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ABSTRACT: The reaction of ZrCl, with 2/,3’,5',6'-tetrame-
thylamino-p-terphenyl-4,4”-dicarboxylic acid (H,tpdc-
4CH,NH,-3HCI) in the presence of NaF affords
Zrs0,(0OH), ;F; o(tpdc-4CH,NH,-3HCl); (1), which is a
new member of the Zr,O,(OH),(dicarboxylate linker);, or
UiO-68 family, and exhibits high porosity with BET and
Langmuir surface areas of 1910 m’/g and 2220 m?*/g,
respectively. Remarkably, fluoride ion incorporation in the
zirconium clusters results in increased thermal stability,
marking the first example of enhancement in the stability of
a UiO framework by this defect-restoration approach.
Although material 1 features four alkylamine groups on each

_ - p \-\-.’.'-.
0.0 13CI S '8
HN NH, e 2 or
0 I S AP T

W -7 X3
HoN NH; X

-

HO™S0 s aY

organic linker, the framework does not exhibit the high CO, uptake that would be expected for reaction between CO, and the
amine groups to form carbamic acid or ammonium carbamate species. The absence of strong CO, adsorption can likely be
attributed to protonation at some of the amine sites and the presence of counterions. Indeed, exposure of material 1 to
acetonitrile solutions of the organic bases 1,8-bis(dimethylamino)naphthalene (DMAN) or trimethylamine, affords a partially
deprotonated material, which exhibits enhanced CO, uptake. Exposure of basic amine sites also facilitates the postsynthetic
chelation of copper(I) ([Cu(MeCN),]-CF;SO;) to yield material 2 with an enhanced CO, uptake of 4 wt % at 0.15 bar, which is

double that of the parent framework 1.

B INTRODUCTION

As anthropogenic carbon dioxide (CO,) emissions continue to
rise, significant effort is being directed toward the development
of materials that can selectively and efliciently adsorb CO,
under conditions relevant to carbon capture from power
plants." Indeed, existing coal- and gas-fired power plants are
responsible for 60% of annual global CO, emissions,"* and thus
carbon capture (and subsequent storage) from these stationary
sources could contribute substantially to a reduction in
emissions and detrimental global climate change. Currently,
the most developed and readily implemented technology is for
postcombustion CO, capture, where the principal flue gas
components, by volume, are N, (73—77%), CO, (~15%), H,O
(5—7%), 0, (3—4%), and SO,/NO, (<0.08%), with total
pressures near 1 bar and temperatures between 40 and 60 °C.”

At present, aqueous amine solutions are employed in the
separation of CO, from postcombustion gas mixtures, and
these solutions exhibit extremely high selectivity for CO,.
However, significant energy is required to regenerate these
aqueous solutions due primarily to their large heat capacities.’
Solid adsorbents present a promising alternative and have been
extensively evaluated for postcombustion CO, capture due to
their significantly smaller heat capacities, which may substan-

-4 ACS Publications  © 2017 American Chemical Society

tially reduce material regeneration energies.4’2b In particular, the

introduction of alkylamine functional groups onto adsorbent
surfaces can lead to materials with high selectivity for CO, over
N,. These functional groups are particularly promising as they
are expected to exhibit high affinity and selectivity for CO, even
in the presence of H,0.

Among the different classes of solid adsorbents, metal—
organic frameworks have recently received significant attention
for CO, separations, owing to their unique structural diversity,
high surface areas, and chemical tunability. Frameworks that
feature coordinatively unsaturated metal centers on the pore
surface are especially promising, due to the exceptional gas
uptake afforded by these Lewis acidic metal sites.” Moreover,
these sites are also amenable to postsynthetic functionalization
to further enhance their ability to selectively capture CO,.”
Indeed, it has been reported that N,N’-dimethylethylenedi-
amine (mmen) functionalization at the open metal sites of the
framework M,(dobpdc) (dobpdc*™ = 4,4'-dioxidobiphenyl-
3,3’-dicarboxylate, M = Mg, Mn, Fe, Co, Zn) yields a series of
“phase-change” adsorbents, which exhibit step-shaped iso-
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therms arising from cooperative formation of ammonium
carbamate chains along the channels of the framework upon
selective CO, adsorption.®

In addition, the previously reported AI(OH) (bpydc)
(bpydc®™ = 4,4'-bipyridinedicarboxylate) material, which
features open bipyridine sites on the organic linkers can
postsynthetically coordinate metal cations. Notably, metalation
of the framework with Cu(BF,), resulted in increased CO,
capacity and selectivity for CO, over N,.” Inspired by these
results, and the fact that the direct formation of metal—organic
frameworks bearing open chelation sites is rare, we sought to
synthesize a metal—organic framework exhibiting a high density
of methylamines as potential strong CO, binding sites that
could also be used to postsynthetically bind metal cations.

Herein, we report the synthesis of the ligand 2',3',5,6'-
tetramethylamino-p-terphenyl-4,4”-dicarboxylic acid (Scheme
S1) and its successful incorporation as a linker in the robust
zirconium metal—organic framework, 1, which adopts the
structural motif of Ui0-68, [Zrs(0),(OH),(ligand)s]'® and
represents the first example of a metal—organic framework with
a high density of covalently attached alkylamine function-
alities."" Material 1 exhibits moderate uptake of CO, at low
pressures and postsynthetic metalation of this material with
Cu(MeCN),-CF;SO; results in enhanced CO, adsorption
properties that are discussed in detail. In addition, fluoride ions
were successfully incorporated into the inorganic zirconium
cluster as bridging anions and found to impart enhanced
thermal stability over the hydroxide-bridged clusters.

B EXPERIMENTAL DETAILS

All reagents were obtained from commercial vendors and used without
further purification unless otherwise noted. N-Bromosuccinimide was
recrystallized prior to use. Ultrahigh purity grade (99.998% purity or
higher) carbon dioxide, nitrogen, and helium were used for the
adsorption measurements. Gas adsorption data were obtained by
volumetric methods using a Micromeritics ASAP-2020 instrument.
Isotherms at 77 K were measured in liquid nitrogen baths. Isotherms
at 25, 35, and 45 °C were measured using a water circulator to
maintain a constant temperature. Thermogravimetric analyses (TGAs)
were carried out under a nitrogen flow with a TA Instruments TGA
Q5000 (carbon dioxide 98% purity was used for cyclability
experiments). Powder X-ray diffraction patterns were collected on a
Bruker D8 Advance diffractometer with a Cu anode (1.5406 A).
Infrared spectra were obtained on a PerkinElmer Spectrum 100 Optica
FTIR spectrometer furnished with attenuated total reflectance (ATR).

Synthesis of 2’,3’,5',6'-tetramethyl-p-terphenyl-4,4"-dicar-
boxylic Ester (tpdc-4CH,CH3). 1,4-Diiodo-2',3',5',6'-tetramethyl-
benzene (10.0 g, 25.9 mmol) and cesium fluoride (31.5 g, 20.7 mmol)
were placed in a Schlenk flask, which was evacuated for 2 h and then
purged with N, for 30 min. The solids were then dissolved in a p-
dioxane/H,0O mixture (150 mL/75 mL), and a suspension of [1,1'-
bis(diphenylphosphino)ferrocene]palladium(II) dichloride (1.06 g,
1.30 mmol) and 4-methoxycarbonylphenylboronic acid (9.32 g, 51.8
mmol) in a p-dioxane/H,O mixture (2:1, 200 mL) was added to the
solution. The resulting mixture was heated to reflux for 8 h under a N,
atmosphere. After cooling to room temperature, the reaction mixture
was filtered, and the product was washed with brine and then water.
The resulting powder was dissolved in chloroform, and the remaining
black precipitate was filtered. Finally, the solvent was removed, and the
resulting precipitate was rinsed several times with acetone and then
hexanes to give tpdc-4CH,CHj; as a white microcrystalline powder
(9.1 g 91%). Melting point (Mp): >240 °C. Elemental analysis
calculated for C,4H,¢O, (402.48 g/mol): C, 77.59; H, 6.51. Found: C,
77.53; H, 6.73. '"H NMR (400 MHz, CDCl;, TMS, room temperature
(1t)): 6 8.14 (d, ] = 8.0 Hz, 4H, ArH), 7.28 (d, ] = 8.0 Hz, 4H, ArH),
3.97 (s, 6H, OCH,), 1.93 (s, 12H ArCH,).
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Synthesis of 2',3',5',6’-Tetramethylboro-p-terphenyl-4,4"-
dicarboxylic Ester (tpdc-4CH,Br). tpdc-4CH,CH; (6.00 g, 14.9
mmol) and N-bromosuccinimide (11.6 g, 65.2 mmol) were added to a
Schlenk flask, which was evacuated for 1.5 h. The system was purged
with nitrogen, and the mixture was suspended in anhydrous benzene
(150 mL). After stirring the mixture for 30 min, azobis-
(isobutyronitrile) was added (S mol %), and the suspension was
heated to reflux for 20 h under a N, atmosphere. After cooling the
reaction mixture to room temperature, the resulting product was
filtered and washed with cold methanol to give compound tpdc-
4CH,Br as a white powder (9.4 g, 87%). Mp: >240 °C. Elemental
analysis calculated for C,¢H,,Br,0, (718.07 g/mol): C, 43.49; H, 3.09.
Found: C, 44.61; H, 3.48. 'H NMR (400 MHz, CDCly, TMS, rt): &
822 (d, J = 8.0 Hz, 4H, ArH), 7.55 (d, J = 8.0 Hz, 4H, ArH), 4.33 (s,
8H ArCH,Br), 3.99 (s, 6H, OCHj,).

Synthesis of 2',3’,5’,6’-Tetramethylazido-p-terphenyl-4,4"-
dicarboxylic Ester (tpdc-4CH,N;). A mixture of tpdc-4CH,Br (6.0
g, 8.3 mmol) and sodium azide (2.4 g 37 mmol) was suspended in
anhydrous DMF (600 mL) and stirred at 60 °C for 6 h under N,
atmosphere. After the solution was cooled to room temperature, the
solvent was removed by filtration, and the product was rinsed with
brine and water to obtain compound tpdc-4CH,Nj; as white needles
(40 g 85%). Mp: 190 °C (decomposition). Elemental analysis
calculated for C,sH,N,O, (566.53 g/mol): C, 55.12; H, 3.91; N,
29.67. Found: C, 55.37; H, 4.19; N, 28.96. 'H NMR (400 MHz,
CDCl,, TMS, 1t): § 8.23 (d, ] = 8.0 Hz, 4H, ArH), 7.40 (d, J = 8.0 Hz,
4H, ArH), 4.23 (s, 8H ArCH,N), 3.99 (s, 6H, OCHj,). IR (solid-ATR,
em™): 2102 (v, N3), 1717 (v C=0), 1256 (v, N;), 1100 (v, C—O—
R), 1121 (v,, C—O-R).

Synthesis of 2',3’,5,6’-Tetramethylazido-p-terphenyl-
4,4"dicarboxylic Acid (H,tpdc-4CH,N3). tpdc-4CH,N; (4.0 g, 7.1
mmol) and KOH (1.6 g 28 mmol) were suspended in a 2:1 THF/
water mixture. The reaction mixture was stirred for 72 h at room
temperature. Subsequently, 3 M HCl was added slowly until a pH of 1
was reached. The THF was then removed under vacuum, and the
remaining reaction mixture was filtered. The resulting white powder
(H,tpdc-4CH,N;,) was rinsed several times with distilled water and
dried overnight in air (3.4 g, 90%). Mp: 215 °C (decomposition).
Elemental analysis calculated for C,,H,(N;,0, (0.STHF)(H,0)
(592.55 g/mol): C, 52.70; H, 4.08; N, 28.37. Found: C, 52.64; H,
3.90; N, 28.00. 'H NMR (400 MHz, DMSO, TMS, t): 5 13.18 (s, 2H,
COOH), 8.12 (d, ] = 8.0 Hz, 4H, ArH), 7.41 (d, ] = 8.0 Hz, 4H, ArH),
4.30 (s, 8H ArCH,N). IR (solid-ATR, cm™"): 2960 (v O—H), 2093
(v N3), 1676 (v C=0), 1425 (§ O—H), 1267 (v, N3).

Synthesis of 2',3’,5’,6’-Tetramethylammonium-p-terphenyl-
4,4"-dicarboxylate (H,tpdc-4CH,NH,). Triphenylphosphine (4.3 g,
16 mmol) and H,tpdc-4CH,N; (2.0 g, 3.7 mmol) were dissolved in a
mixture of freshly distilled THF (200 mL) and water (150 mL) and
stirred for 72 h at room temperature. The resulting suspension was
then filtered and washed with isopropanol to obtain H,tpdc-4CH,NH,
as a white powder (1.2 g, 70%). Mp: >300 °C. Elemental analysis
calculated for C,,H,N,0, (SH,0)('PrOH) (566.64 g/mol): C,
5§7.23; H, 7.47; N, 9.89. Found: C, 57.50; H, 6.90; N, 9.76. IR
(solid-ATR, em™): 3344 (v, NH,), 3262 (v, NH,), 2917 (v NH;"),
1583 (v C=0), 1534 (6 NH,).

Synthesis of 2',3’,5’,6’-Tetramethylamino-p-terphenyl-4,4"-
dicarboxylic Acid (H,tpdc-4CH,NH,-3HCI). Compound H,tpdc-
4CH,NH, (1.2 g, 2.8 mmol) was suspended in distilled water (25 mL)
to which 3 M HCI was added until a pH of 1 was reached. The
resulting solution was stirred for 30 min after which all volatiles were
removed under vacuum to give H,tpdc-4CH,NH,-3HCI as a pale
green microcrystalline powder (1.3 g 83%). Mp: >240 °C
(decomposition). Elemental analysis calculated for C,,H,,Cl;N,O,
(543.87 g/mol): C, $3.00; H, 5.37; N, 10.30; Cl, 19.56. Found: C,
52.36; H, 5.13; N, 9.63; Cl, 20.00. 'H NMR (400 MHz, DMSO, TMS,
1t): § 13.25 (s, 2H, COOH), 8.45 (s, 11H, NH,), 8.12 (d, ] = 8.0 Hz,
4H, ArH), 7.66 (d, ] = 8.0 Hz, 4H, ArH), 3.96 (s, 8H ArCH,N). IR
(solid-ATR, cm™): 3364 (v,, NH,), 2868, 2611 (v NH;"), 1696 (v
C=0), 1608 (6 NH,), 1226 (v Cy,;—N). Mass spectrometry (MS):
43520 m/z (M*), 218.10 m/z (M?*), 145.05 m/z (M**).
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1. NaF, DMF, 120 °C, 72 h

2. THF, 25°C
3. 100 °C in vacuo, 12h
4. DMAN, 72h

H,tpdc—4CH,NH, -3HCI

y

Zrs0,(0OH), ,F, 4(tpdc—4CH,NH,-3HCI),; (1)

Figure 1. (Left) Synthesis conditions for Zr,O,(OH), F,o(tpdc-4CH,NH,-2HCl)4 (1), (tpdc*™ = 2',3',5",6'-tetramethylamino-p-terphenyl-4,4”-
dicarboxylate), using the zwitterionic form of the ligand. (Right) Proposed structure of 1, where the framework structural model is obtained from the
crystal structure of UiO-68.'"* The methyl amino groups of H,tpdc-4CH,NH,-3HCI are not depicted.

Synthesis of Zrq0,(OH), ;F; o(tpdc-4CH,NH,-2HCl)g (1).
Zrs0,(OH), ,F, o(tpdc-4CH,NH,-2HCl)¢ (1), can be synthesized
from either H,tpdc-4CH,NH, or H,tpdc-4CH,NH,-3HCI. The
procedure herein describes the synthesis using 2',3",5',6'-tetramethy-
lammonium-p-terphenyl-4,4”-dicarboxylate (H,tpdc-4CH,NH,) as
ligand. Benzoic acid is included to achieve optimal crystallinity.'®® A
solution of ZrCl, (96 mg, 0.41 mmol) and benzoic acid (1.85 g, 15.2
mmol) in 15 mL of N,N’-dimethylformamide (DMF) was added to a
20 mL scintillation vial containing 2’,3’,5',6’-tetramethylammonium-p-
terphenyl-4,4”-dicarboxylate (120 mg, 0.28 mmol) and sodium
fluoride (7.0 mg, 0.17 mmol). The reaction mixture was sonicated
for 20 min and then heated on a hot plate at 120 °C for 72 h. The
resulting white microcrystalline powder was then filtered and washed
five times with DMF and then THF.

Lastly, 1 was stirred with a 1,8-bis(dimethylamino)naphthalene
(DMAN) or triethylamine solution in acetonitrile (0.21 M) for 72 h.
Then the supernatant was decanted and solvent exchanges were
carried out with fresh acetonitrile followed by THF. Each solvent was
exchanged three times, every 24 h, after which the material was
collected by filtration under inert atmosphere and heated at 100 °C for
12 h under vacuum. Yield: 160 mg (70%). Elemental analysis
calculated for (C,,H,,N,0,Cl,)s(0),F,4(OH), Zrs7(C,H;0,)
(4569.36 g/mol): C, 50.73; H, 4.39; N, 7.36. Found: C, 51.03; H,
4.01; N, 7.49. IR (solid-ATR, cm™): 3135 (v,, NH,), 2906, 2826,
2753 (v NH;*), 1686 (v C=0), 1609 (5 NH,), 1418 (5, NH;*), 523
(v Zr=F).

Synthesis of ZrgO,(OH), ;F, o(tpdc-4CH,NH,-1.9HCl)¢-0.42Cu-
(MeCN),CF3SO3 (2). Material 1 (0.20 g 0.26 mmol) and
Cu(MeCN),-CF;SO; (18 mg, 0.026 mmol), were suspended together
in tetrahydrofuran (15 mL) and heated on a hot plate at 80 °C for 7
days. The resulting yellow solid was collected by filtration and soaked
in 15 mL of fresh THF. The solvent was exchanged every 24 h for a
total of 3 days, and then the colorless supernatant was decanted and
the solid was heated at 140 °C for 12 h under vacuum. Yield: 180 mg
(89%). Elemental analysis calculated for
(CoHyN,O,Cly )6F1 5(OH),,1(0),4Zrs 7(C7H;0,)-0.42Cu(MeCN) -
CF;S0; (4706.35 g/mol): C, 50.22; H, 4.37; N, 7.64; Cu, 0.57.
Found: C, 51.03; H, 4.01; N, 7.49; Cu, 0.58. IR (solid-ATR, cm™):
3135 (v, NH,), 2906, 2826, 2753(v NH;"), 1686 (v C=0), 1609 (5
NH,), 1415 (5, NH;"), 1280 (v C—F), 1052 (v S=0), 536 (v Zr—
F), 483 (v Cu—0).

4310

Synthesis of ZrgO4(OH), ;F; o(tpdc-4CH,NH,-1.7HCl)4+1.8Cu-
(CF3S03), (3). Tetrahydrofuran (15 mL) was added to a 20 mL
scintillation vial containing a solid mixture of 1 (0.10 g, 0.13 mmol)
and Cu(CF,S0;), (14 mg, 0.034 mmol). The mixture was heated on a
hot plate at 80 °C for 7 days. The resulting blue solid was collected by
filtration and soaked in 15 mL of tetrahydrofuran. After 24 h, the
supernatant was decanted and replaced with fresh tetrahydrofuran.
The solvent was exchanged two times, such that the total soaking time
was 3 days, after which the product was collected and heated at 140 °C
for 12 h under vacuum. Yield: 80 mg (72%). Elemental analysis
calculated for (CyHpN,0,.Cly;)6F9(OH),,;(0)4Zts7(C/H;0,)-
1.8Cu(CF;S0;), (5156.57 g/mol): C, 45.79; H, 3.89; N, 6.52; Cu,
222. Found: C, 45.13; H, 3.49; N, 6.93; Cu, 2.18. IR (solid-ATR,
em™): 2973, 2876 (v NH,"), 1688 (v C=0), 1611 (5 NH,), 1420
(8, NH5%), 1266 (v C—F), 1018 (v S=0), 531 (v Zr—F), 470 (v
Cu-0).

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The syn-
thesis of ZrsO,(OH), F,4(tpdc-4CH,NH,-3HCl); (1), was
accomplished by reacting ZrCl, with benzoic acid and either
the zwitterionic (H,tpdc-4CH,NH,) or the neutral form
(H,tpdc-4CH,NH,-3HCI) of the ligand at 120 °C for 72 h
in DMF (Figure 1). Benzoic acid was added, which has been
shown to improve the crystallinity of UiO materials. The
formation of a metal—organic framework isostructural to UiO-
68 was confirmed by powder X-ray diffraction (Figure S11).
Although it has been previously reported that benzoic acid
promotes the formation of destabilizing defects within the
inorganic cluster of the UiO-66 structure type,”'”" in our
hands the absence of benzoic acid led only to amorphous
materials, while the use of other acid sources resulted in
materials with either poor crystallinity or diminished porosity.'®
Notably, the material 1 exhibits a more pronounced sensitivity
toward air and water and a lower thermal stability than
expected when compared with its structural analogue, UiO-66.
We hypothesized that the lack of stability is due to the
formation of defects in the inorganic cluster under our
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Figure 2. (Left) Structureless Le Bail refinement of the X-ray powder diffraction pattern of desolvated 1, which results in a unit cell similar to UiO-68
(Fm-3m, 32.4668(3) A, V = 34223(1) A®). The calculated powder pattern (red line) is in good agreement with the experimental data (pluses) as
evidenced by the difference pattern (blue line) and calculated peak positions (green tick marks). (Right) Electron Fourier difference map for 1 using
PCN-57 as a structural model.'” Unidentified electron density is shown in yellow and is attributed to —NH,, —NH;*, and CI~ inside the framework
pores. Green, brown, and red spheres represent Zr, C, and O atoms, respectively; H atoms have been omitted for clarity.

particular synthesis conditions. In addition, it has been reported
that the chemical and thermal stability of the zirconium MOFs
can be significantly altered by the functional groups attached to
as well as the length of the organic linker.'*™ In some cases,
the resulting MOFs become more susceptible to chemical
degradation by water, polar solvents, NaOH and HCL'* For
instance, UiO-66-NH, has a considerably lower thermal
stability than UiO-66, likely due to the weakening of the C—
C bonds between the aromatic ring and the carboxylate group
due to the inductive effect of the —NH, group.'*

Therefore, in an effort to improve the stability of the
resulting metal—organic framework, 1, we added sodium
fluoride during the material synthesis to substitute and/or
replace possible missing OH™ groups'* in the inorganic cluster
(Figure 1). We note that this result is similar to the previously
demonstrated incorporation of chloride ions into the zirconium
clusters of UiO-66, which led to the restoration of defects
through substitution of some of the cornerstone hydroxide
groups.”**® The approach herein reported is in principle
applicable to the entire UiO series of frameworks that have
been synthesized previously. In addition, it has been suggested
that fluoride acts as a mineralizing agent that favors the
formation of highly crystalline phases in MOFs, %!

By performing the synthesis of 1 in the presence of NaF, we
obtained a material with significantly increased thermal stability
(see Figure S1), which may be attributed to F~ ions replacing
the 45-OH™ units in the framework zirconium cluster. The later
was confirmed by solid X-ray powder diffraction and N,
adsorption isotherms. Also, increased thermal stability is
observed during solvent exchanges and activation conditions.
For instance, the lack of F~ ions during the synthesis of 1 led to
diminished porosity and crystallinity of the framework above 50
°C during solvent exchanges, whereas the framework with F~
was heated at 80 °C for solvent exchange and does not shows
sign of decomposition.

Elemental analysis suggested that as many as 49% of the
OH™ units were replaced with F~, while the crystallinity was
observed to decrease significantly when higher loadings of NaF
were attempted. Thus, it was not possible to replace 100% of
the bridging OH™ with F~ ion. Additionally, the presence of
chloride ions was detected by elemental analysis, even when the
zwitterionic form of the ligand (NH;—tpdc) was employed in
the preparation of 1. Given that the synthesis takes place in a
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strongly acidic solution, it is likely that methylamine
functionalities on the ligand may react to form methylammo-
nium salts with charge balancing chloride ions derived from the
ZrCl, precursor. As we discuss further, the resulting ammonium
salts may also inhibit 1 from exhibiting the expected CO,
uptake.

Solid state NMR spectroscopy was employed to confirm the
bulk composition of 1 (see Figure S2). The C cross-
polarization MAS NMR spectrum of 1 exhibits only six signals,
in contrast to the eight signals expected for this material. We
note that the aromatic signals from 140 to 120 ppm are very
broad, which might be explained by orientation dependent
interactions in the solid state due to the high density of
methylamine groups present on the linkers. Hence, it was only
possible to assign three peaks from the five expected in this
region. Even still, the spectrum confirmed the presence of the
organic linker in the structure of 1. Additionally, the 'H MAS
NMR spectrum exhibits two broad peaks that were attributed
to the aromatic and aliphatic protons.

Despite significant effort, we were unable to grow crystals of
1 suitable for single crystal diffraction. However, X-ray powder
diffraction data confirm that the metal—organic framework
crystallizes in the Fm-3m space group and is isostructural to
UiO-68. The unit cell dimensions of 1 (a = 32.4668(3) A, V =
34223(1) A®) were determined by performing a structureless
Le Bail refinement as implemented in the EXPGUI/GSAS
software package.'® Note that this framework is also
isostructural to PCN-57,'"" which contains four methyl
substituents on the central ring of the terphenyl linker but
has a 5% smaller unit cell volume.

While we were unable to fully solve the crystal structure of 1
from powder diffraction data, it was possible to gain insight into
the arrangement of the methylamines inside the framework
pores by calculating a Fourier difference map, using the
experimental X-ray diffraction pattern of PCN-57 as a starting
structural model. Excess electron density inside the pores near
the central ring of the terphenyl linker is attributed to the
amine functionalities of 1 (see Figure 2 and Figures S3—S5).
Additional electron density observed between the amine groups
is likely from CI7, wherein each CI” is capable of interacting
with multiple —NH, or —NH;" groups. Such an arrangement
would be expected to make the amines inaccessible to guest
molecules such as CO,,'* although the extra H" and CI”
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present in the pores might be displaced by washing with a
strong base or by inserting metal cations to bind the —NH,
functionalities.

In order to prevent the possible framework pore obstruction
caused by the ammonium groups, we sought conditions to
postsynthetically deprotonate the amines using a noncoordinat-
ing base. Although it has previously been observed that
zirconium frameworks can exhibit a high stability toward water
and strongly acidic or basic media,'”'**"”"? we found that 1 is
quite sensitive to both humidity and changes in pH, most likely
due to the basic and hydrophilic character of methylamine
functionalities. For instance, while 1 is not soluble in an acidic
solutions, crystallinity and porosity are indeed considerably
diminished when 1 is exposed to acidic solutions. In addition,
we have observed that material 1 exhibits significant affinity
toward water (Figures S19—S21), leading to reduced
crystallinity and gas-adsorptive properties.

Considering the aforementioned, careful selection of the base
and reaction conditions was crucial to ensure that the
deprotonation of the amines could be carried out without
diminishing the crystallinity and porosity of the framework. As
a result, we performed postsynthetic deprotonation using only
the neutral organic bases 1,8-bis(dimethylamino)naphthalene
(DMAN) or trimethylamine, which exhibit high pK, values in
organic solvents (pK, = 18.62 and 18.82, respectively, in
MeCN).>

Deprotonation of the zirconium metal—organic framework
was carried out by soaking the framework in a 021 M
acetonitrile solution of the base (DMAN or trimethylamine) at
room temperature for 72 h. The solution was then immediately
decanted, and the resulting solid was washed several times with
fresh acetonitrile and THF. The solid was then heated at 135
°C under dynamic vacuum for 24 h to yield the activated
framework 1. To established activation conditions for
compound 1 we screened temperatures from 60 to 145 °C,
in a § °C steps under dynamic vacuum, finding that 135 °C is
the best activation temperature for this material.

Analysis of the acetonitrile supernatant by "H NMR revealed
the presence of protonated DMAN or triethylamine (Figure
S7). Protonated DMAN was crystallized by solvent evaporation
from the NMR tube (Figure S6). In support of the '"H NMR
data, single crystal X-ray diffraction measurements revealed the
presence of chloride ions and protonated DMAN
(C4H sN,H"). On the other hand, elemental analysis of the
resulting material (1) treated with DMAN revealed the
elimination of one CI™ per formula unit.

Gas Adsorption. Activated 1 was prepared by first soaking
the as-synthesized material in DMF at 80 °C, followed by THF
at room temperature and finally heating at 135 °C under
dynamic vacuum for 24 h. Low-pressure N, adsorption
isotherm data collected at 77 K were used to calculate BET
and Langmuir surface areas of 1908 m’/g and 2215 m?/g,
respectively, thus confirming framework porosity. This surface
area is significantly lower than that measured for UiO-68 (3741
m?/g),"® which is an expected result based on the high density
of methylamine groups present in the pores of 1. Gas
adsorption isotherms collected at 25 °C (Figure 3) revealed
that 1 has only a modest affinity for CO, at 0.15 bar (0.51
mmol/g; 2 wt %) and 1 bar (2.25 mmol/g; 9 wt %), which we
attribute to the inaccessibility of the amine groups due to
intramolecular hydrogen bonding and electrostatic interactions
between chloride anions and protonated amine sites (Table 1,
Figure S15).
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Figure 3. Adsorption isotherms for CO, (green circles), N, (blue
circles), and O, (red squares) uptake in 1 at 25 °C.

The theoretical CO, uptake for 1 is 19 wt %, assuming
accessibility of all the amines in the framework and a 1:1
reaction between CO, and the amine groups to form carbamic
acid species. Further attempts to remove the remaining CI~
using this deprotonation approach were unsuccessful, which
could be due to difficulties in accessing all the protonated
amines or due the possible chloride—ions interactions with
multiple amine groups. On the other hand, we believe the
proximity of the amine sites within the framework could instead
facilitate the binding of CO, at two amine sites to form
ammonium carbamates,”* which would correspond to 9.5 wt
% as the highest theoretical CO, uptake. Note that, in our
hands, efforts trying to determine the CO, adsorption
mechanism by in situ IR were inconclusive, mainly because
activated 1 readily adsorbs water, thereby impeding mechanistic
studies for CO, (Figures S19 and S21).

The shapes of the CO, isotherms for 1 at low pressures do
not reflect a strong interaction between the methylamine
groups and CO,, and thus we considered that hydrogen
bonded amines and/or extra-framework anions might still be
limiting the accessibility of CO, molecules to the primary
amines within the framework pores.”> Consistent with a lack of
strong CO, adsorption sites, the isosteric heat of CO,
adsorption (calculated using isotherm data collected at 298,
308, and 318 K) was found to be close to 35 kJ/mol 1, which is
well below that exgected for the interaction of amine sites with
CO, molecules.*”

Metal Binding. To further increase CO, uptake, we sought
to use the methylamine moieties as chelating ligand sites for
metal binding. Therefore, our first choice was to employ copper
salts (e.g, Cu(NCCH;),-CF;SO;) to obtain the metalated
frameworks. Note that metal incorporation of other Zr-MOFs
has been reported elsewhere, although the approach employed
for the preparation of these materials involves alkali metal
binding.*

Compound 1 was soaked in an acetonitrile solution of
Cu(MeCN),-CF,;SO; to afford ZrsO,(OH), F, 4(tpdc-
4CH,NH,-1.9HCl)-0.42Cu(MeCN),-CF;SO; (2), as con-
firmed by elemental analysis and ICP-OES. Thermogravimetric
analysis showed moderate thermal stability with a weight loss of
25% between room temperature and 110 °C, with no additional
mass loss occurring until 165 °C. X-ray powder diffraction,
solid-state NMR spectroscopy, and infrared spectroscopy
additionally confirmed that the overall framework structure
was unaffected by metal complexation (see Figures S10 and
S11).
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Table 1. Main Characteristics of Material 1 under Different Activation Conditions

activation conditions

Langmuir surface area (m?/g) at 77 K
BET surface area (m?/g) at 77 K

CO, uptake (mmol/g; wt %) at 0.1S bar
CO, uptake (mmol/g; wt %) at 1.00 bar

pore volume (cm®/g)

Material 1
1. THF, 25 °C 1. DMAN, 72 h
2. 100 °C vacuo 12 h 2. THF, 25 °C
3. 100 °C vacuo 12 h
1837 2215
1710 1908
0.40; 2.00 0.51; 2.25
1.75; 7.00 2.30; 9.00
0.56 0.59

As expected, the metalated framework 2 exhibited reduced
porosity, with a Langmuir surface area of 2054 m?/g. In spite of
its lower surface area 2 showed enhanced CO, uptake at 0.15
and 1 bar (0.9 mmol/g, 3.9 wt % and 2.9 mmol/g, 11.3 wt %,
see Figure 4) compared to material 1. Likewise, the selectivity

loading. In comparison to other metal—organic frameworks its
—Q, is higher than —Q,, of CuBTTri (21 kJ/mol),”* but lower
than Mg-MOF-74 (47 kJ/mol), Ni- MOF-74 (42 kJ/mol), and
MIL-100 (Cr) (62 kJ/mol). On the other hand, the value of 33
kJ/mol determined for 1, is lower than that reported for other
metal—organic frameworks possessing amine functionalities.

12 For instance, the postsynthetically modified, Cu-BT Tri-mmen
and Cu-BTTri-en, present a —Q, value of 96 and 90 kJ/mol,
194 ;i respectively.”” However, IRMOF-3 shows a value of 19 kJ/mol,
9 : °® meaning that CO, adsorptive process is not chemisorption.””
B &1 ol According to the values of 1 and 2 it is reasonable to classify
B 6l o their isosteric heat of adsorption as medium strength
5 o physisorption. Note as the CO, loading is increased, 2 also
§ 4] 28 . exhibit a roughly constant —Q,, value, which is indicative of
o . greater uniformity among the adsorption sites and in contrast
© L ..' »” to the gradual decline in —Q,, observed for 1 (Figure 5). It is
o{¥ 35
0.0 02 0.4 0.6 08 1.0 360 | ®aa s 4
P (bar) e 'l.--...-::::ﬁg..
Figure 4. Adsorption isotherms collected at 25 °C for the uptake of .
CO, in 1 (blue circles) and 2 (yellow hexagons). E’ 204
2 15
factor, S,4, for adsorption of CO, over N, (calculated from the o
. . . 104
single-component isotherm data as the ratio of the adsorbed
amount of CO, at 0.15 bar to the adsorbed amount of N, at 54
0.75 bar) increased from 21.2 in 1 to 54.1 in 2 (Figure S12). 0
Note that the selectivity was normalized for the pressures 00 023 06 089 12 15 18

chosen according to eq 1, where g; is the uptake and p; is the
partial pressure of component i.

q,/q,
pl/pz (1)

We sought to further improve the CO, capacity of 2 by
increasing Cu concentration from 7 mol % to 30 mol %;
however, the resulting material exhibited a reduction in CO,
uptake, adsorbing 0.67 mmol/g (2.9 wt %) at 0.15 bar and 2.34
mmol/g (9.3 wt %) at 1 bar (Figure S13). This decrease in CO,
adsorption may be due to increased pore blockage upon
incorporation of a greater amount of copper salt. Langmuir
surface area is 1990 m?/ g

Furthermore, we determine the zero-coverage isosteric heat
of adsorption (—Q,) for compound 1 and 2. The —Q,, is
helpful for the CO, adsorption analysis since it provides an
indication of the strength of the strongest binding sites within
the material, which, depending on its magnitude can be
attributed to certain chemical features of the pore surface, such
as exposed metal cation sites or amine functionalities. In this
case, isosteric heat of CO, adsorption for 2, which present
exposed cations, was found to be 29 kJ/mol at the lowest CO,

Sads =
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CO, adsorbed (mmol/g)

Figure S. Isosteric heats of CO, adsorption (—Q,,) for 1 (red) and 2
(black) as a function of the amount of CO, adsorbed. Error bars are
determined from fitting to the Clausius—Clapeyron equation.

possible that the copper insertion leads to a higher density of
adsorption sites, on the pore surface, leading to greater CO,
adsorption; however, such adsorption sites have slightly lower,
average binding enthalpy, resulting in weaker interactions
compared to the methylamine groups. Therefore, 2 exhibits
higher CO, uptake but lower —Q,, compared to 1.

Subsequently, we tried other sources of copper. For instance,
the reaction between 1 and Cu(CF;SOj;), yields the material
Zrs0,(OH), ,F, o(tpdc-4CH,NH,1.7HCl) - 1.8Cu(CF,80;),
(3), which exhibits 2.7 and 9.5 wt % CO, adsorption at 0.15
and 1 bar, respectively. Further attempts to load different
concentrations of Cu(CF;S0;), in 1 result in poorer CO,
uptakes.
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B CONCLUSIONS

We successfully synthesized the porous zirconium framework 1,
which possesses a high density of primary amine functionalities
covalently attached to the bridging organic linkers. In spite of
the high alkylamine content of the organic linker used in the
synthesis of the framework, the resulting material shows only
modest CO, uptake at low pressures. This low uptake could be
a result of the formation of ammonium salts within the pores,
which prevent higher CO, uptake or closely spaced methyl-
amine groups that exhibit strong intra- and interatomic
hydrogen bonding, similarly preventing a strong interaction
with CO,. However, complexation of 7 mol % of Cu(MeCN),-
CF;SO; in 1 yields an increase in CO, adsorption mostly due
the interaction between copper and CO, despite the reduced
porosity associated with incorporation of the copper salt.

The results herein demonstrate the intrinsic complications in
designing metal—organic frameworks with a high density of
amines and the importance of proper activation. Indeed,
contrary to our initial hypothesis, a high density of amine
functionalities within the pores of a framework does not
necessarily afford superior CO, uptake. When novel materials
for CO, capture are designed, it is essential to consider not only
the chemical functionalities that will selectively interact with
CO, but also any secondary interactions that may prevent a
material from exhibiting the optimal gas uptake. For instance,
primary amines might have stronger hydrogen bonding
interactions than secondary amines, thus impeding a strong
interaction with CO,. These findings may also apply to
mesoporous materials, grafted with a high density of primary
and secondary amines, which normally exhibit lower CO,
adsorption capacities than expected.’®'®**

The evaluation of amine-appended frameworks exhibiting a
lower density of primary-amine functionalities on the pore
surface may lead to more stable materials as well as new insights
in understanding the mechanisms for CO, adsorption in amine-
functionalized porous materials. On the other hand, the study
of the behavior of materials with appended secondary amines
might be of interest to establish a correlation between the
strength of the hydrogen bonding interactions and the
accessibility of the free electron pairs on the amine substituents.
Finally, it would be interesting to test the incorporation of
other metal cations onto material 1, which may lead to a broad
range of applications other than CO, capture, such as catalysis
and gas adsorption.
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