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Syntheses and spectroscopic studies of volatile low symmetry
lanthanide(IIT) complexes with monodentate 1H-indazole and
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Synthesis, photoluminescence, 4f-4f absorption, and NMR studies of highly volatile nine-
coordinate complexes [Ln(hfaa);(L);] (Ln=La, Pr, Nd, and Sm; hfaa is the anion of
1,1,1,5,5,5-hexafluoro-2,4-pentanedione and L =1H-indazole) are described. NMR spectra
reveal that three L are attached to the metal. The chemical shifts of B-diketonate and Hind
protons are in opposite directions and the lanthanide induced paramagnetic shifts are dipolar.
The low molecular symmetry of the complexes leads to intense luminescence with prominent
Stark splitting of the bands and high oscillator strength of the hypersensitive transition. The
band shape of the 4Gs)s, 2G7’,2<—419,2 transition of neodymium is similar to that of nine-
coordinate complexes. Coordinating solvents have pronounced effect on the oscillator strength
and band shape. The experimental intensity parameter (ns,) for the samarium complex is
calculated and analyzed. The complexes could be used as precursors for high-performance
lanthanide-based materials through chemical vapor deposition.

Keywords: Lanthanide; 1 H-Indazole; NMR; 4f-4f Absorption; Luminescence

1. Introduction

Interest in photophysical properties of the lanthanide complexes intensified after Lehn’s
proposition that these complexes could be light-conversion molecular devices. He
coined the term antenna effect to denote the UV- to visible light conversion involving
distinct absorbing (ligands) and emitting (lanthanide ion) components of supramolec-
ular species [1]. The antenna ligands transfer energy to emissive levels of lanthanide
ions, thus overcoming very small absorbing coefficients of these ions. Luminescent
lanthanide complexes may find applications, such as luminescent labels in fluoroim-
munoassays [2, 3], lasers [4], probes and sensors for natural medical sciences [5, 6],
liquid crystalline materials, and cheaper phosphors for fluorescent lighting [7-9].
Luminescent properties of lanthanide complexes and their applications have recently
been reviewed [10].
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The B-diketones have strong absorptions within a large wavelength range for their
m—m* transition and consequently have been targeted for their ability to sensitize
luminescence of Ln(III) [10, 11]. Being coordinatively unsaturated these lanthanide tris-
p-diketonates easily bind to one or more ancillary ligands to achieve higher
coordination numbers [8, 12-21]. As a consequence, numerous applications of
luminescent lanthanide S-diketonates have flourished in functional materials [22] and
biological science [23]. The applications take advantage of unique properties of trivalent
lanthanides such as sharp and easily recognizable f—f transitions almost independent of
the nature of chemical environment while the excited state lifetime is long enough to
allow time resolved detection [21], with excellent light harvesting properties. Lanthanide
B-diketonate adducts with 2,2'-bipyrimidine [8, 15, 19] are used to design magnetic
materials [24] and luminescent active materials for organic light-emitting diodes
(OLEDs) [25], particularly white light OLEDs [8]. Reports describing luminescence
properties of lanthanide g-diketonates using monodentate heterocyclic ligands remain
scarce. Therefore, we have initiated a study of trivalent lanthanide complexes of
hexafluoroacetylacetone (Hhfaa) and 1 H-indazole (Hind). The hfaa was chosen for two
reasons: (i) to ensure complex solubility in organic solvents and (ii) the presence of
fluorines at the two terminal sides increase the residual acidity of the Ln(III) ions
making them better complexing sites for incoming donors.

Hind acts mainly as a monodentate protonated ligand in metal complexes. With a
fused aromatic ring it can be regarded as a rigid phenyl-substituted pyrazole.
1H-indazole and its derivatives are biologically significant [26, 27]. 1H-indazole
(Hind) coordinates via the pyridine-type nitrogen with the pyrrole-type nitrogen usually
involved in hydrogen-bond formation. In many cases, these hydrogen bonds dictate
interesting molecular packing. A large number of transition metal complexes with Hind
as well as its derivatives have been reported [25-27]. Complexes of Hind with trivalent
lanthanides are not reported.

The main objectives of this study were to synthesize seven-coordinate complexes of
trivalent lanthanides with 1,1,1-hexafluoro-2,4-pentanedione and 1H-indazole. Seven-
coordinate complexes are expected to be of low molecular symmetry and strong
luminescent complexes. In this article, we report the synthesis, paramagnetic NMR,
4f—4f absorptions, and photoluminescence properties of lanthanide complexes with
hexafluoroacetylacetonate, Hhfaa, and monodentate 1H-indazole.

2. Experimental

2.1. Materials

Commercially available chemicals that were used without purification are: Ln,O3
(Ln=La, Pr, Nd, and Sm; 99.9%) from Aldrich. Hexafluoroacetylacetone, Hhfaa, was
purchased from Lancaster and 1H-indazole from Koch-Light, England. The solvents
used in this study were either AR or spectroscopic grade. Oxides were converted to the
corresponding chlorides LnCls-nH>O (n=6-7) by dissolving the oxides in minimum
conc. HCI. It was then diluted with water and evaporated to near dryness on a water
bath. This process of adding water and then evaporating to near dryness was repeated
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several times until the pH of the solution is between 4 and 6. The chloride solution was
finally evaporated to dryness and kept in a desiccator.

2.2. Methods

Elemental analyses were performed at the Chemistry Department, Banaras Hindu
University, India. The melting point of the complexes were recorded by conventional
capillary method as well as on a DSC instrument (DSC 6220 from SIINT, Japan) in
aluminum pans with a heating rate of 10°Cmin~". Infrared (IR) spectra were recorded
on a Perkin-Elmer spectrum RX I FT-IR spectrophotometer as KBr discs from 4000 to
400cm™'. Thermal analyses of the complexes were carried out on Exstar 6000
TGA/DTA and DSC 6220 instruments from SIINT, Japan with a heating rate of
10°Cmin~'. NMR spectra were recorded on a BRUKER AVANCE II 400 NMR
Spectrometer. Steady state luminescence and excitation spectra were recorded on Jobin
Vyon Fluorolog 3-22 spectrofluorometer with a 450 W Xenon lamp as the excitation
source and R-928 P Himamatsu photomultiplier tube as detector using a lcm
stoppered quartz cuvette. A Voigt function was chosen by using Peak Fit v 4.12
(Jandel Software, Inc.) to fit the peaks to determine the peak center maximum, full-
width at half-maximum (fwhm or peak width), and peak area. Electronic absorption
spectra of the complexes were recorded on a Perkin-Elmer Lambda-40 spectro-
photometer in a series of non-aqueous solvents (chloroform, dichloromethane,
methanol, ethanol, nitromethane, and pyridine). The samples were contained in a
1 cm? stoppered quartz cell.

2.3. Synthesis of the complexes

All complexes were synthesized by a similar one step in sitzu method. The synthesis of
[La(hfaa)s(Hind)s] given here is representative.

A solution of Hhfaa (1.486g, 7.1 mmol) in ethanol (5mL) was added to 0.53mL
(0.1216 g, 7.1 mmol) 25% ammonia solution. This mixture in a 50 mL beaker was
covered until the smell of ammonia disappeared. To this was added 5mL ethanol
solutions of Hind (0.2811g, 2.3mmol) and LaCl;-6H,O (0.8841¢g, 2.3 mmol). The
reaction mixture was stirred at room temperature for 5h. A white precipitate of NH4CI
(which does not melt up to 300°C) appeared during stirring and was filtered off
repeatedly. The filtrate, thus obtained, was covered and left for slow evaporation at
room temperature. Colorless crystals appeared after three days, which were filtered off
and washed with CCly. The compound was recrystallized twice from ethanol and dried
under vacuum over P4O;o. Similar procedure was employed to synthesize other
complexes, given in table 1.

Table 1. Characterization data of complexes, found (calculated).

Compound Color m.p. (°C) % Yield %C %H %N

[La(hfaa);(Hind);] white 93 28 39.01 (38.69) 1.96 (1.89) 7.30 (7.52)
[Pr(hfaa);(Hind);] green 95 26 39.07 (38.64) 2.03 (1.88) 7.37 (7.50)
[Nd(hfaa);(Hind)s] lilac 100 28 38.79 (38.51) 1.94 (1.88) 7.25 (7.48)

[Sm(hfaa)s(Hind);]  white 99 29 38.76 (38.29)  1.96 (1.86)  7.20 (7.44)
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CF,
H C— + NHOH + \/\l + LnClgnH 0
o} (25%)
CF,4 H

Ln =La, Pr, Nd, Sm

Scheme 1. Pathway for syntheses of the complexes (Ln=La, Pr, Nd, and Sm).

3. Results and discussion

The hydrated lanthanide chloride, hexafluoroacetylacetone, ammonium hydroxide (25%
ammonia), and Hind in 1:3:3:1 molar ratios in ethanol were mixed in a single pot at
room temperature (scheme 1). The stoichiometry was based on the assumption that
seven-coordinate complexes of the type [Ln(hfaa);(Hind)] would be formed in line with
[Ln(fod)s(pz)] [28] and [Ln(fod)s(im)] [29] (pz = pyrazole and im =imidazole). Instead
nine-coordinate complexes were isolated. The yield of the complexes is very low since
three Hind units are coordinated to lanthanides. The poor yield prompted us to re-
investigate the synthesis. The reaction was carried outin 1:3: 3 (Ln: Hhfaa : Hind) molar
ratio under similar conditions (scheme 1), increasing the yield from 28% to 78%. These
lighter lanthanides (La, Pr, Nd, and Sm) are larger, accommodating three Hind and three
hfaa units. The stoichiometry is confirmed by elemental analyses, NMR, and ESI-MS™
spectra. These complexes melt at lower temperature (93—100°C) than Hind (150°C). The
melting point of the resulting complexes itself supports the formation of these higher
coordination number complexes. The formation of higher coordination number
complexes gets support from the earlier reports on hfaa complexes [14, 17]. It could be
related to the higher inductive effect of the CF5 groups at the two terminals of hfaa
making the lanthanide more acidic and a better complexing site for incoming donors. The
complexes are air and moisture stable and highly soluble in common organic solvents.

3.1. Thermal studies

The thermograms of the complexes, recorded under dinitrogen with a heating rate of
10°C min~", are similar in shape and show one step weight loss which is consistent with
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vaporization (figure S1 in the “Supplementary material” section). Thus, these
complexes are volatile like other hfaa complexes [17]. The total weight loss for the
complexes is 99.8%. The DTA curve of the complexes displays two endothermic peaks;
one between 93°C and 100°C corresponds to melting and the other at 175°C and 210°C
is consistent with volatilization.

3.2. IR spectra

The IR spectra of complexes exhibit very strong bands around 1620 and 1520 cm ™"

assigned to C=0 and C=C stretching modes, respectively, and are typical of lanthanide
tris B-diketonates [30]. The spectra of the complexes show coordinated Hind. The
spectrum of Hind shows the N—H frequency as a relatively weak band at 3410cm™",
becoming a sharp strong band at 3405cm ™" in the complexes. The observed shift and
strong N-H band suggest interaction of ring nitrogen with lanthanide in these

complexes [31].

3.3. Mass spectra

ESI-MS spectra of the complexes in positive mode were studied in chloroform solution.
The intact molecular ion peaks are observed for all the complexes, confirming
formation of the nine-coordinate complexes. The ESI-MS spectra of the complexes
(figures S2-S5 in the “Supplementary material” section) show peaks at m/z=1115.41,
1117.15, 1121.41, and 1126.32, which are assigned to intact molecular ions,
[La(hfaa);(Hind); + HT]", [Pr(hfaa);(Hind); + HT]", [Nd(hfaa);(Hind); +H™']", and
[Sm(hfaa);(Hind); + H']", respectively. No peak corresponding to [Ln(hfaa); +H]" is
observed, indicating that Hind units are tightly held to metal ions. The other peaks
observed in the spectrum may account for the diverse ionic species formed due to the
fragmentation, ligand exchange, and redistribution in the vapor phase [32, 33].

3.4. NMR spectra

NMR spectra of the ligand and complexes (La, Pr, Nd, and Sm) were recorded in
CDCl; and solutions were sufficiently concentrated (4-5mg per 0.50 mL). Assignment
of the resonances is based on spin—spin splitting and the relative intensities of the
signals. The chemical shifts and the paramagnetic shifts (Ad) are given in table 2. The
NMR spectrum of Hind displays six resonances of equal intensity. The broad singlet
and a sharp singlet at 10.65 (bs) and 8.10 (s) ppm (§) are assigned to N—H and H-1 of
the ligand. Signals due to benzene are at 7.73 (d; H-5), 7.48 (d; H-2), 7.35 (t; H-4), and
7.15 (t; H-3). The spectrum of the diamagnetic [La(hfaa);(Hind)s] displays (figure 1) six
signals in intensity ratio of 1:1:1:2:1:1. The signal at 6.01 ppm (8) which integrates
for three protons is assigned to methine of hfaa. Signals due to coordinated Hind are
observed at 11.12 (bs; N-H), 7.89 (s; H-1), 7.72 (d; H-5), 7.47 (H-3 and H-4), and 7.19
(multiplet; H-2) ppm (§). The substantial shift of the N—H and H-1 resonances of Hind,
in the complex, is consistent with coordination with lanthanum. The intensity ratio of
3: 18 between the methine (B-diketonate) and Hind resonances confirms that three Hind
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Table 2. Chemical shifts and paramagnetic shifts (A8) of [Ln(hfaak(%fmd)_;]."‘b

Compound NH H(1) H(Q2) H(3) H(4) H(5) CH

1 H-indazole 10.7 8.1 7.46 7.14 7.38 7.74 -

1 [La(hfaa);(Hind)s] 11.12 7.89 7.20 7.47 7.48 7.72 6.01
2 [Pr(hfaa)s(Hind)s]  —16.56 —3.74 3.99 4.77 4.62 2.05 19.77
(=27.68)  (=11.63)  (=3.21) (=2.70) (=2.86) (=5.67) (13.76)

3 [Nd(hfaa);(Hind)] ~1.01 3.91 6.60 6.31 6.22 5.40 11.23
(=12.13)  (=3.98)  (=0.60) (=1.16) (=126) (=1.82)  (5.22)

4 [Sm(hfaa);(Hind)] 9.07 7.20 6.99 7.08 7.44 7.24

(—2.05)  (—042)  (0.00)  (—048) (—0.40) (=027)  (1.23)

#Chemical shifts are relative to internal Me,Si and are expressed in ppm (8). Positive shifts are downfield and negative shifts
are upfield.

®The values given in parentheses are the paramagnetic shifts (A8). The paramagnetic shift is the difference between the
chemical shift of the nucleus in the paramagnetic complex and the corresponding shift in the diamagnetic complex.

2 1
3 AN
4 N
5 N/
H
1H-indazole
solvent
a ]
] methine H-3
H-4
H-1
CF, H-5 |
(ON g 2
\ 3 H-2
- I J
¢}
CF, H 8 m{t
3 S
N-H 78 78 71 76 78 14 13 72 74 ppm
o AL
T T T T T T T T t £ ; . ;
A \ 10 P 8 7 5 5 4 3 2 L 0

Figure 1. 400 MHz "H NMR spectrum of [La(hfaa);(Hind)s] in CDCls. Inset (a): higher resolution of region
from 7.0 to 8.0 ppm (§).

units are attached to La(I11) along with three units of hexafluoroacetylacetones, making
the lanthanum(III) nine-coordinate.

The resonances of coordinated hfaa and Hind for paramagnetic Pr and Nd
complexes are greatly shifted from their positions in the diamagnetic analog due to the
large magnetic anisotropy of the lanthanides, a result of through-space dipolar
interaction. Of the three lanthanide complexes (Pr, Nd, and Sm) largest upfield shifts
are noted for the prasecodymium complex followed by the Nd and are very small for
samarium. The N-H signal of Hind for the praseodymium complex (figure S6 in the
“Supplementary material” section) is substantially upfield shifted, as a relatively broad
signal at —16.56 ppm (8). The sharp strong signal at 19.77 ppm (§) is assigned to methine



Downloaded by [Renmin University of China] at 10:41 13 October 2013

3938 Z. Ahmed et al.

proton of hfaa, which is significantly downfield shifted. Thus, the Pr complex covers a
chemical shift range of 36.33 ppm (§). The strong signals at —3.74(s), 2.05(s), 3.94(d),
4.62(s) and 4.77(s) ppm (8) are assigned to H-1, H-5, H-3, H-4 and H-2, respectively.
The NMR spectrum of neodymium complex (figure S7 in the “Supplementary
material” section) displays a broad signal at —1.01 for the N-H proton of the Hind
while strong singlet at 11.23 is assigned to the methine proton of hfaa. H-1 resonates as
a sharp singlet at 3.91 while H-5 appears as a doublet at 5.40 ppm (§). H-2 and H-4
appear as independent signals at 6.31 and 6.22 ppm (8), respectively. The triplet at
6.60 ppm (§) is assigned to H-3. The chemical shift range covered in the neodymium
complex is only 12.23 ppm (). The much larger upfield shifts of the protons produced
by praseodymium is at the expense of resolution since the fine structures disappear from
the resonances of H-2, H-4, and H-5. The loss of fine structure could be related to
paramagnetically enhanced relaxation of these nuclei due to larger anisotropy in the
susceptibility.

An interesting feature of the spectra of the paramagnetic complexes is the signal
position of the methine resonance. The three metals (Pr, Nd, and Sm) are known as
upfield shifters and have shifted the resonances of coordinated Hind to higher fields
compared to their position in the diamagnetic complex. However, the methine
resonance of hfaa has moved downfield and has its sign opposed to that of
paramagnetic shift of aromatic protons, reflecting the important role of geometry of
the complex in solution and thereby significance of the geometric factor (3cos®0 — 1) in
deciding direction of the shifts in a given complex which decrease with increasing
distance of the proton from the metal ion. The result reflects that the paramagnetic
shifts in these complexes are dominated by dipolar interaction, strongly supported by
observations on [Ln(fod)sphen] [34] and [Ln(hfaa);phen] [17] complexes (where fod is
6,0,0,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octandione).

3.5. The 4f~4f absorption properties

Intensity of the absorption is measured by its oscillator strength (P) which is directly
proportional to the area under the absorption band and can be evaluated from
equation (1) [35],

P=431x10"° [()729%2)2} / e(v)dv, (1)

where v is the energy of the transition in cm™", ¢ is the molar extinction coefficient, and
n is the refractive index of the solution. The oscillator strengths of the transitions were
determined by evaluating area under the peak.

3.5.1. [Nd(hfaa);(Hind)z]. Absorption properties of the complex are studied in a series
of non-aqueous solvents (chloroform, dichloromethane, methanol, ethanol, nitrometh-
ane, and pyridine). Absorption spectra of Hhfaa and Hind and neodymium complex in
chloroform are dominated by spin allowed 7—n* transitions of Hhfaa and Hind in the
ultraviolet region (200400 nm). Hind and Hhfaa show a strong absorption at 276 and
275 nm, respectively. The spectrum of the complex contains essentially the combined
ligand absorptions at 292 nm, shifted to longer wavelength (red-shift) as compared to
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Figure 2. 4f-4f absorption spectra of nine-coordinate [Nd(hfaa);(Hind);] (concentration=
5% 107> mol L™"): (a) chloroform (blue), (b) dichloromethane (pink), (c) nitromethane (navy), (d) methanol
(brown), (e) ethanol (red), and (f) pyridine (orange).

free ligands (figure S8 in the ““Supplementary material” section), and demonstrates
stabilization of w-orbitals after coordination of the ligands to neodymium. Absorption
spectra of [Nd(hfaa);(Hind)s], in the visible region, contain eight multiplet-to-multiplet
transitions originating from 419/2 ground state to the various excited states (figure 2 and
table 3). The transition 4G5/2 <« 419/2 located near the middle of the visible region is very
intense and overlapped by a less intense transition 2G7/2<—419/2. The relatively high
intensity and unusual sensitivity to the chemical environment about the neodymium ion
of this transition have led to its classification as hypersensitive; its behavior is in sharp
contrast to many other typically weak and consistently unvaried normal f—f transitions
[29, 36-39]. Its intensity and band shape have been used as qualitative indication of
symmetry, coordination number, and number of neodymium metal ions present in a
complex [15-19, 29, 39, 40]. The oscillator strengths of the transitions, determined using
equation (1), in various coordinating and non-coordinating solvents along with the
oscillator strength of aqueous NdCl; are collected in table 3. The oscillator strength of
the “Gs /25 2G7/2 <—419/2 hypersensitive transition in any solvent is much larger than the
oscillator strength of aqueous NdCls. This huge enhancement in the oscillator strength
of this transition of the complex is attributed to the polarizability of the g-diketone and
heterocyclic ligands and anisotropy of this polarizability [37]. The intensity of the
hypersensitive transition mainly depends on the symmetry of the lanthanide complex,
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Table 3. Oscillator strength of [Nd(hfaa);(Hind)s] in various solvents.

Spectral Nd3+ Oscillator strength (P x 10°)
S'L’ J' Transitions ranges” aqua-ion®
Nd** (« “Iy)) (em™h (P x 10% A B C D E F
4F3/2 Nd-I 10,921-11,761 1.26 1.81 1.91 2.35 1.89 2.27 1.82
“Fsp, *Ho) Nd-II  11910-12,880  7.84 828 724 766 699 818  8.46
“Fi, *S32 Nd-IIT ~ 12,911-13,890 7.90 778  6.88  7.08 630 6.63  6.61
4F9’/2 Nd-IV 14,228-15,121 0.36 0.97 0.52 0.38 0.62 0.56 6.22
4G5’/2, °Gyp Nd-V 16,389-17,770 8.60 78.00 74.00 40.70 49.50 65.44 38.90
4Gy, 4G9‘,‘2, Kizn  Nd-VI 18,169-20,098 6.20 1428 12.84 7.53 9.34  12.70 3.34
4G11/r2, ng’,z, Nd-VII  20,407-22,063 1.09 0.62 0.38 0.61 0.74 0.79 0.66
2 2 2
Kisp, (°D,P)3p
2P1’,2 Ds)» Nd-VIIT  22,207-23,507 0.35 0.24 1.73 0.12  0.15 0.16  0.14

A: chloroform; B: dichloromethane; C: methanol; D: ethanol; E: nitromethane; F: pyridine.

“The spectral ranges observed for the transitions vary from solvent to solvent, so the values listed here are only meant to
indicate approximate location of the bands.

*Taken from ref. [41].

the polarizability of the ligands, and the degree of covalency of Ln—L bonds. The
largest intensification is noted in non-coordinating solvents (chloroform and
dichloromethane). The oscillator strengths are much lower in coordinating solvents,
pointing toward complex-solvent interactions. The lower values could be the result of
coordination of a solvent molecule which changes the coordination number of Nd from
nine to ten and a less symmetric structure is transformed into a more symmetric one,
resulting in decrease of the oscillator strength of the hypersensitive transition; solvent
coordination is without displacement of Hind since dissolution of the complex in
coordinating solvent results in striking change in the shape of the absorption band due
to hypersensitive transition. When solvent molecules coordinate by displacing the
original ligands from inner coordination sphere and the coordination number remains
unaltered, the band does not change its shape [39]. Among the coordinating solvents,
largest intensification is noted for nitromethane, followed by ethanol and methanol,
implying that ethanol as a stronger donor intensifies the band more effectively than
methanol.

Comparing the oscillator strength of the hypersensitive transition of the present
complex with those observed for analogous nine-coordinate hfaa complexes,
[Nd(hfaa)s(tptz)] (where tptz is 2,4,6-tris(2-pyridyl)-1,3,5-triazine) (49.00 x 10°) [18],
and eight-coordinate [Nd(hfaa)y(phen)] (61.74 x 10°) [17], we note higher oscillator
strength for the complex under study. The higher value as compared to the eight-
coordinate phen complex could be argued from symmetry. Since a nine-coordinate
complex is more asymmetric than the symmetric eight-coordinate complex, the low
molecular symmetry is responsible for higher oscillator strength. However, among the
present Hind and earlier reported tptz complexes, both of which are nine-coordinate,
the higher oscillator strength of the Hind complex could not be explained by symmetry
alone. The tridentate tptz (pKa = 3.10) is more basic and relatively more rigid than the
less basic flexible Hind (pKa=1.25), imparting more asymmetry around neodymium
and therefore, higher oscillator strength. The experimental result is reverse of the
prediction. Thus, it is clear that besides symmetry of the field, basicity of the ligands
also contributes in oscillator strength. There are three Hind units and the sum total of
the pKa of the three units is 3.75, which is larger than the pKa of tptz. Thus, joint effect
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of the three Hind would bring greater covalency in their bonding. These results indicate
that the combined effect of three Hind is more effective in promoting 4{—4f electric—
dipole intensity than a single tptz. It is, therefore, reasonable to associate this increase
with ligand basicity as proposed by Henrie ef al. in their theory of hypersensitivity [38].

3.5.2. Band shape. Both band shape and intensity of the hypersensitive transition have
been used as qualitative indications of symmetry [15-19, 29, 39—41]. The changes in
band shape of hypersensitive and non-hypersensitive transitions as the environment
(solvent) around Nd(III) is varied are shown in figure 3. Chloroform and
dichloromethane are non-coordinating solvents and the band shape of the transitions
in these solvents is identical and may be considered as the standard band shape arising
out of a nine-coordinate neodymium complex. The band shapes of the hypersensitive
transition in any of the solvents used are distinctively different from typical band shape
of eight- and ten-coordinate neodymium g-diketonate complexes [15-17, 19, 29, 39, 42—
45]. The band shape is similar to nine-coordinate [Nd(hfaa)s;(tptz)] [18] and
[Nd(tfaa)s(tptz)] [46] in chloroform. It is strong evidence that this complex is nine-
coordinate and retains its composition and structure in non-coordinating solvents.
Since the tptz complex is more asymmetric, prominent Stark splitting appears in the
band. The band shape of this transition in coordinating solvents is different from the
band shape in non-coordinating solvents. Different band shapes demonstrate a change
in the environment about NA(III) which could be the result of complex—solvent
interaction, leading to coordination of one solvent molecule. Coordination of donor
solvents has been reported [39, 43, 46]. The band shape in coordinating solvents is

[Nd(hfaa);(phen)]
eight-coordinte

(a)

[Nd(hfaa);(tptz)]
A () nine-coordinte
(©) [Nd(hfaa);(Hind);]

nine-coordinte

472.8 500 520 540 560 580 600 620 640 660 680 700 720
nm

Figure 3. 4Gspy 2Grjp <o hypersensitive transition of (a) eight-coordinate [Nd(hfaa)s;(phen)] (blue),
(b) nine-coordinate [Nd(hfaa)s;(tptz)] (pink), and (c) nine-coordinate [Nd(hfaa);(Hind)s] (green) in chloroform
(concentration =5 x 10> mol L ™).
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similar to the band shape of ten-coordinate [Nd(hfaa);(phen),] [17] in chloroform and/
or eight-coordinate B-diketonate complex in coordinating solvents (alcohols) [43, 46].

3.5.3. [Pr(hfaa);(Hind)s]. Absorption spectra of the complex, in the visible region,
display characteristic 4f—4f multiplet-to-multiplet transitions originating from the
ground state *H, of Pr(III). Only four transitions, 'D, (593 nm), *P, (485 nm), °P; + 'I,
(472nm), and *P (444 nm), are observed for the complex under study (figure S9 in the
“Supplementary material” section). The oscillator strengths of the transitions of the
complex in a series of non-aqueous solvents and hydrated PrCl; in water are given in
table S1 in the “Supplementary material” section. The *F, <« *H, transition which
appears in the near-infrared region, ~5200cm™' (1923 nm), follows selection rules,
IAJ) <2, |AL| <2, and AS =0 for electric quadrupolar transitions, and is classified as
being hypersensitive [38]. This transition could not be observed in this study due to
inadequate range of the spectrophotometer. Of the four transitions, the *P, is the most
intense followed by °P; while Py is the least intense. Only °P, transition is sensitive to
the change in solvent.

3.6. Photoluminescence

3.6.1. [Pr(hfaa);(Hind);]. Luminescence spectra of the praseodymium complex were
recorded in a series of non-aqueous solvents: chloroform, benzene, acetonitrile, and
pyridine (figure 4). Strong luminescence, upon excitation into the ligand absorption
band, arises due to radiative f—f transitions originating from emitting levels of Pr(III) to
their low lying states [47, 48]. The room temperature excitation spectrum of the

_ 1 3
D,—> °H
3.5x10° ? )
3.0x10°
| — Chloroform
2.5x105
<
= 2.0x10°
£ |
5
£ 1.5x10%
l L » Benzene
5
1.0x10 Acetonitrile
5.0x10% o Pyridine
as 3
| Po—™"F,
0.0 4 T

560 580 600 620 640 660 680
Wavelength (nm)

Figure 4. Emission spectra of [Pr(hfaa);(Hind);] in different solvents (excitation=360nm;
concentration =5 x 107>mol L™!) at room temperature.



Downloaded by [Renmin University of China] at 10:41 13 October 2013

Lanthanide(111) complexes 3943

praseodymium complex was obtained by monitoring the most intense emission
observed in the visible region at 612 nm. The excitation spectrum consists of a broad
band (200400 nm) with maximum at 360 nm, which corresponds to excitation of the
organic chromospheres (hfaa and Hind) and weak intraconfigurational f—f transitions
from the *Hy ground state of Pr(III) (figure S10 in the “Supplementary material”
section). Excitation spectra reveal that the energy transfer from the ligand to Pr(III) is
efficient since Sp—S; excitation is dominant compared to weak f—f transitions.

Emission spectra of the complex in any of the solvents (figure 4) consists of four
characteristic emission peaks of Pr(IIT) which are assigned to (a) *Py— *Hs (578 nm) (b)
3Po— *Hg (593nm) (c) 'D,— *Hy (612nm), and (d) *Py— °F, (648 nm). The intense
peak centered at 612 nm is mainly from 'D, — 3H, transition, but is also believed to be
overlapping with a weaker peak corresponding to the *P,— *Hy transition [49, 50]. The
emission originates mainly from P, and 'D, levels via non-radiative relaxations from
'T¢ and P, states to these lower energy states. The strong luminescence observed for the
complex reflects a good match between the ligand centered triplet and 'D- emissive state
of Pr(III). There are four excited states that can efficiently receive energy from the
triplet of hfaa (Er=22,500cm™') [51] and these are 'Is (21,000cm~'), °P,
(20,800cm™"), 3Py (20,050cm™"), and 'D, (16,500cm™"). The difference between the
triplet state of hfaa and the emissive state (‘D) of Pr(III) is 26000 cm ™", which is well
suited for efficient energy transfer to Pr(III). The other three excited states ('I, *P;, and
3P,) are lower in energy than the triplet state of hfaa and may also receive energy from
it, but intense emission is only observed from the 'D, level since the other excited state
are too close in energy to the ligand centered triplet state. Thus, it can be postulated that
non-radiative relaxation to 'D, from 'Is, °P,, and *P, prevails over back energy transfer
to Pr(III) (figure 5).

Energy Transfer (ET)

26 T e Ny N 126
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Figure 5. Energy level diagram of ligands and Ln(III) in [Ln(hfaa);(Hind);].
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3.6.2. [Sm(hfaa)z(Hind);]. The room temperature emission spectra of the samarium
complex were recorded in different solvents (figure 6). The excitation spectrum (figure
S11 in the “Supplementary material” section) of the Sm(III) complex (obtained by
monitoring the most intense emission transition at 644 nm) contains a very intense
broad band that corresponds to excitation of the organic chromophores (Sp—S;) and
several weak peaks that correspond to intraconfigurational 4f—4f transitions from the
6H5/2 ground-state of Sm(III) to various excited states. Upon excitation of the ligand,
intersystem crossing and energy transfer occur leading to Sm(IIl) luminescence. The
strong ligand centered So—S; excitation band confirms that efficient energy transfer
takes place from ligand to the emitting level of Sm(III). The emission spectrum displays
three peaks, 4G5/2—> 6H5/2 (zero—zero band; 563 nm), 4G5/2—> 6H7/2 (magnetic dipole
transition; 607 nm) and 4G5/2—> 6H9/2 (electric dipole transition; 644 nm), characteristic
of Sm(IIT) in the region 520-680 nm. Of the three transitions, the electric dipole 4G5/
,— °Hy 12 hypersensitive transition is most intense, followed by 4G5/2—> 6H7/2 transition
which shows Stark splitting at 597 and 619 nm. Furthermore, the bright-pink emission
observed for the Sm(I1l) complex is reflective of a good match between the ligand-
centered triplet states and the Sm(III) emissive states. The triplet energy state of hfaa
lies near 22,500 cm ™', well above the 4G5/2 emitting state (17,900 cm™") of Sm(III). The
energy gap between the two states (AE ~ 4600 cm ") seems ideal for an efficient energy
transfer to Sm(III). There are three Sm(III) excited states that can efficiently receive
energy from the lowest triplet state of the ligands, and these are the 4G7/2
(220,050 cm™ ), 4F3/2 (~8700 cem™Y), and 4G5/2 (=7700 cm™ ') levels. Intense emission,
however, is only observed from the 4G5/2 level. The reason for this is the close proximity
of these three excited states to each other, which causes electrons from the higher states
to rapidly relax to the 4G5/2 level from which radiative transitions occur [51].

- 4 6
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Figure 6. Emission spectra of [Sm(hfaa);(Hind);] in different solvents (excitation=355nm;
concentration =5 x 107>mol L™!) at room temperature.
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Table 4. Characteristics of the emission due to 'D,—>H, transition of
[Pr(hfaa);(Hind);] in various solvents.

Solvent Peak wavelength (cm™) Fwhm® (nm)
Chloroform 16,340 9.24
Benzene 16,340 9.20
Acetonitrile 16,287 9.40
Pyridine 16,155 9.62

#Full-width at half-maximum of emission peak.

3.6.3. Solvent effect on luminescence properties. Luminescence intensity and band
shape (figures 4 and 6) of the Pr and Sm complexes are sensitive to change in solvent.
Emission spectra of Pr(III) and Sm(I11) complexes are more spiked in chloroform and
benzene (non-coordinating solvents) as compared to those in acetonitrile and pyridine,
as indicated by the fwhm of the peaks. For instance, the fwhm of hypersensitive
transition 'D,—>Hy of Pr(III) complex follows the order: chloroform (9.24 nm) ~ ben-
zene (9.20nm) < acetonitrile (9.40nm) < pyridine (9.62nm) (figure S12 in the
“Supplementary material”” section). Similarly, the fwhm of the hypersensitive transition
4G5/2—> 6H9/2 of Sm(I1I) complex in non-coordinating solvents are narrower (<5nm)
than those in coordinating ones (> 5nm) (figure S13 in the “Supplementary material”
section), indicating monochromatic emission in non-coordinating solvents.

Magnetic dipole allowed transitions obey the selection rule, A/J=0=£1. Due to
magnetic dipole character of the 4G5/2—>6H5/2 transition (AJ=0), the intensity is
independent of the environment and can be used as a reference. The intensity
parameter, ns,, Which is the ratio between the area under the peaks of 4G5/2—> 6H9/2
and *Gs 12— °H, 12, 18 determined for this complex. The 1Gs = 6H9/2 is magnetic dipole
forbidden and electric dipole allowed. Generally, the intensity ratio of electric dipole to
magnetic dipole transitions has been used to measure the symmetry of the local
environment around lanthanide. The higher intensity of an electric dipole transition
indicates more asymmetry around the metal ion. The 4G5/2—> 6H7/2 transition is also
magnetic dipole allowed but it is electric dipole dominated, therefore, its nature is partly
a magnetic dipole and partly an electric dipole.

A comparison of experimental intensity parameter ns, for samarium complex in
different solvents shows that luminescence intensity increases in the order pyri-
dine < acetonitrile < benzene < chloroform, illustrating the hypersensitive behavior of
4G5/2—> 6H9/2. This indicates that Sm(III) is in a highly polarizable environment. The
nsm for Sm(III) complex in different solvents follows the order pyridine (2.61)<
acetonitrile (4.18) < benzene (4.80) < chloroform (5.21). The intensity of the transitions
in non-coordinating solvents is higher than those in coordinating solvents (tables 4
and 5). Luminescence properties of lanthanide complexes are sensitive to variations in
the symmetry of the coordination sphere around Ln(III). The higher luminescent
intensity of the transitions of both the complexes and Stark splitting of the transitions
(1D2—>3H4 of Pr; 4G5/2—>6H7/2 of Sm) is attributed to low molecular symmetry of these
nine-coordinate complexes, as indicated by larger intensity parameter ns, In non-
coordinating solvents. Furthermore, the magnitude of Stark splitting is larger in
chloroform (Csy symmetry) due to its low molecular symmetry than more symmetrical
benzene (Dgp). Intensity of the transitions is lower and Stark splitting disappears in
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Table 5. Characteristics of the emission transitions of [Sm(hfaa);(Hind);] in various solvents.

Solvent Transitions 405’/2% Peak wavelength (cm™") Fwhm® (nm) Nsm®
Chloroform ®Ho) 15,528 4.96 5.21
°H), 16,500 16.49
Hs), 17,794 9.10
Benzene “Ho, 15,528 4.80 4.83
°H, ), 16,750 16.12
°Hs) 17,794 9.09
Acetonitrile “Hy, 15,576 9.23 4.18
°H, ), 16,778 18.06
°Hs) 17,857 9.11
Pyridine °Hy), 15,456 15.07 2.61
°Hy), 16,529 21.28
°Hs 17,762 9.13

#Full-width at half-maximum of emission peak.
PRatio of area under curves of the “Gs;, — ®Hy)» (electric dipole transition) to the *Gs, — ®Hs)» (magnetic
dipole transition) of Sm(IIT) complex.

coordinating solvents (acetonitrile and pyridine). The changes in luminescence intensity
and band shape of the complexes can be attributed to the changes in the geometry of the
complexes and symmetry of the field around Pr(III) and Sm(III). The 4f—4f transitions
are forbidden for electric dipole radiations in a symmetric environment. Consequently,
the lower intensity of the Pr(IIT) and Sm(III) complexes in a coordinating solvent could
be related to a change in the structure in solution and could be explained by invoking
coordination of one solvent molecule to Pr(III) and Sm(I11) leading to more symmetric
ten-coordinate geometry which leads to decrease in asymmetry of the ligand field
around Ln(III). This decrease in asymmetry of the ligand field around Ln(III), due to
coordination of solvent, decreases the radiative transition probability and as a result the
emission intensity is lowered. These results are in agreement with observations noted on
the oscillator strength of the hypersensitive transition in the 4f—4f absorption properties
of the complex.

4. Conclusions

In an effort to synthesize seven-coordinate lanthanide complexes reaction of lanthanide
chlorides, Hhfaa, and Hind in 1:3:1 or 1:3:3 molar ratio in ethanol yielded volatile
and luminescent nine-coordinate complexes [Ln(hfaa);(Hind);]. The electronegative
fluorines facilitate coordination of three Hind molecules. Opposite direction shifts of
the methine and Hind protons indicate that the shifts are predominantly dipolar. The
band shapes of the hypersensitive 4G5/2, 2G7/2<—419/2 transition in non-coordinating
solvents are similar to the band shape of typical nine-coordinate S-diketone complexes.
Coordinating solvents have pronounced impact on the band shape and oscillator
strength of the transitions; the band shape of the hypersensitive transition in the
coordinating solvents resembles the band shape of ten-coordinate complexes.
Luminescence intensities are higher and the bands show Stark splitting in non-
coordinating solvents, while in coordinating solvent decrease in luminescence intensity
and disappearance of Stark splitting are observed. The higher values of experimental
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intensity parameter (nsy) for samarium complex in non-coordinating solvents indicate
increased asymmetry around Sm(IIT). The low melting point and volatility of the
complexes are advantageous for their use as precursors for high-performance
lanthanide-based materials through chemical vapor deposition. Thin films can also
be generated from these luminescent complexes and used in fabricating light-emitting
devices operated at lower temperatures.
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