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Triangulenium Dyes: the Comprehensive Photo-Absorption and Emission Story of a Versatile Family of Chromophores †

The triangulenium dyes constitute a family of versatile chromophores whose impressive photoabsorption and emission properties are currently highlighted in numerous novel experimental applications. In this investigation, we provide a comprehensive TDDFT characterization of their spectrocopic properties elucidating the origin of their large and complex absorption and emission vibronic spectra spread over the (whole) visible region. More precisely, by benchmarking the performance of 10 commonly-used exchange-correlation density functionals belonging to different classes of approximation, we develop and validate a computational protocol allowing the accurate modeling of both the position and optical line-shape of their vibrationally-resolved absorption and emission band structures. We find that semilocal approximations provide the best estimate of the structure of the vibronic spectra, however they spuriously and strongly underestimate their position. We finally show that global-hybrid density functionals mixing between 20 and 30% of exact-like exchange are an excellent compromise to get a satisfactory estimate of both of these properties.

Introduction

Triangulenium (TA) dyes belong to the very large triarylcarbenium family of organic cationic dyes. 1 Their name derives from their characteristic triangular and planar molecular structure which originates from an intramolecular ortho-condensation of a triarylcarbenium scaffold. [2][3][4][5] Despite the cationic character of their central carbon atom, triangulenium dyes are recognized to be highly stable compounds in solution. 6 Their (electronic) structure is indeed stabilized by a resonant and extended electronic conjugation delocalized over their whole planar platform. They become thus sensitive-less to nucleophilic attacks and proved to be 'exceptionally' stable in polar solvents. 7 Owing to their originality and uncommon electronic features, triangulenium dyes have become key organic compounds of great scientific and industrial importance. The large efforts dedicated to their functionalization made indeed their versatile reputation, 5,8,9 and started their popularization in numerous fields of research in chemistry. The tuning of their side positions by substituting electron donor groups allows for example to improve their cytotoxicity as DNA intercalating agents, [10][11][12] their photocatalytic activity as photosynthesizers, [13][14][15] or their long fluorescence lifea Université de Paris, ITODYS, CNRS, F-75006 Paris, France. E-mail: eric.bremond@uparis.fr † Electronic Supplementary Information (ESI) available: [details of any supplementary information available should be included here]. See DOI: 00.0000/00000000. times as fluorophores. [16][17][18] N N N Except from some still rare exceptions, 19,20 most of the triangulenium synthesis reported in literature focus on an oxoand/or aza-bridging of the 3 aryl groups of a triarylcarbenium reactant. 2,3 The resulting bare 4,8,12-triaza-(TATA + ), 4,8-diaza-12-oxo-(DAOTA + ), 4-aza-8,12-dioxo-(ADOTA + ), and 4,8,12trioxo (TOTA + ) trianguleniums are depicted in Fig. 1. All of them are distinguished by their own impressive spectroscopic features. [21][22][23][24] Their UV/vis signature is indeed experimentally characterized by a large, complex and intense absorption band spreading within the visible region. 23 An excess of nitrogen-based bridges (e.g., TATA + and DAOTA + ) tends to red-shift the position of the absorption maximum while their replacement by oxygen atoms (e.g., TOTA + , ADOTA + ) shifts the band to the opposite blue direction. The origin of the complex absorption band shape depends however on many factors deriving both from the experimental conditions and the structure of the dye in solution. If the formation of ion pairs 25 or self-aggregates 26 are proved to be at the origin of some spectral features under certain experimental conditions, we are going to demonstrate in this investigation that the main contribution to the line shape of the UV/vis absorption spectrum comes from the vibrational and thermal effects.

Up to now, the main efforts dedicated to the modeling of the absorption and emission spectra of triangulenium dyes mainly focused on the computation of vertical excitations. 21 In reference to more sophisticated post-Hartree-Fock approaches, they find that the linear-response time-dependent (TD) variant [START_REF] Casida | Recent Advances in Density Functional Methods[END_REF][START_REF] Runge | [END_REF] of density-functional theory 29,30 (DFT) provides a fair estimate of the first low-lying singlet-singlet transition occurring in N-methylsubstituted ADOTA and DAOTA derivatives. More precisely, they show that the local p ! p ? character of the first vertical excitation is well described by global-hybrid density functionals mixing between 20 and 30% of exact-like exchange (EXX), and thus confirm for this family of dyes, the methodological trends derived from years of benchmarking and tests dealing with dye chemistry. [31][32][33] However, the vertical approximation in TDDFT provides here a crude estimate of the position of the experimental maximum of absorption. 21 It leads one to believe that the large energy error observed between theory and experiment comes from neglecting the vibrational and thermal effects. An improvement to the vertical approximation estimate consist indeed in computing the 0-0 energy which corresponds to the adiabatic energy difference between the lowest vibrational level of the excited and ground states. It is formally calculated by summing the difference of zeropoint vibrational energy of each considered electronic state to the adiabatic energy. Numerous benchmark investigations showed that the 0-0 energy is a large theoretical improvement with respect to the vertical approximation when targeting the accurate modeling of the experimental maximum of absorption or emission of a vibrationally-resolved spectrum. [34][35][36][37][38][39] They thus confirm that global-hybrid density functionals mixing roughly ⇠25% of EXX are the best approaches to accurately model an experimental reference.

Actually, the 0-0 energy is recognized as part of the "best energy estimate" of the maximum of a UV/vis absorption spectrum but this quantity does not provide any information regarding the line shape of a vibrationally-resolved absorption or emission spectrum. The convolution of the 0-0 transition by a Gaussian function is a first approximation to the problem. 40 The model conserves the advantage to be computationally inexpensive. However, it is unable to reproduce the vibronic fine structure of a band. Within the TDDFT framework, it is common practice to approximate a vibrationally-resolved spectrum by computing the resulting Franck-Condon factors, i.e., the overlap integrals between ground-and excited-vibrational eigenvectors, and broadening them with a temperature-dependent Gaussian distribution function. [41][42][43] Over the last decade, the approach has been extensively developed and popularized by Barone, Bloino and Biczysko. [44][45][46][47] Pushed by methodological investigations [48][49][50][51] and the concomitant implementation of the analytical TDDFT Hessian matrix, 52 it allowed to comprehensively understand the UV/vis absorption and emission signatures of several large organic and organometallic chromophores, [53][54][55] and to go beyond with the accurate simulation of intuitive parameters such as the perceived colors of dyes in solution. [56][57][58] In this investigation, we want to take advantage of the state-ofthe-art quantum chemistry toolbox to establish a robust computational protocol allowing a comprehensive understanding of the large and complex vibrationally-resolved photo-absorption and emission spectra of triangulenium dyes. More precisely, we want to show our interest in the rationalization of the UV/vis spectroscopic properties of the most popular core compounds of the triangulenium dyes, i.e. the bare TATA + , DAOTA + , ADOTA + and TOTA + carbocations (Fig. 1), with the aim to provide a clear guideline for future investigations dealing with this versatile and very promising family of dyes. List of acronyms: LDA: local density approximation, GGA: generalized gradient approximation, mGGA: meta-GGA, +D: addition of an empirical dispersion correction, GH: global hybrid, RSH: range-separated hybrid.

Computational Details

All the computations are performed with the release B.01 of the Gaussian'16 program 73 using a tight self-consistent field (SCF) convergence criteria and an ultrafine integration grid. To establish our computational protocol we selected a broad panel composed by 10 widespread (semi)local, global-and range-separated hybrid density functionals reported in Table 1. Except when mentioned, the selected density functionals were associated with the 6-31+G ? double-z basis set [START_REF] Clark | [END_REF][75][76][77] which is generally recognized as an excellent trade-off between accuracy and computational 
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Fig. 2 Experimental absorption spectra of the TATA + , DAOTA + , ADOTA + and TOTA + triangulenium carbocations, 23 and the corresponding vertical S 0 ! S n and 0-0 S 0 ! S 1 transitions computed at the PCM-PBE0/6-31+G ? level of theory in acetonitrile solvent. At the bottom of each spectra are represented the corresponding (top) LUMO, (middle) HOMO, and (bottom) HOMO-1 computed at the PCM-PBE0/6-31+G ? level of theory in acetonitrile solvent. Molecular orbitals are plotted using an isosurface value set to 0.02 a.u.

efforts, 31 and as adequate in the specific case of the triangulenium dyes since a double-z basis set is proved to provide converged TDDFT vertical excitations. 21 Solvent effects were added by means of the polarizable continuum model (PCM) using the integral equation formalism (IEF), 78,79 setting up, except in specific cases, the dielectric constant as the one of the acetonitrile solvent.

Following the D 3h (C 2v ) symmetry point group, the groundstate structures of the TATA + and TOTA + (DAOTA + and ADOTA + ) triangulenium carbocations are first fully optimized at DFT. Their optimized geometries are then confirmed as energy minimum structures by computing the corresponding Hessian matrix and verifying the absence of imaginary vibrational modes. Similarly, the first-singlet-excited-state structures of the triangulenium dyes considered herein are fully optimized and characterized at TDDFT level restricting their point group symmetry to C s . The vibrationally-resolved one-photon absorption and emission spectra are obtained within the Franck-Condon (FC) and Franck-Condon-Herzberg-Teller (FCHT) approximation using the adiabatic Hessian model as implemented in the Gaussian'16 software. 41 More precisely, the vibronic computations are performed following a sum-over-states approach 42,80,81 in which each vibronic transition is classified into a "class" governing the number of simultaneously excited modes in the final state. The convergence of the band-shaped spectra is assured by setting the prescreening criteria of transition selection to 25 and 20 quanta for the first and second classes, respectively, and fixing the maximum number of integrals to 1 ⇥ 10 8 . During the density-functional benchmark investigation, the envelope of each spectrum is evaluated at room temperature (298.15 K) with a Gaussian distribution function whose full width of half maximum (FWHM) is set to 250 cm 1 . However the latter parameter is set to 500 cm 1 when the comparison is done with the experimental references derived from Ref. 23 in order to reproduce the experimental broadening.

Results and Discussion

Within the visible domain, the experimental absorption spectra of the 4 triangulenium carbocations (Fig. 1) investigated herein appear like a broad and intense vibrationally well-resolved absorption band lying between 3.4 and 2.0 eV, i.e., 365 and 620 nm, respectively (Fig. 2). To get a first qualitative idea of the TDDFT performance with respect to this family of chromophores, we start by computing their TDDFT vertical absorption spectra in acetonitrile solvent from their ground-state-optimized structures with the PBE0 global hybrid, a density functional recommended as an excellent compromise by numerous benchmark investigations both for its accuracy in modeling ground-and excited-state structures, 82,83 and vertical excitations of large organic dyes. [31][32][33] Depending on the compound, the large experimental absorption band is modeled by one or two singlet-singlet vertical excitations. In agreement with their D 3h ground-state symmetry structures, the computed absorption spectra of TATA + and TOTA + correspond to a degenerate S 0 ! S 1 vertical excitation governed by a p ! p ? transition of HOMO ! LUMO and HOMO 1 ! LUMO types (Fig. 2). They lie around 2.78 eV for the former and 2.92 eV for the latter while the experimental reference are measured at 2.38 and 2.58 eV, respectively. The N-alkylation of TATA + by a methyl or n-propyl group to better reproduce the experimental conditions reported in Ref. 23 (i.e., N-propylated TATA + ) does not improve at all the estimation of the position of the maximum of absorption. In both cases, the first vertical excitation is computed at 2.76 eV, showing thus the negligible impact (0.02 eV) of the N-alkylation on the absorption spectrum. All in all, PBE0 provides a poor estimate of the experimental reference and largely overestimates it by more than 0.3 eV.

The reduction of the point group symmetry going from D 3h (e.g., TATA + and TOTA + ) to C 2v (e.g., DAOTA + and ADOTA + ) Table 2 Mean signed deviation (MSD in eV), mean absolute deviation (MAD in eV), and maximum deviation (MAX in eV) energies calculated over the 4 triangulenium dyes considered herein with the selected 10 density functionals using the 6-31+G ? basis set in PCM acetonitrile solvent. The vertical and 0-0 absorption approximations take as a reference the experimental maximum of absorption while the vertical series uses the experimental maximum of emission as a reference. 23 drastically modify the main features of the experimental absorption spectra (Fig. 2). The former large and intense experimental band is here splitted in two, a first intense at low energy and a second whose intensity is merely divided by a factor 3 at larger energy. The PBE0 global-hybrid density functional reproduces these main spectral features and models both of them by two well distinct and largely spaced (⇠0.4 eV) S 0 ! S 1 and S 0 ! S 2 vertical excitations whose oscillator strengths reproduce the intensity decrease in going from the first to the second band. As observed for TATA + and TOTA + , both vertical excitations are of p ! p ? type and are ruled by a HOMO ! LUMO and HOMO 1 ! LUMO transition, respectively. The S 0 ! S 1 energies are computed at 2.66 and 2.74 eV for DAOTA + and ADOTA + , respectively, while the experimental maxima of absorption are measured at 2.23 and 2.29 eV, respectively, showing here again a large overestimation of the reference by more than 0.4 eV. The alkylation of the nitrogen centers does not provide any improvement, the vertical transition being here insensitive to this parameter. The same trend is also observed for the S 0 ! S 2 energies. Indeed, they are computed at 3.05 and 3.08 eV for DAOTA + and ADOTA + , respectively, while the maxima of the second experimental bands are acquired at 2.77 and 2.90, respectively.

In all cases, the large energy deviations obtained between theory and experiment originate from the crude approximation provided by the vertical excitation model. The very large absorption bands observed experimentally are indeed prone to important vibrational effects which can be taken into account through the computation of the 0-0 energy, that is the difference in energy between the lowest vibrational level of each considered singlet state. Computing this quantity with PBE0 corresponds to a red-shift of the S 0 ! S 1 vertical energy of about 0.25 eV for DAOTA + and 0.27 eV for the 3 other triangulenium dyes (Fig. 2). The estimation of the maximum of absorption of the first absorption band becomes thus 2.51, 2.41, 2.47 and 2.65 eV for TATA + , DAOTA + , ADOTA + and TOTA + , respectively. With respect to the experimental reference, PBE0 still overestimates the position of the maximum of absorption of the first absorption band, however the deviations are merely decreased to ⇠0.1 eV, recovering thus the range of errors promised by the TDDFT benchmarks regarding the optical 0-0 transitions in solvated dyes. 35 Beyond the qualitative point of view, we assess here the performance of 10 commonly used density functionals in estimating the photo-absorption and emission energy properties of the 4 triangulenium dyes through the computation of the vertical absorption, 0-0, and vertical emission energy properties. We not only base this density-functional selection thanks to their popularity, but also because they constitute a broad and representative panel of the density-functional landscape depicted by the first four rungs of the Perdew's Ladder 84 of exchange-correlation approximations (Table 1). More precisely, we select 2 pure, 6 global-hybrid mixing between 20 and 100% of EXX, and 2 rangeseparated exchange hybrid approximations including one adding on-top an empirical dispersion correction. Figure 3 reports their performance to model excited-state energy properties and compares them with the related experimental references, i.e. the maximum of absorption and emission energies. Table 2 provides the corresponding statistical analysis of the density functional performance.

Within the vertical absorption approach, the local SVWN5 and semilocal PBE density functional approximations are found as the best to estimate the position of the maximum of absorption of the 4 triangulenium dyes. Both of them position the 4 maxima with an error not larger than 0.14 eV. These accurate estimates are however caused by an error compensation between the manyelectron self-interaction error (SIE), 85 which strongly contaminates (semi)local approximations and provides a spurious lowering of the excited-state energy properties, 86 and the neglect of the vibrational effects. The other density functionals which belong to the global-and range-separated exchange hybrid approximations, strongly overestimates the position of the maxima of absorption, the best performer being B3LYP with an error not larger than 0.34 eV. As a general trend, we notice that the more a hybrid mixes a large fraction of EXX, the more it blue-shifts the energy of the vertical transition. B3LYP being the considered global hybrid mixing the lowest fraction of EXX (20%), it provides here the best estimate of the absorption maximum within the vertical approximation with a mean absolute deviation (MAD) of about 0.30 eV (Table 2). PBE0 (EXX = 25%) and M06 (EXX = 27%) just follow with a MAD equals to 0.45 eV. Density functionals mixing larger fractions of EXX get very poor performance with absolute deviations larger than 0.5 eV.

The addition of the vibrational contributions through the computation of the 0-0 vibronic transition strongly improves the quality of the model. It demonstrates that (semi)local density functionals strongly underestimate the position of the experimental maximum of absorption due to the SIE. 86 In case of PBE (Table 2), the mean signed and maximum deviations (MSD and MAX, respectively) reach indeed -0.29 and -0.40 eV, respectively. As generally observed for gound-state properties, 87 the hybridization of the density functional largely improves the computed 0-0 vibronic energy. Indeed, B3LYP closely followed by PBE0 and M06 are found as the most accurate global hybrids with a MAD lower than 0.1 eV for the former and lower than 0.2 eV for the latter. Their best (worst) estimate of the position of the experimental maximum of absorption is found for the TOTA + (DAOTA + ) carbocation (Fig. 3). The performance of the global hybrids mixing larger fractions of EXX and range-separated hybrids remain disappointing with MAD larger than 0.4 eV.

With respect to the first (red edge) absorption band of the triangulenium dyes, the emission one experimentally measures is as much narrow, 23 letting thus think to a smaller importance of the vibrational contributions. This hypothesis is confirmed for all chromophores by the computation of the vertical de-excitation energy (S 1 ! S 0 ) from the optimized first-singlet-state C s structure, the latter being structurally characterized by an asymmetric elongation of the heteroatom bridges. The vertical TDDFT emission energies computed with B3LYP, PBE0 and M06 are indeed found as the best to estimate the experimental maxima of emission with MADs ranging between 0.06 and 0.15 eV, the best density functional remaining B3LYP (Table 2). The performance trend with respect to the fraction of EXX is here again observed (Figure 3). It depicts a strong underestimation of the position of the maximum of emission for semi(local) approximations (EXX = 0%), an accurate estimation with global-hybrid approximations mixing between 20 and 27% of EXX, and a strong overestimation for global-and range-separated hybrid approximations mixing larger fraction of EXX.

In light of the TDDFT computational protocol raised to accurately position the UV/vis absorption and emission maxima of the 4 triangulenium carbocations, we propose now to go further in this electronic structure investigation by attempting the modeling of the band-shape of the spectra. From a methodological point of view, the latter property can be obtained through the computation of the Franck-Condon factors just followed by their temperaturedependent convolution with an inhomogeneous sum of Gaussian functions. The resulting spectral broadening adds thus to the vibrational effects, the temperature ones. The Franck-Condon factors are approximated following a Taylor expansion of the transition dipole moment around the equilibrium geometry of each electronic state, leading thus to the so-called Franck-Condon approximation (FC, order 0), or the Franck-Condon-Herzberg-Teller one (FCHT, order 1). Fig. 4 depicts the line shape of the first lowlying vibrationally-resolved absorption band of TATA + computed with the PBE0 density functional within the FC and FCHT approximations. In comparison with the experimental UV/vis absorption spectrum (Figure 2), it shows that the FCHT approach improves 4 Low-lying vibronic absorption band (S 0 ! S 1 ) of TATA + computed according to the (green) Franck-Condon (FC), and (red) Franck-Condon-Herzberg-Teller (FCHT) approaches at the PCM-TD-PBE0/6-31+G ? level of theory in acetonitrile solvent at 298.15 K. The green stick spectrum corresponds to the vibronic transitions computed within the FC approach. The broadening of each spectrum is performed by a Gaussian convolution of each stick spectrum with FWHM = 250 cm 1 .

the FC one by increasing the relative intensities of the main shoulders of the absorption band positioned at 2.58, 2.69 and 2.87 eV, with a special emphasis on the one at 2.69 eV. It indicates that in this energy region, vibrational modes involving larger amplitude displacements exist and are important. Moreover, the comparison between the position of the maximum of absorption energy (2.52 eV) and the 0-0 one (2.51 eV) demonstrates that the thermal effects included through the inhomogeneous convolution are here very low (0.01 eV).

Up to now, the solvent effects were included through the PCM implicit solvation model setting by default the dielectric constant as the one of the acetonitrile solvent. Fig. 5 investigates the solvatochromic character of TATA + in order to understand how the polarity of the solvent influences its UV/vis absorption signature. Thanks to their cationic character, the spectroscopic properties of the triangulenium dyes in solution are experimentally studied in polar solvents like acetonitrile, DMSO or water. 3 In this way, their UV/vis signatures were shown to be insensitive to solvent effects. For dielectric constants larger than e = 35 a.u., TDDFT at PBE0 level confirms this trend, and demonstrates that the position of the maximum of absorption is unchanged (i.e., an energy deviation lower than 0.01 eV) with respect to the solvent. Only the relative intensity of the second shoulder (2.69 eV) of the low-lying band slightly decreases with the polarity of the solvent. Going to less polar solvents blue-shifts however the maximum of absorption by less than 0.04 eV and further increases the relative intensity of the second shoulder. We thus notice and confirm that the absorption properties of the triangulenium dyes are quasiinsensitive to the solvent nature (virtually no solvatochromism).

Another important parameter known to influence the position " (a.u.) energy (eV) Fig. 5 Low-lying vibronic absorption band (S 0 ! S 1 ) of TATA + computed according to the Franck-Condon-Herzberg-Teller (FCHT) approach at the PCM-TD-PBE0/6-31+G ? level of theory in (black) gas phase, or with a selection of solvents at 298.15 K. The orange stick spectrum corresponds to the vibronic transitions computed in PCM water solvent. The broadening of each spectrum is performed by a Gaussian convolution of each stick spectrum with FWHM = 250 cm 1 . The inset plots the maximum absorption energy (eV) function of the dielectric constant e (a.u.) of the solvent. and shape of the absorption band is the density-functional approximation. In the past, benchmark investigations performed on anthraquinone 50 and coumarine 48 families of dyes already showed that both properties cannot be both accurately modeled by the same approximation, and recommended the combination of PBE0 and wB97XD to faithfully reproduce the 0-0 energy and optical line shape, respectively, of the absorption spectrum. Fig. 6 compares to experiments the performance of a subset composed by 5 density functionals to reproduce the UV/vis signature of the first low-lying absorption band of the 4 triangulenium carbocations within the FCHT approximation. The vibrationally-resolved absorption spectra obtained with the 5 other density functionals are reported in the electronic supplementary information (ESI). † Since the position of the low-lying absorption band is directly related to the estimate of the 0-0 energy, it is first worth to notice that global-hybrid density functionals mixing between 20 and 30% of EXX such as B3LYP or PBE0 provide the best positioning of the band (Fig. 6). More precisely, a direct visual comparison with experiments shows that B3LYP is the most accurate to position the first vibrationally-resolved absorption band of TATA + , DAOTA + and ADOTA + while PBE0 is found as the best to model this property in case of TOTA + . For all chromophores, semilocal density-functional approximations such as PBE strongly red-shift the position of the band while global-and range-separated hybrids mixing larger fractions of EXX, e.g. M06-2X and wB97XD, largely blue-shift it.

The comparison of the line shape of the band is visually more difficult to rationalize. Fixing a low value for the FWHM Gaussian parameter, e.g. FWHM = 250 cm 1 , allows however to track the main features of the absorption band. At first glance, the comparison of the line shape can be done through the determination of the relative position and intensity of the main shoulder with respect to the maximum of absorption (Fig. 6). All considered density functionals provide uniform results with respect to the position of the main shoulder. At ±0.01 eV, they locate it at 0.17, 0.17, 0.18 and 0.14 eV from the position of the absorption maximum for TATA + , DAOTA + , ADOTA + and TOTA + , respectively. The relative intensity differs however between each approximation. The more a density mixes a large fraction of EXX, the more the intensity of the main shoulder with respect to the maximum of absorption is low.

With respect to experiment, no density functional succeeds to faithfully model the line shape of the first low-lying absorption band of the triangulenium dyes with a broadening parameter set to FWHM = 250 cm 1 (Fig. 6). Only semilocal approximations (e.g., PBE) could be a priori recommended as the best ones if the choice is based on the relative position and intensity of the main shoulder criteria. The agreement between theory and experiment could be however improved by varying the FWHM parameter. Increasing its value is indeed susceptible to improve the broadening in the region between the maximum of absorption and the main shoulder, and in consequence, to increase the intensity of the main shoulder. As a result, the modulation of this parameter is also susceptible to make global-hybrid density functionals mixing small fractions of EXX (e.g., B3LYP and PBE0) suitable to get a matching picture of the band. Global-and range-separated hybrids mixing larger fractions of EXX (EXX > 30%) are thus not recommended.

Indeed, doubling the value of the FWHM parameter, i.e., FWHM = 500 cm 1 , improves the line shape agreement with experiments. Fig. 7 depicts it at the PBE0 level of theory for the first low-lying absorption and emission bands of the 4 carbenium chromophores. The shape of the vibrationally-resolved absorption band of TATA + and DAOTA + is in average in excellent agreement with experiments while it is less satisfactory reproduced for ADOTA + and TOTA + . For the latter carbocations, we suspect that the observed deviations are caused by the harmonic approximation involved in the computation of the Franck-Condon factors. Their heteroatom bridges are indeed mainly made by C-O bonds whose potential deviates more from a harmonic behavior than the C-N ones.

A careful analysis of the main vibrational coupling modes at the origin of the complex shape of the absorption band provides more insights with respect to this hypothesis (Fig. 7). Out of the first coupling mode (i.e., 16 1 for TATA + and 15 1 for the 3 other dyes) which corresponds to a symmetric planar breathing of the molecular skeleton, and contributes to the formation of the first small shoulder of the band (see Fig. 4 as an example), the two other main coupling modes involve, in increasing energy order, a planar asymmetric stretching and a symmetric bending of the C-X-C bridges, and are at the origin of the main shoulder of the absorption band. This analysis confirms thus that a lack of anharmonic treatments of the C-O-C bridges could be at the origin of the intensity depletion of the main shoulder of the absorption band in the case of ADOTA + and TOTA TOTA + energy (eV) Fig. 6 Low-lying vibronic absorption bands (S 0 ! S 1 ) of the TATA + , DAOTA + , ADOTA + and TOTA + triangulenium carbocations computed with the Franck-Condon-Herzberg-Teller (FCHT) approach at 298.15 K with a selection of density functionals in combination with the 6-31+G ? basis set and the PCM acetonitrile solvent, within the TDDFT framework. The broadening of each spectrum is performed by a Gaussian convolution with FWHM = 250 cm 1 . As a matter of comparison, the experimental absorption spectrum of each dye (in black) taken from Ref. 23 are reported.

The analysis of the emission band shape agrees with the previous conclusions (Fig. 7), even if the broadening is in overall less correctly reproduced. The relative intensity of the main shoulder is indeed strongly underestimated and affects here the 4 chromophores. As a result, the modeled emission band appears much more narrow than that observed experimentally, i.e., its intensity vanishes around 2.2 eV while it vanishes at 1.8 eV at experimental level. It is worth noting that the intensity decrease of the main shoulder of each emission band impacts the the Stokes shift. For the 4 triangulenium dyes, it is approximatively underestimated by ⇠0.1 eV.

Conclusions

The triangulenium dyes constitute a family of versatile chromophores whose impressive photo-absorption and emission prop-erties are currently highlighted in numerous novel experimental applications. Owing to their resonant and extended electronic conjugation delocalized over their whole planar platform, these carbocations not only exhibit a large, complex and intense absorption band lying in the visible region, but are also prone to very long fluorescence lifetimes. In this investigation, we provide for the first time a comprehensive theoretical characterization of their photo-absorption and emission properties, and develop and validate a computational protocol allowing the accurate modeling of their absorption and emission spectra at TDDFT level.

More precisely, we focus our efforts on the 4 bare triangulenium dyes used as starting building blocks in most of the photochemical investigations and commonly dubbed as TATA + , DAOTA + , ADOTA + and TOTA + . As a first insight, we show that within the visible region, the complex shape of their 
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.5 3 energy (eV) Fig. 7 vibronic (solid line) absorption and (dashed line) emission bands of the TATA + , DAOTA + , ADOTA + and TOTA + triangulenium carbocations computed at 298.15 K with the Franck-Condon-Herzberg-Teller (FCHT) approach at the PCM-TD-PBE0/6-31+G ? level of theory in acetonitrile solvent. The stick spectra corresponds to the computed vibronic transitions. Black and red dots are the main contributions to the stick spectrum with the corresponding numbers of the vibrational modes involved. The broadening of each spectrum is performed by a Gaussian convolution of each s tick spectrum with FWHM = 500 cm 1 . The insets depict the experimental absorption and emission spectra taken from Ref. 23. absorption spectrum comes from the symmetry of their groundstate structure. Indeed, the UV/vis signature of TATA + and TOTA + (D 3h ) originates from the first and degenerated singletsinglet p ! p ? excitation, while reducing the symmetry of the compound to C 2v (DAOTA + and ADOTA + ), breaks the degeneracy and leads to a second blue-shifted and less intense absorption band. Moreover, by using the PCM implicit solvation model, we confirm that the triangulenium dyes are insensitive to the nature of the solvent (no solvatochromism) and go further by providing insights concerning the origin of their complex vibrationally-resolved absorption and emission band shapes. Within the Franck-Condon approach, the analysis of the main vibrational coupling modes demonstrates that the successive shoulders of the first absorption band of each chromophore results from the vibrational planar breathing of the platform, the planar asymmetric stretching and symmetric bending of the heteroatom bridges.

From a methodological point of view, we test here the performance of 10 commonly used exchange-correlation density functionals to model the photo-absorption and emission properties of the triangulenium dyes. We show that within the vertical approximation, TDDFT is unable to accurately position the absorption and emission bands of each dye. Indeed, the vibrational contributions reach here almost 0.3 eV and strongly impact the spectra. The computation of the 0-0 energy which corresponds to the vibronic transition between the lowest vibrational level of each singlet state provides here a better estimate of the position of the band. According to this approach, we demonstrate that global-hybrid density-functional approximations casting between 20 and 30% of EXX, e.g., B3LYP, PBE0 and M06, are the best mise. In average, they provide an absolute error on the position of the maximum of absorption lower than 0.15 eV, the best one being B3LYP with MAD of about 0.06 eV. Similar performances are found with respect to emission properties.

In addition to the position of the first absorption and emission bands, we investigate also the modeling of their vibrationallyresolved features through the computation of the Franck-Condon factors still at TDDFT level. We demonstrate that the 0th order Franck-Condon approximation is not sufficient to accurately describe the complex shape of the band, and we recommend the Franck-Condon-Herzberg-Teller approach. Contrarily to previous published benchmark investigations, 48,50 we find that the lower the fraction of EXX mixed by a density-functional approximation is, the better the band-shape agreement with experiments is, the semilocal PBE approximation being the best to faithfully reproduced the absorption band shape. However, for the sake of methodological consistency, we recommend global hybrid approximations mixing between 20 and 30% of EXX like B3LYP, PBE0 or M06 as an excellent compromise in order to accurately estimate the position and optical line shape of the absorption signature of this dyes.

Among the 10 tested density functionals, we find that none of them are able to reproduce the large experimental width of the emission band. However, we show that global hybrid approximations mixing between 20 and 30% are again a good compromise to position it with an error lower 0.14 eV.

Fig. 1

 1 Fig. 1 Representation of the triangulenium carbocations investigated herein.

Fig. 3 (

 3 Fig.3(red) Vertical S 0 ! S 1 absorption, (green) first 0-0 vibronic transition, and (blue) vertical S 1 ! S 0 emission energies (eV) computed for the selected density functionals with the 6-31+G ? basis set in PCM acetonitrile solvent, within the TDDFT framework. Experimental (red dashed line) absorption and (blue dashed line) emission energies of the first low-lying bands are reported as reference and taken from Ref.23. 

Table 1

 1 List of the exchange-correlation density functionals benchmarked in this investigation.

	Name	Year	Type §	% EXX	Ref.
	SVWN5	1980 LDA	0	59,60
	PBE	1996 GGA	0	61
	B3LYP	1993 GH-GGA	20	62-64
	PBE0	1999 GH-GGA	25	65,66
	M06	2008 GH-mGGA	27	67
	BMK	2004 GH-mGGA	42	68
	M06-2X	2008 GH-mGGA	54	67
	M06-HF	2006 GH-mGGA	100	69,70
	CAM-B3LYP 2004 RSH-GGA wB97XD 2008 RSH-GGA+D 22-100 19-65	71 72
	§				

  . The roman number code in parenthesis refers to (I): TATA + , (II): DAOTA + , (III): ADOTA + , and (IV): TOTA + .

		SVWN5	PBE	B3LYP	PBE0	M06	BMK	M06-2X	M06-HF	CAM-B3LYP	wB97XD
	MSD	-0.00	-0.04	0.30	vertical absorption approximation (S 0 ! S 1 ) 0.41 0.41 0.60	0.64	0.90	0.65	0.73
	MAD	0.05	0.05	0.30	0.41	0.41	0.60	0.64	0.90	0.65	0.73
	MAX	-0.10 (IV)	-0.14 (IV)	0.34 (III)	0.45 (III)	0.45 (III)	0.64 (III)	0.68 (III)	0.94 (IV)	0.72 (III)	0.75 (III)
	MSD	-0.26	-0.29	0.04	0-0 absorption approximation (S 0 ! S 1 ) 0.14 0.15 0.34	0.37	0.60	0.41	0.46
	MAD	0.26	0.29	0.06	0.14	0.15	0.34	0.37	0.60	0.41	0.46
	MAX	-0.36 (IV)	-0.40 (IV)	0.08 (II)	0.18 (II)	0.19 (II)	0.37 (III)	0.40 (III)	0.63 (IV)	0.45 (II)	0.48 (III)
	MSD	-0.27	-0.32	0.02	vertical emission approximation (S 1 ! S 0 ) 0.13 0.14 0.34	0.38	0.62	0.44	0.48
	MAD	0.27	0.32	0.06	0.13	0.14	0.34	0.38	0.62	0.44	0.48
	MAX	-0.40 (IV)	-0.46 (IV)	-0.08 (IV)	0.17 (II)	0.18 (II)	0.36 (I)	0.40 (I)	0.66 (IV)	0.47 (I)	0.50 (I)

[1][2][3][4][5][6][7][8][9][10][11][12] 

Acknowledgements

The authors thank ANR (Agence Nationale de la Recherche) and CGI (Commissariat à l'Investissement d'Avenir) for their financial support of this work through Labex SEAM (Science and Engineering for Advanced Materials and devices) ANR-10-LABX-096, ANR-18-IDEX-0001. They acknowledge the GENCI-CINES for HPC resources (Projects A0040810359 and A0060810359).

Conflicts of interest

There are no conflicts to declare.