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By using the tripodal ligand ntb (tris(benzimidazole-2-ylmethyl)amine) and lanthanide nitrate, three isomorphous series of
coordination frameworks of the general formula [Ln(ntb)(NOs)3] - solvents (series 1: monoclinic C2/c, Ln = Gd** and Yb**;
series 2: hexagonal P34/c, Ln = Nd**, Eu®", Gd®*, and Er**; series 3, cubic Pa3, Ln = Gd*" and Er**; solvent = H,0 or
CH30H) have been assembled and characterized with IR, elemental analyses, and single crystal and powder X-ray
diffraction methods. In all isomorphous complexes, analogous [Ln(ntb)(NOs)s] coordination monomers of the same
structure act as the building blocks to be assembled via hydrogen bonds into three-dimensional (3D) frameworks. So the
complexes of the same lanthanide ion (for example, the Gd*" ion) from three isomorphous series form polymorphs, for
example, monoclinic polymorph 1-Gd, hexagonal polymorph 2-Gd, and cubic polymorph 3-Gd. The single-crystal analyses
revealed that the polymorphism was related to different fashions of hydrogen bonding interactions, which was caused by
different crystallization conditions, leading to the formation of different 3D hydrogen-bonded frameworks showing distinct
porous and topological structures. The monoclinic and hexagonal crystals contain 1D channels, while the cubic crystal is
nonporous. The thermogravimetric analyses indicated that all polymorphic crystals have high thermal stability against the
removal of guest molecules, and the robust porosity of the hexagonal crystals has been verified by temperature-dependent
single-crystal-to-single-crystal measurements upon guest removal/uptake. The solvents adsorption study disclosed that the
porous frameworks show high selectivity of benzene against toluene and xylene, while the gas adsorption measurements
indicated a moderate Hp, CO,, and MeOH storage capacity in contrast to low N, uptake. The solid-state photoluminescence
of the Eu®" and Nd®* complexes in the near-infrared and visible region has also been investigated, offering examples with

optical properties tunable by means of isomorphous replacement.

Introduction

The design and synthesis of periodically well-ordered one-,
two-, or three-dimensional (1D, 2D, or 3D) coordination
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frameworks has been an attractive topic in the field of crystal
engineering over the past few decades, not only due to their
intriguing diversification of structures and topologies but
also due to their potential applications in optics, magnetics,
catalysis, sensors, and host—guest systems."> Among these,
coordination frameworks with highly stable porous struc-
tures are of particular interest because they have shown a
brilliant perspective in the application of selective adsorption
and gas storage or separation.’
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Recent research in porous coordination frameworks is
mainly focused on the construction of metal—organic frame-
works (MOFs) from stiff bridging ligands' ™ via relatively
strong dative bonds; nevertheless, the assembly of pro-
perly hydrogen-bonded frameworks has been proven to be
an alternative approach to getting highly stable porous
structures.’ In principle, there are three possible routes
to construct hydrogen-bonded coordination frameworks:
(1) self-organizing the discrete coordination modules (zero-
dimensional, 0D), which contain both hydrogen bond (HB)
donors or acceptors through the formation of complemen-
tary HBs into a 3D supramolecular framework (0D — 3D),
(2) connecting 1D coordination chains through mutual inter-
chain hydrogen-bonding into a 3D supramolecular frame-
work (1D — 3D), or (3) connecting 2D coordination layers
through hydrogen-bonding to a pillared-layer 3D framework
(2D — 3D). In this context, the multiple benzimidazole (Bim)
derived ligands represent excellent candidates for forming
various 0D to 2D coordination motifs ready for hydrogen-
bonding into higher dimensional structures due to the following
reasons:® (a) The Bim groups can be partially or completely
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deprotonated, leading to versatile coordination and hydro-
gen-bonding modes. (b) The Bim groups can act both as
hydrogen-bonding acceptors and donors, and (c) the Bim
groups are apt to form w— stacking interactions, which are
helpful in stabilizing crystal packing. The hydrogen-bonded
frameworks thus generated have also been found to be able to
display permanent porosity against guest removal/uptake
and show selective guest adsorption behavior.**°

On the other hand, supramolecular isomerism’ represents
a common phenomenon in the crystal engineering of both
hydrogen-bonding and coordination frameworks, which
leads to the formation of different structures from the same
building blocks. Polymorphism® is considered one type
of supramolecular isomerism because the same molecular
component can generate different supramolecular synthons,
therefore giving rise to more than one crystalline form
(polymorphs).” In particular, polymorphism exits in mole-
cules which contain multiple hydrogen-bonding moieties,
thereby forming multiple supramolecular synthons and/or
conformational flexibility.” Meanwhile, supramolecular iso-
morphism also represents a common phenomenon in crystal
growth.'” Isomorphous crystals have the same space group
and unit-cell dimensions but only differ in one or more
replacement atoms (such as heavy atoms, isomorphous
replacement) or additional atoms (such as solvents, isomor-
phous addition).!" Typical examples are observed from the
assembly of structurally identical frameworks with the same
ligands but different metal ions,'”®™ or exactly identical
frameworks containing different guest molecules.'? In this
context, polymorphism and isomorphism can be regarded as
two key challenges interrelated in crystal engineering: the
former lies at the heart of crystal design and synthetic control,
while the latter implies framework versatility and tolerance to
active site modification or guest exchange. Therefore, under-
standing and utilization of polymorphism and isomorphism
in crystal engineering may offer opportunities for better
physicochemical performance and new product develop-
ment. The occurrence and relationship of polymorphism
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Scheme 1. Schematic Representation for 0D — 3D Hydrogen-Bonding
Assembly from the [Ln(ntb)(NOj3)3] Building Modules®
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“The filling space indicates the solvent-accessible voids.

and isomorphism have been thoroughly investigated and well
understood in pharmaceutical and inorganic solid-state
chemistry;'® however, few little attention has been paid to the
crystal engineering of porous hydrogen-bonding and coordi-
nation frameworks.

We have previously observed two crystal structures from
the reaction of a tripodal ligand tris-(benzimidazole-2-
ylmethyl)amine (ntb) and lanthanide nitrates, which showed
the same coordination motifs but a distinct symmetry and
space group.®! Herein, we report a systematic study of this
reaction, which offered three series of hydrogen-bonded
coordination networks, namely, {[Ln(ntb)(NO3);]-xH,0},,
(series 1: monoclinic C2/c¢, Ln = Gd and Yb; series 2:
hexagonal P3,/c, Ln = Eu, Gd, Er and Nd; x = 0-3) or
{[Ln(ntb)(NO5)s]- 1.5CH30H},, (series 3: cubic Pa3, Ln =
Gd and Er). Concomitant isomorphism and polymorphism
was studied with respect to crystallization conditions and
hydrogen-bonding fashions. As shown in Scheme 1, the same
coordination subunits [Ln(ntb)(NOj3);] were found to be
consolidated by HBs in different ways: N—H---O and
O—H- - -0 hydrogen-bonded in series 1 to give monoclinic
frameworks, while N—H - - - O HBs dominated in series 2 and
3 to form hexagonal and cubic frameworks, respectively.
Although all three series complexes all feature high thermal
stability, the hexagonal series display distinctive porosity and
robustness against water removal/uptake and show selective
solvent and gas adsorption properties. The thermal stability
and guest adsorption/desorption behaviors have also been
investigated by thermal gravimetric analysis (TGA) and
powder X-ray diffraction (XRD).

Result and Discussion

Syntheses, Polymorphism, and Isomorphism. All of the
complexes are readily available by direct reaction of the
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Scheme 2. Schematic Representation for the Structure of the Ligand
and the Formation of the Three Series Complexes

1) monoclinic series: 1-Gd-2H,0, 1-Yb2H,O
2) hexagonal series: 2-Eu, 2-Gd, 2-Gd- 2H,0, 2-Er-H,0, 2-Nd-3H,0
3) cubic series: 3-Gd-1.5CH;0H, 3-Er-1.5CH;0H

hydrated lanthanide nitrate Ln(NO3)3-6H,O with the ntb
ligand, offering the same monomeric [Ln(ntb)(NOs);] co-
ordination motif as shown in Scheme 2. However, poly-
morphous crystals were formed depending on the reaction
systems. Upon the diffusion of diethyl ether into CH;OH
solution, the crystals were crystallized in a monoclinic system
with the space group C2/c¢ (1-Gd-2H,0 and 1-Yb-2H,0),
while upon the diffusion of diethyl ether into the CH;OH—
DMF (v:v = 2:1) mixture, the crystals were crystallized in
a hexagonal system with the space group P3;/c (2-Eu,
2-Gd-2H,0, 2-Er-H;0, and 2-Nd-3H,0). Interestingly,
when changing the ratio of the CH;OH—DMF mixture to
v/v = 4:1, the crystals were crystallized in a cubic system
with the space group Pa3 (3-Gd-1.5CH;OH and 3-Er-:
1.5CH3zOH). All complexes have been characterized by
elemental analyses and IR spectra. The phase purity of the
bulk samples has been checked using powder XRD, which
shows that the measured patterns are in agreement with the
simulated ones from the single-crystal diffraction data
(Figures S1—3, Supporting Information).

It is evident that the solvents used for crystallization
play an important role in the formation of crystal poly-
morphs. The DMF, CH;0OH, and H>O (coming from
hydrated salts and a trace impurity of DMF and CH;OH)
solvent molecules were selectively crystallized with [Ln(ntb)-
(NO3);] coordination monomers to result in crystals of
different symmetry, of which the DMF solvent seems only
to influence the crystallization process but not participate
in crystallization. For each crystal polymorph, complexes
of different lanthanide ions were prepared to form isomor-
phous series. That is, monoclinic series 1-Gd-2H,O and
1-Yb- 2H,0; hexagonal series 2-Eu, 2-Gd - 2H,0, 2-Er - H,O,
and 2-Nd-3H,0; and cubic series 3-Gd-1.5CH;OH and
3-Er-1.5CH3OH. In each series, complexes only differ in
metal atoms (isomorphous replacement) or solvent atoms
(isomorphous addition)'" but retain the same space group
and unit-cell dimensions. Strictly speaking, only the com-
plexes having the same lanthanide ion and solvent molecules
from three isomorphous series can be called polymorphs,
like 1-Gd - 2H,0 and 2-Gd-2H,0. However, since the cor-
responding [Ln(ntb)(NOj3);] coordination monomers in the
three series are exactly the same and solvent molecules could
be removed without changing the crystal lattice, complex
3-Gd-1.5CH;0H may also be considered as a polymorph
with 1-Gd- 2H,0 and 2-Gd- 2H,0 in a supramolecular sense.’
Indeed, the water and methanol molecules in 1-Gd-2H,O,
2-Gd-2H,0, and 3-Gd-1.5CH;OH crystals can slowly
escape, partially, when left in the open air and can be com-
pletely removed at elevated temperatures to lead to 1-Gd,
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a b

Figure 1. Crystal structures of complexes 1-Gd - 2H,O (upper), 2Gd - 2H,0 (middle), and 3-Gd- 1.5CH;0H (lower). (a) Molecular structures showing the
coordination geometry of the Gd*" ion in [Gd(ntb)(NOs)s] motifs; (b) 2D layers formed by hydrogen-bonding shown in dashed lines; (c) 3D frameworks
sustained by hydrogen bonds between 2D layers showing the packing fashion and net topology; (d) 1D channels or lattice cavities formed in 3D hydrogen-

bonding frameworks shown in the space-filling mode (guest molecules are omitted for clarity).

2-Gd, and 3-Gd, which have the same single crystal nature as
their solvated analogues (vide infra). The appearance of
concomitant polymorphism and isomorphism in these com-
plexes suggests that each polymorph as a structural model
can be expanded into isomorphous series by modifying or
replacing building units, while every isomorph as a specific
compound may be able to turn into a desired polymorphous
structure by controlling the crystallization conditions. This
provides good chances to tune structures suitably for re-
quired properties in crystal engineering.

Crystal Structures and Hydrogen-Bonding Frameworks.
The single-crystal data of all complexes have been col-
lected and summarized in Tables S1 and S2 (Supporting
Information). As representatives of three isomorphous
series, 1-Gd-2H,0, 2-Gd-2H,0, and 3-Gd:1.5CH;0H
are selected for discussion. In general, the central Gd**
ion is 10-coordinated by four N atoms from the tetra-
dentate ntb ligand and six O atoms from three nitrate
groups, as shown in Figure la, giving rise to the same
[Gd(ntb)(NO3);] coordination unit. The ligand ntb exhibits
a tripodal coordination fashion with three benzimidazole
(Bim) arms forming a propeller host to catch hold of the
central Gd*" ion, leaving three NH groups on one side as

HB donors and nine O atoms from three nitrate groups on
the other side as HB acceptors. Selected bond lengths and
angles are listed in Tables S3—S5 (Supporting Informa-
tion). We can see that the Gd—N and Gd—O distances
in 1-Gd-2H,0, 2-Gd-2H,0, and 3-Gd:-1.SCH;0H are
comparable, regardless of the packing fashions of the
[Gd(ntb)(NO3);] motifs in different polymorphs.

The crystal packing analyses disclosed that HBs play
crucial roles in directing arrangements of the [Gd(ntb)-
(NO3);] building units in the crystal lattice of three
complexes. In principle, each [Gd(ntb)(NO3)3] unit can
provide three —NH HB donors and nine O HB acceptors.
As depicted in Figures 1b and S4a (Supporting Information),
each [Gd(ntb)(NO3)3] unit in 1-Gd-2H,0 forms three
crystallographically unique N—H- - -O HBs (N(6)- - - O(3),
2.80 A, ZNHO, 159% N(5)---0(6), 2.94 A, ZNHO,
166° N(7)---O1W, 2.85 A, ZNHO, 146°) and one
O—H:::O HB (0O(©9):::0Olw, 2.79 A) (Table S5, Sup-
porting Information). In the ab plane, these HBs link
side-by-side neighboring [Gd(ntb)(NOs);] units alternately
in the opposite direction to generate a honeycomb 6° 2D
layer, where intermolecular 7+ - -7 interactions (3.71 A)
are present between adjacent Bim rings. In addition, the
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N(6)---0O(3) HBs join such 2D layers along the ¢ axis,
causing an overlapped crystal packing of the 6° 2D layers
as depicted in Figure S4b (Supporting Information). If
considering every [Gd(ntb)(NOs3);] unit as a connecting
node, a 5-connected bnn-type 3D hydrogen-bonding
framework is generated, as simplified in Figure Ic, show-
inganet topologP/ of point symbol 4°.6* (Scheme 1), which is
rarely observed. >

By contrast, in 2-Gd-2H,0, every [Gd(ntb)(NO3)s]
unit forms two sets of crystallographically equivalent
N—H---O HBs (N(3)---0(3), 3.02 A, ZNHO, 128°;
N(@3)---0(2), 299 A, ZNHO, 163°) with six different
neighboring [Gd(ntb)(INOj3);] units (Figure S4a, Supporting
Information). Each set of HBs joins adjacent [Gd(ntb)(NOs);]
units into a double layer extending in the ab plane
(Figure 1b). If we consider such a double layer also as a
honeycomb 6° 2D network analogous to that in 1-Gd-
2H,0, an offset crystal packing of double layers along
the ¢ axis is obvious, as seen in Figure S4b (Supporting
Information). Therefore, alternate stacking of such double
layers is sustained by the second set of N—H - - -O HBs to
generate a 6-connected acs-type 3D framework, as simpli-
fied in Figure lc, giving a net topology of Point symbol
4° 6° (Scheme 1), which is also uncommon.'¢

Similar to those in 2-Gd-2H,0, complex 3-Gd - 1.5CH;OH
also forms six N—H---O HBs (N(3)---0(3), 2.94 A,
ZNHO, 133°), as shown in Figure S4a (Supporting
Information). However, the high crystal symmetry makes
these six HBs crystallographically equivalent, thus result-
ing in a completely different crystal packing fashion,
in contrast to that of the 2-Gd-2H,O complex. For a
comparison, four N—H - - -O HBs in the ab plane connect
four different [Gd(ntb)(NO3)3] neighbors to form a 2D
waving layer, as depicted in Figures 1b and S4b (Sup-
porting Information). If considering such waving layers
as 4* grids, a slightly offset crystal packing of these grids is
consolidated by the remaining two N—H - - -O HBs along
the ¢ axis. Therefore, a 6-connected peu-type 3D frame-
work is generated, as simplified in Figure lc, showing a
net topology of Eoint symbol 4'%.6° (Scheme 1), which is
quite common.*

From the above discussion, we can see that, overall, 3D
hydrogen-bonded coordination frameworks are constructed
in 1-Gd-2H,0, 2-Gd-2H,0, and 3-Gd-1.5CH30H, and
a two-step 0D — 3D assembly process can be outlined
from the complementary HB self-organizing of the dis-
crete coordination modules [Ln(ntb)(NOs)s], which con-
tain both HB donors and acceptors (Scheme 1). However,
crystallization under a different solvent system caused the
formation of distinct HBs, which in turn direct the crystal
packing fashion of the same [Ln(ntb)(NOj3);] building
units, leading to three types of crystal polymorphs. In
1-Gd-2H,0, the overlapped stacking of the 6° 2D layers
results in a monoclinic framework which offers 1D
cylindrical channels encircled by six Bim rings with an
effective pore diameter of 4.0 A (separation between two
closest opposite atoms after considering van der Waals
radii) in the ¢ direction (Figure 1d). In 2-Gd-2H,O, the
offset packing of the 6> 2D double layers gives rise to
a hexagonal framework which offers 1D triangular

(15) Pan, L.; Ching, N.; Huang, X.-Y; Li, J. Chem. Commun. 2001, 1064.
(16) Sudik, A. C.; Cote, A. P.; Yaghi, O. M. Inorg. Chem. 2005, 44,2998.
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channels encompassed by three Bim rings with an effec-
tive pore diameter of 5.0 A in the ¢ direction (Figure 1d).
However, in 3-Gd - 1.SCH;0H, the slightly offset stacking
of the 4* 2D grid layers leads to a cubic framework which
contains lattice cavities hosting CH;OH guests but no
obvious channels. There are windows in the «a, b, and ¢
directions for the escape of guest molecules, but they are
too narrow to release guests easily (Scheme 1). The guest
water or methanol molecules are encapsulated inside
these channels or cavities, which account for 21.1% in
1-Gd, 28.5% in 2-Gd, and 15.3% in 3-Gd of the potential
solvent accessible area, as calculated by PLATON.!” There-
fore, these polymorphs present an interesting example
that crystal porosity can be finely tuned by changing
crystal forms. In other words, modification of crystal
porosity can be achieved through the formation of a series
of polymorph crystals of the same building modules.

Thermal Stability and Single-Crystal-to-Single-Crystal
De/Rehydration. Thermal gravimetric analyses (TGA)
were performed to examine the thermal stability of three
polymorphous crystals (Figure S5, Supporting Information).
TGA curves were recorded for the freshly prepared bulk
samples of 1-Gd-2H,0, 1-Yb-2H,O0, 2-Gd-2H,0, 3-Gd -
1.5CH30H, and 3-Er-1.5CH3O0OH in the temperature
range 25—700 °C. A long slope observed in 1-Gd-2H,0
and 1-Yb-2H,O indicated that all water molecules were
removed before 200 °C, giving weight losses of 3.4 and
4.4% (cal. 4.6 and 4.5%), respectively. The frameworks
started to decompose at about 280 for 1-Gd-2H,0 and
300 °C for 1-Yb-2H,0, where an abrupt weight loss
occurred. For 3-Gd-1.5CH3;0H and 3-Er-1.5CH;0H,
an even slower procedure of guest molecule escape was
observed, which lasted to about 290 °C, corresponding to
weight losses of 5.4 and 4.2% for methanol molecules
(caled 6.0 and 5.9%). The frameworks began to collapse
at about 300 °C. By contrast, the TGA behaviors of the
monoclinic polymorph look quite different. Complex
2-Gd-2H,O0 displayed a rapid weight loss before 100 °C
(3.6%), and then followed with a second loss between
100 and 150 °C (1.2%), totally amounting to two water
molecules per Gd*" (caled 4.6%). To check whether
water solvents are completely evacuated, the dehydrated
sample 2-Gd was measured once more. As shown in
Figure S5b (Supporting Information), there was no
obvious weight loss before 280 °C.

Since TGA investigation can only provide the thermal
stability and desolvation behavior of crystals without
providing convincing information on the integrity of the
framework at elevated temperatures, the single-crystal-
to-single-crystal re/dehydration was carried out for the
same polymorphous crystals, which provided conclusive
evidence of the robustness for the hydrogen-bonded
coordination frameworks against guest evacuation. After
collecting reflection data on a single crystal of 2-Gd-
2H,0, the same crystal was in situ heated to 200 °C (473 K)
and then cooled down in the air to 20 °C (293 K). The
single crystallinity was found to be retained during vari-
able temperature measurements, and the corresponding
reflecting data were collected, assigning 2-Gd (473 K)
and 2-Gd - H,O (473K -air), respectively, in Tables S1 and
S2 (Supporting Information). The structural analyses

(17) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7.
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Figure 2. H' NMR spectra of 2-Gd after (a) dipping in benzene, (b) dipping in toluene, (c) dipping in dimethylbenzene, (d) dipping in a benzene/toluene
mixture (v/v = 1:1), and (e) dipping in a benzene/dimethylbenzene mixture (v/v = 1:1).

confirmed that the [Gd(ntb)(INOs3);] coordination motifs
and their overall crystal packing fashions remained
almost intact after heating. However, the guest water
molecules inside the channels have been completely re-
moved at 200 °C, evidenced by the small electron residua
of 0.58 ¢ A7 in the final refinement of 2-Gd (473 K).
Upon cooling the completely dehydrated crystal from
200 to 20 °C in the air, one water molecule per Gd** was
rehydrated, which has been verified by the satisfactory
refinement of the data set from 2-Gd-H,O (473 K-air)
and is consistent with the TGA results discussed above.
Similarly, unit-cell checking of the dehydrated crystals of
1-Gd and 3-Gd also verified that the crystal space groups
and cell dimensions showed little change after heating,
indicating that the hydrogen-bonding frameworks were
retained after the removal of guest molecules.

Solvent and Gas Adsorption. The sample of dehydrated
2-Gd has been tested for solvent guest adsorption accord-
ing to the following procedure: (1) Dry the sample at
180 °C under a vacuum for 12 h. (2) Dip the dehydrated
sample into solvents for 72 h. (3) Filter out and wash the
dipped sample with anhydrous ethyl ether three times,
and then dry it in an infrared oven for 12 h. (4) Carry out
"H NMR measurements. The following solvent systems
have been selected: (1) benzene, (2) toluene, (3) dimethyl-
benzene, (4) benzene and toluene (v/v = 50:50), and
(5) benzene and dimethylbenzene (v/v = 50:50). As shown
in Figure 2, '"H NMR monitoring shows that only benzene
molecules can be adsorbed as guests. Toluene and
dimethylbenzene molecules could not be adsorbed in either
pure solvents or mixtures, indicative of a high selectivity
of benzene over its derivatives by porous 2-Gd. Such guest
adsorption selectivity may be due to the size effect of the
1D pores in 2-Gd, implying potential utilizations in
separation, or detection, cleaning, and protection in
environmental applications.?

To evaluate the permanent porosity of the open frame-
work in 2-Gd and to estimate its possible application for
gas separation or storage, gas and vapor adsorption
behaviors have been investigated with N,, CO,, H,, and

MeOH. The as-synthesized samples (weight 50—100 mg)
were dried under a high vacuum at 120 °C for 24 h to
remove water molecules prior to measurements. The
adsorption isotherms of N, measured at 77 K for 2-Gd
indicate that only surface adsorption has occurred, sug-
gesting that nitrogen molecules cannot diffuse into the
channels at this temperature. In contrast, the adsorption
isotherms of CO, measured at 195 K exhibit type-I like
profiles, as shown in Figure 3a. Analysis of the results
discloses that 2-Gd has a CO, adsorption capacity of
70.2 mL g~ ', amounting to 2.4 CO, molecules per metal
ion, significantly larger than analogous Sm** complexes
reported before.”® Such adsorption selectivity of CO,
over N, may be due to the fact that CO, molecules have
alarger quadrupole moment than N,, which has a smaller
molecular size (CO, 3.4, N, 3.1 A) but bigger kinetic
diameters (CO; 3.3, N, 3.6 A). Improving the CO,/N,
selectivity is always expected for a promising outcome
of the separation of CO, from natural gas and flue gas
by porous materials. The high-pressure (up to 100 bar)
hydrogen storage capability was evaluated at 77 K. The
result indicates that 2-Gd possesses a comparable capa-
city of H, storage to that of Sm*>" analogues, reaching
0.73% and corresponding to 2.7 H, molecules per metal
ion (Figure 3b). The isotherm is approximately linear,
suggesting that porous 2-Gd is possibly undersaturated
with H, in the pressure range explored.'® As shown in
Figure 3c, the adsorption isotherms of MeOH vapor
measured at 298 K revealed a maximum storage amount
of 147.1 mg g~ ! for MeOH at 1 atm, corresponding to
3.5 MeOH molecules per metal ion.

Photophysical Properties. The solid-state photolumine-
scence spectra for complex 2-Eu were recorded at room
temperature. As shown in Figure S6a (Supporting Infor-
mation), 2-Eu shows salient emission peaks at 592, 613,
and 622 nm which are attributed to Dy—'F, and
SDy—F, transitions, with the former being a magnetic

(18) Rosi, N. L.; Eckert, J.; Eddaoudi, M.; Vodak, D. T.; Kim, J.;
O’Keeffe, M.; Yaghi, O. M. Science 2003, 300, 1127.
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Figure 3. (a) CO, adsorption/desorption isotherms at 195 K for 2-Gd. (b) H, adsorption properties of 2-Gd at 77 K. (c) MeOH sorption isotherms of 2-Gd
measured at 298 K. Py is the saturation pressure (MeOH 16.94 kPa), and the samples were activated at 120 °C for 24 h.

dipole allowed transition (MD) and the latter belonging to
an electric induced dipole transition (ED). The splittings
of the peaks can be deciphered from the slightly different
coordination of Eu®" in the solid state. It is well know
that the Eu®" luminescent transitions of >Dy—'F; and
SDy—F can be theoretically used to identify its coordination
sphere and symmetry environment. In general, when the
Eu*" ion is positioned in a higher-symmetry environment
containing an inversion center, the *Dy—F, transition is
predominant, while in a lower-symmetry environment
without an inversion center, the *Dy—'F, transition
becomes stronger. The comparison of the intensity between
both Eeaks of 611 and 592 nm obviously shows that the
*Dy—'F, transition is stronger than the Dy—'F; transi-
tion, which indicates that the Eu*" ion lies in a noncentro-
symmetric coordination site in the solid state,'™ in agree-
ment with single-crystal structural analysis results. A small

eak at 580 nm is noticeable, which can be assigned to the

Dy— ’F, transition originating from a first-order pertur-
bation strictly forbidden transition, according to Judd—
Ofelt theory.'”® The total emission spectra in the NIR
region were recorded from 800—1500 nm for 2-Nd - 3H,O.
Figure S6b (Supporting Information) shows emission peaks
at 920 and 1060 nm which are attributed to *F; /2—>419 nand
‘K, /2—>4II 12 transitions of the Nd** ion. These observation
indicate that the energy transfer can take place, but weakly.
Since 2-Eu and 2-Nd-3H,0 are isomorphous structures,
they represent an example of the approach in crystal
engineering to modify the properties of a given structur-
al model by means of isomorphous replacement; that is,
replacement between Eu and Nd atoms can tune the
optical property of the crystal while retaining the same
structural model.

Conclusion

In summary, two major subjects were elaborated in this
article: (a) Three isomorphous series of 3D hydrogen-bonded
coordination frameworks have been assembled from the
analogous [Ln(ntb)(NO3);] monomers containing both HB
donors and acceptors. Different N—H---O and O—H---O
hydrogen-bonding fashions formed during crystallization in
different solvent systems lead to three types of polymorphous
crystals which display different porosities, while different

(19) (a) Pan, M.; Zhang, X.-L.; Liu, Y.; Liu, W.-S.; Su, C.-Y. Dalton
Trans. 2009, 2157. (b) Judd, B. R. J. Chem. Phys. 1979, 70, 4830.

lanthanide ions in isomorphs cause different luminescence.
(b) The hydrogen-bonded coordination frameworks feature
high thermal stability and framework robustness against
guest removal, proven by single-crystal-to-single-crystal de/
rehydration of the 2-Gd-2H,0 complex. A study of gas and
vapor adsorption/desorption behaviors of N,, CO,, H,, and
MeOH reveals a moderate storage capacity of CO,, H», and
MeOH and a selectivity of CO,/N»>. A solvent adsorption
investigation discloses the separation ability of a porous 2-Gd
framework for benzene over its derivatives.

Experimental Section

Physical Methods. Solvents and starting materials were pur-
chased commercially and used without further purification
unless otherwise noted. Lanthanide(III) nitrate was prepared
by dissolving lanthanide oxide (99.99%) in 98% nitrate acid.?
The ligand tris(2-benzimidazolylmethyl)amine (ntb) was synthe-
sized following a slight modification of the method of Phillips
by Oki et al.?' to afford the product. Yield: ca. 72%. Infrared
spectra were measured on a Nicolet/Nexus-670 FT-IR spectro-
meter with KBr pellets. The X-ray powder diffraction was
recorded on a Rigaku D/Max-2200 diffractometer at 40 kV
and 40 mA with a Cu-target tube and a graphite monochromator.
Thermogravimetric analyses (TGA) were performed in the air
under 1 atm at a heating rate of 10 °C/min "' on a Perkin-Elmer/
TGS-2 analyzer. Emission spectra were obtained on a Com-
bined Fluorescence Lifetime and Steady State Spectrometer—
FLS920. The adsorption isotherms for MeOH were measured
in IGA-003 series, Hiden Isochema, Ltd. The adsorption iso-
therms of CO, were measured by using BELmax 00027 adsorp-
tion equipment (BEL Japan). The high-pressure hydrogen
storage capability was evaluated at 77 K using a RUBOTHERM
magnetic suspension balance (Ankersmid B.V., Netherlands).
Before the measurements, the samples were evacuated under a
dynamic vacuum at 120 °C for 24 h to remove the included
solvent molecules.

Series 1: Complex 1-Gd -2H,0 and 1-Yb-2H,0. A solution of
ntb (40 mg, 0.1 mmol) in 2 mL of hot methanol and lanthanide
nitrates (0.1 mmol) in 2 mL of methanol were carefully mixed.
After cooling to room temperature and filtration, slow diffusion
of ethyl ether into the mixture over three days afforded colorless
crystals. Anal. Calcd for hydrated 1-Gd - 2H,0, GdC>4H,5N 0O
C, 36.64; H, 3.20; N, 17.80. Found: C, 36.23; H, 3.92; N, 16.84.
IR (KBr, v/em™1): 3450(w), 3089(w), 2103(w), 1623(m), 1606(m),

(20) Desreux, J. F. Lanthanide Probes in Life, Chemical and Earth
Sciences; Choppin, G. R., Biinzli, J.-C. G., Eds.; Elsevier Publishing Co.:
Amsterdam, 1989; Chapter 2, p 43.

(21) Oki, A. R.; Bommarreddy, P. K.; Zhang, H. M.; Hosmane, N. Inorg.
Chim. Acta 1995, 231, 109.
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1529(w), 1491(w), 1218(s), 1009(w), 807(w), 624(m), 658(w).
Anal. Calcd for hydrated 1-Yb-2H,0, YbCy4H,5N (O :
C, 35.92; H, 3.14; N, 17.45%. Found, C, 35.26; H, 3.77; N,
16.86%. IR (KBr, v/em™1): 3465(w), 3087(w), 2106(w), 1619(m),
1604(w), 1493(w), 1216(s), 1007(w), 811(w), 621(m), 655(w) cm ™ .

Series 2: 2-Eu, 2-Gd-2H,0, 2-Er-H,0, and 2-Nd-3H,0. A
solution of ntb (40 mg, 0.1 mmol) in 2 mL of hot methanol and
lanthanide nitrates (0.1 mmol) in 2 mL of methanol were mixed
carefully. A precipitate was formed and dissolved with 2 mL of
DMF by constant heating. After cooling to room temperature
and filtration, colorless single crystals were obtained by diffu-
sion of ethylether within a week. Anal. Calcd for dehydrated
2-Eu, EuC,4H, N (Oy: C, 38.66; H, 2.84; N, 18.79. Found: C,
36.71; H, 3.84; N, 16.95. IR (KBr, v/cm™"): 3088(w), 2103(w),
1621(m), 1602(m), 1529(w), 1491(w), 1218(s), 1010(w), 807(w),
624(m), 656(W) Z'Gd'szo, GdC24H25N10011: C, 3664, H,
3.20; N, 17.80. Found: C, 36.47; H, 3.05; N, 17.78. IR (KBr,
vjem™1): 3450(w), 3087(w), 2106(w), 1623(m), 1604(m), 1528(w),
1491(w), 1218(s), 1007(w), 811(w), 625(m), 656(w). 2-Er-H,0,
ErC,4H»3N19040: C,37.01; H,2.98; N, 17.99 1. Found: C, 36.73;
H,3.27;N, 17.39. IR (KBr, v/em ™ '): 3465(w), 3087(w), 2101 (w),
1620(m), 1601(m), 1528(w), 1493(w), 1216(s), 1007(w), 807(w),
624(m), 657(w). 2-Nd-3H,0, NdC,,H,;N (O »: C, 36.41; H,
3.44; N, 17.69. Found: C, 36.86; H, 3.58; N, 17.32. IR (KBr,
v/em™1): 3460(w), 3084(w), 2107(w), 1620(m), 1598(m), 1527(w),
1493(w), 1216(s), 1007(w), 811(w), 621(m), 655(w).

Serial 3: 3-Gd - 1.5CH3;OH and 3-Er-1.5CH;0OH. A solution
of ntb (20 mg, 0.05 mmol) in 2 mL of hot methanol and
lanthanide nitrates (0.05 mmol) in 2 mL of methanol were mixed
together. A precipitate was formed and dissolved by the addi-
tion of 1 mL of DMF and constant heating. After cooling to
room temperature and filtration, colorless single crystals were
obtained through the diffusion of ethylether within one week.
Anal. Calcd for hydrated 3-Gd - 1.5CH30H, Gd»>Cs;Hs4N5(O,;:
C, 38.34; H, 3.41; N, 17.53. Found: C, 37.93; H, 3.92; N, 17.64.
IR (KBr, v/em™"): 3468(w), 3089(w), 2102(w), 1617(m), 1606(m),
1529(w), 1493(w), 1218(s), 1009(w), 805(w), 624(m) and 655(w).
Anal. Calcd for hydrated 3-Er-1.SCH30H, Er,Cs;Hs4N5(O,;:
C,37.87;H,3.36; N, 17.32%. Found: C, 37.26; H, 3.77; N, 16.96%.
IR (KBr, v/em™'): 3465(w), 3084(w), 2107(w), 1621(m), 1604(m),
1527(w), 1493(w), 1216(s), 1007(w), 811(w), 621(m), 658(w).
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Crystal Structure Determination. X-ray diffraction intensity
data were collected on an Enraf-Nonius CAD4 diffractometer
(Mo Ka radiation, 2 = 0.71073 A) for 2-Eu and 2-Nd-3H,0
at 293 K; on a Bruker SMART Apex CCD system with
graphite-monochromated Mo Ka radiation (4 = 0.71073 A) for
1-Yb-2H,0 at 293 K; and on an Oxford Gemini S Ultra CCD
system with graphite-monochromated Mo Ko radiation (4 =
0.71073 A) for 2-Er-H,0, 3-Gd-1.5CH;0OH, and 3-Er-
1.5CH30H, except 1-Gd-2H,O with Cu Ka radiation (A =
1.54178 A) at 293 K. Structures were solved by direct methods,
followed by difference Fourier syntheses, and then were refined
by full-matrix least-squares refinement on F> using SHELXL.?
All of the non-hydrogen atoms were refined with anisotropic
parameters, while H atoms were placed in calculated positions
and refined using a riding model. The H atoms on the solvated
water molecules were not added. For the 2-Gd-2H,0 complex,
variable-temperature single-crystal X-ray diffraction analyses
were performed with the same crystal. The intensity data were
recorded on an Oxford Gemini S Ultra CCD diffractometer with
graphite-monochromated Mo Ka radiation (A = 0.71073 A).
The data collection®® was started first at 293 K for a fresh crystal
(2-Gd-2H,0), and then heated to 473 K (2-Gd (473 K)), and
finally decreased to 293 K (2-Gd-H,O (473 K-air)). The crystal-
linity of the sample was kept well during the temperature cycle,
and the structures were refined satisfactorily. Crystallographic
data and refinement parameters are listed in Tables SI and S2
(Supporting Information). The selected bond distances and
angles are listed in Tables S3 and S4 (Supporting Information).
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif. The CCDC reference numbers are 767088—767097.
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