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Abstract


A promising route for removing antibiotics such as penicillin from wastewater is photocatalytic degradation under UV irradiation using TiO2 nanoparticles. However, the microscopic mechanisms governing the initial degradation steps remain poorly understood. In particular, it is still unclear whether degradation preferentially occurs in solution or upon adsorption on the oxide surface, and which molecular sites are most vulnerable to attack in solution compared to those activated on the catalyst. In this work, we introduce a unified density functional theory approach that treats penicillin V (phenoxymethylpenicillin) consistently, both isolated in solution and adsorbed on an anatase TiO2 nanocluster, enabling a direct comparison between solution-phase and surface-mediated degradation pathways. Within this framework, we analyze the adsorption configurations, energy-level alignment, charge-transfer pathways, UV-Vis absorption properties, local reactivity descriptors, and the initial steps leading to bond breaking. The results show that the direct photoexcitation of PenV followed by electron transfer to the oxide is less likely, due to the high energy of the pollutant’s excited states. In contrast, degradation initiated by the transfer of photogenerated holes from the catalyst to the adsorbed antibiotic appears more probable, driven by the smaller energetic offset and by the hybridization between molecular and oxide states. Overall, adsorption on the oxide surface appears to be more conducive to degradation, with the carbon atom in the β-lactam ring consistently identified as a susceptible site for attack across different environments.
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1. Introduction


Urban wastewater was found to be the dominant emission pathway for pharmaceuticals at a global level, whereas emissions from industrial production, hospitals, agriculture, and aquaculture were found to be more significant locally [1,2]. Ecological disorders due to the appearance of antibiotics in water resources have led to an increased interest in their removal [3,4]. Being an extensively used antibiotic [5,6], penicillin is a common pollutant in wastewater [7]. To remove penicillin from wastewater, researchers use different methods, of which advanced oxidation techniques are among the preferred ones, due to the operational difficulties and high cost of conventional approaches [8].



Advanced oxidation processes involve the release of reactive oxygen species, such as hydroxyl radicals, which have a high redox potential and the ability to attack contaminants via electron transfer or hydrogen abstraction. The goal is to mineralize contaminants into harmless byproducts by breaking down complex pollutants into simpler, less toxic substances or making them biodegradable [9]. The advanced oxidation processes are very diverse and can be classified into homogeneous and heterogeneous, distinguishing between those that operate without an external input of energy and those that need radiant, ultrasonic, or electrical energy [10,11]. Among these techniques, the photocatalytic degradation of pollutants is based on the chemical reaction induced by the absorption of photons by a solid material, the photocatalyst [12].



Titanium dioxide is, probably, the most widely used and studied photocatalyst in advanced oxidation processes [13], primarily due to its favorable combination of non-toxicity and environmental friendliness, high chemical and optical stability, strong oxidizing ability, efficiency in mineralization, versatility in use, cost-effectiveness, and availability [14,15,16,17,18]. Photocatalytic degradation with TiO2 is most often interpreted in terms of direct semiconductor excitation, whereby UV absorption by the oxide generates electron–hole pairs that produce reactive oxygen species (ROS, such as •OH, •O2−, etc.), responsible for pollutant oxidation [19,20,21,22]. However, increasing experimental evidence indicates that, for strongly adsorbed molecules, alternative pathways involving pollutant photoexcitation and interfacial electron transfer to TiO2 may also contribute to the overall degradation process [20,23,24,25].



The role of energy level alignment in the photocatalytic degradation of organic pollutants (antibiotics included) on TiO2 nanoparticles has been recognized from the early studies [20,26,27] and revisited and confirmed over the years [28,29,30,31,32], with some caveats related to pH level, surface-induced dipoles, etc. [33]. The analysis has been focused on the requirement that the valence band position of the oxide is sufficiently positive to enable oxidation either directly via photogenerated holes or indirectly through the formation of hydroxyl radicals, while the conduction band is marginally negative enough to allow for oxygen reduction to superoxide. The relevance of the pollutant’s ground and excited electronic states remains debated; a general understanding is still needed, notwithstanding the large number of studies [25,29,30].



Despite the tremendous progress in the study of the photodegradation of antibiotics, there are still some unresolved issues, particularly regarding that of penicillin on nanocrystalline TiO2. Although recent studies have demonstrated that anatase TiO2 P25 nanoparticles can achieve degradation efficiencies exceeding 90% for penicillin G under UV irradiation, most experimental investigations focus on optimizing operational parameters such as pH, catalyst loading, and irradiation time [34,35]. Consequently, while a general phenomenological understanding of the photodegradation process exists, the site-specific molecular attack by reactive species and the corresponding elementary steps remain insufficiently explored at the theoretical level.



Even within the prevailing interpretation that the direct UV excitation of TiO2 is followed by ROS generation [14,36], fundamental questions remain regarding whether the initial attack on the antibiotic occurs at the surface or within the interfacial water layer [37]. In parallel, the increasingly discussed alternative route, invoking light absorption in the complex oxide-pollutant system and subsequent electron injection into TiO2, requires clarification in terms of adsorption geometries, electronic coupling, charge-transfer efficiency, and the identification of the most vulnerable molecular sites [38].



Therefore, the fundamental question is whether the observed activity under broadband irradiation is governed primarily by intrinsic TiO2 excitation or includes a significant adsorbate-mediated charge-transfer contribution. Furthermore, for the two mechanisms, it is of interest to more rigorously identify the molecular sites most susceptible to initial degradation [39]. In particular, it remains unclear whether degradation initiates through the early opening of the β-lactam ring or via preferential attack on atoms of the backbone, and how the electronic structure of the thiazolidine and β-lactam moieties governs their relative reactivity [40]. Other questions requiring more careful theoretical investigation regard the binding configuration of the pollutant on the oxide [41,42,43], whether a deprotonation takes place during adsorption and whether it has an impact on reactivity, whether the primary attack is driven by hole h+ oxidation or •OH attack [36,44,45,46], etc.



Under these circumstances, there is a clear need for computational studies to disentangle light adsorption, interfacial charge transfer, and radical-driven bond-breaking processes [47] that cannot be resolved unambiguously from experiments alone. Here, we address these issues using density functional theory (DFT) calculations [48,49], which have been proven to provide atomistic insight into adsorption geometries, electronic structure modifications, energy level alignment, and charge-transfer energetics at the TiO2-penicillin interface [24,50,51,52].



Building upon our previous studies on the photocatalytic degradation of colorless aromatic pollutants [53] and antibiotics [54], we report density functional theory calculations aimed at elucidating the processes governing the photocatalytic degradation of penicillin V (phenoxymethylpenicillin, PenV) on anatase TiO2 nanoclusters. In particular, we investigate whether degradation preferentially occurs in solution or upon adsorption on the oxide surface and identify the molecular sites most vulnerable to attack in each case. The novelty of the present approach lies in the combined DFT treatment of penicillin, both free in aqueous solution and adsorbed on a TiO2 nanocluster. Within this framework, we analyze adsorption configurations, energy-level alignment, charge-transfer pathways, UV-Vis absorption properties, local reactivity through condensed Fukui functions, and the initial reaction pathways leading to bond breaking.



The present DFT investigation provides a unified mechanistic picture of the photocatalytic degradation of penicillin V by explicitly comparing solution-phase and surface-mediated pathways within a consistent theoretical framework, using the same descriptors and conceptual tools for isolated PenV in solution, neutral PenV adsorbed on TiO2, and oxidized PenV adsorbed on TiO2. Throughout this work, mechanistic conclusions are drawn from the convergence of multiple electronic, structural, spectroscopic, and reactivity descriptors evaluated within the same theoretical framework, rather than from any single energetic or kinetic criterion.




2. Results


This section is divided into five parts. The first subsection describes the optimized geometry and optical properties of penicillin V (PenV), the second focuses on the titania nanocluster, whereas the third focuses on the structure and properties of the antibiotic binding to the cluster. The last two subsections report DFT calculations exploring two photocatalytic degradation mechanisms for PenV, one in solution, the other adsorbed on the catalyst.



2.1. Optimized Geometry and Electronic Structure of Penicillin V


Despite the widespread environmental relevance of penicillin V and the interest in its structure, conformational stability, and vibrational properties [55,56], a DFT study to address both its reactivity [57] and its photocatalytic degradation is still needed. The first step in the investigation of the photocatalytic degradation of PenV is the characterization of its optimized molecular geometry and electronic structure in the isolated state. To establish a reference framework for interpreting the subsequent results on adsorption onto TiO2 nanoclusters and photocatalytic degradation pathways in solution and at the catalyst surface, we optimized the geometry of PenV in its neutral form, as well as in a deprotonated (carboxylate) state (Figure 1 and Table 1).



The DFT-optimized geometry of PenV exhibits a compact molecular shape with a clear distinction between structurally rigid and flexible regions. The structural parameters indicate, in agreement with previous reports [55,56], that the two fused rings—the four-membered β-lactam and the five-membered thiazolidine—together form a relatively rigid core. Their mutual orientation is largely preserved, as reflected by the characteristic dihedral angle ∠(N1–C4–S–C5), which changes only modestly, decreasing by 2.5° upon carboxylate deprotonation.



The thiazolidine ring itself shows only minor internal distortions. Upon –COOH deprotonation, the ∠(N1–C4–S–C5) dihedral decreases by 2.5° and the C3–S bond length increases by just 0.007 Å. The tighter C4–S bond exhibits slightly larger variations, increasing by 0.032 Å upon deprotonation.



The β-lactam ring also remains geometrically constrained, with only small changes in its internal angles. For example, ∠(N1–C4–C5) decreases by 0.4° upon deprotonation, while the dihedral ∠(N1–C4–C5–C6) changes by −1.4°. The N1–C6 bond, which corresponds to the strained amide linkage of the β-lactam ring, is sensitive to deprotonation, decreasing from 1.453 Å to 1.399 Å. These trends identify the β-lactam N–C bond as a key mechanistically relevant descriptor for subsequent adsorption and degradation processes.



In contrast to the rigid fused-ring core, the terminal carboxyl group undergoes substantial electronic and geometric reorganization upon deprotonation. The strongly asymmetric C–O bond lengths of the neutral –COOH group (1.365 and 1.222 Å) become nearly equal in the carboxylate (1.269 and 1.270 Å), while the O–C–O angle increases from 122.8° to 131.2°, reflecting resonance delocalization and electrostatic opening of the group. This transformation is accompanied by a large rotation of the O1–C1–C2–N1 dihedral from −14.4° to 23.6°, demonstrating the high conformational adaptability of the carboxylate moiety.



The flexibility of the phenoxyacetyl side chain is similarly reflected in its dihedral angles. Both ∠(C7–C8–O5–C9) and ∠(C8–O5–C9–C10) show only small variations for free PenV but change significantly upon binding to the TiO2 surface, as anticipated from the data in Table 1.



Together, these quantitative trends confirm that PenV consists of a rigid β-lactam–thiazolidine core surrounded by highly adaptable peripheral functional groups that can readily reorient to maximize electrostatic stabilization and surface coordination.



Analysis of the electronic structure shows that the frontier molecular orbitals are spatially separated over the PenV molecule. The highest occupied molecular orbital (HOMO) is mainly localized on the phenoxyacetyl moiety and sulfur-containing regions, whereas the lowest unoccupied molecular orbital (LUMO) has significant contributions from carbonyl-containing groups, including the β-lactam ring (Figure 2). This distribution indicates an intrinsic intramolecular charge-transfer character, a push→pull effect, which promotes electron density displacement toward the carboxyl group that can easily bind to the oxide.



Importantly, the PenV LUMO lies more than 2.9 eV above the TiO2 conduction band edge. Although electron injection from photoexcited PenV into the oxide is therefore thermodynamically allowed, the large energetic offset makes this process comparatively unlikely and suggests inefficient electronic coupling in the absence of strong hybridization. In addition, direct photoexcitation of PenV is itself unlikely, owing to the large energy gap between its ground and excited states (5.63 eV, consistent with previous reports on penicillin [56]), which requires high-energy UV irradiation, as shown in Figure 3. Taken together, these considerations argue against a degradation mechanism driven by direct light absorption by PenV followed by charge transfer to the oxide.



The calculated electronic absorption spectra of PenV in aqueous solution are shown in Figure 3. The UV-Vis spectrum indicates that the lowest-energy electronic transitions occur at approximately 246 nm and are mainly associated with a HOMO → LUMO+2 excitation. In contrast, the HOMO → LUMO transition exhibits very low oscillator strength, which can be attributed to the near orthogonality of the involved orbitals arising from their spatial separation. In particular, the HOMO is localized predominantly on the phenoxyacetyl moiety, whereas the LUMO is mainly distributed over the β-lactam–thiazolidine core and the carboxyl anchoring group, as shown in Figure 2. The strongest absorption band is observed around 214 nm and can be assigned predominantly to a HOMO → LUMO+4 transition. An intense peak at approximately 202 nm originates from two closely spaced excitations, which are mainly characterized as HOMO−2 → LUMO and HOMO−4 → LUMO+1 transitions, respectively.



Overall, the optimized geometry and electronic structure of PenV highlight the complementary roles of molecular rigidity and flexibility in governing adsorption behavior and reactivity. These features provide a rational basis for the adsorption configurations and photocatalytic degradation pathways examined in the following subsections.



A charge density difference analysis was performed to elucidate how the electron density redistributes upon electronic excitation from the HOMO to the LUMO and to the LUMO+4 states. This approach enables the direct visualization of the regions of electron depletion and accumulation associated with each transition, as shown in Figure 4. To further quantify the extent of charge separation, the spatial separation between the centroids of the electron-depleted (hole) and electron-rich regions was also evaluated for both excitations.



Both analyses reveal a clear tendency for electron density to redistribute toward the anchoring region of the molecule upon excitation. Quantitatively, the centroid analysis indicates a pronounced charge separation of 10.118 Å for the HOMO → LUMO transition, whereas a much smaller separation of 0.053 Å is obtained for the HOMO → LUMO+4 transition.



This marked difference reflects the strong spatial separation of the orbitals involved in the lowest-energy excitation, in contrast to the more localized character of the higher-energy transition.




2.2. Optimized Geometry and Electronic Structure of TiO2 Nanoclusters


To gain insight into the dye–oxide interactions, we need to consider first the structure and properties of the TiO2 cluster on which the dye is adsorbed. We modeled TiO2 anatase nanoparticles by means of a Ti44O90H4 cluster, as an optimum size system [58] for describing the interface effects with the relatively small but flexible antibiotic molecule. In an earlier DFT study of PenV adsorbed on TiO2, we showed that when using increasingly larger nanoclusters, the energy of the system can be lowered substantially by distorting PenV [58]. The bending and twisting of the backbone allowed for energy minimization due to extra bonds and π-π interactions, indicating the cluster with 44 Ti atoms as an optimum compromise between rigor and computational effort [58].



The starting geometry for the structural optimization of the cluster originated in the experimental structure of the (101) and (001) anatase titania surfaces [59,60]. To avoid the problem of the surface states in the gap, we performed a geometry optimization of the model clusters with a slight deviation from the TiO2 stoichiometry, introducing four hydrogen atoms to terminate the dangling bonds at the periphery. This approach resulted in compact structures with 4-, 5-, and 6-fold coordinated Ti ions, together with 2- and 3-fold coordinated oxygen atoms [58].



Following the geometry optimization, the structure is slightly distorted from the bulk to minimize the surface stresses (Figure 5). The average Ti-O distance for the cluster is 1.896 Å, smaller than the 1.950 Å observed experimentally for the bulk. Additionally, the distribution of Ti-O distances in the cluster is wider in the cluster than in the bulk, with a standard deviation of 0.103 Å for the former, larger than the 0.022 Å for the latter. The deformation of the structure changes angles and distances such that the larger distances tend to be compensated for by smaller ones; the relative variation in the cluster distances compared to the values in the bulk is around 5%.



The geometry relaxation leads to a band gap of ~4.4 eV between the frontier orbitals, larger than the experimental value of ~3.2 eV for anatase titania [61], an overestimation that was observed in many DFT calculations of model clusters, particularly when using hybrid DFT functionals [60,62].



The nature of the states in the valence and conduction bands can be better understood from the density of states (DOSs), displayed in Figure 6. The valence band is indeed dominated by the 2p atomic orbitals of O with little contribution from Ti. The dominant contribution in the conduction band comes from the titanium 3d orbitals, the involvement of the oxygen atoms being small, even for the p orbitals. The hydrogen atoms, which are used to end four dangling bonds and remove the surface states from the gap, have a negligible contribution to the DOSs, typically less than 0.5%.



The corresponding band gap of the isolated cluster is ~4.46 eV, between edge states at about −8.21 eV and −3.75 eV, for the valence and conduction bands, respectively, consistent with previous DFT studies of anatase-like TiO2 clusters [60].



To visually illustrate the nature of the frontier orbitals, we also displayed in Figure 5 the electronic density of the states situated at the edges of the valence and conduction bands. The highest occupied orbital of the oxide has a predominantly p-character, with the charge localized especially on O atoms, whereas the lowest unoccupied orbital has a mostly d-character with the main contribution from Ti atoms. It is important to note the high degree of delocalization of the charge at the conduction band edge. While at the valence band edge, the charge is localized mostly on certain oxygen atoms, situated at the surface, in the conduction band, the electron is shared by most Ti atoms, particularly the peripheral ones.




2.3. Optimized Geometry and Electronic Structure of Penicillin V Adsorbed on TiO2 Nanoclusters


Understanding the photocatalytic oxidation of pollutants adsorbed on TiO2 surfaces necessarily begins with their binding to the oxide. Despite extensive investigation, the binding configurations of organic molecules on the reactive anatase TiO2 (101) surface remain the subject of ongoing debate, even for relatively simple adsorbates, such as formic acid [63,64]. Several studies have reported bidentate bridging configurations for a variety of dyes adsorbed on TiO2 surfaces [65,66,67]. However, alternative binding modes have been identified for molecules possessing multiple functional groups, as in the case of salicylic acid [53].



For penicillin, earlier theoretical and experimental reports [54,58] suggested adsorption predominantly via a bidentate carboxylate configuration, accompanied by deformation of the molecular backbone upon binding. Nevertheless, other studies have proposed monodentate or chelating coordination modes for carboxyl-containing molecules on TiO2 surfaces [41,42,43], highlighting that adsorption geometry can depend sensitively on molecular structure, surface model, and computational or experimental conditions.



To clarify the preferred binding configuration of PenV on TiO2, we performed a series of DFT calculations exploring the most common adsorption motifs. A priori, carboxylate binding on TiO2 may occur in monodentate, bidentate-chelating, or bidentate-bridging modes, as well as through hydrogen-bonded interactions with surface oxygen atoms, which involve one or two surface Ti sites, as schematically illustrated in Figure 7.



The calculations were performed starting from the neutral molecule placed near the cluster surface in several initial orientations corresponding to the binding motifs illustrated in Figure 7. Upon full structural optimization, the low-energy configurations converged toward a bidentate-bridging geometry, displayed in Figure 8a, in which the carboxyl group transfers its proton to a nearby surface oxygen atom, leading to anchoring through both carboxylate oxygens to the adjacent Ti sites. In this configuration, the C1–O bond lengths become nearly equal (1.285 Å for C1–O1 and 1.293 Å for C1–O2), while the corresponding Ti–O distances are similar, measuring 2.061 Å for O1–Ti1 and 2.096 Å for O2–Ti2.



Adsorption is accompanied by significant molecular deformation. In particular, PenV bends toward the surface, bringing into closer proximity with the surface Ti sites both the sulfur atom (S–Ti distance of 2.688 Å) of the thiazolidine ring and the oxygen atom of the phenoxyacetyl moiety (O5–Ti distance of 2.342 Å). At the same time, the phenoxyacetyl chain undergoes a torsional rearrangement that reorients the phenyl ring roughly parallel to the oxide surface. These structural adjustments enable the effective accommodation of the molecule at the interface while preserving the integrity of the β-lactam-thiazolidine core.



A single optimization converged to a structure featuring one Ti–O bond and one hydrogen-bond interaction, shown in Figure 8c, corresponding to configuration (e) in Figure 7. In this case, the C1–O1 bond length is 1.305 Å, with a short O1–Ti1 distance of 1.961 Å. Deprotonation also occurs in this case, as the hydrogen atom lies closer to the oxygen atom on the catalyst surface (1.080 Å) than to the oxygen of the carboxyl group of the pollutant (1.464 Å). This binding motif requires substantially stronger bending of the PenV backbone toward the side of the cluster, leading to an additional interaction between O4 and a surface Ti atom at a distance of 2.051 Å. As a result of this increased deformation, the configuration is energetically disfavored, lying approximately 1.6 eV higher in energy than the bidentate-bridging structure.



Finally, additional calculations were performed starting from deprotonated PenV in the presence of a surface hydrogen atom on nearby oxygen, as displayed in Figure 8b. After optimization, the resulting energy was higher by only ~0.1 eV, and the adsorption geometry and structural features were found to be essentially identical to those obtained from the neutral starting configurations, indicating that proton transfer to the surface occurs spontaneously upon adsorption and does not affect the final structure of the system.



The lowest-energy bidentate-bridging configuration was selected for detailed analysis. Setting the ground for the study of the degradation mechanism, we start by comparing the structures of isolated deprotonated PenV with surface-bound PenV and oxidized PenV (see Table 1).



Comparison of the optimized PenV geometry in vacuum with the surface-bound structure shows that adsorption-induced deformation is highly localized. The dominant changes occur at the terminal carboxyl group, which reorients to enable bidentate coordination to Ti sites, with Ti–O distances of 2.042 and 2.117 Å. This coordination is accompanied by marked C–O bond-length equalization (1.365 → 1.299 Å for O1–C1 and 1.222 → 1.280 Å for O2–C1) and by a large rotation of the carboxyl-bearing fragment, as reflected by the dihedral angle ∠(Ti–O1–C1–C2), which shifts from approximately 0° to about 130°. A smaller adjustment follows in the adjacent dihedral ∠(O1–C1–C2–N1), which changes from −14.35° to −0.84°.



The clearest adsorption-driven deformation is not observed within the β-lactam–thiazolidine framework itself, but rather in the C1–C2–S linkage that couples the anchoring group to the fused rings. A reduction of approximately 14° is found for ∠(C1–C2–S), from 111.17° to 97.51°, and for the dihedral ∠(C1–C2–C3–S), from 92.49° to 77.88°. These changes indicate bending of the molecular backbone near the junction with the fused-ring core. In contrast, internal metrics of the β-lactam–thiazolidine scaffold (N1–C6, C6–O3, and ∠(N1–C4–S–C5)) remain nearly unchanged upon adsorption, supporting its role as a rigid structural unit. One noticeable, though still moderate, variation is observed for the C4–S bond, which increases by 0.037 Å.



The phenoxyacetyl side chain responds primarily through torsional rearrangement. This is evidenced by a decrease of approximately 26° in ∠(C7–C8–O5–C9), from 178.12° to 151.71°, and, more prominently, by an increase of about 46° in ∠(C8–O5–C9–C10), from 1.20° to 46.95°. These changes reflect a conformational accommodation to the surface environment, with the phenoxy ring adopting an orientation roughly parallel to the oxide surface, a configuration commonly associated with enhanced dispersive and π–surface interactions.



The most consistent trend upon adsorption is the balancing effect on the carboxyl group, which exhibits near-equal C–O bond lengths, consistent with carboxylate resonance delocalization, and the bending that occurs both at the anchor and along the phenoxyacetyl chain, as the phenyl group reorients roughly parallel to the surface.



Moving to oxidized PenV, the largest difference is observed for the linker angles ∠ (C1-C2-S) and ∠(C1-C2-C3-S), which decrease by almost 15°. Next, variations of about 10° and 6° are seen for the phenoxy side of the chain, for ∠(C8-O5-C9-C10) and ∠(C7-C8-O5-C9), respectively, and smaller changes for ∠(N1-C4-C5-C6) and ∠(O3-C6-C5-N2).



In summary, the adsorption on TiO2 has only a minor effect on the relatively rigid β-lactam–thiazolidine core, while inducing substantially larger structural adjustments in the flexible peripheral groups, namely the carboxylate anchoring moiety and the phenoxyacetyl side chain. In addition to bidentate carboxylate anchoring, secondary interactions contribute to stabilization, including close contacts between the sulfur atom of the thiazolidine ring and surface Ti sites, as well as between the ether oxygen along the side chain and the oxide surface. Furthermore, the reorientation of the phenoxyacetyl group aligns the benzene ring approximately parallel to the surface, favoring π–surface and dispersive interactions that enhance overall adsorption stability.



The projected density of states (DOSs) of PenV adsorbed on the TiO2 nanocluster provides direct insight into the electronic coupling between the molecule and the oxide (Figure 9). Upon adsorption of PenV, the overall shape and energetic position of the oxide-derived band edges remain essentially unchanged, indicating that the TiO2 electronic framework is not significantly perturbed by molecular binding. In particular, the onset of the Ti 3d-dominated conduction band and the upper edge of the O 2p-derived valence band occur at nearly the same energies as in the bare cluster.



In contrast, additional features appear in the DOSs of the hybrid system that are absent in the bare TiO2 cluster. Specifically, the PenV-derived states emerge as localized peaks within the oxide band gap, at about −8.03 eV, −7.73 eV, and 7.386 eV, and as discrete contributions overlapping with the conduction band, at −1.74 eV and at −1.34 eV.



On the occupied side, PenV contributes substantially to electronic states located within the band gap of the TiO2 cluster, with these states showing minor but non-negligible mixing with O 2p orbitals of the oxide, as evidenced by the projected DOSs. At the opposite end of the gap, near the conduction band edge, the lowest unoccupied states are dominated by Ti 3d character with negligible contribution from PenV-derived orbitals.



The hybridization between molecular and oxide states across the band gap introduces finite transition dipole moments between occupied PenV-derived gap states and Ti 3d-dominated conduction-band states. As a result, optical transitions that would be symmetry- or selection-rule-forbidden in the isolated subsystems become weakly allowed in the hybrid system. Due to the limited degree of electronic mixing, these transitions have low oscillator strength, but they occur at lower energies than the intrinsic TiO2 excitations, leading to a red shift in the UV-Vis absorption spectrum (see Figure 10).



Furthermore, on the vacant side, a sizeable hybridization between excited PenV states and TiO2-derived conduction-band states occurs only at high energies, affecting the likelihood of the interfacial charge transfer from a photoexcited antibiotic to the catalyst. In contrast, occupied PenV states lying close to the valence band edge are better positioned to participate in hole-mediated oxidation processes.



The key molecular orbitals of the PenV/TiO2 system are also illustrated in Figure 9 together with their corresponding positions in the density of states. The figure displays the representative orbitals associated with the valence band edge of the oxide, PenV-derived ground state located within the band gap, the conduction band edge, a mixed character state, and the PenV-derived excited state. The highest occupied states exhibit a predominantly p-character, with electron density largely localized on the oxygen atoms of the oxide and the molecular adsorbate, reminiscent of the π-interaction at the surface. At the opposite end, the lowest unoccupied state is mainly characterized by Ti 3d orbitals, whereas the illustrated mixed states have the charge delocalized over the oxide and over the carboxyl anchor or on the β-lactam–thiazolidine core.



The calculated electronic absorption spectra of PenV in aqueous solution are shown in Figure 10. The UV-Vis spectrum indicates that the lowest-energy electronic transitions are low intensity, occur at approximately 387 nm, and are mainly associated with a HOMO → LUMO excitation, with the charge moving from PenV to the oxide. Similar transitions from the lower states of the antibiotic to the conduction band are found at 355 nm, with higher intensities at 347, 335, 333, and 317 nm. The transition to the excited state of PenV is at much higher energies, and it is not among the first 50 singlet transitions.



Overall, the electronic absorption spectrum of the PenV/TiO2 complex exhibits a clear red shift relative to the isolated antibiotic. While isolated PenV shows its lowest-energy allowed transitions in the deep-UV region (around 240–250 nm), adsorption on TiO2 leads to the appearance of lower-energy absorption features extending toward longer wavelengths. This red shift originates from the hybridization between PenV-derived occupied states located in the band gap and Ti 3d-dominated conduction-band states of the oxide, as evidenced by the density-of-state analysis. The resulting mixed molecular–oxide character enables the weakly allowed optical transitions that are absent in the isolated molecule, thereby reducing the effective excitation energy of the system.



For the longest-wavelength transition at 387 nm (HOMO → LUMO) and for the intense transition at 333 nm, arising mainly from HOMO−1 → LUMO and HOMO−2 → LUMO excitations, charge density difference analyses were performed. In addition, the spatial separation between the centroids of the electron-depleted (hole) and electron-rich regions was evaluated for both transitions, as illustrated in Figure 11. In both cases, the charge density difference maps reveal a clear redistribution of electron density from the pollutant toward the catalyst upon excitation.



Quantitatively, the centroid analysis indicates a larger charge separation of 8.193 Å for the longest-wavelength transition, compared to 6.962 Å for the more intense transition. This difference reflects the distinct degree of charge delocalization in the initial states involved, with the HOMO exhibiting a stronger spatial separation from the LUMO than the lower-lying occupied orbitals contributing to the higher-intensity excitation.




2.4. Photocatalytic Degradation of Penicillin V in Solution


In this subsection, we address the initial steps of the photocatalytic degradation of PenV occurring in solution, where the antibiotic interacts with reactive oxygen species generated by the TiO2 catalyst but remains spatially separated from the oxide surface. On the basis of electrostatic potential maps, Fukui functions, and atom-resolved Fukui coefficients, we first analyze the intrinsic vulnerability of PenV in an aqueous environment toward the attack by reactive oxygen species. We then focus explicitly on the hydroxyl radical (•OH) and examine its interaction with the C6 carbon atom of the β-lactam ring, identified as the key reactive site, in order to assess the energetic barriers associated with bond weakening and to elucidate the most likely initiation step of the degradation process. Hydroxyl radicals are considered here as a representative and highly aggressive oxidative species [45,46], allowing for a consistent comparison of intrinsic molecular vulnerability across different environments, rather than as an exclusive reactive pathway.



The electrostatic potential (ESP) mapped onto the electron density surface of PenV is shown in Figure 12. Regions of negative electrostatic potential are primarily localized on the carboxylate group and on the carbonyl oxygens of the β-lactam moiety, whereas positive electrostatic potential is found near hydrogen atoms and electron-deficient regions of the molecular framework, including the amide and heterocyclic nitrogen sites.



The Fukui function analysis provides a spatially resolved description of how the electron density of PenV responds to different types of electronic perturbations (Figure 13). In addition, the atom-resolved Fukui coefficients displayed in Table 2 further quantify the trends observed in the Fukui isodensity surfaces.



For both radical (f0) and nucleophilic (f+) perturbations, Fukui functions show significant contributions to the β-lactam–thiazolidine core. The largest coefficients are associated with atoms belonging to the β-lactam ring, O3 and C6 consistently appearing among the most responsive atoms in both f0 (0.1031 and 0.0997, respectively) and f+ (0.2022 and 0.1975), indicating that this region dominates the electronic response. Additional contributions common to both functions are found on heteroatoms such as O5, O2, and N1, as well as on carbon atoms adjacent to the β-lactam ring.



At the same time, some differences are observed in the spatial distribution of the two functions. The radical Fukui function (f0) shows comparatively larger contributions on atoms along the side chain, including C12, O5, and C9, reflecting a more distributed radical sensitivity. In contrast, the nucleophilic Fukui function (f+) is more strongly concentrated on heteroatoms and electrophilic centers, with secondary contributions on S, O2, and N1.



The electrophilic Fukui function (f−) displays a distinct pattern, with its largest coefficients localized on carbon atoms of the phenoxyacetyl chain (C12, C9, C14, and C10) as well as on O5, indicating that electron removal primarily affects the aromatic and side-chain framework rather than the β-lactam core.



Further, to probe the initial step of photocatalytic degradation, we chose the hydroxyl radical (•OH), as it is generally considered the most reactive and aggressive oxidative species generated under TiO2 photocatalytic conditions and is expected to play a dominant role in initiating the degradation of β-lactam antibiotics [68,69]. A series of constrained geometry optimizations was performed by progressively bringing a hydroxyl radical toward the C6 carbon atom of the β-lactam ring, identified as the most vulnerable site from the reactivity analyses. For each system considered, the O···C6 distance was systematically reduced from 2.00 Å in steps of 0.01 Å, and the structure was optimized at each step while monitoring the evolution of the C6–N1 bond length. This procedure allows for a qualitative assessment of the energetics associated with bond weakening and provides an estimate of the distance at which rupture of the β-lactam C–N bond occurs, signaling the onset of molecular degradation.



It should be noted that the reaction profiles discussed below are obtained from constrained geometry scans and therefore provide semi-quantitative estimates of the energetics associated with β-lactam ring opening, as the barrier heights depend on the level of theory, basis sets used, model details, etc. However, the relative trends and the consistently low-barrier regime observed across different environments are robust and sufficient for assessing the kinetic accessibility of the initial degradation step.



Along these reaction scans, optimized geometries were examined both before and after C–N bond cleavage. Bond breaking is preceded by a gradual elongation of the C6–N bond, followed by a rapid structural reorganization of the β-lactam ring once a critical O···C6 separation is reached, as shown in Figure 14. These scans therefore provide a consistent structural marker for degradation initiation and enable a comparative analysis of solution-phase and surface-mediated pathways.



For PenV in aqueous solution, the approach of the hydroxyl radical toward C6 leads to progressive weakening of the β-lactam C–N bond, which ultimately breaks at 1.68 Å when the radical reaches close proximity to the ring carbon. Inspection of the optimized structures before and after bond cleavage shows that the degradation process is highly localized, with the main structural changes confined to the β-lactam moiety, while the phenoxyacetyl chain remains largely intact.



Analysis of the electronic structure along the reaction coordinate shows that the highest occupied molecular orbital retains a similar spatial distribution throughout the process. In particular, the HOMO remains predominantly localized on the phenoxyacetyl portion of the molecule both before and after C–N bond cleavage. This observation indicates that the initial degradation step does not involve substantial redistribution of the charge density toward the reacting β-lactam unit.



The energetic profiles obtained from the hydroxyl radical approach scans toward the C6 atom of the β-lactam ring provide semi-quantitative insight into the initial bond-breaking step of PenV degradation in solution. The calculated free-energy barriers and reaction driving forces are summarized in Table 3 for two basis sets and for both vacuum and solvent environments. For the smaller 3-21G(d) basis set, the activation barrier is low, with ΔG* values of 0.17 eV in vacuum and 0.14 eV in solution, corresponding to approximately 4.0 and 3.3 kcal·mol−1, respectively. The larger DZVP basis set yields higher but still moderate barriers, with ΔG* values of 0.37 eV (vacuum) and 0.35 eV (solvent). In all cases, the reaction is energetically favorable, with ΔG0 ranging between ~1.48 and 1.88 eV (34–43 kcal·mol−1), reflecting the energetic cost associated with opening the strained β-lactam ring. Because these barriers are obtained from constrained distance scans, the reported barrier values should be regarded only as semi-quantitative. Nevertheless, the consistently low barriers (of about 3–8 kcal/mol, depending on basis set) robustly indicate that •OH-induced β-lactam opening is kinetically accessible. In addition, these calculated values are consistent with the experimental ones reported earlier for β-lactam antibiotics [70,71].



Importantly, the inclusion of solvent effects has only a modest influence on both the activation barrier and the reaction driving force, indicating that the initial C6–N1 bond cleavage induced by •OH attack is largely governed by local electronic interactions rather than by long-range solvation effects. Analysis of the HOMO isodensity surfaces along the reaction coordinate (Figure 14d–f) further shows that the spatial distribution of the HOMO remains largely unchanged during the process, remaining localized predominantly on the phenoxyacetyl moiety before and after bond breaking. This persistence of the frontier orbital character indicates that β-lactam ring opening proceeds without substantial redistribution of the hole density toward the reacting bond.




2.5. Photocatalytic Degradation of Penicillin V on Catalyst


In this subsection, we address the initial steps of the photocatalytic degradation of PenV occurring at the TiO2 surface, where direct interaction between the antibiotic and the catalyst may allow for interfacial charge transfer.



The electrostatic potential mapped onto the electron density surface of PenV adsorbed on the TiO2 nanocluster is shown in Figure 15. The ESP distribution reflects the combined charge characteristics of the molecular adsorbate and the oxide surface. Regions of negative electrostatic potential are predominantly localized on the carboxylate anchoring group and on oxygen atoms of the TiO2 cluster, while positive electrostatic potential is observed near hydrogen atoms and electron-deficient regions of the PenV framework. Compared to the isolated molecule, the ESP of the adsorbed system shows a redistribution of electrostatic potential in the vicinity of the anchoring region and at the molecule–oxide interface.



For neutral PenV adsorbed on the TiO2 nanocluster, the Fukui isodensity surfaces for radical (f0) and nucleophilic (f+) perturbations reveal an electronic response that extends across the molecule–surface interface. As shown in Figure 16, both descriptors display significant density on the oxide atoms, particularly near the adsorption region, with a higher presence on the antibiotic in the case of the radical Fukui function. In any case, the results suggest a coupled electronic behavior between the adsorbate and substrate, particularly on surface oxygen atoms beneath the phenoxyacetyl moiety.



For the adsorbed systems, the absolute values of the condensed Fukui coefficients associated with PenV atoms are systematically smaller than in the isolated molecule, reflecting the charge redistribution on both pollutant and catalyst. When summing the Fukui coefficients across the atoms of the pollutant only, the total value amounts to approximately 0.254, 0.0707, and 0.437, for f0, f+, and f−, respectively, indicating that a significant fraction of the response resides on the oxide. To facilitate direct comparison with the isolated-molecule results, the Fukui coefficients reported in Table 4 were normalized by the inverse of those values: 3.937, 14.15, and 2.287, for f0, f+, and f−, respectively. This rescaling does not affect the relative ordering of reactive sites within the molecule and therefore preserves the qualitative selectivity trends inferred from the Fukui analysis.



The rescaled atom-resolved Fukui coefficients reported in Table 4 provide a quantitative measure of these trends. For the radical Fukui function (f0), the largest contributions are associated with O3 (0.1067), C12 (0.0831), followed by C11, N1, C14, and C9, indicating the participation of both the β-lactam region and the phenoxyacetyl chain. The nucleophilic Fukui function (f+) exhibits smaller absolute values overall and is dominated by O3 (0.1471) and C12 (0.0750), with secondary contributions from O2, C11, and C1, reflecting a more localized response to electron addition. In contrast, the electrophilic Fukui function (f−) shows the largest coefficients on O3 (0.1002), C12 (0.0841), and C11 (0.0691), followed by N1 and C14, indicating that electron removal involves both heteroatoms and carbon centers distributed over the adsorbed molecule.



Comparing the Fukui coefficients of the adsorbed antibiotic with those of the isolated pollutant, we note some key similarities, particularly the persistence of O3 as the dominant reactive site, indicating that the β-lactam carbonyl remains the most electronically responsive site regardless of environment, confirming the intrinsic vulnerability of the β-lactam core. Other similarities are revealed by the consistent contribution of the phenoxyacetyl chain (particularly C12 and C11) for radical and electrophilic perturbations and the participation of the β-lactam nitrogen N1N1 across environments, the latter indicating that the integrity of the β-lactam ring is electronically probed in both isolated and surface-bound configurations.



One of the most important differences is the reduced dominance of C6 upon adsorption, although the β-lactam ring is still vulnerable. It is important to note the enhanced role of the phenoxyacetyl chain in the adsorbed system, reflecting the increased electronic involvement of the aromatic side chain upon adsorption, consistent with the structural distortion and π–surface interactions. In addition, we mention the attenuation and redistribution of nucleophilic reactivity (f+) upon adsorption, being more evenly distributed among O3, C12, C11, and O2, suggesting that molecule–surface coupling spreads the electronic response and reduces site specificity. Finally, on adsorption, there is a shift in electrophilic response (f−) from several carbons of the side chain (C12, C9, and C10) to O3, C12, C11, and N1. This indicates that oxidation-induced charge removal becomes more localized on heteroatoms and the β-lactam framework when PenV is bound to the surface.



Next, to probe the initial step of photocatalytic degradation, we performed constrained geometry optimizations of the hydroxyl radical toward the C6 carbon atom of the β-lactam ring (Figure 17). For PenV adsorbed on the TiO2 nanocluster, the scans were performed starting from the optimized bidentate-bridging adsorption geometry. As in solution, progressive shortening of the O···C6 distance from 2.00 Å in steps of 0.01 Å leads to elongation and eventual rupture of the β-lactam C–N bond. The structural response of PenV in the adsorbed system is influenced by the interface interactions, with bond breaking occurring in a geometry that preserves the carboxylate anchoring and the π-interaction between the phenoxyacetyl moiety and the oxide surface.



The C–N bond cleavage occurs at an O···C6 distance of 1.62 Å, slightly shorter than in the case of the isolated molecule in solution. The barrier ΔG* is ~0.30 eV (6.89 kcal/mol), whereas the driving force ΔG0 is 1.82 eV (42.0 kcal/mol).



For oxidized PenV adsorbed on the TiO2 nanocluster, the Fukui isodensity surfaces for radical (f0) and nucleophilic (f+) perturbations reveal a markedly enhanced and redistributed electronic response compared to the neutral adsorbed system. As shown in Figure 16, both Fukui descriptors exhibit strong density not only on the PenV framework but also across the oxide surface near the adsorption region, indicating increased electronic coupling following oxidation. In particular, pronounced Fukui density is observed on atoms of the phenoxyacetyl chain and on surface oxygen atoms beneath this moiety, while the β-lactam–thiazolidine core remains electronically active.



In this case, the condensed Fukui coefficients associated with PenV atoms add up to 0.361, 0.476, and 0.246, for f0, f+, and f−, respectively, the rest of the response residing on the oxide. To simplify the comparison with the previous cases, the Fukui coefficients reported in Table 5 were rescaled by 2.772, 2.103, and 4.067, representing the inverse of those values.



The most striking change induced by oxidation is the clear relocation of the dominant Fukui response from the β-lactam core toward the phenoxyacetyl moiety. For oxidized PenV/TiO2, the largest f0 and f+ coefficients are associated with C9, C12, and C11, all belonging to the aromatic side chain, whereas in neutral PenV/TiO2, the highest coefficients are shared between O3 (β-lactam carbonyl) and C12/C11. This indicates that oxidation enhances the electronic activity of the phenoxyacetyl chain.



It is also important to note the enhanced role of O3, S, and N1 under electrophilic conditions, indicating that charge removal preferentially affects heteroatoms involved in surface coupling. In neutral PenV/TiO2, f− is more evenly distributed among O3, C12, C11, and N1.



Relative to isolated PenV, oxidized PenV/TiO2 exhibits a much stronger delocalization of reactivity toward the phenoxyacetyl chain. In the isolated molecule, f+ and f0 are dominated by O3 and C6, indicating a highly focused reactivity on the β-lactam core. Upon adsorption and oxidation, the electronic response becomes distributed over the aromatic framework (C9, C11, C12, and C13) and surface-interacting heteroatoms. Moreover, the persistence of O3 as a major f− contributor across all three systems (isolated, neutral adsorbed, and oxidized adsorbed) highlights the intrinsic sensitivity of the β-lactam carbonyl to oxidation, while the relative increase in side-chain carbons upon adsorption and oxidation reflects the growing importance of molecule–surface and π–surface interactions.



Next, despite the differences in reactivity, to facilitate the comparison with the case of the neutral pollutant on the catalyst, we performed similar constrained geometry optimizations of hydroxyl radical toward the C6 carbon atom of the β-lactam ring (Figure 18). The scans provided the cleavage bond length of 1.75 Å, a barrier ΔG* of ~0.17 eV (4.03 kcal/mol), and a driving force ΔG0 of 1.43 eV (33.0 kcal/mol).





3. Discussion


The present DFT investigation provides a unified mechanistic picture of the photocatalytic degradation of penicillin V by explicitly comparing solution-phase and surface-mediated pathways within a consistent theoretical framework. This approach allows us to address two central questions [39,72,73]: where degradation is most likely to initiate, and how adsorption on TiO2 reshapes the electronic and structural vulnerability of the antibiotic [34,35].



In aqueous solution, hydroxyl radical attack on the β-lactam ring leads to the cleavage of the C6–N1 bond with a modest activation barrier, consistent with the high intrinsic reactivity of •OH. However, the process is energetically possible in the model considered, and the electronic structure analysis reveals that the frontier orbitals remain largely localized on the phenoxyacetyl moiety throughout the reaction. The persistence of the HOMO distribution before and after bond cleavage suggests that, in solution, β-lactam opening is primarily driven by direct radical attack rather than by hole-mediated electronic reorganization, consistent with the electrophilic character of •OH and its preference for high electron-density sites [44,45,74]. While such a pathway is kinetically accessible, these features indicate that solution-phase degradation may be less efficient than surface-mediated processes under photocatalytic conditions.



Adsorption on TiO2 fundamentally alters this picture by modifying both the geometry and the electronic structure of PenV. The optimized adsorption geometry is dominated by a bidentate-bridging configuration of the carboxylate group, accompanied by proton transfer to the surface and additional secondary interactions involving the sulfur atom of the thiazolidine ring and the oxygen atom of the phenoxyacetyl chain. This binding motif emerges consistently as the lowest-energy configuration among those explored. While earlier studies on carboxylate-containing molecules have debated the relative stability of chelating versus bridging coordination on anatase surfaces, and some reports on penicillin derivatives have proposed chelating geometries [41,42,43], the present results support bidentate bridging as the preferred configuration for PenV on the TiO2 nanocluster. The energetic penalty associated with alternative hydrogen-bonded or chelating motifs further reinforces this conclusion, aligning with established trends in dye–TiO2 anchoring studies where carboxylate bridging enhances electronic coupling [53,54].



Importantly, the adsorption-induced deformation of PenV is well localized. The β-lactam–thiazolidine core remains comparatively rigid, preserving the intrinsic strain and chemical identity of the β-lactam ring, while the carboxylate anchor and the phenoxyacetyl chain undergo significant reorientation. In particular, the aromatic ring aligns approximately parallel to the oxide surface, facilitating additional noncovalent interactions, an effect often noted for aromatic parasites of carboxylic acids on oxide surfaces where π–surface interactions contribute to adsorption stability [75]. These structural adjustments enable the effective accommodation of the molecule at the interface without compromising the integrity of the reactive core.



These geometric changes are accompanied by partial electronic hybridization between PenV and the TiO2 cluster. Density-of-state analysis reveals the presence of PenV-derived states within the oxide band gap and mixed molecular–oxide character at the conduction band edge. This hybridization renders weakly allowed optical transitions possible and provides a pathway for interfacial charge transfer that is absent in the isolated molecule. Consistent with this picture, direct photoexcitation of PenV followed by electron injection into the oxide is found to be unlikely due to the high energy of the molecular excited states, whereas hole transfer from photoexcited TiO2 to the adsorbed antibiotic is energetically more favorable. Importantly, the same adsorption-induced electronic hybridization that gives rise to red-shifted absorption features also lowers the energetic cost of hole transfer from TiO2 to the adsorbed antibiotic. These spectral, electronic, and reactivity trends therefore originate from a common interfacial electronic-structure modification induced by adsorption.



The evolution of local reactivity descriptors further highlights the impact of adsorption and oxidation. For isolated PenV, Fukui functions and coefficients consistently identify the β-lactam carbonyl region and the C6 carbon as the most reactive sites, in agreement with the known susceptibility of β-lactam antibiotics to oxidative degradation and prior computational reactivity analyses [57,67]. Upon adsorption, the Fukui response becomes more spatially extended and involves both molecular atoms and surface oxygen sites, reflecting partial delocalization of the charge perturbation onto the oxide. After normalization, the relative site selectivity reveals increased involvement of the phenoxyacetyl chain, consistent with its structural distortion and proximity to the surface.



The loss of an electron amplifies this redistribution. In oxidized PenV adsorbed on TiO2, radical and nucleophilic susceptibility shifts predominantly toward the aromatic side chain, while electrophilic response becomes concentrated on heteroatoms directly involved in surface coupling. Compared to both isolated PenV and neutral adsorbed PenV, the oxidized system exhibits a more delocalized and surface-coupled reactivity landscape. This suggests that oxidation stabilizes the β-lactam core electronically while activating alternative degradation channels associated with the peripheral moiety, potentially influencing subsequent reaction steps.



Finally, constrained hydroxyl-radical approach scans provide semi-quantitative insight into the energetics of β-lactam opening. While the absolute barrier heights depend on basis set and model details, the relatively small values obtained here are comparable to the typical uncertainty of DFT-based barrier calculations, particularly for radical-driven processes [49]. As a result, the reported ΔG* values should be regarded as semi-quantitative estimates rather than precise activation free energies [76]. However, the consistent order of magnitude of the barriers across different basis sets and environments supports the conclusion that β-lactam ring opening induced by •OH attack is kinetically accessible under photocatalytic conditions. Moreover, the calculated values for the barriers (about 0.15 to 0.35 eV) are consistent with values reported earlier for degradation of β-lactam antibiotics occurring on experimentally observed timescales under UV irradiation, where •OH concentrations are high, and reactions are diffusion-assisted [70,71].



The limited influence of solvent effects suggests that this initial step is governed primarily by local electronic interactions. Notably, the HOMO retains a similar spatial distribution before and after bond cleavage in both solution-phase and surface-bound systems, supporting a degradation mechanism driven by radical attack rather than by direct involvement of the frontier hole state.



These results indicate that adsorption on TiO2 not only enhances the likelihood of PenV degradation relative to solution-phase pathways, but also reshapes the electronic and structural determinants of reactivity. The combined effects of adsorption-induced deformation, electronic hybridization, and oxidation-driven redistribution of local reactivity provide a coherent mechanistic framework for understanding the photocatalytic degradation of PenV. Given the structural similarities shared by many β-lactam antibiotics [35,56,57], these insights are expected to be broadly relevant for rationalizing and optimizing photocatalytic degradation pathways on TiO2-based materials. Taken together, the consistent trends observed across adsorption energetics, electronic-structure analysis, optical response, local reactivity descriptors, and reaction scans provide a coherent and internally consistent mechanistic picture, despite the semi-quantitative nature of individual descriptors. The emphasis of the present study is placed on comparative trends obtained from a unified theoretical treatment, rather than on absolute energetic values.




4. Methods


All calculations were performed within the framework of density functional theory [48,49] using the hybrid B3LYP exchange–correlation functional [77,78], which constitutes a good balance between computational cost and accuracy in predicting reaction energies, generally providing a mean absolute error of 0.10–0.15 eV (about 2–3 kcal/mol) [79,80]. Although range-separated hybrids and dispersion-corrected functionals can improve absolute excitation energies, B3LYP reliably captures relative trends in adsorption energetics, charge localization, and reaction barriers, which are the primary focus of this comparative mechanistic study.



The basis sets used varied, depending on the size of the system. For isolated PenV in vacuum and aqueous solution, we optimized geometries using the double-ζ quality basis sets with polarization functions DGDZVP [81] for all atoms, and the conductor-like polarizable continuum model (CPCM) to account for solvent effects [82,83]. For the case of PenV adsorbed on the Ti44O90H4 cluster, the geometries were optimized using a smaller basis set of double-ζ quality with polarization functions 3-21G(d) [84], due to the limited computational resources available. For consistency of the comparison, the same basis set used was also applied to the isolated PenV in addition to the larger one, DGDZVP. We ran single-point calculations on key geometries, with titanium and sulfur atoms treated using the effective core potentials (ECP) and double-ζ quality basis functions for all atoms via LANL2DZ [85], which provide a reliable description of TiO2 clusters in photocatalytic studies. All optimized geometries of isolated PenV were verified by frequency calculations to ensure the absence of imaginary frequencies.



Adsorption geometries were generated by placing PenV near the TiO2 nanocluster in multiple initial orientations corresponding to commonly reported binding motifs for carboxylate-containing molecules, including monodentate, bidentate-chelating, bidentate-bridging, and hydrogen-bonded configurations.



The electronic properties of the isolated and adsorbed systems were analyzed through density-of-states (DOS) calculations and visualization of selected molecular orbitals. Projected density of states (PDOSs) were used to distinguish contributions from PenV and the TiO2 cluster.



Optical absorption spectra were computed using time-dependent DFT (TD-DFT) [86,87], with the wavelength and oscillator strength of the lowest 20 or 50 singlet-to-singlet electronic transitions for isolated PenV or adsorbed-on-TiO2 nanocluster, respectively.



All calculations were performed with the Gaussian09 quantum chemistry package [88].



The charge density difference maps [89] were obtained by subtracting ground-state densities from excited-state densities by means of the Multiwfn program [90,91]. Based on input densities from time-dependent DFT runs, Multiwfn allows for the construction of the charge density differences between two electronic states, identifying regions of electron accumulation and depletion. The electron–hole analysis [92] partitions the charge density differences into electron-rich and hole-rich contributions and computes their centroids as first moments of the respective distributions. The spatial separation between these centroids provides a quantitative descriptor of the degree of charge transfer, complementing the qualitative insights obtained from isodensity surface plots [90].



Electrostatic potential maps were computed by projecting the electrostatic potential onto the electron density surface with the Multiwfn 3.8 program and were visualized with VMD 1.9.4 (Visual Molecular Dynamics) [93]. Fukui functions [94,95] for radical (f0), nucleophilic (f+), and electrophilic (f−) attack were evaluated using finite-difference schemes based on changes in electron density upon addition or removal of an electron. Atom-resolved Fukui coefficients were obtained by integrating the Fukui functions over atomic basins.



We acknowledge some intrinsic limitations of the adopted DFT methodology, as the absolute adsorption energies and reaction barriers depend on the choice of functional, basis set, and model size. Furthermore, radical-driven processes are known to be particularly sensitive to methodological details. In this context, the free-energy barriers reported for β-lactam ring opening should be regarded as semi-quantitative estimates rather than precise activation free energies. Nevertheless, the persistence of a low-barrier regime across different basis sets and environments, together with the consistent qualitative trends observed for adsorption geometries, electronic hybridization, and reactivity descriptors, lends confidence to the mechanistic conclusions drawn. The emphasis of this work is therefore placed on comparative trends and relative reactivity rather than on absolute energetic values.




5. Conclusions


In this work, density functional theory calculations were used to elucidate the initial steps of the photocatalytic degradation of penicillin V, explicitly comparing solution-phase and surface-mediated pathways within a unified theoretical framework. By treating PenV consistently both as an isolated molecule in aqueous solution and as an adsorbate on an anatase TiO2 nanocluster, this study provides direct insight into how adsorption reshapes the structural, electronic, and reactive properties of the antibiotic.



In aqueous solution, hydroxyl radical (•OH) attack can induce β-lactam ring opening via C6–N1 bond cleavage with a modest activation barrier. The process is energetically favorable in the models considered and proceeds without significant redistribution of the frontier electronic density, suggesting that solution-phase degradation may be kinetically accessible but relatively inefficient. In contrast, adsorption on TiO2 enhances susceptibility to oxidative PenV degradation. The preferred binding configuration involves bidentate-bridging coordination of the carboxylate group, accompanied by localized molecular deformation and additional stabilizing interactions that promote electronic coupling at the interface.



Electronic structure analysis reveals partial hybridization between PenV and TiO2 states, leading to molecular contributions within the oxide band gap and enabling interfacial charge-transfer pathways. Direct photoexcitation of PenV followed by electron injection into the oxide is unlikely due to the high energy of the molecular excited states. Instead, degradation is more plausibly initiated by hole transfer from photoexcited TiO2 and subsequent attack by reactive oxygen species, particularly •OH radicals.



Reactivity descriptors show that adsorption and oxidation substantially redistribute local vulnerability. While isolated PenV exhibits reactivity focused on the β-lactam core, adsorption leads to a more delocalized response involving both the molecule and the surface, and oxidation shifts radical and nucleophilic susceptibility toward the phenoxyacetyl side chain. Despite these changes, β-lactam opening remains kinetically accessible, as confirmed by scan-based barrier estimates. Although absolute barrier heights lie near the accuracy limits of DFT for radical-driven processes, the consistent low-barrier regime across models supports the qualitative conclusions.



Overall, these results indicate that adsorption on TiO2 reshapes the electronic and structural determinants of reactivity, enhancing the likelihood of PenV degradation relative to solution-phase pathways. The combined influence of binding configuration, electronic hybridization, and oxidation-driven reactivity redistribution provides a coherent mechanistic picture that is likely applicable to other β-lactam antibiotics and can inform the rational design of TiO2-based photocatalytic systems for antibiotic removal.
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Figure 1. Optimized structure of (a) neutral and (b) deprotonated (carboxylate) PenV. Atom labeling is illustrated in (c). Atom colors: C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 2. Isodensity surfaces of the key molecular orbitals of PenV, calculated in water solvent. Also represented are the conduction and valence band edges of the Ti44O90H4 cluster as well as the redox levels of the O2/•O2– and H2O/•OH couples. Atom colors: C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 3. Simulated UV-Vis absorption spectra of PenV, calculated by TDDFT in water solvent. The spectral lines were convoluted with Gaussian distributions of 0.1 eV full width at half maximum. 
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Figure 4. Electron and hole density distributions (0.0004 e/bohr3) based on the charge difference analysis of PenV for the transitions from HOMO to (a) LUMO and (b) LUMO+4. Illustration of charge separation between the electron-depleted (red) and electron-rich (blue) centroids at the HOMO to (c) LUMO and (d) LUMO+4 transitions of PenV. 
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Figure 5. Top (left) and lateral (right) views of the optimized structures of the Ti44O90H4 anatase nanocluster. Atom colors: Ti—gray, O—red, and H—light gray. 
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Figure 6. (Left) DFT-calculated density of states of the Ti44O90H4 cluster in vacuum, showing, separately, the contribution of p and d orbitals on Ti and of p orbitals on O atoms. Energy levels were convoluted with Gaussian distributions with an FWHM of 0.1 eV. (Right) Isodensity surfaces of the frontier orbitals of the Ti44O90H4 cluster: conduction band edge (top) and valence band edge (bottom). Ti—gray, C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 7. Schematic representation of typical binding configurations of a pollutant with a carboxyl anchoring group, such as Penicillin V, on a TiO2 surface: (a) monodentate binding via a single carboxylate oxygen; (b) bidentate-chelating binding to a single surface Ti site; (c) bidentate-bridging binding involving two adjacent surface Ti sites; (d) monodentate interaction mediated by hydrogen bonding with surface hydroxyl groups; and (e) mixed bidentate binding, involving one Ti–O bond and one hydrogen-bond interaction. 
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Figure 8. Top (upper) and side (lower) views of optimized PenV adsorption on the Ti44O90H4 nanocluster starting from different initial geometries. Bidentate bridging arises from (a) proton transfer during optimization and (b) initial pollutant deprotonation with proton attachment to adjacent surface oxygen. Mixed bidentate binding (c) involves one Ti–O bond and one hydrogen bond. Atom colors: Ti—gray, C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 9. (Left) DFT-calculated density of states of PenV on the Ti44O90H4 cluster in vacuum, showing, separately, the contribution of p and d orbitals on Ti and of p orbitals on O atoms. Energy levels were convoluted with Gaussian distributions with a FWHM of 0.1 eV. (Right) Isodensity surfaces of the key orbitals of the PenV/Ti44O90H4 system, from bottom-up: valence band edge of TiO2 (HOMO−6), HOMO−4, ground state of PenV (HOMO), conduction band edge of TiO2 (LUMO), an orbital with mixed character (LUMO+105), and the excited state of PenV (LUMO+128). Atom colors: Ti—gray, C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 10. Simulated UV-Vis absorption spectra of the PenV/Ti44O90H4 system, calculated by TDDFT. The spectral lines were convoluted with Gaussian distributions of 0.1 eV full width at half maximum. 
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Figure 11. Electron and hole density distributions based on the charge difference analysis of PenV for the transitions from HOMO to (a) LUMO and (b) LUMO+4. Illustration of charge separation between the electron-depleted (red) and electron-rich (blue) centroids at the HOMO to (c) LUMO and (d) LUMO+4 transition of PenV. 
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Figure 12. Electrostatic potential (ESP) mapped onto the electron density surface of PenV in solution, highlighting the spatial distribution of electron-rich (red) and electron-poor (blue) regions. 
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Figure 13. Isodensity surfaces of Fukui functions for radical (left) and nucleophilic (right) attack for PenV. Blue and red surfaces denote regions of higher and lower local reactivity toward the corresponding perturbation. 
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Figure 14. Illustration of the initial step of PenV degradation in solution induced by hydroxyl radical attack, highlighting localized β-lactam ring opening without significant redistribution of the HOMO. Optimized geometries of PenV in aqueous solution at the beginning of the scan (a), immediately before (b), and after (c) the cleavage of the C6–N1 bond of the β-lactam ring. Isodensity surfaces of the HOMO of PenV in solution at the beginning of the scan (d), just before (e), and after (f) C6–N1 bond breaking. Panel (g) provides a schematic representation of the free-energy barrier (ΔG*) and reaction driving force (ΔG0) associated with the bond-breaking step. Atom colors: C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 15. Electrostatic potential (ESP) mapped onto the electron density surface of PenV adsorbed on the TiO2 nanocluster in neutral (a) and oxidized (b) forms, highlighting the spatial distribution of electron-rich (red) and electron-poor (blue) regions. 
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Figure 16. Isodensity surfaces of Fukui functions for radical (left) and nucleophilic (right) attack for PenV adsorbed on the Ti44O90H4 nanocluster in neutral (top) and oxidized (bottom) form. Blue and red surfaces denote regions of higher and lower local reactivity toward the corresponding perturbation. 
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Figure 17. Illustration of the initial step of PenV degradation in solution induced by hydroxyl radical attack, highlighting localized β-lactam ring opening. Optimized geometries of neutral PenV adsorbed on the Ti44O90H4 nanocluster in aqueous solution at the beginning of the scan (a), immediately before (b), and after (c) the cleavage of the C6–N1 bond of the β-lactam ring. Isodensity surfaces of the HOMO of PenV/Ti44O90H4 in solution at the beginning of the scan (d), just before (e), and after (f) C6–N1 bond breaking. Panel (g) provides a schematic representation of the free-energy barrier (ΔG*) and reaction driving force (ΔG0) associated with the bond-breaking step. Atom colors: Ti—gray, C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Figure 18. Illustration of the initial step of oxidized PenV degradation on the catalyst, induced by hydroxyl radical attack, highlighting localized β-lactam ring opening. Optimized geometries of oxidized PenV adsorbed on the Ti44O90H4 nanocluster in aqueous solution at the beginning of the scan (a), immediately before (b), and after (c) the cleavage of the C6–N1 bond of the β-lactam ring. Isodensity surfaces of the HOMO of PenV/Ti44O90H4 in solution at the beginning of the scan (d), just before (e), and after (f) C6–N1 bond breaking. Panel (g) provides a schematic representation of the free-energy barrier (ΔG*) and reaction driving force (ΔG0) associated with the bond-breaking step. Atom colors: Ti—gray, C—dark gray, O—red, S—yellow, N—blue, and H—light gray. 
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Table 1. Structural parameters of neutral and carboxylate-deprotonated PenV, calculated in vacuum and/or water solvent, and of neutral and oxidized PenV adsorbed on Ti44O90H4, in vacuum. Distances are expressed in Å and angles in degrees. The atom labeling is presented in Figure 1c.
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	Parameter
	PenV

(Vacuum)
	PenV

(Water)
	PenV Deprot.

(Vacuum)
	PenV/TiO2

(Vacuum)
	PenV-e-/TiO2

(Vacuum)





	r(O1-C1)
	1.365
	1.355
	1.269
	1.299
	1.298



	r(O2-C1)
	1.222
	1.213
	1.270
	1.280
	1.278



	∠(O1-C1-O2)
	122.82
	123.20
	131.19
	122.62
	122.88



	r(O1-H/Ti1)
	1.008
	0.978
	-
	2.042
	2.064



	r(O2-Ti2)
	-
	-
	-
	2.117
	2.075



	∠(H/Ti-O1-C1-C2)
	0.19
	−0.38
	-
	130.23
	130.26



	∠(O1-C1-C2-N1)
	−14.35
	−15.10
	23.55
	−0.84
	2.90



	r(C3-S)
	1.888
	1.887
	1.895
	1.889
	1.898



	r(C4-S)
	1.835
	1.845
	1.867
	1.872
	1.870



	∠(C1-C2-S)
	111.17
	114.64
	102.93
	97.51
	95.65



	∠(C1-C2-C3-S)
	92.49
	101.25
	86.34
	77.88
	75.55



	r(N1-C6)
	1.453
	1.406
	1.399
	1.449
	1.429



	∠(N1-C4-C5)
	88.20
	88.38
	87.80
	89.46
	88.22



	∠(N1-C4-C5-C6)
	11.72
	10.92
	10.30
	13.00
	13.50



	∠(N1-C4-S-C5)
	−96.26
	−96.75
	−93.73
	−96.55
	−95.58



	r(C6-O3)
	1.212
	1.208
	1.225
	1.211
	1.212



	∠(O3-C6-C5-N2)
	42.25
	43.56
	48.32
	46.16
	48.19



	r(C7-O4)
	1.231
	1.222
	1.236
	1.237
	1.264



	∠(C7-C8-O5-C9)
	178.12
	173.79
	176.65
	151.71
	172.81



	∠(C8-O5-C9-C10)
	1.203
	2.52
	1.44
	46.95
	9.48










 





Table 2. Atom-resolved Fukui coefficients for PenV, corresponding to radical (f0), nucleophilic (f+), and electrophilic (f−) perturbations. Only the largest contributions are shown in descending order; the complete list is available in the Supplementary Material. Atom labels correspond to the numbering scheme in Figure 1.
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	f0
	Atom
	f+
	Atom
	f−
	Atom





	0.1031
	O3
	0.2022
	O3
	0.1374
	C12



	0.0997
	C6
	0.1975
	C6
	0.1320
	O5



	0.0695
	C12
	0.0524
	S
	0.0967
	C9



	0.0671
	O5
	0.0488
	O2
	0.0948
	C14



	0.0487
	C9
	0.0449
	N1
	0.0777
	C10










 





Table 3. Free-energy barrier (ΔG*) and reaction driving force (ΔG0) associated with the breaking of the C6–N1 bond of the β-lactam ring during the PenV degradation induced by •OH radical attack.






Table 3. Free-energy barrier (ΔG*) and reaction driving force (ΔG0) associated with the breaking of the C6–N1 bond of the β-lactam ring during the PenV degradation induced by •OH radical attack.





	
Basis Set

	
3-21G(d)

	
DZVP




	

	
Vacuum

	
Solvent

	
Vacuum

	
Solvent






	
ΔG0 (eV)

	
1.48

	
1.48

	
1.88

	
1.79




	
ΔG* (eV)

	
0.17

	
0.14

	
0.37

	
0.35




	
ΔG0 (kcal/mol)

	
34.1

	
34.2

	
43.3

	
41.4




	
ΔG* (kcal/mol)

	
4.02

	
3.28

	
8.50

	
8.09











 





Table 4. Rescaled atom-resolved Fukui coefficients for PenV adsorbed on Ti44O90H4 nanocluster, corresponding to radical (f0), nucleophilic (f+), and electrophilic (f−) perturbations. Only the largest contributions are shown in descending order; the complete list is available in the Supplementary Material. Atom labels correspond to the numbering scheme in Figure 1.






Table 4. Rescaled atom-resolved Fukui coefficients for PenV adsorbed on Ti44O90H4 nanocluster, corresponding to radical (f0), nucleophilic (f+), and electrophilic (f−) perturbations. Only the largest contributions are shown in descending order; the complete list is available in the Supplementary Material. Atom labels correspond to the numbering scheme in Figure 1.





	f0
	Atom
	f+
	Atom
	f−
	Atom





	0.1067
	O3
	0.1471
	O3
	0.1002
	O3



	0.0831
	C12
	0.0750
	C12
	0.0841
	C12



	0.0673
	C11
	0.0721
	O2
	0.0691
	C11



	0.0551
	N1
	0.0566
	C11
	0.0640
	N1



	0.0512
	C14
	0.0439
	C1
	0.0613
	C14



	0.0382
	C9
	0.0439
	C13
	0.0494
	C9



	0.0323
	C13
	0.0368
	C3″
	0.0366
	O4



	0.0315
	S
	0.0354
	N2
	0.0357
	S



	0.0311
	C6
	0.0311
	C6
	0.0311
	C6



	0.0303
	O2
	0.0255
	C2
	0.0306
	O5










 





Table 5. Atom-resolved Fukui coefficients for oxidized PenV adsorbed on Ti44O90H4 nanocluster, corresponding to radical (f0), nucleophilic (f+), and electrophilic (f−) perturbations. Only the largest contributions are shown in descending order; the complete list is available in the Supplementary Material. Atom labels correspond to the numbering scheme in Figure 1.






Table 5. Atom-resolved Fukui coefficients for oxidized PenV adsorbed on Ti44O90H4 nanocluster, corresponding to radical (f0), nucleophilic (f+), and electrophilic (f−) perturbations. Only the largest contributions are shown in descending order; the complete list is available in the Supplementary Material. Atom labels correspond to the numbering scheme in Figure 1.





	f0
	Atom
	f+
	Atom
	f−
	Atom





	0.0837
	C9
	0.1161
	C9
	0.1316
	O3



	0.0815
	C12
	0.1030
	C12
	0.1243
	S



	0.0743
	C11
	0.0984
	C11
	0.0818
	N1



	0.0673
	O5
	0.0926
	O5
	0.0398
	C12



	0.0650
	C13
	0.0851
	C13
	0.0390
	C6



	0.0563
	O3
	0.0755
	C14
	0.0278
	C11



	0.0558
	C14
	0.0572
	C10
	0.0261
	C13



	0.0423
	C10
	0.0190
	C8
	0.0256
	C5



	0.0323
	N1
	0.0173
	O3
	0.0248
	O2



	0.0317
	S
	0.0134
	N2
	0.0210
	C9



	0.0152
	C6
	0.0078
	O4
	0.0193
	C3″
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