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Photoluminescent Microporous Lanthanide Silicate AV-21 Frameworks

Collin M. Kowalchuk,! Filipe A. A. Paz,"”! Duarte Ananias,”™ Philip Pattison,'
Luis D. Carlos,™ and Jodao Rocha*?!

Abstract: The hydrothermal synthesis
and structural characterization of the
lanthanide silicate system
[NasLn,Si;»05,:x H,O] (Ln=La’*,
Sm**, Ev**, Gd**, and Tb**), named
AV-21, has been reported. Structural
elucidation of the Sm®* analogue (iso-
morphous with the Eu**, Gd**, and
Tb** frameworks) using single-crystal
synchrotron X-ray diffraction and
solid-state NMR spectroscopy reveal

tinct framework. These materials com-
bine microporosity and interesting pho-
toluminescence features with structural
flexibility that allows the introduction
of a second or third type of lanthanide
center. Room-temperature lifetime
decay dynamics have been used to esti-
mate the Ln**—Ln** distances and the
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maximum distance over which energy
transfer is active. Though the majority
of Ln** centers occupy regular frame-
work positions, the Ln(2) defect cen-
ters are disordered over the Na(1) sites
in the pores and greatly influence the
energy-transfer process, providing a
unique opportunity for studying the re-
lationship between structural disorder
and photoluminescence properties in
framework solids.

disorder in the Si(1) second coordina-
tion sphere. La-AV-21 presents a dis-

Introduction

Zeolites are crystalline, hydrated aluminosilicates with open
three-dimensional structures built of [SiO,]*~ and [AlO,]*~
tetrahedra linked to form regular intracrystalline cavities
and channels of molecular dimensions. These materials are
of considerable technological importance as shape-selective
catalysts, ion-exchange solids, and molecular sieves. At pres-
ent, there is an interest in silicate materials with zeolite-type
structures and containing stoichiometric amounts of metal
atoms (Ti, Zr, V, Nb, Sn, etc.) in different coordination geo-
metries.!) Moreover, many other materials with zeolite-type
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porous materials - silicates

structures, particularly porous aluminophosphates and deriv-
atives, contain tetrahedrally coordinated metal atoms.”

Recently, microporous silicate materials have been report-
ed that incorporate lanthanide (Ln) centers and possess in-
teresting new structures and photoluminescence proper-
ties.® ! This research aims at designing new materials, which
combine microporosity and photoluminescence, that is, the
traditional properties associated with zeolites and phos-
phors. Previous work on Ln silicate AV-21,'"' showed that
the structures of this and other materials!'"'?! are related to
the structure of the mineral sazhinite.!"”!

Lanthanide complexes exhibit great potential for photonic
applications as light sources, X-ray phosphors and scintilla-
tor display devices, detector systems, light-emitting diodes,
and solid state lasers.'*"” Furthermore, lanthanide lumines-
cent probes can be utilized to study the symmetry and the
local environment in a variety of compounds.™™”!

Herein, we present a detailed study of the structure and
photoluminescence properties of the AV-21 system,
[NagLn,Si;;05xH,0] (Ln=La, Sm**, Eu’*, Gd**, and
Tb**). Mixed lanthanide AV-21 samples, containing up to
three types of Ln** ions, are reported for the first time. Be-
cause of the small crystal size (typically 0.01x0.05x
0.05mm) and disorder in the Si(1) second coordination
sphere, the structural characterization was not trivial and re-
quired the combination of single-crystal synchrotron X-ray
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diffraction analysis (XRD) and solid-state NMR spectrosco-
py-

To rationalize the photoluminescence properties (except
for the La compound), it was crucial to characterize the AV-
21 structural disorder in detail. Indeed, while the ideal crys-
tal structure calls for the presence of a unique Ln(1) ion, the
“real” structure contains a second Ln(2) ion disordered over
the Na(l) position in the micropores. XRD analysis, and
NMR and photoluminescence spectroscopies suggest that
the Ln(1)/Ln(2) population ratio of these two sites is about
5.24-5.56. The presence of Ln(2) ions disordered over the
Na(1) sites activates the energy transfer, explaining certain
features, such as low migration probabilities and good effi-
ciencies. Thus, the present Ln silicate system offers a unique
opportunity to discuss the relationship between structural
disorder and optical properties in an extended framework
(note that disorder in this system is possible due to the pres-
ence of micropores).

This paper is organized as follows: 1) We start by describ-
ing the single-crystal structure of Sm-AV-21, which is repre-
sentative of this family of materials. Only crystals from this
ion were suitable for full structure solution (although, due
to the small 0.01x0.05x0.05 mm size, we had to resort to
data collected at the micro single crystal XRD facility at the
ESRF in Grenoble). For the other materials, unit cell pa-
rameters could be extracted from single-crystal analysis. 2)
The disorder in Sm-AV-21 is discussed in detail based on
XRD and solid-state NMR data. 3) The second (not disor-
dered) structural type, La-AV-21, is described. 4) The photo-
luminescence properties of selected single and mixed Ln
samples are described in detail.

Results and Discussion

Single-crystal structure of Sm-AV-21: The structure of the
Sm-AV-21 phyllosilicate was solved from (micro)single-crys-
tal X-ray diffraction data collected at the Swiss-Norwegian
BMO0la beamline at the ESRF (France, Grenoble), and the
material can be formulated as Nay(Najg,Smys)
[Sm,Si;,05]-4.88 H,O.

The crystal structure (orthorhombic Pmna space group,
Table 1) possesses two crystallographically independent sili-
con centers, Si(1) and Si(2) (rates of occupancy are 2:1, re-
spectively), which constitute the basic building tetrahedra of
a wollastonite-like silicate chain running parallel to the
[100] crystallographic direction (Figure 1a). Adjacent chains
coalesce through the p,-O(3) atom, imposing a Si(1)-O(3)-
Si(1)™ angle of 134.3(7)° and a Si(1)--Si(1)* distance of
2.994(2) A, which lead to the formation of a corrugated
chain composed of five-membered Si rings (Figure 1a; sym-
metry code: ix: '4,—x, y, '—z). These chains are further in-
terconnected by the p,-O(5) atom, leading to eight-mem-
bered Si rings and ultimately the undulated anionic
[Si,05>]s layer extended in the ac plane of the unit cell (Fig-
ure 1b). It is of considerable importance to emphasize that
the Si(2)—O(5)-Si(2)" linkage which forms these layers is
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Table 1. Crystal and structure refinement data for Sm-AV-21 and La-AV-
21.

Sm-AV-21 La-AV-21
formula Hy76Smy36Nay0,0345551,  HsLaNa;Oy75Sig
formula weight 1363.10 661.46
crystal system orthorhombic orthorhombic
space group Pmna Cmm?2
a[A] 7.5300(1) 7.4083(2)

b [A] 7.0500(1) 30.9862(8)
c[A] 14.9900(1) 7.1353(2)
volume [A?] 795.767(16) 1637.94(8)

V4 1 4

Peated [gEM ] 2.844 2.682

wW(Moy,) [mm™] 4.952 3.219

crystal size [mm] 0.01 x0.05%0.05 0.22x0.08 x0.01
crystal type colorless plates colorless plates
6 range 2.72 to 24.10 3.88 to 36.30
index ranges —-8<h<8 —-11<h<12

—8<k<8 —51<k<51

-16<1<16 —-11<i<11
reflections collected 3371 4252
independent reflections 683 (R;,,=0.0557) 4252 (R;,,=0.0408)
completeness to 6=24.10°,99.1 % to 6=36.30°, 99.6 %
final R indices R1=0.0520 R1=0.0311
[I>20(D)]! wR2=0.1349 wR2=0.0762
final R indices R1=0.0711 R1=0.0324
(all data)(®"! wR2=0.1421 wR2=0.0766

largest diff. peak 1.121 and —1.437 2.429 and —1.438

and hole [eA ]
[a] RI=||F| = | F| /S| Fy|. [b] wR2= /3 [W(Fy?~F2)*]/ 3 [W(F?)]-

linear (symmetry code: iv: 1—x, 1—y, —z), a feature attribut-
ed to the extensive structural disorder inherent to this
family. Indeed, when compared with the remaining O atoms
composing the framework, O(5) has larger thermal elliptical
vectorial components (Figure 1c) similar to that observed
for the Nd-based silicate materials reported by Haile and
Wuensch.?

Adjacent anionic [Si,Os* "]y layers are interconnected
along the [010] direction of the unit cell by Sm(1) {SmOg}
octahedra (Figure 2a), forming a three-dimensional anionic
framework (Figure 3) that shares striking similarities with
the mineral sazhinite,' its lanthanum analogue,'® a recent-
ly prepared Ce silicate,'"!l and the a- and - forms of a Nd
silicate.l'” The structural stress imposed in the anionic
[Si,05*7]s layers (see below for additional details) leads to a
distorted octahedral coordination environment for Sm(1) as
emphasized in Figure 2a, with the calculated Sm—O bond
lengths and the cis O-Sm-O bond angles (Table 2) in the
2.303(8)-2.366(17) A and 79.9(4)-97.6(3)° ranges, respec-
tively. The distortion of the Sm(1) octahedron arises from
the cis angles that deviate from the ideal. Indeed, as clearly
depicted in Figure 2a, the magnitude of the vectorial com-
ponents of thermal ellipsoid of atom O(6) are significantly
larger than those of O(1), which is a further indication that
the crystallographic position of the Si(2) tetrahedron (Fig-
ure 1c¢) varies slightly throughout the entire crystal volume.

Even though the two crystallographically independent
SiO, tetrahedra that compose the undulated anionic
[Si,05> |5 layer were refined with identical average Si—O
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Figure 1. Undulated anionic [Si,O5*]s layer viewed in the perspective along the (a) [010] and (b) [100] directions of the unit cell. (c) A portion of the
layer emphasizing the two crystallographically independent SiO, tetrahedra. Thermal ellipsoids are drawn at the 50 % probability level, and atom labels
(in black) are provided for all of the atoms belonging to the asymmetric unit of Sm-AV-21. Symmetry codes associated with the transformations used to
generate equivalent atoms have been omitted for clarity. For selected bond lengths [A] and angles [°] see Table 2.

b) Only present when
 coordinated to Sm(2), . Only present
o(2wW)" "\ when coordinated
e to Na(1)

0(1W)Xiv o(zw,xlv

W

ow\ T ouw!

LY Xii Only present when
Only present 0o(2w) coordinated to Sm(2)
when coordinated
to Na(1)

Figure 2. Schematic representation of the highly distorted octahedral {SmOg} coordination environments for a) Sm(1) and b) the disordered Na(1)/Sm(2)
center located within the undulated anionic [Si,Os*Js layer. Atoms belonging to the first coordination sphere are represented with thermal ellipsoids
drawn at the 50 % probability level (except for the water molecules which have been refined by using isotropic displacement parameters). For selected
bond lengths [A] and angles [°] see Table 2. Symmetry transformations used to generate equivalent atoms: i: 1—x, y, z; ii: x, —y, —z; iii: 1—x, —y, —z; iv:
1—x, 1=y, —z; vix, =14y, z; vii: 1—x, =14y, z; xi: —x, y, z; xii: —14x, =14y, z; xiii: —x, —y, —z; xiv: =1—x, 1—y, —z.

bond lengths (1.61(1) and 1.61(2) A for Si(1) and Si(2), re- solid-state NMR spectroscopy (see below): the Si(2) tetrahe-
spectively; see Table 2), the second neighbors of these pri- dron interacts directly with Sm(1) and Na(2) (Sm(1)—O(6)"
mary building units are markedly distinct, as ascertained by 2.366(17) A; Na(2)--O(6) 2.31(2) A; symmetry code: (iv)
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Figure 3. Crystal packing of Sm-AV-21 viewed in the perspective along the (a) [100] and (b) [010] crystallo-

graphic directions.

Table 2. Selected bond lengths [A] and angles [°] for the SiO, tetrahedra
and {SmOg)} octahedra present in Sm-AV-21.[

Sm(1)-0(1) 2303(8)  Si(1)-O(1) 1.551(8)
Sm(1)-0(6)" 2366(17)  Si(1)-0(2) 1.605(8)
Sm(2)-O(1W)" 225(8) Si(1)-0(3) 1.624(5)
Sm(2)-0(1)i 2487(9)  Si(1)-0O(4) 1.673(5)
Na(1)~O(2W)* 2.72(3) Si(2)-0(2) 1.647(8)
Si(2)-0(5) 1.586(6)
Si(2)-0(6) 1.544(15)
o(1)-Sm(1)-0(1)F  180.03)  O(1)-Sm(2)-O(1)" 73.0(4)
0(6)" -Sm(1)-0(6)*  180.0(8)  O(1)-Sm(2)-O(1)* 107.0(4)
O(1) -Sm(1)-0(1) 79.9(4) O(1)-Sm(2)-O(1)¥i 180.0(4)
O(1)' -Sm(1)-0(1)  100.1(4)  O(IW)*-Sm(2)-O(1)  86.4(14)
0(1)-Sm(1)-0(6)"  82.4(3) O(IW)i -Sm(2)-0(1)  93.6(14)

[a] Symmetry transformations used to generate equivalent atoms: i: 1—x,
y, zy it x, =y, —z;iv: 1=x, 1=y, —z; vix, =14y, z; xit —x, y, z; xii: =14
x, —1+y, z; xiii: —x, —y, —z.

1—x, 1—y, —z); Si(1) instead interacts with Sm(1) and Na(1)
(Sm(1)—0(1) 2.301(8) A; Na(1)--O(1) 2.487(9) A; symmetry
code: (ii) x, —y, —z). Moreover, the structural distinction be-
tween these SiO, tetrahedra arises primarily from the neigh-
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boring Na* centers, while
Na(1) is structurally positioned
within the corrugated anionic
[Si,O5* ]s layer (brown spheres
in Figure 3), Na(2) is located
within the structural cavities
(Figure 3 - Na% represented in

yellow).
Single-crystal unit cell meas-
urements provide additional

evidence that very similar
frameworks arise from the iso-
morphous substitution of alter-
nate lanthanide combinations
(Table 3). Moreover, powder X-
ray diffraction data of the bulk
materials collected at ambient
temperatures display similar
features for all studied materi-
als (see Supporting Informa-
tion).

Disorder in Sm-AV-21: High-
resolution single-crystal X-ray
analysis shows that the crystal-
lographic position of Na(l) is
also shared with a partially oc-
cupied Sm(2) center (Fig-
ure 2b). This statistical disorder
is not unprecedented among
the members of this structural
family. Moreover, Tsapatsis and
co-workers postulated that the
presence of an unknown ratio
of compensating Ce** and Ce**
centers for the Ce-containing
material could explain this apparent discrepancy in overall
crystal charge.'!! Furthermore, from a pure geometrical per-

Table 3. Unit cell metrics for synthesized AV-21 materials.

AV-21 a[A] b [A] c[A] 1% Crystal system/
material [A’]  Bravais lattice
Smf? 7.5300(1)  7.0500(1) 14.9900(1) 795.77 orthorhombic P

Eu 7.118 7.349 15.26 798.25 orthorhombic P
Eu(0.78) 7.083 7.291 15.199 775.11 orthorhombic P
Tb(0.22)

Eu(0.57) 7.01 7.25 15.04 764.37 orthorhombic P
Tb(0.43)

Eu(0.39) 7.10 7.34 15.22 793.17 orthorhombic P
Tb(0.61)

Eu(020)  7.1231(3) 7.3561(5) 15.2160(7) 797.29 orthorhombic P
Tb(0.80)

Tb 7.0781(19) 7.341(2) 15.132(4) 786.26 orthorhombic P
Eu(0.19) 7.09 7.32 15.23 790.42 orthorhombic P
Gd(0.81)

Tb(0.25) 711 7.35 15.19 793.81 orthorhombic P
Gd(0.75)

[a] Unit cell parameters collected from (micro)single crystal X-ray dif-
fraction data collected at the BMOla beam line at the ESRF.

Chem. Eur. J. 2008, 14, 8157-8168
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spective, this statistical structural disorder is greatly facilitat-
ed by minimal framework strain due to size similarity be-
tween the cationic radii of Ln** and Na*.'’? Also, Thorpe
and co-workers recently demonstrated that silicate networks,
in particular zeo-type materials, are not rigid and can ac-
commodate a number of different framework densities.'¥!
The structural diversity associated with the undulated anion-
ic [Si,05% ]s layer is a striking example of such flexibility.

Remarkably, the highly distorted pseudo-octahedral coor-
dination environment of the mixed Na(1)/Sm(2) site is dis-
tinct for each type of cation, even though the equatorial
plane is always composed of four O(1) arising from four
symmetry-related Si(1) tetrahedra. For Na(1) the two apical
positions are occupied by a disordered O(2W) from a water
molecule (Na(1)-~O(2W) is 2.72(3) A), whereas for Sm(2),
they are instead occupied by O(1W) (Sm(2)—O(1W) is
2.25(8) A; Figure 2b). For Sm(2), the cis O-Sm-O bond
angles were found in the 73.0(4)-107.0(4)° range, with both
the maximum and minimum values arising from the rigid ge-
ometry imposed on the equatorial plane by the two adjacent
anionic [Si,Os> s layers. The presence of this extra SmO,
octahedron due to the partially occupied Sm(2) leads to the
formation of a one-dimensional chain (running parallel to
the [100] crystallographic direction) of optical centers with
the shortest Sm(1)~-Sm(2) and Sm(2)--Sm(2)" distances
being 3.765(1) and 7.050(1) A, respectively (symmetry code:
vi: 1+x, y, z; see the Supporting Information).

It is also interesting to note that the structural disorder as-
sociated with the partial occupancies of the Na(1)/Sm(2)
pair seems to further introduce short- and long-range frame-
work disorder due to the presence of vacancies within the
material. Indeed, whereas the idealized AV-21 stoichiometry
requires the occupation of 2 Na(1) to Na(2) centers within
each unit cell, the refined stoichiometric formula for Sm-
AV-21 results from an 18 % replacement of Na(1) by Sm(2)
cations. Since each Sm’* ion effectively replaces three Na™®
ions, the framework contains 36 % empty coordination sites
for the crystallographic position of the Na(1)/Sm(2) pair.
Consequently, it is feasible to assume that the combined
effect of the presence of highly charged cations and/or va-
cancies leads to structural distortions in its surroundings.

The *Si magic-angle spinning (MAS) NMR spectrum of
Sm-AV-21 (Figure 4) displays three resonances. The spectra
of samples produced in different syntheses are similar to
this spectrum. Thus, ¥Si MAS NMR spectroscopy supports
the refined (rather than the ideal) crystal structure, which
reveals the presence of disorder in the Si(1) second coordi-
nation sphere. Moreover, Si(1) is coordinated to O(1),
which is linked to a Sm(1) but may also coordinate to a par-
tially occupied Na(1) or Sm(2), thus generating three differ-
ent chemical environments (besides the Si(2) site): Si(1)
[3Si,Sm(1)], Si(1)[3Si,Sm(1),Na(1)], and Si(1)-
[3Si,Sm(1),Sm(2)]. Because of the paramagnetism of Sm**,
the peak at 6 =—114.3 ppm is assigned to the latter site. The
resonance at O0=-1012ppm is attributed to Si(1)
[3S1,Sm(1)], whereas the peak at 6 =—106.3 contains contri-
butions from both the Si(1)[3Si, Sm(1), Na(1)] and Si(2)[3Si,

Chem. Eur. J. 2008, 14, 8157 -8168
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Figure 4. Si MAS NMR spectra: Sm-AV-21 (bottom), simulated with an
18 % substitution of Sm(2) for Na(1) and La-AV-21 (top).

Sm(1), Na(2)] environments. The *Si MAS NMR spectrum
may be simulated by assuming the populations given in
Table 4 and derived from XRD evidence.

Table 4. Simulated data from the *Si MAS NMR spectrum of Sm-AV-
21.

Peak Si environments Gaussian peak Si popula-
[ppm] area tions
—101.2 Si(1) [3S1,Sm(1)] 0.40 0.36
—106.3 Si(1)[3Si,Sm(1),Na(1)]  1.00 0.46 4+ 0.5
+
Si(2)[3Si, Sm(1),Na(2)]
—114.3 Si(1)[3S1,Sm(1),Sm(2)]  0.20 0.18

The *Na triple-quantum (3Q) MAS NMR spectrum of
Sm-AV-21 reveals the presence of two resonances
(Figure 5). The single quantum (“conventional”) MAS
NMR spectrum may be simulated by assuming a 1:4.5
Na(1):Na(2) population ratio derived from the refined crys-
tal model (Figure 5, top).

Structure of La-AV-21: The use of La** ions in the synthesis
gel led to a different material composed of very thin plates
and has the formula, Na;[LaSisO;5]-2.5H,0 (La-AV-21), on
the basis of single-crystal X-ray diffraction data (Table 1).

8161
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Figure 5. Triple-quantum »*Na MAS NMR spectrum of Sm-AV-21 reveals
two ®Na resonances. The *Na MAS spectrum of Sm-AV-21 (top) was si-
mulated with the 1:4.5 ratio of Na(1):Na(2).

We note that the structural fea- a)
tures of the La-AV-21 frame- vy m
work are similar to the material 4

Na, 4CeSis0,52.6 H,0 recently
reported by Yu and co-work-
ers."”! However, in La-AV-21 <
the lanthanide center accommo-

hence the different number of
Na® ions located within the

dates only one oxidation state, AI R g Ald
4 4' | b *‘b

pores of the framework. La-AV- 4 M ; “ g M p

21 contains four crystallographi-
cally independent Si centers,
two half-occupied in the asym-
metric unit (Si(1) and Si(3))
and another two with full-site
occupancy (Si(2) and Si(4)). As
previously described for Sm-
AV-21, the tetrahedral nodes
are also interconnected into
wollastonite-like silicate chains
running parallel to the [100] : "
crystallographic direction (Fig- L
ure 6a). The coalescence of
neighboring chains is, however,
different, leading to a distinct
anionic [SigO;s° ] layer (Fig-
ure 6a). On the one hand, half
of the chains are joined togeth-
er as in the Sm-AV-21 material,
leading to corrugated chains
composed of alternating five-membered Si rings, and on the
other, the remaining half coalesce in such a way that a chain
composed of alternating four- and five-membered rings are
formed instead. It is of considerable importance to empha-
size that this decrease in the symmetry of the [SigO;s° s
layers is accompanied crystallographically by a duplication
of the corresponding unit cell axis (see Table 1).

v

tion.
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Figure 6. a) Undulated anionic [SiO,s* |5 layer viewed in the perspective along the [001] direction of the unit
cell. b) Schematic representation of the highly distorted pseudo-octahedral {LaO-} coordination environment
present in La-AV-21. Thermal ellipsoids are drawn at the 80 % probability level and atom labels (in black) are
provided for all the atoms belonging to the first coordination sphere. For selected bond lengths [A] and angles
[°] see Table 5. c) Crystal packing of La-AV-21 viewed in the perspective along the [100] crystallographic direc-
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The La-AV-21 material contains a single crystallographi-
cally independent La** center that exhibits a LaO; coordi-
nation sphere resembling a highly distorted capped trigonal
prism (Figure 6b). This highly distorted coordination sphere
arises from edge-sharing between the La’* polyhedron and
the Si(3) tetrahedron, leading to a coordination geometry
intermediate between an octahedron and a pentagonal bi-
pyramid. This structural feature is ultimately reflected in the
large range for the La—O bond lengths (2.361(3)-
2.735(3) A) and in some internal O-La-O polyhedral angles,
which are reminiscent of those of an octahedron (i.e. those
involving the O(1), O(3), and O(11) atoms), whereas others
deviate (i.e. those involving the O(8) and O(9) atoms and
composing the shared edge; Figure 6¢ and Table 5). As for
the Sm-AV-21 material previously described, the La(1) cen-
ters interconnect adjacent anionic [SigO;s*"]s layers along

the [100] direction of the unit cell. This leads to a porous
three-dimensional anionic framework having two types of
eight-membered ring channels (parallel to the a axis), which
contain the charge-balancing Na* ions and three crystallo-
graphically independent water molecules (Figure 6¢). The
closest intermetallic La(1)--La(1)' distance, 7.1353(5) A
(symmetry code: v: x, y, —1+z), occurs between consecutive
centers across anionic [SigO;s° |5 layers.
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Table 5. Selected bond lengths [A] and angles [°] for the {LaO,} poly-
hedron present in La-AV-21.[%

La(1)-O(1) 2.361(3) La(1)-0(9)" 2.735(3)
La(1)-0(3) 2.450(2) La(1)-O(11) 2.408(3)
La(1)-O(8) 2.554(4)

O(1)-La(1)-0(3) 81.81(8) 0(8)-La(1)-O(9)" 57.74(11)
O(1)-La(1)-O(8) 156.92(12)  O(11)-La(1)-0(3) 166.91(10)
O(1)-La(1)-0(9)"  14534(11)  O(11)-La(1)-O(3) 78.31(9)
O(1)-La(1)-O(11)'  85.78(10) O(11)-La(1)-O(8) 80.25(10)
0(3)-La(1)-0(3)"  95.73(11) O(11)-La(1)-0(9)"  113.84(9)
0(3)-La(1)-O(8) 112.84(8) O(11)-La(1)-0(11)F  104.99(14)
0(3)-La(1)-0(9)"  75.19(7)

[a] Symmetry transformations used to generate equivalent atoms: i: x,
=y, —z; it 1=x, y, z; dii: 1—x, —y, —z; iv: 1-x, 1-y, —z.

The #Si MAS NMR spectrum of La-AV-21 (Figure 4) dis-
plays two relatively sharp peaks at 6=-94.7 and
—97.4 ppm. The crystal structure calls for four distinct Si
sites of the types Si [2Si] (for Si(2) and Si(4)) and Si [3Si]
(for Si(1) and Si(3)) and, thus, two main resonances are ex-
pected. Note, however, that the full second coordination
spheres of Si(1) and Si(3) are different and, indeed, we
found that a good deconvolution of the spectrum requires
two peaks at 0 =—94.4 and —95.2 ppm and not just one.

Optical properties: photoluminescence spectroscopy study:
Excitation and emission spectra: Here we will discuss the
photoluminescence properties of the [NagLn,Si;,Osyx H,O]
(Ln=Eu**, Gd**, and Tb**) system. The crystal structure
of Sm-AV-21 and the nature of its disorder will be used as a
reference because these features are not available for the
materials with other lanthanides. The Eu-AV-21 room-tem-
perature excitation spectrum, monitored at 610.0 nm dis-
plays sharp lines ascribed to intra-4f° transitions between
the "Fy,—D,, °Ls, and °G, (2<J<6) Eu’* states
(Figure 7). The low temperature (40 K) excitation spectrum
is similar (not shown), except for the absence of the 'F,—
°D; and 'F,,—’D, transitions. Although sharp excitation
transitions were also observed from Tb’* centers in AV-21
when monitored at 540.0 nm (°D,—’Fs), broad bands be-
tween 225 and 300 nm dominate the spectrum (Figure 7).
The sharp lines are assigned to "F¢—°D,, °L,,, and °Gg;
4f% —4f* Tb** transitions. The bands at about 257 nm are at-
tributed to spin forbidden (high spin, HS) interconfigura-
tional 4f%—4f5d" Tb** transitions arising for lanthanide
ions with more than seven 4f electrons.”**! Higher energy
spin allowed (low spin, LS) fd transitions®-*?! are observed
at about 241 nm for the Eu’* and Tb** analogues. Because
spectral correction was not performed below 240 nm, the LS
and HS band intensities may not be compared.

The room-temperature emission spectrum of Eu-AV-21
excited at 392.0 nm displays sharp lines assigned to the tran-
sitions between the first excited non-degenerate °D, state
and the 'F,, levels of the fundamental Eu’" septet
(Figure 8). Luminescence from the higher °D, excited state
was not detected. Because only one *Dy—’F, line is ob-
served, the emission spectra do not provide direct evidence
for the presence of two Eu’* sites in AV-21. Additionally,
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Figure 8. Emission spectra of AV-21 materials.

two Eu’* local environments cannot be rationalized from
the splitting of the *D,—F, states. The similar distorted oc-
tahedral geometry about both Ln** centers could explain
this observation. Low-temperature analysis of AV-21 cannot
be performed without structural modification,'” likely a
result of a point symmetry modification about the Eu(2)
centers due to dehydration. Direct evidence of two Eu** en-
vironments was, however, obtained from lifetime analysis of
this sample (see below). The emission spectrum of Tb-AV-
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21 excited at 377 nm displays strong *D,—'Fs ¢ lines and a
weak *D,—’F, transition (Figure 8). Luminescence from
higher excited states was not detected. An advantageous
property of Tb-AV-21 that may allow its use in diverse ap-
plications is the emission behavior when excited within the
HS band (A=254 nm), an identical emission spectrum to
that displayed in Figure 8 can be obtained. This broad band
overlaps with the most intense line of the commercial Hg
lamp.

Energy transfer: Biexponential decay curves suggest the
presence of two Ln** environments, although, with judicious
choice of experimental conditions, individual lifetime com-
ponents can be isolated."”! Long and short lifetimes were
obtained (R>0.999) from the decay curves of Eu- and Tb-
AV-21 (Eu’*: 7,=2.98940.005 and 7,=0.6040.01 ms, Tb**:
7,=5.93+£0.01 and 7,=1.15£0.03 ms, see Supporting Infor-
mation), a result that supports the presence of Ln** centers
with and without coordinated H,0.[%72!]

Energy transfers between long (7.1-7.3 A) and short
(3.8 A) Ln—Ln distances, confined to two-dimensions were
examined. It is well known that the energy transfer is pre-
dominantly multipolar between appropriate close contact
donor/acceptor pairs,?*! which is consistent with the re-
cently modelled energy migration within the AV-20 frame-
work.['l In the case of AV-21, no attempt was made to de-
termine the overall energy transfer mechanism, instead an
experimental examination of the energy migration charac-
teristics was performed through extensive emission and life-
time studies. An investigation of Eu:Tb mixed frameworks
with ratios of 0.78:0.22 and 0.20:0.80 (Eu(0.78)Tb(0.22)- and
Eu(0.20)Tb(0.80)-AV-21, respectively) provides evidence for
energy transfer within AV-21. The emission spectra of mixed
EuTb-AV-21 demonstrate Tb>*—Eu’* energy transfer when
excited at 254 nm within the Tb’* HS band (Figure 8).
Energy migration between Tb*>* and Eu** was verified from
excitation spectra monitored at 609.8 nm within the ‘Dy—
F, band of Euw’* (Figure 7).

The large intralayer Ln—Ln distances of 7.050(1) and
7.530(5) A and an interlayer Ln—Ln spacing of 8.388(1) A
may hinder energy migration.”*3! A simple operational def-
inition of the Tb’*—Eu’* energy transfer probability in
terms of lifetimes is given in Equation (1) .2

Pz = (1)-(3) (1

Where 7 and 7, are the Tb’* donor lifetimes in the presence
and absence of the Eu’* acceptor, respectively. For the
longer lifetime, probabilities of 0.072 (Eu(0.11)Tb(0.89)-AV-
21) and 0.176 ms™' (Eu(0.20)Tb(0.80)-AV-21) were obtained.
These probabilities are much smaller than those reported
for AV-221% likely a result of the greater donor-acceptor
separation. A typical energy transfer probability was calcu-
lated for Eu(0.78)Tb(0.22)-AV-21 (P=0.700); however, the
Eu:Tb ratio is much larger than normal for this type of cal-
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culation. Energy transfer efficiency values™* of 0.30 and
0.51 were obtained from Eu(0.11)Tb(0.89)-AV-21 and Eu-
(0.20)Tb(0.80)-AV-21, respectively [Eq. (2)]

T
Erp g = (1 - _) 2)

Ty

The Ln** ions in the Na(1) crystallographic position may ac-
tivate the energy transfer and explain these low migration
probabilities, but good efficiencies. Table 6 summarizes the
lifetime data (R >0.999) obtained from AV-21.

Table 6. Summary of the simulated second order lifetimes.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Framework LT: Tb (ms) LT: Eu (ms)
(EDS ratios) Ex: 377.2 nm Ex: 392 nm
Em: 540.9 nm Em: 609.8 nm
Eu(0.19)Gd(0.81)-AV-21 - 7,=3.266£0.008
7,=0.74+0.04
Eu-AV-21 - 7,=2.989£0.005
7,=0.60+0.01
Eu(0.92)Tb(0.08)-AV-21 7,=0.80+0.04 7,=3.07+0.01
7,=0.36+0.02 7,=0.59+0.02
Eu(0.87)Tb(0.13)-AV-21 7,=1.18+0.08 7,=3.088 £0.007
7,=0.504 £0.005 7,=0.59+0.05
Eu(0.78)Tb(0.22)-AV-21 7,=1.15+0.02 7,=3.146£0.008
7,=0.574£0.003 7,=0.59+0.03
Eu(0.67)Tb(0.33)-AV-21 7,=1.21+0.03 7,=3.199£0.003
7,=0.634£0.007 7,=0.58 +0.02
Eu(0.57)Tb(0.43)-AV-21 7,=1.59+0.03 7,=3.091£0.006
7,=0.755£0.006 7,=0.58+0.03
Eu(0.52)Tb(0.48)-AV-21 7,=1.60+0.03 7,=3.165£0.006
7,=0.73+0.01 7,=0.65+0.02
Eu(0.39)Tb(0.61)-AV-21 7,=1.91+0.02 7,=3.131£0.005
7,=0.807 £0.009 7,=0.57+0.02
Eu(0.33)Tb(0.67)-AV-21 7,=2.35+£0.01 7,=3.237+£0.007
7,=0.95+0.01 7,=0.57+0.02
Eu(0.20)Tb(0.80)-AV-21 7,=2.90£0.02 7,=3.237£0.005
7,=1.10£0.02 7,=0.61+0.02
Tb-AV-21 7,=5.93+0.01 -
7,=1.15+0.03
Tb(0.25)Gd(0.75)-AV-21 7,=6.22+0.03 -
7,=2.6640.12

The number (1) of Eu’* centers capable of accepting
energy transfer from Tb’* ions may be estimated from
Equation (3).%"

I(Tb*")
I(total)

= (1=)" ®)

The integrated intensities of the donor I(Tb**) and I(total)
were obtained from the emission spectra (Table7) (1—x)
term, where x represents the acceptor ratio (Eu**) and in-
corporates the probability that a neighboring center of Tb**
is not Eu’*. An average value of n=2 was obtained from
the mixed EuTbGd-AV-21 samples and likely corresponds
to dimensionally restricted energy transfer.”” If energy mi-
gration is restricted to two dimensions within AV-21 by the
insulating [Si,Os>J¢ layers, then the estimation of R, the
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Table 7. Estimated number of Eu’* centers (n) that can accept Tb**
energy transfer.

EDS determined ratio I(Tb*)/I(total) n

of Tb/Eu/Gd (estimated error £5%)

0.14/0.10/0.76 0.96 2 (1.57)
0.14/0.13/0.73 0.78 2 (1.78)
0.14/0.17/0.69 0.62 3(3.03)

critical radius (the maximum Ln—Ln distance for energy
transfer), can be calculated according to Equation (4).%”)

. {J‘ERCZ:|1/2 "

The [/ variable represents the mean distance between Ln
ions obtained from the XRD structure. If three-dimensional
energy migration dominates, then the R term can be re-
placed by 4/3(nR,)’. R, the maximum quenching Tb**—
Eu’" distance may be calculated in two-dimensions from
Equation (5).”"

R, = {('H—UIT/Z (5)

1 T

The low concentration of defect Ln(2) centers that occupy
the Na(1) positions may significantly influence the energy
migration. The Tb** biexponential decay curves (Figure 9)
with different Eu:Tb ratios (Eu(x):Tb(1—x); x=0, 0.11, 0.20
and 0.78) demonstrate this with an efficient dynamic emis-
sion quenching by close proximity trap (Eu’*) sites being
observed.”! Additional evidence for closely spaced Tb**—
Eu’* pairs (in Eu(0.06)Tb(0.94)-AV-21) was obtained from
the decay curves of Eu** (°D,) when Tb** (°D,) was excited
directly (see the Supporting Information); the classic Eu**
energy build-up and subsequent non-exponential decay was
observed.’* Stern-Volmer plots of normalized Tb** life-
times exhibit linear relationships over the entire Eu molar
ratio range from both defect and regular framework posi-
tions (Figure 9, inset). This suggests that similar Eu(1):Eu(2)
concentration ratios exist in all the Eu/Tb samples. Small
deviations from linearity may be a result of slightly different
Ln(1):Ln(2) ratios than those determined from the energy-
dispersive spectrum (EDS). Since the Stern—Volmer kinetics
usually only hold at small quencher concentrations,™ z;
may be quenched by the closely spaced low concentration
defect Eu(2) centers. Quencher concentrations derived from
the Stern-Volmer plot®” of C(z,) and C(r,) are 5.45-x and
1.04-x molL ™!, respectively. Thus, the Eu(1):Eu(2) popula-
tion ratio is 5.24, in fair agreement with the XRD ratio
(5.56) obtained for Sm-AV-21. Moreover, the average EDS
Si:Ln ratio of all Eu,Tb-AV-21 samples is 5.1. A general for-
mula for these samples 1is, thus, Na,(Najoslngss)
[Ln,Si;,04]-xH,0O (Ln=Eu, Tb), in which a similar partition
of Eu and Tb over the framework and nonframework
(defect) Ln sites is assumed. Because the Eu and Tb 7, life-
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Figure 9. Tb>* (°D,) decay curves of the Eu(x):Tb(1—x) (x=0, 0.11, 0.20
and 0.78) AV-21 samples. Inset, Stern-Volmer plots (ratio of lifetimes
versus mole fraction of Eu(x)).

times are larger than 7, (Table 6), the latter are attributed to
non-framework sites, which have quenching OH oscillators
(water molecules) in their first coordination sphere.

The longer lifetimes obtained for Eu(0.19)Gd(0.81)- and
Tb(0.25)Gd(0.75)-AV-21 demonstrate that cross relaxation
occurs within the framework (Table 6). Additional insight
into energy migration may therefore be rationalized with re-
spect to the presence of an energy scatter.’] The decay
curves of mixed EuTb(Gd)-AV-21 samples (Eu(1—x):Ln(x);
Ln=Tb, Gd; x=0, =~0.2) were only marginally affected
(Figure 10) and linear relationships of Eu’* lifetime (7; and
7,) versus the Eu molar ratio were obtained (Figure 10,
inset). The plot of 7; versus the Eu mole ratio suggests inef-
ficient energy migration. The 7, lifetime displays an inde-
pendent relationship with respect to the Eu molar ratio
(negligible energy migration); Eu(2) centers, therefore, ex-
hibit the characteristics of a killer site.

Conclusion

The AV-21 lanthanide silicate system studied here provided
a unique opportunity for investigating the relationship be-
tween structural disorder and photoluminescence in a micro-
porous framework material. Disorder in the Sm analogue
was comprehensively studied by single-crystal XRD and *Si
and ?Na solid-state NMR spectroscopy; the distribution of
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Figure 10. Eu** (°D,) decay curves of Eu(1—x):Ln(x) (x=0, ~0.20; Ln=
Tb, Gd) samples that demonstrate the scattering effect. Inset, relation-
ship between Eu’* lifetimes and Eu**/Tb** mole ratio.

Eu’* between the regular Eu(1) and defect Eu(2) sites in
mixed Eu,Tb-AV-21 was derived from photoluminescence
data (Stern—Volmer plots). The presence of micropores in
the structure defines the nature of the disorder in the opti-
cally active sites: slightly less than one in five Ln** ions re-
place extra-framework Na* ions generating defect Ln(2)
sites. Because the Ln(1)-Ln(2) distance is about 3.8 A,
much shorter than the minimum Ln(1)—Ln(1) distance (over
7 A), the defect Ln(2) sites offer an efficient route for
energy migration between optical centers. In short, rational-
izing the photoluminescence properties of AV-21 materials
requires a full understanding of their structural disorder,
which is only gained by the tandem use of several structural
characterization techniques.

Experimental Section

The preparation of the AV-21 (Ln=La, Sm, Eu, Tb, Eu/Tb, Eu/Gd and
Tb/Gd) frameworks was carried out in Teflon-lined autoclaves (volume
42 cm’, filling rate 70%), in ovens preheated to 230°C under static hy-
drothermal conditions. Thoroughly mixed alkaline synthesis gels of the
composition 1.18Na,0:1.00Si0,:0.037 Ln,05:42.4H,0, prepared from
sodium silicate solution (7.28 g, 27 % m/m SiO,, 8% m/m Na,O, Merck),
H,0 (20.50 g), NaOH (0.82 g, Merck), NaCl (2.20 g, Panreac), and
LnCl;6H,0 (2.41 mmol, Aldrich), were autoclaved for 7-14 days at
503 K. Large off-white crystals were isolated after the autoclaves were re-
moved from the oven. These crystals were quenched with water, filtered,
washed, and dried at 60°C. Mixed Ln frameworks with Eu:Tb ratios of
0.92:0.08, 0.87:0.13, 0.78:0.22, 0.67:0.33, 0.57:0.43, 0.52:0.48, 0.39:0.61,
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0.33:0.67, and 0.20:0.80, an Eu:Gd ratio of 0.19:0.81, a Tb:Gd ratio of
0.25:0.75, and Tb:Eu:Gd ratios of 0.14:0.10:0.76, 0.14:0.13:0.73, and
0.14:0.17:0.69, respectively, were prepared through the incorporation of
the appropriate Ln concentrations into the synthesis gel. Extensive EDS
analyses revealed that the mixed samples exhibited homogeneous lantha-
nide distributions both within individual and between different crystals.

A suitable (micro)single crystal (0.01x0.05x0.05 mm) of Sm-AV-21 was
manually selected and mounted on a Hampton Research CryoLoop
using PARATONE oil.? A complete single-crystal data set was collect-
ed at 100(2) K on a KUMA-KM6 goniometer at the Swiss-Norwegian
BMOla beamline (ESRF, Grenoble, France), equipped with an Oxford
Cryosystems cryostream monitored remotely using the software interface
Cryopad™ and by using a highly monochromatic wavelength (A=
0.7107 A). Images were processed using the software package CRYSA-
LIS The structure was solved by direct methods (SHELXS-97),!
which allowed the immediate location of the majority of the atoms com-
posing the framework backbone. All the remaining non-hydrogen atoms
were directly located from difference Fourier maps calculated from suc-
cessive full-matrix least squares refinement cycles on F* using SHELXL-
97.5%1 All non-hydrogen atoms were successfully refined by using aniso-
tropic displacement parameters. The last difference Fourier map synthesis
showed the highest peak (1.121 eA~%) and deepest hole (—1.437 eA™%) lo-
cated at 1.18 A from Na(2) and 0.92 A from Sm(1).

Very small, thin plates (average dimensions of 0.12x0.04x0.04 mm) of
Eu-AV-21, Tb-AV-21, and mixed-lanthanides Eu/Tb-AV-21, Eu/Gd-AV-
21 and Tb/Gd-AV-21 were manually selected and mounted on a Hamp-
ton Research CryoLoops using FOMBLIN Y perfluoropolyether vacuum
oil (LVAC 25/6) purchased from Aldrich®? with the help of a Stemi 2000
stereomicroscope equipped with Carl Zeiss lenses. Data sets suitable for
unit cell indexation were collected at 150(2) K on a Bruker X8 Kappa
APEX II charge-coupled device (CCD) area-detector diffractometer
(Moy, graphite-monochromated radiation, 1=0.71073 A) controlled by
the APEX2 software packagel’” and equipped with an Oxford Cryosys-
tems Series 700 cryostream monitored remotely using the software inter-
face Cryopad.”™ A full data set for La-AV-21 was collected with the
same instrumental setup at 150(2) K up to a resolution of 0.60 A. System-
atic absences for this material were inspected using the software interface
XPREP and ultimately the non-centrosymmetric Cmm?2 space group was
selected. Although other space groups seemed feasible (C222, Cmmm,
and Amm?2), the structure solution was not possible. The structure was
solved by using Patterson methods implemented in SHELXS-97,% which
allowed the location of the La and Si, with the remaining atoms being di-
rectly located from difference Fourier maps calculated from successive
least-squares refinement cycles on F2 using SHELXL.®Y' All atoms were
refined by assuming thermal anisotropic displacement parameters. Even
though the hydrogen atoms associated with the water molecules of crys-
tallization could not be located from difference Fourier maps, and no at-
tempt was made to place these in calculated positions (due to the statisti-
cal disorder associated with these moieties), they have been included in
the empirical formula of the compound. The last difference Fourier map
synthesis showed the highest peak (2.429 eA~*) and deepest hole (—1.438
eA ) located at 0.37 A and 0.87 A from Na(1), respectively.

Information concerning the crystallographic data collection and structure
refinement details of Sm-AV-21 and La-AV-21 are summarized in
Table 1. Selected bond lengths and angles for the Sm** and La** coordi-
nation environments are collected in Tables2 and 4, respectively. Unit
cell parameters for the members of the AV-21 system are given in
Table 3.

Crystallographic information (excluding structure factors) for Sm-AV-21
and La-AV-21 can be obtained free of charge from Fachinformationszen-
trum Karlsruhe, 76344, Eggenstein-Leopoldshafen, Germany (e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers CSD-
418915 and CSD-418916, respectively.

Powder X-ray diffraction (PXRD) patterns were collected on a X'Pert
MPD Philips difractometer (Cug, radiation) with a curved graphite mon-
ochromator, a fixed divergence slit of 0.5°, and a flat plate sample holder,
in a Bragg-Brentano para-focusing optics configuration. Analysis of the
reported samples was performed with a step counting method (0.02° and
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times between 5 and 10 s) in a range of 5-75° 26. LaB, was utilized as an
internal PXRD peak position standard.

Through the utilization of an EDS Romteck System incorporated with a
Hitachi S-4100 scanning electron microscope through a polymeric
window, chemical analyses were rigorously performed.

Thermogravimetric (TGA) curves were measured with a Mettler TG50
Thermobalance. The samples were heated in a constant nitrogen flow at
a rate of 5°C/min from 25-750°C. The thermally ejected 6.4 wt % and 6.6
wt % weight losses from Sm-AV-21 and La-AV-21 due to framework-oc-
cluded H,O molecules correspond closely with the water content deter-
mined from the single-crystal X-ray analyses of 6.4 wt % and 6.8 wt %, re-
spectively. Thermally activated H,O desorption and subsequent resorp-
tion provided identical TGA curves and PXRD patterns consistent with
stable microporous frameworks.

»Si magic-angle spinning (MAS) NMR spectra of the Sm- and La-AV-21
frameworks were recorded at 79.49 MHz on a (9.4 T) Bruker Avance 400
wide-bore spectrometer, using 45° pulses, a 60 s recycle delay, and spin-
ning rates of 5 or 15 kHz, respectively. Chemical shifts are quoted in
parts per million from TMS.

The single-quantum *Na MAS NMR spectrum of Sm-AV-21 was mea-
sured with a recycle delay of 2s using short powerful radio frequency
pulses (15° pulse angle) and a fast spinning rate (15 kHz). The triple-
quantum (3Q) *Na MAS NMR spectrum was recorded using the Z-filter
three-pulse sequence. In this experiment, the excitation of the 3Q coher-
ences and its conversion into 0Q coherences was achieved by applying
two strong rf pulses, followed by a soft 7t/2 pulse (the so-called Z-filter).
The symmetrization of pathways allows the simultaneous acquisition of
the echo and anti-echo signals with equal intensity, leading to pure ab-
sorption spectra. The phase cycling was composed of six phases for the
selection of 3Q coherences. This phase cycling was combined with a clas-
sic overall four-phase cycle to minimize phase and amplitude mis-settings
of the receiver. The lengths of the first and second hard pulses were 3.80
and 1.32 ps, respectively. The length of the third soft pulse (v,=10 kHz)
was 12.5 us. The MAS rate was vg=15 kHz. A total of 360 points were
acquired in the #; domain in increments of (1/2vz)=16.67 ps. The recycle
delay was 1s, and 192 scans were recorded for each f, value. The ppm
scale was referenced to the v, frequency in the v, domain and to 3.78v, in
the v; domain. Chemical shifts of all the ?Na NMR spectra are quoted in
ppm from a 1M aqueous NaCl.

Room-temperature emission (PL), excitation (PLE), and lifetime meas-
urements were recorded on a Fluorolog-3 (FL3-2T model) with a double
excitation spectrometer, fitted with a 1200 grooves/nm grating blazed at
330 nm and a single emission spectrometer (TRIAX 320), fitted with a
1200 grooves/nm grating blazed at 500 nm, coupled to a R928P photo-
multiplier. The exciting sources were a 450 W Xe arc lamp and pulsed
Xe-Hg lamps for the steady-state and time-resolved measurements, re-
spectively. The excitation spectra (PLE) were corrected from 240-600 nm
for the spectral distribution of the lamp intensity using a photodiode ref-
erence detector.
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