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We simulate the properties of a photochromic blend synthesized by Myles, Wigglesworth and Branda
[Adv. Mater. 15 (2003) 745] using ab initio tools. This hybrid multi-addressable molecular switch contains
a dithienylethene moiety linked to a phenoxynaphthacenequinone group and exhibits four isomers with
distinguishable excited-state features. In the first part of this work, we investigate the properties of
model (isolated) dithienylethene and phenoxynaphthacenequinone photochromes, with a focus on the

second family that was not fully characterized theoretically previously. In the second stage, the spectral
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properties of the blend are evaluated with the help of (Time-Dependent) Density Functional Theory.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photochromic entities may undergo a light-induced reversible
transformation between two isomers presenting distinct absorp-
tion features [1,2]. Examples of photochromic families include
azobenzenes (AB, trans < cis), dithienylethenes (DT, open < closed),
phenoxynaphthacenequinones (PNQ, trans < ana), naphthopyrans
(NP, spiro <> mero) (see Fig. 1 for PNQ and DT). Obviously, if the prop-
erties of the two forms are significantly different, photochromes
may act as main building blocks in on/off nano-devices. To increase
the contrast between the two states, a convenient procedure is
to plug a series of identical photochromes on a single conjugated
core. In this way, the intensity of the extra visible absorption band
appearing in the “on” state is strongly enhanced. A striking suc-
cessful example of this strategy has been recently provided by
Browne’s and Feringa’s groups [3]: a six-fold improvement was
obtained with an extended multi-DA architecture. Nevertheless,
this strategy suffers from two pitfalls [4,5]. On the one hand, in sev-
eral cases the full photochromic activity is lost, so that the actual
intensity enlargement is not proportional to the number of coupled
photochromic units [6-9]. On the other hand, the position of the
visible band of the absorption spectrum is almost insensitive to the
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number of switched molecules [9-11], so that the potential applica-
tions remain limited to “0/1” logical gates. To circumvent this latter
drawback, combinations of (at least) two families of photochromes
inasingle molecule have been proposed, so that candidates for mul-
tifrequency optical memories can be designed. Only a few examples
of such structures can be found in the literature and most undergo
limitations: (1) the hybrid dithienylethene/hydroazulene synthe-
sized by Mrozek et al. shows three out of four possible states
[12,13], the last one being kinetically unstable; (2) the spiroox-
azine/chromene composite proposed by Favaro et al. allows the
presence of more isomers but at the prize of a restrained pho-
tochromic reversibility [14,15]; (3) the spirooxazine/naphthopyran
series proposed by Samat et al. also offers multiple isomers but the
separation between the different visible bands is relatively small
[16]; (4) the DT/PNQ mix designed by Branda’s group (Fig. 2) [17],
the focus of the present investigation, is, to our knowledge, the
first structure displaying four possible photochromic forms with
reversible transitions and well-distinguishable UV/vis signatures;
(5) bi- and tri-photochromic composites formed of one DT and one
(or two) side(s) naphthopyran(s), also display the desired features
[18-21]and have been analyzed in a previous theoretical work [22];
(6) Pozzo’s group recently created an hybrid molecule [23], with a
indolinooxazolidine side group attached to a DT core, but due to the
presence of side reactions, the fully conjugated form constitutes a
deadlock in this system [23].

In the present investigation, we aim to use Time-Dependent
Density Functional Theory (TD-DFT) [24,25] for simulating and
analyzing the excited-states involved in all possible forms of the
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Fig. 1. Representation of the two model photochromic systems composing the hybrid switch: PNQ (top) and DT (bottom).

mixed DT/PNQ compound represented in Fig. 2. To this end, we 2. Computational details

have benchmarked specific DFT functionals and performed a short

analysis of the PNQ isomerism with TD-DFT as, to the best of Our simulations have followed a well-characterized protocol
our knowledge, no similar theoretical investigation has been per- [26], that has recently been applied to another class of multiple-
formed for this class of photochromes. switch architecture [22]: (1) the ground-state structures have

@i i 0
D)) -— QL0
| > 434 nm | lll-oa
O (0]

> 557 nm 313 nm > 557 nm 313 nm

365 nm

> 434 nm NE

365 nm
H

lll-ct

i (0] O| |C|) o} i g
o} o}
Fig. 2. Four possible isomers of the multi-addressable switch designed by Branda and coworkers [17]. The experimental operating wavelength and processes are also
indicated.
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Fig. 3. Bond lengths in the central part of PNQ. All values are in A and have been
obtained at the PCM-PBE0Q/6-311G(d,p) level.

been minimized without symmetry constraints; (2) the vibrational
frequencies have been computed so to ensure the absence of imag-
inary modes; (3) the vertical transition energies (and oscillator
strengths) to the first ten lowest lying singlet excited-states have
been computed. During the two first stages, the PBEO [27,28]/6-
311G(d,p) approach has been applied, as such approach provides
converged geometrical parameters for most classes of dyes, includ-
ing DT [29]. The third step, was performed with TD-DFT using
a more extended basis set, namely 6-311+G(2d,p), that is suited
for our purposes [29]. Three functionals have been tested: PBEO
[27,28],CAM-B3LYP[30] and @B97XD [31]. This selection was made
on the basis of previous benchmark calculations [32-35] that have
demonstrated that these three functionals are amongst the most
effective for medium-sized organic molecules. PBEO is a global
hybrid with a constant exact exchange percentage (25.0%), whereas
CAM-B3LYP and wB97XD are range-separated hybrids (RSH), rely-
ing on different parameters for both short-range (19.0% and 22.2%,
respectively) and long-range exchanges (65.0% and 100.0%), as well
as for the attenuation rate (0.33 bohr~! and 0.20 bohr—1).

All calculations have been performed with the Gaussian09 pro-
gram [36] using default thresholds and parameters, but for the SCF
convergence criterion that has been systematically tightened (at
least 1078 a.u.) and the geometry optimization limits for which we
selected the tight option. The bulk solvent (acetonitrile as in Ref.
[17], except when noted) effects have been included at all stages
(optimization, frequency calculations and TD-DFT simulations), by
means of the Polarisable Continuum Model (PCM) [37].

3. Results and discussion
3.1. TD-DFT benchmarks

The characteristic wavelengths computed for the model DT and
PNQ shown in Fig. 1 are compared to the experimental measure-
ments of Ref. [17] in Table 1. DT have been widely investigated with
DFT and TD-DFT previously [5,29,38-50] and only a brief analysis
has been performed herein. From the data collated in Table 1, it
is obvious that the tested functionals correctly reproduce the UV
to visible shift of the Amax noticed upon electrocyclization: the
three methods provide satisfying estimates, CAM-B3LYP yielding

Table 1

Comparisons between experimental (estimated from the UV/vis spectra of Ref.
[17]) and theoretical Amax (in nm) and oscillator strengths (between brackets) for
the model PNQ and DT represented in Fig. 1. The simulated values have been
obtained through the convolution (0.3 eV FWHM Gaussian) of the PCM(ACN)-TD-
X/6-311+G(2d,p)//[PCM(ACN)-PBE0/6-311G(d,p) transitions.

Method (X) I-t I-a 1I-o II-c
PBEO 389(0.17) 492(0.34) 302(1.28) 636(0.56)
CAM-B3LYP 348(0.24) 451(0.47) 283(1.45) 577(0.56)
wB97XD 342(0.26) 446(0.48) 280(1.49) 571(0.54)
Experiment 390 478 290 592

F

HOMO HOMO

HOMO-5

Fig.4. Relevant CAM-B3LYP molecular orbitals for I-t (left) and I-a (right). A contour
threshold of 0.03 a.u. has been used.

the most accurate absorption wavelengths. Indeed, the CAM-B3LYP
absolute errors are as small as 0.11 eV and 0.05 eV for the open and
closed forms, respectively, whereas the deviations obtained with
PBEO (0.17 and 0.14eV) or @B97XD (0.15 and 0.08 eV) are slightly
larger. These findings are consistent with previous benchmarks
performed for both isolated [33,35,51] and coupled [5] DT.
Experimentally, the trans form of PNQ presents a relatively
weak absorption band close to 390nm, that undergoes a sig-
nificant bathochromic (~+90nm) and hyperchromic shift (~x2)
when converting to the ana isomer [17,52-54]. From the quanti-
tative point of view, PBEO performance is remarkable with errors
below the 0.10eV threshold for both trans and ana compounds,
whereas the two RSH overestimate significantly the transition
energies. This behavior parallels the results obtained for the parent
anthraquinone dyes: global hybrids like PBEO (and B3LYP) provide
very accurate Amax [51,55,56]. Nevertheless, as for DT, all three
functionals qualitatively reproduce the spectral variations accom-
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Fig. 5. Simulated UV/vis spectra of Il (top) using CAM-B3LYP. The bottom of the
graph shows the corresponding spectra for I-a and II-c. A broadening Gaussian of
0.3 eV has been used (see Table 2).

panying the photoisomerization of PNQ, so that there is little doubt
that TD-DFT is an adequate tool for the mixed DT/PNQ switch.

As no single functional emerges as most accurate for both
species, we have decided to perform the calculations on Branda’s
compound (Section 3.3) with both PBEO and CAM-B3LYP. wB97XD
was discarded for providing errors systematically exceeding their
CAM-B3LYP counterparts. For the records, PBEO yields the small-
est mean absolute deviation (MAD) [57], but it is known that RSH
often deliver more consistent predictions [32-34,51,58-60], as well
as “cleaner” molecular orbital analysis [61-63].

3.2. Phenoxynaphthacenequinone: trans and ana isomers

For PNQ, previous theoretical studies have mainly focussed on
the impact of a connecting photochrome on the conducting prop-
erties of side electrodes [64,65], so that a longer discussion of the
DFT and TD-DFT results is welcome. The trans isomer (I-t) is more
stable than its ana counterpart (I-a) by 9.4 kcal mol~! [Gibbs free
energy with PCM-PBE0/6-311G(d,p)] or 10.0 kcal mol~! [electronic
energy with PCM-CAM-B3LYP/6-311+G(2d,p)]. These energetic dif-
ferences can be compared to the typical values obtained for
other classes of photochromes, e.g. DT (~10-15 kcal mol~1) [5,66]
and spirooxazines (~2-5kcalmol~1) [67-69]. The PCM-PBEO/6-
311G(d,p) distances measured in the central part of both isomers
can be found in Fig. 3. Upon photoisomerization, there is an obvious
inversion of the single/double bond character for the four bonds vic-
inal to the transfered phenyl group: 1.364/1.387/1.485/1.218 A for
the trans form and 1.224/1.482/1.373/1.351 A for the ana structure.
This is perfectly consistent with chemical intuition (see Fig. 1) and
is usual in photochromic reactions, e.g. DT also undergo a similar
alteration. The other bonds are less affected by the photoisomer-
ization. In fact, the bond length alternation (BLA) computed for the
bonds represented in Fig. 3 are extremely similar for the less sta-

LUMO+1

HOMO-1

HOMO-1

Fig. 6. Four frontier orbitals of IlI-ct (left) and IlI-ca (right). See caption of Fig. 4 for
more details.

ble ana and more stable trans forms, indicating that the I-t — I-a
reaction does not induce a very large modification of the electronic
polarizability. The BLA is indeed directly related to electronic delo-
calization in m-conjugated systems [70]. Nevertheless, the dihedral
angle between the central aromatic core and the side phenyl ring
indicates a nearly perpendicular conformation for I-t (83°) but not
for I-a (62°). Eventually, we note that, within the Mulliken approx-
imation, all three oxygen atoms bear a charge of approximatively
—0.5e in both isomers.

For I-a, the Amax almost exclusively corresponds to an
HOMO — LUMO electron promotion, whereas for I-t, smaller but
non-negligible HOMO-1 — LUMO and HOMO-5 — LUMO contri-
butions have additionally to be considered to interpret the first
absorption band. The topology of these frontier orbitals is displayed
in Fig. 4. Let us underline that, contrary to the DT case [39], these
orbitals cannot qualitatively account for the actual photoisomer-
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Fig.7. Firstthree virtual orbitals of Ill-ot (left) and Ill-oa (right). See caption of Fig. 6
for more details.

ization process as the involved mechanism is relatively complex
for PNQ [54]. For the ana form, the phenyl ring plays a negligi-
ble role, both the HOMO and the LUMO being delocalized on the
fused-ring center. On the contrary, for the I-t, the electronic exci-
tation is associated to a partial electronic transfer from the phenyl
ring to the central core. These findings hint that the substitution of
hydrogen atoms of the phenyl ring with electroactive groups might
affect more importantly the spectral features of the trans than the
ana form. This prediction is validated by experimental evidences, as
adding a p-NO; group on the phenyl ring induces an hypsochromic
displacement of —5 nm for the trans isomer (CAM-B3LYP estimate:
—6nm|[71]), but has no significant influence on the ana UV/vis spec-
trum [52]. To impact on this latter form, one should rely on bulkier
substituents (e.g. 2,4,6-Me, see Ref. [52]) that probably alter the
relative orientations of the two aromatic groups.

3.3. Multi-addressable structure

The absorption wavelengths computed for the four possible
forms of Branda’s DT/PNQ hybrid (Fig. 2) can be found in Table 2.
Cartesian coordinates and complete TD-DFT results can be found as
Supplementary Data. Both functionals provide relatively consistent
results [72] with deviations in the line of Section 3.1. By compar-
ing the data listed in Tables 1 and 2, it appears that the electronic
spectra of the hybrid can be seen as the simple superposition of
the bands of both photochromes, at least within the visible domain
(see Fig. 5). This statement is in complete agreement with experi-
mental measurements [17]. The same nearly additive pattern holds
for the relative Gibbs free energies that are 0.0 kcalmol~! (Ill-ot),
8.3 kcalmol-! (Ill-oa), 9.8 kcalmol~! (IMI-ct) and 19.1 kcal mol~!
(IlI-ca).

Intensity (arb. units)

1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm-1)

—II-0
—II-c

Intensity (arb. units)

1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm-1)

—III-ot
——III-0a
—III-ct
——III-ca

Intensity (arb. units)

1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm-1)

Fig. 8. Simulated PCM-PBE0/6-311G(d,p) IR spectra for I, II IIl. A broadening
Lorentzian (FWHM =50 cm~") and a scaling factor of 0.96 have been used. The same
curves using a FWHM of 5cm™"! are available as Supplementary Data.

When the DT is closed, the main contribution of the band close to
600 nm is mainly related to an HOMO — LUMO+1 transition (with a
small HOMO — LUMO component) for both IlI-ca and IlI-ct. These
orbitals, represented in Fig. 6, are completely localized on the DT
moiety and present the expected shapes [39]. Indeed, the HOMO
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Table 2

Theoretical Amax (nm) for the four isomers of IIL. Only the main absorption bands are listed (see Fig. 5 and Supplementary Data). Raw data correspond to the state (number,
wavelength and oscillator strength) obtained through TD-DFT, orbital composition gives the largest orbital contribution for that transition whereas convoluted gives the

results after convolution with a Gaussian.

Isomer PBEO CAM-B3LYP
Raw data Orbital composition Convoluted Raw data Orbital composition Convoluted
II-ot Ss:388(0.19) H-2-L 387(0.24) S,:349(0.16) H-2-L 345(0.23)
IlI-oa S,:479(0.33) H-2—-L 477(0.37) S1:454(0.42) H-2—-L 454(0.42)
a 360(0.13) a 400(0.17)
$7:311(0.12) H-1-L+2 304(0.19)
S8:297(0.11) H-10—L
-ct S1:634(0.56) H— L+1 632(0.56) $1:573(0.56) H—L+1 574(0.56)
S6:389(0.16) H-2->L S4:344(0.36) H-1-L 342(0.58)
Ss:365(0.22) H— L+3 S5:343(0.17) H-1— L+1
S10: 357 (0.51) H-1— L+1 360(0.76) $7:321(0.22) H- L+3
S10: 300 (0.66) H-3 — L+1 301(0.72)
Ill-ca S,: 630 (0.49) H— L+1 629(0.49) S1: 577 (0.56) H— L+1 577(0.56)
S3: 486 (0.36) H-1-L 484(0.37) S,:455(0.37) H-1-L 451(0.42)
S4:426(0.13) H-L
a 384(0.10) Se:345(0.31) H-2 — L+1 338(0.40)
Ss:321(0.18) H— L+3

@ Several small contributions, all having f<0.1, see Supplementary Data.

is centered on the double bonds whereas the LUMO+1 presents a
topology similar to the open-DT ground-state. It is therefore not
surprising that irradiation with a wavelength larger than 557 nm,
that promotes the electron to the LUMO+1, subsequently induces
thering-openingreaction of the DT without affecting the PNQ group
[17]. The second band, close to 460 nm for IlI-ca and 350 nm for
III-ct principally originates in an HOMO-1 — LUMO transition, but
with several smaller contributions in both cases. As can be seen
in Fig. 6, for Ill-ca these two orbitals are well localized on the
PNQ side. For IlI-ct, this statement holds only for the LUMO, the
HOMO-1 being delocalized on the full structure, and this follows
the analysis performed in Section 3.2 for trans PNQ. This finding
hints that though the experimental and theoretical spectra are a
simple superposition of separated photochromes, the electronic
communication between the two sides is not completely hindered.
Nevertheless, this effect should have a negligible impact on the
photochromic reactivity as the conjugation is only effective in the
ground-state (occupied orbitals).

For IlI-0a, the three first virtual orbitals, that are the most signif-
icant for the photochromic activity [5,39], are represented in Fig. 7.
It is obvious that one should promote the electron to the LUMO+2
to initiate the ring-closure of the DT: this orbital benefits from a
significant density on both reactive carbon atoms and presents a
bonding character for the to-be-formed CC bond [73]. On the con-
trary, both the LUMO+1 and the LUMO are centered on PNQ without
contributions on the DT side. By inspecting all transitions computed
at the TD-DFT level, it appears that the first transition implying the
LUMO+2 is located at 311 nm (CAM-B3LYP) and this perfectly fits
experimental evidences as the irradiation of IlI-oa with a 313 nm
light allows the open to close conversion of the DT [17]. On the
other hand, the band at 454 nm (Fig. 5) only includes the LUMO:
TD-DFT predicts that irradiation above 434 nm should only influ-
ence the PNQ switch, and this is consistent with Ref. [17]. For IlI-ot,
the two largest contributions to the absorption band at 345 nm
(CAM-B3LYP) are HOMO-2 — LUMO and HOMO — LUMO. As can
be seen in Fig. 7, the situation is similar to IlI-ot, with the LUMO
and LUMO+1 (LUMO+2) related to the PNQ (DT) side. Consider-
ing the TD-CAM-B3LYP results, the orbital contributions are nicely
separated for all peaks above 300 nm, the LUMO (LUMO+2) being
dominant in the 348 nm (311 nm) transition presenting an oscil-
lator strength of 0.16 (0.11). As can be seen in Table 2, these two
peaks together with smaller contributions lead to an absorption at
345 nm after convolution.

fi‘}g’*@ fi.‘,z‘%t‘;f

I-t (1257 cm-1) I-a (1510 cm-1)

Bt 1%

II-c (1521 cm-1)

Il-c (1480 cm-1)

III-ca (1476 cm-1) II-ca (1512 cm-1)

III-ca (1522 cm-1)

Fig. 9. Representation of the most important vibrational modes for selected struc-
tures. Note that the reported wavenumbers have been scaled (see caption of Fig. 8).
See text for more details.
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Eventually, we have simulated the infrared spectra of the four
isomers and compared the results to similar calculations performed
for the two model systems (see Fig. 8 and Supplementary Data). It
turned out that the most sensitive vibrational region is close to
1500cm™1, so we will focus our analysis in the 1200-1800cm™!
domain. For PNQ, going from the trans to the ana form induces a
strong decrease of intensity around 1250 cm~!. The principal mode
corresponding to this band is presented in Fig. 9 and includes both
hydrogen bendings and CC stretchings. When going to the ana form,
one notes both a sharp decrease of this band, and the emergence of a
contribution around 1500 cm~!. This new band mainly involves the
stretching of two carbon atoms (see Fig. 9). Obviously, for both PNQ
forms, these two signatures do not involve significantly the phenyl
ring. For the DA, the electro-cyclization implies a significant boost
of the IR intensity around 1500 and 1600 cm~!. The two modes that
dominate in the strong 1500 cm~! band of II-c are shown in Fig. 9
and imply both the DA core and the side p-OMe-Ph group. Let us
now turn towards the DT/PNQ hybrid and start with the less conju-
gated form, IlI-ot. In that case, the spectra is almost unchanged with
respect to I-t and the contribution of the DT side is quite negligible.
Indeed, the most intense band (1260 cm~1)is clearly PNQ-centered.
When going to III-0a, the same conclusion holds: the major vibra-
tional movements are located on the PNQ side. In other words, the
contribution of DT only becomes obvious when it is closed. For III-
ct, one conserves the 1250cm~! absorption typical of trans-PNQ
and the peaks at 1500 and 1600 cm~! indicating a close DT. Even-
tually, for the most conjugated IlI-ca, the vibrational modes of I-a
and II-c are added to produce a very intense structured band. Many
individual normal modes contribute. The three most intense can be
found in Fig. 9 and clearly indicate a quasi independence of the two
sides of the molecule.

4. Summary and outlook

Using a time-dependent density functional theory approach
accounting for bulk solvent effects, we have simulated the
properties of dithienylethene and phenoxynaphthacenequinone
photochromes, separately and bonded together. It turns out that
TD-DFT is able to reproduce accurately the position of the main
absorption bands of both photochromes. For the DT side, CAM-
B3LYP emerges as the most accurate with very small deviations; on
the contrary, for the PNQ, PBEO outperforms the range-separated
hybrids. For Branda’s DT/PNQ hybrid, an examination of the orbitals
participating to each electronic transition provides a picture consis-
tent with experimental measurements. In this twin photochrome
structure, the electronic communication between the two entities
is limited (though not completely impeded): the blend behaves
like the superposition of two photochromes. This parallels silicon-
linked DT dimers [11], for which a complete photochromic activity
has also been observed. We are therefore currently working on a
quantum mechanical strategy to optimize the properties of cou-
pled photochromes, such that (i) full photochromism is preserved
and (ii) all photochromes cooperate so to avoid that the final archi-
tecture remains a simple addition of two independent building
blocks.
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