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The supermolecular building layer (SBL) approach was employed to
deliberately synthesize five novel metal-organic frameworks (1-5)
with an exposed array of amide or amine functionalities within their
pore system. The ability to decorate the pores with nitrogen donor
moieties offers potential to evaluate/elucidate the structure—adsorp-
tion property relationship. Two MOF platforms, eea-MOF and rtl-MOF,
based on pillaring of kgm-a or sql-a layers with heterofunctional 3-
connected organic building blocks were targeted and constructed to
purposely introduce and expose the desired amide or amine func-
tionalities. Interestingly, gas adsorption properties of eea-MOF-4 (1)
and eea-MOF-5 (2) showed that by simply altering the nitrogen donor
position within the ligand, it is possible to relatively reduce the pore
size of the related eea-MOF material and subsequently increase the
associated CO, uptake. The slightly confined pore space in 2, relative
to 1, has enabled an enhancement of the pore local charge density and
thus the observed relative increase in the CO, and H, isosteric heat of
adsorption (Qg). In addition, light hydrocarbon adsorption studies
revealed that 2 is more selective toward C,Hg and CzHg over CH,4 than
1, as exemplified for C,Hg : CH4 (5 : 95) or CsHg : CHy4 (5 : 95) binary
gas mixtures.

1. Introduction

In recent years, metal-organic frameworks (MOFs) have
emerged as an attractive class of solid-state materials owing to
their associated exceptional wide range of properties pertinent
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to gas storage/separation,'” catalysis,® surface chemistry and
sensors®® and drug controlled release.”*™ Importantly,
advances in MOF crystal chemistry offer potential to ideally
practice the building block approach based-assembly for the
construction of a given MOF with desired and appropriate
chemical and structural features for specific applications.**
Namely, the ability to design and construct a MOF with the
appropriate pore size, shape and functionality offers prospects
to rationally correlate properties with the structure, and
subsequently access appropriate MOF platforms™ that can
address some difficult and energy intensive gas separations, e.g.
CO, capture'®"” and hydrocarbon separation.'®' Nevertheless,
the unequivocal prediction of a given MOF structure prior to its
assembly remains an ongoing challenge; our group has recently
published an elaborate tutorial review highlighting distinct
strategies that can assist/aid chemists to rationally assemble
desired functional MOFs.**

A unique and powerful assembly strategy, detailed in the
aforementioned review, is based on the use of pre-targeted 2-
periodic MOF layers as supermolecular building layers (SBLs)
for the deliberate construction of 3-periodic functional MOFs.>®
In the present study, we employed the SBL approach to delib-
erately synthesize functional MOFs with an exposed array of
amide or amine functionalities within their pore system.
Specifically, two MOF platforms based on (3,6)-connected nets
with eea and rtl underlying topologies were targeted, i.e. eea-
MOF and rtl-MOF platforms.>*>* The elected two MOF plat-
forms consist of inter-connected layers and thus can be regar-
ded as 3-periodic MOFs based on pillared 2-periodic SBLs.*
Indeed, our research group has employed successfully the SBL
approach to target and construct isoreticular tbo-MOFs,*
exhibiting large surface areas and exceptional CH, storage
working capacity for stationary applications.*® Similarly, other
3-periodic porous MOFs can be potentially targeted via pillaring
SBLs based on one of the sole five edge-transitive 2-periodic
nets: sql (square lattice), kgm (Kagomé), heb (honeycomb), kgd
(Kagomé dual) and hex (hexagonal lattice).'® Noticeably, aug-
menting the aforementioned nets, i.e. replacing a vertex with a
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vertex figure, reveals only two distinct possibilities for the
assembly of squares into edge-transitive 2-periodic nets, namely
sql-a and kgm-a.

The distinctive kgm-a and sql-a nets can be regarded as ideal
blueprints to target 2-periodic MOFs based on the assembly of
square building units, derived from well-known metal paddle-
wheel clusters as molecular building blocks (MBBs).>® Subse-
quently, the resultant MOF layers can be perceived as SBLs that
are amenable to pillaring through 2-, 3-, 4- or 6-connected
organic building blocks for the construction of desired 3-peri-
odic MOF platforms.*

Here, the ligand-to-axial (L-A) pillaring strategy, successfully
introduced by us** and demonstrated by others,*?** has been
employed to introduce the desired functionality into the resul-
tant MOF via pillar moieties. Purposely, triangular hetero-
functional ligands were conceived to contain concurrently (i)
the isophthalic moiety, needed for the formation of the layers in
combination with dinuclear cluster paddlewheel MBBs, (ii)
nitrogen donor moiety necessary for connecting neighboring
layers via its coordination to an apical position in the dinuclear
cluster, and (iii) specific functional groups such as acetyla-
mide*® or amines*** that offer potential to enhance the
affinity between CO, molecules and the pore system in the
resultant (3,6)-connected 3-periodic MOF.

Indeed, 3-connected organic building blocks (5-R-iso-
phthalic acid with R = isonicotinamido, nicotinamido, pyridin-
4-ylamino, pyridin-3-ylamino, and pyrimidin-5-ylamino) were
synthesized and employed in combination with the dinuclear
copper paddlewheel to yield the targeted eea-MOF-4 (1), eea-
MOF-5 (2), rtl-MOF-2 (3), rtl-MOF-3 (4) and rtl-MOF-4 (5).
Interestingly, gas adsorption properties of eea-MOF-4 (1) and
eea-MOF-5 (2) showed that by simply altering the nitrogen
donor position within the ligand, it is possible to relatively
reduce the pore size of the related eea-MOF material and
subsequently increase the associated CO, uptake and relative
affinity toward light hydrocarbons.

2. Results and discussion

The solvothermal reaction of copper nitrate and 5-(iso-
nicotinamido)isophthalic acid (H,L1) in N,N-dimethylaceta-
mide (DMA)/acetic acid (HOAc) at 115 °C for 24 h yielded green
block microcrystals. The structure of the as-synthesized
compound was determined by single-crystal X-ray diffraction
(SCXRD) and formulated as Cu(L1)-(solv), (1), eea-MOF-4
(Fig. 1). The phase purity of the crystalline material was
confirmed by similarities between the experimental and calcu-
lated powder X-ray diffraction (PXRD) patterns (ESI, Fig. S97).
The resultant 3-periodic eea-MOF-4 can be regarded as kgm-
MOF layers interconnected via an L-A pillaring approach, where
L1 serves as a 3-connected node and the paddlewheel MBB as a
6-connected octahedral building unit. Topological analysis
reveals that 1 has the anticipated eea underlying net topology
(ESI, Fig. S77). It is worth noting that while writing the present
manuscript, a similar compound appeared in the literature.*®
The kgm-MOF sheets in 1 are pillared in an arrangement
where pairs of three-membered ring windows of neighboring
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Fig. 1 (a) Layer segment of a kgm-MOF. (b) Left: 5-(isonicotinamido)
isophthalic acid (H,L1) and right: 5-(nicotinamido)isophthalic acid
(HL2). (c) Hourglass-shaped channels with two primary types of
cavities. C = gray, O =red, N = blue, Cu = plum; H atoms are omitted
for clarity.

sheets are further interconnected via interfacing six-membered
ring windows (ie., 3, 3, 6, 3, 3) to yield hourglass-shaped
channels (Fig. 1c). These hourglass-shaped channels are
comprised of two alternating kinds of cavities (7.8 A and 10.5 A
diameters), one is delimited by neighboring three membered
rings and the second is generated from enclosing hexagonal
windows by two three-membered ring windows from the two
neighboring layers, as shown in Fig. 1. The calculated total
accessible volume for the as-synthesized 1, upon removal of
guest solvent molecules, was estimated to be 6887 A® per unit
cell volume (11 558 A®) or 59.6% v/v.

The eea-MOF platform offers potential to control and fine-
tune the pore size via shifting the N-donor group of the pyridine
rings within the 3-connected organic building block. Accord-
ingly, we synthesized and used 5-(nicotinamido)isophthalic
acid (H,L2) under similar reaction conditions to construct the
anticipated isoreticular eea-MOF-5 (2). The single-crystal anal-
ysis confirms the expected crystal structure formulated as
Cu(L2)-(solv), (Fig. 1). The replacement of isonicotinamide by
the nicotinamide group resulted in slight changes in the size
and shape of the two cavities (7.6 A and 9.8 A diameters).

The experimental PXRD of the bulk material matches
perfectly the calculated PXRD pattern based on the crystal
structure of 2, confirming the phase purity of the resultant as-
synthesized 2 (ESI, Fig. S9t). The thermogravimetric analysis
(TGA) of compounds 1 and 2 reveals the stability of compounds
1 and 2 up to 523 K (ESI, Fig. S117).

In order to confirm the versatility of the SBL approach for the
synthesis of isoreticular MOFs, we synthesized three additional
3-connected organic building blocks (5-R-isophthalic acid with
R = pyridin-4-ylamino, pyridin-3-ylamino, and pyrimidin-5-yla-
mino). The reaction between copper nitrate and 5-(pyridin-4-
ylamino)isophthalic acid (H,L3) in a mixture of N,N'-dimethyl-
formamide (DMF), ethanol and water resulted in a 3-periodic
MOF, Cu(L3)-(solv),, 3, based on a triangular organic building
block interconnecting 2-periodic sql-MOF layers in a ligand-to-
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axial (L-A) pillaring fashion (Fig. 2). Topological analysis reveals
that 3 is consistent with the anticipated rtl topology, where L3
serves as a 3-connected node and the paddlewheel MBB as a 6-
connected node (ESI, Fig. S8T).

The sql-a MOF layer comprises square windows where a pair
of adjacent benzene moieties in any given four-membered ring
points up while the other adjacent pair points down, ie.
benzene moieties in the four-membered ring are arranged in a
1,2-alternate fashion. The quadrangular windows of neigh-
boring 2D sql MOF layers are superimposed to generate chan-
nels (2.9 x 7.1 A) running along the c-axis. The calculated total
accessible volume for the as-synthesized 3, upon removal of
guest solvent molecules, was estimated to be 3216 A® per unit
cell volume (6203 A®) or 51.9% v/v.

As expected, the reaction between copper nitrate and
5-(pyridin-3-ylamino)isophthalic acid (H,L4), or 5-(pyrimidin-5-
ylamino)isophthalic acid (H,L5) yielded the formation of two
isoreticular rtl-MOF materials as a result of L-A pillaring of sql-a
MOF layers, Cu(L4)-(solv), and Cu(L5)-(solv),, respectively
(Fig. 2). Similar to eea-MOF-4 and eea-MOF-5, the use of
different isomers/analogs resulted in slight changes in the
associated channel size dimensions (3.55 x 5.6 A).

The experimental PXRD of the as-synthesized bulk materials
matches perfectly the respective calculated PXRD pattern based
on the associated crystal structure, confirming the phase purity
of the resultant as-synthesized 3-5 (ESI, Fig. S107).

The permanent porosity of 1 and 2 has been confirmed by
argon (Ar) adsorption isotherms at 87 K (Fig. 3). Ar adsorption
experiments on compound 1 show a fully reversible type-I
isotherm, characteristic of a microporous material with
permanent microporosity. The apparent Langmuir surface area
of 1 was estimated to be 1860 m”* g~ ' and the experimental total
pore volume derived from the Ar isotherm was found to be

COOH
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Fig. 2 (a) Layer segment of a sql-MOF. (b) Left, up: 5-(pyridin-4-yla-
mino)isophthalic acid (H,L3). Right, up: 5-(pyridin-3-ylamino)iso-
phthalic acid (H,L4). Bottom: 5-(pyrimidin-5-ylamino)isophthalic acid
(HoL5). (c) Projection along the a-axis of the rtl-MOF-2 displaying
channel. C = gray, O = red, N = blue, and Cu = plum; H atoms are
omitted for clarity.
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Fig. 3 Low pressure argon adsorption (solid squares) and desorption
(open squares) isotherms at 87 K for the acetone exchanged 1 and 2.

0.65 cm® g~ ', which is in good agreement with the calculated
pore volume from the crystal structure (0.66 cm® g~ '). In
contrast, 2 displayed an unusual two-step adsorption isotherm
with stepwise adsorption behaviour and a noticeable wide-open
hysteresis, which can be symptomatic of plausible framework
flexibility. The amount of argon adsorbed up to the first plateau
was estimated to be ~320 cm® g™, and the total amount of
argon adsorbed in the framework was estimated to be ~430 cm?
¢!, equivalent to an uptake increase of nearly ~110 cm® g~*
between the two adsorption plateaus. Accordingly, the apparent
Langmuir surface area of compound 2, determined using the
adsorption data leading to the first plateau, was estimated to be
1200 m* g~ *. The estimated total pore volume of 2 derived from
the Ar isotherm was estimated to be 0.54 cm?® g~!, matching the
total uptake at the second plateau, and correlates remarkably
with the calculated total pore volume from the crystal structure
(0.52 cm® g~ '). Notably, the total pore volume of 2 (0.54 cm® g™ )
is smaller than the total volume of 1 (0.66 cm® g™ "), confirming
the contraction of the pore system in 2 as a result of nitrogen
position in the pillaring ligand.

The shapes of the Ar adsorption/desorption isotherms at
cryogenic temperature suggest a plausible gate effect occurring
around 14 mmol g~ of adsorbed Ar at 87 K. In order to verify
the occurrence of this adsorption gate effect, we explored the
adsorption of different other probe molecules, namely CO,,
C3Hg and n-C,H,,. Markedly, the aforementioned adsorption
gate effect was also observed with these probe molecules at
relatively low and high pressures (ESI, Fig. S14-S187).

Interestingly, the adsorbed amounts corresponding to the
first plateau were reduced from CO, (7 mmol g~ '), CsHg
(4.2 mmol g™ ") to n-C4Hy, (3.75 mmol g~ ') in accordance with
the increase in the sorbate kinetic diameter and polarizability
(ESI, Fig. S197).

In order to further explore the MOF associated adsorption
properties, CO,, H,, N,, and light hydrocarbon adsorption
experiments were carried out at various temperatures and
pressures. The CO, adsorption uptake (298 K) of 1 at 0.15 and 1

This journal is © The Royal Society of Chemistry 2015
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bar was 0.56 mmol g~ and 3 mmol g™, respectively (Fig. 4). By
contracting the pore size, the CO, adsorption uptake (298 K) of 2
at 0.15 and 1 bar increased by 67% (0.94 mmol g~ ') and 50%
(4.5 mmol g 1), respectively. The CO, adsorption uptake of 2 at
1 bar and 298 K is higher than most of the acylamide functional
MOFs.” In contrast to the increased uptake of CO,, 2 shows
similar uptake of methane and nitrogen at 298 K to 1, which can
only adsorb limited amounts of CH, (0.9 mmol g™ ') and N,
(0.18 mmol g~ ') at 298 K and 1 bar. Ideal adsorbed solution
theory (IAST)** was used to predict the separation factor of
equimolar CO,/CH; and CO,/N, (10:90) mixtures using
experimentally obtained single gas adsorption isotherms
(Fig. 5).

IAST selectivity prediction is a valid methodology when the
same elaborate model fits matchlessly the experimental data
from single gas adsorption isotherms.** Accordingly, IAST can
be confidently used to evaluate gas selectivities in eea-MOFs.
Compared with 1, the predicted separation factors of CO,/N,
and CO,/CH, for 2 are significantly improved from 19.2 to 39.3
and from 4.3 to 7.3, respectively. To better understand the
energetics of the interaction between CO, and associated MOFs,
the isosteric heat of adsorption (Qg) over the entire studied
range was calculated for 1 and 2 using CO, isotherms at 258,
273, 288 and 298 K (ESI, Fig. S14 and S15%). The Qy of CO,
adsorption for 2 is slightly higher than 1 over the whole range,
with the highest point at ca. 27.5 over ca. 24.6 k] mol " (Fig. 4,
inset). The Q4 of CO, adsorption for 2 is relatively high among
MOFs without open metal sites.*® Clearly, the confined space
promoted relatively favorable interactions (high localized
charge density) between the CO, and the framework and
subsequently improved the CO, adsorption energetics and
uptake.*®

With regard to hydrogen adsorption, Qg of 2 was found to be
higher than 1 over the entire adsorption range (e.g., 7.15 vs. 6.15
k] mol~" at low loading); nevertheless, the uptake at 77 K and
1 bar was comparable for 1 and 2 (1.96 vs. 1.98 wt%) (ESI,
Fig. S12 and S137). In this case, the observed increase in the H,

a |}
as{ T— o
EEY L
4.0 1 £, =
) 2 m
n c: 10 1 [ ]
35 .
- |
o 3.04 05 10 15 20 25 30 u o

Amount of CO, Sorbed (mmol g") by u

g 2.5+ o 7 m co,forz
£ - © W CH,for2
< 2.04 009~ B N for2
g 15 v O €O, for1

] CH, for1
g_ O N,for1
S 1.0 s

0.5 g o@ %"

Q
0.0 9 coceaoaa@aeae@aeaaod

0 100 200 300 400 500 600 700 800
Pressure (Torr)

Fig. 4 Single component gas adsorption isotherms for CO,, CH,4 and
N, at 298 K and CO, Qq; (inset) for 1 and 2.
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Fig. 5 IAST selectivities for 50 : 50 CO,/CH,4 (squares) and 10 : 90
CO,/N; (circles) binary mixtures predicted at 298 K for 1 (blue) and 2
(red).

adsorption energetics for 2 can be interpreted as a result of the
confined space effect, promoting a higher localized charge
density in a more comparatively confined space.*”

Adsorption studies of CH,, C,Hs and C3Hg were conducted
in order to evaluate 1 and 2 separation potential of light
hydrocarbons.

The C,Hs and C3;Hg adsorption uptake for 1 at 1 bar and 298
K is 5.21 and 5.99 mmol g, which are higher than the C,H,
and C;H; uptake for 2 (4.31 and 4.77 mmol g~ ', respectively)
(Fig. 6). This observed enhanced hydrocarbon adsorption
uptake for 1 can be attributed to a comparatively larger available
total pore volume in 1 relative to 2. Nevertheless, the predicted
adsorption separation factors (using IAST) of 1 and 2 for C,Hg
and C3zHg over CH, in 5:95 C,H¢/CH, and 5:95 C;Hg/CH,
binary gas mixtures reveal a slightly higher selectivity for 2
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Fig. 6 Single component gas adsorption isotherms for CsHg, CoHg
and CH4 at 298 K for 1 and 2.
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(156 and 22, respectively) than 1 (136 and 17, respectively) at 298
K and 1 bar (Fig. 7). These results support, as in the case of the
CO, separation, the impact of pore size reduction on the affinity
enhancement for light hydrocarbons versus methane.

3. Conclusions

We have successfully utilized the supermolecular building layer
(SBL) approach for the design and construction of isoreticular
(3,6)-connected eea-MOFs and rtl-MOFs. The acylamide-func-
tionalized eea-MOF showed a relatively good capacity for CO,
storage, as well as good selectivity toward CO, and C3Hg at 298
K. The deliberate pore size reduction resulted in an enhanced
local charge density and subsequently an increased CO, uptake
at both relatively low pressures (0.15 bar) and atmospheric
pressures. Light hydrocarbon separation studies suggest that
C,H¢ and C;H;g could be selectively removed from natural gas to
produce a relatively valuable commodity such as CH,. This MOF
platform, based on the ligand-to-axial (L-A) pillaring approach,
offers opportunities to readily functionalize and fine-tune the
MOF pores with moieties that can favorably interact with a given
probe molecule and subsequently provide access to functional
MOF materials with improved attributes for gas separation and
storage.
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