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Stimuli-responsive metal—organic frameworks (MOFs) exhibit dynamic, and typically reversible, structural
changes upon exposure to external stimuli. This process often induces drastic changes in their
adsorption properties. Herein, we present a stimuli-responsive MOF, 1-[CuCl], that shows temperature
dependent switching from a rigid to flexible phase. This conversion is associated with a dramatic

reversible change in the gas adsorption properties, from Type-| to S-shaped isotherms. The structural
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Accepted 10th October 2021 transition is facilitated by a novel mechanism that involves both a change in coordination number (3 to
2) and geometry (trigonal planar to linear) of the post-synthetically added Cu(l) ion. This process serves

DOI: 10.1039/d1sc04712d to ‘unlock’ the framework rigidity imposed by metal chelation of the bis-pyrazolyl groups and realises the
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Introduction

Metal-organic frameworks (MOFs) are a class of network solids
that have been widely explored for their potential applications
in gas storage'™ and separations.>” These research efforts have
demonstrated that MOFs can exhibit unique, and typically
reversible, structural flexibility that can result in dynamic
adsorption properties.®*> For example, Fe(bdp) and Co(bdp)
(bdp = 1,4-benzenedipyrazolate) show pressure dependent
adsorption of methane that is associated with a reversible
transition between collapsed and expanded phases.”® Another
remarkable case is DUT-49, which undergoes a structural
transformation that yields a 50% reduction in the unit cell
volume resulting in negative gas adsorption.'®**

Structural modes of flexibility observed in MOFs include
breathing, swelling, linker rotation and subnetwork displace-
ment.” Typically, these processes are triggered by gas adsorp-
tion and desorption phenomena'®™® but can also be induced by
temperature,” mechanical pressure,” and light.*»** Indeed,
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intrinsic flexibility of the organic link.

such external stimuli have been employed to control the gas
adsorption properties of flexible frameworks; examples include
molecular sieving of CO,/N, and CO,/CH,, which could be
realised via mechanical pressure in MIL-53,* and incorporation
of photoswitchable azo-benzene units into the MOF backbone
of PCN-123, which is isostructural with MOF-5, to modify its
CO, adsorption properties.** Temperature can also drastically
affect the structure of flexible MOFs, for example, inducing
significant structural expansion and reversible ion capture.??*
These studies highlight that the novel adsorption characteris-
tics of flexible MOFs are determined by the structural origin of
flexibility and the type of stimulus. Thus, uncovering new
mechanisms that engender reversible phase transitions will
expand this area of MOF chemistry and broaden the scope of
potential applications.””

Work in our laboratory has shown that a manganese(u)-
based MOF, 1 ([Mn;(L),L'], where L = L' = bis(4-carboxyphenyl-
3,5-dimethyl-pyrazol-1-yl)methane, and L’ possesses a free N,N’
chelating site) can retain crystallinity following post-synthetic
metalation and consecutive chemical reactions at the extra-
neous metal site.”*** We have shown that this is primarily due
to the intrinsic flexibility of the organic linker which alleviates
strain on the framework caused by changes in geometry of the
chelated metal ion during reactions.*® A salient example is
cobalt(n) metalated 1 which undergoes a reversible,
temperature-dependent, conversion between octahedral 1-
[Co(H,0),]Cl, and tetrahedral 1-[CoCl,] geometries at the post-
synthetic metalation site (Fig. 1).® These previous observations
prompted us to investigate whether coordination chemistry
could be exploited as a novel strategy to achieve stimuli-
responsive flexibility in 1. With this in mind, we chose to
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Fig. 1 (a) A key feature of MOF 1 is the flexible organic linker which
bridges sheets of Mn(i) trimers; this structural element has been
simplified into a schematic representation to aid the reader. (b) Free
N,N'-chelation sites in 1 readily undergo post-synthetic metalation
with transition metal salts and complexes including CuCl, AuCl(dms)
(dms = dimethylsulfide) and CoCl,. (c) To provide some context to the
studies reported, we note that activation of MOF 1 leads to contraction
of the framework due to the flexibility of the non-metalated bridging
linker; this manifests in the 77 K N, isotherm in the form of
a pronounced inflexion (filled circles represent adsorption and open
circles represent desorption data points).?®6 Notably, the inflexion is
absent when the material is metalated with CoCl,, which imparts
rigidity into the bridging linker (C, black; N, pale blue; Cu, orange; Cl,
green; Au, yellow; Co, pink).

metalate 1 with Cu(i) as it exhibits diverse low coordinate
geometries (e.g. 2 (linear), 3 (trigonal planar) and 4 (tetrahedral)
are known)* that can be interconverted under carefully
controlled conditions.?**** In addition, we recently demon-
strated that 1 can support both tetrahedral and trigonal planar
geometries for Cu(r).*® Thus, we speculated whether a flexible
MOF material could be realised by modulating the Cu(i) coor-
dination geometry, i.e. switching from a rigid framework (Cu()
is chelated) to a flexible framework (Cu(1) is monodentate).
Here we report the temperature dependent switching of 1-
[CuCl] from a rigid to flexible system. This conversion is asso-
ciated with a dramatic change in the gas adsorption properties
that show Type-I and S-shaped isotherms for the rigid and
flexible forms, respectively. The novel mechanism underpin-
ning this structural transformation involves a change in coor-
dination number (3 to 2) and geometry (trigonal planar to
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linear) of the post-synthetically added Cu(r) ion which serves to
‘unlock’ the rigidity imposed by chelation of the bis-pyrazolyl
group. Given the tailorable synthesis of MOFs and vast
number of coordination complexes that are known, we believe
that this work provides general design principles for the
synthesis of stimuli-responsive flexible MOF materials.

Results and discussion

1-[CuCl] was synthesised by immersing single crystals of 1 in
a solution of CuCl in acetonitrile. Single crystal X-ray diffraction
(SCXRD) revealed that the metalated product, 1-[Cu(MeCN)Cl],
is a mixture of disordered tetrahedral Cu() centres; an ionic bis-
acetonitrile [Cu(MeCN),]JCl and a neutral [Cu(MeCN)CI]
species.’ Washing the crystals with non-polar solvents (e.g.
toluene, diethyl ether, or alkanes) drives the quantitative
formation of the non-solvated, trigonal planar species, 1-[CuCl]
(Fig. 1). Conversion of the disordered tetrahedral species to
a well-defined trigonal planar complex was confirmed by
SCXRD data, which revealed a porous framework of V..;/Z =
2677.6 A®, with a Cu-Cl bond distance of 2.203(4) A, commen-
surate with other literature examples (Fig. S1 and S27).%¢%

We assessed the adsorption properties of 1-[CuCl] by per-
forming 77 K N, adsorption isotherms. Sample activation from
n-pentane at 100 °C gave rise to an adsorption profile that
showed negligible N, uptake until P/P, = 0.3 followed by steep
uptake of N, to a maximum value of 150 cm® g~ " and a hyster-
etic desorption (Fig. 2 and S3at). The features of this isotherm
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Fig. 2 (a) Schematic representation of the principal processes asso-

ciated with the activation of 1-[CuCl] under 100 °C per vacuum
conditions, that lead to framework contraction due to the formation of
a linear, 'unlocked’ N-CuCl site which allows the MOF to access the
intrinsic flexibility of the organic linker. (b) 77 K N, adsorption isotherm
of 1-[CuCl]-unlocked after activation under vacuum from n-pentane
at 100 °C for 90 minutes. A clear gate-opening effect is observed due
to the inherent flexibility of the digonal complex, giving the isotherm
an S-shaped profile characteristic of flexible frameworks.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are typical for flexible MOF materials where a pressure-induced
transition yields an enhancement in accessible surface area.*
In addition, we activated 1-[CuCl] from different dry solvents,
including methanol, acetone, and diethyl ether. Interestingly,
although the isotherms obtained from these solvents show an
analogous profile, the gate opening pressure is shifted to P/P, =
0.1 (Fig. S4t). We attribute this phenomena to the presence of
residual solvent molecules trapped within the collapsed
framework upon activation that can lower the activation energy
for phase transitions.*’ This hypothesis is supported by TGA-MS
measurements performed on activated samples of 1-[CuCl]
showing residual solvent (Fig. S5 and S67). It is noteworthy that
dynamic adsorption behaviour is also observed for non-
metalated 1, where a gate-opening event takes place at very
low pressure (P/P, = 0.025) producing an inflexion in the
isotherm (Fig. 1c). This step originates from the intrinsic flexi-
bility of the bridging linker which, when not metalated, is free
to rotate during activation and, allows for the framework pores
to collapse. This process has been previously elucidated from
SCXRD data obtained from activated crystals of 1 (Fig. 1).2* The
pronounced step observed in the 77 K N, isotherm of 1-[CuCl]
suggests that during activation the framework undergoes
a structural transition from the open solvated phase to a closed
phase. We hypothesised that this transformation is facilitated
by a change in coordination geometry around the Cu(i) centre
from trigonal planar to digonal, which unlocks the ligand flex-
ibility and triggers the formation of the collapsed, 1-[CuCl]-
unlocked, phase (Fig. 2). We note that Cu(i) complexes are
known to readily access a digonal geometry.*>*'** Indeed,
density functional theory (DFT) calculations performed on
representative molecular subunits reveal that there is a slight
energetic preference for the digonal 1-[CuCl]-unlocked over the
trigonal planar 1-[CuCl] species (~5 k] mol ™ *). However, for the
analogous Br and I species, the trigonal planar coordination is
thermodynamically favoured (Fig. S7 and S871). We examined 1-
[CuCl] via Raman spectroscopy to ascertain if there are struc-
tural differences between as-synthesised and 1-[CuClJ-unlocked.
The spectra show clear and non-reversible changes, suggesting
that a different, thermodynamically-favoured Cu(i) geometry is
formed during thermal activation, and is retained throughout
the subsequent isotherm (Fig. S9 and S107). To gain further
insight into the 1-[CuCl]-unlocked phase we performed SCXRD
experiments using a synchrotron X-ray source. The resulting
diffraction data was solved in the space group P1 with a unit cell
volume per formula unit (Veen/Z) of 2148.5 A® (20% volume
decrease from 1-[CuCl]). This volume is notably similar to those
obtained from the structure of, non-metalated, 1 (Veen/Z =
2174.7 A%).?® Refinement of the structure showed that the bis-
pyrazolyl sites of the bridging linker clearly adopt an ‘anti’
configuration which is consistent with the hypotheses that the
closed phase is digonal. However, due to positional disorder, we
were unable to resolve the coordination environment of the
Cu(1) centre (Fig. S11 and S12%). Nonetheless, based on the
collapsed structure observed, the coordinated [Cu-Cl] would be
in close proximity to neighbouring framework atoms and such
interactions would stabilise the closed structure, consistent
with the higher gate-opening pressure observed compared to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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non-metalated 1. To confirm that Cu(i) is retained in the
conversion from 1-[CuCl] to 1-[CuCl]-unlocked we carried out
energy-dispersive X-ray spectroscopy (EDX). The resulting data
afforded the expected ratio Mn : Cu : Cl ratio of 3:1: 1 (Table
S11). Furthermore, we examined samples of the 1-[CuCl]-
unlocked via transmission electron microscopy (TEM) and found
no evidence that the Cu(i) ions had migrated from the coordi-
nating linker to form nanoparticles (Fig. S147).

Next, we compared the 77 K N, adsorption profile of 1-
[CuCl]-uniocked to two sets of control samples: (i) a bonafide
digonal complex 1-[AuCl]; and (ii) 1-[CuBr] and 1-[Cul] that,
according to previously discussed DFT simulations, show
a thermodynamic preference for the trigonal planar geometry
(Fig. S7 and S8t). 1-[AuCl] was synthesised by metalating 1 with
[AuCl(dms)] (dms = dimethylsulfide) in diethyl ether, a solvent
known to favour the ‘anti’ conformation at the N,N’-coordina-
tion site.*® SCXRD analysis revealed a linear AuCl complex
coordinated to a single N-donor site in 1 (Fig. 1, Fig. S15 and
S167), and EDX analysis of the crystals (Table S2 and Fig. S171)
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Fig. 3 (a) 77 K N, adsorption isotherm of 1-[CuBr] (orange) and 1-[Cul]

(dark red) under 100 °C/vacuum activation conditions, that maintain
their trigonal planar conformation and act as ‘permanently-locked’
control samples. (b) 77 K N, adsorption isotherm of the ‘permanently-
unlocked’ 1-[AuCl] sample activated at room temperature, which
allows the MOF to access the intrinsic flexibility of the organic linker. (c)
77 K N2 3-cycle adsorption isotherm of 1-[CuCl] after activation under
mild conditions, then heated at 100 °C for 90 minutes, and finally
resolvated and reactivated under mild conditions. A clear gate-
opening effect is observed after heating, giving the isotherm an S-
shaped profile characteristic of flexible frameworks.
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confirmed the expected Mn : Au : Cl ratio of 3 : 1 : 1. Samples of
1-[AuCl] were activated at room temperature from diethyl ether
and n-pentane prior to performing a N, 77 K adsorption
isotherm. The S-type adsorption profile of 1-[AuCl] (Fig. 3b and
S181) was analogous to that of 1-[CuCl]-unlocked, showing
a gate-opening step at P/P, = 0.1. This data suggests that the
adsorption behaviour of 1-[CuCl]-unlocked is consistent with
a digonal 1-[CuCl] species.

Metalation of 1 with CuBr and Cul directly yielded struc-
turally ill-defined multinuclear species within the MOF. To
overcome this issue, we employed anion metathesis of 1-[CuCl]
with NaBr or Nal in dry methanol for 24 and 48 hours, respec-
tively.>>*° In both cases, EDX analysis of the crystals indicated
that quantitative halide exchange had occurred (see Mn : Cu : X
3:1:1 ratios; X = Br, I; Table S3 and Fig. S207). Single crystal
quality for the bromide and iodide exchanged MOFs was
excellent, permitting their examination by SCXRD. In both
instances, a trigonal planar Cu(i)-halide complex was observed
(Fig. 3), with Cu-X bond lengths of 2.268(3) and 2.455(6) A for
the bromide and iodide derivatives, respectively (Fig. S21-S247).
We note that trigonal planar halide complexes of Cu(r) are
rare,” and these results present an unusual example in which
three halide species are accessible via simple solvent and anion
exchange chemistry within a MOF matrix. 77 K N, isotherms
were collected on samples of 1:[CuBr| and 1-[Cul] under the
same activation conditions employed for 1-[CuCl]-unlocked. 1-
[CuBr] and 1-[Cul] exhibit Type-I-like profiles that are consis-
tent with a ‘locked’ trigonal planar conformer (Sgpr = 492 m?*
g~ ! for 1-[CuBr], 727 m*> g~ for 1-[Cul], Fig. 3a, S25 and S267).
Both isotherms display an inflexion shoulder after the micro-
porous region attributed to conformational freedom at the
trigonal planar sites.** The combined structural and gas
adsorption data (vide supra) of the control samples suggests that
in the activated phase Cu(i) adopts a linear conformation
subsequent to thermal activation and that the gate-opening
phenomena is due to the underlying flexibility of organic link
coordinating in a monodentate fashion.

Two sought after properties of flexible MOF materials are
reversible gas adsorption and on/off porosity switching.'®>*
Thus, we investigated if the activated phases 1-[CuCl]-locked
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(trigonal planar) and 1-[CuCl]-uniocked (digonal) could be
accessed independently, and if the transition from a rigid to
flexible phase could be triggered in situ by an external stimulus
(Fig. 4). Given that DFT studies indicate a low energy barrier for
the conversion of trigonal planar 1-[CuCl] to a digonal 1-[CuCl],
we thought that mild activation conditions may allow for 1-
[CuCl]-locked to be isolated, and its gas adsorption properties
examined. Samples of 1-[CuCl] activated at room temperature
from either diethyl ether or via supercritical CO, were assessed
by 77 K N, gas adsorption isotherms (Fig. S28f). In both
instances, the isotherm profiles were Type-I Sgpr surface area
values of 565 m* g~ ' (ether activation) and 441 m”* g~ * (scCO,
activation), and show an analogous shoulder to the trigonal
planar 1-[Cul] and 1-[CuBr] species, albeit less pronounced.
Remarkably, following activation, the crystals remained in
excellent condition allowing for their structures to be deter-
mined using SCXRD. Analysis of the diffraction data afforded
the expected trigonal planar geometry for the Cu(i) ion, with no
crystallographically defined solvent molecules within the MOF
pores (Fig. S30 and S31t). Next, we explored the potential
switching from the open to the closed phase of the MOF in situ.
After collecting an isotherm on the open phase, the sample was
heated at 100 °C for 90 min. A second 77 K N, isotherm was then
carried out on the heated sample, showing a drastic change in
the isotherm profile; from Type-I to the S-type profile charac-
teristic of 1-[CuClJ-unlocked (Fig. 3c). Lastly, this same sample
of 1-[CuCl]-unlocked was re-solvated via immersion of the
material in dry MeCN. This process led to the recovery of the
initial tetrahedral complex, 1-[Cu(MeCN)CI] (referred hereafter
as 1-[CuCl]-resolv for clarity, Fig. S32 and S33%). This sample
was activated, either after washing with diethyl ether at room
temperature or supercritical CO,, and a third N, isotherm was
performed at 77 K after recovering the trigonal planar confor-
mation. As expected, a non-gated adsorption profile was
observed again for both samples, although slightly reduced Sggr
values were recorded (Sggr = 292 m> g~ ' (ether), 264 m> g '
(scCO2); Fig. 3c and S32t). We attribute this reduction of
surface area and total uptake values to slight structural degra-
dation upon the three solvent-exchange-activation-isotherm
measurement cycles.
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Fig.4 Schematic representation of the principal processes associated with the activation of 1-[CuCl] under mild (SC CO,) and harsh (100 °C per
vacuum) conditions. Mild conditions lead to an open ‘locked’ framework with trigonal planar geometry retained at the N,N'-CuCl sites while
harsher conditions lead to framework contraction due to the formation of a linear, ‘unlocked’ N-CuCl site which allows the MOF to access the

intrinsic flexibility of the organic linker in a reversible fashion.
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Conclusions

In summary, we have uncovered a new mechanism for realising
structural flexibility in MOFs that allows for control of the bulk
material adsorption properties. Due to the mutable coordina-
tion chemistry of Cu(1), 1-[CuCl] can be isolated as a rigid,
trigonal planar 1-[CuCl]-locked, or flexible, digonal 1-[CuCl]-
unlocked species by careful choice of activation conditions.
These materials engender distinct gas adsorption characteris-
tics; 1-[CuCl]-locked affords a Type-I isotherm typical of a rigid
microporous material while 1-[CuCl]-uniocked yields an S-
shaped isotherm profile that is characteristic of flexible MOFs.
Furthermore, heating samples of 1-[CuCl]-locked triggers
a structural transition to 1-[CuCl]-unlocked, providing a simple
approach to stimuli-induced on-off porosity switching. Like-
wise, re-solvating 1-[CuCl]-unlocked recovers the initial
complex, and consequently, the rigidity of the material.
Throughout these phase transitions crystallinity was retained,
permitting structural elucidation of each step via SCXRD, and
thus providing deep insight into the mechanism underlying
these transformations. We believe that coordination-modulated
flexibility could be employed to design new MOF materials that
are composed of intrinsically flexible linkers that can coordi-
nate transition metals. In addition, such materials could show
desirable performance characteristics for application to areas
such as molecular sensing.

Experimental section
Materials and methods

All reagents were obtained from commercial sources and used
without further purification. Unless otherwise stated, all reac-
tions and sample handling were performed under an argon
atmosphere using standard Schlenk techniques. Solvents were
dried and distilled using literature procedures and degassed
with Ar prior to use. Specifically, acetonitrile (MeCN) was dried
from CaH, under N,; methanol was dried by refluxing over Mg
beads under N, followed by distillation and storage over 4 A
molecular sieves; acetone was dried and distilled from CaSO,
under N,; and pentane, cyclohexane, toluene and diethyl ether
were dried over Na/benzophenone. NaBr and Nal used for anion
exchange were stored in a 120 °C drying oven. 1-[AuCl] is light-
sensitive and must be handled and stored accordingly.

Characterisation

SEM imaging and Energy-Dispersive X-ray (EDX) spectroscopy
data were collected using a Philips XL30 field-emission scan-
ning electron microscope (FESEM) operating at 20.00 kV. TEM
images were collected on a FEI Tecnai G2 Spirit microscope. The
samples were sonicated in dry methanol for 20 minutes to
ensure a good delamination of the crystals and improve the
overall dispersibility. Thermogravimetric analysis (TGA) of
activated 1-[CuClJ-unlocked from diethyl ether and n-pentane
were collected on a Netzsch STA449 F3 Jupiter + QMS403
Aeolos® Quadro thermogravimetric analyser, coupled to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a Mass-Spectrometry detector fixed at MW = 72 (pentane) and
74 (diethyl ether).

Raman spectroscopy

Raman spectrum was collected using an alpha300 RS from
WITec with activated sample sealed in a glove box under N,
atmosphere. The excitation wavelength was 532 nm, integration
time was 120 s with 4 times of accumulations, the grating is G3
1200 g mm ™' (BLZ = 500 nm). Two equivalent batches of as-
synthesised 1-[CuCl] were transferred to two different Raman
sample cells (see Fig. S91) within a globe box. The former
(Cell#1) was left undisturbed, while the latter (Cell#2) was
activated under temperature and vacuum for 8 hours to ensure
a complete conformational change. The Raman spectra of both
cells were then collected before running an in situ N, adsorption
isotherm at 77 K on the activated sample. A final Raman spec-
trum, post-isotherm, was then collected to spot any potential
conformational change during the desorption step.

Gas SOI‘ptiOIl measurements

Gas adsorption isotherms (77 K N,, 195 K CO,) were measured
on a Micromeritics 3-flex Surface Area Analyser, and on an ASAP
2020 Surface Area and Pore Size Analyser. Unless otherwise
specified, wet crystals of 1 were loaded under argon to the
adsorption cell, and the final mass was corrected after the
isotherm data collection. Specific activation conditions are
described in the main text and in the caption text of the cor-
responding ESI figures.

Single crystal and powder X-ray diffraction

Single crystals were mounted in paratone-N oil on a nylon loop.
SCXRD data for 1-[Cu(MeCN)Cl],* 1-[CuCl], 1-[CuCl]-locked, 1-
[CuClJ-unlocked, 1-[CuCl]-resolv, 1-[CuBr], 1-[Cul], and 1-[AuCl]
were collected at 100 K on the MX1 or MX2 beamlines of the
Australian Synchrotron using the Blulce software interface,*
operating at A = 0.7108 A. Single crystal X-ray data for 1-[CuCl]
was collected at 150(2) K on an Oxford X-Calibur single crystal
diffractometer (A = 0.71073 A). Ny reflections were merged to N
unique (Rj,, quoted) after a multi-scan absorption correction
(proprietary software) and used in the full matrix least squares
refinements on F°. Unless otherwise stated in the additional
refinement details, anisotropic displacement parameter forms
were refined for the non-hydrogen atoms; hydrogen atoms were
treated with a riding model [weights: (02(F,)* + (aP)* + (bP))"*; P
= (F,* + 2Fc*)/3]. Neutral atom complex scattering factors were
used; computation used the SHELXL program.** Pertinent
results are given in the manuscript, while views of the asym-
metric units, additional refinement details, and X-ray experi-
mental and refinement data (Table S3 and Fig. S9-S22%) are
given in the ESL{ Full details of the structure determinations
have been deposited with the Cambridge Crystallographic Data
Centre as CCDC #s 2100590-2100596.F

Powder X-ray diffraction data was collected on a Bruker
Advance D8 diffractometer equipped with a capillary stage
using Cu Ko, radiation (A = 1.5418 A). Simulated powder X-ray
diffraction (PXRD) patterns were produced from the single
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crystal data using Mercury Software. 1-[CuCl]-unlocked PXRD
was collected after activating the sample under vacuum at
100 °C for 90 min inside a Pyrex capillary, flame sealed under
vacuum prior to the measurement.

DFT simulations

A representative molecular model of the framework, as used in
a previous study,” where the framework was cleaved at the
pyrazole C4 position and capped with methyl functionality was
employed to investigate the coordination of bis-pyrazole system.
Geometry optimizations of this molecule coordinated to a Cu
centre with a series of halogens (Cl, Br, I) in either a two or
three-coordinate conformation used the PBEO density func-
tional® employed by the ORCA software package.*®*” The
polarized triple-zeta basis set def2-TZVP*® was used and tight
SCF convergence criteria were implemented to obtain reliable
accuracy. Dispersion corrections (D3-BJ) were also applied.*
Further information is detailed in ESI (see Fig. S7 and S87) and
representative data files are available online in the data repos-
itory https://github.com/jackevansadl/supp-data.

Synthetic procedures

H,L. The ligand bis(4-(4-carboxyphenyl)-1H-3,5-dime-
thylpyrazolyl)methane (H,L) was synthesized following a previ-
ously reported procedure.?®

1. Single crystals of 1 were prepared as previously reported.*®
Briefly, 31.6 mg of H,L and 24.2 mg of MnCl,-4H,0 were dis-
solved in 6 mL of a DMF : H,O mixture (2 : 1 v/v). The solution
was transferred to a scintillation vial and heated at 100 °C for
48 h. The as-obtained colourless plate-shaped crystals were
washed with DMF (3 x 10 mL) and kept under solvent prior to
their use.

1-[Cu(MeCN)CI]. Single crystals of 1 (~24 mg) were placed in
a4 mL glass vial and washed with freshly distilled acetonitrile (5
x 5 mL) under Ar flow (the solution was degassed with Ar after
each exchange, and the sample was allowed to soak for 1 h
between washings). CuCl (30 mg) was added and the vial was
sealed under Ar and left undisturbed at 4 °C for 72 h. The
resulting yellow crystals were washed with freshly distilled
acetonitrile (5 x 5 mL) and stored under Ar.

1-[CuCl]. Crystals of 1-[CuCl(MeCN)] were washed under Ar
flow with freshly distilled MeOH (5 x 5 mL), acetone (5 x 5 mL)
and a non-polar solvent (toluene, n-pentane, cyclohexane) (5 x
5 mL) allowing the sample to soak for 1 h in between washings.

1-[CuCl]-locked. Crystals of 1-[CuCl] were washed in Et,O (5
x 5 mL) allowing the sample to soak for 1 h between washings.
The sample was then activated under dynamic vacuum for
90 min at room temperature and backfilled with Argon.

1-[CuCl]-unlocked. Crystals of 1-[CuCl] were slowly activated
under dynamic vacuum (pressure slope: —10 mbar min~") in an
adsorption cell and then heated at 100 °C for 2 hours after
reaching full vacuum.

1-[CuCl]-resolv. Crystals of 1-[CuCl]-unlocked were backfilled
with Argon and soaked in dry acetonitrile for 2 hours.

1-[AuCl]. Single crystals of 1 (~24 mg) were placed in
a cellulose filter within a 4 mL glass vial and washed with freshly
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distilled Et,O (5 x 5 mL) under Ar flow (the solution was
degassed with Ar after each exchange, and the sample was
allowed to soak for 1 h between washings). AuCl(dms) (dms =
dimethylsulfide) (10 mg) was added to the ether phase and the
vial was sealed under Ar and left under stirring in the dark at
room temperature for 48 h. The resulting pale-yellow crystals
were taken out of the filter, washed with freshly distilled Et,O (5
x 5 mL) and stored under Ar in the dark.

Anion exchange protocol for 1:[CuBr| and 1-[Cul]. Crystals
of 1-[CuCl] were soaked in dry methanol. Dry NaBr or Nal (~100
mg) was then loaded to a small glass ampule and subsequently
submerged in the 4 mL vial containing the MOF sample. The
solution was degassed with Ar, and the vial was sealed and
allowed to stand at room temperature for 24 h or 48 h, respec-
tively. Under Ar flow, the ampule containing undissolved salt
was removed and the resulting brown crystals were washed with
freshly distilled methanol (5 x 5 mL), acetone (5 x 5 mL) and n-
pentane (5 x 5 mL).

Data availability

Representative data files for computational calculations are
available online in the data repository https://github.com/
jackevansadl/supp-data.
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