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Abstract

Open coordination sites (OCSs) in metal—organic frameworks (MOFs) often function
as key factors in the potential applications of MOFs, such as gas separation, gas sorption, and
catalysis. For these applications, the activation process to remove the solvent molecules
coordinated at the OCSs is an essential step that must be performed prior to use of the MOFs.
To date, the thermal method performed by applying heat and vacuum has been the only
method for such activation. In this report, we demonstrate that methylene chloride (MC) itself
can perform the activation role: this process can serve as an alternative “chemical route” for
the activation that does not require applying heat. To the best of our knowledge, no previous
study has demonstrated this function of MC, although MC has been popularly used in the
pretreatment step prior to the thermal activation process. On the basis of a Raman study, we
propose a plausible mechanism for the chemical activation, in which the function of MC is
possibly due to its coordination with the Cu?" center and subsequent spontaneous
decoordination. Using HKUST-1 film, we further demonstrate that this chemical activation

route is highly suitable for activating large-area MOF films.

Keywords: Metal-organic frameworks (MOFs), Open coordination sites (OCSs), Methylene
chloride (MC), Activation
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I. INTRODUCTION

1.1 Metal-Organic Frameworks (MOFs)

Metal—-organic frameworks (MOFs), which are assembled by an alternating
interconnection of inorganic components (either metal ions or metal oxide clusters) with
multitopic organic ligands (as linkers) have emerged as a distinguished class of nanoporous

crystalline materials with ultrahigh porosity and enormous internal and external surface

areas.'”’
s o oo
© @% & B ”@
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+ » I @A% ® B @ g
T ﬁ( % )E(
S R
e B L A ¥
BTC ligand Paddlewheel-type Cu? center HKUST-1

Figure 1. A representative metal-organic framework material: Cu3(BTC), (HKUST-1).
Blue, gray, red spheres and green poles represent Cu, C, O atoms and open

coordination sites, respectively; H atoms have been omitted for clarity.



Lately, MOFs on a fundamental standard represent the artistic regularity of chemical
building structures and the valuable materials with combining organic and inorganic
chemistry. The features with the extraordinary degree of diversity for both the organic and
inorganic components in their structures, make MOFs of interest for various potential
applications. Notably, on top of their extraordinarily high surface areas, MOFs are known for
various catalytic properties, tunable pore size and adjustable internal surface properties

through changing or functionalizing metal or ligand components.

1.2 Analyzation for Structural frame of HKUST-1

HKUST-1 has three types of cages and two types of windows (see Figure 2).2> Three-
dimensional type 1 and type 2 large cages are alternately interconnected and share large
windows (see Figures 2d and 2f). The small cages (type 3) formed at the edges of large
cages share small windows with type 2 large cages (see Figures 2e and 2f). The sizes of the
windows are presented in Figures 2d and 2e. All of the axial OCSs on the (Cu): centers
face the type 1 large cages such that free ligands (i.e., solvents) can be easily accessed.
Regarding its structure, alternative face centered cubic (fcc) close packing of the type 1 and
type 2 cages constructs HKUST-1. Whereas the small cages (type 3) formed at the edges of
the large cages preclude free access of guest molecules because of aperture blockage by the
benzene moiety in BTC, the large cages allow fast access to guests through their large open

spaces. What is notable is that all OCSs face toward the open spaces of the large cages (type
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(a) Large cage - type 1 (b) Large cage - type 2 (C) Small cage - type 3 (f) Topological arrangement of nanocages
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Figure 2. Illustration of cages and windows within HKUST-1 and 2-dimensional
representation of the topological arrangements of the cages. Hydrogen atoms bonded to

carbon in BTC are omitted for the sake of clarity.

1.3 Open Coordination Sites (OCSs)

Porous materials is deserved to be explored although it is unprecedented. Most of all, the
dynamics of molecules within MOF structures is an important topic that can lead to better
designs for open coordination sites MOFs. In principle, the MOFs with OCSs that can be
obtained, and they might be able to activate the small molecules such as H20, CO, CO, etc.,
subsequently trigger their chemical reactions under mild conditions (see Figure 1). This
fact thus makes HKUST-1 more valuable because guest molecules can be more readily
accessible to the OCS, and the molecules decoordinated from the OCS can be easily removed

through the large open spaces. In addition, HKUST-1 has the ability to replace its



precoordinated solvent (EtOH, MeOH, MeCN, etc.) with other Lewis base polar guest

molecules when the Lewis base molecules are sufficiently fed.

Namely, MOF materials have pores decorated with open metal sites at the pore surface.
Particularly, in metal-organic framework material, open coordination sites (OCSs),
coordinatively vacatable sites at the metal center (typically where Lewis base (LB) molecules
can ligate with weak coordination bonding to be reversibly dissociable), have been

demonstrated to play an important role in potential applications of MOFs, such as chemical

8,11-18 8,19-21

separation,!® gas storage, heterogeneous catalysis, sensing,”?> and ion
conduction,®?*?* among others.?>2® HKUST-1, an MOF that is constructed of multiple links
of paddle-wheel-like coordination between two Cu?* ions and four 1,3,5-
benzenetricarboxylate (BTC) linkers (see Figure 1), is a good example of an MOF that
possesses a very high concentration of OCSs.?” A feature of HKUST-1 is that two types of
large cages are three-dimensionally interconnected in an alternating fashion with a face-
centered cubic topology. Another good example of an OCS-containing MOF is the MOF-2
series, which comprises transition metal ions such as Cu?* or Zn?** and 14-
benzenedicarboxylate (BDC) linkers. The coordination mode in MOF-2 is same as the
coordination mode in HKUST-1. However, in contrast to HKUST-1, the architecture of
MOF-2 is based on stacking lamellar phase sheets of Cuz(BDC): in two dimensions. The
“extracoordination” (solvent coordination) ability of the OCSs in both HKUST-1 Preceding
researches and MOF-2 enables them to be excellent adsorbents or molecule separators for

11,28-29

applications such as carbon dioxide sorption, water sorption,*° amine sorption,*! nitric



oxide capture,*? water/ethanol separation,*® and others.’!9720-22724.34-36

1.4 Present Strategies for Activation of Open Coordination Sites (OCSs)

To utilize that type of MOF for the aforementioned applications, an activation process to
remove both precoordinating solvent molecules from the OCS and pore-filling guest
molecules (typically the solvents used during the synthesis process) from the pores is a
prerequisite step.’ To date, five strategies® for effective activation have been developed: (i)
thermal activation (by applying heat and vacuum; hereafter TA),>** (ii) solvent exchange
(typically performed by methylene chloride or chloroform),* ™ (iii) freeze-drying,*® (iv)

supercritical CO2 exchange,*

and (v) chemical treatment (typically with HCI] only in the
cases where corresponding MOFs are exceptionally stable in strong acidic environment, for
examples, MOFs constructed with zirconium oxide cluster such as PCN-222 (also known as
MOF-545) and NU-1000).2!>>*7 Among these strategies, TA has been most commonly used
because it can completely remove pore-filling solvents and it is the only known method that
can remove components of both coordinated and pore-filling solvents. However, often
characterized by TA’s negative influence on structural integrity,?”*>*%4 the TA process has
evolved by combining it with the solvent exchange method because employment of a solvent
with a lower boiling point, e.g., methylene chloride (CH2Cl2, hereafter MC) or chloroform
(CHCI), can aid in lowering the activation temperature and thereby minimizing the potential

structural damage. Yaghi and co-workers first demonstrated that treatment with chloroform

prior to TA is quite effective for complete removal of the pore-filling solvent under mild

5



conditions.** However, it is surprising that although such solvents (e.g., CH2Cl2 or CHCl3)
have frequently been used in solvent exchange processes to support permanent porosity by
removing pore-filling solvents, to the best of our knowledge, there has been no systematic

study of their secondary function, i.e., scissoring the solvent coordination at the OCS.

1.5 Motivation and Purpose

As mentioned above, we questioned whether even MC can be substituted by exchanging
the precoordinated H2O and EtOH (solvents used in synthesis) in pristine HKUST-1,
although the polarity of MC is much less, considering the primitive assumption that the MC
is also a weak Lewis base that possesses lone-paired electrons in its chlorine atoms.>*>* Our
postulate was that if the MC molecules can be replaced, the coordination of MC will be
substantially more than sufficiently labile to be spontaneously dissociated with a low
activation energy (thermal energy at room temperature). If it is so labile, then MC treatment
itself in the absence of supplied heat can be an effective, cost-effective chemical method for
activation of OCSs.

Furthermore, we demonstrate that this chemical activation process is highly useful for
activating large-area films, which is likely to be costly and cumbersome due to the
requirement of massive equipment for applying heat and vacuum when the conventional
thermal method is used for the activation.’” Also, we suggest a plausible mechanism for this
“chemical activation” route on the basis of Raman studies. Here, we report regarding the

scissoring function of MC. Although several MOFs that possess OCSs should be suitable for

6



this demonstration, we limited our studies to HKUST-1 and Cu-MOF-2. As described below,
we found that soaking HKUST-1 or MOF-2 in fresh MC for only 5 min at room temperature
and subsequent repetition of the process several times led to decoordination of the H:O,
EtOH, MeOH, MeCN, and even dimethylformamide (DMF) bound to the OCSs (see Figure

3).

[ N \\, &l d L\u
\{, \L G v \\L h N
$e 7 Dichloromethane ot
| ) 3 il &
L ® o o o — A 5K

Rt Cu O C H OCS 4t

Figure 3. Schematic illustration of chemical activation of the paddle-wheel-like (Cu'"),
node within HKUST-1 or Cu-MOF-2 performed by MC. Hydrogen atoms bound to

carbon atoms in the benzene moieties are omitted for the sake of clarity.



II. EXPERIMENTAL DETAILS

2.1 Material and methods

2.1.1 Materials

All reagents were obtained from commercial sources (Sigma Aldrich, Alfa Aesar, or
Daejung) and were used without further purification. Copper (II) nitrate [Cu(NO3)2:3H20,
98.0-103%, Aldrich], trimesic acid (1,3,5-bezenetricarboxylic acid, BTC, 95%, Aldrich),
ethanol (EtOH, 96%, Daejung), N,NDimethylformamide (DMF, 99.8%, Aldrich), and
distilled deionized water (DDW) were used for synthesis of HKUST-1 in both the crystalline
powder and film forms. 1,4-Benzenedicarboxylic acid (BDC, 98+%, Alfa Aesar) was used
with copper (II) nitrate for synthesis of Cu-MOF-2 powder. Methylene chloride (CH2Cl2, MC,
99.5%, Aldrich) was employed as a reagent for chemical activation (CA). Anhydrous
methanol (MeOH, 99.8%, Aldrich), anhydrous ethanol (EtOH, 99.5%, Aldrich), and
anhydrous acetonitrile (MeCN, 99.8%, Aldrich) were employed for substitution of pre-
coordinated water and ethanol in pristine HKUST-1. Sulfuric acid-d2 (D2SO4, 96-98 wt% in
D20, 99.5 atomic % in deuterium, Aldrich) was used for dissolving HKUST-1 and Cu-MOF-
2 prior to performing 'H-NMR spectroscopy on the samples. Copper-clad laminate board (RS
component code: 159-5773) was used for making printed circuit boards (PCBs), which were
used as the substrate for the HKUST-1 film, and ammonium persulfate [(NH4)2S20s, 98%,

Aldrich] was used for oxidizing metallic copper prior to synthesis of the HKUST-1 film. All

8



synthesized MOF powders and films were stored in a moisture-free argon-charged glove box

prior to use.

2.1.2 Synthesis of HKUST-1

We synthesized HKUST-1 following the procedure described in a previous report.?’
Briefly, Cu(NO3)2-:3H20 (0.87 g, 3.6 mmol) was dissolved in 10 mL of DDW in a vial. In a
separate vial, BTC (0.22 g, 1.0 mmole) was dissolved in 10 mL of EtOH. The Cu(NOs3)2
solution was quickly added into the vial in which the BTC solution was contained. After
continuous stirring for 10 min at room temperature, 1 mL of DMF was added to the mixed
solution. Then, the vial was sealed with polytetrafluoroethylene (PTFE) tape. The vial was
placed in an oven at 80 °C for 20 h to allow the mixture to react. After allowing the product
to cool to room temperature, we collected and washed the crystalline solid (pristine HKUST-

1) with H20 and EtOH.

2.1.3 Synthesis of Cu-MOF-2

We also synthesized Cu-MOF-2 following the procedure described in previous
reports.”>>7 Cu(NO3)2:3H20 (0.242 g, 1.0 mmol) was dissolved in 10 mL of DMF in a vial. In
a separate vial, BDC (0.166 g, 1.0 mmol) was dissolved in 10 mL of DMF. The Cu(NOs3)2

solution was quickly added to the BDC solution. After continuous stirring for 10 min at room

9



temperature, the vial was sealed with PTFE tape. Then, the vial was placed in an oven at
110 °C for 48 h to allow the mixture to react. After allowing the vial to cool to room
temperature, we collected and washed the crystalline solid (pristine Cu-MOF-2) with fresh

DMF.

2.1.4 Synthesis of HKUST-1film on patterned copper plate.

HKUST-1 films were synthesized on patterned copper-clad laminate plate. First, the
copper-clad plates were patterned using the routine photolithography method. Then, the
metallic copper surface was smoothed using a polisher and alumina powder, and the plate
was washed with acetone and ethanol. The washed copper plate was put into 2 wt%
(NH4)2S208/DDW solution and then allowed to oxidize for 30 s. After washing with DDW,
the plate was placed into a plastic box in which 150 mM BTC solution of mixed H2O and
EtOH solvent were contained. Then, the copper substrate was allowed to react with the BTC
at 40 °C for 7 d. Subsequently, the HKUST-1 film that was formed was washed with copious
amounts of fresh EtOH. Then, the film was transferred into a moisture-free Ar-charged glove

box prior to use.

10



2.1.5 Thermal activation (TA) of HKUST-1 and Cu-MOF-2

Coordinated solvents in pristine HKUST-1 (H20 and EtOH) and Cu-MOF-2 (DMF)
were removed by TA. For this TA, pristine HKUST-1 powder was placed into a glass
vacuum tube. Then, the tube was heated at 150 °C for 12 h under vacuum (~107 torr). The
method for the TA of Cu-MOF-2 powder was the same as the above procedure except for the
activation temperature, which was approximately 200 °C. After activation, the tubes were

transferred into an Ar-charged glove box prior to use.

2.1.6 Chemical activation (CA) of HKUST-1 and Cu-MOF-2

0.05 g of pristine HKUST-1 powder were placed into 20 mL of MC. Then, the pre-
coordinated H20 and EtOH were removed for 5 min. This process was repeated 5 times to
successfully activate the HKUST-1. The process for the chemical activation of Cu-MOF-2
was same as the above procedure except for the number of repetitions of the procedure (12
times). In the case of the HKUST-1 films, the process was achieved by dipping the films into
fresh MC solvent for 5 min. This procedure was also repeated 5 times. The entire chemical

activation process was performed in a moisture-free argon-charged glove box.

11



2.1.7 Exchange of coordinated molecules in HKUST-1

The substitution of pre-coordinated solvent molecules in pristine HKUST-1 (H20
and EtOH) was performed following the procedure described in a previous report.?® Briefly,
thermally activated HKUST-1 powder samples were placed in vials, and methanol (MeOH)
was put into the vial. Then, the activated HKUST-1 was allowed to react with the methanol
for 1 h. Subsequently, the MeOH-coordinated HKUST-1 (MeOH-HK) that was formed was
collected by filtration and dried under an Ar atmosphere before use. Substitution by ethanol
(EtOH) and acetonitrile (MeCN) was achieved using the same procedure. All of the processes

were conducted under an inert atmosphere in a moisture-free argon-charged glove box.

2.1.8 Sample preparation for the Raman and UV-vis absorption analysis

Prior to taking Raman and UV-vis absorption spectra, HKUST-1 or Cu-MOF-2
powder samples were contained in cylindrical quartz cells (Starna, Type 37GS Cylindrical
Cells with Quartz to Borofloat graded seal). The preparation was performed in a moisture-
free Ar-charged glove box, and the cells were sealed with a glass cork using a grease

(Apiezon, H high temperature Vacuum Greases) prior to the measurements.

12



2.1.9 Sample preparation for the 'H-NMR measurements

A tiny amount of HKUST-1 or Cu-MOF-2 powder was dissolved in 1 mL of D2SOa4.
Then, the solution was transferred into an NMR tube. This preparation was also conducted in
an Ar-charged glove box. Additionally, the tubes were sealed with plastic caps and acrylic

Parafilm® prior to being removed from the glove box.

2.1.10 Sample preparation for measurement of moisture sorption

To check moisture sorption of thermally activated HKUST-1 (TA-HK), the powder
sample (~100 mg) was spread onto a light, shallow plastic container (4 cm % 4 cm) placed on
top of a microbalance, and the initial weight of the powder was quickly measured. Then, the
increase in the weight of the powder was continuously monitored at intervals of 10 s, with the
powder exposed to the ambient atmosphere (relative humidity of ~30%). The chemically

activated HKUST-1 (MC-HK) was also examined using the same procedure.

2.2 Instrumentation

DDW was obtained from a water purification system (Merck Millipore, MQ Direct 8).
Diffuse reflectance UV-vis spectra of samples were recorded using an Agilent Cary 5000

UV-VIS-NIR spectrophotometer. PXRD patterns were obtained using a PANalytical

13



diffractometer (Empyrean) with a monochromatic nickel-filtered Cu Ka beam. 'H-NMR
spectra were recorded using an AVANCE III HD FT-NMR spectrometer (Bruker, 400 MHz
for 'H). The 'H chemical shifts were referenced to the residual proton resonance of the
solvent. Nitrogen adsorption/desorption isotherms of the samples were obtained at 77 K by
using a Tristar 3020 surface area and porosity analyzer (Micromeritics). The increase in the
weight caused by moisture sorption was measured using a microbalance (Sartorius, Cubis
Micro Complete Balance). Optical microscope images were taken using an S43T microscope
(Bimeince). Raman spectra were recorded using a Nicolet Almega XR dispersive Raman
spectrometer (Thermo Scientific). Excitation of the samples was performed by focusing a
1.23-mW 532-nm-wavelength laser beam on a crystal with a 10x magnifying objective lens.
The instruments used for the PXRD, 'H-NMR, and Raman analyses are located at the Center

for Core Research Facilities (CCRF) in DGIST.
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III.RESULTS AND DISCUSSION

1.1 Optical Color Change between Pristine HKUST-1 and Treated HKUST-1

Our first step to address the question was to observe the color change of HKUST-1 after
MC treatment without applying heat, assuming that the color change would be significantly
influenced by coordination around the Cu?" centers. We observed that whereas pristine
HKUST-1 is sky blue, its color turned to deep navy blue after MC treatment (see the optical
microscope image and ultraviolet—visible (UV—vis) absorption spectra shown in Figure 4).
Also notable is that the pattern of the color change after the MC treatment was exactly the
same as the pattern after TA which has been a unique method to completely remove all of the

ligated solvents (see Figure 4).
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Figure 4. Diffuse reflectance UV-vis absorption spectra of pristine-HK (black curve),
TA-HK (red curve), and MC-HK (blue curve) crystalline powders. The circular insets

show optical microscope images of the samples as indicated.
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The UV—vis absorption of pristine HKUST-1 originates from ligand-to-metal charge
transfer (LMCT) and d—d transitions around the Cu?" centers.’® The absorption band at
energies greater than 2.5 eV (less than approximately 500 nm in wavelength) is due to the
LMCT from oxygen in the carboxylate to Cu?" ions, and the absorption band at energies less
than 2.5 eV (greater than approximately 500 nm in wavelength) is due to the d—d transition
around the Cu?" centers.”® The aforementioned color changes are due to the shift of the d—d
transition, which, in principle, reflects the changes in the chemical environment around the
Cu?" centers (ligand coordination or coordination-free state). More precisely, we speculate
that the blue shift is a result of a partial decrease in the number of electrons surrounding Cu**
ion and a loss of degeneracy in d-orbital level arisen by changes in the number of ligand and
the geometry around Cu®** center after loss of H2O and EtOH coordination.’® > Given that
both the TA and MC treatments led to the same extent of blue shift in their absorption spectra,
we tentatively speculate that MC itself can function as a reagent for chemical activation of
Cu®" centers, thereby forming an intermediate state of MC coordination (more information
about this intermediate state is provided in the discussion of our Raman study presented

below).

1.2 Structural Stability and Molecules Dissociation of Thermally Treated HKUST-1

"H-NMR and PXRD tests of a thermally activated HKUST-1 sample were conducted for
comparison with the chemical activation results. The NMR data for TA-HK demonstrate that

ethanol molecules coordinated to the copper centers in pristine HKUST-1 were removed by
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the TA (see Figure 5a). The PXRD data indicate that although the coordination bonds were

dissociated, the framework of HKUST-1 remained intact (see Figure Sb).
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Figure 5. (a) '"TH-NMR spectra and (b) PXRD patterns of pristine-HK and TA-HK
powder samples. The TA was performed at 150 °C for 12 h. The NMR spectra were

taken after completely dissolving the powder samples in D>SOs.

1.3 Structural stability and Surface Areas of Treated HKUST-1

The phase purities of pristine-HK, EtOH-HK, MeOH-HK, and MeCN-HK before and
after MC treatment were determined via powder X-ray diffraction (PXRD) measurements
(see Figure 6). The PXRD patterns of MC-treated samples indicated that the structural

integrity of the MOF was well preserved even though the solvent coordination was removed.
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Figure 6. PXRD patterns of pristine-, EtOH-, MeOH-, and MeCN-coordinated HKUST-
1 (a) before and (b) after MC treatment.

To confirm this structural integrity, we also tested N2 isotherms (BET) of both pristine-
HK and MC-pristine-HK. Whereas the pristine-HK was treated by TA at 150 °C under
vacuum before the BET measurement, the MC-pristine-HK sample was pretreated only by
applying vacuum at room temperature. The resulting internal surface area of the samples
(approximately 1740 m?-g ! for TA-Pristine-HK and approximately 1690 m?-g"! for MC-
Pristine-HK)) were consistent within the (acceptable) error range (see Figure 7 and below for
details). Thus, these PXRD and BET results provide compelling evidence for the safety of

MC treatment in terms of structural integrity.
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Figure 7. N, adsorption/desorption isotherms of TA-HK and MC-HK powders, as

indicated.

We wanted to examine whether chemical activation by MC can be achieved at room
temperature and whether the framework of the MOF is well preserved after the chemical
activation. For this purpose, we tested the N2 adsorption/desorption isotherm of an MC-
pristine-HK powder after evacuating the powder under vacuum at 25 °C for only 2 h. A TA-
pristine-HK sample was also examined for comparison. The TA-pristine-HK sample was
prepared by evacuating it under vacuum at a temperature of 150 °C for 12 h. With the
isotherm results in hand, we determined Brunauer—-Emmet-Teller (BET) specific surface
areas of both MC-pristine-HK and TA-pristine-HK. Specifically, the BET areas were
successfully obtained from the linear range of 0.0013 < P/Po < 0.0507 for TA-pristine-HK
and 0.0012 < P/Po < 0.0313 for MC-pristine-HK, which pressure ranges were already
identified by established “consistency criteria”.®6> Eventually, we found that both samples
yielded similar BET results, i.e., specific surface areas of approximately 1740 m?-g! for TA-
pristine-HK and approximately 1690 m?-g™! for MC-pristine-HK. These values are consistent
within the (acceptable) error (see Figure 7). Additionally, the experimental values were in

good agreement with values reported in the literature.%3-% This result indicates that MC
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treatment is a great method to activate the OCSs in HKUST-1 without structural damage.

1.4 "TH-NMR, Raman, and BET Results for Room Temperature Evacuation of HKUST-1

To examine whether the open-metal site of Cu?" ion can be activated at room
temperature without MC treatment, we checked 1H-NMR, Raman, and BET of a pristine
HKUST-1 sample after applying only vacuum to the sample at room temperature for 2 h
(without MC treatment). The '"H-NMR and Raman spectra of the sample support that EtOH
molecules bound to Cu®* centers still remain as coordinated (see Figure 8). BET result also
demonstrates that applying only vacuum is not a good choice for activating HKUST-1 sample,
showing its extremely low internal surface area (approximately 55 m?-g™!; compare this value
with 1740 m?-g! for TA-pristine-HK and 1690 m?-g"! for MC-pristine-HK described in
Section 1.3). Also we note that, the acquisition time of measuring BET for the sample was
too long to continue on the measurement (the acquisition time exceeded 90 hours, and the 90

h was a limit for the acquisition of the BET equipment that we used).
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Figure 8. (a) 'H-NMR and (b) Raman spectra of pristine-HK sample after applying only
vacuum at room temperature for 2 h. The NMR spectrum was taken after completely

dissolving the powder samples in D>SO..

1.5 The Surest Evidence of Molecules Dissociation for MC treated HKUST-1

To provide concrete evidence for the chemical activation behavior of MC, we employed
"H-nuclear magnetic resonance (NMR) spectroscopic analysis. For systematic analyses, we
prepared pure EtOH-, MeOH-, and MeCN-coordinated HKUST-1 (EtOH-HK, MeOH-HK,
and MeCN-HK, respectively; HK = fully desolvated HKUST-1) and MC-treated EtOH-HK,
MeOH-HK, and MeCN-HK (MC-EtOH-HK, MC-MeOH-HK, and MC-MeCN-HK,
respectively). Thermally activated HKUST-1 (TA-HK) was also prepared for comparison.
Both the H20 and EtOH in pristine-HK were preferentially removed via TA at 150 °C for 12
h under vacuum. The TA-HK samples were then placed in a moisture-free Ar-charged
glovebox and allowed to coordinate with pure EtOH, MeOH, or MeCN by soaking in the
corresponding neat solvent to prepare EtOH-HK, MeOH-HK, and MeCN-HK (see Figure 2
for details). MC treatment of pristine-HK, EtOH-HK, MeOH-HK, and MeCN-HK was

performed by soaking the corresponding powder sample in pure MC solvent at room
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temperature for 5 min, and this procedure was repeated 5 times to ensure the completeness of
the treatment. Figure 9 shows 'H-NMR spectra of pristine-HK, EtOH-HK, MeOH-HK,
MeCN-HK, MC-pristine-HK, MC-EtOH-HK, MC-MeOH-HK, and MC-MeCN-HK. The
spectra were taken after each powder sample was dissolved in deuterated sulfuric acid,
D2S04.2 Whereas the peak for the three identical protons in BTC appears at 8.8 ppm, peaks
for the two identical CH:2 protons and three identical CHs protons in EtOH appear at 4.1 and
1.1 ppm, respectively. In addition, the peaks for the three identical CH3 protons in MeOH and
MeCN appear at 3.7 and 2.1 ppm, respectively. The peak for the protons in water and the
hydroxyl group in alcohols appears at ~10.6 ppm because the proton forms hydronium ion
(H30") by combining with sulfuric acid. As expected, the peaks for EtOH in pristine-HK
disappeared after TA was performed (see the 'TH-NMR spectrum presented in Section 1.2). It
is also interesting that the spectrum of MC-pristine-HK is identical to the spectrum of TA-HK.
We observed that this behavior was generic for all of the MC-EtOH- HK, MC-MeOH-HK,
and MC-MeCN-HK samples (see Figure 9b). These results thus underscore the ability of MC

to perform chemical activation of OCSs.
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Figure 9. '"H-NMR spectra of pristine-, EtOH-, MeOH-, and MeCN-coordinated
HKUST-1 (a) before and (b) after MC treatment. The NMR spectra were taken after

completely dissolving the powder samples in D2SOs.

1.6 Raman Spectra and Water sorption Experiments of HKUST-1

We hypothesized that the change in coordination around the Cu®" centers (presence or
absence of the extracoordination of solvents) would be reflected in the vibrational strength of
the Cu—Cu bonding. To test this hypothesis, we monitored Raman spectra of pristine-HK
before and after MC treatment. A TA-pristine- HK sample was also examined for comparison.
To avoid exposure to a moist atmosphere, we prepared the Raman samples by sealing them in
disc-shaped quartz containers under the moisture-free conditions of an Ar-charged glovebox.

Whereas the stretching vibration mode of Cu—Cu bonding in the pristine-HK appeared at the
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shift of approximately 178 cm™!, the stretching vibrations in both MC-pristine-HK and TA-
pristine-HK samples appeared at similar shifts of approximately 233 cm™' (see Figure 12a
and 12b).® We note that the peak that appeared at 289 cm ™' was due to the scissoring
vibration mode of CI-C—ClI in MC (See Figure 10). The experimental values of 178 and 233
cm ! agree well with the values theoretically calculated for the vibration mode of H.O
coordinated (211 cm™!) and open-state (233 cm ') Cu—Cu centers, respectively (see Figure
13). This seemingly similar trend is highly consistent with the trend in the above NMR results.
Nevertheless, it was interesting that in terms of the Raman shift, a pristine-HK sample wet in
pure MC solvent was strikingly different from a dry version of the sample. The Raman shift
of MC-wet HKUST-1 appeared at approximately 219 cm™! (see Figure 12a and 12b), thus
demonstrating the presence of MC-coordination as an intermediate state. This observation
reasonably supports our primary postulate: coordination and decoordination of MC during the
MC treatment process. That is, a sequential two-step reaction — coordination of MC through
the Cl-bridge formed after replacement of the precoordinated solvents and subsequent
spontaneous decoordination of MC — is a plausible mechanism for the chemical activation
process (see Section 1.8).°* Using Badger’s rule, we could also estimate that the bond
strength of the Cu—Cu bonding decreases in the following order: activated-HK > MC-
coordinated-HK > pristine-HK.

In addition, we wondered whether the Raman vibrational mode at approximately 289 cm’
!'in the sample of MC-HK (in MC) is a characteristic of the Cu-Cu paddle-wheel or MC. To

determine the origin of the mode, we performed Raman analysis with bare MC solvent. The
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Raman spectrum in Figure 10 shows that the shift at approximately 289 cm! is the
characteristic of the scissoring vibration of CI-C-C1.®” The spectrum also shows a stretching

vibration mode at approximately 705 cm™!, twist vibration mode of H-C-H at approximately

1150 cm™, and scissoring vibration mode of H-C-H at approximately 1415 cm™.¢7
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Figure 10. Raman spectra of MC, ethanol (EtOH), and water (H20), as indicated.

Another clue regarding the chemical activation is the presence/absence of the open-state
of the OCSs that are formed after MC treatment. The presence of the open-state can be
checked by monitoring the coordination of moist H20O molecules in an activated sample. We
examined the weight increase of the MC-treated HKUST-1 sample after exposing to moist air
(relative humidity = ca. 30%). The test showed an instantaneous increase in weight by
~42% (see Figure 11c¢). Here, we noted an inflection point appearing at ~8.7% because
this value is very close to the value (8.9%) theoretically calculated for the maximum amount
of H20 coordinating at the OCSs. (We assumed that weight increase by the coordination of
02, N2, CO, COg, and other gases in ambient air is likely to be negligible.) Thus, the

inflection point indicates that most OCSs in the MC-treated sample remains in the open-state
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after the chemical activation. We attribute the further increase over 8.7% to the pore filling of
moist water. A similar pattern of weight increase was observed for the TA-HK sample (see
Figure 11c¢). Furthermore, coordination of moist H2O was directly observed via Raman
spectroscopy. Whereas the initial peak at 233 cm™! (open-state) gradually decreased, the peak
at 178 cm™! (H20-coordinated) gradually increased as the exposure time to ambient air
increased (see Figure 11d and Figure 12). Also notable is that the peaks were ratiometric at
independent positions rather than continuously shifting from 233 to 178 cm™'. This thereby
demonstrates that although all Cu** centers in HKUST-1 are interconnected through BTC

ligands, the Cu—Cu vibrations are not interactive.
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Figure 11. (a) Illustration of H;O-coordinated, CH,Cl-coordinated, and ligand-free

(Cu'); centers. (b) Expanded (left panel) and wide (right panel) views of Raman spectra
obtained from bare quartz container (gray curve), pristine-HK (black curve), TA-HK
(red curve), HK wet in MC (pink curve), and dry MC-HK (blue curve) samples. (c)
Plots of increase in the weights of the TA-HK and MC-HK samples with respect to the
exposure time to ambient atmosphere (approximately 30% relative humidity). The inset
shows the weight change of the MC-HK sample in the initial exposure. (d) Expanded

(left panel) and wide (right panel) views of the spectral changes in the Raman shifts of a



dry MC-HK sample according to the exposure time to ambient atmosphere in intervals

of 3 min [i.e., after (i) 0, (ii) 3, (iii) 6, (iv) 9, (v) 12, (vi) 15, and (vii) 18 min].

1.7 Raman Spectra of Activated HKUST-1 after Exposure to Ambient Atmosphere

Figure 11d indicates that exposure of MC-HK to ambient atmosphere made the ligand-

I centers effectively re-coordinate with moist water molecules. At this point, we

free Cu
wondered whether the Raman shift of the stretching Cu-Cu vibration mode could eventually
be recovered from a higher frequency (233 cm) to a lower frequency (178 cm™) after longer
exposure time to the ambient atmosphere. Obviously, we observed that the Raman peak
shifted back to the lower frequency. We also found that a thermally activated HKUST-1 (TA-

HK) sample exhibited the same behavior. Based on these results, we conclude that the Raman

shift of the Cu-Cu vibration is reversible, depending upon the coordination fashion.
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Figure 12. Raman spectra of pristine-HK, TA-HK, and MC-HK powder samples taken
after exposure to ambient atmosphere for 2 h. We employed a crystalline silicon

substrate for the powder sample in order to utilize the substrate as an internal standard.
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1.8 Theoretical Studies for Raman Shift of Cu-Cu vibration in HKUST-1

To gain better understanding of the experimental results (see Figures 12a and 12b), we
tried to simulate bond lengths and vibrational frequencies [dcu-cu-x) and vcu-cu-(x),
respectively; X = H20, MC (CH2Clz), or OS (open-state: absence of coordinated molecule)]
of H20-coordinated, MC-coordinated and open-state Cu-Cu in HKUST-1. The simulation
was performed using density functional theory (DFT) with projector augmented wave (PAW)

pseudopotentials,®-¢°

as implemented in the Vienna ab initio simulation package (VASP)
code.” To incorporate an effect of exchange-correlation into the simulation, we employed the
generalized gradient approximation (GGA) of PBE.”! To simplify the simulation, we
confined the space of a unit cell (for periodic model calculation) or a cluster (for cluster
model calculation) only to a single k-point (the gamma point). Stretching vibrational
frequencies of Cu- Cu bond were determined by calculating harmonic oscillation on the basis
of the cluster-formation energy curves (see Figure 13).7? Initially, we calculated bond length
of open-state Cu-Cu bonding, dcu-cu-0s), on the basis of periodic model in which whole 624
atoms within a unit cell of HKUST-1 are treated. The resulting dcu-cu-0s) was 2.492 A. We,
however, could not succeed in obtaining stretching vibrational frequency of the Cu-Cu bond,
vcu-cu-(08), With this periodic model because the number of the atoms in the unit cell was too
large to be treated in the simulation process. Instead, we simulated it on the basis of an
alternative model: cluster model in which the objective is finitely limited to a cluster

consisting of a Cu-Cu paddle-wheel node and four BTC ligands (see inset of Figure 13

below). This cluster contains only 74 atoms—2 coppers, 24 oxygens, 36 carbons, and 12
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hydrogens. This model could enable us to reduce time cost for the calculation and thereby,
obtain reliable results. For instance, this model engendered vcu-cu-os) of 233 cm™!. This value
was quite close (or same) to the value (233 cm™) obtained from our Raman experiments (see
Figure 12 and Table I). Thus, we tentatively concluded that the cluster model can be suitably
allowed for these simulations. In addition, this model resulted in a theoretical dcu-cu-0s) value
of 2.456 A. We wonder how the coordination of water molecule affects the bond length and
vibrational frequency of Cu-Cu bond. With this question in mind, we firstly tested a
simulation after placing two water molecules around axial open coordination sites (OCSs) of
the paired Cu®" centers in the modelled cluster. Consequently, the average dcu-cu-:0) Was
calculated to be 2.528 A (see Table I). This value indicates that the bond length is slightly
elongated after water coordination (compare this 2.528 A with the aforementioned dcu-cu-©s)
value of 2.456 A). Regardless, a subsequently calculated bond length (2.216 A) between Cu?*
and oxygen atom in H20 molecule agreed with an experimental value (2.165 A) previously
reported in the literature.?” This implies that this calculation method is highly reliable, and
thus the simulated dcu-cu-1:0) value itself and the elongation behavior after water coordination
are acceptable. A further calculation for vcu-cur0) resulted in a frequency of 211 cm™. This
value was somewhat higher related to the value obtained from our experiments (178 cm™).
We ascribe this error to complicated vibration modes of the coordinated H20 molecules.
However, the red-shift from higher to lower frequencies after water coordination is an
indisputable fact because the shift was commonly observed in both theory and experiment.

(Remind the shifts from 233 to 211 cm! in theoretical calculation and from 233 to 178 cm™

30



in experimental observation). We also tried to calculate vibration frequency of MC-
coordinated Cu-Cu bond (vcu-cu-Mc)), but could not obtain successful result due to the
complexity of binding modes and vibrations of the coordinated MC molecule in calculations.
Nevertheless, given that the aforementioned elongation of Cu-Cu bond and the red-shift of
vibration frequency are highly dependent upon coordinating solvents and their coordination
modes, we tentatively speculate that the vibrational frequency increases as the coordination
strength of Lewis base (LB) molecules decreases. (We note that water molecule is a LB
molecule that possesses lone-paired electrons in its oxygen.) We need more systematic
studies for this speculation. However, on the basis of the speculation and our experimental
results, we also postulate that the coordination strength of MC (vcu-cu-vc) = 219 cm) is
weaker than that of H2O (vcu-cuaro) = 178 ecm™), and thereby MC can be readily de-
coordinated from the Cu?" center with a low activation energy (thermal energy at room

temperature).
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Figure 13. Raman spectra of MC, ethanol (EtOH), and water (H20), as indicated.
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Table 1. Bond Length (dcu-cu) and Stretching Vibration Frequency (vcu-cu) of Cu-Cu
Bonding in HKUST-1.

Physical parameters

Theory/Experiment

Coordination mode

H,O-HKUST-1 MC-HKUST-1 Open-HKUST-1
v d t LY & i v d i
b, W h W s, WO
ﬁ-onz ﬁ-c:ch’zc, m
W W WY
% L% S L3 v 13
Ao < o o < hd o 8 g
Periodic model 2.492
Bond length
Cluster model 2.528 2.456
dCu-Cu (A)
Experiments 2.628%"
Vibration frequencies Cluster model 211 233
Veucu (cm™) Experiments 178 219 233

1.9 'H-NMR, Raman and BET Result for Room Temperature Evacuation of HKUST-1

To examine whether the open-metal site of Cu?" ion can be activated at room

temperature without MC treatment, we checked 1H-NMR, Raman, and BET of a pristine

HKUST-1 sample after applying only vacuum to the sample at room temperature for 2 h

(without MC treatment). The IHNMR and Raman spectra of the sample support that EtOH

molecules bound to Cu?" centers still remain as coordinated. BET result also demonstrates

that applying only vacuum is not a good choice for activating HKUST-1 sample, showing its

extremely low internal surface area (approximately 55 m?-g’!'; compare this value with 1740

m?-g"! for TA-pristine-HK and 1690 m?-g"! for MC-pristine-HK described in Figure 7). Also

we note that, the acquisition time of measuring BET for the sample was too long to continue

on the measurement (the acquisition time exceeded 90 hours, and the 90 h was a limit for the

acquisition of the BET equipment that we used).
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Figure 14. (a) 'H-NMR and (b) Raman spectra of pristine-HK sample after applying
only vacuum at room temperature for 2 h. The NMR spectrum was taken after

completely dissolving the powder samples in D.SOj4.
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Figure 15. N; adsorption isotherms of a pristine-HK sample after applying only vacuum
at room temperature for 2 h. We could not obtain a complete date set from BET due to

the acquisition time limit of the equipment.

1.10 Application to Cu-MOF-2 with Chemical Activation

We also tested Cu-MOF-2 to address whether the chemical activation behavior of MC
could be expanded. Crystalline Cu- MOF-2 powder was synthesized from the sources of
Cu(NOs3)2 and BDC using DMF solvent. We observed that the color of Cu-MOF-2 changed
from light green to dark blue after the sample was thermally activated. The MC treatment

also exhibited a similar color change, thus implying its activation function even in Cu-MOF-2
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(see Figure 16a). UV—vis absorption spectra of the MOF-2 samples clearly indicate that the
color change is caused by the blue-shift of the d—d transition, similar to the pattern observed
in HKUST-1.%® To further understand this behavior, we examined 1H NMR analysis. The 1H
NMR spectrum of pristine MOF-2 powder shows that it contains DMF as a coordinating
component at the OCSs (see Figure 16b). Consistent with the above result, the coordinated
DMF was dissociated after MC treatment. Meanwhile, the phase of MOF-2 was transformed
after the TA process, as previously reported in literature (see Section 1.11).”>7* The chemical
activation also resulted in PXRD patterns quite similar to those of the TA, indicating that its
2-dimensional framework was not collapsed after the chemical activation. In terms of the
Raman spectra, MOF-2 exhibited behavior that differed from that of HKUST-1 in two
aspects (see Figure 16c¢). One aspect is that the Raman shift involving the Cu—Cu stretching
vibration appeared as a doublet mode at 196 and 218 cm™!. The other aspect is that whereas
HKUST-1 exhibited a blue-shift in the Cu—Cu vibration after activation (from 178 to 233
cm '), MOF-2 exhibited red-shifts in both peaks of the doublet (from 196 to 191 cm™! and
from 218 to 204 cm!). Although more comprehensive studies are required to fully
understand this behavior, our observation is in good agreement with the pattern reported in
the literature.”* Regardless, an important fact is that the pattern of the shift after chemical
activation is exactly same as the pattern of the shift after TA. This evidence strongly supports

our demonstration of the chemical activation behavior of MC in Cu-MOF-2.
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1.11 Structural Stability of Treated Cu-MOF-2

To check whether the chemical activation of Cu-MOF-2 engenders behavior similar to
TA, we monitored the changes in the PXRD patterns of pristine-, TA-, and MC-MOF-2. The
PXRD patterns indicated that although the crystalline phase of the MOF-2 changed after
activation, the superficial result of the chemical activation was the same as that of the TA
(see Figure 17). Although more comprehensive studies are required to fully understand the

phase transition behavior, this feature has often been observed.’’->873-7

MC-MOF-2

|
N , TA-MOF-2

| I Pristine MOF-2

T T T T T T T T T T T
5 10 15 20 25 30 35
26 (°)

Figure 17. PXRD patterns of pristine-MOF-2, TA-MOF-2, and MC-MOF-2 powder

samples, as indicated.

1.12 Application to Large size MOF Films with Chemical Activation

TA, which is typically conducted by applying heat and vacuum, requires effective
facilities to make the temperature of the surroundings higher and the pressure lower, at least
relative to the atmospheric conditions. In contrast with TA, chemical activation is likely to be
more useful when the amount of the powder sample or the size of the MOF films is large

because such facilities are not required for this method. To test the feasibility of the MC
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treatment, we synthesized HKUST-1 film on metallic Cu substrate via an oxidation reaction
(see Figure 18a, 18b, and 18c).”> Whereas the color of the as-synthesized HKUST-1 film
was sky blue, its color changed to dark blue after the MC treatment (see Figure 18d). In
agreement with the results obtained from powder samples, the chemical activation process
could completely remove the coordinated EtOH from the film (Figure 18e and 18f) and

simultaneously preserve its framework well (Figure 18g and 18h).

(e) (©) cu 11y

(ppm) 26
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on Cu substrate

() (h) Cu (111)
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Figure 18. Photographs of the (a) patterned Cu substrate, (b) surface-oxidized Cu
substrate (Cu20/Cu), (c¢) pristine HKUST-1 film synthesized on the Cu substrate, and
(d) MC-treated HKUST-1 film. 'H-NMR spectra of (e) pristine- and (f) MC-treated
HKUST-1 films. XRD patterns of (e) pristine- and (f) MC-treated HKUST-1 films.
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IV. CONCLUSION

In summary, we have observed a “chemical activation” function of MC to remove the
solvent coordination from OCSs of metal nodes. For the examples examined, the function of
MC was clearly demonstrated not only by monitoring the dissolution of the 'H-NMR peaks
for the solvent molecules coordinated at the OCSs but also by observing the Raman shift of
the Cu—Cu vibration. In particular, the Raman studies enabled us to observe the presence of
MC coordination as a conceivable intermediate state during the chemical activation reaction.
We also confirmed that this chemical activation behavior does not appear if MC treatment is
omitted in the process (for instance, when only vacuum is applied at room temperature for 2
h; see Figure 14 and Figure 15). Using HKUST-1 films synthesized on patterned copper
plates, we have also demonstrated that this chemical method will be more useful for
activating large-area MOF films as a cheap and facile process. We anticipate that this
secondary role of MC will also be useful for the MOF industry, and the resulting guidelines
will prove transferrable/adaptable to other MOFs that contains ligand-accessible metal ions,

such as Zn-HKUST-1, MIL-101 and MOF-74.
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