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ABSTRACT: Four new layered flexible metal−organic frameworks
(MOFs) containing a diacylhydrazone moiety, namely, guest-filled
[Zn2(iso)2(tdih)2]n (1), [Zn2(NH2iso)2(tdih)2]n (2),
[Cd2(iso)2(tdih)2]n (3) and [Cd2(NH2iso)2(tdih)2]n (4) were
synthesized using terephthalaldehyde di-isonicotinoylhydrazone
(tdih) as a linear ditopic linker as well as isophtalate (iso) or 5-
aminoisophthalate (NH2iso) as angular colinkers. The MOFs with
hexacoordinated cadmium centers feature two-dimensional pore
systems as compared to the MOFs with pentacoordinated zinc
centers showing either zero-dimensional or mixed zero-/one-
dimensional voids, as evidenced by single-crystal X-ray diffraction.
In contrast to the frameworks based on isophtalates which do not
show any significant gas uptakes, introduction of amino-substituted linker enables CO2 adsorption. Gently activated
aminoisophthalate-based frameworks, that is, guest-exchanged in methanol and heated to 100 °C, show reversible gated CO2
adsorptions at 195 K, whereas the increase of activation temperature to 150 °C or more leads to one-step isotherms and lower
adsorption capacities. X-ray diffraction and IR spectroscopy reveal significant structural differences in interlayer hydrogen bonding
upon activation of materials at higher temperatures. The work emphasizes the role of hydrogen bonds in crystal engineering of
layered materials and the importance of activation conditions in such systems.

■ INTRODUCTION

Crystalline materials that respond through structural changes
to external chemical or physical stimuli, such as specific
compounds,1,2 pressure,3 mechanical force,4,5 electrical field,6

or electromagnetic radiation7 are highly desirable for smart
devices and are useful for studying stimulus-structure−
property relationships. Among such materials, stimuli-respon-
sive crystalline porous coordination polymers8 called flexible
metal−organic frameworks are a significant group that is
intensively explored.9−11 The intrinsic response of flexible
MOFs to external conditions, after local initiation, propagates
through the crystalline lattice with retention of long-range
order. Different nanoflexibility modes such as swelling,12

breathing,13 linker rotation14/bending,15 change of inter-
penetration level,16 and subnetwork displacement for 3D
catenated networks17 or stacked18/interdigitated19,20 layers
drive macroscopic changes of flexible MOFs as well as govern
several distinct phenomena such as gate opening,21 negative
gas adsorption,15 pronounced usable capacity,22 chemical
control of structures,23 continuous-breathing behavior,24

collective breathing,25 self-accelerating sorption,26 shape
memory effect,27 proton conductivity,28 and solvent-induced
magnetic ordering.29

The stimuli-responsive nature of flexible MOFs makes their
study challenging. For instance, the most commonly used
techniques for structural investigations, that is, X-ray
diffraction (XRD), require maintaining the crystallinity and
crystal integrity (single-crystal XRD) which cannot be fulfilled
by numerous samples of flexible MOFs suffering from stress
during activation and adsorption processes. As alternative or
complementary techniques, infrared and Raman spectroscopy
have proved to be useful for structural investigations of rigid
and flexible MOFs. Valuable insights into MOF structures
provided by vibrational spectroscopy have been made while
studying, for instance, defects in UiO-66,30 activation and
reactivity of Pt-UiO-67,31 post-synthetic modification,32 gas
interactions with open metal sites,33,34 cooperative adsorption
properties,35 reaction progress in solid state,36,37 structural
dynamics,38 TCNQ (7,7,8,8-tetracyanoquinodimethane) or-
dering39 or NH3 adsorption40 in HKUST-1, vibrational

Received: April 21, 2020
Published: July 14, 2020

Articlepubs.acs.org/IC

© 2020 American Chemical Society
10717

https://dx.doi.org/10.1021/acs.inorgchem.0c01182
Inorg. Chem. 2020, 59, 10717−10726

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kornel+Roztocki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monika+Szufla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volodymyr+Bon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irena+Senkovska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Kaskel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dariusz+Matoga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c01182&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01182?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01182?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01182?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01182?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01182?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01182?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


fingerprint of MIL-53(Al),41 and CO2 adsorption42,43 and
paddle-wheel deformability in DUT-8(Ni, Co).44 Moreover, as
can be seen from the above examples, major scientific efforts
concerning flexible MOFs are directed toward understanding
of 3D materials,9−11,45,46 and the reports on 2D materials are
still relatively rare and sought after.20,42,47−51

In this work we report the synthesis, single-crystal XRD
elucidated structures and adsorption properties of a series of
four new two-dimensional MOFs whose layers are stabilized by
N−H···O hydrogen bonds. All zinc- or cadmium-based
frameworks, [M2(Xiso)2(tdih)2], contain a diacylhydrazone
linear ditopic linker, terephthalaldehyde di-isonicotinoylhydra-
zone (tdih), and isophtalate (X = H) or 5-aminoisophthalate
(X = NH2) angular colinkers. We demonstrate that interlayer
hydrogen bonds involving the diacylhydrazone linker have a
considerable impact on porous structures as well as gas
adsorption properties. Introduction of amino substituents into
isophthalate colinkers induces gating type flexibility in the
resulted MOFs. This dynamic behavior is controlled by
desolvation conditions that either preserve or change initial

interlayer hydrogen bond networks as collectively evidenced by
powder X-ray diffraction (PXRD), thermogravimetric analysis
(TGA), and infrared (IR) spectroscopy. A diversity of key
interlayer hydrogen bond networks governing activation and
adsorption properties of the frameworks result from dual
character (−CONNH−) of the diacylhydrazone moiety
that either acts as a hydrogen bond donor or an acceptor
dependently on the colinker used. It is also noteworthy that the
approach presented here, to functionalize a layered MOF with
terminal NH2 groups by replacing linkers with their amino
analogues, is not always successful. For example, such
replacement of isophthalate in a 2D MOF, [Zn2(iso)2(bpy)2]n
(bpy = 4,4′- bipyridine) led to a nonporous 3D coordination
polymer, [Zn(NH2iso)(bpy)]n, with coordinated NH2
groups.52 In contrast, however, this approach yielded a layered
zinc-based MOF with pendant NH2 groups when bpy was
replaced with 4-pyridinecarboxaldehyde isonicotinoyl hydra-
zone (pcih).42 This observation underscores the role of
hydrogen-bond acceptors, present in acylhydrazones, capable
of involving NH2 groups in hydrogen bonding.

Scheme 1. Synthetic Route to Metal−Organic Frameworks 1-4a

aAbbreviations used: tdih, terephthalaldehyde di-isonicotinoylhydrazone; g, guest molecules; H2Xiso, isophthalic acid (X = H) or 5-
aminoisophthalic acid (X = NH2).

Figure 1. X-ray crystal structures of MOFs 1−4. (a) Coordination environments of dizinc (1, 2) and dicadmium SBU (3, 4) and representation of
1D chains [M2(Xiso)2]n cross-linked by tdih to form 2D layers. (b) Interdigitated layers of 2 and 4 in a perspective view along the b-axis. (c)
Hydrogen bonds in 4 involving acylhydrazone moiety (tdih) and COO or NH2 groups of NH2iso colinker. All hydrogen atoms except those
attached to nitrogen are omitted for clarity. C, gray; H, light gray; N, blue; O, red; Zn, green; and Cd, yellow.
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■ RESULTS AND DISCUSSION

Synthesis and Structure. A series of four two-dimen-
sional (2D) diacylhydrazone-carboxylate metal−organic frame-
works {[M2(Xiso)2(tdih)2]·g}n (g = guest molecules, M = Zn
or Cd), namely, guest-filled [Zn2(iso)2(tdih)2]n (1), [Zn2(NH2
iso)2(tdih)2]n (2), [Cd2(iso)2(tdih)2]n (3, 3b), and [Cd2(NH2
iso)2(tdih)2]n (4), have been synthesized with good yields
(64−75%) from a metal nitrate, terephthalaldehyde di-
isonicotinoylhydrazone (tdih) as a linear ditopic linker as
well as isophtalic (isoH2) or 5-aminoisophthalic acids
(NH2isoH2) as an angular colinker precursors (Scheme 1
and Experimental Section). The structures of all compounds
were determined by single-crystal X-ray diffraction carried out
on crystals selected from bulk samples. The identity and purity
of 1−4 and 3b was corroborated by elemental analyses,
powder X-ray diffraction, and thermogravimetric analysis
(Figures S1−S2). In the case of [Cd2(iso)2(tdih)2]n, two
crystal structures (3 and 3b) were elucidated (Figure S3), and
the latter was used for comparison with other structures. The
only differences between the structures lie in the geometry of
[Cd2 iso2]n chains and the mutual position of adjacent layers
which is affected by different numbers of interlayer solvent
molecules.
As revealed by X-ray diffraction, all MOFs crystallize in the

triclinic system (space group P1) with the asymmetric unit
containing one metal cation, one isophthalate anion (Xiso2−),
and guest molecules 1DMF (1, 2, 4) or 2DMF (3b), and one
tdih linker. All frameworks show the uniform sql topology,53

and the coordination geometry of metals can be described as
either a disordered pentagonal bipyramidal (1, 2) or a
disordered octahedral (3b, 4; Table S1). Carboxylates of
Xiso2− linkers and metal ions form dinuclear secondary
building units M2(COO)2 (SBUs) with intermetallic M···M

distances of 4.11, 4.05, 4.06, and 4.07 Å for 1−4, respectively
(Figure 1).
The Xiso2− ions act as μ3-κ

1κ1κ1 (1, 2) or μ3-κ
2κ1κ1 (3b, 4)

linkers and connect M2(COO)2 SBUs into 1D ladder chains
[M2(Xiso)2] running along the a- (1, 2) or b-axis (3b, 4).
These chains are further bridged by tdih linkers, adopting
either trans (1) or cis (2-4) configurations, to form 2D layers
(Figures S4−S6). These interdigitated layers are stacked and
held together via direct interlayer and layer-guest hydrogen
bonds as well as by π−π interactions (Figure 2 and Figures
S4−S6 and Tables S2 and S3). In the frameworks based on
unsubstituted isophthalates (1, 3b) only one type of hydrogen
bond between adjacent layers is observed: (N−H)tdih···
Oisophthalate with distances d(N9−H9···O39) = 2.88 or 2.84 Å
and angles equal to 164 or 163°, for 1 and 3b, respectively.
Additionally, DMF molecules are involved in hydrogen
bonding with the acylhydrazone NH group of tdih ligands
with d(N20−H20···O47) = 2.80 or 2.93 Å and corresponding
angles of 169 or 170° for 1 and 3b, respectively. On the other
hand, the presence of amino functional group in 2 and 4 has a
considerable impact on a number of hydrogen bonds. Apart
from (N−H)tdih···Oisophthalate hydrogen bonds (d(N9−H9···
O39) = 2.81 or 2.84 Å with angles equal to 161 or 163° for 2
and 4, respectively) and (N−H)tdih···ODMF hydrogen bonds,
these frameworks are stabilized by additional hydrogen bonds
between acylhydrazone oxygen atoms and amino group
hydrogen atoms from the NH2iso

2− ion which have a
significant influence on gas adsorption properties, discussed
in detail below. Independent of the hydrogen bonds
occurrence, there are two extra types of moderate π−π
interactions between aromatic rings of a layer and two adjacent
layers present in all structures (Table S2 and Figure S5). It is

Figure 2. Supramolecular interactions involving adjacent layers in the {[M2(X-iso)2(tdih)2]·guest}n family (1, 2, 3b, and 4, respectively). (a)
Schematic representation of intermolecular interactions involving two adjacent layers and solvent molecules. (b) Contact surface and fraction of
voids (Vvoids) were calculated with Mercury software by using a probe molecule with a radius of 1.2 Å (views along the a-axis).
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facilitated by doubly pillared network nodes and close
arrangement of layers (Figure S6).
The interplay between metal type and isophthalate colinkers

in the assembly of diacylhydrazone-based frameworks is
responsible for creation of pores of various dimensionalities
which occupy 17.8 to 26.5% of unit cell volumes (Figure 2).
Compound 1 based on iso2− and Zn2+ ions has two types of
0D pores, whereas replacing of iso2− by NH2iso

2− leads to a
mixed 0D and 1D pore system (2). On the other hand,
independent of the isophthalate used, both cadmium-based
MOFs 3 and 4 possess two-dimensional pore structures.
Furthermore, the tdih linker in MOF 1 has trans configuration
as compared to MOFs 2−4 in which it adopts cis configuration
(Figure S4).
As revealed by thermogravimetric analysis, the as-synthe-

sized materials 1−4 undergo gradual guest removal (water up
to ca. 120 °C followed by DMF) already at the onset of
heating and without reaching a distinct plateau (except for 1),
which is followed by decomposition observed for all frame-
works above ca. 300 °C (Figure S2). Complementary variable
temperature PXRD measurements (Figures S7−S10) confirm
that the removal of guest molecules from the as-synthesized
frameworks based on unsubstituted isophthalate (1 and 3)
leads mostly to a gradual decrease of intensities of peaks and
their slight broadening, which begins from ca. 240 or 200 °C,
for 1 and 3, respectively. In contrast, however, the PXRD
patterns of MOFs with aminoisophthalate colinkers (2 and 4)
demonstrate that these materials undergo phase transitions
already above ca. 140 °C (Figures S7−S10) before they
decompose. These transitions are associated with interlayer

rearrangements since IR spectra show that indicative intra-
framework bands remain intact (e.g., asymmetric and
symmetric stretching bands of carboxylates) upon thermal
activation at 200 °C and 10 mbar (Figures S11 and S12).
Given the hydrophilic nature of acylhydrazones exhibiting

high capability of hydrogen bond formation due to the
presence of both donor (N−H) and acceptor groups (CO)
(Figure S13), we have also characterized the hydrolytic
stability of materials 1−4 by analyzing these solids after
immersion in water for at least 72 h at room temperature.
Unlike in the archetypical hydrolyzable Zn-based MOF-5,54 we
have observed that all d10 metal-based MOFs 1−4 exchange
DMF guest molecules by water (MOFs after the exchange are
denoted as 1H2O−4H2O) with retention of intralayer bonding
and thermal stability up to 300 °C. This is collectively
evidenced by elemental (Experimental Section) and thermog-
ravimetric analyses (Figure S14), powder X-ray diffraction, and
IR spectroscopy (Figures S11 and S12). The PXRD patterns of
1H2O−4H2O clearly demonstrate that new crystalline phases
appear after soaking in water, and main differences observed
for all MOFs in IR spectra are found in the characteristic
regions of stretching NH and CO bands, which indicates
changes in hydrogen bonding. Additionally, in the case of zinc-
based water-exchanged MOFs, the differences between the
bands corresponding to asymmetric (and symmetric for 2)
stretching of carboxylates are observed, which point to
intralayer rearrangements upon soaking in water. Analogous
control experiments carried out for a known representative of
i n t e r d i g i t a t ed l a y e r ed MOFs , t h a t i s , C ID-1
({[Zn2(iso)2(bpy)2]·DMF}n) not containing hydrogen bond

Figure 3. (a) N2 (77 K) and CO2 (195 K) physisorption isotherms for 2MeOH activated at different temperatures (100, 150, and 200 °C)
(adsorption, full symbols; desorption, empty symbols.) (b) Hydrogen bonds between NH2 of aminoisophthalate and CO of the tdih colinker in
2MeOH: red−oxygen, gray−carbon, blue−nitrogen, pale gray−hydrogen, H atoms (except those bound to N) are omitted for clarity. (c)
Comparison of PXRD patterns between 2MeOH (calculated based on SC-XRD at 100 K) and 2MeOH activated at different temperatures (the
patterns for activated materials were collected in inert atmosphere at RT). (d) IR spectra corresponding to PXRD patterns (the same color codes).
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donors and acceptors,19 have shown that its hydrophobic pores
prevent interlayer DMF exchange for water (Figure S15). This
emphasizes the importance of polar groups present in
acylhydrazones for hydrolytic stability of MOFs.
Adsorption Properties. Free voids in the as-synthesized

MOFs 1−4 are mostly occupied by DMF molecules
interacting strongly with polar walls through hydrogen bonds
(Figure 2). As shown in VT-PXRD patterns (Figures S7−S10)
and IR spectra (Figures S11 and S12), direct thermal activation
is responsible for structural changes arising from destabilization
of subtle hydrogen bonding networks, which are observed
already above 140 °C for 2 and 4. To enable gentle activation

conditions, DMF molecules were exchanged by methanol
(MeOH) as a solvent with a lower boiling point. Soaking the
as-synthesized materials in MeOH for 1−2 days removed
DMF molecules from all materials except 1 (Figures S16−
S18), most likely due to hindered diffusion in 0D voids (MOFs
after the exchange are denoted as 1MeOH−4MeOH).
The frameworks based on unsubstituted isophthalates (1

and 3), independently of activation conditions, are practically
not porous toward N2 at 77 K and CO2 at 195 K. They adsorb
only small amounts (Figures S19−S21), whereby the highest
amounts of adsorbed CO2, reaching 70 cm3 g−1 (STP), were
observed for 3MeOH activated at 50 °C. In contrast, however,

Figure 4. (a) N2 (77 K) and CO2 (195 K) physisorption isotherms for 4MeOH activated at different temperatures (100, 150, and 200 °C)
(adsorption, full symbols; desorption, empty symbols). (b) Hydrogen bonds between NH2 of aminoisophthalate and CO of tdih colinker in 4:
red−oxygen, gray−carbon, blue−nitrogen, pale gray−hydrogen, H atoms (except those bound to N) are omitted for clarity. (c) Comparison of
PXRD patterns between 4MeOH (calculated based on SC-XRD at 100 K) and 4MeOH activated at different temperatures (the patterns for
activated materials were collected in inert atmosphere at RT, *broad peak at ∼6° is the artifact from a sample holder). (d) IR spectra corresponding
to PXRD patterns (the same color code).

Table 1. Porosity Parameters for MOFs 1−4

structural parameters sorption parameters

MOF pws [Å] mpd [Å] Vpt [cm
3 g−1] MOF Tact [°C] p/p0 CO2 Vpe (CO2) [cm

3 g−1] p/p0 N2 Vpe (N2) [cm
3 g−1]

1 1.77 4.32 0.126 − − − − − −
2 2.64 4.65 0.194 − − − − − −
2MeOH 2.72 4.52 0.167 2MeOH 100 0.09 0.167

0.43 0.196 − −
0.98 0.244 − −

3 3.40 5.58 0.177 3MeOH 50 0.99 0.120 − −
4 3.54 5.64 0.184 4MeOH 100 0.43 0.189 0.37 0.179

0.59 0.231 0.98 0.262
0.98 0.386 − −

150 0.98 0.148 0.98 0.074
200 0.98 0.144 − −

apws, pore windows size (Zeo++);
55 mpd, maximum pore diameter (Zeo++); Vpt, theoretical pore volume (Mercury 3.10.2); Vpe(CO2) and Vpe(N2),

experimental pore volume derived from CO2 (195 K) and N2 (77 K) adsorption isotherms, respectively; p/p0, relative pressure.
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the aminoisophthalate-based MOFs (2 and 4) show
significantly higher CO2 uptakes and gated adsorption
isotherms, dependent on activation conditions. Both these
MOFs, loaded with MeOH, were activated at different
temperatures, i.e., at 100, 150, and 200 °C. After each
activation, the materials were monitored by IR spectroscopy,
PXRD analysis, and gas adsorption measurements, i.e., at N2 at
77 K and CO2 at 195 K (Figures 3 and 4; Figures S22−S27).
The material 2MeOH activated at 100 °C shows significant

selectivity toward CO2 versus N2 with untypical isotherms,
indicating the complex mechanism of stepwise CO2
adsorption. Crystals of 2 maintain crystallinity and integrity
during guest exchange, and the MeOH loaded structure of
2MeOH was elucidated based on single-crystal X-ray
diffraction (Figures S28−S31). It gave us deeper insight into
subtle interactions within its crystal structure as well as allowed
us to understand unusual adsorption properties. Assuming that
the crystal structure of gently activated 2MeOH (at 100 °C)
corresponds to that of 2MeOH (Figure S22), the observed
three steps in the adsorption curves can be connected with
sequential filling of pores (Table 1). In the first step (p/p0 ∼
0.09; uptake = 92 cm3 g−1) CO2 freely diffuses into 1D
channels and 0D cavities and fully fills them. Calculated total
pore volume in 2MeOH by Mercury software (after exclusion
of solvent molecules) is equal to 0.167 cm3 g−1, and it perfectly
matches the experimental pore volume of 0.167 cm3 g−1 (at p/
p0 = 0.09), calculated by Gurvich rule in this step. In the
second step up to p/p0 ∼ 0.43 (uptake = 111 cm3 g−1) CO2
molecules infiltrate the framework and trigger structural
changes which create additional interlayer voids. The
experimental pore volume in this point is equal to 0.196 cm3

g−1, which is nearly the same as the theoretical pore volume
(0.194 cm3 g−1) calculated for the structure of 2. A further
increase of pressure leads to the third distinguished step (at p/
p0 = 0.59; uptake = 130 cm3 g−1) attributable to higher
separation of layers and creation of additional space between
them. The maximal pore volume of 0.244 cm3 g−1 (at p/p0 ∼
1) is 26% higher compared to the maximal theoretical pore
volume calculated for 2 (0.194 cm3 g−1).
Activation of 2MeOH at higher temperatures (150 and 200

°C) leads to slight structural changes of the layered 2MeOH
which are associated with changes in the hydrogen bonding
network. This is clearly manifested by PXRD patterns and IR
spectra (both recorded at RT) of 2MeOH conditioned at
various temperatures for 1.5 h (Figure 3). The PXRD patterns
mostly show signal broadening and slight shifts of major
reflections, and the IR spectra provide evidence that these
changes involve hydrogen bonding networks through the
appearance or shift of bands corresponding to stretching C
O, NH, and bending NH vibrations. Whereas, the
activation at 100 °C leaves the IR spectrum of 2MeOH nearly
intact; the spectra after activation at higher temperatures, in
contrast, show significant shift of the ν(N−H)NH2iso band from
ca. 3382 to 3357 cm−1 as well as the appearance of new bands
at 1655 and 1278 cm−1 corresponding to ν(CO) and δ(N
H), respectively (Figure 3). The final confirmation is provided
by CO2 adsorption measurements that demonstrate one-step
isotherms and much lower adsorption capacities (Figure 3) for
the materials activated at higher temperatures.
The replacement of zinc in the synthesis of 2 by cadmium

leads to formation of 4 that has different structure (Figures 1
and 2) and properties. The main differences between the two
MOFs are as follows. First, the immersion of 4 in MeOH

destroys the integrity of crystals and SC-XRD cannot be used
to determinate the structure of 4MeOH. Second, MOF 4
activated at 100 °C adsorbs both N2 and CO2 gases (Figure 4,
Table 1). Third, the untypical CO2 isotherm has a different
shape, higher total uptake, and huge hysteresis loop (Figure 4).
The isothermal adsorption−desorption cycle for N2 at 77 K for
4MeOH can be divided into three parts: (i) adsorption in the
p/p0 range of 0.00−0.37 which corresponds to diffusion-
controlled filling of free voids by nitrogen, as corroborated by
geometrical calculation based on crystal structure of 4 (Table
1, pore window size is comparable with kinetic diameter of
N2); (ii) adsorption at p/p0 = 0.37−0.98 where additional
space is created and derived experimental pore volume of
0.262 cm3 g−1 surpasses the theoretical pore volume (0.184
cm3 g−1) by ca. 42%; and (iii) desorption branch which
indicates that N2 molecules remain trapped in interlayer space
up to low pressures.
Interesting adsorption properties of 4MeOH are also

observed for CO2 at 195 K (Figure 4). The material activated
at 100 °C adsorbs at 95 cm3 g−1 in the low pressure region (at
p/p0 = 1.2 × 10−3). However, a further increase of pressure up
to p/p0 = 0.43 leads to only slightly increased uptake, reaching
108 cm3 g−1. Therefore, in the entire region of p/p0 = 0.0012−
0.43 the CO2 loaded structure remains stable and CO2
occupies ca. 0.170−0.189 cm3 g−1 pore volume, which
corresponds to a theoretical pore volume of 0.184 cm3 g−1,
calculated for the crystal structure of 4. The subsequent
increase of pressure indicates structural transformation of
4MeOH since two distinguished steps can be observed in the
adsorption branch. These steps lead to the total uptake of 216
cm3 g−1 at p/p0 ∼ 1 and the adsorbate must be accommodated
in the increased interlayer space. In this point, the experimental
pore volume is equal to 0.386 cm3 g−1 which is higher by 110%
compared to the theoretical pore volume obtained from the
crystal structure (0.184 cm3 g−1). Upon pressure release, a
wide hysteresis in the desorption branch (within p/p0 = 0.87−
0.47) is observed which indicates strong interaction between
CO2 and the framework, most probably involving its NH/NH2
groups. Moreover, similarly to the material 2MeOH, the
cadmium-based derivative 4MeOH also shows activation-
dependent adsorption characteristics. Increase of activation
temperature to 150 °C or more disrupts initial interlayer
hydrogen bonding network and the material loses flexible
behavior toward CO2 (Figure 4). It adsorbs considerably lower
amounts of CO2 (ca. 80 cm3 g−1 for both applied activation
temperatures) as well as N2 (ca. 53 cm3 g−1 for sample
activated at 150 °C), whereby after activation at 200 °C it
becomes nonporous toward N2. The changes in hydrogen
bonding in 4MeOH upon activation at higher temperatures are
evident from changes in the IR spectra of the activated
materials which show significant shifts of v(NH) bands by 18
cm−1 as compared to initial 4MeOH (Figure 4). Further
evidence of a subtle structural transformation upon activation
at higher temperatures are provided by PXRD patterns which
mostly show slight shifts of major reflections and confirm
retention of crystallinity (Figure 4). The detailed comparison
of the two aminoisophthalate-based structures suggests that
pronounced differences in adsorption properties may originate
from different layers arrangement, that is, ABC for 2 and
ABCDEFG for 4 (Figure S6) and associated various hydrogen
bond networks (Figure 2 and Figures S28−S30). Hydrogen
bonding in 2MeOH occurs between one NH2 substituent of a
Zn2(COO)2 unit and two tdih linkers from two adjacent layers.
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One acylhydrazone group simultaneously works as a hydrogen
bond donor and acceptor. In contrast, MOF 4 has a different
hydrogen bonds arrangement, that is, not two but three tdih
linkers interact with one amino substituent of a Cd2(COO)2
cluster.

Numerous flexible MOFs are known to suffer from stress
during activation and adsorption processes and resulting
irreversible behavior. Thus, remarkable gated responses of
2MeOH and 4MeOH to CO2 involving structural trans-
formations prompted us to verify their reversibility. The
second adsorption−desorption cycles were carried out, and
both activated materials showed excellent reproducibility of the
shapes of curves as well as the maximal uptakes different by no
more than 5% from initial adsorption cycles (Figure 5).

■ CONCLUSION
We have synthesized and investigated the structure−
adsorption property relationships of a series of four new
layered flexible MOFs containing a diacylhydrazone linker.
The interplay of metal centers and functionalization of

isophthalate colinkers, together with dual capability of
hydrogen bond formation of a diacylhydrazone, led to
remarkable diversity of structures and properties in the series.
In particular, pore dimensionalities of the acylhydrazone-based
MOFs obtained were found to be mostly governed by different
ionic radii of Zn2+ and Cd2+ ions. On the other hand,
introducing of amino-substituted isophthalate colinkers and
their interaction with the CO groups of the acylhydrazone
resulted in significant modification of interlayer hydrogen
bonds which led to stepwise gated CO2 adsorptions, not
observed for unsubstituted isophthalate-based frameworks.
The intriguing adsorption properties strongly depend on
activation conditions of the materials, which were investigated
by elemental and thermogravimetric analyses along with
powder X-ray diffraction and IR spectroscopy. The work
underscores the role of hydrogen bonds in crystal engineering
of layered materials and the importance of activation
conditions in such systems.

■ EXPERIMENTAL SECTION
Materials and Methods. Terephthalaldehyde di-isonicotinoylhy-

drazone (tdih) was prepared according to a published method.56 All
other reagents and solvents were of analytical grade (Sigma-Aldrich,
POCH, Polmos) and were used without further purification.

Carbon, hydrogen, and nitrogen were determined by conventional
microanalysis with the use of an Elementar Vario MICRO Cube
elemental analyzer.

IR spectra were recorded on a Thermo Scientific Nicolet iS10 FT-
IR spectrophotometer equipped with an iD7 diamond ATR
attachment.

Thermogravimetric analyses (TGA) were performed on a Mettler-
Toledo TGA/SDTA 851e instrument at a heating rate of 10 °C min−1

in a temperature range of 25−600 °C (approximate sample weight of
20 mg). The measurements were performed at atmospheric pressure
under argon flow. Also, for samples soaked in MeOH, TGA data were
additionally measured on a Netzch STA 409 C/CD instrument at a
heating rate of 10 °C min−1 in a temperature range of 25−600 °C
(approximate sample weight of 50 mg; measurements were carried
out under synthetic air).

Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature (295 K) on a Rigaku Miniflex 600 diffractometer with
Cu−Kα radiation (λ = 1.5418 Å) in a 2θ range from 3° to 45° with a
0.02° step at a scan speed of 2.5° min−1. Variable temperature powder
X-ray diffraction (VT-PXRD) experiments were performed using
Anton Paar BTS 500 heating stage from 30 to 350 °C. At each
temperature samples were conditioned for 10 min prior to the
measurement. Before in situ PXRD measurements, samples 2MeOH
and 4MeOH were conditioned for 1.5 h at 100, 150, and 200 °C and
cooled in a flow of inert gas (Ar). For samples prepared in this way,
ex-situ ATR-IR spectra were measured.

PXRD patterns were additionally measured at room temperature
on a STOE STADI P diffractometer using Cu−Kα1 radiation (λ =
1.5405 Å) and a 2D detector (Mythen, Dectris). Measurements on
the STOE were performed in transmission geometry using a rotating
flatbed sample holder.

Nitrogen and carbon dioxide adsorption/desorption studies were
performed on a BELSORP-max adsorption apparatus (MicrotracBEL

Figure 5. Stability of porosity upon repeated CO2 adsorption (full
symbols) and desorption (open symbols) at 195 K (a) for 2MeOH
and (b) for 4MeOH. The materials were activated at 100 °C before
the first adsorption−desorption cycle and at RT before the second
cycle.

Table 2. Elemental Analyses and Yields for Compounds 1−4

{[Zn2(iso)2(tdih)2]·
4DMF}n 1

{[Zn2(NH2iso)2(tdih)2]·
2DMF·3H2O}n 2

{[Cd2(iso)2(tdih)2]·
5DMF·H2O}n 3

{[Cd2(NH2iso)2(tdih)2]·
4DMF·H2O}n 4

formula C68H68N16O16Zn2 C62H62N16O17Zn2 C71H77N17O18Cd2 C68H72N18O17Cd2
elem. anal. % calcd C 54.59; H 4.58; N 14.98 C 51.93; H 4.36; N 15.63 C 50.72; H 4.62; N 14.16 C 49.85; H 4.43; N 15.39

found C 54.68; H 4.26; N 14.72 C 51.86; H 4.20; N 15.63 C 50.90; H 4.12; N 13.64 C 49.79; H 3.81; N 15.25
yield (%) 64.0 74.9 70.8 74.4
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Corp.). A temperature of 77 K was achieved by a liquid nitrogen bath
and 195 K was achieved by dry ice/isopropanol bath. Prior to the
sorption measurements, the samples 1−4 were soaked with MeOH
for 1−2 days. After that, the samples were evacuated at different
temperatures which are specified in the manuscript.
Syntheses. Synthesis of {[M2(Xiso)2(tdih)2]·g}n materials (1−4

and 3b). Terephthalaldehyde di-isonicotinoylhydrazone (tdih; 0.150
mmol), M(NO3)2·xH2O (0.150 mmol) and a proper isophthalate acid
(H2Xiso) (0.150 mmol) were dissolved in DMF (14.4 mL) and H2O
(3.6 mL) by sonification (30 s) and heated in a sealed vial at 80 °C
for 3 days. In the case of 3b, 40% water (by volume) was used instead
of 20%. Yellow (1, 3, 3b) or brown crystals (2, 4) were filtered off,
washed with DMF, and dried in oven at 60 °C for 0.5 h. Single
crystals suitable for SC-XRD measurement were selected from the as-
synthesized samples. Elemental analyses and synthetic yields for 1−4
are given in Table 2.
Stability Tests in Water. Each MOF 1−4 (50 mg) was soaked in

10 mL of water for 3 days at room temperature. After filtration, the
samples (1H2O−4H2O) were washed with freshly distilled water and
dried at 80 °C for 20 min. Each sample was analyzed by PXRD, IR,
TGA and elemental analyses (see Table 3).
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