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Abstract

Two types of lanthanide (Nd, Eu, Pr) compounds of formulae: Ln(HX) Cl (1), Ln(HX) (NO ) (2) [where HX5CCl CO–NH–3 3 3 3 3 3

PO(NEt ) ] with the same ligand type but with different coordination numbers (as a consequence of different site symmetries) were2 2

obtained. X-ray data indicate the formation of octahedral complexes of (1), strongly distorted into trigonal symmetry, the strongest
distortion observed for europium single crystals. On the other hand, the second type of crystals creates intermediate coordination

4 4 2polyhedra with low symmetry; anisotropy of intensities of I → G , G transition of Nd crystal well confirms the above structure.9 / 2 5 / 2 7 / 2

High resolution absorption spectra of single crystals of the title compounds were recorded at different temperatures from 293 to 4.2 K.
Splitting of levels was determined. Intensities of f–f transitions were calculated and changes of their oscillator strengths, in the region of
hypersensitive transitions, for the series Pr, Nd, Eu crystals were related to stronger distortion of the symmetry with a decrease of the
ionic radius. Oscillator strength values and Judd–Ofelt parameters were calculated and compared to the respective data reported earlier.
Analysis of the electronic components in low temperature spectra point on the D site in (1) and most probably C in (2).3 2v

Electron–phonon coupling was observed in low temperature spectra and its probabilities was analysed for two types of compounds with
different symmetries. Vibronic components were related to the internal ligand modes and to the localised Ln–L modes.  2001x
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1. Introduction Recently we reported structural and spectroscopic results
for the latter (i.e., monodentate) type of compounds [4–6].

With more extensive applications of rare earth elements The purpose of this work is to enlarge the investigations
in biomedicine, it has become more important to under- into the other lanthanides and to study how the spectro-
stand the behaviour of lanthanide ions in biological scopic properties, which are related to crystal structure,
systems [1]. Although most of the problems are still vary from Pr to Eu, specially for the compounds with
keeping their secrets, great efforts have been made to C.N.56.
elucidate the interactions of lanthanide ions with various
biological molecules using spectroscopic methods. Some-
times, certain types of rare earth compounds, such as 2. Experimental
lanthanide chelates with phosphoro-azo derivatives of b-
diketones (LnX ), exhibit biological activities and show Two types of complexes, Ln(HX) Cl (1) and4 3 3

anticancer properties [2,3]. Ln(HX) (NO ) (2) [where HX5CCl CO–NH–3 3 3 3

The same ligand can with a lanthanide ion create PO(NEt ) , Ln5Pr, Nd, Eu], were prepared according to2 2

different types of complexes (chelating and monodentate), the procedure described in detail in Refs. [5,6] and single
and so is an ideal candidate to be the subject of compara- crystals of 13233 mm dimensions were grown.
tive spectroscopic investigations. Such studies can perfect- Absorption spectra were recorded on a Cary–Varian 5
ly show spectroscopic effects of different kind of bonding. spectrophotometer equipped with a helium flow cryostat in

the 293–4.2 K temperature range. The areas of the
absorption bands were determined numerically (using the*Corresponding author. Tel.: 148-71-3204-300; fax: 148-71-3282-
TAUS program) by integration and expressed in terms of the348.
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2s

29P 5 4.33 3 10 Ee(s) ds (1)
s1

where e is the molar extinction coefficient of the band at
21wave number s (in cm ). The experimental oscillator

strengths values were used for calculation of Judd–Ofelt
parameters t (cm) [7,8] according to the equation in thel

form given by Carnall [9]:

2N ( l) N 9P 5 O t s f C uuU uu f C /(2J 1 1) (2)s dl J J 9
l52,4,6

N ( l) N 9where f C uuU uu f C are the reduced matrix elementss dJ J 9
( l)of the unit tensor operator U calculated by Carnall et al.

N N 9[9] in the intermediate coupling scheme, f C , f C areJ J 9

the initial and final states of the electronic transition, and J
is the total angular quantum number. This procedure was
described previously in Refs. [10,11].

The emission spectra were recorded at 40 K on the
Spectra-Pro, emission line with a Xenon lamp (450 W) as
the excitation source.

Fig. 1. Coordination polyhedron and type of ligand coordination in the
structure of Pr(HX) Cl (1) and Eu(HX) (NO ) (2). (Redrawn from3 3 3 3 3

Refs. [5,6].
3. Results and discussion

Lanthanide (Pr, Nd, Eu) title compounds obtained in the phasis in the present study is on the comparative aspect of
form of single crystals were checked by X-ray diffraction, the intensity analysis of f–f transitions, in particular their
confirming their isomorphism with the earlier described anisotropy, role of ligand polarizability and splitting of the
structures [5,6]. Ln(HX) Cl crystallises in trigonal system levels at 4.2 K, electron–phonon coupling and possible3 3

with the R3 space group Z53 and cell constants a5 transformation of the structure at low temperature, espe-
˚ ˚23.355(9) A and c59.209(3) A for Pr (III) and a523.485 cially for the nitrate system (2).

˚ ˚ Absorption spectra obtained from 293 to 4.2 K are(69) A and c59.072 (44) A for Eu(III). These data well
shown in Figs. 2–4 for Pr(III), Nd(III) and Eu(III) singleconfirm the decrease of the c-constant and the increase of
crystals. Tables 1 and 2 collect the results of the intensitythe a-constant as the ionic radius of rare earth ions
analysis of f–f transitions performed in the values ofdecreases. This deformation of the structure from Pr to Eu
oscillator strengths again for Nd and Eu systems (1) andis further well manifested in spectroscopic data. Com-
(2). Similar results were reported earlier for respectivepound (1) creates trigonal antyprism polyhedron with
praseodymium compounds [4].symmetry close to D (Fig. 1). Compound (2), with the3

3 31C2/c space group, creates a polyhedra intermediate be- The ground H state of Pr splits into A 1E1A 14 1 2

tween three capped trigonal prisms and a capped square E1A 1E in the D symmetry. A is supposed to be the1 3 1
3antiprism (Fig. 1) as it was shown by the Drew method lowest [13]. The P state also belongs to the A repre-0 1

[12]. Although the same ligand type (HX) is coordinated sentation in the D symmetry. According to the selection3
2 2with lanthanide ions, the second type (Cl , NO ) modu- rule for the D symmetry, transition from the lowest3 3

3 31lates the crystal structure. Thus, in the chloride systems component of the H ground term of Pr of A repre-4 1
3lanthanide ions have trigonal symmetry. Although from sentation to P (A ) level is forbidden, and consequently0 1

X-ray data a higher symmetric system can not be simply is not detected (see Fig. 2). Transitions from higher
concluded, the spectroscopic results of Pr(HX) Cl indi- components of the ground state are observed at room3 3

cate the pseudocentrosymmetric system close to D sym- temperature (similar to the results of Richardson [14] and3
3 3metry for praseodymium(III) compound (1) [4]. On the Schwartz [15]). In the region H → P we recorded a4 0

21other hand, in the second [Ln(HX) (NO ) ] non-cen- band with energy 20 365 cm in the spectra at 293 K [4].3 3 3
3trosymmetric system, the metal ion resides at a lower It is probably the transition from higher level E ( H ) to4

3symmetry. A ( P ).1 0

The main purpose of this report is to show how the The f–f transition of the lanthanides are ‘‘parity forbid-
structural differences between systems (1) and (2) are den’’. In crystals they become allowed by vibronic inter-
reflected in the general features of the lanthanide absorp- action or by admixture of electronic wave functions due to
tion, excitation and emission spectra. Furthermore, em- odd-parity terms in the crystal field. The hypersensitive
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Fig. 1. (continued)

transitions are markedly affected by environment and their oscillator strength values versus temperature (see Fig. 2
and Ref. [4]). Unexpectedly, almost no changes in inten-intensity can be explained in terms of both (1) the

1sities at 293 and 4.2 K were detected for D transitions inJørgensen–Judd inhomogeneous dielectric mechanism [16] 2

both compounds (1) and (2), usually treated as a hyper-and (2) the Mason–Peacock–Stewart dynamic coupling
3sensitive ones similar to the P term [4]. Moreover, at 4.2mechanism [17]. On the other hand, Richardson et al. [18] 2

3 3K, the H → P components become undetectable andcalculated the intensity parameters for trigonal systems and 4 0
3 3H → P is manifested as a strong sharp line in (1). In thefound, except for the dynamic coupling polarizability 4 1

praseodymium complex (2) all f–f bands are dramatically(isotropic) term a, the dynamic coupling b, term (DC, b ),L
3 3 3 3where b denotes the polarizability anisotropy of ligand L. higher, especially for F , F , P and P [4], indicatingL 3 4 0 2

They also found a relatively strong C–T contribution in the second possible mechanism for non-centrosymmetric crys-
31

V intensity parameter. tals, with a low site symmetry of the Pr ion, but also the2
3 3In our system with a D symmetry, one should consider role of polarizability mechanism, because both H → P3 4 0

3the contributions of both terms because the chloride ions and P transitions vanish or very small matrix elements of2
(2)are cylindrically symmetric in a locally coordinated system U and their hypersensitivity can be explained in the

and for phosphoroazo-molecules the polarizability aniso- usual form of the Jørgensen–Judd theory. Calculations of
tropy can be considered. This dynamic mechanism in f–f Richardson [18] and Malta [19] confirm perfectly the role
transition intensities is well manifested in changes of of the polarizability mechanism and anisotropy of polar-
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28Fig. 2. The absorption spectra for a Pr(HX) Cl crystal at 293 and 4.2 K with the oscillator strength values, P (310 ), of f–f transitions.3 3

3 3izability in explanation of H → P praseodymium hyper- can be found and two of them are additionally split,4 2
4 6 pointing towards further deformation of the NdCl Osensitivity by 2 and 2 -polar contributions, which can not 3 3

cluster. In other transitions, well separated lines of electric-be neglected. It was impossible to obtain single crystals
dipole origin can be observed at 4.2 K (see Fig. 3a and b).big enough and to analyse s and P polarised spectra for
For the neodymium system (2) a transformation of thethe Pr (1) compound and precise calculation of f–f
structure at 160 K occurs and the low temperature spec-intensities and their anisotropy.
trum reflects the new form of the neodymium nitrateThe neodymium (1) and (2) absorption spectra at room

4 2 complex. Table 1 collects the values of the oscillatortemperature and at 4.2 K as well as I → P and9 / 2 1 / 2
4 2 strengths for both the neodymium system and the Judd–G , G transitions versus temperature are shown in5 / 2 7 / 2

Ofelt parameters evaluated with very low error of estima-Fig. 3. Analysis of these latter transitions make the
tion. In contrast to the praseodymium system, variation ofconstruction of the energy level diagram of the ground
the Judd–Ofelt parameters also confirms the deformationstate multiplet for compound (1) possible. Splitting of the
of the NdCl O cluster and the strong deviation from theelectronic states of Nd in a crystal of (1) correlates well 3 3

D symmetry.with that calculated and reported by Chowdchury for a 3

Let us consider the europium compound (1). As it wasNd(HAPI) cluster with D symmetry at 20 K [20] and6 3

mentioned earlier, trigonal systems of europium (1) areRichardson data [21]. In contrast to praseodymium (1)
strongly distorted. The trigonal D axis coincides with thedata, in neodymium (1) the main hypersensitive transition 3

4 4 c-axis in (1). The absorption spectra of the trigonal singleintensity I → G is relatively large. Although the9 / 2 5 / 2
4 4 2 crystals of europium (1) at 293 and 4.2 K versus orienta-intensities of two bands in IR regions: I → F , H ;9 / 2 5 / 2 9 / 2

4 4 tion along axes a (II) and c (III) are presented in Fig. 4.F , S look like those of high symmetry (e.g., O )7 / 2 3 / 2 h

Comparison of our trigonal europium (1) and the spectrasystems, it means their intensities are relatively low but the
reported by Richardson for D and C trigonal systemsdecrease of temperature to 4.2 K leads to a drastic decrease 3 3

4 4 2 [22] shows stronger distortion from perfect D symmetry.of intensity for the I → G , G band only. Al- 39 / 2 5 / 2 7 / 2

Thus, relative transitions intensities presented in absorptionthough from X-ray data D symmetry can not be simply3

and emission spectra differ somewhat from those observedconcluded, however such a rise from C to D symmetry is3 3

by Richardson in ideal trigonal D and C systems [22]motivated by the spectroscopic results of the 3 3

(see Figs. 4 and 5). In the Na [Eu(ODA) ]?2NaClO ?praseodymium(III) compound (1). Comparison of the two 3 3 4
5 76H O single crystals with D symmetry D → F is theNd(III) (1) and (2) systems indicates a reverse relation of 2 3 0 1

5 7strongest one and D → F is almost comparable withintensities to those of the praseodymium (1) and (2) 0 2
5 7D → F transitions in the emission spectra. In our case,compounds spectra. It can be interpreted as a strong 0 4

5 7 5 7like above, D → F is almost undetectable, but D → Fdistortion of the O and trigonal symmetry, as a result the 0 0 0 1h
4 4 2 5 7two and three components in the I → G , G band is lower than D → F transition (see Fig. 5) [4]. Besides,9 / 2 5 / 2 7 / 2 0 2
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28Fig. 3. The absorption spectra for Nd(HX) Cl (a) and Nd(HX) (NO ) (b) crystals at different temperatures. The oscillator strength values, P (310 ) at3 3 3 3 3
4 4 2 4 2 4different temperatures are given for I → G , G and I → P transitions and the split of the I ground state is marked by asterisks.9 / 2 5 / 2 7 / 2 9 / 2 1 / 2 9 / 2

5 7 5 7D → F is stronger than the D → F transition. In fact, It seems important to pay attention to absorption spectra0 3 0 4

it can be attributed as an example of significant crystal measured for two orientations of crystals along the a and c
7 7field induced J–J mixing between F and F as well as axes. Strong anisotropy of intensities is observed in an3 2

7 7 7 5F and F levels. opposing relation of the F → D transition compared to0 2 0 2
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Fig. 4. The absorption spectra for the Eu(HX) Cl crystal at different orientations (II,III) and temperatures.3 3

7 5the F → D one (see Fig. 4). Moreover, at the orientation mechanism, contributing significantly in V intensity pa-0 0 2
7 5 7 5along the c-axis, F → D dramatically increases, whereas rameters, thus it is directly related to the F → D0 0 0 2

7 5the F → D transition decreases. These changes of transition intensity. Since, in a mixed trigonal compound,0 2
2intensities excellently demonstrate the role of polarizability we have two kinds of ligands: three Cl ions and three

Table 1
28 aThe oscillator strength values, P (310 ) of f–f transitions at different orientations (I, II) and temperatures

28P (310 ) Nd(HX) Cl Nd(HX) (NO )3 3 3 3 3

293 K 4.2 K 293 K 4.2 K

I II II
4F 48.51 50.25 153.82 153.25 –3 / 2
4 2F H 177.74 140.32 494.32 659.79 587.275 / 2 9 / 2
4 4F S 189.07 184.72 710.53 827.08 649.327 / 2 3 / 2
4F 31.84 36.04 49.34 49.34 81.639 / 2
2H 10.74 9.47 – – –11 / 2
4 2G G 1491.27 830.05 1186.87 1791.60 912.545 / 2 7 / 2
2 4 4K G G 294.48 307.52 573.39 573.39 591.9813 / 2 7 / 2 9 / 2
2 2 2 2 4K G ( D, F) G 32.99 47.33 124.95 130.23 193.8115 / 2 9 / 2 3 / 2 11 / 2
2 2P D 28.98 30.43 39.06 39.06 –1 / 2 5 / 2
2P 18.66 19.64 15.51 15.51 9.501 / 2
4 4 2 4D D I D 306.55 368.14 692.67 692.67 –3 / 2 5 / 2 11 / 2 1 / 2
2L 19.10 21.35 – – –15 / 2
2 4 2I D L 91.05 95.35 80.56 80.56 –13 / 2 7 / 2 17 / 2

29
t (310 ) 7.7660.27 – 6.1660.46 6.1660.46 –2

29
t (310 ) 1.8960.25 – 3.6360.46 3.6360.46 –4

29
t (310 ) 2.0660.35 – 8.1460.59 8.1460.59 –6

a 29 28The t (310 ) (cm) parameter values were calculated from mean values of P (310 ) at 293 K for (1) Nd(HX) Cl and (2) Nd(HX) (NO )l 3 3 3 3 3
23 23crystals. C 51.1426 mol dm for (1) and 1.1230 mol dm for (2).Nd
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5 7 7 7Table 2 oscillator strengths for D → F ; F and F transitions0 2 3 428The oscillator strength values P (310 ) of f–f transitions at different in emission spectra possible. Thus the Judd–Ofelt parame-aorientations (I, II) and temperatures
ters could be evaluated from the wide set of oscillator

28P (310 ) 293 K 4.2 K strengths of transitions in absorption and emission col-
5 7D → F 0.56 lected in Table 2. The results obtained by us are evaluated0 4
5 7D → F 1.030 3 with the lowest, up to now, error of estimation. In the same
5 7D → F 25.070 2 table, the low temperature data for the f–f transition5 7D → F 5.600 1 intensities are shown. Strong decreases in intensities for

7 5 5 5the F → D , D , D transitions with temperature de-Orientations I II III II III 0 0 1 2
7 5F → D 1.07 crease confirms the contribution of the dynamic coupling1 0
7 5F → D 0.61 0.59 1.87 0.16 0.620 0 mechanism to this systems.
7 5F → D 12.81 14.21 7.781 1 The resonance effect, in vibronic coupling with the7 5F → D 2.17 2.06 2.27 1.41 1.040 1
7 5 d(PN ) mode manifests as additional splitting (of the order2F → D 22.56 24.27 12.67 7.31 4.880 2 21 7
7 5 of 6 cm ) of two components of the F level (Fig. 5). AF → D 7.78 7.08 11 3
7 5F → L 7.20 6.31 similar phenomenon was observed in mixed complexes of1 6
7 5F → L 19.36 22.68 17.66 21.580 6 the Eub Ph type and mixed Eu carboxylates [23]. This37 5F → G 10.531 2 effect was first discovered by Caro in lanthanide organic7 5F → G 7.90 13.15 5.970 2
7 5 5 5 complexes [24] and Richardson [25]. Theoretical explana-F → G , G , G 8.44 13.62 8.590 4 5 6
7 5 tion of this phenomenon was given by Malta [26].F → D 9.901 4
7 5F → D 12.79 20.37 14.44 16.13 Electron–phonon coupling occurs in electronic spectra0 4

a 29 of the title compounds.The t (310 ) (cm) parameter values calculated from mean values Pl
28 23 Vibronic components detected at low temperature (Figs.(310 ) at 293 K for Eu(HX) Cl (1) crystal (C 51.1359 mol dm ).3 3 Eu

29 29 29
t (310 )54.2860.93; t (310 )52.5561.22; t (310 )5 2 and 3) were analysed on the basis of IR and Raman data.2 4 6

0.4660.16. The modes which promote vibronic transitions are mainly
associated with those groups of ligand molecules which are
coordinated to the metal ions [d(PNC), n(P5O)]. These

phosphoroazo b-diketone molecules, it is only in this latter results are in good agreement with the theory of vibronic
molecule that anisotropy of polarizability can be respon- transition probabilities.
sible for the above variation in intensities. Vibronic coupling was also found in non-centrosymmet-

7 5 7 5The oscillator strengths of F → D and F → D ric monoclinic systems (2) and will be the subject of a0 0 1 0

calculated from absorption spectra make the calculation of future paper [27].

Fig. 5. The emission spectra for the Eu(HX) Cl crystal at 40 K.3 3
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