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ABSTRACT: A new three-dimensional microporous metal—organic framework [Cu(N-
(pyridin-4-yl)isonicotinamide),(SiF¢) ] (EtOH),(H,0),, (UTSA-48, UTSA = University
of Texas at San Antonio) with functional —CONH-— groups on the pore surfaces was
synthesized and structurally characterized. The small pores and the functional —-CONH—
groups on the pore surfaces within the activated UTSA-48a have enabled their strong
interactions with C,H, and CO, of adsorption enthalpy of 34.4 and 30.0 kJ mol™/,
respectively. Accordingly, activated UTSA-48 exhibits highly selective gas sorption of C,H,
and CO, over CH, with the Henry Law’s selectivities of 53.4 and 13.2 respectively, at 296
K, thereby, highlighting the promise for its application in industrially important gas

separation.

B INTRODUCTION

Metal—organic frameworks (MOFs), assembled by organic
linkers and inorganic nodes (metal ions or metal-containing
clusters), have been emerged as very promising materials for
gas storage,” gas separation,2 heterogeneous catalysis,3 and
photoluminescence” over the past decades. The diverse
selections of organic ligands and inorganic nodes in
constructing porous MOFs have allowed us to synthesize an
enormeous amounts of porous MOFs in which the pore
structures and surface functionality can be systematically tuned
for their applications. One of the very promising applications of
porous MOFs for gas separation is the selective adsorption of
carbon dioxide (CO,) from other gas components because of
their close relevant to environmental and grand energy issues. >
The potential of porous MOFs for the capture and removal of
CO, via cost-effective and efficient pressure swing adsorption
(PSA) and/or thermal swing adsorption (TSA) has initiated
the extensive research endeavors to target some highly selective
MOF adsorbents for these very important applications.” To
realize highly selective gas separation, we need to intentionally
control the pore/cavity sizes to maximize their size-exclusive
effects (small gas molecules can go through the porous
channels while big ones are blocked) or to immobilize
functional groups (—NH,, —NO,, —OH, —SO;H, open metal
sites, etc.) into their pore surfaces for their stronger interactions
with CO,.”~?

Pioneered by Zaworotko back in 1995,'%* a series of
isoreticular MOFs of the general formula [M(bpy),(XFs)]
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(M = Zn*" and Cu*'; bpy = pyrazine, 4,4’ -bipyridine, 1,2-bis(4-
pyridyl)-ethene, 4,4'-dipyridylacetylene; X = Si, Ti, Sn) have
been demonstrated as excellent CO, capture and separation
materials.'® Remarkably, some of these MOF materials can
even survive in the humid environments to exhibit highly
selective separation without significant sacrifice of the
separation capacity.10d Given the fact that the functional “—
CONH-" groups might enhance their interaction with CO,
molecules,"' we incorporated the ligand N-(pyridin-4-yl)-
isonicotinamide into an isoreticular new MOF and examined
its gas separation. Herein, we report a 3D porous MOF [Cu(N-
(pyridin-4-yl)isonicotinamide),(SiF4)](EtOH),(H,0),
(UTSA-48) for highly selective C,H,/CH, and CO,/CH,

separation at room temperature.

Scheme 1. Schematic Drawing of the Ligand N-(Pyidin-4-
yl)isoniconamide
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B EXPERIMENTAL SECTION

Materials and Measurements. All reagents and solvents were
used as received from commercial suppliers without further
purification. Thermogravimetric analyses (TGA) were performed on
a Shimadzu TGA-50 analyzer under a nitrogen atmosphere with a
heating rate of 3 K min™' from 30 to 800 °C. Powder X-ray diffraction
(PXRD) patterns were recorded by a RigakuUltima IV diffractometer
operated at 40 kV and 44 mA with a scan rate of 1.0 deg min~". N-
(Pyridin-4-yl)isonicotinamide was synthesized according to the
literature procedure.'?

Gas Sorption Measurements. A Micromeritics ASAP 2020
surface area analyzer was used to measure gas adsorption isotherms.
To have a guest-free framework, the fresh sample was guest-exchange
with dry methanol 3 times per day for 3 days, filtered and vacuumed at
23 °C until the outgas rate was S gm Hg min™" prior to measurements.
A sample of 111.0 mg was used for the sorption measurements and
was maintained at 77 K with liquid nitrogen and at 273 K with an ice—
water bath. As the center-controlled air conditioner was set up at 23
°C, a water bath was used for adsorption isotherms at 296 K.

Virial Graph Analysis. Isotherm data were analyzed using the
virial equation'?

In(n/P) = Ay + A, + A,n” + ..

in which P is pressure, n is amount adsorbed, and A, A}, etc., are virial
coeficients. A, is related to adsorbate—adsorbent interactions. The
Henry’s law constant (K}) is equal to exp(4,), and selectivity can be
obtained from the constant K.

Zero Surface Coverage. The isosteric enthalpies of adsorption at
zero coverage (Qy,-o) are a fundamental measure of adsorbate—
adsorbent interactions, and these values are obtained from the A,
values obtained by extrapolation of the virial graph to zero surface
coverage.

Synthesis of UTSA-48. Crystals of UTSA-48 were formed by
layering a solution of 20 mg of N-(pyridin-4-yl)isonicotinamide in 1
mL of EtOH onto a solution containing 17.3 mg of Cu(BF,), and 8.91
mg of (NH,),SiFg in 2 mL of H,O. Purple, rectangular crystals grow
after one week. UTSA-48 was formulated as [Cu(N-(pyridin-4-
yl)isonicotinamide),(SiF) ] (EtOH),(H,0) , on the basis of the TGA
and element analysis. Calcd: C 36.66%, H 6.37%, N 3.27%; Found C
36.84%, H 6.19%, N 3.56%.

Single-Crystal X-ray Structure Determination. Single crystal X-
ray diffraction was performed with an Oxford Diffraction Gemini S
Ultra CCD diffractometer equipped with graphite-monochromated
Cu—Ka (4 =1.54184 A) using “multiscan” technique. X-Stream low
temperature device was used to keep the crystals at a constant 180(2)
K during data collection. The structure was solved by WinGX and
refined by a matrix least-squares method using SHELXL-97
programs.'* The non-hydrogen atoms were refined anisotropically.
Disordered, independent solvent molecules inside the frameworks
were eliminated in the refinement by PLATON/ SQ_UEEZE.15

B RESULTS AND DISCUSSION

UTSA-48 crystallizes in the tetragonal space group P4/ncc. The
copper center is octahedrally coordinated by the four nitrogen
atoms of the N-(pyridin-4-yl)isonicotinamide ligands and
further by the two SiF¢*~ ions. The N-(pyridin-4-yl)-
isonicotinamide ligands bridge copper ions into grids layers
in the equatorial plane and SiF¢*~ ions pillar the 2D layers into
a pcu framework with square channels along the ¢ axis. The
void volume in UTSA-48 is 27.7% calculated by PLATON.'®
Compared with [Cu(bpy-n),(SiF¢)] (bpy-1 = 4,4’-bipyridine;
bpy-2 = 1,2-bis(4-pyridyl)-ethene), bpe),"”® N-(pyridin-4-
yl)isonicotinamide in UTSA-48 is nearly the same length as
bpe and a little longer than 4,4'-bipyridine. The effective
windows size of the channels in UTSA-48 considering the van
der Waals radii of the framework atoms is only 8 A. This value
is the similar as [Cu(bpy-1),(SiF;)] and smaller than [Cu(bpy-
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Figure 1. (a) Coordination environment of Cu center (carbon, gray;
oxygen, red; nitrogen, blue; copper, cyan; silicon, olive; fluorine,
green). (b) Tetragonal crystal structure of UTSA-48 indicating the
square channels along the crystallographic ¢ axis. (c) A space-filling
model showing nanosized channels viewed along the c-axis; (d)
Schematic view of the pcu topology framework of UTSA-48. For
clarity, the linkers are displayed in two colors: the blue straight linkers
represent N-(pyridin-4-yl)isonicotinamide ligands, and the green
straight linkers represent SiF¢*~ anions. The cyan nodes represent
Cu centers.

2),(SiFg)] (10.6 A). This could be attributed to the flexibility
and distortion of the N-(pyridin-4-yl)isonicotinamide ligand in
the framework.

Thermogravimetric analysis (TGA) of UTSA-48 showed that
approximately 36.41% weight loss occurred from 21 to 100 °C,
which is attributed to the release of solvent molecules.
Methanol-exchanged UTSA-48 was activated at room temper-
ature under high vacuum to obtain the activated sample UTSA-
48a. The N, sorption isotherm of UTSA-48a at 77 K indicates
a typical type I but two step hysteresis sorption behavior. Many
reported MOFs especially flexible/dynamic MOFs have
exhibited this unique sorption behavior because of the phase
transitions and the metastable intermediate phase.'® Such
hysteresis N, sorption is apparently attributed to the flexible
nature of the ligand N-(pyridin-4-yl)isonicotinamide. Such
flexibility also significantly reduce the porosity of the
framework, as clearly shown in the much lower N, uptake of
1352 cm® ¢! (STP) at 77 K and thus much lower surface area
of 285 m® ¢! in UTSA-48a compared with 1346 m* g”' in
[Cu(bpy-1),(SiFs)] and 1468 m* g™" in [Cu(bpy-2),(SiFs)]."°
The hydrogen adsorption isotherm indicates an uptake of 65.8
cm® g~ (0.59 wt %) at 77 K and 1 atm (Figure 2).

The establishment of the permanent porosity enabled us to
examine their gas sorptions of C,H,, CO,, and CH,. As shown
in Figure 3, UTSA-48a takes up moderate amounts of acetylene
(40 cm® g') and carbon dioxide (28 cm® g™'), which are much
higher than that of methane (4.4 cm® g™') at 296 K and 1 atm.
On the basis of their sorption isotherms at 273 and 296 K, we
examined the potential of this new MOF for C,H,/CH,, and
CO,/CH, separation. The corresponding virial parameters are
given in Table 1. The isosteric enthalpies of adsorption (Q,-o)
at zero surface coverage for C,H,, CO,, and CH, were 34.4,
30.0, and 16.9 kJ mol ™/, respectively. The acetylene enthalpy of
UTSA-48a is higher than HKUST-1 (30.4 kJ mol™") with large
pores and open metal sites.'” The fact that the Qytn-0 of UTSA-
48a for CO, is higher than the values of [Cu(bpy-1),(SiFs)]
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Figure 2. Adsorption isotherms of N, (red circle) and H, (blue
square) gases on UTSA-48a at 77 K.
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Figure 3. Adsorption (solid) and desorption (open) isotherms of
acetylene (red circles), carbon dioxide (green squares), and methane
(blue triangles) on UTSA-48a at 273 (a) and 296 K (b).

(27 KJ mol™") and [Cu(bpy-2),(SiFs)] (22 kJ mol™") indicates
that immobilized functional amide groups on the pore surfaces
of UTSA-48a can enhance their interactions with CO, gas
molecules which has been also observed in another MOF by
Bai’s groups.'"! The Henry’s Law selectivity for C,H,/CH,,
calculated based on the equation S;cus = Kyg)/Ky(cn,) are

97.2 and 53.4 at 273 and 296 K, respectively, which are much
higher than most MOFs. 2" UTSA-48a exhibits higher CO,/
CH, separation with a Henry’s Law selectivity of 20.7 and 13.2
at 273 and 296 K, respectively, than [Cu(bpy-1),(SiFs)] and
[Cu(bpy-2),(SiFs)]."* The separation capacity of UTSA-48a
for the selective CO,/CH, separation has been further
examined by the ideal adsorbed solution theory (IAST). The
accuracy of IAST for prediction of gas mixture adsorption in a
large number of zeolites and MOFs has been well established."®
The CO,/CH, selectivity of UTSA-48a decrease with
increasing bulk pressure (Figure 4). The functional amide
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Figure 4. CO,/CH, adsorption selectivity for the variety of MOFs
considered in this work. Cu-(BPY-1) represent [ Cu(bpy-1),(SiFq)]. In
these calculations, the partial pressures of CO, and CH, are taken to
be equal to each other, that is, p, = p,.

groups play more important roles for their stronger interactions
with CO, under low pressure than high pressure. The
selectivity is comparable to the value calculated by Henry’s
law. We further compared the CO,/CH, adsorption selectivties
examined by IAST for the different MOFs at 296 K. As shown
in Figure 4, UTSA-48a has a higher selectivity than Cu-(bpy-
1), ([Cu(bpy-1),(SiF¢)]), ZIF-78, CuBTC, and Zn(bdc)-
(dabco)ys, and a lower one than MgMOF-74, UTSA-16, Cu-
TDPAT, and MIL-101. The specific orbital interactions of CO,
molecules with the open Mg atoms makes Mg-MOF-74 the
highest selectivity among the reported MOFs. 4 The second
highest selectivity of UTSA-16 for CO,/CH, is attributed to
the optimal pore cages and the strong binding sites to the CO,

Table 1. Virial Graph Analyses Data for UTSA-48a and Its CO,/CH, and C,H,/CH, Separation Selectivities

adsorbate T (K) Ky (mol ¢! Pa™?) Ay (In(mol g™ Pa™?) A, (g mol™) R? SycHa” Q. (kJ mol™)
C,H, 273 4213 x 1077 —14.679 —2124.816 0.9882 97.2 344
296 1.298 x 1077 —15.858 —2698.676 0.9995 53.4
CO, 273 8.969 x 107% —-16.227 —2116.797 0.9968 20.7 30.0
296 3216 x 1078 —17.253 —2190.012 0.9896 13.2
CH, 273 4333 x 107° —19.257 —874.097 0.9980 16.9
296 2430 X 107° —19.835 —1603.285 0.9918

“The Henry’s law selectivity for gas component i over CH4 at the speculated temperature is calculated based on the equation Si/CH4= KH(i)/
KH(CHA4).
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molecules.”* UTSA-48a exhibits higher CO,/CH, selectivity
than [Cu(bpy-1),(SiFs)] by immobilizing —CONH=- sites to
induce their strong interactions with CO,. This also indicates
that —CONH-— groups have the same positive effect on
adsorption of CO, like the widely reported —NH, groups by
facilitating dipole—quadrupole interactions between —CONH—
groups and CO, or NH---OCO hydrogen bonds.*>"'" However,
these two analogous function groups have some different
structural and chemical characteristics. The —CONH— group
usually does not coordinate with metal ions and keeps open
status in process of constructing MOFs, although it may
increase the structural flexibility of MOFs because of its
customary position in the main carbon skeleton of the organic
ligands. While, the —NH, group may coordinate with metal
ions and loses its function to interact with CO, when the
organic ligands with —NH, groups are employed in synthesiz-
ing MOFs. On the other hand, the —NH, group is not located
on the main carbon skeleton of the organic ligands and has no
apparent influence on the rigidity or flexibility of the MOFs’
stuctures. Therefore, it is important to choose appropriate
functional groups to design and synthesize MOFs according to
their chemical and structural nature. The breakthrough
calculation indicates that UTSA-48a has a 7y, of 29
(Supporting Information Figure SS). This value is lower than
most MOFs considered in this work due to its lower porosity.

B CONCLUSION

In summary, we have successfully synthesized a new 3D
microporous MOF UTSA-48 with immobilized —CONH-—
functional groups on the pore surfaces. Such functional
—CONH- groups induce their strong interactions with C,H,
and CO,, which lead to high Henry’s law selectivities of UTSA-
48a for C,H,/CH, (53.4) and CO,/CH, (13.2) at 296 K. This
work once again confirms that the functional organic groups
can play important roles to adjust their interactions with gas
molecules. By tuning the pore structures and immobilizing
functional sites onto the pore surfaces, some more promising
MOF materials will be realized for some important gas
separation such as CO,/CH, and C,H,/CH, in the near future.
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PXRD patterns, TGA curves, and crystallographic data (CCDC
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Figure S1. PXRD patterns of as-synthesized UTSA-48 (b) and activated UTSA-48a (c) along

with the simulated pattern from its single crystal X-ray structure (a).
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Figure S2. TGA curves of as-synthesized UTSA-48 (a) and activated UTSA-48a (b)
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Figure S3. Isoteric heats of C;H,, CO, and CH4 adsorption for UTSA-48a

Table S1. Crystal data and structure refinement for UTSA-48

Empirical Formula CosH 3Cu FsN4O4S1y
Formula weight 632.06

Temperature (K) 180

Wavelength (A) 1.54184

Crystal system, space group Tetragonal, P4/ncc

a=182679(3) A, a=90°
Unit cell dimensions b=18.2679(3) A, p=90°
c=15.9522(5) A, y=90°
Volume (A% 5323.5(2)
Z , Calculated density (gem™) 4,0.789



Absorption coefficient (mm™) 1.165

F(000) 1276.0

Crystal size (mm) 0.36 x0.33 x0.31

@ range for data collection 4.84 t0 66.42°

Rint 0.046

Total/independent reflns 8660/2300

Completeness 97.7 %

Parameters 107

Refinement method Full-matrix least-squares on F~
Goodness-of-fit on F*° 1.088

R, Ry R1=0.0812, wR2 =0.2189
R indices (all data) R1=0.0943, wR2 = 0.2280

“R = Xl|Fo| = [Fell / ZIFol. ° Ry = [EIW(F— FOT ) Ew(FA2. € GOF = {Z[w(F’ - FEN(n -
p)} 1/2.

Ideal Adsorbed Solution Theory:

The ideal adsorbed solution theory (IAST)' was used to predict the equimolar binary mixture
adsorption of CO; and CH4 from the experiment pure-gas isotherm. The single-component

isotherms were fit to a dual-site Langmuir-Freundlich equation:

1/n2

bye P

Here, P is the pressure of the bulk gas at equilibrium with the adsorbed phase (kPa), q is the
adsorbed amount per mass of adsorbent (mol/kg), qm1 and qmy are the saturation capacities of

sites 1 and 2 (mol/kg). b; and b, are affinity coefficient of sites 1 and 2 (1/kPa), and n; and n;
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represent the deviations from an ideal homogeneous surface. Although this is not the only model
that can be used to fit the data, IAST requires a precise fit of the experimental data to the model
in order to accurately perform the necessary integrations.”

[1] Myers, A. L.; Prausnitz, J. M. AIChE J. 1965, 11, 121.

[2] Babarao, R.; Hu, Z. Q.; Jiang J. W.; Chempath, S.; Sandler, S. I. Langmuir, 2007, 23, 659.

[3] Goetz, V.; Pupier, O.; Guillot, A. Adsorption, 2006, 12, 55.

[4] Bae, Y. S.; Mulfort K. L.; Frost, H.; Ryan, P.; Punnathanam, S.; Broadbelt, L. J.; Hupp, J. T.; Snurr, R. Q.
Langmuir, 2008, 24, 8592.

Breakthrough Calculation

The breakthrough calculations were performed using the following the methodologies developed
in earlier works. Assuming plug flow of CO,(1)/CH4(2) gas mixture through a fixed bed
maintained under isothermal conditions and negligible pressure drop, the partial pressures in the
gas phase at any position and instant of time are obtained by solving the following set of partial

differential equations for each of the species i in the gas mixture.

op. 1 O(uP; o9g;
1 P ( I)—(1—8)p#§ i=1,2 @)

RT 0t RT oz

In equation (2), t is the time, z is the distance along the adsorber, p is the framework density, € is
the bed voidage, and u is the superficial gas velocity. The molar loadings of the species i, g;, at
any position z, and time t is determined from the IAST calculations. Details of the numerical
procedures used are available in earlier works.>®’ In the breakthrough calculation the following
parameter values were used: bed length, L = 0.3 m; voidage of bed, € = 0.4; superficial gas

velocity and u = 0.04 ms™ (at inlet). The framework density of UTSA-48a is 748.9 kg m™.

[5] Krishna, R.; Long, J. R. J. Phys. Chem. C. 2011, 115, 12941.
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[6] Walton, K. S.; LeVan, M. D. Ind. Eng. Chem. Res 2003, 42, 6938.
[7] Krishna, R.; Baur, R. Sep. Purif. Technol. 2003, 33, 213.
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Figure S4. Schematic of a packed bed adsorber.
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Figure S5. UTSA-48 maintained at isothermal conditions at 296 K. In this calculation, the

partial pressures of CO, and CHy at the inlet is taken to be P; = P, = 100 kPa.
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Figure S6. Plot of the number of molecules of CO, captured per litre of adsorbent material

during the time interval O-Tyeqx against the breakthrough time Tyeqx for packed bed adsorber with

step — input of a 50/50 CO,/CH4 mixture at 296 K and total pressures of 200 kPa. The

breakthrough times, Tyreak, correspond to those when the outlet gas contains 0.05 mole% CO,.

Table S2. Dual-site Langmuir parameter for adsorption of CO,, and CH4 in UTSA-48a

Site A Site B

qsat bao E\ Va 4B sat bgo Ey Vi

mol kg Pa " kI mol” | dimensionless | mol kg Pa " kI mol”" | dimensionless
CO, 0.15 3.88x10% | 20 1 3.2 1.45x107° | 20 1
CH, 1.8 8.44x1071° | 18 1
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