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Flexible Metal-Organic Framework with Hydrophobic Pores
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In recent years, metal-organic frameworks (MOFs)!
have been intensively studied due to their potential to be
applied in gas storage and separation,? chemical sensors,”!
catalysis,”! fabrication of metal nanoparticles,” etc. Many
advantages of MOFs, including flexibility and designability
have motivated researchers to explore smarter materials in
many areas. In most practical application processes, effects
of surrounding water molecules on the MOF materials have
to be considered. For example, in gas storage and separa-
tion, MOFs can be degraded or their pores can be preoccu-
pied by water molecules contained in the relevant gases.!
Also, in catalysis, MOF catalysts are easily poisoned by
water molecules from air or those produced by the organic
reactions being catalyzed.”’ It is highly desirable to develop
porous materials that are immune to the negative effects of
water. The demand has inspired research interest in intro-
ducing hydrophobicity to MOFs.!

Here we present a new MOF, [Cuy(Me;CCOO)q(teia)]
(teia=1,3,5,7-tetrakis(4-(2-ethyl-1 H-imidazol-1-yl)phenyl)-
adamantane) (SNU-80), which excludes water molecules
even under saturated water vapour pressure at room tem-
perature, although its pores are large enough for most
common gases to diffuse into. SNU-80 is flexible with altera-
ble pores as well, which leads to stepwise adsorption of N,,
O,, and CO, gases. We also demonstrate for the first time
that the structural flexibility of a MOF profoundly enhances
its hydrophobicity and stability against water on removal of
guest molecules.

Green crystals of the as-synthesized phase of SNU-80,
[Cuy,(Me;CCOO)4(teia)]-7.5PrOH  (SNU-80a), were pre-
pared by the reaction of copper pivalate and the tetrahedral
shaped ligand teia in PrOH at room temperature (Figure 1).
Single-crystal X-ray diffraction study of SNU-80a reveals
that each teia coordinates four Cu’* ions of four [Cu,-
(Me;CCOO),] paddle-wheel units through the terminal
N atoms, and every [Cu,(Me;CCOO),] unit binds two teia li-
gands at the apical sites of the Cu®* ions (Figure 2a).’! The
connectivity of the teia ligands and the paddle-wheel units
leads to a distorted diamondoid network, and six such dia-
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Figure 1. Molecular building blocks of SNU-80a. a) Paddle-wheel shaped
copper pivalate dimer, b) tetrahedral shaped ligand teia.

mondoid networks are interpenetrated (Figure 2b). It is
worth noting that the copper paddle-wheel cluster serves as
linear linker here, while copper paddle-wheel clusters com-
monly act as topological square-planar nodes in carboxyl-
ate-based MOFs such as HKUST-1.'""! There exist one-di-
mensional channels with a diameter of about 6.5-7.0 A
along the c axis (Figure 2c). The channels are occupied by
disordered guest molecules. The solvent-accessible volume is
44% of the whole structure as estimated by PLATON.M!
The theoretical surface area of the framework of SNU-80a
is 1440 m*>g ! as estimated with Materials Studio Program.™
Thermogravimetric (TG) curve and elemental analysis (EA)
data indicate that SNU-80a includes 7.5PrOH as guests per
formula unit of the host framework (see the Supporting In-
formation). The channel surfaces are lined with the hydro-
phobic tert-butyl groups of pivalate anions and ethyl groups
of teia ligands.

The guest molecules in SNU-80a were completely re-
moved by treatment with supercritical CO,, as confirmed by
EA and TG curves, which resulted in SNU-80. The powder
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Figure 2. The X-ray crystal structure of SNU-80a. a) A diamondoid net-
work formed by connectivity of teia ligands and paddle-wheel shaped
[Cu,(Me;CCOO),] units; for clarity, hydrogen atoms are not shown. b) A
simplified representation of sixfold interpenetrated diamondoid net-
works. ¢) A perspective view showing the channels extending along the
c axis formed by the sixfold interpenetrated networks. Cu: turquoise, C:
grey, H: white, N: blue, O: red.

X-ray diffraction (PXRD) patterns showed that the frame-
work structure was altered upon removal of guest molecules
(Figure S4 in the Supporting Information). The main PXRD
peaks of SNU-80 shifted to higher 26 angles compared with
those of SNU-80a, indicating shrinkage of the framework.
Indexing and Pawley refinement of the PXRD data for
SNU-80 revealed that the structure transformed from tetrag-
onal into triclinic (see the Supporting Information). When
SNU-80a was activated at 40 or 100°C under vacuum, the
crystallinity of the sample became much poorer than that
activated by supercritical CO, (Figure S4 in the Supporting
Information). The supercritical CO, treatment must be a
better activation method in the present case, as demonstrat-
ed previously with other MOFs.["!
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To evaluate the porosity of SNU-80, gas sorption studies
were performed for N,, O,, CO,, H,, CH,, and H,O. The re-
sults are summarized in Table S2 in the Supporting Informa-
tion. In the N, adsorption isotherm at 77 K, a two-step ad-
sorption process with a profound desorption hysteresis was
observed (Figure 3). The first step of the adsorption curve,
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Figure 3. Adsorption isotherms for N, (77 K), O, (77 K), CO, (195 K),
and H,O (298 K). Filled shapes: adsorption; open shapes: desorption; P/
P, is the ratio of gas pressure (P) to saturation pressure (P,); P, equals
760 Torr for N, at 77 K and for CO, at 195 K, 155.73 Torr for O, at 77 K,
and 23.57 Torr for H,O at 298 K.

in the range of P/P,=0.01-0.61, resembles a typical type-I
isotherm that is characteristic for a microporous material.
At higher pressures (P/P,>0.61), the second step of the ad-
sorption occurs. The desorption curve does not retrace the
adsorption curve, and the amount of adsorbed N, decreases
slowly until the pressure approaches P/P,=0.1. Two succes-
sive N, adsorption measurements revealed that the isotherm
with the two-step adsorption and hysteretic desorption was
reproducible (Figure S6 in the Supporting Information). As
mentioned earlier, PXRD patterns show that the structure
shrinks after activation of SNU-80a to SNU-80; this indi-
cates the presence of bistable states of the framework,
which must be related with the two-step adsorption isotherm
of SNU-80.

The first step of N, adsorption should be related with the
structure of SNU-80 with shrunken pores, and the structure
expands above the gate-opening pressure (P, P/P;=0.61)
to provide the second step adsorption. From the adsorption
data in the range of P/P;=0.01-0.1, the apparent Langmuir
and BET surface areas of the shrunken-pore phase of SNU-
80 were estimated to be 456 and 398 m?g~!, respectively, and
the pore volume estimated by the Dubinin—Radushkevich
(DR) equation was 0.18 cm®g™". It is evident that the ex-
panded-pore phase does not change back to the shrunken-
pore phase of SNU-80 during the desorption process, since
the uptake amounts of N, gas in the whole desorption curve
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are much higher than that at the P,, point. Consequently,
the data from the desorption curve can be suitable for char-
acterizing the expanded-pore phase. Apparent Langmuir,
BET surface areas, and pore volume for the expanded-pore
phase estimated by the desorption data in P/P,=0.01-0.1
range are 1167 m?g~!, 1035 m?g"", and 0.43 cm’g™", respec-
tively, almost 2.5-times higher than those of shrunken phase.
Similar to the present case, it was previously demonstrated
for other MOFs that the multistep adsorption behaviours
were related with the structural transformations during the
gas adsorption processes.”*!¥l

As shown in Figure 3, the O, (77 K) and CO, (195 K) gas
adsorption measurements for SNU-80 also produced well-
defined two-step isotherms. High-pressure CO, adsorption
isotherms measured at 298 K also exhibited a two-step char-
acteristic with a hysteretic desorption curve (Figure S7 in
the Supporting Information).

The H, adsorption isotherms were measured at 77 and
87 K. The H, uptake capacities of SNU-80 are 0.53 and
0.36 wt %, respectively, under 1 atm (Figure S8 in the Sup-
porting Information). Virial analysis of these isotherms re-
veals that the isosteric heat (Q,,) of the H, adsorption at
zero surface coverage is 7.19 kIJmol™!, which decreases as
the amount of H, loading increases (Figure S10 in the Sup-
porting Information). This Q, value is higher than those of
MOF-5 (5.2 kITmol™") and HKUST-1 (6.6 kITmol "), and it
can be attributed to overlap of potential energy fields in the
narrow pore walls of SNU-80.

The CH, adsorption isotherm recorded at 195 K shows an
uptake of 38 cm’g~! at 1 atm (Figure S8 in the Supporting
Information). The moderate uptake of CH, reveals that the
pore size of SNU-80 is still larger than the kinetic diameter
of CH, (3.80 A), even though the framework of SNU-80 has
shrunken from SNU-80a.

Water vapour adsorption experiments were conducted at
298 K. Interestingly, SNU-80 adsorbed only 12cm’g™’
(0.55mol, 098wt%) of water vapour at P/P,=0.97
(Figure 3). To confirm the result, a sample of SNU-80 was
kept under the saturated water vapour pressure at room
temperature for one week. The TG curve of the moisture-
exposed sample showed 1.0 % weight loss at 25-150°C (Fig-
ure S11 in the Supporting Information). Its EA data (C:
59.34%; H, 6.81%; N, 5.88% ) were very similar to those of
the freshly prepared SNU-80 (C, 59.67%; H, 7.04%; N,
5.97%). The PXRD patterns of SNU-80 revealed that the
framework structure was unchanged after exposure to satu-
rated water vapour at room temperature for one week as
well as after immersion in liquid water for one week (Fig-
ure S4 in the Supporting Information). In contrast, on expo-
sure to PrOH vapour for 2 h, the framework structure of
SNU-80 was restored to that of SNU-80a, as indicated by
PXRD patterns (Figure S4 in the Supporting Information).
The results demonstrate that the pores of SNU-80 are highly
hydrophobic, despite the fact that the pore sizes are larger
than the kinetic diameter of water molecules (2.65 A), as
evidenced by the adsorption of CH, gas (kinetic diameter,
3.80 A).
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A small amount of water adsorption is believed to occur
at defective outer surfaces of microcrystalline samples." Tt
is common that hydrophobic adsorbents essentially show no
uptake of water molecules under low water vapour pres-
sures (P/P,<0.4), but most of them exhibit water uptakes at
higher water vapour pressures followed by water capillary
condensation.®®'”! No essential water uptake even at satu-
rated water vapour pressure by SNU-80 can be attributed to
its narrow channel size (3.8-6.5A), and water molecules
cannot be stabilized by interaction with neighbouring water
molecules inside the pores. Indeed, it has been revealed pre-
viously by single-crystal X-ray analysis of peptide structures
that water wires form inside hydrophobic channels of ap-
proximately 7.5 A in size, whereas no water is present in hy-
drophobic channels of about 5.2 A.'¥) Simulation studies by
Coudert etal. also showed that water condensation was
shifted to higher water vapour pressures when the pore size
of AI(OH)(1,4-NDC) was reduced by methylation of the
naphthalene aromatic rings.!"”!

In contrast to desolvated SNU-80, which was stable in sa-
turated water vapour as well as in liquid water, the green
crystals of as-synthesized SNU-80a became amorphous after
being immersed in water for 6 h (Figure S12 in the Support-
ing Information), and degraded to colourless powder after
being immersed in water for 2 days, which was ascribed to
the ligand teia by NMR spectroscopy. For a better under-
standing of this process, we conducted Grand Canonical
Monte Carlo (GCMC) simulations for water adsorption in
the framework of SNU-80a (see the Supporting Informa-
tion)."! The results indicate that at low pressures, water
molecules are adsorbed around some corner sites that are
formed by imidazole rings and neighbouring paddle-wheel
units (Figure 4), suggesting that the pore surfaces at these
corner sites are hydrophilic. At high pressures, additional
water molecules are adsorbed to the vicinity of the previous-
ly adsorbed water molecules (Figure S13 in the Supporting
Information). One can also obtain similar results by careful
inspection of charge distribution of the framework atoms in

Figure 4. Initial water adsorption sites of the framework of SNU-80a ob-
tained from GCMC simulations, which are represented by violet areas.
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SNU-80a as calculated by density functional theory. Surfaces
of highly charged atoms are well covered by nearly nonpolar
tert-butyl groups, except the areas of the above-mentioned
hydrophilic sites (Figures S14 and S15 in the Supporting In-
formation). These hydrophilic sites are not only the initial
water adsorption sites but also the places where water mole-
cules start to attack the framework. On the other hand, the
strong hydrophobicity of SNU-80 implies that structural
transformation from SNU-80a to SNU-80 significantly
changes the pore surface. After the rearrangement, the six-
fold interpenetrated networks shrink and provide reduced
pores, then the pore surface must be lined with more crowd-
ed tert-butyl and ethyl groups, and previous hydrophilic sites
no longer exist on the pore surface.

In summary, we have synthesized a new MOF, which ad-
sorbs most common gases, but does not adsorb water mole-
cules even under saturated water vapour pressure at room
temperature. The high hydrophobicity of its pore surface
benefits from the structural shrinkage of its as-synthesized
phase upon guest removal. The framework is also able to
transform its structure in response to adsorption of O,, N,
and CO, to exhibit stepwise adsorption isotherms.
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