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The reaction between (benzene-1,3,5-triyltris(methylene))triphosphonic acid (Hgbmt) and lanthanide
chlorides, under typical hydrothermal conditions (180 °C for 3 days) or using microwave heating

(5 minutes above 150 °C), led to the isolation of an isotypical series of compounds formulated as
[Lny(Hsbmt)>(H,0),]- H,O [where Ln** = La** (1), Ce** (2), Pr** (3), Nd*" (4), (Lag.osEug.0s)°" (5) and
(Lag.osTbys)*" (6)]. Compounds 1 to 4 have been readily isolated as large single-crystals and their
structures determined in the monoclinic C2/c space group using single-crystal X-ray diffraction. All
compounds were thoroughly characterized in the solid-state using powder X-ray diffraction, FT-IR
spectroscopy, thermogravimetry, scanning electron microscopy (SEM and EDS) and elemental
analysis. Solid-state NMR (*'P MAS and "*C{'H} CP MAS) and thermodiffractometry studies have
been performed on the La**-based material. [Ln,y(Hsbmt),(H,0),]- H,O were found to be three-
dimensional frameworks with water molecules (both of crystallization and coordinated to the
lanthanide center), which could be reversibly removed by either heating the materials or by applying
high vacuum. This typical zeolitic behaviour was confirmed experimentally by determining the crystal
structure of the evacuated La**-based material (1-dehyd) using single-crystal X-ray diffraction. This
series of materials was found to exhibit dual functionality: photoluminescence and catalytic activity.
Small amounts (5%) of Eu** and Tb>" cations were engineered into the La**-based matrices,
promoting the isolation of optically active materials. The Hg_,bmt* ™ residues were found to be good
sensitizers of Tb**, with 6 having the remarkable absolute emission quantum yield of ca. 46% (at
280 nm excitation). The zeolitic properties of the Eu*"-based material allowed an increase of the
quantum efficiency from ca. 15% to 54% by removing under vacuum all water molecules in the material.
Based on studies of the La**-based material, these compounds can be employed as effective
heterogeneous catalysts in the ring-opening reaction of styrene oxide with methanol, showing excellent
regioselectivity, recyclability and structural stability in consecutive catalytic runs.

1. Introduction

Metal-Organic Frameworks (MOFs) are hybrid crystalline
materials assembled from metals (or clusters of metals) inter-
connected by way of polytopic organic linkers into multi-
dimensional networks. In this context, design principles of

MOFs rely solely on a careful selection of metals and ligands and
on the employed synthetic method that will be used to promote
crystallization.! Research in the field of MOFs is still growing,
being motivated by either their unique and peculiar structural
architectures®> or by their potential industrial applications.?
Indeed, MOFs, particularly those exhibiting permanent porosity,
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find nowadays a multitude of potential uses or applications in
industry or in devices. They can be employed in the selective
adsorption or separation of gases or molecules (e.g., separation
of CO, from CHy, selective adsorption of H,, separation of
propane from propene),* in the preparation of thin films or
membranes,® in medical applications (e.g., drug delivery, con-
trasting agents),’ in photoluminescent or magnetic materi-
als,>>%*7 as heterogeneous catalysts,® in conductive materials,”®
among others.

Even though the vast majority of MOFs are based on d-block or
main group elements bound to carboxylate- or pyridine-based
groups,'® metal centers such as lanthanides' and distinct organic
chelating groups (such as phosphonates or sulfonates)'? are now
becoming a topical area of research. Lanthanides are of great
importance: on the one hand, structurally their high coordination
numbers and predictable ionic radii reduction along the series may
lead to fascinating framework architectures and modulation;'* on
the other hand, their photophysical properties permit the engi-
neering of functional photoluminescent materials.”” Contrasting
with, for example, carboxylates, phosphonate groups can easily
mimic the tetrahedral building blocks of zeolites, having three
terminal oxygen atoms able to chelate to a multitude of metallic
centres through stronger bonds than carboxylate groups. This can
further lead to more stable networks.

Following our on-going research efforts to design and prepare
novel functional MOF materials based on lanthanide centers
(hereafter denominated as LnOFs),™!3 and specifically designed
organic linkers,' particularly with phosphonate groups, we
report in this paper a new family of dual functional (photo-
luminescent and catalytic) non-porous (i.e., compact) materials
formulated as [Lny(H3bmt),(H,0),]-H,O [where Ln** = La’"
(1), Ce*™* (2), Pr'* (3), Nd** (4), (LagssEugos) (5) and
(Lag 9sTbgos5)>" (6)], based on the tripodal (benzene-1,3,5-triyl-
tris(methylene))triphosphonic acid (Hgbmt) organic linker. Both
this molecule and its trimethylated form have been previously
reported in a handful of structures,' but only the recent structure
reported by Yang et al. with Hg_ ,bmt* ™ residues corresponds to
a true MOF architecture: [Cus(bmt)(H0);3¢6]-H,O."*¢ The
[Lny(H;3bmt)>(H,0),]- H,O system herein reported constitutes,
therefore, to the best of our knowledge, the first example of
robust lanthanide-containing photoluminescent 3D networks
assembled from tripodal Hg_,bmt*™ residues. We show that
[Ln,y(Hsbmt),(H,0),]- H,O materials can be readily isolated as
large single-crystals by hydrothermal or microwave-assisted
synthesis, and that the water molecules (both of crystallization
and coordinated) housed within the structure can be readily
removed (i.e., materials exhibit a typical zeolitic behaviour). This
process was shown to occur in a typical single-crystal-to-single-
crystal fashion, being accompanied structurally by single-crystal
X-ray diffraction studies (for 1) and using photoluminescence
investigations (for 5 and 6). Optically active compounds have
been prepared by engineering into La** matrices Eu**" and Tb**
cations, leading to materials capable of converting UV radiation
into visible light, some with high quantum yields (for Tb>").
[Lay(Hzbmt),(H,0),]- H,O was also found to be a highly regio-
selective, reusable and structurally robust heterogeneous catalyst
in the ring-opening reaction of styrene oxide with methanol
giving 2-methoxy-2-phenylethanol as the only product, under
relatively mild conditions, in 80% yield after 24 h of reaction.

2. Results and discussion
2.1. Ligand design strategy

For the last few years, we have been interested in the preparation
and study of functional MOF materials based on flexible tripodal
organic linkers (employed as primary building units — PBUs). In
this context, we have been progressively replacing carboxylic acid
groups with phosphonic acid groups, and have described a
number of families of structures based on nitrilotriacetic acid,'®
N-(phosphonomethyl)iminodiacetic acid,"**'” N-(carboxymethyl)-
iminodi(methylphosphonic acid)'® and nitrilotris(methylene-
phosphonic acid)3*!® (Scheme 1). These previous investigations
led us to the following conclusions:

(1) The central nitrogen atom core, despite being a suitable
moiety to employ in divergent tripodal organic PBUs, also
promotes a high degree of flexibility of the ligand and conse-
quently supramolecular isomerism; this may be the reason why,
typically, we isolate microcrystalline MOF powders;

(i) Layered materials are usually isolated because the organic
PBUs act as chelating agents of the metal cations and branching
is only facilitated in two directions of the space;

(iii) Because many of these previously reported structures
contain f-block elements, we observed that the absence of suit-
able sensitizers in the organic PBUs (e.g., aromatic rings) led to
poor photoluminescent properties. To boost emission of the
isolated lanthanide—organic frameworks (LnOFs) specific groups
have to be included, such as aromatic rings, so as to promote an
effective antenna effect;

(iv) In addition, the central nitrogen atom appears protonated
in the synthesized MOF structures (as also occurs in the zwit-
terionic forms of the starting organic PBUs), which constitutes
an additional quencher (non-radiative) of the photoluminescent
properties.

The inclusion of aromatic moieties by the removal of the
central nitrogen atom (in blue in Scheme 1) appeared to us as
the next logical step in our pursuit to design more efficient
photoluminescent LnOFs.™ Applying these considerations to
nitrilotris(methylenephosphonic acid), which we recently
employed in the development of a new photoluminescent and

HO,C” >N">CoLH HO,C” N">CoLH
CO,H PO3H,
Nitrilotriacetic acid N-(Phosphonomethyl)imino-
Hsnta diacetic acid
Hypmida
T
HO,C” >N PO;H, Ho0:P” N~ PO3H,
P03H2 P03H2
N-(Carboxymethyl)iminodi- Nitrilotris(methylenephos-
(methylphosphonic acid) phonic acid)
HsCmp HgNmp

Scheme 1 Flexible tripodal organic ligands based on carboxylic and/or
phosphonic acid groups previously used by our group for the preparation
of MOF materials.
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catalytic system,'® we obtain the linker (benzene-1,3,5-triyl-
tris(methylene))triphosphonic acid (H¢bmt): while retaining the
high flexibility associated with the pendant —CH,— moieties,
structural rigidity is also concomitantly increased due to the
central benzene ring.

The crystal structure of Hgbmt was reported nearly a decade
ago by Jaffres et al > but this molecule has been scarcely
employed in either the synthesis of coordination-based
complexes or in traditional Crystal Engineering approaches: the
research group of Clearfield'*® has successfully used Hgbmt in the
solvothermal (water—ethanol mixture as the solvent) preparation
of dimeric complexes of Cu*, [Cu,(Hsbmt),(4,4-bpy)(H,0),]; it
was also employed in the construction of a supramolecular
network extensively studied by X-ray diffraction and solid-state
NMR by the research groups of Montouillout and Jaffres;!
only recently the first MOF structure with Cu®* was reported by
Yang et al.'> It is interesting to emphasize that the trimethylated
derivative of Hgbmt, ((2,4,6-trimethylbenzene-1,3,5-triyl)tris-
(methylene))tris(phosphonic acid), has also been scarcely
studied: besides the reports of a dimeric complex with Ce>" s
and another describing the crystal structure of its monohydrated
form,"* only the same work of Yang et al.'> shows some prog-
ress in the use of this linker to prepare a Cu®* supramolecular
cage and a Co?"-MOF structure.

2.2. Preparation of (benzene-1,3,5-triyltris(methylene))
triphosphonic acid

(Benzene-1,3,5-triyltris(methylene))triphosphonic acid (Hgbmt)
was prepared by a two-step reaction according to published
procedures with small modifications (Scheme 2).2° Synthesis of
Hebmt started with a Michaelis—Arbusov reaction of 1,3,5-
tris(bromomethyl)benzene®! with triethyl phosphite at 120 °C.
Upon completion of the reaction the excess of triethyl phosphite
was removed by distillation under reduced pressure. The inter-
mediate compound L’ [hexaethyl(benzene-1,3,5-triyltris-
(methylene))tris(phosphonate)] was purified by flash column
chromatography and isolated as a colorless oil in excellent yield
(88%). The second step was an acid hydrolysis reaction: L” was
treated with 6 M HCI, for 20 h at reflux, and Hgbmt was

Br
Br PO3Et,
+ Br 120°C,12h
( — EtzOgP
\/o\ on L' PO3Et2
1
R
PO3H, HCI
reflux, 20 h

H,03P.
PO3H,
Hgbmt

Scheme 2 Two-step reaction procedure for the preparation of (benzene-
1,3,5-triyltris(methylene))triphosphonic acid (Hgbmt).

immediately isolated as a white crystalline solid in 92% yield.
H¢bmt and the intermediate L’ were, when possible, character-
ized by spectroscopic (see Materials and methods section) and X-
ray diffraction techniques. Data were compared, whenever
available, with published data: the '"H and *'P spectra of the
intermediate L’ are readily available in the literature and are in
agreement with the data obtained by us;?**?2 the crystal structure
of Hgbmt was described at ambient temperature nearly a decade
ago by Jaffres er al.*>* and agrees well with our low temperature
determination (data not shown). As ESI to this paper we provide
the 13C spectrum of L’ (Fig. S1) and the full liquid character-
ization of Hgbmt (*H, '3C and 3'P spectra in Fig. S2 to S47).

2.3. Synthesis of LnOFs and bulk characterization

Hydrothermal synthesis and the quest for milder synthetic
conditions. The reaction between (benzene-1,3,5-triyltris-
(methylene))triphosphonic acid (Hgbmt) and lanthanide()
chloride hydrates which afforded [Lny(H;bmt),(H,0),]-H,O
materials as large single crystals [where Ln*" = La** (1), Ce** (2),
Pr’* (3), Nd** (4), (Lag.osEug0s)** (5) and (Lag.esTbg0s)*" (6)]
occurred under typical hydrothermal conditions at a temperature
of 180 °C, under autogeneous pressure, over a period of 3 days
(for additional details see the dedicated Materials and methods
section). The structural features of these materials could, there-
fore, be readily unveiled using single-crystal X-ray diffraction
studies as described in the following subsection. Independent of
the lanthanide (or a mixture of lanthanides for the optically
active materials 5 and 6), these conditions were highly

.t

i

iy

v W‘W
Z—j l

A wwy (1

5I 10 115 20 5 3Io
2 Theta (degrees)

Fig. 1 Powder X-ray diffraction patterns for the bulk
[Ln,y(H3bmt),(H,0),]- H,O materials [where Lo** = La** (1), C** (2),
Pr’™ (3), Nd™ (4), (LagssEuo.0s)™ (5) and (Lag.esTbo03)*" (6)].
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reproducible, systematically yielding crystalline products of the
desired phases. Phase purity and homogeneity of the bulk
samples 1 to 6 have been confirmed by using in tandem powder
X-ray diffraction (Fig. 1), FT-IR spectroscopy, and elemental
composition and electron microscopy analyses.

Aiming to investigate if milder conditions could be employed,
the preparation of [La,(H;pmt),(H,0),]-H,O (1) was further
investigated at 100 °C for reaction times ranging from 1 to 3
days. As assessed from powder X-ray diffraction studies (Fig. 1),
the desired pure phase could be readily isolated under all the
tested conditions as large single-crystals (Fig. S5 in the ESIY).
These studies led to the conclusion that these materials can
indeed be isolated under very mild conditions, which is attractive
in terms of process economy (reduced energy consumption and
operation costs).

Following our interest in the use of faster and cleaner reaction
methods in the preparation of MOFs, the synthesis of
[Lay(H3pmt),(H,0),]-H,O (1) was also tested using microwave
irradiation (see dedicated Materials and methods section for
additional details). For reaction periods of 5 minutes, compound
1 could only be isolated as a pure phase for temperatures greater
than 150 °C, also as large single-crystals having the same crystal
habit as that obtained from conventional hydrothermal synthesis
(ascertained by powder X-ray diffraction and SEM images — data
not shown).

Crystal engineering of optically active materials. Optically
active materials containing Eu*" and Tb**" embedded into La**
matrices (see detailed photophysical studies in Subsection 2.5)
were also isolated as bulk microcrystalline materials by including
in the reactive gels 5% of Eu’* or Tb>* salts (in mol; see Materials
and methods section for details). We note that this methodology
of preparing optically active materials permits, on the one hand,
to guarantee that the framework structure is not altered due to
the known lanthanide contraction effect and, on the other hand,
that Eu®* and Tb*' cations are statistically diluted in the
networks so as to prevent self-quenching effects.

Despite the fact that crystal morphology remains approxi-
mately identical with the inclusion of Eu** and Tb*", the overall
crystallite size of the products was slightly reduced when
compared with the single lanthanide phases. Additionally, crys-
tals were also isolated as twinned aggregates (Fig. S6 and S7 in
the ESI{). EDS quantification (not shown) and mapping studies
clearly show that (i) both the Eu®" and Tb*" cations were
included in the prepared LnOFs and that (ii) the distribution of
these elements is completely random in the materials.

Solid-state NMR and FT-IR spectroscopy. As in our previous
studies of LnOFs containing the flexible N-(carboxymethyl)imi-
nodi(methylphosphonic  acid)® and nitrilotris(methylene-
phosphonic acid)'**' organic PBUs, solid-state NMR studies on
isotypical diamagnetic materials can provide fundamental data
on both the composition of the asymmetric unit and phase purity
of the bulk sample due to its high sensitivity. The *'P MAS
spectrum shows the presence of three well-resolved isotropic
resonances peaking at 15.3, 19.7 and 23.4 ppm (Fig. S9 in the
ESIY). In addition, peak deconvolution and integration including
the spinning sidebands yield a ratio of ca. 1.00: 1.04 : 1.01 for
these resonances. The *C{'H} CP MAS spectrum (Fig. S8 in the

ESI+) clearly shows two distinct spectral regions: the 29-41 ppm
spectral range (peaks at 35.4 ppm and 36.8 ppm — shoulder) is
attributed to the —CH,— groups, with its deficiency of spectral
resolution being simultaneously attributed to very similar
chemical environments (for the three expected groups) and to the
likely existence of spin multiplets arising from [Jc)p coupling
(usually in the 5-90 Hz range);*® the aromatic carbon atoms from
the ring appear instead in the 124-139 ppm window (peaks at
129.4, 130.1, 133.1 and 135.7 ppm). In summary, this bulk
technique clearly supports the existence of a single crystallo-
graphically unique H;bmt®>~ organic PBU in the asymmetric
unit. Additionally, and based on the performed photo-
luminescence studies (see dedicated section), the material should
also contain a single independent lanthanide center. These results
are in perfect agreement with the performed crystallographic
studies (see following section).

As also ascertained by powder X-ray diffraction studies
(Fig. 1), vibrational FT-IR spectroscopy studies (Fig. S10 in the
ESIY) clearly support the fact that bulk materials 1 to 6 are
indeed isotypical. Fig. S10F shows the two most relevant regions
of the spectra providing tentative assignments for the most
diagnostic vibrational bands:* those present in the 3700-
2500 cm ™! region arise mainly from stretching vibrations of O—H
(from water molecules, both coordinated and of crystallization,
and the PO-H groups) and -CH,— groups; between 400 and
1700 cm™! the spectra are significantly more complex being
dominated by the vibrational modes associated with coordinated
phosphonate groups, aromatic ring vibrations and the in-plane
deformation of water molecules (peaking around ca. 1600 cm ™).

2.4. Crystal structure description and thermal behaviour

Thermogravimetry and thermodiffractometry of
[Laz(H3bmt)2(H20)2] . HzO. Bulk [Ll’lz(H3bmt)2(H20)2] . H20
materials [where Ln** = La®* (1), Ce** (2), Pr’* (3), Nd** (4),
(Lag.osEug.o5)*" (5) and (Lag osTbo.os) " (6)] exhibit a very similar
thermal behaviour with increasing temperature as listed in the
dedicated Materials and methods section (thermogram for 1
given in Fig. 2; thermograms for 2 to 6 are provided in Fig. S11 in
the ESIt). In order to fully understand the structural modifica-
tions of the materials with temperature, thermodiffractometry
between ambient temperature and ca. 600 °C was performed for
[Lay(Hszbmt),(H,0),]-H,O (1) (Fig. 2). We note that the results
and conclusions described in the following paragraphs have been
experimentally derived only for the La**-based material (1). It is,
however, feasible to assume that all members of this series should
behave in a very similar fashion as, for example, concluded from
the photoluminescent studies on the mixed-lanthanide materials.

Between ambient temperature and ca. 265 °C, 1 releases a total
of 4.9% of its weight in a clear two-step fashion (peaks at 69 and
162 °C). This loss agrees well with the release of the total amount
of water molecules described by the empirical formula (for 3
water molecules a theoretical weight loss of ca. 5.2% is esti-
mated). As found from the crystallographic studies (see below),
the structures house a total of one disordered water molecule
which is readily released in a very early stage: between ambient
temperature and ca. 130 °C there is a continuous weight loss of
1.4% corresponding to the liberation of the solvent of crystalli-
zation (calculated as ca. 1.7%). As observed from the

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Thermogram and variable temperature powder X-ray diffraction study of [La,(H;bmt),(H,0),]-H,O (1).

thermodiffractometry studies, this release induces very small
modifications in the crystal structure. The second stage of solvent
liberation corresponds to those that are coordinated to the La**
centers (see structural details below), occurring between ca. 130
and 265 °C (weight loss observed: 3.5%, calculated: 3.4%): above
ca. 130 °C the powder X-ray diffraction patterns clearly show a
progressive structural modification of the material up to the in
situ formation of the completely dehydrated form, [La(Hs;bmt)]
(1-dehyd). This framework remains structurally stable over a
temperature window of about 150 °C. At ca. 420 °C thermal
decomposition (most probably due to oxidation of the organic
component) settles in, leading to the formation of an amorphous
residue (Fig. 2).

It is worth noting that the complete dehydration of 1 could be
achieved by both increasing temperature (as described above)
and also by placing the material under a high vacuum (as
ascertained from the photoluminescence studies for the mixed-
lanthanide material with Eu®* — see Subsection 2.5). Moreover,
the completely dehydrated materials could readily revert to their
original form on exposure to air. We note that this typical zeolitic
behaviour was tested in situ for a number of cycles with little or
no loss of overall crystallinity being observed. This structural
robustness was of crucial importance to isolate the completely
dehydrated material and unveil its crystal structure by single-
crystal X-ray diffraction studies (see below).

Crystal structure description of [La,(Hzbmt),(H,0),|-H,O and
[La(Hzbmt)]. Large single-crystals of [Ln,(Hsbmt),(H,0),]- H,O
materials [where Ln*" = La*" (1), Ce** (2), Pr’* (3), and Nd**
(4)] were directly harvested from the reaction vessels and their
crystal structure was determined in the centrosymmetric mono-
clinic C2/c¢ space group using single-crystal X-ray diffraction

(Table 1). Phase identification and purity of the mixed-lantha-
nide materials 5 and 6 [where Ln*" = (Lag¢sEugs)>" (5) and
(Lag 9sTbgos)>" (6)] were confirmed using powder X-ray
diffraction, FT-IR spectroscopy and elemental analysis. The
crystal structure of the dehydrated material of 1 ([La(Hs;bmt)],
1-dehyd) was also unequivocally unveiled from single-crystal
X-ray diffraction. The structural details in the following
paragraphs will be, therefore, solely based on the La** materials
(as-prepared and dehydrated), and are assumed to be valid for
the remaining members of the series.

The asymmetric units of 1 and 1-dehyd are composed of a
single crystallographically independent La®* centre and one
entire molecular unit of the deprotonated Hibmt>~ organic
linker. These crystallographic details are in good agreement with
the structural features derived from both the solid-state NMR
studies (see above) and the detailed photoluminescence investi-
gations (see following section). In 1, the La®* center is eight-
coordinated, {LaOg}, to a total of six phosphonate groups (from
six symmetry-related Hsbmt*~ anionic ligands) and one disor-
dered water molecule (over two distinct locations — O1W and
O2W — with 50% of rate of occupancy for each), with the overall
coordination polyhedron resembling a highly distorted capped
pentagonal bipyramid. The removal of the coordinated water
molecule to yield 1-dehyd (by heating above 100 °C with or
without high vacuum) leads to a seven-coordinate environment,
{LaO}, with the overall geometry now resembling a simple
distorted pentagonal bipyramid (the capping position was
occupied by the solvent molecule — see Fig. 3a and b). This
seamless transformation is concomitantly accompanied by only
small adjustments in the geometrical parameters of the coordi-
nation polyhedra, as clearly registered by the tabulated La-O
distances and O-La-O angles presented in Tables 2 and 3,
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Table 1 Crystal and structure refinement data for [Ln,(H;bmt),(H,0),]- H,O [where Ln** = La** (1), C** (2), Pr** (3), and Nd** (4)], and the
dehydrated form of material 1

Cce* (2)

Pr* (3)

Nd** 4)

La** (1) La*" (1-dehyd)
Formula C18H30L3.2021P6 C8H12L309P3
Formula weight 1046.06 496.01
Temperature/K 180(2) 150(2)
Crystal system Monoclinic Monoclinic
Space group C2le C2le
alA 23.5921(6) 24.757(4)
bIA 7.2774(2) 7.1588(13)
c/A 19.7125(5) 19.353(4)
B/° i 106.1760(10) 108.455(7)
Volume/A® 3250.43(15) 3253.6(10)
VA 4 8
D.Jg cm™3 2.138 2.025
w(Mo-Ka)/mm 2.974 2.959
F(000) 2040 1920

Crystal size/mm
Crystal type

0.12 x 0.08 x 0.04
Colourless prisms

0.11 x 0.10 x 0.07
Colourless prisms

0 range 3.60 to 29.13 3.54 to 33.13
Index ranges -32=h=32, —-38=h =38,
9=k=09, -10=k =11,
-26=1=26 -29=1=29
Reflections collected 33829 49 338
Independent 4356 6180
reflections (Riny = 0.0408) (Rine = 0.0233)
Data completeness 260 = 29.13°, 260 = 33.13°,
99.8% 99.9%
Final R indices R1 = 0.0226, R1 = 0.0208,
[I > 26(D]** wR2 = 0.0501 wR2 = 0.0510
Final R indices R1 =0.0310, R1 =0.0229,
(all data)™? wR2 = 0.0535 wR2 = 0.0520
Weighting scheme® m = 0.0229, m = 0.0215,
n=6.7710 n=19.2013
Largest diff. peak 0.690 and 2.426 and
and hole ~0.722 eA™? —0.887 eA™*
CCDC deposition 846599 846598

number

Ci8H30Cer0,1Ps
1048.48

C18H3002,PsPrs
1050.06

C5H30Nd»04,Pg
1056.72

150(2) 150(2) 150(2)
Monoclinic Monoclinic Monoclinic
C2le C2le C2lc
23.3599(13) 23.368(4) 23.419(5)
7.2198(4) 7.2040(11) 7.1793(16)
19.7793(11) 19.745(3) 19.697(4)
106.034(2) 106.262(7) 106.650(14)
3206.1(3) 3190.9(9) 3172.8(12)
4 4 4

2.172 2.186 2.212
3.190 3.406 3.627

2048 2056 2064

0.08 x 0.02 x 0.01
Colourless prisms

0.08 x 0.06 x 0.04
Colourless prisms

0.07 x 0.01 x 0.01
Colourless prisms

3.63 t0 29.13 3.51 to 25.35 3.52t029.12
-3l =h=3l, -27=h=28, —27=h=32,
-9=k=9, —-8=k=6, -9=k=9,
27=1=25 -23=1[1=23 -26=1=26
37 494 7961 18 869

4291 2904 4251

(Rint = 0.0410) (Rine = 0.0864) (Rine = 0.1118)
20 = 29.13°, 260 = 25.35°, 20 = 29.12°,
99.4% 99.0% 99.6%

R1 =0.0226, R1 =0.0497, R1 = 0.0466,
wR2 = 0.0462 wR2 = 0.1043 wR2 = 0.0703
R1 =0.0307, R1 = 0.0998, R1 =0.0974,
wR2 = 0.0486 wR2 = 0.1213 wR2 = 0.0810
m = 0.0189, m = 0.0570, m = 0.0154,

n = "7.2069 n=20 n=20

0.486 and 1.537 and 1.036 and
—0.612 eA™3 —1.756 eA™3 —1.188 eA™3
846600 846601 846602

4Rl =S ||| — |FJIS|F). * wR2 = \/ ) {w(Fg - Fgﬂ /3 [w(Fg)z]. o = U[oXF,2) + (mP)* + nP] where P = (F,2 + 2F2)/3.

respectively. These small modifications are attributed to the
intrinsic need to accommodate the extra coordinative position
left vacant by the liberation of the coordinated solvent molecule.
The La—O bond lengths are, therefore, found in the 2.3365(18)—
2.6908(17) A and 2.3293(14)-2.6459(12) A ranges for 1 and
1-dehyd, respectively. As expected, the reduction in the coordi-
nation number of La>* also leads to an associated reduction of all
bond lengths. It is further noted that the longest La-O
bond lengths registered for both structures [2.6908(17) and
2.6029(16) A for 1; 2.6459(12) and 2.6012(12) A for 1-dehyd — sce
Table 2] are directly associated with the P2 phosphonate group
which has a pivotal role in the structure architectures: besides
being the sole phosphonate group which is O,0-chelated to La**
(bite angles of 55.44(5) and 55.80(4)° for 1 and 1-dehyd, respec-
tively; see Fig. 3a and b), it further establishes physical connec-
tions between three adjacent metallic centres, leading to the
formation of a one-dimensional zigzag lanthanum oxide chain
running parallel to the [010] direction of the unit cell, assembled
from edge-sharing of {LaOg} or {LaO;} polyhedra (Fig. 3c and
d and 4).

The typical zeolitic-type behaviour observed for the
[Lny(Hsbmt),(H,0),]-H,O materials concerning the water
molecules can be rationalized taking solely into consideration the

observed structural features from the crystallographic studies.
Both the coordinated and crystallization water molecules are
located in hydrophilic cavities in the structure distributed in a
parallel fashion to the aforementioned lanthanum oxide chains,
which under high temperatures or high vacuum constitute an
effective escape route for the solvent molecules (Fig. 3c—¢). This
process further leads to modifications in the lanthanum oxide
chains. On the one hand, the observed intermetallic La---La
distance is reduced by ca. 3% from 4.1984(2) A to 4.0864(6) A.
On the other hand, the absence of the water molecules (coordi-
nated and in the cavities), which are engaged in O-H---O
hydrogen bonds with the neighbouring P1 phosphonate groups
(Table 4), induces a modification of the hydrogen bonding
network: the P1-O2-H2 moiety becomes free to rotate and
establish a new interaction with the neighbouring O,0O-chelated
P2 phosphonate group (Fig. 4).

Topological studies of [La,(Hzbmt),(H,0),]-H,O and
[La(Hzbmt)]. The structural complexity of  the
[Ln,y(Hsbmt),(H,0),]- H,O materials described in the previous
subsection, in particular the high connectivity associated with the
phosphonate groups, can be significantly reduced if the networks
are treated mathematically by simplifying them into central
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above ca. 100 °C
(with or without
vacuum)

(Disordered) water
molecule of
crystallization

H,0

Heating

The removal of the water
molecules leads to empty

Coordinated
(disordered)
water molecule

voids which allow
the rapid rehydration of
the material

Fig. 3 Side by side comparison between the La®" coordination environments and crystal packing features of [Las(Hsbmt)>(H,0),]-H,O (1) and
[La(Hs;bmt)] (1-dehyd). (a and b) Distorted {LaOg} and {LaO,} capped and simple pentagonal bipyramidal coordination environments present in
compounds 1 and 1-dehyd, respectively, emphasizing the location of the coordinated water molecule in the former material and the slight modifications
in the local environment induced by its release. For selected bond lengths (in A) and angles (in degrees) see Tables 2 and 3. Symmetry transformations

used to generate equivalent atoms: (i) —%2 + x, =Y+ y, z; (ii) Yo — x, =%

+y, -z () —x,25—y,—z (V) Vo—x, 15—y, —z; (V) x,2 — y, Vo + z.

(c and d) Crystal packing of 1 and 1-dehyd viewed in perspective along the [010] direction of the unit cell. The disordered water molecules of crystal-
lization and those coordinated to the La>" in 1 are depicted in space-filling mode (zoom perspective in (e)) so as to better illustrate the presence of
framework apertures which facilitate the removal of these moieties upon heating of the material. Hydrogen bonding interactions are shown as dashed
dark green lines. For details on the geometry of the represented O-H---O interactions see Table 4.

Table 2 Bond lengths (in A) for the La** coordination environments
present in [Lay(H;bmt)>(H,0),]-H,O (1) and [La(H;bmt)] (1-dehyd)”

La** (1) La** (1-dehyd)

Lal-Ol 2.4660(19) 2.3933(14)
Lal-O3 2.417(2) 2.3720(14)
Lal-04" 2.5628(17) 2.4863(13)
Lal-04" 2.6908(17) 2.6459(12)
Lal-O5'! 2.4990(18) 2.4555(13)
Lal-05" 2.6029(16) 2.6012(12)
Lal-O8' 2.3365(18) 2.3293(14)
Lal-O1W 2.559(6) —

Lal-02W 2.617(6) —

“ Symmetry transformations used to generate equivalent atoms: (i) —%2 +
x, =ty () —x, Yoty VYa—z; (il) Yo — x,2.5 -y, —z; (iv) Yo — x,
15—y, —z(v) x,2 —p, Va+z.

nodes and connecting rods (i.e., bridges between the selected
nodes).?»* Topological studies have been performed using the
software package TOPOS.?¢

As  described in  the  previous  section, the
[Lno(Hsbmt)>(H,0),]-H,O materials, in particular the La**-
based material, exhibit a typical zeolitic behaviour concerning
the solvent molecules. The reversible dehydration-rehydration is
not accompanied by the modification of the local connectivity
associated with the phosphonate groups. Therefore, both
[Lay(H;bmt),(H,0),]-H,O (1) and [La(Hs;bmt)] (1-dehyd) share
the same topology, this being another structural factor which
helps in explaining the observed zeolitic properties. Each crys-
tallographically independent metallic center (La**) was taken as
a network node, with the intermetallic bridges being ensured by
the bridging ligands. Because the tripodal Hsbmt>~ linker
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Table 3 Bond angles (in degrees) for the La’" coordination environments present in [La,(Hs;bmt),(H,0),]-H>O (1) and [La(Hz;bmt)] (1-dehyd)”

1 1-dehyd 1

Ol-Lal-04" 76.16(6) 86.57(5) Ol-Lal-O1W 151.44(13)
Ol-Lal-04" 84.29(6) 84.64(5) Ol-Lal-O2W 145.38(14)
Ol-Lal-O5" 82.18(6) 84.59(5) 03"-Lal-O1W 63.09(14)
Ol-Lal-O5" 75.44(6) 77.62(5) 03"-Lal-O2W 62.82(15)
03"-Lal-O1 144.45(7) 156.00(5) 04"-Lal-O2W 137.62(14)
03"-Lal-04" 75.90(6) 81.81(5) O5"-Lal-O1W 69.26(13)
03"-Lal-04" 94.57(7) 85.68(5) 0O5"-Lal-O2W 68.09(15)
03"-Lal-O5" 130.84(6) 112.73(5) 05'-Lal-O2W 105.32(16)
03"-Lal-05" 74.86(7) 78.77(5) 08-Lal-O1W 77.46(13)
04"-Lal-04" 125.71(4) 126.91(3) 0O8-Lal-O2W 93.70(16)
04"-Lal-0O5¥ 70.64(5) 71.16(4) O1W-Lal-04" 130.36(13)
O5"-Lal-04" 150.85(6) 159.24(4) OIW-Lal-04" 85.94(12)
O5"-Lal-04" 70.16(5) 70.87(4) O1W-Lal-05" 119.67(13)
0O5'-Lal-04" 55.44(5) 55.80(4) O1W-Lal-O2W 16.83(15)
05"-Lal-05" 122.36(4) 124.73(3) 02W-Lal-04" 69.53(14)
0O8-Lal-O1 97.23(7) 106.74(5)

0O8'-Lal-O3" 101.99(8) 93.65(6)

08-Lal-04" 85.42(6) 87.29(5)

0O8-Lal-04" 147.77(6) 145.09(5)

0O8'-Lal-O5" 78.13(6) 77.37(5)

08'-Lal-0O5" 155.97(6) 157.89(4)

¢ Symmetry transformations used to generate equivalent atoms: (i) =%+ x, =%+ y, z; (il) Y2 — x, —Ya+ y, Yo — z; (iii) Y2 — x, 2.5 — y, —z; (iv) Y2 — x,

15—y, —z(v)x,2 —p, Y2+ z

connects to more than two metallic centers (u,),?” its center of
gravity was also taken as a network node (Fig. 5, right bottom
corner). The [Lny(H;bmt),(H,0),]-H,O materials and their
dehydrated forms (exemplified in Fig. 5 for 1 and 1-dehyd) are,
thus, binodal 6,6-connected networks with an overall Schafli
symbol of {4'°.6°}{4'!.6*}. Searches in the Reticular Chemistry
Structure Resource (RCSR)*” and in EPINET? reveal that this
nodal connectivity is, to the best of our knowledge, unprece-
dented among MOF structures.

2.5. Photoluminescence

The inclusion of optically active lanthanide centers (such as Eu**
and Tb>") into the La*" matrix of compound 1 leads to the
formation of new materials capable of converting UV radiation
into visible light at room temperature as shown in Fig. 6 for
[(Lag.9sEug 05)2(H3bmt)>(H>0),]-H,O (5) and [(Lag.osTbo gs)2-
(Hzbmt),]-H,O (6). The excitation and emission spectra, and
the °D4 decay curves of 6 and its dehydrated form,
[(Lag.9sTbg s)(Hsbmt)] (6-dehyd), are provided as ESIL.{ In the
following paragraphs we shall focus our discussion only on the
Eu**-containing compounds. We also briefly discuss the photo-
luminescence properties of the compound [La,(Hsbmt),(H,O),]-
H,O (1), which are characteristic of its organic PBUs and can
only be discerned at low temperatures.

The excitation spectrum of [(LaggsEug os)2(Hsbmt),(H,0),]-
H,O (5) was recorded at 298 and 11 K while monitoring within
the Eu** D, — ’F, transition (Fig. 7a). Both spectra are
dominated by two broad UV bands (240-288 and 288-340 nm)
which may be attributed to w—m* transitions of the organic
PBUs. This attribution was confirmed by recording at 11 K the
excitation spectrum of 1 while monitoring the phosphorescence
emission at 445 nm (Fig. 7a). The sharp lines are assigned to the
7F0’1 - SDI 4, SLG, SGZ 6> 5H3 7 and SFl 5 Eu3+ intra-4j6 tran-
sitions. A similar band assignment of the excitation spectra can

be performed for the fully dehydrated form of 5,
[(Lag.9sEug os)(Hsbmt)] (5-dehyd) (Fig. 7b), prepared in situ by
the dehydration of 5 at ca. 450 K and under a high vacuum (ca.
5 x 107° mbar). For this latter material the intensity of the
UV broad bands are significantly more distinct and the
Eu®* intra-4f® transitions are more noticeable, in particular
the ’Fy — D, transition which is almost absent in 5.

The emission spectra of 5 and 5-dehyd recorded at 298 and 11
K (excited at 393 nm) are provided in Fig. 8a and b, respectively.
The sharp lines are assigned to transitions between the first
excited non-degenerate Dy state and the 'Fy 4 levels of the
fundamental Eu>* septet. Except for Dy — ’F;, which has a
predominant magnetic-dipole character independent of the Eu**
crystal site, the observed transitions are mainly of electric-dipole
nature. The presence of one single line for the Dy — ’F, tran-
sition and the local-field splitting of the 'F 1.2 levels into three and
a maximum of five Stark components, respectively, and
the predominance of the Dy — ’F, transition relative to the
D, — ’F, indicates the presence of a single low-symmetry Eu>"
environment without inversion symmetry in both structures, as
supported by the crystal structure determination (see dedicated
section for details). Eu®* emission is highly sensitive to small
modifications on the first coordination sphere of the metal, such
as the variation of the number and type of coordinated moieties.
Thus, the reversible transformation of 5 into 5-dehyd, due to the
release and subsequent absorption of water molecules, can easily
be accompanied by photoluminescence (Fig. 8¢ and d). Under
the employed experimental conditions (high vacuum), the
structural change on the first coordination sphere of Eu®* starts
at ca. 350 K and is nearly complete at 400 K (Fig. 8c). The
starting form can be regenerated with subsequent exposure of the
dehydrated material to air under normal ambient conditions
(Fig. 8d). We note that these temperatures are slightly distinct
from, but still very comparable to, those observed both in the
TGA measurements and in the thermodiffractometry studies. We
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Removal of the coordinated

water molecules liberates this
terminal -POH group...

[La,(H,bmt),(H,0),]-H,O

(Disordered) coordinated
water molecule engaged
in a single hydrogen bonding
interaction can be removed at the
same time as those occupying the channels

...allowing the formation of
a new hydrogen bonding interaction

with a neighbouring
-POH group

[La(H,bmt)]

4, " m
L%

Decrea;e of the La-:La (™ H
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to 4.0864(6)
y ;,_' ‘ Cc
—< ™

Chain of
edge-shared
distorted {LaO,}
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Fig.4 Fragments of the crystal structures of [La,(H;bmt),(H,0),]- H,O (1) and [La(H3;bmt)] (1-dehyd) showing the lanthanum oxide chains formed by
the edge-sharing of either {LaOg} or {LaO;} polyhedra. The representation depicts how the release of the coordinated water molecules in 1 affects the
hydrogen bonding network present in the crystal structures and the inter-lanthanide distance across the zigzag chains.

attribute the small differences to the fact that the photo-
luminescence studies have been performed under vacuum, which
greatly facilitates the release of all water molecules. Dehydration

Table4 Geometrical details (distances in Aand angles in degrees) of the
hydrogen bonds present in [La,(Hsbmt),(H,0),]-H,O (1) and
[La(Hs;bmt)] (1-dehyd)”

D-H---A dD---A) <(DHA)
1 .

O1W-H2X---02" 2.866(6) 158
O2W-HIX:--02" 2.800(7) 147
02-H2:--O3W 2.559(5) 155
02-H2---0O3W™ 3.136(6) 128
O6-H6---09*"" 2.571(3) 158
O7-H7---09*" 2.594(3) 169
1-dehyd )

02-H2---06™ 2.815(2) 177
06-H6---09*" 2.4906(18) 155
O7-H7---09"™ 2.5903(19) 168

“ Symmetry transformations used to generate equivalent atoms: (vi) 2 —
x, oty Vo—z (i)l —x,p, Yo —z; (vil)) | —x,2 —y, —z; (iX) x, 2 —
» etz

of 5 is accompanied by a boost in the emission efficiency of the
material with a ca. 1.7 fold increase in the integrated emission
intensity (Fig. 8d). The ratio between the integrated intensities of
the 5D() g 7F2 and SDO - 7F1 transitions, I(5DO~>7F2)/I(5D0H7F,)5
known as the asymmetric ratio, was calculated as ca. 2.5 and 4.0
for 5 and 5-dehyd, respectively. These values point to a slightly
more distorted environment of the Eu** coordination poly-
hedron in the dehydrated material (please note: a low value
indicates a lower distortion of local environment for Eu®*,
approaching the ideal case of an inversion center). This result
agrees well with the performed crystallographic studies: while the
release of the coordinated water molecule does not imply a
considerable rearrangement of the coordination polyhedron of
Eu’*, it indeed leads to a more asymmetric environment as the
bond angles to the apical positions of the pentagonal bipyramid
become larger than those between the equatorially connected
atoms.

The ambient temperature (298 K) *Dy lifetime of Eu** of 5 and
5-dehyd was determined by monitoring the emission decay curves
within the maximum of the D, — ’F, transition, using an
excitation at ca. 393 nm (Fig. S12 in the ESIT). The decay curves
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¢ La
@ Organic Linker

Fig. 5 Topological representation of the networks of [La,(Hsbmt),(H>0),]-H,O (1) and [La(Hs;bmt)] (1-dehyd). On the right side there is a repre-
sentation of the individual connectivities of each of the nodes of the network: both the crystallographically independent La®" center and the organic
linker (the center of gravity of the aromatic ring was considered as the node) are connected to six adjacent nodes.

Fig. 6 Visible emission of the [(Lag ¢sEug os)-(H3bmt),(H>0),]-H,0 (5)
and [(Lag.95Tbg 0s5)2(H3bmt)>(H,0),]- H,O (6) materials when irradiated
using a laboratory UV lamp (1 = 254 nm).

were fitted by single exponential functions, yielding lifetimes of
0.60 + 0.01 and 1.60 4 0.01 ms for 5 and 5-dehyd, respectively.
This indicates the presence of an unique Eu®" crystallographic
site and clearly demonstrates the improvement of the decay time
(ca. 2.7 times) with the removal of the coordinated water mole-
cules due to the suppression of emission quenching through the
coupling of the Eu®* excited states with the vibrational states of
the O-H oscillators.

Compounds 6 and 6-dehyd (Fig. S13 in the ESI{) have similar
excitation spectra at ambient temperature (298 K), being domi-
nated by the broad UV band ranging from 240 to 288 nm and
attributed to the ligand excited states. The Tb*' intra-4/® tran-
sitions can be readily visualized after a magnification of the
spectra. The enhancement of the broad UV band on the Tb>"-
containing compounds when compared with the Eu**-based
materials may be explained by a more efficient energy transfer
from the ligands to the Tb*>" cations, promoted by the super-
position with the interconfigurational 4f54" excited states of
Tb*" in this region of the spectrum.?’ The impact of the dehy-
dration process of 6 into 6-dehyd has also been studied: although
in a smaller magnitude with respect to measurable effects, the
emission spectra and °D, decay curves recorded at 298 K

(Fig. S14 and S15 in the ESIt) yield comparable results to those
discussed above for 5 and 5-dehyd.

For reference, the complex photoluminescence properties of 1
are briefly given as ESI to this manuscript (Fig. S16 and S177).
At ambient temperature 1 emits only UV light, with a broad
band peaking at 292 nm attributable to the S; — S transition
arising from the organic PBU. Additionally a broad band
peaking at 405 nm (12 K) appears with the decrease of temper-
ature, presumably originating from the T, — S, transition.
Time-resolved and lifetime measurements recorded at 12 K
(Fig. S16 and S17 in the ESIf) clearly demonstrate the fluores-
cent and phosphorescent nature of the 292 and 405 nm emission
bands, respectively. We note that additional studies are required
to fully understand the extra excitation broad bands at ca.
300 nm and their corresponding emission bands peaking at 410
and 435 nm (Fig. S16 in the ESIY).

Based on the emission spectra, *Dy lifetimes and empirical
radiative and non-radiative transition rates, and assuming that
only non-radiative and radiative processes are involved in the
depopulation of the Dy state, the Dy quantum efficiency, ¢,
has been determined for 5 and S-dehyd. The theoretical rationale
employed in these calculations is provided as ESI.+ The number
of water molecules (1,,) coordinated to Eu®* and Tb>" may be
determined using the empirical formula of Kimura and Kato
(provided in the ESIY),*! also in agreement with the formula of
Horrocks.*? Data, including the absolute emission quantum yield
(measured experimentally), are displayed in Table 5 for
compounds 5, 5-dehyd and 6.

As expected, S5-dehyd has a relatively high quantum efficiency
(54%) when compared to the as-prepared material (15%). This
occurs because of a relatively low non-radiative transition rate
promoted by the suppression of the O-H oscillators associated
with the coordinated water molecules, and the concomitant
increment of the radiative transition rate. The measured
maximum absolute emission quantum yield of 5 (4% at 280 nm)
is, nevertheless, far from the calculated quantum efficiency
indicating that part of the light absorbed into the ligand excited
levels relaxes non-radiatively and does not reach the Dy emitting
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Fig.7 (a) Excitation spectrum of [La,(H;bmt),(H,0),]-H,O (1) at 11 K
(green line) while monitoring the emission at 445 nm, and excitation
spectra of [(Lag osEug os)>(Hsbmt),(H>0),]-H,O (5) at 298 (black line)
and 11 K (red line) while monitoring the Eu** emission at 611.4 nm. (b)
Excitation spectra of [(Lag 9sEug os)(H3bmt)] (5-dehyd) at 298 (black line)
and 11 K (red line) while monitoring the emission at 612.2 nm.

state. In contrast, compound 6 reaches a relatively high absolute
emission quantum yield (46% at 280 nm excitation). Because of
the large energy difference between the emitting levels of Eu**
(°Dy, 578 nm/17 300 cm ') and Tb>* (°Dy, 485 nm/20 620 cm ™)
and the zero-phonon triplet state energy level of the ligands
(estimated at 358 nm/27 930 cm ™! from Fig. S16 in the ESIt), the
energy transfer from the organic PBUs to the Eu®* and Tb*"
does not occur directly to the emitter states, Dy and °Dy,
respectively, but for high-energy levels. The high absolute emis-
sion quantum yield observed for 6 must then be interpreted by a
good balance between absorption, energy transfer and emission
rates. Note that, as the dehydrated materials readily rehydrate at
normal ambient conditions it was not possible to measure their
corresponding absolute emission quantum yields.

2.6. Heterogeneous catalysis

The catalytic performance of [Lay(Hzbmt),(H,0),]-H,O (1) was
investigated in the ring-opening reaction of styrene oxide

(PhEtO) with methanol at 55 °C (Scheme 3). The only reaction
product was 2-methoxy-2-phenylethanol (MeOPhEtOH), which
was formed in 80% yield after 24 h of reaction. It is noteworthy
that in the absence of the heterogeneous catalyst (but under
similar reaction conditions) the conversion at 24 h was only ca.
10%. These results clearly show that 1 exhibits catalytic activity
and excellent regioselectivity in the methanolysis of PhEtO to the
B-alkoxy alcohol product. We note that high conversions were
also reported for Cu- and Fe-based MOFs while using shorter
reaction times and lower temperatures, but lower selectivities to
the B-alkoxy alcohol were also observed (>93%).8¢-33

For comparative purposes the PBUs (organic linker and the
lanthanide precursor) were also tested under similar reaction
conditions as (homogeneous) catalysts (using amounts equiva-
lent to those in the loaded MOF catalyst) in the methanolysis of
PhEtO. In the case of the ligand (Hgbmt), MeOPhEtOH was
formed in quantitative yields within 1 h of reaction, indicating
that the organic PBU is a highly active and selective homoge-
neous Bronsted acid organocatalyst (Table 6), in agreement with
the data reported for other related systems.** When the lantha-
nide precursor (LaCls-7H,0) was employed as the catalyst,
MeOPhEtOH was produced in 71% yield at 24 h reaction (93%
selectivity). Comparably good results have also been reported for
related systems® and also in the cases of ring opening of epoxides
by CeCl; into B-halohydrins and B-haloamines.*®

The recyclability of the catalyst 1 was investigated for three
consecutive batch runs in the reaction of PhEtO with methanol at
55 °C. Prior to reuse, the solid catalyst was separated from the
reaction mixture by centrifugation, washed with n-hexane and
dried overnight at ambient temperature. In all runs MeOPhE-
tOH was always the only reaction product and no decrease in
catalytic activity was observed (Fig. 9). On the contrary we have
observed an increase in the reaction rate from the first to the
subsequent runs, most likely due to an increase in the number of
effective active sites. Structural integrity of the catalyst after the
first and the third runs was investigated using powder X-ray
diffraction and electron microscopy (Fig. 10). These studies
clearly show that despite the large crystals of the as-prepared
catalyst 1 being fragmented during the catalytic process (which
may result in an enhanced amount of effective active sites)
leading to a small loss of overall crystallinity, the framework of
the material remained intact.

In order to get a better insight into the hetero/homogeneous
nature of the catalytic reaction a leaching test was performed for
1 which consisted in filtering the used catalyst (through a 0.20 um
nylon GVS membrane) after 4 h reaction, at 55 °C, and leaving
the reaction solution under magnetic stirring for further 20 h.
The ratio of the increments in conversion in the period of time of
4-24 h of the leaching test to those for the reaction without a
catalyst is equal to 1, indicating that the catalytic reaction is
heterogeneous in nature.

3. Concluding remarks

In this manuscript we have successfully described the preparation
of an isotypical series of functional materials, formulated as
[Lno(Hsbmt)>(H,0)5]-H,O [where Ln** = La** (1), Ce** (2),
Pr’™ (3), Nd™ (4), (Lag.osEug,s)”" (5) and (LagssTboos)™" (6)],
all isolated as phase-pure large single crystals. The structural
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Fig. 8 (a and b) Emission spectra of [(Lag 9sEug os5)2(H3bmt)>(H,0),]- H>O (5) and [(Lag 9sEug ¢s)(Hsbmt)] (5-dehyd), respectively, at 298 (black line)
and 11 K (red line). (c) Partial emission spectra of 5 as a function of temperature and vacuum (Aex. = 393 nm): the spectrum at 298 K was recorded at
ambient pressure (1 bar) and the spectra at 350, 400 and 450 K were recorded under a vacuum of ca. 5 x 107¢ mbar. (d) Partial emission spectra of 5
and 5-dehyd with A, = 393 nm (ambient temperature: 298 K): black line, 5 at ambient pressure; red line, 5 after dehydration at 450 K under a vacuum of
5 x 107° mbar; and green line, after dehydration at 450 K followed by rehydration over a period of one day at ambient conditions (temperature and
pressure). Please note: the green and black lines are nearly perfectly overlapped.
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features and properties of all these materials have been thor-
oughly characterized in the solid-state using X-ray diffraction
(both powder and single-crystal), FT-IR spectroscopy, ther-
mogravimetry, electron microscopy (SEM and EDS), elemental
analysis and solid-state NMR. Materials were found to exhibit
dual functionality, namely photoluminescence (in particular the
Tb** material) and catalytic activity.

Based on our previous studies using flexible tripodal poly-
phosphonate molecules, (benzene-1,3,5-triyltris(methylene))tri-
phosphonic acid (Hgbmt) was carefully designed and selected to
simultaneously promote structural robustness and effectively
sensitize the lanthanide cations in order to boost the photo-
luminescent properties. Even though the synthesis of H¢bmt has

been previously reported in the literature, we have optimized a
new two-step synthesis based on a Michaelis—Arbusov reaction
of 1,3,5-tris(bromomethyl)benzene with triethyl phosphite. This
method allows: (i) the isolation of large amounts of the desired
linker, in (ii) short reaction times and (iii) in high yield and
purity. The final tripodal linker (and its intermediate form) was
fully characterized in the liquid state. The characterization data
provided in the present manuscript complement the up to date
available literature data.

Hydrothermal synthesis was found to be the most efficient
synthetic route for the isolation of all the [Ln,(Hzbmt),(H,0),]-
H,O members in large amounts, large crystals and as phase-pure
materials. It was discovered that temperatures as low as 100 °C

Table5 Experimental 5Dy lifetime, t; radiative, k,, and non-radiative, k,,, transition rates; °D, quantum efficiency, ¢; absolute emission quantum yield,
n; and the estimated number of water molecules, ny, for [(Lag9sEug gs)>(H3;bmt),(H,0),]- H>O (5) and [(Lag 9sEug 0s)(Hsbmt)] (5-dehyd). The experi-
mental °D, lifetime, ©; absolute emission quantum yield, 7; and the estimated number of water molecules, n,, are also given for
[(Lag.o5Tbg.05)2(H3bmt),(H,0),]-H,O (6). Data have been obtained at ambient temperature (298 K)

Compound 7 [ms] ke ls™'] Foe [s7"] q [7] N [70] (Agxe.; nm) ny!
5 0.60 + 0.01 248 1418 15 4 (280)/1 (393) 1.1
5-dehyd 1.60 + 0.01 337 288 54 - 0

6 1.63 + 0.01 — — — 46 (280)/3 (376) 1.4

“ Values calculated following the studies of Kimura and Kato.*! From the Horrocks’ formula we obtain similar values for 5 and 5-dehyd (1.23 and —0.02,
respectively).*?
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Heterogeneous Catalyst:
[Laz(Hzbmt)o(H20),]H20

O/

CH,OH

OH

Scheme 3 Reaction of styrene oxide with methanol, in the presence of
the heterogeneous catalyst [La,(H;bmt),(H,0),]-H,O (1), to produce 2-
methoxy-2-phenylethanol.

Table 6 Ring-opening reaction of styrene oxide with methanol at 55 °C*

b

Reaction time Conversion Selectivity®
Catalyst (h) (%) (%)
None 24 10 100
Hebmt 1 100 100
LaCls-7H,O 4/24 27171 93/93
1 4/24 10/80 100

“ Reaction conditions: PhEtO (0.41 mmol), catalyst (20 mg), alcohol
(1 mL). ® Conversion of PhEtO. ¢ Selectivity to MeOPhEtOH.
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Fig. 9 Catalytic performance of compound [La,(Hs;bmt),(H,0),]-H,O
(1) in three consecutive batch runs of the reaction of styrene oxide using
methanol at 55 °C.
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Fig. 10 Characterization (SEM imaging and powder X-ray diffraction)
of the recovered [La,(H3bmt),(H,0),]- H,O (1) catalyst after each batch
run. Results clearly indicate that the crystal structure of the material
remains unaltered throughout the performed catalytic tests. For
comparative purposes the PXRD pattern of the bulk material 1 is also
depicted. Please note: the distinct signal-to-noise ratios of the PXRD
patterns are a consequence of distinct acquisition periods.

seem to also lead to these compounds (tested for 1 day for the
La**-based material). Remarkably, under microwave irradia-
tion, temperature appeared to be a crucial element in the self-
assembly process: for 5 minutes of reaction time, phase-pure
materials can only be isolated for temperatures greater than
150 °C. These results clearly indicate that by systematically
investigating the synthesis of this isotypical system of LnOFs it
might be possible to derive optimal conditions to isolate them in
the shortest possible period of time. Moreover, and based on our
investigations on the use of microwave irradiation,?” it might
even be possible to control either crystal morphology or size, or
even both, or even find new materials. These investigations are
currently underway in our laboratories.

[Ln,y(Hsbmt),(H,0),]- HO materials were found to be three-
dimensional LnOFs, built up on a single crystallographically
independent lanthanide center, trapping solvent water molecules
(both of crystallization and coordinated to the lanthanide
center). As expected, the anionic H;bmt>~ linker was found to be
a rather robust organic PBU, leading to materials which exhibit a
typical zeolitic behaviour: by heating or applying a high vacuum,
all water molecules could be reversibly removed from the struc-
tures; this process was shown to occur without loss of crystal-
linity or modification of the overall topological features (both
the as-prepared and dehydrated materials are novel binodal
6,6-connected architectures).

This typical zeolitic behaviour was found to have important
consequences in the observed photoluminescent properties.
Firstly, the removal of the water molecules from the Eu**-based
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material leads to a concomitant increase of the quantum effi-
ciency from ca. 15% (for the as-prepared compound) to ca. 54%.
Secondly, the Tb** compound shows the remarkable absolute
emission quantum yield of ca. 46% (at 280 nm excitation)
reflecting a good balance between absorption, energy transfer
and emission rates. The catalytic activity of the La**-based
material 1 was tested in the ring-opening reaction of styrene
oxide with methanol, and it was found that: (i) the material acts
as a truly heterogeneous catalyst; (ii) it exhibits an excellent
regioselectivity towards 2-methoxy-2-phenylethanol, which is
always the sole reaction product; (iii) it can be recycled by simple
and efficient regeneration processes; and (iv) activity increases
with the catalytic runs without a significant loss of crystallinity or
modification of the crystal structure.

Future research in our laboratories, in particular that based on
the use of Hgbmt as an organic linker precursor, will be as
mentioned above focused at the optimization of the hydro-
thermal synthesis to reduce synthesis times and also reduce
crystallite size. We note that these are two important require-
ments for the eventual use of these [Lny(H;bmt),(H,0),]-H,O
materials in possible industrial applications and devices. Because
He_,.bmt™™ residues seem to be much better sensitizers than our
previously employed organic tripodal linkers, future work will
also be greatly devoted to the design of novel molecules so as to:
(i) retain the observed energy-transfer efficiency for Tb**; (ii)
improve the photoluminescence properties of Eu®*, mainly by
promoting a red-shift of the absorption band of the ligand so that
the triplet states can also efficiently sensitize this optically active
lanthanide; and (iii) build up on the increased structural
robustness observed for the [Ln,(H;bmt),(H,0),]- H,O materials
and design ligands that can promote the existence of larger
channels which may, for example, boost the catalytic activity or
allow the selective adsorption of gases.

4. Materials and methods
4.1. General instrumentation

SEM (Scanning Electron Microscopy) images and EDS data
were collected using either a Hitachi S-4100 field emission gun
tungsten filament instrument working at 25 kV or a scanning
electron microscope SU-70 working at 4 kV. Samples were
prepared by deposition on aluminium sample holders followed
by carbon coating. SEM mapping images were recorded using
the microscope SU-70 working at 15 kV.

Thermogravimetric analyses (TGA) were carried out using a
Shimadzu TGA 50, from room temperature to ca. 800 °C, at a
heating rate of 5 °C min~', under a continuous stream of air at a
flow rate of 20 mL min~".

Fourier Transform Infrared (FT-IR) spectra (in the range
3750-350 cm™!) were recorded with KBr pellets (2 mg of the
sample were mixed in a mortar with 200 mg of KBr) using a
Bruker Tensor 27 spectrometer by averaging 200 scans at a
maximum resolution of 2 cm™".

Elemental analyses for C, N and H were performed with a
Truspec 630-200-200 elemental analyzer at the Department of
Chemistry, University of Aveiro. Typical samples (between 1 and
2 mg) were combusted at 850 °C for 4 minutes under an oxygen
atmosphere. Helium was used as the carrier gas.

Routine powder X-ray diffraction (PXRD) data for all
synthesized materials were collected at ambient temperature on
an X'Pert MPD Philips diffractometer, equipped with an
X’Celerator detector and a flat-plate sample holder in a Bragg-
Brentano para-focusing optics configuration (40 kV, 50 mA).
Intensity data were collected by the step-counting method (step
0.04°), in continuous mode, in the ca. 5 =< 26 = 50° range.

13C CP MAS and *'P MAS spectra were recorded at 9.4 T on a
Bruker Avance 400 wide-bore spectrometer (DSX model) on a
4 mm BL cross-polarization magic-angle spinning (CPMAS)
VTN probe at 100.6 and 161.9 MHz, respectively. For the '*C
{'"H} CP MAS spectra the Hartmann-Hahn (HH) “sideband”
matching condition w BC = "™ + g (n = £1) was carefully
matched by calibrating the '"H and the '*C rf field strengths;
recycle delay: 5 s; contact time: 2 ms; vg = 12 kHz. For the >'P
HPDEC spectra a 90° single pulse excitation of 2.5 ps was
employed; recycle delay: 60s; vg = 8 kHz. Chemical shifts are
quoted in parts per million with respect to TMS for the '*C
nuclei, and to an 85% H;PO, solution for the *'P nucleus.

'H, 13C and *'P Nuclear Magnetic Resonance (NMR) spectra
were recorded with a Bruker AVANCE 300 spectrometer at
300.13, 75.47 and 121.49 MHz, respectively. Deuterated chlo-
roform (CDCl3) and dimethylsulfoxide-dg (DMSO-dg) were used
as solvents, and tetramethylsilane or H3PO,4 (85%) was used as
the internal reference. Chemical shifts (0) are quoted in ppm and
the coupling constants (J) in Hz.

Mass spectra were collected using a Micromass Q-TOF2
equipment. Dichloromethane was used as the solvent for hex-
aethyl(benzene-1,3,5-triyltris(methylene))tris(phosphonate) (L’)
and water for (benzene-1,3,5-triyltris(methylene))triphosphonic
acid (Hgbmt). The employed concentration was 1 mg mL™'.
Samples were diluted in methanol to a concentration of 2 pL
(sample)/200 pL (methanol).

4.2. Reagents

Chemicals were readily available from commercial sources and
were used as received without further purification: lanthanide(ir)
chloride hydrates (LnCl;-xH,0, Ln** = La®", Ce**, Pr**, Nd**,
Eu®* and Tb**; 99.9%, Sigma-Aldrich); 1,3,5-tris(bromethyl)
benzene (CoHoBrs;, 97%, Sigma-Aldrich); triethyl phosphite
((CoHs0);P, 98%, Sigma-Aldrich); styrene oxide (CgHgO,
=97%, Fluka); hydrochloric acid (HCIl, 37%, Panreac);
dichloromethane (CH,Cl,, pure, Sigma-Aldrich); methanol
(CH;0H, >99.8% from Fluka, or 99% from Sigma-Aldrich);
n-hexane (>99%, Sigma-Aldrich); dimethylsulfoxide-dg (DMSO-
de, 99.99%, Euriso-top); and deuterated chloroform (CDCls,
99.99%, Euriso-top). All yields are cited based on mol%.

4.3. Synthesis of (benzene-1,3,5-triyltris(methylene))
triphosphonic acid

A mixture of 1,3,5-tris(bromomethyl)benzene (0.3 g, 0.84 mmol)
and triethyl phosphite (5 mL) was allowed to react under
nitrogen atmosphere and at 120 °C for approximately 12 h. After
cooling to ambient temperature the excess of triethyl phosphite
was removed by distillation under reduced pressure. The result-
ing orange oil residue was dissolved in dichloromethane and the
intermediate L’ was purified by flash column chromatography

This journal is © The Royal Society of Chemistry 2012
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using a mixture of dichloromethane and methanol (95 :5) as
eluent. L’ was isolated as a colorless oil in 88% yield.

Intermediate L’ (0.47 g, 0.89 mmol) was transferred into an
aqueous solution of HCI (30 mL, 6 M) and the reaction mixture
was then refluxed for approximately 20 h under continuous
magnetic stirring. The reaction product was washed with
dichloromethane and the aqueous phase was distilled under
reduced pressure. The resulting compound, (benzene-1,3,5-
triyltris(methylene))triphosphonic acid (He¢bmt), was recovered
as a white solid by vacuum filtration and was washed with
copious amounts of acetone. Yield: 92%.

L’ "H NMR (300.13 MHz, CDCl5) 6: 1.22 (t, 18H, J('H-'H)
= 7.1 Hz, CH3), 3.08 (d, 6H, J(H-'P) = 22.1 Hz, CH,POsEt,),
4.00 (dq, 12H, J'H-'"H) = 7.2 Hz and J('H-*'P) = 7.9 Hz,
CH,>CH,3) and 7.10 (dt, 3H, “J('H-'H) = “J('"H-3'P) = 2.4 Hz,
Ar-H). '*C NMR (75.47 MHz, CDCl;) é: 16.2-16.3 (CH3), 33.3
(d, J*C-3'P) = 138.0 Hz, CH,PO;EL,), 62.0-62.1 (CH,CH3),
129.7 (dt, 3J(*3C-3'P) = 5.8 Hz and “J('*C-*'P) = 5.2 Hz, Ar—
CH) and 131.9-132.1 (Ar-C). MS (TOF MS ES™") m/z: 529.2 (M
+ H)* and 551.1 (M + Na)*.

Hgbmt: '"H NMR (300.13 MHz, DMSO-dg) 6: 2.87 (d, 6H,
J(*H-3'P) = 21.8 Hz, CH,) and 7.01 (d, 3H, J('H-'H) = 1.95 Hz,
Ar-H). 3C NMR (75.47 MHz, DMSO-dg) 6: 35.2 (J(*C-31P) =
132.6 Hz, CH,), 129.0 (Ar-CH) and 133.5 (Ar-C). *'P NMR
(121.49 MHz, DMSO-d¢) 6: 22.5 (t, JC'P-'H) = 21.2 Hz,
POz;H,). MS (TOF MS ES™) m/z: 359.0 M — H) .

4.4. Hydrothermal synthesis of [Ln,(H;bmt),(H,0),]-H,O

Mixtures of the respective lanthanide(ir) chloride hydrates
[LnCls-nH,0, where Ln** = La** (1), Ce** (2), Pr** (3), and
Nd** (4)] and (benzene-1,3,5-triyltris(methylene))triphosphonic
acid (Hgbmt) were prepared in distilled water (ca. 6 mL) with a
molar ratio of approximately 1: 2 : 1800 (Hgpmt : Ln** : H,0),
respectively (for 1, 0.0666 g of Hgbmt was reacted with 0.1374 g
of LaCls-7H,0). The mixtures were kept under constant
magnetic stirring and atmospheric conditions for approximately
30 min. The resulting suspensions were transferred to Teflon-
lined Parr Instrument autoclaves and placed inside a pre-heated
MMM Venticell oven where they remained at 180 °C for a period
of 72 h. After the reaction, the vessels were allowed to cool slowly
to ambient temperature and the resulting materials (typically
white microcrystalline powders) were recovered by vacuum
filtration, washed with abundant amounts of distilled water and
air-dried at ambient temperature.

The mixed-lanthanide materials with 5% of Eu** (5) or 5% of
Tb** (6) dispersed in a La>* matrix were prepared following the
aforementioned procedure while adjusting the amounts of the
lanthanide chloride salts to the desired amounts.

Elemental CH composition (%). Caled for 1: C 20.70; H 2.89.
Found: C 20.50; H 2.84. Calcd for 2: C 20.60; H 2.88. Found: C
20.90; H 2.80. Calcd for 3: C 20.60; H 2.88. Found: C 21.10; H
2.82. Calcd for 4: C 20.50; H 2.86. Found: C 20.80; H 2.79. Calcd
for 5: C 20.60; H 2.89. Found: C 20.60; H 2.78. Calcd for 6: C
20.60; H 2.89. Found: C 20.50; H 2.85.

Thermogravimetric analysis (TGA) data (weight losses in %)
and derivative thermogravimetric peaks (DTG; in italics inside
the parentheses). 1: 38-130 °C — 1.4% (69 °C); 130-265 °C — 3.5%
(162 °C); 350-565 °C — 4.7% (458 °C). 2: 31-106 °C — 1.4%

(50°C); 106-270°C —3.0% (159 °C); 366521 °C—4.2% (472 °C).
3:35-107 °C - 1.2% (51 °C); 107-280 °C — 2.7% (154 °C); 417-
560 °C - 3.9% (477 °C). 4: 32-99 °C - 1.5% (54 °C); 99-270 °C —
3.1% (148 °C); 360-578 °C — 4.7% (486 °C). 5: 44-121 °C - 1.2%
(53°C); 121-263°C—3.2% (162 °C); 373-555 °C — 4.4% (465 °C).
6: 50-142 °C - 0.8% (63 °C); 142-267 °C — 2.2% (157 °C); 441—
506 °C - 3.2% (471 °C).

Selected FT-IR data (in cm™'; from KBr pellets). 1:
v(H2O)eoora = 3588m; »(POH) = 3420m; v(H0)ryse and
v(-CHy-) = 3180-2820w; 6(H,0) = 1605m; 6(POH) = 1122vs
and 1069vs. 2: v(H»O)eoora = 3588m; v(POH) = 3413m;
v(Hy0)eryst and »(-CH,—) = 3190-2750w; 6(H,O) = 1605m;
6(POH) = 1119vs and 1069vs. 3: ¥(H>0)c00rqa = 3589m; v(POH) =
3412m; v(HyO)eryse and »(-CHy—-) = 3190-2750w; 6(H,0) =
1605m; 6(POH) = 1120vs and 1067vs. 4: ¥(H,0)co0ra = 3589m1;
v(POH) = 3410m; v(Hy0)cryse and v(—CHy-) = 3190-2750w;
0(H,0) = 1605m; 6(POH) = 1122ys and 1067vs. 5: v(H,0)co0ra =
3588m; v(POH) = 3414m; v(H>0)cryse and »(-CH,-) = 3190-
2750w; 6(H,O) = 1605m; 6(POH) = 1120vs and 1069vs. 6:
v(H2O)coora = 3589m; v(POH) = 3415m; v(Hy0)erys and
v(-CHy-) = 3190-2750w; 6(H,0) = 1605m; 6(POH) = 1119vs
and 1069vs.

4.5. Microwave-assisted synthesis of [La,(Hs;bmt),(H,0),]-
H,0

A mixture containing 0.1374 g of LaCls-7H,0 and 0.0666 g of
Hgbmt was prepared at ambient temperature in ca. 6 mL of
distilled water, with an overall molar ratio of ca. 2:1: 1800
(La** : Hgbmt : H,0), directly inside a 10 mL IntelliVent
microwave reactor. Reaction occurred inside a CEM Focused
Microwave Synthesis System Discover S-Class equipment, using
an irradiation power of 50 W and a reaction time of 5 min. The
maximum temperature reached was varied between 120 and
150 °C. The reaction mixture was kept under constant magnetic
stirring throughout the synthesis and a constant flow of air (ca.
20-30 psi of pressure) ensured a close control of the temperature
inside the reactor. The final product was recovered by vacuum
filtration, washed with abundant amounts of distilled water and
then air-dried at ambient temperature. Phase identification was
performed using powder X-ray diffraction.

4.6. Single-crystal X-ray diffraction studies

Suitable single-crystals of [Ln,(Hsbmt),(H,0),]- H,O materials
[where Ln** = La** (1), Ce** (2), Pr’* (3), and Nd** (4)] were
manually selected from the crystallization vials and were
mounted on a Hampton Research CryoLoops*® with the help of
a highly viscous FOMBLIN Y perfluoropolyether vacuum oil
(LVAC 140/13; purchased from Sigma-Aldrich) and a Stemi
2000 stereomicroscope equipped with Carl Zeiss lenses. The
dehydrated [La(Hs;bmt)] (1-dehyd) material was isolated from the
as-prepared compound 1 by placing it inside an oven at 230 °C
over a period of 12 hours. To avoid rehydration, crystals at this
temperature were immediately immersed in the aforementioned
FOMBLIN oil, selected and mounted into the single-crystal
X-ray diffractometer. Data were collected at low temperature on
a Bruker X8 Kappa APEX II charge-coupled device (CCD) area-
detector diffractometer (Mo K, graphite-monochromated

18368 | J. Mater. Chem., 2012, 22, 18354-18371

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2jm32501b

Downloaded by Pennsylvania State University on 20 August 2012
Published on 01 August 2012 on http://pubs.rsc.org | doi:10.1039/C2JM32501B

View Online

radiation, 2 = 0.71073 A) controlled by the APEX2 software
package,*® and equipped with an Oxford Cryosystems Series 700
cryostream monitored remotely using the software interface
Cryopad.*® Images were processed using the software package
SAINT+,*" and data were corrected for absorption by the multi-
scan semi-empirical method implemented in SADABS.** Struc-
tures were solved using the direct methods algorithm imple-
mented in SHELXS-97,** which allowed the immediate location
of the majority of the atoms, in particular the central metallic
nodes and the phosphorous atoms. All remaining non-hydrogen
atoms were located from difference Fourier maps calculated
from successive full-matrix least squares refinement cycles on F~
using SHELXL-97.43%44

In compounds 1 to 4 the coordination sphere of the Ln**
centre contains a water molecule. In 1, 2, and 4 this water
molecule is affected by positional disorder and it was modelled
over two distinct crystallographic positions with a fixed rate of
occupancy of 50% for each. The hydrogen atoms associated with
these water molecules were markedly visible in difference Fourier
maps and were included in the final structural model as occu-
pying the same location for the two positions of the coordinated
oxygen atoms. In order to ensure a chemically reasonable
geometry for these coordinated moieties the O-H and H---H
distances were restrained to 0.95(1) and 1.55(1) A, respectively.
The isotropic thermal displacement parameters (Ui,) of these
oxygen atoms were fixed at 1.5 times U,q of the oxygen atom to
which they are attached. In compound 3 (with Pr*") this disorder
was not visible and the coordination sphere of Pr** only has a
single location for the coordinated water molecule.

In all structures a single crystallographically independent
oxygen atom associated with a water molecule of crystallization
was found in the small cavities present in the crystal structure.
This molecule was ultimately included in the final structural
models with a fixed occupancy of 50%. Even though this mole-
cule could be refined by assuming an anisotropic displacement
behaviour, the hydrogen atoms associated with this moiety could
not be located either from difference Fourier maps or in calcu-
lated positions. Nevertheless these hydrogen atoms have been
included in the empirical formulae of the materials (see Table 1).

Hydrogen atoms bound to carbon and the PO-H phosphonate
groups were placed in idealized positions using appropriate
HFIX instructions in SHELXL (43 for the aromatic atoms, 23
for the -CH,— moieties and 147 for the PO-H groups) and
included in subsequent refinement cycles in riding-motion
approximation with isotropic thermal displacement parameters
(Usso) fixed at 1.2 or 1.5 (only for the latter moieties) times Ueq of
the carbon atom to which they are attached.

The last difference Fourier map synthesis showed: for 1, the
highest peak (0.690 e/&%) and deepest hole (—0.722 eA73)
located at 0.83 A and 0.51 A from O5 and P3, respectively; for
1-dehyd, the highest peak (2.426 eA™>) and deepest hole
(—0.887 eA‘3) located at 0.66 A and 0.53 A from Lal, respec-
tively; for 2, the highest peak (0.486 ef\%) and deepest hole
(—0.612 eA7) located at 0.98 A and 0.23 A from Cel and H2,
respectlvely, for 3, the highest peak (1.537 eA~ %) and deepest hole
(—1.756 eA” %) located at 1.10 A and 0.85 A from Prl, respec-
tively; for 4, the highest peak (1.036 eA” 3) and deepest hole
(—1.188 eA %) located at 1.92 A and 0.98 A from O7 and Ndl,
respectively. Information concerning crystallographic data

collection and structure refinement details is summarized in
Table 1. Selected bond lengths and angles for the La** coordi-
nation environments in 1 and 1-dehyd are displayed in Tables 2
and 3, respectively. Structural drawings have been created using
the software package Crystal Diamond.*

4.7. Variable temperature powder X-ray diffraction

Variable-temperature powder X-ray diffraction data for
[Lay(Hsbmt),(H,0),]- H,O (1) were collected on an X Pert MPD
Philips diffractometer (Cu K, X-radiation, A = 1.54060 A) under
air atmosphere, equipped with an X Celerator detector, a 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 an Antoon Parr 100 TCU unit. Intensity data
were collected in the step mode (0.03°, 2 seconds per step) in the
range of ca. 5 = 26 = 35°. Data were collected between 30 °C
and 700 °C.

4.8. Photoluminescence

Emission and excitation spectra were recorded on a Fluorolog-
2® Horiba Scientific (Model FL3-2T) spectroscope, with a
modular double grating excitation spectrometer (fitted with a
1200 grooves per mm grating blazed at 330 nm) and a TRIAX
320 single emission monochromator (fitted with a 1200 grooves
per mm grating blazed at 500 nm; reciprocal linear density of
2.6 nm mm™ ), coupled to a R928 Hamamatsu photomultiplier,
using the front face acquisition mode. The excitation source was
a 450 W Xe arc lamp. Emission spectra were corrected for
detection and optical spectral response of the spectrofluorimeter
and the excitation spectra were corrected for the spectral distri-
bution of the lamp intensity using a photodiode reference
detector. Time-resolved measurements have been carried out
using a 1934D3 phosphorimeter coupled with the Fluorolog®-3,
and a Xe—Hg flash lamp (6 ps per pulse half width and 20-30 ps
tail) was used as the excitation source. The variable temperature
measurements were performed using a helium-closed cycle
cryostat with a vacuum system measuring ~5 x 10~® mbar and a
Lakeshore 330 auto-tuning temperature controller with a resis-
tance heater. The temperature can be adjusted from 11 to 450 K.

The absolute emission quantum yields were measured at
ambient temperature using a quantum yield measurement system
(C9920-02 from Hamamatsu with a 150 W xenon lamp coupled to
a monochromator for wavelength discrimination, an integrating
sphere as sample chamber and a multi-channel analyzer for
signal detection. Three measurements were made for each sample
so that the average value is reported. The method is accurate to
within 10%.

4.9. Heterogeneous catalysis

A 5 mL borosilicate batch reactor equipped with a magnetic
stirrer and a valve for sampling was charged with 20 mg of
catalyst [La,(Hsbmt),(H,0),]-H,O (1), 1 mL of methanol and
0.41 mmol (0.048 mL) of styrene oxide. The reaction was carried
out under atmospheric air, with the batch reactor immersed in an
external thermostated oil bath. Replicas of the catalytic experi-
ments were performed so as to ensure reproducibility of the
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reported results. The progress of the heterogeneous catalytic
reactions was monitored using a Varian 3900 GC equipped with
a capillary column (SPB-5, 20 m x 0.25 mm) and a flame ioni-
zation detector (using mesitylene as an internal standard).
Reaction products were identified by GC-MS (Trace GC 2000
Series (Thermo Quest CE Instruments) — DSQ II (Thermo
Scientific)), using He as the carrier gas.
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