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Luminescence, excitation of luminescence and absorption spectra of europium capronate crystals as well as
vibrational IR and Raman spectra at 4.2, 77 and 293 K were obtained. Magnetic susceptibility measurements were
carried out down to 1.7 K. Correlations between the spectral and magnetic properties and details of the structure of
the title compound were studied. The crystal Ðeld parameters were calculated using the Stark splitting of the Eu3`
electronic levels. The oscillator strengths were evaluated. Changes in the spectra and magnetic susceptibility of

with increasing temperature from 4.2 to 293 K proves transformation of the crystal lattice.Eu(C5H11COO)3Phen
The subtle splitting of bands in the regions of the and transitions was revealed. Several5D0] 7F1 5D0 ] 7F2
possible causes of this phenomenon, including resonant vibronic interactions and/or the possible e†ect of ion-pair
interactions, are discussed.

1 Introduction
In the last two decades polynuclear lanthanide compounds
have attracted considerable interest.1h11 This has been moti-
vated by their optical and magnetic properties and their pos-
sible applications. Mixed lanthanide carboxylates can be used
in the synthesis of nanosize systems and electroluminescent
diodes. On the other hand, it is well known that heterocyclic
ligands are sensitizers of lanthanide luminescence and mixed

systems (L\ charged ligand, ph \ heterocyclicLnL3ph
diimine) can be used in devices for quantum electronics.12h14
The important characteristics of these materials result from
their bonding character, the donorÈacceptor properties of
both types of ligands, their structure, the e†ectiveness of
energy transfer and quantum yield of luminescence, as well as
ionÈion interactions. Moreover, they are the subject of theo-
retical investigations of the strengths of electronÈphonon
coupling and metalÈmetal interactions.15h17 Recently, we
reported the results of optical and magnetic investigations for
a series of polynuclear and heteronuclear systems.5h9 Now, we
present the results of optical and magnetic studies of the
dimeric system (Phen \ 1,10-phenan-Eu(C5H11COO)3Phen
throline) to characterise its properties. Calculation of the
crystal Ðeld (CF) parameters was also performed.

2 Experimental

The Eu(III) mixed compound of formula [Eu(C5H11COO)3-was synthesised according to the procedure(C12H8N2)]described previously.10 The high-resolution absorption, emis-
sion and emission excitation spectra in the 250È720 nm region
were recorded at 4.2, 77 and 293 K using a Cary-Varian 5
spectrophotometer equipped with an Oxford 1024 continuous
helium cryostat and a SPECTRA-PRO 0.7 m monochro-
mator. The excitation vibronic spectrum in the region of the

transition of Eu3` was obtained with a Rhodamine7F0-5D0

6G tuneable dye laser and an MDR-23 monochromator. The
intensities of the fÈf transition were determined and applied in
JuddÈOfelt18,19 parameter calculations. The energies of CF
levels obtained from absorption single crystal spectra and
emission spectra were used in CF calculations. Magnetic sus-
ceptibility measurements were carried out with a SQUID
MPMS5 magnetometer down to 1.7 K. The magnetic suscep-
tibility measurements were corrected for the diamagnetic con-
tributions of the ligands. IR spectra were recorded using a
Brucker FS88 FTIR spectrometer (with a resolution of 0.1
cm~1). Raman spectra were recorded on a Nicolet Raman
accessory attached to a Nicolet Magna 860 spectrometer. IR
and Raman spectra were applied to assign the vibronic lines
in the electronic spectra.

3 Results and discussion
Single crystal X-ray di†raction of the title compound conÐrms
its isomorphism with the structure described earlier.10 The
compound crystallizes in a monoclinic system with space
group (Z\ 4) and the following unit cell constantsP21/na \ 15.975(2), b \ 12.714(2), c\ 16.539(2) b \ 110.76(1)¡.10A� ,
The structure consists of binuclearEu(C5H11COO)3Phen
centrosymmetric dimers in which two metal ions are linked by
four carboxyl groups, two chelating bridging tridentate and
two bridging bidentate. Additionally, two chelating carboxyl
groups are coordinated to the metal ions and two MÈN(Phen)
bonds per metal take the coordination of Eu(III) to nine. Fig. 1
presents a view of lanthanide ion coordination in the
crystal.10 The distorted coordination polyhedron is close to
the monocapped square antiprism. A relatively strong devi-
ation of the respective CÈC bonds of the capronate radical
points to some disorder in the structure which manifests itself
in the temperature factors and can lead to a transformation of
the structure with decreasing temperature.10

IR and Raman spectra of the capronate are presented in
Fig. 2. The intense lines in the Raman spectrum are attributed
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Fig. 1 A view of the lanthanide ion coordination in crystalline
Eu(C5H11COO)3Phen.

to vibrations of the phenanthroline molecules by analogy to
complexes of europium nitrates with 1,10-phenanthroline.20
The di†erent kinds of carboxyl groups existing in the structure
can be seen from the IR spectrum. The IR bands at ca. 1555
and 1588 cm~1 are related to those at 1430È1460las(COO~),
cm~1 to stretching vibrations and the bands atls(COO~)
650È670 cm~1 to d(COO~) bending vibrations of the capron-
ate groups. Overlapping of bands due to the capronate anion
and phenanthroline molecule in the 1400È1460 cm~1 region
prevents the deÐnitive assignment of the vibrations. The char-
acter of COO~ bands in carboxylates is dependent on the car-
boxylic anion coordination functions and on the degree of
inequivalence. The splitting of the andlas(COO~), ls(COO~)
d(COO~) bands demonstrates the inequivalence of the car-
boxyl groups. Three lines in the d(COO~) region shows the
presence of three kinds of carboxyl groups, in agreement with
the X-ray data.

The emission excitation spectra of the capronate are shown
in Fig. 3. The high-resolution vibronic sideband of the

electronic transition as well as the low-resolution7F0 ] 5D0vibronic sideband of the electronic transitions are7F0 ] 5D2presented here. The intense vibronic satellites at ca. 435 nm
are formed predominantly by the carboxyl group stretching
vibrations. A 21.6% population of the level at 293 K was7F1determined, explaining the magnetic susceptibility results well
(details of which will be discussed below).

The absorption and emission spectra of the capronate at
4.2, 77 and 300 K are shown in Fig. 4 and 5. The relative
intensities and splitting of the electronic transitions in these
spectra conÐrm the low point symmetry of the metal centre in
the structure. The site symmetry of the metal ions is not
higher than A change in the Stark splitting on increasingC2v .the temperature from 4.2 to 300 K is observed, both in the
luminescence and absorption spectra. This can be ascribed to
the disordering of the positions of atoms in the long aliphatic
radical, Ðnally leading to a slight deformation of structure, as
was noted in the X-ray investigation.

Fig. 2 IR (a) and Raman (b) spectra of atEu(C5H11COO)3Phen
300 K.

Fig. 3 Excitation spectra of at 293 (a) and 77Eu(C5H11COO)3Phen
K (b) and vibronic sideband of the transition at 77 K (c).7F0] 5D0

Both and symmetries were applied in the CF calcu-C2v Cslation. The data-Ðtting procedures used here are essentially
identical to those used previously in energy level analyses of
Eu3` in and In the calculation, the ReidLaCl3 LaF3 .21h24
CF program was applied. The energy parameters included in
our calculation are listed in the left-hand column of Table 1
and in footnote a, where is the radial spinÈorbital coup-2 SOling parameter and Fk(k \ 2, 4, 6) are Slater electrostatic
parameters. The a, b, c, T i (i \ 2È8), Mk (k \ 0, 2, 4) and Pk
(k \ 2, 4, 6) parameters were deÐned according to the conven-
tion used in ref. 21, 22 and 24. In all our calculations, we
assumed the following relationships for Mk : M2\ 0.56M0,
M4\ 0.38M0, along with P4\ 0.5P2 and P6\ 0.1P2. The
empirical databases available for the analysed system were not

Table 1 Free ion and crystal Ðeld parameters

Parametera Cs b,c/cm~1 C2v b,d/cm~1

Eavg 63 815(23) 63 798(20)
F2 82 900(32) 82 900(28)
F4 59 189(71) 58 531(60)
F6 42 885(55) 43 338(47)
f 1337(5) 1339(4)
B02 [276(26) [326(24)/[277
B22 [119(21) 94(17)/84
B04 235(32) [585(32)/[715
B24 [28]c 346(20)/179
Im B24 [189(31)
B44 295(39) 101(22)/253
Im B44 200(57)
B06 201(42) 590(32)/647
B26 [30]c 919(27)/650
Im B26 [127(41)
B46 101(84) [451(24)/[186
Im B46 730(43)
B66 [259(75) 151(25)/353
Im B66 [406(73)
n 49 49
pe 14.0 12.1

a Values of the free ion parameters, which were kept constant during
Ðtting procedure : a \ 20.16, b \ [567, c\ 1500 ; T 2\ 300, T 3\ 40,
T 4\ 60, T 6 \ [300, T 7\ 370, T 8\ 320 ; M0\ 2.1, M2\ 1.18,
M4\ 0.65 ; P2\ 360, P4\ 180, P6\ 36.0. b Values in parentheses
are the errors in each parameter. c Values of the and param-B24 B26eters were kept at constant and ratios of 0.12 and 0.15,B24/B04 B26/B06respectively, during the Ðtting procedure for symmetry as a resultCsof geometrical considerations. d Numbers after a solidus indicate
values calculated for the site symmetry without inclusion of JÈJC2vmixing. e Deviation : where is the di†erencep \ &[*

i
2/(n [ p)]1@2, *

ibetween the observed and calculated energies, n is the number of
levels Ðtted and p is the number of parameters freely varied.
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Fig. 4 Absorption spectra of at 293 (a) and 4 K (b).Eu(C5H11COO)3Phen

extensive enough to support analyses in which all the energy
parameters listed in Table 1 could be treated as “ freely varying
Ðtting parameters Ï. Inclusion of all of the parameters intoB

q
k

the Ðtting procedure resulted in low and poorly determined
values for the and parameters, thus in Ðnal step of cal-C24 C26culations those two parameters were constrained by C24/C04and ratios, equal to 0.12 and 0.15, respectively, foundC26/C06from geometrical considerations. The crystal Ðeld parameters
obtained in the Ðtting were the starting point for theC2v CsreÐnement. The crystal Ðeld Hamiltonian for point sym-Csmetry contains 14 parameters. The Im was set to zeroB

q
k B22by an appropriate choice of coordinate system.

The values assigned to the Ðxed parameters were taken
from the analysis of the system by Carnall et al.25LaF3 : Eu
The numbers of empirical energy levels used in our parameter-
Ðt calculations are given in the second column of Table 2. The
parameter values used in our Ðnal energy level calculation are
listed in Table 1 for symmetry and symmetry. In addi-C2v Cstion, the values of CF parameters calculated without including
J-mixing are presented in this table. The deviations of our
Ðnal calculated energy levels from the experimental ones are
listed in the columns of Table 2. Note the relatively low *

Fig. 5 Luminescence spectra of at 300 (a), 77Eu(C5H11COO)3Phen
K (b) and 4 K (c).

deviation of the energy levels for europium, where we used 49
(of 60) Stark components in our calculations ; spanning 11
spinÈorbit coupling levels in absorption and emission spectra
at 4.2 K, these multiplets were derived primarily from four
RusselÈSaunders terms (7F, 5D, 5L and 5G). Note also the
signiÐcant di†erences between the two sets of CF parameters
calculated for and symmetries due to the di†erences inC2v Csthe corresponding models. The di†erences between these
values and those calculated excluding J-mixing can be attrib-
uted to limitations of the simple point charge electrostatic
model. At the same time, it is important to notice the radical
variation (change of sign) of the axial parameter of theB02second order, calculated using the same routine, at transition
to mixed systems (b \ b-diketone) previouslyLnb3Phen
reported by us.13,14 This variation reÑects the changes in the
coordination polyhedra of the lanthanide ions. At the same
time the CF parameters of the sixth order change more regu-
larly, suggesting that the immediate environments of the metal
ions in these compounds are related.

Analysis of the emission spectra recorded at 4.2 K (Fig. 5) is
similarly illustrative. Subtle splitting of bands in the range of
the and transitions is observed. This5D0] 7F1 5D0] 7F2splitting could be the result of structural transformation, as
mentioned in the discussion of X-ray data, but also due to the
resonant vibronic e†ect. In adddition, the above phenomena
could also be overlapped with the cooperative MÈM inter-
action in the dimeric system. Considering the values of the
splitting (4È10 cm~1), deformation of the dimers and non-
equivalency of two Eu(III) ions created in this way, is a reason-
able interpretation. This transformation will be the subject of
further investigation in the 293È4.2 K temperature range.
Cooperative e†ects for a system with a large MÈM distance
seem to be less important. Resonance e†ects, with partici-
pation of the l(CÈC) (937, 962 cm~1) vibrations and p(COO~)
modes of the capronate anion, as well as phenanthroline
modes, associated with the transition, (lines 1È7 in5D0È7F0Fig. 6), are more probable. The frequencies of these vibrations
are in agreement with the positions of vibronic satellites 1È6
in the anti-Stokes sideband of the transition (Fig. 3).7F0È5D0Thus, we have a case of resonance under conditions of low
(lines 2, 3, 5 and 7 in Fig. 6) and strong (lines 1, 4 and 6)
nonadiabaticity simultaneously. The vibronic lines 1, 4, 6
borrow around 50% of the intensity of the neighbouring zero-

New J. Chem., 2001, 25, 1037È1042 1039



Table 2 Calculated and experimental energy levels

Experimental Eexp.[ Ecalc. b Eexp. [ Ecalc. bSLJ Statea energy/cm~1 for Cs/cm~1 for C2v/cm~1

7F0 0 7 [7
7F1 312 [6 [6

378 5 [6
412 [21 [3

7F2 966 [15 [11
992 [15 [11
1045 13 31
1080 18 18
1111 [4 [17

7F3 1848 0 3
1854 1865
1876 1867
1889 1877

1905 1 [7
1931 1928
1946 1946

7F4 2715 [1 2
2778 15 9
2818 10 [4

2861 2823
2886 2895

2903 12 3
2919 2909

2932 0 2940
3070 [6 0

7F5 3800 3794
3820 3797
3856 3839
3904 3865
3906 3920
3923 3957
3959 3970
3997 3987
4028 4012
4040 4058
4087 4059

7F6 4903 4910
4911 4924
4943 4941
4967 4964
4992 4992
5021 4993
5049 5010
5068 5050
5069 5051
5091 5102
5103 5113
5116 5128
5120 5134

5D0 17 234 [2 [9
5D1 18 977 6 5

18 997 9 3
19 003 [1 1

5D2 21 437 [18 [12
21 453 [2 0
21 474 9 5
21 479 10 9
21 489 8 12

5D3 24 330 24 332
24 340 24 338
24 352 24 351
24 361 24 354
24 362 24 358
24 372 24 360
24 373 24 379

5L6 24 997 [25 [15
25 030 3 [7

25 049
25 071 [6 [8
25 090 10 5

25 122
25 127 5 22
25 152 3 1

25 153
25 178 [1 9
25 198 3 [4
25 222 1 [10
25 241 12 [7

25 266
25 290 [37 1

5L7` 26 047 26 047
5G2` 26 077 26 067

Table 2 Continued

Experimental Eexp. [ Ecalc. b Eexp. [ Ecalc. bSLJ Statea energy/cm~1 for Cs/cm~1 for C2v/cm~1

5G3` 26 108 26 084
5G4` 26 110 0 6
5G5` 26 120 26 116
5G6 26 136 26 117

26 141 26 119
26 149 26 156
26 165 26 202
26 191 26 212
26 201 26 218
26 221 26 220
26 225 26 225
26 259 26 258

26 277 11 6
26 327 26 360
26 365 26 367
26 391 26 391
26 406 26 394

26 433 2 5
26 452 26 447

26 462 0 4
26 469 26 470
26 475 26 491
26 484 26 500

26 520 5 10
26 553 26 551
26 574 26 587
26 581 2591

26 594 11 0
26 599 26 597
26 601 26 602
26 607 26 603
26 612 26 604
26 626 26 618

26 619
26 627 0 [2

26 639 26 634
26 645 26 644
26 647 26 647
26 658 26 651
26 659 26 661
26 669 26 670

26 677 7 6
26 678 26 676
26 682 26 679
26 688 26 695
26 693 26 701
26 696 26 702
26 708 26 712
26 710 26 714
26 711 26 717
26 717

26 724 [2 [3
26 728 26 732
26 730 26 737
26 736 26 749
26 740 26 753
26 755 26 758
26 765 26 773
26 767 26 776
27 062 27 057
27 065 27 064
27 095 27 065
27 102 27 077
27 106 27 086
27 107 27 105
27 144 27 145
27 153 27 151
27 157 27 162
27 169 27 163
27 183 27 193
27 185 27 194
27 190 27 201
27 195 27 210
27 205 27 211
27 214 27 217
27 216 27 224

5D4 27 562 [19 [25
27 601 8 [1
27 615 [7 12

a The leading eigenvector component is shown. b Where any experimental level
can be assigned, the calculated energy value is indicated instead of *.
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phonon lines. Careful analysis of the absorption spectra at 4.2
K could exclude the latter e†ect, but the intensities of the
absorption lines are especially low, making detection of subtle
splitting impossible. Highly e†ective energy transfer processes
strengthen the intensities of the emission lines, which are, as a
result, excellently resolved. Thus, several phenomena can
a†ect the emission spectra of the system under investigation.

Table 2 gives values for the splitting of the levels, so that the
and levels are separated from by 312 and by 9667F1 7F2 7F0cm~1, respectively. These two levels can be partially popu-

lated at 293 K, which manifests itself in the absorption as well
as in the emission excitation spectra (Fig. 3 and 4).

Considering the emission intensity5D0] 7FJ/5D0 ] 7F0ratio, the absolute values of transition oscillator strengths
from the transition determined from the absorp-7F0 ] 5D0tion can be evaluated. Thus, a large set of the transition inten-
sities can be used in JuddÈOfelt parameter calculations
including those of the and transitions7F1] 5D4 7F0] 5D4(recalculated from the 4.2 K absorption measurementsÈTable
3). Table 3 collects the oscillator strength values used in the
calculations and the parameters determined with anqj (Xj)excellent accuracy, as for Eu(III). Comparison of the results of
the intensity analysis with data previously reported8 for crys-
talline highlights the higher intensitiesEu(CCl3COO)3 É 2H2Oof all the fÈf transitions in the present system. Reducing the
temperature leads to an increase in the intensities of some
lines, which is in agreement with depopulation of the and7F1levels, but for some lines, their intensities decrease7F2 This irregularity indicates an anisotropy of the(7F0] 5D2).polarizability of the Phen molecules contribution and, as a
result, the strongest e†ect is observed for levels with *J \ 2,
the most a†ected by the polarizability. Additionally, according
to the vibronic transition probability,14,26 the strongest
electronÈphonon coupling should be observed for this tran-
sition as well. Thus, reducing the temperature can lead to a
larger decrease in the intensity of this transition. These
opposite e†ects are manifested as irrregularities in the changes
in intensity (see Table 3).

The magnetic data of the dimeric system are also worth
analysing. In the free-ion approximation, the molar magnetic
susceptibility for a mononuclear species is given by the rela-
tion described in ref. 27 and 28. For rare earth systems, the

vs. T plot deviates from the relation predicted bysMT
theory27,28 due to the crystal Ðeld e†ect, which can remove
the 2J ] 1 degeneracy of the ground state, and by thermal
population of free-ion excited states, this last e†ect can appear
in our Eu(III) system. The high-temperature limit for(sMT )HT ,

can be obtained by assumption following the work ofkT A j,
Kahn,29 that the susceptibility of the 7F term is a sum of the
orbital contribution and the spin contribution and can be
equal to 12Nb2/k, i.e. 4.5 cm3 K mol~1. This limit has never
been reached, for either isolated, polynuclear or Cu : Ln het-
eronuclear systems because only the Ðrst two terms of Eu(III)

and can be signiÐcantly populated and, in our(7F1 7F2B 1%)
case, where the energies of the and terms are located7F1 7F2at 312 and 966 cm~1, we obtained a result of 1.2 cm3 mol~1
K. At the low temperature limit, should be zero becausesMT
the ground state is nonmagnetic, but it is Ðnite as a result7F0of coupling between the and states through Zeeman7F0 7F1perturbation. The vs. T and vs. T plots for europiumsM sMT
capronate are shown in Fig. 7. The values of in the rangesM120È40 K remain unchanged and equal to 5.4] 10~3 cm3
mol~1 and are higher than for polynuclear polymeric

is 1.25 cm3 mol~1 K, also aEu(CCl3COO)3 É 2H2O.8 sMT
little higher, which indicates the di†erence in splitting of the
levels in both the systems considered. At the low temperature
limit, according to the Caro and Porcher relation,30 can(sM)LTbe calculated using j determined from spectroscopic measure-
ments. At the low temperature limit using Caro and PorcherÏs
simple relation and since below 75 K(sM)LT \ 2.086 ] 103/j

Fig. 6 The resonance e†ect in the and tran-5D0] 7F1 5D0] 7F2sitions in the emission spectra of at 4.2 K.Eu(C5H11COO)3Phen

Table 3 The experimental oscillator strength values (P] 108) for
the fÈf transitions, and for crystallineqj ] 109 Xj ] 1020
Eu(C5H11COO)3Phen. q2] 109\ 2.90^ 1.96 ; q4] 109\ 5.07
^ 2.64 ; q6] 109\ 4.07^ 0.24. X2] 1020\ 2.05 ^ 1.39 ; X4] 1020\ 3.59^ 1.87 ; X6] 1020\ 2.88^ 0.17

P] 108

Transition Spectral region/nm 298 K 4.2 K

7F1] 5D0 590È592 0.21 È
7F0] 5D0 579È581 0.06 0.24
7F1] 5D1 530È548 4.70 È
7F0] 5D1 525È528 1.64 2.31
7F0] 5D2 463È468 15.011 13.32
7F1] 5D3 412È430 6.79 È
7F1] 5L6 398È405 37.05 È
7F0] 5L6 391È398 210.05 356.81
7F1] 5G2 384È391 28.64 È
7F0] 5G2 378È384 23.13 È
7F0] 5G(4, 5, 6) 373È378 33.17 87.31
7F1] 5D4 378È364 6.28a È
7F0] 5D4 361È364 28.74a 39.87
7F1^ 5D0 2.52 È
7F2^ 5D0 7.28 È
7F3^ 5D0 0.09 È
7F4^ 5D0 1.29 È

a Oscillator strength values recalculated from 4.2 K absorption mea-
surements.

Fig. 7 Experimental magnetic data plotted as vs. T andsM (=) sMT
vs. T (- calculated per molecule of=-), Eu(C5H11COO)3Phen.
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varies linearly with T , from the slope can be calcu-sMT sMlated as 6 ] 10~3 cm3 mol~1. From the above equation, j can
be estimated, which gives a value of 347 cm~1. The energy gap
between and was found to be 367 cm~1, thus proving7F0 7F1that this approximation is quite good.

Let us compare the magnetic values obtained here with
earlier data determined for with aEu(CCl3COO)3 É 2H2Osimilar dimeric unit but a polymeric structure.8

Our values of are higher and show some irregularities atsM70È40 K. This suggests a structural transformation, conÐrm-
ing the conclusions arising from the spectroscopic investiga-
tion and X-ray data. This e†ect is also overlapped by
deviation of the measurement due to air sealed in the tube.
Moreover, the larger value of for the title dimer systemsMcould reÑect the absence of the supplementary e†ect of the
polymeric structure, which is created by coupling of the
dimeric units by further carboxylic bridges in an endless chain
in europium trichloroacetate. Furthermore, both the dimeric
and polynuclear systems exhibit lower values of in thesMrespective T regions in comparison to the monomeric Eu(III)
monomeric system reported by Kahn.29 In the low tem-
perature range (0È75 K), the magnetic moment is relatively
low, the electrons of coupled ions can interact, as a result a
decrease in the and values is observed. At very lowsMT sMtemperatures (below 8 K), a dramatic increase in issMobserved, most probably caused by a small amount of para-
magnetic impurities.

Conclusion

Analysis of the electronic transition probabilities and
CF parameters indicate similarities between Ln(C5H11-and the systems investigated earlier.COO)3Phen Lnb3Ph
Good agreement was found between the splittings7F0È7F1determined on the basis of magnetic and spectroscopic studies.

Magnetic and spectroscopic results for the investigated
dimeric system show a structural transformation at ca. 40È70
K. Subtle splitting of bands in the regions of the 5D0 ] 7F1and transitions was found. The resonant vibronic5D0 ] 7F2interaction and/or weak e†ect of interacting metal ions could
be among the various causes of this splitting. Comparison of
spectroscopic and magnetic results with those obtained pre-
viously for a polymeric Eu(III) compound and a monomeric
system was made.
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