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ABSTRACT

A series of new lanthanide complexes with dimethyl(phenylsulfonyl)amidophosphate (HSP) was synthe-
sized ({Na[Ln(SP)4]}» (Ln1), [Ln(SP);phen] (Ln2) and [Ln(SP);bpy]-H,0 (Ln3) (where Ln=Gd", Er'!l, Yb!!!
and Lu"'; phen =1,10-phenantroline; and bpy = 2,2’-bipyridine) and the crystal structures of [Er(SP); phen]
and [Yb(SP);bpy]-H,O were resolved. Absorption (at 295, 4 K), emission (at 295, 77,4 K) and IR (at 295 K)
spectra as well as luminescence decay time measurements were used to characterize the photophysical
properties of single crystals. Effective energy transfer from a [SP]~ ligand to the Yb"' ion was demonstrated
despite a large energy gap AE = Ey;p — Edry .- Replacing one molecule of the [SP]~ ligand with the phen
or bpy molecule caused reduction of the emission decay time from 35 s for Yb1 to 20 and 15.5 s for
Yb2 and Yb3, respectively at the temperature of 295 K. Using the absorption spectra ;g (1.1 ms—Yb1,
943 ns—Yb2 and 914 ps—Yb3) and QLL: (3.14%—Yb1, 2.19%—Yb2, 1.64%—Yb3) were estimated. On the
basis of low temperature, high-resolution absorption and luminescence spectra, the ligand-field splittings

of the excited and ground states of Yb'! complexes were determined.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photophysical properties of lanthanide ions have attracted a lot
of attention in the past few decades. The intense, long luminescent
lifetimes in the micro-millisecond range, line-like emission of phos-
phorescent ions such as Sm!"l, Eul"', and Tb'! in the visible region
are used in the lighting industry [1], optical fibres for telecom-
munications [2,3], their capacity in forming functional complexes
for biological assays [4] and medical imaging purposes [5]. On the
other hand, in the recent years there has been an increasing inter-
est in the photophysical properties of complexes with lanthanide
ions such as Yb', Nd!, P!l and Er'!l, which are luminescent in
NIR region. The interest in near-infrared luminescent materials
results from the possibility of their usage in telecommunications
and laser design [6], for instance, the presence of Cotton effect
displayed by the 2Fs, < 2Fy, transition of Yb''-containing com-
pounds has been used in the study of antibiotics [7], a NIR-emissive
protein conjugate has been applied as luminescent label in clinic
diagnostics [8-10]. The extensiveness of the investigations on NIR
sensitized luminescence makes it impossible that even majority of
the papers are cited, especially as they can be found in the recently
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published reviews. Two of them are included as Ref. [11]. Most of
the papers deal with complexes in non-aqueous solutions [11-14],
some of them in aqueous solutions [11-21] or in the solid state
[11,17,22]. The lanthanide ion, frequently investigated especially
in inorganic materials [23-25], as well as recently in molecular
devices, is the Yb!! ion. Yb'!! possesses only one excited state (*Fs;)
around 1 pwm, with the rest of the NIR and VIS spectrum trans-
parent. This is an interesting ion, not only due to its applications,
but also because of the ligand-to-metal energy transfer mecha-
nism, especially where the energy gap between ligand triplet state
and excited level of Yb'!! is very large, about 15,000 cm~!. For sys-
tems where there is a poor overlap between the triplet state and
the Yb'! excited state, Horrocks et al. [26] have suggested that
a sensitized Yb'!! luminescence occurs via a long range electron
transfer process. Reinhard and Giidel [17] have proposed a single-
configurational coordinate model to rationalize the non-radiative
relaxation step from the ligand-centered to the metal-centered
excited state. Even though fundamentals of non-radiative energy
transfer involving lanthanide ions are well established [27-29]
there are several aspects not yet firmly understood. Recently, theo-
retical background of the Coulomb direct and exchange interactions
in non-radiative energy transfer involving lanthanide ions was crit-
ically reviewed [30].

In order to overcome a very small absorption coefficient of the
f-f transitions excitation usually relies on energy transfer from the
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Scheme 1. New complexes described in this paper.

surrounding ligands to the lanthanide ion. The rare earth coordina-
tion chemistry has been widely characterized by complexes with
a large class of m-conjugated ligands such as [3-diketones, the lig-
ands were proved to be exceptional antenna ligands forming facile
complexes with Ln'' ions [27a,28,31-34]. In the previous work [35],
we presented a synthesis and full characteristic of a sulfonyl phos-
phoramide derivative—dimethyl(phenylsulfonyl)amidophosphate
(HSP) of the general formula CgH5SO,NHP(O)(OCH3),. This type of
phosphoramides with different substituents at sulfur and phospho-
rus atoms was first synthesized by Kirsanov [36].

It was earlier described that dimethyl(phenylsulfonyl)ami-
dophosphate anions can form [Ln(SP)4 ]|~ -type complexes, the crys-
tal structure of the {Na[Nd(SP)4]}» has been reported [37]. It is
important that in [Ln(SP)4]~ lanthanide ions form thermodynam-
ically stable highly coordinated complexes without the possibility
of solvent molecules coordination. 1,10-Phenantroline (phen) or
2,2'-bipyridine (bpy) has been widely used as additional ligands for
some lanthanide complexes with [3-diketonates to replace water
molecules [27a,34].

In this paper, we describe the syntheses, crystal structures
and photophysical properties of a new series of NIR emitting
lanthanide complexes (Scheme 1). Complexes with ligands of sul-
fonylamidophosphate type besides very interesting luminescence
properties constitute a new partition of coordination chemistry of
those ligands.

2. Experimental part
2.1. Compounds synthesis

2.1.1. Na[Ln(SP)4]

Methanol solution of sodium methylate, prepared by dissolv-
ing sodium (0.092 g, 4mmol), was added to 30ml of a stirred
solution of HSP (1.060g, 4 mmol) in MeOH. The resulting solu-
tion was evaporated to obtain a pale yellow powder of NaSP.
It was purified by recrystallization from isopropanol solution.
Ln(NOs3)3-nH,0 (1 mmol) was dissolved in acetone (20ml) and
added to 50 ml of acetone solution of NaSP (1.149 g, 4 mmol). After
20 min the precipitate of NaNO3 was filtered off and 10 ml of iso-
propanol was added to the filtrate. The resulting clear solution
was left at ambient temperature for crystallization in air. The crys-
tals suitable for single X-ray analysis were separated by filtration

after 48 h, washed with cold isopropanol and air-dried. The com-
plexes are stable in air, soluble in polar organic solvents and hot
water.

Na[Gd(SP)4]: yield: 1.05g (0.85mmol, 85%). Anal. Calcd for
C32H44N4029P4S4NaGd (MW 1237.09): C,31.07; H, 3.58; N, 4.53; S,
10.37%. Found: C, 31.01; H, 3.33; N, 4.42; S, 10.23%. IR vmax: 1390,
1250, 1180, 1135, 1055, 855, 570cm~1.

Na[Er(SP)4]: yield: 1.00g (0.80 mmol, 80%). Anal. Calcd for
C33Hyg4N4029P4S4NaEr (MW 1247.10): C, 30.82; H, 3.56; N, 4.49; S,
10.28%. Found: C, 30.72; H, 3.51; N, 4.56; S, 10.20%. IR vmax: 1390,
1250, 1180, 1135, 1055, 855, 570cm™ 1.

Na[Yb(SP)4]: yield: 0.99g (0.79 mmol, 79%). Anal. Calcd for
C32H44N4020P4S4N&Yb (MW 125297) C,30.65; H,3.54; N, 4.47; S,
10.21%. Found: C, 30.43; H, 3.67; N, 4.58; S, 10.12%. IR vmax: 1390,
1250, 1180, 1135, 1055, 855, 570cm~1.

Na[Lu(SP),]: yield: 1.03g (0.82 mmol, 82%). Anal. Calcd for
C33H44N4099P4S4NaLu (MW 1254.81): C, 30.63; H, 3.53; N, 4.46; S,
10.22%. Found: C, 29.98; H, 3.59; N, 4.45; S, 10.07%. IR vmax: 1390,
1250, 1180, 1135, 1055, 855, 570cm™".

2.1.2. [Ln(SP)3bpy]-H>,0

To an acetone solution (10 ml) of NaSP (0.862 g, 3 mmol), the
acetone solution of Ln(NO3)3-nH,0 (5 ml) (1 mmol) was added, and
the mixture was stirred for 15 min. The precipitate of NaNO3 was
filtered off and isopropanol solution of bpy (0.156 g, 1 mmol) was
added dropwise. The resulting clear solution was left for slow evap-
oration at ambient temperature. The well-shaped crystals, formed
within 3 days, were isolated by filtration, washed with cold iso-
propanol and air-dried. The complexes are stable in air, soluble in
polar organic solvents and hot water.

[Er(SP)3bpy]-H,0: yield: 1.02 g (0.90 mmol, 90%). Anal. Calcd for
C34H43N5015P3S3EI' (MW 113410) C, 36.01; H, 3.82; N, 6.18; S,
8.48%. Found: C, 35.79; H, 3.68; N, 6.26; S, 8.68%. IR vmax: 1265,
1210, 1175, 1050, 565 cm™~1.

[Yb(SP)sbpy]-H>0: yield: 0.91 g (0.81 mmol, 81%). Anal. Calcd for
C34H43N5016P3S3Yb (MW 1139.88): C, 35.83; H, 3.80; N, 6.14; S,
8.44%. Found: C, 36.17; H, 3.95; N, 6.19; S, 8.32%. IR vmax: 1265,
1210, 1175, 1050, 565 cm~1.

[Lu(SP)3bpy]-H>O0: yield: 0.98 g (0.87 mmol, 87%). Anal. Calcd for
C34H43N5015P3S3Lu (MW 1141.81): C, 35.77; H, 3.80; N, 6.13; S,
8.42%. Found: C, 34.90; H, 3.81; N, 6.34; S, 8.22%. IR vmax: 1270,
1210, 1180, 1050, 570 cm™1.

2.1.3. [Ln(SP)3phen]

Crystals of [Ln(SP);phen] were isolated with the use of phen
as an additional ligand and following exactly the same procedure
as described above for the corresponding [Ln(SP)3bpy]-H,0 com-
plexes. The complexes are stable in air, soluble in polar organic
solvents and hot water.

[Gd(SP)sphen]: yield: 0.94¢g (0.83 mmol, 83%). Anal. Calcd for
C36H41N5015P3S3Gd (MW 1130.10): C, 37.96; H, 3.63; N, 6.15; S,
8.43%. Found: C, 37.90; H, 3.67; N, 6.19; S, 8.40%. IR vmax: 1260,
1175, 1045, 860, 560 cm~1.

[Er(SP)s3phen]: yield: 1.04g (0.91 mmol, 91%). Anal. Calcd for
C36H41N5015P3S3Er (MW 113803) C, 37.96; H, 3.63; N, 6.15; S,
8.43%. Found: C, 37.90; H, 3.66; N, 6.17; S, 8.40%. IR vmax: 1260,
1175, 1045, 860, 560 cm~1.

[Yb(SP)sphen]: yield: 0.97 g (0.85 mmol, 85%). Anal. Calcd for
C36H41N5015P3S3Yb (MW 1146.04): C, 37.73; H, 3.61; N, 6.11; S,
8.39%. Found: C, 37.77; H, 3.63; N, 6.10; S, 8.42%. IR vmax: 1265,
1180, 1055, 860, 565 cm™!.

[Lu(SP)3phen]: yield: 1.03g (0.9 mmol, 90%). Anal. Calcd for
C35H4]N50]5P3S3LU (MW 114781) C, 37.67; H, 3.60; N, 6.10; S,
8.38%. Found: C, 37.73; H, 3.62; N, 6.12; S, 8.41%. IR vmax: 1270,
1180, 1055, 865, 565 cm™~1.



P. Gawryszewska et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 1-9 3

2.2. X-ray measurements

X-ray data for [Er(SP)3phen] (Er2) and [Yb(SP)3bpy]-H,0 (Yb3)
were collected at low temperature using an Oxford Cryosystem
device on a Kuma KM4CCD «-axis diffractometer with graphite-
monochromated Mo Ka radiation (A=0.71073A). The crystal
was positioned at 65 mm from the CCD camera. 612 frames were
measured at 0.75° intervals with a counting time of 20s. Accurate
cell parameters were determined and refined by least-squares fit
of 6300 strongest reflections. The data was corrected for Lorentz
and polarization effects. Analytical absorption correction was
also applied. Data reduction and analysis were carried out with
the Oxford Diffraction (Poland) programs. The structure was
solved by direct methods (program SHELXS97 [38]) and refined
by the full-matrix least-squares method on all F2 data using the
SHELXL97 [39] programs. Non-hydrogen atoms were refined
with anisotropic displacement parameters; hydrogen atoms
from Ap maps were included. They were refined with isotropic
displacement parameters.

Crystallographic data for the structures reported in this paper
(excluding structure factors) has been deposited in the Cambridge
Crystallographic Data Centre, CCDC No. 753871 for Yb3 and CCDC
No. 753872 for Er2. Copies of this information may be obtained
free of charge from the Director, CCDC, 12 UNION Road, Cambridge
1EZ. UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk
or http://www.ccdc.cam.ac.uk)

2.3. Spectroscopic measurements

Absorption measurements were performed using a Cary-Varian
500 spectrophotometer.

Emission spectra were measured with a SpectraPro 750
monochromator, equipped with InGaAs detector with a 3 mm ele-
ment and 600 1/mm grating blazed at 1600 nm. The 450 W xenon
arc lamp was used as an excitation source, coupled with 275 mm
excitation monochromator using a 18001/mm grating blazed at
250 nm. Excitation spectra have been corrected for the excitation
light intensity, while emission spectra were not corrected for the
instrument response.

Alternatively, the fourth harmonic (266nm) of Nd:YAG
pulsed laser (LASER SYSTEM LS-2137/2M, LOTISII) and add-on
device Ti:Al,03 generating laser radiation of 350-500nm and
690-1000 nm were applied to excite the samples. In this case the
emission spectra were recorded with THR 1000 Jobin-Yvon spec-
trophotometer equipped with CCD camera and Hammamatsu R406
photomultiplier. The same set-up, combined with Lecroy Wave
Surfer 400 Oscilloscope, was used for decay time measurements.

The absorption and luminescence measurements were per-
formed at room, 77 K and 4 K temperatures, using liquid-N, cooled
quartz dewar or Oxford 1204 helium continuous flow cryostat.

The phosphorescence was excited by 266 nm line of Nd:YAG
pulsed laser and the spectra were collected using CCD OceanOp-
tics SD-2000 spectrophotometer, directly after switching off the
excitation source.

IR spectra were recorded as Nujol or fluorinated Nujol mull using
Bruker IFS66/S FTIR spectrometer in the 4000-50 cm™! region.

Elemental analysis (C, H, N, and S) was performed using EL III
Universal CHNOS Elemental Analyzer.

Refractive indexes were determined immersion method.

3. Results and discussion
3.1. X-ray analysis

For complex preparation, the molar ratio between the
Ln(NO3)3-nH,0 and the B-diketonate investigated was deter-

mined to be 1:4 or 1:3 [40]. Herein, similar coordination
compounds with 1:4 or 1:3 molar ratio have been synthesized for
dimethyl(phenylsulfonyl)amidophosphate (HSP). When the ratio
is 1:4, the saturated tetrakis-complexes can be obtained with
four deprotonated ligands [SP]~, coordinated to one lanthanide
ion. However, the presence of unsaturated coordination sphere
of lanthanide ion in a complex with the molar ratio 1:3 (coor-
dination numbers of lanthanide ions are typically 8 or 9) can
be used for obtaining a considerable number of mix-ligand com-
pounds by interaction of Ln(SP); with various donor agents. In the
present work, bpy and phen were used as the additional bidentate
chelate ligand. The reaction of Ln(SP)3 with an equimolar amount
of bpy or phen in acetone/isopropanol solution leads to the for-
mation of complexes with the general formula [Ln(SP);bpy]-H,0
or [Ln(SP)sphen], respectively. Syntheses of all compounds were
conducted out in the air.

3.1.1. {Na[Yb(SP)4]}n (YD1)

The presented Yb1l compound is isostructural with
{Na[Nd(SP)4]}n (Nd1) complex, where lanthanide ion occu-
pies one equivalent position in the structure [41]. The complexes
crystallize as a polymer in the monoclinic system with space group
P21/c.The Ln" ion is eight-coordinated by oxygen atoms belonging
to the sulfonyl and phosphoryl groups of four bidentate chelate
ligands. Oxygen atoms of [SP]~ ligands create six-membered
chelating rings, where the Ln-0 bond lengths to the [SP]~ ligands
are in the expected range, with the Ln-0(S) distances being about
0.15 A longer than the Ln-O(P) distances. The shortest bond in Nd1
is 2.358(2) A while the longest is 2.540(2) A, where the oxygen
atoms belong to the phosphoryl and sulfonyl groups, respectively.
The polymeric connection of complex anions is provided by Na
ions, whose coordination number is five due to the bonding with
two oxygen atoms from one complex anion and next two oxygen
and nitrogen atoms from the neighbour ones. The Ln-Ln distance
in polymeric chain equals 11.54 A.

3.1.2. [Er(SP)3phen] (Er2) and [Yb(SP)3bpy]|-H>0 (Yb3)

The presented Yb2 compound is isostructural with Er2. Single-
crystal X-ray diffraction studies revealed similar crystal structures
for Er2 and Yb3 complexes, whose crystals fall in the same
centrosymmetric space group - P1. Both of them crystallize as
monomers. The unit cell of dimensions a=9.585(3) A, b=11.981(3)
A, c=19.696(6) A, and a=10.110(5) A, b=11.757(6) A, c=19.565(9)
A, respectively for Er2 and Yb3, consists of two formula units. The
molecular structures, with the numbering scheme for atoms and
the elementary cells, are shown in Fig. 1a and b and in Fig. 2a and b,
respectively. The crystallographic data of Er2 and Yb3 are presented
in Table 1.

The Lo ion is eight-coordinated with the first coordination
sphere made up of three deprotonated [SP]~ ligands and one
phenantroline molecule as the second ligand for Er2, or one bipyri-
dine molecule as the second ligand for Yb3. One phosphoryl oxygen
atom (052, 053, 054 for Er2 and Yb3), one sulfonyl oxygen atom
(012,013, 014 for Er2 and Yb3) of each [SP]~ ligands in both com-
plexes and two nitrogen atoms (N11, N21 for Er2 and for Yb3) of
second ligands are involved in lanthanide-ion coordination. Oxy-
gen atoms of [SP]~ ligands, in both types of complexes, create
six-membered chelating rings, where the Ln-0 bond lengths to the
[SP]~ ligands are in the expected range, with the Ln-0(S) distances
being about 0.1 A longer than the Ln-O(P) distances. The shortest
bond in Er2 is Er-0(52) (2.258(2) A), while the longest is Er-0(14)
(2.446(2) A), where the oxygen atoms belong to the phosphoryl and
sulfonyl groups, respectively. The shortest bond in Yb3 is Yb-0(53)
(2.230(3) A), while the longest is Yb-0(14) (2.407(3 A). For Er2 and
Yb3 Ln-N(11) and Ln-N(21) bond lengths creating five-membered
chelating rings are also in the expected range. Selected bond lengths
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Fig. 1. The X-ray structures of (a) [Er(SP);phen] and (b) [Yb(SP);bpy]-H,0.

and angles are given in Table 2. The coordination geometry of the
metal ion can be described as a distorted square antiprism with
six oxygen atoms and two nitrogen atoms. The main difference
between structures of Er2 and Yb3 is the presence of one water
molecule in the second coordination sphere of Yb3.

3.2. Spectroscopic results

3.2.1. IR spectroscopy

The vibration of the amide group v(N-H) in IR spectra of HSP
appears in the region of 2800-3200cm~! with the maxima at
3000cm~!. This band is absent in the spectra of NaSP and all
complexes Ln1, Ln2 and Ln3, which can be due to the fact that
ligands exist in coordination compounds in deprotonated forms
([SP]~). Two sharp bands, observed in the spectrum of free ligand
with maxima at 1260 and 1320cm™!, are assigned to v(PO) and
V(S0O) vibrations. In the spectra of NaSP and obtained complexes,
the bands are shifted to lower frequencies (A(PO)=75cm~! and
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Fig. 2. The elementary cells of (a) [Er(SP);phen] and (b) [Yb(SP);bpy]-H;O.

A(S0)=90cm™! for NaSP, A(PO)=80cm~! and A(SO)=70cm™!
for Ln1, A(PO)=80-85cm~! and A(S0)=55-60cm™" for Ln2 and
Ln3, which can be explained by coordination to the metal atom. The
analysis of IR spectra suggests a bidentate coordination of the lig-
and in the anionic form [SP]~ via the oxygen atoms of phosphoryl
and sulfonyl groups.

In the 315-610cm™! region the v(Ln-0) stretching motions
couple with the chelate ring vibrations appear. The broad and mid-
dle intensity bands observed in the 50-290 cm~! region should be
described as 6(OLnO) and y(O-Ln-0) motions (Yb1: 93, 115, 172,
211,243,256 and 293 cm~1; Yb2: 113,173,205,243 and 270cm!;
Yb3: 94,116, 131, 169, 216, 248, 263 and 296cm™1!).

The most notable feature in the IR spectra of Yb1 and Yb2 is the
absence of O-H stretching vibrations, which can be an indication
of the absence of coordinated water molecules, which is in turn
in good agreement with the results of the elemental analysis and
single X-ray crystal analyses.

3.2.2. Absorption and luminescence spectroscopy

Room temperature absorption spectra of Yb1, Yb2 and Yb3 in
alcoholic solutions are presented in Fig. 3. The complex with HSP
ligands (Yb1) is stable in CH30H and displays absorption band with
fourth maximums around 260 nm. Molar absorption coefficient (&)
for methanolic solutions of Yb1 is equal 2565 M~1 cm~1! (264 nm).
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Table 1
Crystal data and structure refinement for [Er(SP); Phen] (Er2) and [Yb(SP);bpy]-H,0
(Yb3).

Empirical formula C35H4] N5El’015p353 C34H43N50]5P3S3Yb

Formula weight 1140.09 1139.86

Temperature (K) 100(2) 100(2)

Wavelength (A) 0.71073 0.71073

Crystal system Triclinic Triclinic

Space group P1 P1

a(A) 9.585(3) 10.110(5)

b (A) 11.981(3) 11.757(6)

c(A) 19.696(6) 19.565(9)

Q) 93.07(3) 100.34(4)

B() 99.76(3) 97.18(4)

y () 101.57(3) 103.79(4)

Volume (A3) 2174.8(7) 2187.3(19)

Z 2 2

Dc (Mgm~3) 1.681 1.731

Mu (mm-!) 226 246

F000) 1068 1146

6 range for data collection (°) 3.08-36.86 2.73-25.07

Ranges of h, k, [ -15<h<15 —-11<h<12
—19<k<19 —12<k<14
—-24<1<33 -23<1<22

Reflections collected 38,250 16,727

Independent reflections (Riy) 17,107 (0.0398) 7701 (0.0308)

Parameters 576 564

S 0.996 0.987

Final Ry /wR; indices (I>207) Ry =0.0387, R;=0.0302,
WR, =0752 WR; =0.0728

Largest diff. peak/hole (e A-3) 1.31 and —0.96 0.94 and —0.92

For Yb2 and Yb3 additionally phenathroline and bipyridine bands
are visible. They are centred at 272nm (£=21,864M~'cm™1),
293nm (£=9503M-!'cm™!), 327nm (¢=661M~!cm~!), 343 nm
(6=186.4M~1cm™1) for Yb2 and at 282nm (¢=11,449M~1 cm™1),
310.5nm (6=1676 M~! cm~1) for Yb3.

The absorption spectra of a monocrystal of Yb1 at 295 and 4K
are presented in Fig. 4. Those bands are assigned to the 2F7/2 — 2F5/2
transition of the Yb'! ion. At 295K additional components corre-
sponding to the transitions from thermally populated ligand-field
levels of the ground state appear at wavelengths longer than
979.8 nm. The line at 979.8 nm is related to the lowest component
of the 2F5/2 (Fig. 4). The 4K absorption spectrum consists of three
main components corresponding to the 2F;5(0) — 2F55(0', 1, 2')

Table 2
Selected bond lengths (A) and angles (°) for Er2 and Yb3.

Er2 Yb3

Er-052 2.258(2) Yb-052 2.257(3)
Er-053 2.268(2) Yb-053 2.230(3)
Er-054 2.278(2) Yb-054 2.244(3)
Er-012 2.339(2) Yb-012 2.358(3)
Er-013 2.362(2) Yb-013 2.300(3)
Er-014 2.446(2) Yb-014 2.407(3)
Er-N21 2.528(2) Yb-N21 2.482(4)
Er-N11 2.544(2) Yb-N11 2.563(4)
052-Er-053 108.86(7) 053-Yb-054 83.80(1)
052-Er-054 141.22(6) 053-Yb-052 113.63(1)
053-Er-054 90.36(7) 054-Yb-052 143.73(1)
052-Er-012 74.11(6) 053-Yb-013 75.98(1)
053-Er-012 77.33(7) 054-Yb-013 79.51(1)
054-Er-012 144.33(6) 052-Yb-013 74.83(1)
052-Er-013 76.01(7) 053-Yb-012 75.19(1)
053-Er-013 74.66(7) 054-Yb-012 142.67(1)
054-Er-013 77.29(7) 052-Yb-012 73.58(1)
012-Er-013 129.11(6) 013-Yb-012 123.11(1)
052-Er-014 143.24(7) 053-Yb-014 76.86(1)
053-Er-014 77.21(7) 054-Yb-014 74.63(1)
054-Er-014 72.62(7) 052-Yb-014 138.49(1)
012-Er-014 72.04(6) 013-Yb-014 144.10(1)
013-Er-014 138.22(6) 012-Yb-014 70.78(1)

N

absorbance

absorbance

T T T T T 1
240 260 280 300 320 340 360
A/nm

Fig. 3. The absorption spectra of Yb1 (a), Yb3 (b) and Yb2 (c) in CH30H at 295K,
¢=1.77 x 103 M, [=0.1 cm. The inset shows the absorption spectrum of Yb2 (c) for
I=1cm.

- 3x10°
n 52
2x10°

0,8

absorbance

<
0.6 1x10

relative intensity /arb. u.

0.4 4K
Mo 0
T T T T T T T
920 940 960 980 1000 1020 1040 1060
anm

Fig. 4. The luminescence (Aexc =266 nm — xenon lamp) and absorption spectra of
Yb1 at 295 and 4K.

transitions. The ligand-field sublevels (Scheme 2) and total ligand-
field splitting of 2F5, state as 334cm~! (Fig. 4) were determined
on the basis of the low temperature spectrum. Upon excitation
in the ligand absorption band (270 nm), a relatively intense Yb!!I-
centered NIR emission is observed. The emission spectra at 295 and
4K are also shown in Fig. 4. They display a band centered about
990 nm corresponding to 2Fsp, — 2F7j, transition of the Yb!! jon.
The spectrum at 4K consists of four main components at 10,194,
10,074, 9901 and 9782 cm~!. They arise from the M; splitting of

Na[YB(SP) ] [Yb(SP), phen] [Yb(SP),bpy]xH,O
446 5 458 m—
25".' — ]

213 e—]'

334 m—
2] 6 — 1

0+10227 e— ) 0410229 e ()

010206 = ('

549 m—3 544} em—

414 e—3
292 e 349 o2 299 e 2
23— | 20—

119 comm—1
() — () 0 0 () e— ()

Scheme 2. The crystal field splitting of Yb'! levels for different complexes.
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2,2

=0

2,0 T T T g T T T T T T
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Fig. 5. The luminescence (Aexc =266 nm) and absorption spectra of Yb2 at 295, 77
and 4K.

2F7/2 state as the consequence of ligand-field effects. On the basis
of 4 K emission spectrum, the ligand-field sublevels (Scheme 2) and
total ligand-field splitting of 2F;, state as 414cm™"! (Fig. 4) were
determined.

The absorption and emission spectra at different temperatures
of Yb2 and Yb3 in solid state are presented in Figs. 5 and 6, respec-
tively. The room temperature spectra display bands correspond
to the 2F7/2 — 2F5/2 transition. The bands consist of three strong
board peaks, centered at about 960 nm, accompanied by four broad
wings in the lower energy region (>978 nm). They have much lower
intensity because they represent the transitions from thermally
populated ligand-field levels of the ground state. Three of those
four weak absorption bands overlap the electronic lines of the
2F55(0')— 2F7p5(1, 2, 3) transitions in the 77K emission spectra.
In the 4K absorption spectra, all of the broad wings disappear.

The ligand-field splitting of the excited (2F5/2) and ground
(2Fyp) states determined as 446 and 549 cm~!, and 458 cm~! and
544 cm~! respectively for Yb2 and Yb3 are indicated by brackets in
Figs. 5 and 6. Ligand-field sublevels of Yb'" for Yb2 and Yb3, deter-
mined from low temperature emission and absorption spectra, are
presented in Scheme 2. The lines at 977.8 nm for Yb2 and 977.6 nm
for Yb3 correspond to the lowest component of the 2F5/2 state, since
at those wavelengths the absorption and emission lines overlap at
low temperature.

The emission spectra at both temperatures recorded by exciting
the ligand excited level display bands assigned to the 2Fs5, — 2Fy,
transitions of the Yb!!! ion. The room temperature emission spec-

2 2
F?J'Z_, FEJ'Z
‘— 458 cm"—l —— 544cm’
1,6 2 2
FS/'?_) FT{Z
‘ 12x10° 7
‘ £
@ 147 8
= Z
£ B
[]
§ 1,2 =
£ 1 1x10° g
2
A s
1,04 \ TRA ‘ 2
{\ /\,"v \'\ !
mx J\ \
0,8 . . . S . 0
900 950 1000 1050

A [nm]

Fig. 6. The luminescence (Aexc =266 nm) and absorption spectra of Yb3 at 295, 77
and 4K.

tra consist of five bands located in the lower energy region from
the most intensive ones, 2Fs/3(0') - 2F7j, (0). They are accompa-
nied by broad wings located in the higher energy region exhibiting
low intensity because they represent the transitions from ther-
mally populated ligand-field sublevels of the excited state. The
bands located in the 983.5-992.5 nm spectral range have the same
origin and are of the e(2’-3) and e(1’-2) type for Yb2 and Yb3.
The reabsorption phenomenon for the investigated complexes is
much lower then for inorganic compounds of Yb'!! [23], where the
2F5/5(0') — 2F7)5(0) transition has very low intensity or is unde-
tectable. This is because of the longer Yb-Yb distances in the organic
complexes with large ligands in the former. The electronic emission
lines e(0'-0), e(0’-1), e(0’-2), e(0’-3) are accompanied by a large
number of weaker lines of mostly vibronic origin and thermally
populated Stark sublevels. It is know that for Yb!!! occur strong
electron—phonon mixes of both electronic and vibronic transitions.

Total ligand-field splitting of the excited and ground states of
Yb2 and Yb3 is very similar. This is due to low point symmetry
of Yb'" and the similar crystal structure of both complexes that
differ only in the co-ligand molecule (phen or bpy). The splitting
of the 2F7/2 and 2F5/2 states is much larger than for monocrystal
of Na3[Yb(dpa)s]-13H,0 (348 and 268 cm~!) reported by Reinhard
and Giidel [17], where site symmetry of Yb'!! is D, - and Yb(III) is Ds-
symmetrical helicates (372 and 269 cm~1), reported by Biinzli and
co-workers [16]. In contrast, for a Yb'"' complex in a low symmetry,
a value of splitting of the 2F7; of 528cm~" has been found and
455cm~! for another type of complexes [11]. In accordance with
the above, higher site symmetry of Yb!!! of Yb1 (close Dy4 [41])
results in the smaller total ligand-field splitting of the 2F7/2 and
2F5/2 states, as compared to Yb2 and Yb3 with site symmetry close
Coy.

All three investigated complexes exhibit sensitized lumines-
cence of Yb'!l at the temperature range from 300 to 4K. The facts
that the Yb'!! emission (Aexc =266 nm) at room and 77 K was eas-
ily recordable for all the complexes using a 400 W xenon lamp as
an excitation source, which is known to have a very low emission
intensity at the UV range and the excitation was into tail of band
with small molar absorption coefficient (see excitation (Fig. 8) and
absorption spectra (Fig. 3)) in the lack of phosphorescence prove
relatively efficient ligand-to-metal energy transfer. An additional
element unfavourable to the excitation with the 266 nm wave-
length is an energy gap between the triplet excited state of the
[SP]~ ligand and the 2Fs, excited level of the Yb'" jon, which is
15,335cm™! for the complex Yb1. Consequently, the exchange or
dipol-dipol mechanism cannot be accepted. In spite of such a large
energy gap, it is possible to observe the effective energy transfer
from the ligand to the metal ion. At 77K the ligand phosphores-
cence is not recordable for all three types of complexes. There are
discussions in literature regarding the mechanism of the energy
transfer at such a large energy gap. It is explained based on electron
transfer involving the Yb"/Yb!' redox process [26] or involving a
simple SCC model, where the whole Naz[Yb(dpa);]-13H,0 complex
is considered as a chromophore [17].

The lowest position of the triplet state of the [SP]~ ligand
(25,920 cm~!) was determined on the basis of the phosphorescence
spectrum of the Gd1 complex in the solid state at 77 K. The lowest
position of triplet states in complexes Yb2 and Yb3 was also deter-
mined from the phosphorescence spectra of Lu2 and Lu3 and they
are 22,222cm~! and 23,310cm~! accordingly, and energy gaps
AE = Eyip — EZFS/2 are 11,550 and 12,620cm~!. Fig. 7 shows the
phosphorescence spectra of Gd1, Lu2 and Lu3. In complexes Ln2
and Ln3, one molecule of the [SP]~ ligand was replaced by the phen
and bpy molecule, respectively. Excited singlet and triplet states of
those co-ligands are lying at the lower energies as compared to the
energy levels of the [SP]~ ligand, and it seems that those lower-
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Fig. 7. The phosphorescence (Xexc =266 nm) spectra of Lu2 (a), Lu3 (b) and Gd1 (¢)
at77K.

Table 3
The emission decay times of 2Fs; level and intrinsic quantum yield for Yb1, Yb2,
YDb3 (Aexc =266 nm). The decay time values were estimated with error of 10%.

7 (s) o (%)

295K 77K 295K
Yb1 35 40 3.14
Yb2 20 18 219
Yb3 155 165 1.64

lying levels would make it easier to transfer energy from a ligands
to the Ybion. However, it turned out that the introduction of those
co-ligands did not improve the intensity of sensitized emission of
the Yb! ion.

Replacing one molecule of the [SP]~ ligand with the phen or
bpy molecule caused reduction in the emission decay time at 295K
from 35 s for the complex Yb1 to 20 and 15.5 s for the com-
plexes Yb2 and Yb3, respectively. Emission decay times for three
studied complexes in the solid state at the temperature of 295
and 77K are presented in Table 3. All curves of emission decay,
presented in Fig. 8, can be fitted with a monoexponential func-
tion, which indicates the presence of only one emitting centre.
No significant differences in the values of emission decay times
were observed, when temperature was lowered (Table 3). Impor-
tant factor which reduces the decay time and the intrinsic emission
quantum yield (Q}_—Q) for Yb2 and Yb3 as a result of introduc-
tion of co-ligand is increased contribution of multiphonon process
of emission quenching. In the quenching mechanism the high

0,36788
c
2 004979 b
[=]
E a
<=
~ 0,00674
I 1T ]
0,0000 $‘0001 0,0002
time/ms

Fig. 8. The luminescence decays of Yb3 (a), Yb2 (b) and Yb1 (c) at 295K
(Aexc =266 nm).
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Fig. 9. The excitation spectra of (a) YB1 (Amon =992 nm), (b) YB3 (Amon = 1001 nm),
and (¢) Yb2 (Amon =1035nm) at 77 K.

energetic C-H vibration stretching (~3000cm~1) and deformat-
ing (~1600 cm~1) of heteroaromatic rings are involved. Moreover,
the presence of the one water molecule in the outer coordination
sphere of Yb3 is an additional factor of the emission quenching. It is
reflected in shortening of the decay time for Yb3 as related to Yb2.
The intrinsic emission quantum yields ( Lr‘l‘) were calculated from
lifetimes:

Ln _ Tobs

1=
Trad

where 7, is the observed decay time of the emitting excited state
and 7,4 the radiative lifetime of this state. t,4 was estimated from
the integrated absorption spectrum with a modified Einstein equa-
tion [42]:
1 8ren2i?(2) + 1 -

(2 +1) / e(v)dv

=233 x —————————=
Trad NA(ZJ + 1)

where ¢ is the speed of light in cms~!, N is Avogadro’s num-
ber, ] and J are the quantum number’s for the ground and
excited states, respectively, f &(P)dv is the integrated spectrum of
the f-f transition, ¥ is the barycentre of the transition and n is
the refractive index. The following results of the intrinsic quan-
tum yields were obtained: 3,18% (T;,q=1.12ms, ¥ = 10242 cm™!,
n=1.527), 1.64% (T;2q=943 us, P =10386cm~!, n=1.510) and
1.72% (Traq =901 s, ¥ = 10362cm~1, n=1.537) for Yb1, Yb2 and
Yb3, respectively. Molar absorption coefficients (¢) for com-
plexes are equal 2.35M~'cm~! (10,198cm~1!), 3.30M~'cm™!
(10,221cm=1),3.35M1cm~! (10,220 cm™1) for Yb1, Yb2 and Yb3
respectively. The 2Fs /2 excited state decay time of Yb1 is one of the
longest known for Yb(III) complexes in the solid state, for example,
some of the longest are reported as follows: 14.1 s [43], 17.8 s
[44], 20.6 s [22], 22.6 s [45]. According to literature reports, the
values from several to about dozen of ws were determined for
majority of Yb'!' complexes in the solid state, as well as the intrin-
sic quantum yield is one of the greatest. Unprecedented long decay
times for the Yb(III) fluorinated complex in solid state (582 s) and
in CD3CN (1111 ws) have recently been found by Pikramenou and
co-workers [46].

Excitation spectra of Yb1, Yb2 and Yb3 are shown in Fig. 9. Con-
sidering molar absorption coefficients excitation into lower-lying
bands of phen and bpy is more effective than excitation into their
higher-lying bands (Amax =272 nm—Yb2; Amax =282 nm—Yb3). The
proof of this is the presence of phen and bpy bands in the excitation
spectra of Yb2 and Yb3 where their molar absorption coefficients
are approximately about 120 (A=343nm) and 7 (A=310.5nm)
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times smaller than for A =272 and A =282 nm respectively. It has to
be associated with a mechanism of energy transfer from the ligand
to the metal ion, where the excitation of the Yb'!' ion may occur
through a double electron transfer [26] in addition to a common
phonon-assisted transfer mechanism [17].

Phen and bpy are more electron-withdrawing than [SP]~
so substitution of one of the [SP]~ ligands with phen or bpy
affects the redox behavior, which should cause the change of
the luminescence properties if the main factor of energy trans-
fer occur through a double electron transfer. However, phen
and bpy co-ligands have also the absorption bands in the same
spectral region (240-280nm) as [SP]~ ligand. This overlapping
makes the comparison of excitation effectiveness through the
[SP]~ ligand impossible even if the sensitization efficiency (#sens)
is known. Due to insufficient amount of monocrystals of the
complexes the QLLN was impossible to be determined. Therefore
Nsens for the given complexes has not been estimated yet. These
parameters shall be determined and included in the upcoming
manuscript in which the next complexes with sulfonyl phospho-
ramide derivative—dimethyl(phenylsulfonyl)amidophosphate will
be investigated.

The emission of Er'!! in Er1, Er2 and Er3 single crystals was not
detectable using our experimental set-up.

4. Conclusions

The complexes which exhibit relatively both efficient ligand-to-
metal energy transfer and strong metal-centred emission are worth
investigation with the perspective of creation more effective energy
converters. In this context the new series of the Yb'! complexes
under investigation seems to be promising as a device converting
UV light to infrared radiation.

For complexes Ln1, Ln2 and Ln3, which are stable under expo-
sure to UV laser radiation, and even synchrotron radiation, effective
energy transfer from the ligand to the Yb'! ion was demon-
strated. For Yb1, despite a large energy gap AE = Ey;p — E2F5/2 of

15,335 cm™!, sensitized emission with one of the longest emission
decay time of 35 s (radiative lifetime of 1.12 ms and erl‘ =3.18%)
was detected. Ligand-to-metal energy transfer in Yb1, Yb2 and Yb3
is efficient because of the lack of ligand emission and possibility of
excitation of the metal-centred emission using the xenon lamp UV
radiation.

Replacing one molecule of the [SP]~ ligand by phen or bpy
molecule in Yb2 and Yb3 is disadvantageous because of LI‘]‘. High
energetic C-H vibrations of heteroaromatic rings of phen or bpy
and O-H of one water molecule in Yb3 complex result in increased
contribution of multiphonon process in emission quenching. The
decreasing of decay time and the intrinsic quantum yield of Yb2 and
Yb3 is the result of the above. On the other hand such the replac-
ing gives a possibility to excite the Yb!!! emission at lower energy.
According to the molar absorption coefficients the excitation of the
Yb!' emission into the phen at 343 nm or bpy at 310 nm absorption
bands is more effective than excitation into their absorption bands
lying at higher energies.

Please note that it is impossible to estimate how the substi-
tution of one [SP]~ molecule by the more electron-withdrawing
co-ligands influence the efficiency of energy transfer from [SP]~
ligand to the metal ion, because some of the co-ligands absorp-
tion bands are located in the same spectral region (240-280 nm) as
those of [SP]~ ligand.

Moreover, this article demonstrates that the use of high-
resolution emission and absorption spectroscopy at low temper-
atures makes it possible to determine the ligand-field splitting of
the low-lying states in the Yb'"' crystal complexes.
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