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Tuning the photochemical ring-closing reaction efficiency in diarylethene-based photoswitches through engineering of internal charge transfer

The photochemical quantum yield is one of the key features for a photoswitch and its tuning is challenging. In an attempt to tackle this issue within the popular diarylethene-based switches, we have explored the potential to use internal charge transfer (CT), a readily controllable parameter, for an effective modulation of the photocyclization quantum yield. For this, a homogeneous family of terarylenes, a subclass of diarylethenes, with different CT characters, but the same photochromic core was designed and its photochromic properties were fully investigated. A clear correlation was found between the cyclization quantum yield and the CT character of the switch. More precisely, almost linear relationships were establised between the ring-closing quantum yield and i) the electron density variation accompanying the S0 → S1 transition and ii) the percentage of LUMO on the reactive carbon atoms. Such a correlation was rationalized by a joint spectroscopic analysis and theoretical modelling of both ground and first excited state, introducing the concept of "early" or "late" photochrome.

Encouragingly, such a potentally predictive model also seemed relevant when applied to some other diarylethene-based switches reported in the literature.
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Introduction

Photochromic molecules have gained increasing importance over the years for the development of molecular switches for various applications since light is a clean stimulus that can be applied in a contactless way with precise spatiotemporal control. [1][2][3][4][5][6][7][8][9][10] Among different families of organic photochromes, diarylethenes (DAEs) have been extensively investigated over past decades as they can be switched between two thermally stable isomeric states with low photo-fatigue as depicted in Scheme 1.

11,12

Scheme 1 Photoisomerization of diarylethenes between the open form (OF) and the closed form (CF).

Depending on the target application, a good DAE-based photoswitch should fulfil specific requirements in terms of optical properties, thermal stability, photo-resistance and efficiency of the photochemical reactions. While the tuning of most of these photochromic features has proved successful in the literature, 11,12 the modulation of the photocyclization quantum yield, one of the most important parameters of a photoswitch, remains highly challenging, despite the numerous studies aimed to highlight the main parameters impacting the ring-closure reaction. 13-18 In most cases, two conformations coexist in solution in equal percentages for the open forms of DAEs: the parallel conformer and the antiparallel one with the two aryl rings either in mirror or C 2 symmetry, respectively. Since only the antiparallel conformation is photo-reactive and can lead to the closed form via conrotatory cyclization in the excited state, an increase in the relative population of the antiparallel conformer versus the parallel one is expected to boost the cyclization efficiency.

11,12

Actually, such a qualitative, "geometric approach" of the ground state conformation has been very successfully implemented as almost quantitative isomerization has been reported by several groups by exploiting steric hindrance 19,20 or intramolecular interactions.
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On the other hand, it has been observed that the introduction of electron-donating and/or electron-withdrawing groups generally does not favour the photocyclization because of the development of an internal charge transfer (CT) character.

24-29

For example, Jaung and co-workers explained the poor photochromic properties of dithienylethene-based donor-π-acceptor photochromic dyes in terms of decreased electronic distribution on the reactive carbon atoms involved in the electrocyclization. 30 Moreover, the isomerization can even be suppressed because of the stabilization of the photo-inactive twisted intramolecular charge transfer (TICT) excited state in polar solvents. However, to make this "electronic approach" more useful and successful there is clearly a need to rationalize the impact of the introduction of donor and acceptor functional groups on the photocyclization quantum yield so to provide, if possible, a method to control and tune the photochromic properties.

In fact, to the best of our knowledge, no systematic study correlating the charge transfer character and the ring-closing quantum yield is available in the literature. To investigate the relationship between the CT character developed by introducing donor and/or acceptor groups and the resulting photochromic performances, we focused on terarylenes, a subclass of diarylethenes known to have good photochromic properties and offering an additional aryl site for further modifications as compared to classical DAEs. [35][36][37] More precisely, eight terthiazoles having the same terphenylthiazole skeleton have been synthesized and fully investigated (Chart 1).

In addition to the known unsubstituted switch 1, 37 seven appropriately functionalized molecules have been included to cover a wide range of charge transfer character. A clear correlation between the CT character and the experimentally measured cyclization quantum yield is established and analysed theoretically to gain insights on the nature of such a relationship. More interestingly, similar correlation is also found within some other families of reported DAEs, suggesting the potential predictive ability of the model. 

Results and discussion

Synthesis

The synthetic pathway to prepare terphenylthiazoles is flexible, modular and all products are readily accessible by starting from the proper 2-(4-functionalized-phenyl)-thiazoles via crosscoupling methods (Scheme 2). To consider different electrondonating and electron-withdrawing strengths, methoxy and dimethylamino groups have been chosen as donor substituents while nitro and formyl groups have been chosen as acceptor ones.

1 and 2 have been synthesized using a simpler procedure than those proposed by Kawai et al. 37 and by our group, 38 respectively. The main difference is represented by the fact that this time the two terthiazoles have been prepared by palladium catalysed direct arylation. [39][40][41][42] The novel monosubstituted terarylenes (i.e. 

Photochemical behaviour

The photochromic properties of the eight terthiazoles have been studied in non-degassed acetonitrile solution at room temperature. The UV-vis spectra of 1, 4 and 5, representative of the series, are provided in Figure 1, while those of the other derivatives are available in the ESI (Figure S1). All the investigated switches in their open forms absorb mainly in the UV region, with intense absorption bands between 250 and 400 nm.

By irradiating the colourless solutions in acetonitrile with UV light (320 nm), the growth of broad absorption bands peaking between 600 and 700 nm associated to the corresponding closed form was observed, except for 8. The fact that the molecule bearing nitro and dimethylamino groups -and consequently possessing the most pronounced CT character among the explored terarylenes -is not photochromic in a polar solvent such as acetonitrile was expected and less polar solvents are required to investigate its ring-closure (Figure S2). In fact, similar behaviour has been reported for D-A type dithienylethenes showing solvatochromism and gated photochromism.

Accordingly, spectroscopic data listed in Table 1 reveal a clear decreasing trend for the photocyclization quantum yield, which progressively diminishes from 0.40 for 1 to 0 for 8 because of the introduction of donor and acceptor groups. 

Theoretical modelling

To better elucidate this detrimental effect of CT character on the efficiency of the ring-closure reaction, a theoretical investigation has been conducted not only on the ground state, but also on the first excited state. potential energy surface (Figure S5-S6), due to the dissymmetric nature of the phenyl-thiazole bridging unit (Table 2). For all the terthiazoles except 8, the antiparallel conformation resulted to be more stable than the two parallel ones. Switches 1, 4 and 7 show the lowest energy difference between the photoactive conformer and one of the two parallel ones (0.8 -0.9 kJ mol -1 ), while the greatest ΔE is calculated for terarylene 3 (8.3 kJ mol -1 ).

These results clearly indicate that the observed variation of the photocyclization quantum yield is not influenced by the relative ratio of the reactive and non-reactive conformations in solution. Indeed, according to these first calculations, 3 should present the most efficient ring-closing reaction, while terphenylthiazole 1 should be characterized by a Φ OF-CF substantially close to that of compound 7. The small calculated energy difference between the antiparallel conformer and the first parallel one (i.e. p-N) is also in line with the experimental 1 H-NMRs (in CDCl 3 , see "

1 H-and 13 C-NMR spectra" section of the ESI) and the signals associated to the two methyl groups sitting on the two photo-reactive carbon atoms. Indeed, only two singlets of equal intensity are observed, indicating that the two conformations are in fast interconversion at room temperature and there are roughly as many molecules with photo-reactive antiparallel conformation as those with inactive parallel conformation in solution. The same set of signals is also observed in CD 3 CN (Figure S7). It is also worth noting that the optimized antiparallel geometries are quite similar for the whole series (Figure S6). In particular, the distance between the two reactive carbon atoms is almost the same (3.5 Å ca., Table S1) and well below the upper limit of 4.2 Å 45 to undergo the photoinduced conrotatory cyclization. 46 Therefore, the large variation in the cyclization quantum yield observed within the series should most likely find its origin in the difference in their excited state dynamics rather than in changes in their geometries at the ground state. It is also worth noting that no clear correlation could be found between the photochemical reactivity of the series and the calculated Mulliken charge density either on the hexatriene moiety or the two reactive carbon atoms (Table S2, Figures S8-S9), highlighting the need to go further in the modelling of the excited state (vide infra).

Modelling of the first excited state pathway. To gain more insights into the optical properties of the series in their two forms, TD-DFT calculations have been carried out with the CAM-B3LYP functional, which is known to provide a good description of CT excitations. 47,48 A comparison between the experimental and the theoretical spectra is given in Table 3, where the open forms are indicated with o and the closed forms with c.

Overall, the fit between the experimental data and the theoretical ones is satisfying (Details in Table S3). In fact, the lowest-energy UV band is reproduced with an absolute error between 3 nm (0.04 eV) for 1o and 18 nm (0.20 eV) for 3o, 5o and 7o. The mean absolute error is found to be 0.13 eV. The error concerning the visible band of the CFs is similar. In fact, the energies of the corresponding transitions (that are HOMO → LUMO for all the closed form isomers) are slightly overestimated, with an error ranging between 35 nm (0.13 eV) for 1c and 77 nm (0.24 eV) for 6c. The mean absolute error is found 0.19 eV.

Nevertheless, the experimentally observed red shift of the λ max for the characteristic band of the CF isomers is well reproduced by the calculations.
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Please do not adjust margins For all the eight open forms, the lowest energy transition (S 0 → S 1 ) is HOMO → LUMO. An apparent exception is observed for 3o, whose transition is reported as HOMO → LUMO+2. However, the computations show that also HOMO → LUMO contributes to it.

The localization of the frontier orbitals in the investigated compounds clearly indicates the CT character of the transition. For non-functionalized photochrome 1, it is due to the relatively electron-deficient nature of thiazoles. Anisole-containing 2 adds the presence of the weak electron-donating methoxy group. Unambiguous charge transfer is observed for switch 3, whose HOMO is fully localized on the arm bearing the -N(CH 3 ) 2 group and LUMO is exclusively on the central core. In the case of acceptor-containing switches, HOMOs are limited on the electron-richer part of the molecules while LUMOs are on the thiazole arm bearing the electron-withdrawing group. The cases of compounds 1, 3 and 8 are shown in Figure 2. The frontier orbitals of the other compounds are depicted in the ESI (Figure S10). Additionally, calculations allow to estimate the amount of transferred charge (Q*) accompanying the transition from the ground state to the first excited one, the transfer distance (∆r) and the dipole moment at the first excited state (µ). The obtained data are reported in Table 4.

As previously stated, 1 is characterized by a CT character because of the presence of relatively electron-poor thiazoles. The identified parameters for this reference compound and 2 are the same, thus confirming the weak electron-donating strength of the methoxy substituent, whose presence doesn't generate a more important dipole moment compared to that of the non-functionalized photochrome. The introduction of a stronger donor group such as the dimethylamino leads instead to an increase of Q*, as corroborated by the data related to 3. The two examined electron-withdrawing groups, i.e. formyl and nitro groups, enhanced the charge transfer character of switches 4 and 5, respectively. Terthiazole 6 shows a 1.5 times bigger amount of transferred charge because of the functionalization with -OCH 3 and -NO 2 , compared to the reference unsubstituted molecule. Slightly increased CT characteristics are determined for the trisubstituted species 7. Finally, compound 8, which is not experimentally reactive in acetonitrile, is coherently characterized by the biggest Q*.

It is worth noting that a strong electron-withdrawing group such as -NO 2 acts as a turning point, whose introduction marks the biggest difference in terms of transferred charge and transfer distance with the others switches which do not bear the nitro group. This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins This functional group is known to provide the possibility of populating triplet states through intersystem crossing (ISC).
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Acetonitrile solutions of 5 and 7 have been irradiated with UV light before and after degassing them with Ar to evaluate the extent of the triplet population and the consequences on the photochromic activity (Figures S3-S4).

The conversion to the closed forms in the degassed solutions didn't show a substantial change, thus indicating that the impact of the triplet state, if any, is not significant on the reactivity of these derivatives and the study could be focused on the singlet excited state reactivity.

Overall, the variation of the amount of transferred charge between S 0 and S 1 is inversely proportional to the experimentally observed variation of the photocyclization quantum yield as depicted in Figure 3.

Interestingly, an almost linear relation seems to link Q* and Φ OF-CF , thus providing a potential model to tune the photocyclization quantum yield of terthiazoles, a parameter related to a complex excited state phenomenon, through molecular engineering of the internal charge transfer, which is more tangible and easily controllable. The validity of this correlation is also briefly discussed for some other diarylethenebased switches reported in the literature (ESI, Section "Extension of the model to other photochromes").

To further investigate the S 0 → S 1 transition and its impact on the photochromic behaviour, the reaction pathway for the ring-closure at the ground and first excited states has been built for all the eight molecules by progressively shortening the distance between the two reactive carbon atoms (d C-C ). In fact, this parameter can be considered the main component of the reaction coordinate (see the ESI for computational details). The computed energy variations on the first excited state along this coordinate can be classified into three groups for the eight members of the series, which are illustrated by those of switches 1, 4 and 5 (Figure 4). The curves for the other compounds are provided in the ESI (Figure S11). Since the first excited state is mainly the result of a HOMO → LUMO transition, its energy variation along the reaction coordinate depends on the evolution of the frontier orbitals HOMO and LUMO. With progressive shortening of the d C-C the energy of the HOMO increases (Figure S12a) due to the antibonding interaction between the reactive carbon atoms while that of the LUMO decreases (Figure S12b), thanks to the bonding interaction between the same carbons atoms, as expected for the conrotatory photocyclization in 4n+2 πelectrons systems. 46 The existence of an energy barrier in the first excited state and its height depend therefore on the ways the energies of HOMO and LUMO evolve along the reaction coordinate. Consequently, an early development of the bonding interaction in the LUMO should favour an efficient ring-closing process due to a low energy barrier or even its absence in the first excited state.

In the case of compound 1, the bonding interaction leading to the closed form appears to start at a distance between the reactive carbon atoms slightly below 3.2 Å (Figure 4). A significantly smaller distance (< 2.4 Å) is required to have the same interaction for 5 (Figure 4). This different development of the bonding interaction leads to a distinction between an "early" photochrome, coherently showing a photocyclization quantum yield of 40%, and a "late" photochrome whose Φ OF-CF is four times smaller. An intermediate situation is observed for 4 with bonding interaction at a distance around 2.7 Å (Figure 4). The relative evolution of the LUMO energy of 1, 4 and 5, shown in Figure 5, is in line with such an explanation.

Furthermore, by looking more in detail into the delocalization of the LUMO, it appears that the contribution on the reactive carbon atoms has a great impact on the excitedstate ring-closure process.

Please do not adjust margins Please do not adjust margins The LUMO percentage on these carbon atoms increases along the reaction pathway and it is higher for the investigated switches exhibiting the highest cyclization quantum yields (Table S4, Figure S14). More interestingly, a linear correlation seems to be established between the two parameters (Figure 6, Figure S15), thus confirming that the LUMO controls the efficiency of the photoreaction.

Overall, charge transfer appears to be detrimental towards the cyclization because the LUMO remains strongly localized on one of the arms. This should hinder the needed electron delocalization to achieve the ring-closure until a late transition state geometry with a short C-C distance, making thereby the excited state prone to other competing deactivation processes.

In addition to this description of the vertical excited states of the open forms, the evolution of the charge transfer, expressed in terms of Q*, with the variation of the reactive carbon atoms distance has also been calculated. 

Conclusions

By combining the experimental data of a homogeneous series of photochromic terarylenes with the theoretical modelling of the ground and the first excited state, this systematic study confirms that the modulation of the CT character of the photochromic compounds can be an effective way to tune the quantum yield of the ring-closing reaction, not only qualitatively, but also quantitatively thanks to the establishment of an almost linear relationship between the efficiency of the photocyclization and a readily computable entity, the amount of the charge fraction transferred during the S 0 → S 1 transition (i.e. Q*). Moreover, Φ OF-CF resulted to be linearly correlated also to the percentage of LUMO on the reactive carbon atoms, confirming the key role of LUMO in the ring-closing process. Complementary to the most explored strategy aiming at controlling the ground state population of the photo-reactive antiparallel conformation, the present approach highlights the importance of the electronic excited state dynamics for the control and tuning of the ring-closure quantum yield. Extension of this correlation to other photochromic families is beyond the scope of this study, but the

Figure 1

 1 Figure 1 Absorption spectra in CH3CN of (a) 1 (2.39 x 10 -5 M), (b) 4 (2.13 x 10 -5 M) and (c) 5 (2.41 x 10 -5 M), showing the evolution under UV light irradiation (320 nm) from the black lines (open forms) to the blue lines (respective photo-stationary states). Optical path of the cuvette: 1 cm.

  First, the eight structures have been fully optimized at the DFT level with ωB97XD/6-311G(d,p) in acetonitrile (see computational details in ESI). For the open form isomer, beside the photoactive, antiparallel conformation (ap), two parallel conformers (named p-N and p-S) have been localized on the This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins

Figure 2

 2 Figure 2 CAM-B3LYP/6-311G(d,p) modelling of (a) HOMO and LUMO of 1, (b) HOMO and LUMO of 3 and (c) HOMO and LUMO of 8. HOMOs and LUMOs isocontour plots are on the left and on the right, respectively.

Figure 3

 3 Figure 3 Correlation between the amount of transferred charge between S0 and S1 (Q*) and the ring-closing quantum yield (ΦOF-CF).

Figure 4 7 and 8 ,

 478 Figure 4 Potential energy surfaces for the first excited state (S1) of 1, 4 and 5. The three empty dots indicate the geometries of the investigated terarylenes in which the bonding interaction in the LUMO is occurring, as confirmed by the isocontour plots.

Figure 5

 5 Figure 5 Relative evolution of LUMOs of terarylenes 1, 4 and 5 with the variation of dC-C. The first points of the three curves at 3.5 Å correspond to the energies of the optimized geometries of the three ap-OF isomers and they are set at 0 eV for the sake of comparison.

Figure 6

 6 Figure 6 Correlation between the percentage of LUMO on the reactive carbon atoms and the ring-closing quantum yield (ΦOF-CF).

Figure 7

 7 Figure 7 Evolution of Q* for terarylenes 1, 4 and 5 with the variation of dC-C.

  

3, 4 and 5) have

  

	been obtained similarly, by
	reaction of 5-methyl-2,2'-diphenyl-4,4'-bithiazole	38 (11) with 2-
	(4-N,N-dimethylamino-phenyl)-, 2-(4-formyl-phenyl)-	43 and 2-
	(4-nitro-phenyl)-4-bromo-5-methyl thiazole	44 (28, 31 and 16,
	respectively). The same strategy has been followed on 2,2'-
	bis(4-methoxyphenyl)-5-methyl-4,4'-bithiazole (24) to afford 7.
	Disubstituted derivatives 6 and 8 have been obtained by initially
	synthesizing through Suzuki-Miyaura cross-coupling reaction 5-
	methyl-2-(4-nitrophenyl)-2'-phenyl-4,4'-bithiazole (17) and
	then direct arylation. Details of the synthetic procedures and
	full characterizations of all new compounds are provided in the
	ESI.	

Table 1

 1 Main photochromic data in acetonitrile of the investigated family of terarylenes.

		λmax [nm] (ε [M	-1 cm	-1 ])	
		OF		CF	ΦOF-CF (335 nm)	ΦCF-OF (575 nm)	αCF (335 nm)
			265 (23000)	
	1	274 (26700) 314 (29000)	317 (26400) 349 (20500)	0.40	0.025	96%
			587 (13000)	
	2	279 (31150) 317 (37000)	272 (24500) 586 (16000) 348 (33800)	0.32	0.023	97%
			324 (28140)	
	3	348 (36400)	410 (28000)	0.23	0.006	90%
			603 (23000)	
	4	317 (32300)	319 (32360) 606 (17450)	0.27	0.007	89%
	5	274 (25000) 317 (27000)	272 (25000) 622 (14550) 319 (30000)	0.10	0.009	96%
			280 (33000)	
	6	276 (26000) 322 (37600)	342 (31800) 355 (31000)	0.04	0.003	90%
			664 (18150)	
	7	286 (30800) 320 (35300)	275 (23500) 624 (18200) 333 (33400)	0.05	0.007	83%
	8	348 (43400)		/	/	/	/

Table 2

 2 Calculated relative energies in kJ mol

			OF		CF
		ap	p-N	p-S	
	1	0.0	0.9	8.2	76.9
	2	0.0	2.0	8.1	74.0
	3	0.0	1.8	8.3	70.8
	4	0.0	0.9	6.1	79.6
	5	0.0	1.0	7.7	80.9
	6	0.0	1.5	8.0	77.8
	7	0.0	0.8	2.5	74.5
	8	3.8	0.0	5.4	77.6

-1 

of the open and closed forms of the investigated terarylenes, determined at the ωB97XD/6-311G(d,p) level of theory.

Table 3

 3 Comparison between the calculated and the experimental optical properties of the eight investigated terthiazoles.

		λtheo (nm)	λexp (nm)	f	Assigned transition
	1o (ap)	311	314	0.643	HOMO → LUMO
	1c	552	587	0.617	HOMO → LUMO
	2o (ap)	313	317	0.515	HOMO → LUMO
	2c	557	586	0.673	HOMO → LUMO
	3o (ap)	330	348	1.063	HOMO → LUMO+2
	3c	563	603	0.818	HOMO → LUMO
	4o (ap)	324	317	0.934	HOMO → LUMO
	4c	569	606	0.664	HOMO → LUMO
	5o (ap)	335	317	0.814	HOMO → LUMO
	5c	576	672	0.651	HOMO → LUMO
	6o (ap)	336	322	0.854	HOMO → LUMO
	6c	587	664	0.750	HOMO → LUMO
	7o (ap)	340	322	0.782	HOMO → LUMO
	7c	552	624	0.600	HOMO → LUMO
	8o (ap)	340	348	1.139	HOMO → LUMO
	8c	604	/	0.899	HOMO → LUMO

Table 4

 4 Charge transfer parameters of the investigated terarylenes determined at the CAM-B3LYP/6-311G(d,p)//ωB97XD/6-311G(d,p) level of theory.

		Q*	∆r (Å)	μ (D)
	1	0.47	1.874	4.3
	2	0.47	1.958	4.4
	3	0.56	2.332	6.3
	4	0.61	3.466	10.2
	5	0.70	4.188	14.0
	6	0.71	4.399	15.9
	7	0.75	4.645	16.6
	8	0.76	5.467	20.0
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