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The emission spectra of poli(ethylene oxide) (PEO) and poli(propylene oxide) (PPO) modified by
diferent concentrations of europium bromide, PEO„EuBr3 (n =8, 12, 16,20, 24, 28, 32, 80) and

PPO„EuBr, (n = 32, 80), were recorded and the observed lines assigned to the intra 4f"= 'Do, ~'Fo ~

transitions. The corresponding Stark levels were identified for the Fo 4 and 'Do states. The lumines-

cence of both these polymer complexes (presenting almost identical characteristics) is suSciently intense

to suggest their use as possible luminescence devices. The local coordination of a rare-earth ion in poly-

mer electrolytes is attempted. We used a local-field interaction model, the polarization behavior of the

Dp ~ Fo transition, certain moment operators, and the allowed optical activity of the F2 3 4 com-

ponents for identifying the approximate local symmetry of Eu'+ to the C&„point group.

I. INTRODUCTION

Polymer electrolytes with monovalent and divalent cat-
ion salts have received considerable attention in the last
two decades. ' In spite of some recent results concerning
basically the ionic conductivity of polymer electrolytes,
modified by trivalent rare-earth (RE) cations 2 3 their op-
tical properties and the related local coordination have
received very little attention up to now. " Because po-
lymeric electrolytes in general present certain liquidlike
features, with the polymer acting as an "immobile" sol-
vent the structural properties of these materials are
predominantly determined by the local structure in the
vicinity of the ions' salt. Following a previous work, the
present paper is a first attempt to determine the local
coordination of an RE ion in polymer electrolytes by
means of their luminescence characteristics. %'e used the
emission spectra of poli(ethylene oxide) (PEO) and
poli(propylene oxide) (PPO) doped with EuBr~
[(PEO/PPO)„EuBr3] with n being the number of oxygen
atoms in the polymeric chain per Eu + cation, for inves-
tigating the local structure surrounding the europium
ion. Emission spectra of (PEO/PPO) „EuBr& were
recorded for different concentrations of the salt and the
observed lines were assigned to the Do, ~ Fo 4 transi-
tions (Table I; Sec. III). These lines, besides being well
defined, are sharper than the corresponding lines
identified for Eu + in glassy media, ' with widths of the
order of tens of cm (Fig. I). This seems to indicate that
in PEO and PPO the number of different microscopic en-
vironments for the ion is smaller than the characteristic
number associated with glasses; that is, the order of coor-
dinated ligands in these polymer complexes seems to ex-
tend beyond the first-neighbor shell.

The emission spectra obtained indicate that, indepen-

dently of the electrolytes phases, only one local symmetry
occurs for the ion, and that this coordination may belong
only to the triclinic, monoclinic, or orthorhombic crystal-
lographic classes. More specifically, we show (Sec. V)
that the possible site symmetries of the europium ion are
restricted to the groups C„C„C2and Cz„. The results
of the polarization behavior of the Do~ Fo transition
excluded the C, point group (Sec. VI).

The interaction of the ion with its surrounding neigh-
bors reproduces the connection between the observed en-
ergies and the local symmetry features of the PEO/PPO
complexes. This interaction is expressed by a local-field
Hamiltonian, ' written in terms of a set of parameters
which encompass all the dynamics, and which are direct-
ly related to the local symmetry characteristics of the ion
in each complex. This model does not furnish, however,
a unique correspondence between one definite point
group and one given set of parameters. In fact, the model
does not decide between two sets of dynamical parame-
ters: a first set associated with the point group C„and a
second one associated with the point groups C2 and C2„
(Sec. IV).

%e looked, therefore, for another method of connect-
ing the observed energies with the symmetry-related
dynamical parameters, which would permit a selection
between the two possibilities C, and C2, C2„. This is ac-
complished by expressing both the observed transition
energies and the dynamical parameters in terms of cer-
tain moment operators introduced by Leavitt. "' Since
this explicitly relates the observed energies with the local
symmetry characteristics of the Eu + in the complexes, it
will select, therefore, the set of parameters which best
reproduces these energies; that this, it will select between
the two cases C& and C2, C2„. The weaker and less well
resolved sublevels of F2 3 4 will be related to components
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without optical activity. This, in turn, will render possi-
ble the identification of the approximate Eu + local coor-
dination in PEO and PPO electrolytes (Sec. VII).

II. EXPERIMENTAL

A. Materials

Polymer electrolytes of PEO (MW = 5 X 10, Aldrich)
and PPO (Zeon Chemicals) with anhydrous europium
bromide (Rare Earth Products) were prepared by the usu-
al solvent casting technique. The yellowish-green solu-
tions of EuBr3 in ethanol were filtered and mixed with the
PEO and PPO dissolved in isopropanol and acetonitrile.

The (PEO/PPO) „EuBr3 solutions, with n =8, 12, 16,
20, 24, 28, 32, 80 for PEO, and with n =32,80 for PPO,
were cast into glass formers on Teflon plates and the re-
sidual solvent was removed by heating the resulting films
for 48 h at 70'C, under vacuum. The films were next
vacuum-dried for several days and stored in an inert at-
mosphere dry-box. As expected, these europium electro-
lytes, with a heterogeneous salt distribution (analyzed by
differential scanning calorimetry techniques, x-ray
diffraction, and electronic and optical microscopy) reveal
a complex morphology, characterized, in PEO com-
plexes, by an admixture of crystalline and amorphous
phases, and, in the two PPO electrolytes with low salt
concentration, predominantly by amorphous regions. '

TABLE I. Luminescence emission for PEO„EuBr3 (n =8,28, 80) and PPOspEuBr3.

Transition

Dp~ Fp

Dp —+ Fl

PEOs

17 254.8/3 17 266.7/14 17 254.8/4

Energy (cm ')/relative intensity'
PEO28 PEO8p PPO8p

17 262.2/24

Do~ F2

Dp~ F3

Dp~ F4,

D ~F

D ~F

16962.1/6
16 874.8/7
16 803.9/5

16 326.5/32
16289.3/100
16245.6/14
16224.0/10
16 131.6/10

15 422.6/0
15 408.3/1
15 384.6/2
15 370.4/1
15 351.6/2
15 313.9/1
15 267.2/1

14 559.2/1
14 515.9/3
14484.4/2
14 432.1/4
14413.4/3
14 341.0/4
14 316.4/4
14 302.1/4
14225.7/13

17 170.3/1
17 129.2/1
17 117.4/1

16086.2/11
16064.3/16
16051.3/16
16041.1/12
16025.6/5

16965.0/18
16 887.6/22
16801.1/16

16 326.5/62
16285.3/100
16206.1/35
16 178.6/32
16 130.3/24

15 404.8/7
15 384.6/8
15 355.1/8
15 337.4/7
15 311.6/7
15 298.7/7
15 282.3/6

14 529.6/9
14 504.3/10
14473.9/10
14436.3/12
14415.5/13
14 373.0/12
14 332.8/16
14 291.8/17
14 220.6/15

17 130.6/8
17 117.4/8
17 105.7/8

16 114.7/24
16069.4/22
16053.9/23
16047.5/23
16033.3/22

16959.2/6
16 859.1/6
16791.2/5

16329.2/28
16292.0/100
16 173.4/9
16 135.5/11
16 119.9/10

15402.4/4
15 350.4/4
15 339.8/4
15 322.0/3
15 292.9/4
15 276.5/3
15 261.4/3

14 534.9/4
14 515.9/5
14484.4/4
14427.9/4
14 376.1/4
14 314.3/5
14294.9/5
14263.3/5
14225.7/12

17 199.9/3
17 126.2/3
17063.4/4

16078.5/14
16069.4/17
16063.0/18
16052.7/16
16043.6/13

16957.8/25
16 889.0/26
16809.5/23

16 326.5/69
16292.0/100
16 189.1/28
16 173.4/29
16 131.6/25

15 401.2/11
15 391.7/11
15 372.8/11
15 351.6/11
15 332.7/10
15 306.9/10
15 278.8/10

14 513.8/10
14497.0/9
14476.0/10
14436.3/9
14413.4/10
14 369.9/11
14 316.4/20
14 289.8/12
14 222.6/17

17 185.1/19
17 158.1/19
17056.1/18
17012.6/6

16 110.8/25
16087.5/23
16072.0/24
16061.7/24
16043.6/20

'Normalized in terms of the intensity of the Dp ~ F2 strongest peak.
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B. Measurements

Emission spectra for (PEO/PPO)„EuBr3 were record-
ed, with a resolution of 0.05 nm, for several excitation
wavelengths (predominantly 395 and 465 nm, which cor-
respond to the two more intense lines in the excitation
spectra), in the temperature range 13—310 K, using a
KRATOS LH151N/1S 1000 W xenon arc lamp as the ex-
citation source, a KRATOS GM-252 excitation mono-
chromator, and a 1704 SPEX 1-m Czerny-Turner spec-
trometer coupled to an RCA C31034 photomultiplier.

Polarization experiments were performed at 13 K with
the exciting light vertically polarized (z direction) and fo-
cused along a direction (x direction) normal to the plane
of the electrolyte films. Using a second polarizer, the
transitions Dp &~ Fp 4 were recorded in a direction
perpendicular to the I direction, for two normal orienta-
tions, one having the electric field of these transitions
parallel to the z direction and the other having this field
parallel to the xy plane.

As commonly occurs, the D&~ F34 transitions were
observed in the same wavelength region of the
Dp ~ Fi 2 lines. As temperature increased from 13 to

310 K, the intensity of the lines was approximately re-
duced by an order of magnitude, but no significant varia-
tions were detected in the Stark energies. Similar results
were obtained for the several excitation wavelengths
used. In Table I, we present the energies and the relative
intensities of the observed lines, normalized in terms of
the intensity of the Dp ~ F2 strongest peak, for
PEO8 28 8pEuBr3 and for PPOspEuBr3. Figure 1 shows
the emission spectra (A,,„,=395 nm), at 14 K, for
PEO8EuBr3 and PEO2I|EuBr3. The energy superposition
between the transitions D, ~ F3/5DO ~ F, and

D&~ F4/ Do~ F2, gives place to a certain ambiguity
in the identification of some of the local-field split com-

TABLE II. Observed 'Fp 4, 'Dp Stark levels and the corre-
sponding barycenters (cm ') for PEO„EuBr3 (n =8,28, 80) and
PPOspEuBr3.

III. THE EMISSION SPECTRA
Level

7F

PEO8
Observed Stark energies

PEO28 PEOsp PPO8p

The emission spectra of (PEO/PPO)„EuBr3 show a
considerable number of lines between 570 and 710 nm,
representing the transitions Dp &~ Fp 4 between the
first excited states and the ground multiplet of the Eu3+
ion. These spectra —which are dominated by the transi-
tions to the Fz manifold —present very well defined lines
assigned to the Dp —+ Fp & 24 transitions and less well
defined weak Dp~ F3 and 'D, ~ F34 transitions. The
Dp ~ F2 4 and D, ~ F3 4 transitions are of electric di-

pole (ED) nature (corresponding to a selection rule
AJ 6, 0=-0 forbidden, or EJ=2,4, 6, if the initial state
has J=0); the D0~7F, is a magnetic dipole (MD) in-
duced transition (for which b,J=O, +1, 0= =0 forbidden).

~ Q0
8
C
M

F

Barycenter
F

Barycenter
F3

Barycenter
F4

292.7
380.0
450.9
374.5

928.3
965.5

1 009.2
1 040.8
1 123.2

1 013.4

1 832.2
1 846.5
1 870.2
1 884.4
1 903.2
1 940.9
1 987.6

1 895.0

301.7
379.1
465.6
382.1

940.2
981.4

1 060.6
1 088.1

1 136.4

1 041.3

1 861.9
1 882.1

1 911.6
1 929.3
1 955.1
1 968.0
1 984.4

1 927.5

295.6
395.7
463.6
385.0

925.6
962.8

1 081.4
1 119.3
1 134.9

1 044.8

1 852.4
1 904.4
1 915.0
1 933.8
1 961.9
1 978.3
1 993.4

1 934.2

304.4
373.2
438.5
372.0

935.7
970.2

1 073.1

1 088.8
1 130.6

1 039.7

1 861.0
1 870.5
1 889.4
1 910.6
1 929.5
1 955.3
1 983.4

1 914.2

PEO EuBr

570 605

PEOSEu

640 675
Wavelength (nm)

710

FIG. 1. Emission spectra (A,,„,=395 nm) for PEO8EuBr3 and
PEOp8EUBr3 at 14 K. (1) (3) (4) (6) (7): Dp ~ Fp l 2 3 4 (2),
(5): 'Dg ~ F3 4 The emission intensities are proportional to the
photon flux and are normalized relative to most intense
Dp —+ F2 peak.

Barycenter
5D

2 695.6
2 738.9
2 770.4
2 882.7
2 841.4
2 913.8
2 938.4
2 952.7
3 039.1

2 857.0

17254.8

2 737.1
2 762.4
2 792.8
2 830.4
2 851.2
2 893.7
2 933.9
2 974.9
3 056.1

2 719.9
2 738.9
2 770.4
2 826.9
2 878.7
2 940.5
2 959.9
2 991.5
3 039.1

2 748.4
2 765.2
2 786.2
2 825.9
2 848.8
2 892.3
2 945.8
2 972.4
3 049.96

2 870.3 2 874.0 2 870.5

17266.7 17254.8 17262.2



11 724 L. D. CARLOS AND A. L. L. VIDEIRA

N
g
tl}

H

'aI
N

8
0
R

uBr3

6
PEO EuBr

FIG. 2. Emission spectra (A,,„,=395nm) for
PEO«EuBr3 and PPO, oEuBr3 at 14 K. (1), (3),
(4), (6), (7): Do + Fo l 2 3 4y (2), (5):
5 7

F3,4.

570 605 640
Wavelength (nm)

675 710

ponents of the F, 2 states. This difBculty was resolved

by comparing these transitions with the Eu + spectra in
other matrices, and by analyzing the effects of the change
in temperature and in ion concentration. The Stark lev-
els of the Fp 4 and Dp states, and the corresponding
barycenter energies are indicated in Table II. Due to the
weak intensity of the D p ~ F3 transition, the energies of
some of the F3 Stark components exhibit a non-

negligible uncertainty; this is also the case for the weakest
Stark levels of the F4 multiplet. The number of Stark
levels identi6ed, in the range of n investigated, seems to
be independent of the two polymer hosts and of the Eu
concentration. Figure 2 compares the emission spectra
( A,,„,=3950 nrn), at 14 K, for PEO~OEuBr3 and

PPOspEuBr3. In what follows, we will relate these ob-
served transition energies to the local symmetry of the
Eu + ion.

IV. LOCAL-FIELD MODEL

The energetic con6gur ation structure of materials
doped with an RE ion may be modeled by the superposi-
tion H=Hp+ V, with Hp representing the free ion Harn-
iltonian and with the spin Hamiltonian V describing the

ion's interaction potential with the surrounding ligand
neighbors, in terms of a local-6eld perturbation

V=+ g Bq"Cq"(8, ,$, )
i k, q

4m.

2k+1
)

' 1/2

Y (8;,P, ), —k~q(k

with the spherical coordinates (r, , 8, , $, ) fixing the loca-
tion of the ith electron, (i =1,2, . . . , N}, and Y~"(8;,P;)
being the kth-order spherical harmonics. All the dynam-
ics of this interaction are included in the phenomenologi-
cal parameters 8, which are determined, comparing, for
each Stark component, the observed energies (Table II)
with the eigenvalues of V. These dynamical parameters
are responsible for the spherical symmetry breaking of
the free ion levels and for their corresponding splitting to
a maximum of (2J+ 1) Stark components. This splitting
depends on the crystallographic classes comprising the 32
symmetry point groups. '

The matrix elements of V between two different states
of the 4f (1=1'=3) configuration are expressed in

terms of the matrix elements of Racah tensor operators
U" (Ref. 16) as

3 k 3
(f aSLJJ, fVff a'SL'J'J, ')= —7+B" 0 0 0 (

—1) 'f(2J+1)(2J'+1}]'
k, q

where

J k J'
—J, q J,'

are 3-j symbols and

J J' k
L' L S

J k J' J J' k
(f aSL ffU"fff a'SL'), ()L L S

l

are 6-j symbols. The matrix elements of the complex
(ion-surrounding ligands} interaction for each J, level of a

given multiplet +'LJ, Eq. (2), are calculated taking into
account the values of k (2,4,6) and of q, which character-
ize the local symmetry of the complex; that is, this calcu-
lation requires the knowledge of the symmetry group of
the complex. Diagonalizing these matrix elements, the
corresponding eigenvalues are expressed in terms of the
allowed 8 's. Thus, for each symmetry point group, the
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B s representing each ion-surrounding ligands interac-
tion will be fixed by the best fitting between the observed
energies and the calculated eigenvalues. Although there
is no unique correspondence between a given set of B 's

and a given point group, the symmetry operations
characteristic of the difFerent point groups within each
crystallographic class fix the different sets of nonzero
8~'s (Tables 8 of Ref. 17). As we show in the next two
sections, the determination of these symmetry related pa-
rameters was accomplished by taking into account the
number of Stark components, the relative intensities of
ED/MD transitions, and the polarization behavior of
5 7Do Fo.

V. EMISSION SPECTRA AND SITE SYMMETRIES

The existence of several phases in these europium elec-
trolytes may raise the question of whether or not the lo-
cal coordination of the Eu + ion may change with the
electrolyte phase and/or with the polymer/salt ratio.
The possible existence of more than one local coordina-
tion in RE complexes may be determined through the
number of observed Stark levels. ' In the electrolytes in-
vestigated, the number of lines identified in the
Do~ Fo

& 2 transitions were 1, 3, and 5, respectively,
and since the resolution of these transitions is always of
the order of only 1 cm ', these lines cannot correspond
to more than one transition.

When permitted by the local symmetry, the Do~ Fp
transition is characterized by only one Stark component
(both states are nondegenerate), which is just what is ob-
served. Since there is no other transition near this ener-
gy, two symmetry groups consistent with Do~ Fo can-
not exist. The question may be raised, however, whether
different groups may coexist in such a way that Dp ~ Fp
can appear in only one of them. For each of those
groups, the sum of the number of lines for J=1 and 2
cannot be larger than 3 and 5, respectively. From the
number of Stark components characteristic of the seven
crystallographic classes and from the selection rules asso-
ciated with each of the 32 point groups, ' ' these two
conditions concerning the number of lines can only be
satisfied if either (a) one cubic and one trigonal or hexag-
onal group coexist, or (b) there is only one point group
belonging to the triclinic, monoclinic, or orthorhombic
classes. The cubic symmetry does not split the J=1 lev-
el. Insofar as the hexagonal and trigonal classes are con-
cerned, their two Stark energies, expressed by the eigen-
values of the local-field interaction, Eq. (2), involve only
one of the dynamical parameters and are given by—80/10 and Ba/5. This makes the quotient of the abso-
lute values of the corresponding two energies either 2 or
—,
'

( a pure number}. Comparing the quotients of any two
of the three energies measured for the E& level, we do
not find neither of these two possibilities, which then
prevents possibility (a). Usually (although not always),
the different level degeneracies characteristic of the coex-
istence of more than one crysta11ographic site—
possibility (a)—gives rise to diFerent widths for the Stark
components of a state. ' The fact that the observed
widths are approximately the same for all components of

the two F, z levels supports the choice of (b). That is, as
was to be expected from the outset, the only coordination
possibility for the Eu + ion in PEO and PPO is ascribed
only to lower symmetry groups.

Although it seems improbable, the question might yet
be put as to the existence of undetected lines either due to
their very weak intensities, or because they are hidden
under one given line. Both situations would generate a
superposition of symmetries involving a number of lines
greater than the one observed. The superpositions in-
volving the tetragonal symmetry are excluded by the
same argument used for the hexagonal and trigonal cases.
Of the remaining superpositions, the ones associated with
a cubic coordination are certainly not allowed by the
PEO and PPO structures. Finally, the last possibility
(coexistence of at least two groups of the triclinic, mono-
clinic, or orthorhombic classes) is prevented by the fact
that the number of lines observed (3 for J=1 and 5 for
J=2) is far from the numbers (6 and 10) required for this
case.

On the other hand, if the RE ion admits more than one
symmetry group, a change of excitation/emission ener-

gy, ' or of temperature, ' leads to a modification of
the number of lines appearing in the emission/excitation
spectra. For the several wavelengths utilized (395, 410,
465, and 535 nm} and in the range of temperature 13-310
K, the number of lines characteristic of the recorded
spectra is always the same. All this suggests that only
one local coordination occurs for the Eu + ion, indepen-
dently of whether the ion is in a crystalline or in an amor-
phous phase. (This conclusion has already been suggest-
ed in the investigation of PEO electrolytes modified by
europium salts. )

Thus Ole observed degeneracy in each of the Fo 4 lev-
els indicates that the point group of the Eu + ion will be-
long to the triclinic class, comprising the groups C&, and
S2 (or C, ), the monoclinic class, comprising the C2, C„
and C2& groups, or the orthorhombic class, comprising
the C2„, D2, and D2& groups. The strong ED transitions
observed between Dp and the sublevels of F2, with in-
tensities far greater than the observed MD transition
'DQ~ F& (Table I), imply that the symmetry group of
Eu + in these PEO/PPO electrolytes does not have an in-
version center. This excludes the Sz (or C;), Czh, and
Dzz groups and, hence, from the above eight possibilities,
only the C„C„C„C»,and D2 groups remain. The
Dp ~ Fo 3 transitions are prohibited by the ED and MD

selection rules (Sec. III). However, for C„C, 2 3 4 6, and
C2„4„6„,group-theoretical selection rules permit the oc-
currence of these transitions with a predominantly ED
nature, which can be explained by J-mixing effects
and/or by third-order contributions of the spin-orbit in-
teractions. Therefore, the only possible local coordina-
tion of the europium ion in these PEO/PPO complexes
seems to be C„C„Cz,or C2„(as has been-previously
pointed out ).

VI. POLARIZATION EXPERIMENTS

Although ED transitions are strictly forbidden between
intraconfigurations states, they are observed in RE salt
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complexes spectra due to the mixing of states of other
configurations with opposite parity (essentially, the states
of the 4f ' 5d configuration). This admixture is essen-
tially provoked by two odd-parity interactions, the odd
terms of the local-field Hamiltonian V, and the term cor-
responding to the small vibrations of the complex. If the
RE ion is at a center of inversion, the odd terms in V will
vanish and only the term corresponding to the vibrations
will contribute to the ED transitions. That is, as we al-
ready mentioned in the preceding section, the observed
strong ED transitions in PEO/PPO electrolytes are asso-
ciated with the absence of an inversion center, this being
the case of the C&, C„Cz, and Cz„point groups.

The electric dipole operator, P = —eg; r; (summed
over the N electrons of the RE ion) in the irreducible ten-
sorial form of Racah, ' ' written in terms of the Carte-
sian coordinates (x;,y;, z; ) of each electron is

P' = egr;—C'(x;,y;, z; ),

where p represents the direction of polarization: p=0
gives the z; components corresponding to the absorption
or emission of m-polarized light (electric field, E, parallel
to z), and p=+1 represents the x;+y; components, asso-
ciated with the emission or absorption of O.-polarized
light (direction of E parallel to the xy plane).

The Do ~ Fo transition is essentially due to the k = 1,

q =0,+1 terms of the local-field Hamiltonian (the odd-
parity vibrations of the polymer electr olytes are ir-
relevant). As we showed in Sec. V, the local symmetry of
the Eu + ion in the PEO and PPO matrices must be C„
C„Cz, or Cz, . The site symmetry of the last three cases
implies that, for k = 1, the C, group admits only the C+,
terms, while Cz and C2, admit only the Co term (Table V
of Ref. 29). Therefore, the intensity of the ED transition
Do ~ Fo is strongly dependent on its state of polariza-

tion, and is expected to be much smaller for the m com-
ponent, if the site group is C„and much smaller for the
o. component, if the site symmetry is Cz or Cz„. ' For

I

the PEO/PPO electrolytes investigated, the intensity of
the Do~ Fo transition was consistently larger for the ~
component; that is, the intensity measured along the ex-
citing light direction, x, was lower than the intensity for
the polarization direction, z. This precludes the site sym-
metry of Eu + being C„ leaving, therefore, C), Cz, and

Cz, as the only possible point groups. The selection rules
of the ED and MD transitions, associated with the emis-
sion or absorption of m- and o.-polarized light, distinguish
between these three groups. However, as was to be ex-
pected, due to the heterogeneous distribution of the cat-
ion in the electrolytes, the polarization measures cannot
make such a distinction.

VII. LOCAL COORDINATION OF Ku +

The number of nonzero B 's distinguishes the site sym-
metry C, from Cz, Cz, . However, since the local-field
model employed does not decide between these two possi-
bilities, we looked for an independent method for relating
the observed transition energies with the Bq's. This is
provided by the moment operators introduced by Leav-
itt."' Accordingly, we define, for any configuration 1,
the second-order moment operator

o (I aSLJ)= g—[E(I aSLJJ, ) E(l aS—LJ)I
1

2J+1

where E(l aSLJJ, ) are the observed energies of each of
the sublevels J, and E (I aSLJ) are the mean energies
(barycenters) of each state Jof a multiplet +'LJ. Treat-
ing the interaction as a first-order perturbation to the free
ion (absence of J-mixing terms), the energy of each of the
2J+1 Stark components of a given aLSJ multiplet is
given by

E(l aSLJJ, )=E (I aSLJ)+(I aSLJJ, I VII aSLJJ, ) .

Therefore

o (I aSLJ) = g(B") (f aSLJIIC "IIf aSLJ )kz
2J+1 „2k+1

k ~ (2L+1) (2J+1)
L L S 0

k L
0 0 (5)

Using the Bq's determined from the perturbative Hamil-
tonian, Eq. (2), we calculate these second-order operators,
o „,. Next, using Eq. (4), we determine the corresponding
empirical values of these operators, o-,b„directly in terms
of the transition energies. These two independent
methods of determining these moments will coincide only
if the chosen set of parameters Bq of C, or Cz, Cz„will
correspond to the observed energy differences.

The B 's associated with those three point groups are
Bo Bz Bo Bz B4 Bo Bz B4 B6. Of these, the parame-
ters Bq could not be determined, as the only levels we
took into account in our calculations were F

& z. Howev-

er, as we show below, the calculation of B ' allowed the
desired symmetry identification. The only symmetry ex-
isting in C, is the identity operator. The comparison of
our spectra with other spectra of known symmetry higher
than C& points to the Eu + local symmetry being also of
higher order than this. The calculations of the B 's were,
therefore, performed for the Cz and Cz„groups, and
Table III includes the results for all the electrolytes inves-
tigated. The second-order moments, a &, were then cal-
culated taking these B values into Eq. (5). Independent-

ly of any symmetry arguments, the second-order mo-
ments cr,b, may be determined directly from the observed
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TABLE III. B"'s (cm ') for the polymer electrolytes PEO„EuBr3 (n =8, 12, 16,20,24, 28, 32) and

PPO32 8pEuBr3

PEO8EuBr3
PEO)2EuBr3
PEO&6EuBr3
PEO2pEQBl 3

PEO24EuBr3
PEO28EuBr3
PEO32EuBr3
PEO«EQBr3
PPO32EuBr3
PPOspEQBr3

BP

27.5
—15.5
420.0

—10.5
—433.5

417.5
379.5

53.5
—357.0
—338.0

B
—322.7

328.8
167.0
351.7

—150.8
—157.8
—163.9

342.7
133.5
133.5

B4

808.9
349.8
667.8
415.0

—884.3
556.5
938.3

—694.6
—1088.3
—1087.5

B4

155.3
—227.2
—54.5
344.9

—22.0
—579.2
—66.6

—337.9
—1.7
—1.2

B4

—238.3
377.1

—249.2
—348.6
—96.8
—32.3

—347.9
635.7

—184.4
—150.9

energy levels F, 2, Eq. (4). Table IV compares these two
calculations. The fact that the values of cr determined
by the two methods coincide indicates that J-mixing
effects can, in fact, be neglected and validates the sugges-
tion mentioned above that the local symmetry of Eu + is
indeed of higher order than C&, and, therefore, either C2
or C2, .

The Do —+ Fo 4 emissions are split into the maximum
number of components 1,3,5,7,9, for the ligand field of C2
or C2„, although, for C2„optical activity is allowed only
for one, three, four, six, and seven components (Table III
of Ref. 31}. We observed this maximum number of com-
ponents (Sec. V), but some of the F2 3 4 levels, besides
being substantially weaker than the remaining (Table I),
are also not well resolved [1 in Fz, 1 —2(?) in F3, and 2 in

F4, Fig. 1]. These ambiguous lines are usually related to
components without optical activity and consequently,
are associated with formally forbidden transitions of the
group C2„. Therefore, the local coordination of Eu + in
PEO/PPO electrolytes appears to be approximately given
by the C2, symmetry. This identification does not ex-
clude, however, the possibility of the overall site symme-
try in the electrolytes investigated to be of lower order
than Cz„(namely C2 }.

VIII. CONCLUSIONS

In spite of their promising luminescence properties,
trivalent RE polymer electrolytes had, until recently, re-
ceived much less attention than the corresponding com-
plexes modified by monovalent and divalent cation salts.
In particular, the expected connection between their
luminescence properties and the local structure surround-
ing the ion had not been determined up to now.

The emission spectra for (PEO/PPO) „EuBr3 were
recorded for several doping ion concentrations and the
observed transitions identified with Do &

~ Fo 4. The
general luminescence features of PEO and PPO electro-
lytes are not significantly altered by the two different po-
lymer host matrices and by the ion's concentrations. The
transitions Do&~ Fo 4 are sufficiently intense as to
raise the possibility of these PEO and PPO complexes be-
ing used as luminescence devices (with essentially identi-
cal emission characteristics, notwithstanding their
different morphologies). The observed lines are well
defined and sharper than the corresponding ones for
glasses, suggesting that the order of coordinated ligands
seems to go beyond the first-neighbor shell.

This paper is an attempt to determine the local coordi-

TABLE IV. Values of o.,»c and o.,» (cm ') for PEO„EuBr3 (n =8, 12, 16,20, 24, 28, 32) and
PPO32 8pEuBr3.

PEO8EuBr3
PEOI2EuBr3
PEO, 6EuBr3
PEO20EuBr3
PEO24EuBR3
PEO28EuBr3
PEO32EuBr3
PEOspEQBI 3

PPO32EuBr3
PPO&+uBr,

2
O canc

4186.2
4335.6
4637.7
4949.9
4668.1

4482.2
3954.9
4755.0
3261.9
2997.8

F,
2

Oobs

4180.5
4329.2
4643.6
4955.8
4663.3
4481.8
3954.9
4761.6
3262.0
2997.8

+0.1
+0.1
—01
—01
+0.1

0
0

—0.1
0
0

2
O canc

4472.2
3424.5
3713.6
4205.4
4620.7
5188.1
5509.8
7184.7
5670.6
5483.8

F
2

O obs

4484.6
3430.6
3815.8
4139.1
4620.6
5083.2
5519.3
7188.1
5725.4
5487.1

%%uo'

—0.3
—0.2
—2.8
+ 1.6

0
+2.0
—0.2
—0.1
—1.0
—0.1

'Difference between u,»c and o.»,.
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nation of Eu + in PEO and PPO electrolytes, based on
the number of observed Stark components, on the rela-
tive intensities of the Do~ Fz/ Do~ F, transitions,
and on the polarization behavior of the Do~ Fo transi-
tion. The number of local-field split components
identified indicates that, independently of the electrolyte
phases, only one local coordination occurs for the ion,
and shows that this coordination is consistent with the
C„C„C2, or Cz„point groups. The polarization
behavior of the Do~ Eo transition is incompatible with
the C, point group.

The interaction of Eu + with its surrounding neighbors
reproduces the connection, existing for the complexes,
between the observed transition energies and the ion's lo-
cal symmetry features. We expressed this interaction by
a local-field Hamiltonian, written in terms of empirical
parameters Bq, directly related to the local symmetry
characteristics at each ion s neighbors. This model, how-
ever, does not distinguish the possibility C, from the pos-
sibility C2 and C2, . We were able to exclude C, by ex-

pressing the observed energies and the symmetry-related
B"'s in terms of Leavitt's moment operators.

q
7Some of the I'7 3 4 Stark components may be associat-

ed with transitions without optical activity. Thus, the lo-

cal immediate neighborhood of the europium ion in
PEO/PPO electrolytes seems to be approximately repro-
duced by the C2, symmetry, which is consistent with an
eightfold coordination for the bulk of Eu + (the com-
monest behavior for this ion in oxide-type media).
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