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Introduction

Crystal engineering and sorption studies on CN-
and dipyridyl-bridged 2D coordination polymers+

Valoise Brenda Nguepmeni Eloundou,?® Patrice Kenfack Tsobnang,*®
Theophile Kamgaing,? Chiranjib Gogoi,”
Nieves Lopez-Salas® and Susan A. Bourne (DR

Two new cyano-bridged coordination polymers, {[Ni(bpe)(H>O),l[NI(CN)4]-2H,0}, (1) and {[Cu(bpe)(H,0),]
[Ni(CN)g4l-ethanol},, (2) (bpe = 1,2-bis(4-pyridyl)ethane) were synthesized and characterized. This was part of
a study attempting to rationalize the formation of Hofmann coordination polymers over their aqua-
derivatives, in which we found that the length of the ligand does not control the outcome of the synthesis.
In the initial phase of thermogravimetric analysis, compound 1 lost the guest water molecule while
compound 2 lost its guest ethanol. Single crystal X-ray diffraction revealed that both compounds crystallize
in P1 with similar unit cell parameters. In both compounds, the Ni(i) ion is coordinated with four cyanide-
carbon atoms in a square planar geometry and Culi) or the second Ni(i) ion adopts a distorted octahedral
coordination by two bpe ligands, two bridging cyano groups, and two water molecules. In both structures,
chains composed of adjacent [Ni(CioH15N5)(H-0),12" (for 1) or [Cu(CroH1oNL)(H-0)012" (for 2) are further
linked together via [Ni(CN)4]>~ units and extend to generate a two-dimensional framework. The presence
of disordered terminal cyanide moieties in 1 could be attributed to a larger volume available to this moiety
in the structure of 1. The BET surface areas of the activated phases 1' of 1 and 2’ of 2 are 28 m? g * and 5
m? g%, respectively, and originally, they have no pores to accommodate gas molecules at low pressure (1
atm). 1’ does not adsorb carbon dioxide at 195 K (0.30 mmol g™, 273 K (0.086 mmol g™) and 298 K
(0.056 mmol g3), or hydrogen at 77 K, but it shows an affinity to adsorb nitrogen (around 2.5 mmol g™%) at
77 K and water vapor molecules (around 0.95 mmol g3 at 298 K with typical type-Il isotherms. 2’ adsorbs
a small quantity of water vapor (around 0.20 mmol g™) at 298 K and does not adsorb carbon dioxide at
195 K (0.125 mmol g3, 273 K (0.069 mmol g3 and 298 K (0.062 mmol g3), or hydrogen at 77 K, but
shows more affinity to adsorb nitrogen (around 1.2 mmol g™3) at 77 K.

environment.! As we confront an imminent climate crisis, it
becomes imperative to achieve rapid and substantial

Air pollution stands as a critical global challenge affecting
both developed and developing nations. The continuous
release of potentially harmful gases and particles into the
atmosphere poses severe threats to human health and the
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reduction in anthropogenic emissions, particularly focusing
on carbon dioxide (CO,).> The primary source of CO,
emissions is the combustion of fossil fuels like coal, oil, and
natural gas.®> In response to the pressing environmental
concerns, industrialized countries have committed to
reducing greenhouse gas emissions through various protocols
and agreements.? In addition, various processes have been
developed, including absorption,” membrane separation,®
cryogenic separation,” and adsorption on solid surfaces.®
Among these processes, adsorption stands out as highly cost-
effective and non-destructive due to readily available
adsorbents and minimal equipment requirements. Adsorbed
CO, can be utilized or transformed, and the adsorbent can be
regenerated.” For this process, the adsorbent must possess
key properties such as high capacity, selectivity, thermal and
mechanical stability, and cost-effectiveness.’® Coordination
polymers, especially porous coordination polymers such as
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metal-organic frameworks, have emerged as a promising
material in this context. Coordination polymers, a novel class
of crystalline materials, feature metal centers bridged by
multidentate ligands in infinite network structures, offering
substantial promise in capturing and separating small
molecules due to their high internal surface areas."*

Cyano-bridged coordination polymers are a class of
coordination compounds characterized by the presence of
cyanide (CN') ligands that act as bridging units between
metal ions, forming extended polymeric structures.

Hofmann coordination polymers, also
Hofmann-type MOFs, are a subset of cyano-bridged
coordination polymers and are themselves a widely studied
class. In these compounds, the molecular framework referred
to as the “host structure” encapsulates a distinct species
known as the “guest” within a cage-like structure.'”” The
general chemical formula for Hofmann-type coordination
polymers is [ML][M'(CN),], where M can include Fe**, Co®",
Ni%*, cu®*, Zn**, Mn*' or Cd**; M’ can be Ni**, Pt*" or Pd*";
and L represents bidentate organic ligands which act as
bridges between metal ions.”® In the Cambridge Structural
Database (CSD, version 2023.3.0)** there are 410 structures
reported in this class. The [M][M'(CN),] layers are
interconnected by organic ligands (L) through coordination
bonds. Several Hofmann coordination polymers have shown
promise for CO, adsorption, including Ni(bpene)[Ni(CN),]
(where bpene is 1,2-bis(4-pyridyl)ethylene) which captures
495.6 cm® g™' at 273 K™ and NiL[Ni(CN),]-3H,O (where L
represents 1,3,6,8,11,14-hexaazatricyclo[12.2.1.1%""]
octadecane) which captures 56 cm® g ' at 273 K.'°
Additionally, polymers with pyrazine linkers, such as
CoL[Ni(CN),], NiL[Ni(CN),], and FeL[Ni(CN),] (where ‘L’
represents pyrazine), exhibit CO, uptakes of 140 cm® g™*, 130
em?® g7, and 120 em® g™ respectively at 195 K.'” Culp et al.
reported a Hofmann-type structure with 1,2-bis(4-pyridyl)
ethane via a new synthesis method and showed that it had
good sorption properties toward nitrogen and carbon
dioxide."®

While attempting to synthesize this family of compounds,
several authors have obtained a new packing mode of the
constituent with the chemical formula [M(L)(H,0)n][M'(CN),4],
where M can include transition metal ions,’*?* or
lanthanides,>*2” M’ can be Ni*', Pt** or Pd*; and L
represents bridging organic ligands. Currently, in the
Cambridge Structural Database (CSD, version 2023.3.0) there
are 47 structures of this family of compounds. The main
differences between the packing mode of the Hofmann-type
polymers (M(L)][M'(CN)4]-G) and the modified packing mode
(IM(L)(H,0),][M'(CN)4]-G) are the following: Hofmann-type
polymers do not include aqua ligands in their structure,
whereas the modified packing mode includes them. In
Hofmann-type polymers, the metal ions are coordinated to
the ligands (L) and the cyanide units (M'(CN),), while in the
modified packing mode, the metal ions are coordinated to
both the ligands (L) and additional aqua ligands (H,O),,
along with the cyanide units (M'(CN),). Then Hofmann-type
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polymers typically form three-dimensional networks where
[M][M'(CN),] layers are interconnected by organic ligands (L)
through coordination bonds, while the modified packing
mode forms two-dimensional units that are connected with
hydrogen bonds.

In this work, with a view to contributing to the
rationalization of the synthesis of these Hofmann polymers,
we used a previously studied ligand (1,2-bis(4-pyridyl)ethane,
(bpe)) along with nickel(n) and copper(un) ions with the
(Ni(CN),) units to synthesize the modified packing mode of
Hofmann-type polymers. The crystal structures, the thermal
stability, and the gas adsorption properties of both
compounds are determined, and studies are performed to
correlate all these properties to the structures of the
compounds.

Experimental
Materials

For the synthesis of 1 and 2 the following reagents were
purchased and used without further purification: 1,2-bis(4-
pyridyl)ethane (99%, Sigma Aldrich), nickel(u) chloride
hexahydrate (99.9%, Merck); copper(u) chloride dihydrate
(99%, Sigma Aldrich), potassium cyanide (98%, BHD). The
solvents used for synthesis were deionized water, N,N-
dimethylformamide (=99% purity), ethanol (99%, Merck),
and ammonia solution 25% (Merck). Paratone N oil (99%,
Sigma Aldrich) was used to fix the crystal in place for
diffraction analysis.

Synthesis

K,[Ni(CN),]-H,O was prepared with a yield of 85% as reported
previously?®*° - following the procedure given in section 1 of
the ESL}

{INi(bpe)(H,0),][Ni(CN),}-2H,0}, (1) and {[Cu(bpe)(H;0),]
[Ni(CN),]-ethanol}, (2) were prepared at room temperature by
mixing in 2 mL of deionized water, K,[Ni(CN),]-H,O (0.0259
g; 0.1 mmol) and NiCl,-6H,0 (0.0237 g, 0.1 mmol) for 1 and
CuCl,-2H,0 (0.017 g, 0.1 mmol) for, with continuous stirring
approximately for 15 min. To the resulting solutions, 2 mL of
ethanol solution of 1,2-bis(4-pyridyl)ethane (0.0184 g; 0.1
mmol), was added with continuous stirring for approximately
15 min. The precipitate obtained was dissolved in 2 mL
ammonia solution (25% in H,0) with continuous stirring for
approximately 30 min. The resulting solution was filtered
and kept at room temperature for crystallization. Light purple
crystals of 1 were obtained after three weeks with a yield of
70% and for 2, light blue crystals were obtained after one
week with a yield of 67%.

Characterization

Fourier transform infrared (FT-IR) spectroscopy. Fourier
transform infrared (FTIR) spectroscopy was performed using
a PerkinElmer Spectrum Two FTIR spectrometer equipped
with an attenuated total reflection (ATR) (Waltham, MA, USA)

This journal is © The Royal Society of Chemistry 2024
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diamond accessory. Samples were patted dry at room
temperature (ca. 25 °C), gently crushed, loaded onto the
sample holder, and scanned over a wavelength range of 400-
4000 cm™.

UV-visible spectroscopic analysis. The UV-vis absorption
spectra of 1 and 2 in the range of 250 nm and 800 nm were
obtained through ultraviolet-visible (UV/vis) spectroscopy
using an Agilent Cary 8454 spectrometer at room temperature
(ca. 25 °C).

Thermal analysis and hot stage microscopy (HSM). The
thermal stability of 1 and 2 was investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) using a TA-Q500 (New Castle, DE, USA)
instrument and a TA-Discovery DSC 25 instrument (New
Castle, DE, USA), respectively. The samples were patted dry,
gently crushed, and weighed directly (2.64 mg for 1 and 2.14
mg for 2) into open alumina TGA crucibles and in the
crimped platinum pans for DSC (mass of sample: 1.83 mg for
1 and 1.40 mg for 2). The experiments were performed over a
temperature range of 20-600 °C for TGA and for DSC until
300 °C at a heating rate of 10 °C min™" under dry nitrogen
with a flow rate of 60 mL min~". Hot-stage microscopy was
performed using a Linkam THMS600 hot stage and Linkam
TP92 control unit fitted to a Nikon SMZ-10 stereoscopic
microscope. The visible thermal events were captured with a
Sony Digital Hyper HAD color video camera and visualized
on the Soft Imaging System program analySIS. Crystals were
placed on a coverslip under silicon oil and heated at 10 °C
min~" from 23 °C to 300 °C.

Powder X-ray Diffraction (PXRD) and variable-temperature
powder X-ray diffraction (VI-PXRD). Powder X-ray diffraction
(PXRD) experimental data were recorded on a Bruker D2
phaser diffractometer (Billerica, MA, USA) with Cu Ko (4 =
1.5406 A) radiation generated at 10 mA and 30 kV. A
representative sample of crystalline material was extracted,
allowed to air-dry at room temperature, crushed into powder,
and placed on a rotating silicon zero-background sample
holder, and scanned (range 5-40° 20, step size 0.0164° s ).
The PXRD patterns obtained were compared to the simulated
ones calculated from the single crystal structures using
Mercury.*' The VT-PXRD measurements of the material were
performed under vacuum on a Bruker D8 Advance X-ray
diffractometer in the 260 range of 4-40° using a 0.016° s step
size and X-rays generated at 30 kV and 40 mA. Experimentally
obtained PXRD patterns were compared to the simulated
PXRD patterns calculated from the respective single-crystal
X-ray structures.

Single-Crystal X-ray Diffraction (SCXRD). Single crystals of
1 and 2 of suitable quality and dimensions were selected
under a polarising microscope and covered immediately in
paratone N oil. Single crystal diffraction data were collected
on a Bruker D8 Advance diffractometer with graphite-
monochromated Mo Ko radiation (1 = 0.71073 A) at a
temperature of 100 K. The intensity data were collected using
phi and omega scans, scaled, and reduced with SAINT-Plus®?
and XPREP.** The absorption correction of the collected
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intensities was performed using the SADABS program.** The
structures were solved by direct methods using SHELXS-97
and refined using full-matrix least-squares methods in
SHELXL.*® The graphical interface used was the program X-
SEED;*® non-hydrogen atoms were refined anisotropically.
The H atoms of OH groups have been located on Fourier
difference maps and restrained while those of the phenyl
groups were included in their idealized positions. Mercury
was used to generate high-quality images using POV-RAY and
to determine void spaces using a probe radius of 1.2 A
PLATON was used to identify any pertinent intermolecular
interactions.®”

Gas sorption studies. Gas sorption capability studies were
conducted on 1 and 2 for nitrogen at 77 K, hydrogen at 77 K,
carbon dioxide at 195, 273 and 298 K, and water vapor at 298
K. A Micromeritics 3flex surface characterization analyzer was
used to carry out the gas sorption experiments. Thermal
activation of about 200 mg of sample was performed using a
Micromeritics Flowprep for all measurements. Samples 1 and
2 were first heated at 100 °C for 2 hours and at 100 °C for 4
hours, respectively, to evacuate the solvent. The desolvation
temperature was determined via TGA. The temperature range
of 273 K to 298 K was achieved using a Micromeritics water
bath, while for experiments at 77 K a liquid nitrogen bath
was used. For measurements at 195 K, a mixture of acetone
and dry ice was used. The absolute pressure limit of the
equipment is 1000 mmHg.

Calculation of Isosteric heat of CO, adsorption (Qy). The
isosteric heat of CO, adsorption (Qs) was calculated with
adsorption isotherms measured at temperatures 7; (273 K)
and T, (298 K). Q was calculated from the equation below
with the difference between the two pressures (P; and P,) at
the same adsorption amount. R is the universal gas constant.
_ RTT,
T T,-T,

Qst (lnPZ_ lnPl)

Results and discussion

Characterisation of {[Ni(bpe)(H,0),][Ni(CN),]-2H,0},, (1) and
{[Cu(bpe)(H,0),][Ni(CN)4]-ethanol},, (2)

Viewing the synthesized compounds under a microscope
reveals that 1 forms prismatic light-purple crystals, while 2
crystallizes as light-blue blocks (Fig. S17).

The Fourier-transformed infrared (FTIR) spectrum of the
as-synthesized compounds over the range 4000-400 cm™" is
shown in Fig. S2 while Table S1{ summarises the absorption
bands of 1 and 2. In the FTIR spectrum of those compounds,
the broad band observed at 3359 cm™' in compound 1 or at
3354 cm™" in 2 is assigned to the valence vibration mode of
the hydroxyl group (OH) of water molecules. The appearance
of this band at a lower value than that observed in the
literature (expected around 3500 cm™) and its width suggest
that this group participates in hydrogen bonding. Further
FTIR analysis and UV-vis analysis results are provided in the
ESIt (see both spectra in Fig. S57).

CrystEngComm, 2024, 26, 4195-4204 | 4197
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Table 1 Crystal data and refinement parameters of 1 and 2

1 2
ASU formula CgH1oN3NiO, C13H16CuNgNiO
Formula weight (g mol™) 238.90 486.62
Crystal color Light purple Light blue
Crystal size (mm) 0.172 x 0.131 x 0.04 x 0.12 x
0.08 0.18
Temperature (K) 100(2) K 100(2) K
Crystal system Triclinic Triclinic
Space group P1 P
a/A 6.3253(13) 5.9234(5)
b/A 9.2032(18) 9.5597(8)
c/A 10.202(2) 10.2625(8)
al® 64.48(3) 114.847(3)
Bl° 74.18(3) 96.831(3)
»° 78.74(3) 95.811(3)
zZ 2 2
Volume/A® 513.6(2) 516.16(7)
Density/g cm ™ 1.545 1.566
Absorption coefficient y 1.866 1.973
(mm)
F(000) 246.0 247.0
Radiation 0.71073 0.71073
20 range for data collection (°) 2.264 to 28.310 2.223 to 28.301
Index ranges -8§<h<8, -7<h<7,
-12 < k <12, -12 < k < 12,
-13<[1<13 -13<[<13
Reflections collected 30727 38726
Independent reflections 2563 2565
[Rine = 0.0802, [Rine = 0.0719,
Ryigma = 0.0404] Riigma = 0.0281]
Final R indexes R, = 0.0347, R, = 0.0327,
[1 = 20(D)] WR, = 0.0763 WR, = 0.0827
Final R indexes R, = 0.0615, R, = 0.0448,
[all data] WR, = 0.0848 WR, = 0.0882
Data/restraints/parameters 2563/6/153 2565/4/177
Goodness-of-fit on F? 1.066 1.109
Largest diff. peak/hole 0.578/-0.561 0.606/-0.666

(e A7)

Structural analysis of {[Ni(bpe)(H,0),][Ni(CN),]-2H,0},, (1)

and {[Cu(bpe)(H,0),][Ni(CN),]-ethanol}, (2)

Single-crystal X-ray diffraction analyses revealed that 1 and 2
are similar, and both crystallized in the P1 space group (see
Table 1). The asymmetric units (ASUs) of 1 and 2 consist of
half of the cationic component [M(Ci,H;,N,)(H,0),]*" (M =
Ni1 or Cu1), half of the anionic component [Ni(CN),]*", and
one crystallization water molecule for 1 (Fig. 1a, see Fig. S67
for the complete labelling scheme) or a half-occupied
uncoordinated ethanol molecule for 2 (Fig. 1b, see Fig. S7t
for the complete labelling scheme). Within the [M(C;,H;,N,)
(H,0),]*" fragment, the central Nil or Cul ion adopts a
distorted octahedral coordination arrangement. In this
configuration, the six coordination positions are occupied by
four nitrogen atoms, two nitrogen atoms from two cyanide
groups and two other nitrogen atoms from two 1,2-bis(4-
pyridyl)ethane ligands and two oxygen atoms from
coordinated water molecules. The average Nil-Ny,. bond
distance (2.125(2) A) is slightly longer than the Nil-Ngy
bonds (2.051(2) A). This bond distance difference was also
observed in the literature in similar compounds.'®*
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Fig. 1 A view of the extended (1 - x, -y, 1 - z, -1 + X, y, z) asymmetric
unit in the crystal structures of 1 (a) and 2 (b) showing the atom
numbering scheme and displacement ellipsoids drawn at the 50%
level.

Additionally, both M-O bonds have similar lengths of
2.103(2) A (for Ni-O in 1) and 2.030(2) A (Cu-O in 2), and the
two Ni1l-NC angles exhibit a nearly linear arrangement with
identical angles of 175.1(2)°. These bond lengths and angle
values agree with the data reported in the CSD for similar
materials with formula M(H,0),(L)[Ni(CN),].>"** As expected,
the anionic moiety [Ni(CN),]*” adopts a square planar
geometry, with two cyanide groups acting as bridging linkers
to octahedral nickel (Ni1) sites while the others are terminal
ligands. In 1, these terminal cyano groups are disordered
over three positions with equal site occupancies (see Fig. 1).
The mean bond lengths for square planar nickel Ni2-C and
C-N are 1.866(11) A and 1.150(15) A, respectively, and the
square planar nickel Ni2-CN bonds display nearly linear

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 2-Periodic framework of 1 (cyan - Ni, blue - N, grey - C, red - O).

angles, ranging between 177.5(11)° and 179.6(10)°, in
agreement with the data reported for similar
tetracyanonickelate salts.*"**

As illustrated in Fig. 2, the structure of 1 extends along
both the bpe and cyano directions, generating a 2-D grid
(compounds 1 and 2 have the same framework structure, see
Fig. S87 for 2). With octahedral nickel (Ni1) considered as the
nodes, the linkers are either bpe linkers or [Ni(CN),] groups,
generating a planar sgl/ topology. Neighbouring networks are
layered without interpenetration, and with Ni---Ni distances
of 6.325 A in 1 and 5.923 A in 2. Within the 2D framework

(depicted in Fig. 3), the octahedral nickel (Ni1) units are
through a

interconnected distorted pseudo-octahedral

Fig. 3 Two layers in 1 formed by neighboring 2D-sql frameworks and
linked through the hydrogen bonds. Hydrogen atoms on the
framework have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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coordination with water molecules extending above and
below the plane. The long edge of the rectangle is given with
a Ni1l---N1 distance of 13.389 A, while the short edge runs
through the [Ni,(CN),]>” anions and results in a octahedral
nickel---octahedral nickel (Ni1---Ni1) distance of 10.098 A.
Corresponding distances in 2 are 13.239 A and 10.724 A.

Terminal cyanides, ligands, and coordinated and
uncoordinated solvent molecules all participate in the
hydrogen-bonding network within 1 and 2. There are three
distinct types of hydrogen bonds shown in Fig. 3 and
Table 2. In 1, two terminal cyanides engage in O-H-:-'N
hydrogen bonds with coordinated O1-H1A---N1C and guest
water molecules (O3-H3A:-*N1A; O3-H3A:---N1B and O3-
H3A---N1C); meanwhile in 2, only one cyanide engages in an
O-H--N hydrogen bond with a coordinated water molecule
(O1-H1A:--N2). The bpe ligands interact with terminal
cyanides through C-H:--N hydrogen bonds (C4-H4:--N1A) in
1 while in 2 these ligands interact rather with axial cyanide
through C-H:--*N hydrogen bonds (C5-H5:--N2). Lattice
solvent (water or ethanol) molecules establish O-H:--O
hydrogen bonds with coordinated water molecules O1-
H1B:--O3 for 1 and O1-H1A---O3 for 2. Consequently, a
single 2D-sql network is connected to its neighbour through
hydrogen bonds as illustrated in Fig. 3 for 1 (see Fig. S8 and
S9t for 2).

The potential void space assuming no collapse of the
network (without coordinated and uncoordinated solvent
molecules) for 1 is 12.6% (64.80 A’) while for 2 it is 25.4%
(131.11 A%). They were calculated with Mercury®' using a
probe radius of 1.2 A with a grid spacing of 0.7 A. Using this
calculation, the void space observed in 1 (Fig. S101) consists
of discrete pockets while in 2 (Fig. S11f) there are one-
dimensional continuous channels.

To investigate the occurrence of disorder of the cyanide
ligand in 1, we calculated the volume of space occupied by
terminal cyanide ligands in 1 and 2 using Mercury (probe
radius of 1.2 A and grid spacing of 0.7 A). The volume
occupied by the disordered terminal cyanide in 1 (Fig. S137)
is 48.93 A3, whereas in 2 (Fig. S14f) the same terminal
cyanide occupies a smaller volume of 35.72 A% It appears
that the larger volume available in 1 results in the disorder
observed. We also noted that the dihedral Cul-N-C-Ni2 is
substantially more bent than the equivalent dihedral Ni1-N-
C-Ni2 with a Cul-N-C angle of 157.6(2)° (vs. Ni1-N-C of
175.1(2)°) and Cul-N-C-Ni2 torsion angle of 120.2(2)° (vs.
13.8(2)° in 1).

Comparison of the packing mode in 1 and 2 vs. Hofmann
coordination polymers

In 2013, Hu et al. attributed the formation of the [M(L)(H,O)
n][M'(CN),] family of compounds to the use of longer linear
ligands L.*' They proposed that shorter linear diaza ligands,
such as pyrazine, 4,4"-bipyridine, 4,4’-dipyridylacetylene,
1,2-bis(4-pyridyl)ethylene, or 1,2-di(4-pyridyl)ethane (bpe),
were generally employed to construct Hofmann-type 3-D

CrystEngComm, 2024, 26, 4195-4204 | 4199
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Table 2 Hydrogen bonding interactions in compounds 1 and 2

D-H-+-A D-H (A) H-A (A) DA (&) D-H-+A (°)
1

O1-H1A---N1C' 0.980 (17) 2.50 (3) 3.192 (8) 127 (2)
O1-H1B:--03 0.997 (17) 2.091 (19) 3.041 (4) 159 (2)
03-H3A---N1A? 1.037 (18) 1.0.99 (3) 2.979 (8) 158 (6)
03-H3A---N1B? 1.037 (18) 2.50 (3) 3.518 (13) 166 (6)
03-H3B---N1B* 0.896 (19) 2.04 (3) 2.865 (10) 153 (6)
03-H3B:-N1A" 0.896 (19) 2.30 (4) 3.059 (7) 143 (5)
03-H3B'"N1C* 0.896 (19) 1.95 (3) 2.796 (8) 158 (6)
C4-H4---N1A® 0.95 2.55 3.467 (8) 163
C4-H4---N1B? 0.95 2.65 3.574 (11) 164.1
C6-H6"--N2 0.95 2.63 3.103 (4) 111.2
C3-H3---N2* 0.95 2.64 3.102 (4) 110.3

2

O1-H1A---N2° 0.993 (17) 2.453 (19) 3.436 (3) 163
01-H1B--03° 0.90 (2) 2.28 (2) 3.183 (10) 148
C5-H5---N2° 0.97 (3) 2.61 (3) 3.160 (3) 116 (2)

Symmetry operators: ' x,y - 1,2z; > —x, y+1,-z+ ;> —x+1, y+1,—z+1; %, + 1,y +1,-z;°x - 1,9,z x+1,-y, 2z + 1.

materials, [ML][M'(CN),], in similar reactions.”* However, in
2015, Tian and his collaborators obtained the [M(L)(H,O)n]
[M'(CN),] family of compounds using a shorter ligand, 4,4"-
bipyridine,*® contradicting Hu's proposal. In our syntheses,
we also obtained this packing [M(L)(H,0),][M'(CN),] using
the ligand 1,2-di(4-pyridyl)ethane (bpe). This ligand has
been used to construct Hofmann-type polymers with nickel
and  tetracyanonickelate  [Ni(CN),] by Culp and
collaborators'® but, in our work, it has been used to
construct the packing mode variant of the Hofmann
polymer. Therefore, we can conclude that the size of the
ligand is not the only parameter to consider in the
formation of this family of compounds.

It's also important to note that the synthesis conditions
may play a crucial role in the formation of this new packing.
When comparing the synthesis method of 1 to that of the
Hofmann-type coordination polymer Ni(Bpane)[Ni(CN),]
(bpane = 1,2-di(4-pyridyl)ethane),'® the main difference lies
in the reaction conditions. In the synthesis of 1, all reactants
are mixed in an aqueous solution, leading to the direct
formation of the precipitate, while in the synthesis of
Ni(Bpane)[Ni(CN),] a Hofmann coordination polymer, the
starting compound Ni(H,0),[Ni(CN),]-3H,O (obtained by
slowly mixing 0.1 M aqueous solutions of K,[Ni(CN),] and
Ni(NO3),-6H,0, followed by refluxing the resulting mixture
overnight) is heated to 140 °C under a N, flux before adding
the ligand.'® These differences in reaction conditions may
have led to the formation of different products.

Culp et al. synthesized their Hofmann-type coordination
polymers by starting with the preparation of Ni(H,0),[Ni(CN),].
They then vacuum-dried this compound at 130 °C for 2 to 3
hours to obtain Ni,(CN),, which they dissolved with the ligand
in a mixture of dry toluene and dry acetonitrile, followed by
refluxing under nitrogen.*®

We used the same method for 2 by forming Cu(H,-
0),[Ni(CN),], drying it, then washing it with water, and finally
drying it again. We air-dried our compound at room

4200 | CrystEngComm, 2024, 26, 4195-4204

temperature for 12 hours and then dissolved it in an aqueous
ammonia solution, followed by adding 1,2-bis(4-pyridyl)
ethane dissolved in ethanol, but this synthesis produced the
aqua complex 2 rather than a classic Hofmann polymer. This
suggests that the length of the ligand is not a parameter to
consider when considering the formation of this family of
compounds, but the synthesis method may play a role. For
specific reagents, it remains necessary to find a suitable
synthetic method.

o
o

& & &
- - ~

&
-

Heat Flow (mW)

Weight (%)

Temperature (°C)

Fig. 4 TGA and DSC curves of 1 (a) and 2 (b).
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Characterization of the bulk material
Thermal analysis

Fig. 4 shows the thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) obtained for
compounds 1 and 2 heated in the temperature range of 10-
600 °C and 10-550 °C respectively.

A two-stage thermal behavior is observed in 1. In the first
stage, compound 1 lost the guest and the coordinated water
molecules at 110 °C with theoretical and experimental mass
losses of 15.10% and 13.72%, respectively (Fig. 4a). The DSC
thermogram confirms that this mass loss is endothermic
with a peak at 96 °C. This compound started to decompose
at 300 °C with an abrupt mass loss at 595 °C which includes
the loss of the organic ligand. During the initial phase of
thermal analysis, compound 2 lost its ethanol guest molecule
at 102 °C with a large, broad endothermic peak on the DSC
curve. The theoretical and experimental mass losses at this
first stage are 9.35% and 9.72%, respectively. The network
decomposed in a stepwise fashion over a temperature range
of 200-500 °C.

The thermal events described above were observed using
hot-stage microscopy (HSM). The crystal of 1 begins to
become opaque with heating to 80 °C, which can be
attributed to the dehydration of the crystal. It maintains its
solid state from room temperature (21 °C) to 300 °C thus
confirming that the material decomposes without melting.
(Fig. S371).

As shown in Fig. S4, 2 begins to become opaque and
becomes more light blue with heating to 100 °C which is
attributed to the loss of the ethanol guest. With gradual
decomposition, the compound changes colour and becomes
light-yellow at 245 °C, and then progressively changes from
light-yellow to yellow at 300 °C, then to brown at 320 °C, and
finally to black at 330 °C.

It appears from this hot stage analysis that crystals of 1
and 2 undergo desolvation and then decompose without
melting.

(2) as-synthesized

C
&
g | (2) simulated
] ' Illll I A \
& A
= 4

h (1) as-synthesized

b (1) simulated

T T T T T T
5 10 15 20 25 30 35 40

20/°

Fig. 5 Powder X-ray diffraction patterns of as-synthesized and
simulated 1 and 2 from the crystal structure analysis.
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Fig. 6 Powder X-ray diffraction patterns of simulated, synthesized,
dehydrated, and hydrated 1.

Powder X-ray Diffraction (PXRD) analysis

The powder X-ray diffraction (PXRD) patterns of 1 and 2
materials are shown in Fig. 5. The materials are crystalline
and that the experimental PXRD patterns of compounds 1
and 2 agree with the simulated patterns generated based on
structural data, confirming that 1 and 2 are pure materials.
The presence of the first peak observed in the experimental
powder XRD pattern of 2 and its absence in the simulated
one could be attributed to differences in the size and texture
of the sample during the analysis.

Determination of the structural changes occurring during
dehydration/rehydration

We followed the structural changes occurring on heating
using variable-temperature PXRD (VT-PXRD) (Fig. S12%).
Results are shown in full in the ESI{ and summarized here in
Fig. 6. 1 and 2 show modest shifts in the peak position as the
sample is placed under vacuum. A new phase is evident in
each case at 50 °C (the midpoint of the solvent loss event on
TGA). This phase is retained, and the samples remain
crystalline at 350 °C and are unchanged when the samples
are cooled to 25 °C.

Fig. 6 shows the PXRD of a sample of 1 after heating at 70
°C for 2 hours. TGA (Fig. S15f) confirms that 1 had been
dehydrated in this process. Fig. 6 shows that the compound
remained highly crystalline upon removal of crystallized
water molecules. Although the structure of the dehydrated
phase of 1 has changed, as we can see by small differences in
the diffraction peaks, it appears from this result that the
removal of water does not result in the collapse of the
framework. The dehydration PXRD patterns observed are the
same with the VTPXRD patterns when 1 is heated at 50 °C in
vacuum (Fig. S127).

The compound [Zn(L)(H,0),][M(CN),]:3H,0 (L = N,N-
bis(4-pyridylformamide)-1,4-benzene) synthesized by Hu

CrystEngComm, 2024, 26, 4195-4204 | 4201
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Fig. 7 Sorption isotherms of 1 and 2 for (a) nitrogen at 77 K, (b)
hydrogen at 77 K, and (c) water vapor at 298 K.

exhibited reversible dehydration/rehydration of water guest
molecules after heating at 150 °C under vacuum for 12 h.*!
Thus, we also considered possible rehydration of 1 after
heating, and exposed the dried powder to water vapour at 40
°C for 24 hours using a solvent diffusion reaction (Fig. S167).
However, PXRD confirmed that there was no phase change
(Fig. 6 top) and the TGA curve of compound 1 in Fig. S177
shows that there is no hydration when the dehydrated phase
is exposed to air for 24 hours, so we conclude that the
dehydration of compound 1 is irreversible, and the removal
of water leads to the modification of the structure of this
material. Fig. S19 and S201 show that after water vapor

4202 | CrystEngComm, 2024, 26, 4195-4204

View Article Online

CrystEngComm
- 0.40
b | —e—1' CO, 195K adsorption
—O—1'CO, 195K desorption
0.32 —4A—1' CO, 273K adsorption
) —/>—1' CO, 273K desorption
5 —#—1' CO, 298K adsorption
2 —0—1' CO, 298K desorption
£ 024
°
|
£
2
2 0161
2
€
s
& 0.08
0.00
T T T T T T
[ 20 40 60 80 100
Absolute Pressure (kPa)
3} po2o
——2' CO, 195K adsorption
—0—2'CO, 195K desorption
0.16{ ——2' CO, 273K adsorption
B —/—2' C0O, 273K desorption
=§ —e—2' CO, 298K adsorption
£ 0.124 —C—2'CO, 298K desorption
T
o
Q2
£
]
n
°
<
2
]
c
©
3
<]

120

Absolute Pressure (kPa)

Fig. 8 CO, uptake isotherms at 195 K, 273 K and 298 K of 1 (a) and 2 (b).

adsorption experiments, the phase of compound 1 remains
unchanged, while the crystalline phase of compound 2 shows
some small shifts in peak positions.

Gas sorption studies on 1 and 2

After dehydration (activation), compounds 1 and 2 were
found to show porosity for various gases, as shown in Fig. 7
for nitrogen, hydrogen, and water vapor and Fig. 8 for carbon
dioxide.

Nitrogen sorption isotherms recorded at 77 K (Fig. 7)
indicated that 1 and 2 show reversible type-II isotherms.*”
These isotherms show a maximum N, uptake of 2.47
mmol g' and 1.17 mmol g for 1 and 2, respectively. 1
has a BET surface area of 28.16 m*> g™' while 2 has a
negligible surface area of 4.74 m> g'. These specific
surfaces are very low and confirm the flexibility of 1 and 2
which undergo structural deformation after activation as
indicated by VT-PXRD.

Water sorption isotherms of 1 and 2 are type II isotherms
in the IUPAC classification®® (Fig. 7c). At the start of the water
sorption process at 298 K on 1, the water molecules are
adsorbed quicker than on 2 at low P/P, and a capacity of 0.15
mmol g~" is obtained at P/P, = 0.1. This quantity adsorbed
increases gradually from P/P, = 0.1 to 0.76 from 0.15
mmol g™* to 0.95 mmol g™*. For 2, the water adsorption is
lower and shows gradual sorption with an uptake capacity of
0.20 mmol g™,

This journal is © The Royal Society of Chemistry 2024
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The sorption of carbon dioxide for 1 and 2 was measured
at 195 K, 273 K and 298 K. Fig. 8a and b respectively show
that 1 and 2 exhibit reversible type-I isotherms at 195 K, 273
K and 298 K. 1 shows a low capacity for CO, (0.056 mmol g*
at 298 K, 0.086 mmol g™* at 273 K and 0.30 mmol g™* at 195
K) and 2 also adsorbs little CO, (0.062 mmol g™ at 298 K,
0.069 mmol g™* at 273 K and 0.125 mmol g ' at 195 K).
Interestingly, at 195 K, the compound absorbs more than 3
times the amount of carbon dioxide compared to that at 273
K at low absolute pressures, suggesting that the uptake
capacity decreases as a function of temperature as expected.

Sorption isotherms measured at temperatures between
273 and 298 K were used to calculate the isosteric heat of
adsorption Qg using the Clausius-Clapeyron equation. The
Qs values for 1 and 2 (Fig. S18, ESIf) were measured at
loading values ranging from 0.0025-0.054 mmol g~* (STP).
For 1, the Qg started higher at 37.83 kJ mol ™! (with 0.0025
mmol g') and decreased to 34.87 k] mol™ (with 0.0051
mmol g™') but increased again at 36.06 k] mol™ (with 0.0074
mmol g ') and finally decreased to 15.61 kJ mol™' with
0.0479 mmol g™* indicating weak interactions between CO,
and the activated phase of 1. For the activated phase of 2, it
started lower at 28.59 kJ mol™ (with 0.0025 mmol g™*) and
increased to 39.37 kJ mol™ (with 0.0082 mmol g™') and
finally decreased gradually to 18.94 k] mol™ with 0.0535
mmol g™ indicating also weak interactions between CO, and
this material.

Fe(H,0),(bpy)[Pt(CN),]-H,O (bpy = 4,4-bipyridine) adsorbs
3 molecules of water per one iron at 298 K and 1 atm with a
type I isotherm®* while 1 and 2 adsorb respectively 0.19 mol
and 0.04 mol of water vapor per mol of compound at 298 K
and 1 atm. Fe(H,0),(bpy)[Pt(CN),]-H,O exhibits a 3D
accordion-like MOF structure, while 1 and 2 have 2D
structures. This dimensional difference could explain the
difference in their water adsorption capacities. The 3D
structure provides more adsorption sites and cavities,
resulting in a higher adsorption capacity, while the 2D
structure limits available sites, resulting in a
adsorption capacity.

lower

Conclusion

In this article, the synthesis, spectral and thermal properties
and crystal structure of new cyano-bridged coordination
polymers with the 1,2-bis(4-pyridyl)ethane (bpe) ligand have
been investigated. We attempted to rationalize the synthesis
of Hofmann coordination polymers by exploring previously
reported synthetic conditions. In our study, we found that
the length of the ligand does not control the outcome of the
synthesis. Despite using a longer linker, we obtained the
aqua-derivatives of Hofmann coordination polymers. These
were characterized, and their gas sorption properties were
studied. Hot-stage microscopy, XRD, FTIR, BET, and TGA
analyses were employed to characterize these materials,
{[Ni(bpe)(H,0),][Ni(CN),]-2H,0}, (1) and {[Cu(bpe)(H,0),]
[Ni(CN),]-ethanol},, (2). IR spectra confirm the presence of all
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functional groups expected in 1 and 2. Thermal decomposition
of the prepared compounds showed that in the initial phase of
thermogravimetric analysis, compound 1 lost its guest water
molecule while compound 2 releases an ethanol molecule.
Powder X-ray diffraction revealed that the experimental powder
XRD patterns of these compounds are in accord with the
simulated patterns confirming the purity of the synthesized
product as a single phase. Single X-ray diffraction revealed that
1 and 2 crystallize in P1. In both compounds, one Ni(u) ion is
four-coordinated with four cyanide-carbon atoms in a square
planar geometry geometry, and the other Cu(u) or Ni(u) ion
adopts a distorted octahedral coordination by two bpe ligands,
two bridging cyano groups, and two water molecules. The
compounds form a 2D sq/ network linked by hydrogen bonds
to adjacent networks to form a 3D supramolecular network.
Compounds 1 and 2 have maximum potential void spaces of
12.6% (64.80 A®) and 25.4% (131.11 A%), respectively. The
presence of disordered terminal cyanide ligands in 1 is
attributed to subtle differences in molecular conformation
about the bridging cyanides and a larger space available to the
terminal cyanide in 1. The gas adsorption of 1 and 2 was
studied and it was found that their activated phases have had
no pores and BET surface areas of 28 m” ¢ ' and 5 m> g*
showed low affinity for carbon dioxide or hydrogen. Both
showed better affinity for nitrogen and water vapor. 1’ was
capable of sorbing nearly four times as much water as 2/,
suggesting that the framework is flexible and able to adapt to
the presence of gases and water vapor.
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