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’ INTRODUCTION

Nanospaced metal organic frameworks (MOFs) usually have
unique characteristics: regular nanosized pores, flexibility, and a
designed pore surface that can have diverse functionalities, such
as gas storage,1 separation,2 catalysis,3 drug release/delivery,4

embedding of metal nanoparticles for applications in catalysis
and sensor technology,5 etc.

It is well known that during the self-assembly process,
structure-directing agents or templates are crucial for the synth-
esis of 3D porous structures and are most successfully used in the
synthesis of zeolites in order to obtain novel open frameworks.6

However, the use of templates in MOFs materials remains
relatively less explored; thus, the distinction between a struc-
ture-directing agent (SDA) and a true template is perhaps rather
subtle in this subject. Recently, a template has been defined
as “an agent that favors formation of a specific open framework
under a broad range of conditions and that accelerates the
crystallization”.7

The succinate-basedMOFs systems have been widely studied;
several structures have been reported using not only transition
metal (TM)8 ions but also rare earth (REE) ones.9 In relation
with TM ions, topological control is rendered by taking advan-
tage of their predictable coordination geometries. However, the
REE ions that exhibit high coordination numbers and diversity of
possible coordination polyhedra are considered a major chal-
lenge in order to generate open MOFs with a certain structure.

Continuing with our previous studies in REE succinates,10�12

employing different aromatic molecules as SDAs or templates
in order to obtain different holmium�succinate MOFs is
addressed here.

It is a known fact that in superheated solution conditions, some
changes in the ligand molecule itself can occur.13 Examples exist
when ligand functional groups are added,14 removed,15 or
changed16 and when ligand molecules are cleaved17 or condensed
with other molecules that are present in the reaction medium.18

In our case, two new Ho(III) compounds have been synthe-
sized by hydrolysis in situ of the succinylsalicylic acid under
different hydrothermal conditions. The role of the in-situ-gen-
erated salicylic acid on formation of both structures is explored
by a synthesis design methodology. A topological study of the
corresponding frameworks in comparison with previously
synthesized REE 3D MOFs is given here. A complete character-
ization of compound 1 by X-ray diffraction, spectroscopic, and
thermal techniques is reported.

’EXPERIMENTAL SECTION

Synthesis. The compound [Ho2(C4H4O4)3(H2O)2] 30.33(C7H6O3)(1)
was obtained by hydrothermal reaction of 0.5mmol ofHo(NO3)3 3 5H2O
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with 0.75 mmol of succinylsalicylic acid (H2C18H12O8) in 10 mL of
distilled water, adjusting the pH to 5.5 with 0.2 mL of triethylamine
(TEA). The mixture was placed in a Teflon-lined digestion bomb of
43 mL internal volume, heated for 65 h at 160 �C, and then cooled to
room temperature. Small crystals were obtained as light brown needles,
which were separated by filtration, washed with distilled water and
acetone, and dried at ambient conditions.

Pure compound 1 as a microcrystalline powder was obtained by
heating the same reaction mixture for 1 h at 105 �C. The purity of this
sample was verified by elemental analysis and PXRD patterns (see
Supporting Information, Figure S1-a). These experimental conditions
are denoted from now on as A-methodology.

When the same initial mixture of reagents is heated for 65 h at
180�200 �C, a minor phase with formula [Ho2(C4H4O4)3(H2O)2] (2)
is obtained as prismatic brown single crystals along with a crystalline
powder of a third unidentified compound.

On the other hand, compound 1 can also be synthesized by hydro-
thermal reaction of 0.5 mmol of Ho(NO3)3 3 5H2O with 0.75 mmol of
succinic acid (C4H6O4) in the presence of 5 mmol of salicylic acid in
10 mL of distilled water, adjusting the pH to 5.5 with 0.2 mL of TEA.
The mixture is placed in a Teflon-lined digestion bomb during 96 h at
160 �C and then cooled to room temperature; light brown needle-
shaped crystals are obtained. These experimental conditions are denoted
from now on as B-methodology. The purity of this sample was
confirmed by elemental analysis and PDRX patterns (see Supporting
Information, Figure S1-b).

Crystal Structure Determination. Table 1 summarizes the main
crystal and refinement data for the new compounds. Crystals were
selected under a polarizing optical microscope and glued on a glass fiber
for a single-crystal X-ray diffraction (XRD) experiment. X-ray intensity
data were collected in a Bruker SMART CCD diffractometer which is
equipped with a normal focus, 2.4 kW sealed tube X-ray source (Mo KR
radiation = 0.71073 Å). Data were collected at room temperature and at
173 K for compounds 1 and 2, respectively, over a hemisphere of the
reciprocal space by a combination of three sets of exposures. Each
exposure of 10 s covered 0.3� in ω. Unit cell dimensions were
determined by a least-squares fit of reflections with I >2 σ(I). Data
were integrated and scaled using the SAINTplus program.19 A semi-
empirical absorption and scale correction based on equivalent reflection
was carried out using SADABS.20 Space group determinations were
carried out using XPREP.21 The structures were solved by direct
methods. Several attempts were made to get better data (quite a few
crystals and temperature measurements and absorption corrections),
but the obtained data completeness for both compounds was still low,
and consequently both refinements had some troubles.

In the case of compound 1, besides the small crystal size, low
crystallinity, and crystals being frequently twinned, once the structure
was solved, a continuous electron density was observed all along the
main channels. After trying several disorder models involving aromatic
molecules, we gave up and extracted the electron density with the Platon
squeeze program. The removed electron density of∼45 e� per unit cell
agrees with the chemically determined [Ho2(C4H4O4)3(H2O)2] 3 0.33-
(C7H6O3) formula, and Z = 2 (48 e�).

Compound 2 crystals did not diffract at high angles either and were
recurrently twinned; however, disorder problems involving solvent were
not found, and consequently, the refinement was a little better.

Hydrogen atoms of the organic ligands for both compounds were
situated at their calculated positions.

Calculations were carried out with SMART software (for data
collection and data reduction) and SHELXTL.21 CCDC xxx-xxx con-
tains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

X-ray Powder Diffraction Data. X-ray powder diffraction (PXRD)
measurements were performed with a Bruker D8 diffractometer in the
θ�θ mode using nickel-filtered Cu KR (λ = 1.5418 Å) radiation. The
best counting statistics were achieved using a scanning step of 0.02� and
was taken between 5� and 40� Bragg angles with an exposure time of 2 s
per step.

X-ray Powder Data Refinements. The Pawley profile-fitting proce-
dure (2θ = 5�40�) using the FullProf Suite software package22 was
performed to refine the cell and peak profile parameters as well as those
of the background, peak asymmetry, and zero shift.

The X-ray powder thermodiffractometry study was carried out with
a Siemmens D-5000 powder diffractometer (Cu KR radiation, λ =
1.5418 Å) equipped with a high-temperature HTK1200 Anton Paar
camera mounted on a θ�2θ goniometer. Data were scanned over the
range 2θ = 5�40 with 2θ step size = 0.04 and counting time = 2 s/step.
The sample heating rate was 10 �C min�1 in the 25�220 �C tem-
perature range.

Table 1. Crystal Data and Structure Refinement for
1 and 2

1 2

empirical formula C12 H12 Ho2 O14
a C12 H12 Ho2 O14

fw 710.08 710.08

temperature room temperature 173 (2) K

wavelength 0.71073 Å 0.71073 Å

cryst syst triclinic triclinic

space group Pi Pi

unit cell dimensions a = 7.6112(18) Å a = 7.5940(15) Å

b = 11.927(3) Å b = 8.4230(17) Å

c = 12.130(3) Å c = 13.829(3) Å

R = 67.602(4)� R = 96.64(3)�
β = 89.920(4)� β = 98.38(3)�
γ = 80.498(4)� γ = 99.03(3)�

volume 1001.8(4) Å3 855.5(3) Å3

Z 2 2

density (calcd) 2.354 Mg/m3 2.756 Mg/m3

abs coeff 7.906 mm�1 9.257 mm�1

F(000) 660 660

cryst size 0.10 � 0.04 � 0.04 mm3 0.20 � 0.12 � 0.10 mm3

theta range for

data collection

1.82�28.35� 1.50�28.96�

index ranges (�10, 9),

(�15,15), (�15,15)

(�10,10), (�10,11),

(�18,18)

reflns collected 7472 6869

independent reflns 4046 [R(int) = 0.0826] 3744 [R(int) = 0.0844]

abs corr semiempirical semiempirical

refinement method full-matrix

least-squares on F2
full-matrix

least-squares on F2

data/restraints/

parameters

4046/0/123 3744/0/244

goodness-of-fit

on F2
0.934 0.926

final R

indices [I > 2σ(I)]

R1 = 0.0723,

wR2 = 0.1720

R1 = 0.0578,

wR2 = 0.0965

R indices (all data) R1 = 0.1309,

wR2 = 0.1937

R1 = 0.1211,

wR2 = 0.1138

largest diff.

peak and hole

3.544 and

�3.762 e 3Å
�3

3.695 and

�2.376 e 3Å
�3

aThe reported formula does not account for the channels content in 1.
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Infrared Spectroscopy. The IR spectra were recorded from KBr
pellets in the range 4000�250 cm�1 on a Perkin-Elmer spectrometer.
Thermal Analysis. Thermogravimetric and differential thermal ana-

lyses (TGA/DTA) were performed using a SEIKO TG/DTA 320
apparatus in the temperature range 25�800 �C in air atmosphere
(flow of 100 mL min�1) at a heating rate of 10 �C min�1.
Thermogravimetric Analysis-Mass Spectrometry (TGA-MS). Char-

acterization by mass spectrometry was performed using a quadrupolar
mass spectrometer for gas analysis, model THERMOSTAR, coupled to
a simultaneous TG/DTA analyzer SDT Q600 apparatus in the tem-
perature range 25�500 �C in argon atmosphere (flow of 100 mL
min�1) at a heating rate of 10 �C min�1.
Crystal Structure Description. Compound 1.Hydrolysis of the

succinylsalicylic acid takes place during the synthesis process, (see
Scheme 1), generating the succinic and salicylic acids in the reaction
medium.

The pH value of the reaction mixture is enough for deprotonation
of both acids; thus, a competition between these ligands should
occur. The flexible succinate anion seems to exhibit more effective
Lewis basic characteristics and coordination ability than the salicylic
one since the resultant framework includes only the succinate
ligand.

In the asymmetric unit of compound 1 there are two crystallogra-
phically nonequivalent Ho(III) cations; each one has a coordination

number of 9 (see Figure 1), and the coordination polyhedra can be
described as a monocapped square antiprism. In each Ho(III) coordina-
tion sphere, eight oxygen atoms come from carboxylate groups while the
ninth belongs to a coordinated water molecule.

There are three crystallographically nonequivalent succinate
anions; one of them adopts a trans conformation with a dihedral
CCCC angle of 171(2)� and a distance between the R and ω
carbon atoms of 3.79(4) Å. The anion extends approximately in
the [10�1] direction and acts as chelate bridge by its two carbox-
ylate groups. Thus, this ligand is a η2μ2-η

2μ2 linker and connects
four holmium ions.

Both remaining succinate anions coordinate through a chelate-bridge
mode by one carboxylate group and in a bidentate-bridge mode by the
other one. In this way, these anions are also η2μ2-η

2μ2 linkers, exhibiting
a gauche conformation with dihedral angles of 65(3)� and �64(3)�,
with 3.12(3) and 3.21(4) Å being the distances between theR and theω
carbon atoms, respectively. These ligands extend along the [001]
direction (see Figure 2).

The secondary building unit (SBU) is constituted by chains of edge-
sharing coordination polyhedra running along to the [100] direction
(see Figure 2). Parallel to this direction, two sets of channels are
determined. The smaller one is empty and has a transversal area of
∼25.6 Å2, while the bigger one is partially occupied by 1/3 of the salicylic
acid molecules and has a transversal area of ∼113.4 Å2 (see Figure 2).

Scheme 1. Hydrolysis of Succinylsalicylic Acid

Figure 1. Coordination environment of Ho(III) ions in 1. Hydrogen atoms were omitted for clarity.

http://pubs.acs.org/action/showImage?doi=10.1021/ic102472u&iName=master.img-001.png&w=316&h=55
http://pubs.acs.org/action/showImage?doi=10.1021/ic102472u&iName=master.img-002.jpg&w=302&h=283
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The presence of the aromatic molecule was confirmed by elemental
analysis with values for C = 22.88% and H = 2.56% in very good
agreement with the calculated ones of 22.61% and 2.36%, respectively.
This result led us to propose the formula [Ho2(C4H4O4)3(H2O)2] 3 0.33-
(C7H6O3). The atomic positions of the aromatic molecule could not be
determined, since the continuous electron density found all along the

channels showed no resolvable positional disorder (see Experimental
Section).

Compound 2. It is isostructural to other REE succinates such as
those of Er,23 Gd,24 Eu,25 Nd,26 and Ce,27 but this structural type
has not been reported for Ho yet, its molecular formula being
[Ho2(C4H4O4)3(H2O)2].

The structure is very similar to that of compound 1 in terms of their
constituent units. There are two crystallographically nonequivalent
Ho(III) ions, both exhibiting the same coordination environment
formed by nine oxygen atoms (one of them belongs to a coordinated
water molecule, and the remaining ones are from carboxylate groups, see
Figure 3). There are three types of succinate anions similar to those
described for compound 1, the only differences being the values of the
dihedral angles. The trans succinate ligand has a dihedral angle of
177(2)�, and the torsion angles of both gauche anions are�69(2)� and
�90(2)�. The distances between the R and theω carbon atoms in these
three types of succinate anions are 3.84(4), 3.07(3), and 3.21(3) Å,
respectively. The coordination modes of each ligand are similar to those
found for the corresponding ligands of compound 1. The trans
conformer extends in the [010] direction, and both gauche succinates
run parallel to the [001] direction (see Figure 4).

SBU in 2 also consists of chains of coordination polyhedra joined by
edges that extend parallel to the [100] direction.

An important structural difference between compounds 1 and 2
relies on the disposition of the organic linkers in the framework. As a
result, channels of different sizes and geometries are determined in
each network. At this point, it is interesting to note that 1 has
channels with the biggest transversal area among known REE
succinates, resulting in a free void volume of 215 Å3 per unit cell
that represents 21.5% of the cell volume (calculated value with the
PLATON program28). The same calculation has been performed for
2 and for the 3D Ho(III) succinate framework previously reported11

(C2/c space group; named compound 0 from now on); both unit cells
contain no residual solvent accessible voids. Similar calculation
has also been carried out for the R- and β-polymorphs of an
Yb�succinate frameworks,12 and the same result has been found.
Thus, the compound 1 framework represents the most open one
found in hydrothermally obtained REE succinates.

Figure 2. Perspective views of the bc (a) and ab (b) planes of 1.

Figure 3. Coordination environment of Ho(III) ions in 2. Hydrogen
atoms were omitted for clarity.

http://pubs.acs.org/action/showImage?doi=10.1021/ic102472u&iName=master.img-003.jpg&w=415&h=228
http://pubs.acs.org/action/showImage?doi=10.1021/ic102472u&iName=master.img-004.jpg&w=240&h=287
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Role of the Aromatic Molecules. In order to study the role of
the aromatic molecule included into the main channels of 1 we
performed its synthesis replacing the succinylsalicylic acid by a
combination of succinate ligand and different aromatic molecules.
In this way, the reaction mixture consisted of Ho(NO3)3 3 5H2O,
succinic acid, water, TEA, and one of the following aromatic com-
pounds: benzene (Bz), pyridine (Py), toluene (Tol), salicylic acid
(Slc), or acetylsalicylic acid (Ac.Slc). The temperature was fixed at
160 �C, and several reaction times were tested in order to obtain, as
pure phases, compounds with the 1 framework. Besides, a synthesis
without any aromatics and maintaining constant all variables has been
also carried out (named from now on as test no. 0, see Figure S2 in the
Supporting Information).

The step-by-step comprehensive study and tuning of the synthesis
conditions were carried out using benzene, and then, when the condi-
tions for the obtaining of a pure compound with 1 framework were
found, such conditions allowed for rapid optimization of the synthesis
with the other aromatics.

Table 2 shows the different steps for tuning the synthesis conditions
of compound 1 3Bz whereas Figure 5 displays the corresponding PXRD
patterns. Table 3 summarizes the optimized synthesis conditions for all
the aromatic molecules tested. The corresponding PXRD patterns are
shown in Figure 6.

According to the results listed in Table 2, compound 0 is obtained
as a pure phase when benzene is absent. The low content of benzene
(tests 1 and 2) in the initial mixture induces formation of compound 2
(apart from compound 0) as it can be observed in the PXRD pattern

(see Figure 5), allowing us to assign it a SDA role. In such conditions, a
template effect during formation of compound 2 is disregarded not only
for the absence of the aromatic molecules but also for the resultant small
size of the main channels.

On the other hand, as benzene content increases, a new structural
effect is observed toward formation of the 1 framework (tests 3 and 4).
In this case, the presence of thismolecule trapped inside the channels has
been confirmed by elemental analysis (see Supporting Information),
indicating that it behaves as a true template.

Considering the review of Tanaka and Kitagawa on template effects
in porous coordination polymers,29 this effect can be primary or
secondary. The primary template effect occurs during the synthesis
process when the organic guest molecule is self-included into the host
framework by noncovalent interactions acting as a placeholder, thus
preventing interpenetration of the open framework. The secondary
template effect is a dynamic process that occurs when appropriate
guest molecules act as templates and induce reversible structure
transformations.

PXRD data confirm that the different aromatics tested render as pure
phases compounds that share identical hybrid framework with 1, except
for toluene. As in the case of benzene, salicylic and acetylsalicylic acids
behave as templates since the corresponding moieties hosted in 1 3 Slc
and 1 3Ac.Slc networks can be satisfactorily assessed from elemental
analysis. On the contrary, these measurements are unable to determine
undoubtedly the presence of pyridine in the respective reaction product,
thus suggesting a SDA role for the aromatic molecule. Perhaps, this fact
is somehow expected taking into account the chemical differences

Figure 4. Perspective view of the bc plane of 2.

Table 2. Tuning the Synthesis Conditions

test no. Ho:Succ:benzene (Bz) (mmol) composition of the reaction mixture temp. (�C) time (days) products

0 0.5:0.75:0 10 mL of H2O, pH = 5.5 (TEA) 160 3 0

1 0.5:0.75:2.23 9.8 mL of H2O, 0.2 mL of Bz, pH = 5.5 (TEA) 160 3 0 (majority) þ 2 (impurity)

2 0.5:0.75:11.14 9 mL of H2O, 1 mL of Bz, pH = 5.5 (TEA) 160 3 0 þ 2 þ unknown impurity

3 0.5:0.75:33.43 7 mL of H2O, 3 mL of Bz, pH = 5.5 (TEA) 160 3 1 3Bz þ unknown impurity

4 0.5:0.75:50.14 5.5 mL of H2O, 4.5 mL of Bz, pH = 5.5 (TEA) 160 3 pure compound 1 3Bz

http://pubs.acs.org/action/showImage?doi=10.1021/ic102472u&iName=master.img-005.jpg&w=395&h=240
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between pyridine and the rest of the aromatics employed such as donor
atoms, basicity, etc. On the other hand, the elemental analysis data for
1-Py are consistent with water molecules occupying the cavities.

The results displayed in Table 3 indicate that the amounts of benzene
and pyridine necessary for obtaining a pure compoundwith 1 framework
are much bigger than in the case of salicylic and acetylsalicylic acids. The
low solubility in water of those organic liquids could explain this fact.
Both syntheses are biphasic, and the benzene or the pyridine reactants
have to be in great excess with respect to the succinate to achieve an
effective concentration in the reaction medium, which is controlled by
the partition coefficient at the synthesis temperature. Moreover, a
potential template activity for pyridine at higher concentrations could
be considered.

It is remarkable that using toluene, a pure compound with 1 frame-
work, could not be obtained, as the minor phase is always in coexistence
with compound 0 (see Figure S3 in Supporting Information), showing
its less effective behavior as a template.

It is worth analyzing the influence of the in-situ generation of the
template molecule. When compound 1 is synthesized using succinylsa-
licylic acid (see Experimental Section), only a 2:1 salicylic acid:succinate
ligand molar ratio is necessary, whereas employing a reactant mixture
that contains the constituent ligands as independent molecules requires
a higher content of the aromatics. However, this methodology does not
always lead to formation of the same compound obtained by the in-situ-
generated ligands, as reported in previous studies.17b The above con-
siderations are also valid for compound 2 since the SDA molecule (i.e.,
benzene) added as an independent species has to be in greater excess
with respect to the succinate ligand (see tests 1 and 2 in Table 2) in
comparison to salicylic acid generation in situ.

Finally, attempts employing naphthalene were also tried without
success. The importance of the complementary relationship between the
selected template and the features of the ligand is evident; that is, the
template has to fit into the available space and also has to create the
specific favorable interactions that stabilize the structure.30 In particular,

Figure 5. Experimental PXRD patterns of the products stated in Table 2 in comparison with the corresponding simulated ones.

Table 3. Tuning the Synthesis Conditions Organized by the Aromatic Molecule Used

aromatic molecule

(Ar.Mol) Ho:Succ:Ar.Mol (mmol) composition of the reaction mixture temp. (�C) time (days) productsa

Bz 0.5:0.75:50.14 5.5 mL of H2O, 4.5 mL of Bz, pH = 5.5 (TEA) 160 3 1 3Bz
Py 0.5:0.75:61.82 5 mL of H2O, 5 mL of Py, pH = 5.5 (TEA) 160 4 1-Py

Tolb 0.5:0.75:46.96 5 mL of H2O, 5 mL of Tol, pH = 5.5 (TEA) 160 3, 4 0 þ 1 3Tol
Slc 0.5:0.75:5 10 mL of H2O, 690 mg of Slc, pH = 5.5 (TEA) 160 4 1

Ac.Slc 0.5:0.75:5 10 mL of H2O, 900 mg of Ac.Slc, pH = 5.5 (TEA) 160 4 1 3Ac.Slc
aThe corresponding formulas are given in the Thermal Analysis section and the Supporting Information (Elemental Analysis data). bComparison of
simulated and experimental XRD powder pattern is shown in Figure S3, Supporting Information.

http://pubs.acs.org/action/showImage?doi=10.1021/ic102472u&iName=master.img-006.jpg&w=392&h=322
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the succinate-based framework of compound 1 is considerably
“stretched” to its maximum capacity, and a bigger template molecule
cannot be included inside. Then, is it possible to obtain other Ln�MOFs
employing longer dicarboxylic acids such as glutaric, adipic, pimelic, and
so on, by means of the template role of naphthalene, anthracene,
phenanthrene, and other larger aromatic molecules...? In this sense,
the primary template effect can not only play an integral role in the solid-
state assembly process itself but also determine the shape and chemical
superficial properties of the pores.29 Further research will be done in
order to obtain deeper knowledge on the template effect of aromatics on
obtaining 3D MOFs.
Topological Study. Most metal�organic framework structures

belong to known prototypes in metallic or binary inorganic solids, which
can usually be described as 3-, 4- or 6-connected nets, for example,
3-connected (6,3), (8,3), (10,3), and (12,3) nets, 4-connected diamond,
CdSO4, quartz, moganite, and SrAl2 nets, and 6-connected R-Po and
β-Sn nets,31 with the three most preferred topological motifs being the
dia, pcu, and srs.32

The succinate ligand is flexible and versatile since it can exhibit
different coordination modes and conformations, allowing development
of new structures and diverse topologies. For this reason, a topological
analysis using the TOPOS33 program was performed on compounds 1
and 2, comparatively with compound 0.11 This study has been carried
out in order to analyze whether the different connectivity in the
hydrothermally obtained 3D-REE succinate frameworks gives different
network topologies.

Due to the fact that compounds 0, 1, and 2 are 3D frameworks in
which the SBUs are conformed by chains of edge-sharing [HoO9]
polyhedra, the simplest topological depictions can be done regarding
only the packing of such SBUs. In this sense, the framework is visualized
as a periodic arrangement of 1D inorganic units and the organic ligands
are only linking them. The description of MOF geometry in terms of

linked rod-shaped SBUs is fundamental to the rationalization and
prediction of MOF net topologies.34,35

From this point of view, compound 1 can be described as a uninodal
net with 5-connected nodes conforming rods that extend along the
[100] direction. The rods are linked by the succinate ligands to produce
a typical bnn net with a hexagonal parallel rod packing (see Figure 7),
Point Schl€afli Symbol {46.64}.

When the same analysis is performed on compound 0, the obtained
result is also a uninodal bnn net, with rods running along the [010]
direction; however, in this simplified net, the geometry of the 5-con-
nected nodes is square pyramidal, different from the trigonal bipyramide
exhibited by the 5-connected nodes in 1 (see Figures 7 and 8(left)). In
compound 0 net, the nodes not only connect to each other inside a rod
but also connect three rods disposed in a “square” array, whereas in 1, the
rods are located at 120� each other in a typical hexagonal array.

For compound 2, the simplified net is binodal with nodes 4,5-
connected, the Point (Schl€afli) symbol being {42.63.8}{42.67.8}. How-
ever, this binodal net, as well as the compound 0 one, can be assimilated

Figure 6. Experimental PXRD patterns of the products listed in Table 3 in comparison with the corresponding simulated one from 1 single-crystal data.

Figure 7. Comparison of the crystal structure of compound 1 (left)
with the topological representation based on the bnn hexagonal rod
packing.
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to the ideal pcu-R-Po square rod packing. In spite of the different
connectivity of the nodes in the rods (5-connected in 0, 4,5-connected in
2, and 6-connected in pcu), the three simplified nets visualized along the
direction parallel to the rods are very similar. The differences with pcu
are more evident along the other two crystallographic directions, where
the dissimilar connectivity of the nodes leads to less symmetric packings.
Thus, the simplified nets of compounds 0 and 2 can be considered as
pseudosquare rod packing.

From a chemical point of view, when the focus is on the skeletal
frameworks of the Ho�succinates, compounds 0, 1, and 2 can be
considered as pseudopolymorphs since they share the formula
[Ho2(C4H4O4)3(H2O)2]. Referring to the total composition, they only
differ in the channel contents, that is, water molecules in 0 or salicylic
acid molecules in 1, whereas they are empty in 2. However, these minor
differences are important; not only channels of different sizes are
determined depending on the inclusion or not of a certain molecule
but also the resultant frameworks present different structures and
topologies.
Thermal Analysis. TGA and DTA curves of compound 1 are

shown in Figure 9, whereas the corresponding curves for compounds
1 3Bz, 1-Py and 1 3Ac.Slc are gathered in Figures S4�S6, Supporting
Information.

For compound 1, the first weight loss in the TGA curve is about
5.85% and is associated with a DTA endothermic peak centered at

∼180 �C. The second process begins at ∼260 �C and extends until
∼400 �Cwith a mass decay of 5.5%. This event is denoted by a complex
signal in the DTA curve composed by an exothermic peak centered at
∼320 �C along with a previous weak endothermic one; these peaks
could be related with removal of the template molecule from the
framework. Decomposition of the succinate ligand is related to a strong
exothermic DTA signal at 435 �C, the cubic Ho2O3 (PDF card 43-
1018)36 being the final product of the pyrolysis. The weight change for
the whole process is �50.4%, consistent with the calculated value of
�50.24%.

For 1 3Bz, 1-Py and 1 3Ac.Slc, the corresponding weight losses for the
whole process are 50.0%, 49.43%, and 49.2%, respectively, which are in
very good agreement with the theoretical values of 49.75%, 49.84%, and
50.2% for the corresponding formulas [Ho2(C4H4O4)3(H2O)2] 3 0.5-
(C6H6), [Ho2(C4H4O4)3(H2O)2] 3 2H2O, and [Ho2(C4H4O4)3
(H2O)2] 3 0.25(C9H6O4). These stoichiometries are consistent with

Figure 8. Comparison of the simplified nets of compounds 0 (left) and
2 (center) with the ideal square rod packing type pcu-R-Po.

Figure 9. TGA-DTA curves for compound 1. (Inset) Zoomof the DTA
curve in the 120�380 �C range.

Figure 10. TGA curve for compound 1 3Bz along with the correspond-
ing ion current detected in the 20�220 �C range (top) and in the
20�500 �C range (bottom).

Table 4. Refined Cell Parameters for Compounds 1, 1 3Bz,
1-Py, and 1 3Ac.Slc and Reliability Factors of the Pawley
Fittings

1 1 3Bz 1-Py 1 3Ac.Slc

a (Å) 7.6315(5) 7.625(1) 7.640(1) 7.653(1)

b (Å) 11.999(1) 11.981(2) 12.011(1) 11.959(2)

c (Å) 12.157(1) 12.131(1) 12.113(1) 11.990(3)

R (deg) 67.552(4) 67.498(8) 67.143(6) 67.79(1)

β (deg) 89.873(7) 89.93(1) 89.881(6) 90.65(1)

γ (deg) 80.518(5) 80.59(2) 80.861(7) 80.94(2)

Rwp (%) 11.9 7.1 7.6 8.2
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the elemental analysis results (see Supporting Information). The
succinate decomposition processes are denoted by strong exother-
mic peaks centered in all cases at ∼435 �C in the DTA curves (see
Figures S4�S6, Supporting Information).

In the case of 1-Py, the first mass loss of 5.5% occurs from room
temperature to 100 �C and is associated with evacuation of the hydration
water molecules (calculated value 4.82%), while the second weight loss
of 4.95% (calculated value 4.82%) corresponds to removal of both
coordination water molecules. In the DTA curve, two endothermic
peaks appear at∼60 and 170 �C, which are associated with these events
(see Figure S5, Supporting Information).

According to these results, the compound with the higher content of
aromatic molecule is 1 3Bz; thus, such compound was selected for a
coupled thermogravimetric analysis mass spectrometry (TGA-MS)
study to determine the nature of the evolved decomposition gases.

Surprisingly, only ions m/z = 18þ and 17þ were detected, and no
evidence of the benzene molecular ion or its fragmentation products

appeared in the 20�220 �C temperature range. In this way, the first step
of the TGA curve corresponds to loss of the coordinated water
molecules. The TGA-MS curves are shown in Figure 10(top).

Then, a TGA-MS measurement was performed up to 500 �C for
compound 1 3Bz in order to confirm the presence of the benzene
molecule as a hosted species. Determination of the corresponding
elimination temperature would help to infer the structural importance
that this molecule has in the structure. As can be seen from Figure 10-
(bottom), the characteristic peaks of the mass spectrum of benzene
corresponding to ions m/z = 78þ and 77þ appear between 300 and
400 �C. This fact is associated with the second weight loss that occurs in
the same temperature range. Consequently, once the template molecule
is evacuated, the framework immediately decomposes, demonstrating
the strong stabilization effect of the template that contributes to
maintenance of the host structure.
X-ray Powder Diffraction Study. Taking into account that only

the structure of compound 1 was solved by single-crystal X-ray diffrac-
tion, the isostructural character of all compounds is determined by
comparison of the corresponding powder XRD patterns. To refine the
cell parameters at room temperature of the compounds under study,
Pawley profile-fitting procedures (see Experimental Section) were
performed (Table 4), and the corresponding Pawley refinements are
shown in Figures S7�S10, Supporting Information. As an example, the
results corresponding to the compound 1 3Bz are gathered in Figure 11.

On the other hand, in order to study the stability of compound 1 3Bz
when coordinated water molecules are eliminated, an X-ray thermodif-
fractometry study has been performed in the 20�220 �C range, and the
results are shown in Figure S11, Supporting Information. As can be seen,
the structure does not collapse upon dehydration even though some
modifications and a loss of crystallinity are observed. Besides, an
inversion of the relative intensities of the two first peaks corresponding
to the (010) and (011) hkl planes is observed. The initial structure tends
to be recovered when the sample returns to room temperature, denoted
by the reset of the aforementioned relative intensities (see Figures 12
and S11, Supporting Information).
Infrared Spectroscopy. Figure 13 shows the IR spectra of

compounds 1, 1 3Bz, 1-Py, and 1 3Ac.Slc, which are almost identical
since the aromatic molecules are present in a very low amount in the

Figure 11. Pawley refinement for compound 1 3Bz. Experimental data
(red), simulated pattern (black), difference (blue), and Bragg reflections
(green).

Figure 12. 2D contour graph corresponding to the intensities of the (010) and (011) reflections as a function of temperature for compound 1 3Bz.
(Inset) 3D representation.
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structures. On the contrary, if such spectra are compared with that
reported in ref 11 for compound 0, a major degree of splitting and the
appearance of new bands are observed in the former cases attributed to
the existence of two crystallographically nonequivalent gauche succinate
anions in the case of 1 instead of only one in the case of compound 0.

The OH-stretching mode is observed as a broad band centered at
∼3340 cm�1, while the C�H stretching one is located around
2930 cm�1 as weak bands. The OCO antisymmetric stretching mode
is assigned to three very strong bands located at 1605, 1595, and
1540 cm�1, the first two bands being associated to the bidentate
carboxylate groups while the third band is to the chelate-bridge ones.
The CH2 bending mode appears, as in the case of other Ho�succinate
frameworks, in the 1480�1400 cm�1 region. The Ho�O stretching
mode is assigned to three bands located at 590, 520, and 490 cm�1, in
agreement with our previous vibrational studies on other REE�
succinate MOFs.12,37

’CONCLUSIONS

Two novel 3D holmium MOF compounds have been ob-
tained by hydrolysis of the succinylsalycilic acid allowing in-situ
generation of the succinate ligand. Compound 1 exhibits a novel
structure induced by the primary template effect of the salicylic
acid molecules hosted in the channels. The framework has
channels with the biggest transversal area reported for REE�
succinate MOFs; it includes the aromatic molecules in low
quantity. Replacing succinylsalycilic acid by mixtures of succinate
ligand and different aromatic molecules, compounds with 1
framework are obtained, confirming the primary template effect
of the aromatic molecules. From the structural and topological
analysis performed, we can conclude that in the Ho�succinate
3D frameworks such molecules act in two different ways: as
purely structure-directing agents (salicylic acid and benzene in
formation of 2 and pyridine in formation of 1-Py) and as
templates (salicylic acid, benzene, and acetylsalicylic acid in
formation of 1, 1 3Bz, and 1 3Ac.Slc).

A comprehensive study following a design of synthesis meth-
odology to obtain the desired compounds suggests that the role
of the aromatics varies from SDA to template as their amounts
increase in the reaction mixture. In this way, this work con-
tributes to the increasing knowledge of the structure-directing
and template effects in MOFs.

’ASSOCIATED CONTENT

bS Supporting Information. X-ray crystallographic files in
CIF format of compounds 1 and 2. This material is available
free of charge via the Internet at http://pubs.acs.org.
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