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Abstract  

A new computational protocol is proposed to compute the emission spectra of molecular crystal 

and applied to the β-form of salicylidene aniline (SA).  

The first singlet excited states (S1) of the SA cis-keto and trans-keto conformers, surrounded by a 

cluster of other molecules representing the crystalline structure, were optimized by using a 

QM/QM’ ONIOM approach with and without electronic embedding. The model system 

consisting of the central salicylidene aniline molecule was treated at the DFT level by using 

either the B3LYP, PBE0, or the CAM-B3LYP functionals, whereas the real system was treated at 

the HF level. 

The CAM-B3LYP/HF level of theory provides emission energies in good agreement with 

experiment with differences of -20/-32 nm (cis-keto form) and -8/-14 nm (trans-keto form), 

respectively, whereas notably larger differences are obtained using global hybrids. 

Though such differences on the optical properties arise from the density functional choice, the 

contribution of the electronic embedding is rather independent by the functional used. This 

supports a more general applicability of the present protocol to other crystalline molecular 

systems. 
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1. Introduction 

Molecular crystals represent a class of advanced materials widely employed in photonic and 

optoelectronic applications.[1]–[6] Many of these belong to the family of photo- (PC) or thermo- 

chromic (TC) materials that is, systems that change their color after photo- or thermo- irradiation, 

respectively.[3], [4] This reversible process is always associated to a structural change that in the 

solid-state affects, beyond molecules, also the crystalline structure. 

Notwithstanding the photophysical processes are largely investigated both at the experimental 

and computational level on single molecules, the number of corresponding studies on molecular 

crystals in the solid state is still rather poor.  

In this context, the Salicylidene Aniline (SA) molecule, which is the precursor of all aromatic 

Schiff bases, attracted the attention of many experimental investigations because of its peculiar 

optical properties, which stem from a fast excited-state intramolecular proton transfer (ESIPT) 

reaction, that also takes place within the solid, and from a cis-to-trans keto isomerization.[7]–[21] 

The PC/TC mechanism of the SA molecule in gas-phase and in solution involves several 

steps[20] , as reported in Figure 1. Firstly, the stable enol form (nonplanar in solution) is 

promoted, under irradiation, to the excited state, where it assumes a quasi-planar (cis-enol) 

conformation. Then, the SA molecule undergoes an ESIPT that transforms it from the colorless 

enol to the colored (yellow-orange) cis-keto form. At this point, the cis-keto form can either relax 

back to the ground state (enol form), or it can switch to the trans-keto form (orange-red) by cis-

keto tautomerization, and successively relax to the enol form.  

Very little is known about this mechanism in the solid state. Difficulties in the experimental 

investigation of SA polymorphs brought only to disclose two PC structures, namely α1[22], [23] 

and α2,[23], [24] and one TC structure – the β[23] polymorph for the enol form in the ground 

state. Even after the structural revision provided by Arod et al [23] comprehensive experimental 

studies of PC/TC properties of crystalline SA are still not available. The only additional 

information provided by the results reported by these authors [23] is that SA is always almost 

planar, both in the ground state and in the excited state. 

Focusing on the emission properties, to the best of our knowledge only few experimental 

molecular data are available,[7], [18], [20], [25] for the emission features of SA, and only one 

study of steady-state fluorescence was carried out in solid-state.[17] In this latter, a keto 

fluorescence emission was observed (λmax  ̴ 541 nm), without a clear distinction between the 
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molecular cis- and trans- keto forms. Moreover, the ground-state was indicated as 

‘photochromic’, but this was prior to the last revision of the experimental structures by Arod et 

al.[23] 

A possible solution to gain insights is to resort to modern computational tools, such as Density 

Functional Theory (DFT) and Time-Dependent-DFT, that can reliably provide both ground and 

excited state properties of molecules in solutions and in the solid state.[26]–[33] 

Quantum mechanical calculations have been already employed to simulate the optical properties 

of SA in gas-phase and in various solvents,[21], [34]–[36] as well as the complex dynamics of 

the PC gas-phase process,[36] whereas the same properties in solid-state have been only partially 

addressed by experimental works.[15], [17], [19]  

In a recent paper,[37] we employed TD-DFT calculations in order to simulate the optical 

absorption properties of the β thermochromic polymorph of SA (depicted in Figure 2). A 

computational protocol was established and adopted to compute, with good accuracy, the vertical 

excitation energies associated to the UV-Visible absorption of crystalline SA.  

Such protocol consisted of: i) obtaining a reliable ground-state geometry – full relaxation – of the 

stable crystal (enol form), by adopting dispersion-corrected DFT approaches (i.e. B3LYP-D* 

[38]) within periodic boundary conditions (PBC); ii) defining a subsystem (cluster of molecules) 

representative of the infinite solid, through the careful analysis of the most relevant 

intermolecular structural parameters; iii) further optimizing the central molecule of SA – in the 

enol, cis-keto and trans-keto forms – within a cluster of fourteen surrounding molecules always 

fixed in the enol form finally getting three clusters : the C-enol (Figure 2), the C-cis-keto and the 

C-trans-keto (Figure 3), respectively. Point iii) was carried out assuming that the thermochromic 

process does not take place for all molecules simultaneously. Next,  iv) the study of the 

absorption features of the clusters was carried out by using the QM/QM’ ONIOM approach 

combined with an electronic charge embedding model.[39], [40] The latter allowed an improved 

description of the environmental effects on the central molecule of SA, demonstrating that such 

protocol can be applied to predict safely the UV-Visible absorption properties of solid SA by 

substituting the periodic crystal with the mentioned clusters. 

With the present work, some theoretical insights into the emission features (fluorescence) of 

thermocromic SA are provided, through the adoption of the protocol summarized above, and the 

effects of a charge embedding model on electronic and optical features are addressed. This task is 
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accomplished by taking into account the procedures adopted to compute the SA absorption 

properties.[37] The details concerning the computational setup are discussed in the next Section. 

In Section ‘Results and Discussion’, the structural parameters of the thermochromic polymorph 

of SA are discussed briefly, whereas the intramolecular ones are compared between various 

forms of SA. Then, the calculated vertical emission energies and the behavior of simulated 

fluorescence emission spectra are discussed in relation to the: a) structure and relative stability of 

SA in different aggregation states (gas-phase, solvent, clusters); b) choice of different density 

functional approximations; d) structural and electronic effects of charge embedding on clusters; 

e) overall accuracy of absorption and emission for cluster calculations (QM/QM’ + charge 

embedding), according to experiment. 

Finally, some conclusions on the modeling of emission features of SA are exposed, as well as 

some perspectives on the general applicability of our protocol to molecular crystals together with 

possible ways improvement. 

 

2. Computational Details 

The development version of Gaussian09[41] was employed for all calculations. This program 

makes use of atom-centered gaussian-type orbitals (GTO) as basis-sets. 

QM/QM’ cluster calculations. The C-cis-keto and C-trans-keto clusters were extracted from the 

bulk structures optimized at the B3LYP-D* level of theory in a previous paper[37] by using the 

CRYSTAL code.[42], [43] The starting input geometries are reported in Tables S1.A and S1.B of 

Supporting Information. 

In order to investigate the absorption and emission features of thermochromic SA, the ground 

(S0) and first singlet excited state (S1) of the C-cis-keto and C-trans-keto clusters were 

optimized by using a QM/QM’ ONIOM protocol. The model system consisting of the central SA 

molecule was treated at the DFT level by using either the B3LYP[44], PBE0,[45] or the CAM-

B3LYP[46] functionals in combination with the 6-31+G(d) basis set. The CAM-B3LYP 

functional has been used because it better reproduces charge transfer (CT) states.[47]–[49] The 

second (QM’) layer is composed by 14 SA molecules frozen in their enol form and it was treated 

at the Hartree-Fock/STO-3G level of theory.  
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Within these two clusters, the optimization of the central (cis-keto/trans-keto) molecule was 

performed using a mechanical embedding ONIOM approach, whereas vertical emission energies 

were computed on the same systems using a (Mulliken[50]) charge embedding[39] scheme. 

Calculations on isolated molecules. Vertical transition energies for the emissive forms (cis-keto 

and trans-keto) of molecular SA were also computed. The two structures, already optimized at 

their electronic ground state,[37] were taken as input (note that, in agreement with previous 

calculations,[34], [36]the optimization of the excited enol form of SA does not lead to a stable 

minimum, because it evolves to the cis-keto form). 

A TD-DFT full relaxation of the first singlet excited state was carried out at the CAM-B3LYP/6-

31+G(d) level of theory. Then, B3LYP/6-31+G(d) and PBE0/6-31+G(d) vertical emission 

energies were obtained as single point energies on the CAM-B3LYP geometry. This two step 

procedure was applied since a direct TD-DFT optimization with global hybrid functionals leads 

to convergence instabilities due to the presence of an over-stabilized intruding Charge Transfer 

state.  

Calculations were carried out in gas-phase and in acetonitrile solvent (ACN). The latter was 

chosen for purposes of comparison with previous calculations[37] and with available 

experimental data.[17], [18], [20] The Conductor-like Polarizable Continuum Model[51] (C-

PCM) was used to implicitly model solvent effects. 

All Gaussian convoluted simulated spectra, obtained from computed vertical emission energies, 

were produced with an in-house code, by setting to 0.15 eV the full-width at half-maximum 

(FWHM) of each Gaussian function associated to the vertical transitions. Orbital surfaces were 

plotted adopting an isosurface density value of 0.02 a.u. 

 

3. Results and Discussion 

3.1 Structures of the  polymorph of SA, isolated molecules and clusters.  

The thermochromic β polymorph structure of SA belongs to the orthorhombic Pbc21 space group 

(details on lattice parameters are in given in Table S2 of Supporting Information), it is 

characterized by the presence of four molecules (Z=4) of SA in the unit cell, that lie along the b 

lattice vector and that are stacked along c, where the presence of dispersive interactions is more 

evident with respect to other directions. This kind of molecular displacement originates a 

‘fishbone’-like pattern on the ab plane, visible in Figure 2).   
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In both solid-state and isolated molecules, the enol and cis-keto forms of SA are characterized by 

one intramolecular hydrogen bond. Such feature is involved in the ESIPT process, and is 

obviously lost when the cis-trans (keto) tautomerization occurs upon rotation about the C7-C8 

double bond (according to the labeling of Figure 1). 

Figure 3 reports the optimized (CAM-B3LYP) excited state structures of the C-cis-keto and C-

trans-keto clusters. A deep analysis of intermolecular interactions of these clusters in the ground 

state was already reported.[37] Moreover, excited-state forms are experimentally metastable (in 

fact, no structural data is available), therefore only intramolecular parameters are commented in 

the following. Those related to dihedral angles, however, can indirectly reflect the different effect 

of ACN solvent and crystalline environment on the SA molecule. 

3.2 Structural differences between ground and excited state structures. Table 1 lists several 

intramolecular distances and angles computed for the two keto tautomers (cis and trans) in gas-

phase and in ACN. These, when possible, are compared with high-level computational 

predictions from previous studies.[34], [36] 

At the excited state, the bond distances predicted in the gas phase by CIS[34] and 

OM2/MRCI[36] for the cis-keto form are in fair agreement with the CAM-B3LYP calculations of 

the present study. However, less constrained parameters, as those related to the mutual rotation of 

aromatic moieties around the C6-N-C7-C8 dihedral angle, the C-O∙∙∙H angle, and the O∙∙∙H 

distance show more marked deviations, as expected. It is worth noting that C6-N-C7-C8 (labeled 

C6-N7-C8-C9 in Ref.[36]), unconstrained during optimization, does not result in a perfectly 

planar (180°) dihedral angle, as in previously published data.[34], [36] 

In particular, for the trans-keto form a stable non-planar configuration in gas-phase (C6-N-C7-

C8: -169.27°) was obtained here. Such configuration is not present among the OM2/MRCI 

structures proposed by Spörkel et al.,[36] due to an intermediate state between the cis-keto and 

the trans keto forms, found at the S1/S0 conical intersection of the two potential energy surfaces.  

The comparison between each S1 keto tautomer (CAM-B3LYP) with the corresponding one at 

the S0 B3LYP geometry (last column of Table 1) shows that only minor variations occur, except 

for the dihedral angles, and the C-O∙∙∙H angle of the trans-keto form. These latter are, in fact, 

more affected due to a larger number of degree of freedom with respect to other intramolecular 

parameters. The same trend, notably less evident, results from the set of calculations in ACN 

solvent. However, the reader should notice that the same difference (ca. 3°) is found between the 
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cis-keto and the trans-keto C5-C6-N-C7 dihedrals both in the S1 and the S0 states, but the former 

ones are more constrained to a planar configuration. This could result from consistent direct and 

indirect polarization effects induced by the solvent during geometry optimization (ACN has a 

rather high dielectric constant, ε = 35.688). 

The calculated intramolecular parameters of molecular SA within cluster structures are reported 

in Table 2. A notable change in the C5-C6-N-C7 dihedral angle of +22°/+23° is observed for the 

excited state geometry of the C-cis-keto form with respect to the B3LYP-D* ground state 

geometry. For the C-trans-keto form, the same parameter, even retaining molecular planarity 

with respect to the input structure (C5-C6-N-C7 dihedral angle of -178.12°), results in major 

differences when global hybrids are adopted (B3LYP angle: +8.86° ; PBE0 angle: +9.92°). The 

use of CAM-B3LYP, instead, preserves SA from marked changes (angle of +3.43°) with respect 

to the B3LYP-D* starting configuration. Such differences highlight the structural effects on the 

S1 state caused by the choice of the density functional approximation. 

A quantitative structural relationship among different aggregation states of SA at the emission 

geometry is provided in Table 3, by considering the absolute differences between computed 

intramolecular parameters of SA in ACN and within clusters, with respect to the gas-phase, taken 

as reference. It turns out that the C-cis-keto cluster and the corresponding solvated form of SA 

optimizations lead to similar deviations, whereas for the trans-keto form the influence of different 

surrounding environments becomes more important. This is true even though electronic 

embedding (cluster calculations) is not introduced at this point: mechanical embedding effects 

are, nonetheless, present. 

3.3 Relative stabilities. At this point, it becomes interesting to analyze another aspect which is 

influenced by structural and electronic features of SA: the relative stability of the two cis-keto 

tautomers at the S1 optimized geometry. This is computed as ∆Ecis-trans = Ecis – Etrans and the 

values are reported in Table 4. Based on experimental evidences, it has been hypothesized that 

the cis-keto tautomer is less stable than the trans-keto one, both in gas-phase and in solution[20]. 

However, this is not undoubtedly proven, as the energy difference between the two minima on 

the potential energy surface (PES) can be very small. Overall, the results show that the cis-keto 

form is slightly more stable than the trans-keto form of a few kcal/mol. Structural effects on 

energy are highlighted by the variations in the cis-trans relative stability between different phases 

of SA, for the same density functional used, showing the same trend for all functionals.  
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Though this could be a consequence of the fact that B3LYP and PBE0 results are obtained from 

single point calculations performed on CAM-B3LYP optimized structures, some sizeable 

changes in energy are indeed present, and these could be a clue of the dependence of the relative 

stability on the density functional approximation employed.  

More interestingly, the inclusion of electronic embedding on clusters calculations provides a 

practically constant contribution to the stabilization energy (<2 kcal/mol) and seems less 

dependent on the density functional approximation applied. Indeed, in this case there could be a 

balancing effect between the polarization on the central SA molecule (the latter changes between 

cis- and trans-keto forms, but the environment is always in the enol form, with HF Mulliken 

charges) and the response to the polarization field of the high-level QM layer. 

3.4 Emission features. Table 5 reports the computed fluorescence emission energies (S1→S0) of 

SA in gas-phase, in ACN and in the different clusters. The emission energies of the trans-keto 

form is red shifted of about 50-80 nm with respect to those of the cis-keto form in both the gas-

phase and in ACN, whereas such difference is less evident in cluster calculations (15-20 nm).  

Assuming that these latters represent a suitable model to study emission in the molecular crystal, 

it may be noticed how difficult is to distinguish experimentally the two keto forms in the solid 

state, where the electronic transitions (λmax) are convoluted into a broad gaussian band that spans 

from ca. 400 to 700 nm.[17]  

It is worth noting that in the study by Ziółek et al.[17] the emissive keto tautomer (cis- or trans-) 

is not defined. Also, the polymorph nature of the emissive excited state forms is not clear (and the 

ground-state ‘photochromic’ form cannot be addressed to the last structural revision of Ref.[23]).  

In Table 5, the experimental datum (541 nm, indicated in literature as 18500 cm-1) and the related 

differences with respect to both the C-cis-keto and C-trans-keto cluster calculations are thus 

reported. 

The simulated spectra reported in Figure 4 reveal that charge embedding effects produce some 

variations on the emission features of cluster systems, but do not dominate over the structural 

ones. This is partly ascribable to the fact that i) environmental effects were evaluated on the same 

optimized geometries of calculations without charge embedding; ii) the same level of theory 

(HF/STO-3G)  is always used for the calculation of QM charges of the surrounding environment. 

However, in agreement with vertical excitation (absorption) energies,[37] it is clear that structural 

changes act oppositely with respect to electronic effects: in the first case a redshift is observed, 
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going from the solvated molecule to clusters, whereas in the second case, i.e. by introducing 

charge embedding in cluster calculations, a blueshift is observed. 

Still regarding the results on cluster calculations without and with charge embedding, ONIOM 

results obtained at the CAM-B3LYP/HF level always provide emission energies in good 

agreement with experiment (even if this latter cannot be assigned to the cis- or to the trans-keto 

form, as discussed above) with differences of -20/-32 nm (C-cis-keto) and -8/-14 nm (C-trans-

keto), respectively, whereas notably larger differences are furnished by B3LYP/HF (Min.dev.: 

+107 nm, C-trans-keto/embedding; Max.dev.: +143 nm, C-cis-keto/no-embedding) and PBE0/HF 

(Min.dev.: +71 nm, C-trans-keto/embedding; Max.dev.: +103 nm, C-cis-keto/no-embedding). 

This highlights the effect of the density functional choice within the QM/QM’ protocol: the 

change in emission maxima are similar for the two global hybrids adopted in the present work, 

B3LYP and PBE0. Instead, the CAM-B3LYP spectrum presents a different general trend and, 

with respect to B3LYP and PBE0, its cluster emission bands are hypsochromically compressed 

towards the ACN and gas-phase bands. 

Furthermore, no functionals give satisfactory predictions (a general blueshift is observed with 

respect to experiment) for the cis-keto form in ACN solvent (-63 to -82 nm). However, it is also 

expectable that a little amount of cis/trans- keto interconversion and coexistence takes place 

experimentally, especially in solution. 

Finally, the normalized intensity of SA emission in ACN solvent is always markedly higher (two 

to three times) than those associated to the other phases. This higher intensity of oscillator 

strengths (see Table S3 of Supporting Information) could either be caused by polarization effects 

or, more trivially, by the fact that calculations performed with explicit surrounding molecules are 

herein compared with those carried out with the implicit solvent (PCM method). It would be 

interesting, as a future work, to investigate such aspect, as well as the relationship between 

density functional choice and solvatochromic effects. 

The differences between λmax of trans- and cis- keto forms, depicted in Figure 5, display 

intuitively the amount of redshift produced by the cis-keto tautomerization process. Again, a 

similarity between B3LYP and PBE0 is observed, albeit a slightly larger difference between gas-

phase structures (red bars) is given, whereas CAM-B3LYP produces analogous redshifts for 

ACN and gas-phase calculations. This is in agreement with that discussed in the case of structural 

parameters (as reported in Table 2). Nonetheless, it is evident that the small effect of charge 
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embedding (green vs. violet bars) makes the clusters calculations more sensitive to the type of 

density functional approximation used. Calculations performed at PBE0 and B3LYP on clusters 

show, when charge embedding is introduced, a blueshift of about 20 nm toward the experimental 

λmax (see Table 5). However, the computed emission energies are still quite far from the 

experimental value. The results obtained at CAM-B3LYP level instead, with errors ranging from 

-20/-8 nm to -32/-14 nm with respect to experiment, are globally in fair agreement with it. 

Table 5 also reports the character associated to the computed first singlet excited states. In the 

case of B3LYP and PBE0 results, the trans-keto forms present some relevant mixing of HOMO–

LUMO and HOMO-1–LUMO one-electron excitations to the electronic state, except in the case 

of calculations performed in solvent, which presents a pure HOMO-LUMO character.  

The orbitals involved are displayed in Figure 6 in the case of B3LYP gas-phase calculations, the 

two other exchange correlation functionals providing practically identical pictures, as reported in 

Figures S1 and S2 in Supporting Information). Cis- and trans- keto orbitals do not present marked 

differences, besides those obviously due to the different molecular geometry. In more details, 

HOMO and LUMO are of  and * type, respectively, and they are delocalized over the whole 

molecule, with a sizable localization of the HOMO on the phenolic ring. The trans-keto HOMO-1 

orbital instead is fully localized on the phenolic ring and of  type. As a consequence, the larger 

contribution of the HOMO-1 to LUMO excitation to the transition in the case of global hybrid 

functionals somehow increases the charge transfer character associated to this transition.   

In order to better evaluate the impact of the exchange correlation functional used on the 

computed photophysical properties, the absorption and emission bands computed for all models 

are gathered in Figure 7. All vertical excitation energies and oscillator strengths are reported in 

Tables S11 and S12 of Supporting Information. These electronic transitions were calculated at 

the CAM-B3LYP, B3LYP and PBE0 level of theory on the clusters (for both keto tautomers) at 

the QM/QM’ level including a charge embedding model.  

It can be noticed that PBE0 and B3LYP perform better than CAM-B3LYP in describing vertical 

excitations, as they are closer to the experimental values of λmax for absorption (cis-keto: 443 nm; 

trans-keto: 487 nm). However, both the cis- and trans- bands, as for CAM-B3LYP, are close to 

each other, and do not reflect the difference between experimental λmax values. This behavior, 

though less pronounced, can be noted also for emission bands. A possible explanation can be 

found in the presence of SA molecules fixed in the enol form, as surrounding environment, in all 
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cases. As already stated,[37] in fact, the cluster model certainly represents a ‘nucleating’ keto 

polymorph, more than the full keto polymorph. 

Large Stokes shifts can be observed. However, the low intensity of oscillator strengths at long 

wavelengths reflects the low quantum yield obtained experimentally.[17] The CAM-B3LYP 

functional performs notably better than the other two in describing the emission features of 

thermochromic SA. Moreover, it is the only functional providing underestimated λmax for both 

absorption and emission vertical energies. B3LYP and PBE0 furnish a large redshift, i.e. a large 

overestimation with respect to the experimental one. 

Overall, even if not accurate for vertical excitations, CAM-B3LYP furnishes a better and more 

balanced estimate of the optical properties of thermochromic SA.  

The general trend (i.e. band shifts) shown by the three functionals in Figure 6 reveals a clear 

dependence on the exchange correlation functional used, less noticeable at short wavelengths. 

The fundamental difference between CAM-B3LYP and the two global hybrids, i.e. the 

attenuation of local Coulomb interactions at long-range, seems indeed to be responsible of a 

better description of the emission features of crystalline SA.  

 

4. Conclusions 

We have demonstrated that an ONIOM approach employing a QM/QM’ partition and charge 

embedding provides a fair description of the complex optical features of crystalline 

thermochromic SA. The emission energies are strongly dependent on the choice of the exchange 

and correlation functional, the range separated CAM-B3LYP one generally performing better 

than the tested global hybrids (B3LYP and PBE0).  

Nonetheless, systematic shifts in absorption and emission bands optimistically address the 

potentiality of the present protocol, that need to be refined, mainly, with respect to i) the type of 

polarization charges; ii) the density functional approximation used for the QM level. 

As regards point i), a comparison of polarization models (e.g. Del Re,[52] or Hirshfeld[53]) 

different from Mulliken,[50] is foreseen. 

Furthermore, to confirm the present findings, it would be interesting to explore the performances 

of this protocol on other molecular crystalline compounds possibly experimentally well 

characterized. 
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Table 1. Computed intramolecular distances (Å) and angles (degrees) for the cis-and trans- keto 

tautomers of SA in gas-phase and acetonitrile (ACN). 

 

   Gas-Phase (S1)   Gas-Phase (S0) 

 Cis-keto Trans-keto Cis-keto Trans-keto 

 CAM-B3LYP CISa OM2/MRCIb CAM-B3LYP CISa OM2/MRCIc B3LYPd 

N-H 1.040 1.008 1.059 1.014 0.996 - 1.035 1.010 

N∙∙∙O 2.628 - - 3.888 - - 2.611 4.095 

C-O∙∙∙H 102.70 - - 60.37 - - 103.67 53.77 

C5-C6-N-C7 12.83 - - 11.55 - - 18.95 15.28 

C6-N-C7-C8e 179.56 180.00 180.00 -169.27 180.00 - -179.00 -177.54 

O∙∙∙H 1.756 1.337 1.594 4.446 4.585 - 1.742 4.717 

C-O 1.273 1.233 1.268 1.284 1.225 - 1.256 1.233 

C7-N 1.339 1.337 1.340 1.342 1.340 - 1.333 1.347 

   Solvent ACN (S1)   Solvent ACN (S0) 

 Cis-keto   Trans-keto   Cis-keto Trans-keto 

 CAM-B3LYP   CAM-B3LYP   B3LYPd 

N-H 1.030   1.015   1.032 1.012 

N∙∙∙O 2.684   4.040   2.633 4.095 

C-O∙∙∙H 104.39   55.52   103.22 53.43 

C5-C6-N-C7 0.20   4.36   14.85 11.37 

C6-N-C7-C8e -179.91   -177.61   -179.05 -178.42 

O∙∙∙H 1.838   4.721   1.774 4.721 

C-O 1.271   1.246   1.265 1.246 

C7-N 1.349   1.335   1.326 1.335 

 
a: from Ref.[34] 
b: from Ref.[36] 
c: the trans-keto form was not obtained in Ref.,[36] due to a S1/S0 conical intersection. 
d: B3LYP (optimized S0) geometries, used as input structures for optimizations in the excited states. 
e: dihedral angle labeled according to Figure 1. The corresponding one in Ref.[36] is labeled as C6-N7-

C8-C9 



 17 

Table 2. Computed intramolecular distances (Å) and angles (degrees) for the C-cis-keto and C-

trans-keto clusters. 

 

 Clusters S1 Clusters S0 

 C-cis-keto C-trans-keto C-cis-keto C-trans-keto 

 CAM-B3LYP B3LYP PBE0 CAM-B3LYP B3LYP PBE0 B3LYP-D* a 

N-H 1.042 1.045 1.045 1.016 1.017 1.016 1.033 1.014 

N∙∙∙O 2.639 2.658 2.635 3.875 3.868 3.826 2.645 4.021 

C-O∙∙∙H 101.02 99.35 99.60 60.10 60.78 61.61 102.98 55.70 

C5-C6-N-C7 24.93 25.85 25.72 3.43 8.86 9.92 2.70 -178.12 

C6-N-C7-C8 178.87 179.17 179.20 177.45 177.48 176.95 179.98 178.67 

O∙∙∙H 1.774 1.792 1.763 4.504 4.478 4.43 1.786 4.684 

C-O 1.279 1.290 1.282 1.284 1.325 1.31 1.266 1.246 

C7-N 1.332 1.331 1.327 1.326 1.334 1.328 1.329 1.335 

 
a: B3LYP-D* (optimized S0) geometries from Ref.,[37] used as input structures for optimizations in the 

excited states. 
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Table 3. Absolute difference with respect to the gas phase structure computed for intramolecular 

distances (Å) and angles (degrees) in ACN and clusters for the cis-keto and trans-keto forms at 

the CAM-B3LYP level at the excited state. 

 

 

Abs. differences Solvent ACN (S1) Clusters (S1) 

w.r.t. Gas-phase (S1) Cis-keto Trans-keto C-cis-keto C-trans-keto 

     

N-H 0.010 0.001 0.002 0.002 

N∙∙∙O 0.056 0.152 0.011 0.013 

C-O∙∙∙H 1.69 4.85 1.68 0.27 

C5-C6-N-C7 12.63 7.19 12.10 8.12 

C6-N-C7-C8 0.53 8.34 0.69 13.28 

O∙∙∙H 0.082 0.275 0.018 0.058 

C-O 0.002 0.038 0.006 0.000 

C7-N 0.010 0.007 0.007 0.016 
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Table 4. Cis to trans relative stabilities of the keto form optimized at the S1 excited state, using 

different exchange correlation functionals (CAM-B3LYP, B3LYP, and PBE0).  

 

 Cis-trans ∆E (kcal/mol per molecule)  

 CAM-B3LYP B3LYP PBE0 

Gas-phase -5.92 -4.90 -5.47 

ACN solvent -1.18 -2.50 -2.57 

Cluster – no embed -6.38 -5.71 -6.50 

Cluster – embed -4.02 -4.14 -4.76 
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Table 5. Computed CAM-B3LYP, B3LYP and PBE0 vertical emission energies. Deviations 

from experimental data are reported in parentheses. The character and contribution of the most 

relevant one-electron excitations are also reported.  

 

 Gas-phase ACN 

Method 
Cis-keto 

(nm) 
character a 

Trans-keto 

(nm) 
character 

Cis-keto  

(nm) 
character 

Trans-keto 

(nm) 
character 

CAM-B3LYP 469 0.69 H-L 528 -0.64 H-L 455 (-78/-82) 0.70 H-L 515 0.70 H-L 

    0.29 (H-1)-L     

B3LYP 524 0.68 H-L 610 0.53 H-L 470 (-63/-67) 0.71 H-L 520 0.71 H-L 

    -0.46 (H-1)-L     

PBE0 508 0.69 H-L 584 0.55 H-L 459 (-74/-78) 0.71 H-L 507 0.71 H-L 

    -0.44 (H-1)-L     

Exp. (ACN)b     537    

Exp. (ACN)c     533    

 Clusters – no embedding Clusters - charge embedding 

QM/QM’ 
C-cis-keto 

(nm) 
character 

C-trans-keto 

(nm) 
character 

C-cis-keto 

(nm) 
character 

C-trans-keto 

(nm) 
character 

CAM-B3LYP/HF 521 (-20) -0.68 H-L 533 (-8) 0.67 H-L 509 (-32) 0.69 H-L 527 (-14) 0.68 H-L 

    -0.21 (H-1)-L     

B3LYP/HF 669 (+128) 0.68 H-L 683 (+142) -0.53 H-L 649 (+107) 0.69 H-L 663 (+122) 0.56 H-L 

    0.47 (H-1)-L    -0.43 (H-1)-L 

PBE0/HF 631 (+90) -0.69 H-L 644 (+103) 0.57 H-L 612 (+71) 0.69 H-L 627 (+86) 0.60 H-L 

    -0.42 (H-1)-L    0.38 (H-1)-L 

Exp. (crystal)d 541  541  541  541  

 
a: H-L and (H-1)-L correspond to HOMO–LUMO and HOMO-1–LUMO one electron excitations, 

respectively 
b: from Ref.[18] 
c: from Ref.[20] 
d: fluorescence measured on crystal in dried ACN from Ref.,[17] keto emission arbitrarily assigned to 

both keto forms. 
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 CAPTION TO FIGURES 

 

Figure 1. Scheme of ESIPT and cis-trans tautomerization mechanisms for SA 

 

Figure 2. Pictorial representation of SA in different aggregation states: β crystalline polymorph 

(enol), C-enol cluster, and molecular enol-form (gas-phase). All structures refer to the optimized 

ground state. The unit cell is shown in purple lines. 

 

Figure 3. Perspective view of the optimized S1 CAM-B3LYP C-cis-keto (left) and C-trans-keto 

(right) clusters. The surrounding molecules (yellow) are in the enol form. 

 

Figure 4. Simulated UV-Visible emission spectra of C-enol, C-cis-keto and C-trans-keto 

clusters of SA. The spectra computed for the isolated SA molecule in gas-phase and ACN is also 

reported. 

 

Figure 5. Computed (CAM-B3LYP, B3LYP and PBE0) cis- to trans- keto redshift: the data 

values have been normalized to a 0%-100% scale. Differences between cis- and trans- keto λmax 

(nm) are reported (see also Supporting Information). 

 

Figure 6. Molecular Orbitals computed for cis- and trans- keto tautomers in gas-phase (B3LYP 

level on optimized S1 structure). 

 

Figure 7. Simulated absorption (full line) and fluorescence (dashed line) spectra from result 

obtained using a QM/QM’ + charge embedding model. Cis- and trans- keto absorption λmax from 

Ref.[15]; steady-state keto emission of the crystal in dried ACN λmax from Ref.[17] 
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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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