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The structure and solid state luminescence properties of a homometallic heterotrinuclear
[Eu(nO)s(OH2)3][Eu(DOTA)(H20)]-Cl crystal was determined and was found to have two sites: a
free europium(l1l) ion and a [Eu(DOTA)(H20)]" complex. The trinuclear compound crystallizes
in a laminar structure in triclinic space group P1. The crystal structure was determined using com-

plex data treatment due to non-merohedric twinning. Experimental data sets were recorded with
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large redundancy and separated according to scattering domain in order to obtain a reliable struc-
ture, which revealed the configuration of the europium(lll) sites. In first site, the europium(lIl)
1,4,7,10-tetrazacyclododecane-1,4,7,10-tetraacetate (Eu.DOTA) complex was found to adopt a
capped twisted square antiprismatic (CTSAP) conformation, where a capping water molecule in-
creased the coordination number of the europium(lll) site to nine (CN = 9). In the second site, the
cationic europium(lll) ion was found to be coordinated by three water molecules and five oxy
groups from neighboring [Eu(DOTA)(H20)] complexes. The coordination geometry of this site
was found to be a compressed square antiprism (SAP), and the coordination number of the euro-
pium(111) ion was found to be eight (CN = 8). A large increase in rate constant of luminescence
was observed for Eu(l1l) in [Eu(DOTA)(H20)] insolid state luminescence spectroscopy measure-
ments compared to in solution, which lead to investigations of single-crystals in deuterated media
to exclude additional effects of quenching. We conclude that the most probable cause of the de-
crease in observed luminescence lifetimes is the high asymmetry of the coordination environment

of [Eu(DOTA)(D20)] in the [Eu(uO)s(OD2)s][Eu(DOTA)(D.0)]:Cl crystals.

the solution chemistry of the trivalent lantha-
nide ions.
The fast ligand-exchange kinetics complicates

INTRODUCTION

L_anthanides are essential in modern tech-

nology and are indispensable in fields ranging
from catalysis,'? metallurgy,® to organic syn-
thesis,* and bio-imaging.>® Thus, there is a
constant increase in the demand for almost all
rare-earth elements, including the lantha-
nides.” To meet the demand, the lanthanides
either have to be integrated in a closed circular
economy,® or the solvo-hydrometallurgy used
for rare-earth purification and separation must
be optimized.® Both options require a deeper
understanding of the structure-property of the
lanthanide ions. In particular, knowledge of

the study of lanthanide(lll) solution chemis-
try.1%17 In the solid state, there is a strong un-
derstanding of structure-property relation-
ships,® but the increased degree of freedom in
solution often results in an averaging of the ob-
served properties. This makes structure deter-
mination difficult,> 12 and complicates at-
tempts of linking a specific property to a give
structure.® 2 To resolve this issue, we can
crystallize a lanthanide complex in the struc-
ture we perceive as the average structure in so-
lution,?>?* and use solid state spectroscopy on



these ‘locked’ model systems to provide infor-
mation on the properties of specific geome-
tries. Thus, allowing us to correlate the known
structures in crystals with properties observed
in solution.

In this paper, we present a crystal structure of
the homometallic heterotrinuclear euro-
pium(l1) complex
[Eu(uO)s(OH2)3][Eu(DOTA)(H20)].Cl (1-H,
DOTA = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate),?® which contains differ-
ent two europium(l11) sites. The general struc-
ture of these two sites is illustrated in Figure 1.
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Figure 1. The two Eu(lll) sites in 1-H. Eu(lll) site 2
is coordinated by carboxylate arms in five neighbor-
ing Eu.DOTA complexes as illustrated by wiggly
lines.

Due to a strong red luminescence, euro-
pium(l11) has been extensively used to study
the f-f transitions of lanthanide(l11) ions,® 2631
and as a consequence numerous crystal struc-
tures or europium(l1l) complexes with differ-
ent counter-ions, coordination numbers, coor-
dination geometries and donor atoms have
been reported.3+3

The DOTA ligand is the safest scaffold to use
in diagnostic gadolinium(111) enhanced MRI,>
13 3840 and the solution structure of
[Ln(DOTA)] has been studied in great detail.
The structure of 1-H was discovered as part of
a project aimed at crystallizing [Ln(DOTA)]

in the twisted square antiprism (TSAP) geom-
etry in order to resolve the distinct optical
properties of the two structures [Ln(DOTA)]
predominately adopts in solution: a capped
square antiprism (cSAP), and a capped twisted
square antiprism (CTSAP).1> 254183 The two
nine-coordinated complexes differ in the twist
angle between the N- and O-donor planes. In
the SAP form the twist angle is ~40°, while it
is between 25-30° in TSAP form.?2 4 The con-
sequence of this minor change in coordination
geometry has proven difficult to study without
comparing different ligand systems. But as the
lanthanide(111) ions are largely indifferent to-
wards the directionality of ligand donation, it
crystal packing can enforce different coordina-
tion environments. Here, we exploit this to
study the changes in the optical properties of
europium(111) induced by variations in the co-
ordination geometry of [Eu(DOTA)(D20)]
complexes.  Further, to the best of our
knowledge, this is the first report of a crystal
structure of a europium(111) DOTA complex in
the cTSAP form. Similarly, we believe that
this is the first example of a homometallic het-
erotrinuclear europium(l1l) complex, where
the europium(111) complexes act as both cation
and anion.

EXPERIMENTAL METHODS

Materials. All chemicals were used as re-
ceived. For Eu(lll) sources: 99.9%
EuCl3-6H.O from abcr, 98% Eu(CF3SO3)3
from STREM Chemicals.

Synthesis of 1-H. Na[Eu(DOTA)H20] was
made according to the protocol developed by
Desreux. To crystallize 1-H, a solution was
prepared by dissolving 100 mg of
Na[Eu(DOTA)H20] in 3 mL water. The pH
was lowered to 4-5 by addition of 1 M HCI



(from diluting concentrated HCI 37% with de-
ionized water) and controlled using pH indica-
tor paper (Macherey Nagel), prior to the addi-
tion of 150-300 mg of an Eu(lll) source
(EuClz-6H20, Eu(CF3SOz3)s were used). The
amount of added Eu(l11) salts was adjusted ac-
cording to the perceived amount of water in the
salt, that is, a smaller amount of dry salts was
used, while the high end of the interval was
used for hydrates. The pH of the final solution
was then adjusted to ~3 by addition of 1 M HCI
and 2 M NaOH to a final volume of 4.5 mL.
The pH was controlled using a pH meter (Met-
tler Toledo InLab Expert Pro ISM), and the so-
lution was taken up in a syringe, and filtered
(Frisenette QMax RR syringe filters 13 mm
PTFE hydrophilic) into a 10 mL vial (24 mm@
x 41 mm). The aqueous solution was placed in
a 70 mm@ crystallization dish containing 50
mL of acetone. The diffusion chamber was
covered by a 115 mm@ crystallization dish and
left for acetone diffusion until the total volume
in the vial was ~6 mL. When left at room tem-
perature thin, fragile, plates of flaked white
crystals appears in the vial over a few days.
The thin plates are arranged in a layer struc-
ture, which complicated structure determina-
tion by single-crystal X-ray diffraction.
Synthesis of 1-D. 100 mg of
Na[Eu(DOTA)H.0] and 150 mg of
Eu(CFsS03); was dissolved in DCI (37%,
Sigma-Aldrich) diluted with deuterium oxide
(Euriostop) with a resulting pH = 1. The pH
was adjusted with diluted solutions of DCI and
NaOD (diluted from 37% DCI and 40 wt.%
NaOD, Sigma-Aldrich) until pH was ~3. The
solution of 6 ml was taken up into a syringe,
and filtered (Frisenette QMax RR syringe fil-
ters 13 mm PTFE hydrophilic) into a 20 mL
vial (27 mm@ x 55 mm). The aqueous solution
was placed in a 70 mm@ crystallization dish

containing 50 mL of acetone. The diffusion
chamber was covered by a 115 mm@ crystalli-
zation dish and left for acetone diffusion until
the total volume in the vial was ~9 mL. Flaked
white crystals appear in the vial over a few
days.

Single crystal X-ray diffraction and struc-
ture determination. Single crystal X-ray dif-
fraction data were collected on a Bruker D8
VENTURE diffractometer equipped with Mo
Ka high brilliance 1uS radiation X-ray tube (A
= 0.71073 A), a multilayer X-ray mirror, a
PHOTON 100 CMOS detector, and an Oxford
Cryo Systems low temperature device. The
diffractometer was controlled using the
SAINT program as implemented in the
APEX2 software package.*® Due to assumed
non-merohedric twinning, the unit cell dimen-
sions and orientation matrices were deter-
mined with CELL_NOW,* while absorption
correction and generation of detwinned and
summed intensity data files was done with
TWINABS.#" The structure was solved using
Olex2* with the ShelXS solution program*®
using direct methods and refined with the
ShelXL refinement package®® using least-
squares minimization. Non-hydrogen atoms
were refined anisotropically, whereas hydro-
gen atoms were placed at calculated positions
and were refined using a riding model.

Powder X-ray diffraction. Powder X-ray
diffraction was performed on a dried sample
from isolated crystals that were crushed be-
tween two microscope slides and measured on
a low background silica sample holder. Data
was collected on a Bruker D8 Advance diffrac-
tometer fitted with suitable optics and a Cu X-
ray tube.



Optical spectroscopy and luminescence
lifetime determination. Steady-state meas-
urements were performed on both single crys-
tals and powdered samples using a PTI Quan-
taMaster8075 from Horiba Scientific with a
xenon arc lamp as excitation source. Excita-
tion spectra were recorded with emission de-
tected at 614 nm with excitation and emission
slits at 1.5 and 8 nm, respectively. Emission
spectra were recorded with excitation at 394
nm with excitation and emission slits at 8 and
1.5 nm respectively. Measurements on single
crystals were done at room temperature. Dried
powder samples were measured in a 2:5 pro-
panol:diethyl ether glass in a NMR tube in a
cold-finger setup containing liquid nitrogen. A

Table 1. Selected crystallographic data — 1-H.

constant nitrogen flow in the sample chamber
was used to avoid ice formation.
Time-resolved luminescence measurements
were performed on the same system, but with
a xenon flash lamp as the excitation source.
The point of excitation was 394 nm, and the
emission was detected at 614 nm. Excitation
and emission slits were both set at 8 nm. Life-
time traces were fitted to either a mono- or a
bi-exponential decay model using the Origin
2017 software package.>

RESULTS

Non-merohedric twinning and structure
determination. Twinning is often inaccu-
rately used to describe fragmented crystals
based on their split reflection profiles alone.

Domain 1 — Solution and refinement HKLF 4 file

Empirical formula Cs2H73CIEUsNgNaOs2 1 Peaicg/cm®

Formula weight 1597.90 wmm'?

Temperature/K 100 F(000)

Crystal system Triclinic Crystal size/mm?

Space group P1 Radiation

alA 9.2252(18) 20 range for data collec-
tion/®

b/A 16.937(3) Reflections collected

c/A 17.274(4) Independent reflections

a/° 96.37(3) Data/restraints/parameters

B/° 92.39(3) Goodness-of-fit on F2

v/° 93.26(3) Final R indexes [I>=20 (I)]

Volume/A3 2674.9(9) Final R indexes [all data]

Z 2

Largest diff. peak/hole / e A-
3

1.984
3.634

1590.0

1.198 x 0.711 x 0.12
MoKa (A= 0.71073)

3.196 to 51.358

9966

9966 [Rin =
0.0407]

Merged, Rsigma =

9966/866/716

1.037

R1 =0.0625, wR2 = 0.1589
R1=0.0814, wR2 = 0.1720

3.92/-1.97




Twinned crystals must be individual aggre-
gates, but be joint in a mutual orientation.>? For
non-merohedric twins the reciprocal lattices
do not necessarily overlap, which often makes
it possible to observe twinning during the ini-
tial data collection. This was the case for all
isolated crystals of 1-H, however, it was not
possible to isolate a non-twinned crystal for
structure determination. The nature of the ini-
tial reflections along with failed auto-indexing
and an unusually long unit cell axis suggested
possible non-merohedric twinning, and the
subsequent collection of data was treated as
such.>® Out of several, the crystal with the most
unanimous auto-indexing of the unit cell was
chosen. A data set with a large redundancy of
reflections was collected to ensure a high com-
pleteness after domain separation.
CELL_NOW was used to identify the best fit-
ting unit cell and the reflections that fit the cell
was assigned to domain 1. The initial unit cell
was then rotated to locate twin domains in the
remaining reflections. By this approach, both
the orientation matrices and twin laws were
found simultaneously. Three domains were
found, and the orientation matrices of the first
two are related by 180°. Following integration
of the reflections, multi-scan absorption cor-
rection by TWINABS was performed on all
three domains. Both detwinned HKLF 4 and
twinned HKLF 5 data files were generated,
however, detwinning before refinement
(against the HKLF 4 data) appeared more ro-
bust, and the data quality indicators were bet-
ter than for the HKLF 5 data prepared for twin
refinement. The precise reason for this is un-
known, however, the problem presumably oc-
curs during the summing of intensities for the
generation of the HKLF 5 file. Since refine-
ment against HKLF 5 works best if all domains
are of similar quality, the HKLF 4 file was

used for both the structure solution and refine-
ment.>3 Structure information is given in Table
1.

Crystal structure and packing. The com-
plex [Eu(nO)s(OH)s][Eu(DOTA)(H20)]-Cl
(1-H) crystallizes in the triclinic space group
P1 with the unit cell dimensions a =
9.2252(18), b = 16.937(3), ¢ = 17.274(4) A, «
=96.37(3), p = 92.39(3), y = 93.26(3)° and V
= 2674.9(9) A3, The deuterated system, 1-D,
was confirmed as isostructural with 1-H by
unit cell determination. The unit cell is com-
prised of two enantiomeric complexes, which
are charge balanced by chloride. Additional
solvent molecules and sodium ions are present
in the structure (see Table 1). The asymmetric
unit is a single homometallic heterotrinuclear
complex as shown in Figure 2, which also
shows the coordination geometry and the twist
of the donor-atom planes in the two square an-
tiprisms. The complex has three europium(lIl)
atoms in two sites: the nine coordinated
[Eu(DOTA)(H20)]" complexes are in site 1
(Eu.S1), and the eight coordinated
[Eu(n0)s(OH2)s]** complexes are in site 2
(Eu.S2).

Eu.S1 is nine-coordinated with eight donor at-
oms from the DOTA ligands and a capping
water. The coordination geometry is a capped
twisted square anti-prism (CTSAP), where the
metal is coordinated by four nitrogen and five
oxygen atoms (Figure 2). The twist angle be-
tween the N- and O-donor planes are 25.3° and
26° for the two [Eu(DOTA)(H20)] complexes
in the asymmetric unit. Both
[Eu(DOTA)(H20)]" complexes have the same
chirality A(8558),° and are in the unit cell mir-
rored by the set of the other enantiomer in the
second homometallic heterotrinuclear com-
plex in the unit cell (see Supporting Infor-



mation Figure S3). There are minor differ-
ences in bond lengths (Table 2) between the
two [Eu(DOTA)(H20)]  complexes, however,
they are treated as optically equivalent and are
collectively referred to as Eu.S1.

In Eu.S2, the europium(lll) ion is eight coor-
dinated and adopts a square anti-prism (SAP)
coordination geometry (Figure 2). The Eu(lll)
ion is coordinated to eight oxygen atoms, of
which three are water molecules and five are
from carboxylate arms on five surrounding
[Eu(DOTA)(H20)]" complexes. The square
antiprismatic structure is significantly dis-
torted from the ideal as the two square donor
sets are leaning towards a rhomboid, where the
twist angle between two O-donor planes is
~40°,

Figure 2. Crystal structure of the asymmet-
ric unit in 1-H showing the two different
Eu(lll) sites. Top: Eu.DOTA (Eu.S1) show-
ing the N- and O-donor atom planes. Red =
front oxygen plane, blue (dashed) = back ni-
trogen plane. Bottom:  Eu(uO)s(OH:)s
(Eu.S2) showing the O-donor atom planes.
Red = front oxygen plane, red (dashed) =
back oxygen plane.

The crystal packing in 1-H is a layered struc-
ture, where each homometallic heterotrinu-
clear [Eu(nO)s(OH2)3][Eu(DOTA)(H20)]Cl
complex spans the layer and form an intercon-
nected sheet that only exposes the hydropho-
bic surface of the [Eu(DOTA)(H20)]" com-
plexes to the interlayer interface. The interface
is occupied by solvent molecules, and sodium
and chloride ions. See Supporting Information
for details.

Table 2. Eu-O and Eu-N bond lengths in 1-
H crystal structure.



Eu(l11) site Atom1 Atom2  Distance
A
Site 1.12 Eul.l N1 2.654(5)
Site 1.1 Eul.l N2 2.657(9)
Site 1.1 Eul.l N3 2.690(3)
Site 1.1 Eul.l N4 2.697(6)
Site 1.1 Eul.l o1 2.362(4)
Site 1.1 Eul.l 02 2.387(6)
Site 1.1 Eul.l 03 2.408(3)
Site 1.1 Eul.l 04 2.376(5)
Site 1.1 Eul.l O5b 2.530(5)
Site 1.2 Eul.2 N5 2.702(2)
Site 1.2 Eul.2 N6 2.639(3)
Site 1.2 Eul.2 N7 2.646(2)
Site 1.2 Eul.2 N8 2.637(7)
Site 1.2 Eul.2 06 2.365(8)
Site 1.2 Eul.2 07 2.387(6)
Site 1.2 Eul.2 08 2.374(6)
Site 1.2 Eul.2 09 2.399(8)
Site 1.2 Eul.2 010P 2.541(3)
Site 2 Eu2 011° 2.417(0)
Site 2 Eu2 012 2.469(4)
Site 2 Eu2 013 2.303(6)
Site 2 Eu2 014 2.332(9)
Site 2 Eu2 015 2.426(1)
Site 2 Eu2 016 2.410(5)
Site 2 Eu2 o17b 2.407(3)
Site 2 Eu2 018P 2.496(9)

aSite 1.1 and 1.2 refers to the two Eu.DOTA centers in
the asymmetric unit. ® Water molecule.

Luminescence lifetimes. A crystal of 1-H
was isolated and the unit cell dimensions were

determined with X-ray diffraction to confirm
consistency with the dimensions found in the
structure determination. The luminescence
lifetime and optical properties were measured
on the isolated single crystal (see Figure S2 for
setup). As there are two Eu(lll) sites in the
structure (Eu.S1 and Eu.S2), we expect to ob-
serve two luminescence lifetimes. A short life-
time is expected from Eu.S2, due to quenching
from the water molecules. A longer lumines-
cence lifetime is expected from Eu.S1. The ar-
gument can also be carried out using g, the
number of inner sphere solvent molecules,>*
where a priori Eu.S1 should have g =1 and
Eu.S2 should have q=3.

The luminescence lifetime was determined by
recording the time-resolved emission decay
profile from the single crystal and fitting the
data to a biexponential decay model (All data
available in the SI). The result is compiled in
Table 3. The first lifetime is 88.3 uS, which is
shorter than the 100 uS lifetime reported for
Eu(OH.)s*" in water.>”-%® The second 1-H sin-
gle crystal lifetime was determined at 460 puS,
which also is significantly shorter than the re-
ported 663-667 uS for [Eu(DOTA)(H20)] in
water,%9-60

A powder sample of 1-H was prepared to en-
sure the single-crystal structure was repre-
sentative of the bulk sample (see Figure S5 for
powder X-ray diffractogram), and to eliminate
the orientation effects observed in the single
crystal experiment vide infra. Further, the
powder sample allowed for the luminescence
lifetime to be determined at 77K. The time-re-
solved emission decay profile recorded from
the cold powder clearly showed two unique
lifetimes (see Figure S7). The shorter lifetime
was determined to be 267 uS, which is close to
three times longer than in the single crystal at
293 K. The longer lifetime was determined to



be 558 uS, and thus remains significantly
shorter than the lifetime determined for
[Eu(DOTA)(H20)] in water at 293 K.

Table 1. Luminescence lifetimes of Eu(lll)
ina1-H crystal, 1-H powder and a 1-D crys-
tal at two different positions.

Temp. T1 T2

® @) @)
1-H 293 88.3 460.3
Powder 1-H 77 267.2 558.5
1-D @Positionl 293 - 880.7
1-D @Position2 293 559.1 962.2

Amin et al. has studied the luminescence
lifetimes of [Eu(DOTAM)(H.0)]** (DOTAM
= 1,4,7,10-tetraazacyclododecane-l,4,7,10-
tetraacetamide).®* The structure has a similar
TSAP geometry around the Eu(l11) center as 1-
H, with a twist angle between the N- and O-
donor planes of 30.4°. The Eu-Owater bond
length for Eu.DOTAM is 2.44 A, which is
shorter than in Eu.S1 in 1-H. They report a
lifetime for [Eu(DOTAM)(H20)]*" of 518 uS
in water, which is closer to the value for 1-H
than the lifetime reported for SAP
[Eu(DOTA)(H20)]". The difference in lifetime
has up to this point been ascribed to quenching
from the amide N-H osccilators.*

Deuterated crystals (1-D) were made to in-
crease luminescence intensity. An isolated sin-
gle crystal was measured in the same setup as
described for 1-H. Noticeable orientation ef-
fects were observed when changing the posi-
tion of the crystal surface towards the incident
beam by rotating the platform supporting the
single crystal. The crystal was rotated 360 de-
grees clockwise in increments of 10 degrees,
and time-resolved emission decay profiles

were recorded at every increment. Table 3
shows the lifetimes determined from these data
at two specific orientations of the crystal. At
one orientation (position 1) only one lifetime
of 880 uS was observed. It is significantly
lower than the lifetimes of both
[Eu(DOTA)(H20)] and
[Eu(DOTAM)(H20)]** determined in DO,
that is 2,174 pS and 2,439 uS respectively.>°%!
Two lifetimes were determined at a second ori-
entation (position 2). The longer lifetime of
962.2 uS remains shorter than both
[Eu(DOTA)(H20)] and
[Eu(DOTAM)(H20)]** in D20. The shorter
lifetime was determined to be 559.1 uS, which
is close to a fourth of the value reported for
Eu(D20)¢%* of 2,270 uS.%8

Luminescence spectra. The normalized
emission spectra of all three are shown in Fig-
ure 3.
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Figure 3. Top: Normalized steady-state
emission spectra of 1-H powder at 77K. Bot-
tom: Normalized steady-state emission spec-
tra of single crystals of 1-H and 1-D at a ran-
dom orientation. (Excitation = 394 nm, slits
=8 nm)

Excitation and emission spectra were meas-
ured from a 1-H crystal, a powder sample of 1-
H, and a 1-D crystal. The powder sample was
recorded at 77K, whereas the crystals were
measured in the same setup as described for
the time-resolved measurements at 293K. The
spectrum of the powder is better resolved and
shows that the AJ =1 and AJ = 2 bands consist
of several transitions. For the AJ = 1 band
more transitions than the three that is possible
in a single Eu(ll) site is observed. In contrast,
the spectra from the single crystals show fewer

lines in the AJ =1 and AJ = 2 bands. The loss
of orientation effects in the powder compared
to the crystal spectra is clearest in transitions
of the AJ = 4 band, where there is a clear shift
in the intensity in the 685 nmand 704 nm lines.
These lines are highly sensitive to the orienta-
tion of the crystal vide infra.

Resolving spectra of the Eu.S1 and Eu.S2

sites. When recording the luminescence spec-
tra from the single crystal of 1-H at different
orientations, we noted that the emission inten-
sity of each line in the spectrum changed with
the orientation of the crystal. Therefore, the ef-
fect of orientation was investigated using the
deuterated complex, 1-D. Emission spectra
were recorded from the two orientations iden-
tified via the observation of distinct lumines-
cence lifetimes (Table 3). The time-resolved
emission decay profiles and the emission spec-
tra determined at these two orientations are
shown in Figure 4.
The spectrum at position 1 corresponds to the
decay with only one lifetime, and the emission
profile resembles those previously reported for
[Eu(DOTA)(H20)]".% 52 Therefore, we con-
clude that the emission and lifetime at position
1 are strongly dominated by emission from
Eu.S1. The second spectrum corresponds to
the decay with two lifetimes. The features of
[Eu(DOTA)(H20)] transitions remain promi-
nent, however, the ratio between the line inten-
sities for the transitions observed in the AJ =4
band are closer to those found in spectra of
Eu(H20)¢**.1® Thus, we conclude that the
emission spectrum observed at position 2 is a
composition of the spectra of both Eu.S1 and
Eu.S2.
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Figure 3. Top: Lifetimes of 1-D at position
1 (red) and position 2 (purple). Excitation =
394 nm. Emission = 614 nm. Bottom: Nor-
malized emission spectra of 1-D at position
1 (red) and position 2 (purple). Excitation =
394 nm

DISCUSSION

The crystal structure. The bond lengths in
[Eu(DOTA)(H20)] Eu.S1 for Eu-O and Eu-N
in 1-H are shown in Table 2. For both Eu-N in
the cyclen ring and Eu-O from the carboxylate
arms, the bond lengths are similar to what is
found in structures of SAP [Eu(DOTA)(H.0)]
4.8 and TSAP [Eu.DOTMA]* (DOTMA
=1R,4R,7R,10R-  a,a',a",a’’- tetramethyl-
1,4,7,10 tetraazacyclododecane-1,4,7,10-

tetraacetate). * The Eu-Owater bond length is on
average 2.535 A, which is slightly longer than
other reported values of 2.483 A and 2.389 A
for SAP [Eu(DOTA)(H20)] with sodium and
uranyl oxalates as counter ions, respectively.
44,63 It is, however, comparable to the Eu-Owater
bond length of 2.558 A in the TSAP DOTA-
derivative [Eu.DOTMA]J** .

Four structures of TSAP [Ln.DOTA] are re-
ported in the Cambridge Crystallography Data
Center database by Benetollo et al., Aime et
al., and Thuéry.** 5385 The structures have Ln
= La, Ce, Gd and Tm, where the Ce structure
has a capping water molecule (CTSAP) and the
other three does not (TSAP). The Ln-N and
Ln-O bond lengths in [La.DOTA] and
[Ce.DOTA] are longer than for 1-H, which is
easily rationalized by the larger ionic radius of
La(l11) and Ce(l11) compared to Eu(111).6 The
Ce-Owater bond length of 2.59 A is also longer
than in 1-H. The twist angle between the N-O-
atom donor plane is 25.4° (Ce) and averaged at
22°(La). In Gd.DOTA and Tm.DOTA the Ln-
N and Ln-O bond lengths are shorter than in 1-
H, which is agreement with the smaller ionic
radii of Gd(lIl) and Tm(lll) compared to
Eu(111).% Here, the twist angle between the N-
O-atom donor plane is 23.9° (Gd) and 24.5°
(Tm).

The TSAP form of Ln.DOTA is rare in the
solid state, but the few reported cases include
both the larger and the smaller lanthanides.
Generally, the size of the Ln(lll) ion dictates
the geometry in a series of lanthanide com-
plexes with the same ligand system. Neverthe-
less, the CcTSAP  conformation  of
[Eu(DOTA)(H20)]" in 1-H and the other
TSAP Ln.DOTA structure indicates that crys-
tal packing strongly influences which confor-
mation the complex will adopt in the solid
state.
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Relating structure to property. All the
lifetimes found for both 1-H, 1-H powder and
1-D (Table 3) are lower than reported values
for [Eu(DOTA)(H20)] in H20 and D,0.%8%°
This can be caused by two factors. Quenching
by phonons in the crystal lattice or increased
asymmetry around the Eu(lll) centers, which
causes mixing of states and makes the optical
transitions more allowed, resulting in an in-
creased rate constant of luminescence, kim. 2’
This leads to a higher luminescence intensity
and lower luminescence lifetime as kim in-
creases:

TLm = (kLm + knr)-1
(I)Lm = kLm(kLm + knr)-l

(eq. 1)
(eq. 2)

Where ki is the collective rates of non-radia-
tive deactivation, tum is the luminescence life-
time, and ¢Lm is the luminescence quantum
yield of europium(111) centered emission. The
absorption spectrum of 1-H (see Figure S9)
shows no (optically active) phonons, so we
conclude that the reduction of the lumines-
cence of the europium(lll) centers is not
caused by lattice vibrations. Also, calculating
the number of inner sphere solvent molecules
for [Eu(DOTA)(H20)] Eu.S1 yields q = 1.54°°
It is unlikely that high-energy phonons are not
perturbed upon proton-to-deuterium  ex-
change. Therefore, we see this as additional
support for our hypothesis that the decreased
luminescence lifetime observed in 1-H and 1-
D is due to the asymmetry at Eu.S1 in the com-
plexes, and not due to quenching from the lat-
tice.

Further support for the link between asym-
metry and lowering of the luminescence life-
time is found in the literature. Zucchi et al.
have studied luminescence properties of

Eu(lll) in DOTAM-derivatives with p-nitro-
phenyl pendant arms. In Eu.L (L = 2,2',2",2"-
(1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetrayl)tetrakis(N-(4-nitrophenyl)acetamide)
Eu(ll) is coordinated by four nitrogen atoms
and five oxygen atoms (one capping methox-
ide).®” The Eu-N and Eu-O bond lengths in
Eu.L are close to 1-H, but the capping oxygen
bond of 2.451 A is slightly shorter in Eu.L
than the average 2.535 A in 1-H. This structure
also has the metal ion in a cTSAP environment
with a N- and O-donor atom plane twist angle
of 25.5°, however, here the geometry is en-
forced by the bulky pedant arms, and not the
crystal packing. Thus, Eu.L maintains the
CTSAP structure in both solid state and solu-
tion.®’

Luminescence lifetimes of Eu.L were meas-
ured on dried crystals at 293 K and 77 K, and
in D2O. The lifetime of dry Eu.L crystals at
293 K of 450 uS (ex. =385 nm) is close to the
460.3 puS for the 1-H single crystal. At 77 K
the lifetime of Eu.L is 490 uS (ex. = 385 nm)
is slightly shorter than for 1-H powder, also at
77K, of 558.5 uS. The largest difference is
seen between the deuterated samples. Eu.L in
D20 has a lifetime of 769 uS (ex. = 375 nm),
whereas the average of the lifetime for 1-D
measured at position 1 and 2 is 921.5 uS. If we
disregard, the possibility of additional quench-
ing from the ligands, there are significant dif-
ferences in the extended ligand systems be-
tween the two compounds, but the immediate
environments around Eu(l11) are very similar.
To compare the effect of coordination geome-
try on luminescence lifetime, first other
quenching effects must be removed. As we are
comparing DOTA to DOTA-amides, the main
difference is the presence or absence of N-H
oscillators.>® Further, the distance to the cap-
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ping water may influence the observed life-
time.®8 As all these effects are expected to van-
ish in deuterated media, we compare the life-
times in D20, see Table 4. Note that 1-D is a
solid, while the other complexes are in solu-
tion.

Table 4. Luminescence lifetimes of Eu(lll)
in 4N-40-10 coordination geometries (CN
= 9) in deuterated media at 293 K.

Complex Structure Tim (1S)
[Eu(DOTA)(D-O)] CTSAP 962
in1-D
[Eu.L(D,0)]** CTSAP 769
[Eu(DOTA)(D:0)] CSAP 2,174
gFu(DOTAM)(Dzo)] CTSAP 2,439

In solution, we expect that fluctuations in
the coordination sphere result in complexes
with an on-average high coordination sym-
metry. In the solid state, there are no degrees
of freedom or fluctuations, and the coordina-
tion geometry is locked. As we do not see any
other obvious quenching pathways in 1-D
compared to [Eu(DOTA)(D20)] in solution,
we suggest that the effect from the donor-atom
geometry significantly affects the rate of spon-
taneous emission of europium(lll) centers.
The data presented here indicate that sym-
metry — or lack thereof — strongly affects the
observed luminescence lifetime and is compa-
rable to the effect of introducing quenching
agents. Also, at Eu.S1, g = 1 was determined,
which strongly support a low water content in
the complex and makes other energy migration
pathways improbable. We also observe two

distinct lifetimes, which prohibits energy mi-
gration between europium(l1l) centers. Thus,
we arrive at the conclusion that the lumines-
cence rate constant kum (or Einstein’s probabil-
ity of spontaneous emission - A) for
[Eu(DOTA)(H20)] in the asymmetric Eu.S1
is twice that of [Eu(DOTA)(H20)] in solution.
The difference in the powder spectrum of 1-H
and the single crystal spectra of 1-H and 1-D
is clearly seen in Figure 4. Because of the three
coordinating water molecules in Eu.S2, we ex-
pect a larger degree of quenching of lumines-
cence than for Eu.S1 at room temperature. At
lower temperatures, the quenching is reduced
and the contribution to spectral profile coming
from Eu.S2 becomes more pronounced. It is
also worth adding that the powder spectrum
represents the average structure, whereas the
single crystals represent the structure at that
given orientation of the crystal. Note the twin-
ning of the crystal implies that more than one
molecular orientation is always present. The
most pronounced effects of crystal orientation
(from Figure 5) was observed for the AJ = 4
transitions, where there is very noticeable in-
crease in the 704 nm peak upon rotation. We
assign this emission line to Eu.S2, as Bettinelli
et al. observed a very intense peak for the tran-
sition at 704 nm to an eight-coordinated
Eu(lll) in a distorted square antiprismatic ge-
ometry.%® Here, the metal ion is doped into a
CasSc2Siz012 garnet structure, and is solely co-
ordinated by oxygen atoms. The unusual inten-
sity is attributed to the reduced symmetry in
the geometry of the donor-atom environment.
Figure 5 shows that we observe a similar in-
crease in peak intensity at 704 nm for 1-D at
position 2. To investigate this further, the deu-
terated crystal was rotated 90 degrees in incre-
ments of 10 degrees. At every step an emission
spectrum was recorded to observe changes in
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the peak profile. The full spectra and an en-
larged view of the 700 nm band are shown in
Figure 6.

—— Position 1
—— Position 2

Intensity (norm.) / a.u.

T T T T T T T
580 600 620 640 660 680 700
Wavelength / nm

1 T —— Position 1

—— Position 2|

0.6 -

Intensity (norm.) / a.u.

0.0

T T T T T T T T
680 685 690 695 700 705 710 715
Wavelength / nm

Figure 6. Top: Normalized emission spec-
tra of 1-D turned 90 degrees with respect to
the beam in increments of 10 degrees from
position 1 (red) to position 2 (purple). Exci-
tation = 394 nm Bottom: Enlarged spectrum
from 680 nm to 715 nm.

The starting point corresponds to the spectrum
recorded at position 1 (Figure 5). Here, Eu.S1
is the dominant site as only one lifetime can be
observed. As the crystal is rotated, the peak
profile starts to resemble the powder spectrum.

Based on this and the observations from Betti-
nelli et al, we can see that the Eu.S2 compo-
nent increases as the crystal is rotated. Thus,
we can relate the observed luminescence to the
contribution coming from each Eu(l1l) site and
directly see that the amount of intensity com-
ing from Eu.S1 and Eu.S2 changes depending
on the angle of the crystal towards the incident
beam.

CONCLUSION

We have developed a procedure that reproduc-
ibly provides crystals of a homometallic het-
erotrinuclear europium(l1l) complex. The
structure of
[Eu(nO)s(OH2)3][Eu(DOTA)(H20)]Cl is the
first reported, which contains a capped twisted
square  antiprism  (CTSAP) form  of
[Eu(DOTA)(H20)] with Eu(l1l) centers acting
as cation and anion. Having prepared crystals
of the protonated and deuterated forms of the
complex, the luminescence emission spectra
and lifetimes of each of the two sites — free
Eu(lll) ions and [Eu(DOTA)(H20)] com-
plexes — in the crystal was determined. We
found that crystal packing can largely effect
the geometry of the DOTA ligand system, and
that the enforced asymmetric coordination en-
vironment in
[Eu(uO)s(OH2)3][Eu(DOTA)(H20)]2Cl  re-
sults in decreased luminescence lifetimes. A
fact that we tentatively ascribe to an asym-
metry induced increase in the rate constant of
luminescence. The presence of two lumines-
cent sites in the complex
[Eu(uO)s(OH2)3][Eu(DOTA)(H20)].Cl com-
plicates further analysis. Therefore, the next
step IS to prepare
[Ln(nO)s(OH2)3][Ln'(DOTA)(H20)].CI  to
further elucidate the effect of asymmetry in
lanthanide luminescence.
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Supporting Information.

The following files are available free of
charge: Compilation of emission spectra,
emission decay profiles, description of single
crystal spectroscopy setup, crystal packing,
powder XRD diffractogram, chart of structure
of macrocyclic ligands, and absorption spec-

trum (PDF) and crystal structure (CIF).
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