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ABSTRACT: Heteroleptic homo dinuclear complexes [Sm(fod);(u-bpp)Sm(fod),]
and [Eu(fod);(u-bpp)Eu(fod);] and their diamagnetic analogue [Lu(fod);(u-
bpp)Lu(fod);] (fod is the anion of 6,6,7,7,8,8,8- heptafluoro-2,2-dimethyl-3,5-
octanedione (Hfod) and bpp is 2,3-bis(2-pyridyl)pyrazine) are synthesized and
thoroughly characterized. The lanthanum gave a 1:1 adduct of La(fod); and bpp
with the molecular formula of [La(fod);bpp]. The 'H NMR and 'H-'H COSY
spectra of the complexes were used to assign the proton resonances. In the case of
paramagnetic Sm*" and Eu’* complexes, the methine (of the fod moiety) and the
bpp resonances are shifted in the opposite direction and the paramagnetic shifts are
dipolar in nature, which decrease with increasing distance of the proton from the
metal ion. The single-crystal X-ray analyses reveal that the complexes (Sm®* and
Eu*") are dinuclear and crystallize in the triclinic P1 space group. Each metal in a
given complex is eight coordinate by coordinating with six oxygen atoms of three fod
moieties and two nitrogen atoms of the bpp. Of the two metal centers, in a given
complex, one has a distorted square antiprism arrangement and the other acquires a distorted dodecahedron geometry. The Sparkle
RM1 and PM7 optimized structures of the complexes are also presented and compared with the crystal structure. Theoretically
observed bond distances are in excellent agreement with the experimental values, and the RMS deviations for the optimized
structures are 2.878, 2.217, 2.564, and 2.675 A. The photophysical properties of Sm** and Eu’* complexes are investigated in
different solvents, solid, and PMMA-doped thin hybrid films. The spectroscopic parameters (the Judd—Ofelt intensity parameters,
radiative parameters, and intrinsic quantum yield) of each Eu®" sites are calculated using the overlap polyhedra method. The
theoretically obtained parameters are close to the experimental results. The lifetime of the excited state is 38.74 us for Sm*" and
713.62 ps for the Eu®" complex in the solid state.

1. INTRODUCTION ligand to the emissive level of lanthanide ions."”> Of the
The luminescence of lanthanides being unique in its own plethora of the ligands used aslzensitizers, P-diketones are one
nature has made them applicable as lasers,’ sensors, >’ of the most effective ligands™® for the sensitization of the
luminescent materials,™® luminescence based tools for the lanthanide ions since the f-diketone derivatives are easy to
investigation of cellular environments,” and solar energy prepare, have greater stability, and present noticeable
conversion devices.'”"" The lanthanide emission bands are luminescence properties.”’18 The fluorines in the fluorinated
very sharp and exhibit long emission decay times.'” The direct p-diketones also enhance the overall quantum yield by
optical excitation of lanthanide metal ions results in poor reducing the non-radiative decay occurring via high energy

emission quantum yields due to lower absorptivity coeflicients
in the UV—Visible spectrum. To overcome this problem, the
indirect excitation through the organic ligands is used. The ]
choice of the organic ligand for light harvesting and then Received: - December 8, 2020
efficiently transferring the energy to the metal ion is the key for ACCQP ted: June 14, 2021
achieving higher quantum yields (antenna effect).'”'” Published: August 12, 2021
Luminescence can also be intensified by tuning the triplet

state of the coordinating ligands to provide a suitable energy

gap for effective energy transfer from the triplet state of the

C—H/N-H vibrations by replacing them with lower energy
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C—F vibrations."”™"” The fluorinated f-diketone complexes
possess greater oxidative and thermal stability (evaporable)
while presenting applications as single molecule magnets”’ and
electroluminescent devices.”"”>” The lanthanide tris f-diketone
being coordinatively unsaturated are highly reactive and readily
coordinate with the approaching ancillary ligand. The ancillary
ligands are proficient in suppression of radiation less transitions
by replacing the water molecules in the coordination sphere
and therefore intensify the overall luminescence. Voluminous
combinations of f-diketones and ancillaréy ligands have been
studied for the subject of luminescence.'®™*” Along the same
lines, our group hitherto has synthesized and studied many
mononuclear,”” ** dinuclear,” and hetero-dinuclear’® com-
plexes for the purposes of fabricating OLEDs and luminescent
materials resulting from various combinations of different
fluorinated p-diketones and several ancillary ligands. The
luminescence of samarium (pink/orange) and europium (red)
complexes/materials has been studied extensively among the
lanthnides.”'”'®*’ 7! Lately, there are excellent reports of
samarium and europium complexes/materials with exemplary
luminescence properties.' >’ %373

Alongside the evolution of single-crystal X-ray as a reliable
tool for the structure determination, the theoretical techniques
like ab initio methodologies or density functional theory®® and
the semiempirical tools like Sparkle have also been
evolved.***” The semiempirical Sparkle RM1°° and PM7"’
have proven successful in prediction of the ground state
geometries of the lanthanide complexes. The semiempirical
models not only predict geometries for mono-,>** di-* tri-,
and polynuclear lanthanide complexes,”"** they also can divine
it for more complicated structures like lanthanide organic
frameworks in a reasonable time.”””*° The theoretical
estimation of spectroscopic parameters’®™*® for simple
mononuclear complexes using single crystal or optimized
structure is routinely used.”> However, the determination of
Judd—Ofelt intensity parameters*”*° for individual metal
centers for a polynuclear complex by a classical method
provides inconsistent results and, to overcome this problem,
Frerie and coworkers"” have developed some engrossing
theoretical procedures. So, of the reported procedures, the
overlap polyhedra method (OPM) has been successfully used
to calculate the individual parameters for the two** and three™
unique centers present in the lanthanide complexes.

There are many reports of transition metal complexes
where 2,3-bis(2-pyridyl) pyrazine (bpp) acts as a bridging
ligand, however, a few reports in the case of mixed transition
and lanthanide metal complexes.’”®® Only a handful of
lanthanide complexes are reported in the literature®®* in
which the polyazine ligand bpp acts as a bridge between two
lanthanide centers. The homo-dinuclear heavier lanthanide
complexes of the [Ln(tta);],bpp (Ln = Eu**, Gd*, and Er’*)
where bp}) acts as a bridging ligand are reported in the
literature.®"%*

In the present paper, we report both chemical and photo
luminescence properties of newly synthesized heteroleptic di-
nuclear complexes of Sm®" and Eu®" containing a highly
fluorinated asymmetric p-diketone 6,6,7,7,8,8,8-heptafluoro-
2,2-dimethyl-3,5-octadione (Hfod) and 2,3-bis(2-pyridyl)
pyrazine (bpp), which acts as a bridging ancillary ligand. The
complexes are thoroughly characterized. The structure of the
complexes was elucidated experimentally by single-crystal X-
ray diffraction (XRD) and theoretically by Sparkle/RM1°° and
PM7°” models. The shape analysis of the structure of the

51-58

complexes is also performed to assign the geometries of the
coordinate polyhedra around each metal center in the complex
(Sm® and Eu*). The photoluminescence study of the
complexes was conducted in solid, solution, and PMMA-
doped hybrid films. The Judd—Ofelt parameters, radiative and
non-radiative decay rates, and intrinsic quantum yields for the
two unique europium centers of the [Eu(fod);(u-bpp)Eu-
(fod);] complex are calculated using the overlap polyhedra
method (OPM).*

2. RESULTS AND DISCUSSION

2.1. Experimental (Single-Crystal X-ray Analysis) and
Theoretical Structure Elucidation. Pure crystals suitable for
single-crystal X-ray analysis were obtained by slow evaporation
of ethanol solution of isolated complexes. The single-crystal X-
ray analysis data is presented in Table 1. The single-crystal

Table 1. Crystal Structure Data and Structure Refinement of
Complexes

[Sm(fod);(s-bpp) (Eu(fod)s(u-bpp)
Sm(fod),] Eu(fod),]
CCDC number 1956378 1956379
empirical formula C,4H0F4,N,0,,Sm, C,,H0F;,N,O,Eu,
formula weight 2306.06 2309.28
temperature 100 K 100 K
wavelength 0.71073 A 0.71073 A
crystal system triclinic triclinic
space group P1 P1
unit cell dimensions a=12384 A a= a=1232A a=
103.858 103.841°
b=198214A, 8= b=19.694 A, B =
90.682° 90.859°
c=19.834 4,y = c=19714 A, y =
102.420° 102.307°
volume 4606 A® 4527 A°
V4 2 2
density 1.663g cm™ 1.694g cm™
absorption coefficient 1.404 mm™ 1.516 mm™
F(000) 2280 2284.0
reflections collected 28956 27838
completeness to theta = 95.2% 96.7%

30.840°

final R indices [I > R; = 0.0878, wR, = R, = 0.0883, wR, =
2sigma(I)] 0.2747 0.2317

S 1.037 1.081

structure analysis reveals that Sm®>" and Eu®* complexes are
dinuclear, in which the two metal centers are bridged by the
bpp ligand. Both the complexes crystallize in the triclinic P1
space group and have similar unit cell dimensions. Each unit
cell contains two independent moieties of [Ln(fod);(u-
bpp)Ln(fod);] (Ln = Sm and Eu). These complexes are
isomorphous, in which each metal center is surrounded by six
oxygen atoms (from three fod ligands) and two nitrogen atoms
(from the bpp ligand) resulting in an eight-coordinate
structure (Figures 1 and 2). Each metal center in these
complexes (Sm and Eu) is coordinated to one pyridyl and one
pyrazine nitrogen on each side of bpp. The metal-N and
metal-O bond distances are presented in Table 2. It is
interesting to mention that the average Eu—O (2.35 A) and
Eu—N (2.62 A) bond distances are shorter than Sm—0 (2.38
A) and Sm—N (2.65 A), which could be the result of the
smaller size of Eu®* ions. The intermetallic distances between
the two metal centers are 7.96 A (Sm—Sm) and 7.90 A (Eu—

https://doi.org/10.1021/acsomega.0c05976
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Sm

Figure 1. (a) Molecular structure of [Sm(fod);(u-bpp)Sm(fod);], (b) 7z—7 stacking between two molecular units, (c) shapes of the polyhedra of
coordination sphere around the two metal ions in [Sm(fod);(u-bpp)Sm(fod);], and (d, e) the unit cell views of the complex from two

perpendicular directions.

Eu). The longer Sm—Sm intermetallic distance can also be
related to the larger size of Sm*". The Eu—N bond lengths and
Eu—Eu intermetallic distance for the present complex under
study are shorter than those reported for the bpp bridged
dinuclear complex [Eu(tta);],(bpp) (tta = 4,4,4-trifluoro-1-(2-
thienyl)-1,3-butanedione).®” It could be due to the presence of
perfluoryl group in the fod moiety, which increases the residual
acidity of europium, making it a better complexing site for the
incoming donors. Therefore, the europium ions attract the bpp
more strongly, resulting in shorter Eu—Eu and Eu—N
distances. However, the Eu—O (2.35 A) and Eu—N (2.62 A)

bond distances for the [Eu(fod);(u-bpp)Eu(fod);] complex
are longer than the Eu—O (2.33 A) and Eu—N (2.57 A) bond
distances reported for mononuclear [Eu(tdh);(bpp)]®* (tdh is
1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione). Both Sm* and
Eu®" complexes are stabilized by the 7—x stacking interactions
between the two pyridine rings of bpp with interplanar
distances of 4.11 A (Figures 1b and 2b). Similar interplanar
m—m interactions are also reported between the rings of
indazole in the complexes [Eu(hfaa);(indazole);] and [Dy-
(hfaa),(indazole),].”* The torsion angle of two pyridine rings
with respect to the pyrazine ring has been reported to be 5.4°

https://doi.org/10.1021/acsomega.0c05976
ACS Omega 2021, 6, 21207-21226
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Figure 2. (a) Molecular structure of [Eu(fod);(u-bpp)Eu(fod);], (b) m—x stacking between two molecular units, (c) shapes of the polyhedra of
coordination sphere around the two metal ions in [Eu(fod);(u-bpp)Eu(fod),], and (d, e) the unit cell views of the complex from two perpendicular

directions.

in the crystal structure of free bpp.”* However, this angle is
17.9° (C10—C3—C4—CS) in the Sm*" complex and 19.1°
(C10—C3—C4—C5) in the Eu** complex. In addition to the
torsion induced into the bpp upon coordination with the
Ln(fod); moieties (Ln = Sm*" and Eu®*), the pyrazine ring is
also more deviated from its planarity than it had in the free
bpp.**

The optimized structure of the complexes was obtained
using Sparkle RM1 and PM7 (Figures S1—S4). The average
bond lengths predicted by Sparkle RM1 and PM7 for metal to
oxygen and metal to nitrogen are in close agreement to the
results found from the crystal structure analysis for the
complexes (Table 3). The Sparkle RM1 and PM7 optimized
structures of the Eu®* complex show the root mean square
deviation (RMSD) of 2.217 and 2.878 A, respectively, from the
crystal structure. Similarly, the RMS deviation of Sparkle RM1
and PM7 optimized structures from the crystal structure of the
Sm?** complex is 2.675 and 2.564 A, respectively. In both cases,
the RMS deviation values are lower than those reported for the

Sparkle/RM1 optimized structure of the tetra-europium
centered molecule (5.07 A) with respect to its crystal
structure.’® The lower RMSD values for the optimized
structures indicate the accuracy of the Sparkle RMI1 and
PM?7 in predicting the structures of the complex structures.
2.2. Shape Analysis. The shape analysis was performed
using the reported method by Haigh.”® For the eight-
coordinate metal centers, the most encountered shapes are
square antiprism (SAP), bicapped trigonal prism (BCTP), and
dodecahedron (D). These shapes have 16, 17, and 18 edges,
respectively. The two adjacent atoms depicting an edge
subtend an angle at the central metal atom (Figure SS).
Therefore, there are 16, 17, and 18 angles, respectively,
subtended by the 16, 17, and 18 edges of square antiprism,
bicapped trigonal prism, and dodecahedron shapes at the
central metal atom. The total number of angles in an eight-
coordinate polyhedron subtended at the central metal atom by
all the possible pairs of the coordinated 8 ligand atoms is 28
(including both adjacent and non-adjacent pair of atoms). For

https://doi.org/10.1021/acsomega.0c05976
ACS Omega 2021, 6, 21207-21226
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Table 2. Bond Lengths between Metal Ions and Atoms
around the Coordination Sphere of the Complexes

[Sm(fod);(p-bpp)Sm(fod);] [Eu(fod);(u-bpp)Eu(fod);]

Sm1-07 2.403 Eul-07 2.331
Sm1-08 2.379 Eul-08 2.358
Sm1-09 2.403 Eul-09 2.371
Sm1-010 2.377 Eul-010 2.319
Sm1-011 2.408 Eul-011 2.350
Sm1-012 2.355 Eul-012 2.374
Sm1-N3 2.625 Eul-N1 2.594
Sm1-N4 2.626 Eul-N2 2.593
Sm2—-N1 2.688 Eu2—-N3 2.656
Sm2—-N2 2.650 Eu2—-N4 2.622
Sm2—-01 2.348 Eu2-01 2.332
Sm2—-02 2.407 Eu2-02 2.350
Sm2—-03 2.385 Eu2-03 2.396
Sm2—-04 2.376 Eu2-04 2.336
Sm2-0S 2.358 Eu2-0S§ 2.346
Sm2—-06 2.368 Eu2-06 2.358

the shapes (vide supra), the angles subtended by the edges at
the central metal atom must be the smallest of the total
number (28) of angles and the change between the two
consecutive angles among them must be very small. Therefore,
for square antiprism 16, for bicapped trigonal prism 17, and for
dodecahedron 18, angles must be the smallest of the total 28
angles in ascending order. All the possible 28 angles of the
individual polyhedron of the complexes of Sm®" and Eu** in
the ascending order are presented in Tables S1 and S2. In the
case of the Sm1 center of the Sm*" complex and Eul center of
the Eu®" complex, the 17th angle abruptly increases compared
to the smaller 16th angle (Tables S1 and S2). The difference
between the 16th and the 17th angle is 21.1° (Sm1 center of
the Sm®" complex) and 20.4° (Eul center of the Eu®*
complex). These values suggest that the arrangement of the
ligands around the two centers is square antiprismatic®’
(Figures 1c and 2c). In the case of the second samarium center
Sm2 of the Sm*" complex, the difference between the 16th and
17th lowest angle is 11.7° and the difference between the 17th
and 18th smallest angle is 12.9° (Table S1). Similarly, in the
case of the Eu®* complex, these values for the second europium
center Eu2 are 11.4 and 11.6°, respectively (Table S2). These
values suggest that the arrangement of the ligands around Sm2
and Eu2 is neither square antiprismatic nor dodecahedron,
rather an arrangement between the two geometries, which are
more inclined toward a dodecahedron arrangement65 (Figures
Ic and 2c).

The results obtained using the method reported by Chen®®
were further authenticated by computing the distortions of the
coordination polyhedra from the ideal eight-coordinate
geometries using SHAPE software.”® The results are presented
in Tables S3 and S4. The SHAPE software®® calculates the
deviation for a given polyhedron from an ideal eight-

coordinate polyhedron (square antiprism, bicapped trigonal
prism, and dodecahedron, etc.), and the one with the least
deviation is accepted. The least deviation has been found for
the square antiprism (D,;) geometry in the case of the
coordination polyhedra around Sml and Eul. Similarly, the
smallest deviation has been found for the triangular
dodecahedron (D,;) geometry around Sm2 and Eu2 centers.
These results obtained from SHAPE software®® demonstrate
that the results obtained using the method reported by Haigh®®
in the first place are correct and the method can be successfully
used to assign shapes to the coordination polyhedra.

The results of the shape analyses of the coordination
polyhedra of the Sparkle PM7 optimized structures reveal that
the geometry around the two metal centers in a given Sm*" and
Eu®" complex is similar to those obtained from the single-
crystal X-ray analyses. That is, the shape of the polyhedra
around the two unique metal centers in a given complex is not
similar, with one metal center having a square antiprismatic
arrangement of ligand atoms around it while the other center
has a triangular dodecahedron geometry (Figures S6 and S7).
However, the Sparkle RM1optimized structures show that, in
the case of the Eu** complex, the shape around both Eu®*
centers is square antiprismatic while the shape around the two
Sm®" centers is triangular dodecahedron in the case of the
Sm** complex (Figures S8 and S9). It is not in the agreement
with the experimental results obtained from the single-crystal
analysis. Therefore, it is concluded that the Sparkle RM1 does
not work satisfactorily for the complexes investigated here. The
distortions calculated from the ideal eight-coordinate geo-
metries using SHAPE software®® for Sparkle PM7 and RM1
are presented in Tables S5—S8.

2.3. 'H NMR Spectra. The one-dimensional (‘H NMR)
and two-dimensional (‘H-'H COSY) spectra were used to
assign the NMR signals of the bpp and the complexes. The
chemical shifts of the free ligand and the complexes are
presented in Table 4. The '"H NMR spectra (1D and COSY
correlation) of the free ligand 2,3-bis(2-pyridyl)pyrazine (bpp)
exhibit four resonances at 8.68, 8.36, 7.76, and 7.21 ppm (5) in
the intensity ratio of 1:1:2:1 (Figures S10 and S11). The
pyrazine ring protons (H-1) resonate as a singlet at 8.68 ppm
(8). The other three signals are due to the protons of the
pyridine rings. The H-2 protons that are nearer to pyridyl
nitrogen appear at 8.38 ppm (5) as a doublet. The H-4 and H-
S protons appear as a combined multiplet at 7.76 ppm (), and
the H-3 protons resonate as an asymmetric triplet at 7.21 ppm
(8). The proton resonances of free bpp assigned by 'H-'H
COSY conform with the report available in the litreature.”
The NMR spectra of the complexes are consistent with the
presence of coordinated bpp. The NMR spectra of the
diamagnetic complexes [La(fod);(bpp)] (Figure S12) and
[Lu(fod);(u-bpp)Lu(fod);] (Figures 3 and 4) show four
signals for the coordinated bpp and one resonance each for
methine and t-butyl group of the S-diketone. The methine and

Table 3. Average Bond Lengths

Sm1-0 Sm1—-N Sm2—0
crystal structure 2.387 2.625 2.374
sparkle/RM1 2412 2.587 2414
sparkle/PM7 2.382 2.559 2.380

Sm2—N Eul-0O Eul-N Eu2-0 Eu2—N
2.669 2.351 2.594 2.353 2.639
2.588 2.388 2.519 2.385 2.522
2.561 2.382 2.559 2.382 2.555
21211 https://doi.org/10.1021/acsomega.0c05976
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Table 4. Chemical Shifts” and Paramagnetic Shifts” of the Complexes

H-1 H-2 H-3 H-4 H-S CH Bu'
bpp 8.68(s) 8.38(d) 7.21(t) 7.76(m) 7.76(m)
[La(fod);(bpp)] 8.99(s) 8.86 7.40(m) 7.70(t) 7.39(m) 5.88 1.05
[Lu(fod);(u-bpp)Lu(fod),] 9.32 9.25 7.49 7.67 7.47 5.87 1.06
[Sm(fod);(u-bpp)Sm(fod);] 7.16 (—2.16) 6.23(d) (-3.02) 7.21(t) (—0.28) 7.04 (—0.63) 8.11 (0.64) 7.04 (1.17) 1.01 (—0.05)
[Eu(fod);(u-bpp)Eu(fod);] 16.98 (7.61) 17.72 (8.47) 15.14 (7.44) 11.78 (4.39) 10.23 (2.84) 2.59 (—3.29) 1.41 (0.36)

“Chemical shifts are presented in parts per million (ppm) relative to the internal standard tetramethylsilane (TMS). Positive and negative chemical
shifts are plotted downfield and upfield, respectively. “The paramagnetic shift, given in parentheses, is the difference between chemical shifts of a
given proton in the paramagnetic complex and diamagnetic Lu complex.
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Figure 3. 500 MHz "H NMR spectra at 298 K of [Lu(fod),(u-bpp)Lu(fod),], (a) enlarged portion from 7.2 to 9.7 ppm of spectra.

t-butyl resonances appear in a 1:9 intensity ratio. The
magnitude of the inductive effect of coordination”” in the
case of the Lu>" complex is stronger and is manifested by the
larger downfield shifts of H-1 and H-2 protons, which are
closer to the Lu’*.

The NMR spectra of the paramagnetic complexes are more
interesting where the bpp signals are shifted to higher fields (in
the case of the Sm*®* complex) as well as to the lower fields (in
the case of the Eu** complex). The NMR spectra of the Sm**
complex display six resonances in the intensity ratio of
1:1:1:4:1:27, which have been assigned by 2D 'H-'"H COSY
NMR (Figures 5 and 6). Similarly, the NMR spectra of the
Eu*" complex display six resonances in the intensity ratio of
2:1:1:1:3:27 (Figures S13 and S14). In both the paramagnetic
complexes, the largest shift is noted for H-2 followed by H-1
protons, supporting the view that the bpp is acting as the
bridge between the Ln(fod); units through the nitrogen atoms
of pyrazine and pyridine rings. In the case of [Sm(fod);(u-
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bpp)Sm(fod),], the methine resonance coalesce with the H-4
proton signal of bpp and appears at 7.04 ppm. The other
signals due to bpp protons, except H-S, are shifted to up fields
with H-2 showing the highest shift followed by and H-1 due to
their proximity to the metal ion. In the Eu®* complex, all
resonances of coordinated bpp are shifted to down fields with
the largest downfield shift for H-2 followed by H-1.
Meanwhile, the methine proton signal has moved to the
upfield side. The t-butyl could not be shifted to the higher field
side, instead has been de-shielded and appears at the lower
field. Such exceptions are available in the litreature.”” This
result and reports available in the literature®®*” suggest that the
induced paramagnetic shifts are dipolar in nature. The NMR
spectra of the complexes show no resonance for free bpp or
free p-diketone; no change in signal line width or position is
noted even on keeping the solutions for a few days.

2.4. UV/Visible Absorption Spectra. The absorption
spectra of the 107° M solution of free ligands and Sm and Eu
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Figure 4. 500 MHz "H-"H COSY spectra at 298 K of [Lu(fod);(u-bpp)Lu(fod);].

complexes are presented in Figure 7. The free ligands absorb in
the range of 240—330 nm, and the maxima (4,,,) appear at
296 nm (Hfod) and 286 nm (bpp). The absorption band of
the ligands are shifted in the complexes and appear as a single
band in the range of 240—380 nm with the maxima ()
appearing at 293 nm. This band in the complexes is assigned to
the Sy, — S; (# = #*) transition. The shift of the band is due
to coordination of the ligands to the metal ion. The molar
extinction coefficients of [Sm(fod);(u-bpp)Sm(fod);] (1.10 X
10* L mol™ ecm™) and [Eu(fod);(u-bpp)Eu(fod),] (2.63 X
10* L mol™ cm™") are higher than those of Hfod (8.10 x 10°
L mol™ cm™) and bpp (3.95 X 10° L mol™' cm™). The
increase in the molar extinction coefficient of the complexes
than the ligands provides strong evidence that the Hfod and
bpp have coordinated to the metal ions. The spectra of the
[Sm(fod);(u-bpp)Sm(fod);] and [Eu(fod);(u-bpp)Eu(fod);]
complexes were also obtained from 107> M chloroform
solutions (Figure S15) in order to observe metal-based
absorptions (4f-4f absorption are parity forbidden, therefore
have very low absorptivity coefficients). It is noteworthy that
the 4f-4f transitions appearing in the absorption spectra are
also present in the excitation spectra of the complexes.

2.5. Luminescence. The luminescence spectra in the
visible region are investigated in the solid state, solution
(chloroform, dichloromethane, ethanol, and acetone), and
PMMA polymer thin films. The emission spectra with the most
intense emission peaks for the Sm®" and Eu’* complexes were
obtained by recording the emission spectra of the chloroform
solutions at different excitation wavelengths (Figures S16 and
S17). The excitation spectra are obtained by monitoring the
most intense emission peak of the complexes. These are at 642
nm (*Gg/, = °H,),) for the Sm* complex and 614 nm (*Dy—
F,/,) for the Eu** complex. The excitation spectra of the

complexes in different solvents (Figure 8) appear in the range
of 325—430 nm with maxima (4,,,,) at 351 nm (acetone), 363
nm (chloroform), 359 nm (dichloromethane), and 361 nm
(ethanol) for the Sm** complex and 358 nm (acetone), 364
nm (chloroform), 361 nm (dichloromethane), and 361 nm
(ethanol) for the Eu** complex. These are 7—z* transitions
(Sp — S)) of the organic ligands (fod and bpp). The maximum
wavelength (4,,,,) was used to obtain the emission spectra in
the respective solvents. The excitation bands in the case of
solid complexes are more intense and much broader than those
observed for the solution (Figures 8 and 9). The excitation
bands for the solid complexes extend up to 440 nm with
maxima at 354 nm (Sm* complex) and 261 nm (Eu*
complex). The excitation spectra of the thin films (Figures
S18 and S19) show broad bands in the range of 230—360 nm
(for the Eu** complex) and 330—390 nm (for the Sm®
complex). The excitation spectra of thin films broaden and
show red shift on increasing the concentration of complexes in
the PMMA polymer. These results corroborate with those
reported for [Eu(fod);(H,0),]-doped PMMA films.”” The
excitation spectra mimic the absorption spectra, suggesting that
the energy is absorbed through the 7—z* transitions (S, — S;)
of the organic ligands (fod and bpp) and then transferred to
the metal ion.

The emission spectra of the samarium complex display three
characteristic emission peaks *Gs;, = °Hs,, (561 nm), *Gs),
— °H,,, (596 nm), and *Gs;, — °H,), (642 nm) in each
solvent and hybrid thin films (Figure 11 and Figure S20). The
emission spectrum of the solid complex (Figure 10) displays an
additional peak at 561 nm *Gg/, — °Hj, /2.71‘72 The electric-
dipole transition *Gs;, — “Hy), is the most intense, followed
by *Gs;, — °H,/, (magnetic-dipole) and *Gs,, — °Hy),
transitions. This indicates that the samarium complex lacks
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Figure 5. 500 MHz 'H NMR spectra at 298 K of [Sm(fod);(u-bpp)Sm(fod),], (a) enlarged portion from 6.1 to 8.3 ppm of spectra.

an inversion center. It is reported that the intensity of the
magnetic-dipole transition (*Gs;, — ®Hy,,) is higher than the
electric-dipole transition in centrosymmetric complexes.”
Furthermore, the *Gg, — °H,), transition shows stark
splitting. The higher intensity of the electric-dipole transition
and stark splitting in the magnetic-dipole transition are
indicative of the fact that the complex has a distorted
geometry, which results in higher asymmetry of the field
around samarium. This corroborates with the results obtained
from the shape analysis of the crystal structure. The
coordination symmetry around the Sm>* jon in a complex is
determined by measuring the experimental energy parameter
(Mgm), which represents the ratio of the integrated area under
the peaks of *Gg/, — ®H,), (electric-dipole) and *G;,, — °Hs),
(magnetic-dipole) transition.”* The 7, of the solid complex
and its solutions in different solvents are 8.71 (solid complex),
5.85 (chloroform), 4.92 (acetone), 4.6 (ethanol), and 4.31
(dichloromethane). It appears that the highest asymmetry of
the field prevails in chloroform followed by acetone, ethanol,
and dichloromethane. The highest asymmetry around the
samarium is noted for the solid complex (7, = 8.71), which is
evident from the very prominent stark splitting of the
magnetic-dipole transition.

The emission spectra of the europium complex display five
emission peaks, D, — “F, (578 nm), D, — “F; (590 nm),
Dy — F, (614 nm), D, — ’F; (651 nm), and °D, — 'F,
(694 nm), in different solvents, the solid state, and thin films
(Figures 10 and 11 and Figure S21). The electric-dipole
transition D, — ’F, transition is hypersensitive and is the
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most intense. The higher intensity of the Dy — ’F, transition
is directly related to the asymmetry around the europium ion
and higher polarizability of the ligands.”” The bright red
emission reflected in CIE coordinates of the europium
complex is due to the highly intense D, — ’F, transition.
The intensity ratios (75,)’° of Dy — ’F,/°D, — ’F,
transitions for the europium complex in acetone, chloroform,
dichloromethane, and ethanol are 13.29, 12.80, 12.38, and
12.29, respectively. This intensity ratio (17,) in the solid state
is 11.54, and those in thin hybrid films are 11.67 (@5%(w/w))
and 12.28 (@10%(w/w)). The °Dy — "F,/°D, — "F, intensity
ratio in all solvents, the solid state, and thin films is greater
than that reported”’ for [Eu(fod);(H,0),] with #z, = 7.96,
indicating that the intensity of D, — ’F, has remarkably
increased on complex formation with bpp. It reflects that bpp
is a good sensitizer and effectively populates the emitting level
of europium. The higher intensity ratio indicates that the
ligand environment around the europium is highly polarized.”®
The Stark splitting of the "D, — ’F, transition is prominent in
dichloromethane and in the solid state with three stark
components. The band shape and stark components of the *D,
— F, transition are typical of the fod complexes reported in
the literature,””~”” which could be due to the asymmetry of the
tris fod Eu®*complexes. The room temperature line width at
half maximum (FWHM) of the D, — ’F, transition in
acetone, chloroform, dichloromethane, ethanol, the solid state,
and in thin films @ 10%(w/w) and @5%(w/w) are 2.68, 2.21,
222, 2.28, 1.67, 1.51, and 1.52 nm, respectively (Figures S22
and S23). Only one line is observed for the non-degenerate
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Figure 7. Absorption spectra of 107 M solutions of Hfod, bpp,
[Sm(fod),(u-bpp)Sm(fod),], and [Eu(fod),(s-bpp)Eu(fod),] in

chloroform.

D, — ’F, transition, suggesting that only one type of Eu®"
species is emitting in the solution and the two Eu’* sites are
equivalent in the complex. This corroborates with the NMR
results where only one set of signals is observed, suggesting
that only one species is present in the solution. The presence
of only one asymmetric shaped D, — F, transition line in the
solid state shows that the ligand symmetry around the two

europium ions are similar with smaller structural difference.*’
The small width of FWHM of the D, — ’F, transition
indicates that the europium complex could be a potential
material to be used in optoelectronic devices.'""'” The splitting
of the D, — ’F, transition into two Stark components
indicates that the environment around both the europium ions
is asymmetric. It gets strong support from the results of shape
analysis where both the Eu** centers have been found with
distorted geometries (square antiprism and dodecahedron).
2.6. Decay Curves, Quantum Yield, and CIE Chroma-
ticity. The decay curves at 300 K of the solutions, solid state,
and thin films of both Sm*" and Eu** complexes are fitted by a
mono-exponential function (Figure 12 and Figures $24—S35).
The mono-exponential functions indicate that there is only a
single type of emitting centers in the complexes. It contrasts
with the findings of the shape analysis, which predicts two
distinct geometrical arrangements (square antiprism and
dodecahedron) around the two metal centers in a given
complex. There could be two reasons for the antithesis: (i) the
emission and lifetime measuring instruments could not resolve
the differences due their detecting limitations and (ii) the
geometries of the two polyhedrons in a complex are not that
dissimilar. The lifetime decay was monitored at 648 nm (*Gg),
— H,,) in the case of the Sm*" complex and at 610 nm (°D,
— 7F,) in the case of the Eu** complex. The emission lifetimes
of the *G;;, — °Hy), transition of the Sm®" complex in
different media are 28.58 us (chloroform), 29.33 us (dichloro-
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methane), 25.97 us (acetone), 21.58 us (ethanol), and 38.74
us (solid state). The higher lifetime in the solid state suggests
that the impact of vibrational oscillators upon the decay of the

excited state is lower in the solid state due to restricted degrees
of freedom. The emission lifetime of the *G;, — °Hy),
transition for the Sm*" complex in dichloromethane (29.33
us) is greater than the lifetime of this transition reported for 2-
thenoyltrifluoroacetonate (tta)-based complexes®' in the same
solvent. The lifetime of the D, — ’F, transition in different
media of the Eu** complex is 695.98 us (chloroform), 584.34
us (dichloromethane), 505.71 us (acetone), 421.97 us
(ethanol), and 713.62 pus (solid state) (Table S). The lifetime

Table S. Lifetime and Intrinsic Quantum Yield of Some
Europium Complexes

complex lifetime (ms) Q! % reference
[Eu(fod);(u-bpp)Eu(fod);] 0.71 56.99 present work
[Eu(fod),H,0] 0.62 26.5 88
[Eu(fod);phen] 0.85 S1 88
[Eu(fod);(phen N-O)] 0.37 43 84
[Py 66.14] [Eu(fod),]” 0.22 34 90
[Eu(fod);tptz] 071 5430 24
[Eu(fod);indazole] 0.85 47.07 24
[Eu(fod);impy] 0.79 60.61 24
[Eu(tta);(H,0),] 0.26 29 91
[Eu(dbm),(H,0)] 0.06 344 92
[Eu(dbm);(impy)] 0.42 9.0 92
[Eu(tfaa);(phen)] 0.87 35.98 93
[Eu(tfaa)(H,0)] 033 2083 94
[Eu(tfaa);(bpy)] 0.87 31.56 95
[Eu(hfaa),(impy),] 0.98 32 96
[Eu(hfaa);(pyz),] 0.40 9.86 97

of the *D, — ’F, transition of the Eu** complex is much higher
than bpp containing the mononuclear complex [Eu(tdh);bpp]
(300—414 ps) obtained in the temperature range of 323—273
K. It is also higher than the lifetime of the same transition
reported for Eu(fod); (330 us in chloroform and 620 s in the
solid state)®” and [Eu(fod);phen-NO].** The lifetimes of the
Dy, — F, transition of PMMA-doped films of [Eu(fod),(u-
bpp)Eu(fod);] are 512.79 pus (10%(w/w)) and 520.30 us
(5%(w/w)). These are lower than that found for the solid

Model ExpDecl
(a) Equation Y= Al*exp(-x/t1) +y0
Adj.R-Square | 0.99605
10° 5 Value Standard Error
1 B y0 |-9.1136 1.46416
B Al |43071.88107 | 180.31742
B tl | 38740.96554 | 79.87798
10° 4
0
c
>
8
102—:
10"
T T T T T 1
5.0x10* 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10°
Time (ns)

Figure 12. Emission decay curve of (a) [Sm(fod);(u-bpp)Sm(fod);] and (b) [Eu(fod);(u-bpp)Eu(fod);] in the solid state.

10* (b)
Model ExpDecl
Equation Y= Al*exp(-x/t1) +y0
Adj. R-Square 0.99957
s Value Standard Error
1075 B |y0 |7.26402 0.69443
% B | Al | 11361.54289 5.45606
g B |tl | 713616.27651 | 475.24705
o
107 3
10" 4
T T T T
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10*
Time (ns)
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Table 6. CIE Chromaticity Coordinates (X,, Y,) in Different Phases for [Sm(fod),(u-bpp)Sm(fod);] and [Eu(fod);(u-

bpp)Eu(fod);] Complexes

CIE coordinates

[Sm(fod);(u-bpp)Sm(fod);] X, Y.
acetone 0.567 0.362
chloroform 0.621 0.388
dichloromethane 0.581 0.377
ethanol 0.540 0.351
solid 0.607 0.370
59%(w/w) PMMA 0.583 0422
10%(w/w) PMMA 0.567 0435

CIE coordinates

[Eu(fod);(u-bpp)Eu(fod);] X, Y.
acetone 0.668 0.333
chloroform 0.663 0.338
dichloromethane 0.666 0.335
ethanol 0.668 0.335
solid 0.672 0.330
3% (w/w) PMMA 0.663 0.335
10%(w/w) PMMA 0.668 0.338

CIEy

CIEy

0 1 1 1 1 1 1 L 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

CIE x CIE x
Figure 13. CIE chromaticity diagram of (a) [Sm(fod);(s-bpp)Sm(fod);] and (b) [Eu(fod);(u-bpp)Eu(fod);] in the solid state.

complex (713.62 us), suggesting that the host polymer has a
detrimental effect on the lifetime of the excited state. This is
more pronounced in the case of PMMA-doped hybrid films of
[Sm(fod);(u-bpp)Sm(fod);] where the lifetime is much
smaller for the polymeric films (6.73 ps 5%;w/w and 2.28 us
10%;w/w) than the lifetime in the solid state. Similar results
are reported for [Eu(fod);(H,0)] where the lifetime in the
PMMA film is smaller (440 ys) than the value in the solid state
(620 us).® 1t is interesting to note that, for both the
complexes, the lifetime in non-coordinating solvents (chloro-
form and dichloromethane) are higher than those observed in
coordinating solvents (acetone and ethanol). This could be
related to (i) the presence of a large number of C—H
oscillations in the coordinating solvents (acetone and ethanol),
which depopulate the excited state of the Sm*" and Eu®* metals
through high energy C—H and O—H vibrations and (ii)
invasion of the coordination sphere. A similar result is reported
for the Eu(fod),.**

The intrinsic quantum yield for the samarium complex is
calculated using the equation Qm = Texprimental/ To (Texpmmmtal is
the experimentally measured radiative lifetime and 7, is the
calculated average natural lifetime (3.25 ms) of Sm>*.**~*" The
quantum yields calculated for the samarium complex in
acetone, chloroform, dichloromethane, and ethanol are
0.80%, 0.88%, 0.90%, and 0.66%, respectively. The quantum
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yield, in the case of the solid state, is 1.19%, which is higher
than those obtained from the solution. Similarly, for the Eu®*
complex, the quantum yield in the solid state is greater than
those obtained from the solutions and thin hybrid films (Table
5). The higher intrinsic quantum yield of the complexes in the
case of the solid state could be due to loss of energy of excited
states through the dipole—dipole coupling interactions with
the solvent or PMMA molecules.®’ The intrinsic quantum
yield of the Eu®" complex is much higher than its precursor
[Eu(fod);H,0] (QE" % = 26.5),*® which indicates that the
radiative emission from the excited state *D;, of the europium
complex is very intense.

The CIE color coordinates of Sm*" and Eu®* complexes in
solutions, the solid state, and thin films were calculated using
LUMPAC software®” (Table 6). The Sm>* complex shows
orange color emission with its color coordinates greatly
influenced by the host medium (Figure 13a and Figure S36).
The change in color coordinates can be due to the influence of
ligand fluorescence on the overall spectra of the Sm*" complex
in different media. The europium complex shows red emission,
and the color coordinates are nearly similar in all media
(Figure 13b and Figure $S37). The overall intensity of emission
lines of the samarium ion is lower than the europium ion,
which means that ligand fluorescence is influencing the CIE
coordinates more in the case of the Sm®" complex.
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Table 7. Experimental Intensity Parameters of [Eu(fod);(u-bpp)Eu(fod);] in Different Solvents, Thin Films, and the Solid
State
[Eu(fod);(u-bpp)Eu(fod),] Q, (107 em?) Q, (107 em?’) Q,/Q, Tops (US) Traa (1S) Ana () Ay (879 QE%
acetone 2333 245 9.52 505.71 1714.74 583.18 1394.28 29.49
chloroform 22.35 5.51 4.06 695.67 1042.58 712.97 724.44 49.60
dichloromethane 21.66 2.11 10.12 584.34 1602.92 623.86 1087.59 36.45
ethanol 21.60 2.33 9.27 421.96 1831.13 546.11 1823.56 23.05
solid state 20.19 9.98 2.02 713.62 1252.08 798.67 602.68 56.99
TF10 21.4S 2.77 7.74 512.79 1358.84 735.92 1214.16 37.74
TES 20.39 3.07 6.64 520.30 1412.36 708.03 1213.94 36.84
2.7. Experimental and Theoretical Intensity Parame- 64n'? 3
ters. The electronic transitions within 4f subshells are strictly A(W,‘f l//,'/) = 3h(2 + 1) LDy + 17Dyl @)

forbidden under parity law. However, the mixing of upper shell
wave functions with 4f subshells under the influence of odd
parameters of ligand field induces some even parity in 4f
subshells. This results in states of mixed parity through which
electric-dipole transitions can be forced to occur. These
transitions are sharp with small band widths and are used as a
source of laser. The intensity of magnetic-dipole transition is
field-independent and can be calculated from the wave
functions of free ions. However, for induced electric-dipole
transitions, calculation of wave functions is difficult, and
parameterization is necessary, which is provided in the Judd—
Ofelt theory.*”°

The Judd—Ofelt intensity parameters (2, 4 = 2, 4, and 6) in
the case of Eu can be deduced from the intensity of emission
transitions. Since the absolute intensity of transitions could not
be calculated, therefore, the intensity of the D, — ’F;
magnetic-dipole transition is used as a reference with dipole
strength (D,,;) of 9.6 X 107** esu® cm” and the parameters of
other transitions are calculated relative to it.”® The Q,
parameters are calculated using eq 1

Dmdy13 o’ / Ly dv
SR I T 0 +2)* [y dv (1)

Q =

where v; and v, are the average wave numbers of D, — "F;
and °D, — ’F, transitions, respectively, ¢ is the electronic
f Ly dv

T d is the ratio of the integrated intensity of Dy —
w dv

charge,

on’
0 +2)°
local field correction and # is the refractive index of the
medium. The values of square reduced matrix elements [(y] |
U* | yJ')]* were obtained from the literature.””'"" The
covalence in bonding in the first coordination sphere is directly
related to the €, parameter, and the larger value is an
indication of the larger covalent character in the bonding. The
higher value of the Q, parameter is also indicative of the higher
hypersensitive behavior of the Dy — ’F, transition.'’" The Q,
parameter provides information regarding the ri§idity of the
host medium in which Ln(III) ions are located.'”” The D, —
"F, transition is not observed experimentally; thus, the €

’F, to the D, — ’F, transition, and is the Lorentz

experimental parameter could not be obtained and is neglected
in calculations.

The radiative transition probability (A), radiative lifetime
T,y and emission quantum efficiency Q. for the transition of
Eu®" in both solution and solid states were calculated using
both the Judd—Ofelt theory and experimental results. The
radiative transition probability (A) between two manifolds j
and j/ is given by eq 2

where D,; and D,,; are the dipole strength of electric and
magnetic dipoles, respectively, 7 is the refractive index, y is the

n(r’ +2)
9

Lorentz local field correction equaling to , and v is the

average wave number of the transition.

We calculated the radiative transition probability (A) for a
transition originating from D, with j equaling to zero to F,
with j equaling 4 = 0, 1, 2, 3, 4, 5, and 6 from the emission
spectra using eq 3

Ag_; = Ao

- -1 01 3)
where S, _ ; and o, are the area under the 0 — A transition of
emission spectra and its energy barycenter, respectively. Ay_, is
the Einstein coeflicient for the 0 — 1 magnetic-dipole
transition, and its reported value is 50 s 1'% The relationship
between lifetime and the transition probabilities (radiative or
non-radiative) is given by eq 4

=A41tA

tot

1
A, =—

T nrad ( 4)
where A4 is the summation of all the radiative probabilities for
transitions between *Dy — "F, with 4 = j (eq 5)

Arad = z AO—;'
i=j ()

The inverse of A, gives the radiative lifetime 7,,4 of the °D,
level and the emission quantum efficiency of the °D, level
labeled as intrinsic quantum yield Qf¢ is given by eq 6

Eu __ Arad

Ei
* Arad + Anrad (6)

The results obtained show that €, is much higher than Q, in
any given solvent, solid state, and thin hybrid films, indicating
that the *D, — ’F, transition is strongly hypersensitive (Table
7). The ratio of Q,:Q, is the lowest for the solid state,
indicating that the ligand environment around Eu®* is less
polarized in the solid state than in thin hybrid films and
solution. This also reflects that the ligand environment around
Eu’* is relatively less asymmetric in the solid complex, which
agrees with the results obtained from the shape analysis of the
crystal structure where the polyhedra around Eu®* ions are less
asymmetric. The Q, for the solid Eu®* complex is higher than
those in solution and thin films. The higher value could be due
to the rigid nature of the solid complex.'”” The relatively
smaller value of Q, in the case of solution and hybrid films is
indicative of the fact that the lower rank components of the
crystal field and dynamic coupling interactions are more
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influential than the higher rank components of the crystal
feld. 76104

Experimentally, intensity parameters (Q;) (4 = 2, 4, and 6)
of the Eu** complex are calculated from the Judd—Ofelt theory
using the emission spectra and lifetime. Theoretically, the
Judd—Ofelt intensity parameters (€;) are calculated using eqs
7 and 8

A—=1,A+1(odd) t(all) lBl |2
tp

t p=0 (7)
where the parameter B, is expressed as
1/2
2 i1 ¢ |G+ 1D)(22+3)
B, = — o, )y, — |——————
Atp AE <7’ > ( )yp M+ 1
x (') (1= a)(fllcllpy Ty, ®)

The theoretical intensity parameters are calculated by
adjusting the charge factor (g) and polarizabilities (a)
appearing in eqs 9 and 10, respectively, to reproduce the
phenomenological (experimental) values for 2, and €,

i 1/2522 28— ¥ (0, )
2+ 1 jpf R 9 ©)

Ft B ( An )1/2 Z aj Yt*(e go)
r— t+1-p NG T
2t + 1 ~ R J (10)

For mononuclear europium complexes, the process of the
calculation of theoretical intensity parameters of an optimized
structure is a straightforward task and could be obtained by
adjusting the charge factor (g) and polarizabilities (a)
appearing in eqs 1 and 2, respectively, to reproduce the
experimental intensity parameters. However, in the case of
complexes containing two or more unique europium centers,
the calculation of individual intensity parameters for the
unique europium centers by classical procedure produces
inconsistent results. The solution to this problem has been
presented recently in the form of a theoretical methodology
named “overlapped polyhedra method” (OPM).** In this
method for a di-nuclear molecule, the individual europium
coordination polyhedra are overlapped (Figure 14) to

Figure 14. Overlapped polyhedra of the two metal centers.

reproduce spherical coordinates for all the coordinating
atoms with respect to one overlapped europium centers. The
charge factor (g) and polarizabilities (@) are then adjusted to
reproduce the experimental intensity parameters. Finally, the
adjusted charge factor (g) and polarizabilities () for individual
centers are used to calculate the intensity parameters for the
individual centers. The spherical atomic coordinates adjusted
charge factor (g) and polarizabilities () for the overlapped
polyhedra of the crystal structure, Sparkle PM7 and Sparkle
RM1, are presented in Tables S9—S11. The calculated
intensity parameters, radiative decay probabilities (A,,4), non-
radiative decay probabilities (A,,4), and intrinsic quantum
yields obtained for each polyhedron for the crystal structure,
Sparkle PM7 and Sparkle RM1, are presented in Table 8 and

Table 8. Experimental and Theoretical Intensity Parameters
from the OPM, Radiative and Non-radiative Decay Rates
(A,q and A,,.4), and Intrinsic Quantum Yields

intensity parameters (1072° cm?)

individual adjustment

overlapped
experimental method polyhedron 1  polyhedron 2
Q, 20.19 20.19 5.93 6.59
Q, 9.98 9.98 4.19 7.72
Qg 1.7230 0.9195 0.8270
Ay (S) 79867 758.67 242.29 364.84
Ql % 56.99 54.14 17.29 26.03

Figures S12 and S13. The intrinsic quantum yields for the
individual Eu®* centers of the crystal structure are 17.29% and
26.03%, and their sum is 43.32%. Similarly, the A 4 values
calculated for the individual Eu®* centers of the crystal
structure are 242.29 and 364.84 and their total is 607.13.
The total intrinsic quantum yield and A4 are close to the
experimental values (Table 7). The agreement between the
theoretical and experimental values validates the overlap
polyhedra method (OPM) as a reliable tool for the prediction
of individual spectroscopic parameters. Similar results where
the theoretically calculated values are in agreement with the
experimentally obtained data are reported for the dinuclear*”*
and trinuclear*" europium complexes. For the optimized (PM7
and RM1) structures, the theoretically calculated total intrinsic
quantum yield and A4 are dissimilar to the experimental
values, which is due to the different ligand symmetry around
the metal ions (Tables S12 and S13). The shapes of the
polyhedra around the two Eu®" centers predicted by Sparkle
PM?7 are similar to those obtained by single-crystal X-ray
analysis. However, these are not identical. Sparkle RMI1
predicts square antiprismatic geometries around the two Eu®*
centers; therefore, the values of the total intrinsic quantum
yield and A4 are different from the experimental values.

The radiative branching ratios iz (;, y;) could be calculated
from the radiative transition probabilities of every transition
from the Judd—Ofelt theory using emission spectra and
lifetime of the europium complex. The branching ratio of each
transition is the ratio of radiative transition probability of that
transition to the overall radiative transition probability of the
metal ion; in other words, it gives the relative intensity of the
transitions and is given as
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Table 9. Branching Ratios of the Various Transitions f,.,, f,.,, and f,_, of [Eu(fod);(u-bpp)Eu(fod),]

branching ratio  transitions  acetone chloroform dichloromethane ethanol solid state ~ TF10 TES RM1 PM7  crystal structure
Bos SD, - ’F,  0.086 0.070 0.080 0.092 0.063 0068 0071 0061  0.061 0.061
Poa D, = 'F, 1.096 0.865 0.956 1.082 0.695 0.803 0.793 0.751 0.754 0.751
Poa Dy, - 'F, 0.044 0.081 0.035 0.045 0.132 0.040 0.046 0.188 0.185 0.188
A (w, ) (Aldrich) was used. AR/spectroscopic grade solvents were
ﬁR(l//]., y/j,)4 used in the study.
Arad (11) 4.2. Synthesis. The hydrated Ln(fod); chelates (Ln = La,

The experimentally calculated branching ratios are presented
in Table 9. The branching ratio of the transitions follow the
order °Dy > 'F, > °Dy = 'F; > °D, > F, in any given solvent
as well as in the solid state. The f3,, value of the D, — ’F,
transition is the highest in acetone followed by ethanol,
dichloromethane, chloroform, PMMA thinfilm@10%(w/w),
PMMA thinfilm@5%(w/w), and the solid state. In laser
designing, the fluorescence branching ratio is an essential
parameter because it characterizes the possibility of attaining a
stimulated emission from any specific transition.'%’

3. CONCLUSIONS

In summary, the dinuclear complexes of Sm*" and Eu®*
bridged by the bpp ligand were synthesized in good yield.
The 'H NMR and 'H-'H COSY techniques were used to
assign the proton resonances for the complexes. The shifts
induced by paramagnetic centers are dipolar in nature. The
photoluminescence of Sm*" and Eu** complexes was studied in
different solvents, the solid state, and polymer-based thin
hybrid films. The spectroscopic parameters are calculated both
experimentally and theoretically and are found to be in
agreement. The overlap polyhedra method (OPM) was used
to calculate the individual spectroscopic parameters of two
Eu’* sites in the dinuclear [Eu(fod);(u-bpp)Eu(fod),]
complex. The Commission Internationale de I’Eclairage
(CIE) chromaticity coordinates of the spectra of the complexes
in different solvents, solid state, and thin hybrid films show that
the Sm*" and Eu’" complexes emit orange and red,
respectively. The results of the shape analysis of the
coordination polyhedron around the metal ions in the crystal
structures of the dinuclear complexes show that the ligand
environment symmetries are different around the two centers
in a given complex and are distorted dodecahedron and
distorted square antiprism. The results of shape analysis using
the magnitude of angles method® are similar to the results
obtained from SHAPE software,*® indicating that the method
is efficacious for shape analysis. The work is in progress and
other complexes of the series containing lanthanides are under
investigation, and their structures and properties would be
reported in future papers.

4. EXPERIMENTAL SECTION AND COMPUTATIONAL
METHODS

4.1. Materials. The lanthanide oxides (Ln,O;, Ln = La,
Sm, Eu and Lu; Sigma-Aldrich 99.9%) were converted into
corresponding chlorides LnCl;-nH,O (n = 6—7) by adding an
appropriate amount of hydrochloric acid and drying out the
product on water bath. 6,6,7,7,8,8,8-Heptafluoro-2,2-dimethyl-
3,5-octanedione (Hfod) and 2,3-bis(2-pyridyl)pyrazine (bpp)
were also purchased from Sigma-Aldrich. Polymethyl meth-
acrylate (PMMA) with an average molecular weight of 120,000
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Lu, Sm, and Eu) were synthesized by the literature
method.'’”"”” The complexes were synthesized by allowing
the ethanol solutions of equimolar amounts of chelate and bpp
to react (Figure 15). All the complexes were synthesized by a

F+/\

N N

F \—/
F (2
©

Ethanol

Figure 15. Reaction pathways.

similar method. The synthesis of the Eu** complex described
here is the representative. The reaction of Eu(fod); (800 mg;
77.15 X 107 moles) and bpp (187.66 mg; 77.15 X 107°
moles) in equimolar ratio was carried out in 20 mL of ethanol.
The reaction mixture was continuously stirred on a magnetic
stirrer-cum hot plate at 40 °C for about 8 h. Then, it was left at
room temperature for slow evaporation of the solvent. After 3
days, the solid product appeared, which was isolated. The
crystals obtained were washed with cold ethanol twice and
dried in vacuo over P,O,,. The decanted portion of the
reaction mixture was also left out at room temperature for
complete evaporation of the solvent. Upon complete
evaporation of the poured-out liquid, the solid obtained was
found to be unreacted bpp since it melts between 168 and 170
°C (the melting point of bpp is in the range of 168—170 °C).
The amount left was around 50% of the initial amount used. It
suggests that only one mole of bpp reacts with two moles of
[Eu(fod),] and the reaction takes place in a 1:2 molar ratio
(bpp:Eu(fod);), resulting in the formation of dinuclear
complexes. However, in the case of the lanthanum complex,
no unreacted bpp was recovered, suggesting a 1:1 reaction
between [La(fod);] and bpp.

4.3. Characterization. Elemental analysis of the complexes
was carried out on an Elementar modern elemental analyzer
type vario EL cube. Melting points were obtained by a
conventional capillary method and DSC of the samples (DSC
6220 SIINT, Japan). The TGA/DTA results of the complexes
were obtained in an inert atmosphere under nitrogen gas (N,)
with a heating rate of 10 °C per minute on an Exstar 6000
TGA/DTA from SIINT, Japan. The infrared spectra were
recorded on a BRUKER FT-IR spectrophotometer in the
range of 600—4000 cm™'. The mass spectra of the complexes
in positive ion reflector mode were recorded on a Bruker
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autoflex TOF/TOF FLEX-PC mass spectrometer. Powder X-
ray diffraction (XRD) pattern of the complexes were
elucidated on Phillips Analytica PW 1830 instrument (Philips,
Netherlands) with monochromatic Cu Kal radiation. The 'H
NMR and 'H-'H COSY spectra of the diamagnetic and
paramagnetic complexes were recorded at 298 K on the
BRUKER Avance II 500 MHz NMR spectrometer in CDClI,.
The Horiba Jobin Yvon Fluorolog 3-22 spectrofluorometer
equipped with a 450 W xenon lamp as the excitation source
and a R928P Hamamatsu photomultiplier tube as the detector
were used to obtain the steady-state luminescence and
excitation spectra. The lifetime of the excited states of the
complexes was measured on an Edinburgh FLS920 spec-
trophotometer. The absorption spectra were obtained on a
Perkin-Elmer Lambda-40 spectrophotometer in a 1 cm?
stoppered quartz cell.

[La(fod);(bpp)] Color: white; melting point: 120 °C; yield:
95%; elemental analysis: calculated (found): carbon
41.99(41.43), hydrogen 3.20(3.18), and nitrogen 4.45(4.33).
IR (KBr; cm™): 3100—2850 cm™!, aromatic v,,(C—H) and
v(C-H); 1613 cm™, v, (C=0); 1505 cm™, 1 ,(C=C);
1150-1250 cm™, v,(C—F). 'H NMR (500 MHz, CDCL,); &
8.99 ppm (2H, s), 8.86 (2H, s), 7.04 (2H, m), 7.70 (2H, t),
7.39 (2H, m), 5.88 (3H, s), 1.05 (27H, s).

[Sm(fod);(u-bpp)Sm(fod);] Color: white; melting point:
137 °C; yield: 95%; elemental analysis: calculated (found):
carbon 38.55(38.36), hydrogen 3.06(3.05), and nitrogen
2.43(2.41). IR (KBr; cm™): 3100—2850 cm™!, aromatic
,,(C—H) and v,(C—H); 1614 cm™, 1,(C=0); 1505 cm™},
v,(C=C); 1150—1250 cm™’, v, ,(C—F). 'H NMR (500 MHz,
CDCL); 5 7.16 ppm (2H, s), 623 (2H, d), 7.21 (2H, t), 7.04
(8H, s), 8.11 (2H, s), 1.01 (54H, s).

[Eu(fod);(u-bpp)Eu(fod);] Color: white; melting point:
140 °C; yield: 95%; elemental analysis: calculated (found):
carbon 38.50(38.24), hydrogen 3.05(3.05), and nitrogen
2.43(2.44). IR (KBr; cm™): 3100—2850 cm™!, aromatic
v,(C—H) and v,(C—H); 1614 cm™', v,(C=0); 1506 cm™},
v,(C=C); 1150-1250 cm™, v,(C—F). '"H NMR (500 MHz,
CDCL); & 16.98 ppm (2H, s), 17.72 (2H, s), 15.14 (2H, s),
11.78 (2H, s), 1023 (2H, s), 2.59 (6H, s), 1.41 (54H, s).

[Lu(fod);(u-bpp)Lu(fod);] Color: white; melting point:
144 °C; yield: 95%; elemental analysis: calculated (found):
carbon 37.75(37.41), hydrogen 2.98(2.97), and nitrogen
2.38(2.38). IR (KBr; cm™): 3100—2850 cm™, aromatic
v,,(C—H) and v,(C—H); 1615 cm™, v,(C=0); 1506 cm},
v(C=C); 1150—1250 cm™*, v,(C—F). '"H NMR (500 MHz,
CDCLy); § 9.32 ppm (2H, s), 9.25 (2H, s), 7.67 (2H, s), 7.47
(4H, t), 5.87 (6H, s), 1.06 (54H, s).

The strong O—H stretching vibrations appearing in the
range of 3500—3700 cm™ in the IR spectra of the chelates
have disappeared from the spectra of the complexes, suggesting
that the water molecules present in the chelates are replaced by
the ancillary ligand upon coordination (Figures S38—S41). It is
strong evidence that the bpp ligand has coordinated to the
chelate. The strong bands appearing in the complexes at 1515
+ 5 cm™ and 1620 + 5 cm ™! are assigned to C=0 and C=C
stretching vibrations and are characteristics of lanthanide f-
diketonate complexes.'”'” These bands are shifted toward
the lower energy side as compared to their position in the
chelates. Similarly, the bands appearing around 1550, 1405,
1062, 870, and 787 cm™" in the chelates have also been shifted
in the complexes. Most of the characteristic IR bands of the
bpp could not be observed since these are obscured by the

strong chelate absorptions. The characteristic C=N and C=
C rin% stretching vibrations of free bpp appearing at 1583
cm™""? has been reported to shift to a higher wave number
when bpp acts as the bridging ligand by exploiting the two NN
chelating sites.”* We could not observe this stretching
vibration, perhaps it has merged with the strong band
appearing at 1620 cm™'. This is consistent with the binding
of the bpp to two metal centers through its two NN chelating
sites.”>"!" The strong bands''>'"* appearing in the region of
1108—1278 cm™' are assigned to the C—F stretching
vibrations of the f-diketone. These C—F bands show a smaller
shift from their positions in the chelates on complex formation,
which could be due to the non-proximity to the metal.

The powder XRD spectra of the complexes reveal that the
samarium and europium complexes are crystalline in nature,
while the lanthanum complex is semicrystalline (Figure S42).
The ESI*-MS spectra of the complexes were obtained in
chloroform solution (Figures S43—S46). The molecular ion
peak for the complexes could not be observed. However, the
peaks corresponding to the molecular fragments Ln(fod),bpp
and Ln(fod),(bpp), are apparent in the spectra. The easy
splitting of CF; fragments and the possible migration of
fluorine atoms''*'" results in various types of molecular
fragments.

The thermograms (TGA and DTA) of the complexes are
recorded in the temperature range of 40—500 °C and are
shown in Figures S47 and S$48. The lanthanide complexes with
fluorinated f-diketone like Hfod and hexafluoroacetylacetone
(Hhfac) are found to be thermally stable and evaporate
without decomposition.”' >*'°° The complexes under study
do not show any thermal degradation and evaporate in the
temperature range of 300—340 °C. The single-step volatiliza-
tion reveals that the complexes do not dissociate, and the
ancillary ligand and f-diketone moieties remain coordinated in
the vapor. The DTA curves of the complexes show two
endothermic peaks: one at the lower temperature represents
melting of the complexes (phase transformation) and the other
between 321 °C and 324 °C represent the volatilization. The
melting points noted from the DTA and DSC (Figure $S49)
curves are well in line with those obtained from the
conventional capillary method.

4.4. Single-Crystal Structure Analysis. Single-crystal X-
ray data collection was performed on a Bruker SMART APEX
CCD diffractometer equipped with a fine focus 1.75 kW
sealed-tube Mo Ka X-ray source (1 = 0.71073 A) with
increasing @ (width of 0.3° per frame) at a scan speed of S s
frame™". All measurements were performed at liquid nitrogen
temperature, 100 K. Intensity data were collected using the w-
260 scan mode and corrected for Lorentz-polarization and
absorption effects.''® The structures were solved with the
ShelXT (Sheldrick, 2015),""” using olex2 software.'® The
structure solution using a direct method were obtained with
SHELXL-2018/3.""” The non-hydrogen atoms were refined
with anisotropic displacement coefficients, and their coor-
dinates were permitted to ride on their respective carbon
atoms. For all the atoms, the atomic positions, for all the non-
hydrogen atoms, the anisotropic thermal parameters, and for
all the hydrogen atoms, the isotropic thermal parameters, were
included in the final refinement. The perspective views were
obtained using ORTEP.'”’ The crystal code provided by
CCDC are 1956378 for [Sm(fod);(u-bpp)Sm(fod);] and
1956379 for [Eu(fod);(u-bpp)Eu(fod);]. The crystal model

showed signs of disorder, and some alternative positions were
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found for terminal groups. The higher R1 and wR2 values for
the complexes are mostly due to the disorder in the tertiary
butyl and perfluoryl groups of the fod moiety. These
observations are similar to those reported for the crystal
structures of the complexes containing fod, [Eu-
(fod);(phen)],*® [Dy(fod);(phen)],”® and other similar
complexes.' ">

4.5. Computational Details. The ground state geometry
of samarium and europium complexes were elucidated using
Sparkle/PM7°® and RM1°” implemented in the MOPAC2016
software package.'”” The input structures were drawn and
were pre-optimized by the molecular mechanics (AMBER
model) implemented in Gabedit software.'>® The vibrational
frequencies of all the optimized structures were calculated to
check that the optimized structures are at the local minimum.
The keywords used were GNORM = 0.25; PRECISE; GEO-
OK; XYZ (for Cartesian coordinates); T = 10D; ALLVEC;
SPARKLE BFGS; and 1SCF for MOPAC2016 to not change
or attempt to optimize the starting crystallography geometry.
Of the various Sparkle models implemented in the
MOPAC2016, the Sparkle RM1 and PM?7 provided the
comprehensive structure of the complexes. The reason for the
selection of a particular Sparkle model depends upon the
impact of that model on the quantum chemical modeling of
the organic ligand(s) (f-diketone and ancillary ligand) present
in the complex.”®

4.6. Thin Film Formation. Thin hybrid films of the
complexes were obtained by the drop casting technique on the
glass slides.”” The quartz glass slides were first washed with a
solution of NH; and H,0, (50%: 50%) and then were dipped
into concentrated HCI for 10 min, and finally, these were
washed thoroughly with double distilled water. The 5% and/or
10% (w/w) solution of the complex and PMMA was prepared
in chloroform.
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