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 27 

ABSTRACT 28 

 29 

Electron transfer (ET) processes are of fundamental importance in many photochemical processes of 30 

biological and chemical systems. Here, semiconductors nanoparticles of ZnS (as electron relay) and trans-31 

stilbene molecules (t-St) (as electron donor), both confined within the porous volume of mordenite (MOR), 32 

are combined to mimic photosynthetic process. ZnS nanoparticles were synthesized by cationic exchange 33 

between the counterion of the zeolite and ZnS precursors in solution. The characterization of ZnS/Na-MOR 34 

composite was performed by powder X-Ray Diffraction (XRD), diffuse reflectance UV-Vis spectroscopy, 35 

X-Ray Photoelectron Spectroscopy (XPS), and Transmission Electron Microscopy (TEM) coupled with 36 

Energy Dispersive X-Ray Spectroscopy (EDS). These complementary techniques highlight the successful 37 

formation of ZnS nanoparticles at the surface of Na-MOR. The electron transfer mechanisms taking place 38 

after the incorporation and photoionization of t-St molecules was evaluated using diffuse reflectance UV-39 

Vis spectroscopy. The results show the formation of long-lived t-St
●+

@ZnS/Na-MOR
●-

 charge separate 40 

states (lifetime = 18 min; k = 0.0553 min
-1

) whose stability is linked to the nature of the new charge 41 

compensating cation, and to the close proximity of the ZnS nanoparticles, which are probably located within 42 

the zeolite framework. Indeed, the augmentation of the transient species lifetime was attributed to an 43 

electron transfer from the t-St molecule towards the ZnS conduction band. 44 

 45 

KEYWORDS: Mordenite; ZnS; Semiconductor; trans-stilbene; adsorption; electron transfer; charge 46 

separate state; Spectroscopy.  47 

  48 
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1. INTRODUCTION 49 

The ability to induce and temporarily maintain charge separate states (CSS) is essential for the functioning 50 

of natural and artificial light energy harvesting systems. Zeolites as host porous materials for photochromic 51 

guest molecules have been reported to generate long-lived charge separate state.
1–4

 The charge separate 52 

states formed can be generated experimentally by photolysis, radiolysis, or spontaneously simply by the 53 

contact between the molecules with the zeolites. Together with the reduced mobility of the trapped 54 

molecules, parameters such as the nature of the charge compensating cations, the pore size diameter of the 55 

host and the aluminium content in the zeolite framework can limit the radical recombination.
5,6

 Even if the 56 

formation of separate charge states with good efficiency and a long lifetime is an important advance, a 57 

crucial step for the system to be applicable lies in the possibility of capturing the electrons after their initial 58 

ejection and their trapping in the inorganic network. However, a particular problem then arises since zeolites 59 

are aluminosilicate materials, a well-known insulator. A promising solution could be to transfer the 60 

generated electrons to the conduction band of a conductive material placed near the chromophore. 61 

Titanium oxide (TiO2), a typical n-type semiconductor, has been previously deposited as nanocluster on the 62 

surface of mordenite (MOR) zeolite in order to investigate the transfer of electrons, produced by 63 

spontaneous or photo-induced ionization of a guest molecule (trans-stilbene, t-St) occluded in the pores, 64 

towards the conduction band of the semi-conductors.
7
 Strongly stabilized t-St

+
 radicals were detected in the 65 

TiO2-MOR samples whereas such species were never detected in pristine mordenite. It was proposed that 66 

the proximity of TiO2 with the formed t-St
+
 radicals induces the stabilization of the radical through capture 67 

of the ejected electron by the semi-conductor. Nevertheless, titanium was found to be mainly located at the 68 

external surface of the zeolite grains, in the form of highly dispersed and/or aggregated anatase and could 69 

result to a non-optimal configuration for an efficient charge transfer process.  70 

ZnS is a well-known semiconductor material that finds applications in several fields such as sensitizers, 71 

photovoltaic solar cells, flat screen technologies, or photocatalysis.
8
 Several studies have evaluated the 72 

capacity of ZnS to form clusters with dimensions comparable to the exciton Bohr radius, also known as 73 

quantum dots.
9,10

 Therefore, in order to tailor the size and morphology of the nanoclusters and, 74 

consequently, their optical and electronic properties, the “ship in a bottle” synthesis of clusters in micro or 75 
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mesoporous host has been developed.
11–14

 In this case, the channel diameter limits the clusters’ size and 76 

geometry in 1, 2 or 3 dimensions. In addition to non-linear optical applications, the quantum size effect can 77 

be used to carry out electron-transfer processes that are usually inaccessible to the bulk semiconductor 
15

.  78 

In this work, we propose a new route to accommodate ZnS nanoparticles in the channels of mordenite-type 79 

zeolite. ZnS nanoparticles were synthesized within mordenite-type zeolite starting from Na2S and ZnCl2 80 

precursors. The ionic exchange process between the charge compensating cations of the zeolite and the ZnS 81 

precursors is expected to favour the formation of intra-zeolitic ZnS clusters. The t-St guest molecule was 82 

absorbed within the host ZnS/Na-MOR composite. The guest molecule was chosen for its relatively low 83 

ionization energy in gas phase (7.65 eV) and the host for its unique structure that represents a good 84 

compromise between ionization yield, transient species lifetimes, and intermediary pore diameters. The 85 

electron transfer mechanisms taking place after the incorporation and photoionization of t-St molecules 86 

within ZnS/Na-MOR composite was evaluated using diffuse reflectance UV-vis spectroscopy. 87 

 88 

2. MATERIALS AND METHODS 89 

 90 

Syntheses: The formation of the ZnS nanoclusters to be incorporated into the MOR was achieved through an 91 

ion exchange between the counterbalancing cation of the zeolite and the ZnS precursor. First, ZnCl2 (Alfa 92 

Cesar, anhydrous 98%, 0.12 mol, 16.36 g) was previously degassed under argon for three hours. Then, the 93 

powder was added into a 120 mL aqueous suspension containing NH4–MOR (Zeolyst International, 8 g). 94 

The mixture was kept under magnetic stirring under argon atmosphere for 24 h at room temperature to allow 95 

the ion exchange. Later, the product was collected by filtration, washed with deionized water, and dried 96 

overnight at 323 K. The procedure was repeated at least three times to get an optimum cation exchange. 97 

Afterward, 80 mL of Na2S (Sigma Aldrich) was added into the final solution containing the exchanged 98 

zeolite to induce the formation of ZnS. Finally, the sample denoted ZnS/Na-MOR was recovered by 99 

filtration and calcined at 723 K for 12 h under argon. At the end of these exchanges, the extra-framework 100 
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NH4
+
 charge balancing cations are assumed to be completely replaced by sodium ions. Pristine ZnS (99.99 101 

%) was obtained from Sigma Aldrich and use for comparative purposes.  102 

 103 

Trans-stilbene sorption: 1.0 g of calcinated ZnS/Na-MOR sample was mixed under argon with 25 mg of t-104 

St, which corresponds to one t-St molecule per unit cell of MOR (2.5 wt.%). The powders were transferred 105 

under dry argon into a quartz glass Suprasil cell and kept at room temperature until complete sorption. 106 

 107 

X-ray diffraction: powder X-ray Diffraction (PXRD) patterns of the different compounds were registered at 108 

room temperature (RT) using a Bruker D8 Advance A25 diffractometer with Bragg-Brentano geometry (θ-109 

2θ mode) equipped with a LynxEye detector with CuKα radiation. The 2θ scans were performed in the 5-50° 110 

range, with a step size of 0.02° and a speed of 0.6°/min. 111 

 112 

Transmission electronic microscopy: The ZnS particle morphologies and dispersions information were 113 

evaluated by TEM, combined with energy dispersive X-ray spectroscopy (EDS) and high-resolution 114 

transmission electron microscopy (HRTEM) analysis. The images were obtained using a JEOL JEM 2011 115 

instrument operated with an acceleration voltage of 200 kV. Zeolites samples were prepared on Leica’s 116 

microtome to obtain thin sections of 70 nm. 117 

 118 

Infrared spectroscopy: FTIR was performed on a Nicolet Magna 860 apparatus equipped with a liquid-119 

nitrogen-cooled MCT detector (Mid-IR) with the suitable beam splitter. The spectra were recorded with a 2 120 

cm
-1

 resolution using 1024 scans. 121 

 122 

Diffuse reflectance UV-vis spectroscopy: The UV−vis experiments were carried out on a Varian Cary 6000i 123 

spectrometer using an external integrating sphere (DRA-1800) to study the powder samples through diffuse 124 

reflectance. The spectra were recorded in the 200−900 nm spectral range with a resolution of 1 nm. The 125 

diffuse reflectance spectra were plotted using the Kubelka−Munk function. 126 

 127 
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Band gap evaluation: The apparent band gap energy (Eg) of the materials was evaluated using the data 128 

obtained by diffuse reflectance UV-vis spectroscopy. Eg was assessed by plotting the so-called Kubelka-129 

Munk function [(F(R)h)
n
] against the photon energy (h), where h is the Planck constant (4.14×10

-15
 eV.s), 130 

and   is the photon frequency (Hz). The index n is a function of the electron transition observed in the 131 

examined material – e.g., indirect allowed transition (n = 1/2), direct allowed transition (n = 2), indirect 132 

forbidden transition (n = 3), or direct forbidden transition (n = 2/3). F(R) was calculated by Equation (1), 133 

where R is the reflectance (%) assessed by UV-vis spectroscopy. 134 

 135 

     
      

  
                                                                                   

 136 

X-ray photoelectron spectroscopy: XPS analyses were performed using a Kratos Analytical AXIS 137 

UltraDLD spectrometer. A monochromatized aluminium source (Al Kα = 1486.6 eV) with an X-ray beam 138 

diameter around 1 mm used for excitation. The analyser was operated in constant pass energy of 40 eV 139 

using an analysis area of approximately 700 μm x 300 μm. Charge compensation was applied to overcome 140 

the charging effect occurring during the analysis. The C 1s (285.0 eV) binding energy (BE) was used as 141 

internal reference. The spectrometer BE scale was initially calibrated against the Ag 3d5/2 (368.2 eV) level. 142 

Pressure was in the 10
-10

 Torr range during the experiments. Quantification and simulation of the 143 

experimental peaks were carried out using the CasaXPS software. Quantification considered a non-linear 144 

Shirley background subtraction. 145 

 146 

Photoexcitation: The excitation pulses at 300 nm (7 to 8 ns, 10 mJ) were applied using a 20 Hz Panther EX 147 

OPO tuneable laser (Continuum, GSI group). 148 

 149 

3. RESULTS AND DISCUSSION 150 

 151 

3.1 CHARACTERIZATION OF THE PRISTINE MATERIALS 152 
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 153 

Powder XRD was conducted for evaluating the incorporation of ZnS into the MOR, as well as the stability 154 

of the zeolite structure after the cation exchange and calcination (Figure 1). The patterns of the ZnS/Na-155 

MOR material is similar to that of the raw zeolite, indicating that the NH4-MOR did not undergo any 156 

amorphization or significant structural transformation. Moreover, after the cation exchange procedure, two 157 

additional diffraction peaks were detected at 28.52 and 47.96 º. These signals are ascribed to the presence of 158 

ZnS and can be related either to the plans (002) and (110) of its hexagonal phase (wurtzite), or to the (111) 159 

and (220) of its cubic phase (sphalerite).
16,17

 However, due to the absence of the two main peaks of wurtzite 160 

in the samples’ XRD pattern, it is possible to infer that sphalerite phase was formed in this case. Moreover, 161 

from the widening of the diffraction peaks that is usually characteristic of nanocrystals, ZnS was found to 162 

crystalize as nanoparticles of around 3 nm, as determined from the Scherrer equation.
18–20

 It is worth 163 

mentioning that this value works as an approximation in which the crystallites have a normal particle size 164 

distribution centred around 3 nm.
21,22

   165 

 166 

Figure 1: Powder XRD of NH4–MOR (black), ZnS/Na-MOR (red) and simulated pattern of sphalerite (blue) and wurtzite (cyan) 167 
phases of ZnS. The (*) indicates the two peaks related to ZnS at 28.52 and 47.96°. λCuKα = 1.5406 Å. 168 

 169 
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To verify the size and morphology of the ZnS nanoparticles as well as their distribution and chemical 170 

composition in ZnS/Na-MOR, TEM images were obtained together with HRTEM and EDS analysis (Figure 171 

2). Ultramicrotomy cross-section images of ZnS/Na-MOR show ZnS nanoclusters formed at the surface of 172 

the zeolite in the form of aggregate as confirmed by EDS chemical analysis (Figure 2a inset). The high-173 

resolution microphotography of ZnS clusters shows particles of diameter around 3.0 nm (Figure 2b), in 174 

accord with the value obtained using the Scherrer formula on the ZnS/Na-MOR XRD diffractogram. The 175 

particle size observed is larger than the main pore channels of the mordenite (6.5 Å) that indicate a partial 176 

migration and aggregation of ZnS from the zeolite channels to the crystallite surface.  In addition, the 177 

ordered contrast pattern that can be observed in the ZnS nanoparticles is clearly visible in the fast Fourier 178 

transform of the image (Figure 2b inset). The SAED provides three circular spots centred at 3.05, 1.9 and 179 

1.7 Å, which are related to the (111), (220), and (311) reticular planes characteristic of ZnS sphalerite 180 

phase.
23,24

 181 
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 182 

Figure 2: (a) TEM images of ZnS/Na-MOR showing aglomerates of ZnS nanoparticles. Inset: EDS spectrum of the white circle 183 
region. (b) HRTEM micrograph of ZnS/Na-MOR showing ZnS nanoparticles of about 3.0 nm. Inset: fast-Fourier transform of the 184 
particles (circled zones). 185 

 186 

Diffuse reflectance UV-Vis spectroscopy was conducted to evaluate the electronic properties of ZnS 187 

nanoparticles within the MOR framework compared to bulk ZnS and pristine MOR (Figure 3a). The bulk 188 

ZnS semiconductor exhibited a broad absorption band with a maximum of absorption (max) around 326 nm, 189 

20 nm

2 nm

(a)

(b)
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which is characteristic of the exciton (electron-hole) transition in the sphalerite phase of ZnS.
25

 On the other 190 

hand, the spectrum of the NH4-MOR exhibits a main absorption band centred around 275 nm which is 191 

ascribed to charge-transfer complexes between the metal cations and the oxygen/nitrogen atoms of the 192 

zeolite.
26,27

 On the other hand, the spectrum of the ZnS/Na-MOR composite shows a blueshift regarding its 193 

absorption band edge when compared to those of both bulk ZnS and NH4-MOR compounds. This feature is 194 

tentatively attributed to a quantum size effect and is ascribed to a decrease in the ZnS particle size, as 195 

observed for several semiconductors.
28–30

 196 

 197 

Figure 3: a) Diffuse reflectance UV-Vis spectra (Kubelka-Munk units) of NH4-MOR (black), bulk ZnS (red), and ZnS/Na-MOR 198 
(blue). b) Tauc plot of the Kubelka-Munk function considering that NH4-MOR (black), bulk ZnS (red), and ZnS/Na-MOR (blue) 199 
exhibit direct band gaps. 200 
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 201 

For evaluating the band gap energies of the compounds obtained here, the Tauc plot was applied considering 202 

the Kubelka-Munk UV-Vis data (Figure 3b). 
31–33

 D’Amico et al. used simulations of the electronic structure 203 

of the two ZnS crystalline phases to demonstrate that both of them exhibit direct band gaps of 3.25 eV.
34

 204 

Here, the experimental value obtained was 3.58 eV, which is close to the reported value for the sphalerite 205 

phase (3.6 eV) 
35

 but lower than the ZnS wurtzite phase (3.8 eV) 
36

 thus confirming that the sphalerite phase 206 

was obtained in ZnS/Na-MOR.  207 

 208 

The Kubelka-Munk spectra of both NH4-MOR and ZnS/Na-MOR exhibit a proper linear region when 209 

plotting [F(R)h]
n
 against h for n = 2 – however, this linear region is poorly resolved when n = ½. 210 

Therefore, the pristine zeolite and the ZnS/Na-MOR composite were also considered to present a direct band 211 

gap with energies of 3.39 and 3.69 eV, respectively. The increase of the band gap energy observed after the 212 

introduction of ZnS nanoparticles within the zeolite is again ascribed to the quantum size effect that 213 

produces a blueshift on the band edge of the bulk ZnS in the UV-vis spectra.
28–30

 214 

 215 

To confirm the presence of ZnS nanoparticles, XPS was applied to the ZnS/Na-MOR composite. The main 216 

signals observed for this sample and the corresponding atomic ratios are reported in Table 1. Although XPS 217 

is considered as a surface analysis technique, the photoelectrons have mean free path around 5 nm in 218 

silica/aluminium environment which allows probing the three first channels of zeolite.
37,38

 Therefore, the 219 

results are supposed, in a first approximation, to be representative of the overall zeolite. 220 

 221 

Table 1: XPS data obtained after cationic exchange for the ZnS/Na-MOR samples 222 

Elements 
Binding energy / 

eV 
Atoms / unit cell 

C 1s 285.0 10.8 

O 1s 532.5 77.0 

Na 1s 1072.9 7.5 

Si 2p 103.0 32.8 
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Al 2p 74.6 2.5 

Zn 2p
3/2

 1021.8 4.2 

S 2s 226.3 3.7 

Zn/S  1.11 

Na/Al  1.14 

Si/Al  13.16  

 223 

The presence of Na 1s (Figure 4a) signal indicates that the cation exchange process successfully replaced the 224 

initial NH4
+
 cations of the zeolite by Na

+
 because no traces of nitrogen at about 400 eV were detected in the 225 

XPS survey spectrum, and sodium elements appear to be in stoichiometric proportion with aluminium 226 

(Na/Al ~ 1) as shown in Table 1. In addition, the calcination step under argon of the sample after cationic 227 

exchange was reproduced in-situ and followed by FTIR experiments, in which no sign of acidic Brønsted 228 

sites at 3650 cm
-1

, arising from the transformation of NH4
+
 into NH3 (g) + H

+
 upon heating, were observed 229 

in the spectrum.  Indeed, Na
+
 is required into the framework to provide charge neutrality to the negative 230 

charge excess caused by the substitution of Si
4+

 by Al
3+

 cations. Moreover, the Zn 2p3/2 (Figure 4b) and S 2s 231 

(Figure 4c) observed respectively at 1022 and 226 eV are similar to those ones found in the literature for 232 

ZnS sphalerite phase. 
39–41

 This feature, in addition to the Zn/S ~ 1 ratio, indicates that ZnS nanoclusters 233 

were formed (Table 1).  234 
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 235 

Figure 4: XPS spectra obtained after cationic exchange for the ZnS/Na-MOR sample. (a) XPS signal for Na 1s; (b) XPS signal for 236 
Zn 2p3/2

 
; (c) XPS signal for S 2s
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 238 

 239 

3.2 TRANS-STILBENE ADSORPTION AND PHOTOIONIZATION 240 

Trans-stilbene (t-St), a probe molecule with electron-donor character, was adsorbed into the ZnS/Na-MOR 241 

composite in order to evaluate the influence of the ZnS nanoparticles upon the charge transfer complexes 242 

formed between the Na-MOR and the guest molecules. The incorporation of t-St into ZnS/Na-MOR was 243 

confirmed by diffuse reflectance UV-Vis spectroscopy (Figure 5a) as shown by the presence of the 244 

characteristic absorption band of t-St (at max = 300 nm) in the spectrum recorded one month after contact 245 

between the zeolite and the t-St powder. This signal corresponds to t-St adsorbed in the porous volume of 246 

mordenite zeolite according to Equation (2).  247 

t-St + ZnS/Na-MOR → t-St@ZnS/Na-MOR             (2) 248 

It is interesting to note that no spontaneous ionization process was observed after mixing. This feature 249 

confirms the efficiency of the elimination of NH4
+ 

by cation exchange and the absence of Brønsted acid sites 250 

that would be created upon NH4
+
-MOR calcination and acidic H-MOR formation through NH3 elimination. 251 

Indeed, the mere mixing of t-St and H-MOR is known to induce spontaneously the formation of radical 252 

cation in high amount and its fast subsequent recombination to a charge transfer complex associated with an 253 

electron/hole pair. 
42

  254 
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 255 

 256 

Figure 5: Kubelka-Munk UV−Vis spectrum of (a) t-St@ZnS/Na-MOR recorded one month after adsorption before 257 
photoexcitation and (b) as a function of time after laser photoirradiation (ex = 300 nm). 258 

 259 

Thus, the present data are in total agreement with what was observed after incorporating t-St in Na-MOR 260 

frameworks where spontaneous ionization of t-St was never observed. 
6,43

 In such case, the guest ionization 261 

took place only after photo irradiation. 
6
 Consequently, by analogy with these previous data, the t-262 

St@ZnS/Na-MOR white sample was irradiated using the 300 nm exciting line of a Panther EX OPO pulsed 263 

laser as this wavelength falls within the contour of the electronic transition of occluded t-St (Figure 3a). 264 

After photoexcitation, the sample evolution was followed using conventional diffuse reflectance UV-vis 265 

spectroscopy which showed the appearance of two new bands at 477 and 711 nm (Figure 5b). These bands 266 

whose intensities decrease with time are characteristic of the t-St
●+

 cation radical formation and correspond 267 

to transitions D2 ← D0 (477 nm) and D1 ← D0 (711 nm).
44

 The reaction associated to this process is 268 

described in Equation (3). 269 

t-St@ZnS/Na-MOR → t-St
●+

@ZnS/Na-MOR
●-

    (3) 270 

 271 

The spectra of t-St
●+

@ZnS/Na-MOR
●-

 right after photoirradiation are similar to those obtained during the 272 

photolysis of t-St in solution, where the lifetime of the radical cation species is in the order of 50 ps.
45

 273 
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Moreover, two additional weak absorption bands were observed at about 555 and 615 nm and are attributed 274 

to the charge-transfer complex (CTC) between the t-St
●+

 cations and the negatively charged ZnS/Na-MOR
●-

 275 

framework, according to Equation (4). 
42

 276 

t-St
●+

@ZnS/Na-MOR
●- → t-St@ZnS/Na-MOR

●+●-
    (4) 277 

 278 

The guest molecule involvement in the charge transfer is highlighted through the observation of a band 279 

structure corresponding to vibronic transitions, as the distances between the maxima are close to 1650-1700 280 

cm
-1

 – approximately the vibrational frequency of the double C=C bond. Indeed, the mechanism of 281 

formation of this moiety depends on the oxidizing power of the radical and on the intra-zeolite confinement, 282 

as already discussed elsewhere.
6,46,47

 The intensities of the bands associated to these charge separate states 283 

(t-St
●+

 and CTC) decrease progressively in parallel and disappear after more than 110 min, which 284 

corresponds to the recombination of the species according to Equations (5) and (6). 285 

t-St
●+

@ZnS/Na-MOR
●- → t-St@ZnS/Na-MOR                 (5) 286 

t-St@ZnS/Na-MOR
●+●-

 → t-St@ZnS/Na-MOR           (6) 287 

 288 

This behaviour can be compared to that observed previously upon photoexcitation of t-St incorporated in 289 

Na-MOR.
6
 In this previous study, the photoinduced formation of the t-St

●+
@Na-MOR

●-
 radical cation was 290 

only detected using time resolved diffuse reflectance absorption spectroscopy, with a lifetime of 0.5 s (k = 291 

2.0 s
-1

). 
6
 However, it should be noted that in this earlier study with Na-MOR and in the absence of ZnS, the 292 

hole transfer and the generation of persistent t-St@Na-MOR
●+●-

 moieties reached a lifetime of 2.2 × 10
3
 s 293 

and was successfully observable using conventional diffuse reflectance UV-vis spectroscopy. 294 

To assess the lifetime of the separate charge states formed in ZnS/Na-MOR and to compare with the 295 

lifetimes previously observed after t-St photoionization in Na-MOR without ZnS, the concentration decays 296 

C(t) of the radical cation generated in ZnS/Na-MOR were fitted according to the Albery function, 
48

 which 297 

takes into account the heterogeneity of the material (Figure 6). The lifetime obtained for t-St
●+

 was 18 298 

minutes (k = 0.0553 min
-1

), which is 10
14

 orders higher than the same cation radical in solution,
49

 and about 299 

2 x 10
3 

times longer than the lifetime in pristine Na-MOR,
6
 and the same timescale as t-St@TiO2-MOR.

7
 300 
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Note that the radical cation decay describes two processes that occur simultaneously and in a competitive 301 

way: the charge transfer (Equation 4) and the direct charge recombination (Equation 5). Nevertheless, it is 302 

not possible to distinguish between both mechanisms. 303 

0 20 40 60 80 100 120
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 t-St●+@ZnS/Na-MOR●-
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 304 

Figure 6: Normalized decay profiles of Ct/C0 relative to the spectral intensity of t-St
●+

@ZnS/Na-MOR
●- 

monitored at 476 nm 305 
absorption band after the laser photoirradiation. 306 

 307 

As reported above, the presence of the t-St
●+

 radical cation was detected by conventional UV-visible 308 

spectroscopy in MOR zeolite in the presence of semiconductor nanoparticles.
7
  In pristine zeolite, time 309 

resolved UV-Vis spectroscopy was necessary to observe its formation.
50

 Indeed, the mordenite channel 310 

diameter is normally too large and the confinement effect too weak to stabilize the radical cation for a long 311 

time.
50

 This long lifetime of t-St
●+ 

is rather similar to that observed under high confinement in the narrow 312 

pores of ferrierite (FER), which induces stabilisation of the radical cation by considerably slowing the 313 

kinetics of charge transfer complex (CTC) formation. In the present case, we observe the photoinduced 314 

radical cation is clearly detected using classical UV-vis absorption and is much more stable than in pristine 315 

Na-MOR. Thus, the t-St
●+

 formation and recombination are clearly influenced by the proximity between the 316 

guest molecule and the ZnS nanoparticles. Therefore, it is hypothesised that ZnS is also present within the 317 

pore channels of the zeolite, which facilitates the capture of the photo-ejected electron by the ZnS 318 

conduction band. The stability of the radical also explains why the electron transfer that leads to the charge 319 



18 

 

transfer complex associated with an electron-hole pair (as observed in Na-MOR) is not favoured in the 320 

present case. Nevertheless, it should be noted that the nature of the radical species and the electron transfer 321 

mechanisms obtained here are fully consistent with what has been reported previously for a series of zeolites 322 

with pores of different opening diameters and for which the reaction intermediates were fully characterised 323 

using EPR in addition to UV-vis. 324 

At this point, it is worth discussing the fate of the photo-ejected electron within the zeolite and the process of 325 

electron-hole stabilization. The presence of long-lasting cation radicals and CTCs serves as evidence that 326 

unpaired electrons can be captured in specific sites, effectively delaying recombination. Previous 327 

investigations using pulsed electron paramagnetic resonance (EPR) technique in ZnS-free systems have 328 

revealed a correlation between the unpaired electrons and aluminium atoms in the framework, as well as 329 

charge-balancing cations.
51

 This suggests that electrons are trapped on the oxygen atoms in proximity to 330 

aluminium cations.
52

 Consequently, the observed phenomenon of non-direct recombination and extended 331 

lifetimes may be explained by the occurrence of electron hopping between identical sites within the channels 332 

before eventual recombination. In this context, it is plausible to consider the electron's movement from the 333 

initial ionization site to subsequent sites before reaching ZnS. As a result, the migration of electrons to ZnS 334 

located within the pores or even on the external surface can be envisaged.  335 

 336 

4. CONCLUSIONS 337 

 338 

ZnS semiconductor nanoparticles were successfully introduced within the porous structure of mordenite and 339 

at its surface through a cation exchange process, as demonstrated by the combination of characterisation 340 

techniques. The material exhibits a direct band gap of 3.69 eV, which is higher to that of the pristine zeolite 341 

(3.39 eV) and bulk ZnS (3.58 eV) due to a quantum size confinement effect. Powder XRD, diffuse 342 

reflectance UV-vis spectroscopy, XPS analysis, and HRTEM suggest that cubic ZnS (sphalerite) is the main 343 

phase formed in ZnS/Na-MOR. TEM images revealed ZnS nanoparticles of about 3.0 nm anchored to the 344 

porous structure of the Na-MOR zeolite, this result is in accord with the particle size estimation from the -345 

XRD pattern using the Scherrer equation. Trans-stilbene was successfully adsorbed into the ZnS/Na-MOR 346 
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zeolite, as confirmed by diffuse reflectance UV-Vis spectroscopy. After reaching equilibrium, the 347 

photoexcitation of the t-St@ZnS/Na-MOR sample induced ionization and formation of t-St
●+

 cation radical 348 

which evolved partially to a charge transfer complexes before recombination. The lifetime of the charged 349 

entities evaluated using the Albery model reveals an increase of more than 10
14

 times when comparing to the 350 

photolysis of t-St in solution (18 minutes in ZnS/Na-MOR, against 50 ps in solution, and 0.5 s in Na-MOR). 351 

This is attributed to the proximity between the ZnS semiconductor nanoparticles, also present in the 352 

mordenite channels, and the t-St probe molecule allowing a charge transfer upon photoionization at 300 nm, 353 

as the semiconductor quickly traps the ejected electron and reduces the recombination of the charge carriers. 354 

This work provides a direct route for incorporating ZnS semiconductor nanoparticles within the porous 355 

structure of mordenite zeolites. The formed composite exhibits improved separation of the charge carriers, 356 

reduced recombination, and therefore, allows a more efficient stabilization of charge separated states, which 357 

can be interesting for several applications such as photocatalysis, for example. 358 

 359 
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