
UC Berkeley
UC Berkeley Previously Published Works

Title
Understanding 2p core-level excitons of late transition metals by analysis of mixed-
valence copper in a metal–organic framework

Permalink
https://escholarship.org/uc/item/7f818992

Journal
Physical Chemistry Chemical Physics, 26(15)

ISSN
1463-9076

Authors
Wang, Han
Su, Gregory M
Barnett, Brandon R
et al.

Publication Date
2024-04-17

DOI
10.1039/d4cp00662c
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7f818992
https://escholarship.org/uc/item/7f818992#author
https://escholarship.org
http://www.cdlib.org/


The L2,3-edge X-ray absorption spectra of late transition metals such as Cu, Ag, and Au exhibit absorption onsets lower in
energy for higher oxidation states, which is at odds with the measured spectra of earlier transition metals. Time-
dependent density functional theory calculations for Cu2+/Cu+ reveal a larger 2p core-exciton binding energy for Cu2+,
overshadowing shifts in single-particle excitation energies with respect to Cu+. We explore this phenomenon in a Cu+
metal-organic framework with ~12% Cu2+ defects and find that corrections with self-consistent excited-state total energy
differences provide accurate XAS peak alignment.
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Understanding 2p core-level excitons of late transition metals by
analysis of mixed-valence copper in a metal–organic framework 

cHan Wanga,b,c,*, Gregory M. Su
David Prendergasth 

 Brandon R. Barnett , Walter S. Drisdell, Jeffrey R. Long and c,d e,f,† e,f,g 

Introduction 
X-ray absorption spectroscopy (XAS) is a powerful tool for probing
the chemical environment of a specific element within molecules
and materials, directly accessing the electronic structure to reveal
details of coordination number, angles between bonds, distances
between neighboring atoms, and oxidation states1–4. In this
work, we focus on the importance of XAS in revealing materials
function – gas adsorption within metal-organic frameworks
(MOFs) – and in distinguishing between oxidation states of a
given element. XAS has often been applied to study changes in
the population of mixed transition metal oxidation states, for
example, in cathode materials for lithium-ion batteries5–8, and
has revealed a strong 
sensitivity to gas adsorption at active sites in
MOFs9. 

The L3 absorption edge (2p3/2 excitations) of almost all 
transition metals in higher oxidation states appears at higher 
energies than that of the same metal in lower oxidation states. 
This is expected due to the increased binding energy of the 

corresponding 2p core orbitals in the more oxidized state, which 

is typically larger in magnitude than the difference in energy
between the corresponding empty valence d orbitals accessed in
the X-ray excitation. The same general trend is observed in K-
edge spectra (1s excitations) and is the basis for an almost linear
relationship between XPS peaks and oxidation state10. However,
this trend is reversed in the late transition metals. 
Comparisons of the L2,3-edge XAS of Cu2O and CuO indicate a 
lower absorption edge for Cu2+ in CuO11. An analogous effect 

has been noted as unusual in the Ag L 123 edge of Ag2O vs. AgO  
and Fe L edge of K[Fe(CN)] vs 132 4 6  K3[Fe(CN)6]. In situ chemical 
variation has permitted similar differentiation between 
contributions of Au+ and Au3+ in solution-phase L 93-edge spectra 
. Similar analysis may also assist in explaining the L3-edge energy 
of the "mythical" d8 state of Cu3+, as recently discussed14, which 
appears at higher energies than typical Cu2+ peaks, although we 
do not consider it here. 

Variation in XAS signatures are extremely useful for revealing 
materials function. Recent work probing metal core-orbitals has 
revealed a strong sensitivity to gas adsorption at active sites in 

metal-organic frameworks (MOFs)15. MOF crystals are highly 
porous solids composed of metal ions connected by organic 

linkers with a broad suite of applications in gas storage16–19, 
chemical separations20–23, and catalysis24–26. In MOFs composed 

of transition metals, we may observe a range of oxidation states 
depending on the chemical environment around these atoms. 

Recently, in situ XAS uncovered the presence of oxidized Cu2+ 
defects in the MOF CuI-MFU-4l (Cu2Zn3Cl2(btdd), H2btdd = 

bis(1H-1,2,3-triazolo[4,5-b],[4ʹ,5ʹ-i])dibenzo[1,4]dioxin), in 
addition to revealing the chemical bond between adsorbed gas 
molecules and open Cu+ sites, as defined by a strong XAS peak 

close to 935.3 eV. A pre-edge spectral signature, at a lower 
energy of 931.5 eV, was deduced to be Cu2+ based on 

measurements of the L-edge 2+3 of known Cu complexes and 
observations for standard Cu compounds (as stated above)11. 
Both oxidation states of Cu exhibit strong XAS transitions to 
orbitals with 3d character. Cu2+ has a nominal 3d9 valence 
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electron configuration, with dipole-allowed 2p transitions possible
into the empty 3d orbital. On the other hand, despite its nominal
3d10 electron configuration, the Cu+ cation does exhibit noticeable
3d mixing with its ligands, resulting also in unoccupied orbitals with
ligand-3d mixing and corresponding 
sharp XAS features at the Cu L3 edge. Therefore, it is important 
to distinguish these contributions, which have different 
individual spectral intensities in order to draw quantitative 
conclusions from the XAS of mixed valence systems. 

Structural relaxation of the periodic MOF system was calculated using
the Vienna Ab initio Simulation Package (VASP)29,30, where the
interactions between ion cores and valence electrons were described
by the projector-augmented wave (PAW) method31,32. The vdW-
DF233 functional was used for primitive cell optimization. A Hubbard
U value of 10.4 eV for Cu 3d orbitals derived from the work of
Gregory et al.34 was used in addition to the vdW-DF2 functional. Γ-
point sampling of the Brillouin zone and a plane wave kinetic energy
cutoff of 400 eV are used for all variable-cell calculations. The
experimental lattice constant of the bare framework is 31.21 Å at
room 

Four potential chemical environments for Cu2+ at the peripheral
framework metal sites were investigated: Cu–Cl; Cu–HCOO; Cu–
H and CuZn [Fig. S1(b)-(e)]. The first two possibilities were 
considered the most likely environments for Cu2+ given that the 
synthetic route used to produce CuI-MFU-4l exploits post-
synthetic exchanges with CuCl and LiOC(O)H39,402. For 
completeness, we included hydride-terminated Cu2+ given the
predisposition of metal-bound formates to undergo thermal
decarboxylation39,41,42 and the substitution of Zn2+ for Cu2+ at
the octahedrally-coordinated site at the center of the node,
although this environment was deemed unlikely owing to the
reluctance of coordinatively-saturated metals to undergo cation
exchange43. 

temperature. To reduce computational cost, we considered a unit
cell with a higher order of symmetry, and we could obtain a smaller
primitive cell with a lattice constant of 22.069 Å and lattice angle of
60°, as shown in Fig S1(a). 

To enable localized atomic orbital calculations of the XAS, we
derived finite cluster models from the periodic structure.

Clusters with only two Cu atoms at each ligand-MOF junction
were generated from the periodic framework structure by
replacing the btdd2- ligands with terminal benzotriazolate

groups. The local coordination environment around Cu before 

attaching any molecules is of C 353v symmetry. The def2-SVPD 
basis-set was used for Cu and N atoms in the MOF cluster and 
for atoms on the guest molecules , while the def2-SVP basis set 
was used for the remaining atoms. 
X-ray absorption spectra were calculated using the reduced 
single excitation space36 linear-response time-dependent 
density-functional theory (LR-TDDFT)37 method implemented 
within Q-Chem38. The ωB97M-V functional was used to relax 
the cluster structure and to perform the XAS LR-TDDFT 
calculations. These LR-TDDFT calculations do not include spin–
orbit coupling effects. To construct the combined L2,3-edge 
spectrum, the calculated L3-edge spectrum is augmented by 
addition of a copy of the same spectrum which is displaced on 
the energy axis by +20.0 eV (the atomic spin-orbit splitting for 
Cu 2p) and rescaled in intensity to 50%, to reflect the L2- and L3-
edge splitting and the simplest branching ratio of spin-orbit split 
Cu 2p orbitals (i.e., 2:4), respectively. This approach is 
appropriate here based on the relatively large core-orbital spin-
orbit splitting of Cu and insignificant valence-orbital spin-orbit 
corrections. 

Figure 1. Calculated Cu L-edge XAS of CuI-MFU-4l with (a) Cl, (b) H, and (c) HCOO
passivated Cu sites, and (d) Cu on Zn site substitution. The corresponding cluster
geometries are shown in (e-h), respectively. Each cluster includes a Cu2+ and a Cu+, and
one CO molecule is absorbed on Cu+. XAS for different adsorbates are shown in the SI.
Black curves represent the experimental XAS of CO-bound CuI-MFU-4l, where the pre-
edge peak (931.5 eV) originates from a much smaller population of Cu2+ overall, and the
first main peak (935.3 eV) is due to Cu+. The green, yellow, pink and blue curves represent
the simulated spectra. The experimental results are from previous work ref28. The
simulated spectra are all rescaled to fit the simulated first main peak intensity to
experimental data. 

Computational methods 

Results and discussion 



The comparison between the simulated and experimental
XAS and related cluster geometries are shown in Fig. 1. We
employed density functional theory (DFT) for ground state
electronic structure and geometry relaxation and linear-
response time-dependent DFT (LR-TDDFT) for X-ray spectral
simulations. Each cluster used for the simulations has one CO
molecule attached at the Cu+ sites. The black curves report
the experimental XAS of CuI-MFU-4l in a 0.25 mbar
atmosphere of CO. The adsorption of CO is expected to reach
saturation in this MOF and cover all Cu+ sites28. We noticed
only small differences in atomic geometry with respect to
varying the exchange-correlation (XC) energy functional used in
the geometry relaxation, and, in general, the electronic
structure follows our intuition for the distinct oxidation states
of the Cu sites. 
All previous measurements exhibit a small pre-edge feature
at 931.5 eV28, which is due to the presence of Cu2+. The first
main peak emerges at about 935.3 eV, and is attributed to the
antibonding orbital between the CO lowest unoccupied
molecular orbital (LUMO) and a Cu 3d orbital. In addition, as
shown in Fig. S2 and S3, Cu2+ don’t contribute to the first peak
and the Cu-CO antibonding orbital doesn’t contribute the pre-
edge peak, which is consistent with previous experimental
result11. The Cu2+ to Cu+ concentration ratio in the simulated
clusters is 1, by construction. This allows us to see the relative
intensity of their spectral contributions before we factor in their
relative population. We use this information later to estimate
the true concentration ratio, which is about one order of 

magnitude lower in experiment, according to the analysis later in this
work. 
Table 1. The dependence of various components of the XAS excitation energy on various
hybrid functionals: pre-edge peak to first main peak energy difference, pre-edge peak 

 From our simulations, we observe that for the Cu-H case, the pre-
edge peak to first main peak intensity ratio is close to one, whereas
for the other cases considered (Cu-Cl, Cu-HCOO, and 
CuZn), the pre-edge peak is more intense than the first main 
peak. We will show below that the stronger intensity of the pre-
edge peak is due to the more ionic bonds in these latter cases, 
which preserve the 3d9 configuration of the Cu2+ cation. In other 
words, there is a hole on the Cu site from the Cu 3d orbital 
subspace which is accessible by dipole-allowed transitions from 
Cu 2p core orbitals. By contrast, the coupling between Cu+ and 
adsorbed molecules (such as CO, NH3, etc.) involves some 
degree of covalency or orbital mixing and the coupling strength is
relatively weak. For this reason, the spectrally accessible antibonding
orbitals only show a small fraction of Cu 3d 

Figure 2. The PDOS of CuI-MFU-4l with (a) Cl, (b) H, and (c) HCOO passivated Cu sites,
and (d) Cu on Zn substitution. The purple and yellow lines represent the projection to
Cu 3d spin-up and spin-down orbitals, respectively. The corresponding charge density
of the in-gap states are shown in (e-h), respectively. Valence band maximum (VBM)
energy is set to 0 eV. 
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character. Even if Cu had different coordinations, the CuI related XAS
peaks signal should depend strongly on the presence of attached
molecule as long as Cu has a nominal 3d10 configuration. Using
relative XAS intensity as a measure of the strength of bonding, this
implies that the Cu-H bond is weaker (or at least involves less orbital
mixing) than the more ionic Cu- Cl and Cu-HCOO bonds. 

The projected density of states (PDOS) of the MOF with Cu-Cl, 
Cu-H, Cu-HCOO, and CuZn defects are shown in Fig. 2. In the Cu-
Cl, Cu-H, Cu-HCOO case, the attached group occupies the space 
near Cu2+ and the Cu atom will not be able to adsorb any CO 
molecule. In addition, our later analysis shows that CO is not 
involved with the pre-edge peak, so we don’t include any CO 
molecule in the PDOS calculation. The occupied Cu 3d orbitals 
are located near the valence band maximum (VBM) in the 
pristine MOF and the VBM is dominated by oxygen 2p orbital 
character from the ligands. However, when oxidizing groups 
bind to the Cu site (Cl, H, HCOO), an empty Cu 3d orbital appears 
within the band gap, indicating that the oxidation state of Cu is 
now formally 2+. Since these unoccupied in-gap states have 
localized Cu 3d character, they will already define strong optical 
transitions in the L2,3-edge XAS experiment before absorbing 
any CO molecules. By contrast, in the Cu+ case, occupied Cu 3d
orbitals form a weak bond with the adsorbate (CO) through
mixing with its orbitals. The corresponding unoccupied
antibonding orbital energy is higher than both the Cu 3d orbital
and the CO LUMO level, placing it above the conduction band
minimum (CBM) of the MOF, as shown in Fig. 3. 

We found significant variations in the XAS simulations resulting from
LR-TDDFT employing various density functional approximations,
including M06-2X, ωB97M-V, PBE0, HSE, and customized functionals
with global HF exchange, 𝛼, of 15, 20, or 54%. We can use details of
these variations to pick an optimal functional for XAS and to
understand the origins of the energy 
ordering of the L3 edges. We divide the various contributions to 
the energy of a specific 2p core-excited state 𝑓 of atom 𝐼 as 
follows: 

𝐸𝑋𝐴𝑆 𝑝𝑒𝑎𝑘~ 𝜀𝑓−𝜀2𝑝−𝐸binding, (1) 
where 𝜀2𝑝 is the Kohn–Sham orbital energy of the 2p core electrons,
𝜀𝑓 is the dominant valence Kohn–Sham virtual orbital 
energy of the corresponding LR-TDDFT root, with their 
difference defining a non-interacting excitation energy, while 
𝐸binding is the attractive core-exciton binding energy, which 
lowers the energy of the observed XAS peak. Differences in the 
core-excitation energies of atoms in different oxidation states 
will be discussed in terms of differences between each of these 
terms: 

𝜀2𝑝 – According to Table 1, it is clear that the difference in core- level
binding energy of 2p orbitals on Cu ions with different 
oxidation states varies based on the employed XC functionals. 
As expected, Cu2+ has nominally one less valence electron to 
screen core electron excitations, so the binding energy of the 
Cu2+ 2p orbitals is greater than that of the Cu+ 2p orbitals. In 
addition, the degree of orbital mixing or electron transfer 
between the occupied Cu 3d orbitals and the surrounding 
ligands or adsorbates also affects the local valence population 
and thereby the associated 2p core orbital binding energy. For 
this reason, the magnitude of the so-called chemical shift, or 
difference in 2p orbital binding energy between Cu+ and Cu2+ 
indicates the degree of localization and atomic Cu 3d character 
of the in-gap orbital generated upon Cu oxidation. The greater 
the fraction of Hartree-Fock (HF) exact exchange in our chosen 
functionals, the larger this difference in 2p binding energy 
between Cu+ and Cu2+, reflecting the tendency for exact 
exchange (or reduced self-interaction) to produce more 
localized orbitals and more ionic bonds. By this argument we 
can easily understand why the binding energy difference of Cu 
2p orbitals in the M06-2X functional is the largest, given that it 
utilizes the largest fraction (54%) of exact exchange on the 
length-scale of the 3d orbital (see the associated Mulliken 
charge analysis in Table 1). 

𝜀𝑓 – From Table 1, we can see that as HF exchange increases 
from 15% to 54%, the HOMO-LUMO gap increases from 4.3 to 
7.1 eV, which is consistent with previous reports where HF 
exchange increases the band gap44–46. The in-gap-state-HOMO 
gap follows a similar but more exaggerated trend, increasing 
from 1.8 to 6.7 eV. This is expected for the much more localized 
Cu 3d in-gap orbital, which becomes more atomic-like with 
increased exact exchange due to the reduction of self-
interaction errors in the other 9 occupied 3d orbitals which are 
more stabilized in energy and more spatially localized. 

Figure 3. The DOS of CuI-MFU-4l (black curves) highlighting the Cu 3d projected-DOS
(orange curves) for Cu+ with an adsorbed CO molecule (left) and for the Cu2+-Cl
defect (right). The charge density contour plots of the Cu-CO antibonding orbital and
the in-gap state are shown in the insets. The schematic energy-level diagram indicates
the calculated core-exciton binding energy of the pre-edge peak and the first main
peak. The red arrows indicate the large exciton binding energy, which represents the
Coulombic attraction between the Cu 2p core-hole and 3d electron. 



𝐸binding – The core-exciton binding energies of the pre-edge peak
and the first main peak are calculated with various 
functionals, including M06-2X, ωB97M-V, PBE0, HSE, and 
customized functionals with 15, 20, and 54% global HF exchange. 
The exciton binding energy of the pre-edge peak and first peak 
also increase with the HF exchange proportion. The unoccupied 
(in-gap) Cu 3d orbital of Cu2+ becomes more and more localized 
or atomic-like, which increases the Coulombic interaction 
between the 2p core hole and the Cu 3d electron upon 
formation of the core-excited state, increasing the exciton 
binding energy. This effect is not as pronounced for the first 
main peak binding energy of Cu+, since it has less Cu 3d 
character as it involves a transition to a mixed and more 
spatially delocalized orbital with Cu 3d and adsorbate LUMO 
character. 

TDDFT calculations. As shown in Figs. 1 and S2, with the ΔSCF
correction, the simulated XAS calculated with ωB97M-V and 
M06-2X functionals are both consistent with the experiment. 

We rationalize this inconsistency issue before performing the 
ΔSCF correction as follows: We excite Cu2+ from 2p63d9 to 
2p53d10. The filling of an additional 3d orbital will lead to 
significant repulsive interactions with the other 9 3d electrons. 
Strong on-site repulsive Coulomb interactions between 
localized orbitals on the core-excited atom would raise the 
energy of the excited state. This should be captured within the 
ΔSCF approach. However, the orbital space used in LR-TDDFT 
only includes explicit interactions (i.e., matrix elements) 
between occupied core orbitals and unoccupied valence 
orbitals. So, while LR-TDDFT does describe the important 
attractive interactions between Cu 2p and 3d orbitals, which 
define strong core-exciton binding, it neglects the repulsive 3d-
3d interactions (between the newly excited 3d electron and the 
original 9 occupied 3d electrons). This repulsive interaction 
should raise the excitation energy and reduce the binding 
energy. The missing onsite 3d-3d repulsion is quite small in the 
excited states of Cu+, since the only available 3d character in the 
virtual orbitals is a small amount through mixing, and the 
occupied orbitals define a nominal 3d10 state. So Cu+ has a 
smaller error than Cu2+ due to missing onsite repulsion in LR-
TDDFT. The size of this error should scale with 𝛼. Lower 𝛼 
means less localized orbitals and smaller onsite repulsion, 
thereby decreasing the Cu2+ binding energy and finally reducing 
the relative energy difference between Cu2+ and Cu+, whereas 
higher 𝛼 does the opposite. The M06-2X functional has high HF 
exchange in the short range and thus the Cu 3d orbital is over 
localized, which exaggerates the error. 

Long-range HF exact exchange is important for describing the 
binding energy of more delocalized excitations within LR-TDDFT 

47, and a range-separated functional, such as ωB97M-V (with 𝛼 
= 100% at long range) may more accurately describe the 
delocalized excited state of the first main peak of Cu+ with more 
than double the binding energy of a global hybrid tuned to the 
same short-range exact exchange component (15%). By 
contrast, the M06-2X functional has a global 54% HF exchange 
(affecting both localized and delocalized excitations) and over-
estimates the relative energy of the Cu2+ pre-edge peak due to 
almost doubling its binding energy. Clearly, excited states of 
different character are impacted differently by our choice of 
hybrid functional. 
In our previous work, we used M06-2X LR-TDDFT to simulate 
the XAS of different molecules attached on the Cu+ site in the 
MOF. Due to the similar weak mixing between Cu 3d and the 
LUMOs of the attached molecules, the relative position of the 
first main peak for different molecules is consistent with 
experiment, which could be viewed as fortuitous cancellation of 
errors when comparing similar chemistries. However, in the 
present case, core-excitations of Cu+ and Cu2+ access quite 
different orbitals with differing sensitivity to 𝛼. Previous studies 
indicate that range-separated hybrid functionals often 
outperform global hybrid functionals48–50, due to expected 
variations in Coulombic screening at different length scales. 
And, indeed, in the current case, focusing on core-excitations 
into orbitals with varying 3d character and spatial localization, 
ωB97M-V provides the best comparison with experiment 
among all the functionals tested in LR-TDDFT, including the best 
pre-edge peak to first peak energy difference and good XAS 
peak profile. However, this agreement is not precisely due to 
the relative accuracy of the XC functional used, but rather is 
more related to general shortcomings within the LR-TDDFT 
approach itself. 

Finally, if a given functional does in fact generate good 
relative LR-TDDFT energies for excited states of different 
character (such as Cu2+ and Cu+), this could still be due to good 
fortune rather than increased accuracy, since the LR-TDDFT 
approach, as applied to core excitations, neglects repulsion 
between excited electrons and the remaining N-1 electrons, 
being written as a single electron-hole pair theory. We would 
need to find a way to include electron-electron repulsion terms 
to fix this issue in the future. Or, we would require that the 
functional should provide accurate estimates for electron 
addition and removal energies via its orbital energies (satisfying 
Janak’s or Koopman’s theorem) before applying it within a 
perturbative method such as LR-TDDFT. 

One of the great advantages of LR-TDDFT for XAS simulations 
is that it can provide roots describing core-excitations across 
multiple atoms if the space of hole orbitals includes them. 
However, the lack of error cancellation between core-
excitations of significantly different character indicates that the 
more careful approach is to perform separate LR-TDDFT 
calculations for each core-excited atom with a more accurate 
relative alignment provided by ΔSCF calculations. 

Multiple methodologies51,52 have been proposed to correct 
LR-TDDFT calculations. The ΔSCF approach models specific 
excited states and their total energies self-consistently. In this 
study, we employed the maximum overlap method (MOM) to 
approximate 2p-core-excited state total energies for the first 
strong transitions of chemically distinct Cu atoms. We then 
substituted the ΔSCF total energy difference as the relative 
energy between the same (or most similar) transitions in our LR-

Now we return to the origin of the energy ordering of the L3-
edge peaks in this case. Since Cu+ (3d10) nominally has a fully 
occupied d shell, the virtual orbitals accessed that define the L3-
edge peak have very little Cu 3d orbital contribution and are 
spatially delocalized over multiple atoms, whereas Cu2+ (3d9) 



To summarize, Cu2+ defects in the MOF CuI-MFU-4l have been
studied with first-principles theory, and Cu2+ was identified as 

the origin of the pre-edge peak observed in previous
experiments. The reason for a lower energy 2p core-excited

state for the higher Cu2+ oxidation state, despite its larger 2p 

nominally has one fully unoccupied 3d orbital. According to Table 1,
as the oxidation state of Cu increases from +1 to +2, the Cu 2p orbital
binding energy increases by 2.85 eV when using the ωB97M-V
functional, which would blue-shift the Cu2+ peak by the same
amount, if the same valence orbital were accessed. However, the
accessed orbital changes from an antibonding Cu 3d–CO LUMO at
9.06 eV above the HOMO for Cu+ to an in-gap, atomic-like Cu 3d
orbital at 7.07 eV above the HOMO for Cu2+, providing a net 1.99 eV
spectral red shift, which does not quite cancel the 2.85 eV blue shift
due to changes in core-orbital binding energy. Finally, the more
localized Cu2+ 3d orbital accessed in the X-ray excitation exhibits a
much stronger core- exciton binding energy (11.38 eV) than the
antibonding and delocalized orbital accessed upon exciting the Cu+ 2p
core- electron (5.50 eV). The resulting approximate energy difference
would place the Cu2+ pre-edge peak 5.02 eV lower in energy than the
Cu+ main peak. The actual LR-TDDFT result places the pre-edge peak
4.27 eV lower in energy and the ΔSCF corrects this to be much closer
to the experimentally observed energy difference of 3.8 eV. 

The specific values of these various contributions to the shift in peak
energies vary significantly with the amount of exact exchange
employed in the functional, but the overall trend is the same in all
cases, resulting in a lower peak energy for the higher oxidation state
of Cu. By contrast, for most transition metals, while different
oxidation states adjust the number of unoccupied 3d orbitals, the
core-excited states that define the first strong XAS peaks always refer
to excitations into localized 3d orbitals, with a smaller difference in
3d orbital energies and quite similar exciton binding energies.
Therefore, these XAS peak positions will be dominated by the 2p
core-orbital energy differences, which are proportional to oxidation
state and, so, higher oxidation states of more open-shell transition
metals will have XAS onsets occurring at higher energies. 

Finally, we return to our prediction of the relative population of Cu2+
defects in the MOF. The XAS spectra of different structures calculated
with the ωB97M-V functional are shown in Fig. 1 with the assumption
of equal populations of Cu+ (defining the first main peak) and Cu2+
(defining the pre-edge peak) based on our molecular cluster models.
The compositional ratio Cu2+/Cu+ could be calculated with the
experimental and theoretical pre-edge XAS peak to first main peak
ratio (see SI for details). From Table S2, we can see that the average
Cu2+/Cu+ ratio for different Cu2+ defects is close to 0.12. We view
Cu-H as an outlier due to its lower chemical stability and likelihood. Its
higher ratio estimate results, as stated above, from a relatively
weaker pre-edge spectral intensity for Cu2+ due to a weak orbital
mixing between Cu and the attached hydrogen atom. 
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orbital binding energy, is due to a significantly larger exciton
binding energy between the 2p core orbital (the hole) and an
almost atomic-like Cu 3d orbital (the electron), accessible due to
the 3d9 electronic configuration of the Cu2+ ion. By contrast, the
much weaker Cu 3d character of the unoccupied orbitals
associated with the lower Cu+ oxidation state (nominally 3d10),
due to their mixing and delocalization across the surrounding
system, leads to a smaller exciton binding energy. This particular
energy ordering is unique to late transition metals oxidized in d9
and d10 electron configurations (such as Cu, Ag, and Au) and is at
odds with the more typical energy ordering of the majority of
transition metals, where the first XAS peak energies increase with
oxidation state. 

It is found that there is a strong variation of the relative
energy between the calculated LR-TDDFT pre-edge peak of Cu2+

and the first main peak of Cu+ when using different XC
functionals, especially with respect to the fraction of exact

exchange employed in hybrid functionals. The LR-TDDFT
method should be used with caution when calculating X-ray

excited states of atoms in different oxidation states. Notably,
the ΔSCF method is found to be an effective solution to fix the

misalignment of the predicted XAS peaks by including orbital
relaxation and the strong on-site Coulomb repulsion of

occupied 3d orbitals. Based on the calculated spectral intensity 
ratio between both oxidation states, the estimated concentration ratio of Cu2+ in CuI-MFU-4l was found to be
~0.12. These simulations demonstrate the sensitivity of XAS for
differentiating late transition metal oxidation states and varying
degrees of orbital mixing, and shows the potential of using XAS for
future studies of mixed-valence functional materials. 
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