and 2, one predicts
that the two chelate rings formed in terdentate binding should
be nearly coplanar. This prediction is based on the sp?-type
of orbital hybridization characteristic of the middle donor
atoms in these two ligands and is supported by X-ray crys-
tallographic data on lanthanide complexes of 1%1° and 2.!1-14
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For 3 and 4, one predicts that the two chelate rings formed
upon binding will be noncoplanar. This prediction is based
on the sp*-type of orbital hybridization characteristic of amine
nitrogen atoms, and this prediction is also supported by X-ray
crystallographic data.!s

9-Coordinate tris-terdentate lanthanide(III) complexes of
1 and 2 have been crystallized and structurally characterized
(in the solid state).>'* For each, the coordination polyhedron
(LnL,) was found to be a slightly distorted tricapped trigonal
prism with the lanthanide ion at a site of exact D; symmetry.
Carboxylate donor atoms form the top and bottom triangles
of the prism, and the equatorial sites are occupied by the
middle donor atoms of the respective ligands. In each case,
the terdentate ligands stretch diagonally across the rectangular
faces of the tricapped trigonal prism in the so-called meridional
(or mer) isomeric form (see Figure 15 of Favas and Kepert!S).

There have been no reports of tris-terdentate lanthanide(III)
complexes of 3 and 4 being isolated or crystallized. There is,
however, some evidence that such complexes do exist as the
majority species in aqueous solution at pH >8 when the
[ligand]:[Ln3**] concentration ratio exceeds a value of 3.1-1°
This evidence is based on potentiometric titration!” and
spectroscopic data.'®!° Furthermore, it has been suggested!®
that the coordination polyhedron of these complexes also has
a tricapped trigonal-prismatic structure. However, in these
systems the ligands would wrap around the prism in a facial
(or fac) isomeric form (see Figure 15 of Favas and Kepert!®),
giving the overall structure C;; symmetry.

All of the spectra reported in the present study were ob-
tained on aqueous solution samples under conditions in which
tris-terdentate chelation would be favored. [Eu**]:[ligand]
concentration ratios were either 1:3 or 1:5, and solution pH
was maintained in the 8-9 range. Under these conditions, the
majors'ity species in solution would be expected to be Eu(lig-
and);>"

Although the principal objective of this study is to elucidate
the structural properties of the ligand environment about the
Eu(III) ion, there is also a secondary objective to examine how
differences in the ligand environment serve to modulate the
relative intensities of the 'F; < 5D, emissions.

Theory

Here we shall sketch those aspects of MCPL theory and
lanthanide crystal field theory that are most relevant to ana-
lyzing the data obtained in the present study. The 4f-electron
Hamiltonian of a lanthanide complex subjected to an exter-
nally applied (static) magnetic field can be written as

Hy = Hie+ Hi + Hg + Hy, (1)

where HY is the Hamiltonian for the 4f electrons in the “free
ion”, H; represents the even-parity components of the crystal
field Hamiltonian, H represents the odd-parity components
of the crystal field Hamiltonian, and H,, is the Zeeman op-
erator. The eigenstates of HY; are taken to be the 4f-electron
intermediate-coupling states [4f"[SL]JM,). We shall con-
sider H; to operate only within this manifold of states and shall
define this operator as

H} = SBPUD = Sht(k,g) )
k.q kg

where k = 2, 4, and 6, g is a projection of k on the axis of
quantization, and {4 is the intraconfigurational unit tensor
operator.?® The Bf, in eq 2 are the even-parity crystal field
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coefficients of the system. In general, H; will be off-diagonal
with respect to both J and M, leading to crystal field states
of mixed J and M, parentage.

The H; operator represents all 4f-electron/ligand interac-
tions having odd parity. To first order, it is an interconfigu-
rational operator that serves to mix the even-parity 4f-electron
states with odd-parity states of the system (which may or may
not be localized on the lanthanide ion). This operator is re-
sponsible for all the electric dipole intensity associated with
the 4f — 4f transitions. The Zeeman operator is defined by

H, = ppB-(L + 2S) (3)

where up is the Bohr magneton, B is the applied magnetic field
strength vector, and L and S are respectively the orbital and
spin angular momentum vector operators. When an axis of
quantization is chosen parallel to B, the H,, operator is di-
agonal with respect to M with eigenvalues M ;gup|B|, where
g is the gyromagnetic factor for (in our case) a 4f electron.

Detailed consideration of the H operator is essential to
rationalizing the electric dipole intensities of the 'F,; < °D,
transitions in terms of ligand field effects. To first order in
H and with all J~J’ mixings ignored, the intermediate-cou-
pling selection rules governing 'F, < D, electric dipole
strengths are AJ = 2, 4, or 6. The "Fy, ;s + *D, transitions
can acquire electric dipole strength only to second order—first
order in H plus first order in HY; (leading to J-J/ mixings).
Quantitative treatments of 4f — 4f electric dipole strengths
are made difficult by the lack of any direct, empirically based
methods for accurately parameterizing the H; operator and
by the necessity for dealing with sets of ill-defined odd-parity
states.! In the present study, we shall avoid these problems
by focusing our attention primarily on the ’F, <— °Dj transition,
whose intensity is due almost entirely to a magnetic dipole
mechanism. In this case, the H; operator can be ignored to
first order, and the HY; and H,, operators can be treated as
perturbations on HY;..

The most important components of H¥; with respect to their
influence on the 'F; < Dy, transition are those with k = 2.
The principal effects of these components are to split and /or
mix the M, = 0, £1 sublevels of the ’F, multiplet. We define,
therefore, an “effective” H; operator for the J = 1 multiplet
as

HYJ = 1) = H5(1) = h*(2,0) + A*(2,1) + 17 (2,2) (4)

where each of the h*(k,q) operators is assumed to include both
the + and — components of g (see eq 2 for how these operators
are defined). The h*(2,0) operator is diagonal in M, the
h*(2,1) operator mixes M, levels according to |AM,| = 1, and
the h*(2,2) operator mixes M, levels according to |AM )| =
2.

For all axially symmetric systems (i.e., systems having at
least one C, symmetry element with n > 2), the 4*(2,1) and
h*(2,2) operators are identically zero. However, for most (but
not all) axially symmetric systems, the h*(2,0) operator does
not vanish by symmetry. For example, #*(2,0) is symmetry
allowed in systems having D;;, D;, Csy, Cs,, or C; point-group
symmetry. Withina J = 1 multiplet, the effect of 4*(2,0) is
to split the multiplet into two sublevels, one of which is non-
degenerate and corresponds to M, = 0 and the other of which
is 2—fold degenerate and corresponds to M, = 1. The en-
ergies of these two sublevels can be expressed, to first order
in A*(2,0), as

Eio= E} + 4,(2,0) (5
Eiy = E(l) - (£)4,(2,0) (6)

(20) Wybourne, B. G. “Spectroscopic Properties of Rare Earths”; Wiley-
Interscience: New York, 1965.
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where E7 denotes the energy of the unperturbed (“free-ion”)
multiplet level, and A,(2,0) = {4f¥Y[SL]JM |h*(2,0)|4fMy-
[SL]JM} with J = 1 and M, = 0. Application of a magnetic
field to this system will split the M, = +1 state into its Zeeman
sublevels. Therefore, to first order in A*(2,0) and H,,, we have

Eio=E,p = EY + A(2,0) (7)
E)u = E9 - ,0\(2,0) £ gug/B| 8)

For nonaxially symmetric systems in which either one or
both of the h*(2,1) and A*(2,2) operators are nonvanishing,
the splitting patterns within the J = 1 multiplet can become
significantly more complicated to interpret. Under these
conditions, the sublevels can no longer be characterized in
terms of well-defined M, quantum numbers, even when crystal
field induced J-J’ mixings are ignored. That is, both A*(2,1)
and h*(2,2) are off-diagonal with respect to M. A detailed
account of how the A*(2,1) and A*(2,2) operators can affect
the energy levels and wave functions of a J = 1 multiplet has
been given in ref 6.

Now let us consider the total (unpolarized) emission in-
tensity (/) and the differential (left minus right) circularly
polarized emission intensity (Af) associated with the "F, <
3D, transition for an assembly of randomly oriented systems
in which H(1) = A*(2,0). We shall assume a magnetic dipole
radiative mechanism for this transition and shall assume that
both A*(2,0) and H,, operate only within the ’F, multiplet,
To first order, H,, will lift the degeneracy of the £1 < 0 ('F, 4,
< 5D,) transitions and will mix each of the M, = +1 levels
with the M, = 0 level (within the "F, multiplet). On the
assumption that |2gupB| is smaller than the half-width of the
zero-field &1 «<— 0 emission band, the total emission spectrum
(1 vs. E) within the £1 < 0 transition region is given by

I/E = K\’ Dy(1+-0) f,o(E) &)

where E denotes photon energy, v, is the 1 < 0 transition
frequency at zero field, fio(E) is a normalized line shape
function centered at v,, and Dy(1<-0) is a magnetic dipole
strength defined by

Dy(1+-0) = A[I("F, ojmf’Do)* + |("F, - im{*Do)[*] (10
Within the 0 <= 0 ("F, ; < D) transition region, we have
I/E = Kvoy’ Do(0+-0) fool E) (11)

where Dy(0<—0) = !/5|("F, ojm|°Dy) {2, and fyo(E) is a line-shape
function centered at the 0 <— O transition frequency, vy. The
magnetic dipole operator is denoted by m, and K = 87N, /3,
where N, denotes the emitting-state (’D,) population under
steady-state irradiation conditions.
The MCPL (AJ) spectrum within the 1 < 0 transition
region may be expressed as
AI/E = —Kv,o’up|B|[4;(1+-0) f"1o(E) + Bo(1<-0) f1o(E)]
(12)

and within the 0 < 0 transition region as
Al/E = —Kvoq’up|B|Bo(0<-0) foo(E) (13)

where 71y = 8f1o/dE and K is defined as ineq 9 and 11. 4,
and B, are orientationally averaged magnetooptical Faraday
parameters’ defined, in the present case, by

A,(1<0) = —(i/3ﬂs))§/[(7F1,x|m|7F1,x) + (*Dojm|’F;,) X
("Fyx[m°Dg)] (14)

By(0+-0) = ~By(1<-0) = (8/9upd)Im[(’F, gjm|’F ;) -
(°Doim|’F, o) X ('F) ,imPPDy)] (15)

where A and X\ in eq 14 run over M, = 1 (of the ’F, mul-
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tiplet), and A, is the crystal field energy parameter appearing
in eq 5-8. In terms of zero-field transition frequencies, A, =
(2h/3)(#10 — voo). The matrix elements in eq 14 and 15 are
over zero-field state functions. To first order in A*(2,0) and
H,, (and neglecting all J-J' mixings), the overall MCPL
spectrum in the 'F) < 5D, transition region may now be
expressed as

AI/E = ‘KﬂBIBNZl_(l‘_O) vio’ f'10(E) +
Bo(l‘_o)[Vlosflo(E) - V003 Joo(E)1} (16)

The A4 term in eq 16 arises from the field-induced Zeeman
splitting of the M, multiplet, and the B terms arise from
field-induced mixings between the M; = 0 and +1 sublevels.
Note that [(AI/E) dE = —Kug|B|By(1<-0) 15} = vgo’].

The tris-terdentate complexes of 1 and 2 are predicted to
have D; symmetry, and the tris-terdentate complexes of 3 and
4 are expected to have C;;, symmetry. Therefore, if tris-ter-
dentate chelation represents the dominant structural form for
the complexes of these ligands (with Eu?* ions) under neutral
to slightly basic pH conditions, one can expect to observe the
simple ’F, <— *Dy MCPL behavior described above. However,
it is unlikely that any of the other structural types of complexes
possibly formed by these ligands will have axial symmetry. If
these other structural types (e.g., bis complexes or complexes
involving only bidentate chelation) are present in any signif-
icant concentration, then one may expect a somewhat more
complicated "F, < D, MCPL spectrum.

Detailed MCPL analysis within the F, < 5D, transition
region of Eu(III) complexes requires the introduction of
electric dipole intensity parameters. However, in this transition
region differentiation between complexes of D; and C,, sym-
metries is made simple by the relevant dipole selection rules
for radiative processes. In D; symmetry, one expects to observe
two electric dipole transitions, E, «<— A|, having mixed AM,
= +] and AM, = %2 character (the M, = %] and £2 sub-
levels of the 7F, multiplet will be mixed by the A*(4,3) com-
ponent of the D, crystal field potential). In C,, symmetry,
however, one expects to observe just one electric dipole tran-
sition, E’ «<— A’, which has pure AM, = %2 character. In D,
symmetry, both E, < A, and E, < A, are also magnetic
dipole allowed. In Cy;, symmetry, E’ «<— A’ is magnetic dipole
forbidden, but one has two additional transitions, A’ < A’
(AM; =0) and E” < A’ (AM, = £1), which are magnetic
dipole allowed.

The signs of the Faraday A terms observed in the F, «
Dy MCPL spectra will reflect the AM; = +1 or %2 compo-
sitions of the erstwhile (zero-field) doubly degenerate E <
A crystal field transitions. For AM; = %1, the sign of the 4
term will be identical with that observed in the 'F, < D,
transition region (see eq 16 above). For AM; = £2, the sign
of the 4 term will be opposite that observed in the ’F; < °D,,
spectrum. On the assumption that the E, and E, states in D,
symmetry have unequal amounts of M; = 1 vs. M, = £2
character, one may anticipate oppositely signed Faraday 4
terms for the E, «— A, and E, «<— A, crystal field transitions
in the "F, <= Dy MCPL spectra. In Cy, symmetry, the electric
dipole allowed E’ «— A’ transition should exhibit a Faraday
A term opposite in sign to that observed in the 'F; < °D,
transition region, whereas the magnetic dipole allowed E” <«
A’ transition (expected to be much weaker than the E/ «<— A’
transition) should exhibit a Faraday A term identical in sign
with that observed in the "F, < Dy MCPL spectrum.

Each of the crystal field transitions in the "F, < D,
emission region will also exhibit Faraday B terms in the MCPL
spectra. However, to determine the relative signs and mag-
nitudes of these terms would require that both the A*(2,q) and
h*(4,q) crystal field components be known. We do not pursue
this problem in the present study.
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550 590 630 670 710
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Figure 1. Unpolarized emission spectrum for 0.10 M EuCl, in water
at pH ~6.5 (A, = 395 nm, AN, = 0.5 nm; no magnetic field).

JA Jt

559 590
A/nm
Figure 2. Unpolarized emission spectra for (a) a microcrystalline
sample of Na;[Eu(ODA);]-2NaClO,-6H,0 dispersed in a KBr/sil-
icone grease matrix, (b) an aqueous solution of 1:3 [Eu3*]:[ODA]
at pH 8.5, and (c) an aqueous solution of 1:3 [Eu®*]:[DPA] at pH
8.5 (Aex = 395 nm, AA,, = 0.5 nm; no magnetic field).

Experimental Section

The ligands 1 (oxydiacetate, or ODA), 2 (dipicolinate, or DPA),
3 (iminodiacetate, or IDA), and 4 ((methylimino)diacetate, or MIDA)
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Figure 3. Unpolarized emission spectra for aqueous solutions of 1:5
[Eu**]:[MIDA] (top) and 1:5 [Eu®*]:[IDA] (bottom) at pH ~8.5-9.0
(Aex = 395 nm, A\, = 0.5 nm; no magnetic field).

were each purchased from Aldrich in their diacid form. EuCl;-6H,0
(99.9% purity) was also purchased from Aldrich. All spectroscopic
measurements were carried out on aqueous solutions in which the pH
was adjusted between 8.0 and 9.5. For ODA (1) and DPA (2), the
[Eu**]:[ligand] concentration ratio was fixed at 1:3. For IDA (3)
and MIDA (4), the [Eu*]:[ligand] concentration ratio was fixed at
1:5. Measurements were carried out on samples with [Eu’*] = 0.01
M and also on samples with [Eu**] = 0.10 M. The results obtained
at these two concentrations were qualitatively identical.

Medium-resolution (AX ~ 0.5 nm) excitation and emission spectra
(unpolarized) were obtained on an SLM Model 8000 photon-counting
emission spectrophotometer. This instrument has a 450-W xenon arc
lamp for a light source, and it records corrected excitation and emission
spectra. All emission spectra recorded with this instrument were
obtained with broad-band excitation centered at 395 nm.

The MCPL experiments were carried out with the samples con-
tained in an insulated cell placed in the bore of a superconducting
magnet (Oxford Instruments). Sample temperature was maintained
at ~296 K in all experiments. Sample luminescence was excited with
the 466-nm line of a CW argon ion laser (corresponding to 'F, —
5D, Eu(III) absorption), and the MCPL and total luminescence (TL)
spectra were recorded simultaneously on an emission spectrophotometer
constructed in this laboratory.? Magnetic field strengths were varied
between 0 and 4.2 T. All MCPL spectra are displayed as Al vs. »
(cm™) plots, where AJ = I — Ip. All total luminescence spectra are
displayed as /2 vs. 7 (cm™) plots, where I = I} + I. Both A7 and
I are scaled in arbitrary units.

Results

Unpolarized Emission Spectra. Unpolarized emission
spectra obtained in the absence of an applied magnetic field
are shown in Figures 1-3. The spectrum shown in Figure 1
is that of 0.10 M EuCl; in water at pH ~6.5. Of special note
in this spectrum are (1) the dominance of the 'F, < 3D,
emission and (2) the greater intensity of the 'F, < °D,
emission relative to that of the 'F, < 5D, emission. The
spectrum shown in Figure 2a is that obtained on microcrys-
talline samples of Na,;[Eu(ODA);]-2NaClO,6H,0 dispersed
in a KBr/silicone grease matrix. The spectrum shown in
Figure 2b is that obtained for a 1:3 [Eu*]:[ODA] aqueous
solution sample with [Eu?*] = 0.10 M and pH = 8.5. Except
for some line broadening in the solution-sample spectrum, we
note the very close similarities between the spectra displayed
in Figure 2a,b. The spectrum shown in Figure 2c is that
obtained for a 1:3 [Eu’*]:[DPA] aqueous solution sample with
[Eu’*] = 0.10 M and pH = 8.5. Of special note in this
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Figure 4. MCPL (AI) and total luminescence () spectra for 1:3
[Eu**]:[ODA] in aqueous solution at pH 9.0 ([Eu**] = 0.10 M, |B|
= 4.2 T, and A, = 466 nm).

Al

7;:2 - 500

7Fi._5DD

16.23 16.60 16.99
WAYEMMBERS/10% Cu-1

Figure 5. MCPL (AI) and total luminescence (/) spectra for 1:3
[Eu®*]:[DPA] in aqueous solution at pH 8.5 ([Eu®*] = 0.10 M, [B|
= 4.2 T, and A, = 466 nm).

spectrum is the overwhelming dominance of the 'F, < D,
emission.

Emission spectra obtained on 1:5 [Eu3*]:[IDA] and 1:5
[Eu3*]:[MIDA] aqueous solution samples are shown in Figure
3. These spectra were obtained on samples with [Eu®*] = 0.10
M and pH ~ 8.5-9.0. Again we note the dominance of ’F,
<« 3D, emission.

Emission Spectra in an Applied Magnetic Field. MCPL (AD
and total luminescence (/) spectra, obtained in a magnetic field
of |B| = 4.2 T, are shown in Figures 4-7 for the ’F, , - °D,
transition regions. The total luminescence spectra shown in
Figures 4, 5, and 7 for the ODA, DPA, and MIDA complexes,
respectively, are qualitatively quite similar to the corresponding
zero-field spectra presented in Figures 2 and 3. Although
certain features in these spectra show field-induced broadening,
none show any field-induced splittings. On the other hand,
the MCPL spectra obtained for these complexes (the upper
traces in Figures 4, 5, and 7) show quite clearly the magnetic
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Figure 6. MCPL (AJ) and total luminescence (I) spectra for 1:5
[Eu*]:[IDA] in aqueous solution at pH 8.5 ([Eu**] = 0.10 M, |B|
= 4.2 T, and A, = 466 nm).
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Figure 7. MCPL (AI) and total luminescence (I) spectra for 1:5

[Eu?*]:[MIDA] in aqueous solution at pH 8.5 ([Eu**] = 0.10 M,
|IB| = 4.2 T, and A, = 466 nm).

sublevels of the "F, and ’F, multiplets that are radiatively
coupled to the D, emitting state. The total luminescence
spectrum shown in Figure 6 for the IDA complex differs,
qualitatively and quantitatively, from the corresponding
zero-field spectrum in the "F, < 5Dy transition region (see
Figure 3). None of the systems examined in this study pro-
duced a measurable 'F, «<— Dy MCPL signal.

Discussion

Zero-Field Unpolarized Emission Intensities. To a very good
approximation, the oscillator strength of the predominantly
magnetic dipole ’F; < 5Dy transition is expected to be rela-
tively independent of the ligand environment.** On the other
hand, it is expected that the oscillator strength of the pre-
dominantly electric dipole 'F, < °D, transition will be ex-
traordinarily sensitive to the ligand environment.!”> Therefore,
observed variations in the I(’F, «<— °Dg):I(’F, < °Dy) ratios,
where I denotes total emission intensity, can be attributed
largely to ligand perturbations on the ’F, < °Dj electric dipole
strengths. Among the systems examined in this study, the
I(’F, <= °Dy):I(’F, < °Dy) ratio is observed to be smallest for
EuCl, in water and largest for Eu(DPA). This observation
correlates closely with what would be predicted from the ligand
polarization model for lanthanide 4f — 4f electric dipole in-
tensities. According to this model,!**2! 22 electric quadrupole
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allowed transitions (such as ’F; < *Dg) can acquire significant
electric dipole strength via a quadrupole (Ln**)—induced dipole
(ligand) coupling mechanism, wherein the induced dipoles on
the ligands are created by direct coupling to the electric dipolar
components of the radiation field. By this mechanism, the 4f
— 4f electric dipole strength should be related directly to
ligand dipolar polarizabilities and to the anisotropies of these
polarizabilities.?>2* Clearly, among the ligands represented
in this study, water molecules would present the least polar-
izable environment to the Eu** ion while the DPA ligands
would be the most polarizable (due, primarily, to their pyridyl
moiety).

Eu(ODA) Spectra. First we note the close similarities be-
tween the unpolarized emission spectra obtained for micro-
crystalline samples of Na,;[Eu(ODA),;]-2NaClO,-6H,0
(Figure 2a) and for 1:3 [Eu**]:[ODA] in aqueous solution
(Figure 2b). This immediately suggests that the dominant
Eu(ODA) species present in solution is the tris-terdentate
Eu(ODA),* complex. In the solid state, this complex has
trigonal dihedral (D;) symmetry.>1® Orthoaxial linearly po-
larized emission studies on single crystals of Na,[Eu-
(ODA);]-2NaClO,6H,0 show that the A, and E components
of the 'F, multiplet are only split by about 16 cm™, with the
E level lying lowest in energy.?* This corresponds to a value
of ~10.7 em™ for the A;(2,0) quantity introduced in eq 7 and
8. This splitting is too small to be resolved in the room-tem-
perature, isotropic spectra shown in Figure 2.

The MCPL spectrum shown in Figure 4 for the 1:3
Eu?**/ODA system in aqueous solution conforms exactly to
that predicted for a complex of trigonal dihedral (D;) sym-
metry. Only one emission band is resolved in the 'F, < D,
transition region, but this band exhibits a slight asymmetry
on its high-energy side. This suggests that the A, < A, crystal
field transition lies at slightly higher energy than the E < A,
transition and that A,(2,0) < 0 (opposite in sign to that ob-
served for Eu®* in the Na;[Eu(ODA);]-2NaClO,-6H,0 sys-
tem). With »o(E < A,) = vpo(A, — A,), one expects to see
just a single A term in the "F, <= Dy MCPL spectrum, and
this is precisely what is observed (see Figure 4). The observed
A term is positive (meaning that AJ goes from <0 to >0 as
v increases), and from eq 16 we see that this requires that
A;(1<-0) > 0.

Two emission bands are observed in the ’F, < D, transition
region, and these are assigned as E, < A, (at ~16240 cm™)
and E, < A, (at ~16130 cm™). The positive A term ob-
served in the E, <— A; MCPL indicates that the E, state has
predominantly M; = x1 character, whereas the negative A
term observed in the E, «— A; MCPL indicates that the E;
state has predominantly M, = x2 character.

Eu(DPA) Spectra. One expects the dominant species in a
1:3 [Eu3*):[DPA] aqueous solution at pH >8 to be the tris-
terdentate Eu(DPA);> complex. Furthermore, from crys-
tallographic studies!!"! one expects this complex to have
trigonal dihedral (D;) symmetry. The emission spectrum
shown in Figure 2c is compatible with this picture, if one
assigns the higher energy 'F, <— D, emission band to an A,
<— A, crystal field component and the lower energy 'F, < D,
band to an E <— A, crystal field component. Theory predicts
the E < A, transition to be about twice as intense as the A,
< A, transition. Furthermore, it is expected that the trigonal
splitting within the ’F; multiplet will be greater for Eu-
(DPA),* than for Eu(ODA),*, due to the highly polarizable
pyridyl moiety present in the DPA ligands.”®

Turning to the MCPL spectra shown in Figure 5, we see
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that the 'F; <= 5Dy MCPL can be fit exactly by use of eq 16
if 4,(1<—0) > 0 and By(1«—0) > 0. The AT > 0 band centered
at ~16912 cm™ is assigned to the A, < A, crystal field
transition and is described by eq 13. The two MCPL bands
lying at lower energies (in the ’F, <— °D, emission region) are
assigned to Zeeman components of the E «<— A, crystal field
transition and are described by eq 12. The difference between
the "F; < 5D, MCPL spectra observed for Eu(ODA) vs.
Eu(DPA) can be accounted for entirely in terms of the relative
magnitudes of the axial splitting parameter, A;(2,0). In Eu-
(ODA), |A;(2,0)] < 10 cm™, and the oppositely signed E «—
A, and A, < A, B-term contributions to the ’F, <— D, MCPL
spectrum effectively cancel one another (see eq 16); therefore,
the spectrum exhibits just a single 4 term. In the case of
Eu(DPA), 5(E < A;) = 16797 cm™ and #(A, < A,) = 16912
cm!, leading to a value of =77 cm™! for A,(2,0). In this case,
the positively signed A, < A, B-term contribution to the
MCPL is clearly resolved (centered at 16912 cm™), and the
E < A, MCPL exhibits superimposed 4 and B terms (cen-
tered at ~16797 cm™).

The "F, « *D, emission region of Eu(DPA) exhibits a very
intense line centered at ~16230 cm™ and a weak feature
centered at ~16132 cm™'. We assign the former to the E,
< A, crystal field transition and the latter (weak feature) to
the E, < A, crystal field transition. The MCPL associated
with the E, «<— A, transition exhibits a positive A term su-
perimposed on a negatively signed B term, with the 4 term
dominant. On the other hand, the MCPL observed in the E,
<— A transition region appears to be dominated by a positively
signed B term, with only a weak (negative) A-term component.
This suggests that the E, < A, transition has predominantly
AM; = %1 character, whereas the E, < A, transition has
predominantly AM,; = %2 character.

Eu(IDA) and Eu(MIDA) Spectra. At 1:5 [Eu**]:[ligand]
concentration ratios and with solution pH >8, the dominant
coordination species for Eu(IDA) and Eu(MIDA) are pre-
dicted to be the tris-terdentate complexes, Eu(IDA);>~ and
Eu(MIDA);*.""'® Furthermore, these complexes are expected
to have approximate C;; symmetry (see a discussion of this
point in the Introduction). In Cj; symmetry, the crystal field
components of the J = 0, 1, and 2 multiplets have the following
symmetries (denoted by Cy; irreps): J=0,A’;J =1, A’ and
E”; J=2,A’, F/, and E”. For crystal field transitions ori-
ginating from an A’ level (as in °Dy), A’ < A’ and E” « A’
are magnetic dipole allowed by crystal field selection rules and
A” <— A’ and E’ < A’ are electric dipole allowed. From these
selection rules, one predicts the following for the 'F,; , + °Dy
emission spectra; Fy < °Dy, a single magnetic dipole line (A’
«— A”); 'F, < °D,, two magnetic dipole lines (A’ «<— A’ and
E” < A’); and "F, < 3Dy, two magnetic dipole lines (A’ «—
A’ and E” < A’) and one electric dipole line (E’ < A’).
Intermediate-coupling selection rules (applicable to AJ),
however, suggest that the magnetic dipole lines associated with
the ’Fy, < °Dy transitions will be very weak. These lines can
acquire intensity only to at least first order in HY;.

The MCPL spectra shown in Figure 7 for Eu(MIDA)
conform almost exactly to what is predicted for a Cy; complex.
Only the very weak feature appearing at ~17060 cm™ de-
viates from Cy, behavior. On the other hand, the MCPL
spectra shown in Figure 6 for Eu(IDA) differ significantly
from that predicted for Cs; systems. The latter results suggest
significant concentrations of lower symmetry species in the
1:5 Eu3*/IDA samples. This is most likely due to one or both
of the following: (1) the formation of “outer-sphere” complexes
via interactions between bound >N-H groups and some of the
excess IDA ligands and (2) partial deprotonation of the bound
>N-H groups under the pH conditions used in this study.
Both of these possibilities would, of course, serve to differen-
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tiate between the complexation behaviors of MIDA and IDA.

Conclusions

The relative intensities observed among the "F; < °Dg
transitions in the unpolarized emission spectra reported in this
study demonstrate the “hypersensitivity” of the "F, < Dy
transition to the ligand environment. Relative to the F; <
D, transition, this transition is most intense for the 1:3
Eu’*/DPA system and least intense for EuCl; in water. This
result supports the prediction of the ligand polarization model
for hypersensitivity,?!?2 which states that the intensity of a
hypersensitive transition should correlate with the dipolar
polarizability of the ligand environment. Among the ligands
examined in this study, DPA contains the most polarizabile
group (the pyridyl moiety) while H,O is the least polarizable.

The nearly identical unpolarized emission spectra obtained
for microcrystalline Na;[Eu(ODA);]-2NaClO,6H,0 and 1:3
Eu*/ODA in aqueous solution suggest that the dominant
species in solution is Eu(ODA),%", a tris-terdentate complex
having trigonal dihedral (D;) symmetry. The ’F;, < D,
MCPL spectra observed for the 1:3 Eu’*/ODA solution
samples are entirely compatible with such a structure. In fact,
these spectra provide a near “textbook”™ example of what one
expects for an axially symmetric Eu(III) complex in which
the A*(2,0) component of the crystal field is relatively weak.
The MCPL /emission spectra observed for the 1:3 Eu*t/DPA
system also conform exactly to that predicted for complexes
of trigonal dihedral (D;) symmetry. In this case, however, the
F, <= °Dy MCPL /emission results reveal a relatively strong
h*(2,0) crystal field component. The MCPL spectra obtained
for the 1:5 Eu’*/MIDA solution samples are identical with
those predicted for a complex having Cy;, symmetry, and the
absence of any observed splitting within the 'F, < 5Dy tran-
sition region in the unpolarized spectra suggests a relatively
weak h*(2,0) crystal field component. These results indicate

that tris-terdentate Eu(MIDA),* complexes of Cy;, symmetry
are the dominant species present in the 1:5 Eu®*/MIDA so-
lution samples.

Among the systems investigated in this study, only 1:5
Eu**/IDA in aqueous solution gave MCPL results suggesting
the dominance of nonaxially symmetric structures. Given the
[Eu**):[IDA] concentration ratio (1:5) and pH conditions used
in this study, it is likely that the dominant coordination species
is Eu(IDA),*. However, in this case each bound IDA ligand
possesses a >N-H group that is capable of promoting out-
er-sphere coordination to excess (unbound) ligands in solution.
Since these outer-sphere complexes would be expected, in
general, to possess nonaxially symmetric structures, it may be
postulated that they account for the observed MCPL behavior
of the 1:5 Eu**/IDA system.

It is clear that MCPL spectra can provide structural in-
formation not readily obtainable by the use of other techniques.
Most previous applications of MCPL have been in studies of
ions in crystals at low temperatures.”2® However, the results
reported here demonstrate that it can also be used to great
advantage in the study of lanthanide complexes in solution
media at room temperature.
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Unpolarized emission spectra and magnetic field induced circularly polarized emission spectra are reported for EuCl,; and
for five different tris(8-diketonate) Eu(III) complexes in methanol and in N,N-dimethylformamide solutions. Analysis
of the EuCl; spectra suggests the predominance of axially symmetric coordination species with Cy, point-group symmetry.
Analysis of the tris(8-diketonate) Eu(III) spectra show the predominance of nonaxially symmetric structures with very
strong orthorhombic crystal field components. The observed ’F, < 3Dy and ’F, « ’D, emission intensity ratios exhibit
a strong sensitivity to the structural details and chemical nature of the ligand environment, with the magnitude of I(’F,
«— 5Dg):I("F; « °Dy) correlating closely with ligand or ligand substituent polarizabilities. The latter is explained in terms
of the ligand dipolar polarization model for 4f — 4f electric dipole intensities. The "F «<— Dy, transition intensity (relative
to that of "F; < 5Dy) is also observed to be very sensitive to the ligand environment, and this is attributed to its “stealing”
intensity from the "F, < °Dj transition via a mechanism involving crystal field induced mixings between the "F, and ’F,

(and *Dg and °D,) multiplet states.

Introduction

In the preceding paper,! we reported magnetic circularly
polarized luminescence (MCPL) spectra obtained on four
different Eu3*-ligand systems that, in aqueous solution under
basic conditions, were shown to form predominantly tris-ter-
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dentate (9-coordinate) complexes with trigonal symmetry
(either D; or C3;). In the present paper, we report MCPL
spectra for a series of 8-coordinate Eu(g-diketonate);X,
complexes dissolved in either methanol (MeOH) or N,N-di-
methylformamide (DMF). In this series, the 3-diketonate
ligands differ with respect to their substituent groups and X
represents either a water molecule or a solvent molecule

(1) Foster, D.; Richardson, F. S. Inorg. Chem., preceding paper in this issue.
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