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Using a combination of the time-dependent density functional theory and the polarizable continuum
model, we have investigated the visible spectra of 129 closed-ring perfluorocyclopentene diarylethenes,
solvated in various environments (185 cases). The theoretical simulations are able to reproduce the major
experimental trends, especially the auxochromic shifts though solvatochromic effects in protic media
are not correctly modelled. A quantitative agreement, that is mean absolute deviations limited to 13 nm
or 0.05eV, is reached with a simple linear regression. The topology of the frontier orbitals qualitatively
support the role played by side groups, heteroatoms, as well as isomerism in the absorption phenomenon.
Within similar structures, the bond length alternation in the central part of the photochrom can be related
to the longest wavelength of maximal absorption (Amax). In addition, a correlation between the central
bond length and the thermal stability of the closed-ring form is unravelled.
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1. Introduction

Initially proposed by the groups of Irie and Lehn [1-5],
diarylethene (DA) derivatives are one of the most useful classes
of photochromic molecules. Indeed, DA possess two thermally sta-
ble forms (either closed-ring or open-ring) that can be converted
from one to the other by irradiation at well-separated wavelengths.
Not only the direct and reverse conversions can be achieved a
huge number of times but they also both present large quantum
yields and short response times. The two forms have very dif-
ferent properties, with for instance, a colourless open-ring form,
and a coloured closed-ring form. Consequently, DA are ideal can-
didates for building photo-switches or optical storages, and their
synthesis (and properties) have been reviewed by several authors
since 2000 [6-11]. One usually classifies DA derivatives accord-
ing to their bridge unit, i.e. the group linking the two parts in the
open-form. DA with cyano [1,12], maleic [1,13], perfluorocycloalka-
nes [14], maleimide [15], oxazole [16], thiazole [16], imidazole
[16], cyclopentene [17,18], dihydrothiophene [19], furanone [20]
and dihydropyrrole [21,22] linkages have been designed. However,
since the investigation of Hanazawa et al. it is clear that the use
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of perfluorocyclopentene-DA has many practical advantages [14],
and most today’s DA rely on this bridge. These perfluoro-DA offer
very versatile applications that are not limited to single-molecule
photochromism in solvent medium. Let us highlight three more
complex processes: (1) DA can be used as magnetic switches as the
spin-spin couplings between the two side rings are greatly influ-
enced by a ring closure [23]; (2) with adequate side groups, one
can combine photon- and electron-triggered cyclisation, and cre-
ate electrochemically controlled switches [24]; (3) perfluoro-DA
also have the ability to perform reversible crystal shape modifi-
cations [25], that take place at microsecond scale, i.e. much faster
than in liquid crystals. Such developments pave the way towards
new promising applications such as photon-triggered nano-slings,
photomagnetic devices or electrochemical remote controls. In this
work, our first goal is to obtain an ab initio theoretical procedure
able to predict the colour of DA molecules. Designing such scheme
subsequently allows a rapid screening of this important property of
the photo-switches. We also aim at establishing structure-property
relationships for DA, in order to guide the design of new pho-
tochroms. Up to now, considerable theoretical efforts have been
devoted to the simulation of the photo-closure of DA, for which cal-
culations have been performed using an extended panel of models,
and we refer the reader to Refs. [17,26-34] for selected examples.
On the contrary, fewer works have been devoted to the computation
of the absorption spectra (see below).

Here, our main theoretical tool is the time-dependent density
functional theory (TD-DFT) that is now the most popular ab initio
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technique for evaluating electron transition energies of medium-
sized systems. A great advantage of TD-DFT is that solvent effects
can be straightforwardly included for both absorption [35] and
emission properties [36,37]. When conventional hybrid function-
als are used TD-DFT is generally a robust approach that gives
accurate estimates for organic dyes having a chromophoric unit
centered on a few atoms [38-40], whereas its main deficiency is
the significant underestimation of the transition energies involv-
ing charge-transfer states [41]. This problem can be solved by using
refined ab initio wavefunction approaches such as EOM-CC, SAC-CI
or CAS-PT2, but all are computationally non-tractable to study large
sets of molecules. On the contrary, semi-empirical schemes could
be valuable tools to gain chemical insights, and might reproduce the
main experimental trends, but definitively lack of consistency. For

DA, it has been shown that, on the one hand, TD-DFT and SAC-CI
results are in good agreement with each other for neutral struc-
tures [42], while, on the other hand, the ZINDO//AM1 (property
calculation method//geometry optimization scheme is much less
accurate than TD-DFT for predicting auxochromic displacements
[43]. These previous studies obviously justify the use of TD-DFT in
the present investigation. While several gas-phase and small basis
sets TD-DFT computations of the absorption spectra of DA are avail-
able in the literature [34,44-53], most of them remain focussed
on a few (3-10) compounds. In this work, we investigate a very
extended set of molecules by using the computational procedure
successfully applied to other classes of DA derivatives [43,54-56].
We have recently demonstrated that after linear corrections, our
methodology based on the PBEO functional provides very consis-

Fig. 1. Sketch of the investigated diarylethenes.
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tent wavelengths of maximal absorption for cyclopentene-DA [56].
To limit such corrections [57], one could lean towards a range-
separated hybrid (namely CAM-B3LYP) [58] but this functional is
not yet available in commercial packages. This paper is organized as
follows: in Section 2 we describe our computational procedure; in
Section 3.1 we compare the computed wavelengths with available
experimental data; in Section 3.2 we establish structure-property
relationships, and in Section 4 we provide a brief summary.

2. Methodology

We have used the Gaussian03 [59] package of programs to per-
form the geometry optimizations, vibrational analysis and excited
state evaluations for the full set of DA derivatives drawn in Fig. 1.
All calculations have been performed with the hybrid PBEO func-
tional (sometimes named PBEh or PBE1PBE) [60,61], that was
designed on purely theoretical considerations [60-62]. PBEO has
indeed been found successful for cyano, maleic and cyclopentene-
based photochroms [43,54,56], as well as for numerous classes
of organic dyes [63-67,40]. The bulk solvent effects are evaluated
by means of the polarizable continuum model (PCM) [68], as we
demonstrated that modelling the medium effects is a prerequisite
to valuable comparisons with experiments [35,63-65,69]. Several
solvents have been used: cyclohexane (CH), hexane (Hex) [70],
3-methyl-pentane (MP) [71], benzene (Benz), toluene (Tol), chlo-
roform (CHL), dichloromethane (DCM), 1,2-dichloroethane (DCE),
diethylether (DEE) [72], ethyl acetate (EA) [73], tetrahydrofuran
(THF), ethanol (EtOH) or acetonitrile (ACN). The cavity lodging the
dye has been constructed with the UAO (United Atom Topologi-
cal Model, optimized using UFF force field) radii, but during some
geometry optimizations for which the UAKS (United Atom Topo-
logical Model, optimized using the PBEQ/6-31G(d) level of theory)
radii were necessary to obtain converged ground-state structures
[59,68].

For each system, the ground-state structure has been deter-
mined in condensed phase by a standard force-minimization
process, and the vibrational spectrum has been systematically [74]
computed at the same level of theory to check that all vibrational
frequencies are real. These ground-state calculations have been
performed with a triple-{ polarized basis set, 6-311G(d,p), that is
known to provide converged ground-state structural parameters
for DA [43,54] as well as for most organic molecules [75-77]. For
the iodine atom, the well-known LanL2DZ pseudopotential/basis
set replaces 6-311G(d,p).

TD-DFT, within the non-equilibrium PCM approach, is then used
to compute the low-lying excited states of DA. TD-DFT calcula-
tions rely on the 6-311+G(2d,p) basis set, as any further extension
of the basis set does not alter the Amax of DA [43,54], i.e. 6-
311+G(2d,p) provides converged transition energies. Similarly to
the optimization step, LanL2DZ pseudopotential/basis set replaces
6-311+G(2d,p) for the iodine atom.

3. Results
3.1. Comparisons with experimental data

Experimental and theoretical Aax are reported in Table 1 for the
perfluoro-DA derivatives. This represents an extended set of 129
photochroms, several in various solvents, for a total of 185 cases.
To the very best of our knowledge that is the largest set of DA data
ever treated with TD-DFT. In fact, this table includes all the perfluoro
derivatives for which experimental data are available, provided the
molecular size allows a feasible calculation (3 weeks cpu-time limit
on 2.8 GHz Xeon PC). Note that several measurements have been

carried out at the photostationary state. In such case, the closed-
ring Amax are deduced from variations induced by irradiation. For
some compounds, several experiments are available and it turns
out that, besides a likely misprint (526 nm instead of 562 nm in
Ref. [30]) and a clear inconsistency (505 nm versus 530 nm for the
S0,-X, by the same authors), substantial discrepancies (up to 10
nm) can be detected. This illustrates that experimental reference
values can never be considered as error-free.

It turns out that all molecules belong to the C; point group,
even for the compounds with a symmetric substitution pattern.
The only exceptions are DA XII and XIII, that are found to be G,.
This is consistent with the work of Yokojima et al. [42], who con-
cluded that the five-member bridges do break the axial symmetry.
By imposing a C; symmetry for the energy minimization process of
I with X =S, Ry 3=Me, and R,=p-Pyr (benzene media), one obtains
an unstable DA geometry with one imaginary frequency of 39i cm™!
corresponding to the out-of-plane deformation of the top CF; group
(see Fig.1). The total Gibbs free energy difference with respect to the
stable C; form is relatively small: +3.13 kcal/mol. In the same way,
for a typical X (X; =S, Ry 2=H, R3=Me in hexane), the C, form is
less stable than its C; counterpart by 3.0 kcal/mol only. On the con-
trary, the discrepancies between the electronic absorption spectra
computed for the C; and C; structures are significant. Indeed, the
Cy Amax is too large by 19 nm (673 nm instead of 654 nm) in the
first case, and by 17 nm (567 nm instead of 550 nm) in the second.
This contrasts with the model system found in Ref. [42], for which
in the neutral state, the excited state energies were completely
similar for C; and G, structures. Consequently, all calculations pre-
sented in this work have been performed within the correct C;
point group. For I with X = S and two CH =C(CN), moieties, we
optimized two conformers with different orientations of the side
groups, the left structure of Fig. 2 being more stable by 2.4 kcal/mol
(Gibbs energy at the PCM-PBE0/6-311G(d,p) level). Note that their
Amax also differ: 898 nm for the right conformer, 871 nm for the left
one. For I with two CHO side groups, we have found that the struc-
ture with the oxygen alongside the sulphur atoms is more stable
(by 4.9 kcal/mol) than the conformer with the reverse symmetry
(see Fig. 2). The system with the two carbonyl differently oriented
being, as expected, intermediate (2.0 kcal/mol). These two latter
conclusions are completely consistent with the findings of Ref. [50]
for cyclopentene systems. For the DA with thiophene rings on the
reactive carbon atoms [78], we have found two minima displayed
in Fig. 2. For the photochrom with no side groups, the Gibbs energy
difference (AG) is limited to 0.7 kcal/mol in favour of the system
with the most distant sulphur atoms. When adding sulphur groups
at Ry, the same energetic ranking pertains but with a AG down
to 0.08 kcal/mol, i.e. smaller than the (room) thermal energy. As
the Amax related to the two conformers are significantly different
(670 nm for the most stable and 690 nm for the least stable), we
have used a Boltzmann-averaged value (679 nm) below.

Before comparing raw Amax, it is important to assess the
chemical reliability of the model, i.e. is TD-DFT adequate (or not) to
provide correct chemical insights for perfluoro-DA? Table 1 shows
that most auxochromic effects are correctly foreseen by theory,
though their amplitudes tend to be overestimated for the strongly
electro-active groups that provokes significant charge-transfer
upon photon absorption. With standard hybrid DFT functional,
such cases are indeed problematic to cope with [41]. A typical the-
oretical success is met for the I series. Indeed, in hexane, replacing
the side Ry=methyl by R,=H, R,=Cl and Ry,=F (keeping X;=S,
R;=H and R3=Me) induces respective experimental displacements
of +6, +3 and —39 nm of the A ax, that are nicely reproduced by the-
ory: +13, +4 and —39 nm. The same TD-DFT reliability holds when
using bulkier substituents such as 1,3-dithiolpentane, phenyl or
p-F-Phinstead of alkyl at R, position, with respective experimental
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Table 1
Amax (in nm) for the diarylethene derivatives of Fig. 1
Substitution Solvent v
X] Xz R] Rz R3 Theo. EXP. Ref
| CH=CH - H t-Bu Me Hex 602 518 [94]
CH=CMe - Me H Me Hex 609 527 [94]
S - Me H Me Hex 558 527,534,534 [95,4,96]
S - Me Me Me Hex 548 525 [47]
S - Cl Me Me Hex 556 528 [47]
S - F Me Me Hex 560 530 [47]
S - Me CN Me Tol 651 588 [97]
S - Me p-CN-Thioph. Me Tol 708 630 [97]
S - Me Ph Me Hex 606 562, (526), 562 [4,30,98]
S - Me Ph i-Pr Hex 580 586 [30]
S - Me p-OMe-Ph Me Hex 609 597 [4]
S - Me p-NEt,-Ph Me Hex 628 597 [4]
S - Me p-CN-Ph Me Hex 634 570 [4]
NMe - H CN Me EA 681 630 [99,100]
NMe - H CONH; Me EA 620 631 [100]
NMe - H CO,Me Me EA 707 660 [100]
NMe - H CO,H Me EA 712 644 [100]
NMe - H Ph Me EA 627 618 [100]
NMe - H Thioph. Me EA 658 656 [100]
NMe - H C=CH Me EA 662 636 [100]
S - H H H Hex 497 469 [47]
S - H H F Hex 605 539 [47]
S = H H Me Hex 540 509 [47]
S - H H Me DCM 544 520 [78]
S - H H Thioph. DCM 598 545 [78]
S - H Me Me Hex 527 505, 503 [45,47]
S - H Me Me CH 529 505 [101]
S - H Cl Me Hex 531 501, 506 [102,18,47]
S - H Cl Me ACN 535 504, 501 [103,50]
S - H F Me Hex 488 464 [47]
S - H 1 Me ACN 544 514 [50]
S - H p-Pyr. Me Benz 654 592, 592 [3,5]
S = H p-Pyr. Me DCM 655 592, 592 [3,5]
S - H CHO Me Benz 702 624, 624 [3,5]
S - H CHO Me Tol 703 625 [104]
S - H CHO Me DCM 704 624, 619 [3,5]
S - H CHO Me ACN 700 614, 606 [103,50]
S - H COOH Me ACN 620 586 [105]
S - H COMe Me Tol 590 625 [106]
S - H CH,OH Me Tol 538 515,515 [106,104]
S - H SEt Et Tol 573 540, 540 [106,104]
S - H SEt Et EtOH 573 564, 564 [107,108]
S - Br SEt Et EtOH 643 592 [108]
S - COOH SEt Et EtOH 575 568 [108]
S - H CH =C(CN), Me Benz 871 729,727 [3,5]
S - H CH =C(CN), Me CHL 875 724 [109]
S - H CH =N-NMe, Me CHL 650 622 [110]
S - H p-TMS-Thioph. Me DCE 667 620 [111]
S - H TMS Me ACN 574 554 [50]
S - H TMS OMe Hex 654 599 [112]
S - H 1,3-dithiol-pentane Me Hex 560 528 [113]
S - H 1,3-dithiol-pentane Me CHL 565 528 [113]
S - H 1,3-dithiol-pentane Me DEE 562 532 [113]
S - H 1,3-dithiol-pentane Me ACN 565 534 [113]
S - H 1,3-dioxo-pentane Et Hex 572 542 [114]
S - H Thioph. Me DCM 654 625 [78]
S - H Thioph. Me ACN 651 605 [115]
S - H p-Me-Thioph. Me ACN 655 612 [115]
S = H Thioph. Thioph. DCM 679 632 [78]
S - H Ph Me Hex 630 575, 575, 585, 575 [116,89,102,117]
S - H Ph Me CH 632 590 [118]
S - H Ph Me CHL 632 585 [110]
S - H Ph Me ACN 630 588,588 [119,103]
S - H Ph i-Pr Hex 682 600 [120]
S - H Ph OMe Hex 635 625, 625 [121,116]
S - H Ph CN Hex 596 545 [116]
S - H Ph CH,0Me Hex 650 580 [116]
S - H Ph OEt Hex 639 625 [121]
S - H 0-CHO-Ph Me CH 575 553 [122]
S - H 0-CHO-Ph Me EtOH 579 549 [122]
S - H m-CHO-Ph Me CH 639 585 [122]
S - H m-CHO-Ph Me EA 639 588 [123]
S - H m-CHO-Ph Me EtOH 638 581 [122]
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Table 1 (Continued )

Substitution Solvent Amax
X1 X2 R1 Rz R3 Theo. EXp. Ref
S - H p-CHO-Ph Me CH 692 605 [122]
S - H p-CHO-Ph Me EtOH 695 601 [122]
S - H 0-COOH-Ph Me CH 570 567 [122]
S - H 0-COOH-Ph Me EtOH 594 546 [122]
S - H m-COOH-Ph Me CH 638 584 [122]
S - H m-COOH-Ph Me EtOH 634 580 [122]
S - H p-COOH-Ph Me CH 673 598 [122]
S - H p-COOH-Ph Me EtOH 671 600 [122]
S - H p-CN-Ph Me Hex 675 592 [102]
S - H p-CN-Ph Me CHL 680 606 [110]
S - H p-CN-Ph Me ACN 678 586 [103]
S - H o-F-Ph Me Hex 635 577 [124]
S - H m-F-Ph Me Hex 635 579, 579 [124,125]
S - H m-CF3-Ph Me Hex 635 566 [126]
S - H m-CF3-Ph Me Tol 639 580 [126]
S - H m-CF3-Ph Me DEE 634 572 [126]
S - H m-CF3-Ph Me THF 635 578 [126]
S - H m-CF3-Ph Me EA 634 578 [126]
S - H m-CF3-Ph Me DCM 636 580 [126]
S - H m-CFs-Ph Me EtOH 634 574 [126]
S - H m-CF3-Ph Me ACN 633 576 [126]
S - H p-F-Ph Me Hex 626 570, 570 [127,124]
S - H p-Me-Ph Me Hex 632 580 [89]
S - H p-OEt-Ph Me Hex 634 584 [127]
S - H p-OH-Ph Me ACN 630 590, 590, 590 [128-130]
S - H p-OMe-Ph Me Hex 633 582,587 [131,102]
S - H p-OMe-Ph Me CHL 637 592 [110]
S - H p-OMe-Ph Me ACN 634 593,593 [119,103]
S - H p-NMe;,-Ph Me Hex 656 602 [127]
S - H p-NMe;-Ph Me ACN 663 606 [132]
S - H p-tBu-Ph Me Hex 634 580 [89]
1| N - Ph - CF3 DCM 454 420 [133]
N - Me - Me Hex 407 391 [134]
N - Ph - Me Hex 426 406 [134]
N - p-OMe-Ph - Me Hex 423 402 [134]
CH - Me - Me Hex 452 425,425 [96,135]
CH - H - Me MP 462 432 [136]
N - o-Pyr. - Me ACN 431 414 [46]
11§ N - Me - OEt Hex 499 474 [134]
N - Ph - Me Hex 554 525 [134]
N - Ph - Me Tol 556 534 [137]
N - Ph - OMe Tol 542 555 [137]
N - o0-Pyr. - Me ACN 558 545 [46]
1\ CMe - H Me Me Hex 494 469 [96]
CH - Me Me Me Hex 487 469 [135]
CH - Me Ph Me Hex 497 468 [138]
CH - p-OMe-Ph p-OMe-Ph Me Hex 539 506 [138]
CH - Me p-OMe-Ph Me Hex 495 468 [138]
N - Ph H Me Tol 519 494 [139]
N - Ph H OMe Tol 540 525 [139]
Vv - - - - - Hex 477 466 [138]
VI - - p-OMe-Ph - - Tol 431 416 [139]
VI - - 0-OMe-Ph - - Hex 604 573 [140]
- - m-OMe-Ph - - Hex 598 573 [140]
- - p-OMe-Ph - - Hex 598 573 [140]
11§ - - - - Me Hex 529 504 [141]
= = = = OMe Hex 534 510 [141]
IX - - OMe CN - Hex 688 665 [142]
X CH, (0} H H Me Hex 466 435 [143]
CH; S H H Me Hex 495 469 [143]
CH=CH CH=CH H H Me Hex 533 471 [144]
NMe S H H Me Hex 567 556 [145]
(0] (0} H H Me Hex 500 469, 469 [146,147]
(0] [0} H H Me EA 502 476 [146]
(0] [0} H H Me THF 503 479 [146]
(0] (0} H H Me EtOH 503 475 [146]
(6] 0] H H Me ACN 502 476 [146]
(0] [0} H H n-Bu Hex 503 489 [146]
(0] [0} H H n-Bu EA 506 495 [146]
(o] 0 H H n-Bu THF 506 498 [146]
(0] [0} H H n-Bu EtOH 506 495 [146]
(0] [0} H H n-Bu ACN 507 496 [146]
(0] S H H Me Hex 519 493 [147]
0 S H H Et Hex 546 507 [147]
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Table 1 (Continued )

Substitution Solvent Amax
X1 X2 R1 R2 R3 Theo. EXP. Ref
0 S H H n-Pr Hex 546 507 [147]
(0] S H H n-Bu Hex 547 508 [147]
S S H H Me Hex 550 517, 517, 517, 517, 517, 517 [148,145,116,146,143,147]
S S H H Me CH 551 517 [149]
S S H H Me Benz 552 526 [14]
S S H H Me CHL 553 534 [150]
S S H H Me EA 552 523,523, 517,522, 523, 523 [151,23,152,146,153,53]
S S H H Me THF 553 523 [146]
S S H H Me EtOH 553 521 [146]
S S H H Me ACN 553 521 [146]
S S H H Et Hex 559 536 [154]
S S H H i-Pr Hex 536 535, 535 [148,120]
S S H H n-Pr Hex 558 533 [154]
S S H H n-Bu Hex 559 535,536 [146,154]
S S H H n-Bu EA 563 542 [146]
S S H H n-Bu THF 564 545 [146]
S S H H n-Bu EtOH 565 542 [146]
S S H H n-Bu ACN 565 544 [146]
S S H H OMe Hex 531 547 [116]
S S H H CN Hex 530 496 [116]
S S H H CH,0Me Tol 565 520, 520 [106,104]
S S Ph Ph Me EA 577 543 [23]
S S OMe OMe Me CH 541 520 [149]
S S COMe H Me Tol 579 545 [106]
S S COMe COMe Me Tol 602 545 [106]
S S CHO H Me Tol 587 555 [104]
S S CHO CHO Me Tol 613 545 [104]
S S NO; H Me CHL 608 552 [150]
S S NO; NO; Me Hex 619 545 [90]
S S NO; NO; Me CHL 632 559 [150]
S S NO; NO; CH,0Me Tol 630 545, 545 [106,104]
S S NO; DOThio Me CHL 647 587 [150]
S SO, H H Me EA 526 (530), 505 [155,53]
SO, SO, H H Me EA 424 400, 398, 398 [156,155,53]
XI - - H OMe - CH 590 569 [149]
- - OMe H - CH 567 542 [149]
X1 - - - - - Benz 551 532 [14]
XIII - - - - - Benz 541 510 [14]

All theoretical values are computed within the PCM-TD-PBE0Q/6-311+G(2d,p)//PCM-PBE0/6-311G(d,p) methodology. See text for more details.

(theoretical) AAmax of +24nm (+33 nm), +76 nm (+103 nm) and
+66 nm (+99 nm). In cyclohexane, adding aldehyde groups at the o,
m or p position(s) of the side phenyl rings of I leads to —37, —5 and
+15 nm wavelength variations, that are less accurately estimated by
theory to be -57, +6 and +60 nm. For X, trading both side hydrogens
attached at Ry and R; for Ph, OMe, CHO and NO, gives measured
(calculated) Amax changes of +23 nm (+25nm), —3 nm (—10nm),
+19nm (+61nm) and +28 nm (+69 nm), respectively; i.e. theory
overestimates the auxochromic effects for groups presenting a
significant charge-transfer character. This nice overall performance
parallels the cyclopentene-DA success collected in our previous
investigation [56]. Variations of the position of the heteroatoms
within the reactive five-member rings such as I-IV, IV-II and
X—1III induce experimental hypsochromic shifts of —36, —44 and
—13 nm, correctly estimated by TD-DFT: —40, —35 and —21 nm,
respectively. In the X series, one can straightforwardly evaluate
the impact of the heteroatoms included in the five-member
rings. Keeping the other parameters unchanged (as well as the
medium), going from X; /X,=S/S to O/S, 0/0, CH,/0, CH, /S, NMe/S,
S/SO, and SO,/S0O, brings experimental (theoretical) Amax shifts of
—24nm (-31nm), -48nm (-50nm), —82nm (—84nm), —48 nm
(=55nm), +39nm (+17nm), —15nm (-26nm) and -121nm
(—128 nm), respectively. Similarly for Il the replacement of the
nitrogen atoms by CH moieties at Xy, provokes a bathochromic
shift of +34 nm (+45 nm with TD-DFT). The impact of substitutions
at the reactive carbon, that is modification of the R3 groups (see
Fig. 1), are generally correctly predicted. For instance, for I with

X1=S, Ri=H and R,=Ph, going from methyl to cyano groups at
R3, leads to a hypsochromic displacement of —35nm (—-34nm).
Likewise, for X with X;=S,X,=S or O, and R;;=H, increasing
the alkyl chain length at R3 has a large impact for the first step
(from Me to Et) but negligible spectral modifications are detected
for further increments (from Et to n-Pr or n-Bu) in both theory
and experiment. On the contrary, the spectral variations due to
alkoxy and i-Pr groups are generally poorly estimated. For the
OMe group, such problems were already reported for indigoids
[39], and were attributed to the various possible orientations of
the methyl group. In short, PCM-TD-PBEO correctly reproduces
the main experimental trends, although some problems pertain,
especially for alkoxy, aldehyde and nitro derivatives, as well as for
alcoholic solutions.

For numerous DA, the absorption wavelengths have been
determined in several apolar or polar environments. Both cor-
rect estimates and dramatic errors can be found in Table 1. In
the first category, one notes p-NMe,Ph-I and 1,3-dithiolpentane-
I with respective experimental (theoretical) solvatochromic shifts
of +4nm (+7 nm) and +6 nm (+5 nm) when going from hexane to
acetonitrile. The same accurate simulations holds for p-OMe,Ph-I
or NO,-X that respectively undergo a +7 nm (+4nm) and +14 nm
(+13 nm) positive solvatochromism effects, when changing hex-
ane to chloroform. In the second category, we have to point out
0-COOH-Ph-I, with a large PCM estimate (+24nm) suffering a
sign error (exp = —21 nm) when replacing cyclohexane by ethanol.
Such an experimental negative solvatochromic effect is unexpected
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Fig. 2. Illustration of the conformers optimized for I with (from top to bottom) CHO side groups, CH=C(CN), side groups, thiophene rings at R3 and thiophene rings at both
R» and Rs. For all compounds, the most stable structures are located on the left of the figure. See text for more details.

for a m — m* transition, and therefore indicates the presence of
solute-solvent hydrogen bonds, highly probable for acidic struc-
tures likes carboxylic groups. The ability of the PCM model to
reproduce the solvatochromic effects is obviously limited by the

lack of specific description of the solute-solvent interactions. Any-
way, removing completely the environmental modelling from our
theoretical approach would lead to significantly worse data, as
demonstrated in our previous investigations [39].
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Fig. 3. Comparison between raw theoretical, and experimental A, for DA listed in
Table 1. All values are in nm. The central line indicates a perfect theory/experiment
match. The dashed lined corresponding to the linear fitting of Eq. (1).

A graphical comparison between theoretical and experimen-
tal Amax is plotted in Fig. 3. As expected [57], theory tends to
moderately overestimate the absorption wavelength, with only 5
out of 185 cases showing theoretical underestimation. The com-
puted mean signed error (MSE, experiment-theory) is —39 nm,
or 0.14eV. The corresponding absolute deviation (MAE) reaches
40nm, or 0.15eV. Note that the average deviations are not sig-
nificantly structure-dependent, as the MAE for the series I (X) is
0.16eV (0.14 eV). These MAE stand in between the deviations noted
for cyclopentene-DA (74nm) [56] and maleic DA (9nm) [54]. In
any case, the 0.15eV average error is perfectly in the line of the
expected PCM-TD-PBEO accuracy determined for a very extended
set of organic dyes [57] or for Rydberg states using the same
functional [79]. Note that usually, the typical TD-DFT/experiment
discrepancies tend to be significantly larger, i.e. 0.2-0.3 eV, espe-
cially when small basis sets and gas-phase models are used [80-83].
It is obvious from Fig. 3 and from the overestimated auxochromic
shifts (see above) that the TD-DFT errors tend to increase with the
Amax. However, a simple linear regression could correct the ab initio
values. For the complete 185 cases, we obtain:

Amac R = 103.05 + 0.7585(4)Amax 0 2FT a0
ESIR = 0.327(73) + 0.9138(2)ETP-DFT @)

in the nm and eV scales, respectively. These equations provide R? of
0.90 and 0.93, respectively. The MAE after statistical corrections are
13 nm and 0.05 eV, respectively, that is about three times smaller
than the uncorrected results. We can therefore state that our model
delivers consistent evaluations of the auxochromic shifts, Eqs. (1)
and (2) allowing quantitative agreement with experiment.

3.2. Further discussion

Before investigating structure-property relationships, we have
studied the topology of the frontier orbitals for some typical com-
plexes. Indeed, for all compounds, we have found that the transition
responsible for the colour presents a strong HOMO-LUMO charac-
ter, associated to a large oscillator force. The three most effective
chemical modifications have been considered, thatis (i) adding side
groups, (ii) substituting heteroatoms, and (iii) varying the symme-

try. The HOMO and LUMO of four DA from series I are depicted in
Fig. 4.1t turns out that the HOMO always have similar shapes, i.e. the
occupied frontier orbital appears almost unaffected by the presence
(or not) of side groups. Indeed, while all HOMO display strong con-
tributions on the sulphur atoms and on the central double bonds,
negligible densities are brought by aldehyde or phenyl moieties.
This is in good agreement with the results obtained for maleic [49]
and cyclopentene DA [56]. For the photoactive centre, the LUMO
are located on the single bonds (see Fig. 1), i.e. electronic absorp-
tion leads to a modification of the double/single bond pattern, as
usual in conjugated organic molecules. In addition, all LUMO show
significant electron densities on the aldehyde or phenyl, i.e. the
LUMO are more delocalized (and therefore stabilized) when the 7
path extends along the R, groups. Indeed, the decrease of the LUMO
energy accounts for about 2/3 the electronic gap narrowing upon
substitution. This correlates with the increase of Apnax noted upon
the addition of electron withdrawing side groups. Additionally, the
photon absorption for the three largest DA given Fig. 4 implies
a significant electronic transfer from the centre of the molecule
to its periphery: such phenomenon explains why TD-PBEO error
tends to increase for DA with small transition energies (see Section
3.1). Fig. 5 is a sketch of the topology of the HOMO and LUMO for
DA from series X, with one of the five-member rings successively
containing S, NMe, CH, or SO, groups. It is clear that the HOMO
are much more sensitive than the LUMO to the modification of
the heteroatom. Indeed, all LUMO display similar topologies, that
are comparable to these of Fig. 4. Plugging a NMe group mostly
localizes the HOMO on the right hand side of the molecule and
increases its energy (same repulsion, smaller delocalization). On
the contrary, using a SO,-containing ring hinders the delocaliza-
tion, that is, the density is mainly located on the non-oxidized part
of the DA, leading to a stabilization of the HOMO as the initial
repulsion between the two sulphur atoms is reduced. Therefore,
for NMe- and SO,-bearing photochroms, the modifications of the
HOMO level prevail for colour variation. This latter conclusion is in
perfect agreement with recent simulations of sulphur-oxidized DA
[53]. In Fig. 6, the frontier orbitals have been plotted for structural
DA isomers belonging to series I, IV and II. The HOMO of II is rela-
tively similar to the HOMO of I (given the unlike symmetry), though
the electron density on the thiophene double bonds is smaller than
for I. This induces less repulsion between the two thiophene rings,
and the HOMO of II is thus more stabilized than the one of I. On
the contrary, the LUMO is strongly affected,as it is only localized on
the perfluoro ring and the two side carbon atoms. In other words,
the LUMO of II is consequently much more localized and of higher
energy than I's. As the HOMO (LUMO) in II is of lower (higher)
energy than in I, the energy gap is also larger, and the Apax smaller.
For its part, IV offers an intermediate situation. These conclusions
also back the thiazolyl-DA orbital plots found in Ref. [46].

Two recent studies on other DA derivatives [51,56] established
a nice correlation between the bond length alternation (BLA) com-
puted in the chromophoric unit, and the Amax. The BLA, computed
as the normalized difference between the lengths of the single and
double bonds involved in the HOMO (see I of Fig. 1 for atom num-
bering) writes:

1 1
BLA:§(d273+d2u3' +da_g)— Z(dpz +dy_y+d3_g+dy_g) (3)

and is often viewed as the geometrical parameter best describing
Tr-electron mobility in delocalised systems, such as polymers or
dyes [84-88]. A few crystal structures of closed-ring DA are avail-
able [89-93] and allow comparisons with our results. For I with X
=S, Ri=H, R,=Ph, and R3=Me, we obtain a BLA of 0.065 A in good
agreement with the X-ray value of 0.063 A [89]. Adding Me groups
at Ryincreases the theoretical (0.081 A) and experimental (0.078 A)
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Fig. 4. Frontier orbitals (contour threshold of 0.04 a.u.) of I with Me (top left), CHO (top right), Ph (bottom left) and p-CN-Ph (bottom right) side groups. For each compound,

the HOMO (LUMO) is located at the bottom (top).

values [93], whereas increasing the alkyl size leads the opposite
trends in both methods [92]. For X (X=S) with two side nitro groups,
two molecules per unit cell are found with BLA of 0.082 and 0.079 A,
whereas we obtain a smaller estimate (0.069 A). For the full set of
molecules belonging to series I, the PBEO BLA varies from 0.099 A to
0.045 A, with most values being in between 0.055 A and 0.085 A. A
similar variation range was found for cyclopentene-DA [56]. There
is indeed a qualitative relationship between the BLA and the exper-
imental Amax, smaller BLA being associated to more equal single
and double-bond lengths. In other words, the more delocalized sys-
tems present smaller excitation energies and larger Amax. The linear
correlation coefficient, R, for this purely empirical rule is weak how-
ever (0.76) and is far from being competitive with respect to the
TD-DFT efficiency (R=0.90 for the same set of molecules). The situ-
ation is even worse when considering the set of molecules X-XIII

that show similar structures. Indeed, as Eq. (3) does not take into
account the more extended nature of the chromophoric unit that
spans on the whole aromatic rings for X -XIII (see Fig. 5), the R falls
to aridiculous 0.32. This clearly indicates that the BLA computed by
Eq. (3) becomes a meaningless descriptor of the A max, showing that
previous conclusions obtained in more limited set of dyes [51,56]
could not be extended straightforwardly. Of course, one could mod-
ify the BLA definition depending on the selected series, but such a
procedure would be intellectually disappointing.

The stability of the closed-ring DA is also an issue, as ther-
mally unstable compounds are practically useless [6]. To assess the
thermal stability, one formally needs to determine the activation
energy, thatis optimizing the transition-state, relating the open and
the closed-ring forms, which is a demanding task for an homolytic
bond formation in large conjugated structures. For this reason, we
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Fig. 5. PCM-TD-PBE0/6-311+G(2d,p) HOMO (bottom) and LUMO (top) of X with various heteroatoms: S, NMe, CH, and SO, (from top left to bottom right).

have established simple structure-stability relationships. First, we or Ph, that are both stable for more than 12 h at 353 K [6], but bond
note that the Mulliken charges borne by the reactive carbon atoms lengths longer than 1.53 A with aldehyde groups, with X =NMe,
are not an efficient indicator of the thermal stability. On the con- R,=CN and with X =S and R,=CH=C(CN),, these three latter sys-
trary, for a given series, the longer the central CC bond formed tems having much smaller thermal half-time [6]. Note that such
upon ring-closure, the least stable the DA. Indeed, for I, we got relationship is should be used carefully as the “threshold” bond
bond lengths smaller than 1.53 A for X =S, Ri,3=Me, and R,=Me length might vary when strongly modifying the nature of the DA,
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Fig. 6. HOMO (bottom) and LUMO (top) of I (left), IV (centre) and II (right) with methyl side groups. These plots have been obtained within the PCM-TD-PBE0Q/6-311+G(2d,p)

level of theory using a contour threshold of 0.04 a.u.

and should therefore be conceptually replaced by more flexible
limits.

4. Conclusions

Using a combination of the time-dependent density func-
tional theory and the polarizable continuum model, we have
investigated the visible absorption spectra of 185 perfluorocy-
clopentene diarylethenes. The theoretical approach, PCM-PBEO/6-
311+G(2d,p)//PCM/6-311G(d,p) is able to simulate the effect
of substitution, symmetry variations as well as heteroatom
substitution, although problems pertain for alkoxy groups or
solvatochromic effects. Using Eqs. (1) and (2), a quantitative the-
ory/experiment agreement is achieved with MAE of 13 nm and
0.05 eV, respectively. The topology of the frontier orbitals can be
correlated to the evolution of the Amax. Indeed, adding side groups
mostly modifies the LUMO, whereas changing the nature of the
reactive rings implies stronger HOMO variations. For series I, the
bond length alternation computed in the central part of the pho-
tochrom also relates to the Amax. However, such a relationship does
not hold for more delocalised DA such as type X. In addition, we
have found that the ring-ring distance in the closed form can be
qualitatively related to the experimental thermal stability within a
given series of DA.
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