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Abstract 

Conventional photoluminescence (PL) emission of individual 

chromophores follows the classical local excitation based on the 

Franck-Condon model. More and more evidences showed that small 

molecules even with non-conjugated structure can emit strong bright colors, 

e.g., water molecules at confined interface.1-5 However, the elucidation on the 

structure and the physicochemical origin of water emitters remains elusive. 

Here, using thermally activated zeolites with well-defined molecular-scale 

cavities as a model confined space, combined with a panel of ex- and in-situ 

experimental techniques, we confirm that the structural water molecules in 

form of singly hydrated hydroxide complex are real emitter centers, and its 

colors and quantum efficiency strongly depend on the H-Bond interactions in 

the subnano-sized microenvironments. Furthermore, the ultra-fast 

femtosecond transient absorption (fs-TA) kinetic measurement unveils an 

unusual multichannel nonradiative mechanism dominated by proton tunneling, 

suggesting a unique feature of topological excitation (TE) due to many-body 

quantum localization (MBQL).6-9 Our findings of multiple sets of dynamic 

interface states at confined interface not only answer the physical origin of 

water emitters, but also provide new insights into the dynamical microscopic 

pathway to heterogeneous catalysis. 

Introduction 

Intrinsically free water is generally considered a colorless liquid. However, 

more and more experimental results evidenced that water molecules could 

emit bright and tunable colors when confined at nanoscale interface.1-5 

Obviously, this abnormal PL phenomenon is intuitively hard to accept by the 

local excitation theory since there is no conjugated structure in water 

compared with classical fluorescent molecules. By a careful examination for 

the sporadic publications, this peculiar PL system, not only limited to inorganic 

water molecules, but also included some non-conjugated organic molecules 

(amino acids) or protective organic ligands,10-17 which shows several very 



common and unique features in the steady and transient spectra, such as 

multiple sets of coupled absorption and emission bands with ultra-large Stokes 

shift, extremely susceptible to the structural inhomogeneity, local environments 

and external stimulus (pH, solvent, temperature and ion, etc.), and unusual 

multichannel excitation energy and electron transfer behavior. These 

observations indicate the formation of exotic metastable excited states at 

nanoscale interface underlying unusual small molecule−surface interaction 

with strong many electrons correlations, which is a reminiscent of direct 

observation of dynamical switching between chemisorption state and 

physisorption state to adsorption in heterogeneous catalysis.18,19 

In this report, using Ag+ exchanged Linde Type A (LTA) zeolites as model 

confined system, we provide solid evidence that the emitter center of PL 

zeolites was singly hydrated hydroxyl complex adsorbed onto Ag+ in the zeolite 

frameworks with a definite stoichiometric ratio of Ag to hydroxide and/or water 

(1:1), instead of Ag nanoclusters (NCs) confined in the subnano-channels of 

zeolites. Since LTA zeolites even not processed by Ag+ exchange also showed 

an identical PL emission behavior to that of Ag exchanged zeolites. By 

following the decay kinetics of excited states using femtosecond transient 

absorption (fs-TA) technique, combined with the steady absorption and PL 

spectra, we demonstrated that, the production of multiple sets of coupled 

absorption and emission bands was attributed to the topological excitation due 

to MBQL effect.  

Results and Discussions 

Identification of singly hydrated hydroxyl complex as real emitter center 

for PL emission.  

The Ag-exchanged LTA (Ag@LTA) zeolites were synthesized by thermally 

activation as previously reported method.3,20-24 Scanning electron microscopy 

(SEM), High-resolution transmission (HRTEM) and X-ray diffraction (XRD) 

revealed that Ag cations were successfully exchanged into zeolite frameworks 

by K+ substitution of 4A (Fig. 1a and Fig. S1), and we didn’t find Ag presented 

in nanoclusters (NCs) or nanoparticles (NPs), which precludes the possibility 

of PL origin to the NCs centers. Very importantly note that, the features of PL of 

Ag@LTA are strongly dependent on the thermal activation in both preparation 

and measurement (Fig. 1c, 1d and Fig. 2a), the pH value (Fig. 1e) and the 

nature of solvent (Fig. 2b-e). With an increase of thermal activation 

temperature from RT to 500 oC, a new broad emission band peaking at ca. 530 

nm emerged, and its intensity gradually increased maximum at 450 oC, and 

then decreased. Concomitantly, the same evolution of the corresponding 

excitation bands with separated peaks at 270, 310 and 367 nm was observed 

(Fig. 1c). Very interestingly, we found that, after thermal activation of Ag 

exchanged LTA, the pH value of Ag@LTA in water solution was basic and was 

gradually increased to 9.55 at 450 oC (Fig. 1d). However, when further rising 



up temperature, pH was significantly increased, accompanying a drastic 

decrease of PL emission (Fig. 1c), suggesting a pivotal role of structural water 

or hydroxyl in the frameworks of zeolite to tune the PL. This was confirmed by 

thermalgravimetric (TG) analysis where the decomposition of structural water 

molecules and/or hydroxyl groups at 300 oC was observed (Fig. 1f).   

  
Figure 1. (a) Scanning electron microscopy (SEM) images of Ag@LTA-450 

o
C. The insert 

shows the corresponding digital photos in hydrated and dehydrated state under UV light. 

(b) High-resolution HAADF-STEM (white) images of Ag@LTA-450 
o
C and corresponding 

STEM EDX mapping images of Si (green), Al (yellow), O (red), Na (orange) and Ag 

(purple), respectively. Excitation and emission spectra of Ag@LTA annealed at different 

temperatures (c) and corresponding pH value of Ag@LTA dispersed in water (d). (e) 

Emission spectra of Ag@LTA-450 
o
C solution at different pH condition. (f) TG-DTG 

analysis of Ag@LTA-450 
o
C in hydrated and dehydrated state. (g) O1s and Ag3d XPS 

spectra Ag@LTA-450 
o
C. 



The designed diagnostic experiment of pH changes on the effect of PL of 

thermally activated Ag@LTA at 450 oC further proved our hypothesis. With the 

decrease of pH, PL emission was blue-shifted from 530 nm to 430 nm, but 

three main broad emission bands peaking at 430 nm, 530 nm and 610 nm can 

be easily distinguished (Fig. 1e). A close inspection on excitation spectrum 

showed that, a new excitation band peaking at 270 nm appeared and 

intensified with the pH decrease, accompanying the weakening of band at ca. 

260 nm, but other two bands at ca. 300 and ca. 360 nm were almost not 

changed (Fig. S2). Because thermally activated mother zeolites exhibit the 

weak alkalinity with pH of 9.55, the addition of acid will neutralize the structural 

hydroxyl groups with Lewis basic character, probably leading to the formation 

of weak coordinated water molecules to Ag cations, which answers the 

disappearing of excitation band at 270 nm assigned to ligand to metal charge 

transfer (LMCT) of OH- to Ag+, but strengthening of excitation band at ca. 300 

nm due to LMCT of water to Ag+. This also answered why oxygen and silver 

atoms of Ag@LTA on XPS have two groups of paired binding energy (BE) with 

equivalent molar ratio (Fig.1, g and h, Table S1). Obviously, acid-base 

neutralization did not result in the complete quenching of the fluorescence of 

zeolites, only the change of the PL intensity of different luminescent centers.  

Another remarkable PL feature of Ag@LTA is its environmental sensitivity, 

especially water molecules with weak H-Bonds surrounding the luminescent 

centers. Reversible emission evolution of thermally activated Ag@LTA upon 

dehydration/hydration in vacuum/water vapor was observed (Fig. 2a and Fig. 

3a). Indeed, the simple dehydration process only quenched green PL excited 

at 365 nm. However when dehydrated sample was irradiated at much short 

wavelength of even 254 nm, very strong red PL emission was observed with 

very large Stokes shift of 350 nm, suggesting a completely new PL emission 

mechanism. Similar phenomenon was observed, but its PL origin was 

attributed to the quantum confinement effect of Ag NCs.23,24 It should be 

mentioned that, the simple dehydration only removes the physically adsorbed 

water molecules, instead of structural water and hydroxyl groups due to the 

strong chemisorption with covalent bonding. Solvent dependent PL behavior 

further proved this point (Fig. 2b-e).  

As dehydration process, with the increase of fDMSO (fDMSO = volume ratio of 

DMSO to water), PL emission was noncontinuously shifted from 525 to 605 nm 

(Fig. 2, b and d), suggesting the simultaneous presence of two emitter centers. 

Since DMSO is bad solvent for water, the water molecules surrounding 

structural water and hydroxyl groups by weak H-bond interactions could be 

readily extracted. The results of excitation spectrum confirmed this point: when 

fDMSO is larger than 85%, the excitation band centered at 290 nm is equally 

branched into two bands at 278 and 300 nm, which presumably corresponds 

to LMCT of OH-
→Ag+ and H2O→Ag+, respectively (Fig. 2c). But it is 

importantly noted that, when the green emitter center was dominated emission, 

three main excitation bands peaking at 315, 370 and 405 nm were not  



 

Figure 2. (a) Left, digital photos of LTA-AgNCs under UV light during the hydration 

process. Right, evolution of fluorescence emission intensity (at 525 nm) of Ag@LTA-450 
o
C with alternating cycles of dehydration and hydration process and corresponding digital 

photos under UV light (365 nm). Photoluminescence (b) and UV−vis absorption spectra (c) 

of Ag@LTA-450 
o
C in the varied volume fraction of DMSO in the mixed solvent (fd = VDMSO 

/ VDMSO+water). Photoluminescence was excited at 370 nm. (d) Contour representation of 

the excitation and emission data with varied Rd for Ag@LTA-450 
o
C. (e) Time-resolved 

luminescence decay profiles of Ag@LTA-450 
o
C in water (green) and DMSO (red) 

solution. 

unambiguously assigned. It is well known that, proton transfer or shuttling in 

the confined namespace relying on H-bond networks constructed by 

surrounding water molecules, significantly influences the coordination 

interaction between ligand and metal, in particular for hydroxide or hydroxyl 

groups with strong Lewis base characteristic. This probably answers that 

Ag@LTA in DMSO solution exhibits unprecedented ultra-long quantum lifetime 

up to ca. 231.1 μs, by four orders of magnitude increase to Ag@LTA in water 

solution in 3 ns (Fig. 2e), since the proton transfer dramatically slows down 

due to breaking of H-bond networks when surrounding water molecules were 

removed.25 The isotope effect of heavy water further proves that the rate of 

proton transfer has an important effect on fluorescence emission. When heavy 

water was introduced, the intensity of both PL and excitation bands was 

significantly increased with red-shifts of ca. 5 wavenumbers (Fig. 3b), since the 

diffusion of D+ is slower than H+ in the H-bond networks. 



 
Figure 3. (a) PL decrement of hydrated Ag@LTA-450 

o
C with increasing time of 

vacuumizing. Inset shows the corresponding PL intensity attenuation (at 525 nm) during 

the dehydration process. (b) Comparison of emission properties of Ag@LTA-450 
o
C in 

H2O and D2O. (c) Excitation (dashed line) and emission spectra (solid line) of NH4
+
-Y-type 

zeolite annealed at 200 
o
C. (d) Time-resolved luminescence decay profiles of NH4

+
-Y-type 

zeolite at room temperature (RT) and liquid nitrogen temperature (LNT). Inset shows the 

naked eye visible long afterglow emission at LNT. (e) In situ DRIFTS spectrum of 

Ag@LTA-450 
o
C during a programmed heating and cooling process. 

These important controlled experiments disclosed that the characteristic of 

this multi-colorful emission is strongly associated with the coordinating 

hydroxide (or hydroxyl) and water molecules to the Ag ions, which is clear 

evidence for that the efficient emission from Ag activated zeolites may not 

originate from the quantum confinement effect of Ag NCs. This conclusion was 

supported by the fact that, even without any metal ions, the ammonium 

exchanged NaY (NH4
+@Y) after thermal activation at 200 oC emitted strong 

blue fluorescence at ca. 370 nm with a unique feature of classical 

chromophore molecules (Fig. 3c). Notably emphasized that, to our surprises, 

the fluorescence and excitation spectra of NH4
+@Y are almost the same as 

those of Ag+@LTA at low pH value (Fig. 1 e), implying the same emitter center, 

innocent to Ag ions or NCs. More surprisingly, when the PL of thermally 

activated NH4
+@Y was measured at liquid nitrogen temperature (LNT), it first 

show blue colors, and then displayed the delayed green fluorescence emission 

at nanosecond scale (Fig. 3d), suggesting a nature of multi-channel radiation 

decay of same luminous center. Note that, the quantum lifetime of several 

seconds is just in the scale of the breaking and making of O-H bonds in water 

molecules, in well-agreement with the results recorded by EPR and STEM 

observations.18,25 In-situ diffuse reflectance fourier transform infrared 

spectroscopy (DRIFTS)  at varied temperatures provided the direct evidence 

for the reversible formation of structure water molecules (Fig. 3e): with the 

increase of measurement temperature, the intensity of bending mode of OH in 

water, corresponding to structural water molecules and hydroxyl groups at 

1645 and 1662 cm-1, respectively, was gradually decreased and almost 



disappeared at 500 oC. Similar evolution trend in higher wavenumber region 

was also observed to the OH stretching mode of water.4 This answers that, 

Ag@LTA lost the principal PL emission when its thermally activated 

temperature is above 500oC due to the removal of structure water molecules 

(Fig. 1c). When temperature was cooled down to RT under trace of water 

atmosphere, structural hydroxyl groups at 1662 cm-1 was first produced in very 

short times, however the formation of structural water at 1645 cm-1 needed 

longer times in second scale due to the proton shuttling and subsequent 

reaction, and finally when the equilibrium was arrived, the coupled 

water-hydroxyl pairs in precise molar ration of 1:1 were recovered (Fig. 3 e). It 

is importantly noted that, thermally activated NH4
+@LTA didn’t show the 

reversible change of hydroxyl to water (Fig. S4), probably due to acid-base 

neutralization occurring in extremely fast time involving the fast proton mobility 

of Bronsted acid active sites in the framework of zeolites. The 

temperature-dependent reaction equation for the reversal formation of singly 

hydrous hydroxyl complex in the confined sub-nano space of zeolite can be 

written as such: 

2Ag+ + 2H2O→AgOH* + AgH2O* +H* 

AgOH* + AgH2O* +H*→AgOH* + AgOH* +2H* 

AgOH* + AgOH* +2H*→Ag2O+H2O + 2H* 

Taken all together, we definitively confirmed that, the emitter center of 

thermally activated zeolites is coupled water molecules in the form of singly 

hydrous hydroxyl complexes, and that Ag ion, protons and even incompletely 

exchanged alkali metal ions in the inorganic frameworks just play an adsorbed 

site for the immobilization of emitter center. Obviously, the overlapping of p 

orbitals of coupled or paired O atoms though space interaction formed unusual 

transient excited states,26,27 resulting in abnormal PL emissions with multiple 

sets of absorption and excitation bands. 

Nature of excited states of singly hydrous hydroxide complex in 

confined sub-nanospaces.  

To follow the dynamics of excited state of coupled water pair in the confined 

nanocavity, the femtosecond time-resolved ultra-fast transient absorption (TA) 

spectra were performed. However, due to the high scattering of Ag@LTA 

zeolites in solution, the signal collecting with high signal to noise is not 

available. Fortunately, Ag NCs synthesized using PAA as protective template 

showed the identical PL emission behavior to Ag@LTA in water and DMSO 

solution,10,11 such as multiple set of excitation and emission bands, suggesting 

a common nature for PL origin (Fig. 4a, 4b and Fig. S5). The distinctive 

difference is slight red-shifts of emission wavelengths with varied life times, 

probably due to the delicate change of confined microenvironments. Thus, the 



non-scattering Ag NCs in water and DMSO solution is an ideal model to study 

the dynamic decay of excited states by TA. 

 

Figure 4. (a) Photoluminescence spectra of PAA-Ag NCs in the varied volume fraction of 

DMSO in the mixed solvent (fd = VDMSO / VDMSO+water). Photoluminescence was excited at 

365 nm. (b) Time-resolved luminescence decay profiles of PAA-Ag NCs in water (610 nm) 

and DMSO (550 nm) solution. Contour representation of the multidimensional 

time-resolved absorption data for PAA-AgNCs in water (c) and DMSO (e) solution with an 

excitation of 365 nm. (d) Selected decay traces and corresponding fitting of PAA-AgNCs 

in water solution; the fitting results are summarized in Table S4. (f) Energy levels, 

relaxation pathway of WCs under different solvent conditions (Qn means the multiple 

quantum states, which is produced by many-body nuclear quantum effect). 

Figure 4c and 4e depict 3D fs-TA spectra of Ag NCs after excitation at 365 

nm in water and DMSO solution, respectively. When Ag NCs are dispersed 

into the water, two set of positive and negative signals peaking at ~ 520, 443 

and ~ 680, 590 nm with distinct decay properties are observed, indicating the 

presence of two transient species or states (denoted as Q1 and Q3). The 

negative signals are originated from the stimulated emissions (SE) of two 

steady fluorescent emissions peaking at ~ 460 and ~ 610 nm in the nearly 



same region (Fig.4 a, Fig. S5 and Table S4). We interestingly find that the 

decays of these positive and negative signals are strongly correlated in the 

ultra-fast time scales by multiexponential fitting of time profiles (Fig. 4 d and 

Table S5): the build-up time (0.6 ps) of SE at ~ 443 nm completely mirrors the 

decay (0.7 ps) of excited state absorptions (ESA) at ~ 520 nm at the very early 

stage after the photoexcitation, providing clear evidence for removal of the 

excitonic species (Q1) or state population by state transfer; similar decay of 

ESA at ~ 680 nm and SE at ~ 590 nm is observed (Fig. 4d and Table S5), but 

with long-lasting time constant ( ~ 14 ps), suggesting a main charge transfer 

(CT) channel to PL state at ~ 590 nm (Q1Q2).  

In DMSO solution, the main ESA (Q2) take place at ~630 nm, featuring the 

continuous and structureless absorption in the all visible range, but ESA at 520 

and 680 nm are still observed (Fig. 4 e). Apart of this delicate changes, the 

spectral and temporal evolution of the spectra of Ag NCs in the first 

picosecond is nearly identical in water (Table S5), indicating that these 

transient species and state have common features and physical origins. 

Further global analysis of the decay profiles of Ag NCs at all wavelengths (Fig. 

S6, S7 and Table S5) demonstrate a complex dynamic requiring a description 

by multiexponentials containing at least three components with time constants 

in the early sub-picosecond (τ1 = ~ 0.5 ps), a dozen picoseconds (τ2 = ~ 10 ps), 

and about several nanoseconds (τ3 > 1.0 ns, the longest delay time accessible 

by our measurement) time scale. The fractional contribution (α%) of each 

component (Table S5) is very sensitive to solvent type, in parallel to the 

properties of optical absorption and PL emission (Fig. 4 a and 4b, and Fig. S5), 

e.g., ultra-long lifetimes in second time scale of thermally activated NH4
+@Y at 

LNT (Fig. 3c and 3d). The similar complex dynamic appearing to be yet 

another frequently reported feature of electronically excited DNAs,14-16 

including a few previously studied GQs structures. Cation effect on the 

electronic excited states of guanine nanostructures studied by time-resolved 

fluorescence spectroscopy,28-30 which is attributed to the interface electronic 

coupling, while completely neglecting the role of structural water molecules as 

emitter centers.  

The fs-TA and steady absorption and emission spectra put together 

suggests a scenario of deactivation (Fig. 4 f) involving the energy delocalized 

excitation producing an ensemble of states (Qn) with mutually different 

polarizations that decay via multiple channels. The observed multiple set of 

transient species or states (Qn) are concurrently produced, and the main 

optical absorption and emission are extremely susceptible to delicate change 

of microenvironments surrounding at the emitter center. In water solution, the 

Q1 and Q3 are dominating species. Even though these two species could 

produced independently in extremely fast sub-picosecond time scale, the 

population of Q3 state is mostly achieved by fast excitation charge transfer 

(ECT) from Q1 state. The ultra-fast ECT feature probably answers the broad 

and non-structure excited state absorptions of Q2 in DMSO solution. This 



clearly answered that, Ag NCs in DMSO solution emit brightest emission (~530 

nm) with much longer life times (91 μs).   

 

Figure 5. Schematic illustration of the interfacial orbital redistribution though space 

interactions induced bright and wavelength adjustable photoluminescence of Ag@LTA 

and corresponding energy level structure derived from molecular orbital theory. 

Since single water molecule has not conjugated chromophore structure 

and /or even auxochromous group (Fig. 5a), water is intrinsically colorless 

liquid. Obviously, the physical origin of transient states mediating the 

absorption and PL (Fig. 2, Fig. 3, Fig. 4a and 4b) can’t be simply explained by 

classical local excitation (spin-1 excitation) from eqa. 1 (ground state) to eqa. 2 

(excited state) with a spin flip. However, if a singly hydrous hydroxide complex 

(or water-OH- pair) is confined at nanoscale interface, multiple sets of transient 

species or states are feasible to produced due to the p orbital overlapping of 

oxygen atoms in varied x, y and z orbital directions (Fig. 5a) though space 

interactions.13,27 In the chemical picture, using molecular orbital theory, the 

formation of transient states could be a result of relinear combination of 

extended sp hybrid orbitals between O p orbital and X s orbital (X could be Ag+ 

ions, alkali metal ions, and protons) by space interactions (Fig. 5b). These new 

formed states are completely different from the covalent bonds, having the 

dynamic feature. In other way, we can image that, triggered by a strong 

vibration excitation process, such as photo-irradiation, a local high-energy sp 

hybrid state is ultrafast switched to two excited states with relative low energy 

levels, corresponding to the ultra-fast dynamics of TA (Fig. 4), i.e. in an 

extremely short time scale, at heterogeneous nano-interface, if water-metal 

(Ag+) interaction involved, two antibonding orbitals with π and σ character are 

concurrently produced, respectively.  



 

Figure 6. Schematic illustration of topological excitation process of hydrous hydroxide 

complex (OH
-
∙H2O). 

Within the physical picture, the unique formation process and nature of the 

observed transient species or states fully verifies the topological excitation 

characteristics of multi-body quantum delocalization systems.6-9 Here we just 

consider the simplest singly hydrous hydroxide complex (OH-
∙H2O) as a 

many-body quantum system with two oxygen nucleus and 3 hydrogen nucleus 

and together 16 electrons (Fig. 6). According to 1D Ising model,6,7 the ground 

state (GS) of 16 electrons could be consider as 8 spin-dimmer states formed 

by spin-singlets with local bond character (eqa. 1 in the ground state). By an 

operation of translation symmetry (eqa. 3 or 4 in the excited state), two spin 

1/2 excitation (spinon) will be produced at the same time, it is also called 

topological excitation (domain wall).This system looks very simple, but, in fact, 

due to anisotropy of four pairs of electrons around each oxygen atom and 

proton transfer (PT) or shuttling, it is very complex system. In theory, at least, if 

the excitation energy is higher enough and the detection time is short enough, 

6 transient species or states of (OH-∙H2O) with symmetrical H-bond should be 

captured on the TA spectra, in well agreement with the characteristic of 

multiple set of absorption on UV-visible spectrum (Fig. S2). But on TA 

spectrum (Fig. 4, c and e), only 3 transient species and states with π orbital 

character are observed with longer decay time, probably σ type transient states 

with the ultra-fast dynamic are not observed beyond the time resolution of our 

measurement. Aside of the microenvironment, the controlled experiments of 

the deuterium isotope effect and ultra-long second lifetime at LNT with bright 

green color clearly indicate that the energies and CT of multiple sets of 

absorption, emission bands and transient state the optical are strongly 

dependent on the PT process. Taken all together, singly hydrous hydroxide 

complex confined in nanospaces exhibit the typical feature of topological 

excitation dominated by MBQL mechanics. 

Topological excitation induced transient species or states (Qn) not only 

clearly answer the physical origin of abnormal PL emission features of 

non-conventional chromophores in the introduction section, more importantly, 

but also provide a completely new understanding on the kinetic of 

heterogeneous catalysis at confined nanoscale interface or space. These 

dynamic transient states, also so called the p band intermediate states (PBIS) 

previously reported by some of us,13 herein we rename it the p band as a basic 

descriptor to describe of chemical reactivity because of the overlapping of p 

orbitals though space interaction. In order to describe the effect of p band 



descriptor on the catalytic activity, we introduce a new interface orbital 

hybridized strength parameter (IOHSM, MI, I) underlying the space interactions 

between surface molecules (denoted as M in the subscripts of IOHS), 

molecule-interface (denoted as MI) and even interfacial atoms (denoted as I) 

by space overlapping of atomic orbitals (AOs), to unveil the “black box” effect 

of classical heterogeneous catalysis.31-34 

Since AOs are normalized according to the basic postulate of quantum 

mechanics and here topological excitation follows the many-body quantum 

delocalization mechanics, we deduce IOHSMI = IOHSMM + IOHSI =1, and two 

factors of IOHSMM and IOHSI are strongly competitive at nanoscale interface. If 

just considering the catalyst itself, the nature of active sites (or interfacial bond) 

of heterogeneous catalysts, is a dynamic redistribution of atomic orbitals, like 

the endless harmonic motion of the pendulum,33 which is probably related to 

the peculiar nature of the Landau quantization of topological insulators, i.e., 

quantum oscillations.35
 Recently, a ligand-induced cooperative orbital 

redistribution dominating nanoscale molecule−surface interactions on the 

one-unit-thin TiO2 Nanosheets was also observed.36 In current Ag+@LTA 

catalyst, we assume the confined surface states of IOHSMI correspond to 

chemisorption between the water O atom and Ag ions, then IOHSO-Ag is a 

descriptor measuring surface reactivity and the strength of chemisorption, 

while IOHSMM and IOHSI represent the contribution to adsorbate interaction 

between water and hydroxide (IOHSMM = IOHSO-O) though space interaction 

and metallophilic interactions between the metal ions (IOHSI = IOHSAg-Ag), 
37-40 

respectively. If the reactants involve the formation process of p band, three 

positive effect to enhance chemical reactivity will take place: (1) the reaction 

barrier will significantly decreased due to the formation of multiple sets of 

transient states, which provide more reaction pathway to promote the electron 

transfer, i.e. the enhancement of catalytic activity or conversion; (2) the 

customer-tailored catalysts with designed active site will significantly enhance 

the selectivity of product by strengthening the interaction of reactant with 

IOHSMM by the maximum overlapping of the interacted orbitals with the same 

symmetry, e.g. selective hydrogenation of carbonyl groups interacted with 

surface hydroxide groups selectively; (3) Most importantly, the bond strength 

of reactant, reaction intermediate and product could be precisely tuned by the 

interplaying with IOHS factors, which is a quantitative implementation of the 

classical Sabatier principle defining the best catalyst for a given reaction in an 

optimum “bond strength”.41 

In fact, currently thermally activated Ag@LTA zeolite is an ideal catalyst for 

the selective reduction of CO2 to C1 and C2+ products at mild reaction 

conditions. As shown by in-situ DRIFTS at varied temperatures from 40oC to 

500oC ( Fig. 3e and Fig. 7), some typical C1 and C2 species, such as *C=O 

(~1960, ~2090 and ~2200 cm-1),*HC=O (~1720 cm-1), *O=CC=O (two 

separated bands of 1515 and 1586 cm-1 with indistinctive band center at 1560 

cm-1 ) and *OCCOH (1450 and 1415 cm-1) species with typical fingerprint 



stretching bands are observed at temperature less than 160 oC (Fig. 7).42 

Obviously, with further increase of measured temperature, these intermediate 

species were gradually eclipsed owing to the diffusive desorption of C1, C2+ 

and non-activated CO2 species. In addition, we found that all these fingerprint 

stretching bands exhibits the very broad breathing characteristic, implying the 

intrinsic dynamic feature of these transient species.  

 
Figure 7. DRIFTS spectra of thermally activated Ag@LTA at varied temperatures in the 

region of 1300−1800 cm
−1

 (a) and 1600−2400 cm
−1

 (b). 

Using our conceptual p band model with IOHS as descriptor, all the bonding 

or non-bonding electron pairs of O and C atoms involving many-body quantum 

localization could be regard as Fig. 8c). By precisely tailoring the interactions 

between the interface p band state of hydrous hydroxide complex and p 

orbitals of O and C atoms in CO2 molecule, the selective reduction products of 

C1 and C2+ and their corresponding reaction kinetics can be easily predicted 

(Fig. 8 a and 8b).  For C1 pathway, the reaction is initiated by a nucleophilic 

attacking of adsorbed basic hydroxide groups to C atom of CO2 with positive 

charges, and the proton transfer is the rate-determining steps (RDS) for the 

final production of C1, such as CO, CH4 and CH3OH (Fig. 8a). However, for C2+ 

product, the formation of key intermediates of *OCCHO or *OCCOH arising 

from the alternative coupling or dimerization between CO and/or hydrogenated 

CO (*CHO or *COH). *OCCO is a key step to trigger the C2+ route (Fig. 8b). 

From macro perspective, the delicate change of micro-environment 

surrounding the active sites determines the selectivity of final products. On the 

microscopic level, owing to the anisotropy (or polarity) of bonding and 



non-bonding electron pairs (singlet dimmer) of interfacial O and C atoms in 2D 

spin liquid (Fig. 8c), the competitive space interaction of IOHS parameters 

dominates the final products, e.g., the selective conversion of CO2 to ethylene 

and ethanol (Fig. 8c). 43-45 This model probably also answers the activation 

process of water molecules involved by electrocatalysis or optical catalysis, 

such as water splitting and the green synthesis of H2O2 at unique 

heterogeneous interface.46-49 Thus, the mysterious internal force origin of 

catalysis is stemmed from the space interactions of atomic orbitals dominated 

by MBQL effect, which produce an ensemble of transient surface states with 

coupled spin and momentum quantum numbers. Owing to the preservation of 

time-reversal symmetry, this coupling protects the wave functions against 

disorder. These transient states have identical features of surface state of 

topological insulators.13,32,35  

 

Figure 8. (a) Dynamic interface state regulated selective thermochemical CO2 reduction 

to C1 (a) and C2+ products (b) based on the conceptual p band model. (c) 2D spin liquid 

model dominated by many-body quantum localization (MBQL) at confined nanoscale 

interface. 

Conclusions 

In summary, we provided the direct evidence that intrinsically colorless 

water molecules could be a bright color emitter when they are confined at 

nanoscale interface or nanospace in the form of singly hydrous hydroxide 

complex. The ultra-fast Fs-TA technique, combined with the characterizations 

by steady optical absorption and fluorescent spectrum, we demonstrated that 

the physical origin of PL emission of water molecules is originated from the 

topological excitation dominated by many-body quantum delocalization 

mechanics, instead of conventional local excitation mechanics. The energy 

and quantum efficiency of PL emission are extremely sensitive to the confined 

microenvironments dominated by H-bond interactions. The proposed 

conceptual p band model is not only limited to water molecules containing O 

atoms at heterogeneous nanoscale interface, but also plausible to other 



ligands containing other heteroatoms with p orbital contribution, such as O, N, 

C, S, P etc. Most importantly, the proposed IOHS descriptor provides a 

completely new understanding on the micro-kinetic of heterogeneous catalysis 

on the atomic orbital level. 
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Experimental Section 

Chemicals 

All chemical reagents were directly used without any isolation or purification. LTA 

zeolite (Na-LTA, Si/Al=1~2) and Y-type zeolite (Si/Al=2~3) were ordered from Nankai 

University Catalyst Co., Ltd.. AgNO3 Polyacrylic acid (PAA) were ordered from 

Sigma-Aldrich. NaOH, HNO3 and all the other organic solvents were purchased from 

Sinopharm Chemicals Beijing Co. Beijing, China. Ultrapure water with a resistivity of 18.2 

MΩ·cm was used throughout all experiments. 

Synthesis 

Synthesis of Ag loaded zeolite (Ag-LTA) 

The silver loaded zeolite Ag-LTA(Na) was prepared by suspending 1 gram of the 

zeolite material (Na-LTA, Si/Al = 1~2) in 500 mL of a silver nitrate aqueous solution, the 

suspension was then agitated for 2 hours in the dark. The powder was recovered by 

filtration using a Büchner filter and washed several times with milliQ water. Then the 

sample was calcined overnight at 450 °C (5 °C min
-1

) following 2 steps of 15 minutes each 

at 100 and 150 °C to prevent any damage in the zeolite structure during the calcination 

process. After heat treatment the sample was cooled under ambient conditions, allowing 

the sample to reach a fully hydrated state, and stored in the dark for further analysis. 

Synthesis of PAA-Ag NCs: 

The synthesis of luminescent PAA-Ag NCs refers to literature reports.
1
 Typically, The 

PAA (0.4 M, 20 mL) were dissolved in an aqueous solution of 0.5 g sodium hydroxide, 

then the mixture was added into the freshly prepared aqueous solutions of AgNO3 (0.1 M, 

20 mL) under gentle stirring (600 rpm) at room temperature. NaOH or 0.1 M HNO3 

adjusted the pH. After 10 min, the solution was transferred into fluorescence cuvettes, 

followed by the UV irradiation (photoreduction) at λ=365 nm (Shanghai Jihui Scientific 

Analyze Instrument Co., China, ZF-20D, 24W) at various time intervals. The silver 

nanoclusters have good stability at low temperature and were stored at 4 °C. 

Characterization 



Absorption (or extinction) spectra were collected with a two-beam UV-Vis 

spectrometer (PERSEE TU-1901, China). DRIFTS measurement: Catalyst samples were 

packed into a Harrick Praying Mantis high temperature reaction chamber (ZnSe windows) 

mounted inside of a Thermo Scientific Praying Mantis diffuse reflectance adapter, set 

inside of a Thermo Scientific Nicolet iS10 FT-IR spectrometer. N2 were flowed to the 

reaction chamber using Teledyne mass flow controllers. Thermogravimetric analysis (TGA) 

was conducted on a NETZSCH STA449F3 analyzer under air atmosphere (flow rate of 50 

mL·min−1). The X-ray diffraction (XRD) patterns were required using a Rigaku Ultima 

Discover X-Ray Diffractometer at a wavelength of Cu Kα (1.5405 Å). The SEM images 

were taken using Hitachi S-4800 microscope. HR-TEM images of NCs were collected with 

a JEOL JEM 2010 microscope operating at 200 kV. Fluorescence was measured by using 

a FluorMax-4 fluorimeter (Horiba, Japan). Fluorescence lifetime was measured with a 

homebuilt time-correlated single photon counting (TCSPC) system with a time resolution 

of sub-100 ps. Phosphorescence lifetime was excited with a μF2 lamp and measured with 

FLS 980 spectrofluorimeter (Edinburgh Instruments). The transient absorption (TA) 

measurements were conducted in a femtosecond transient absorption spectrometer 

(Helios Fire, Ultrafast System) with pump probe beams generated with a Ti:sapphire laser 

system (Astrella, 800 nm, 100 fs, 7 mJ/pulse, and 1 kHz repetition rate, Coherent Inc.). A 

fraction of the fundamental beam was focused into the sapphire to generate a white light 

continuum probe beam from 420 to 800 nm. Another fraction of the fundamental beam 

was used to produce pump beams via an optical parametric amplifier (OPerA Solo, 

Coherent Inc.), and the power was adjusted to ∼0.3 mW by a neutral-density filter wheel. 

All experiments were carried out at room temperature. 2 mm cuvettes were used for all 

spectroscopy measurements. 



 

Figure S1. XRD patterns of 4A zeolite and Ag@LTA-450 oC. 

 

Figure S2. Excitation spectra of Ag@LTA-450 oC solution at different pH 

condition.  



 

Figure S3. FTIR spectra (a) and UV-Vis absorption spectra (b) of hydrated 

Ag@LTA-450 oC under hydrated and dehydrated state. 

Table S1. XPS peak parameters for the O (Fig. 1g) and Ag (Fig. 1h) states of 

Ag@LTA-450 oC. 

Atom Item binding energy content 

O1S 

Ag+-OH- 530.6 eV 16.4% 

Ag+-H2O 531.7 eV 17.8% 

Si-O-Si 532.8 eV 65.8% 

Ag3d 
Ag+ 368.3 eV 56.5% 

Ag0 370.1 eV 43.5% 

Table S2. Lifetime parameters of Ag@LTA-450 oC in water and DMSO 

solution. The steady state optical characterizations are presented in Figure 2, 

b and e. 

Item α1 α2 α2 τ1  τ2  τ3 χ
2
 

Average 

lifetime 

In water 33.4% 40.8% 25.8% 0.4ns 1.9ns 4.2ns 1.10 3.0ns 

In DMSO 78.0% 22.0% --- 155.6μs 350.7μs --- 0.99 231.1μs 

 

 



 

Figure S4. In situ DRIFTS of NH4
+@LTA-500 oC during a programmed heating 

and cooling process. 

Table S3. Lifetime parameters of NH4
+-Y-type zeolite at room temperature (RT) 

and liquid nitrogen temperature (LNT). The steady state optical 

characterizations are presented in Figure 3e. 

Item α1 α2 τ1  τ2  χ
2
 

Average 

lifetime 

In RT 97.4% 2.6% 1.58ns 5.29ns 1.10 3.0ns 

In LNT 78.0% 22.0% 0.10s 0.94s 0.99 0.7s 



 

Figure S5. (a) UV−vis absorption of the freshly prepared PAA-Ag NCs at 

various radiation times. Corresponding PL spectra excited at 380 nm (c) and 

490 nm (d). Inset images show the corresponding photographs of PAA-Ag NCs 

under room and UV light exposure at λ = 365 nm. (b) TEM image of freshly 

prepared PAA-Ag NC. 

Table S4. Lifetime parameters of PAA-Ag NCs in water and DMSO solution. 

The steady state optical characterizations are presented in Figure 4, a and b. 

Item Em α1 α2 α3 τ1  τ2  τ3 χ
2
 

Average 

lifetime 

In water 
610nm 5.2% 24.3% 70.5% 3.0ns 1.0 ns 0.1 ns 1.08 1.5ns 

460nm 1.1% 21.8% 77.2% 3.6ns 0.7 ns 0.2 ns 1.10 0.9ns 

In DMSO 530nm 41.2% 58.8% --- 
115.1

μs 
32.8μs --- 0.98 91.3μs 



 

Figure S6. (a) Two-dimensional transient absorption spectra at selected time 

delays for PAA-Ag NCs in water solution. (b) Species-associated spectra 

obtained from global fitting on the TA data. 

 

Figure S7. (a) Two-dimensional transient absorption spectra at selected time 

delays for PAA-Ag NCs in DMSO solution. (b) Selected decay traces and 

corresponding fitting, the fitting results are summarized in Table S4. 

 

 

 

 

 

 

 

 

 



Table S5. Time constants of PAA-Ag NCs in water and DMSO solutions obtained using 

two components fitting. The fitting parameters was little different with global fitting results, 

since the global fitting need to take all wavelength-decay into consideration.  

Item probe A1 τ1 (ps) A2 τ2(ps) offset 

In water 

443nm -0.008 0.6 0.001 350 0 

520nm 0.005 0.7 0.002 14.5 -0.0004 

590nm -0.002 3.0 0.003 10.3 -0.0005 

680nm -0.002 13.7 --- --- --- 

In DMSO 

450nm -0.003 0.7 0.0025 
18 

0.0004 

550nm 0.0043 3.1 0.0024 115.6 0.0008 

600nm 0.0051 2.6 0.0026 137.6 0.0009 

650nm 0.0048 2.6 0.0023 150.6 0.0012 
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