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The monoclinic (Ni(L)[Ni(CN)4] (L= 1,4-Bis(4-pyridyl) benzene) compound (defined as Ni-dpbz)
is a flexible metal organic framework which assumes a pillared structure with layers defined by 2D
Ni[Ni(CN)4], nets and dpbz ligands as pillars. The structure features an entrapped dpbz ligand that
links between the open ends of four-fold Ni sites from two neighboring chains. This arrangement
results in an unusual 5-fold pseudo square-pyramid environment for Ni and a significantly long Ni-
N distance of 2.369(4) A. Using Density Functional Theory calculations, the different bonding
characteristics between the 5-fold and 6-fold Ni’s were determined. We found that there is weak
covalent bonding between the 5-fold Ni and N in the entrapped ligand, and the 6-fold Ni-N bonds
provide effective electronic conduction. The disordered dimethyl sulfoxide (DMSO) solvent mole-
cules are not bonded to the framework. The material has a single pore with a diameter of 4.1 A.
This pore includes approximately 55% of the total free volume (based on a zero-diameter probe).
The accessible pore surface area and pore volume were calculated to be 507 m%/g and 6.99 cm?/kg,
respectively. The maximum amount of CO, that can be accommodated in the pores after DMSO is
removed was found to be 204 mg/g, agreeing with the results of adsorption/desorption experiments
of about 220 mg/g. https://doi.org/10.1063/1.5025674

I. INTRODUCTION

Solid adsorption processes have been studied extensively
in recent years as an effective and economical way for CO,
capture and storage (CCS) technology.'™ Various types of
porous solid sorbent materials, including porous coordination
polymer (or metal organic frameworks, MOF), flexible MOF,
and zeolites have been investigated worldwide.”* Flexible
MOFs are effective sorbents that possess both highly ordered
network and structural transformability.”%!'2>=7

The pillared layer motif is commonly used to design
metal organic frameworks (MOFs). Materials based on the
pillared cyano-bridged architecture, [Ni’(L)Ni(CN)4],
(L = pillar organic ligands), have been shown to be remark-
ably versatile. By the precise control of the properties of the
spacers, such as shape, functionality, flexibility, length, and
symmetry, one can obtain materials containing diverse archi-
tectures and functions. In recent years, this synthetic strategy
was expanded upon by Culp et al. who included a number of
1,4-bis-(4-pyridyl)benzene derivatives as pillaring linkers
forming a family of ~ 40 different porous coordination com-
pounds collectively called pillared cyanonickelates or
PICNICs.” Several PICNICs show flexible behaviour during
the adsorption and desorption of guest molecules such as
CO,.*® Flexible PICNICs and other soft porous crystals®®
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change their structures in response to the adsorption and
desorption of guests.”®* This transition between low poros-
ity and high porosity structural phases (often referred to as a
gating behavior) is dependent on pressure, temperature, and
the nature of the guest.''?*37

We have investigated the structure of a member of the
PICNICS, the flexible {[Ni(1,4-bis(4-pyridyl)benzene)][Ni
(CN)4]},, (defined as Ni-dpbz), which was synthesized using the
modular MOF synthesis method.'® The dpbz ligand is a linear
chain consisting of a phenyl ring sandwiched between two pyri-
dine rings. The structure of Ni-dpbz has been determined previ-
ously in our laboratory using the Advanced Photon Sources
(APS) microcrystallography facility [Sector 15 (ChemMat
CARS)].*® The material is monoclinic P2,/c, a=6.7883(3)
A, b=144840(7) A, c=289167(13) A, B=93.2950(10)°,
V=2838.4(2) A®, Z=4, and D,=1.42 g/em’.

The structure of Ni-dpbz, which is different from the
conventional Hofmann compounds, is particularly interesting
and unique. The salient structural feature of the Ni-dpbz
material is the presence of additional dpbz ligands that link
between two typically 4-fold Ni(CN), sites. These “extra”
pillar ligands occupy a fraction of the traditional Hofmann
void space, and in this sense, behave like coordinated guest
molecules. This arrangement is apparent in Fig. 1,' which
shows the structure viewing down the crystallographic axis
b, providing a clear view of how the two different dpbz
ligands coordinate to the Ni ions in opposing 2D layers. One
arrangement is the expected pillaring interaction of parallel
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Entrapped DpBz ligand

dpbz ligands connecting the Nil sites between the two
[Nio(CN)4l,, layers, leading to the formation of the familiar
6-fold Nil-N configuration. An unexpected dpbz chain con-
necting the two Ni2 sites via the N atoms of the pyridyl rings
give rise to an unusual long N---Ni2 distance of 2.369(4) A.
In Fig. 2, an alternate view of the structure down the crystal-
lographic axis “a” with the 2-D layers united by the dpbz
ligands is illustrated. The entrapped solvent dimethyl sulfo-
nyl oxide (DMSO) molecules are also shown. In this dia-
gram, we also illustrate the 5- and 6-fold polyhedral
coordination around Ni2 and Nil, respectively. The extra
dpbz chains occur as “trapped ligands.” The resulting chemi-
cal formula for the compound is thus Ni(dpbz)[Ni(CN)4]-
1/,dpbz-(0.44)DMSO.

The present investigation highlights the bonding character-
istics of Ni-dpbz. The three objectives of this study are (1) to
use density functional theory (DFT) calculation to understand
the bonding characteristics and charge distribution in dpbz, par-
ticularly around the N1 site (6-fold coordination) and N2 (5-
fold coordination); (2) to conduct pore size characterization
using modeling techniques, to estimate approximately the pos-
sible amount of CO, sorption, and to compare the results with
experimental sorption experiments; and (3) to compare the pore
feature of Ni-dpbz with another PICNIC compound,
Ni(L)[Ni(CN),]-1,L-DMSO-2H,0, (where L = 1,2-bis(4-pyri-
dyl)ethylene) (defined as Ni-bpene).”> Ni-bpene also has an
entrapped bpene ligand but is not bonded to the framework
molecule.

Il. COMPUTATIONAL AND EXPERIMENTAL
APPROACHES

A. Computation methods

Two different computer modeling techniques were
employed to obtain electronic structure, charge distribution,
and pore characteristics in Ni-dpbz.

1. Structure and electronic calculations

As density function theory (DFT) methods have been
shown to be successful for calculating structure and electronic

DMSO solvent
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FIG. 1. A projection view of the struc-
ture down the crystallographic b-axis
showing the parallel dpbz pillared
ligands as well as the cross-linking of
the ligand molecule connecting the
Ni2 sites via longer Ni-N distance
(green—Ni, blue—N, and grey—C).
Reprinted with permission from W.
Wong-Ng, J. T. Culp, Y.-S. Chen, J. R.
Deschamps, and A. Marti, Solid State
Sci. 52, 1-9 (2016).

properties of porous materials,®® structure and electronic calcu-
lations were performed on Ni-dpbz using DFT and imple-
mented with the Vienna ab initio simulation package (VASP)
code.”® Projector-augmented wave (PAW)*! pseudopotentials
were employed along with Perdew Burke Ernzerhof (PBE)
exchange correlation functionals, implemented using the spin-
polarized generalized gradient approximation (GGA).* A
plane-wave basis set was used with a cutoff energy of 500eV.
Partial occupancies were handled with a Gaussian smearing of
0.005 eV. Brillouin zone integration for the electronic structure
calculations was performed using a I'-centered 8 X 4 x 2 k-
point mesh. To address strong correlation effects from the Ni
transition metal, an on-site Coulomb potential of Uy; =8.0eV
and an on-site exchange potential of Jy; = 1.0eV was applied
following the DFT + U method.** Partial charge densities were
calculated for the energy ranges of 1eV below the Fermi level
and 1.5eV above the Fermi level to capture the valence band
maximum (VBM) and conduction band minimum (CBM),
respectively. These were subsequently mapped onto the relaxed
structures and depicted as isosurface clouds. In order to better
quantify the charge transfer between atoms, the Bader Charge
Analysis program was also implemented.**’

2. Computational pore size characterization

Computational methods were used to estimate the pore
size distribution (PSD), skeletal porosity, gas-accessible pore
volume, and the accessible surface area of Ni-dpbz. The cho-
sen technique of computing the PSD was the method of Gelb
and Gubbins*® in which the local pore size at any given loca-
tion in the material is equal to the diameter of the largest
sphere containing that point without overlapping the material
framework. The value of the PSD at a particular pore diame-
ter is then the fraction of the free volume with local pore size
equal to that diameter. We first reconstructed the Ni-dpbz
material framework from the XRD crystal structure data,
identified the coordinates of each atom in the framework,
and followed by drawing of a van der Waals exclusion
sphere around each atom (van der Waals radii were 1.63A
for Ni, 1.20 A for H, 1.70 A for C, and 1.55 A for N*°). The
PSD of the structure was then numerically calculated via the
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FIG. 2. Alternative polyhedral view of the octahedral and square-pyramidal coordination environments of Nil (blue) and Ni2 (pink), respectively, in
Ni(dpbz)[Ni(CN),]. Reprinted with permission from W. Wong-Ng, J. T. Culp, Y.-S. Chen, J. R. Deschamps, and A. Marti, Solid State Sci. 52, 1-9 (2016).

voxel technique described by Palmer er al.>® using cubic
voxels with side length of 0.1 A or smaller. The PSD analysis
was repeated using 10 unique realizations of the voxel grid
and a final average PSD was computed from the ensemble of
randomly generated grids. Uncertainty in the PSD was esti-
mated using jackknife analysis.

The skeletal porosity (the volume fraction of the crystal
unit cell not occupied by the van der Waals spheres sur-
rounding each atom) and gas-accessible pore volume were
also computed using the voxel technique. Essentially, the
skeletal porosity is determined by counting the fraction of
the unoccupied voxels identified in the PSD calculation. The
gas-accessible pore volume is found by repeating the voxel
analysis with a (molecular) nitrogen probe gas with assigned
diameter of 3.681 A. Voxels are deemed unoccupied if not

covered by any sphere centered on a framework atom with
radius equal to that atom’s van der Waals radius plus the
Nitrogen radius.

The surface area was characterized by the accessible
surface area metric, as computed using the technique of
Duren and coworkers®' in which the framework atoms were
assigned by the radii listed above and molecular N, was used
as the probe gas. The use of N, with this diameter as the
computational probe, is expected to yield an accessible sur-
face area that correlates well with the BET surface area mea-
sured by N, adsorption.’ As for the PSD, these analyses
were repeated 10 times to allow jackknife error analysis.

To estimate the CO, capacity, a crude estimate which
was not a Np-based pore volume was used. The calculation is
based on the free volume fraction from the pore-size
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distribution calculation, which uses a zero-diameter probe.
The maximum CO, capacity may be estimated, roughly, by
representing CO, as a sphere with diameter of 42A (larger
than C at 3.4 A diameter and smaller than the major axis of
5.36 A of CO,), and then assuming the sphere can access all
free volume with local pore size greater than 4.2 A. This is,
admittedly, a highly simplified estimate of the maximum
sorption capacity; a more accurate and thermodynamically
rigorous estimate could be obtained, for example, via molec-
ular simulation. However, our objective here is a quick esti-
mate based solely on the crystalline adsorbent structure and
a minimal set of assumptions, in contrast to a more costly
molecular simulation that would also require assignment of a
tuned force field and atomic partial charges.

B. CO, adsorption and desorption isotherm
measurements

Gravimetric CO, adsorption measurements were con-
ducted on a Hiden IGA microbalance. The toluene extracted
sample (~25mg) was activated by heating under vacuum at
150°C until the sample weight stabilized. Isotherms were
then measured under flowing CO, regulated by a mass flow
controller.'® Equilibrium was determined at each pressure
step using an internal fitting algorithm in the instrument con-
trol software. Buoyance corrections were then applied to the
final equilibrium weights using known densities of all com-
ponents in the sample and counter weight chambers from gas
densities calculated using REFPROP.”**

lll. RESULTS AND DISCUSSION
A. Electronic structure and charge distribution

Using DFT, the calculated lattice constants for the unit
cell are a=6.811A, h=14.706 A, and ¢ =29.115 A, while
the cell angles were calculated as o =90°, f=93.569°, and
1 =90°. These values were within 2% of experimental mea-
surements [a =6.7883(3) A, b= 14.4840(7) A, ¢ =28.9167
(13) A, and £=93.2950(10)°]. For the 6-fold coordinated
Ni, the average Ni-N bond length was 2.094 A while the Ni-
N bond length for the 5-fold coordinated Ni was at 2.433 A.
This longer-than-average Ni-N bond length is consistent
with the experimental measurements.

Electronic structure calculations further account for the
difference in Ni-N bonding character for the 6- and 5-fold Ni
(labeled Nil and Ni2, respectively). Figure 3 shows the total
density of states (DoS, black) which project the local contribu-
tions from Ni (green) and N (blue) atoms in the structure. The
dotted lines are for the 6-fold Nil sites and solid lines are for
5-fold Ni2 site. The overlap of Ni and N local density of states
(LDoS) peaks for Nil and Ni2 indicate orbital hybridization
and covalent character in the Ni-N bonds. The Ni and N atoms
in the 6-fold coordination region have significant DoS in both
bands in terms of peak intensities. However, the Ni and N in
the 5-fold coordination region have relatively small DoS near
the top of the valence band as compared to that of the 6-fold
coordination region. Furthermore, the Nil-N band is associated
with more negative energy, implying bonding electrons are
closer to the nucleus. On the other hand, the DoS peaks for the

J. Appl. Phys. 123, 245105 (2018)
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FIG. 3. Electronic local density of states (LDoS) plot for the Ni-dpbz system
where the x-axis is shifted to Er=0¢eV. The total density of states (DoS) is
depicted with a thin black line, while the contributions from the Ni, N, and
C atoms are depicted with green, blue, and orange lines, respectively.
Dotted lines represent the data from atoms about the 6-fold coordinated Ni
and associated N (labeled N1) and solid lines represent the contributions
from atoms about the 5-fold coordinated Ni and associated N (labeled N2).

5-fold Ni2-N bonds are closer to the Fermi level (bonding elec-
trons are in the outer shell). Therefore, Nil-N bond is much
stronger as compare to the Ni2-N bond, but the weak bond to
the framework may enhance the stability of the structure. Since
only Nil-N (not Ni2-C) contributes to DoS states at the
conduction band minimum (CBM), electron conduction occurs
near Nil whereas the Ni2-N bonds do not have sufficient states
in the conduction band to allow for electron conduction.

The bonding characteristics are also confirmed by the par-
tial charge density maps for the valence band maximum
(VBM) and conduction band minimum (CBM) states, as shown
in Figs. 4 and 35, respectively. Conducting band minimum pro-
vides us information such as where electrons reside in excited
states. These figures depict available charge states for a given
energy range (E —Eg=—1.0eV to 0eV was used for the VBM
and OeV to 1.5eV was used for the CBM). The partial charge
density at the VBM (shown as yellow isosurface clouds in Fig.
4) is localized around the Ni, S, and O atoms. Partial charge
density at the CBM (yellow isosurfaces in Fig. 5) exists on the
Nil atom and the C atom of the dpbz ligand, and on the two
axial N atoms of the ligands which provide a bridge between
Nil with the C atom of the dpbz ligand. Very little partial
charge density is found in the four planar N connecting to Nil
for the VMB and CBM, suggesting no conduction at the fermi
energy. For the five-fold Ni2, the partial charge density accu-
mulates only along the axial N of the ligand, and very little is
found around Ni2. These diagrams suggest that Nil is much
more effective than Ni2 in electron conduction.

Electronic charge transfer between atoms in a compound
represents ionic bonding characteristics. Results from the
Bader Charge Analysis program indicated that the average
electronic charge transfer from Nil to N atoms is about 1.3
electrons per Nil, while the average electron charge transfer
from Ni2 to N atoms is about 0.94 electrons per Ni2. These



245105-5

Wong-Ng et al.

5

FIG. 4. A schematic of the structure is given with green—Ni, blue—N,
grey—C, yellow—S, and red—O spheres. The partial charge densities are
shown for the energy range of —1.0eV <E — Er<0eV representing the
VBM states. The corresponding partial charge densities are depicted as yel-
low isosurfaces.

results suggest that the Nil bond has stronger ionic character-
istics when compared to the Ni2 bond. We also found that
electrons donated from Ni site to the neighboring N atoms are
in turn transferred to the surrounding carbon atoms in the
dpbz ligands.

B. Pore size distribution, skeletal porosity,
gas-accessible surface area, and volume

Figure 6 displays a schematic representation of Ni-dpbz
(based on the crystal structure data given in Table S1, with
DMSO solvent removed), with van der Waals radii drawn
about each constituent atom to indicate the approximate
space taken up by the framework atoms. The schematic
representation shows that Ni-dpbz has a single, rectangular
pore channel. The skeletal porosity is approximately
40.68 = 0.002% of the total volume. Our calculations based
on a N, probe gas yield a gas-accessible pore volume of
0.00699 (12) cm3/g and accessible surface area of 507.8 (2)
m?/g. Despite the not-insignificant skeletal porosity, the pore
volume is rather small.

J. Appl. Phys. 123, 245105 (2018)

£

FIG. 5. A schematic of the structure is given with green—Ni, blue—N,
grey—C, yellow—S, and red—O spheres. The partial charge densities are
shown for the energy range of 0eV <E — Eg < 1.5eV representing the CBM
states. The corresponding partial charge densities are depicted as yellow
isosurfaces.

Pore size distribution of Ni-dpbz is given in Fig. 7. The
material has a single pore with diameter approximately
4.1A. This pore includes approximately 55% of the total
free volume (based on a zero-diameter probe). The remain-
der of the free volume is associated with pores with diameter

FIG. 6. Molecular structure of Ni-dpbz, with van der Waals exclusion volume
of all atoms* shown by colored spheres. Atomic positions were obtained via
the crystallographic information from this work, shown in Table S1. Color
codes for atoms and molecules: cyan, C; white, H; brown, Ni; and blue, N.
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FIG. 7. Pore Size Distribution (PSD) of Ni-dpbz as a function of local pore
diameter, as calculated by the method of Gelb and Gubbins*’ and described
in the text. Error bars on the PSD are the estimates of the 95% confidence
bounds computed via jackknife error analysis of 10 random realizations of
the voxel grid.

below 1.70 A, which is practically inaccessible to any guest
species. The single pore has diameter not much larger than
that of N, (3.861 A) and, thus, provides little pore volume
compared to more open structures. Also, given its rectangu-
lar shape, the pore has a large accessible surface area relative
to its gas-accessible pore volume. This is comparable to nar-
row slit pores that have large area but accompanying low
volume.

A comparison of the accessible volume and surface area
of Ni-dpbz with a well-known rigid MOF (ZIF-8)'® and
another PICNIC compound Ni-Bpene®® calculated using the
same method is shown in Table I. Figure 8 gives the struc-
ture of Ni-Bpene with the presence of entrapped bpene
ligands (DMSO molecules removed).>> While both Ni-dpbz
and Ni-bpene have similar Hoffman structure type and have
entrapped ligands in the pores, the extra bpene ligands in Ni-
bpene are not bonded to the framework. The pore volume
and surface area of Ni-dpbz and of Ni-bpene are comparable,
but they are much smaller than those in many reported open
structures, with ZIF- 8 as an example.16

C. Adsorption/desorption isotherms

The Ni-dpbz compound after undergoing an activation
procedure showed flexible behavior during the adsorption

TABLE I. Accessible pore volume and pore area for Ni-dpbz, Ni-bpene,?
and ZIF-8."

Ni-dpbz Ni-Bpene ZIF-8
Accessible pore volume (cm?/g) 0.00699 0.00990 0.172
Accessible pore area (m*/g) 507.77 411.65 1459
# CO, molecules/unit cell 10.6 14.4 61.2

J. Appl. Phys. 123, 245105 (2018)

FIG. 8. Crystal structure of Ni-bpene showing the presence of an extra
ligand in the unit cell. This ligand is not bonded to the framework molecule.
The disordered DMSO solvent molecules are not shown.

and desorption of CO,. The CO, isotherms of the Ni-dpbz
crystals measured at 0 °C is shown in Fig. 9. A clear hysteresis
loop indicates different adsorption curve and desorption curve.
The y-axis pertains to the chemical formula including the extra
dpbz ligand (but not the DMSO solvent molecules). The
threshold pressure (Py,) (or gating pressure) associated with the
pore opening transition illustrates the characteristics of a flexi-
ble MOF. The gating pressure associated with pore opening is
about 8 bars. The saturation loading of CO, is about 220 mg/g
at about 14 bars of CO,. The maximum CO, capacity by repre-
senting CO, as a sphere of diameter of 4.2 A from the model-
ing technique has been calculated to be 204 mg/g (10.6 CO,
per unit cell) for the DMSO-free structure, which compares
reasonably well with the experimental data. A similar isotherm
shape was also observed in Ni-bpene previously where the gat-
ing pressure is about 4-5 bars.*
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FIG. 9. CO, adsorption (solid symbols) and desorption (open symbols) iso-
therms at 10°C for a crystalline sample of Ni-dpbz, where both the DMSO
and the extra dpbz ligand have been removed (prepared as described in Ref. 7).
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IV. CONCLUSION

Ni-dpbz is a flexible MOF that has an additional
“entrapped ligand” in the structure. This extra dpbz ligand
forms a weak bond to the four-fold coordinated Ni2 in the
2-D Ni(CN), layer, resulting in an unusual five-fold square-
pyramidal coordination (four Ni-C bonds and one exception-
ally long Ni—N bond). From DFT calculations, the 6-fold
Nil has stronger covalent bond and ionic bond characteristic,
and provides a conduction bridge between the Ni and C
atoms. The weak covalent bond of the extra dpbz ligand to
the framework may enhance the stability of the structure.

The rectangular pores in the structure have a pore size
of 4.1 A, accessible pore volume of 6.99 cm’/kg, and large
accessible surface area of 507 m?%/g. The fully CO, loaded
phase corresponds to a loading of approximately 220 mg/g of
Ni(dpbz)[Ni(CN)4] formula unit. We estimated the maxi-
mum CO, capacity to be 10.6 CO, per unit cell which is
equivalent to 204 mg/g, agreeing well with the experimental
data. Despite the small size of the cavities in the PICNIC
type of compounds, their flexible structure features provide
an opportunity to study their possible guest selectivity
applications.

We plan to continue to understand the hysteresis loop in
the sorption isotherms, the mechanism of the sorption pro-
cess, and the structure/property relationship as a function of
the partial pressure of CO, by using time-resolved in situ dif-
fraction techniques.

SUPPLEMENTARY MATERIAL

See supplementary material for atomic coordinates and
displacement parameters (A x 10%) for Ni-dpbz.
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