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Insights into adsorption of NH3z on HKUST-1 metal-
organic framework: a multi-technigue approach

Elisa Borfecchia,' Sara Maurelli,' Diego Gianolio,” Elena Groppo,' Mario Chiesa,’ Francesca
Bonino"" and Carlo Lamberti’

'Department of Chemistry, NIS Centre of Excellence, and INSTM reference center, University of
Turin, Via P. Giuria 7, [-10125 and Via Quarello 11, I-10135, Torino, Italy

? Diamond Light Source Ltd, Harwell Science and Innovation Campus, OX11 ODE, Didcot (UK)

Abstract We report a careful characterization of the interaction of NH; with the Cu(Il) sites of the
[Cu,C40g] paddle-wheel cornerstone of the HKUST-1 metallorganic framework, also known as
Cu3(BTC),. The general picture emerging from combiningXRPD, EXAFS, XANES, Mid- and Far-
IR, DRUV-Vis, and EPR techniques is that the presence of traces of water has relevant
consequences on effect that interaction of ammonia has on the MOF framework. NH3 adsorption on
the dry system results in a strong chemisorption on Cu(Il) sites that distorts the framework, keeping
the crystallinity of the material. Perturbation observed upon NHj absorption is analogue to that one
observed in the case of H,O, but noticeably enhanced. When the adsorption of ammonia occurs in
humid conditions a time dependent, much deeper modification of the system is observed by all the
considered techniques. On a methodological ground, it is worth noticing that we used the
optimization of XANES spectra to validate the bond distance obtained by EXAFS.

Keywords: NH3 capture; HKUST-1; Cusz(BTC), MOF; in situ spectroscopies; framework stability;
NH3/H;O0 co-adsorption

1. Introduction

Metal Organic Frameworks (MOFs) are crystalline nanoporous materials comprised of two basic
structural building units: transition metal ions, or small metal-containing clusters, and connecting
polyfunctional organic ligands such as di- or tri-carboxylic acids."® These materials are
characterized by a crystalline three-dimensional structure, with very high pore volume and surface
area. This hybrid architecture opens the possibility to design and synthesize a great variety of new
porous materials, which are in principle able to display novel functionalities that are potentially
exploitable for a number of applications in catalysis,”® gas sorption, storage and separation by
selective adsorption.?’ #!!

Among the several hundred of different MOF structures, Cu3(BTC),(H,0); (BTC = benzene
1,3,5-tricarboxylate), also known as HKUST-l,32 is one of the most investigated one and among the
first commercially available representatives of this class of organic-inorganic hybrid materials,
featuring specific adsorption®~°, magnetic,”’ and catalytic properties.”® HKUST-1 is characterized
by so-called paddle-wheel units formed by four carboxylate groups coordinating two
antiferromagnetically coupled Cu(Il) ions. The Cu(Il) dimers are connected by the BTC linker
molecules to form a three-dimensional porous network; water molecules are weakly bound to the
residual axial binding site of the Cu(Il) ions. These axial water molecules can be easily removed
from the Cu(Il) dimers by heating at moderate temperature in vacuum to form structurally well-
defined accessible Lewis acid copper sites available for chemisorptions of molecules having basic
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ammonia basic molecule at room temperature.

Ammonia capture is a problem that has some technological relevance. As an example, the biogas
produced from anaerobic digestion of bio-waste (i.e. animal manure) is mainly composed by
methane and carbon dioxide, but also contains some impurity gases, such as ammonia, that has to
be removed from the biogas prior to its energy application.*® Nature has developed complex
enzymes able to selectively bind NH; molecules;” HKUST-1 porous MOF can be considered as a
promising synthetic counterpart.®>>**** The potential of HKUST-1 in ammonia removal from
contaminated air streams was reported many years ago by Chui and co-workers®”. The reaction of
ammonia with the individual building blocks of Cu3(BTC),, i.e., Cu(Il) ion and BTC, is well
known. In aqueous solution, Cu(Il) ion, in the presence of limited ammonia, is initially converted to
Cu(OH),; however, copious amounts of ammonia eventually yield [Cu(NH;),]*". Carboxylic acids
initially form the ammonium salt which, with sufficient heating, can be pyrolized to their
corresponding amides. Peterson et al. *° states that HKUST-1 reacts with ammonia to form a
presumed diammine-copper(Il) complex under dry conditions and, under humid conditions, a
Cu(OH), species and (NH4);BTC. Nitrogen adsorption, XRPD, and NMR testing of fresh and
exhausted samples all provided evidence for the permanent loss of structure and/or porosity, with
samples challenged with ammonia under humid conditions undergoing the largest change. Although
the porosity of the material is destroyed, the resulting capacity of the exhausted samples for
ammonia is indicative of an extended reactive network consistent with that of the copper(Il)
complex products.

Herein, we present new details on the adsorption properties of HKUST-1 towards ammonia by
applying a multitude of characterization techniques (XRPD, XAFS, IR, DR-UV-Visible-NIR and
EPR).

In particular, the present contribution is devoted to study the strong adsorption of
39-43

2. Experimental Section

2.1. Sample Preparation

HKUST-1 sample was purchased by Sigma - Aldrich. The dehydrated form of HKUST-1 has
been obtained upon activation in high vacuum for 1h at 423 K. Rehydration of the samples was
obtained upon contacting the powder with the vapor pressure of water at room temperature: these
conditions are significantly milder than those experienced by Kuesgen et al.*’ where HKUST-1 was
immersed in de-ionized water and heated to 323 K for 24 h. As prepared (rehydrated) and
dehydrated samples were exposed to an ammonia equilibrium pressure of 60 mbar. The adsorption
of both water and ammonia was carried out at room temperature. EXAFS spectroscopy testify that
adsorption of water vapor pressure and of 60 mbar of NHj results in a 1:1 Cu:adsorbate ratio. A
large amount of sample was subjected to the same treatment and further separated in different
fractions, which were measured by XRPD, XAFS, DR-UV-Visible and IR. This method guarantees
that the same sample is measured by different techniques.

2.2. Structural characterization: XRPD and XAFS

2.2.1 XRPD measurements. X-ray Powder Diffraction (XRPD) patterns have been collected
with a PW3050/60 X Pert PRO MPD diffractometer from PANalytical working in Debye—Scherrer
geometry, using as source the high power ceramic tube PW3373/10 LFF with a Cu anode equipped
with Ni filter to attenuate Kb and focused by X-ray mirror PW3152/63. Scattered photons have
been collected by a RTMS (Real Time Multiple Strip) X celerator detector. The samples have been
measured as powders inside a 0.8 mm boronsilicate capillary filled in a glove-box and sealed in
inert atmosphere, in order to prevent contamination from moisture.

2.2.2 XAFS measurements. X-ray absorption experiments, at the Cu K-edge (8979 eV), were
performed at the BM26B beamline of the ESRF facility (Grenoble, F).*** The white beam was
monochromatized using a Si(111) double crystal; harmonic rejection was performed by detuning
the crystals at 20% of the rocking curve. The samples were prepared in the form of a pellet, with the
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thickness optimized to obtain an edge jump of ca. 1, and an absolute ux of ca. 1.5. The same pellet
was activated and successively treated with NHj inside a devoted glass cell equipped with kapton
windows, which allows to perform in sifu measurements.’® XAS measurements were performed in
transmission mode, using two ionization chambers to monitor the intensity of incident Iy and
transmitted I; beams. The chambers were filled with 1 atm of mixed gases (N, 15%, He 85% for I
and N, 70%, He 30% for 1), resulting in 10% and 50% of absorption, respectively. Energy
calibration was checked using a Cu metal foil positioned after the second ionization chamber (I;)
and measured using a third ionization chamber (I,), as described elsewhere.”' The pre-edge region
of the XAS spectrum was acquired with an energy step of 10 eV and an integration time of 1
s/point. The edge region was collected using an energy step of 0.2 eV and an integration time of 5
s/point. The EXAFS part of the spectra was collected with a variable sampling step in energy,
resulting in Ak = 0.05 A™, up to 18 A™', with an integration time that linearly increases with k from
5 to 25 s/point to account for the low signal-to-noise ratio at high k values. The extraction of the
(k) function was performed using Athena program.’* For each sample, four consecutive EXAFS
spectra have been collected and corresponding k*-weighted (k) functions have been averaged
before data analysis, as described elsewhere, >3 and Fourier transformed in the Ak = 2.0 — 16.0 A’
range. The fits of the EXAFS spectra measured for the as prepared, activated and activated + NHj;
HKUST-1 were performed in R-space in the AR = 1.0 — 5.0 A range, resulting in 35 independent
points (2AkAR/m > 35). Due to the complexity of the structure,”®** more than 50 single scattering
(SS) and multiple scattering (MS) paths were included in the fit. To limit the number of optimized
variables, all paths have been optimized with the same amplitude factor (S¢®) and with the same
energy shift parameter (AE). Phases and amplitudes have been calculated by FEFF6 code adopting
as input the structure obtained from a previous XRD refinement.’**®

XANES spectra of the hydrated MOF have been simulated using FEFF8.4 code,”® adopting as
input geometry the XRPD structure®” and cutting a cluster centered on one of the Cu atoms with a
radius of 6 A around it. For a further improvement of the simulations, an optimization of
geometrical parameters was performed exploiting Fitit software. >’ The simulation of the
dehydrated sample was obtained removing the water molecules from the previous cluster, while for
the sample in interaction with ammonia the H,O molecules were substituted by two NHs ones. In
both cases the structure was optimized to match the experimental spectrum as described for the
hydrated case.

In all cases, calculations for the absorption spectra and densities of states have been done using
the muffin-tin potential and the Hedin-Lundqvist exchange correlation, taking care of the presence
of a core hole in a self-consistency scheme (for the self consistent calculations it has been used a
radius of 4 A). To take into account the experimental broadening, an imaginary potential V; = 1.0
eV has been introduced. Although quadrupole transitions are much weaker than the dipole ones,
their contribution has been considered in calculations.

2.3. IR spectroscopy

IR spectra have been collected in both Mid-IR region (3800 — 400 cm™) and Far-IR region (600 —
100 cm™). IR spectra in the Mid-IR region have been collected in ATR mode, by using a Bruker
Alpha instrument equipped with an ATR accessory (diamond crystal), and placed inside the glove-
box; the spectra have been collected at a resolution of 2 cm™. It is worth noticing that ATR
acquisition mode allows to collect IR spectra on pure samples in the powdered form without
necessity to make a pellet using KBr as diluent (which unavoidably contains some water). This is an
advantage when handling samples sensitive to moisture, as in our case. Far-IR spectra have been
collected at a resolution of 2 cm™ on a Bruker Vertex 70 instrument, equipped with a Si beam
splitter and a Far-IR DTGS detector. The samples have been diluted in paraffin.

2.4. UV-Visible-NIR spectroscopy



UV-Vis-NIR spectra have been collected in Diffuse Reflectance (DR) mode on a Cary5000
Varian spectrophotometer equipped with a reflectance sphere. All the samples have been measured
in the powdered form inside a home-made cell having an optical bulb (suprasil quartz) and allowing
to perform measurements in controlled atmosphere.

2.5. EPR Measurements

CW EPR spectra were recorded on a Bruker EMX spectrometer operating at X-band frequencies
and equipped with a cylindrical cavity operating at a 100 kHz field modulation. The spectra have
been recorded at 10 mW microwave power. The spectra processing was performed with software
provided by Bruker, while for computer simulation the EPRsim32 program was used.’®

Pulse EPR experiments were performed on an ELEXYS 580 Bruker spectrometer (at microwave
frequency 9.76 GHz) equipped with a liquid-helium cryostat from Oxford Inc. All experiments
were performed at 10 K. The magnetic field was measured with a Bruker ER035M NMR
Gaussmeter.

Electron-spin-echo (ESE) detected EPR experiments were carried out with the pulse sequence:
n/2—1—n—1—echo, with microwave pulse lengths #;» = 16 ns and ¢, = 32 ns and a t value of 200 ns.
Hyperfine Sublevel Correlation (HYSCORE) experiments™® were carried out with the pulse
sequence T/2—1-m/2—t,—n— t,—n/2—1—echo with microwave pulse length #;, = 16 ns and #; = 16 ns.
The time intervals ¢, and #, were varied in steps of 8 ns starting from 100 ns to 3300 ns. Two
different T values were chosen (t = 96 ns and 172 ns). An eight-step phase cycle was used to
eliminate unwanted echoes.

The time traces of the HYSCORE spectra were baseline corrected with a third-order polynomial,
apodized with a Hamming window and zero filled. After two-dimensional Fourier transformation,
the absolute value spectra were calculated. The spectra were added for the different T values in
order t06oeliminate blind-spot effects. The HYSCORE spectra were simulated using EasySpin
package.

3. Results and discussion

3.1. XRPD analysis. The XRPD pattern of as-synthetized hydrated HKUST-1 (blue curve in
Figure 1) confirms the crystalline nature of the sample and the absence of any extra-phase. *° Upon
dosage of ammonia on hydrated HKUST-1 the XRPD pattern is strongly modified (orange curve in
Figure 1), indicating a significant distortion of the lattice, which however does not undergo a
complete amorphization. After prolonged exposure time, a further modification of the diffraction
features, along with an overall broadening of the peaks, is observed (Figure 1, purple curve).”

The XRPD pattern of the activated sample (pink curve in Figure 1) was previously reported by
Prestipino ez al. *°. This pattern shows an overall slight shift of the diffraction peaks towards higher
0-values if compared to that of the as-prepared material; this observation is compatible with a
global contraction of the bond lengths induced by the activation process. Moreover, the dehydration
induces a strong intensity enhancement of a diffraction peak in the very low-0 region, around 6.7°.
Surprisingly, if pure dry ammonia is dosed on the activated material, the diffraction pattern (light
green curve in Figure 1) is much less perturbed than that obtained by dosing ammonia on the
hydrated sample. Nevertheless, comparing this pattern with the one measured for the activated
MOF, a slight shift in the peaks positions towards shorter 6 values is observed, as well as small
variations in their relative intensities. The intense peak around 6.7° already observed for the
activated material is maintained after interaction with dry NHs. The main difference with respect to
the pattern of the activated sample is the appearance of a peak around 5.8°, which was not present at
all in the pattern of the activated material. Therefore it should be concluded that HKUST-1
framework is only slightly perturbed upon NH3 adsorption and goes back to a situation similar to
that characteristic of hydrated material, with a slight generalized lengthening of the bond distances.
Finally, the XRPD pattern does not change when H,O is dosed on the sample pre-contacted with
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NH; (Figure 1, dark green curve). The XRPD data shown in Figure 1 demonstrates that NH;3 alone
affects the crystalline structure of the dehydrated HKUST-1 only very slightly, whereas in
combination with H,O it causes a drastic change in the structure, up to the complete amorphization
of the sample. However, the effect is observed only when H,O is dosed first, and NHj later.

The quality of the XRPD data shown in Figure 1 is not enough to allow a structure refinement. In
order to gain information on the local environment around copper centres in absence and in
presence of ammonia we used Cu K-edge EXAFS spectroscopy.

—— hydrated

10* a.u.|

L L 1

—— H,0 + NH,_ (evolution)

A
Jb activated
10* a.u.

Counts (a.u.)

Figure 1. XRPD patterns of HKUST-1 in different conditions: as-prepared (hydrated, blue line),
after dosage of ammonia on a sample previously contacted with water vapor pressure (orange line),
and its evolution after prolonged exposure time in such conditions (purple line), activated sample
(pink line, adapted from Prestipino et al *®), after pure dry ammonia dosage on the activated sample
(light green line), and after contacting with water vapor pressure the sample previously exposed to
ammonia in dry conditions (dark green line).

3.2. XAS analysis

3.2.1 XANES Spectroscopy. Investigation of the XANES region of the X-ray absorption
spectrum can provide detailed information on both the oxidation state and the coordination
symmetry of the absorber atom, and was successfully applied in the structural characterization of

6



several Cu-containing materials.’®"®' In Figure 2a, top panel, are reported the experimental

XANES spectra of HKUST-1 as-prepared (hydrated sample, blue solid line), after activation at 453
K (dehydrated sample, pink solid line) and upon contact with 60 mbar of ammonia at room
temperature (green solid line). As pointed out in a previous work,*® the XANES spectra of the as
prepared and dehydrated sample are typical of Cu(Il) species, showing the edge jump at 8990 eV
and two characteristic pre-edge peaks at ca. 8976 eV and ca. 8986 eV, labelled as (1) and (2),
respectively, in Figure 2a, and separately reported in the insets of the same Figure. Feature (1) is
assigned to the very weak ls — 3d quadupolar transition, while the shoulder (2) appearing along
the white line profile is related to the dipolar shakedown 1s — 4p transition. The simulation of the
spectrum of the hydrated material was performed starting from the XRPD structure®> and
optimizing five structural parameters: (i) the Cu-Cu and (ii) Cu-H,O bond length, the distance
between the Cu atom and the trimesic acid carboxyl groups with a separate optimization of (ii1) Cu-
Ol and of (iv) Cu-C and Cu-O2 distances (optimized in a correlated way to use only one free
parameter) and (v) a general overall contraction or elongation of all the other distances (Rxanes = o
RXRPD).73 Vide infra Figure 3a for the atom notation. The variations in the simulated spectrum
introduced by the geometrical distortions have been monitored by using the Fitlt software. In
conclusion it has been observed that a variation of Cu-Cu distance reflected in very slight changes
in the XANES features, the Cu-H,O distance influences the intensity and partially the position in
energy of the pre-edge feature (2), the carbonyl groups distances and a possible overall contraction
or expansion strongly influence both the intensity and the position of the white line and the shape of
the multiple scattering features at higher energies. In the case of the hydrated sample, the best
agreement between the simulated curve and experimental data was obtained with a slight shortening
of Cu-H,O distance, an elongation of 0.05 A of both Cu-O1 and the constrained Cu-C and Cu-O2
distances, corresponding to a shift along the bond axis of the carbonyl groups and a slight general
contraction of all other distances. Upon water removal, no shift in the absorption edge is observed,
providing an evidence that no change in oxidation state of the Cu centre occurs. However, the
XANES spectrum of the activated sample shows: 1) a decrease of the white line intensity, and ii) an
increase in the intensity of feature (2), that appears more as a well separated band than as a white
line shoulder. The simulation of the XANES spectrum for the activated sample was performed with
the same method previously described for the hydrated sample removing the atoms of the two water
molecules, resulting in an optimization with four parameters only. Even without a structural
optimization, in the simulated spectra it has been observed the same trend noticed on the
experimental curves where the decrease of the white line intensity is correlated to the lower
coordination number, and the increase of the intensity of feature (2) is ascribable to a lower
symmetry of the Cu(Il) species. In the simulated curves this trend is less evident probably because a
full description of the asymmetric distortion undergone by the Cu species in the activated sample
would require a too high number of parameters to be optimized. The optimization of the bond
distances resulted in a slight contraction of the distances between the absorbing Cu atom and
carbonyl groups and all other distances, in agreement with the results found by EXAFS fit (see
Section 3.2.2 and Table 1). The XANES spectrum of the activated sample after the interaction with
NHj; evidences an additional increase in the intensity and a slight blue-shift of the dipole band (2)
assigned to the 1s — 4p transition. Moreover, a new pre-edge peak is observed at ca. 8983 eV.
Despite the edge position is not modified respect to the as prepared and activated samples (no
change in oxidation state of the metal), the white line is modified towards a more structured
appearance, and seems to return towards the shape observed in the case of the hydrated sample. The
simulation of the spectrum for the sample after interaction with NH3; was performed following the
same method adopted for the hydrated material and substituting the water molecules with two NHj3
molecules. After the optimization of the geometrical parameters it has been observed that an
increasing of the intensity of the pre-edge feature (2) is proportional to the the Cu-NH; distance
which was optimized at 2.3 A with a considerable elongation with respect to the previous position
of the water molecules. Moreover a splitting of the white line feature, even if less evident with
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respect to the experimental spectra, has been observed after a distortion of carbonyl groups
simulated by a slight elongation of Cu-O1 distances but a severe shortening of both Cu-C and Cu-
O2 and all other distances. It is worth noticing that the deformation introduced to simulate the
XANES spectra is in agreement with the results of the EXAFS fit.

(a) - hydrated sample exp. (b)
- activated sample exp.
—act Y 3
& |5 au. activated sample +NH, exp L 4 A
i =
o (153 (2) 1s->4p (dipole) ©
- 3 [ . . ST 3
X S loo2au. w 2 4 6 8 10 12 14 16
m k/A"!
8975 8980 8980 8985 8990 . : -
8980 9000 9020 9040 9060 9080 1 2 3 4 S
== hydrated sample sim. - hydrated sample exp.
- activated sample sim. < 5 A% - activated sample exp.
5 - activated sample +NH, sim <€ - activated sample +NH, exp
pr 5au. ;
~ (2) 1s—4p (dipole) @,
m 3 =
X @ ; £
@ £
el
8980 8985 8990

8980 9000 9020 9040 9060 9080 1 2 3 4 5
Energy / ev R/A

Figure 2. Part (a): Experimental (top panel) and simulated (bottom panel) XANES spectra of
HKUST-1 as prepared (blue line), activated (pink line) and activated + NHj (green line). The insets
report magnifications of the 1s — 3d quadupolar transition (1) and of the shakedown 1s — 4p
transition (2). Part (b): Qualitative comparison between experimental EXAFS data for as prepared
and activated HKUST-1, and for the activated sample upon contact with 50 mbar of ammonia.
Modulus (top panel) and imaginary part (bottom panel) of the FT of the k*-weighted ¥ (k) functions
reported in the inset for the as prepared (blue line), activated (pink line) and activated + NH; (green
line) sample. The inset in top part reports the corresponding k” (k) functions.

3.2.2 EXAFS Spectroscopy The quality of the EXAFS spectra, in terms of S/N ratio, can be
checked in Figure 2b (inset in the top panel), where the extracted k’ x(k) functions are reported.
EXAFS data analysis was performed up to k = 16 A, thus obtaining satisfactory structural
information up to the third shell of atoms around the Cu absorber, i.e. up to atomic distances within
a sphere with ca. 5 A of radius. The corresponding k’-weighted Fourier transformed functions, in
the 2 — 16 A™' range, are shown in Figure 2b for both the moduli (top panel) and imaginary parts
(bottom panel). The three spectra are dominated by the first shell signal (at ca. 1.5 A, not corrected
in phase); contributions at longer distances are weaker, although the modulation of the imaginary
part provides an evidence that the experimental signal still contains structural information. The
spectrum of the activated sample (pink curves) is very similar to that of the as prepared sample
(blue curves), and only a slight shift towards shorter R-values and a small decrease of the amplitude
of the first shell signal is observed. The shift reveals an overall contraction of the bond distances
after thermal activation, in agreement with XRD data, while the lower first shell intensity is with a
consequence of the reduction of the Cu coordination number (loss of the water molecule
coordinated to the Cu atom). The imaginary parts of the FT in the high-R region (R > 2.5 A) are
very similar, indicating that after thermal activation the framework of HKUST-1 remains
substantially unchanged at a long range, and only the first shell of the Cu-absorber is modified, as
expected for dehydration.

The situation is drastically different for the activated sample in interaction with ammonia. The
EXAFS spectrum is characterized by a first shell signal weaker and shifted towards longer bond
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distances, if compared to that of the activated sample. In addition, oscillations of the Imm(FT) in
the high-R range are noticeably damped in amplitude. The interpretation of this experimental
behavior requires particular attention. The strong reduction of EXAFS signal might be intuitively
ascribed to a great modification of the framework. However, the XRPD results (as well as IR and
UV-Vis characterization, vide infra), demonstrate that only a slight structural rearrangement occurs
upon NHj; dosage in absence of water, coherent with the simple NH; coordination to the Cu metal
centre after dehydration. As it will be discussed in details hereinafter, the lowering in the EXAFS
signal amplitude can be explained with a phenomenon of destructive interference among some of
the main EXAFS paths involved, already observed in the analysis of the as-such and activated
samples, and further intensified after the NH; coordination.

A quantitative analysis of the EXAFS spectrum for the as-prepared sample has been performed
starting from the cluster shown in Figure 3a, where the five shells of scatterer atoms giving the main
contribution to the FT-transformed EXAFS signal are highlighted by different colored halos and the
Cu atom acting as absorber is circled in red (Cuays). The first shell includes four equivalent oxygen
atoms of the trimesic acid carboxyl groups in square planar geometry (O1) and the oxygen of the
water molecule (Om0) directly coordinated to the Cu absorber. The main contributions at longer
distance come from SS paths involving the second copper atom of the dimer (Cu) in front of the
absorber, the four carbon atoms of the trimesic acid carboxyl groups (C), the four oxygen atoms
coordinated to this second copper site (O2) and, finally, from Cu,,s—C—O1 MS paths. For all these
scattering paths the distance and the Debye-Waller factor have been fitted independently. The
remaining SS and MS were modeled describing length variation AR; and Debye-Waller factor 6% of
the i-th path according to the following relations: ARi = o Reffi and czi =5’ (Reffi /R01)1/2, 1.e.
considering the possibility of an overall isotropic contraction/dilatation of the distances (parameter
o) and assuming a Debye-Waller factor increasing proportionally to the square root of the path
effective length R™. This approach has already been used to limit the overall number of optimized
parameters in systems where an high number of SS and MS path contribute significantly to the
overall signal such as oxides””” and MOFs.*'**7** Finally, a single AE and Sy* value common to
all the paths have been fitted. The complete fitting model needed 14 independent parameters, see
Table 1, and represents an improvement of the EXAFS study of Prestipino et al.’® The same
structural model was adopted for the analysis of the dehydrated sample, before and after interaction
with ammonia. In the former case, the paths involving the water molecule (Om0) were excluded
(resulting in 12 independent parameters); whereas in the latter no changes were done, since O atom
(of H,0) and N atom (of NH3) are not distinguishable by EXAFS. In that case, the amplitude factor
S¢® was fixed to the value obtained for the as-prepared sample (resulting in 13 independent
parameters).

Figure 3b — d show the experimental signals for the three investigated samples and the different
paths contribution to the Imm(FT), whereas Table 1 summarizes the optimized parameters. In all
the three cases, the simulated EXAFS spectra well reproduce the experimental curves, as proved by
the R-factor values that are always lower than 5%. In many cases, different scattering paths
contributing in the same distance range are characterized by Imm(FT) in anti-phase; their
contributions to the overall signal is consequently cancelled, because of destructive interference.
This is particular evident in the first shell region for the dehydrated sample in interaction with NH3
(Figure 3d), where the SS Nnp3 path is in partial anti-phase with the SS C contribution, and the MS
C-01 and SS O2 contributions are characterized by a partial mutual depletion, globally resulting in
a drastic erosion of the EXAFS signal. Although rare, such “cancellation” effect has already been
observed in EXAFS studies on other materials: particularly relevant is the strong amplitude
reduction of the second shell peak in Ga K—edge EXAFS spectra of InyGa; <As semiconductor solid
solutions when x is close to 0.5.765>%
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Figure 3. Part (a): Structure of the as-such sample obtained from a previous XRD refinement, and
magnification of the cluster used as starting point for the fitting procedure of EXAFS data. Atoms
color code is the following: Cu pale pink, C gray, O red. The groups of atoms involved in the
principal paths contributing to EXAFS signal are labeled and highlighted by different colored halos
(oxygen atoms of the trimesic acid carboxyl groups directly coordinated to the Cuay, O1, gray;
oxygen of the water molecule directly coordinated to the Cu absorber, Oyy0, light blue; second
copper atom of the dimer in front of the absorber, Cu, green; the four carbon atoms of the trimesic
acid carboxyl groups, C, orange; oxygen atoms coordinated to the not absorber copper site, O2,
purple). Parts (b), (c) and (d): Comparison between experimental and corresponding best fits for the
as-such (b), activated (c) and activated + NH; (d) sample. Top panels report the modulus of the FT,
while bottom panels show the imaginary parts of the FT, and the principal paths contributions to the
total signal. For quantitative values of the parameters optimized in the fits, see Table 1.

Table 1. Summary of the parameters optimized in the fit of the EXAFS data (Figure 3b — d) for
HKUST-1 samples as such, dehydrated and after exposure to 60 mbar of NHs. All the fits were
performed in R-space in the AR = 1.00 — 5.00 A range, over k’-weighted FT of the x(k) functions
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performed in the 2 — 16 A interval. A single AE, and a single So> have been employed to
parametrize all SS and MS paths. In the activated + NH; case the amplitude S,® was fixed to the
value refined for hydrated sample (So* = 0.99 + 0.05), where the Cu centre is expected to have the
same coordination number. For all paths the degeneration (coordination number for SS paths) has
been fixed to the values expected from the structure refined by single crystal XRD.*

EXAFS optimized parameters

As such (hydrated) Activated (dehydrated) Activated + NH;

Independent points 35 35 35

Number of variables 14 12 13

R-factor 0.014 0.010 0.018

Sy’ 0.99 + 0.05 0.81 +0.03 0.99 + 0.05

AE (eV) ~2.7+06 ~-36%05 -31+05
Ro: (A) 1.959 + 0.005 1.934 + 0.005 2.000 + 0.004
oo (A?) 0.0054 + 0.0007 0.0051+ 0.0006 0.0094 + 0.0003
Roz0) OF Ruvez) (A) 2,24 £0.03 —~ 2.31+0.01
6’o(H20) OF SNz (A%)  0.011 +0.006 - 0.006 + 0.002
Reo (A) 2.65 +0.02 2.58 +0.02 2.80 +0.03
o’cu (A?) 0.012 + 0.002 0.015+ 0.003 0.013+0.03
Rc (A) 2.88 +0.02 2.84 +0.02 2.56 +0.03

o’c (A% 0.008 + 0.002 0.008+ 0.001 0.013 + 0.005
Roz (A) 3.14+0.03 3.07 +0.03 2.82+0.04
°0n (AY) 0.021 + 0.005 0.024 + 0.005 0.03+0.01

a —0.012 +0.004 —0.021 £ 0.004 —0.003 +0.002
o* (A% 0.009 + 0.002 0.009 + 0.002 0.016 + 0.002

In the reported fits all coordination numbers were fixed to the crystallographic values. This holds also for the number of
water (column 2) and ammonia (column 4) adsorbed on Cu(ll) site (Ngs), that was fixed to unit in both cases. To check
the adsorption stoichiometry additional fits were performed optimizing also the number of adsorbed molecules: Ngs
resulted to be 1.04 + 0.08 and 1.0 £ 0.1 for H,O and NHg, respectively.

The optimized parameters resulting from the fit are summarized in Table 1. For the as prepared
sample, almost all the optimized distances are within their associated error equal to the ones
extracted from single crystal XRD data of Chui et al.* or slightly longer. Upon activation, a
generalized contraction of the bond lengths is observed, as already reported by Prestipino et al.*
This contraction, particularly evident for the Cu,p—Cu distance, is also observed by a negative value
of the contraction/expansion parameter oo = —0.021 £ 0.004. The Debye-Waller factors assume
physically plausible values for all the different shells of atoms. Only the value for the oxygen atoms

11



coordinated to the not-absorber copper site (02) is high because of a high static disorder term, due
to the higher heterogeneity of the corresponding sites, not directly bonded to Cu,ps.

When the dehydrated sample is treated with ammonia, an increase in the Cu,p—O1 average bond
distance is observed (Ro; = 2.000 + 0.004 A), accompanied by an increase in the Debye-Waller
factor 6201, which goes from ca. 0.005 A% to 0.009 A% The optimized Cuups—Nny3 bond distance
value obtained from the fit is of (2.31 + 0.01) A, with a Debye Waller value GZN(NH3) = (0.006 *
0.002) A?. Therefore, EXAFS data provide an evidence that adsorption of ammonia on the
coordinative vacancy of Cu(Il) in dehydrated HKUST-1 occurs without the break of any first shell
Cu-O1 bonds, that just undergo an elongation of ~ 0.050 A to accommodate the NH3 molecule.
This elongation is more than double than that needed to accommodate the water molecule, see
Table 1. Additional structural distortions involve the higher shells, in particular (i) the Cuup—Cu
bond is elongated of ~ 0.15 A; and (ii) the Cu—C and Cu—O2 bond lengths are slightly contracted.
Finally, it is worth noticing that fit results are affected by a higher degree of incertitude with respect
to the as-such and activated cases, due to the lower signal-to-noise ratio and the possibility of
different structural rearrangements resulting in the same signal suppression. A general increase of
the DW values associated to C and O2 shells, as well as of the 6> Debye-Waller used to model SS
and MS paths whose contribution to EXAFS signal is minor, is found.

3.3. Optical properties: DRUV-Vis spectroscopy

Upon activation the color of HKUST-1 changes from light cyan (Figure 4a) to blue navy (Figure
4b, first tube). To explain this behavior a change in the coordination sphere of copper species
should be invoked, as the color is associated with d-d transitions of Cu(Il) ions. The DRUV-Vis
spectra of the as synthesized and activated samples are reported in Figure 4c (blue and pink lines,
respectively). The spectrum of the fresh sample (blue curve) shows: i) an edge around 350 nm due
to a ligand to metal charge transfer (LMCT) transition from oxygen to copper atoms; and ii) a band
centered at about 705 nm, characteristic of d-d transition for Cu(II) species in a distorted octahedral
local geometry. The distorsion of the octahedral geometry accounts for the high intensity of the
band, that should be otherwise dipole-forbidden.

The main effect of activation at 423 K (pink curve) is the appearance of a high-energy shoulder in
the d-d band at around 585 nm. At the same time, a red shift of the maximum, previously observed
at 705 nm, to 745 nm and of the absorption associated with the LMCT transition are observed. The
increase of the fraction of absorbed visible light causes a complete darkening of the material, which
changes from light cyan to blue navy. The change in the d-d region is ascribed to the activation of
new available d-d transitions due to a loss of degeneracy in d levels produced by a change in the
symmetry around copper. Coming to the high-energy part of the UV-Vis spectrum, the LMCT edge
shift is explained as a consequence of the change of (i) the hydration conditions of the carboxylated
group and (ii) the coordination sphere of copper ions. ** Upon H,O vapor pressure dosage on the
activated sample, the original spectrum is restored (orange solid curve), demonstrating the
reversibility of the process. 0 1f pure dry ammonia is dosed on the activated material, the spectrum
(green solid curve) is quite similar to that of the hydrated sample, apart for a slight red shift of the
d-d band to 725 nm. This small shift is sufficient to cause a color change, as demonstrated by the
sequence of photographs reported in Figure 4b, collected at increasing NH; contact time.
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Figure 4. Part (a): picture of hydrated HKUST-1 sample. Part (b): sequence of pictures showing the
HKUST-1 color evolution upon NHj3 dosage and progressive advance of the NH; front, starting
from the activated material (first tube). Part (c): DRUV-Vis spectra of HKUST-1 as prepared (blue
line), activated (pink line), activated + H>O and successively + NH; (orange solid and dashed line

respectively), activated + NHj3 and successively + H,O (green solid and dashed line respectively).

On the contrary, the dosage of ammonia on a sample previously contacted with water vapor
pressure causes a big change in the spectrum (see orange dashed line), providing an evidence that
the coordination sphere of Cu(lIl) is strongly perturbed. The effect of water after pure ammonia
adsorption has been considered too and the resulting spectrum is almost unperturbed (see green
dashed curve). These results are in good agreement with the XRPD ones.

3.4. Vibrational properties: IR spectroscopy

The vibrational properties of HKUST-1 in the Mid-IR range have been studied by collecting the
spectra in ATR mode (see Figure 5a). In this frequency range, the spectra of hydrated sample
HKUST-1 is dominated by the vibrational modes of the BTC linker. In particular, the IR absorption
bands in the 1700-1500 ¢cm™ and 1500-1300 c¢cm’ range are due to Vasym(C—02) and vgym(C-0,)
stretching mode, respectively; IR bands around 1450 cm™ are due to a combination of benzene ring
stretching and deformation modes; whereas, IR absorption bands around 700 cm™! are due to v (C-
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H) bending mode. Only the IR absorption band centered at 493 cm™ is due to a vibrational mode
directly involving the Cu center, and it will be discussed later on.

The Mid-IR spectrum of HKUST-1 does not change upon dehydration (only the broad IR
absorption band centered at 3300 cm™ disappears), neither upon adsorption of NH; (apart a slight
broadening of most of the IR absorption bands). On the contrary, the spectrum greatly changed
when ammonia is dosed on the hydrated sample. In particular, in the 1700 — 1500 cm™ range only
two distinct absorption bands are observed at 1610 and 1544 cm™; the IR bands in the 1500 — 1300
cm’ are slightly red shifted; new IR absorption bands appear at 1250, 1213 and 708 cm™'. Although
further investigation is necessary to assign precisely the new IR absorption bands, the Mid-IR
spectrum of the hydrated sample after interaction with ammonia is clearly in favor of a big
structural change, in agreement with all the data discussed above.

- hydrated
(a ) ( b ) —— activated
N\ +H,0 + NH,
— — =—+NH,
=]
< |]05 a |0 5 /\ +NH, +H,0
Q| — @ J k/ \
o o
= c \_‘”\
o el
B S \/\_/\'\‘\
3 8 N
A — < ’ \\/ \
— T ——
T T T T T //// T T T T T T T T T T T T T T T T T T T T T T T
3600 3300 1600 140012001000 800 600 400 600 500 400 300 200 100

Wavenumber (cm’1) Wavenumber (cm’1)

Figure 5. Mid-IR (ATR mode), part (a), and Far-IR (transmittance mode), part (b), spectra of
HKUST-1 as prepared (blue line), activated (pink line), activated + H,O and + NHj3 (orange line),
activated + NH; (light green line) and successively + H,O (dark green line).

IR spectra in the Far-IR region (see Figure 5b), are much more informative, since in the 600 — 50
cm™ range the vibrational modes directly involving Cu(Il) species are present. The same
frequencies range was previously explored in detail by means of Raman spectroscopy *° for the
hydrated and activated sample. The Far-IR spectrum of the hydrated sample (blue curve) shows two
main absorption regions, around 500 cm™ (main peak at 493 cm™ and shoulder at 480 cm™) and
around 280 cm’ (three absorption bands centered at 321, 269 (the most intense) and 226 cm™).
Following the previous interpretation,*® the IR absorption bands around 500 cm™ are assigned to Cu
— O stretching modes , while the absorption bands at lower frequency are due to vibrational modes
involving the Cu — Cu stretching of the two Cu(Il) ions of the [Cu,C4Os] framework cage. Upon
activation, both the IR absorption band at 493 cm™ and the three bands at lower frequency blue-
shift; to 504 cm'l, 326, 273 and 231 cm'l, respectively. This observation reveals an increase in
rigidity of the metallorganic framework structure, in agreement with the shortening of the Cu-O and
Cu-Cu bonds obtained by EXAFS. Finally, when ammonia is adsorbed on the dehydrated sample
(light green spectrum) the Far-IR spectrum comes back to that of the hydrated sample; whereas
interaction of ammonia on a hydrated sample causes a drastic change of the overall spectrum.

3.5. EPR characterization

The CW-EPR spectrum of hydrated HKUST-1 is characterized by a typical anisotropic powder
pattern characteristic of hydrated Cu(Il) ions having an electron spin S = 1/2 and interacting with
the 7= 3/2 nuclear spin of the copper nuclei (Figure 6A, blue line). The parameters derived from the
simulation (Figure 6A, dotted line) are listed in Table 2 and are in agreement with those previously
reported by Péppl et al.*”*° on the same system.
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Figure 6. Parts (A), (B), (C): experimental (solid lines) and simulated (dotted lines) X-band CW-
EPR spectra of hydrated (blue line), dehydrated (pink line) and re-hydrated (black line) HKUST-1;
parts (a), (b) and (c): experimental 'H HYSCORE spectra; parts (a’), (b’) and (c’) are the
corresponding computer simulations. All spectra were recorded at 10K. The HYSCORE spectra
were taken at observer position By= 336 mT, corresponding to the g, component of the field swept
spectrum. Two spectra measured with 7 = 104 and 172 ns are added together after Fourier
transform.

The spectrum consists of two superimposed signals, indicated in Table 1 as type A Cu(Il) and
type B Cu(Il). The spin Hamiltonian parameters of type A are typical for isolated Cu(Il) hydrated
monomers, while the second species (type B), characterized by a broad unresolved line, with AB™
=30 mT and g,,=2.17 has been assigned to interacting Cu(II) species.®’

Quantitative evaluation of the monomeric copper species in the hydrated sample has been
obtained by comparison of the CW EPR spectral intensity with that of a standard solution of copper
acetylacetonate. The estimated percentage of isolated Cu(Il) ions is found to be about 6% of the
overall copper ions in the sample. In agreement with earlier literature reports, ®’ we assign such
isolated (S=1/2) Cu(Il) species to residual extra-framework monomeric Cu(Il) ions, which have not
been incorporated as [Cu(II)], dimers in the Cuz(BTC), network.

Upon dehydration at 423K under vacuum the sample develops a blue navy colour and shows the
EPR spectrum of Figure 6B (pink line). The signal due to the monomeric Cu(Il) ions is drastically
reduced in intensity, while the broad signal due to interacting copper species (type B) becomes
evident. The overall decrease of the EPR spectral intensity is about 20% of the hydrated spectrum
(blue line). The original spectrum can be restored by hydration of the sample (Figure 6C, black
line).

Table 2. Spin Hamiltonian parameters of Cu(Il) species in HKUST-1 obtained by computer
simulation of the spectra in Figure 6.
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Cu(Il) spin Hamiltonian parameters from X-band CW-EPR

spectra
Hyperfine tensor
g tensor Cu g /MHz
g1=2.374+0.001 Ai=456+3
Type A Cu(I)
g.=2.089 £ 0.007 A=73+£12

Type BCu(ll) g=2.17+0.02 -

To investigate more deeply the effects caused by dehydration and rehydration of the sample and
in the effort of better characterizing the local coordination environment of the Cu(Il) monomers,
Hyperfine Sublevel Correlation (HY SCORE) measurements were carried out.

The HYSCORE spectra recorded at observer position By = 336 mT, corresponding to the Cu(Il)
perpendicular feature, are reported in Figure 6a, b and c (spectra taken at a magnetic field setting
corresponding to the parallel position are reported as supplementary information). The spectrum of
the hydrated material (Figure 6a) is characterized by a pronounced broad proton ridge centred at
(v, v1) with maximum extension of about 11.8 MHz, stemming from the superhyperfine
interaction between the unpaired electron in the dy,.,» Cu(Il) orbital and a nearby proton. The
experimental spectrum can be simulated (Figure 6a’) using the parameters reported in Table 3.
These values are typical for water molecules equatorially coordinated to the Cu(Il) ions,”! and are in
line with those found for the Cu(H,0)s*" complex.”

The simulation analysis indicates that the experimental spectrum is best reproduced by
considering a second interacting proton with maximum coupling of about 3 MHz due to remote
protons, weakly interacting with Cu(II) monomers.

Table 3. Spin Hamiltonian parameters deduced from simulation of the HYSCORE spectra of
Figure 6a, d, and c.

spin Hamiltonian parameters from simulation of the HYSCORE spectrum

Proton Species
Interacting with Cu(ll)

A 0.2+05 58+05 0;70%+10;0
B 04+05 14+05 0;60%+10;0

Haiso IMHz T /MHz a; B yl°

The HYSCORE spectrum of the dehydrated sample, recorded at the same observer position is
reported in Figure 6b. As a consequence of the dehydration treatment, the pronounced ridge with
maximum coupling 11.8 MHz disappears, and only the small proton ridge with maximum extension
of about 3 MHz is observed. Admission of water onto the dehydrated sample restores the original
proton ridge (Figure 6¢). This is in agreement with the CW-EPR spectrum reported in Figure 6C.

The hydration-dehydration behaviour of momomeric Cu(II) species in H-KUST is reminiscent of
that of hydrated cupric Cu(Il) ions in zeolites where the same phenomenon, i.e. an intensity drop of
Cu(Il) EPR spectra upon thermal treatment in vacuo and subsequent restoring by simple water
adsorption at room temperature is well known.®* This effect, often called “self-reduction” process,
has been interpreted in the case of zeolites in term of a proper reduction mechanism involving the
formation via different pathways of cuprous (diamagnetic) ions (Cu).”*** This interpretation was
however challenged by LoJacono, and co-workers,”” who suggested that the loss of intensity of the
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EPR signal has to be ascribed to changes in the coordination of Cu(Il) ions which become EPR
inactive, without invoking the formation of Cu" ions. This second mechanism was later verified by
a multytechnique approach.®® Our experiments indeed show that this second mechanism is
appropriate to describe the behavior of isolated Cu(Il) ions in Cus(btc),. The phenomenon can in
fact be explained considering that upon water removal at low temperature, the solvated Cu(Il) ions
undergo a local symmetry change, which is the ultimately responsible for the loss in the EPR signal.
Re-hydration of the system will restore the original solvation shell thus explaining the recovery of
the EPR signal and the easy reversibility of the process.

(a)
MW
A

(d)

(e)

ZéO | 2%5 l 3CI)O | 3&5 ' 3é0 | 3I75 ' 4CI)O
B/mT
Figure 7. X-band CW EPR spectra of HKUST upon delivery of increasing amounts of ammonia.
(a) hydrated sample, (b) 5 mbar NHj3, (¢) 30 mbar NH3,(d) 45 mbar NH; (e) 60 mbar NHj. Spectra
are recorded at 77K.

Following the procedure adopted for all the experiments we contacted the hydrated sample with
increasing doses of ammonia at ambient temperature. This led to a progressive change of the CW
EPR spectrum, up to the formation of a new, intense signal, characterized by an asymmetric line
shape resonating at g ~ 2.12 whose intensity is about two orders of magnitude more intense with
respect to the signal of the hydrated sample (Figure 6A). Figure 7 shows the evolution of the CW
EPR spectrum as a function of ammonia dosage. The new signal starts to appear upon delivery of
30 mbar of NHj3 and shows no trace of the EPR features of isolated Cu(Il) and no echo signals could
be detected. Comparison of spectra taken in the range 300-6 K for an ammonia dosage of 30 mbar
(Figure 8) shows that no significant modification in the spectral line shape occur in this temperature
range. The signal intensity, however, increases with lowering temperature following a Curie like
behavior (see inset Figure 8), typical of a paramagnetic state. The loss of Cu(Il) hyperfine structure
seems to indicate that spin exchange phenomena are under operation which involve a large fraction
of the copper ions including framework ions. These phenomena will lead to an increase in the
relaxation times of the system explaining the absence of the spin echo signal. The same behavior
described above, at least qualitatively, was observed in case of NH; dosage in dry conditions.
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Figure 8. CW EPR spectra of HKUST-1 upon delivery of 30 mbar of NHj recorded at (a) 6 K, (b)
90 K and (c) 300 K. The scattered plot in the inset reports the EPR intensity of the spectra recorded
at temperatures ranging from 6 to 300 K.

Outgassing of the cell did not restore the original EPR spectrum indicating that the effect,
contrary to water adsorption is not reversible and that interaction with NH; leads to a stable
modification of the magnetic properties of the sample. Further investigations will be needed to
specifically address the nature of the magnetic properties brought about by ammonia adsorption.

4. Conclusions

A full spectroscopic characterization of HKUST-1 interacting with ammonia has been presented.
NHj; adsorption on the dry system results in a strong chemisorption on Cu(Il) sites that distorts the
framework, keeping the crystallinity of the material. Generally the perturbation observed upon NH;
adsorption is analogue to the one observed in the case of H,O, but noticeably enhanced. When the
adsorption in humid conditions is considered, a deep modification of the system is observed. In
particular, 1)) XRPD shows a very strong interaction in dry conditions and strong modification of the
structure in presence of water; i1) XAS (XANES and EXAFS) spectroscopy, in dry conditions,
indicates structural changes, similar to the case of H,O but quantitatively bigger; iii) both DRUV-
Visible and IR (MIR and Far-IR frequencies range) spectroscopies indicate a similarity between the
hydrated sample and the one interacting with NH;3 in dry conditions, but they reveal deep changes if
NH3; is adsorbed in humid conditions; iv) EPR technique reveals that the interaction with NH; both
in dry and humid conditions leads to a stable modification of the magnetic properties of the sample.

On a methodological ground, it is worth noticing that we used the optimization of XANES
spectra to validate the bond distance obtained by EXAFS.

In conclusion, this work demonstrates that to have a very deep structural modification of HKUST
when NHj interaction is considered (as e.g. reported in literature by Peterson et al.”), the water
presence is necessary, otherwise the modification occurs but with minor effect.
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