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Carbon capture and sequestration (CCS) has been proposed
as a means to mediate anthropogenic carbon dioxide emis-
sions and has received a considerable amount of research
attention in the last decade.! The most energy- and cost-
intensive aspect of carbon capture is removing carbon dioxide
from flue gas streams of power plants, because the state-of-
the-art amine-scrubbing technology places an enormous
parasitic demand on the power plant during sorbent regen-
eration.”) Metal-organic frameworks (MOFs) have received
considerable attention because the rational design!
employed in their construction promises materials that are
tailored to specific needs.* The difficulty in using materials to
selectively physisorb CO, from flue gas lies in precisely tuning
sorption interactions to only CO,.”! Herein we report the use
of a novel strategy for tuning MOFs to recognize specific
guest molecules, creating a new class of thermally and
chemically stable physisorptive materials. The first in this
class is a guest-responsive MOF (PCN-200; PCN = porous
coordination network) that has been rationally designed to
capture CO, over N, under flue gas conditions by an elastic-
binding mechanism® while the low heat capacities signifi-
cantly reduce the overall energy needed for regeneration. We
established this elastic CO, trapping effect of PCN-200 using
four independent methods: single-component gas-adsorption
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isotherms, binary gas adsorption studies by simulations and
experiments, and crystallographic determination of the ad-
sorbed gas. Through molecular-level control of a material, our
results demonstrate the design and synthesis of a new class of
low-energy CO, sorbents.

It has been proposed that by shifting focus from energy
consuming aqueous alkanolamine solutions to physisorptive
materials, the estimated cost of CCS (70 % of which is derived
from the capture step) can be drastically lowered through
materials optimization.”) Previously, we synthesized mesh-
adjustable molecular sieves (MAMS) capable of adsorbing
specific gas molecules in a narrow temperature range through
designed stimuli-responsive gating effects.®! These materials
were constructed of weakly bonded (van der Waals inter-
actions, vdW) sheets with one-dimensional gated channels.
The problem of applying these materials to harsh flue gas
applications lays primarily in the stability of the intersheet
bonding interactions. Herein we report the rational design of
the next generation material, in which this problem is
overcome by introducing strong coordination bonds between
the layers. The vast choice of ligands was narrowed down to
a short interlayer distance to fit exactly one CO, molecule
into the elastic polar pocket of PCN-200 while designing CO,
specific interactions. The resulting multipoint bonding of CO,
to a precisely designed pocket is reminiscent of the biomim-
etic recognition employed by receptors in nature to accom-
modate exactly one guest molecule.

The framework organizing these traps in space, [Cu(tzc)-
(dpp)os].-1.5 H,O (PCN-200-syn, tzc = tetrazolate-5-carboxyl-
ate, dpp = 1,3-di(4-pyridyl)propane), has proper Cu---Cu dis-
tances in the direction of the b axis to form CO, pockets,
controlled by p;-bridging tzc ligands forming layers in the bc
plane (Figure 1b). The flexible N-donor linker dpp (Fig-

Figure 1. Crystal structure of PCN-200-ac and its components: a) per-
spective view along the ¢ axis; b) orthographic view on a single
[Cu(tzc)], layer along the a axis; c) the flexible N-donor linker 1,3-di(4-

pyridyl)propane.
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ure 1¢) provides the strong interlayer bonds that connect
these layers into a 3D network forming 1D pores along the
c axis with the center of the pores located on a center of
inversion (Figure 1a). Recent investigations of compounds
based on the same tzc ligand with similar N-donor ligands
4,4 -bipyridine!” and 1,2-di(4-pyridyl)ethane!’” are nonpo-
rous; in the latter case, the tzc layer intersheet distances are
too short.'”! Thus, we chose the dpp ligand to ensure the
correct intersheet distance to accommodate exactly one CO,
molecule, while the flexibility of the linking propylene chain
was used to gain the advantageous elastic trapping effect.!"' In
the as-synthesized structure, non-coordinating water mole-
cules occupy the pores (Figure 4b, bottom) and are stabilized
by strong hydrogen bonding (Supporting Information, Sec-
tion S2). The water molecules of the precursor compound
PCN-200-syn can be easily removed by either heating to 80°C
or applying vacuum (10 pbar, 5 min), leading to the activated
phase [Cu(tzc)(dpp),s], (PCN-200-ac; Figure 1a, Figure 4b,
middle). This activation process is accompanied by a phase
transition keeping the same space group (C2/c), almost the
same unit cell length parameters, but a dramatic change in the
unit cell angle S, from 92.657(10)° in PCN-200-syn to
116.087(4)° in PCN-200-ac. The crystal structure of PCN-
200-ac was solved from insitu synchrotron-based powder
diffraction (SPD) patterns and refined by the Rietveld
method (Supporting Information, Section S3). Owing to the
elastic nature of the dpp ligand, the pores opened up to where
the largest vdW sphere has a diameter of 4.4 A, which can be
used to fit exactly one gas molecule per pore (Supporting
Information, Section S3).

PCN-200-ac is stable up to 218°C, which meets the
temperature requirements for physical sorbents in a flue gas
separation process (Supporting Information, Section S4).
Chemical stability tests show that PCN-200 is stable after
stirring in HCl (pH 2) and NaOH (pH 12) and boiling in
water for 7 days while retaining porosity, which further
confirms the substantially stronger intersheet stability
afforded by the nitrogen—copper bonds (Supporting Informa-
tion, Figure S11).

The thermal and chemical stability concerns that have
plagued other MOFs have been addressed by the aforemen-
tioned experiments. However, to show that the material will
be useful in practical applications, it must also compete with
all other porous materials in terms of gas uptake and
selectivity. To show that PCN-200 can selectively adsorb
CO, over N, in a practical setting, it was evaluated from four
mutually independent, well-established techniques: single-
component gas-adsorption isotherms, binary gas-adsorption
studies by simulations and experiments, and crystallographic
determination of the adsorbed gas, the results of which all
confirm high selectivity. The first technique is using exper-
imental single-component gas isotherms to examine loading
capacities of CO, and N, at various temperatures (Figure 2;
Supporting Information, Section S5). The completeness of the
activation procedure is clearly shown by the CO, uptake at
195 K, which reaches full saturation of 4 molecules per unit
cell (1.78 mmolg™) at 1 bar. Simulated single gas isotherms
are in excellent agreement with these experimental observa-
tions (Supporting Information, Figure S23). An additional
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Figure 2. Gas adsorption isotherms for CO, and N, of PCN-200-ac.
CO, at 195 K (red circles), 273 K (rectangles), 296 K (triangles) and N,
at 296 K (blue circles). The filled and open symbols represent
adsorption and desorption, respectively, and the gray dashed lines
indicate the adsorption values at 0.15 bar (partial pressure of CO, in
flue gas with typical composition of 14-16% CO, and 75% N,).

consideration that must be taken into account is the
volumetric storage capacities, as the volume of the adsorbent
plays a significant role in industrial-scale applications.”® The
exceptionally high density of PCN-200-ac (1.64 gmL™)
compared to other MOFs (Supporting Information,
Table S8) leads to a high uptake capacity of 129 gL.™!. More
importantly, the material retains 75 % of its uptake capacity at
ambient conditions. Even after running a series of thirty
adsorption—desorption cycles at 313 K, emphasizing the
conditions of real flue gas, there was no loss in capture
capacity (Supporting Information, Figure S17).

To quantify the adsorption affinities, we used two
common methods,” namely fitting experimental gas iso-
therms using both the virial and Langmuir equations and
calculating zero-coverage heats of adsorption (—38 kJmol ™'
and —49 kJmol!, respectively; Supporting Information,
Section S7). These values fall well within the range of what
is considered to be an ideal adsorption enthalpy for CO,
scrubbing from flue gas. Adsorption enthalpies that are too
low translate to low selectivities, while higher enthalpies will
raise regeneration costs because of the energy input required
for the reverse process. Recent studies have shown that
a temperature swing adsorption (TSA) regeneration process
would be significant less energy consuming than pressure
swing adsorption (PSA) and thus, more applicable in a real
world application scenario for CO, capture from flue gas.'” In
this context, the high-energy requirement for the regenera-
tion of aqueous amine solutions stems from the high
adsorption  enthalpies of chemisorption (50 to
—100 kJmol ") and the high heat capacity of the aqueous
amine solution (ca. 3.5 Jg~' K™'),3 whereas the heat capacity
of PCN-200 is only one third of that value (Supporting
Information, Figure S16). Therefore, a combination of mod-
erate heats of adsorption and low heat capacity of PCN-200
will lead to low regeneration energies in comparison with
state of the art technologies. Because of their modular design,
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MOFs have been tuned to selectively capture CO, through
the incorporation of unsaturated metal centers or polar
functional groups.'*'* The difference in our approach is that
we do not use any high-enthalpy adsorption interactions. We
instead created a polar pocket that traps CO, and excludes
other gas molecules; the moderate heat of adsorption results
from a combination of polar pore surface and pore size. By
controlling guest-framework interactions, we designed a mate-
rial that requires very little energy to regenerate, yet has
extremely high selectivity for CO,. The precise design of the
CO, trap thus leads to a remarkably high adsorption enthalpy
for a purely physisorptive material (Supporting Information,
Table S8).

The second technique, annealing simulations, shows that
both gas molecules compete for the adsorption site at the
center of the pocket leading to selectivity values of 260
(50:50) and 205 (15:85) for binary CO,/N, mixtures at 296 K
and 1bar according to our grand-canonical Monte Carlo
(GCMC) simulations (Supporting Information, Section S6).

The high CO,/N, selectivity of PCN-200 can be confirmed
by binary gas-adsorption experiments, the third technique.
Figure 3 presents the dynamic cycling behavior of temper-
ature dependent gravimetric adsorption studies using a TGA.
After heating PCN-200 at 150°C for 20 min, the sample was
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Figure 3. Temperature-dependent gravimetric adsorption studies of
PCN-200-ac using TGA. Experimental mass changes are shown as
a function of temperature in pure CO, (red circles) and CO,/N,
(15:85) mixture gas (green circles). Flow rates are 40 mLmin~' and
sample temperatures are plotted as blue lines. The sample mass at
150°C under each gas was normalized to be 0%.

cooled at 296 K for 15 min. An experimental mass change of
5.0% was realized flowing pure CO, over the sample and
2.9% in CO,/N, (15:85) mixture gas. This is equal to a CO,
loading capacity of 1.13 mmolg ' in pure CO, and approx-
imately three fifths of this value (0.65 mmolg ') in flue gas
simulant, which emphasizes the capabilities of PCN-200 as
a sorbent to remove CO, from flue gas.

We solved the crystal structure of the CO, loaded phase
(PCN-200-CO,) from in situ SPD data and refined it by the
Rietveld method (Figure 4a and Figure 4b, top). The tran-
sition from as-synthesized to activated to gas loaded phases
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Figure 4. Structural changes of PCN-200 upon activation and CO,
adsorption obtained by in situ SPD data: a) close-up view of the
multipoint bonded CO, molecule in the pore. Distances are given in A;
b) perspective view of a single pore in its unit cell along the ¢ axis of
the as-synthesized (PCN-200-syn, bottom), activated (PCN-200-ac,
middle), and CO,-loaded phase (PCN-200-CO,, top).

can clearly be seen in the top view of the powder patterns
(Figure 5). We used this, the fourth technique, to give us
insights to the CO, trapping mechanism (for a complete
description and more detailed figures of all in situ experi-
ments, see the Supporting Information, Section S3). The
crystallographic determination of CO, at the center of the
pore is confirmed by annealing simulations (Supporting
Information, Figure S21) and DFT calculations, which show
multipoint CO,—framework interactions. Based on the simu-
lations, crystal structure and adsorption data, we can exclude
molecular sieving as a possible mechanism for the selectivity.
The high selectivity can be explained by the special adsorp-
tion properties of PCN-200, where all adsorption sites are
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Figure 5. Top view of the in situ temperature- and gas-loading-depen-
dent SPD patterns: upon heating PCN-200-syn, a phase transition is
observed, leading to PCN-200-ac. After cooling and CO, adsorption,
PCN-200-CO, is observed.

shared by CO, and N,; CO, is heavily favored in competition
owing to its stronger interactions with the framework.

The activation and gas loading process can be delineated
by following just a few reflections during the insitu SPD
experiment, as shown in Figure 6. Upon activation, the (200)
reflection is shifted to higher 20 values (ca. 2.7°) and the two
reflections at 5-6° 20 split into three reflections. Upon gas
loading, the intensities become relevant: Depending on the
gas loading, the relative intensities of the (200) and the (111)
at circa 5.3° reflection change. The higher the gas uptake, the
less intense the (200) and the more intense the (111)
reflection, which is evident when comparing the PCN-200-
CO, patterns at 296 and 200 K. The nearly identical patterns
of PCN-200-ac and the N, loaded phase again emphasize the
disparity between N)— and CO,—framework interactions. As is

(200)

(1-1-1)

Intensity —

PCN-200-N, @296 K

/ PCN-200-CO, @200 K
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PCN-200-ac

PCN-200-syn

'l'I'l'l'I'l'l'II
20 25 3.0 35 40 45 50 55 6.0

20/°—

Figure 6. Side view of the in situ temperature- and gas-loading-depen-
dent SPD patterns: after activation of PCN-200-syn (gray), PCN-200-ac
(green) was loaded with CO, at 296 K and 200 K (red) and N, (blue) at
296 K. For different views, see the Supporting Information, Figures S9

and S10.
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to be expected from changes in reflection position and
intensity, minor changes in unit cell parameters and atom-
atom bond distances/angles are also observed (Supporting
Information, Tables S3 and S4).

Flexible MOF materials have already been well-de-
scribed.*™) Upon guest removal, those materials show
a distinct change in their structures, which leads to a change
in their pore volume. This flexible behavior can be traced
back to geometric changes in the coordination environment
of their metal clusters (SBUs). However, in PCN-200 the
transformation from the as-synthesized to the activated form
is accompanied by a negligible change in its SBU, but
a dramatic change in the conformation of the linking
propylene chain of the bipyridyl ligand. This conformation
change shrinks the unit-cell volume from 2489 to 2226 A’and
opens the kinetic pore diameter from 2.9 to 4.4 A. Upon CO,
loading, the overall volume is almost identical; however,
a significant change in the unit cell parameters (especially the
f angle) can be observed, leading to a distinct change of the
pore shape and size in the CO, loaded form (compare
structures in Figure 4b middle and top). This stimuli-respon-
sive behavior (stimuli = CO,) is induced by a further recon-
formation of the propylene chain. The flexibility mechanism
for PCN-200 strongly contrasts that of traditional porous
MOFs in which the flexibility is based on a change in its SBU.
Thus, for a better understanding of this CO, trapping effect
based on the ligand elasticity in PCN-200, we introduced the
term “elastic single-molecule trap”.

PCN-200 falls into a new class of compounds which
exhibits selectivity based on a novel trapping mechanism. The
state-of-the-art MOF, Mg-MOF-74,121% has reported a tre-
mendous CO, adsorption capacity (only after energy-intense
activation conditions'”), but the lack of water stability™® and
loss in capacity in consecutive cycles™” will negatively affect
working performance. Although water, like in most other
solid porous materials, probably affects the CO, loading
capacity, PCN-200 is water stable and keeps its porosity upon
water contact. We believe that, in an industrial setting, the
higher selectivity, stability, and extremely low (re-)activation
energy of PCN-200 compared to state-of-the-art materials”!
will prove to be more important factors than a high pure-
component loading capacity. Moreover, for scale-up process-
es, it is worth mentioning that PCN-200 is very easy to
synthesize with cheap commercially available reactants in
a 95% yield, water-based, one-pot synthesis with no purifi-
cation steps needed.

In summary, we have shown that we can rationally design
a material to recognize a specific guest molecule. PCN-200
was demonstrated, using a variety of methods, to be effective
at selectively adsorbing CO, over N,, while being stable to the
harsh flue-gas conditions. This is a significant step forward in
terms of rationally designing a material for a specific guest
interaction. By moving down an entirely new path of tuning
interactions by creating precise CO, traps, instead of mimick-
ing existing technologies, we have opened up a new avenue of
MOF design that can be applied to gas and liquid separations
as well as in molecular recognition. Preliminary results show
that varying the metal center and ligand length will open up
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a new class of stable compounds with interesting physical
properties.

Experimental Section

Synthesis of PCN-200: The straightforward synthesis of bulk material
with commercially available reactants leads to total synthesis cost
according to Alfa Aesar prices of US$4.10/g. Microcrystalline bulk
material was prepared by a reaction of Cu(OAc), (363.2mg,
2.0 mmol), sodium ethyl ester tetrazolate-5-carboxylate (NaEttzc,
328.2 mg, 2.0 mmol), and dpp (198.2 mg, 1.0 mmol) in H,O (15 mL).
After stirring this mixture at 150°C for 1 day, the resultant blue
precipitate was filtered, washed with H,O, EtOH, and Et,0, and dried
in air. Yield: 574 mg (95%). The purity was checked by XRPD
(Supporting Information, Figure S5). Elemental analysis calcd (% )
for CgsH,(CuN;O;5: C 33.83, H 3.34, N 23.21; found: C 33.63, H 3.30,
N 23.30. Blue crystalline plates for single-crystal X-ray diffraction
studies were isolated from the reaction of a mixture containing
Cu(OAc), (36.3 mg, 0.2 mmol), NaEttzc (32.8 mg, 0.2 mmol), dpp
(19.8 mg, 0.1 mmol), and H,O (3mL) at 100°C for 4 days. Full
experimental details are presented in the Supporting Information.

Crystal data from single-crystal diffraction studies for PCN-200-
syn: CgsH;(CuN;sO;5, M, =301.76, monoclinic, space group C2/c, a =
28.612(2), b=9.3899(7), c¢=92741(8) A, B=92.657(10)°, V=
2488.9(3) A>, Z=8, total reflections=2399, independent reflec-
tions =1688, R;, =0.0652, GOF=0.972, R, [F,>40(F,;)]=0.0611,
WR, [all data] =0.1775 (Supporting Information, Section S2).

Insitu SPD data were collected at the 1-BM beamline at the
Advanced Photon Source, Argonne National Laboratory. Crystal
data from SPD studies for PCN-200-ac @296 K: C;sH,CuN;O,, M, =
274.7, monoclinic, space group C2/c, a=28.697(2), b=9.2637(5), c=
9.3223(5) A, B=116.087(4)°, V=22258(2) A’, Z=8, R,=0.0392,
R,;,=0.0551, GOF =4.07, Ry,,4, = 0.0472. Crystal data for PCN-200-
CO, @296 K: Cg4,sH,CuN;O, 5, M, =291.2, monoclinic, space group
C2e, a=28561(5), b=93537(18), ¢=92553(15)A, p=
116.753(10)°, V=2207.9(7) A}, Z=8, R,=0.0591, R,,=0.0836,
GOF=5.59, Rpa,=0.1367. Crystal data for PCN-200-CO,
@200 K: CyH,CuN;sO;, M,=296.7, monoclinic, space group C2/c,
a=28.548(6), b=9.4032(19), ¢ =9.2876(17) A, f=117.043(10)°, V=
2220.6(8) A%, Z=8, R,=0.0531, R,,=0.0699, GOF =4.77, Ry,,p, =
0.1384. Crystal data for PCN-200-N, @296 K: CgsH,CuN;O,, M,=
296.73, monoclinic, space group C2/c, a=28.668(6), b =9.2413(14),
c=9.2844(15) A, p=115.953(10)°, V=2211.7(7) A3, Z=8, R,=
0.0365, R, =0.0508, GOF =5.08, Ry, =0.1000 (Supporting Infor-
mation, Section S3).

CCDC 855255, 855256, 855257, 855258, and 855259 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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