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Abstract: Perchlorotriphenylmethyl (PTM) radical-based compounds are widely exploited as molecular switching units. However, their application in opto-electronics is limited by the fact that they exhibit intense absorption bands only in a narrow range of the UV region around 385 nm. Recent experimental works have reported new PTM based compounds which present a broad absorption in the visible region although the origin of this behaviour is not fully explained. In this context, Time-Dependent Density Functional Theory (TD-DFT) calculations have been performed to rationalize the optical properties of these compounds. Moreover, a new compound based on PTM disubstituted with bistriazene units has been synthetized and characterized to complete the set of available experimental data on related compounds. The results point to the delocalization of the Highest Occupied Molecular Orbital (HOMO) of the substituents along the PTM core as the origin of the new high absorption bands in the visible region. As a consequence, the absorption of the PTM-based compounds can be tuned via the choice of the nature of the donor substituent, type of connection, and number of substituents.
Introduction
A paramagnetic and electronically switchable compound that has attracted a great deal of attention during the last decades in the field of molecular electronics and spintronics is the perchlorotriphenylmethyl (PTM) radical (see Figure 1), with many derivatives studied in solution,1,2,3 crystals,4,5,6 under the form of Self-Assembled Monolayers (SAMs)7,8,9 or in molecular junctions.10,11,12 These radical systems exhibit a high chemical and thermal stability and present very different electronic, optical, and magnetic properties compared to the corresponding closed-shell or anionic forms. The PTM absorption spectrum is dominated by an absorption band around 385 nm and displays low absorption bands in the visible region (from 400 to 700 nm). Several works have demonstrated the possibility of tuning the PTM optical properties by introducing electroactive groups connected to PTM by vinylene bridges (see Figure 1). In particular, recent works13,14,15 have studied the influence of the introduction of donor groups (D) connected to the PTM, which acts as an electron acceptor (A); as a consequence of the strong D-A character, Intramolecular Electron Transfer (IET) absorption bands appear in the near IR region. However, these IET absorption bands have a very low intensity so that the absorption spectra remain dominated by the intense absorption band associated to the PTM radical (unless in the case of star trisubstituted compound where additional bands at low energy also appear).16,17 This typical behaviour has been exemplified for instance in one of our previously synthesized compound18 where a bivinylenethiophene unit is connected to PTM (see Figure 1 in bright green). The absorption of this compound is limited to a narrow range in the UV-VIS region (400 nm) while it would be highly desirable to induce broader and intense absorption bands in lower energy regions for applications. Interestingly, some of us have recently10 synthetized and characterized a new PTM-based compound disubstituted by thiophene rings (see Figure 1 in dark green). The absorption spectrum of this compound is dominated by a broad and intense absorption band around 450 nm, which has not been observed in the spectra of previously synthesized monosubstituted PTM-based compounds. The two compounds described before differ by the nature of the substituents (bivinylenethiophene vs vinylenethiophene), the number of substituents (mono vs di-substituted) and the position of the connection between the vinylene bridge and the thiophene segment (position 3 vs 2) (see Table S7 left). The mechanisms responsible for these two different behaviors are unknown, thus preventing the establishment of rules to control the optical properties of PTM-based compounds. 

In this context, quantum-chemical calculations can prove very useful to rationalize the absorption spectra of PTM-based derivatives. Over the recent years, Time-Dependent Density Functional Theory (TD-DFT) has been largely exploited to analyze the optical properties of medium-size systems,19,20  such as PTM compounds.21,22,23 Approaches based on Coupled Cluster (CC)24 or Complete Active Space (CAS-SCF)25 calculations have not been tested due to their large prohibitive computational cost. Moreover, Möller-Plesset perturbation approaches26 were also discarded due to problems linked to spin contamination for open-shell systems27 such as the PTM radical, which are found to be significantly reduced in the case of Unrestricted DFT approaches. At the DFT level of theory, standard hybrid functionals such as (U)B3LYP28 have been used to successfully describe the energy levels in PTM radical-based compounds29,30,31 or to calculate Raman spectra.16,32 However, their use in the description of excited states has been limited3,23,33 due to the inherent problems of this functional to deal with the charge-transfer (CT) character of excited states,34,35 leading to a typical overestimation of their transition energies. This problem has been largely alleviated by using long-range corrected functionals such as (U)CAM-B3LYP,36 which has allowed to gain a deeper insight into the nature of the absorption bands in PTM-based compounds.21 

In this work, TD-DFT has been used to examine the electronic and optical properties of the thiophene-based PTM compounds described before. The study has been further extended to  newly synthetized PTM-based compounds37,38 (PTM-Ac,  Ac-PTM-Ac,  PTM-BTA, and BTA-PTM-BTA); note that the synthesis and characterization of BTA-PTM-BTA has not been reported before and have been accomplished here for the sake of a detailed comparison between experimental and theoretical data. These systems exhibit one or two phenyl ring(s) connected by a vinylene bridge to the PTM radical and differ by the nature of the terminal group attached to the phenyl ring: acetylene for PTM-Ac and bistriazene for PTM-BTA. Despite the fact that the substituents are quite similar, the absorption spectra of these compounds turn out be quite different, especially in the region between 400-500 nm. Moreover, the evolution of the absorption spectra when going from one to two substituents differs for PTM-Ac and PTM-BTA.  
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Figure 1. Chemical structure of the molecules under study.
The main goal of our theoretical study is to assess how the absorption properties of PTM-based compounds are influenced by the nature and number of substituents and the type of connection in order to formulate useful design rules for tailoring the properties of these compounds. We stress that we are mostly interested in trends than in absolute values knowing the limitations of TD-DFT to deal with open-shell systems, partially due to the introduction of spin contamination.39,40,41
Results and Discussion
Electronic properties

Perchlorotryphenylmethyl radical (PTM) has been taken as a reference to study the influence of the different substituents on the electronic properties (see Figure 2). PTM in its hydrogenated form (PTM-H) is a closed-shell system, implying that its bandgap is defined by the Lowest Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO) (see Table S3). In the case of the radical (open-shell) form, the bandgap is defined by the Singly (Un)Occupied Molecular Orbitals (SUMO and SOMO, levels respectively); note that the SOMO is occupied here by a spin up (α) and SUMO by a spin down (β). Due to the C3 symmetry, several frontier electronic levels are degenerate (i.e., LUMO and LUMO+1, HOMO, and H-1). 

Since PTM acts as an electron acceptor, the SUMO, LUMO, and LUMO+1orbitals are mostly localized over the PTM unit in presence of the donor substituents (see Figure 3 and Table 1). Furthermore, the symmetry breaking produces an energy splitting of the degenerate levels. The localization of the unoccupied MOs over the central PTM core thus explains the small range of variations in their energies (0.2, 0.23, and 0.12 eV for the L+1, LUMO, and SUMO level, respectively) in the substituted compounds.

In contrast, the HOMO is localized over the substituents (see Table 1) and lies systematically above the SOMO level; the bandgap is thus governed by the energy difference between the HOMO and SUMO levels. The changes in the optical properties of the different compounds have thus to be inferred from changes in the HOMO characteristics among the substituents. In the thiophene-based compounds, the HOMO of the thiophene unit lies very close to the PTM SOMO (see Table S3), resulting in a strong mixing of the two orbitals and a HOMO level partly delocalized (12.2% over the PTM unit as an average value for α and  contributions) over the PTM unit in TV-PTM-TV. This level mixing also leads to a downward shift of the SOMO in TV-PTM-TV with respect to PTM (by 0.25 eV) and to a significant energy splitting (by 0.32 eV) of the HOMO-.

The introduction of a single bithiophene unit in PTM-2TV leads to an upward shift of the HOMO level and hence to a bandgap closure due to the increased conjugation length in the thiophene fragment. Consequently, the energy gap between the bithiophene HOMO and the PTM SOMO increases, thus reducing the extent of mixing and the delocalization of the HOMO over the PTM core (6.8%). No major effects on the electronic properties are observed when changing the position of the connection (positions 3 vs 2) between the thiophene segment and the vinylene bridge (see Table S6).
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Figure 2. Energy level diagram of the frontier molecular orbitals for all studied compounds. All level energies are collected in Table S4. The vertical axis of energies has been cut by 3.2 eV in the middle of the bandgap in order to match the experimental SOMO/SUMO gap obtained by Cyclic Voltammetry measurements (see Table S5). 
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Figure 3. Shape of the frontier molecular orbitals of PTM and thiophene-based PTM derivatives represented in Figure 2. The isovalue used was ±0.02 a.u. The degree of delocalization of each orbital over the PTM unit is given in Table 1. The shape of the frontier molecular orbitals for the other compounds is represented in Figure S5.  The MOs represented correspond to the α-spin, with the exception of SUMO where it is represented the  -spin contribution.
We observe deep similarities in the electronic structure when comparing the thiophene-based and phenyl-based derivatives. The terminal bistriazene group (BTA) raises the HOMO level at higher energy than the SOMO level (energy gap of 0.8 eV), 

leading to electronic properties similar to PTM-2TV. In contrast, the HOMO and SOMO energies are comparable in the compound with the acetylene end group, thus promoting properties similar to TV-PTM-TV. This rationalizes the larger delocalization of the HOMO in PTM-Ac compared to PTM-BTA compounds (27.1 vs 9.7% of delocalization over the PTM unit). We have also confronted the theoretical predictions to cyclic voltammetry (CV) measurements (see Figure S4). Since the voltage range did not allow us to probe the oxidation wave in all  compounds, only the data obtained for PTM, PTM-2TV, PTM-Ac and PTM-BTA are discussed hereafter (see Table S5). The experimental results confirm the similar alignment of the SUMO level for the four compounds and of the HOMO level for PTM-2TV and PTM-BTA (energy difference of 0.16 eV versus 0.17 eV at theoretical level). In these two compounds, the HOMO level lies at much higher energy with respect to the PTM SOMO level (0.86 eV for PTM-2TV and 0.81 eV for PTM-BTA), in agreement with the theoretical values (1.07 for PTM-2TV and 0.9 eV for PTM-BTA). On the other hand, PTM-Ac displays very different HOMO level energy, which lies very close to the PTM SOMO level (0.19 eV and 0.26 eV for experimental and theoretical values respectively), thus confirming the mixing of these levels.

Optical properties

As it is the case for the electronic properties, the PTM absorption spectrum has been chosen as a reference to analyze the impact of the substituents. In the simulated spectrum, the PTM-H form exhibits absorption bands only in the high energy region (λ < 300 nm, see Table S9). The optical absorption spectrum is drastically affected when introducing the SOMO and SUMO levels in the radical form since several absorption bands now appear above 300 nm (see Table S10). 
As mentioned in the introduction, the experimental PTM absorption spectrum is characterized by: (i) a high absorption band around 385 nm; and (ii) a lower absorption band around 370 nm overlapping with the previous band (see Figure 4 left).

Table 1. Degree of localization (in %) over the PTM core in the frontier molecular orbitals for the substituted systems displayed in Figure 1.

	
	Tv-PTM-Tv
	PTM-2Tv
	PTM-Ac
	Ac-PTM-Ac
	PTM-BTA
	BTA-PTM-BTA

	
	α
	β
	α
	β
	α
	β
	α
	β
	α
	β
	α
	β

	L+1
	87
	93.7
	99.9
	99.9
	99.9
	99.9
	67
	64
	99.9
	99.9
	71.1
	66.7

	LUMO
	83.1
	83
	62.8
	57
	65.6
	61.2
	60.4
	54
	68.2
	63
	61.4
	54.5

	SUMO
	-
	96.3
	-
	97.1
	-
	97.4
	-
	95.1
	-
	97.4
	-
	95.1

	HOMO
	20
	10.5
	8.24
	5.25
	53.1
	17
	58.2
	17.8
	12.9
	7.3
	17.6
	7.4

	
	8.7
	9.6
	-
	-
	-
	-
	16.5
	15.8
	-
	-
	6.8
	6.9

	SOMO
	80.1
	-
	73.6
	-
	71.7
	-
	62.4
	-
	87.4
	-
	79.4
	

	H-1
	2.4
	0.7
	42.6
	15.3
	99.8
	99.8
	99.5
	99.6
	46.8
	39.4
	38.8
	43.1

	
	0.2
	0.7
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-















According to the calculations featuring two distinct bands at 423 nm and 364 nm, these two transitions are assigned to: (i) two degenerate transitions mostly described by HOMO-3SUMO and HOMO-4SUMO excitations for the β spin; and (ii) degenerate transitions with a dominant contribution from the SOMOLUMO and SOMOLUMO+1 excitations for the α spin. The calculations also point to the appearance of a lowest absorption band of weak intensity around 577 nm, also seen in the experiments in the region between 450-600nm. The Natural Transition Orbitals (NTOs) associated to these transitions are presented in Figure 5.
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Figure 4. Experimental (left) and calculated (right) UV-Vis spectrum of PTM radical. The characteristics of the main excited states are reported in Table S10. Note that the theoretical spectra have been rigidly red-shifted by 0.65 eV.
In order to assess the origin of the intense experimental absorption band in the region 400-500nm for TV-PTM-TV, the simulated absorption spectra of PTM and TV-PTM-TV (see Figure 6 top right) have been first compared. The simulated spectrum of TV-PTM-TV displays intense absorption bands at similar energies compared to PTM but with a higher intensity by a factor  2 (see Table S10 vs Table S11 left). Bands II and III are built up from two distinct transitions with slightly different energies and very different intensities due to the breaking of the 
[bookmark: _GoBack]C3 symmetry of the PTM core upon introduction of the substituents. The NTOs associated to these transitions are illustrated in Figure 5 and clearly point to a higher charge transfer character in band II.
















The first absorption band in TV-PTM-TV is significantly red shifted compared to the equivalent band in PTM (739 nm versus 577 nm); this can be explained in simple terms by the presence of a dominant contribution originating from the HOMO localized on the substituent (see Table S11 left). Based on the spatial localization of the NTO orbitals, the NTO analysis of the main transitions of TV-PTM-TV points to a pronounced charge transfer within one molecular branch for the type I band and a larger CT character in band II compared to band III. 
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Figure 5. NTOs of the main transitions forming bands I, II and III; we consider only the dominant spin up (α) contribution for band III and down (β) contribution for bands II and I, respectively. The isovalue used was ±0.02 a.u.  The NTOs are represented for PTM, TV-PTM-TV, and PTM-2TV from top to bottom. The eigenvalues associated for each NTO are given in Table S7, while the degree of overlap between occupied and virtual NTOs is given in Table S8.
The comparison between the experimental and simulated absorption spectra of TV-PTM-TV shows that the overall shape of the spectra is well reproduced by the theoretical calculations. On that basis, we can readily assign band II to the experimental band centered at 450 nm and band III to the peak at 385 nm. The split of the HOMO levels mentioned before contribute to a broadening of these absorption bands. Moreover, both the theoretical and experimental spectra display a slightly higher intensity for band II with respect to band III. The ratio of the sum of oscillator strengths of the two transitions making band II (fII) and those making band III (fIII) is estimated from the calculations as RII-III = 1.08.
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Figure 6. Experimental UV-Vis spectrum of TV-PTM-TV (top left) taken from ref.10 and of PTM-2TV (bottom left) taken from ref.18. The corresponding simulations are reported on the right side. The characteristics of the main excited states in the simulated spectra are reported in Table S9. Note that the theoretical spectra have been rigidly red-shifted by 0.65 eV.
In PTM-2TV, the upward shift of the HOMO level localized on the bithiophene unit leads to a red shift of the three bands (400 nm for band I and  60 nm and  80 nm for bands II and III) and therefore to intense absorption bands in the targeted region (i.e., above 400 nm). There is also a significant redistribution of the intensity among the calculated bands II and III, with RII-III =0.33, which is not fully resolved in the experimental spectrum. Looking at the dominant contribution of the different transitions, this can be explained by the fact that the higher localization of the HOMO over the substituent reduces the overlap with the SUMO level (0.13) and hence the intensity of band II. In contrast, the delocalization of the LUMO over the substituent promotes a significant overlap with the HOMO (0.37) and amplifies the intensity of band III. 

Similar trends have been also observed in the phenyl-based PTM derivatives at both the experimental and theoretical levels, see Tables S12 and S13. As expected from the electronic properties, the main features in the absorption spectrum of the PTM-Ac derivatives (both PTM-Ac and Ac-PTM-Ac) are similar to those of TV-PTM-TV (see Table S11 left vs Table S12), with bands II and III displaying similar intensities. At the theoretical level, the larger delocalization of the LUMO over the substituents with respect to TV-PTM-TV produces a small increase in the intensity of band III, leading to a slightly lower RII-III ratio (0.85 vs 1.08). The introduction of a second unit increases the intensity of band II by a factor 1.8 and that of band III by a factor of 1.55. The overall increase in the intensity of the spectrum in the 350-450nm region is also observed in the experimental spectra, see Figure 7. On the other hand, PTM-BTA derivatives present absorption characteristics similar to those of PTM-2TV (see Table S11 right vs Table S13) due the upward shift of the HOMO in the electronic structure. As in the previous case, there is an increase in the intensity of bands II and III going from PTM-BTA to BTA-PTM-BTA (by a factor 2.3 and 1.80, respectively), in agreement with the experimental spectra. According to the calculations, the two distinct peaks appearing in the experimental absorption spectrum of BTA-PTM-BTA for band III (Figure 8) can be related to the lift of degeneracy of the PTM LUMO and LUMO+1 levels upon introduction of the substituents.
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Figure 7. Experimental (left) and simulated UV-VIS spectrum (right) of the phenyl-based PTM compounds (PTM-Ac on top and PTM-BTA at the bottom). Additional details about the nature of the excitations in the different bands are given in Tables S12 and S13, respectively. Note that the theoretical spectra have been rigidly red-shifted by 0.65 eV.
Conclusions
In this work, we have presented a detailed theoretical analysis of the electronic structure of various PTM-based derivatives exhibiting significant variations in their absorption spectra upon introduction of one or two electron-donor branches; our calculations prove very useful to rationalize the trends observed in the experimental spectra. The two new absorption bands (II and III) appearing in the visible range originate systematically from a dominant transition starting from the HOMO level (mostly localized over the substituent) to the SUMO or LUMO level (mostly localized over the electron-accepting PTM core), respectively. The extent of delocalization of these levels over the entire molecular backbone is defined by the alignment of the electronic levels of the donor versus acceptor part and dictates in turn the charge-transfer character of the excited states, and hence the relative intensity of the two bands. These results thus demonstrate that the absorption properties of PTM can be tuned by changing the donating strength (or the degree of conjugation) of the substituents and/or their number. In particular, the largest red shift of the absorption bands is observed when introducing donor substituents with a HOMO energy higher than that of the PTM SOMO and connected with a conjugated bridge to promote a significant overlap with the LUMO level localized over the PTM core.  
Experimental Section
Experimental procedures. All details about materials, reagents, synthesis and characterization of BTA-PTM-BTA compounds are given in section 1 of the SI.
Computational details. DFT calculations42 have been performed for the compounds displayed in Figure 1, using the Gaussian 09 package.43 Geometry optimizations were carried out with the (U)CAM-B3LYP functional36 and a 6-31G(d) basis set,44 while solvent effects were introduced by means of the polarizable continuum model (PCM)45 to compare the absorption spectra in the same experimental conditions (PCM): Tetrahydrofuran (THF) for PTM-BTA compounds and dichloromethane (CH2Cl2) for the others. The C3 symmetry of the central PTM core was imposed in the calculations. TD-DFT calculations were performed to simulate the absorption spectra and assess the nature of the relevant electronic excited states, using the same functional, basis set and solvent description. The reliability of this approach has been validated in previous works on similar compounds.21 In spite of different calculated bandgaps, CAM-B3LYP shows the same relative energy alignment and shape of the molecular orbitals (MOs) with respect to B3LYP (see Table S1 and Figure S2). In order to promote a better comparison with the experimental data, a rigid red shift of 0.65 eV to lower energy was applied to all absorption bands in the simulated spectra. As already reported,21 we find that the electronic and optical properties of the compounds are not highly affected by the solvent effects introduced by the PCM model (see Table S2 and Figure S3). In order to study the localization of the excitations, Natural Transition Orbitals (NTOs) were generated and analyzed.46
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