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Modularmixedmetal-organicframeworkswithlanthanidecentres2- and 4-connected nodes) with a total Schafli symbol of

M4[M12V240,4(OH)g(Hohedp)s(Hhedp)16(H20)644n]"
88+y(H,O) (M3* = Y3+ Ce**, Sm?®*, Eu®*, Tb3*, Gd3*, Er’%
Hshedp = etidronic acid), have been reported. The com-
pounds have been prepared by (i) slow evaporation of the
solvent to afford large single-crystals of the Y3*, Ce®* and
Er®*compounds and (ii) facile one-pot synthesis (at ambient
conditions) overnight to yield microcrystalline Y3+, Ce3*,
Sm?3+, Eu®*, Tb3* and Gd®* solids. Framework construction
has been shown to be modular and based on the self-as-
sembly of cyclic trinuclear [V303(OH)(Hzhedp)(Hhedp),]%"
anionic units with cationic {MOg} or {MOg} aqua-based lan-
thanide complexes (with dodecahedral, square antiprismatic
or tricapped trigonal prismatic coordination geometries),
which gives rise to unprecedented trinodal networks (having

{4.82.102},{42.8%}{8},. The anionic charge of the networks is
balanced by highly disordered trivalent lanthanide cations in
the channels. The compounds have been studied by single-
crystal and powder X-ray diffraction, vibrational spec-
troscopy (FTIR), thermogravimetry, optical and scanning
electron microscopy and elemental analysis. The photolumi-
nescence properties of selected compounds have been inves-
tigated. Intriguingly, the co-existence of V4* and Eu®* cations
in the same material allows the fine tuning of the photolumi-
nescence emission from white to purplish-blue, by changing
the excitation wavelength.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Crystalline coordination-based, multi-dimensional com-
pounds, known as coordination polymers or metal-organic
frameworks, MOFs, are amid the most investigated materi-
als in the last decade.l! The seemingly endless combination
of various metal centres with multipodal organic ligands
results in the formation of fascinating architectures, which
may lead to applications of industrial interest. Examples of
the applications of functional MOFs encompass sensors
(for solvents,!”l pH or gasesl]), gas storage,* batteries!® and
magneticl® and photoluminescent!”? materials. The design
of MOF structures is currently based on typical bottom-up
synthetic approaches that use the concept of rigid building
blocks (secondary building units — SBUs). This strategy has
been successfully employed for inorganic frameworks,®! and
among MOFs, the most striking examples of structure solu-
tion that uses the SBU concept are those of the MIL-100
and MIL-101 materials.”! We have been interested in the
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design and preparation of novel MOF materials!'”! as-
sembled from lanthanide cations!'!'# and organic ligands
containing carboxylatel'!'! or phosphonatel!>!3 binding
groups. The latter mimic the tetrahedral geometry of the
building units of zeolites and may also direct the formation
of highly robust frameworks.

Etidronic acid, Hshedp, is a flexible bisphosphonic acid
molecule, which has been largely self-assembled with both
transition metals'> and lanthanides.''31!81 Our work with
this ligand encompasses 2D/3D systems exhibiting, for the
first time, single-crystal-to-single-crystal crystal conver-
sion,[!3! chain-type photoluminescent materials templated
by 1,4-diaminobutane!'® and the formation of hexameric
[Geg(12-OH)(C,H404P5)6]° moieties that close pack with
aromatic ambidentate molecules to form supramolecular
organic—inorganic crystalline hybrids.['”]

Whilst searching the literature, an unusual cyclic trinu-
clear anionic unit, described by Aleksandrov and co-
workers, came to our notice, which is composed of Hs -
hedp™ residues and V#* centres.*’l This unit, which has
much potential for the crystal engineering of multi-dimen-
sional MOF structures, has not been previously used for
this purpose. Indeed, it (i) is a highly negatively-charged
“brick”, which requires the presence of several cations to
balance the crystal charge, (ii) contains several exo-oxygen
atoms (from six phosphonate groups) available for coordi-
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nating a large number of metal centres, and (iii) is a unit
with a large volume and triangular geometry that may pre-
vent effective close packing in the solid and, thus, may di-
rect the self-assembly of frameworks with large empty vo-
ids. Zheng and co-workers recently reported a similar ap-
proach for the use of dimeric [Ruy(Hhedp),(H,0),]*  an-
ionic units to produce layered and 3D lanthanide—organic
frameworks with PtS topology.l'”]

Here, we wish to report the use of the cyclic trinuclear
anionic unit of Aleksandrov et al. as an effective and robust
SBU for the construction of a series of 3D modular trinodal
(with 2- and 4-connected nodes) mixed-metal-organic
frameworks, M4[M 1 2V24024(OH)8(H2hedp)g(Hhedp) 16
(H50)644,]:88+1(H,0) (where M3* = Y3* Ce¥*, Sm’*,
Eu®*, Tb**, Gd** and Er**). This SBU unit may be pre-
pared at room temperature and it self-assembles with lan-
thanide centres to afford microcrystalline powders in excel-
lent yields. The simultaneous presence in these MOFs of a
transition metal (V#*) and a trivalent lanthanide ion (Eu®*)
leads to compounds that are multi-wavelength emitters,
whose emission colour is easily tuned from white to pur-
plish-blue by simply changing the excitation wavelength.

Results and Discussion

General Considerations of the Synthesis

The series of modular mixed-metal-organic framework
materials, generally formulated as My[M;,V,40,4(OH);g-
(Hyhedp)g(Hhedp),6(H20)64+,]-88+y(H,0) (MP* = Y3,
Ce’*, Sm3*, Eu’*, Tb**, Gd** and Er’**; Hshedp = etid-
ronic acid), have been prepared by two routes: (i) by slow
evaporation of the water of the autoclave mother liquors
(see Experimental Sections), which affords large and well-
formed Y3* (1s), Ce** (2s) and Er** (6s) single-crystals
(Figures S1-S3 in the Supporting Information); (ii) by facile
one-pot synthesis of Y3* (1), Ce’* (2), Sm3* (3), Eu’* (4),
Tb** (5) and Gd*" (7) materials, at ambient temperature,
by adding all reactants together and by magnetic stirring
overnight (see Experimental Section).

Although the materials prepared by route (ii) are poorly
crystalline, phase-purity could be confirmed by several
characterization techniques, in particular powder X-ray dif-
fraction (from whole powder-diffraction-pattern profile fit-
tings by using Le Bail extraction, Figures S4-S8 in the Sup-
porting Information).

It is thus reasonable to conclude that the self-assembly
of the framework occurs in the same way independently of
the synthetic approach adopted. On the basis of this, we
rationalized the construction of the materials in terms of a
typical modular fashion, which is described in detail in the
following sections.

The Anionic [V3;03(OH)(H;hedp)(Hhedp),]* Building
Block

The presence of etidronic acid (Hshedp) and VOSO, in

aqueous solution immediately leads to the formation of
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the cyclic trinuclear anionic unit [V3;O03(OH)(H,hedp)-
(Hhedp),]®, which contains three V** metallic centres at
the corners of a triangle and which is bridged through three
etinodrate residues. These etinodrate residues coordinate
via deprotonated phosphonate groups with typical syn,syn-
bridging coordination modes to ultimately form six-mem-
bered chelate rings with each metal ion (Figure 1). This ri-
gid anionic unit has been reported by Aleksandrov and col-
laborators®? for a crystalline (P63/m) structure with
charge-balancing diethylammonium cations. The asymmet-
ric unit perfectly accommodates one fully-occupied V#*
metal centre and a single etinodrate residue, Hs  hedp ™.
However, in the tetragonal M4[M,V,40,4(OH)g(H,hedp)s-
(Hhedp);6(H20)64+,]-88+y(H,0) [M** = Y** (1s), Ce’* (2s)
and Er3* (6s)] frameworks herein reported, this anionic unit
is generated by mirror symmetry, which requires the pres-
ence of two crystallographically independent V#* centres
and another two Hs_ hedp™ ligands and that one of each
is only half occupied in the asymmetric unit (Figure 1). It
is important to note that even though Hs  hedp ™ does not
show mirror symmetry in the plane containing the two
phosphorus atoms, the coordination to the V4" centres is
not affected if the ligand is “flipped” by 180°. This leads to
statistical disorder associated with the methyl and hy-

1s (Y*) 2s (Ce*) 6s (Er*)
V(1) / V(1) [ 63.5(2)% /36.5(2)% | 68.2(9)% / 31.8(9)% | 58.8(1)% / 41.2(1)%
V(2)/V(2) | 70.2(1)% /29.7(1)% | 64.4(1)% / 35.6(1)% | 83.3(7)% / 16.7(1)%

Figure 1. Schematic representation of the cyclic trinuclear anionic
unit [V;05(OH)(H,hedp)(Hhedp),]®, emphasizing the disorder
and rates of occupancy of the V4* centres for the three single-crys-
tal X-ray determinations. Atoms in the asymmetric unit are repre-
sented by thermal ellipsoids drawn at the 50% probability level,
except for C(2) and O(14) (methyl and hydroxido disordered
groups), which are represented by isotropic spheres of thermal mo-
tion (anionic unit taken from the structure of compound 6s). All
remaining non-hydrogen atoms are represented in ball-and-stick
mode (symmetry transformation used to generate the entire trinu-
clear anionic unit: x, y, 2 — z). Hydrogen atoms have been omitted
for clarity. For selected bond lengths (in A) and angles (in °) see
Tables 1 and 2, respectively.
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droxido groups, a feature that was modelled for this Hs -
hedp ™ residue (see Experimental Section), and ultimately
creates a pseudo-mirror symmetry for this chelating ligand.

Although the cyclic trinuclear unit is generated by dif-
ferent symmetry operations in our crystal structures and in
that of Aleksandrov et al.,*) we also observed positional
structural disorder for the V4 centres: the distances be-
tween the disordered centres are almost identical; V(1)
V(1') and V(2)-+V(2') range from 0.710(2) to 0.784(5) A
and 0.788(5) to 0.895(9) A, respectively. These values are, in
general, significantly different from that reported for the
stand-alone complex [0.908(6) A].2% This disorder was
modelled with refineable rates of occupancy, which con-
verged to the values shown in Figure 1. It is interesting to
note that in the crystal structure of the stand-alone trinu-
clear anionic complex, the structural disorder was also ex-
tended into the bridging Hs (hedp ™ anionic ligands (in
particular the oxygen atoms of the phosphonate groups).
This structural feature is completely absent in the single-
crystal determinations of 1s, 2s and 6s, most likely because
of the low temperature used for data collection (150 K vs.
298 K used by Aleksandrov et al.). The coordination geom-
etry of all crystallographically independent V#* centres
(among the three single-crystal X-ray determinations) may
be seen to be very similar and as highly distorted octahedra
[overall ranges for the polyhedral angles: for V(1), 76.3(2)—
104.2(3)° and 153.2(3)-178.2(2)°; for V(1'), 79.3(3)-
102.7(4)° and 156.8(4)-179.6(1)°; for V(2), 76.7(1)-
105.0(2)° and 152.1(4)-178.8(1)°; for V(2'), 77.1(1)-103.4(4)
and 156.1(8)-177.8(6)°; see Table 2 for more details]. For
the most probable coordination environments [V(1) and
V(2)], this coordination geometry may be further envisaged
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as those classified by Boudin et al.?'l as 1+4+1, with one
short (V=0), four intermediate (V-O) and one long (V-O,
trans to V=0) bonds (Tables 1 and 2; Figure 1).

The nature of disorder of each V#* metal centre leads to
the peculiarity that the oxido groups of V(1) or V(2) [O(2)
or O(7), respectively] are in fact a coordinated hydroxido
ligand in the coordination sphere of the less-probable V(1')
and V(2') centres (note the long V-0 distances found in the
2.282(8)-2.489(4) A range, Table 1). In a similar fashion,
the central bridging p;-O(1) atom becomes the oxido ligand
in the V(1) or V(2') coordination spheres. For the two most
probable positions of the V#* centres [V(1) and V(2)], the
trans influence of the oxido group is markedly present, with
the short V=0 bonds [ranging from 1.533(11) and
1.571(7) A]. This effect strongly shifts the metal centres
[average values of ca. 0.40 and 0.46 A] from the equatorial
plane formed by the intermediate V-O bonds [for V(1),
1.975(4)-2.022(6) A; for V(2), 1.981(4)-2.014(6) A]. This
leaves the p3-O(1) atom at unusually large average distances
of 2.54 and 2.90 A [for V(1) and V(2), respectively; Figure 1
and Table 1].

For V(1') and V(2'), the trans influence is not so mark-
edly present; the metal centres are only shifted by ca. 0.35
and 0.39 A, respectively, from the equatorial plane. In fact,
while the V-O bond ranges for the equatorial oxygen atoms
remain essentially unchanged [1.946(6)-2.016(7) A and
1.941(6)-1.996(7) A}, the distances for those expected as be-
ing V=0 are considerably longer [average values of ca. 1.79
and 2.05 A].

Overall, it is possible to distinguish two markedly distinct
conformations for the cyclic trinuclear complex: one with
all V4" centres occupying the “outer” positions (higher

Table 1. Selected bond lengths (in A) for My[M;,V240,4(OH)s(Hohedp)s(Hhedp);6(H>0)g4+,]-88+y(H,0) [where M3+ = Y3* (1s), Ce3*

(2s) and Er3* (6s)] (n = 8 for 2s).

1s (Y?%) 2s (Ce’™) 6s (Er’*) 1s (Y3*) 2s (Ce*t) 6s (Er’*)
M(1)-O(13)  2.274(5) 2.388(5) 2.260(4) MQ)-0(12)  2.251(5) 2.405(5) 2.241(4)
M(1)-O(1W)  2.439(6) 2.563(5) 2.416(4) M(Q2)-O2W)  2.408(7) 2.574(7) 2.374(5)
M(Q2)-O(3W)  2.426(6) 2.542(6) 2.412(5)
MQ2)-0(4W)  2.347(7) 2.565(6) 2.337(5)
M(Q2)-O(5W) - 2.694(12) -
V()-O(1)  2.532(6) 2.634(6) 2.456(6) V(1')-O(1) 1.782(13) 1.852(10) 1.745(7)
V(1)-02)  1.565(11) 1.564(7) 1.571(7) V(1')-0(2) 2.313(4) 2.347(4) 2.282(8)
V(1)-0(3)  1.997(6) 1.983(5) 2.001(4) V(1')-0(3) 1.970(6) 1.946(6) 1.971(4)
V(1)-0(d)  2.022(6) 2.011(5) 2.018(4) V(1')-0(4) 1.998(6) 1.983(6) 2.003(4)
V(1)-O(5)  1.990(6) 1.979(5) 1.975(4) V(1')-0(5) 2.016(7) 2.015(6) 1.993(4)
V(1)-0(6)  1.998(6) 1.991(5) 1.994(4) V(1')-0(6) 1.992(7) 1.975(6) 1.993(4)
VQ2)-O(l)  2.949(1) 2.723(1) 3.039(1) V(2')-0(1) 2.055(17) 1.935(16) 2.173(14)
VQ2)-O(7)  1.533(11) 1.555(11) 1.565(7) V(2')-0(7) 2.489(4) 2.343(1) 2.431(1)
V(2)-O(8)  2.014(6) 2.006(5) 1.987(4) V(2')-0(8) 1.981(7) 1.978(6) 1.941(6)
V(2)-0(9)  1.996(5) 1.993(5) 1.981(4) V(2')-0(9) 1.996(7) 1.991(5) 1.992(7)
P(1)-C(1)  1.823(11) 1.823(11) 1.814(8) P(3)-C(3) 1.841(8) 1.838(7) 1.836(5)
P(1)-0(3)  1.533(5) 1.532(5) 1.527(4) P(3)-0(5) 1.522(6) 1.528(5) 1.524(4)
P(1)-O(10)  1.497(8) 1.501(7) 1.496(6) P(3)-0(8) 1.529(6) 1.536(5) 1.523(4)
PQ)-C(1)  1.825(11) 1.836(11) 1.818(9) P(3)-0(12) 1.502(5) 1.501(5) 1.500(4)
PQ2)-O(4)  1.532(5) 1.539(5) 1.532(4) P(4)-C(3) 1.829(8) 1.839(7) 1.835(5)
PQ)-O(11)  1.513(8) 1.498(7) 1.505(6) P(4)-0(6) 1.528(5) 1.532(5) 1.521(4)
P(4)-0(9) 1.537(5) 1.532(5) 1.534(4)
P(4)-O(13) 1.509(5) 1.507(5) 1.512(4)
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Table 2. Selected bond angles (°) for the V#* coordination environments present in M4[M>V,40-4(OH)g(H>hedp)s(Hhedp)6(H20)6441]
-88+y(H,0) [where M3* = Y3* (1s), Ce3* (2s) and Er’* (6s)] (n = 8 for 2s).[4l

1s (Y3*) 2s (Ce*) 6s (Er’*) 1s (Y3*) 2s (Ce) 6s (Er’*)
0Q)-V(1)-O(1)  178.2(2) 177.92) 177.92)  O(1)-V(1'-0(2)  179.6(1) 178.3(3) 178.3(3)
0Q2)-V(1)-0(3)  102.9(4) 104.2(3) 101.93)  O(1)-V(1'»0(3)  99.1(5) 100.3(4) 98.4(3)
0Q2)-V(1)-O(4)  99.6(4) 99.1(3) 99.53)  O(1)-V(1')-O(4)  100.6(5) 102.7(4) 98.6(3)
0Q2)-V(1)-0(5)  101.8(4) 103.03) 100.73)  O(1)-V(1'-O(5)  101.1(5) 100.5(4) 102.13)
0Q2)-V(1)-0(6)  101.3(4) 102.5(3) 101.13)  O(1)-V(1')-0(6)  100.1(5) 98.6(4) 99.8(3)
0G3)-V(1)-0(1)  77.3(1) 76.9(2) 7772)  O(B)-V(1')-0(2)  81.1(3) 81.2(3) 81.6(2)
0(3)-V(1)-0(4)  88.8(2) 89.1(2) 88.58(17) O(3)-V(1')-O4)  90.2(3) 91.0(3) 89.83(18)
0B3)-V(1)-0(6)  155.8(5) 153.2(3) 157.03)  OB)-V(I'»0(5)  84.6(3) 84.1(2) 85.44(18)
0@)-V(1)-0()  78.6(1) 79.0(1) 784(2)  OB)-V(I'O(6)  160.7(7) 160.9(5) 161.9(4)
0(5)-V(1)-0(1)  80.0(1) 78.9(1) 81.33)  O@)-V(1)-02)  79.13) 77.93) 79.8(2)
O(5)-V(1)-0(3) 84.6(2) 84.1(2) 85.11(17)  O@4)-V(1')-0O(5) 158.3(7) 156.8(4) 159.2(4)
0(5)-V(1)-0(d)  158.5(5) 157.93) 159.63) O(5)-V(1)-0(2)  79.3(3) 79.003) 79.5(2)
0(5)-V(1)-0(6)  91.2(2) 91.1(2) 9130(17) O(6)-V(I'-O2)  79.7(3) 79.8(3) 80.3(2)
0O(6)-V(1)-0O(1) 78.5(1) 76.3(2) 79.4(2) 0O(6)-V(1")-O(4) 87.4(3) 86.7(2) 87.41(18)
0O(6)-V(1)-0(4) 86.6(2) 85.5(2) 86.98(17)  O(6)-V(1')-0O(5) 90.6(3) 90.5(3) 90.82(19)
0(7)-V(2)-0(1)  178.3(1) 178.8(1) 17733)  O(1)-V(2)-O(7)  177.0(1) 177.8(6) 175.5(5)
O(7)-V(2)-O(8)  104.6(3) 103.0(3) 105.02)  O(1)-V(2)-O(8)  103.2(5) 101.1(4) 103.4(4)
O(7)-V(2)-0(9) 103.3(3) 102.0(3) 102.6(2) O(1)-vV(2")-0(9) 100.6(5) 99.5(4) 99.6(4)
O(8)-V(2)-0O(1) 76.7(1) 77.9(2) 76.9(1) O(8)-V(2")-O(7) 78.9(1) 80.4(1) 79.8(1)
O(8)-V(2)-0O(8) 85.13) 86.8(3) 85.5(2) O8)-V(2')-O(8) 86.9(4) 88.3(3) 88.1(4)
0(9)-V(2)-0(1) 75.4(1) 77.2(2) 75.5(1) O(8)-V(2")-0(9) 89.8(3) 90.0(2) 90.1(2)
0(9)-V(2)-0(8) 88.9(2) 89.2(2) 89.07(15)  O(8)-V(2')-O(9)Y  156.1(8) 159.2(5) 156.8(7)
0(9)-V(2)-O(8)Y 152.1(4) 155.0(4) 152.3(2) 0(9)-V(2")-0O(7) 77.3(1) 79.0(1) 77.1(1)
0(9)-V(2)-0(9)Y 83.7(3) 84.1(3) 83.2(2) 0(9)-V(2")-009)Y 83.7(4) 84.2(3) 82.6(3)

[a] Symmetry transformation used to generate equivalent atoms: (v) x, y, 2 — z.

sume that other less-symmetrical conformations exist
within the structure (Figure 2c, d) and that conformational
change might occur simply as a result of thermal motion.

probability of occurrence, Figure 2a), the other with the
metal centres in the “inner” positions (lower probability of
occurrence, Figure 2b). However, it is also possible to as-

V(1) 1 V(1Y)
V(2) 1 V(2)

18 (Y*)

2s (Ce*)

6s (Er)

63.5(2)% / 36.5(2)%
70.2(1)% / 29.7(1)%

68.2(9)% / 31.8(9)%
64.4(1)% / 35.6(1)%

58.8(1)% / 41.2(1)%
83.3(7)% / 16.7(7)%

Figure 2. Schematic representation of the four possible conformations for the cyclic trinuclear anionic unit [V;05;(OH)-
(H,hedp)(Hhedp),]® . For clarity, only one position for the disordered ~C(CH3)OH chemical moiety is represented.
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Although this cannot be modelled by using the collected
single-crystal X-ray diffraction data sets, it would account
for the diffuse electron density found along the axis defined
by each pair of disordered V#* centres. Furthermore, for
the less-probable conformation (Figure 2b), the distances
between the V** centres are considerably smaller [average
values: V(1')V(2') 3.29 A and V(1')~-V(1')Y 3.17 A; sym-
metry code: (v) x, y, —z] than those measured for the most-
probable conformation [Figure 2a; average values: V(1)
V(1)¥ 4.52 A and V(1)+V(2) 4.65 A]. Thus, the increased
steric hindrance in the core of the cyclic trinuclear complex
represented in Figure 2b may explain the unusually long
V=0 bonds (see above) and reinforce the possibility of the
existence of the intermediate conformations described in
Figure 2c,d, which lead to longer intermetallic distances
[average values: V(1')-V(2) 4.06 A, V(1')-V(1)* 3.86 A
and V(2')V(1)' 3.93 A].

Lanthanide M(1) and M(2) SBUs: Coordination
Environments

The most structurally relevant, crystallographically inde-
pendent lanthanide centres are M(1) and M(2), which are
directly coordinated to the [V305(OH)(H,hedp)(Hhedp),]*~
anionic units and establish physical connections and ulti-
mately build up the frameworks. The charge-balancing lan-
thanide cations M(3)-M(5) do not seem to be directly in-
volved in the self-assembly process. M(1) is coordinated to
four-symmetry related O(13) atoms (from the anionic SBU
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units) and to four O(1W) water molecules, {MOg}, with the
overall coordination geometry of a slightly distorted do-
decahedron: for the three crystal determinations, while the
M(1)-O(1W) distances range from 2.416(4) to 2.563(5) A,
those for the M(1)-O(13) interaction are 2.260(4)-
2.388(5) A (Table 1). Interestingly, each bisphenoid of the
dodecahedron contains two water molecules (located at the
inner positions) and two O atoms from phosphonate groups
(Figure 3) — these locations are a direct consequence of the
formation of the spiral chains (see below). The O-M(1)-O

o(w) -

= O(1W)

\ o(13)
M(1)

)
0(13)!

oMWy o(1wy

Figure 3. Schematic representation of the distorted dodecahedral
{MOg} coordination environment of M(1) present in 1s, 2s and
6s. Atoms are represented as thermal ellipsoids drawn at the 50%
probability level. Symmetry transformations used to generate
equivalent atoms: (i) y, 1 —x, 1.5 —z (i) 1 —x, 1 —yp, z; (ii)) 1 — y,
x, 1.5 — z. For selected bond lengths (in A) and angles (in °) see
Tables 1 and 3, respectively.

Table 3. Selected bond angles (°) for the M(1) and M(2) coordination environments present in My[M>V,,0-4(OH)g(H>hedp)s-
(Hhedp)6(H,0)64+,,]-88+y(H,0) [where M3* = Y3* (1s), Ce* (2s) and Er** (6s)] (n = 8 for 2s).12l

1s (Y3Y) 2s (Ce?*) 6s (Er3*) 1s (Y3 2s (Ce*) 6s (Er3*)
O(13)-M(1)-O(13)1  147.7(3) 147.002) 146.40(18) O(12-M(2)-O(12)  115.8(3) 113.9(2) 117.5(2)
O(13)-M(1)-O(13)ii 94.44(7) 94.62(6) 94.79(5) 0O(12)-M(2)-O(2W)¥ 74.8(2) 72.9(2) 74.73(17)
O(13)-M(1)-O(1W) 77.6(2) 78.59(18) 76.64(14)  O(12)-M(2)-O(2W) 73.4(3) 68.9(2) 72.37(18)
O(13)-M(1)-O(IW)  141.9(2) 141.7218)  143.09(14) O(12)-M(2)-O(3W)  144.0(2) 141.45(19)  143.96(16)
0(13)-M(1)-O(IW)i  76.3(2) 74.61(18) 76.42(14)  O(12)-M(2)-OBW)"  74.2(2)  71.62(18) 73.12(15)
O(13)-M(1)-O(IW)ii  70.4(2) 71.22(18) 70.51(14)  O(12)-M(2)-O(4W)  8L.1(3)  71.02(19) 81.4(2)
0(13)-M(1)-O(13) 94.44(7) 94.62(6) 94.79(5)  O(12)"-M(2)-O@4W)  139.4(2)  136.8(2) 138.34(18)
O(13)-M(1)-O(1W)  70.4(2) 71.22(18) 70.51(14)  O(12)-M(2)-O(5W) - 123.03(12) -
O(13)-M(1)-O(1W)  77.6(2) 78.59(18) 76.64(14)  O(12)*-M(2)-O(5W) - 123.03(12) -
O(13)M(1)-O(IW)i  141.9(2) 141.72(18)  143.09(14) O(12)-M(2)-O(4W)"  139.4(2) 136.8(2) 138.34(18)
O(13)-M(1)-O(1W)ii  77.6(2) 74.61(18) 76.42(14)  OQW)-M(2)-O(5W) - 126.9(2) -
O(13)-M(1)-O(13)"  94.44(7) 94.62(6) 94.79(5)  OQW)*-M(2)-O(5W) - 126.92) -
O(13)-M(1)-O(13)ii  147.7(3) 147.002) 146.40(18) O(BW)-M(2-O2W)  140.13)  141.3(2) 140.72(18)
O(13)-M(1)-O(1W)  76.3(2) 74.61(18) 76.42(14)  OGBW)'-M(2)-O2W) 140.1(3) 141.3(2) 140.72(18)
O(13)-M(1)-O(IW)'  70.4(2) 71.22(18) 70.51(14)  OGBW)-M(Q2)-OQW)" 758(3)  74.6(3) 76.8(2)
O(13)-M(1)-O(IW)i  77.6(2) 78.59(18) 76.64(14)  OGBW)-M(2)-O(BW)" 119.3(4) 129.3(3) 120.0(3)
O(13)-M(1)-O(1IW)i  141.9(2) 141.72(18)  143.09(14) OGBW)-M(2)-O(4W)  72.33)  80.0(2) 71.72)
O(13)i-M(1)-O(1W)  141.9(2) 141.72(18)  143.09(14) OGW)-M(2)-O(4W)" 743(3)  81.7(2) 74.9(2)
O(13)F-M(1)-O(1W)i  70.4(2) 71.22(18) 70.51(14)  OGBW)-M(2)-O(5W)  — 64.65(15) -
O(IW)-M(1)-O(IW)i  131.1(2) 131.73(18)  130.52(14) O(BW)*-M(2)-O(5W) — 64.65(15) -
O(IW)-M(1)-O(IW)ii  131.1(2) 131.73(18)  130.52(14) O@EW)-M(2)-OQW)  144.9(3) 138.1(2) 145.83(19)
O(IW)-M(1)-O(1W)ii  71.6(3) 70.7(3) 72.6Q2)  O@EW):-MQ2)»-OQW)¥ 76.7(4)  72.6(3) 78.5(3)
O(IW)_M(1)-O(1W)  71.6(3) 70.7(3) 72.6Q2)  O@EW)-M(Q2)-OEW)¥ 110.6(6) 136.5(3) 109.8(5)
O(IW)-M(1)-O(1IW)i  131.1(2) 131.73(18)  130.52(14) O(@dW)-M(2)-O(5W) - 68.25(17) -
O(IW)-M(1)-O(1W)i#i 131.1(2) 131.73(18)  130.52(14) O(4W)*-M(2)-O(5W) - 68.25(17) -

[a] Symmetry transformations used to generate equivalent atoms: (i) y, 1 —x, 1.5 —z; (i) 1 —x, 1 —y, z; (1)) 1 —y, x, 1.5 — z; (iv) -1/2 +

Y+ x, 15—z
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bond angles along the bisphenoids range between 70.4(2)
and 78.59(18)°, which clearly attests the small distortion de-
gree of the polyhedra (Table 3).

M(2) has physical connections to two anionic SBUs and
is thus composed of more water molecules and is more sus-
ceptible to a larger distortion degree of the coordination
polyhedra. Indeed, in 2s, because of the larger ionic radius
of Ce3*, Ce(2) is coordinated to an extra water molecule,
{CeOy}, relative to the analogous M(2) environment in 1s
and 6s, {MOg} (Figure 4). In the latter two compounds,
M(2) appears in a slightly distorted square-antiprism geom-
etry, with one of the basal planes composed solely of water
molecules [O(3W) and O(4W)] and the other of O(2W) and
O(12) from phosphonate groups. Distortion of the square
antiprism arises essentially from the varying M(2)-O dis-
tances observed for 1s and 6s because of the different chem-
ical nature of the ligands (Table 1). Nevertheless, the in-
ternal O-M(2)-O angles are not very different: for example,
by considering just the basal planes, the angles range from
71.7(2) to 78.5(3)° (Table 3). The inclusion of O(5W) in the
coordination sphere of Ce(2) in 2s leads to modifications of
the coordination environment, which results in a distorted
tricapped trigonal prism. This expansion of the coordina-
tion sphere seems to be only possible because of the larger
ionic radius of Ce** (as emphasized above); the Ce(2)-

MOF structure with a
three-dimensional
system of channels filled
with water molecules and

(\R charge-balancing cations

Close packing of
spirals

o(aw)"

O(4w) o(12)V

o(2w)

Figure 4. Polyhedral representations of the distorted (left) {MOg}
square antiprismatic (1s and 6s) and (right) {MOy} tricapped trigo-
nal prismatic (2s) M(2) coordination environments. Atoms are rep-
resented as thermal ellipsoids drawn at the 50% probability level.
Symmetry transformations used to generate equivalent atoms: (iv)
-1/2 + y, 2 + x, 1.5 — z. For selected bond lengths (in A) and
angles (in °) see Tables 1 and 3, respectively.

O(5W) bond is significantly longer [2.694(12) A] than the
remaining analogous bonds (average value of 2.56 A). The
internal O-M(2)-O angles in compound 2s range from
64.65(15)° [because of the proximity of O(SW) with the
water molecules of the capped face — Figure4] to
141.45(19)° (Table 3).

@c
WH @FP
oM QV
@0 VMR

Spiral channels :

along the c-axis

of the unit cell
T AN

Figure 5. Modular assembly of the SBUs to form the anionic ..’[M,V2,0,4(OH)g(Hshedp)s(Hhedp);6(H20)g4+,,]'> frameworks.
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Connectivity of the [V3;03(OH)(Hhedp)(Hhedp),]|*
Building Block and Modular Framework Construction

The most important prerequisite for the classification of
a MOF as a modular structure is the ability of the constitu-
ent building blocks to exist as separate entities, in solution
or in the solid state. Indeed, all molecular entities described
in the previous subsections exist in such a form (e.g. lantha-
nide cations are present in solution as aqua complexes),
thus supporting the classification of the materials here de-
scribed as modular.

Figures 5 and 6 show schematically how the frameworks
may self-assemble from the individual SBUs; the pivotal
“brick” is the trinuclear [V;O05(OH)(H,hedp)(Hhedp),]*
units. Firstly, the latter and the dodecahedral M(1) centres
organize in spirals along the [001] direction of the unit cell,
and the connectivity imposes M(1)-*M(1) inter-lanthanide
distances in the range 8.0082(1)-8.1203(3) A (1s, 2s and 6s).
Secondly, individual, symmetry-related spirals organize
themselves in the crystal structures in a brick-wall fashion
in the ab plane of the unit cell and are structurally con-
nected to each other through the M(2) centres [M(2):-M(2)
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distances also in the 8.0082(1)-8.1203(3) A range]. We be-
lieve that this self-assembly process occurs as a whole — the
spirals and framework form at the same time.

The relatively large size of the trinuclear [V;03-
(OH)(H>hedp)(Hhedp),]® units results in large voids in the
resulting frameworks, which leads to the existence of vari-
ous types of channels, the most prominent of which runs
parallel to the ¢ axis (Figure 5) and contains a large number
of highly disordered water molecules (see Experimental Sec-
tion dedicated to single-crystal X-ray diffraction studies for
further details on the water content). This self-assembly oc-
curs at ambient temperature, just by magnetically stirring
the reactants, but at the expense of the crystallinity of the
materials (Figures S4-S8 in the Supporting Information).

Charge-Balance of the Lanthanide Cations

The aforementioned connectivity leads to the formation
of anionic MOF compounds with the general formula
"[M2V24024(OH)s(Hohedp)s(Hhedp)6(H,0)64-,]'> . There
are a number of lanthanide cations that balance the crystal

The cyclic trinuclear anionic unit is
connected to four M* centres
[2 M(1) and 2 M(2)].

The central O atom is taken
as a four-connected node

(b)

The coordination sphere of M(1)

comprises four symmetry-related
cyclic trinuclear anionic units and
therefore, this metallic center acts
as a four-connected node

M(2) is only coordinated

to two symmetry-related
cyclic trinuclear anionic units:

two-connected node .

Figure 6. Schematic representation of the connectivity of the nodes forming the anionic ..’[M;>V240,4(OH)s(H>hedp)s(Hhedp)s-
(H50)g4+,]'> framework: the central oxygen atom of the cyclic trinuclear anionic building block and the M(1) centres act as four-
connected nodes, while M(2) are two-connected nodes.
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charge within the spiral channels running parallel to ¢ axis
of the unit cell (Figure 5). These are highly disordered cat-
ions, and no specific coordination environment could be as-
cribed to each crystallographic position (further details on
the location and refinement of these charge-balancing cat-
ions are provided in the Experimental Section dedicated to
single-crystal X-ray structure solution and refinement).

Topological Analysis of the ..3|M;,V,40,4(OH)g(H,hedp)s-
(Hhedp);4(H,0)¢4+,]'*> Framework

The SBU connectivity is more clearly described by using
a typical topological approach in which the network is pro-
gressively reduced to simple central nodes and bridging
rods.??l All topological studies have been performed by
using the software package TOPOS.[>3l Because each SBU
seems to exist as an independent entity in solution and it is
feasible to assume that crystal growth occurs preferentially
at the expense of the addition of each “brick” to the exi-
sting crystallites, each type of unit should be considered as

Figure 7. Topological anionic

representations of  the
«’[M15V240,4(OH)g(Hshedp)s(Hhedp),6(H20)g4+,]'>~  frameworks
viewed along the (a) [001] and (b) [010] directions of the unit cell.
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an individual node of the MOF network. In this sense, the
structure is trinodal (Figures 6 and 7): the trinuclear
[V505(OH)(H,hedp)(Hhedp),]® unit is connected to four
lanthanide centres (4-connected node, Figure 6a), while
M(1) and M(2) bridge 4 and 2 anionic units, respectively,
(4- and 2-connected nodes, Figure 6b, ¢). The total Schafli
symbol is {4.83.10%},{42.8%4}{8},, which was identified by
TOPOS as an unprecedented topology. This was further
confirmed by systematic searches in Reticular Chemistry
Structure Resource (RCSR)P4 and EPINET (Figure 7).1>]

FTIR

FTIR studies have been performed on microcrystalline
powders M4[M 5 V240,4(OH)g(Hyhedp)g(Hhedp),6-
(H0)e4+,]:88+y(H,0) [where M** = Y3* (1), Ce™* (2),
Sm3* (3), Eu** (4) and Tb>* (5)] and single-crystals of Ery-
[Er12V240,24(OH)g(Hohedp)s(Hhedp) 16(H20)64]-88+y(H,0)
(6s). Spectra are almost identical for all compounds and
exhibit the main diagnostic bands of the primary building
blocks (Figure S9 in the Supporting Information).[?6!

The extensive hydrogen-bonding network involving coor-
dinated and uncoordinated water molecules materializes in
the FTIR spectra through the presence of the typical v(O-
H) stretching vibrational modes [very broad band(s) above
3000 cm ™!, not shown] and the §(O—-H--O) and y(O-H---O)
modes at 1338 and 927 cm™!, respectively. Moreover, the
large amount of water also gives rise to a very broad band
at ca. 1640 cm™! with medium-to-strong intensity [6(H-O-
H)] as a result of the in-plane deformation of the water
molecules .

The presence of coordinated anionic Hs  hedp ™ residues
is also clearly visible, particularly below 2000 cm™'. The
v(P=0) stretching vibrational mode appears broadened and
as a redshifted shoulder at 1175 cm ™!, relative to the analo-
gous band for the uncoordinated molecule. This is attrib-
uted to the combined effect of coordination to the M3 cat-
ions (which significantly weakens the P*~O~ bond) and the
presence of strong hydrogen bonds with water molecules.*®!
The coordination of Hs_ hedp™ to M>* is reflected in the
typical symmetrical [vgm,(PO,)] and asymmetrical [Vysym-
(PO,)] stretching vibrational modes of the phosphonate
groups, which appear as very strong bands at 1015 and
1105 cm™!, respectively; the former is significantly shifted to
the red relative to the band of the same vibration for the
uncoordinated organic molecule (ca. 1063 cm™). All spec-
tra indicate that the substituent methyl groups belong to
the Hs  hedp ™ residues through the bands at 1454 and
1378 em™!, respectively, typical of Jym(C-CH3) and
Oasym(C—CH3) deformations.

The crystallographic assumption of the presence of pro-
tonated Hs hedp ~ residues within the cyclic trinuclear an-
ionic unit [V305;(OH)(H,hedp)(Hhedp),]® to balance the
crystal charge is confirmed by FTIR spectroscopy. Indeed,
as previously reported by Afonin et.al,?”) a medium-inten-
sity band assigned to the typical v(P-O-H) stretching vi-

bration is located at 912 cm ™.
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Some important structural arrangements of the cyclic an-
ionic unit are further observed at low wavenumbers: while
a very broad and strong band observed at 650-550 cm ™! is
associated with typical V-O-V stretching vibrational
modes, the band at 979 cm™! may encompass the »(V=0)
vibration.

Thermogravimetry and Variable-Temperature Powder X-ray
Diffraction

The thermal stabilities of 1-5 and single-crystals of 6s
have been investigated by combining thermogravimetry
(Figure S10) and variable-temperature powder X-ray dif-
fraction (VTPXRD) (Figure S11). All compounds exhibit
similar thermal stabilities. Zeolite-type weight losses under
100 °C are attributed to the release of most water molecules
residing in the channels and many of those coordinated to
the lanthanide centres. However, VTPXRD of 6s shows that
this release results in the collapse of the framework, a pro-
cess that settles in before 100 °C and is essentially termin-
ated at ca. 200 °C (Figure S11). In accord, the majority of
the weight loss occurs before 200 °C (Figure S10), which
leads to almost amorphous materials that preserve their
identity until ca. 600 °C. After the latter temperature, ad-
ditional weight loss is observed, which leads to the forma-
tion of inorganic crystalline phases, present at 800 °C (Fig-
ure S11).

Photoluminescence Properties

Figure 8a shows the room temperature emission spectra
of 4 under UV excitation. The spectra display a broad band
at 380-580 nm, superimposed on both the intra-4{° self-ab-
sorption bands attributed to the "F,;—°D, transitions and
a series of Eu’*-intra-4f° lines ascribed to the °D,—’F, and
>Dy—"F, 4 transitions. The broad band is ascribed to the
V=0 bond.?¥ The intra-4f® self-absorption suggests the
presence of radiative vanadium-to-Eu3* energy transfer. By
increasing the excitation wavelength from 290 nm to
350 nm, the relative intensity of the vanadium-related band
increases and the energy, full-width-at-half-maximum
(fwhm) and number of Stark components of the Eu**-intra-
4f° lines change (see below). The selective excitation paths
for the vanadium and Eu®'-related emission were studied
through the acquisition of excitation spectra while monitor-
ing both the broad band emission (at 460 nm) and the
5Dy — ’F, transition (619 nm). The former spectrum dis-
plays a broad charge-transfer (CT) band, which arises from
electron transfer from the oxygen to the V#* ions.[*! Intra-
4f° self-absorption bands attributed to the F ;—°Lg tran-
sitions are also observed. The excitation spectrum moni-
tored within the Eu** emission lines consists of a broad
band with two components at 290 and 350 nm, attributed
to the Eu—O CT bands,* and low intensity intra-4f® peaks,
ascribed to the ’F, ;—°Lg transitions. The low relative in-
tensity of the intra-4{° lines points out that the Eu®* excited
states are essentially populated through the CT bands,
rather than by direct intra-4f® excitation.
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Figure 8. Room temperature (a) emission spectra excited at 290 nm
(1) and 350 nm (2). (b) Excitation spectra monitored at 460 nm (3)
and 619 nm (4) for compound 4. * and ** depict the Eu’*-intra-
4f° 7Fy ;—°D; and the "F, ;—>Lg self-absorptions, respectively. The
inset displays a partial CIE chromatic diagram (1931) showing the
(x,y) colour coordinates of the room temperature emission excited
at 290 nm (1) and 350 nm (2).

Because the vanadium-related emission overlaps with the
Eu** intra-4f° emission, the colour may easily be tuned
from white (0.35,0.29) to purplish-blue (0.17,0.17) by
changing the excitation wavelength, as illustrated in the par-
tial CIE chromaticity diagram (inset in Figure 8b).

In order to get a better insight into the Eu** emission
features, the °D,—’F, 4 transitions were scanned with
higher resolution at two selected excitation wavelengths
(Figure 9). With excitation at 290 nm, a single component
is observed with very low relative intensity for the non-de-
generated Dy—"F, transition and 1 and 2 Stark compo-
nents are observed for the Dy—’F, , transitions, respec-
tively (marked with arrows in Figure 9c-d). By increasing
the excitation wavelength, and despite having the same en-
ergy, the relative intensity of the non-degenerated *Dy—"F,,
transition increases by one order of magnitude and, at least,
5 and 7 Stark components are detected for the *Dy—"F) »
transitions, respectively (marked with arrows in Figure 9c—
d). The Eu** emission dependence on the excitation wave-
length and the Stark splitting of the >Dy—"F , transitions,
whose maximum allowed splitting is 3 and 5, respectively,
4939
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Figure 9. (A) High-resolution room temperature emission spectra excited at 290 nm (1) and 350 nm (2) for compound 4. (b)—(d) show a

magnification of the ’Dy—"F,_ transitions, respectively.

arises from the presence of more than one Eu®* average
local environment, in accord with the crystallographic stud-
ies.

Lowering of the temperature to 12 K (which requires
high-vacuum pumping) results in a decrease in the emission
intensity (most evident for the Eu** ’Dy—"F,, 4 transitions,
relative to that of the vanadium-related component). This
is presumably due to a loss of crystallinity brought about
by (at least) partial framework collapse caused by the re-
moval of the water molecules of crystallization.

Conclusion

The cyclic trinuclear [V;03(OH)(Hshedp)(Hhedp),]®
unit, previously reported by Aleksandrov et al., seems to
spontaneously form in aqueous solution at ambient tem-
perature. This unit is a robust building block for the con-
struction of modular mixed-metal-organic frameworks
containing V#* ions and trivalent lanthanide centres,
My[M5V54054(OH)s(Hshedp)s(Hhedp) 6(H20)64+,]-88+
y(H>0). New compounds were isolated, both as large-single
crystals from the slow evaporation of the solvent (for Y3*,
Ce*" and Er**) and microcrystalline powders by magneti-
cally stirring overnight (one-pot synthesis of Y3*, Ce3*,
Sm?*, Eu**, Tb3* and Gd** materials). Although the latter
route affords less crystalline materials, the reaction period
is reduced from weeks/months to hours, and the yield is
improved.

The self-assembly of the frameworks is a direct conse-
quence of their modular nature (secondary building units —
cyclic trinuclear anionic unit and two lanthanide aqua com-
plexes). The large size of the anionic unit seems to direct
the formation of large channels housing highly disordered
water molecules. Despite the fact that the framework col-
lapses at mild temperatures, these materials are reminiscent
4940
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of zeolites, and the majority of the solvent molecules are
released below 100 °C.

The reported materials exhibit interesting photolumines-
cence properties. Notably, the simultaneous presence of V4*
and Eu?* centres allows a fine tuning of the photolumines-
cence: by simply changing the excitation wavelength, the
emission is tuned from white to purplish-blue.

Experimental Section

General Instrumentation: Sample morphology and identification of
the main constituent elements (EDS) were performed on a Low
Vacuum Scanning Electron Microscope operating at 25 kV, FEG-
SEM Hitachi S-4100, equipped with an energy dispersive X-ray
analysis Romteck System with polymeric window. Samples were
fixed in aluminium holders with adhesive carbon foil and were car-
bon coated. FTIR spectra were collected by using KBr pellets (Ald-
rich, 99%+, FTIR grade) on a Mattson 7000 FTIR spectrometer.
Thermogravimetric analysis (TGA) was carried out on a Shimadzu
TGA-50, with a heating rate of 10 °C/min, under a nitrogen atmo-
sphere with a flow rate of 20 cm*/min. Elemental CH analyses were
performed with a FISONS EA1108 instrument. Optical photo-
graphs were taken with a Stemi 2000 stereomicroscope equipped
with Carl Zeiss lenses and a digital high-resolution AxioCam
MRecS digital camera connected to a personal computer. Variable-
temperature powder X-ray diffraction data for Ery[Er,V,4004-
(OH)g(Hshedp)g(Hhedp);6(H,0)64]-88+y(H,0) (6s) were collected
on a X'Pert MPD Philips diffractometer (Cu-K, X-radiation, 4 =
1.54060 A), equipped with a X’Celerator detector, curved graphite-
monochromated radiation, a flat-plate sample holder in a Bragg—
Brentano para-focusing optics configuration (40 kV, 50 mA), and
a high-temperature Antoon Parr HKL 16 chamber controlled by a
Antoon Parr 100 TCU unit. Intensity data were collected in the
step mode (0.05°, 1 s per step) in the range ca. 4 <20 = 36°. Chemi-
cals were readily available from commercial sources and used as
received without further purification: 1-hydroxyethylidenediphos-
phonic acid (etidronic acid, Hshedp) tetrasodium salt (NayHhedp,
C,H4Na,0,P,,=90% Fluka), vanadium(IV) oxide sulfate pentahy-
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drate (VOSO4-5H,0, 99% Sigma-Aldrich), malonic acid (C3H4O4,
99% Merck—Schuchardt), oxalic acid dihydrate (H,C,04°H,O,
99%, Panreac), cerium(IIl) chloride heptahydrate
(CeCl57TH,0,=98.5% Fluka), samarium(III) chloride hexahydrate
(SmCl5:6H,0,=99% Aldrich), europium(I1I) chloride hexahydrate
(EuCl3-6H,0,=99.9% Aldrich), terbium(I1I) chloride hexahydrate
(TbCl3-6H,0,=99.9% Aldrich), yttrium(III) chloride hexahydrate
(YCl3:6H,0,=99.9% Aldrich), erbium(III) chloride hexahydrate
(ErCl3*6H,0,=99.9% Aldrich) and gadolinium(III) chloride hexa-
hydrate (GdCl5-6H,0,=99.9% Aldrich).

Synthesis of Single-crystals of M4[M{,V,40,4(OH)g(Hhedp)s-
(Hhedp)16(H20)64-+.1-88+y(H,0), M** = Y3* (1s), Ce** (25) (n = 8
for 2s): A mixture containing NayHhedp (0.180 g), C3H40,4
(0.140 g), VOSO,4+5H,0 (0.100 g) and CeCl;*7H,0 (0.460 g) in dis-
tilled water (ca. 5 g) was stirred thoroughly for 30 min at ambient
temperature to yield a homogeneous suspension, with a molar
composition of 1.18:2.19:1.00:2.01:45.28, respectively. This mixture
was then transferred into a PTFE-lined Parr Instruments stainless
steel reaction vessel (ca. 10 cm?), which was then placed inside a
pre-heated oven at 180 °C for a period of 72 h. After the reaction,
the vessel was removed and left to cool to ambient temperature
before opening. A blue aqueous solution was then isolated by filter-
ing a small amount of a white powder, which was then left to stand
at ambient temperature. After one week, large light-blue single-
crystals of 2s were manually harvested from the bottom and walls
of the vial. The preparation of 1s followed the same experimental
procedure but instead YCl;-6H,O (0.370 g) was used.

Synthesis of Single-crystals of Ery|Er{,V,40,4(OH)g(Hhedp)s-
(Hhedp);6(H,0)64]-88+y(H,0) (6s): A mixture containing
NayHhedp (0.150 g), VOSO,4-5H,0 (0.100 g) and ErCl;-6H,0
(0.260 g) was dissolved in distilled water (ca. 6.5 g) under con-
tinuous and vigorous magnetic stirring at ambient temperature.
The pH of the reaction mixture was adjusted to ca. 1 by adding
oxalic acid (0.08 g). The resulting mixture was then transferred into
a PTFE-lined Parr Instruments stainless steel reaction vessel (ca.
10 cm?) and placed inside a preheated oven at 150 °C over a period
of 72 h. After the reaction, the vessel was allowed to cool slowly
to ambient temperature before opening. A blue powder was found
at the bottom of the reaction vessel and easily separated by fil-
tration. The light-blue mother liquor was moved to a clean glass
tube, and the solvent was allowed to evaporate slowly over one
month, which resulted in a large quantity of well-shaped, light-blue
single-crystals suitable for single-crystal X-ray analysis. Selected
FTIR data: v(O-H, water) = 3680-3140 (vs br.), 6(H-O-H, water)
= 1639 (v8), Oasym(C—CH3) = 1450 (W), dgym(C-CH3) = 1383 (w),
6(0O-H-+0) = 1330 (w br.), o(P=0) = 1178 (s sh.), vasym(P—Ocoora)
= 1112 (vs br.), 05ym(P—Ocoora) = 1018 (vs), v(V=0) = 981 (s sh.),
v(P-O-H) and y(O-H--+0) = 928 (m) and 909 (m), v(P-O) and v(P—
C) = 822 (m br.), o(V-O-V) = 605 (s br.) cm™'. TGA data (weight
loss in%) and derivative thermogravimetric peak (DTG, in italics
inside the parentheses): 24-700 °C — 31.6% (82 °C). EDS Er/V/P
molar ratio = 1:1.4:3.8. Elemental Analysis (in%): found C 4.82,
H 3.90.

Facile One-Pot Synthesis at Ambient Temperature of Microcrystal-
line Powders

M4[M2V240,4(OH)s(H;hedp)s(Hhedp);4(H2O)64+,]-88+y(H,O)
(1-7): Microcrystalline powder samples of My[M;,V,,0,4(OH)g-
(Hohedp)g(Hhedp)is(H>0)g4+,,]-88+y(H,0) [M** = Y3* (1), Ce™*
(2), Sm3* (3), Eu?* (4), Tb3* (5) and Gd3* (7)] were readily synthe-
sized by one-pot synthesis at ambient temperature, with vigorous
magnetic stirring and from reaction mixtures in distilled water.
Typically, in order to isolate compound 2 NayHhedp (0.600 g),
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C;H404 (0.580g), VOSO45H,O (0.600g) and CeCly7H,0O
(0.138 g) were mixed in distilled water (ca. 50 g), and the mixture
was magnetically stirred thoroughly overnight, which led to a
heterogeneous mixture from which a large quantity of a microcrys-
talline blue powder (ca. 0.67 g) was isolated by filtration. This was
then washed with copious amounts of distilled water and dried in
air at 70 °C. The remaining compounds were isolated through sim-
ilar experimental procedures by using YCl;-6H,O (1.110g),

SmCl;*6H,O (1.350 g), EuCl;:6H,O (1.350 g), TbCl3;:6H,O
(1.400 g), GdCl;6H,O (1.50g), respectively, instead of
CeCl3'7H20.

Compound 1: Selected FTIR data: v(O-H, water) = 3600-3150 (vs
br.), 6(H-O-H, water) = 1643 (vs), Juym(C-CH3) = 1452 (w),
0sym(C-CH3) = 1377 (w), 6(O-H--O) = 1338 (w br.), o(P=0) =
1176 (s sh.), Vasym(P—Ocoora) = 1115 (Vs br.), vgym(P—Ocoora) = 1018
(vs), v(V=0) = 982 (s sh.), o(P-O-H) and y(O-H:-O) = 927 (m)
and 911 (m), v(P-0O) and v(P-C) = 824 (m br.), o(V-O-V) = 607 (s
br.) cm!. TGA data (weight loss in%) and derivative thermogravi-
metric peaks (DTG, in italics inside the parentheses): 34-525 °C —
32.8% (87 and 301 °C), 525-800 °C — 4.7% (634 °C). EDS Y:V:P
molar ratio = 1:1.6:2.3. Elemental Analysis (in%): found C 4.35,
H 4.28.

Compound 2: Selected FTIR data: »(O-H, water) = 3615-3100 (vs
br.), (H-O-H, water) = 1638 (vs), Jdasym(C-CH;3) = 1454 (w),
Osym(C—CH3) = 1375 (w), 6(O-H--0) = 1332 (w br.), v(P=0) =
1172 (s sh.), Dasym(P—Ocoora) = 1110 (Vs br.), bgym(P—Ocoora) = 1012
(vs), o(V=0) = 974 (s sh.), o(P-O-H) and y(O-H:-O) = 928 (m)
and 912 (m), v(P-O) and v(P-C) = 825 (m br.), v(V-O-V) = 604 (s
br.) cm™!'. TGA data (weight loss in%) and derivative thermogravi-
metric peaks (DTG, in italics inside the parentheses): 23-600 °C —
30.4% (67 °C), 600-900 °C — 3.6% (757 °C). EDS Ce:V:P molar
ratio = 1:1.4:2.3. Elemental Analysis (in%): found C 3.34, H 3.19.

Compound 3: Selected FTIR data: v(O-H, water) = 3550-3158 (vs
br.), 6(H-O-H, water) = 1641 (vs), duym(C-CH3) = 1453 (w),
0sym(C-CH3) = 1377 (w), 6(O-H--O) = 1334 (w br.), vo(P=0) =
1171 (s sh.), Dasym(P—Ocoora) = 1107 (Vs br.), vgym(P—Ocoora) = 1014
(vs), (V=0) = 977 (s sh.), o(P-O-H) and p(O-H--O) = 926 (m)
and 912 (m), v(P-O) and v(P-C) = 824 (m br.), vo(V-O-V) = 605 (s
br.) cm~!'. TGA data (weight loss in%) and derivative thermogravi-
metric peaks (DTG, in italics inside the parentheses): 25-550 °C —
30.5% (82 °C), 550-750 °C — 3.7% (681 °C). EDS Sm:V:P molar
ratio = 1:1.4:2.8. Elemental Analysis (in %): found C 4.18, H 3.81.

Compound 4: Selected FTIR data: v(O-H, water) = 3520-3175 (vs
br.), (H-O-H, water) = 1642 (vs), dasym(C-CH;3) = 1454 (w),
Osym(C-CH3) = 1379 (w), 6(O-H--0) = 1336 (w br.), o(P=0) =
1172 (s sh.), Vasym(P—Ocoora) = 1107 (Vs br.), vgym(P—Ocoora) = 1015
(vs), v(V=0) = 975 (s sh.), o(P-O-H) and p(O-H:~-O) = 929 (m)
and 912 (m), v(P-0O) and v(P-C) = 823 (m br.), o(V-O-V) = 602 (s
br.) cm!. TGA data (weight loss in%) and derivative thermogravi-
metric peaks (DTG, in italics inside the parentheses): 24-600 °C —
28.4% (72 and 134 °C), 600-1000 °C - 3.6% (774 °C). EDS Eu:V:P
molar ratio = 1:1.5:2.9. Elemental Analysis (in%): found C 4.18,
H4.11.

Compound 5: Selected FTIR data: v(O-H, water) = 3550-3195 (vs
br.), 6(H-O-H, water) = 1642 (vs), Juym(C-CH3) = 1454 (w),
dsym(C-CH3) = 1378 (w), 6(O-H--O) = 1336 (w br.), o(P=0) =
1178 (s sh.), Dasym(P—Ocoora) = 1110 (Vs br.), bgym(P—Ocoora) = 1016
(vs), o(V=0) = 977 (s sh.), o(P-O-H) and y(O-H--O) = 929 (m)
and 912 (m), v(P-O) and v(P-C) = 824 (m br.), o(V-O-V) = 605 (s
br.) cm~!. TGA data (weight loss in %) and derivative thermogravi-
metric peaks (DTG, in italics inside the parentheses): 23-500 °C —
29.9% (82 and 316 °C), 500-1000 °C — 3.7% (690 °C). EDS Y:V:P
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molar ratio = 1:1.4:3.7. Elemental Analysis (in%): found C 4.00,
H 3.83.

Single-Crystal X-ray Diffraction Studies of M4[M;,V,40,4(OH)g-
(Hzhedp)s(Hhedp);6(H;0)64+]-88+y(H,0), M3* = Y3* (1s), Ce’*
(2s), Er3* (6s) (n = 8 for 2s): Suitable single-crystals were manually
harvested and mounted on Hampton Research CryoLoops (Fig-
ures S1-S3) by using FOMBLIN Y perfluoropolyether vacuum oil
(LVAC 25/6), purchased from Aldrich. A Stemi 2000 stereomicro-
scope equipped with Carl Zeiss lenses were used.’% It is important
to note that although crystals of 6s (Figure S3) were manually se-
lected from the crystallization vial while still immersed in the
mother liquor, crystals of 1s (Figure S1) and 2s (Figure S2) were
previously dried in open air and at ambient temperature. Visual
inspection under an optical microscope showed that crystal integ-
rity was slightly compromised for 1s and 2s, with a number of
cracks clearly visible on each individual crystal, in particular for
the latter compound as indicated by SEM analysis (Figure S2).
Nevertheless, preliminary single-crystal measurements of different
batch crystals consistently gave the same primitive tetragonal unit
cell as that registered for 6s. Complete single-crystal data sets were
collected at 150(2) K on a Bruker X8 Kappa APEX II charge-cou-
pled device (CCD) area-detector diffractometer (Mo-K, graphite-
monochromated radiation, 2 = 0.7107 A) controlled by the APEX2
software packagel®!l and equipped with an Oxford Cryosystems
Series 700 cryostream monitored remotely by using the software
interface Cryopad.®?l Images were processed with the software
package SAINT+,3] and data were corrected for absorption by
the multiscan semiempirical method implemented in SADABS.[34!

The XPREP interface was used to analyze data symmetry for the
subsequent crystal solution and refinement steps. Systematic ab-
sences suggested two candidate space groups, P4,bc and P4,/mbc,
both having low figures of merit, for the three single-crystal data
sets. By considering the calculated mean |E? — 1| value, the latter
space group was chosen for structure solution by using the Pat-
terson synthesis algorithm implemented in SHELXS-97,1331 which
allowed the immediate location of the majority of the heavy met-
allic centres, particularly the M3* and V#* that compose the anionic
three-dimensional framework. All the remaining non-hydrogen
atoms were located from difference Fourier maps calculated from
successive full-matrix least-squares refinement cycles on F? by using
SHELXL-9713%1 and, when appropriate, refined successfully by
using anisotropic displacement parameters. As a result of the likely
loss of solvent from the channels in the structure (as registered, for
example, for compound 2s — see Figure S2), which can be ac-
companied by a possible decrease in overall symmetry, crystal solu-
tion in the non-centrosymmetric P4,bc space group was also at-
tempted for the three data sets. However, no significant improve-
ment in the quality of the final refined model was observed, and
investigations for the presence of additional symmetry elements
with PLATONDP! further suggested a change in the space group to
P4>/mbc.

Tetragonal unit cells are also known to exhibit twinning by
merohedry.®¥ Preliminary studies that uses the XPREP interface
for the three collected data sets revealed the possibility of such an
occurrence, and the twin law [010 100 00-1] was implemented in
intermediate stages of the refinement processes along with one
BASF parameter. After several cycles of least-squares refinements,
the quality of the crystal solution did not improve, and very large
s.u.s were registered for the BASF parameter, which ultimately sug-
gested that the structure is in fact not twinned. This was further
confirmed by using the program ROTAXI[*! (available with the
software package CRYSTALS),* and also the TWINROTMAT
routines implemented in PLATON.37]
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The three crystal structures contain a common cyclic trinuclear an-
ionic unit, [V305(OH)(H,hedp)(Hhedp),]®, which shares striking
similarities with that previously described by Aleksandrov et al.?]
a few years ago. However, in that initial report this anionic unit
exhibited a sixfold inversion symmetry (i.e. one V*" and one
Hs_,hedp™ in the asymmetric unit), while in the present structure,
the overall symmetry is reduced to a mirror plane. Consequently,
the asymmetric unit of 1s, 2s and 6s contains two crystallographi-
cally independent V4* centres and another two Hs  hedp™ resi-
dues; each moiety is only half occupied. Moreover, as also de-
scribed by Aleksandrov et al. in their crystal structure, the V4*
centres were also found to be markedly affected by statistical posi-
tional disorder occupying either the exo [V(1) or V(2)] or the endo
[V(1") or V(2')] positions in the cyclic unit (see Figure S9). While
in that previous report the ratio was fixed at 2/5:!/5 for the exo/endo
V#* crystallographic positions, respectively, the good quality of the
data sets for compounds 1s, 2s and 6s allowed a sensible free refine-
ment of the rates of occupancy for each pair of disorder centres,
which ultimately converged to the values summarized in Figure 1.
FortheHs  hedp *residuegenerated bymirrorsymmetry,the-OHand
—CH3; moieties attached to the central carbon atom were found to
be disordered and were included in the final structural model with
a fixed rate of occupancy of 50% for each. Moreover, in order to
ensure chemically reasonable bond lengths for these moieties, all
C-OH and C-CH; bond lengths were restrained to common re-
fineable values, which ultimately converged to 1.43(1) and
1.54(1) A, respectively. Carbon and oxygen atoms associated with
these disordered chemical moieties were refined in all structures
with independent isotropic displacement parameters.

In the course of the structure refinement for 1s, 2s and 6s, a con-
siderable smeared-out electron density was found to be located
around the special (1/2, 0, 0) crystallographic position. Initial
attempts to model this electron density by assuming the presence
of highly disordered water molecules of crystallization failed to
produce sensible least-squares overall refinement because of the
discrepancy between F. and F,. By taking the EDS results for all
compounds into account, which suggested the existence of ad-
ditional metallic centres (see experimental section dedicated to the
synthesis) and ruled out the presence of chloride or sulfate anions,
the data was instead successfully treated by assuming the presence
of three crystallographically independent positions for partially-oc-
cupied M3* metallic centres [M(3), M(4) and M(5) — fixed rate of
occupancy of !/5 for each, with a total of up to 4 M3* cations per
unit cell]. This data treatment further allowed a sensible anisotropic
refinement of these cations.

Beside four or five metal-coordinated water molecules located for
structures 1s and 6s or 2s, respectively, nine more crystallographi-
cally independent water molecules (which add up to a total of five
and a half molecules per asymmetric unit) were successfully located
for all structures directly from difference Fourier maps calculated
from successive least-squares refinement cycles. The oxygen atoms
associated with these water molecules could be, in general, refined
by using anisotropic displacements parameters, with the exception
of those closer to the M(3), M(4) and M(5) disordered centres,
which were instead included in the final structural model with inde-
pendent isotropic displacement parameters. Hydrogen atoms asso-
ciated with both coordinated and crystallization water molecules
could not be located from difference Fourier, maps and no attempt
was made to place these atoms in calculated crystallographic posi-
tions. However, these hydrogen atoms have been added to the em-
pirical formulae of the compounds (see Table 4).

The refinement strategy described above allowed the description of
virtually all electron density contained within the channels of the
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Table 4. Crystal and structure refinement data for My[M,V,40,4(OH)g(H>hedp)s(Hhedp),6(H20)p4+,,]-88+y(H,O) [where M3* = Y37 (1s),

Ce3* (2s) and Er?* (6s)] (n = 8 for 2s).

1s (Y3%) 2s (Ce’*) 6s (Er’*)
Formula C6H52044P6V3Y2 C6H54C62045P()V3 C6H52Er2044P6V3
Formula weight 1344.94 1465.37 1501.64
Temperature [K] 150(2) 150(2) 150(2)
Crystal system tetragonal tetragonal tetragonal
Space group P4>/mbc P4s/mbc Pas/mbc
a [é] 23.9796(4) 24.1073(4) 23.9118(3)
b [A] 23.9796(4) 24.1073(4) 23.9118(3)
c[A] 16.0716(5) 16.2406(7) 16.0164(3)
Volume [A3] 9241.5(4) 9438.4(5) 9157.8(2)
zZ 8 8 8
D, [gem ) 1.933 2.062 2.178
#(Mo-K,) [mm] 3.393 2.782 4.542
F(000) 5416 5800 5880
Crystal size [mm] 0.08 X 0.06 X 0.04 0.20x0.14x0.10 0.26 X0.26 X0.15
Crystal type blue prisms blue prisms blue prisms
6 range 3.60 to 29.10 3.59 to 29.13 3.51 to 29.13
Index ranges -32=h=28 -32=h=33 Bl=h=30
N2 =k=32 33 =k=33 32 =k =3l
-13=1=21 20=[=22 2l=/l=16
Reflections collected 102372 143662 112097

Independent reflections
Data completeness

Final R indices [/>2c(1)]™?!
Final R indices (all data)i-!
Weighting schemel!

6362 (Rine = 0.1018)

to 0 = 29.10° (99.1%)

R1 =0.0801, wR2 = 0.2220
R1 =0.1777, wR2 = 0.2737
m = 0.1293, n = 57.7705

6555 (Rine = 0.0377)

to 0 = 29.13° (99.7%)

R1 =0.0707, wR2 = 0.2043
R1 =0.0853, wR2 = 0.2210
m = 0.1066, n = 115.2091

6342 (Rine = 0.0416)

to 0 = 29.13° (99.3%)

R1 =0.0452, wR2 = 0.1320
R1 =0.0601, wR2 = 0.1437
m = 0.0711, n = 76.9327

2.364, -1.278
663033

Largest diff. peak, hole [e A—]
CCDC deposition no.

7.219, —-4.588
663034

2.206, —1.168
663035

[a] R1 = S||F,|-|FJV/ZIE,). [b] wR2 = {S[w(F.2 — FE22VEW(E2 . [c] w = U[cX(F,2) + (mP)> + nP] where P = (F.,2 + 2F.2)/3.

anionic framework. Indeed, the SQUEEZEM! subroutines im-
plemented within the software package PLATON showed that only
ca.165, 150 and 181 A3 of potential solvent accessible volume re-
mained within the unit cells of 1s, 2s and 6s, respectively, which
contains approximately 95 electrons, accounting for approximately
five extra uncoordinated water molecules (not included in the struc-
tures). As a result of the small amount of unaccounted water mole-
cules on the one hand, and the overall quality of the refined struc-
tural models (see Table 4) on the other, the calculated solvent-free
reflection data files calculated with SQUEEZE were not employed
in subsequent full-matrix least-squares refinement cycles on /2.

Hydrogen atoms bound to carbon and to the -OH groups bound
to the central carbon atom of Hs_hedp ~ were placed in calculated
positions by using the HFIX 137 and 147 instructions in SHELXL,
respectively, and refined by using a riding model with an isotropic
displacement parameter fixed at 1.5 times U for the atom to
which they are attached.

Upon completion of the refinement of My[M,V,4,0,4(OH)g-
(H;hedp)s(Hhedp),6(H20)e4+,]-88+y(H,0), where M** = Y** (1s),
Ce** (2s) and Er3* (6s) and n = § for 2s, in P4,/mbc, PLATONI"]
was used to verify the correctness of the structures. No obvious
space group changes were necessary. In particular, the
NEWSYMM routines suggested exactly the same candidates for
the space groups that XPREP found in the initial stages of the
crystallographic study.

The last difference Fourier map synthesis showed: for 1s, the high-
est peak (2.364 e¢A3) and deepest hole (—1.278 e A3) located at
0.86 A from Y(3) and 0.53 A from Y(4); for 2s, the highest peak
(7.219 e A3) and deepest hole (—4.588 ¢ A3) located at 0.73 A from
Ce(2) and 0.68 A from Ce(2); for 6s, the highest peak (2.206 ¢ A-3)
and deepest hole (~1.168 e A 3) located at 0.92 A from Er(3) and
0.31 A from Er(4), respectively.
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Information on crystallographic data collection and structure re-
finement details for My[M;,V,40,4(OH)s(Hyhedp)s(Hhedp);e-
(H50)64+,]-88+y(H,0) [where M3* = Y3* (1s), Ce** (2s), and Er’*
(6s)] are summarized in Table 4. Selected bond lengths and angles
for the M3* and V#* coordination environments of all structures
are supplied in Tables 1, 2, and 3.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre (deposition numbers are given
in Table 4). These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Phase Identification of Microcrystalline Powders by Powder X-ray
Diffraction and Electron Microscopy: Powder X-ray diffraction data
(PXRD) of My[M,V24024(OH)s(Hohedp)s(Hhedp)i6(H20)s4+,]*
88+y(H,0) [where M3* = Y3* (1), Ce3* (2), Sm3* (3), Eu®* (4) and
Tb3* (5)] were collected at ambient temperature (ca. 298 K) on a
X'Pert MPD Philips diffractometer (Cu-K, radiation, A =
1.54060 A), equipped with a X'Celerator detector, curved graphite-
monochromated radiation and a flat-plate sample holder, in a
Bragg-Brentano para-focusing optics configuration (40 kV,
50 mA). Intensity data were collected in continuous scanning mode
in the range ca. 3°=20=50°. The PXRD patterns were indexed
using the automatic powder indexing program DICVOLO044?] by
selecting the first most-intense and well-resolved reflections (the
absolute error on each reflection was fixed at 0.03X20). Le Bail
whole powder-diffraction-pattern profile fittings (one for each ma-
terial) in the space group P4,/mbc were performed with the FullP-
rof. 2k software package,[*3*4 by employing a typical pseudo-Voigt
peak-shape function, and, in the last stages of the fitting process,
the unit cell parameters and typical profile parameters, such as
scale factor, zero shift, Caglioti function values*’! and two asym-
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Table 5. Crystal data for MM, V,4,0,4(OH)g(H>hedp)s(Hhedp);6(H,0)g4+]-88+1(H,0) [where M3* = Y3* (1), Ce3* (2), Sm3* (3), Eu’*
(4) and Tb?* (5)] (ambient temperature) from Le Bail whole powder-diffraction-pattern profile fittings.

1(Y3) 2 (Ce’h) 3 (Sm3*) 4 (Eu®) 5 (Tb3)
Crystal system tetragonal tetragonal tetragonal tetragonal tetragonal
Space group P4,/mbc P4,/mbc P4,/mbc P4,/mbc P4,/mbc
a[A] 23.992(3) 24.085(5) 24.070(2) 24.132(2) 24.051(2)
c[A] 16.109(3) 16.289(5) 16.231(2) 16.222(2) 16.165(1)
Y 16.9 10.1 16.0 15.4 20.4
Fi71 42.0 23.1 37.1 359 48.3
Rprage [70] 2.72 1.50 1.40 2.40 1.27
Ve 1.70 1.01 1.60 1.50 1.95

metry parameters, were allowed to refine freely. Fixed background
points calculated with the WinPLOTR“ interface were employed
throughout the entire angular range. Table 5 collects the refined
unit cell metrics, and Le Bail profile fittings (plus scanning electron
microscopy images) for the microcrystalline powders 1-5 are pro-
vided as Figures S4-S8, respectively. The compound with Gd3* (7)
could only be isolated in small quantities, and, consequently, the
signal-to-noise ratio for the PXRD pattern was very low. Neverthe-
less, indexation (not shown) confirmed the isomorphous nature
with the remaining members of the series.

Photoluminescence Studies: Photoluminescence spectra were re-
corded at 12 K and at room temperature on a Fluorolog-3 Model
FL3-2T with double excitation spectrometer and a single emission
spectrometer (TRIAX 320) coupled to a R928 photomultiplier, by
using the front face acquisition mode. The excitation source was a
450 W Xenon lamp. Emission was corrected for the spectral re-
sponse of the monochromators and the detector by using typical
correction spectra provided by the manufacturer, and the excitation
spectra were corrected for the spectral distribution of the lamp in-
tensity by using a photodiode reference detector. All spectra were
acquired with 15 scans (averaging). The Commission Internationale
d' Eclairage-CIE (x,y) emission colour coordinates were estimated
for the 2° standard observer.

Supporting Information (see also the footnote on the first page of
this article): Crystal morphology of single crystals of 1s, 2s and
6s (optical photographs and SEM images), phase identification of
microcrystalline powders of compounds 1-5 (whole powder-pattern
decompositions with Le Bail extractions), FTIR vibrational spectra
and thermograms for compounds 1-5 and 6s and variable-tempera-
ture powder X-ray diffraction patterns for 6s are presented.
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