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Figure S1. NIR DRS spectra of sample in different hydration states.

NIR DRS Spectroscopy Analysis

Figure S1 presents the assignment of the overtone and combination vibrational bands of water and
hydroxyls in the sodalite in the NIR range. These attenuated bands are complementary to the FTIR
results for the identification of the different water and hydroxyl types appearing in the material
according to the water content. Three important NIR bands can be assigned as follows: A). Overtone of
the hydroxyl vibration [(2*vs OH)] at 1450-1475 nm (depending on the type of OH group), B).
Combination of the water and hydroxyl vibration [(vs + Vs) H,0] at 1900-1950 nm (depending on the
type of zeolitic water and its interaction with the (non)-framework atoms), and C). Combination of
symmetric and bending vibration of Si-O(H)-Al [ (vs + Vs) Si-O(H)-Al] around 2215 nm.! These bands

appear only in the presence of water, except the band at 2215 nm, which remains almost constant upon
dehydration. This might be related to the major contribution of structural Si-O-Al vibrations in the

absence of significant hydroxyls.
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XAFS Spectroscopy Analysis
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Figure S2. Ag K-edge A). Normalized and B). First derivative XANES spectra of a AgsNasLTA sample in different
hydration states compared to Ag metal foil (Ag®), Ag20 (Ag*), and AgNOs (Ag*) reference. The Ag edge position of
references are indicated in profile B for better clarification of the sample charge in each hydration state.

XANES
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Figure S3. Schematic representation of A) LTA unit cell displaying the sodalite (green dashed
area) and super cage (gray dashed area); the eight ring (8R), single six ring (S6Rs), and double
four rings (D4Rs) are highlighted in blue, yellow and green respectively, B) Isolated sodalite cage
with D4R connectors, and C) Transversal section of a sodalite cage.

LTA Zeolite Unite Cell

EXAFS

Details of the EXAFS fitting parameters are given in Table S1. Based on AgCLs in LTA crystallographic
data’* and clarify better the nature of Ag atoms, two distinct geometrical positions are taken into
account: ). Ag atoms forming AgCLs (Agc) located inside the sodalite and Il). Ag cations occupying the
sodalite S6Rs (Ager). Agc and Ager fractions are then required to calculate the coordination number (CN;)
of each shell. The Ager fraction is obtained from the Ager CN with the (Si/Al)sr divided by six (CNs/6,
Table S1) as the maximum CN to Si or Al atoms in the S6Rs. Then, The Agc fraction is simply derived by

considering that Ag.+Ager=1. These fractions are tabulated in Table S1.

Table S1. Summary of Ag-K edge EXAFS structural refinements of samples with different hydration state.
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Hydrated Dehydrated Rehydrated

N; Shell CNi _ Ri(A) Ai(A?) CNi _ R(A) Ai(A?) CNi _ R(A) Ai(A?)

1 Ag,.. -0 2.6(5) 2.33(2) 0.025(3)  18@3) 227(1) 0018(2)  2.6() 2.33(2) 0.024(2)
2 Ag -Ag, 2.0(4) 272(3) 00413)  15(3) 275(6) 0072(6)  1.9(4) 2.73(2) 0.040(3)
3 Ag-0 04(2) 317(2) 0038(4)  09(2) 2.81(4) 0035(4) 04(2) 3.18(1) 0.035(3)
4 Ag -(S/A)  20(4) 329(2) 0018(2)  37(6) 3.25(1) 0.024(4)  21(4) 327(2) 0.016(2)
5 Ag, -Na 0.5(3) 324(3) 0015(2)  05(2) 3.01(3) 00253)  03(1) 3.19(3) 0.008(1)
6 Ag-Ag,, 04(2) 342() 0023(3) 06(2) 3.40(3) 0021(2) 12(3) 341(2) 0033(2)

ABcAger R*=10.50% A8 R*=23.76% 8 8t R*=16.76%
66%:34% 38%:62% 65%:35%

Ni: Shell number, CN;: Coordination number of atom in the Ni" shell, Ri: Radial distance of atoms in the Nit" shell
[A], Ai: Debye-Waller term of the Nit" shell (A=262 with o2= Debye-Waller factor)[A2], R*: Error factor (%) Agc: Ag
atom composed of AgCLs, Ager: Ag cation coordinated with the six memberd ring, Agc:Ager percentage of the Agc
and the Ager in each EXAFS model.

Fitting the data with a six-shell model (Table S1) showed a good agreement with the 3D crystallographic
model of LTA sodalite cage. Hydrated and rehydrated samples could be fitted with a very similar model
consisting of a first shell (N1) corresponding in both states to 2.6 O located at 2.33 A. This shell
corresponds to a mixture of single cations Ager located on the axis of the S6Rs of the sodalite cage
coordinated to framework Ogr and Ag. forming clusters that are coordinated to extra-framework water
(Ow). Furthermore, the Age-Osr distance is shorther than the sum of Ag* and 0% radii (2.58 A)? which is
attributed to the covalent bond nature of the Ager-Osr bond. Ager are also coordinated to Si/Al atoms
from the S6Rs at a distance of 3.27-3.29 A forming shell (N4). As Ager are coordinated to 6 Si/Al and 3 O
implying a 2:1 CN ratio* 3, CN4 can be used to determine both Ager/Agc and the 0,/Osr ratio. CN4 of 2
and 2.1 in hydrated and rehydrated sample, respectively, indicate a similar Ager fraction of 34%
(2.1/6*100) with the remaining part of 66% forming clusters Agc. As Ager in S6Rs are coordinated to 3.0
Osr [0.34*3=1] 1 O from shell N1 is an Ogr While the remaining 1.6 O (CN;-1.0) is attributed to O, of
water molecules that are coordinated with the Ag. in the sodalite with an average CN of Ag.-0O.:2.4
[(CN:-1.0)/0.66]. To extract the average Ag.-O. distance from the Ri, the average Ager-Osr and Ager-
(Si/Al)er distances of 2.30 and 3.28 A respectively were considered based on the crystallographic data of
Ag1:LTA2 Thus, the Ag.-O,, distance of 2.36 A can be simply derived by considering the contribution of
Ager-Oesr and Ag.-Oy sub-shell in the first shell [(2.6%2.33)=(1.6*%2.36)+(1.0*2.30)]. This estimated

distance is in good agreement with reported XRD data (2.40 A).*
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The second shell (N,) consists of intracluster Ag.-Ag. interactions with distances of 2.72 and 2.73 A in the
hydrated and rehydrated state respectively that are considerably shorter than typical Ag-Ag in Ag metal
(2.89 A).* Ag. are coordinated with ca. 3.0 other Ag. (CN,/0.66) forming tetrahedral Ags clusters. The
average CN Ag.-Oy of 2.4 suggests a mixture of ca. 80% [2.40.,/(2.40,+0.60¢)] tetrahedral [Ags(H20)4]

and 20% (1-0.8) tetrahedral [Aga(Oer)2] clusters.

The third shell (Ns) with larger distance (3.17 A, Rs) is related to the direct interaction of Ag. with the
framework oxygen (O¢f) when water molecules are locally absent around the clusters. The large Ag.-Or
distance (3.17-3.18 A, Rs) and small CN (0.6, CN3/0.65) in the hydrated material can be found when
tetrahedral Ags clusters are oriented along the S6Rs axis and partially interacting with the O (CN3
compared to CNj). In this state, local dehydration induced by the X-Ray beam may explain the presence

of this shell that was also observed in previous EXAFS studies.> ®

Ns and Ng correspond to the long interaction between Agc from the clusters and the cations located in
the axis of the S6Rs of the sodalite cage. The Ag.-Na shell (Ns) is attributed to the interaction of Ag. with
Na co-cation residing on the axis of the S6Rs with a distance of 3.01-3.24 A (R4), and CNs 0.3-05 in the
hydrated and rehydrated states respectively. In this structural configuration, a Na-O¢ distance of 2.41-
2.50 A can be derived which is higher than the sum of Na* and O radii (2.29 A)? and corresponds to an
electrostatic interaction with Ogr unlike Ager-Oer bond in the S6Rs that possesses a covalent character.
Finally shell (Ng) is assigned to long range (3.40-3.42 A, Re) interaction of the Ag. with the Ager. The
significant increase of Ag.-Age CNg (0.3-1.2) through rehydration probably indicates a redistribution of
Ag and Na cations in the S6Rs around the clusters with a higher occupancy of the empty S6Rs by Ager at
the expense of Na cations whose coordination decreases from 0.5 to 0.3 in the rehydrated state. This is

the only observed significant structural difference between the hydrated and rehydrated state.

Although the fitting model for the dehydrated state is very similar to the one used in the hydrated

states marked differences appear. The first difference is observed in CN; of the first O shell that
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significantly decreases from 2.6 in the (re)hydrated states to 1.8 in the dehydrated sample while the Ag-

O bond distance shortens from 2.30 to 2.27 A reflecting the loss of water molecules around Agcatoms.

The second difference is a significant decrease in N3 shell Ag.-Or distance from 3.18 to 2.81 A, Rs while
CN3 remarkably increases to 2.4 (0.9/0.38). This Ag.-Or distance corresponds to Agc atoms located on
the axis of the S4Rs inside the sodalite cage that are now strongly interacting with O atoms indicating

that the position of the AgCLs relative to the sodalite cage has completely changed upon dehydration.

The large increase of CN, of the Si/Al atoms shell from 2 in the (re)hydrated states to 3.7 indicates that a
larger fraction of Agr are now positioned on the axis of S6Rs corresponding to a larger Agr fraction
(3.7/6*100) 62% in the material. The fact that N; is exactly half the value of N4 confirms that all the O in

N; consist of Ogr and no water molecule are now present around the Ag..

Finally, the different values observed for the N; shell corresponding to the Agc-Agc interaction in the
clusters with a lower CN, of 1.5 and a larger Agc-Agc distance of 2.75 A are clearly an indication of the
formation of larger AgCLs with an average coordination of 4 (CN,/0.38) corresponding to Age clusters
upon dehydration. These values are compatible with the transformation of tetrahedral Ags clusters
coordinated to water molecules and located along S6Rs axis into octahedral Age clusters positioned
along the S4Rs axis and coordinated only to Osr atoms. The simulteous increase of AgCLs size and
distance are in line with similar dehydrated AgCLs structures in Ag LTA that were identified by XRD*’
and ESR.2 No major changes upon dehydration are observed for shells Ns and Ng corresponding to the
long interaction between Agc from the clusters and the cations located along the axis of the S6Rs of the

sodalite cage.

FTIR Analysis
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FTIR spectra of the AgsNasLTA zeolite in the mid-IR region (4000-500 cm, Figure S4A) are composed of
the framework vibrational (T-O-T; T: Si, Al), the water (vs HOH), and the hydroxyl (vs OH) bands
appearing in the spectral region of 1400-500, 1700-1600, and 3700-2900 cm?, respectively. The T-O-T
vibrations are divided into three main IR bands: the asymmetric vibrations of bridge bonds [vas Si-O-Si
(Al)] at 1006 cm™®, the symmetric vibrations of bridge bonds [vs Si-O-Si (Al)], and C) at 726 and 670 cm

and the symmetric stretching of vibrational bands formed by superposition of the 4Rs 6Rs, and D4Rs% 1!

appearing at 555 cm™.
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Figure S4. A). In-situ FTIR spectra of sample dehydrated in vacuum at different temperature B). TGA analysis of
sample in nitrogen gas atmosphere.

The dehydration behaviour of AgsNasLTA was characterized both by FTIR and TGA analysis (Figure S4).
According to the TGA result, most of the water is removed by dehydration at 100 °C (~ 83%) while the
remaining part is only eliminated at higher temperatures (330 °C). FTIR results show that the intensity of
Vs HOH and vs OH significantly decreases up to 100 °C (~ 75%, in line with TGA results) and completely
flattens out at 200 °C. The dehydration rate is clearly faster in vacuum (FTIR) than in atmospheric
nitrogen gas (TGA). T-O-T bands remain considerably unaltered in this temperature range. The
emergence of new bands in this region is observed upon further dehydration above 200 °C. These bands
become more pronounced when the dehydration temperature reaches 450 °C (dehydrated state). In

parallel, the T-O-T bands are shifted, reaching the maximum band shift.
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Figure S5. FTIR spectra of AgsNasLTA sample in different hydration states to monitor T-O-T (T=Si/Al)
vibrational bands in A). Vacuum and B). Atmospheric oxygen gas condition. C). FTIR spectra of AgsNasLTA

sample compared to parent LTA (Na12LTA) and fully loaded Ag LTA (Ag12LTA) zeolite in dehydrated state
where the T-O-T distortion and shifted bands are at maximum.

The nature of these perturbations and band shifts (within 1200-900 cm™) has been ascribed to the
coordination of metal cations with the zeolite Or and the local electronic redistribution of the cationic
sites, leading to a weakening of the T-O framework bonds, an elongation of the T-O distances, and a
change of the T-O-T angles.'** Therefore, these results suggest that the loss of coordinated water from
the cationic sphere of Ag and Na induces their stronger interaction and higher coordination degree with

the Of which cause in turn T-O-T distortions and larger band shifts.*> 16
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T-O-T bands clearly observed through dehydration (Figure S5 A) intensify when reaching the fully
dehydrated state (450 °C). Upon dehydration a stronger T-O-T distortion, new T-O-T bands formation,
and larger T-O-T band shifts due to the higher interaction degree of the Ag and Na cations with the O¢
are observed. These distorted and shifted bands are not remarkable in an oxygen (Figure S5 B)
environment, suggesting that these changes originate from the loss of coordinated water ligands and
the lack of replaceable ligands. These bands relax upon rehydration due to the re-coordination of Ag
and Na cations with water whose strong electron donation weakens the cation interaction with O.*> 7
18 To assign separately the distorted and shifted T-O-T bands to specific location and interaction type
with the AgCLs, Na, and Ag cations, the T-O-T vibrations of the AgsNasLTA sample are compared with
parent LTA (Na:LTA) and fully loaded Ag LTA (Ag:LTA)Y in the dehydrated state (Figure S5 C). The
distorted and shifted bands are less intense in Ag1;LTA than in AgsNasLTA which can be attributed to the
covalent rather than electrostatic interaction of the Ag cations with the Of, leading to less T-O-T bonds
distortion and shifting.’> 1® These bands are less prounonced in Nai;;LTA than in AgsNasLTA, suggesting
that the distortion and the energy shift mainly due to interaction of the AgCLs with Of (Figure 3B,

column 1ll) which do not exist in the parent Nai:LTA. Thus, the significantly distorted and shifted bands

3100 3200 3300 3400 3500 3600 3700
Magnetic field (G)
Figure S6. ESR spectra of the sample in (A) hydrated (B) dehydrated (C) dehydrated followed by H»
reduced state. H2 reduction performed on dehydrated sample at room temperature that exposed

with a mixture of 5% H: in N2 gas during 90 min with the total gas flow rate of 50ml/min.

S10



in AgsNaoLTA compared to Nai; and AgiLTA, could arise from the presence of both Na/Ag cations and
AgCLs perturbed T-O-T bonds. Since all the LTA framework vibrations (S6Rs, S4Rs, D4Rs and lattice) are
part of the T-O-T vibrations and not separate into different vibrational modes, it is however difficult to
unambiguously identify the exact location and interaction at the origin of the perturbation.?° Overall,
FTIR shows that a strong interaction between extra-framework AgCLs, Na, and Ag cations and the
framework oxygen (O¢) is reversibly building up and decreasing upon dehydration and rehydration

respectively in line with the results of the EXAFS analysis.

ESR Analysis
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Figure S7. 2D excitation-emission plots of AgsKesLTA sample in A) Hydrated, B) Dehydrated, and C)
Rehydrated states. The insets show the QY % of the samples at the maximum excitation of 310 nm.
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