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Spectroscopic evidence for an enhanced binding of Nitric
Oxide (NO) to metal centers with lower oxidation (open Cu'*
sites) in Cus(btc), (HKUST-1) is presented. The Cu'" sites
created by thermal treatment or X-ray exposure exhibit a
preferential adsorption of NO compared to H,0. This
phenomenon demonstrates the potential use of MOFs with
lower oxidation metal centers for selective gas separation.

Gas separation technologies, in particular distillation,
account for the majority of industrial energy use. Adsorptive
separation by porous materials is an alternative green separation
method that requires less energy and produces fewer by-products.
Adsorptive separation exploits differences in gas adsorption
propensities of the adsorbent either by kinetic diffusivity, or
molecular sieving and thermodynamic equilibrium effects. 2
Currently, porous metal organic frameworks (MOFs) are the focus of
numerous research efforts in this area.’™ MOFs, also known as
porous coordination polymers, are composed of a metal center (or
polynuclear metal clusters) linked through organic components by
coordination bonds to form crystalline structures.” ® Their high
specific surface areas and tuneable structures, containing various
chemical functionalities, make them attractive in many areas, from
gas adsorption and separation to catalysis, sensing, electron
conductivity, and biomedical applications.”> "'® Major obstacles to
the application of MOFs for gas separation are their structural
instability in the presence of water (a major component of flue
gas),'" 12 and the higher preferential adsorption of water on open
metal sites'*!* compared to other gases. Methods to overcome these
barriers have focused on the use of perflourinated linkers and the
inclusion of protective groups.'>%

MOFs with unsaturated metal centers such as CPO-27 and
Cus(btc), (also known as HKUST-1 and where btc = 1,3,5
benzenetricarboxylate) have been considered for gas separation and
storage because of the strong interaction of gases with the open
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metal sites.!> A drawback in their use for gas separation is the
stronger binding of H,O to open metal centers compared to the gas
being separated. For example, in the case of Cus(btc),, the binding
energy is ~47.3 kJ/mol for H,O compared to ~29.8 kJ/mol for
CO,.%* B Cus(btc), was selected as a model system to study the
influence of the metal center’s oxidation state on its adsorptive
interactions. Cus(btc), is composed of Cu®* paddle wheel type nodes
(Cu*'-dimers) connected by 1,3,5-benzenetricarboxylate linkers
forming large interconnecting channels surrounded by small
tetrahedral pockets.’® The unsaturated metal centers in Cus(btc),
make it attractive for gas adsorption, separation, and catalysis.> > %"
» Enhancing the binding of gases such as CO,, NO, and SO,
compared to water, is crucial for gas separation applications of
MOFs. Here, we present the first evidence for an enhanced
interaction of NO (compared to water) with Cu'" sites in the
Cus(btc), framework. Reduction of Cu®" in Cus(btc), occurs under
thermal treatment or X-ray irradiation.***? Formation of Cu'* defects
in Cus(btc), were correlated with activation temperatures (removal of
solvent from the pores by heating) and were created by a missing
linker.>> *' To experimentally simulate controllable Cu®" reduction,
we use soft X-rays both to probe and reduce the metal centers. X-ray
beam induced effects are well known and have been observed in
self-assembled monolayers and biological materials.*>*° Photo-
reduction of Cu®" in copper acetate results from the interaction of
Auger and low energy electrons (<50 eV) with the material ** X-ray
exposure promotes reduction of the Cu®" in HKUST-1, similar to
reduction caused by sample anneal (activation) temperatures (Figure
S1).** Near Edge X-ray Absorption Fine Structure (NEXAFS)
spectra of the Cu L-edge from Cus(btc), thin films exhibit a
controlled X-ray photo-reduction of the Cu*" metal centers as a
function of X-ray exposure. Approximately 4% of the Cu in the
pristine sample was Cu'" and this increased to ~12% with X-ray
irradiation for 12 minutes (photon flux 1.5x10'? photon/second,
beam size of 0.2x0.1 mm?). Changes in the copper oxidation state
observed in the Cu L-edge (NEXAFS) spectra from soft X-ray
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irradiation are consistent with those observed when activating the
sample at 180 °C (section 1 of supporting information).

Previously, spectroscopic techniques such as IR and
Raman spectroscopies, nuclear magnetic resonance and pair
distribution functions from X-ray diffraction have provided a
mechanistic understanding of gas adsorption in MOFs.'> 2* 3339 In
this work, we use ambient pressure photoelectron spectroscopy
(APPES) to investigate chemical interactions occurring during initial
gas adsorption. Homogeneous Cus(btc), thin films were synthesized
following the layer-by-layer method (XRD and film growth are
shown in Figure $4). 4044 NO adsorption isotherms, derived from
gas phase quartz crystal microbalance (QCM) measurements are
consistent with values reported for the powder Cu;(btc), framework,
~3.3 mmol/g at 700 Torr (Figure S5).%

The interaction of NO with Cuj;(btc), is examined with
photoelectron and NEXAFS spectra. The upper panel of Figure 1
shows N 1s X-ray Photoelectron spectra (XPS) as a function of NO
pressure (0.03-0.2 Torr, 4 min X-ray exposure time for each
spectrum). The two sharp gas phase NO features (filled grey areas)
appear ~8 eV lower than the free gas phase due to charging of the
substrate affecting the gas in its vicinity. In addition, two distinct
nitrogen species are observed in the N 1s region at 403.5 and 406
eV. These peak intensities increase with increasing NO pressure.*’
The 403.5 eV N Is peak is assigned to neutral adsorbed NO, while
the higher binding energy peak (406 eV) is assigned to adsorbed
NO*.* In a very simplistic initial state model, the binding energy
peak positions are related to how strongly electrons are bound to the
nucleus. Removal of an electron from the nitrogen results in a
stronger attraction of the remaining electrons to the nucleus,
therefore increasing the binding energy of the N 1s electron. In
general, the core electron experiences a change in chemical
environment when a change in potential (charge distribution) of a
valence shell occurs

The effect of NO adsorption on the copper oxidation state
is apparent in the NEXAFS spectra (Figure 1, bottom). Bottom part
of Figure 1 shows the Cu L-edge NEXAFS spectra measured under
ultra high vacuum (UHV), 0.01 and 0.1 Torr of NO. Normalizing the
spectra to the pre-edge intensity eliminates contributions from other
elements to the background. NEXAFS spectra measured in UHV
(Figure 1, top) show contributions from both Cu?* and Cu'*.*" *The
intensity of the Cu'" peak decreases as NO is introduced and a
corresponding increase in the area under the Cu®* peak is observed.
This indicates oxidation of the Cu'* by NO to form Cu*" centers that
are different in nature than the pristine Cu®>" in HKUST-1. (Figure
S2). The contribution of both Cu species is determined from the area
under the Cu 2p photoelectron peaks measured at UHV (Figure S2).
Consistent with previous reports, Cu'* atoms were estimated to be
~4£1% of the total Cu species.*

Assignment of the NO species to specific adsorption sites
was performed by varying the X-ray exposure time on the X-ray
photoemission N 1s spectra (inset of top panel of Figure 1). The
inset in the top part of Figure 1 shows the 403.5 and 406 eV N 1s
peak integrated area as a function of beam exposure time. Varying
beam exposure time serves as a method to control the formation of
X-ray photo-reduced Cu'" (details in section S1 of SI). Controlled
X-ray exposure in the presence of NO promotes adsorption of NO at
newly formed Cu'" sites. At low X-ray exposures a single peak at
403.5 eV is observed. The 406 eV peak appears only after an
increased X-ray exposure time (further details in section 4 of
supporting information). Therefore, the 403.5 eV peak is assigned to
NO adsorbed at the Cu**, and the 406 eV peak to NO adsorbed at
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newly formed Cu'*. The chemical integrity and crystallinity of the
framework (post X-ray exposure) was verified by examining the C
Is and O 1s XPS spectra and X-ray diffraction patterns (SI section
S4).
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Fig. 1 Top: X-ray photoelectron spectra of N 1s at UHV and as a
function of NO pressure. Peaks at 403.5 and 406 eV arise from
adsorption of NO at Cu?" and Cu'" sites respectively. The sharp
(grey) spectral features arise from gas phase NO. X-ray
photoelectron spectra are collected with 600 eV incident photon
energies. Inset shows the N 1s peak integrated areas as a function of
beam exposure time. Bottom: Cu L-edge NEXAFS spectra in UHV
and as a function of NO pressure.

XPS peak intensities are directly correlated to the amount
of a specific species present; therefore the amounts of NO adsorbed
at each site are quantitative. Initially, nitrogen accounts for
~3.4+0.2% of the total atomic percentage of species (C 1s, Cu 2p, O
Is, N 1s). With an X-ray exposure of 432 seconds (4.2 minutes), the
total nitrogen contribution increases to ~6+0.3% (inset, top panel
Figure 1). Of the total N 1s peak area, ~55+5% corresponds to NO
adsorbed at the initial Cu®" sites, ~25+3% corresponds to newly
occupied Cu®" of the Cu**-Cu'" dimers, and ~20+2% of the total
integrated area corresponds to NO adsorbed at new Cu'" sites. The
increase in the area under the N 1s peak (403.5 eV) associated with
NO adsorbed at the Cu®" suggests that initially occupied Cu®" sites
are not transformed, rather the unoccupied Cu**centers are reduced
to Cu'*, providing new adsorption sites. The new Cu®" sites in the
Cu**-Cu'" dimers are occupied only after formation of Cu';
therefore, at the same pressure we expect the binding strength to the
newly formed sites to be equivalent to or higher than NO adsorbed at
the original Cu**-Cu®" dimers.
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To examine the preferential adsorption of NO at the Cu*"
and Cu'" sites in the presence of water, N 1s spectra of pre-adsorbed
NO are recorded as a function of partial pressure of water vapor
(Figure 2). The top panel of Figure 2 shows N 1s XPS spectra
recorded with 0.05 Torr of NO, then after addition of H,O at 1:1
NO:H,0, and with 1:10 NO:H,O partial pressure ratios. The bottom
panel summarizes the normalized integrated areas of each of the
adsorbed species as a function of H,O partial pressure
(normalization of the integrated area to the C 1s signal facilitates
comparison of spectra collected at different sample locations). A
dramatic decrease (~71%) in the normalized integrated area of the
403.5 eV peak (Figure 2, bottom) with increasing partial pressure of
water indicates that NO is replaced by water at the Cu®" sites. On the
contrary, the normalized integrated area of NO adsorbed at Cu'" (406
eV) remains relatively constant regardless of H,O partial pressure
(Figure 2). In the presence of ten times more water than NO, NO is
almost completely removed from Cu®’ but still adsorbs at Cu'"
(Figure 2, top). This clearly indicates that Cu'® sites (potentially
formed by X-ray exposure or temperature) selectively adsorb NO in
the presence of water, i.e. Cu'" has a higher binding strength for NO
as compared to H,O (Figure 2).
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Fig. 2 Top panel: N 1s X-ray photoelectron spectra of Cus(btc), at a
fixed pressure of 0.05 Torr NO (top) with increasing H,O pressure
(middle 1:1 NO:H,O and lower 1:10 NO:H,0O) Bottom panel:
normalized integrated area of N 1s peaks to C Is as a function of
partial pressure of H,O. N 1s spectra are collected with 600 eV
incident photon energies. Inset shows Cu L-edge NEXAFS spectra
for 0.03 Torr NO (wine) and after addition of 0.17 Torr H,O (blue).
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Error in estimation of the ratio was found to be between 10 to 5x10°
4

At the highest H,O partial pressures, the integrated area of the
remaining 403.5 eV peak represents the contribution from adsorbed
NO that is not replaced by water or NO adsorbed at Cu®" sites of the
newly created Cu''-Cu*" dimers with a lower affinity to water.
Primarily due to replacement of NO by water at Cu*-Cu*" dimers
the overall NO capacity deceases by ~50%. NEXAFS spectra taken
upon exposure to H,O show no change in the copper oxidation state,
indicating that NO remains adsorbed at the Cu'" (inset bottom panel
Figure 2). O 1s XPS spectra confirm the presence of adsorbed water
(peak at 534 eV) replacing the pre-adsorbed NO at the Cu®" sites
(Figure S12).

To understand the differences in binding strength of NO to
Cu”" and Cu'" it is beneficial to examine the interactions involved.
For the case of NO adsorbed on Cu?, the bonding is dominated by a
o donation with a © back-donation.”> *° The findings presented in
this work show that for NO adsorbed at the Cu'', a stronger
interaction exists. The higher binding energy position of the N 1s
peak (406 eV) (associated with NO adsorbed at Cu'*) and the
oxidation of the Cu'" (Figure 1, bottom) by the NO points towards
the likelihood of a © back-donation from the Cu'" 3d orbital to the
NO, with an additional covalent donation from NO and Cu'f
electrons to the bonding region.*’ © back-donation bonding in the
latter case is similar to bonding of CO to Cu'" having a stronger
binding energy than ¢ donation.*

Conclusions

In Summary, we present experimental evidence that open metal
centers with reduced oxidation state (Cu'") in MOFs interact more
strongly with adsorbed gases, such as nitric oxide, than metal centers
with a higher oxidation state (Cu®"). In particular, we probe
interactions of NO in the presence of water with Cu?" and Cu'*
(reduced Cu*") metal centers in Cus(btc),. These reduced sites can be
created during thermal activation or photo-reduction. When
produced via controlled photo-reduction, X-ray photoemission
spectroscopy elucidates the nature of the chemical interactions
involved. The photo-reduced Cu'" sites in Cus(btc), demonstrate a
higher affinity for NO compared to water, with a stronger binding
strength than on Cu?*. This phenomenon is of broad interest because
it demonstrates the potential use of frameworks with metal centers of
reduced oxidation for gas separation, having enhanced interactions
with the gas being separated and a smaller affinity for water.
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