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Abstract  

Periodic Density Functional Theory and hybrid ONIOM time-dependent DFT/MM cluster 

calculations have been carried out to investigate the ground and excited state properties of the 

crystalline structures of the enolic and ketonic tautomeric forms of a propoxy-substituted 

dibenzothiazolylphenol molecule (OPr), a prototype for systems undergoing to the excited state 

intramolecular proton transfer process. 

The crystalline structures of the tautomeric forms are well reproduced and, as expected, at the 

ground state the enol polymorph is predicted to be more stable than the keto one. At the excited 

state, the effect of the environment on time-dependent DFT calculations has been accounted for 

by including a charge embedding scheme, and the influence of different kinds of point charges 

(Mulliken, CM5, RESP and QEq) in determining the optical properties of the central molecule has 

been investigated. 

The results reveal that, in fair agreement with experimental data, the absorption (emission) 

energies of the enol (keto) OPr molecule is red shifted of about 3 (3) nm going from the gas 

phase to chloroform and blue shifted of 10 (23) nm going from the gas to the crystal phase when 

the electronic embedding with Mulliken charges is employed. The electrostatic embedding 

influence the excited state properties more severely than the ground state and, apart the QEq 

charges, all other models provide Stokes’ shifts in reasonable agreement with experimental data. 

 

Keywords : ESIPT fluorophores, molecular crystals, TD-DFT, ONIOM, electrostatic embedding 
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1. Introduction 

In the last years, molecular solids have found a large growth in applications as optic materials 

with versatile uses in photochemical science and engineering.[1]  

Several organic molecules exhibiting charge transfer (CT) and/or Excite-State Intramolecular 

Proton Transfer (ESIPT) processes after irradiation have shown interesting photo-chromic 

properties when arranged in the solid state.[2–5]  

Recently, Sakai et al.[6] synthesized and characterized (by X-Ray Diffraction and UV-Visible 

absorption and fluorescence spectroscopy) four different alcoxy-substituted (metoxy-, ethoxy-, 

propoxy- and butoxy-) dibenzothiazolylphenol molecular crystals that exhibit strong ESIPT 

fluorescence.  

Figure 1 reports the chemical structures of the enolic and ketonic forms of the propoxy-

substituted compound (hereafter named OPr) as well as the photochemical mechanism 

responsible of its luminescent properties.  

This chromic compound shows, both in solution (chloroform solvent) and in solid-state, an 

orange-red fluorescent emission, that in the crystal gives rise to a remarkable fluorescent 

quantum yield (ΦFL = 0.38). The proposed photophysical molecular mechanism involves: i) the 

photoirradiation of the enol tautomeric form of OPr, followed by ii) an ESIPT process that leads 

to the fluorescent keto tautomer. The spectral differences observed in solid-state fluorescence 

(not sizeable in the molecular case) for diverse substitutions of the alcoxy- group were 

explained[6] making use of the Davydov exciton coupling theory.[7] Two systems (OPr and the 

metoxy-substituted one, OMe) form H-aggregates, whereas the other two systems (propoxy- and 

butoxy-substituted) form J-aggregates. The stacked molecular displacement of molecules within 

the crystal, originates a face-to-face (head to tail) coulomb interaction between the molecular 

transition dipole moments that for H-aggregates (J-aggregates) yields to a batochromic 
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(hypsochromic) shifted emission with respect to the non-substituted compound. Therefore, the 

emissive lowest singlet excited state is destabilized (overstabilized) depending on the competing 

dipole-dipole interactions. 

Such experimental observations were partially supported[6] only for OMe, with a Density 

Functional Theory (DFT) computation in gas-phase of HOMO-LUMO frontier orbitals of the two 

tautomers at the ground state geometry. These calculations, however, did not provide much 

theoretical information on the optical properties of OMe and, more in general, on this family of 

red fluorophores, since excited states were not examined. Moreover, environmental effects 

mimicking the solvent (chloroform) and/or the solid material were not considered.  

The aim of the present work is to provide theoretical insights into the chromic properties of such 

family of solid compounds through the study of the OPr system (for which the experimental enol 

structure is available), utilizing a computational protocol based on a quantum mechanical (QM) 

periodic approach coupled with ONIOM QM/MM cluster calculations.[8] The results obtained 

will allow the assessment of the efficiency of such protocols for ESIPT molecular crystalline 

materials as OPr, and the derivation of useful indications for future theoretical modelling of solid 

state fluorophores.  

In fact, although the photophysical/photochemical properties of molecular crystals attracted a 

great interest,[9–11] their computational characterization is still in a germinal stage. This is 

mainly due to the cost/accuracy ratio of time-dependent techniques needed for the study of very 

large systems. Moreover, the complexity of molecular phenomena of interest are unavoidably 

combined with the notorious lacks of standard quantum methods (e.g. DFT) in describing non-

classical long-range effects implicitly.[12–14] These lacks, in DFT, have partly been solved with 

the introduction of the a posteriori correction schemes to recover dispersive interactions.[14]  
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In order to define a feasible approach for describing large solid systems, i.e. a good ratio between 

computational cost and accuracy, Density Functional Theory – coupled with the a posteriori 

dispersion correction[15, 16] – has been adopted to model the crystalline ground-state structures. 

Linear response (LR) time-dependent DFT (TD-DFT), within the frame of multiscale ONIOM 

QM/MM cluster calculations, has been chosen to investigate the UV-Visible absorption and 

emission optical properties from the excited states of OPr, and the results have been compared 

with standard TD computations on gas-phase and solvated monomers.  

Finally, since the effect of the environment during the TD-DFT calculations have been accounted 

for by using the ONIOM approach,[17, 18] we have investigated the influence of different kinds 

of point charges (to describe the low level region) in determining the optical properties of the 

central molecule. 

The paper is organized as follows: computational details are given in Section 2; ground-state 

structural properties of the system are commented in Section 3.1, whereas inter- and 

intramolecular parameters are discussed in Sections 3.2 and 3.3. The main results on the UV-

Visible optical properties of OPr are exposed and commented in Section 3.4. The role played by 

charge embedding in this context is analyzed in Section 3.5. Then some general conclusions and 

future directions are drawn.  

 

2. Computational Details 

2.1 Ground state periodic calculations. Full structural relaxations of the ground state forms of the 

enol- and keto- polymorphs of OPr[6] were carried out at the B3LYP-D*/6-31G(d,p) level[16, 

19] using a parallel version of the CRYSTAL09[20, 21] suite of programs. This setting has 

proved quite accurate in describing the structural properties of molecular crystals.[22, 23]  
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The performance of the 6-31G(d,p) basis-set was checked against richer basis-sets including 

diffuse functions (6-31+G(d,p), 6-311+G(d,p))[24, 25]. The results, which are reported in the 

Supporting Information, revealed that the addition of both ζ-valence and diffuse functions affects 

negligibly the ground state structures. 

A full use of symmetry and periodic boundary conditions (PBC) was imposed, as implemented in 

CRYSTAL09. The Monkhorst-Pack grid was set to 4 4 (see keyword SHRINK),[21] that in the 

case of OPr corresponds to 30 k-points within the Irreducible Brillouin’s Zone. The eigenvalues 

level shift was locked to 1 a.u. (LEVSHIFT 10 1), and the thresholds on the convergence of 

bielectronic integrals tightened (TOLINTEG 7 7 7 9 18) with respect to default values. 

The starting structure of the enol form of OPr is the one experimentally resolved by Sakai et 

al.[6] The structure of the metastable keto polymorph is not known but the same crystal 

symmetry of the enol form (P21/c space group) was imposed. Therefore, we manually moved the 

hydrogen involved in the ESIPT process from oxygen to nitrogen and optimized the keto form 

obtained, keeping the same computational conditions as for the enol polymorph (only the α and γ 

parameters were constrained at 90). As a structural check, a symmetry operator search with a 

tolerance of 0.01 Å (making use of Accelrys Materials Studio Visualizer, ver. 6.0) on the P1 cell 

of the optimized keto polymorph revealed that the crystal maintained the same symmetry. This is 

probably the consequence of the large size of the OPr molecules, which with their quasi-planar 

geometry and the presence of π-stacking interactions and the consequent crystal packing (see 

Figures 2 and 3), impede possible rotations and other structural changes. 

 

2.2 Monomer calculations. The ground state of the molecular enol- and keto- forms of OPr were 

optimized employing the B3LYP[19] density functional approximation. 
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Calculations were carried out in gas-phase and in solution: according to the experimental 

measurements carried out in chloroform (CHCl3), a Conductor-like Polarizable Continuum 

implicit model of solvation[26] (C-PCM) was used to describe CHCl3. 

Excited state properties were computed at the same level of theory as for ground-state, adopting 

the 6-31+G(d,p) basis-set. The addition of diffuse functions was necessary for a better description 

of the excited-states. As mentioned before, these are not crucial for the structural properties in the 

ground state: in the latter case the 6-31G(d,p) basis-set was used also for monomers, for 

coherence with PBC calculations. 

Vertical excitation energies (UV-Visible absorption) were calculated both for the enol and keto 

forms (the first ten states have been considered), whereas the full optimization of the first excited 

singlet, S1 (UV-Visible emission), was performed only for the keto form, since this latter is the 

responsible for the main fluorescent emission of OPr both in solution and in solid-state. All 

calculations on monomers and clusters (except for charge embedding, vide infra) were carried out 

with the Gaussian09 (Rev. D.01) program package.[27] 

2.3 QM/QM’ cluster calculations. Inspired by a theoretical protocol discussed elsewhere,[8] to 

mimic and predict the photophysical features of OPr in solid-state we extracted, from the fully 

optimized enol and keto crystalline structures, two clusters of molecules that in the following will 

be referred to as C-OPr-enol and C-OPr-keto, respectively. These both contain 17 OPr 

molecules (799 atoms, 47 atoms/molecule) in their enol (keto) form. The size of clusters was 

chosen in order to include explicitly a surrounding molecular environment of 16 molecules/752 

atoms (set as low-level region), i.e. a “cage” that is responsible of the main noncovalent 

interactions affecting the central molecule of OPr (set as high-level region). 

Then, the central OPr molecule (i.e. the high-level region) of C-OPr-enol and C-OPr-keto was 

further optimized without symmetry constraints, within an ONIOM-like[17, 18] QM/QM’ cluster 
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approach in the framework of mechanical embedding. The B3LYP/6-31G(d,p) level of theory 

was employed for the QM region, while the Hartree-Fock (HF)/STO-3G method was employed 

for the QM’ region, whose geometry was maintained fixed at its crystalline structure. 

Excited state properties (vertical UV-Visible absorption and emission) have been computed at the 

QM/QM’ level with the same methods. The 6-31+G(d,p) basis-set was used for the high-level 

QM region. The fluorescence properties were obtained by optimizing the first bright excited state 

(S1, singlet), keeping the central molecule of the keto form of OPr spatially unconstrained within 

the fixed environment region. 

The simulated UV-Visible spectra were plotted through an in-house code as gaussian 

convolutions of the computed main vertical transitions, using a full-width at half maximum 

(FWHM) of 0.1 eV. Intensities were normalized to 1 a.u. 

 

2.4 Charge model effects on cluster calculations results. The effect of the charge model on the 

UV-Visible optical properties of clusters were studied by means of TD-DFT/MM single-point 

energy calculations coupled with an electrostatic embedding (EE) scheme (involving explicit 

charges for the low level system) applied to the ground and excited geometries of the OPr central 

molecule optimized at the B3LYP/HF level with mechanical embedding.  

The calculations were carried out by using ground state charges for the low level region. The 

Mulliken,[28] CM5,[29] RESP,[30][31] and QEq[32] charges were tested. The Mulliken charges 

have been computed at the HF level by using the STO-3G basis set, since it has been 

demonstrated to provide good charges (even if for error cancellation).[33] 

CM5 type charges were computed at the HF/6-31G(d) level and RESP charges were computed at 

the HF/STO-3G and HF/6-31G(d).  
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Frontier orbitals were depicted with an isosurface density value of 0.02 a.u. for OPr in gas-phase, 

solution and (for the central molecules of) cluster systems. 

 

3. Results and Discussion 

3.1. Ground state polymorphs. The stable crystalline enol polymorph of OPr is characterized by 

the presence of 4 molecules (Z=4) within the unit cell (188 atoms/cell), that belongs to the P21/c 

monoclinic space group. The B3LYP-D*/6-31G(d) fully optimized (atomic positions and lattice 

parameters) structure is pictorially represented in Figure 2, and compared with the fully 

optimized keto structure (additional images of the unit cell are reported in the Supporting 

Information). It can be noted that the two polymorphs are very similar, because of the same 

crystalline symmetry. The keto form, however, is slightly more closely packed than the enol one, 

as confirmed by the differences in cell parameters, reported in Table 1. 

As regards the prediction of cell parameters with respect to experiment (enol form), small 

deviations are furnished by B3LYP-D* (Table 1), except for the angle β (-1.676°) that is more 

severely underestimated. This is probably due to the presence of dispersive interactions 

originated by π-π stacking patterns between molecules, located along a diagonal vector in the ac 

plane. However, the total Relative Deviation % on the unit cell volume (RD %, obtained as 

[Volume(calc.) - Volume(exp.)] / Volume(exp.) x 100) is smaller than 5% (-4.40%). It has to be 

recalled, however, that cell volumes are only qualitatively comparable due to thermal effects, the 

experimental enol structure being determined at 100 K. 

As for the keto polymorph, the RD % on volume amounts at -0.86%, the major contributions to 

this deviation being the shortening of the lattice constant b (-0.170 Å) and the shrinking of the 

angle β (-0.576°). 
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Table 1 also reports the theoretical relative stability, obtained as difference between the keto and 

enol total ground state energies. As expected, the fully optimized enol polymorph is predicted to 

be more stable than the fully optimized keto one, of about 19 kcal/mol. The difference per 

molecule (ca. 5 kcal/mol) is larger than what can be expected (1-2 kcal/mol) for crystalline 

phases owing such structural similarity. Nonetheless, one should remember that the hydrogen 

atom involved in the ESIPT undergoes to a notable displacement from the enol to the keto form 

(see below, Section 3.2). 

 

3.2. Crystals vs. Clusters: intermolecular interactions. The C-OPr-enol and C-OPr-keto clusters 

were extracted from the fully optimized crystals, as described in Section 2.4. We recall that the 

B3LYP was employed for the subsequent ground state optimization of the central enol/keto 

molecule of OPr (high-level region) within the fixed environment of 16 surrounding molecules 

(low-level region) treated with HF/STO-3G. 

As first step in the comparison between crystalline and cluster forms of OPr, intermolecular 

distances have been considered. Selected parameters (among all possible ones included within a 

range of 4 Å around the central molecule) are listed in Table 2, and shown in Figure 3 (bottom), 

together with atom labels, for the enol tautomer (see Figure S.2 of the Supporting Information for 

the keto tautomer).  

It should be noticed that the distances C16···H(a’) and H(a)···C16 are equivalent by symmetry, 

as proven by their equal values observed in solid-state (2.735 Å enol form; 3.586 Å keto form). 

When the central molecule is optimized within a fixed environment such symmetry is broken, 

therefore for clusters, the two distances are not equivalent. In particular, the optimized 

configuration of C-OPr-enol leads to a very small deviation for C16···H(a’) (+0.008 Å), while 

H(a)···C16 remains the same (3.586 Å). For C-OPr-keto, instead, a larger deviation is observed 
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for C16···H(a’) (-0.044 Å); a small one is obtained for H(a)···C16 (+0.008 Å). For the other 

distances, absolute deviations within 0.0058 Å are given, the larger ones involving hydrogen 

atoms. Instead, the measured π-π stacking distance remains very similar for the two tautomers, in 

solid state and clusters (ca. 3.650 Å). This is ascribable to the fact that molecular flexibility is 

impeded by the packing of central OPr within its environment. 

3.3. Intramolecular parameters: crystals, clusters and monomers. The comparison between OPr 

structures in different states of aggregation is important for a better understanding of the optical 

properties analyzed in the next Sections. In this case, only intramolecular parameters can be 

compared. These, however, in both crystals and clusters also reflect the spatial displacements due 

to intermolecular interactions. In principle, one should expect some relevant differences between 

structures, because monomers in gas phase and in solution have a major number of degrees of 

freedom. In crystals, instead, covalent and noncovalent parameters are deeply interdependent, but 

constrained to the whole crystal symmetry. Finally, clusters depend on their starting crystalline 

geometry, at which the external molecules are fixed; the central OPr molecule, nonetheless, 

experiences some degree of motion, which is mechanically limited by its inclusion in the 

environment. 

Probably, as a consequence of the mild changes of the intermolecular parameters discussed 

above, also the intramolecular ones – a subset of those given in Table S.1 is reported in Table S.2 

of the Supporting Information, for the enol tautomer – do not present severe variations between 

the different states of aggregation of OPr. This is true also when comparing the gas-phase 

monomer with the corresponding crystal polymorph: in fact, the gas-phase OPr molecule 

presents a planar conformation, for which rotations of dihedral angles are negligible – and thus 

not reported. As expected, the parameters which show more substantial variations correspond to 
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those related to the intramolecular hydrogen bond (see deviations of O1–H 0.16/0.18 Å; and 

H···N1 -0.14/-0.18 Å in Table S.2), especially the angle O1–H–N1 (-4.1° optimized crystal to -

5.7° gas-phase). Nonetheless, this parameter is exposed to marked variations for negligible 

changes in the displacement of the hydrogen atom. 

An interesting aspect is the difference between the ground state optimized geometry (S0) of the 

keto tautomer and its excited singlet state (S1) optimized geometry, the latter corresponding to the 

optical fluorescent moiety. The related inter- and intra- molecular parameters are compared in 

Table 3, and the difference between distances of selected intra- and intermolecular parameters 

for the OPr keto tautomer are given in Figure 4. 

Importantly, the structural variation between S1 and S0 have similar extent, and the same sign 

independently from the system considered. Looking at H-bond parameters, it is reasonable to 

suppose that the ESIPT mechanism, which is nonetheless of intramolecular nature, is actually 

transferable from the singly molecular (gas- or solvated-) phase to the (cluster representation of 

the) solid-state, at least from a purely structural point of view. 

Figure 4 shows that the distances related to the H-bond present larger variations when going 

from S1 to S0 (ex.: N1···O1 +0.11/+0.12 Å and O1···H +0.21/+0.22 Å), highlighting the rise of a 

mild repulsion between the H-bond acceptor species (O1) and both the donor species (N1) and 

the H atom. This could represent a stabilization of the keto-imine group, going towards the 

excited S1 minimum from the vertically excited S0 geometry. The covalent H–N1 bond, instead, 

remains almost unaltered (deviation -0.03 Å). 

Differences in the intermolecular parameters defined before for the enol form (see Figure 3), are 

reported for the C-OPr-keto cluster. All such differences are extremely tiny, falling all within 

0.08 Å. The larger ones involve the intermolecular O1···H(c) and O2···H(d) distances (of -0.057 

Å and +0.056 Å, respectively). 
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3.4 Optical properties: gas, solution and clusters. The vertical excitation and emission energies 

of OPr molecule in the gas phase, in chloroform and in the crystal are summarized in Table 4.  

Figure 5 reports both the absorption and the emission spectra obtained from the computed main 

TD-B3LYP/6-31+G(d) vertical transitions of gas-phase, solvent (CHCl3) and cluster (TD-

B3LYP/6-31+G(d):MM with embedding of HF/STO-3G Mulliken charges). We recall that the 

emission spectrum was calculated only for the keto tautomer, since it is the fluorescent system. 

The absorption spectrum, on the other hand, corresponds to the enol tautomer, the most stable 

form at the ground state. 

The results reveal that the vertical excitation energy (VEE) of the enol form of OPr is red shifted 

of about 3 nm going from the gas phase to chloroform and blue shifted of 10 nm when going 

from the gas phase to the crystal phase here simulated by the cluster with electronic embedding 

using Mulliken charges. 

The same behavior is observed for the emission energy, that is, the emission of OPr in solution is 

red shifted of 3 nm with respect to what computed in the gas phase, whereas the emission of OPr 

in the crystal is blue shifted of 23 nm when the Mulliken EE is used. The absorption and emission 

energies computed for the molecule at the crystal structure without electronic embedding are also 

very similar to those computed in vacuum confirming that the structural changes between the two 

aggregation states are minimal. 

As expected, also the vertical energies computed using the implicit solvation model are very 

similar to those computed in the gas-phase, due to the relatively low dielectric constant of 

chloroform.  

Regarding the comparison with experimental data, predictions are in fair agreement with the 

available data,[6] discrepancies being within 0.1-0.2 eV. The full experimental absorption 
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spectrum (λmax,abs = 390 nm) is available only for the compound in solution whereas for the 

crystalline form only the maximum in the excitation spectra is available (λmax,exc = 438 nm). 

It is interesting to note that the blue shift (30 nm) observed in the experimental fluorescent 

spectra of OPr crystal (λexc = 589 nm) with respect to chloroform (λexc = 619 nm) is well 

reproduced by our calculations. In fact, B3LYP/MM EE (Mulliken) calculations (λexc = 563 nm) 

provide a blue shift of 28 nm with respect to chloroform (λexc = 591 nm).  

Overall, B3LYP results are very good. The frontier orbitals, depicted in Figure 6 (and in Figures 

S.3-S.8 of Supporting Information) clearly show that the HOMO-LUMO excitation possesses a 

partial CT character, more marked for the keto tautomer when using the optimized S1 geometry. 

It is worth to note that the B3LYP functional provided consistent results due to the limited 

through-space character associated to these transitions. More importantly, the ESIPT feature of 

the OPr system becomes noticeable when comparing the frontier orbtitals of the enol tautomer, 

where the density is delocalized over the whole molecule (except for the propoxy- group) and the 

frontier orbitals of the keto tautomer, where a charge depletion arises, in turn, on the two lateral 

aromatic groups. 

 

3.5 The effect of charges on the optical properties OPr in the solid state. Figure 7 reports the 

UV-Visible spectra obtained from cluster calculations using different sets of charges in the low 

level region. We recall that, in order to separate structural and electronic effects on the optical 

properties, cluster calculations were performed using both S0 and S1 structures (obtained without 

electronic embedding at the TD-B3LYP/6-31+G(d):HF/STO-3G level).  

Figure 7 shows that the absorption region is overall less relevant than the emission region, as all 

the methods furnish a very similar λmax, with a maximal variation of 20 nm, evident from the 

inset of the figure. Such differences fall within the limit of accuracy of the TD-DFT method used. 
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The slight differences observed for peaks positions are, however, in agreement with the trend 

reported for the emission of the C-OPr-keto clusters, for which more marked variations in 

λmax,emi are observed. This underlines the fact that electronic effects influence the excited state 

properties more severely than those of the ground state. 

With respect to the experimental emission maximum in solid state (λmax,emi = 589 nm), the TD-

B3LYP/HF keto emission without embedding (orange dashes) is redshifted (λmax,emi = 605 nm), 

whereas the method adopting the electronic embedding (i.e. TD-B3LYP/MM EE, green dashes) 

features an opposite trend, i.e. a blueshift (λmax,emi = 563 nm). The difference between these two 

values is relevant, and shows how the electronic embedding obtained using the HF/STO-3G 

Mulliken charges induces an hypsochromic shift of the emission band. 

The spectra obtained at the TD-B3LYP/MM level with RESP charges computed at the HF/STO-

3G and HF/6-31G(d) are, indeed, mildly distinguishable (pink and violet dashes, respectively). 

The robust formulation of such model of charges furnishes a λmax,emi of 591 nm (STO-3G), and a 

λmax,emi of 590 nm (6-31G(d)) that are significantly in better agreement with experiment, and 

rather independent from the basis-set size. Though the minimal STO-3G basis-set is generally 

discouraged to compute most properties for obvious reasons, it represents an interesting option, 

especially from the point of view of the computational cost, in the perspective of being used to 

calculate low-level charges for multiscale simulations. 

CM5 charges also provide a nice prediction (λmax,emi = 579 nm) of the experimental emission 

wavelength in solid state, showing a spectral profile that mostly coincides with those furnished by 

the RESP model. 

The QEq charges, instead, furnishes a marked redshift (+41 nm, λmax,emi = 630 nm), compared to 

experiment and to the other charge models tested. 
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Finally, another more important property that can be employed to evaluate the effect of 

embedded charges, is the variation that refers to the experimental Stokes’ shift which is 151 nm. 

Table 5 reports the Stokes’ shift computed with different charges. Apart the QEq charges, all the 

other sets of charges provide small deviations from the experimental one, with Mulliken charges 

yielding the best results. 

 

Conclusions 

The absorption and emission energies of the OPr molecule in gas phase, in solution and 

crystalline state have been investigated. 

The absorption and emission spectra of the OPr molecule in the crystal have been computed by 

using a protocol involving hybrid QM/MM ONIOM cluster calculations with the inclusion of 

electrostatic embedding effects.  

We have shown that the description of excited states depends crucially on the model adopted to 

compute charges in the low level region (Mulliken, CM5, RESP and QEq model charges have 

been compared). 

In fair agreement with experimental data, the absorption (emission) energies of the enol (keto) 

OPr molecule is red shifted of about 3 (3) nm passing from the gas phase to chloroform and blue 

shifted of 10 (23) nm passing from the gas to the crystal phase when the Mulliken charges are 

employed. The Stokes’ shift are also in reasonable agreement with experimental data apart for the 

calculation employing the QEq charges. 
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Table 1. Optimized (B3LYP-D*) cell parameters and deviations relative to experiment, in 

parentheses (in Å, degrees and Å3). For the keto form, deviations are calculated with respect to 

the enol form. The Relative Deviation % (RD %) is reported for the cell volume. The relative 

stability computed at ground state (ΔE = Eketo – Eenol, in kcal/mol) is also reported. 

 

 OPr enol (dev.) OPr keto (dev.) Exp. OPr enola 

a 11.531 (-0.199) 11.483 (-0.048) 11.730 

b 22.140 (-0.148) 21.970 (-0.170) 22.288 

c 7.286 (-0.194) 7.299 (+0.013) 7.480 

β 98.762 (-1.676) 98.186 (-0.576) 100.438 

Volume (RD %) 1838.46 (-4.40) 1822.60 (-0.86) 1923.10 

 Relative Stability    

Eketo – Eenol +19.745 per cell    

 +4.936 per molecule    

 

a: from Ref.[6] 
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Table 2. Comparison of selected intermolecular distances (in Å). Deviations (in parentheses) of 

cluster parameters are reported with respect to the two corresponding crystalline forms. 

 

 B3LYP Crystals B3LYP-D* 

 C-OPr-Enol C-OPr-Keto Enol Keto 

C16···H(a’) 2.743 (0.008) 3.542 (-0.044) 2.735 3.586 

H(a)···C16 2.735 (0.000) 3.578 (-0.008) 2.735 3.586 

S2···H(b) 2.782 (-0.011) 2.883 (-0.003) 2.793 2.886 

O1···H(c) 2.325 (-0.058) 2.265 (-0.015) 2.383 2.280 

O2···H(d) 2.879 (0.018) 2.967 (0.004) 2.861 2.963 

π···π 3.647 (0.004) 3.650 (0.000) 3.643 3.650 
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Table 3. Selected intra- and intermolecular parameters (in Å) computed at the ground (S0) and 

first excited (S1) states for the keto tautomer in gas-phase, solvent and clusters. 

 

KETO Gas S0 Gas S1 CHCl3 S0 CHCl3 S1 Cluster S0 Cluster S1 

S1–C1 1.765 1.764 1.759 1.761 1.751 1.749 

N1–C1 1.343 1.362 1.341 1.363 1.338 1.354 

C2–C3 1.398 1.406 1.398 1.405 1.396 1.404 

S1–C7 1.769 1.773 1.768 1.768 1.762 1.768 

O1–C13 1.278 1.278 1.279 1.270 1.284 1.285 

C8–C13 1.456 1.462 1.454 1.475 1.448 1.455 

O2–C10 1.368 1.365 1.368 1.355 1.365 1.363 

C1–C8 1.412 1.437 1.419 1.432 1.416 1.449 

N1···O1 2.474 2.593 2.514 2.628 2.492 2.610 

O1···H 1.531 1.746 1.615 1.833 1.555 1.768 

H–N1 1.075 1.039 1.055 1.028 1.073 1.038 

N1–H–O1 142.7 135.7 139.7 131.3 142.4 135.4 

Intermolecular distances    

C16···H(a’)     3.542 3.581 

H(a)···C16     3.578 3.613 

S2···H(b)     2.883 2.870 

O1···H(c)     2.265 2.208 

O2···H(d)     2.967 3.043 

π···π     3.650 3.642 
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Table 4. Computed main vertical excitations and emission compared with experimental data, 

when available. ‘H-L’ stands for HOMO-LUMO. Energies in nm, oscillator strengths in a.u. 

 

 Form Character λmax Osc. strength 

Gas-phase enol H-L 0.70 403.42 0.37 

 keto H-L 0.70 586.85 0.34 

CHCl3 enol H-L 0.70 406.50 0.53 

 Exp. absorptiona  390  

 keto H-L 0.70 590.57 0.65 

 Exp. emissiona  619  

Clusters     

B3LYP/HF No EE C-OPr-enol H-L 0.70 402.15 0.37 

B3LYP/MM EE Mulliken (HF/STO-3G)  H-L 0.70 393.35 0.40 

B3LYP/MM EE RESP (HF/STO-3G)  H-L 0.70 393.73 0.38 

B3LYP/MM EE RESP (HF/6-31G(d))  H-L 0.70 396.27 0.37 

B3LYP/MM EE CM5 (HF/6-31G(d))  H-L 0.70 393.60 0.39 

B3LYP/MM EE QEq  H-L 0.70 403.35 0.33 

 
Exp. Fluo. Excitation 

Crystala 
 438  

     

B3LYP/HF No EE C-OPr-keto H-L 0.71 605.46 0.31 

B3LYP/MM EE Mulliken (HF/STO-3G)  H-L 0.71 562.90 0.35 

B3LYP/MM EE RESP (HF/STO-3G)  H-L 0.71 580.62 0.33 

B3LYP/MM EE RESP (HF/6-31G(d))  H-L 0.71 580.20 0.33 

B3LYP/MM EE CM5 (HF/6-31G(d))  H-L 0.71 579.11 0.32 

B3LYP/MM EE QEq  H-L 0.71 629.53 0.27 

 
Exp. Fluo. Emission 

Crystala 
 589  

 

a: from Ref.[6] 
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Table 5. Computed Stokes’ shifts for the cluster moieties vs. experiment. 

 

Approach Stokes’ shift (nm) 

B3LYP/HF No EE 203 

B3LYP/MM EE Mulliken (HF/STO-3G) 170 

B3LYP/MM EE RESP (HF/STO-3G) 187 

B3LYP/MM EE RESP (HF/6-31G(d)) 184 

B3LYP/MM EE CM5 (HF/6-31G(d)) 185 

B3LYP/MM EE QEq 226 

Exp. 151 
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CAPTIONS TO FIGURES 

 

Figure 1. Scheme of the ESIPT process that takes place for OPr. 

 

Figure 2. View (ab plane) of the fully optimized a) enol and b) keto ground state crystalline 

forms of OPr. Intramolecular hydrogen bonds are displayed in enhanced views. The unit cell, 

containing four symmetry-equivalent molecules, is highlighted in violet. 

 

Figure 3. (Top left) Perspective and (Top right) top view of the optimized C-OPr-enol cluster; 

the central molecule is highlighted in red. (Bottom) Labeling of selected intermolecular distances 

is given. 

 

Figure 4. Difference between distances of selected intra- and intermolecular parameters for the 

OPr keto tautomer computed at the excited (S1) and ground (S0) states. 

 

Figure 5. Spectra computed for the enol (absorption, continuous lines) and keto (emission, 

dashed lines) tautomers of OPr in gas-phase and in solution (chloroform). The spectra obtained 

from QM/MM embedded cluster calculations (HF/STO-3G Mulliken charges in the low level 

region) are also reported. 

 

Figure 6. Frontier orbitals derived from embedded cluster calculations of OPr, computed at 

B3LYP/MM EE (Mulliken) (right) and B3LYP/MM EE (CM5) (left) levels. 

 

Figure 7. UV-Visible spectra computed for the C-OPr-enol (absorption, continuous lines) and 

C-OPr-keto (emission, dashed lines) clusters, obtained by using different charge embedding 

protocols. The inset shows an enhanced view of the absorption region. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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