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Thermally Stable Porous Hydrogen-Bonded Coordination Networks
Displaying Dual Properties of Robustness and Dynamics upon Guest Uptake
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Abstract: Two series of microporous
lanthanide coordination networks of
the general formula, {[Ln(ntb)ClL]-
xH,0}, (series 1: monoclinic C2/c,
Ln=Sm and Tb; series 2: hexagonal
P3,/c, Ln=Sm and Eu; ntb =tris(benzi-
midazol-2-ylmethyl)amine, x=0-4)
have been synthesized and character-
ized by IR, elemental analyses, thermal
gravimetry, and single-crystal and
powder X-ray diffraction methods. In
both series, the monomeric [Ln-
(ntb)Cl;] coordination units are con-
solidated by N—H--Cl or C—H---Cl hy-

sional (3D) networks. However, the
different modes of hydrogen bonding
in the two series lead to crystallization
of the same [Ln(ntb)Cl;] monomers in
different forms (monoclinic vs. hexago-
nal), consequently giving rise to dis-
tinct porous structures. The resulting
hydrogen-bonded coordination net-
works display high thermal stability
and robustness in water removal/inclu-
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sion processes, which was confirmed by
temperature-dependent  single-crystal-
to-single-crystal transformation meas-
urements. Adsorption studies with H,,
CO,, and MeOH have been carried
out, and reveal distinct differences in
adsorption behavior between the two
forms. In the case of MeOH uptake,
the monoclinic network shows a
normal type I isotherm, whereas the
hexagonal network displays dynamic
porous properties.

drogen bonds to sustain three-dimen-

Introduction

The design and syntheses of supramolecular coordination ar-
chitectures have attracted tremendous attention over the
past decades due to their potential applications in the fields
of magnetism, catalysis, sensing, porous materials, and non-
linear optical activity."! Microporous crystal structures are
of particular interest because they may have commercial po-
tential in gas storage or separation.’! To achieve this goal,
one essential crystal engineering strategy is to obtained ther-
mally stable and robust metal-organic frameworks (MOFs)
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that display permanent porosity after removal of the guest
molecules."™! The rigid three-dimensional (3D) MOFs
formed from stiff bridging ligands™* have proven to repre-
sent one good structural approach to achieving this goal.
Meanwhile, assembly of suitably hydrogen-bonded networks
(HB networks) could become an alternative promising ap-
proach.!

On the other hand, it has been realized that the very
large pores within a MOF might ultimately be detrimental
for gas storage purposes, and that even the porosity might
not be essential for gas storage capacity of the solids.**"!
Recent research in MOFs has shown that the flexibility of
the framework could be of fundamental significance to the
guest adsorption/desorption processes.l! Crystal structures
without pores can acquire gas storage capability through
structural transformations upon guest uptake.’*) Moreover,
such flexibility may endow these structures with dynamics
that are responsive to external stimuli (such as heat, pres-
sure, guest molecules), thus generating more novel functions
as “smart” materials."”

So far, a number of flexible microporous MOFs based on
metal-ligand dative bonds have been found,® but rational
design of a crystal structure calculated to possess dynamic
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properties largely remains a challenge. If, however, it is
taken into account that organic hydrogen-bonded networks
have long been extensively studied with regard to flexibility
in the solid state, due to their weaker interactions,” combi-
nations of dative bonds and hydrogen bonds (HBs) in the
construction of hydrogen-bonded coordination networks
could represent a promising route for soft porous materials
(see Scheme S1 in the Supporting Information).!'”) The thus
generated porous hydrogen-bonded coordination networks
might be able to display bifunctional properties, such as ro-
bustness and dynamics, that might potentially have better
adaptability to external stimuli than MOFs based solely on
dative bonds.

Here we report two series of hydrogen-bonded coordina-
tion networks containing 1D channels for guests inclusion:
namely {[Ln(ntb)Cl;]-x H,0}, as shown in Scheme 1, below
(series 1: monoclinic C2/c, Ln=Sm and Tb; series 2: hexag-
onal P3,/c, Ln=Sm and Eu. ntb =tris-(benzimidazol-2-ylme-
thyl)amine, x=0-4). The same [Ln(ntb)Cl;] coordination
subunits were hydrogen-bonded in different ways: N—H--Cl
and C—H--Cl hydrogen bonds gave monoclinic networks in
series 1, whereas N—H:--Cl HBs forming hexagonal networks
dominated in series 2. The polymorphism of the crystal
structures results in distinct gas adsorption capabilities. Al-
though both series feature high thermal stabilities and
robust HB networks, the hexagonal networks display dy-
namic porosity upon MeOH uptake, demonstrating the dual
functions of robustness and dynamics in these hydrogen-
bonded coordination networks.

Results and Discussion

Preparation, characterization, and polymorphism: All the
complexes are readily available by direct treatment of the
hydrated lanthanide chloride LnCl;-9H,0 with ntb ligand,
offering the same monomeric [Ln(ntb)Cl;] coordination
motif (Scheme 1). However, different crystals were formed,
depending on the reaction systems. Upon diffusion of dieth-
yl ether into CH;OH solutions, the crystals crystallized in a
monoclinic system (1-Sm-xH,0 and 1-Th-xH,0), whereas
upon slow evaporation of CH,;OH/THF mixtures (4:1 v/v)

LnCl;° 9H,0

N ﬁ/ NH o T
A / .
\ N_ # 1) MeOH, Et,0
NH 2) MeOH/THF

1) monoclinic series: 1-Sm, 1-Th
2) hexagonal series: 2-Sm, 2-Eu

Scheme 1. Structure of the ntb ligand and syntheses of complexes.
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the crystals crystallized in a hexagonal system (2-Sm-x H,O
and 2-Eu-x H,0). All complexes have been characterized by
elemental analysis and IR spectroscopy. The phase purities
of the bulk samples have been checked by powder X-ray
diffraction (PXRD), which shows close matches of the mea-
sured patterns with simulated ones obtained from the
single-crystal data (see below).

The water molecules contained in the crystals seem to be
susceptible to the crystallization conditions. When the crys-
tals were left open to air, slow partial escape of water mole-
cules from the crystals occurred, and when the crystals were
heated, all water molecules could be completely removed.
This caused discrepancies in water molecule contents ana-
lyzed for crystal or bulk samples at different times. After
complete removal of all solvate water molecules, 1-Sm and
1-Tb (or 2-Sm and 2-Eu) can be regarded as isomorphous
complexes,!! whereas 1-Sm and 2-Sm can be viewed as
polymorphic crystals."” For the hydrated complexes, howev-
er, the lattice water molecules in monoclinic series 1 and
hexagonal series 2 are variable; this make it equivocal to de-
scribe two series as polymorphic forms, even though they
have the same [Ln(ntb)Cl;] coordination motifs (but differ-
ent packing modes; vide infra).’¥! To avoid ambiguity with
nomenclature, we choose the hydrated 1-Sm-2H,O and 2-
Sm-2H,0O complexes—which contain the same lattice water
molecule pattern—simplified as their dehydrated forms 1-
Sm and 2-Sm as representatives for discussion.

Crystal structures and packing modes: The single-crystal
data for 1-Sm-2 H,0O, 2-Eu-3 H,O, and 2-Sm-2 H,O were col-
lected (Table 1, below), whereas the 1-Th-2H,O complex
was only verified by space group determination as isostruc-
ture to 1-Sm-2H,0O. The structural analyses also confirmed
the isostructures of 2-Eu-3H,0O and 2-Sm-2 H,O. Both in the
1-Sm-2H,O and in the 2-Sm-2H,O structures, the central
Sm’* ions are seven-coordinated by four N atoms from the
tetradentate ntb ligand and three Cl™ anions as shown in
Figure 1a, giving rise to the same neutral and discrete [Sm-
(ntb)Cl;] coordination unit. The ntb ligand features a tripo-
dal coordination mode with three benzimidazole (Bim)
arms forming a propeller host to catch hold of the central
Sm’* ion, leaving three NH groups on one side as HB
donors and three ClI™ anions on
the other side as HB acceptors.
Selected interatomic distances
and angles are listed in
Table S1 in the Supporting In-
formation. The Ln-N distances
in 1-Sm and 2-Sm are compara-
ble, similarly to those in analo-
gous Ln** complexes.!'¥

The crystal packing analyses
revealed that HBs play impor-
tant roles in directing arrange-
ments of the [Sm(ntb)Cl;] units
in the crystal lattice (Table S2
in the Supporting Information).
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Figure 1. Crystal structures of complexes 1-Sm (upper) and 2-Sm (lower):
a) molecular structures showing the coordination geometries of the Sm**
ions in the [Sm(ntb)Cl;] motifs, b) 2D layers formed from hydrogen
bonds shown in dashed lines, ¢) 3D networks sustained by hydrogen
bonds between 2D layers showing packing mode in simplified 6 net top-
ology, and d) the cylindrical and triangular channels formed in the ¢ di-
rection shown in space-filling mode (guest molecules are omitted for
clarity).

In principle, besides three -NH HB donors and three Cl™
HB acceptors, each [Sm(ntb)Cl;] unit can also provide -CH
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sites acting as potential HB donors.™™ As depicted in Figur-
e 1b, the three Cl™ anions of each [Sm(ntb)Cl;] unit in 1-Sm
form two N—H--Cl HBs and one C—H:-Cl HB with their
side-by-side [Sm(ntb)Cl;] neighbors. These HBs link [Sm-
(ntb)Cl;] units alternately in the opposite direction to gener-
ate a honeycomb 2D layer in the ab plane, where intermo-
lecular m—m interactions (3.52 A) between adjacent Bim
rings are in evidence. In addition, three Cl~ anions form
three more C—H---Cl HBs with three methylene H atoms of
the head-to-tail [Sm(ntb)Cl;] neighbors (Figure S1 in the
Supporting Information). These HBs direct the [Sm(ntb)Cl;]
units so that they align exactly along the c-axis, causing an
overlap crystal packing of the 2D layers as shown in simpli-
fied fashion in Figure 1c.

In contrast, in 2-Sm the three CI~ anions of each [Sm-
(ntb)Cl;] unit form three crystallographically equivalent N—
H--Cl HBs with three different [Sm(ntb)Cl;] neighbors.
These HBs join the [Sm(ntb)Cl;] units into a double layer
extending in the ab plane (Figure 1b). If we also consider
such a double layer as a 2D network, an offset crystal pack-
ing of double layers along the c-axis is obvious, as can be
seen in Figure 1c.

Therefore, in both 1-Sm and 2-Sm overall 3D hydrogen-
bonded coordination networks have been assembled. How-
ever, the difference in the formation of HBs leads to poly-
morphic forms from the same [Sm(ntb)Cl;] building units.
In 1-Sm the overlap packing of the 2D layers results in a
monoclinic network containing cylindrical channels (effec-
tive pore diameter 4.8 A) encircled by six Bim rings, where-
as in 2-Sm the offset packing of the 2D layers gives rise to a
hexagonal network featuring triangular channels (effective
pore diameter 4.0 A) encircled by three Bim rings (Fig-
ure 1d). The guest water molecules are encapsulated inside
these channels, accounting for 22.1 % of the potential sol-
vent-accessible area in 1-Sm and 22.7 % in 2-Sm, as calculat-
ed by PLATON.!'! Although the disorder of the water mol-
ecules prevents exact analyses of their HB interactions, ag-
gregation of water molecules as clusters in 1-Sm and as
polymers in 2-Sm can clearly be seen in Figure S1 in the
Supporting Information. It is noticeable that all three -NH
donors and Cl acceptors in 2-Sm are involved in hydrogen-
bonding interactions between [Sm(ntb)Cl;] units, whereas in
1-Sm only two —NH donors are involved. The remaining
—NH donor in 1-Sm forms O—H--N HBs with the guest
water molecules. These differences should influence the
guest uptake behavior (see below). On the other hand, the
absence of one N—H--Cl HB in 1-Sm in relation to 2-Sm
seems to be compensated for by formation of weaker C—
H--Cl HBs and m—m interactions. This may be the reason
why polymorphism can easily occur when the same [Sm-
(ntb)Cl;] units crystallize under slightly different solvent sys-
tems.

Thermal stability and single-crystal-to-single-crystal guest
water de/rehydration: Thermal gravimetric analysis (TGA)
and variable-temperature powder X-ray diffraction (VT-
PXRD) were performed to examine the thermal stabilities
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and robustness of the microporous networks upon removal
of the water guests. TGA curves were recorded for freshly
prepared bulk samples of 1-Sm and 2-Sm in the 25 to 700°C
temperature range (Figure S2 in the Supporting Informa-
tion). Sample 1-Sm displays a gradual weight loss (5.0%) up
to 220°C, corresponding to the loss of two water molecules
per Sm** (calculated 5.1 %). In contrast, sample 2-Sm shows
a slow weight loss before 150°C and then a rapid one be-
tween 150 and 200°C, totaling 10.1%, amounting to four
water molecules per Sm*" (calculated 9.9%). Complete re-
moval of solvate water molecules at the relatively high tem-
perature may be related to the aggregation of water mole-
cules within the channels and the small channel apertures
discussed above. To examine the rehydration ability of the
dehydrated 2-Sm, the sample was treated in the following
ways and again subjected to TGA measurements. 1) The
fresh sample was heated to 220°C and maintained at this
temperature for half an hour, 2) the sample was allowed to
cool to room temperature in air, or 3)the dehydrated
sample was directly dipped in water. As shown in Figure S2
in the Supporting Information, the dehydrated sample was
only able to adsorb one water molecule per Sm** (2.5%)
when allowed to cool in air, but when the sample was
dipped in water, rehydration by more than four water mole-
cules per Sm** could be observed (13.0%).

The VT-PXRD measurements further confirmed that the
networks are robust with respect to dehydration. It is clear
from Figure 2 and from Figures S3 and S4 in the Supporting

10 20 30 40 50 60
24 (deg)

Figure 2. VI-PXRD patterns of 2-Sm bulk sample at: a)28, b) 130,
¢) 160, and d) 340°C.

Information that the diffraction profiles of 1-Sm remain un-
changed up to 380°C, at which the diffraction intensity
starts to decrease (Figure S3 in the Supporting Information).
This indicates that the microporosity in 1-Sm is retained at
this temperature and that the HB network remains intact
after removal of the guest water molecules. The VI-PXRD
patterns of 2-Sm (Figure S4 in the Supporting Information)
reveal that the crystalline sample became amorphous when
heated to about 400°C. Below this temperature, the micro-
porous network is maintained. It is notable from Figure 2
that a peak at 20=16.2° weakens upon dehydration. In-
stead, two new peaks appear at 20=17.7 and 23.5°. In addi-
tion, the peaks in the high 26 region are moved slightly.
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These observations clearly denote that the chemical content
in the unit cell is changed upon heating and that the net-
work is slightly shrunk after the removal of the guest water
molecules."”!

Conclusive evidence of the robustness of the network
with respect to guest evacuation was provided by the single-
crystal-to-single-crystal study on re/dehydration of the same
crystal. After collection of reflection data on a single crystal
of 2-Sm-2H,0, the same crystal was heated in situ to 160°C
(433 K) and 200°C (473 K) and was then allowed to cool in
air to 20°C (293 K). The single crystallinity was found to be
retained well during the variable-temperature measurements
and the corresponding reflecting data were collected, to
allow the assignment of 2-Sm [433 K], 2-Sm [473 K], and 2-
Sm [473-293 K] (Table 2, below). The structural analyses
confirmed that in all cases the [Sm(ntb)Cl;] coordination
motifs and their overall crystal packing modes remained un-
changed at the different temperatures. However, the guest
water molecules inside the channels had been removed
nearly completely at 160°C and completely at 200°C, as evi-
denced by the small electron residua of 0.774 and
0.534 e A3, respectively, in the final refinements. As the
completely dehydrated crystal cooled from 200 to 20°C in
air, one water per Sm*>* was readsorbed, which was verified
by the satisfactory refinement of the data set from 2-
Sm [473-293 K] and is also consistent with the TGA results
discussed above. On the other hand, the cell dimensions of
the crystal at the different temperatures and before/after re-
moval of water molecules are slightly changed. The poten-
tial solvent-accessible voids calculated by PLATON for 2-
Sm (22.7%), 2-Sm [473 K] (17.4%), and 2-Sm [473-293 K]
(23.6 %) also vary slightly. These results suggest that the HB
network in 2-Sm is somewhat flexible, shrinking or expand-
ing slightly with de/rehydration, in agreement with the ob-
servation of the peak shift from the VI-PXRD measure-
ments and corroborated by the exact co-relation of the mea-
sured and simulated PXRD patterns (Figure S5 in the Sup-
porting Information).

From above discussion we can see that the networks in
both 1-Sm and 2-Sm feature high thermal stability and
robust microporosity. The detailed re/dehydration behavior
study on the 2-Sm crystals revealed that the desorption and
readsorption of the guest water molecules could take place
in a reversible single-crystal-to-single-crystal manner as
shown in Scheme S2 in the Supporting Information. More-
over, the evacuated porous network can capture different
amounts of water guests under different conditions, implying
good tolerance and adaptability towards guest uptake.

Solvent and gas adsorption: The complexes 1-Sm and 2-Sm
were tested for solvent guest adsorption in the following
procedures: 1) drying of the samples at 180°C under
vacuum for 12 h, 2) dipping of the dehydrated samples into
the solvents for 48 h, 3) filtering out and washing of the
dipped samples with anhydrous ethyl ether for three times,
followed by drying in the infrared oven for 12h, and
4)'"HNMR investigation. The following solvent systems

Chem. Eur. J. 2010, 16, 1841-1848
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were selected: 1) benzene, 2) chloroform, 3) a chloroform/
acetone mixture (95:5v/v), and 4) a benzene/acetone mix-
ture (9:1 v/v). From Figure S6 in the Supporting Information
we can see that 1-Sm can only adsorb benzene, whereas 2-
Sm is able to adsorb both benzene and acetone. It is a sur-
prise that the polar solvent chloroform could not be ad-
sorbed either by 1-Sm or by 2-Sm, whereas 2-Sm has a
strong preference for acetone over chloroform but equal
preference for acetone and benzene, evidenced by competi-
tive adsorption tests in the chloroform/acetone (95:5 v/v)
and benzene/acetone (9:1 v/v) mixtures. With regard to the
channel environments, the cylindrical cavity in 1-Sm and the
triangular cavity in 2-Sm, both surrounded by Bim rings,
might facilitate inclusion of the nonpolar benzene guest,
whereas the voids formed in between the [Sm(ntb)Cls]
layers may enable inclusion of polar guest. However, the
differences in channel size and shape in 1-Sm and 2-Sm
seems to impose selectivity on adsorption of guest mole-
cules. The PXRD measurements verify that the microporous
networks in 1-Sm and 2-Sm show no significant change after
the guest solvents are adsorbed.

The gas and vapor adsorption behavior of the networks of
1-Sm and 2-Sm were investigated with N,, CO,, H,, and
MeOH. The as-synthesized samples (weight 50-100 mg)
were dried under high vacuum at 120°C for 24 h to remove
water molecules prior to measurements. The adsorption iso-
therms of N, measured at 77 K for 1-Sm and 2-Sm indicated
that only surface adsorption had occurred, suggesting that
nitrogen molecules cannot diffuse into the channels at this
temperature. In contrast, the adsorption isotherms of CO,
measured at 195 K exhibited similar type I-like profiles, but
revealed that 1-Sm and 2-Sm display distinctly different ca-
pacities for CO, storage. As shown in Figure 3a, 1-Sm has a
low CO, adsorption capacity of only 13.6 mLg™', amounting
to 0.4 CO, molecules per metal ion, whereas 2-Sm shows a
relatively larger capacity for CO,, adsorbing a maximum of
451 mLg"' CO, at 1atm and room temperature, corre-
sponding to 1.3 CO, molecules per metal ion. Uptakes of H,
in 1-Sm and 2-Sm were measured at 77 K under high pres-
sures of up to 100 bar (Figure 3b). It is worth noting that 1-
Sm and 2-Sm possess comparable capacities for H, storage
at high pressure, reaching 1.1 % for 1-Sm and 1.0% for 2-
Sm, corresponding to 3.6 and 3.3 H, molecules per metal
ion, respectively. At low pressure, however, 1-Sm is able to
adsorb H, more rapidly than 2-Sm, indicative of distinguish-
able H, uptake kinetics between 1-Sm and 2-Sm. In general,
both 1-Sm and 2-Sm display typical guest uptake behavior
characteristic of rigid MOFs possessing robust microporosi-
ty™ both for CO, and for H,. Although the adsorption and
desorption processes are not completely reversible, as can
be seen from the CO, isotherms in Figure 3a, no drastic ad-
sorption jump was observed. This implies that only slight
network “breathing”!"! takes place upon gas uptake, similar
to that discussed above for de/rehydration.

In contrast, the adsorption isotherms for MeOH vapor
measured at 298 K for 1-Sm and 2-Sm exhibit significantly
different features, as can be seen in Figure 3c. Although the
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Figure 3. a) Gas (CO,) adsorption/desorption isotherms at 195 K for 1-
Sm and 2-Sm after activation at 120°C for 24 h. b) Gas (H,) adsorption
properties of 1-Sm and 2-Sm at 77 K after activation at 120°C for 24 h.
¢) MeOH vapor adsorption/desorption isotherms at 298 K for 1-Sm and
2-Sm after degassing for 24 h at 120°C.

maximum amounts of MeOH adsorbed by 1-Sm and 2-Sm
at 1atm are comparable—114.8 and 132.9 mgg™, corre-
sponding to 2.4 and 2.8 MeOH molecules per metal ion for
1-Sm and 2-Sm, respectively—the guest uptakes in 1-Sm and
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2-Sm show clearly different behavior: 1-Sm displays normal
type I isotherms whereas 2-Sm exhibits a remarkable hyste-
resis loop between adsorption and desorption. Adsorption
of MeOH in 1-Sm rapidly reaches a plateau at about P/P,=
0.1, whereas 2-Sm adsorbs MeOH slowly before P/P,=0.4.
After this pressure, adsorption of MeOH increases rapidly.
This means that there is a drastic structural transformation
induced by MeOH uptake in 2-Sm,'® characteristic of dy-
namic microporosity exhibited by flexible MOFs.' Such dif-
ferences in MeOH vapor desorption/adsorption processes
may originate from the differences in channel sizes and
shapes between the networks of 1-Sm and 2-Sm. The 2-Sm
network has relatively smaller pore diameters (4.0 vs 4.8 A)
than 1-Sm and a more confined channel environment (trian-
gular vs. cylindrical), so the occurrence of more significant
network dynamics for 2-Sm upon MeOH uptake than for 1-
Sm is understandable.

The above results suggest that the network in 2-Sm, be-
sides the characteristics of high thermal stability and robust-
ness that it shares with 1-Sm, also features a dual property
as shown in Scheme 2: namely, robustness and dynamics
with respect to interactions with different guests molecules.
Upon uptake of H,O, CO,, or H, guest molecules, 2-Sm

i 1
&+

H,0, O, H,
Robust

Scheme 2. Schematic representation of dual-property character with respect to different guest uptake in 2-Sm.

mainly displays network robustness, but upon uptake of
MeOH guests, 2-Sm can also show network dynamics. Al-
though dual character of rigidity and flexibility has already
been found in dative-bonded MOFs,” networks sustained
by weaker hydrogen-bonding interactions may have advan-
tages over the dative MOFs: 1) structural modulation may
become easier, as exemplified by the facile polymorphism
between 1-Sm and 2-Sm, and 2) dynamic responses to exter-
nal stimuli are simpler to implement owing to the more
“flexible” networks.

Photophysical properties: UV and photoluminescence spec-
tra were recorded for 1-Tb and 2-Eu at room temperature.
UV spectroscopy shows that 1-Tb and 2-Eu have similar ab-
sorptions in MeOH solution, each displaying two bands
around 275 and 282 nm, whereas in the solid state they each
show a broad band with a maximum at about 290 nm and a
shoulder at about 350 nm (Figure S7 in the Supporting Infor-
mation). These absorption bands resemble those of the ntb
ligand and are assignable to intraligand m—m* transitions.*”!
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The luminescence spectra of 1-Tb and 2-Eu in the solid
state, with excitation at 290 nm, display characteristic Ln**
f—f emissions as depicted in Figure S8 in the Supporting In-
formation. The 1-Tb complex shows the expected sequence
of °D,—F, transitions (/=6, 5, 4 or 3) without further split-
ting. The most intense band at 583 nm is assigned to the
D,—"F, transition, whereas the other three peaks at 492,
548, and 624 nm are attributed to °D,—'F,, D,—’Fs, and
SD,—’F; transitions, respectively.'®”® The 2-Eu complex
shows salient emission peaks at 592, 611, and 615 nm, which
are contributed by °D,—'F; and *D,—F, transitions. In ad-
dition, a small peak at 580 nm originating from the *D,—F,
transition appears. Observation of this emission, together
with the fact that the °D,—F, emission is stronger than the
’D,—"F, emission, indicates that the Eu** ion lies in a non-
centrosymmetric coordination site,”®! consistently with the
structural analysis results.

Conclusion

In summary, two series of 3D microporous hydrogen-
bonded coordination networks have been constructed from
the same [Ln(ntb)Cl;] mono-
mers containing both HB
donors and acceptors. Self-as-
sembly of the discrete [Ln-
(ntb)Cl;] monomers through
N-H-Cl or C-H-Cl HBs
leads to the crystallization of
polymorphic networks under
slightly different conditions. 1D
channels of distinct size and
shape, in which solvent guests
and gases can be adsorbed, are
formed in the polymorphic
crystals. In general the HB net-
works feature in high thermal stabilities up to 350°C and ro-
bustness against removal of the guest molecules, which have
been verified by the study on re/dehydration by the TGA,
VT-PXRD, and SCSC structural analysis methods. The in-
vestigation of the adsorption of solvents and gases indicates
that the polymorphic HB networks show adsorption selec-
tivity towards solvent guests such as benzene, acetone, and
chloroform, together with differentiating gas-uptake behav-
ior with N,, CO,, H,, and MeOH. Dynamic microporosity
has been observed for MeOH adsorption/desorption, imply-
ing that the HB networks might represent a potential struc-
tural model possessing dual properties of robustness and dy-
namics.

Dynamic

Experimental Section

Physical methods: Solvents and starting materials were purchased com-
mercially and were used without further purification unless otherwise
noted. Hydrated lanthanide chlorides were prepared from the corre-
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sponding oxides. The ligand tris(2-benzimidazolylmethyl)amine (ntb) was
synthesized by a slight modification of the method of Phillips by Oki
etal®? in a yield of 72%. Infrared spectra were measured with a Nico-
let/Nexus 670 FT-IR spectrometer with KBr pellets. The X-ray powder
diffraction was recorded with a Rigaku D/Max-2200 diffractometer at
40kV, 40 mA with a Cu-target tube and a graphite monochromator.
Thermogravimetric analyses (TGA) were performed in air under 1 atm
pressure at a heating rate of 10°Cmin~! with a Perkin-Elmer/TGS-2 ana-
lyzer. Emission spectra were obtained with a Combined Fluorescence
Lifetime and Steady State FLS920 spectrometer. UV spectra were ob-
tained with a UV 3150 UV spectrophotometer. The adsorption isotherms
for MeOH were measured with an IGA 003 series instrument (Hiden
Isochema, Ltd.). The adsorption isotherms of CO, were measured with
BELmax 00027 adsorption equipment (BEL Japan). The high-pressure
hydrogen storage capability was evaluated at 77K with a RUBO-
THERM magnetic suspension balance (Ankersmid, B.V., the Nether-
lands). Before the measurements, the samples were evacuated under dy-
namic vacuum at 120°C for 24 h to remove the included solvent mole-
cules.

Preparation of {[Ln(ntb)Cl;]-xH,0}, (series 1): A solution of ntb (40 mg,
0.1 mmol) in hot methanol (3 mL) was carefully mixed with a solution of
LnCl;9H,O (0.1 mmol) in methanol (1 mL). After filtration, slow diffu-
sion of ethyl ether into the mixture over 24 h afforded colorless crystals.
Yield: 42 mg, 64.7 % . Dehydrated 1-Sm: IR (KBr): #=3089(w), 2103(w),
1601(m), 1529(w), 1491(w), 1218(s), 1009(w), 807(w), 624(m) and 658(w);
elemental analysis (%) caled for SmC,H,N,Cl;: C 4340, H 3.19, N
14.76; found: C 43.50, H 3.43, N 14.97. Hydrated 1-Tb-2H,0O: IR (KBr):
7=3084(w), 2107(w), 1598(m), 1527(w), 1493(w), 1216(s), 1007(w),
811(w), 621(m), 655(w) cm™'; elemental analysis (%) caled: C 40.67, H
3.56, N 13.83 %; found: C 40.15, H 4.06, N 12.97 %.

Preparation of {[Ln(ntb)Cl;]-xH,0}, (series 2): A solution of ntb (40 mg,
0.1 mmol) in hot methanol (4 mL) was carefully mixed with a solution of
LnCl;-9H,0 (0.1 mmol) in THF (1 mL). After filtration, the mixture was
left untouched in a sealed test tube. Colorless single crystals had formed
within 12 h under ambient conditions. Yield: 61 mg, 89.6 %. Hydrated 2-
Sm-3H,0: IR (KBr): 7#=3342(s), 3087(w), 2103(w), 1598(m), 1529(w),
1491(w), 1218(s), 1007(w), 807(w), 624(m), 658(w) cm™'; elemental analy-
sis (%) caled for SmC,,H,;N,CL;0;: C 40.13, H 3.79, N 13.65; found: C
39.93, H 4.17, N 13.06. Hydrated 2-Eu-3H,0: IR (KBr): #=3337(s),
3079(w), 2104(w), 1596(m), 1527(w), 1493(w), 1219(s), 1005(w), 805(w),
626(m), 655(w) cm™'; elemental analysis (%) calcd for EuC,,H,,N,Cl,0;:
C 40.04, H 3.78, N 13.62; found: C 40.23, H 4.06, N 14.18.

Crystal structure determination: The diffraction reflections were collect-
ed with a four-circle Enraf-Nonius CAD4 diffractometer (Mog, radia-
tion, A=0.71073 A) at 293 K for 1-Sm-2H,O, and with a Bruker SMART
Apex CCD system with graphite-monochromated Mok, radiation (A=
0.71073 A) at 293K for 2-Eu-3H,O. Structures were solved by direct
methods followed by difference Fourier syntheses, and were then refined
by full-matrix, least squares techniques on F2 with SHELXL.” All the
non-hydrogen atoms were refined with anisotropic parameters whereas
H atoms were placed in calculated positions and refined with use of a
riding model. The H atoms on the solvated water molecules were not
added. For the 2-Sm-2H,0 complex, variable-temperature single-crystal
X-ray diffraction analyses were performed with the same crystal. The in-
tensity data were recorded with an Oxford Gemini S Ultra CCD diffrac-
tometer with graphite-monochromated Mo-Ka radiation (A=0.71073 A).
The data collection was started first at 293 K with an as-prepared sample
(2-Sm-2H,0), and then with heating to 433 K (2-Sm [443 K]), continu-
ously to 473K (2-Sm [473K]), and finally decreasing to 293K (2-
Sm [473-293 K]). The crystallinity of the sample was maintained well
during the temperature cycle, and the structures were refined satisfactori-
ly. Crystallographic data and refinement parameters are listed in Tables 1
and 2. Selected interatomic distances and angles are listed in Table S1 in
the Supporting Information.

CCDC-737404, 737405, 737406, 737407, 737408, and 737409 contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Table 1. Crystallographic data for 1-Sm, 2-Eu, and 2-Sm.

1-Sm-2H,0 2-Eu-3H,0 2-Sm-2H,0
empirical C,H,4ClN,O,Sm, C,,H,,C3EuN;0; C,,H,sC;3N;0,Sm
formula
formula 1398.40 719.84 700.21
weight
space C2/c P31c P31c
group
crystal monoclinic hexagonal hexagonal
system
a[A] 25.9769(10) 11.5227(5) 11.4971(6)
b [A] 14.2025(10) 11.5227(5) 11.4971(6)
c[A] 16.0804(10) 12.9540(12) 13.0502(5)
a[°] 90 90 90
AN 94.642(10) 90 90
v [°] 90 120 120
V[AY] 5913.2(6) 1489.51(17) 1493.91(12)
V4 4 2 2
Peatca [geM ] 1.571 1.605 1.528
T [K] 293(2) 293(2) 293(2)
u [mm™] 229 2.412 2.224
GOF 1.026 1.024 1.033
Rin 0.0378 0.0752 0.0500
R, [I>20(I)] 0.0566 0.0794 0.0375
WR, (all data) 0.1518 0.0806 0.0833

Table 2. Crystallographic data for 2-Sm measured at different tempera-
tures.

2-Sm [433 K] 2-Sm [473 K] 2-Sm [473-293 K]
empirical formula C,H,,C;3;N;Sm  CyH, C;N;Sm  C,,H,,C3N,OSm
formula weight 664.18 664.18 681.19
space group P31c P31c P31c
crystal system hexagonal hexagonal hexagonal
a[A] 11.5858(15) 11.5322(7) 11.5720(6)

b [A] 11.5858(15) 11.5322(7) 11.5720(6)

c[A] 13.0832(17) 12.9062(8) 13.1236(6)

v [°] 120.00 120.00 120.00

V[AY] 1520.9(3) 1486.46(16) 1521.95(13)

V4 2 2 2

Peatea [gEM ] 1.450 1.484 1.486

T [K] 433(2) 473(2) 298(2)

u [mm™] 2217 2.269 2.220

GOF 1.068 0.982 1.027

R 0.0584 0.0568 0.0544

R, [I>20(1)] 0.0416 0.0301 0.0409

WR, (all data) 0.0810 0.0422 0.1069
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