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A Cu-Based Near-IR Active MOF with an lon-Pair Guest
Exhibiting Versatile and Selective Gas-Solid Reactivity

Rajat Saha,* Alejandro Cortés-Villena, Silvia Gémez-Coca, Alberto Ferndndez-Alarcén,
Joaquin Calbo, Raquel E. Galian, Enrique Orti, Eliseo Ruiz, Mdnica Giménez-Marqués,

Samia Benmansour,* and Carlos |. Gémez-Garcia*

Metal-organic frameworks (MOFs) that react spontaneously

and selectively with gases or vapors are useful in separation and purification
processes, but are very scarce since only a few MOFs are capable of
undergoing structural transformations. Simultaneous incorporation of cations
and anions in a MOF is, as far as is known, never been observed. Here a new
MOF: (Me,NH,)(Cu'Cl,) @[Cu",(INA),Cl,0]-1.5dmf (3) (INA = isonicotinate,
dmf = N,N’-dimethylformamide) is presented that simultaneously
incorporates Me,NH,* cations and CuCl,~ anions. Furthermore,

to the best of our knowledge, MOF 3 is the first transition metal-based near-IR
active MOF. A systematic reactivity study with highly reactive gases and
vapors shows that, in the presence of NH;, MOF 3 presents a single-crystal-to
single crystal transformation into [Cu(INA)(OH)]-H,O (4-NH;), a 3D

MOF containing unprecedented [Cu(u;-OH)]," chains. With HCl or HCOOH
vapors, MOF 3 shows a dissolution-recrystallization structural transformation
into (HINA),[Cu,Cl,(H,0),] (5-HCI) or the 3D MOF (Me,NH,)[Cu(HCOO),]
(6-For). In contrast, MOF 3 remains stable under vapors of H,SO,, H;PO,,
Et;N, acetone, acetonitrile, methanol, ethanol, and pyridine. Theoretical
calculations confirm the spontaneous nature of these transformations.
Density functional theory (DFT) calculations show that the reduction

of Cu' to Cu' in the host helps to explain such exceptional optical properties.

freely, allowing them to react spontaneously
and homogeneously. In contrast, due to the
compactness of the structures and strong
interactions (covalent or ionic) between
the components, solid-state materials are
comparatively static in nature.['?} Although
solid-phase reactions or transformations
are well-known in organic chemistry,>*
they become very rare in inorganic materi-
als, where their study is further limited by
the absence of solid-state reactivity and the
lack of stability of the single crystals in most
cases.l®! Single crystals of inorganic materi-
als may undergo such solid-phase chemical
reactions in either restorative or disintegra-
tive ways.[67]

Metal-organic frameworks (MOFs) and
porous coordination polymers (CPs) are a
special class of hybrid organic-inorganic
materials, well-known for their regular
and periodic structures. MOFs are con-
structed from metal ions or clusters and
multi-topic organic linkers and have gained
considerable attention for various applica-
tions based on their unique properties.[>2]

Recently, MOFs and CPs have gained
much attention for the utilization of their

1. Introduction

Chemical reactivity is one of the fundamental properties of
matter.?] In gaseous and liquid phases, the reagents can move

inherent regular, discrete cavities or channels to accommodate
different types of guest molecules.*?'-2*] Within the confined
space of the nano-sized cavities and channels of the host, the
geometry, molecular orientation, supramolecular behavior, and
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Figure 1. Synthesis of the 3D MOF 2 from monomer 1 and of the 3D MOF 3 from MOF 2.

subsequent properties of the guest molecules may be different
from those of the bulk phase.[?* Accordingly, guest@ MOF may
show some interesting functionalities different from those of
the isolated guest and MOF, or even of the physical mixture of
both.[252] The encapsulation of guests proceeds via molecular
recognition at the pore surface and diffusion through the chan-
nels. Literature survey shows that several types of guest species,
like metal cations, many different anions, metal nano-clusters,
quantum dots, organic molecules, enzymes, drugs, inorganic
complexes, polyoxometalates, organic polymers, etc., have been
loaded within the channels or pores of different MOFs.[2] Albeit,
as far as we know, no simultaneous encapsulation of cations and
anions inside the cavity of a MOF has been reported. It should
be noted that the presence of both cations and anions within
the pores of MOFs may result in a host-to-guest or guest-to-host
charge transfer that may lead to unusual functionalities such as
electrical and/or proton conductivity, optical properties, redox ac-
tivity, etc.[171920.27] Here, we will show how, thanks to an in situ
redox reaction, it is possible to generate, simultaneously, cations
and anions inside a neutral MOF.

Solid-state reactivity of MOFs has become a major focus of re-
search in recent years.[?83% Several research groups have stud-
ied the solid-state structural transformation of MOFs under dif-
ferent external stimulil®!l like heat,[3*33 light,3*l pressure,®
electrochemical,’®! chemical,l’’} etc. In certain cases, drastic
structural transformations have been observed, accompanied
by changes in the coordination number,***] geometry, 354
dimension,***! topology,[*?! interpenetration,[*}] etc.[228-31] Vit.
tal et al., and Bramer et al., have reviewed all types of possible
structural transformations for MOFs and CPs.[V®] Such struc-
tural transformations lead, in some cases, to unusual structures
and functionalities that cannot be obtained by de-novo synthe-
sis. In this regard, gas-solid reactions of MOFs leading to drastic
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structural transformations are very scarce due to the restricted
movement of gas molecules within the void space of MOFs.[?"]

In MOF reactivity, the most studied gas-solid reactions
are those between MOFs and different solvent molecules in
the gas phase, like water, methanol, or ethanol. For instance,
upon exposure to moisture, [Zn,O(bdc);] (MOF-5, bdc = 1,4-
benzenedicarboxylate) undergoes a structural transformation to
[Zn,(OH), (bdc),] (MOF-69C) through cleavage of Zn-bdc coordi-
nation bonds and formation of metal-hydroxide bonds.[*l On the
other hand, MIL-53 undergoes a pore size contraction due to the
flexibility of the Cr-bdc bonds in the presence of moisture at room
temperature.l*”] There are other examples based on structural
transformations without dimensionality change upon exposure
to moisture. Thus, Brammer et al., reported the reversible struc-
tural transformation of the 1D CP [Ag,(O,C(CF,),CF;),(TMP),]
(TMP = 2,3,56-tetramethylpyrazine) into the 1D CP
[Ag,(0,C(CF,),CF;),(TMP),(EtOH),] in the presence of ethanol,
and showed that, under HCl vapor, the metal-pyrazine bonds are
cleaved when Cl~ coordinates to the metal centers and pyrazine
groups get protonated.l**’] These authors also performed mech-
anistic studies and theoretical calculations.[*’! In a related study,
Minguez et al. demonstrated that the magnetic properties of a
non-porous CP can be tuned by chemisorption of HCL®) and
Adams et al. showed that the composition of the final product
can be controlled by using different amounts of HCl and HBr.[*’!
Besides hydrogen halides, other gases, as NH; and MeNH,,
have also been reacted with different MOFs and CPs. Thus,
Leznoff et al. studied the stepwise structural transformation of
the 3D CP Zn[Au(CN),], into the 1D CP {Zn(NH,),[Au(CN),],}
and the monomer Zn(NH;),[Au(CN),], in the presence of NH,
vapor,>®l whereas Li et al. reported the structural transformation
of a non-porous 1D CP to a 3D porous supramolecular network
upon exposure to methylamine vapor.!’!
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Besides these single-crystal-to-single-crystal (SC-SC) transfor-
mations, dissolution-recrystallisation structural transformations
(DRST) of MOFs have also become a major focus in MOF chem-
istry for developing new structures.?®>!] Most of the MOF-DRST
reported to date are performed by solid-liquid reaction. For in-
stance, Hupp and co-workers have studied the DRST-mediated
conversion of EHU-30 to UiO-66 in the presence of acetic acid in
N,N’-dimethylformamide (dmf) by in situ powder X-ray diffrac-
tion (PXRD) and in situ 'H NMR spectroscopy.*?) Another in-
teresting example of DRST was reported by Tu et al. These au-
thors showed the interconversion of multiple zeolitic imidazolate
frameworks (ZIFs) by the liquid-assisted DRST method.I>3] Nev-
ertheless, DRST of MOFs via gas-solid phase reactions is still very
rare.[54]

Although, as discussed above, there are a few examples of gas-
solid reactions leading to structural transformations in MOFs
and even in molecular systems,[>>8] the number of reported
examples is still very limited and, to our knowledge, no sys-
tematic study of the reactivity of a given MOF with different
gases and vapor solvent molecules has been performed. To en-
large the knowledge about this unusual structural transforma-
tion of MOFs via gas-solid reactions, we have performed a sys-
tematic study of the gas-solid reaction of the Cu-containing
MOF (Me,NH,)(CuCl,)@[Cu, (INA),CL0]-1.5dmf (3) with dif-
ferent gases and solvent vapors. This study shows that 3 under-
goes versatile and selective structural transformation via both
SC-SC and DRST in the presence of different gases and va-
pors. In particular, 3 reacts with 25% NH;, HCIl, HCOOH, and
CH,COOH vapors at room temperature within a few minutes
(0.5-30 min, Figures S3-S6, Supporting Information). MOF 3
also reacts with HNO, vapors to yield a sea-green crystalline pow-
der (Figure S7, Supporting Information), but remains stable in
the presence of vapors of Et;N, H,SO,, H;PO,, methanol, ace-
tone, acetonitrile, and methanol for more than 7 days (Figures
S8-S14, Supporting Information). Thus, the 3D MOF 3 shows,
in the presence of 25% NH; vapor, a SC-SC transformation to
the 3D MOF [Cu(INA)(OH)]-H,O (4-NH;), thanks to the selec-
tive reaction of MOF 3 with hydroxide ions, while it is stable
for more than 7 days in Et;N vapor. On the other side, MOF
3 transforms into the dimeric salt (HINA),[Cu,Cl;(H,0),] (5-
HCI) upon exposure to aqueous HCl vapor within 5 min. In the
presence of formic acid, HCOOH, MOF 3 converts into the 3D
MOF (Me,NH,)[Cu(HCOO);] (6-For) with selective capture of a
dimethylammonium cation, Me,NH,*, from the parent MOF.
Finally, with acetic acid vapors, MOF 3 forms the well-known
paddlewheel dimeric neutral complex [Cu,(CH,COO0),]-2H,0 (7-
Ac).5% We have performed theoretical calculations to identify the
potential SC-SC and DRST mechanisms and the energy associ-
ated to all these structural transformations.

We have also studied the optical activity of MOF 3 in the UV-
vis-IR range. Broad absorber materials from the UV to the mid-
IR (MIR) and their emissive properties in the visible range have
become a major focus in optoelectronics due to their potential
applications, such as telecommunication, sensing, laser, biolog-
ical imaging, and energy conversion, to name a few.[%*¢1] Gen-
erally, NIR-photoactive MOFs are synthesized by the utilization
of NIR-active lanthanide ions!®*=%4] (Ln**, mostly Yb**, Nd**, and
Er3*) and organic chromophores as building blocks!®%°! or guest
species.l®’”] The formation of extended charge transfer pathways
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within the MOF through encapsulation of redox-active guest
species is another approach to develop NIR-active MOFs.[%869] Be-
sides, nanoparticles!’?! or quantum dots!”!] have also been used
as the guest species to develop NIR-photoactive MOFs. As dis-
cussed below, the encapsulation of CuCl,~ within the void space
of MOF 3 is responsible for the broad absorption from the UV
to the MIR and up to 3000 nm and the emission in the visible
range (480-550 nm). Density functional theory calculations show
that the reduction of Cu'' to Cu' in the host, under UV light irra-
diation, is the primary reason for such exceptional optical activity.

2. Results and Discussion

2.1. Synthesis of (Me,NH,)(Cu'Cl,) @[Cu, (INA),Cl,O]-1.5dmf (3)
from [Cu(INA),]-dmf (2) and [Cu(INA),(H,0),] (1)

Green cubic single crystals of the parent MOF
(Me,NH,)(Cu'ClL)) @[Cu,(INA),ClL,0]-1.5dmf (3) were synthe-
sized by a two-step method. Initially, the solvothermal reaction
at 105 °C of the monomer [Cu(INA), (H,0),] (1)72%% with CuCl,
(1:1) in a 1:4 dmf-water mixture leads to the formation of blue
cubic crystals of the 3D MOF [Cu(INA),]-dmf (2)8182] after 24
h (Figure S1, Supporting Information). Interestingly, extending
the reaction for 24 h more, the blue cubic crystals convert into
green ones of (Me,NH,)(Cu'ClL,)@[Cu",(INA),CL,0]-1.5dmf (3)
(Figure 1), suggesting that compound 2 is the kinetic phase,
whereas 3 is the thermodynamic one.

The transformation of 2 into 3 implies the aggregation of
the carboxylate-bridged dimers into tetrahedral oxido-bridged
tetramers, along with the inclusion of CuCl,~ anions and the re-
duction of the dmf molecules in 2 to Me,NH,* cations in 3. Note
that the formation of Me,NH,* cations from dmf under similar
synthetic conditions is quite common,!33-%°] and the reduction of
Cu' to Cu' with dmf has also been previously observed.[8286-90]
We can, therefore, assume that the Cu'Cl,~ anions located in the
channels of 3 are formed by reduction of Cu" with dmf when the
solvothermal synthesis time is increased.

2.2. Versatile Structural Transformation of MOF 3 via both SC-SC
and DRST into 4-NH3, 5-HCI, 6-For, and 7-Ac

When crystals of the parent MOF 3 are exposed to NH,
in the gas phase, they transform into the 3D MOF
[Cu(INA)(OH)]-H,O (4-NH;), which contains hydroxide-
bridged Cu chains (Figure 2). In a similar way, exposing
crystals of 3 to HCl, HCOOH, and CH;COOH vapors, leads
to crystals of the dimer (HINA),[Cu,Cl (H,0),] (5-HCI),
the 3D MOF (Me,NH,)[Cu(HCOO),] (6-For), and the dimer
[Cu,(CH,CO00),]-2H,0 (7-Ac), respectively (Figure S2, Support-
ing Information). These gas-solid state reactions occur within 30
min in all cases (Figures S3-S6, Supporting Information). De-
spite the reactivity of MOF 3, it remains stable in the presence of
vapors of Et;N, H,SO,, H;PO,, methanol, acetone, acetonitrile,
and methanol for more than 7 days (Figures S8-S14, Supporting
Information). Note that compounds 3, 4-NH;, 5-HCI, and 6-For
are new, whereas 7-Ac is the stable and well-known dimeric
copper acetate compound.l**
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Figure 2. SC-SC and DRST of MOF 3 in the presence of vapors of NH;3, HCl, HCOOH, and CH; COOH.

2.3. X-ray structure of [Cu(INA),]-dmf (2) and
(Me,NH,)(Cu'Cl,) @[Cu, (INA),Cl,0]-1.5dmf (3)

The crystal structure of the intermediate 3D MOF
[Cu(INA),]-dmf (2) has already been reported®! and, there-
fore, here we will only describe it briefly to decipher the
mechanism of the transformation 2 — 3. MOF 2 consists of a
3D lattice formed by double carboxylate-bridged Cu™' dimers
that are further connected by isonicotinate bridges (Figure
S15, Supporting Information), giving rise to square channels
running along the g-axis containing the dmf solvent molecules
(Figure S16, Supporting Information). The carboxylate-bridged
Cu dimers are located at the vertices of the squares, with the
INA™ bridges forming the sides and connecting each dimer
to four other dimers in the four closest corners (Figure S16,
Supporting Information). The Cu!! ions are surrounded by five
different INA~ ligands and show a CuN,O,; square pyramidal
coordination geometry. The basal plane contains two trans
N-atoms and two trans O-atoms, whereas the axial position is
occupied by an O-atom (Figure 1).

Single-crystal X-ray diffraction (SCXRD) analysis shows that
MOF 3 crystallizes in the chiral orthorhombic space group 1222
and presents a 3D structure (Table S1, Supporting Information).
The asymmetric unit contains one INA~ ligand and one Cu'
metal center (Cul), both on general positions, one O atom (02),
and one chloride ligand (Cl1), both located on a two-fold axis
and coordinated to Cul. There is also a Cu' atom (Cul0) lo-
cated on a two-fold axis and one chloride ligand (Cl10) coordi-
nated to Cul0 (Figure S17, Supporting Information). It also con-
tains one Me,NH," cation and one and a half dmf molecules
delocalized in the voids, as indicated by the thermogravimet-
ric and elemental analysis (see Supporting Information), and by
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the Mask and Squeeze procedures (see below), resulting in the
formula (Me,NH,)(Cu'CL)@[Cu",(INA),Cl,0]-1.5dmf (3). The
central tetrahedral [Cu,OCl,] unit is formed by a central y,-O
atom (O2) coordinated to the four Cu centers and by two bridging
chlorides at the outer periphery (Figure 3). Each copper shows a
five-coordinated square pyramidal geometry formed by the coor-
dinated central oxygen atom (O2), one chloride atom (Cl1), two
carboxylate oxygen atoms (O1 and O11) of two different INA~
ligands and one pyridyl N-atom (N1) of a third INA™~ ligand (N1),
with the axial position occupied by O11 (Figure 3). Each INA~
ligand binds to three different metal centers: two Cul from a
Cu,O cluster with the two carboxylate O-atoms (O1 and O11)
and one Cul atom from a neighboring Cu,O cluster with the N
atom (N1, Figure S18, Supporting Information). In this way, each
Cu, O cluster is connected to eight neighboring similar clusters
through eight different INA~ bridges to form an overall bcu-3D
framework (Figure S19, Supporting Information). The bond dis-
tances and angles around the Cul atom (Tables S2 and S3, Sup-
porting Information) are the typical ones for penta-coordinated
Cu'" centers with square pyramidal geometry and, as expected,
the axial Cu-O11 bond distance (2.304(3) A) is longer than the
equatorial ones (in the range 1.909-1.969 A). The Cu10-Cl10
bond distance (2.101(3) A) is in the normal range observed for
other similar linear CuCl,~ anions.”™*’] The oxidation state of
the Cu ions in this (and all the other compounds) has been con-
firmed by bond valence sum calculations (Table S10, Supporting
Information).

It is noteworthy that a very similar structure has been reported
by Bai et al., although without the Me,NH,* cations and the sol-
vent molecules inserted in the cavities of the MOF.[®2] In our
case, the framework contains a large void space of 931 A* per
unit cell (44% of the unit cell volume), where it accommodates a
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Figure 3. a) Perspective view of the structure of MOF 3 down the ¢ direction.

linear CuCl,~ anion with the Cu! ion sitting on a two-fold axis,
a disordered Me,NH,* cation, and one and a half disordered
solvent dmf molecules. Since the framework [Cu,OCl,(INA),]
is neutral, the insertion of the CuCl,~ anion requires a charge-
compensating cation. Note that the formation of Me,NH,* from
dmf under the same conditions has been observed in many
cases®3®1 and, therefore, we can assume that Me,NH,* must
be the charge-compensating cation in our case. Application of
Squeeze and Mask procedures to the X-ray data shows the pres-
ence of a total of 88 e~ per formula unit, which corresponds to
one Me,NH,* cation and 1.5dmf molecules per formula unit (ac-
counting for 86 e”). These data agree with the thermogravimetric
analysis (Figure S20, Supporting Information), which shows a
progressive mass release of ~18% in the temperature range 50—
250 °C, corresponding to the loss of one Me,NH, one HCI, and
one and a half dmf molecules (calculated = 17.2%). Above ~270
°C, the sample decomposes as a result of the decomposition of
the INA~ ligands.

The most original feature of this 3D framework is the fact that
the neutral framework contains simultaneously both, an inserted
cation and an anion within the void space, providing a charge
transfer pathway through the channel. The presence of unsatu-
rated metal centers and labile bridging chlorides prompted us
to attempt some post-synthetic modification using both solution
and vapor phase (see below).

Bulk purity of the framework was analyzed by powder X-ray
diffraction (PXRD) (Figure S21, Supporting Information). In or-
der to assess the presence of Cu'! in MOF 3, we carried out EPR
and magnetic measurements as well as bond valence sum calcu-
lations (Table S10, Supporting Information).

2.4. Characterization of [Cu(INA),]-dmf (2) and
(Me,NH,)(Cu'Cl,) @[Cu, (INA),Cl,O1.5dmf (3)

The EPR study of 2 and 3 (Figure S22, Supporting Information)
is very similar and shows the expected axial signals for square
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Open

b) Detail of the Cu,OCl, central cluster with the labelling scheme.

pyramidal Cu' ions. In 3 we do not observe any extra signal from
the CuCl,~ units, in agreement with the Cu' oxidation state of the
copper center in this linear anion. The presence of neutral CuCl,
can also be discarded from the EPR spectrum.

The magnetic properties of compound 2 (Figure S23, Support-
ing Information) show that it behaves as an antiferromagnetic
Cu** dimer with a weak antiferromagnetic coupling (see Table
S11, Supporting Information), in agreement with the expected
behavior for a double syn-syn carboxylate bridge connecting axial
and basal positions. The magnetic properties of 3 further confirm
that the Cu,O central cluster contains Cu?* ions, whereas the in-
serted CuCl,~ anions contain diamagnetic Cu'. The central Cu,O
cluster presents three different Cu---Cu interactions, two are anti-
ferromagnetic and one ferromagnetic (Figure S24 and Table S11,
Supporting Information), leading to a diamagnetic ground state
with two spins up and two down (see inset in Figure S24, Sup-
porting Information).

X-ray photoelectron spectroscopy (XPS) analysis shows the
presence of two close peaks at 952.2 and 954.0 eV for Cu 2p,,
and, similarly, two peaks at 932.4 and 934.8 eV for Cu 2p;),
(Figure S25, Supporting Information). This indicates the pres-
ence of two different copper species within compound 3. The
higher energy peaks correspond to Cu', and the lower energy
peaks result from the Cu'" species.

Field emission scanning electronic microscopy (FESEM) im-
ages (Figure S26, Supporting Information) and the energy-
dispersive X-ray spectroscopy analysis (EDAX, Figure S27, Sup-
porting Information) confirm the presence of the corresponding
elements in the elemental mapping and their homogenous dis-
tribution (Figure S28, Supporting Information).

The porosity of the activated MOF 3 was first examined by vol-
umetric N, gas sorption experiments at 77 K, resulting in negligi-
ble adsorption, as expected for narrow-pore materials. To access
the narrow porosity, gravimetric CO, gas sorption experiments
were conducted at 273 K and relatively high pressures. Moderate
CO, uptake of ~0.6 mmol CO, g~! was obtained at p(CO,) = 10
bar (Figure S29, Supporting Information).
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Figure 4. a) Picture of MOF 3 powder (top) and diffuse reflectance spectrum covering from the UV to the NIR-MIR spectral region (bottom). b) Schematic
representation of the observed trend between emission wavelength as a function of the excitation wavelength (top) and normalized photoluminescence
(PL) spectra under different excitation wavelengths (bottom) in the VIS and NIR spectral range.

2.5. Steady-State and Time-Resolved Spectroscopy Studies of
MOF 3

To the best of our knowledge, there is no report on the usage of
small inorganic molecules as guests within the void space to tune
the MOF’s optical properties to date. Several reports have already
explored the unusual optical and electrical properties of copper(I)
halides.®%] So, it might be interesting to study the optical activ-
ity of MOF 3 due to the nanoconfinement of CuCl,~. The pres-
ence of both CuCl,~ and Me,NH,* within the MOF may cause
charge transfer interactions within the framework.

The diffuse reflectance spectrum of MOF 3 (Figure 4a) ob-
tained through the Kubelka-Munk function [KM = (1-R)?/2R] in
solid state at room temperature shows different features: strong
and broad optical transitions in the UV-Vis, and moderate tran-
sitions in the near-Infrared (NIR, 750-2500 nm)-mid-Infrared
(MIR, > 2500 nm) spectral range. These optical transitions in
the visible spectral range are clearly evidenced by the distinc-
tive green color of the powder (see Figure 4a, top). The ab-
sorption maximum in the UV window is located at ~270 nm
and is assigned to z—z* transitions in the linker as previously
observed, 1% whereas the broad and featureless absorption in the
visible region peaking at 690 nm may originate from a mixture of
ligand-to-metal charge transfer (LMCT), metal-to-ligand charge
transfer (MLCT), and metal cluster-centered transitions (MCCT)
within the MOF.[1%%-194 Moreover, the transitions in the NIR-MIR
region (1600 up to 2900 nm) could be assigned to optical transi-
tions of inter-valence charge-transfer (IVCT) from Cu! (3d') to
Cul! (3d9)'[105]

The steady-state photoluminescence (PL) properties were
recorded upon excitation of MOF 3 at room temperature with
different excitation wavelengths, from 260 to 550 nm, as shown
in Figure 4b. Under excitation at high energies (260-280 nm),
the PL spectrum exhibits two clear emission bands, at ~300
and 450 nm, the higher-energy one being more intense, indi-

Adv. Mater. 2025, 13485 e13485 (6 of 13)

cating the presence of two emitting states. These two emissions
could originate from different mechanisms, as their photolumi-
nescence excitation (PLE) spectra differ substantially (see Figure
S30, Supporting Information). The higher-energy band emerges
from z—n* transitions in the linker.'%! Above 300 nm excita-
tion, the lower-energy band becomes more intense, redshifted,
and dependent on the excitation wavelength, suggesting that
the resulting emission presumably arises from a mix of charge-
transfer states, i.e., LMCT and MCCT, which explains the large
bathochromic shift.!%®] Therefore, Cu---Cu distances seem to play
a key role in the photophysical properties of the MOF.['7] Tt
is noteworthy that no emission in the visible range was regis-
tered above 530 nm excitation. This excitation-dependent emis-
sion behavior has been rarely reported in MOF materials and
could be associated with the complex nature of the emitting
states in MOFs,[1%] and the presence of multiple low-lying sin-
glet emissive states (see Figure 4D, top, Figure S31, Support-
ing Information). Moreover, the significant bathochromic shift
was confirmed by recording the PLE spectra of MOF 3 at dif-
ferent emission wavelengths, from 290 to 580 nm. Indeed, at
high emission wavelengths, the maximum showed a broaden-
ing and a bathochromic shift up to 375 nm (Figure S30, Support-
ing Information). Interestingly, under 980 nm continuous-wave
(CW) laser excitation (2 W), MOF 3 produces a weak, but notable
emission in the NIR centered at 1300 nm (Figure 4b), indicat-
ing the presence of LMCT states that enable low-energy emis-
sion pathways in the NIR within the Cu-based framework (note
thatno NIR emission was detected under continuous xenon lamp
excitation).

The time-resolved PL properties of MOF 3 were also recorded
at three emission maxima (480, 520, and 550 nm) by using
pulsed-laser excitation wavelengths of 400, 450, and 500 nm, re-
spectively, to study the dynamics of the emissive states. The emis-
sion spectra under these excitation conditions are displayed in
Figure S32a (Supporting Information), where the bathochromic
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Figure 5. a) Species-projected density of states of the framework of MOF 3, and after including CuCl,~ and Me,NH,* guest ions, calculated at the
hybrid-DFT HSEO6 level of theory. b) Frontier crystal orbitals (spin-g channel) calculated for 3 in its neutral form and upon one-electron reduction.

shift of the emission is clearly appreciated. Fitting to a biexponen-
tial decay function to all decay traces (Figure S32b, Supporting
Information), two emission lifetimes of 2.32 + 0.01 (58%) and
7.24 + 0.05 ns (42%) were obtained, indicating the presence of
two main allowed transitions involved within this broad band of
fluorescence in nature.

2.6. Electronic Structure Calculations on MOF 3

To shed light on the optical activity of MOF 3, a thorough theoret-
ical DFT characterization was performed using the all-electron,
full-potential FHI-aims electronic structure code (see the Sup-
porting Information for full computational details).['®) MOF 3 is
a 3D framework based on Cu'" secondary building units (SBU),
INA™ ligands, and CuCl,” and Me,NH," as guest ions. The
species-projected density of states of the framework of MOF 3,
calculated at the hybrid-DFT HSEO06 level of theory, ' shows
that the pristine framework presents a large direct bandgap of
3.74(a)/3.89(p) eV described by a valence band (VB) centered
at the Cu'"-based SBU and a conduction band (CB) centered at
INA~(a)/Cu' () (Figure 5a; Figures S33 and S34, Supporting In-
formation). Introduction of CuCl,~ inserts energy levels slightly
above the VB (Figure 5a; Figures S35 and S36, Supporting In-
formation) and reduces the bandgap to 3.38 eV (spin-# channel).
Additionally, the presence of Me,NH,* promotes a strong reduc-
tion of the bandgap, predicted at 2.38 eV for the full system 3
(Figure S37, Supporting Information). The Me,NH,* energy lev-
els are located far away from the bandgap edges, so we ascribe
such electronic effect to a change in the crystal structure of the
framework, which splits both the CuCl,~ occupied levels in the
VB and the Cu'-centered empty levels in the CB (Figure 5a). Ana-
lyzing the minimum-energy geometry of 3, we find that insertion
of CuCl,~ causes a slight contraction of the unit cell, suggesting
that it interacts attractively with the framework through electro-
static forces (Table S12, Supporting Information). On the other
hand, the addition of Me,NH,* leads to a large anisotropic struc-
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tural change with lateral expansion (lattice directions a and b) and
vertical compression (direction c), pointing to a reorganization of
the host framework to accommodate the organic cation. The the-
oretical lattice parameters predicted for 3 (including CuCl,~ and
Me,NH, ") are in very good agreement with the experimental data
(Table S12, Supporting Information).

Comparison between the experimental data and the theoret-
ical energy levels allows us to assign the nature of the elec-
tronic transitions that give rise to the optical features observed
in the absorption spectrum of 3. First, we predict an energy dif-
ference of ~4.7 eV between the occupied and unoccupied crys-
tal orbitals with major participation of the organic ligand INA~
(peaks with large carbon contribution; Figure 5a), which nicely
correlates with the intense absorption band experimentally cen-
tered at 270 nm (4.6 eV). On the other hand, the absorption band
recorded at around %690 nm is assigned to the VB — CB tran-
sition (2.38 eV), which is associated with electronic promotions
from the CuCl,~ guest to the unoccupied Cu'-d levels of the
framework, therefore showing a strong charge-transfer character
(Figure 5b).

The presence of absorption bands experimentally recorded
above 1000 nm may correspond to states promoted by the
Cul/Cu"! accessible redox pair. In fact, we predict that the CB
of MOF 3 centered at Cu'! is located as deep as —4.83 eV, in-
dicating that reduction of Cu"! to Cu! is likely to occur. Hence,
we modelled MOF 3 upon one-electron reduction, and Mulliken
analysis of the accumulated charges evidences that the extra elec-
tron is collected mostly on the framework (—0.93 e). A large elec-
tron affinity of 4.41 eV is predicted for the one-electron reduc-
tion process, which confirms the thermodynamic driving force
for electron uptake. In this reduced system, the bandgap nature
is fully described by the framework of 3, with both the VB and
CB centered on the Cu-based SBU (Figure 5b, Figures S38 and
S$39, Supporting Information). We predict a small energy of 0.61
eV for this mixed-valence Cu' — Cu'! transition, thus support-
ing the NIR-MIR optical activity recorded experimentally (Figure
S40, Supporting Information).
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Figure 6. SC-SC transformation of the 3D MOF 3 into the 3D MOF 4-NH;. Color code: Cu = light blue, O = red, C = grey, Cl = green, and N = dark blue.

2.6.1. 3D-to-3D Conversion in NH; via SC-SC Transformation

When green single crystals of MOF 3 are exposed to vapors of
concentrated aqueous NH;, they undergo a rapid, naked-eye per-
ceptible, color change from green to turquoise-blue single crys-
tals of compound [Cu(INA)(OH)]-H,O (4-NHj;) within a minute
(Figure S3, Supporting Information). SCXRD analysis shows that
4-NH; is also a 3D MOF formed by [Cu(u;-OH)], chains con-
nected with INA™ ligands (Figure 6).

SCXRD shows that 4-NH; crystallizes in the monoclinic P2, /n
space group. The asymmetric unit is formed by one Cu'! ion, one
deprotonated INA~ ligand and one OH™ anion (01), both coor-
dinated to the Cu'" atom, and one crystallization water molecule
(OW1, Figure S41, Supporting Information). Therefore, the for-
mula is [Cu(INA)(OH)]-H,O. The INA~ ligand bridges two Cu'!
centers through its pyridine N-atom (N1) and one carboxylate
O atom (O6B, Figure S42, Supporting Information), whereas
the bridging OH™ ligand acts as a p;-OH~ bridge connecting
three Cu'! centers (Figure S43, Supporting Information). Bond
valence sum calculations show a value of 1.485 for O1, suggest-
ing, along with the charge balance, the presence of these y;-
OH- bridges. The coordination geometry around the Cu'" ions
is distorted square pyramidal (r = 0.284).['11] The basal positions
are occupied by one N atom from one INA™ ligand, an O atom
from a second INA™ ligand (O6B), and two O atoms of the ;-
OH~ bridge. The axial position is occupied by an O atom from
a third OH™ group (Figure S43, Supporting Information). As ex-
pected, the basal Cu-N (1.989(4) A) and the Cu-O bond distances
(in the range 1.939-2.006 A) are much shorter than the axial one
(2.256(3) A, Table S4, Supporting Information).

The connectivity of the y1;-OH™ bridge generates zigzag chains
running along the a direction. The Cu-O bond distances within
these chains are comparable to other [Cu(u;-OH)], based molec-
ular clusters.l'2113] The Cu-hydroxide chains are connected by
four INA~ ligands to four other Cu-hydroxide chains along the
bc plane (Figure S44, Supporting Information), giving rise to a
3D structure with the formation of channels along the a direc-
tion, parallel to the [Cu(u;-OH)],* chains. These channels con-
tain the crystallization water molecules (Figure 6). A search in
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the Cambridge Structural Database (CSD) shows that this is the
first example of such metal-hydroxide coordination chains. We
can, therefore, conclude that the post-synthetic treatment of MOF
3 with NH; results in a new structure based on an unprece-
dented metal-hydroxide chain. If we compare the structures of
3 and 4-NH,, we observe that the NH; molecules induce the rup-
ture of the Cu-Cl bonds in the Cu,OCl, tetrahedral cluster of
3. This rupture facilitates the attack of the central oxido group
by, most probably, a water molecule, generating two OH™ lig-
ands that connect three Cu'" centers to form the [Cu(OH)],™"
chain. The INA~ ligands change their coordination mode by
breaking the long and weak Cu1l-O11 bond (with a bond distance
of 2.304(3) A).

2.6.2. 3D-to-0D Conversion in HCl via DRST

Exposure of green single crystals of MOF 3 to vapors of concen-
trated aqueous HCI also results in a naked-eye perceptible color
change from green to brown within a few minutes (Figure S4,
Supporting Information). This brown compound is metastable
and amorphous (Figure S45, Supporting Information). After a
few minutes, it converts into a light-green liquid droplet, which
subsequently forms lime-green crystals of 5-HCl (Scheme S1,
Supporting Information). The SCXRD analysis shows that 5-
HCI crystallizes in the triclinic P-1 space group. Its asymmetric
unit contains one Cu! ion, three coordinated chloride anions,
one coordinated water molecule, and a protonated isonicotinic
acid cation (Figure S46, Supporting Information). Application
of the symmetry generates the formula (H,INA),[Cu,Cl (H,0),]
(5-HCI). The structure of 5-HCI consists of a centrosymmetric
dichlorido-bridged copper dimer formulated as [Cu, Cl,(H,0),]*~
separated by protonated (at the N atom, Figure S46, Supporting
Information) isonicotinic acid molecules (Figure 7). Each copper
center has a distorted square pyramidal coordination geometry
(r = 0.257).'1] The coordination sphere is formed by one ax-
ial and three basal chloride ligands and a basal water molecule.
As expected, the Cu—Cl axial bond distance (2.856(6) A) is much
longer than the basal ones (in the range 2.2515-2.2852 A), and
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Figure 7. DRST of the 3D MOF 3 into the dimer 5-HCI.

the Cu-O bond distance (1.9725(17) A) is shorter than the Cu—Cl
ones (Table S6, Supporting Information).

The overall negative charge of the [Cu,Cl,(H,0),]>~ anions
is balanced by two protonated isonicotinic acid molecules. The
transformation of 3 into 5-HCl in the presence of HCl implies the
rupture of the Cu,OCl, into a dichlorido-bridged dimer through
simultaneous replacement of the oxido group, accompanied by
a double protonation of the isonicotinato ligands, which results
in the breaking of the coordination bonds between these ligands
and the Cu" centers.

Besides the anion-cation interactions, the structure of 5-HCl is
further stabilized by a double H-bond formed between two pro-
tonated isonicotinic cations through their carboxylic groups and
by a double Cl---H-N bond formed between the H atom linked to
the pyridine N atom (H1) and the [Cu,Cl(H,0),]*>~ anions, giv-
ing rise to H-bonded layers parallel to the ab plane (Figure S47
and Table S13, Supporting Information). These H-bonded layers
are further connected by an O-H---Cl interaction perpendicular to
the layers (Figure S48, Supporting Information).

Interestingly, compound 3 also exhibits similar DRST-type be-
havior in the presence of HBr1, HI, and HNO;; however, we have

(H,INA),[Cu,Cl¢(H,0),] (5-HCI)
Dimer
lime-green blocks

not been able to obtain high-quality single crystals to determine
the crystal structures of the resulting compounds. On the other
hand, 3 is stable for more than a week in the presence of H,SO,
and H, PO, vapors. Such selectivity can be attributed to either the
lower vapor pressure of H,SO, and H,PO, or size and charge se-
lectivity.

2.6.3. 3D-to-3D Conversion in HCOOH with Selective Uptake of
Me,NH,* Cations via DRST

MOF 3 undergoes a structural transformation via DRST in the
presence of formic acid vapor. It shows a drastic color change
from green to sea-green upon exposure to formic acid vapor
(Figure S5, Supporting Information), and converts into a lig-
uid drop, which generates very small sea-green single crystals
of compound (Me,NH,)[Cu(HCOO),] (6-For, Figure 8). X-ray
structural analysis shows that 6-For crystallizes in the mono-
clinic 12/a space group. The asymmetric unit contains one Cu!
center, located on a special position, one and a half formate
anions, and half Me,NH," cation (Figure S49, Supporting In-
formation). Application of the symmetry generates the formula

(Me,NH,)(CuCl,)@[Cuy(INA),CL,0]-1.5dmf (3)
3D-MOF
Green cubes

Figure 8. DRST of the 3D MOF 3 into the 3D MOF 6-For.
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Table 1. Balanced reactions and energy are required for the structural transformation of MOFs 2 and 3.

Reaction E [k) mol~"]

2[2] + 4 CuCl, + H,0 — [3] + CO, + 2 HCl + HCuCl, ~9686

[3] + 2 NH; + 7 H,0 — 4 [4-NH,] + Me,NH, (CuCl,) + ¥z dmf + 2 NH,Cl —636

[3] + 10 HCl + 3 H,0 — 2 [5-HCI] + Me,NH, (CuCl,) + ¥ dmf -883

[3] + 3 HCOOH — [6-For] + HCuCl, + CuCl, + [Cu, (INA)] + H,0O + v dmf 3138

[3] + 8 HAC + 3 H,0 — 2 [7-Ac] + Me,NH, (CuCl,) + 2 HCl + 4 HINA + % dmf -862

2] = [Cu(iNA),Jdmf [3] = (Me,NH,)(Cu'Cl)@[Cu,(INA),CL,O}1.5dmf: [4-NH;] = [Cu(INA)(OH)}H,0; [5-HCI] = (HINA),[Cu,Cls(H,0),); [6-For] =

(Me,NH,)[Cu(HCOO),]; [7-Ac] = [Cu, (CH;CO0),]-2H,0; INA~ = CH,NO,, dmf = C;H,NO, HAc = CH;COOH.

(Me,NH,)[Cu(HCOO),]. The structure of 6-For consists of a
3D array formed by three orthogonal anionic [Cu(HCOO),],*~
chains running along the a direction and along the (011) and
(01-1) directions. Each chain is, therefore, connected to four other
chains to generate a 3D structure with square channels where the
charge-balancing Me,NH,* cations are located (Figure 8). Each
Cu'' ion is, therefore, connected to six other Cu!! centers through
six formato ligands (Figure S50, Supporting Information). The
anionic [Cu(HCOO);]," chains are formed by CuO, octahedra
with a large Jahn-Teller elongation (the Cu-O axial bond dis-
tance is 2.452(5) A, whereas the equatorial ones are 1.967(4) and
1.970(4) A, Table S8, Supporting Information). The equatorial
planes of consecutive Cu'! centers in the chains are almost or-
thogonal (Figure S51, Supporting Information).

Besides the anion-cation interactions, the structure of 6-For is
further stabilized by the formation of a strong H-bond between
one of the H atoms (H10A) linked to the N atom of the Me,NH,*
cations and the O3 atom from the formate anion, with the follow-
ing structural parameters: N-H = 0.910 A, H-0=1.907 A, N---O
=2.806 A and <N-H--O> = 169.3° (Figure S52, Supporting In-
formation).

It is noteworthy to mention that during the structural trans-
formation via DRST, the newly obtained single crystals of 6-For
selectively incorporate the charge-balancing Me,NH,* cations
from the solution (instead of other possible cations), further
confirming the presence of these Me,NH,* cations in the pris-
tine MOF 3. Another interesting fact is the formation of an
anionic [Cu(HCOO)],"" chain, in contrast to the neutral cop-
per(I1) formate!"*! and basic copper(11) formate structures!1>11€]
formed when Cul" is reacted with formic acid or formate anions,
respectively. This fact suggests that the presence of the Me,NH,*
cations may facilitate or induce the formation of the anionic
[Cu(HCOO)],* chains.

Finally, as mentioned before, MOF 3 undergoes an ad-
ditional DRST in the presence of acetic acid vapors to
produce the well-known dimeric copper(II) acetate com-
plex [Cu,(CH,COO),(H,0),] (Figure S53, Supporting
Information).>!

2.7. Magnetic Properties of Compounds 5-HCl and 6-For

Compound 5-HCI shows moderate antiferromagnetic Cu--Cu
interactions through the double Cl bridge (Figure S54, Sup-
porting Information), as expected for a double chloride bridged
Cu?* dimer when the Cl~ bridges connect axial with basal
positions."'”] Compound 6-For shows a moderate antiferromag-
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netic Cu--Cu exchange, as expected for Cu'' ions connected
through single anti-anti carboxylate bridges (Figure S55, Support-
ing Information).'" A more detailed description of the mag-
netic properties can be found in the Supporting Information.

2.8. Theoretical Analysis on the Selective Gas-Solid Reaction of
MOF 3

To gain insight into this versatile and selective gas-solid reac-
tion of MOF-3, we have performed a theoretical DFT study of
the structural transformations through gas-solid reactions us-
ing the FHI-aims codel!%1"] with the PBE exchange-correlation
functional™°! and including dispersion effects via a many-body
approach(*2] for the structural optimization of the unit cells. The
energy calculation for the optimized structures was performed
using the hybrid B3LYP functional.['?2] All the calculations were
carried out using a tight quality basis set and (1,1,8,4,8,2) k-points
for 2, 3, 4-NH;, 6-For, 5-HCI, and 7-Ac, respectively. To calcu-
late the product molecules of the chemical processes, solvent ef-
fects were included with the Multipole Expansion (MPE) implicit
solvation method!['?*12*] using the single cavity approach imple-
mented in the FHI-aims code. In calculating the reaction ener-
gies involved in the SC-SC transformations from compound 3,
we have considered that the reactive molecule is in the gas phase,
as experimentally, the reactions are done by exposing the crys-
tal to the vapors of the acids/base. Table 1 shows the balanced
calculated reactions and their reaction energies. For the periodic
systems in Table 1, we have considered the formula unit.

The DFT-optimized unit cells from experimental SCXRD data
are provided in Table S14 in the Supporting Information. The
comparison with the experimental X-ray diffraction data shows
that the optimized unit cell volumes for the six compounds are
slightly larger than the experimental ones, the smallest (1.2%)
and the largest (4.1%) difference values being found for 7-Ac and
4-NH;, respectively. These relatively small error values confirm
the excellent accuracy of the DFT method in predicting these pe-
riodic structures.

3. Conclusion

In summary, we present a systematic study of the gas-
solid reaction of a copper MOF encapsulating an ion-
pair, along with its NIR activity. This MOF, formulated as
(Me,NH,)(Cu'CL)@[Cu,(INA),Cl,0]-1.5dmf (3) has been syn-
thesized by a two-step method and contains both Me,NH,*

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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cations and CuCl,~ anions within the void space. MOF 3 shows
multiple and selective structural transformations upon expo-
sure to a diverse range of chemically reactive and volatile gas
species. Thus: (i) MOF 3 undergoes ultrafast SC-SC structural
transformation in the presence of NH; vapor to form the 3D
MOF [Cu(INA)(OH)]-H,O (4-NH,) containing an unprece-
dented [Cu(u;-OH)], chain; (ii) MOF 3 is stable under Et;N
vapor over seven days; (iii) MOF 3 undergoes a dissolution
recrystallisation-mediated structural transformation in the pres-
ence of HCl vapor to form (HINA),[Cu,Cl,(H,0),] (5-HCl),
containing dichlorido-bridged copper dimers; (iv) MOF 3 shows
DRST upon exposure to formic acid vapor to form a 3D anionic
copper(II) formate framework with selective encapsulation of
Me,NH,* cations from the parent MOF; (v) MOF 3 forms
the well-known copper(lI) acetate paddle-wheel structure in
the presence of acetic acid via DRST, and (vi) MOF 3 shows
structural stability over a wide range of volatile chemical vapors
like H,SO,, H;PO,, triethylamine, acetone, methanol, ethanol
and acetonitrile. All these structural transformations have been
optimized with DFT calculations, with excellent agreement
between the experimental X-ray and the optimized structures.
As far as we know, this is the first example of multiple and
selective gas-solid reaction of a single MOF to yield two new
MOFs and one new compound. Moreover, the encapsulation of
CuCl,~ in MOF 3 leads to an unusual UV-NIR-MIR absorption
and NIR emission, also unprecedented in transition metal-based
MOFs. Theoretical calculations suggest that the reduction of
Cu' to Cu' in the framework host is the primary reason for such
an unusual optical phenomenon. This study shows a new way
to develop NIR-active materials through encapsulation of metal
halides within the void space of MOFs.
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