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Supporting Information

Table S1. Details of Synthesis: Added number of reagents and comparison with calculated incorporation amount

of fumaric acid and isophthalic acid, determined from solution '"H-NMR

(a) UiO-66-x ox

Ox-Eq. Nzrci Ny28pc M:L Nycy Npmre Nox M : Ox
Mzrcia My280c Ve Vomre Moy
- 514.97 pmol .
x=1 46.36mg 11
_ 386.19 pmol | _ .
x=0.75 34.77mg 1:0.75
514.97 umol | 669.35 pmol 40.87 mmol | 194.54 mmol
_ 1:1.3 257.46 pmol i
x=0.5 120 mg 111.22 mg iml 15ml 18.77 mg 1:0.5
- 128.73 ymol | .
x=0.25 11.759 mg 1:0.25
x=0 / /
(b) UiO-66-x fum
n n, n, n n
Fum_e N ZrCl4 H2BDC HCl DMF 'fum n n n n
4 Mzcia Myz8pc Vel Vomr Mpym boc/ b (Meoc/ fum}NMR
- 514.97 pmol . .
x=1 59.77 mg 1:1 1:0.14
x=0.75 3%&'2””"“ 1:0.75 1:0.07
514.97 umol | 669.35 umol | 40.87 mmol | 194.54 mmol -83 Mg
X=05 120 mg 111.22 mg Iml 15ml 257.46 umol 1:05 1:0.05
29.89 mg
_ 128.73 pmol . .
x=0.25 14.94mg 1:0.25 1:0.03
) UiO-66-x ipa
Nzrcia Ngpe,1 Nipa,12 _ Nyg Npme
. . 2 Xig = Moo/ NapctNie | (Mipo/ NapctN;
ipa My Mapess M2 ipa rpc/ BoctMipe :p/ 8o Nipc/ MR Vil Vour
_ 257.46 pmol | 257.46 pmol
x=075 27.80 mg 83.41 mg 0.75 4
X=05 334.73 pmol | 334.73 pmol 05 038
514.97 umol | 5561 mg 55.61 mg 40.87 mmol | 194.54 mmol
_ 120 mg 257.46 pmol | 257.46 pmol iml 15ml
x=0.25 83.41 mg 27.80 mg 0.25 0.15
_ 590.49 pmol | 74.64 umol
x=01 98.10mg 12.40 mg 0.1 0.07
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Figure S1. Powder X-ray diffractograms of as-synthesized UiO-66 derivatives: (a) UiO-66-x ox, (b) UiO-66-x fum
and (c) UiO-66-x ipa. For each series, samples synthesized with increasing amounts of auxiliary dicarboxylic acids
are shown from bottom to top. All patterns are compared to the reference UiO-66 diffractogram simulated from
CCDC 733458. The oxalic- and fumaric-acid-modified samples retain the characteristic Fm-3m UiO-66 diffraction
pattern, whereas high-ipa compositions (x = 0.75) exhibit a broad, featureless background indicative of

amorphization.
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Figure S2. (a) PXRD-patterns of UiO-66-1 ox, UiO-66-1 fum and UiO-66-0.5 ipa after exposure to H,O or MeOH
under stirring for 12 h. For each case, the composition with the highest auxiliary-ligand content was selected as the
most defect-rich representative. All samples retained crystallinity after solvent treatment. (b) Comparison of the
experimental PXRD patterns of UiO-66-1 ox, UiO-66-1 fum, UiO-66-0.5 ipa and UiO-66-0.75 ipa with a simulated
UiO-66 PXRD pattern (CCDC 733458). Reference Bragg positions of the UiO-66 phase are shown as black bars.
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Figure S3 Solution "H-NMR-Spectra used to determine the relative incorporation of auxiliary dicarboxylic acids
after digestion of the UiO-66-samples (using 1M KzPO,/DCl/D,0): (a) UiO-66-x ox only proton signal from H,BDC
are detected and H,ox is NMR-silent; (b) UiO-66 -x fum: proton resonances from both H,BDC and fumaric acid
enable quantification of the fumarate incorporation. (¢) UiO-66-x ipa: aromatic proton signals from H,BDC and



H.ipa allow determination of the isophthalate fraction within the mixed-linker framework.

An example of the calculation of relative ratio between incorporated auxiliary dicarboxylic acid and terephthalic
acid is shown here. In the NMR-spectrum of sample UiO-66-x ipa, one proton peak in H,BDC and three distinct
proton peaks in Hyipa could be detected. The mean integral with respect to one proton in H,BDC and H,ipa should

be:

- 1 - 1
Tyepe = 5 (Uu1) and Tyipa = 7 (g2 + Iys + 20)

The mean integral value could be regarded as normalized relative value of H,BDC and H.ipa. Thus, the relative ratio

between H,BDC and H,ipa should be:
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Figure S4 Solution "H-NMR-Spectra used to determine the relative incorporation of auxiliary dicarboxylic acids
after digestion of the UiO-66-Eu-samples (using 1M K;PO./DCU/D,0): (a) UiO-66-x ox-Eu only proton signal from
H,BDC are detected and H,ox is NMR-silent; (b) UiO-66 -x fum-Eu: proton resonances from both H,BDC and
fumaric acid enable quantification of the fumarate incorporation. (¢) UiO-66-x ipa-Eu: aromatic proton signals from

H,BDC and H.ipa allow determination of the isophthalate fraction within the mixed-linker framework.
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Figure S5 Thermogravimetric analysis coupled with mass-spectrometry (TGA-MS) of the (a) UiO-66-0.25 ox and
(b) UiO-66-1 ox. Both samples exhibit characteristic multi-step decomposition profile of UiO-66, while the high-ox
sample shows an additional significant mass-loss contribution between ca. 250-450 °C. The MS signals m/z=44
(CO2%) and m/z=18 (H20") indicates the release of decarboxylation- and dehydration-related species. The
pronounced m/z 44 (CO2") signal in UiO-66-1 ox is consistent with the presence of extra non-BDC carboxylate

species, supporting the incorporation of oxalate in the defect-modulated framework.
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Figure S6 Nitrogen sorption isotherm of (a) UiO-66-x ox, (b) UiO-66-x fum and (c¢) UiO-66-x ipa and their sorption

isotherm curves represented in semi-logarithmic axis as microporous materials with type | character.
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Figure S7 NLDFT-fitted nitrogen sorption data (triangle points) compared with measured data (circles points) in

semi-logarithmic plot. The calculated pore width distribution is in good agreement with the theoretically calculated

UiO-66 pore width distribution with/without defective region. A general broadening of pore width at about 1 nm

could be observed, which is consistent with the work of M.J.Katz!" and P.Chammingkwan!? when considering

defect formation.
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Figure S8 Nitrogen sorption isotherm of (a) UiO-66- x ox, (b) UiO-66- x fum and (c) UiO-66-x ipa and their sorption

isotherm curves represented in semi-logarithmic axis as microporous materials with type | character.
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Figure S9 NLDFT-fitted nitrogen sorption data (triangle points) compared with measured data (circles points) in

semi-logarithmic plot. The calculated pore width distribution is in good agreement with the theoretically calculated

UiO-66 pore width distribution with/without defective region. A general broadening of pore width at about 1 nm

could be observed, which is consistent with the work of M.J.Katz!"! and P.Chammingkwan!® under consideration of

defect.
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Figure S10 Nitrogen sorption isotherm of (a) UiO-66-x ox, (b) UiO-66-x fum and (c) UiO-66-x ipa and their sorption

isotherm curves represented in semi-logarithmic axis as microporous materials with type | character.
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Figure S11 NLDFT-fitted nitrogen sorption data (triangle points) compared with measured data (circles points) in
semi-logarithmic plot. The calculated pore width distribution is in good agreement with the theoretically calculated
UiO-66 pore width distribution with/without defective region. A general broadening of pore width at about 1 nm

could be observed, which is consistent with the work of M.J.Katz!" and P.Chammingkwan!? when considering

Table S2. Experimental and NLDFT-fitted BET-surface area (Sger and Sger, neorr in m?g™) and pore volume (Vpore in
cm3g’) of pristine samples and europium loaded samples after post-synthetic synthesis. The obtained surface area
has no obvious linear tendence with increasing amount of fremd carboxylic acid. A general enlargement of surface
area and pore volume could be observed with increasing amount of oxalic acid, fumaric acid, while after

incorporation of isophthalic acid has opposite effect. After coordination with europium, a significant decrease of

U'(()(f:;;" @ 0.25eq | 0.25eqg-Eu | 0.5eq | 0.5eq-Eu | 0.75eq | 0.75eq-Eu | 1leq | leq-Eu
Sger/ migt 1246 1219 704 1468 833 1823 1117 1737 | 653
Seeriorr/ Mg 1175 1325 748 1321 696 1514 965 1566 | 531
V,,../ cm3gt
pore .4 .54 .31 . .4 .67 .4 .7 .
@p/p, 0.89 0.48 0.5 0.3. 0.63 0.43 0.6 0.46 0.70 0.38
(b) UiO-66-HCl-x fum
0.25eq | 0.25eqg-Eu | 0.5eq | 0.5eq-Eu | 0.75eq | 0.75eq-Eu | leq | leq-Eu
Sger / Mgt 1219 795 1460 977 1125 1078 1360 | 1290
Seerniorr/ Mgt | 1325 619 1219 | 1044 1154 832 1350 | 1169
3g-1
Viore / cm’8 0.54 046 | 060 | 058 | 067 056 |075| 054
@p/p, 0.89




(c) Ui0-66-x ipa

0.1ipa | O.lipa-Eu | 0.25ipa |0.25ipa-Eu| O0.5ipa | 0.5ipa-Eu | 0.75ipa | 0.75ipa-Eu
Sger/ Mgt 1281 1184 1179 865 801 736
Sssr,rw.un/ m2g! 949 944 1011 745 862 757 nonporous
Vo ore / cmM3g?
@Z)D/Po 0.89 0.52 0.46 0.49 0.46 0.39 0.49
(a1) (b1)
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Figure S12 Full-range FTIR-ATR and Raman spectra of the UiO-66-x ox series before and after Eu®" incorporation.
Left panels: FITR-ATR spectra of UiO-66-x ox (a1) and UiO-66- x ox-Eu (a2), showing characteristic Zr-O, C=0 and
O-C-0 vibrational regions as well as changes associated with oxalate-modulated defects and Eu** coordination.
Right panel: Corresponding Raman spectra for UiO-66-x ox (b1) and UiO-66-x ox-Eu (b2), highlighting

modifications in linker vibrations and metal-ligand interactions
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Figure S13 Selected FTIR-ATR and Raman spectral regions for UiO-66-x ox and UiO-66-x ox-Eu. For each series,

spectra are shown from top to bottom in order of increasing modulator content (x = 0/0.25/0.5/0.75/1 eq). The

FTIR-ATR panels highlight the evolution of the Zr-O-C stretching band (~550 cm™) and the O-C-O bending vibration

(~680 cm™), both of which shift or vary in intensity upon incorporation of the auxiliary dicarboxylic acids. The Raman

panels display the symmetric carboxylate stretching modes V(coo.,sym. (located between 1400-1500 cm™) in Raman

spectra, revealing systematic spectral changes associated with the increasing defect concentration.
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Figure S14 Full-range FTIR-ATR and Raman spectra of the UiO-66-x fum series before and after Eu** incorporation.
Left panels: FITR-ATR spectra of UiO-66-x fum (a1) and UiO-66- x fum-Eu (a2), showing characteristic Zr-O, C=0
and O-C-O vibrational regions as well as changes associated with fumarate-modulated defects and Eu®*
coordination. Right panel: Corresponding Raman spectra for UiO-66-x fum (b1) and UiO-66-x fum-Eu (b2),

highlighting modifications in linker vibrations and metal-ligand interactions
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Figure S15 The truncated FTIR-ATR and Raman spectra of the samples UiO-66-x fum and UiO-66-x fum-Eu. In
each spectrum, the grey curve is the reference material UiO-66 with pure BDC molecule. The curves are arranged
from top to bottom in order of increasing modulator content. The comparison of the Zr-OC stretching (~550 cm™),

OCO-bending (~1580 cm™) in FTIR-ATR spectra and the V,coo.,sym. (~1400-1500 cm™) in Raman spectra.
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Figure S16 The FTIR-ATR spectra and Raman spectra of UiO-66-x ipa and UiO-66-x ipa-Eu in the whole region.
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Figure S17 The truncated FTIR-ATR and Raman spectra of the samples UiO-66-x ipa and UiO-66-x ipa-Eu. In each

spectrum, the grey curve is the reference material UiO-66 with pure BDC molecule. The curves are arranged from

top to bottom in order to decrease the ipa content. The comparison of the Zr-OC stretching (~550 cm™), OCO-

bending (~680 cm™) in FTIR-ATR spectra and the V(coo.),sym. (~1400-1500 cm™) in Raman spectra.
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Figure S18 SEM micrographs of UiO-66-x ox, UiO-66-x fum and the europium loaded UiO-66-x ox-Eu and
UiO-66-x fum-Eu. The EDX elemental maps confirm a homogeneous coexistence of Zr and Eu throughout the

~250 pm domain.



Figure S19 SEM micrographs of UiO-66-x ipa and the europium loaded UiO-66-x ipa-Eu. The EDX elemental

maps confirm a homogeneous coexistence of Zr and Eu throughout the ~250 ym domain.
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Figure S20 DRUV-Vis spectra of UiO-66-x frameworks incorporating different auxiliary dicarboxylic acids: oxalic
(left), fumaric (middle), and isophthalic acid (right). (a1) Spectra of pristine UiO-66-x ox, (b1) Spectra of pristine
UiO-66-x fum and (c1) UiO-66-x ipa. After europium loading, characteristic europium absorption transitions are

observed. (a2) UiO-66-x ox-Eu, (b2) UiO-66-x fum-Eu and (c2) UiO-66-x ipa-Eu.
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Figure S21 Three-dimensional excitation-emission spectra (EEMs) of the UiO-66-x ox-Eu series (x = 0.25, 0.5, 0.75,

1). All samples exhibit sharp Eu** 5D, >7F, line emissions and broad linker-centered excitation bands.
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Figure S22. Three-dimensional excitation-emission spectra (EEMs) of the UiO-66-x fum-Eu series (x = 0.25, 0.5,

0.75, 1). All samples exhibit sharp Eu®* °D, »7F, line emissions and broad linker-centered excitation bands.
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Figure S24 Excitation and emission spectrum of (a) UiO-66-1 ox-Eu, (b) UiO-66-0.75 ox-Eu, (d) UiO-66-0.5 ox-Eu
and (e) UiO-66-0.25 ox-Eu. Upon illumination with UV-flash light under 375 nm, all samples show characteristic
europium luminescence (c,f).
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Figure S25 Excitation and emission spectrum of (a) UiO-66-1 fum-Eu, (b) UiO-66-0.75 fum-Eu, (d) UiO-66-0.5
fum-Eu and (e) UiO-66-0.25 fum-Eu. Upon illumination with UV-flash light under 375 nm, all samples show
characteristic europium luminescence (c,f).
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Figure S26 Excitation and emission spectrum of (a) UiO-66-0.1 ipa-Eu, (b) UiO-66-0.25 ipa-Eu, (d) UiO-66-0.5
ipa-Eu and (e) UiO-66-0.75 ipa-Eu. Upon illumination with UV-flash light under 375 nm, all samples show
characteristic europium luminescence (c,f).
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Figure S27 Test of reproducibility of oxygen-sensing response in reproduced Eu-loaded UiO-66 derivates. Time-
dependent luminescence switching profiles (Aex = 300 nm, Aem = 614 nm) of independently synthesized batches
of (a) UiO-66-x ox-Eu, (b) UiO-66-x fum-Eu, and (c) UiO-66-x ipa-Eu, measured under alternating N»/O,
atmospheres. All compositions show highly reproducible and reversible intensity modulation upon oxygen
exposure, confirming the robustness of the defect-assisted europium coordination environments. The

amorphous/nonporous UiO-66-0.75 ipa-Eu shows negligible response, consistent with the loss of accessible

porosity.
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To evaluate the collisional Stern-Volmer behaviors from lifetime data, we calculated the effective dynamic Stern-
Volmer constant. This allows direct comparison with the global intensity-based Stern-Volmer constant obtained
from fitting across the entire measured oxygen-concentration range (as reported in the main text) and provides
additional insight into the underlying quenching mechanism. The lifetime-correlated dynamic Stern-Volmer

constant is obtained from:
TNitrogen
R=——"""=14Ksyayn " Po, D
TAtmosphere

Therefore, the dynamic Stern-Volmer constant under atmosphere (20.5 vol.-%, 0.205 bar O,) is calculated as:
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Figure S28. Time-resolved photoluminescence decay (chopping-modes, phase-modulated) of Eu-functionalized

UiO-66 derivatives UiO-66-x ox-Eu measured under nitrogen (blue) and ambient atmosphere (~20.5 vol.% O,, red).
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Figure S29. Time-resolved photoluminescence decay (chopping-modes, phase-modulated) of Eu-functionalized

UiO-66 derivatives UiO-66-x fum-Eu measured under nitrogen (blue) and ambient atmosphere (~20.5 vol.% O,,

red).
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Figure S30. Time-resolved photoluminescence decay (chopping-modes, phase-modulated) of Eu-functionalized

UiO-66 derivatives UiO-66-x ipa-Eu measured under nitrogen (blue) and ambient atmosphere (~20.5 vol.% O,, red).



Table.S3. Survey of literature on O, sensing by lanthanide-based metal-organic frameworks (MOFs) or

coordination polymers (CPs).

sk * *
luminophore KSV trcsp(msc trccovcry refs.
(bar" (seconds) (seconds)
df-UiO-66-Eu 8.72-31.06 10 10 This work
MOF-76(Eu/Y) 10.85 4.5 4.75 Z.Zhao et al.P®)
MCF-53(Tb/Euy) 0.85-2.99 n.r. n.r. J. Ye et al™
Eu-NDC 13.3 10 70 T. Xia et al.P!
SUMOF- 6(Eu)/O-PP 6.73 10 60 X. Xu et al.!%]
Th(Ill)@CPM-5(In) 0.78 60 90 2 Dou ot a7
Th(lll)@MIL-100(In) 7.59 6 53
Yb (lll)@@o-MOF-l n.r. n.r. n.r. J. Anetal B
Th(Ill)@bio-MOF- 1
Eu-complex@bio-MOF-1 1.4-5.8 12-18 19 X. Qiao et al.
Pyrene@ZIF-8(MAF-4) 3.43-6.09 n.r. n.r. J. Ye et al. 19
Pt @ZIF-8 n.r. n.r. n.r. T. Knedel et al.']
Pt@MOF-5
MAF-2 356-213 n.r. n.r. S. Liu et al.'?
Ir-Zn-MOF n.r. n.r. n.r. Z . Xie et al. 3]
Ir-Zn/Ni/Co/Cd-MOF 0.83-2.82 30-110 70-240 M.Ho et al. 'Y
lr-U19-67 78.6:89.43 n.r. n.r. S. Barrett et al.l’!
Ru-UiO-67 227.5
Pt-UiO-type 13 n.r. n.r. R. Xu et al.1'%
MAF-X11 27 n.r. n.r. R. Lin et .17
Ru(1)x@MAF-34 8.5-25 n.r. n.r. X. Qi et al '8
PCN-224 0.25 T. Burger et al.l'”)
PCN-224-Pt(I) 73 n.r. n.r.
J.Yang et al.?%
PCN-224-Pd(IT) 2610
Agibpy n.r. ls n.r. X. Dong et al.2"
Agibpy-NH2 2.25x10° 03s n.r.
* n.r. = not reported
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