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Tunable double photochromism of a family of bis-DTE bipyridine ligands

and their dipolar Zn complexes

Lucie Ordronneau,” Vincent Aubert,” Rémi Métivier,*? Eléna Ishow,”
Julien Boixel,” Keitaro Nakatani,” Fatima Ibersiene,” Dalila Hammouténe,®
Abdou Boucekkine,” Hubert Le Bozec” and Véronique Guerchais*“

Received 21st October 2011, Accepted 6th December 2011
DOI: 10.1039/c2cp23333a

The photoinduced ring-closure/ring-opening reactions of a series of bis-dithienylethene
derivatives, as free ligands and Zn(1)-complexes, are investigated by resorting to theoretical
(time-dependent density functional theory) and kinetic analyses in solution. The originality of the
system stems from the tunability of the photoreaction quantum yields and conversion yields as a
function of the electronic structure. The latter could be varied by modifying the electron-donating
character of the DTE-end substituents L*™¢ (0,0) (a, D = H; b, D = OMe; ¢, D = NMe,; d,

D = NBu,) and/or the Lewis character of the metal ion center L*%ZnX, (0,0) (L**, X = OAc; L9,
X = Cl). The orbital description of the doubly-open form (0,0) and half-closed form (o,c) predicts
that double closure to the form (c,c) would occur using UV irradiation. Photokinetic studies on the
complete series demonstrate that photocyclization proceeds following a sequential ring closure
mechanism. They clearly point out distinct quantum yields for the first and second ring closures,
the latter being characterized by a significantly lower value. Dramatic decrease in both the quantum
yields of the ring-closure and ring-opening processes is demonstrated for the complex L*ZnCl,
exhibiting the strongest charge-transfer character in the series investigated. These studies show that
this series of DTE derivatives provides an efficient strategy to tune the photochromic properties
through the combination of the electron-donor and electron-acceptor (D—A) groups.

Introduction

Multi-photochromic systems incorporating dithienylethene
(DTE) have been the subject of intense research during the
last decade in terms of fundamental research and practical
applications in the field of optical memories.' The photo-
switching of multiple DTE units within the same structure is of
interest for the modulation of opto-electronic properties of
supramolecular systems and materials such as m-conjugated
polymers.* However, multi-DTE systems often display partial
photochromic activity.> '® The mechanism of the inhibition of
the photocyclization process was interpreted as a result of an
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intramolecular energy transfer process from the Intra-Ligand
IL(0-DTE) state of the open-DTE to the lower energy IL(c-DTE)
state of the adjacent m-conjugated closed-DTE unit.> '8 Complete
photocyclization has been, however, reported in several cases, even
for compounds incorporating up to six DTE units.'”’ In order to
determine the parameters that govern the photochromic properties,
the structure and electronic properties of various multi-dithienyl-
ethenes, electronically coupled or not, have been investigated with
a computational approach.?® 3!

In the context of the modulation of nonlinear optical
properties of polypyridyl metal complexes, we have designed
and synthesized photochromic 4,4'-bis(ethenyl)-2,2’-bipyri-
dine ligands functionalized by a dithienylethene (DTE) group
(L**) (a, D = H; ¢, D = NMe,) and their corresponding
dipolar (bipyridyl)zinc(in)acetato complexes L™Zn(OAc),
(Scheme 1).*> We found that the free ligands L™ and the
corresponding complexes display a full photochromism, i.e.
the two DTE units undergo ring-closure/opening processes.
To gain further insight into this photochromic dynamics, we
have investigated, by means of computational and kinetic
studies using UV-vis absorption and NMR spectroscopy, the
photochromic reactions of a family of bis-DTE species L*™
and L*YZnX, (X = 0OAc:a,D = H;b,D = OMe; ¢, D =
NMe,; X = Cl: d, D = NBu,) whose electronic properties
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Scheme 1 Ring-closure and ring-opening reactions of the photochromic
zinc complexes L*ZnX,.

have been systematically modified by changing the nature
of the end groups D and ancillary ligands X (X = OAc, Cl).
This series of complexes is of special interest owing to the
straightforward synthesis of combined D-A systems, as a
strategy enabling tuning of their photochromic properties.

The adoption of a sequential two-step kinetic model for
the conversion of the open—open (0,0) to the closed—closed
form (c¢,c) allows us to rationalize the observed spectral
absorption changes over irradiation time within the two series
of compounds, clearly showing the accumulation of an open—
closed form intermediate (o,c). In addition, we demonstrate the
substantial electronic influence of the substituent D (H, OMe,
NMe,, NBu,) on the quantum yields of both the ring-closure
and ring-opening reactions, a significant decrease of the values
being observed when the strength of the electron-donor group D
increases. This trend is also reproduced in the series of Zn
complexes and demonstrated by increasing the metal Lewis acid
character. This is more clearly established in the case of the
strong dipole LYZnCl, (D = NBu,). These studies have been
supported by theoretical investigations on the representative
amino derivatives.

Experimental
Density functional theory calculations

The geometries of all compounds have been fully optimized using
the PBEO functional® and the LANL2DZ basis set augmented
with polarization functions on all atoms, except hydrogen
ones with the Gaussian09 program.** The computations of the
electronic absorption spectra were carried out using TDDFT at
the same level of theory with the same Gaussian09 package,
utilising the previously optimized ground state geometries. Thirty
states have been computed using TDDFT for each species
except for ZnLS (o,c), for which 40 states have been computed.
Representation of molecular structures and orbitals was done
using the Molekel program® whereas theoretical absorption
spectra were plotted using Swizard,* the half-bandwidths for
the Gaussian model being considered equal to 3500 cm™'. The
cut-off used for the orbital representation is 0.05 a.u.

Photokinetics

Photochromic reactions were induced in situ by a continuous
irradiation Hg/Xe lamp (Hamamatsu, LC6 Lightningcure,
200 W) equipped with narrow band interference filters of
appropriate wavelengths. The irradiation power was measured
using a photodiode from Ophir (PD300-UV). The photo-
chromic quantum yields were determined by probing the
sample with a Xenon lamp during the course of the light
irradiation. Absorption changes were monitored by a CCD-
camera mounted on a spectrometer (Princeton Instruments).
Kinetic profiles were analyzed by means of a Runge—Kutta-based
Igor-implemented home-made software.

As a first simple model, we initially assumed that both units
would undergo photoinduced ring-closure reaction independently
from each other. However, the Runge-Kutta numerical integration
of the differential equation by considering the same quantum yields
for the first step (0,0) — (0,¢) and the second step (0,¢) — (c,¢)
failed to provide a good agreement between simulated photo-
kinetics and experimental data. As a consequence, the deviation
between the experimental data and our first assumption prompted
us to consider a sequential two-step kinetics characterized
by two different quantum yields, as described in the Results
and Discussion section.

Results and discussion

The preparation of L* and L*9ZnX, has been described®? or
will be reported elsewhere. Our synthetic approach provides
various combinations of donor end groups and metal
fragments. All these compounds undergo a double-closing
behavior with excellent chemical conversions (80-95%), as
evidenced by 'H NMR studies (for LY, Fig. S1, ESI{). To
further understand the specific reactivity of the investigated
photochromes, time-dependent density functional theory
(TD-DFT) calculations were performed on the optimized
geometries at the PBEO/LANL2DZ level of theory. We have
focused our analyses on the representative photochromic
dimethylamino derivative L and its corresponding Zn(OAc),
complex, in its three states, open—open (0,0), open—losed (o,¢),
and closed—closed (c,c). The computed data of oscillator
strengths, energies and molecular orbital (MO) compositions
of the electronic transitions for L and L°Zn(OAc), are listed in
Tables 1 and 2, respectively. The significant frontier MOs of L¢
and L°Zn(OAc), are given in Fig. S2 and S3, ESL.}

The computed electronic spectra of L [(0,0), (0,¢) and (¢,c)] are
presented in Fig. 1. The electronic spectrum of L (0,0) exhibits
an intense band in the UV region, attributed to n — =w*
transitions centered on the open-DTE and bpy fragments. This
intense absorption band is mainly composed of a combination
of two transitions from the quasi-degenerated HOMO — 2
(HOMO - 3) to LUMO (LUMO + 1), respectively.

The HOMO — 2 (HOMO — 3) is delocalized over the
vinylthiophene fragment of the photochromic unit with some
contribution of pyridine rings whereas the LUMO has a
strong bipyridine character. It is interesting to note that
this absorption band also includes a contribution (8%) of
an electronic excitation from HOMO — 2 to LUMO + 2
(Fig. 2), this latter being almost exclusively localized on the
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Table 1 Partial molecular orbital composition for the three states
(0,0; 0,¢; ¢,¢) of L®

L® (0,0) open—open state

Amax theo/exp/nm  EfeV f

359/339 345 3.04 HOMO — 2 — LUMO (53%)
HOMO — 3 — LUMO + 1 (12%)
HOMO — 2 - LUMO + 2 (8%)
HOMO — 3 — LUMO + 3 (7%)

Transition (contribution)

L¢ (o,¢) open—closed state

Amax theo/nm EleV f Transition (contribution)

341 3.64 0.42 HOMO — 3 - LUMO + 3 (54%)

351 3.53 141 HOMO — 5 - LUMO (26%)
HOMO - 3 - LUMO + 1 (24%)

354 3.50 0.60 HOMO — 5 - LUMO (52%)

417 297 0.36 HOMO — 2 —» LUMO (33%)
HOMO — 3 - LUMO (28%)

694 1.79 0.86 HOMO — LUMO (74%)

L€ (¢,¢) closed—closed state

Jmax theo/exp/nm EfeV f Transition (contribution)

348/339¢ 356 0.13 HOMO — 6 — LUMO + 1 (76%)
398/394¢ 311 023 HOMO — 4 — LUMO (41%)
HOMO — 5 — LUMO + 1 (35%)
419/436" 296 0.70 HOMO — 2 — LUMO (36%)
717/662° 1,73 1.64 HOMO — LUMO (47%)

HOMO — 1 - LUMO + 1 (29%)
“ Photostationary state (PSS) after 365 nm irradiation in CH,Cl,.

Table 2 Partial molecular orbital composition for the three states
(0,05 0,¢; ¢,¢) of L°Zn(OAc),

~ — L% (0,0)
=] c
s — L’ (0,0)
£ — L (c0)
{ =
g
=
S
®
.(_3
172
o
T T T
400 600 800

A (nm)

Fig. 1 Calculated absorption spectra for the three possible isomers of
LS.

oy

HOMO-2 LUMO+2

Fig. 2 Relevant frontier orbitals of L (0,0).

Table 3 Absorption maxima of L** and L*%ZnX, in CH,Cl, in the
photostationary state (PSS) after irradiation at 365 nm

L¢Zn(OAc); (0,0) open—open state Compound /max €Xp/nm
) - " ‘huts L* (H) 623
/ theo/exp/nm  EfeV  f Transition (contribution) L’ (OMe) 629
379/360 327 0.54 HOMO — 7 - LUMO (80%) L (NMe,) 669
HOMO — 8 - LUMO (7%) L? (NBu,) 679
399/400 310 0.52 HOMO — 6 - LUMO (84%) L*Zn(0Ac), 628
- L"Zn(OAc), 646
LZn(0OAc); (0,¢) openwlo;ed state o LZn(OAc), 687
A theo/nm EleV f Transition (contribution) LiZnCl, 714
371 334 1.08 HOMO — 5 - LUMO + 1 (83%)
440 281 0.15 HOMO —LUMO + 3 (69%)

HOMO — 4 - LUMO (23%)
756 1.4 0.79 HOMO — LUMO (100%)

L¢Zn(OAc); (c,c) closed-closed state
/. theo/exp®/nm  EfeV f Transition (contribution)

459/398* 284 029 HOMO — 4 - LUMO + 1 (60%)
746/687 1.66 0.65 HOMO — 1 — LUMO (84%)

“ Photostationary state (PSS) after 365 nm irradiation in CH,Cl,.

C=C bond of the perfluorocyclopentene group. It can also
be noted that the reactive carbon atoms contribute to the
LUMO + 2 by their 2pr orbitals, suggesting that irradiation
may be effective to close the DTE units. Moreover, the optimized
geometry of L€ (0,0) shows that the C—C bond distance (3.587 1&)
between the two reactive carbon atoms is within the geometric
range for closure.?

The calculated spectrum of the fully closed form L€ (¢,¢) is in
reasonable agreement with the experimental one (Fig. 1 and
Fig. S4, ESIt). The band, peaking at 717 nm in the visible
region, is related to a predominant contribution to HOMO —
LUMO transition, involving the closed-DTE units with some

contribution from the amino group. The influence of the
electron—donor end group D is reflected by the bathochromic
shift of the experimental absorption band within the series
NBu, > NMe, > OMe > H (Table 3). This feature is in good
agreement with the HOMO-LUMO gaps calculated for the
closed forms (¢,¢) (Table S1, ESI¥). This trend is also reproduced
in the Zn complexes (Fig. 3), illustrating the tunability of the
photochromic properties of these D-A systems. For L (o,¢), the
mixed open—closed state has localized excited states; its electronic
spectrum is the addition of the absorption bands of the two
pyridine fragments in their open and closed states. The transition
located in the visible (computed A,,x = 694 nm) mainly involves
the HOMO — LUMO transition, those molecular orbitals being
delocalized on the closed DTE fragment, as calculated in L€ (c,c).
The simulated spectrum shows a red-shift (23 nm) of the visible
absorption band upon going from L€ (0,¢) (694 nm) to L (¢,c¢)
(717 nm). Such a bathochromic shift has been previously
observed experimentally®” and is well reproduced by theoretical
calculations.”

It is interesting to note that the UV absorption band has
noticeable HOMO — 3 to LUMO + 1 (24%) and HOMO — 3

This journal is © the Owner Societies 2012
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Fig. 3 Absorption spectra of L*9ZnX, in CH,Cl, at the PSS after
irradiation at 365 nm.

to LUMO + 3 (54%) contributions to frontier orbitals
localized on the open DTE. As in L® (0,0), there is an
electronic contribution for the reactive carbon atoms in
LUMO + 3, the topology of the orbitals being suitable for
a ring-closure reaction (Fig. 4). We can conclude that the
photocyclization of the second DTE unit, in the intermediate
state, is expected to be allowed on theoretical basis.
Analogous studies were extended to the corresponding
complex L°Zn(OAc),, which displays a similar behavior. UV
irradiation triggers both photocyclization processes with a
high chemical conversion to L°Zn(OAc), (¢,¢) (85-95%).
The relevant orbitals and the computed electronic spectra
are provided in Fig. S3 and S5, ESIL.f The photochromic
reactivity of L°Zn(OAc), (0,0) is mainly determined by the
HOMO — 6 — LUMO transition, from the m orbitals of the
vinylthiophene fragment to the m* orbitals of the bipyridyl
rings (Table 2). As expected, complexation of L (0,0) to the
Lewis acid fragment Zn(OAc), leads to an increased contri-
bution of the pyridine fragments to the LUMO, as compared
to the free ligand. The fully closed state L°Zn(OAc), (c,c)
displays a band into the visible (746 nm) red-shifted compared
to that in free L (¢,¢) (717 nm). This band is typically related
to HOMO (HOMO — 1) - LUMO + 1 (LUMO) excitations
located on the closed-DTE fragments of the molecule. For the
intermediate L‘Zn(OAc) (o,c), we can note that the UV

\ M
L d LUMO+3

HOMO "{

LUMO+1
HOMO-3 LUMO

Fig. 4 Relevant frontier orbitals of L (o,c¢).

transition involves the LUMO + 1 for which contribution is
located on the open-DTE unit allowing further closure.

The theoretical studies are in good agreement with the
experimental data available and are consistent with the double
ring-closure photoinduced reactions observed experimentally
(vide infra). The orbital features of L® (0,0) and L (o,c),
both as free ligands and Zn complexes, indicate that the
doubly closed forms (¢,¢) could be photogenerated under
UV irradiation (365 nm being used experimentally). Based
on these theoretical predictions and in order to gain further
insight into the mechanistic closing process operating for the
biphotochromic compound of these series, we have investi-
gated quantitatively the photoinduced formation of the (¢,c)
species in solution under light irradiation. We have measured
the photochromic quantum yields by means of absorption
spectroscopy and photokinetic models.

All the spectroscopic experiments were conducted in CH,Cl,
solutions (1-3 x 107> mol L™') under continuous irradiation at
A = 365 nm (respectively A = 588 or 650 nm) to promote the
cyclization (respectively retrocyclization) reactions. They have
been performed on the two series of compounds, the free ligands
L*® and their Zn complexes L*%ZnX,. Given the symmetry of
the compounds, it is reasonable to consider the following scheme:

Dr_p Ds_.c
A —= B —/— C
(0,0) Po-A (0c) P-B (c,c)

The photoinduced ring-closure and ring-opening reactions
of the photochromic compounds have been monitored by a
fast recording UV-vis absorption spectroscopy set-up under
continuous light irradiation, and the data were analyzed using
a home-made computational approach aiming at inferring the
quantum yields and the time concentration evolution of the
various photoisomers (eqn (1)).

dGi(1) 1 — 10~ AbsCire.1)
— (122
dr O(Am) ( AbS()»m, l)

Z @j_.l‘{ij(/uirr)lcj'(l) — d>l;jal»(2irr)lC,-(t)
Jj=A,B,C
J#i
(i) #(4,0)

(1)
with

AbS(Ligr, 1) = &i(Zir )ICi(2) (2)

i=A4,B,C

where C(t) and ¢(/;,) designate the concentration and the
molar absorption coefficient at the irradiation wavelength ;.
of the species i (namely (0,0), (0,¢), or (c,¢)), Io(4i,) features the
incident energy at the irradiation wavelength, and / is the
optical pathway.

Given the lack of noticeable spectral shift of the visible
absorption band related to the closed-DTE unit during
irradiation, we presumed that the molar absorption coefficient
of the (o,¢) photoisomer could be regarded as half of the sum
of the molar absorption coefficients of the (0,0) and (c,c)
species. Satisfactory numerical fits of the time-evolution of
the absorption data were obtained (Fig. 5 and Fig. S6, ESIf,
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Fig. 5 Experimental and simulated evolution of absorbance of L* at 678 nm (left) and of LZnCl, at 707 nm (right) as a function of irradiation

time at 365 nm.

for retrocyclization) and they revealed two different sets of

quantum yields, the

first one related to the (0,0) — (0,¢)

reaction being systematically larger by one order of magnitude
than the second one describing the second ring-closure (0,c) —
(¢,c) (Table 4). It thus becomes clear that, although both
photochromic reactions (0,0) — (0,¢) and (0,c) — (c,c) can
actually take place as anticipated by the DFT calculations

Table 4 Photoreaction quantum yields for L*® and L**ZnX, deter-

mined in CH,Cl, by UV
fitting procedure

-vis spectroscopy combined with a numerical

® Ring-closure® ® Ring-opening”
Ligand (0,0) = (0,0)/(0,¢) = (c.¢) (c.c) = (0,0)/(0,0) — (0,0)
L? (H) 0.83/0.16 3.4x107%/3.4x1073
L® (OMe) 0.65/0.15 4.0%x1073/4.0x1073
L (NMe,) 0.58/0.043 22x10732.2x1073
L (NBuy) 0.12/0.012 4.8x107%/4.8x10™*

® Ring-closure® ® Ring-opening”
Complex (0,0) = (0,0)/(0,¢) = (c,c) (e) = (0.0)/(0.¢) — (0.0)

L°Zn(OAc), 0.70/0.065
L"Zn(0OAc), 0.52/0.055
LZn(OAc), 0.23/0.048
L%ZnCl, 0.0024/0.0

6.0 x 1073/6.0 x 1073
4.0 x 107%/4.0 x 1072
9.0 x 107%/9.0 x 107*
005 1.3 x 107413 x 107

@ Irradiation at 4 = 365 nm ? Irradiation at 2 = 588 nm (L** and

L*“Zn(OAc)) or L = 6

50 nm (L* and L*ZnCl,).

20x10° 7
= 154
o
E d
< —I—Ld(o,o)
" 10 +Ld(°'c)
= - L (c,0)
g 5
o
o
0 -:,:::;ééé,éé
0 1000 2000 3000

Irradiation time at 365nm (s)

presented above, the efficiency of the reaction is strongly
reduced for the second step.’’ This allows us to reproduce
the changes in the molar concentration of the three forms in
solution (Fig. 6 and Fig. S7, ESIY, for retrocyclization).
Interestingly, a strong cross-talk between a given open-DTE
unit in the excited state and its neighbor is obvious in terms of
photoreactivity, since the ring-closure of the first DTE induces
a drastic decrease in the photochromic quantum yield of the
second one.

Concerning the ring opening, the quantum yields were
found to be identical for both retrocyclization processes,
which tends to show the weak electronic coupling between
the closed-DTE units through the twisted bipyridyl central
bridge. Their values were found to be lower than 1072, namely
much smaller than those related to cyclization as usually
reported for non-constraint DTE units (Table 4).® They are
consistent with the presence of an energy barrier in the ring-
opening pathway in the excited state as usually encountered
and suggest high stabilization of the closed forms through
formation of an extended m-conjugated system. Systematic
analyses of all the compounds show a monotonous decrease
in the quantum yields with increasing electron-donating ability
of the end group D, namely H < OMe < NMe, < NBu,.

Finally, kinetic studies show that the quantum yields for the
photocyclization of the photochromic compounds decrease

30x10
i
‘7_1
g 20 "
= —#- L ZnCl, (0,0)
2 —A— L%Zncl, (o,c)
g 104 —&- L°zncl, (c,0)
2
o
(&)
" B e

T I
0 1000 2000 3000
Irradiation time at 365nm (s)

Fig. 6 Time-evolution of the concentration of the three interconverting isomers of ligand LY (left) and complex LYZnCl, (right) under irradiation

at 365 nm.
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Fig. 7 "H NMR spectra (CD-Cl,) of methyl groups of LYZnCl,: (a)
before irradiation; (b) and (c) after successive UV irradiations; (d) at
the PSS (A = 350 nm, ¢ = 1073 M).

upon coordination to the Zn(u) center (Table 4). It appears
that the configuration of the pyridine rings, transoid in the free
ligand and cisoid within the Zn complexes, is likely to influence
the efficiency of the photocyclization/cycloreversion processes:
the system is more rigid in the metal complex, and consequently
the geometrical rearrangement, required for photocyclization, is
further impaired. Again, as in L*, the second cyclization
process is significantly slower than the former one. The metal
fragment ZnX, acts as a Lewis acid leading to the formation of
a strong dipole D—A and electronic effects could also play a
role. It clearly points out that electronic modification of D-A
systems appears as an attractive tool to tune and control the
kinetics of the photochemical processes.

As a consequence, increasing the electron-withdrawing
ability of the acceptor unit by changing the ancillary acetate
by chloro ligands induces a significant decrease in the ring
closure quantum yields. The behavior of these push—pull
systems contrasts with that of symmetrically substituted
photochromic compounds, in which the incorporation of
electron-withdrawing cyano substituents increases the cycliza-
tion quantum yields.* Moreover, all these kinetic studies nicely
corroborate the theoretical assumptions of photoreactivity of
the intermediates (o,c) toward the doubly closed systems (c,c) by
evidencing their accumulation despite the lack of characteristic
spectroscopic features. Nevertheless, the kinetic data obtained
for LIZnCl, are well-corroborated by the NMR studies.
Monitoring of its photocyclization process by 'H NMR
spectroscopy allows us to confirm the sequential ring-closure
reaction, the LYZnCl, (0,¢) intermediate being clearly identified.
This is indicated in the spectrum by the presence of two sets of
signals of equal intensity, around 2-2.3 ppm, the open and
closed parts of the molecule being well-distinguishable (Fig. 7).
In addition, the methyl groups’ signals of the thiophene rings
are well-differentiated from those of the (0,0) and (¢,c) forms.
This study points out that electronic modification of the D-A
pair appears as an appealing tool for the control of the kinetics
of the photochemical processes.

Conclusions

In summary, we have demonstrated, by means of photokinetic
studies, that the photochromic ring-closure/opening reactions
occur in a stepwise fashion with very different consecutive
quantum yields, for both the free bipyridine ligands and their
corresponding Zn complexes. Moreover the increase in the

strength of either the electron donor or acceptor group induces
a strong decrease in the quantum yield of the ring-closure/
opening processes without affecting the chemical conversion
yield. These studies highlight the predominant role of electronic
factors as the key parameters in tuning photochromic properties
and kinetics of photocyclization. These studies provide original
perspectives on the use of photochromic metal complexes and
charge-transfer ligands for elaborating tunable and photoswitch-
able nonlinear optically active systems.
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