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Julien Boixel,* Alessia Colombo,”™ Francesco Fagnani,” Paola Matozzo,” and

Claudia Dragonetti*®

Two new photochromic compounds bearing a dithienylethene
unit have been designed, synthesized, and well characterized.
The first contains a platinum dialkynyl moiety whereas the
second bears a simple phenyl-dimethylamino fragment. Both
compounds have demonstrated an excellent photochromic
behavior. This efficient photochromism is the springboard for a

Introduction

The modulation of the optical properties of molecules by an
exterior stimulus has deeply fascinated scientists in the last
fifteen years. As a matter of fact, the introduction of a molecular
switch into a material is an elegant way to control their optical
properties and is of interest for photonic communication and
data processing." Thus, research on the modulation of the
second-order nonlinear optical (NLO) properties of molecules
has gained increasing interest.”

It is known that intense second-order NLO responses of
molecules are mainly due to the presence of m-extended
systems and charge-transfer transitions. The archetype can be
described with an electron-donor fragment (D) connected to an
electron-acceptor fragment (A) through a m-conjugated
bridge.”’ In particular, coordination complexes are interesting
candidates due to their versatile charge transfer transitions,
involving the metal (acting as donor or acceptor or bridge) and
the ligands. They are characterized by intense and low-energy
intra-ligand (ILCT), ligand-to-metal (LMCT), and metal-to-ligand
(MLCT) charge transfer transitions, that can be tuned by the
nature of the metal and the ligands.”

The on/off second-order NLO switching can be caused by a
reduction of the donor strength of D upon protonation or
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significant photomodulation of the second-order nonlinear
optical properties, determined in dichloromethane solution by
means of the Electric Field Induced Second Harmonic gener-
ation technique. The results are of interest for the design of
reversible NLO switches as a tool for emerging photonic
technologies.

oxidation, whereas the acceptor behavior of A can be modified
by deprotonation or reduction. Manipulation of the NLO
properties can also be reached through modification of the
bridge, thus modifying the communication between D and A.
Accordingly, NLO switches can be realized by pH variation, by a
redox reaction, or by interaction with an electromagnetic
radiation. Moreover, the use of light to control the second-order
NLO properties of molecules is fascinating because it leads to
all-optical molecular materials, where light is used to read,
write, and store the information.”’ In this context, dithienyle-
thenes (DTEs) are useful photochromic molecular switches
because they are characterized by a good thermal stability, a
high photoconversion, and very different optical behaviors of
its open (o) and closed (c) isomers.” The photochromic reaction
between the open and the closed isomers, induces a change in
the m-delocalization over the DTE backbone.” Because multiple
reversible photoswitching cycles can be achieved without
degradation; DTEs have been successfully employed in various
fields such as photoresponsive optoelectronic and probes.?™!
For example, some of us reported the photoswitch of both the
luminescent and the second-order NLO properties in DTE-based
platinum complexes.® Two photochromic dithienylethene-
based platinum(ll) complexes (CANAN)Pt(C=C-DTE-C¢H,-D)
((CANAN) =4,4'-di(n-hexyl)-6-phenyl-2,2'-bipyridine; D=H,
NMe,) were reported,® their excellent photochromic properties
allow the photoinduced switching of their second-order non-
linear optical properties in solution, leading to a large increase
(from 6 to 12 times) of the negative ufsy of the chromo-
phores. A different approach has been reported® for a DTE-
based platinum complex with the organometallic fragment and
the dialkylaminophenyl group located on the same thiophene
ring of the photochromic DTE unit, the cyclometalated Pt(ll)
acetylide moiety being bounded to one of the reactive carbon
atoms. In that case there is an insitu sequential double
nonlinear optical switch where the NLO response is modulated
first by protonation and then upon irradiation with UV light.
One key point of the system is that the sign of the pf3 response
changes at each step.®” Among the few examples, to our
knowledge, of second-order NLO active Pt-DTE complexes,
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there is a theoretical work® that should be mentioned. It
turned out that the computed quadratic hyperpolarizability of a
simple dichloride Pt dithienyl compound increases by a factor
of 5.4 on going from the open to the close form in agreement
with an increase of the system delocalization. In the related
bimetallic platinum complex, a similar trend is observed
although the quadratic hyperpolarizabilities are lower. Interest-
ingly, substitution of the cyclopentene ring with a perfluorocy-
clopentene causes a decrease of the second-order NLO
response. These results confirm that the introduction of a DTE
moiety is an effective method to allow switching of the
quadratic hyperpolarizability. ©

Overall, it appeared that Pt(ll) dialkynyl complexes are
characterized by excellent second-order NLO properties.”™ This
observation and the interesting properties of dithienylethenes
prompted us to synthesize a new Pt(ll) dialkynyl complex
(photochrome 1) and, for comparison, a new organic chromo-
phore (photochrome 2) both bearing a DTE unit (Scheme 1). In
the first case (1), the DTE unit is linked through a triple bond to
platinum whereas in the second case (2), DTE is directly linked
to the aromatic ring of a phenyl-p-NMe, fragment.

Results and Discussion

The preparation of photochromes 1 and 2 is shown in
Scheme 2. Both synthetic routes start from the functionalization
of the 2,4-dibromo-5-methylthiophene  with  trimeth-
ylsilylacetylene (TMSA) to give compound 7; then, reaction with
perfluorocyclopentene in the presence of butyllithium gives
statistically the mono- and bi-nucleophilic substitution affording
compound 6 and DTE 5, respectively. After removing the
protecting silyl groups, DTE 47'% is engaged in Sonogashira-like
reaction with the known platinum chloride precursor (com-
pound 3),%*™ to give the target complex 1. Compound 6 is
coupled with the amino-functionalized thiophene 8, also
prepared from the 2,4-dibromo-5-methylthiophene, to afford

("BU)3
Pl “= or MeyN: a
04& QP—=""" .&3— e, 7O
2

Scheme 1. Chemical structures of the investigated photochromic com-
pounds 1 and 2.

F‘“BU3 (Fo)
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Scheme 2. Synthetic routes for compounds 1 and 2.
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the wanted DTE photochrome 2.%% Both target compounds 1
and 2 are isolated in their open forms and fully characterized by
means of 'H, C and "F NMR spectroscopies and elemental
analysis (see details in S.1.).

The steady-state absorption spectra of compounds 1 and 2
in dichloromethane solution (C~107°M) are presented in
Figure 1 and Figure 2, respectively, and the data are summar-
ized in Table 1.
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Figure 1. UV-Visible absorption spectra of 1 in CH,Cl,, in the open form
(black squares) and upon irradiation at 350 nm (PSS, red circles).
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Figure 2. UV-Visible absorption spectra of 2 in CH,Cl,, in the open form
(black squares) and upon irradiation at 350 nm (PSS, red circles).

Table 1. UV-vis absorption data of the investigated complexes.

;‘ [ab] [nm]
CIosed (c) forms (PSS)

Aaps™/nm (€ 1074/M~'em ™)
Open (o) forms

1 268 (41.8), 290sh (31.3), 330sh (31.6),
344 (35.6)
2 281 (16.8), 302sh (16.4), 329 (20.4)

262, 318, 380, 424sh, 610

283, 297sh, 366sh, 387,
428, 631

[a] Measured in CH,Cl, solution at 298 K. [b] After irradiation at 350 nm.
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The electronic absorption spectrum of complex 1(0), in its
open form, exhibits two sets of absorption bands in the UV
region centered at 270 and 340 nm, originated from intra-ligand
IL(rt—t¥) transitions. Additional band at lower-energy, tailing up
to 420 nm, is attributed to charge transfer transition evolving
the alkynyl platinum moiety.® The DTE 2(o) also shows mainly
IL(rt—t*) transition in the UV region (Amax=320 nm). The
electron-donating dimethylamino end group produces lower-
lying IL transition up to 410 nm.®?

The photochromic reaction of 1 and 2 are monitored by UV-
visible absorption upon 350 and 580 nm light irradiations for
photo-cyclization and -cycloreversion, respectively. For both
compounds, the initial slight yellow solutions turn dark blue
upon 350 nm exposure due to the appearance of the broad
visible absorption band of the closed DTE moiety, originated of
IL(rt—7t*). The Amax of the broad visible absorption is red-shifted
of about 20 nm in 2 compared to 1, as expected for the
strongest electron-donating ability of the p-dimethylamino
benzene with respect to the alkynyl platinum part. Monitoring
the ring-closure reaction by '"H NMR spectroscopy gives access
to the percentage of conversion at the photostationary state
(PSS).

Figure S1 (see SI) shows the 'H NMR spectral changes of 1
upon irradiation at 350 nm. Characteristic '"H NMR signal shifts
are observed with upfield shifted singlets (from 7.26 to
6.43 ppm and from 6.77 to 6.03 ppm) assigned to the thienyl
protons on the DTE core, together with downfield shifted
singlets (from 1.93 and 1.82 to 2.13 and 2.10 ppm, respectively)
corresponding to the methyl protons. The relative integration
of the above thienyl signals between the open and the closed
form of 1 reveals a photoconversion at the PSS of 75 % in closed
form. (see Table 1 and Figure S1).

The second-order NLO properties in solution of compounds
1 and 2 have been investigated by the Electric Field Induced
Second Harmonic generation (EFISH) technique that provides
direct information on the intrinsic molecular NLO properties
through the following equation:!'?

Versn = (WBerisn/5KT) + ¥(—2w; w, w, 0)

where pPgrsy/5KT is the dipolar orientational contribution and
v(—2w; ®, w, 0), a third order term at frequency w of the
incident light, is a purely electronic cubic contribution to Y
which can usually be neglected when studying the second-
order NLO properties of dipolar compounds.

EFISH measurements were carried out in dichloromethane
solutions at a concentration of 107> M, with a non-resonant
incident wavelength of 1.907 um, obtained by Raman-shifting
the fundamental 1.064 um wavelength produced by a Q-
switched, mode locked Nd>**YAG laser. The second-order NLO
responses were determined both on the open and on the
closed form of compounds 1 and 2 (see Table 2).

EFISH values can be either positive or negative. What is
relevant is the absolute value of pfgqg., in fact a chromophore
is a good second order NLO-phore if its absolute value of Uy
is as high as possible. If a MLCT transition dominates 3 the

Eur. J. Inorg. Chem. 2022, 202200034 (3 of 5)

Table 2. EFISH measurements of the investigated compounds.
Compound WPy (X 107* esu)
1-open —367+33

1-closed —1032+108

2-open 35+438

2-closed 147 £15

Wersy Value is negative, otherwise if an ILCT transition
dominates [ the pfgrsy value is positive.*?

As expected for a higher m-delocalization and a lower
HOMO-LUMO gap, the closed form in both cases has a sy
value higher than the open one, in fact a dramatic increase of
the second-order NLO activity is observed after UV irradiation
and subsequent accumulation of the ring closed isomers.
Compound 1, containing the platinum center, has negative
values of ufersn suggesting a diminution of the dipole moment
upon excitation." This behavior is in agreement with that of
other Pt(ll) complexes® where MLCT transitions dominate the
quadratic hyperpolarizability. The pPgrsy value of the closed
form of 1 is about three times the one of the open form, a
contrast similar to that observed for a photochromic Pt(ll)
compound with a cyclometalated dipyridylbenzene in which
the DTE unit is linked to the phenyl ring of the NACAN ligand.”
A better contrast was reported for a photochromic Pt(ll)
complex with a cyclometalated phenylbipyridine in which DTE
is directly linked to Pt through a triple bond® putting in
evidence that a Pt(NANAC) moiety behaves as a stronger
acceptor than a PhCCPt(PBu;), fragment. Compound 2, without
the platinum metal, has positive values of pfggy, in agreement
with an increase of the dipole moment upon excitation, the
value of the closed form being about four times that
corresponding to the open form.

Remarkably, the absolute pfggg, values of complex 1, with
the Pt center, are higher both in the open and in the closed
form with respect to compound 2, underlining the importance
of the metal in the second order nonlinear optical response of
this class of compounds.

Conclusion

In summary, two new photochromic compounds containing a
photochromic DTE unit have been designed and easily
synthesized. Both compounds have demonstrated an excellent
photochromic behavior upon UV or visible light irradiation.
Remarkably, this efficient photochromism leads to a significant
NLO photomodulation of the second order response of the two
compounds in dichloromethane solution, a behavior particularly
appealing for the design of reversible NLO switches for
emerging photonic technologies. The next step will be the
nanoorganization of the photochromes in polymeric films with
the aim of obtaining, after poling, new materials with a good
second-order NLO response that could be easily switched, with
a useful NLO contrast

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Experimental Section

General

All syntheses were performed using Schlenk techniques under
argon atmosphere. All solvents were dried and purified by standard
procedures. Precursor 3", 4%, 5% and 6° were synthesized according
to the reported procedure. NMR spectra were recorded on Bruker,
Avance Il spectrometer. 'H, "F, *C and *'P chemical shifts are
determined by reference to residual solvent signals.

Photochromism followed by UV-visible absorption: Complex 1
and DTE 2 were irradiated in dichloromethane solution (C~107° M)
with a light source of ABET technologies, Inc (150 W xenon lamp),
with single wavelength light filters “350FS 10-25" or “450FS 40-25"
for ring-closure and “650FS 10-25" for cycloreversion.

Photochromism followed by proton NMR spectroscopy: Complex
1 and DTE 2 were irradiated in CD,Cl, solution (C~10-3 M), using a
Rayonet® with 350 nm light emitting lamps.

Syntheses

Synthesis of 1: Compound 3 (240 mg, 0.4 mmol) was dissolved in
10 mL of dried Et,NH under Ar. 4 (300 mg, 0.4 mmol) was injected.
Then the mixture was stirred under Ar at 45°C for 8 h. After the
reaction was finished, the solvent was removed under reduced
pressure. The residue was purified by column chromatography
(silica gel, CH,Cl,/pentane=1:5, v/v). 1 was isolated as a yellow
powder (200 mg, 42%). 'H-NMR (400 MHz, CD,Cl,): 7.26-7.17 (m,
5H, Ar+thio), 7.12-7.09 (m, 1H, Ar), 6.77 (s, 1H, thio), 2.10-2.07 (m,
12H, nBu), 1.92 (s, 3H, Me), 1.81 (s, 3H, Me), 1.63-1.56 (m, 12H, nBu),
1.50-1.41 (m, 12H, nBu), 0.93 (t, ®J,,=7.3 Hz, 18H, nBu). F-NMR
(376.5 MHz, CD,Cl,): —110.36, —110.72, —132.27 (t, *Jrs=5.1 Hz).
3'P-NMR (162 MHz, CD,CL,): 3.48 (t, 2., = 1168 Hz).

Synthesis of 2: Compound 5 (1.07 g, 3.62 mol) was dissolved in
12 mL of dried THF and cooled at —78°C under argon. "BuLi (1 M in
THF: 1.73 mL, 3.98 mol) was added dropwise and the reaction
mixture was stirred at —78°C for 30 min. A solution of 6 (1.40 g,
3.62 mol) in dry THF (12 mL) was added dropwise by cannula at
—78°C. The reaction mixture was stirred overnight and allowed to
warm at room temperature. The crude was purified by column
chromatography (silica gel, CH,Cl,/pentane =3:7, v/v) to afford 2 as
green powder (0.675 g, 37%). 'H-NMR (400 MHz, CDCl,): 7.43 (d,
J=8.9 Hz, 1H, Ar), 7.27 (s, 1H, Hthio), 7.09 (s, 1H, Hthio), 6.74 (d, J=
8.9 Hz, 1H, Ar), 3.01 (s, 6H, NMe,), 1.92 (s, 6H, CH,), 0.28 (s, 9H, TMS).
*C-NMR (100 MHz, CDCl,): 150.4, 143.6, 143.4, 139.3, 132.4, 126.7,
125.5, 125.1, 121.7, 121.6, 119.8, 112.6, 99.9, 96.6, 40.6, 14.7, 14.6,
—0.06.

EFISH Measurements

EFISH measurements were carried out in dichloromethane solutions
at a concentration of 10°® M, with a non-resonant incident
wavelength of 1.907 um, obtained by Raman-shifting the funda-
mental 1.064 um wavelength produced by a Q-switched, mode
locked Nd*™YAG laser manufactured by Atalaser. The reported
Wers values are the mean value of 16 measurements performed
on the same sample. EFISH measurements are performed without a
standard compound (differently from Kurtz Perry measurements,
where a standard is compulsory) The measurement is carried out in
the pure solvent and then in solution; the same procedure is
repeated for all measurements. The error on EFISH measurements is
reported as+/—10%.

Eur. J. Inorg. Chem. 2022, 202200034 (4 of 5)
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