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Figure S1. The primitive cell of (a) pristine Cu'-MFU-4/, and the primitive cell with defect (b) Cl

attached on Cu?" site, (c) H attached on Cu?* site, (d) HCOO group attached on Cu?* site. (¢) The

primitive cell with two Cu atoms on one node with a Cug, defect. The gray, blue, red, green, white,

bluish gray and gold balls represent C, N, O, Cl, H, Zn and Cu atoms, respectively.

Table S1. The energy of the first LR-TDDFT root, the electron-hole pair used in the MOM

calculation, and the corresponding total energy difference between the MOM shifting energy (

Emom = Ecs) and TDDFT root energy, respectively. a and P represent the spin up and spin down

channels, respectively.
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Figure S2. The green and orange curve represent the XAS from Cu?" and Cu* 2p orbitals,
respectively. It is calculated with the LR-TDDFT method and the M06-2X functional. The ASCF
shifts for Cu* and Cu?* spectra are 3.825 eV and 10.238 eV, respectively. The black curve
represents the experimental result. The Cu?" is bound to Cl and Cu* has a bound CO molecule.
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Figure S3. The green and orange curve represent the XAS from Cu?" and Cu* 2p orbitals,

respectively. It is calculated with the LR-TDDFT method and the ®B97M-V functional. The
ASCEF shifts for Cu® and Cu?" spectra are 16.145 eV and 16.773 eV, respectively. The black

curve represents the experimental result. The Cu?* is bound to Cl and Cu* has a bound CO

molecule.

Simulated XAS calculated with the ®B97M-V functional
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Figure S4. Simulated XAS for two Cu atoms in a cluster with one Cu-Cl defect (Cu-Cl bare), and
with various adsorbed molecules: nitrogen (Cu-Cl-N;); ammonia (Cu-CI-NHj3); hydrogen (Cu-
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Figure S5. Simulated XAS for two Cu atoms in a cluster with one Cu-H defect and various
adsorbed molecules (as for Fig. S4).
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Figure S6. Simulated XAS for two Cu atoms in a cluster with one Cuy, defect and various
adsorbed molecules (as for Fig. S4).
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Figure S7. Simulated XAS for two Cu atoms in a cluster with one Cu-HCOO defect and various
adsorbed molecules (as for Fig. S4).

Cu'-MFU-4/ synthesis process

The MOF Cu'-MFU-4/ studied in our previous work!! was synthesized with a procedure
adapted from that of Denysenko et al.'>13. The starting point of the reaction is MFU-4/, which is
constructed from bistriazolate (BTDD?) ligands and {ZnsCl,}%" building units. MFU-4/ is first
transformed to Cu''-MFU-4/ using CuCl,, in which, on average two out of four tetrahedrally
coordinated Zn are replaced with Cu®* ions. This is then converted to Cu-MFU-4/-formate in a
lithium formate in methanol solution. Finally, autoreduction of the Cu?* center to yield Cu!-MFU-
4] is accomplished by heating the material in vacuo. From the above discussion, we can see that
during the synthesis process the tetrahedrally coordinated Cu has been coordinated by Cl and
HCOQO anions at different steps. If the reaction is not complete, these Cu atoms may keep the ClI
and HCOO attached, thereby retaining their 2+ oxidation state in the MOF after the synthesis.
Hypothetically, the octahedrally coordinated Zn could be substituted by Cu and leave a Cu?* cation

in the center of each Kuratowski unit.

XAS simulation with different exchange-correlation energy functionals:



We employed various hybrid functional with details as follows: M06-2X!4 is a global
hybrid functional with 54% Hartree—Fock (HF) exchange; ®B97M-V is a range-separated hybrid,
meta-GGA density functional with VV10 nonlocal correlation and 15% short-range exact
exchange; The Heyd-Scuseria—Ernzerhof 2006 (HSE06)'>'® hybrid exchange-correlation
functional uses an error-function-screened Coulomb potential to calculate the exchange portion of
the energy. It contains 25% of exact exchange up to an intermediate length scale. We also explored
some customized functionals based on the PBE0!”-!8 functional. PBEO mixes 25% Hartree—Fock
exchange energy in the Perdew—Burke-Ernzerhof (PBE) exchange energy, along with the full PBE
correlation energy.

EPPPO = aBMf 4+ (1 - aEPSF) + EPfE’

EHF . EPBE. EPBE
where © x is the HF exchange exchange energy, “ « is the PBE exchange energy, and © ¢ is the
PBE correlation energy. In the original PBEO functional, @ is 25 %. In our simulation, we use
various values for @: 15%, 20%, and 54%, to see the effect of global HF exchange on the

simulated XAS.

The Cu?*/Cu™ ratio

Table S2. The Cu?"/Cu' ratio calculated with the MOF cluster attached with Cl, H, HCOO and a

Cug, defect. The ratio is calculated using Eq. 2. The experimental data from the MOF+CO system,

Chemical environment of Cu?* Cu-Cl Cu-H Cu-HCOO Cuy,

R(CO) 0.13 0.19 0.12 0.11

as shown in Fig. 1, were used.



The XAS spectra of different structures calculated with the ®B97M-V functional are shown in
Fig. 1 with the assumption of fal populations of Cu* (defining the first main peak) and Cu?*
(defining the pre-edge peak) based on our molecular cluster models. If the compositional ratio
Cu?*/Cu* was 1, then we would expect a pre-edge peak to main peak ratio of Azsoirrg/ AL , Where we

A

. . .. exp sim
employ peak areas rather than maximal intensities. We define “»re and Apre as the areas under the

. . . . . exp sim
pre-edge peak in the experiment and simulation, respectively; and A¥st and 41t as the areas under
first main peak in the experiment and simulation, respectively. The actual experimental peak ratio,

exp j pexp “. . . . .
Apre/ATst reflects the measured compositional ratio, provided that we renormalize by the theoretical

peak ratio. We define the Cu®*/Cu* ratio for adsorbing molecule X as

R(X erprsim Aeprsim
X) / )

prefist/ A1stpre,

In the experiment of previous work, CO is expected to occupy all possible Cu™ sites, so the
Cu?*/Cu” ratio in the MOF is estimated using R(CO) (otherwise an additional contribution from
Cu" without adsorbed species should be included). The calculated R(CO) is shown is Table S2.
We can see that the average Cu?*/Cu* ratio for different Cu?* 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
from a relatively weaker pre-edge spectral intensity for Cu?>" due to weak orbital mixing between

Cu and the attached hydrogen atom.

This quantitative analysis of the mixed-ion population relies explicitly on benchmark estimates
of the relative peak intensities of the two oxidation states. By combining predictive theory with

experimental measurements, such analysis can be more generally applied to systems with mixed



compositions in various contexts, such as compounds, mixtures, interfaces, etc., that are
increasingly accessible using XAS measurements!'®2!,

The POSCAR of the primitive cell with one Cu-Cl defect and one Cu-CO group
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0.4213795598223027

0.1121513124384964

0.0749372457329199
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0.0763618855029972
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0.3558375820874774
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0.3603754141757791

0.4168066826487288

0.4171049199855317

0.4201037559247701

0.4278105940209658

0.4283868362671594
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0.4883470336282839

0.4887365656296350

0.4915428704801073

0.4923895779443387

0.4929764575352571

0.4954525036329736

0.5050073603779206

0.5044773426685170

0.5062917577379253

0.5094165489864541

0.5092101702941356

0.5103815510198914

0.5695331381894632

0.5689534061699548

0.5709277182855096

0.5813939713002555
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0.9230221473696575
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0.8856851570601399
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0.6468851259681283

0.6453059928758885

0.5811946504008302

0.9236378637512658

0.9243432760333569

0.5108321857691143

0.6424243733162298

0.6408590649821734

0.5093927777369441

0.9616468649843055

0.9618449927219714

0.5071939509709597

0.5719892639430677

0.5700884799031295

0.5053972934376381

0.8472889426554219

0.5709470280654184

0.1458456916993102

0.8581558610068512

0.4308626495121999

0.8487192432462459

0.1897591934377604

0.1896608523733625

0.8165231261980506

0.9227138463041457

0.8843897171798671

0.5836204018624206

0.8831080205550330

0.6466573530777852
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0.6421805009149755
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0.9241168380452722

0.5094056313458680
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0.5069613260906928

0.9615840596898555

0.9615354404465475

0.5054368021437883

0.5701582940165241

0.8519298333078777

0.1466716106809988

0.5711193021931330

0.4309138556879953

0.8572308594340482

0.8674981140099339

0.1895855969060185

0.1899730226231535

0.8135384550349082

0.6414902593746686

0.6452490996261810

0.6449910661233725

0.6463185661023115

0.8861878263086960

0.8862840059825422

0.8854053045144522

0.8849852095839256

0.8864394550689995

0.8867816475252511

0.9239790460023602

0.9241008983631491
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0.9232455772304683
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0.5528561325442012
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0.9230160120155217
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0.3969789775293644

0.6057270699675745

0.6064909252221440

0.6062581172378295

0.6799184293305891

0.6806406565837039

0.6807069121400432

0.7051384169114749

0.7051810006322417

0.7063532164066805

0.8211144575313049

0.8189706314526707

0.8203420166150016

0.8449634007309691

0.8449650348981603

0.8435184599772446

0.8429873202022290

0.8444352281229112

0.8449943050623318

0.9995542515683774
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0.5668609619427517 0.9992263496039788 0.9988987170564778
0.0002112300722848 0.4370131218746001 -0.0010407811288803
0.9998429718479523 0.5665617843661657 0.9985194734489420
0.4352907493160366 0.5643184921817884 0.0007010509114308
0.5642128825520705 0.4353491864352797 0.0004569736864087
0.9993457914994640 0.5683941284600490 0.4341526898184891
0.5672063631734394 -0.0004332368047912 0.4346630867119942
0.9983791840146233 0.9982811729712679 0.4361708870438512
0.0001090565768367 0.4389995284674085 0.5627594559136003
0.4378733367823252 0.0012976310541017 0.5633449559914065
0.9964459552395273 -0.0002663572105581 0.5656240383145972
0.8652658675931645 0.8769080839920212 0.8684506876435253
0.4501791434718510 0.1840397919810220 0.1829457421177647
0.1838949799955191 0.4503318126748148 0.1825828723777895
0.2488434877254110 0.2487973062861404 0.2514193189367758
0.7496952914588439 0.7504041063060647 0.7512768633486294
0.5515919114772680 0.8161905833727611 0.8159609070458913

0.8159630095890489 0.5515731060163743 0.8163901055516567
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