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1. Introduction

Metal coordination and metal activation abilities
of commonly unreactive chloromethanes toward
metal—-organic frameworks

Jinhee Bae, 2 Eun Ji Lee® and Nak Cheon Jeong (= *

Over the last two decades, metal—organic frameworks (MOFs) have received particular attention because
of their attractive properties such as permanent nanoporosity and the extraordinary functionality of open
coordination sites (OCSs) at metal nodes. In particular, MOFs with open-state OCSs have shown
potential in applications such as chemical separation, molecular sorption, catalysis, ionic conduction,
and sensing. Thus, the activation of OCSs, ie., the removal of coordinated solvent to produce
open-state OCSs, has been viewed as an essential step that must be performed prior to the use of the
MOFs in the aforementioned applications. This Feature Article focuses on the chemical functions of the
commonly unreactive chloromethanes, ie., dichloromethane (DCM) and trichloromethane (TCM),
including their coordination to OCSs and activation of OCSs. Treatment with a chloromethane is a
chemical route to activate OCSs that does not require an additional supply of external thermal energy.
Importantly, a plausible mechanism for the chemical process, in which DCM and TCM weakly
coordinate to the OCSs and then spontaneously dissociate in an intermediate step, which is proposed
based on the results obtained from Raman studies will be discussed. Possible applications of
chloromethane treatment to activate large-area MOF films and MOF—-polymer mixed matrices, which
can be propagated in molecular capture, will also be described.

assembled by the formation of multiple coordination bonds
between inorganic metal nodes (either metal ions or metal

Extensive study over the past few decades has been intensively oxide clusters) and multidentate organic ligands. The components
focused on the synthesis, characterization, and application of of MOFs are largely classified into (i) metal nodes, (ii) organic
microporous materials."”> Metal-organic frameworks (MOFs) ligands, and (iii) nanosized internal open spaces that are
are a highly crystalline subset of these materials that are spontaneously formed by self-assembly of the metal and ligand

components. Metal nodes are considered an important part of
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at the metal nodes, typically where Lewis base molecules can ligate
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Fig. 1 Schematic illustrations of a typical unit cell of an metal-organic
framework (MOF) (a) before and (b) after eliminating coordinated solvent
and pore-filling solvent by chloromethane treatment.

through coordination bonding, and in many instances, the OCSs
play important roles in a wide variety of applications of MOFs,
such as chemical separation,>° gas storage,®>’ heterogeneous
catalysis,>**** sensing,>*>™" and ionic conduction.”>>’

Two types of solvents reside in as-synthesized MOFs with
OCSs: (i) pore-filling solvent that occupies the nanospaces
via physical interaction with the walls lining pores; and
(ii) coordinating solvent that binds to the OCSs via chemical
bonding (see Fig. 1). To use the OCSs in MOFs for the afore-
mentioned applications, an activation process to remove pore-
filling solvent and coordinating solvent from the pore and OCSs,
respectively, is required.’® To date, several strategies’’® to
activate MOFs have been developed, including (i) thermal
activation (TA), which is typically performed by applying heat
energy and vacuum;>®"? (ii) solvent exchange, which is typically
conducted in solvents with a low boiling point;***° (iii) super-
critical carbon dioxide (CO,) exchange;**®* (iv) freeze-drying;®®
and (v) acid treatment, which is typically performed with HCI
only in the cases where the corresponding MOF is exceptionally
stable in a strongly acidic environment.>****” However, all of
these methods except for TA have been restricted to the removal
of pore-filling solvent. TA has been considered as a unique
method to remove both pore-filling solvent and coordinating
solvent because it easily supplies the energy required to dissociate
coordinating solvent and evaporate pore-filling solvent. Thus,
researchers have used TA to remove both pore-filling solvent
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and coordinating solvent despite the negative influence of TA on
the structural integrity of MOFs.

Chloromethanes with a low boiling point like dichloro-
methane (DCM) and trichloromethane (TCM) can be used
to replace other pore-filling solvent to lower the activation
temperature needed in the TA of MOFs. However, another
function of DCM and TCM, i.e., dissociation of solvent coordination
bonds, was recently communicated.®® 7 It was found that soaking
MOFs in fresh DCM or TCM for several minutes at room
temperature and subsequent repetition of this process several
times led to not only the replacement of pore-filling solvent but
also the dissociation of coordinating solvent bound at the OCSs
(see Fig. 1). The following sequential two-step reaction was
proposed as a mechanism for this process: (i) coordination
exchange of precoordinated solvent molecules with DCM or
TCM and (ii) spontaneous dissociation of the associated DCM
or TCM at room temperature. Although both DCM and TCM
have been frequently used in pretreatment steps prior to TA to
replace pore-filling solvent (see above) and thereby lower the
temperature required to remove pore-filling solvent during TA,
the recent communications®®*”® noted above are the first to
consider the function of chloromethanes in the dissociation
of coordinating solvent. These communications called chloro-
methane treatment a chemical activation process because it
offers a chemical route to activate OCSs by removing coordinating
solvent.

This Feature Article examines attempts to address the chemical
function of chloromethanes to remove coordinating solvent from
the OCSs in MOFs. A particular emphasis of this article is how the
chloromethanes can chemically activate OCSs at a fundamental
level and how this behavior can be exploited to engender the
activation of large-area MOF films and MOF-polymer mixed
matrix membranes (MMMs) at an applied level. In terms of the
mechanism of their chemical function, the possible coordination
of chloromethanes and their coordination exchanges are con-
sidered based on Raman and "H nuclear magnetic resonance
(NMR) spectroscopic results.

2. Coordination of chloromethanes to
metal centers

DCM and TCM are frequently used as solvents in various organic
and inorganic chemical reactions. In general, solvents should
satisfy the following two prerequisite conditions: (i) miscibility
with solutes that must be dissolved for homogeneous chemical
reaction and (ii) more importantly, non-reactivity (or inertness)
with solutes that participate in a chemical reaction. In light of the
second factor, chloromethanes must be inert if a chloromethane
is used in a chemical reaction. This implies that the neutral
chlorine (CI) atoms in chloromethanes should be unreactive even
though the Cl atom possesses a lone pair of electrons. However,
considering the primitive assumption that chloromethanes are
also a weak Lewis base with a lone pair of electrons even though
the polarity of chloromethanes is low, one might question
whether chloromethanes can bind to transition metal ions as a
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Lewis base. In the late 1980s, Strauss and colleagues demon-
strated the possible coordination of neutral Cl atoms in DCM and
dichloroethane to soft metal ions such as Ru(1), Ag(1), and Re(1) by
examining several molecular complexes.”””* However, during
the last three decades, no researchers have demonstrated the
formation of coordination bonds between chloromethanes and
hard (or intermediate) metal ions such as Cu(u). In the afore-
mentioned communications,®®”° Cu(u)-based HKUST-1 was used
as a model compound to demonstrate whether or not chloro-
methanes can coordinate to hard metal ions because (i) the Cu(i)
ion in HKUST-1 is definitely a hard transition metal ion;
(ii) HKUST-1 is sufficiently stable to maintain its framework
structure during chloromethane treatment; (iii) HKUST-1 is a
good model MOF that possesses a high concentration of OCSs
(every Cu®" center has one OCS); (iv) all OCSs face toward the
internal open spaces of the large cages, so guest molecules
present in the open spaces are readily accessible to the OCSs
and the molecules dissociated from the OCSs can be readily
removed through the large open spaces; and (v) the paddle
wheel-like Cu-Cu node is Raman active, with a stretching
vibration mode that appears in the range of approximately
165-230 cm™ " depending on the absence or presence and type
of coordinating solvent.

Raman spectra of H,O- and EtOH-coordinated pristine
HKUST-1 (hereafter denoted as pristine-HK; HK is fully desol-
vated HKUST-1), thermally activated pristine-HK (TA-HK),
DCM-treated pristine-HK (DCM-HK), TCM-treated pristine-HK
(TCM-HK), HK crystals wetted in DCM (DCM-wet-HK), and HK
crystals wetted in TCM (TCM-wet-HK) clearly showed the possible
coordination of chloromethanes (see Fig. 2).°*7° The stretching

(a)
N TV Nme Y B YV N VY
Y J h I A LY S
Y A b Ay
Cic . "
Hzoﬁ y, SISt m —— clea, &
¥ W )
v 1% 7 L% L3 5 L3
N e SN Y N
v=178 cm™ 213 cm™ 217 cm’ 228 cm™
(b)
Cu-Cu cl-c-cl c-cl
178 213\ 217 /228 260 282 666_702
i
SN Tom K (ary)
Y B N |___DCM-HK (dry)
_— _
ZRAN )
I // "\ A L TCM-wet-HK
N Y peMewet-HK
N A TAKK
Pristine HK
; : : : . ;
180 200 220 200 400 600 800

Raman Shift (cm™)

Fig. 2 (a) Schematics of H,O-coordinated, DCM-coordinated, TCM-
coordinated, and open-state (Cu'"), centers in HKUST-1 (from left to right).
(b) Narrow (left) and wide (right) views of Raman spectra of pristine-HK
(gray), TA-HK (black), DCM-wet-HK (pink), TCM-wet-HK (sky blue),
dry DCM-HK (red), and dry TCM-HK (blue). Reprinted (adapted) with
permission from ref. 70. Copyright (2018) American Chemical Society.
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vibration mode of Cu-Cu for pristine-HK appeared at a Raman
shift of approximately 178 cm ™. In contrast, the same stretching
vibration in TA-HK, where coordinated solvent was definitely
excluded, appeared at approximately 228 cm ™. The stretching
vibration frequencies of both DCM-HK and TCM-HK were
identical to that of TA-HK. These observations indicate that
pore-filling solvent and coordinating solvent in pristine-HK are
completely removed using only DCM or TCM without further
thermal treatment, demonstrating the chemical function of
DCM and TCM (see below). It was notable that Raman spectra
of DCM-wet-HK and TCM-wet-HK samples were strikingly
different from those of dried DCM-HK and TCM-HK samples.
The Cu-Cu mode of DCM-wet-HK and TCM-wet-HK appeared at
approximately 213-217 em ™ *, thus demonstrating the presence
of DCM and TCM coordination bonds as an intermediate state
of the chemical process. However, DCM-wet-HK and TCM-wet-
HK samples exhibited different Raman shifts for the Cu-Cu
vibration. Whereas that of DCM-wet-HK appeared at approxi-
mately 213 cm ™!, the TCM-wet-HK sample displayed the same
vibrational mode at approximately 217 cm™'. Although small,
this difference suggests the different strengths of the coordination
bonds formed by DCM and TCM with the Cu" center. Considering
that the H,O- and EtOH-coordinated pristine-HK exhibited signals
from Cu-Cu peaks at lower Raman shift (178 cm ") than those of
coordinating solvent-free TA-HK, DCM-HK, and TCM-HK
(228 cm ™), it can be estimated that stronger solvent coordination
bonding associated with the Cu-Cu center shifts the Cu-Cu
vibration to lower frequency. Therefore, the above observations
suggest that the coordination bond between Cu and DCM
(feucu-pem = 213 em™') is stronger than that between Cu
and TCM (feu-cu-tem = 217 cm™ ).

3. Activation of open coordination
sites by chloromethanes

The Raman spectra in Fig. 2 indicate that when pristine-HK was
treated with either DCM or TCM, the coordinated EtOH
dissociated from (Cu"), metal center. The Raman spectra of
DCM-wet-HK and TCM-wet-HK also indicate that the coordination
bonds of DCM and TCM at the OCSs are formed as an
intermediate state after replacing the EtOH molecules. These
observations provide support for the feasibility of direct
coordination exchange with DCM or TCM, which results in
the removal of precoordinated solvents with moderate bond
strength, such as EtOH. However, solvents that form strong
coordination bonds such as N,N-dimethylformamide (DMF),
N,N-diethylformamide (DEF), and dimethyl sulfoxide (DMSO)
have proven difficult to remove by direct coordination exchange
because the equilibrium weight of coordination exchange is
substantially shifted to such strong coordination bonds. In
these cases, multiple coordination exchange, which can be achieved
by stepwise coordination exchanges, that is, replacement of a
solvent that forms strong coordination bonds with one that forms
coordination bonds of moderate strength, such as EtOH, and
subsequent replacement of the solvent with moderate coordination

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Schematics illustrating activation of the paddle wheel-like (Cu'"),

node within HKUST-1 by DCM. Hydrogen atoms bound to carbon atoms in

the benzene moieties are omitted for clarity. Reprinted (adapted) with
permission from ref. 68. Copyright (2015) American Chemical Society.

bonds by DCM coordination, can be conducted to completely
remove strongly coordinated solvent molecules at OCSs.

3.1. Activation by direct coordination exchange

The aforementioned coordination exchange behavior of chloro-
methanes and the formation of intermediate-state chloromethane
coordination were first monitored in the DCM treatment of
pristine-HK at room temperature.”® These observations enabled
a mechanism for the chemical function of DCM involving two
successive reactions to be proposed (see Fig. 3). The first step is the
coordination exchange of EtOH with DCM. The second step is
the spontaneous dissociation of the coordinated DCM at room
temperature. Whether or not this behavior was general for
solvent coordination bonds was addressed by examining DCM
treatment with pure MeOH-, EtOH-, and MeCN-coordinated
HK samples (denoted MeOH-HK, EtOH-HK, and MeCN-HK,
respectively).”® Fig. 4a shows the "H NMR spectra of pristine-HK,
EtOH-HK, MeOH-HK, and MeCN-HK samples, which were
measured after the samples were vacuum-treated at room
temperature to remove only pore-filling solvent and subse-
quently dissolved in D,S0,.°®°° The peak for the three identical
protons in the 1,3,5-benzenetricarboxylate ligand appeared at
8.8 ppm, and those for the two identical CH, protons and three
CH; protons in EtOH appeared at 4.1 and 1.1 ppm, respectively. In
addition, the peaks for the three identical CH; protons in MeOH
and MeCN appeared at 3.7 and 2.1 ppm, respectively. The "H NMR
spectrum of TA-HK was also measured for comparison. As expected,
the peaks originating from EtOH in pristine-HK disappeared after
TA.®® Conversely, the "H NMR spectrum of DCM-treated pristine-HK
(DCM-pristine-HK) was identical to that of TA-HK (see Fig. 4b). This
behavior was also observed for DCM-treated MeOH-HK, EtOH-HK,
and MeCN-HK (denoted DCM-MeOH-HK, DCM-EtOH-HK, and
DCM-MeCN-HK, respectively).

One might expect that TCM will behave similarly to DCM
because TCM is a very similar chemical substance with neutral
Cl atoms. The "H NMR spectra of TCM-treated pristine-HK,
MeOH-HK, EtOH-HK, and MeCN-HK (denoted TCM-pristine-HK,
TCM-MeOH-HK, TCM-EtOH-HK, and TCM-MeCN-HK, respectively)
proved that this was the case. TCM treatment resulted in similar
patterns to those obtained following DCM treatment, indicating
the complete removal of precoordinated solvent molecules in all
pristine-HK, MeOH-HK, EtOH-HK, and MeCN-HK samples (see
Fig. 4c). These results underscore the ability of chloromethanes
to perform direct coordination exchange of previously coordi-
nated solvents at OCSs and chemically activate the OCSs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 'H NMR spectra of pristine-, EtOH-, MeOH-, and MeCN-coordinated
HKUST-1 (a) before chloromethane treatment, (b) after DCM treatment, and
(c) after TCM treatment. NMR spectra were measured after completely
dissolving the powder samples in D,SO4. Reprinted (adapted) with
permission from ref. 68 and 70. Copyright (2015 and 2018) American
Chemical Society.

The phase purities of the pristine-HK, MeOH-HK, EtOH-HK,
and MeCN-HK samples before and after DCM and TCM treatment
were determined via powder X-ray diffraction (PXRD) measurements.
The PXRD results indicated that the structural integrity of the
MOF samples was well preserved after chloromethane treatment
(Fig. 5). N, adsorption isotherms of pristine-HK, DCM-pristine-
HK, and TCM-pristine-HK offered further confirmation of their
structural integrity. Pristine-HK was treated by TA at 150 °C
under vacuum before the N, adsorption measurements, whereas
DCM-pristine-HK and TCM-pristine-HK were pretreated by applying
vacuum at room temperature. The resulting internal surface areas of
both DCM-pristine-HK and TCM-pristine-HK were comparable to
that of thermally activated pristine-HK.**"® Therefore, these results
also underline the effectiveness of the direct coordination exchange
process in terms of maintaining structural integrity.

As described above, TCM is an analogue of DCM in terms of
not only chemical structure but also chemical functions. A
unique difference between TCM and DCM is the number of Cl
atoms, which gives rise to different molecular masses, polarities,
and boiling points. The boiling point of DCM (40 °C) is fairly
close to room temperature, whereas that of TCM (60 °C) is
somewhat higher. Thus, it can be conceived that there will be

Chem. Commun., 2018, 54, 6458-6471 | 6461
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Fig. 5 PXRD patterns of pristine-, EtOH-, MeOH-, and MeCN-coordinated
HKUST-1 (a) before chloromethane treatment, (b) after DCM treatment,
and (c) after TCM treatment. Reprinted (adapted) with permission from
ref. 68 and 70. Copyright (2015 and 2018) American Chemical Society.

some room to increase the temperature during TCM treatment.
Thus, it is interesting to investigate whether the chemical
function of TCM can be enhanced if a small amount of external
thermal energy is supplied during TCM treatment. This issue was
addressed by conducting TCM treatment of MeOH-HK at 55 °C
(thermal energy at 55 °C, Er,55:c ~ 28.3 meV) and simultaneously
monitoring the "H NMR peak of precoordinated MeOH. The TCM
treatment was performed by soaking a MeOH-HK powder sample
in pure TCM at 55 °C for 5 min. This process was repeated until
the proton peak from MeOH completely disappeared from the
'H NMR spectrum of the sample. The TCM treatment was also
performed at 25 °C (Erpzs.c ~ 25.7 meV) for comparison. The
NMR results showed that while the treatment performed at
55 °C completely removed the precoordinated MeOH after only
four cycles, that performed at 25 °C could remove only ~80%
of the precoordinated MeOH under the same conditions (see
Fig. 6). The enhanced coordination exchange with TCM at
higher temperature can be ascribed to the acceleration of
translational motion of TCM molecules and the subsequent
increase in the collision frequency of the TCM molecules with
metal centers.

6462 | Chem. Commun., 2018, 54, 6458-6471
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Fig. 6 Changes in the amount of MeOH dissociated from MeOH-HK with
respect to the number of TCM treatments performed at 25 °C (blue) and
55 °C (red). Reprinted (adapted) with permission from ref. 70. Copyright
(2018) American Chemical Society.

3.2. Multiple coordination exchange for activation

So far, we have discussed that OCSs can be chemically activated
solely by DCM or TCM treatment via two stepwise reactions;
that is, (i) direct coordination exchange of precoordinated
MeOH, EtOH, and MeCN molecules with DCM or TCM and
(ii) spontaneous dissociation of DCM or TCM at room temperature.
Here, one might question whether solvents that form strong
coordination bonds (i.e., DMF, DEF, and DMSO) can also be
dissociated solely through chloromethane treatment. Direct
coordination exchange of strong coordination bonds was examined
by soaking a DMF-coordinated HKUST-1 (DMF-HK) powder sample
in pure DCM at room temperature for 10 min. Under these
conditions, DMF was not completely removed even when the
DCM treatment was repeated 30 times (Fig. 7), as confirmed from
"H NMR spectra. From this observation, one might presume that
only TA would be suitable to completely remove strongly
coordinating solvent molecules and thereby fully activate the
OCSs of MOFs. However, a stronger bond requires a higher
temperature for its dissociation if TA is used. Heating an MOF

CO,H
H H
ﬁj: HCON(CH)»
HOLC CO,H
H /
i i v
i j i x5 Remaining DMF
Y vV DOMPDMEHK 20 (5%)
20 X5 0,
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peMomF-HK L (28%)
o DMF-HK “
T T T T T T T T
8 6 4 2
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Fig. 7 H NMR spectra of DMF-coordinated HKUST-1 before and after
DCM treatment 10, 20, and 30 times. NMR spectra were measured after
the powder samples were completely dissolved in D,SO,4. Reprinted (adapted)
with permission from ref. 69. Copyright (2017) American Chemical Society.
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Fig. 8 Schematics illustrating direct and multiple coordination exchange
pathways for the activation of the paddle wheel-like (Cu'"), node of
HKUST-1. Hydrogen atoms bound to the carbon atoms in the benzene
moieties are omitted for clarity. Reprinted (adapted) with permission from
ref. 69. Copyright (2017) American Chemical Society.

at a temperature exceeding a critical point can be risky because
high thermal energy can strongly influence metal-ligand
coordination bonds and induce the structural damage of MOFs.
For example, the complete removal of DMF from DMF-coordinated
MOF-74(Ni) required thermal energy corresponding to a tem-
perature of 240 °C, but the framework of MOF-74(Ni) completely
collapsed above 180 °C.®° Thus, an alternative approach involving
multiple coordination exchanges instead of direct coordination
exchange could be conceived because the replacement of a strongly
coordinating solvent with one with moderate coordination could
eventually allow the removal of the solvent with moderate
coordination strength by DCM treatment (Fig. 8). If the initial
exchange of the strongly coordinating solvent is feasible,
multiple coordination exchange should be an efficient
chemical method to activate OCSs in the absence of an addi-
tional heat supply.

The feasibility of multiple coordination exchange was syste-
matically studied by monitoring "H NMR spectra. A DMF-HK
sample was initially treated with MeCN, MeOH, and EtOH
(MeCN-DMF-HK, MeOH-DMF-HK, and EtOH-DMF-HK, respectively).
The MeCN-DMF-HK, MeOH-DMF-HK, and EtOH-DMF-HK samples
were subsequently treated with DCM (DCM-MeCN-DMF-HK,
DCM-MeOH-DMF-HK, and DCM-EtOH-DMF-HK, respectively).
Fig. 9 shows the "H NMR spectra of these samples. While the
peak from DMF in the DMF-HK sample disappeared after MeCN
treatment, one from MeCN simultaneously appeared (Fig. 9a).
The peak from MeCN then eventually disappeared during DCM
treatment. It was also observed that this behavior was generic
for the pathways involving initial MeOH and EtOH treatment
(see the "H NMR spectra in Fig. 9b and c).

These observations were confirmed via in situ 'H NMR
experiments that were designed to monitor the progress of the
coordination exchange process.® The experiments were conducted
in NMR tubes containing both target HKUST-1 crystals and
deuterated solvent. More specifically, the DMF-HK crystals were
immersed in deuterated MeCN (i.e., CD;CN) and then the amount

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 H NMR spectra of DMF-coordinated HKUST-1 before and after
initial solvent treatment with (a) MeCN, (b) MeOH, and (c) EtOH and after
subsequent solvent treatment with DCM. NMR spectra were measured
after the powder samples were completely dissolved in D,SO4. Reprinted
(adapted) with permission from ref. 69. Copyright (2017) American
Chemical Society.

of DMF that dissociated from the OCSs in DMF-HK by coordination
exchange with CD;CN and subsequently dissolved in CD;CN
was monitored over time, as illustrated in Fig. 10a. The amount
of dissolved DMF was quantitatively analyzed by calibration
with an internal standard, CHD,CN, which was present as an
impurity in commercial CD;CN. DMF was initially absent in
CD;CN, but its content increased upon exposure of DMF-HK
crystals to CD;CN (see Fig. 10b). The integral area of the peak
from DMF plateaued after 25 min, indicating the termination of
the coordination exchange reaction (see Fig. 10c). The termination
of the coordination exchange reaction was also confirmed by
analyzing the amount of DMF remaining in the crystals (ca.
1.8 mol%), which was determined by taking a "H NMR spectrum
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(a) Liquid-phase in situ "H NMR
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Fig. 10 (a) Schematics illustrating the in situ *H NMR experiments designed to directly monitor coordination exchange. The coordination exchange of
precoordinated DMF with postcoordinated deuterated acetonitrile (MeCN-ds, CD3CN) is shown. The in situ NMR setup was used to monitor the amount
of DMF molecules that dissociated from the (Cu'"), node and thereby dissolved in MeCN-ds. Hydrogen atoms bound to the carbon atoms in the benzene
moieties are omitted for clarity. In situ time-course *H NMR spectra of (b) MeCN-ds-containing DMF-HK crystals and (c) deuterated dichloromethane
(DCM-d,, CD,Cly)-containing MeCN-DMF-HK crystals. The MeCN-d, (CD,HCN) and DCM-d; (CDHCl,) impurities present in the corresponding
MeCN-dz and DCM-d; solvents were used as internal standards for the quantitative analysis of DMF and MeCN molecules, respectively. Plots of the amounts
of (d) DMF and (e) MeCN dissociated from DMF-HK and MeCN-DMF-HK crystals, respectively, with respect to the exposure time to MeCN-dz and DCM-d,,
respectively. The insets display the *H NMR spectra of the reaction-terminated (d) DMF-HK and (e) MeCN-DMF-HK crystals, which were measured after the

crystals were completely dissolved in D,SO4. Reprinted (adapted) with permission from ref. 69. Copyright (2017) American Chemical Society.

after the crystals were dissolved in D,SO, (inset of Fig. 10c).
A similar trend was observed in the second step, i.e., the
coordination exchange of precoordinated MeCN in MeCN-HK
with deuterated DCM. This experiment was performed by treat-
ing MeCN-HK crystals with CD,Cl, (Fig. 10d and e). The proton
peak from MeCN was initially absent, but rapidly evolved and
reached a plateau after 15 min. The "H NMR spectrum obtained
for the MeCN-HK crystals after coordination exchange indicated
that the amount of MeCN remaining in the crystals was only ca.
4.0 mol% (inset of Fig. 10e). Very similar trends were also
observed for other in situ NMR experiments that were conducted

6464 | Chem. Commun., 2018, 54, 6458-6471

with MeOD-d, and EtOD-ds.*° Therefore, the in situ '"H NMR
spectroscopy results verify the ability of multiple coordination
exchange to remove strongly coordinating solvent molecules
from OCSs of MOFs.

The absence or presence and type of coordinated solvent are
reflected in the Raman vibrational mode of the (Cu"), centers.
For example, this mode for the solvent-free (Cu™), node appears
at approximately 229 cm ™, whereas those of the DMF- and
EtOH-coordinated (Cu"), nodes are found at approximately 175
and 185 cm ', respectively. As also described above, the (Cu"),

vibrational mode of DCM-wet-HK lies at approximately 213 cm™".

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 (a) Illustrations of DMF-coordinated, EtOH-coordinated, DCM-
coordinated, open-state, and H,O-coordinated (Cu'), centers in HKUST-1
(from left to right). (b) Successive changes of the in situ Raman spectra
of DMF-coordinated HKUST-1 during sequential exposure to EtOH,
DCM, and ambient air. Reprinted (adapted) with permission from ref. 69.
Copyright (2017) American Chemical Society.

On the basis of these observations, the function of multiple
coordination exchange was further corroborated by monitoring
successive changes in the Raman shifts of the Cu-Cu vibration.*
The successive changes were observed by in situ Raman spectro-
scopy during the sequential treatment of DMF-HK crystals with
EtOH and then DCM (see Fig. 11). The resulting Raman spectra
showed that the stretching vibration of the (Cu'), node in
DMF-HK appeared at 175 cm™ ', and then shifted to approxi-
mately 185 cm ™ after the sample was exposed to EtOH. The
(Cu™), vibrational frequency further shifted to approximately
213 cm~ ' when EtOH was completely supplanted by DCM.
When the sample was exposed to ambient air, the peak shifted
to approximately 228 cm ™", indicating the formation of open-state
(Cu™), centers. This shift implies the spontaneous dissociation of
the coordinated DCM under ambient conditions, as described
above. Upon continuous exposure to ambient air, the vibration
mode of open-state (Cu"), centers redshifted to 168 cm ™. This
phenomenon occurred because of the coordination of H,O
molecules present in the ambient atmosphere. Therefore, the
peak at 213 cm ! caused by DCM coordination and the observed
sequential shifts (175 — 185 — 213 — 228 — 168 cm )
provide strong support for the occurrence of multiple coordination
exchanges at OCSs. Badger’s rule states that the strength of a
chemical bond affects the frequency of its vibration mode; that is,
an increase in bond strength leads to an increase in the frequency

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 PXRD patterns of DMF-coordinated HKUST-1 before and after
initial solvent treatment with (a) MeCN, (b) MeOH, and (c) EtOH and
subsequent solvent treatment with DCM. Reprinted (adapted) with permission
from ref. 69. Copyright (2017) American Chemical Society.

of the bond vibration.”® Thus, Badger’s rule indicates that the
Cu-Cu bond strength increases in the order of H,O-HK <
DMF-HK < EtOH-HK < DCM-HK < open-state-HK. Given that
bond strength is generally inversely proportional to bond
length, the Cu-Cu bond length should decrease in the order
of H,0-HK > DMF-HK > EtOH-HK > DCM-HK > open-state-HK.

The phase purities of MeCN-DMF-HK, MeOH-DMF-HK, and
EtOH-DMF-HK samples before and after DCM treatment were
determined by PXRD measurements (Fig. 12). As expected, the
PXRD patterns indicated that the frameworks of the MOF samples
remained intact even after strongly coordinating DMF was
completely removed. The structural integrity of the DMF-HK,
MeCN-DMF-HK, and DCM-MeCN-DMF-HK samples was also
corroborated by examining their N, adsorption-desorption
isotherms. The DMF-HK and MeCN-DMF-HK samples were
pretreated by TA at 150 °C prior to isotherm measurement
and the DCM-MeCN-DMF-HK sample was pretreated only by
applying vacuum at room temperature (see Fig. 13). The results
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Fig. 13 N, adsorption isotherms of TA-DMF-HK (green), TA-MeCN-DMF-
HK (blue), and DCM-MeCN-DMF-HK (pink). Reprinted (adapted) with
permission from ref. 69. Copyright (2017) American Chemical Society.
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showed that the internal surface area of MeCN-DMF-HK was
approximately 1860 m”> ¢~ " and that of DMF-HK was approximately
1400 m”> g~ ". This indicates that TA at 150 °C did not completely
remove the strongly coordinating DMF molecules. Although the
DCM-MeCN-DMF-HK sample was only vacuum-treated prior to
isotherm measurement, its internal surface area of 1840 m*> g *
was comparable to that of thermally activated MeCN-DMF-HK.
Therefore, these results confirm that multiple coordination exchange
is a promising strategy to remove strongly coordinating solvent
molecules from OCSs and correspondingly, to fully activate OCSs.
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The wide applicability of multiple coordination exchange
was verified by examining the coordination exchange behavior
of DEF- and DMSO-coordinated HKUST-1 (hereafter denoted as
DEF-HK and DMSO-HK, respectively). Prior to conducting
multiple coordination exchange, direct coordination exchange
was examined by performing DCM treatment of DEF-HK and
DMSO-HK samples to determine if the coordinated DEF and
DMSO molecules could be completely removed by DCM treatment
alone. The results showed that 4% of DEF and 46% of DMSO
remained in the DEF-HK and DMSO-HK samples, respectively,
after DCM treatment 30 times. By contrast, MeCN treatment of
DEF-HK and DMSO-HK completely replaced the coordinated DEF
and DMSO with MeCN after only a few repetitions, and the
subsequent DCM treatment completely removed the coordinated
MeCN from the HKUST-1 samples (Fig. 14a and b). The crystal-
linities of both DEF-HK and DMSO-HK were well preserved after
multiple coordination exchange using MeCN and DCM, as shown
in Fig. 14c and d.

DMF-coordinated pristine MOF-74(Ni) is known as a thermally
unstable MOF. For example, pristine-MOF-74(Ni) requires a
temperature higher than 240 °C to completely remove coordi-
nated DMF, but its framework completely collapses above
200 °C even though the coordinated DMF molecules have not
fully dissociated.®® In addition, dimethylamine formed by the
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Fig. 14 (a and b) 'H NMR spectra and (c and d) PXRD patterns of (a and c) DEF- and (b and d) DMSO-coordinated HKUST-1 before and after initial MeCN
treatment and subsequent DCM treatment. NMR spectra were measured after the powder samples were completely dissolved in D,SO,4. Reprinted
(adapted) with permission from ref. 69. Copyright (2017) American Chemical Society.
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thermal decomposition of DMF during the TA process strongly
coordinate to the OCSs of Ni** centers, suppressing the
activation.®>’® Multiple coordination exchange was explored as an
alternative method to completely remove coordinated DMF from
pristine MOF-74(Ni) while maintaining the structural integrity of the
MOF. The coordinated DMF molecules in pristine-MOF-74(Ni) were
completely removed after sequential coordination exchanges with
MeCN and then DCM (Fig. 15a). In terms of structural integrity,
multiple coordination exchange gave results that differed from
those of TA. That is, the framework of thermally unstable
MOF-74(Ni) remained intact after multiple coordination exchange
processes (Fig. 15b). Isostructural MOF-74(Cu) and MOF-74(Mg)
exhibited similar behavior (Fig. 15c—f). Therefore, these results also
support that multiple coordination exchange is a suitable strategy
to activate thermally unstable or low-stability MOFs.
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4. Possible applications of
chloromethanes in activation of MOFs

TA requires effective facilities to make the temperature of
surroundings higher and pressure lower relative to atmo-
spheric conditions. Unlike TA, the chemical process performed
by chloromethane treatment for the MOF activation is useful
when the amount of a powder sample or size of an MOF film or
membrane is large because it does not require such large facilities
for heating and vacuum. In addition, conventional TA is some-
times unsuitable for MOF-polymer composite materials because
thermally unstable polymers can be damaged or decomposed by
the thermal energy supplied during TA. Therefore, the chemical
process is attractive for application to large MOF films and
MOF-polymer blends with low thermal stability.
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Fig. 15 (a, c and e) *H NMR spectra and (b, d and f) PXRD patterns of DMF-coordinated (a and b) MOF-74(Ni), (c and d) MOF-74(Cu), and (e and f)
MOF-74(Mg) before and after initial (a—d) MeCN and (e and f) MeOH treatment and subsequent DCM treatment. NMR spectra were measured after the
powder samples were completely dissolved in D,SO4. Reprinted (adapted) with permission from ref. 69. Copyright (2017) American Chemical Society.
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4.1. Activation of MOF films

The activation of large-area MOF films by DCM was examined
using an HKUST-1 film fabricated on a metallic Cu substrate
(Fig. 16a—c). The as-synthesized HKUST-1 film was sky blue,
which changed to dark blue after DCM treatment (Fig. 16d). In
agreement with the results obtained for powder samples, DCM
treatment completely removed the coordinated EtOH from the
HKUST-1 film (Fig. 16e and f). The framework structure of the
HKUST-1 film remained intact after DCM treatment (Fig. 16g
and h). Thus, these observations strongly support the suitability
of DCM to chemically activate large-area MOF films.

4.2. Activation of MOF-polymer mixed matrices

MOF-polymer MMMs are an attractive platform to utilize MOFs
in applications such as molecular sorption and separation.””
However, conventional TA is unsuitable for activating MOF-polymer
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MMMs when the polymer matrix has a low glass-transition or
melting temperature.®”® In this regard, moderate temperatures
(of approximately 100-150 °C) have often been used for TA of
MMMs to prevent the thermal damage of the polymer matrix, as
illustrated in Fig. 17. However, moderate temperatures are not
sufficient to completely remove solvents that form strong coordi-
nation bonds such as DMF (see below). By contrast, the activation
of these MMMs by DCM or TCM treatment can be a promising
alternative to fully activate OCSs of MOF-polymer MMMs,
provided that the polymer matrix is chemically robust to DCM
or TCM.” As an example, a large-area HK-polyvinylidene fluoride
MMM (ca. 10 x 10 cm?) was treated with TCM at room temperature
(approximately 25 °C) (hereafter this sample is denoted as
TCM?*>-MMM). TA of HK MMM s at 105, 150, and 200 °C under
vacuum (hereafter these samples are denoted as TA'*>-MMM,
TA°-MMM, and TA*°-MMM, respectively) was also examined
for comparison. The "H NMR spectrum of TA'*>-MMM revealed
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Fig. 16 Photographs of the (a) patterned Cu substrate, (b) surface-oxidized Cu substrate (Cu,O/Cu), (c) pristine-HK film synthesized on the Cu substrate,
and (d) DCM-treated pristine-HK film. (e and f) *H NMR spectra and (g and h) XRD patterns of pristine-HK films (e and g) before and (f and h) after DCM
treatment. Reprinted (adapted) with permission from ref. 68. Copyright (2015) American Chemical Society.
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Fig. 17 Schematics illustrating the activation of the paddle wheel-like (Cu"), nodes within HKUST-1 by TCM. Hydrogen atoms bound to the carbon
atoms in the benzene moieties are omitted for clarity. Reprinted (adapted) with permission from ref. 70. Copyright (2018) American Chemical Society.
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Fig. 18 (a) 'H NMR spectra and (b) PXRD patterns of pristine-, TAL>-,

TAY®O-, TA2%°- and TCM?*-MMM. Photographs of (c) pristine-MMM,

(d) TA%2°°-MMM, and (e) TCM?>-MMM. Reprinted (adapted) with permission

from ref. 70. Copyright (2018) American Chemical Society.
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P
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that the thermal energy of 105 °C was not sufficient to remove
the strongly coordinated DMF, although both the MOF and
polymer matrix were well preserved (Fig. 18a and b). A consider-
able amount of DMF still remained in the TA">*-MMM sample
even though TA was conducted at 150 °C. A temperature of at
least 200 °C was required to completely remove the coordinated
DMTF, as was observed for TA>°>-MMM. In this case, however, the
polymer matrix hardened and eventually fragmented with serous
deformation, as displayed in the photographs in Fig. 18c and d.
In contrast, treatment with TCM completely removed the strongly
coordinated DMF without deformation of the MMM (see Fig. 18).
Notably, the Brunauer-Emmett-Teller (BET) surface area of
TCM**-MMM (approximately 2000 m® g~ ') was much higher
than those of TA'®-MMM and TA"*-MMM (both approximately
1400 m”> g~ "), as indicated in Fig. 19. As predicted, TA**-MMM
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Fig. 19 N, adsorption/desorption isotherms of TAT05- TA?0- TA200_ and
TCM?®-MMM. The isotherms for the TCM2>-MMM sample were measured
after applying vacuum at room temperature for 4 h. Reprinted (adapted)
with permission from ref. 70. Copyright (2018) American Chemical Society.
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Fig. 20 (a) H,O and (b) NO adsorption isotherms of TA®>-MMM and
TCM2°-MMM. The isotherms for the TCM?°>-MMM sample were measured
after applying vacuum at room temperature for 4 h. Reprinted (adapted)
with permission from ref. 70. Copyright (2018) American Chemical Society.

exhibited a very low surface area of 60 m* g~ *, which was ascribed
to the polymer melting and then blocking the pores on the
surface of the MOF crystals.

The sorption efficiency of MOF-polymer MMMs following
activation with chloromethanes was investigated. The sorption
of H,0 and NO by TCM*>-MMM was examined; the former can
be used in closed-cycle refrigerators as an environmentally
friendly refrigerant and the latter is a harmful gas in flue
emissions. The sorption performance of TA'*>-MMM was also
examined for comparison. Consistent with the above BET
results, TCM>>-MMM displayed H,O and NO sorption capacities
that were approximately twice those of TA'®-MMM (Fig. 20).
These results also demonstrate that activation by TCM treatment
is an alternative strategy to TA for the effective activation of
thermally unstable MOF-polymer composite materials.

5. Conclusions

In this Feature Article, we discussed the possible formation of
coordination bonds of chloromethanes with transition metal
ions as well as the OCS-activation ability of chloromethanes to
remove precoordinated solvent molecules from OCSs in MOFs.
Chloromethanes are known as inert chemical substances and
are widely used as solvents in a variety of chemical reactions
even though they possess a lone pair of electrons that may be
reactive or coordinate to transition metal ions. The chemical
function of chloromethanes discussed in this article demon-
strated their ability to form coordination bonds with metal ions
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even though their coordination strengths are relatively very weak.
In the aspect of thermodynamics, the formation of DCM
coordination bond and its subsequent coordination exchange
behavior arise in equilibrium. Although the data are not displayed
in this article, we have obviously observed an equilibrium between
H,0 and DCM coordination bonds, using a '"H NMR analytical
technique. Thus, we infer that, in addition to the chloromethanes,
molecules possibly to form weak coordination bond at metal
center can engender a similar function for metal-node activation.

In most cases, the coordination bonds in inorganic metal
complexes are practically characterized by single-crystal X-ray
diffraction measurements. However, weak coordination bonds
are difficult to characterize by such X-ray diffraction measure-
ments at room temperature because of their instantaneous
dissociation. MOFs possessing both paddle wheel-type metal
nodes and OCSs at the axial position, such as HKUST-1, are
good model compounds to demonstrate the presence of weak
coordination bonds because such bonds can be monitored by
the vibrational modes of metal nodes. This article illustrated
the presence of weak coordination bonds of Cl atoms using the
intrinsic vibrational mode of the paddle wheel-type (Cu™), node.
For the examples discussed, the stretching vibration frequency
of the (Cu"), node was sensitive to the absence or presence and
type of coordinated solvent molecules. The stretching vibration
frequency of the EtOH-coordinated (Cu'), node appeared at a
Raman shift of approximately 185 cm™ ", whereas that of the
open-state (Cu'), node appeared at approximately 228 cm™ .
The presence of DCM or TCM coordination at (Cu"), centers
was evidenced by the (Cu™), modes of DCM-wet-HK and TCM-
wet-HK samples appearing at 213 and 217 cm™ ', respectively.
Considering the observed trend that a stronger coordination
bond leads to a lower Raman shift of the (Cu™), mode, it could
be further supposed that the DCM coordination bond is stronger
than the TCM coordination bond.

We envision that these observations represent the first step to
revealing more fundamental scientific knowledge and developing
more advanced applications for the limitless variety of inorganic
complexes and MOFs. For instance, the presence of hydrogen
bonding around metal centers can be directly monitored using
Raman spectroscopy. We infer that stronger hydrogen bonding
between a coordinated solvent molecule and non-coordinated
(pore-filling) solvent molecules around the metal center can lead
to weaker coordination strength of the coordinated solvent,
and subsequently to stronger Cu-Cu binding strength, which
consequently results in the higher Raman shift of the (Cu'),
node. In another example, the efficiency and turn-over number
of a catalytic reaction may be raised if chloromethanes are used
as the solvent in the catalytic reaction because chloromethanes
that weakly coordinate and spontaneously dissociate can ensure
that the metal centers are continuously in the open state and
catalytically active.®®"®® Altogether, it is remarkable how rapidly
this field is developing at both fundamental and applied levels.
Coupled with new directions to achieve advanced applications
of these materials, progressive fundamental scientific under-
standing of unidentified weak chemical bonds will provide
future potential to revolutionize a number of fields.
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