Crystal structure and luminescence of Na[Eu(DCTA)-H,0]-4H,O
(DCTA = trans-cyclohexane-1,2-diyldinitrilotetraacetate)
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The crystal structure and the luminescence of the complex Na[Eu(DCTA)-H,0]-4H,0 (DCTA = trans-cyclohexane-

I

1,2-diyldinitrilotetraacetate) have been determined. In the structure the Eu' is co-ordinated by two nitrogen atoms
and four terminal oxygen atoms of two iminodiacetate groups, and two water oxygen atoms which bridge two

adjacent Eu™

. When the crystals are excited by UV light they produce a very characteristic luminescence responsible

for the SDy—— "F, (J =0, 1, 2, 3, 4) transitions. The energy-level scheme of the ’F, states and detailed assignments
for the observed luminescence lines have been proposed by phenomenological simulation in the framework of the
free-ion and crystal-field Hamiltonians. Although an additional correction to the free-ion model is needed for the
barycenter shifting due to the complexation, the set of refined crystal-field parameters under C,, site symmetry
satisfactorily reproduces the fine splitting of the luminescence lines in the *D,—— "F, (J =0, 1, 2, 3, 4) transitions.
The behavior of the maximum splitting of the ’F, manifold is also discussed in terms of a scalar crystal-field

strength parameter.

Introduction

There has been much interest in the optical properties of tri-
valent lanthanide ions because of their hypersensitivity to the
ligand environment.'™ Among these ions, the europium ion is
useful for studying the nature of metal co-ordination in various
systems, owing to its non-degenerate emitting *D, state. These
studies include determining local symmetry and the number of
different co-ordination sites, probing the structure of biological
molecules, and understanding stereochemical properties.> Most
of these studies have been performed in solution. Unlike the
case in solution, in the solid state the luminescence spectrum of
the europium(1r) complex attributed to the ’Dy— "F, (J =0,
1, 2, 3, 4) transitions consists of groups of remarkably sharp
lines. The crystal-field potential plays a key role in the optical
process, which is characterized by the site symmetry in the
complex.®

Using the luminescence properties of Eu™, the co-ordination
chemistry of the DCTA ligand (trans-cyclohexane-1,2-diyldi-
nitrilotetraacetate) has been studied to obtain kinetic inform-
ation on the equilibrium dynamics of complexation” and to
evaluate it as a nuclear magnetic resonance shift reagent.® Until
now, however, the crystal structure and the optical properties of
the Eu™-DCTA complex have not been reported. This study is
designed to provide a detailed characterization of the molecular
structure and luminescence properties of it. The luminescence
and the electronic energy-level structure of the ’F; states are
assigned by simulating the phenomenological crystal-field
splitting.

Experimental
Growth of single crystals and composition analysis

The EuCl;-6H,0 and trans-cyclohexane-1,2-diyldinitrilotetra-
acetic acid (HDCTA) were of analytical grade (Aldrich) and
used without further purification. The mother solution was
prepared by mixing solutions of 0.50 M Eu™ and 0.50 M
HDCTA. The container holding the mother solution was

placed in a sealed flask surrounded by a water jacket. Thermo-
static control better than 0.010 K was achieved with a Fisher
isotemperature refrigerated circulator. While the crystals were
growing the pH of the solution was maintained at nearly 7.0.
Needle-shape crystals were isolated from the mother solution
by lowering the temperature of the solution from the equi-
librium saturation temperature. Several samples were grown
under identical conditions for the structural analysis and
optical measurements.

The quantitative analysis of Na* and Eu** ions was con-
ducted on a Jovin-Yvon ICP spectrophotometer and the
analyses of the total organic carbon, nitrogen and hydrogen
were made on an EA 1110 Automatic Elemental Analyzer.
The relative molar amounts found were Na*:Eu**:DCTA =
1.5:1.2:1. A potentiometric analysis also showed that there
was no chloride ion in the crystals. The TG/DTA spectra of the
crystals were recorded up to 300 °C with a Setaram TGA-92
instrument. Weight loss occurred at two distinct steps in the
temperature range from 70 to 190 °C. Excluding the possibility
of thermal decomposition of the ligand in this temperature
range, the weight loss below 100 °C may result from the evapor-
ation of solvated water molecules, while that above 100 °C
could arise from evaporation of co-ordinated water molecules.
Around 142 °C the weight dropped 1.40 mg from 22.16 mg.
This weight loss results in a 1:1 molar ratio of H,0O:NaEu-
(DCTA). In other words, one water molecule is co-ordinated to
each Eu™. The number of water molecules associated with the
crystal was also confirmed by X-ray diffraction analysis. The
quantitative analyses showed that the formula of the EW/DCTA
crystals was Na[Eu(DCTA)-H,0]-4H,0.

Solution and refinement of the crystal structure

The structure of the complex was determined at 15 °C. A color-
less single crystal 0.36 X 0.5 X 0.4 mm in size was coated with
lacquer, because of its instability in air, and mounted on an
Enraf-Nonius CAD4 diffractometer equipped with graphite
monochromated Mo-Ka radiation. The cell parameters and
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Fig. 1 An ORTEP drawing of [Eu(DCTA)-H,0],*>" and the atom-
labeling scheme. The displacement ellipsoids are drawn at the 40%
probability level and hydrogen atoms are omitted for clarity.

orientation matrix were determined from the least-squares fit of
25 accurately centered reflections with 0 angles between 11.39
and 14.56°. The intensity data were collected in the w26 scan
mode to a maximum 26 of 50.10°. Three standard reflections
(352, -124 -2, —15 —1 —2) were measured every 240 min
and the intensities of the standards remained constant within
2% throughout data collection. Of the 3787 unique reflections
measured, 3186 were used in the subsequent structure analysis.
The SDA package supplied by Nonius was used to correct the
intensities from Lorentz-polarization factors, but no absorption
correction was applied.

The structure was solved by direct methods using SHELXS
86°* and refined by a full-matrix least-squares refinement on F
using SHELLX 97.°* All of the non-H atoms were refined
anisotropically, but only one water molecule was involved in
the isotropic refinement because of its very small thermal
vibration. All the hydrogen atoms except those in water were
placed in calculated positions attached to the appropriate
carbon atom. The final reliability factors for the 3287 unique
observed reflections [F, > 4a(F,)] were R=0.0248 and R’ =
0.0612. Crystal data and refinement results are summarized in
Table 1.

CCDOC reference number 186/1364.

See http://www.rsc.org/suppdata/dt/1999/1467/ for crystallo-
graphic files in .cif format.

Optical measurements

For luminescence and excitation spectra measurements a
needle-shaped crystal was placed on the cold finger of an
Oxford CF-1104 cryostat using silicon grease. The light from
an Oriel 1000 W xenon lamp (working power, 400 W) was
passed through an Oriel MS257 monochromator and focused
on the sample. The luminescence was detected at right angles
with an ARC 0.5 m Czerny-Turner monochromator equipped
with a cooled Hamamatsu R-933-14 PM tube. The optical
arrangement for measuring the excitation spectrum is the same
as for the luminescence measurement. In addition, the
luminescence spectrum of the aqueous solution was measured
on an Edinburgh FS-900 spectrofluorometer.

Results and discussion
Crystal structure

The Eu-DCTA complex crystallizes in the monoclinic space
group P2,/c (Z=4). The ORTEP! drawing of this molecular
unit is shown in Fig. 1. Selected bond lengths and angles are
given in Table 2. The DCTA has two iminodiacetate ions sub-
stituted at positions 1 and 2 of the cyclohexane ring. In each
iminodiacetate group a nitrogen atom and two oxygen atoms
with negative charges are co-ordinated to the Eu™. In the
[Eu(DCTA)]” complex the DCTA acts as a hexadentate ligand
and forms five five-membered chelate rings through the two
nitrogen atoms. Four rings consist of the nitrogen and oxygen
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Fig. 2 A unit-shell packing diagram of Na[Eu(DCTA)-H,0]-4H,0.
The origin is at the lower left, the b axis is horizontal and the a axis is
vertical. Hydrogen atoms are omitted for clarity. The two water oxygen
atoms bridge two adjacent europium(1i) ions.

atoms of each iminodiacetate group and the fifth consists of
two carbon atoms of the cyclohexane ring and two nitrogen
atoms. The two iminodiacetate groups are bridged via an
N1-Eu-N2 bond. The two Eu-N bonding distances are
almost identical [Eu-N1 2.644(3), Eu-N2 2.627(3) A]. The
angle N1-Eu-N2 is 67.70(11)°.

Of the four Eu-O bonds, one [Eu-03 2.401(3) A] is a little
longer than the others [Eu-O1 2.370(3), Eu-O5 2.387(3),
Eu-07 2.390(3) A]. The shorter distance may cause the
N-Eu-O angle to widen in order to reduce the electron
repulsion between the two bonds. Conversely, of the two bond
angles formed from the N1 atom, N1-Eu-O1 [64.40(11)°] is a
little wider than N1-Eu-O3 [63.31(11)°]. In the two groups
formed by the other iminodiacetate group, the two bond angles
are almost identical [N2-Eu-O5 64.55(10), N2-Eu-O7
65.01(10)°].

Five water molecules are involved in each molecular unit. For
them, the characteristic features in the structure can be found
in the two water molecules labeled OW1 and OW1(a). Here,
OWI1(a) is generated by the symmetry transformation 1 — x,
1 —yp and 1 — z. The distance between Eu and OWI1(a) is
almost the same as that between Eu and OW1 [Eu-OW1(a)
2.336(3), Eu—-OW1 2.342(3) A]. This suggests that OW1 could
be co-ordinated to both Euand Eu (1 — x,1 —y,1 — z). Itcan
be presumed that the two water molecules may be directly
co-ordinated to two adjacent europium(i) ions with almost
identical bond lengths of 2.340 A via Eu-O-Eu bonding. In
other words, two molecular [Eu(DCTA)]™ units may be linked
through two water molecules, resulting in a dimeric form, as
shown in Fig. 1. The rest of the water molecules are aggregated
between the layers, as shown in Fig. 2.

Luminescence and excitation spectra

The luminescence spectrum of the [Eu(DCTA)]™ crystals
excited at 395 nm was measured at wavelengths from 575 to 725
nm at room temperature and at 78.8 K. There was no significant
difference between the spectra measured at the two temper-
atures. It was found that with decreasing temperature the bands
become sharper and more intense. This suggests that the
molecular symmetry of the crystals is well conserved from
room temperature to 78.8 K. Fig. 3 shows the luminescence
spectrum measured at 78.8 K. For comparison, the lumin-
escence spectra of Eu**(aq) and a 1:1 molar ratio solution of


http://dx.doi.org/10.1039/a807775d

Table 1 Crystallographic data and refinement for Na[Eu(DCTA)-
H,0]-4H,0

Chemical formula C,,H,3EuN,NaO,,
M 607.33

Cell setting Monoclinic
Space group P2,/c

alA 8.612(2)

blA 9.9105(16)
clA 24.250(6)

pr 98.38(2)

VIA3 2047.6(8)

Z 4

F(000) 1216
DJgcem™? 1.970
J(Mo-Ka)/A 0.71069
ulem™! 31.56

R 0.0248

R 0.0612

S 1.143
(A1D)maxs (A1) minle A7 0.649, —0.661

Eu™:DCTA were also measured at room temperature. The 618
nm emission band, responsible for the D,—— F, transition,
was markedly intensified by complexation with DCTA. As the
complex changed from aqueous to crystalline, characteristic
band splitting was observed in most of the bands of the
Dy—> "F; (J=1, 2, 3, 4) transitions. The number of bands
revealed that the (2J + 1) fold degeneracy of the 'F,(J=1, 2, 3,
4) states is removed by the crystal-field potential.

The excitation spectrum of the 610.9 nm emission from the
[Eu(DCTA)]™ crystals was also measured at 78.8 K. Fig. 4
shows the sharp lines caused by transitions within the 4f¢
ground configuration. The band splitting of the excited states
also appeared in the excitation spectrum. Under an identical
crystal field potential, however, the lifting of the degeneracy of
the excited states was less than in the case of the ground 'F,
states. The characteristic feature in the excitation spectrum can
be found in the 465 nm band, which is attributed to the
"F,—> °D, transition. It is well accepted that of the three
intensity parameters, Q, reflects the sensitivity to the ligand
environment if the matrix element U® is not very small, com-
pared with the values U® and U®." For transitions originating
from the 'F, state, only the ’Fy—> °D, has a non-zero U®
matrix element. This transition is sensitive to the ligand
environment, but has not drawn special attention because of
the small value of the U® matrix element." It can be seen from
the excitation spectrum that the oscillator strength of this
transition is comparable to that of the ’F,— °L transition
which is the strongest in the UV and visible region. Enhance-
ment of the oscillator strength of the ’F,— °D, transition
has been observed in some polycarboxylate complexes.!*!* This
may indicate that DCTA offers strong chemical binding ability
via the two iminodiacetate groups.

The identification of some of the luminescence remains
ambiguous due to superposition of several transitions origin-
ating from different emitting levels, e.g. °D, and/or °D,. These
bands are difficult to separate from the ’D,— ’F, transition
bands. For some europium(1r) complexes, one extra, moder-
ately intense, band attributed to the D,—— F; transition
appears on the high-energy side of the D,— ’F, transition.
This problem is solved by selective excitation at the *D, level.
The luminescence spectrum was measured in the 590-600 nm
region with 582 nm excitation. As shown in Fig. 5, 582 nm
excitation also produces the three luminescence bands. This
demonstrates that the three bands in this wavelength region
originate from the 5D, state. Very weak, broad bands appeared
on the low-energy side of the hypersensitive D,— ’F, transi-
tion. It can be seen from the expanded scale of the spectrum
that these bands consist of multiple lines. Taking into account
the band structure and the characteristic feature of the
’D,—— F, transition, these bands may be classified as arising

Table 2 Selected bond lengths (A) and angles (°) in Na[Eu(DCTA)-
H,0]-4H,0*

Eu-OW1(a) 2.336(3) N(1)-C(7) 1.484(5)
Eu-OW1 2.342(3) N(1)-C(9) 1.490(5)
Eu-O(1) 2.370(3) N(1)-C(1) 1.499(5)
Eu-0(3) 2.401(3) N(@2)-C(11) 1.474(5)
Eu-0(5) 2.387(3) N(2)-C(13) 1.483(5)
Eu-O(7) 2.390(3) N(2)-C(6) 1.506(5)
Eu-N(1) 2.644(3) C(1)-C(6) 1.530(6)
Eu-N(2) 2.627(3) C(1)-C(2) 1.556(6)
O(1)-C(8) 1.271(6) C(2)-C(3) 1.536(7)
0(2)-C(8) 1.240(6) C(3)-C(4) 1.496(9)
0(3)-C(10) 1.263(6) C(4)-C(5) 1.534(7)
0(4)-C(10) 1.233(6) C(5)-C(6) 1.535(6)
0(5)-C(12) 1.260(5) C(7)-C(8) 1.525(7)
0(6)-C(12) 1.246(5) C(9)-C(10) 1.541(7)
O(7)-C(14) 1.286(5) C(11)-C(12) 1.545(6)
0(8)-C(14) 1.223(5) C(13)-C(14) 1.524(6)
OWl(a)-Eu-OW1  69.41(12) C(7)-N(1)-Eu 105.7(2)
OWl(a)-Eu-O(1)  82.81(11) C(9)-N(1)-Eu 104.3(2)
OWI1-Eu-O(1) 91.97(11) C(1)-N(1)-Eu 113.3(2)
OWl(a)-Eu-O(7)  141.36(10) C(11)-NQ)-C(13)  110.7(3)
OWI1-Eu-0(7) 76.49(11) C(11)-N(2)-C(6) 113.6(3)
O(1)-Eu-0(7) 80.69(11) C(13)-N(2)-C(6) 108.6(3)
OWl(a)-Eu-O(5)  89.54(10) C(11)-N(2)-Eu 107.6(2)
OWI1-Eu-0(5) 83.66(11) C(13)-N(2)-Eu 103.0(2)
O(1)-Eu-0(5) 172.15(10) C(6)-N(2)-Eu 112.9(2)
O(5)-Eu-0(7) 104.50(11) N(1)-C(1)-C(6) 111.13)
OWl(a)-Eu-0(3)  77.56(11) N(1)-C(1)-C(2) 112.5(3)
OWI1-Eu-0(3) 142.28(11) C(6)-C(1)-C(2) 110.7(4)
O(1)-Eu-0(3) 101.67(11) C(3)-C(2)-C(1) 110.9(4)
O(5)-Eu-0(3) 78.25(11) C(4)-C(3)-C(2) 111.4(4)
O(7)-Eu-0(3) 140.06(11) C(3)-C(4)-C(5) 109.1(5)
OWl(a)-Eu-N(2)  149.70(11) C(4)-C(5)-C(6) 111.54)
OWI1-Eu-N(2) 119.45(11) N(@2)-C(6)-C(1) 111.8(3)
O(1)-Eu-N(2) 123.28(11) N(2)-C(6)-C(5) 111.7(3)
O(5)-Eu-N(2) 64.55(10) C(1)-C(6)-C(5) 111.34)
O(7)-Eu-N(2) 65.01(10) N(1)-C(7)-C(8) 111.0(4)
0(3)-Eu-N(2) 81.74(11) 0(2)-C(8)-0(1) 124.3(5)
OWIl(a)-Eu-N(1)  119.98(10) 0(2)-C(8)-C(7) 117.4(4)
OWI1-Eu-N(1) 151.14(11) O(1)-C(8)-C(7) 118.3(4)
O(1)-Eu-N(1) 64.40(11) N(1)-C(9)-C(10) 111.2(4)
O(5)-Eu-N(1) 121.61(11) 0(4)-C(10)-0(3) 126.0(5)
O(7)-Eu-N(1) 83.17(11) 0(4)-C(10)-C(9) 117.5(4)
O(3)-Eu-N(1) 63.31(11) 0(3)-C(10)-C(9) 116.5(4)
N(2)-Eu-N(1) 67.70(11) N@Q2)-C(11)-C(12)  111.4(3)
Eu(a)-OW1-Eu 110.59(12) 0(6)-C(12)-0(5) 125.0(4)
C(8)-O(1)-Eu 120.2(3) 0(6)-C(12)-C(11)  117.2(4)
C(10)-O(3)-Eu 115.0(3) 0(5)-C(12)-C(11)  117.9(4)
C(12)-0(5)-Eu 119.7(3) N(@2)-C(13)-C(14)  111.4(3)
C(14)-O(7)-Eu 120.6(3) 0(8)-C(14)-0(7) 123.3(4)
C(7)-N(1)-C(9) 109.6(3) 0(8)-C(14)-C(13)  120.2(4)
C(7)-N(1)-C(1) 114.3(3) O(7)-C(14)-C(13)  116.5(4)
C(9)-N(1)-C(1) 109.1(3)

“Symmetry transformation used to generate equivalent atoms: (a)
—x+1,-y+1,—-z+1

from the D, — "F, transition. Except for this transition, all
the bands, shown in Fig. 3, can be attributed to the °D,— F,
transitions. The analysed wavenumbers of these transitions are
listed in Table 3.

The extent to which the (2J + 1) degeneracy is removed
depends upon the site symmetry of the europium(i) ion. Some
possible site symmetries for the Eu™ in the DCTA complex
would be C,,, C,, or C,. For the Eu** ion all the transitions
from the 5D, to the 'F, states except J =1 are allowed by the
electric dipole moment. Here, the transition to the ’F, state is
characterized mostly by the magnetic dipole moment. Taking
into account the selection rules, under any C,, site symmetry,
no characteristic luminescence bands are observed in the
Dy—> "F,;(J =0, 2, 3, 4) transitions. Under C, site symmetry,
the Eu™ may produce the maximum number of (2J + 1) lines
in the transitions from the °D, state to any of the ’F; states.
Consequently, the number of observed bands in the transitions
from the *D, to the 'F; , states leads us to choose C,, for the site
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Fig. 3 Luminescence spectrum of [Eu(DCTA)]” complex in the
crystalline state excited at 395 nm (7 = 78.8 K).
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Fig. 4 Excitation spectrum of the 610.9 nm emission from [Eu-
(DCTA)] ™ in the crystalline state.
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Fig. 5 Emission spectrum in the *Dy,—> F, region from [Eu(DC-
TA)] crystals excited upon the *D, state (4., = 582 nm and 7T = 78.8 K).

symmetry of the Eu™ in the [Eu(DCTA)]” complex. The
ORTEP view of the molecular unit in Fig. 1 also shows that C,y
is quite possible for the site symmetry, taking into account the
mononuclear species. If the electrostatic interaction between
europium(1) ions in the dimer is comparable with the attractive
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Table3 The observed °D,— "F,(J =0, 1, 2, 3, 4) luminescence lines
(cm™) of [Eu(DCTA)] “

No. J Observed Calculated Peak assignment *Dy(A) —>
1 0 17204 17204 Fy(A)
2 1 16908 16918 F(A,)
3 16869 16856 F(B,)
4 16748 16746 F,(B,)
5 2 16367 16367 F,(1A)
6 16291 16305 "Fy(B,)
7 3 15379 15420 "F4(1B,)
8 15320 15317 "F4(1B,)
9 15315 15251 F4(2B,)
10 15242 15227 Fy(A)
11 15203 15212 F,4(2B,)
12 4 14621 14607 F,(1A)
13 14591 14577 F,(1B,)
14 14406 14384 F,2A)
15 14218 14220 F,(1B,)
16 14198 14207 F,(2B))
17 14165 14146 F,(2B,)
18 14110 14123 F,(3A)

“ An additional correction due to the complexation was made to the ’F,
barycenter, 80 cm ! with respect to the average stabilization energy, E,,,
in eqn. (1).

interaction between Eu™ and the binding atoms of DCTA, the
heterogeneity in the site symmetry may give rise to the com-
plexity in the band structure in the *Dy— "F, transition. As
shown in Fig. 3, a single band appeared for the *D,— 'F,
transition. Accordingly, we conclude that the repulsive inter-
action between europium(in) ions is negligible compared with
the binding interaction between Eu™ and DCTA. Under C,,
and C, site symmetry, the transition from the D, to the 'F,
state gains intensity through J mixing. However, the intensity of
this transition is still very low compared with those of the tran-
sitions to the ’F, state. This indicates that mixing of the ’F, with
the other states could be negligible.

Simulation

For a comprehensive analysis of the observed luminescence
lines, the energy-level scheme of europium(i) ions in the
complex has been simulated with the aid of a complete set of
Hamiltonians (1)%!* where Hyg, is the Hamiltonian for the free

H=FE, + Hp + Hcp ()

ion and Hcg is the crystal-field Hamiltonian (CFH) due to the
ligand environment. In eqn. (1), E,, is the spherically symmetric
part contributed by the free-ion and the crystal-field Hamil-
tonians. For the electronic structures of the free ion, the electro-
static and spin—orbit interactions within the /™ configurations
are treated as the main part and the two-particle configuration
interaction associated with the a, f and y parameters as add-
itional terms. Other additional terms, such as the three-particle
configuration interaction and the magnetically correlated cor-
rections, are excluded from this calculation, since they are
insignificant in the simulation of the free-ion level of the Eu™ in
the DCTA complex.

The CFH for the C,, site symmetry is the same as that for the
D,, which has been expressed in terms of the spherical tensor
operators C® as in eqn. (2) where the CF parameters, Bj,
Hep=BiC§ + BY(CY + CB) + By + By(CY + CY) +

BYCI + C9) + BCP + BYCP + C9) +

BYCP + CO) + BYCY + CY) ()
represent the expansion coefficients. Here, assuming that the

crystal field potential (CFP) would not cause mixing of the ’F,
and other electronic states due to the large energy gap, the
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Table4 Energy and crystal-field parameters (cm ') determined empir-
ically from the luminescence spectra of Na[Eu(DCTA)-H,0]-4H,0“

Parameter Parameter

E! [5940] B 180(10)
E? 29(0.3) B} —1310(50)
E3 [667] B} —350(50)
Eur 1330.5(0.55) B 1170(10)
a [20] B 1720(20)
s —644(0.4) BS —1120(20)
y [1750] B 40(20)
B —510(10) B¢ 160(20)

“ Values in square brackets were held fixed in the fitting and values in
parentheses represent uncertainties. In this work electrostatic matrix
elements were specified in terms of E', E2, E* which are linear combin-
ation of the F* integrals.

matrix elements in the CFH are approximated to the problems
between the | fNF; JJ,) and | /N 'F; J'J,') states. According to
the selection rule for the crystal quantum number (x), the CF
matrix elements between two states, |/~ ’F; JJ,) and | /N 'F;
J'J."), are non-zero if the two states have the same parity in the
J, quantum number.* Introducing this selection rule to the
CFH, the full 48 x 48 set of matrix elements can be reduced to
two 24 X 24 sub-groups (=0 and *1).

In this work, the calculation of the 'F, electronic states of the
Eu™ in the complex has been carried out in two steps. First, we
calculated the energy-level structure of the free-ion state with
(2J + 1) degeneracy by overrunning the amount of experi-
mental data, namely the "F, 4, Dy, °Lq, *G and *Hg data. The
calculation was carried out by the diagonalization method,
in which most of the 119 states with S>1 were included.
Finally, we carried out the CF simulation on the fine structures
of the "F; (J=1-6) levels that arise from the C,, crystal-field
potential. The energy parameters were determined by the best
fit to the observed luminescence lines responsible for the
Dy—> "F,(J =0, 2, 3, 4) transitions. Specifically, the selection
rule for these transitions was employed to determine the fine set
of CF parameters. The energy parameters obtained are listed in
Table 4.

Previously,'* we found that in simulating the luminescence
lines of europium complexes a discrepancy occurred in the
barycenters of the *D,— ’F, and *D,— ’F; transitions.
Of the observed transitions, the *D,—— ’F, is the most sensi-
tive to the complexation, while the D,——> F; is the least. It
has been observed that the "F, state is more stabilized and the
"F, state is less stabilized with respect to the average shift in the
"F, multiplets, E,,. Some possible improvements in theoretical
energy level could be made by taking into account the Jahn—
Teller stabilization'® and the nephelauxetic effect.!’ To date,
there are no reports on the quantitative theoretical analysis of
how these effects are responsible for the shift of the barycenter
of each excited level. The simulation of the free-ion state of
the europium(im) ion suggests that some additional terms
accounting for the band energy shift in the D,—— ’F, trans-
ition are specifically required in eqn. (1). Empirically, an
additional correction of 80 cm™! was made on the 'F, free-ion
level for the fine simulation.

The calculated energy levels of the ’F; (J=1-4) states of
Eu™ in the [Eu(DCTA)]” complex are listed in Table 5. For
precise assignment, their mixed |JJ)* eigenstates were deter-
mined from the secular determinants of the CFH in com-
bination with the calculated free-ion energy and the CF
parameters obtained. The eigenstates and their irreducible
representations are listed in Table 6. The eigenstates indicate
that most of the luminescence lines are affected by the CF
mixing between the energy levels with the same parity. The
assignments for the observed luminescence lines were made in
the *D,—— "F, (J=0, 1, 2, 3, 4) transitions according to the
calculated wavenumbers and the selection rules in the C,,

symmetry, as listed in Table 3. The set of CF parameters yields
calculated wavenumbers that match very well the experimental
values of most of the lines (except 7 and 9) in the *D,—— 'F,
(J=1,2,3,4) transitions, ¢ = 16.4 cm™".

Scalar CF strength parameter of the 'F, state

The systematic trend in the phenomenological B} parameters
has been grouped for a series of lanthanide(1m) ions in a given
host."® Similar application to lanthanide(ir) complexes with
DCTA is difficult, because of the lack of available data. In this
study we attempted to rationalize the parameters as an indi-
cation of both the spectrum pattern and the magnitude of the
maximum CF splitting of the "F, state for Eu™ in crystals of
different structures and site symmetries, since the ’F, state
of Eu™ is well isolated from the other states.">'*'” Here, the
diagonal elements in the CFH described by eqn. (2) are charac-
terized by Bf (k=2, 4, 6), while the off-diagonal elements
are determined by the Bf parameters satisfying the selection
rule AJ, =|g|. Neglecting the J mixing, the splitting of the "F,
state of the europium(i) ions behaves in a way directly pro-
portional to the B} and B} parameters depending on the site
symmetry. If B} is specified as a negative value, it will lower the
|1, 0) level energy and raise the energy of the degenerate |1, £1)
levels. When B2 is a positive value the opposite occurs. Further-
more, the degeneracy of the |1, 1) level is removed by the B2
parameter.

The theoretical maximum splitting, AE, of a given J state can
be calculated from the B} parameters by using the so-called
scalar crystal field strength parameter, N,, which is given by'®
eqn. (3) and represents the distance in the space spanned by the

S N

2k + 1

spherical harmonics, Y;. The theoretical formula for the
maximum splitting of a given J state has been developed from
the relationship between the root-mean-square deviation of
the energies of a number of levels and the projection of the
spherical tensor under the CFP onto the subspace of the free-
ion state. The maximum splitting for a small J value is given
by '8 eqn. (4) where g is the degeneracy of the J level (g, = g for

N, (4)

)|l

an integer J, g, = g/2 for a half-integer J) and the index i runs
over the 4f electrons. The reduced matrix elements of the
spherical tensor operator can easily be evaluated via the sum
of the unit tensor. The quantity p is the sum of the square
deviations from the center of gravity run over each level, in
units of AE/2. Letting a; be a fraction of the level giving
the splitting within the interval AE, then p is given by
(1 + a? + a2 + === + a,_," + 1). Since the J mixing of the "F,
state of Eu™ is nearly negligible, we confined the theoretical
calculation of the maximum splitting to the ’F, state. For the
F, state the calculation is simplified to the case of k = 2 in eqns.
(3) and (4). The theoretical and experimental splittings of the
F, state for europium(ir) complexes with some interesting
polycarboxylate ligands are listed in Table 6. There is quite
good agreement between the theoretical and experimental AE
values. Here, not only the B} (g =0, 2) but also the B; parameter
determine the energies of the ’F, sub-levels. The B parameter in
off-diagonal elements of the CFH causes the ’F, state to mix
with other J states. For the [Eu(DCTA)]” complex, the J mixing
of the F, with the F; state may cause some disagreement
between the theoretical and experimental splitting. Overall, this
shows that the precise Bi parameters are very useful as crystal
field probes for the ’F, state of europium(iir) ions in different

AE— <ﬁ
gnp
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Table 5 Energies and major |J, J,) components calculated by the crystal-field effect for the ’F, multiplets (/ =0, 1, 2, 3, 4)

Energy/
Level cm! Major component
A('Fy) 0 1.000, 0y
A(F) 286 1.00|1, 0)

B,(F,) 348
B,(’F,) 458
B,(F,) 809
1A,(F,) 837
B,(F,) 899
2A,(F,) 1064
A(CFy) 1226
1B,('F,) 1784
1A,(F,) 1864
1B,('F, 1887
2B,('F,) 1953
2A,(Fy) 1977
2B,(F,) 1992
2A,(Fy) 2056
1A,(F,) 2597
1B,('F,) 2627

0.09]1, —1)+0.09]1, 1)+0.70]2, — 1)+0.7]2, —1)

0.95[2, 0)—0.22]3, —2)+0.22|3, 2)
0.70[2, —2)—0.70[2, 2)+0.06/3, 0)

0.69|1, —1)+0.69]1, 1)+0.07]2, —1)+0.07]2, 2)—0.08]3, —3)+0.08]3, —1)+0.08|3, 1)—0.08|3, 3)
0.701, —1)—0.70]1, 1)+0.08]3, —1)—0.08|3, 1)+0.063, —3)+0.07]3, —1)—0.07|3, 1)—0.06|3, 3)

0.68]2, —2)—0.12[2, 0)+0.68]2, 2)+0.18]3, —2)—0.18|3, 2)
0.08|1, —1)—0.08|1, 1)+0.69]2, —1)—0.69]2, 1)—0.1]3, —3)—0.08|3, —1)—0.08|3, 1)—0.10|3, 3)

—0.1112, —1)+0.11]2, 2)+0.23|3, —3)+0.64[3, —1)+0.64[3, 1)+0.23(3, 3)+0.14}4, —3)—0.05]4, —1)+0.05/4, 1)+0.14}4, 3)
0.06[2, —2)—0.06[2, 2)+0.19]3, —2)+0.96|3, 0)+0.19]3, 2)+0.07}4, —4)—0.07|4, 4)

—0.08]1, —1)+0.08|1, 1)+0.14|3, —3)+0.67|3, —1)—0.67|3, 1)—0.14|3, 3)+0.07}4, —3)—0.12}4, —1)—0.12}4, 1)+0.07}4, 3)
0.10]1, —1)+0.10]1, 1)—0.10]2, —1)+0.1]2, 2)+0.64|3, —3)—0.24]3, —1)—0.24|3, 1)+0.64|3, 3)+0.11}4, —1)—0.11}4, 1)

0.192, —2)+0.19]2, 2)+0.67|3, —2)—0.67]3, —2)—0.17}4, 0)

0.10[2, —1)+0.10[2, 1)+0.67|3, —3)—0.15|3, —1)+0.15[3, 1)—0.67|3, 3)+0.11}4, —3)+0.11}4, 3)—0.07|5, —1)+0.07/5, 1)
0.67]3, —2)—0.26[3, 0)+0.67|3, 2)—0.05]4, —4)+0.11]4, —2)—0.11}4, 2)+0.05]4, 4)—0.06|5, 0)

0.08]3, —2)+0.08|3, 2)+0.97/4, 0)+0.15|5, —2)—0.15|5, 2)

—0.053, —3)—0.11]3, —1)+0.113, 1)+0.053, 3)—0.434, —3)+0.52}4, —1)+0.52]4, 1)—0.43}4, 3)—0.06|5, —5)+0.06]5,

—3)+0.12J5, —1)—0.12[5, 1)—0.06]3, 3)+0.06]5, 5)+0.06]6, —5)+0.06]6, —3)+0.06]6, 3)+0.06/6, 5)

2A,(F,) 2820
1A,(F,) 2904
1B,('F,) 2984

0.63]4, —4)+0.30[4, —2)+0.30[4, 2)+0.63[4, 4)+0.08|5, —4)—0.08|5, 4)—0.08]6, —4)+0.06]6, —2)+0.06|6, 2)—0.08]6, 4)
0.08]3, —2)+0.06|3, 0)+0.08]3, 2)+0.55/4, —4)+0.434, —2)—0.43]4, 2)—0.554, 4)
—0.06[2, —1)+0.06[2, 1)+0.11]3, —3)—0.07]3, —1)—0.07]3, 1)+0.11]3, 3)+0.164, —3)+0.664, —1)—0.66]4, 1)—0.16J4,

—3)—0.055, —5)+0.09]5, —1)+0.09]5, 1Y—0.05|5, —5)+0.03|6, —3)+0.06/6, — 1)+0.06/6, 1)—0.056, 5)

2B,('F,) 2997

1)+0.07|6, —3)+0.07]6, 3)
2B,(F,) 3058
3A,(F,) 3081

2A,(Fy) 3256

0.133, —3)—=0.07]3, —1)+0.073, 1)—0.13]3, —3)+0.47/4, —3)+0.44]4, —1)+0.44[4, 1)+0.474, 3)—0.235, —1)+0.23[5,
0.113, —3)+0.103, —1)+0.10]3, 1)+0.11[3, 3)+0.66[4, —3)+0.15[4, —1)—0.154, 1)—0.66]4, 3)+0.09|5, —5)—0.08|5,
—3)+0.06]5, —1)+0.06|5, 1)+0.08|5, 3)+0.09]5, 5)

0.08]3, —2)—0.08]3, 2)—0.28|4, —4)+0.61}4, —2)+0.18]4, 0)+0.61]4, 2)—0.28}4, 4)—0.07|5, —4)+0.15|5, —2)—0.15]5, 2)+0.07|5,
4)

—0.08]3, —2)+0.06[3, 0)—0.08|3, 2)—0.554, —4)—0.43]4, —2)+0.43|4, 2)+0.554, 4)

Table 6 Scalar crystal field strength parameters and maximum splitting energies of the ’F; manifold for europium(ir) complexes with polycarboxyl-

ates (all values are in cm™%)“

[Eu(DCTA)]™ [Eu(DPA),]"* [Eu(ODA);]" ¢ [Ew(EDTA)] 4 [Eu(phen),]**¢ [Eu(PU)g**

Site symmetry (&% D, D, (&% D, D,
Barycenter 'F, 393 367 388 380 368.8 359

B} =510 —153 112 —485 355.2 —536.3

B3 180 =70 — 89 —116.8 —442.3

N, 857 267 178 782 563 850

AE (exptl.) 160 56 34 161 135 166

AE (theo.) 167 52 34 152 110 165

“ The maximum splitting energy was calculated by eqn. (4) with a =0.5. ® From ref. 14. ¢ From ref. 13.  The energy parameters will be published
elsewhere. ¢ [Eu(phen),][NO;]; (phen = 1,10-phenanthroline).® / [Eu(PU),][NO;], [PU = tetrahydro-2(1 H)-pyrimidinone].*

systems. For the other states for which the J mixing is not
negligible, the appropriate eigenstates should be employed in

eqn. (4).

Emission features

Among the luminescence bands of the europium(ir) complex
the most striking feature is observed in the *D,— ’F, tran-
sition, which depends on complex stability and structure. This
transition is hypersensitive to environment when the ion does
not lie on an inversion center. When some water molecules are
replaced by DCTA ligand to form the 1:1 Eu™:DCTA com-
plex the oscillator strength of this transition increases to 15.8
times that seen for Eu’"(aq). For the other transitions the
intensities are enhanced moderately by the complexation with
DCTA: 3.0 times for the 590 nm band, 5.2 times for the 650 nm
band, and 3.7 times for the 695 nm band.

The *D,—— ’F, transition is observed as strong for most
europium(1) complexes since it is allowed by the magnetic
dipole moment. If this transition is purely the result of the
magnetic dipole moment the intensity should be almost
independent of the environment. The increase in the oscillator
strength of this transition suggests that the electric dipole
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moment may partially contribute to the transition probability
via the complexation with DCTA. The crystal-field potential
produced by the water ligands is weak so that the *D,—— F,
transition yields a single band peaking at 595 nm. For the 1:1
Eu™:DCTA solution an additional weak band, peaking at 600
nm, appeared on the lower energy side of the 595 nm band. If
the appearance of this additional band is associated with the
induced electric dipole-moment mechanism then either the B,
or the B, level is responsible for this transition. The simulation
in the crystalline state attributes the additional band to the
A,(°D,) —> B, transition. Furthermore, in the crystalline
states, the high-energy side is split into two separate lines,
assigned as the A,;(°Dy) —> A, and B, transitions, respectively.
As discussed, a negative value of B resulted in the
A,(’D,) —> A, transition in the short wavelength region and
the A,(°D,) — B, and B, transitions in the long wavelength
region.

The relative oscillator strengths (ROS) of the four
Dy—>"F, (J=1, 2, 3, 4) luminescence bands with respect
to that of the *D,—— 'F, transition have been reported
for [Eu(DPA);*~ (DPA = pyridinedicarboxylate) and [Eu-
(ODA);]*” (ODA = oxydiacetate) in single-crystal phases."* For
the DCTA complex in the crystalline state the relative values for
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the three *D,— 'F, transitions are 0.04 for J=0, 3.18 for
J=2,0.08 for J=3 and 0.51 for J=4. A comparison of the
ROS for the *D,— F, transitions gives the order of the
hypersensitivity as ODA(ROS =1.3) < DCTA < DPA(ROS =
4.2), which could be related to the order of the chemical
stability.

The *D,—> ’F; transition has been observed as very weak
for most europium(i) complexes. For the crystalline phase the
relative oscillator strength of this transition increased greatly
in the DCTA complex, when compared with those of the DPA
and ODA complexes (ROS < 0.04). The J mixing of the ’F,
with the other states would possibly enhance the intensity of the
’D,— F, transition. Defining the mixing ratio of the J state
with a J' state as R=Xv/Zu’ (v; is a coupling constant of
component i in the J' state and y; is one of the j component in
the J state), then using the simulated eigenstates for all levels in
the "F, state except the 1A, level R ranges from 0.06 to 0.09.
Here, the R of the 1A, level is nearly negligible. These R values
are larger than for the DPA complex, of which the maximum
value is 0.02. For the DCTA complex the mixing of the F,
state may add an allowed magnetic dipole character to the
electric dipole character, which enhances the intensity of the
’D,—> ’F; transition.

The °D,——’F, transition is sensitive to the ligand
environment. For [Eu(DCTA)]™ the intensity of this transition
increased moderately. The characteristic feature of this tran-
sition can be found in the well separated luminescence lines
rather than the enhanced intensity. The C,, crystal-field poten-
tial produces the 7 lines allowed by the electric dipole moment.
Although the *D,—— F, transition does not show apparent
sensitivity to the ligand environment, it yields the maximum
number of allowed lines.

Conclusion

The crystal structure and the luminescence properties of euro-
pium(1r) complex with DCTA have been revealed. The Eu™ is
co-ordinated by N1, N2, O1, O3, 05, O7, OWI and OWI(a).
Here, OWI1(a) is superposed onto the OWI1 atom by the
symmetry transformation (1 — x, 1 — y, 1 — z). Each of the
water oxygen atoms co-ordinates two adjacent europium(Iin)
ions resulting in a dimer. In the complex the cyclohexane ring in
DCTA has a chair conformation.

The single [Eu(DCTA)]™ crystals produce the 18 character-
istic luminescence lines that are responsible for the transitions
from the D, state to the "F, (J =0, 1, 2, 3, 4) states. These lines
are satisfactorily simulated by the crystal-field splitting of Eu™
with C,, site symmetry. This indicates that trivalent europium
ion can provide very useful luminescence properties for the
study of molecular dynamics and structures under specific
physical and chemical conditions.
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