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Abstract


This study investigates how different substituents modulate the electronic structure and optical properties of seven derivatives of Pyrimidine-benzoxazole (FB.01) in DMSO, aiming to optimize their performance as deep bioimaging probes. The π-conjugated FB.01 core was functionalized with methyl, phenyl, N-oxide, exocyclic phenyl, carboxyl, N(OH)2, and pyridine. Geometry optimizations were performed using DFT (B3LYP/6-311+G(d,p) with SMD), followed by analysis of frontier orbitals, electronegativity, hardness, and total energy. TD-DFT and the Sum-Over-States approach simulated molar absorptivity spectra and two-photon absorption cross-sections. Results show that minor torsions influence optical responses: the FB.01 skeleton remains nearly planar, though substituents alter π-overlap and shift the LUMO, while the HOMO stays at −7.65 eV. N-oxide and carboxyl groups stabilize the LUMO, narrowing the energy gap (down to 5.20 eV in FB.04 and 6.07 eV in FB.06), whereas methyl widens it (6.38 eV). All compounds preserve a strong UV-band; conjugation increases absorptivity, and FB.04 exhibits a 31 nm red-shift. TPA grows with conjugation and peaks dramatically in FB.04 (23 GM), surpassing other derivatives. These findings highlight three design principles: strong acceptors like N-oxide effectively lower the LUMO and enhance TPA; additional aromatic rings boost one-photon absorption; and carboxyl or N(OH)2 groups finely tune polarity without disrupting planarity.






Keywords:


benzoxazole; density functional theory; two-photon absorption; bioimaging












1. Introduction


Multiphoton microscopy has been established over the last few decades as one of the most powerful [1] techniques to observe living tissues with subcellular resolution [2]. The most widely used principle today is the simultaneous absorption of two photons (TPA), a nonlinear optical process that allows the excitation of fluorescent molecules with low-energy light within the biological radiation range, minimizing phototoxicity and scattering in the sample [3]. Even so, the quantum efficiency of most available organic dyes remains incipient; only a handful of them have TPA cross-sections high enough to generate an intense signal without resorting to power densities that could damage biological structures [4,5]. This limitation has driven the search for chromophore families whose electronic parameters can be finely tuned through subtle structural changes, so that the optical response is optimized without sacrificing solubility or photochemical stability [6,7].



Within this effort, benzoxazole-type heteroaromatics stand out for combining several desirable qualities: a rigid platform that limits vibrational deactivation, a high transition moment in the ultraviolet, and synthetic chemoselectivity that facilitates their functionalization [8,9]. When a pyrimidine fragment is anchored at position 4 of the system, electron-accepting centers emerge that can induce extensive intramolecular charge transfers, a phenomenon that often enhances polarizability and, consequently, nonlinear performance [10,11,12]. The current literature also shows that extending conjugation through additional rings or introducing electron-donor and electron-acceptor groups modulates the HOMO–LUMO gap (Highest Occupied Molecular Orbital—Lowest Unoccupied Molecular Orbital) almost additively, which offers a palette of possibilities to shift absorption toward wavelengths compatible with standard laser instrumentation [13,14,15,16,17].



On the other hand, the use of density functional theory (DFT) and its time-dependent formulation (TD-DFT) has become an indispensable ally for the rational design of new dyes [18,19,20]. These methods allow predicting equilibrium geometries, charge distributions, and electronic spectra with an adequate balance between accuracy and computational cost. However, there is still a need to link these predictions with more global parameters (dipole moment, electronegativity, molecular hardness), which can guide the selection of the most relevant synthetic routes [21,22,23,24]. The correlation between these descriptors and multiphoton efficiency has not yet been explored in sufficient depth in benzoxazole systems with nitrogen-containing rings.



In this context, the present research proposes a systematic study of pyrimidine–benzoxazole derivatives functionalized with substituents of different electronic nature. Using FB.01 as the reference core structure, each derivative incorporates a single, well-defined modification: FB.02 contains a σ-donating methyl group (-CH3) that subtly raises the HOMO [25]; FB.03 and FB.05 introduce phenyl substituents that extend the π-conjugated framework, with FB.05 [26]; FB.04 corresponds to a 4-nitroso-pyrimidine derivative, introducing a strong electron-withdrawing –NO group [27]; FB.05 featuring a phenyl group at the C-4 position of the pyrimidine ring [28]; FB.06 bears a carboxyl substituent (-COOH), enhancing molecular polarity and hydrogen-bonding capability [29]; FB.07 corresponds to a nitrogen dihydroxide–substituted derivative, represented as N(OH)2 in the proposed structure, which provides additional acceptor character [30]; and FB.08 replaces the terminal phenyl group with a 4-pyridyl moiety, whose heteroaromatic nitrogen acts as a coordination site and increases the overall molecular dipole moment [31].



Three central guidelines are adopted: maintaining the coplanarity of the π-skeleton as far as intrinsic torsions allow; evaluating substituents that represent different regimes of charge donation and withdrawal; and analyzing the compounds in a polar medium such as dimethyl sulfoxide (DMSO), a solvent widely accepted in biological assays due to its ability to dissolve both hydrophilic and lipophilic molecules [32,33,34]. The approach adopted aims, on the one hand, to theoretically estimate the feasibility of these chromophores as deep bioimaging probes and, on the other, to provide general guidelines for substituent engineering in future research. The practical interest of this strategy is to reveal the structural parameters that most influence the nonlinear response (coplanarity, conjugated length, localized polarity), facilitating the selection of substituents that enhance TPA efficiency without compromising photostability or ease of synthesis.




2. Computational Methods


The compounds under study (Figure 1) were designed and modeled in their ground state using Gaussian 09, employing DFT (time-independent density functional theory) with B3LYP hybrid functionals and 6-31g+(d,p) Gaussian basis sets [35]. B3LYP may overestimate CT stabilization and red shifts. Solute–solvent interactions were treated with the SMD (solvation model based on density) continuum solvent model using DMSO [9]. The molecular architecture is detailed below.



The parent compound FB.01 was chosen as a π-conjugated platform because it combines three aromatic units that communicate electronically. Its systematic name is PB.01 the pyrimidine (acceptor), the phenyl ring (semi-donor spacer), and the benzoxazole bicyclic core create an electronic corridor that favors charge displacement and provides two heteroatoms available for coordination or protonation [36]. In FB.02, a methyl group was introduced at the site of highest electron density in the benzoxazole. The -CH3 acts as a weak σ-donor; it raises the HOMO energy, narrows the HOMO–LUMO gap, makes the molecule more hydrophobic, and alters the dipole moment, polarizability, and hyperpolarizability vectors, which are decisive features for nonlinear optical response [37].



For FB.03, an extra phenyl ring was added at the opposite end of the benzoxazole. The new aromatic unit extends conjugation and, being a resonance donor, pushes density toward the center of the system. It also increases the hydrophobic surface and improves solubility in organic solvents such as DMSO, which is useful in thin-film processing or pharmaceutical formulation [26]. In FB.04, nitric oxide was incorporated onto the pyrimidine, which decreases the basicity of the heteroatom, strengthens hydrogen bond acceptance, and offers a coordination site for transition metals. The result is a more polar molecule, with ortho/para-selective synthetic routes and potential for redox-active supramolecular assemblies [17].



FB.05 was designed by coupling a phenyl group to carbon 4 of the pyrimidine, that is, the intermediate carbon between the two nitrogens. This anchor maximizes direct pyrimidine–phenyl conjugation, shifts density away from the nitrogens (modulating their basicity), and provides steric bulk that can improve selectivity toward biological targets by hindering undesired orientations [38]. In FB.06, a carboxylic acid group (-COOH) was coupled to the benzoxazole. Carboxyl introduces an ionization site that increases water solubility in physiological media, allows the formation of salts or esters for controlled release, and strengthens hydrogen bonding interactions with proteins or oxide surfaces; it also acts as a moderate electron-withdrawing group, fine-tuning the absorption spectrum [39].



FB.07 incorporates a fragment N(OH)2 onto the central ring. The N(OH)2 adds two hydrogen-bond donor/acceptor sites, greatly increases polarity, and offers a microenvironment capable of proton exchange or participation in dynamic tautomerism, valuable features for chemical sensors and for tuning the photophysics of the system via protonic switching [30]. Although no explicit NO2 derivative was included, the N-oxide functionality in FB.04 behaves electronically as a strong π-acceptor, comparable to classical nitro substituents in push–pull systems. FB.08 replaces the terminal phenyl with a 4-pyridyl moiety. The basic nitrogen of pyridine provides an extra protonation or metal-coordination site, improves affinity for polar surfaces, and alters the electronic distribution through the –M/–I effect, all without sacrificing aromatic planarity. This yields a more polarizable derivative, capable of forming complexes and of being selectively functionalized at positions 3 or 4 of the new heteroaromatic ring.



With this family of Pyrimidine-benzoxazole derivatives, a range of current needs in medicinal chemistry are addressed: a controlled balance between lipophilicity and polarity, sufficient rigidity to bind to aromatic targets, heteroatomic sites capable of coordinating metals or participating in hydrogen bonding, and an adjustable photophysical spectrum that supports applications in bioimaging, phototherapy, and biomedical optoelectronic devices.



With the molecular structures optimized, a study of spatial configuration was carried out because the coplanarity of the carbonyl maximizes conjugation, shifts the C=O band to lower frequency, alters α-acidity and nucleophilicity, reduces the HOMO–LUMO gap, and influences packing, aromatic stacking, and catalytic recognition, which is important in biomedical applications. In addition, the frontier orbitals (HOMO and LUMO), electronic properties, and intrinsic chemical reactivity were studied, analyzing characteristics such as total energy, HOMO and LUMO orbital energies, energy gap, electronegativity, hardness, and dipole moment.



Then, TD-DFT (time-dependent density functional theory) was used to calculate transition probabilities among 30 states of each compound, which were used to model molar absorptivity spectra in DMSO. The functionals used were CAM-B3LYP, the basis sets were 6-311g+(d,p), and the solvation model used was SMD [9]. CAM-B3LYP was employed specifically to assess the robustness of charge-transfer states against functional-dependent artifacts. Measuring molar absorptivity reveals how much light each derivative absorbs, assigning wavelength and evaluating excitation efficiency. The emission spectrum, along with quantum yield and Stokes shift, shows what fraction of energy is released radiatively, establishing chromatic purity, stability, and suitability for the desired biomedical applications.



The two-photon absorption spectra were obtained using the SOS (sum-over-states) method, calculating transition dipole moments among the first 30 states using twice the energy of the one-photon transitions, since high TPA values indicate potential for deep-activated photodynamic therapy or optogenetics, while comparison among FB derivatives indicates which substitutions (methyl, phenyl, N-oxide) optimize this nonlinear response without sacrificing solubility or biocompatibility.




3. Results


3.1. Atomic Cartesian Coordinates


Below is the spatial information, that is, the (x, y, z) coordinates of the atoms that constitute each compound in DMSO from Table 1, in Bohr units; the 0 1 at the beginning of each line indicates the ground state in which the compounds were optimized.



The three-dimensional model of FB.01 (Table 1) indicates that the benzoxazole, phenyl, and pyrimidine rings are almost aligned in the same plane (deviations ≤ 3 Å along the Z-axis); the heteroatoms (N, O) barely protrude. This coplanarity maximizes the overlap of π orbitals along the ~17 Bohr of the X-axis, explains the wide conjugation corridor responsible for the moderate HOMO–LUMO gap (6.32 eV), and reinforces the longitudinal polarizability. In FB.02 (Table 2) the benzoxazole–phenyl–pyrimidine skeleton retains the global planarity: almost all aromatic atoms fall within a ±3 Å band over the XY plane; only the carbon of the newly incorporated CH3 group departs ~1 Å outward. This slight bulge does not break conjugation: the π pathway still extends about 17 Bohr along the X-axis, but the σ donor of the methyl raises the HOMO and narrows the HOMO–LUMO interval to 6.38 eV.



In FB.03 (Table 1) the insertion of the second phenyl ring partially breaks the global planarity: while the central benzoxazole–phenyl–pyrimidine path remains within ±3 Å, the new phenyl appears rotated ~35° and protrudes up to 4 Å above the XY plane (Z-axis). This torsion reduces π-orbital overlap at the left end, so the effective conjugation is shortened by ≈3 Bohr, and the electronic corridor becomes fragmented. Consequences: the HOMO–LUMO gap drops only to 6.29 eV. In FB.04 (Table 1) the pyrimidine N-oxide (N+→O−, red and blue spheres to the right) keeps the benzoxazole–phenyl–pyrimidine scaffold practically coplanar: the majority of π-conjugated atoms oscillate within ±2.5 Å over the XY plane. The axial oxygen of the N-oxide protrudes only ~1 Å and does not induce perceptible torsion; thus, the conjugated path continues extending ~17 Bohr along the X-axis. The introduction of the N-oxide dipole increases the acceptor character, lowers the LUMO, and narrows the gap to 5.20 eV, raising the longitudinal polarizability and the charge density at the right end.



In FB.05 (Table 1) the main π chain—benzoxazole–phenyl–pyrimidine—remains coplanar within ±2 Å over the XY plane and extends almost 19 Bohr along the X-axis. However, the phenyl added at C-4 of the pyrimidine rotates ~70° with respect to the skeleton and protrudes up to 4 Å in Z. This torsion interrupts lateral conjugation: the new ring participates only by induction (not by resonance), so the HOMO–LUMO gap hardly varies (6.33 eV) and the overall dipole moment falls to 1.82 D. In FB.06 (Table 2) the benzoxazole–phenyl–pyrimidine π spine preserves the fundamental coplanarity: almost all aromatic atoms remain within ±2 Å over the XY plane, maintaining a conjugated corridor of ~17 Bohr along the X-axis. The newly anchored carboxylic group (C=O and O–H, red spheres to the right) tilts about 25–30°; its two oxygens protrude ~1.5 Å, introducing little torsion but a strong local dipole. This appendage withdraws electron density, slightly lowers the LUMO, and narrows the gap to 6.07 eV, while raising the overall dipole moment to 5.16 D.



In FB.07 (Table 1) the benzoxazole–phenyl–pyrimidine backbone remains essentially flat (most aromatic atoms oscillate within ±2 Å over the XY plane and the π corridor extends ~17 Bohr along the X-axis), but the newly introduced N(OH)2 fragment (C(OH)2, red spheres) projects to both sides of the plane by about 2 Å. This protrusion does not cut longitudinal conjugation, but it does generate a strong local dipole and dense H-bond donor/acceptor sites that swell the overall dipole moment (2.80 D) and promote intermolecular networks. In FB.08 (Table 2) the benzoxazole–phenyl–pyrimidine π route remains almost perfectly coplanar (±2 Å over the XY plane) and extends a little more than 18 Bohr along the X-axis. The key change is the terminal phenyl replaced by a pyridine twisted ~60° with respect to the skeleton: its blue nitrogen protrudes ~3 Å out of the plane. This torsion interrupts lateral conjugation, but not longitudinal; the HOMO–LUMO gap remains at 6.20 eV, and axial polarizability stays high. The pyridinic nitrogen provides a protonation/coordination center that increases the overall dipole moment to 4.21 D and enables directed bonds to metals or proteins.




3.2. HOMO and LUMO Orbitals


In Figure 2, throughout the series, the HOMO orbital remains confined to the original benzoxazole backbone, while the LUMO shows characteristic shifts depending on the incorporated substituent: in FB.01 it is oriented toward the pyrimidine; in FB.02 it also points to that end but does not include the added methyl group; in FB.03 it is concentrated in the center of the molecule, with less presence at the ends; in FB.04 it migrates toward the pyrimidine and covers the N-oxide, leaving the opposite benzoxazole exposed; in FB.05 it returns to the center without reaching the attached phenyl; in FB.06 it extends to the pyrimidine and includes the carboxyl group; in FB.07 it advances to the same end and partially covers the N(OH)2; and in FB.08 it projects toward the pyrimidine, integrating the terminal 4-pyridyl moiety ring.




3.3. Electronic Properties and Intrinsic Chemical Reactivity


In DMSO (see Table 2), the total energy (    E   T    ) confirms the increasing stability with the extension of conjugation. FB.01 starts at −24,326.87 eV; the simple methylation of FB.02 makes it more negative (−25,396.99 eV). The insertion of a second phenyl in FB.03 lowers the energy even further (−30,614.84 eV), a value that is repeated in FB.05 when that phenyl is directly anchored to the pyrimidine (−30,614.83 eV). The N-oxide of FB.04 is stabilized at −27,845.02 eV; the carboxyl group of FB.06 at −29,458.54 eV; the N(OH)2 of FB.07 at −29,924.71 eV, while the 4-pyridyl moiety of FB.08 reaches −31,059.26 eV, the lowest in the series.



In Table 2 and Figure 2, the frontier levels show a practically constant HOMO (−7.64 to −7.71 eV) except for the N-oxide: FB.04 drops to −7.71 eV, indicating electron-withdrawing behavior. The LUMO varies more: −1.27 eV in FB.02, −1.34 eV in FB.01, −1.35 eV in FB.03 and FB.07, −1.31 eV in FB.05, −1.46 eV in FB.08, and −1.62 eV in FB.06; the extreme value comes from FB.04 at −2.51 eV, reflecting the electron-attracting effect of the N-oxide. Consequently, the energy gap (    E   G    ) ranges from 5.20 eV (FB.04) to 6.38 eV (FB.02), staying around 6.30 eV for most (FB.01, FB.03, FB.05, FB.07) and dropping to 6.07 eV in the carboxylated FB.06 and 6.20 eV in the pyridine FB.08. Electronegativity (  χ  ) follows the same pattern: 4.46 eV for FB.02, 4.47 eV in FB.05, 4.50 eV in FB.01 and FB.03, 4.51 eV in FB.07, 4.56 eV in FB.08, 4.65 eV in FB.06, and 5.11 eV in FB.04. The resulting hardness (  η  ) remains high (≈3.15 eV) for the neutral derivatives but drops to 2.60 eV in FB.04 and 3.04 eV in FB.06, indicating higher chemical softness where polarizing groups are introduced.



The dipole moment reveals the charge redistribution (Table 2). The values are low in FB.05 (1.82 D) and intermediate in FB.01, FB.03, and FB.07 (2.76–2.80 D). The methylated FB.02 drops slightly to 2.63 D. Upon incorporating carboxyl (FB.06) and 4-pyridyl moiety (FB.08), they increase to 5.16 D and 4.21 D, respectively. The maximum corresponds to the N-oxide FB.04 with 6.60 D, consistent with its strong    N +  →  O −    dipole. These data confirm that the modifications introduce predictable adjustments in reactivity and polarity without excessively disturbing the overall stability of the benzoxazole–phenyl–pyrimidine core.




3.4. One Photon Absorption (OPA)


FB.01 (see Figure 3). It shows an intense peak at 192 nm with a molar absorptivity of   7.23 ×  10 3      L   m o l   − 1     c m   − 1    ; the second maximum is located at 312 nm and reaches 5.91 × 103 L mol−1 cm−1. These values correspond to   n →   π   ∗     transitions of the benzoxazole–phenyl–pyrimidine corridor and serve as a reference for the series. FB.02 (see Figure 3). The methyl substituent keeps the first maximum at 192 nm, raising it to   7.79 ×  10 3      L   m o l   − 1     c m   − 1    . The second peak, slightly red-shifted, appears at 309 nm with   5.99 ×  10 3      L   m o l   − 1     c m   − 1    , indicating a slight reduction in excitation energy.



FB.03 (see Figure 3). The insertion of an additional phenyl strengthens the entire curve: the first maximum appears at 193 nm with   8.88 ×  10 3      L   m o l   − 1     c m   − 1     and the second at 313 nm with   6.92 ×  10 3      L   m o l   − 1     c m   − 1    , values that confirm the extended conjugation of the system. FB.04 (see Figure 3). When oxidizing the pyrimidine to N-oxide, the first peak remains at 192 nm with   6.76 ×  10 3      L   m o l   − 1     c m   − 1    , but the second band shifts markedly to 343 nm, where it reaches 3.40 × 103 L mol−1 cm−1 and extends into the visible region, showing a significant stabilization of the LUMO. FB.05 (see Figure 3). The coupling of a phenyl to the pyrimidine produces a shoulder in the 250–280 nm region and maintains the main pair at 194 nm with 8.17 × 103 L mol−1 cm−1 and at 311 nm with   6.21 ×  10 3      L   m o l   − 1     c m   − 1    , indicating new   π →   π   ∗     transitions without major spectral shifts.



FB.06 (see Figure 3). The introduction of the carboxyl group preserves the first band at 191 nm with   7.68 ×  10 3      L   m o l   − 1     c m   − 1    , while the second appears at 319 nm with   5.84 ×  10 3      L   m o l   − 1     c m   − 1     and shows greater width, reflecting additional n→π* transitions from the carbonyl. FB.07 (see Figure 3). The N(OH)2 contributes polarity without excessively altering the positions: 192 nm with   6.49 ×  10 3      L   m o l   − 1     c m   − 1     and 312 nm with   6.11 ×  10 3      L   m o l   − 1     c m   − 1     are observed, along with a small crest near 260 nm attributed to the two hydroxyl groups. FB.08 (see Figure 3). The replacement of phenyl by a 4-pyridyl moiety maintains a peak at 193 nm with   7.54 ×  10 3      L   m o l   − 1     c m   − 1     and another at 313 nm with   6.53 ×  10 3      L   m o l   − 1     c m   − 1    , accompanied by a slight shoulder between 250 and 270 nm arising from   π →   π   ∗     transitions of the heteroaromatic nitrogen. All molecules retain an intense deep-ultraviolet band associated with the benzoxazole core; the shifts and intensity variations in the second band reveal how each substituent modulates conjugation and charge-transfer character, with the N-oxide (FB.04) inducing the most pronounced bathochromic shift and the additional phenyl (FB.03) producing the greatest enhancement in absorption.




3.5. Two Photon Absorption (TPA)


For FB.01 (see Figure 4), the highest peak appears around 605 nm with an intensity of 4.5 GM. The full width at half maximum (FWHM) is about 40 nm, so the area under the curve in the visible region reaches about 160 GM, reflecting modest absorption. In FB.02 (see Figure 4), the maximum is located near 600 nm and reaches about 6 GM. Its FWHM is estimated at 45 nm, and the integrated area is about 200 GM, indicating slightly higher capture capacity than FB.01.



The profile of FB.03 (see Figure 4) shows two crests: the main one at 550 nm with 7 GM and a secondary one at 600 nm with 6.5 GM. The typical FWHM is about 50 nm, and the integrated area rises to about 300 GM, indicating significant absorption. FB.04 stands out clearly. It shows a dominant peak of 23 GM around 720 nm and two smaller ones, one of 17 GM near 510 nm and another of 9 GM around 590 nm. The main crest is broad, about 80 nm, and the overall area approaches 1000 GM, making it the compound with the highest absorption capacity in the set.



In FB.05 (see Figure 4), peaks of 6 GM at 540 nm and 5 GM at 600 nm are observed. With an average width of about 45 nm, the integrated area is around 230 GM, placing it in an intermediate range. For FB.06 (see Figure 4), the maximum appears at 520 nm with 4 GM and at 600 nm with 3 GM. Its typical width is 40 nm, and the area under the curve is about 150 GM, revealing the lowest absorption efficiency in the series. FB.07 (see Figure 4) reaches its highest value at 540 nm with 5 GM and shows a FWHM of about 40 nm; the integrated area is around 180 GM, slightly higher than that of FB.06. FB.08 (see Figure 4) exhibits a peak of 8 GM centered at 600 nm with a width of about 50 nm. The integration yields about 250 GM, giving it an absorption capacity comparable to that of FB.05 and notably higher than that of FB.06 and FB.01.





4. Discussion


The pyrimidine–benzoxazole derivatives reveal that relatively small topological modifications induce clearly differentiated electronic and photophysical responses. Three-dimensional models indicate that the benzoxazole–phenyl–pyrimidine π-column remains nearly coplanar across the series; however, the incorporation of additional rings or polar substituents introduces local torsions of up to ~70°, reducing orbital overlap at the molecular termini and modulating the effective conjugation pathway. The strict coplanarity observed for FB.01, FB.02, and FB.04 extends π-delocalization over approximately 17 Bohr, whereas the external phenyl group in FB.05 and the twisted pyridine ring in FB.08 partially disrupt alignment, diminishing π-interaction on the substituted side. These geometric distortions directly govern LUMO positioning and longitudinal polarizability, which are key parameters for nonlinear optical responses.



From an electronic perspective, the HOMO energies remain nearly invariant (−7.64 to −7.66 eV), except in the presence of strong electron-accepting groups. In particular, the 4-nitroso derivative FB.04 stabilizes both frontier orbitals, lowering the HOMO to −7.71 eV and shifting the LUMO to −2.51 eV, which compresses the gap to 5.20 eV. A similar but less pronounced effect is observed for the carboxyl-substituted FB.06, where LUMO stabilization (−1.62 eV) reduces the gap to 6.07 eV, while simple methylation in FB.02 slightly raises the LUMO (−1.27 eV) and widens the gap to 6.38 eV. Orbital density maps corroborate these trends, showing HOMOs largely localized on the benzoxazole core and LUMOs progressively shifted toward the pyrimidine or electron-withdrawing substituents, delineating internal charge-transfer pathways that promote excited states with intramolecular CT character. The increasing dipole moment—from 1.82 D in FB.05 to 6.60 D in FB.04—further reflects enhanced charge separation, suggesting stronger stabilization of CT states in polar environments.



The one-photon absorption (OPA) spectra in DMSO preserve an intense deep-UV band (~192 nm) associated with the benzoxazole moiety, whose intensity grows with extended conjugation, reaching 8.88 × 103 L mol−1 cm−1 for the diphenyl-substituted FB.03. A second π→π* transition appears between 309 and 319 nm for most derivatives but exhibits a pronounced bathochromic shift to 343 nm in FB.04, consistent with strong LUMO stabilization induced by the nitroso group. The presence of carbonyl (FB.06) and nitrogen dihydroxide (FB.07) functionalities broadens the high-energy band, indicating partial n→π* contributions. Overall, the OPA response is governed by the donor–acceptor balance imposed by the substituents and by the preservation of molecular coplanarity.



The two-photon absorption (TPA) profiles show even greater sensitivity to structural and electronic factors. The progressive extension of conjugation from FB.01 to FB.03 enhances the TPA cross-section from ~160 to ~300 GM without drastic gap reduction, indicating that increased delocalization alone can improve nonlinear response. In contrast, FB.04 exhibits a markedly amplified TPA activity, with a dominant band centered near 720 nm (≈230 GM) and an integrated cross-section approaching 1000 GM. This enhancement correlates with strong intramolecular charge separation and gap compression, which favor virtual intermediate states of appropriate symmetry for two-photon excitation. Qualitative analysis of natural transition orbitals (NTOs) for FB.03 and FB.04 indicates a pronounced spatial separation between hole and electron densities, consistent with longer charge-transfer distances and higher CT indices, providing a direct link between efficient charge displacement and enhanced TPA response. FB.06 and FB.07, despite containing highly polar groups, display moderate cross-sections (150–180 GM), likely due to partial conjugation disruption and less effective CT delocalization, while the twisted pyridyl substituent in FB.08 restores TPA efficiency (~250 GM) by contributing acceptor character to the LUMO without excessive gap widening.



The pronounced bathochromic shifts and enhanced TPA observed for FB.04 are associated with strong intramolecular charge transfer. Although hybrid functionals such as B3LYP are known to overestimate CT stabilization, comparison with CAM-B3LYP confirms that the enhanced CT character of FB.04 is not an artifact but an intrinsic consequence of its strong acceptor nature and preserved coplanarity.



It should be noted that these solvent-dependent photophysical trends are interpreted within the framework of the SMD implicit solvation model, which treats the solvent as a polarizable continuum and neglects specific solute–solvent interactions and dynamic reorganization effects. As a consequence, the stabilization of highly polar CT excited states—particularly relevant for TPA efficiency—may be underestimated, especially for derivatives such as FB.04 and FB.03. Nevertheless, SMD provides a computationally efficient and internally consistent description of average solvent effects, making it suitable for comparative analysis across the homologous series and for identifying robust structure–property relationships governing nonlinear optical performance.




5. Conclusions


The study confirms that the benzoxazole–phenyl–pyrimidine core is a versatile scaffold: it tolerates various substitutions without losing electronic stability or global coplanarity, a prerequisite for maintaining an efficient conjugation pathway. The results reveal three design principles. First, introducing strong acceptors that selectively lower the LUMO—such as the N-oxide—is the most effective strategy to enhance two-photon absorption, provided that planarity is not sacrificed. Second, increasing conjugation length with additional aromatic rings amplifies OPA intensity and moderately raises TPA, but its impact is lower than that of polar electronic alteration. Third, incorporating mild donor groups (methyl) or moderate dipoles (carboxyl, N(OH)2) finely tunes the gap and the dipole moment, allowing the excitation energy to be adjusted without significant losses in UV transparency.



In terms of applications, FB.04 emerges as a priority candidate for two-photon bioimaging and for active layers in photonic devices that require large TPA cross-sections in the near-red region. FB.03 and FB.05 offer an attractive balance between high UV–blue absorptivity and intermediate TPA, useful in photopolymerization or frequency conversion. The carboxylated and diol derivatives, although less efficient in TPA, have pronounced dipoles and anchoring sites that facilitate supramolecular functionalization, opening the door to sensors or self-assembled matrices.



To address the known tendency of B3LYP to artificially stabilize charge-transfer excitations, TD-DFT calculations were also performed using the range-separated CAM-B3LYP functional. While absolute excitation energies are blue-shifted, the relative ordering and the enhancement of CT character in FB.04 remain preserved.
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Figure 1. Derivatives of PB.01 in DMSO. Note: White spheres represent hydrogen atoms, gray spheres represent carbon atoms, blue spheres represent nitrogen atoms, and red spheres represent oxygen atoms. 
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Figure 2. Frontier HOMO and LUMO Orbitals. Note: Violet and green distinguish the phase of the wave function: violet represents ψ > 0, green represents ψ < 0. The blue arrow indicates the reference band gap, green arrows show increases in the band gap, and red arrows indicate decreases in the band gap. 
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Figure 3. Molar absorptivity of the FB.01 derivatives in DMSO. 
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Figure 4. Two-photon absorption (TPA) of FB.01 derivatives in DMSO. 
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Table 1. Spatial configuration of PB.01 derivatives in DMSO.
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White sphere represents hydrogen atoms, yellow spheres represent carbon atoms, blue spheres represent nitrogen atoms, and red spheres represent oxygen atoms.













 





Table 2. Electronic properties and intrinsic chemical reactivity.
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	COs
	     E   T     

(eV)
	     E   H      (eV)
	     E   L     

(eV)
	     E   G      (eV)
	    χ    
	    η    
	Dipole Moment

(Debye)





	FB.01
	−24,326.87
	−7.66
	−1.34
	6.32
	4.50
	3.16
	2.76



	FB.02
	−25,396.99
	−7.65
	−1.27
	6.38
	4.46
	3.19
	2.63



	FB.03
	−30,614.84
	−7.65
	−1.35
	6.29
	4.50
	3.15
	2.76



	FB.04
	−27,845.02
	−7.71
	−2.51
	5.20
	5.11
	2.60
	6.60



	FB.05
	−30,614.83
	−7.64
	−1.31
	6.33
	4.47
	3.16
	1.82



	FB.06
	−29,458.54
	−7.69
	−1.62
	6.07
	4.65
	3.04
	5.16



	FB.07
	−29,924.71
	−7.66
	−1.35
	6.31
	4.51
	3.16
	2.80



	FB.08
	−31,059.26
	−7.66
	−1.46
	6.20
	4.56
	3.10
	4.21







Note: Total energy ET, HOMO EH, LUMO EL, energy gap EG, electronegativity χ, molecular hardness η, and dipole moment.
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