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ABSTRACT: A hexathiobenzene molecule carrying six terpyridine (tpy) units
at the periphery has been designed to couple the aggregation induced
phosphorescence, displayed by the core in the solid state, to the metal binding
properties of the tpy units. Upon Mg’ complexation in THF solution,
phosphorescence of the hexathiobenzene core is turned on. Metal ion
coordination yields the formation of a supramolecular polymer which hinders
intramolecular rotations and motions of the core chromophore, thus favoring
radiative deactivation of the luminescent excited state. Upon excitation of the
[Mg(tpy),]*" units of the polymeric structure, sensitization of the core
phosphorescence takes place with >90% efliciency. The light-harvesting
polymeric antenna can be disassembled upon fluoride ion addition, thereby
switching oft luminescence and offering a new tool for fluoride ion sensing. This
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unique system can, thus, serve as cation or anion sensor.

B INTRODUCTION

2,2":6',2"-Terpyridine (tpy) is one of the most investigated
ligand for d-block metal ions because it yields highly stable
complexes with interesting optical, electronic, and magnetic
properties."” Because of its three coordinating N atoms and the
ease of substitution at the 4'-position, it is ideal for the
construction of linear, rigid arrays with univocally determined
structure with d’-metal ions.> Thus, it has been widely
employed in dyads and linear polynuclear metal complexes,”*
grids and racks,® and metallomacrocycles,6 as well as metal
coordination polymers.”*”® Terpyridine is weakly luminescent
(@ = 3 X 107)” and a variety of chromophores have been
appended to it to combine luminescence and metal binding
properties.”” In the past few years, a novel class of
luminophores displaying aggregation induced emission
(AIE)" has attracted increasing attention. In most cases, the
emission enhancement is due to an aggregation or a
crystallization, which causes restriction of intramolecular
motions.'" These chromophores, thus, offer new potentialities
for solid-state optical devices, such as organic light-emitting
diodes (OLEDs) for sensors and luminescent probes in
materials or in biological sciences.'

Following those lines, the combination of AIE chromophores
and metal ion ligands has recently been explored.'”” However,
to the best of our knowledge, no example is described in which
the metal ion coordination switches on phosphorescence of an
organic chromophore which is not directly involved in metal
ion coordination. Phosphorescent AIE systems are particularly
interesting: for sensing, they allow time-gated detection, which
eliminates autofluorescence of the sample; for OLEDs
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phosphorescent materials enable a theoretical maximum
efficiency of 100% compared to 25% for fluorescent materials.

In the present paper, we report an example of a molecule (1,
Scheme 1) consisting of a benzene core carrying six phenyl-
tepryridine units connected by a sulfur atom. This multivalent
ligand has been designed to combine the metal coordination
ability of the tpy units to the aggregation induced
phosphorescence properties of the previously investigated
molecule 2 (Scheme 1)."° The latter is not emissive in
solution, but it is among the most phosphorescent organic
solids (®,,, =1),"* due to restricted intramolecular rotations
and conformational mobilitly in rigid environment. Coordina-
tion of Mg** ions by 1 leads to the appearance of a similar
phosphorescence band also in air-equilibrated fluid solution due
to the formation of a metal-coordination polymer, in which
intramolecular rotation is restricted. Moreover, the polymeric
structure performs as a light-harvesting antenna: excitation of
the [Mg(tpy),]*" units sensitize the hexathiobenzene core
luminescence with almost unitary efficiency. The luminescence
can be switched off again by disassembling the supramolecular
structure upon fluoride addition, which sequesters Mg>" ions.

B EXPERIMENTAL SECTION

Materials and General Procedures. All reagents, solvents and
chemicals were purchased from Sigma-Aldrich, Fisher, or Alfa-Aesar
and used directly unless otherwise stated (purity: reagent or analytical
grade). Solvents were stored for several days over freshly activated 3 A
molecular sieves (activated for 3 h at 250 °C). Triethylamine and
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9 3
S
I

~ SH

1) tbutOK, THF, RT, 16h tbutOK (7.5 egs), toutSH (5 eqs)

2) NH4OAc, EtOH, reflux, 4h DMF, 160°C, 16-18h

45% 93%

tpy-SH
tpy-SMe Py
Cl
Cl Cl
Cl Cl
Cl
+ Cs,CO; , DMI

60°C, 3.5 days

97%

other amines were freshly distilled over KOH prior to use or distilled
and stored over KOH under argon. HPLC analysis were performed
with a Jasco HPLC system (Jasco France, Nantes) fitted with a PU 980
intelligent pump equipped with a LG 980—02 tertiary gradient unit, a
DG 980—50 line degasser, a 7725i Rheodyne injection valve with a 20
4L loop, a UV 975 intelligent UV—vis detector. Infrared absorption
spectra were directly recorded on solids or neat liquids on a
PerkinElmer Spectrum 100 FT-IR Spectrometer equipped with a
universal ATR accessory (contact crystal: diamond). Uncorrected
melting points were recorded on a IA9200 digital melting point
apparatus from Thermofischer Scientific (Electrothermal) after a
calibration certification with standards. '"H NMR (250.13 MHz) and
3C NMR (62.90 MHz) spectra were recorded on a Bruker Avance
250 spectrometer at 300 K in the mentioned deuterated solvents. 'H
NMR signals of the residual protic solvent CHCI; at 7.26 ppm and
CH,Cl, at 5.32 ppm were used as internal references, along with TMS.
As for 3C NMR spectra, the central resonance of the triplet for CDCI,
at 77.36 ppm and the central resonance of the quintuplet for CD,Cl,
at 54.0 ppm were used as internal references. High resolution mass
spectra were recorded at the Spectropdle de Marseille (France) in
triplicate with double internal standards. Oligomers of poly(propylene
glycol) were used as internal standards. Ionization was facilitated by
some adducts with Ag*, NH,", or Na' ions. Two spectrometers were
used: SYNAPT G2 HDMS (Waters) instrument equipped with an ESI
source and a TOF analyzer in a positive mode and a QStar Elite
(Applied Biosystems SCIEX) instrument equipped with an atmos-
pheric ionization source (API).

Synthesis. For details on the synthetic procedures for tpy-SH and
tpy-SMe, see Supporting Information.

1,2,3,4,5,6-Hexakis((4-([2,2":6",2"-terpyridin]-4’-yl)phenyl)-
thio)benzene (1). In an oven-dried round-bottom flask were placed
hexachlorobenzene (41.3 mg, 0.145 mmol, 1.00 equiv), 4'-[4-
(mercapto)phenyl]-2,2;6',2"-terpyridine (tpy-SH) (436.9 mg, 1.280
mmol, 8.83 equiv), and dry Cs,CO; (588.2 mg, 1.805 mmol, 12.4
equiv). All reagents were freshly dried under high vacuum for about 30
min prior to use them. Under an argon atmosphere, dry 1,3-dimethyl-
2-imidazolidinone (DM, 5.0 mL) was then injected in one portion at
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20 °C and the mixture was vigorously stirred at 60 °C (oil bath
temperature) for 4.5 days. After cooling down at 20 °C, the suspension
was poured into a 1 M NaOH aqueous solution (20 mL). A bright
yellow solid precipitated, which was separated by filtration, washed
several times with H,O, and dried under high vacuum. It was then
titrated while vigorously stirring in ethanol to afford a pure solid
(298.3 mg, 0.141 mmol, 97% yield).

MP: 394—397 °C (bright yellow powder); FT-IR (ATR diamond
contact; solid sample): 3050 (CH), 3012 (CH), 1583 (tpy), 1564
(tpy), 1467 (CH), 1384 (CH) cm™’. '"H NMR (250 MHz, CDCl,,
ppm): 6 =7.11 [ddd, 12H, 4] (HH) = 1.2, 3] (H,H) = 4.8, 3] (HH) =
7.4 Hz)], 7.19 [dapp, 12H, 3] (H,H) = 8.4 Hz], 7.68 [ddd, 12H, 4]
(HH) = 1.8, 3] (HH) = 7.8, 3J(,H) = 7.8 Hz], 7.74 [dapp, 12H, 3]
(H,H) = 8.4 Hz], 8.36 [d, 12H, 3] (H,H) = 7.9 Hz], 8.46 [bd, 12H, 3]
(HH) = 5.7 Hz], 848 [s, 12H]. ®C NMR (62.90 MHz, CDCl;
ppm): 6 = 118.6, 121.3, 123.7, 128.4, 129.2, 1367, 137.0, 138.6, 148.5,
149.1, 149.3, 155.7, 156.2. MS: MALDL-ToF MS (DCTB matrix in
DCM, laser | = 337 nm, + mode) for C,3,Hg,N ;S calcd. 2113.5 Da,
found m/z 2113.5 [M]**. MALDI-ToF (DCTB matrix in DCM, Nal,
laser | = 337 nm, + mode) for C,;,Hg;N;4Ss + Na* calcd. 2136.6 Da,
found m/z 2136.6 [M+Na]".

Photophysical Measuremens. The experiments were carried out
in air-equilibrated tetrahydrofuran solution at 298 K unless otherwise
noted. Luminescence measurements at 77 K were performed in
dichloromethane/methanol (1:1 v/v). UV—vis absorption spectra
were recorded with a PerkinElmer 140 spectrophotometer using quartz
cells with path length of 1.0 cm. Luminescence spectra were performed
with a PerkinElmer LS-50 or an Edinburgh FLS920 spectrofluorimeter
equipped with a Hamamatsu R928 phototube. Lifetimes shorter than
10 ps were measured by the above-mentioned Edinburgh FLS920
spectrofluorimeter equipped with a TCC900 card for data acquisition
in time-correlated single-photon counting experiments (0.5 ns time
resolution) with a D, lamp. Longer lifetimes were measured by the
PerkinElmer LS-50. Emission quantum yields were measured following
the method of Demas and Crosby'® (standard used: [Ru(bpy);]** in
aqueous solution).® For solid samples, emission quantum yield was
calculated from corrected emission spectra registered by an Edinburgh
FLS920 spectrofluoremeter equipped with a barium sulfate coated
integrating sphere (4 in.), a 450W Xe lamp (4 excitation tunable by a
monochromator supplied with the instrument) as light source, and a
R928 photomultiplayer tube, following the procedure described by De
Mello et al.'” The estimated experimental errors are 2 nm on the band
maximum, 5% on the molar absorption coeflicient and luminescence
lifetime, 10% on the emission quantum yield in solution, and 20% on
the emission quantum vyield in solid.

Morphological Characterization. The determination of the
hydrodynamic diameter distributions of the nanocrystals was carried
out from DLS measurements with a Malvern Nano ZS instrument
with a 633 nm laser diode. Samples were housed in a quartz cuvette of
1 cm optical path length using THF as solvent. The width of DLS
hydrodynamic diameter distribution is indicated by PDI (polydis-
persion index). AFM imaging was performed using a Nanoscope
Multimode 8 (Bruker, Santa Barbara, U. S. A.) equipped with a 15 ym
piezoelectric scanner. The AFM was operated in tapping mode and in
peak-force tapping mode.

B RESULTS AND DISCUSSION

Molecule 1 was obtained after a persulfuration of hexachlor-
obenzene in a 97% yield by means of six consecutive
substitutions of chlorine atoms (99.5% yield per reaction) by
the anions of tpy-SH (Scheme 1).'® The latter thiol was
prepared from tpy-SMe after an effective transthioetherification
(93% vyield) from a nucleophilic demethylation with
tertiobutylthiolate anions.'” Tpy-SMe was itself synthesized
according to the literature in a one-pot process (45% yield)
from 2-acetylpyridine and 4-(methylthio)benzaldehyde.*
Finally, compound 2 was synthesized according to the
literature.”!
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The absorption spectrum of 1 in THF solution shows a band =T g 500
with maximum at ca. 280 nm typical of the tpy chromophore, as s :.
evidenced from the comparison with the spectrum of tpy-SMe, . S | 400
and a tail extending up to 450 nm, present also in the model Lo
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>g, z \\\:: titration with a 2.70 mM acetonitrile solution of Mg(ClO,),: blue line
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Figure 1. Absorption spectra (solid lines) in THF solution of 1 (red
line), 2 (black line), and tpy-SMe (blue line). Dashed lines represent
the normalized phosphorescence spectra of 1 and 2 in the solid state,
as a powder, and the fluorescence spectrum of tpy-SMe in THF

solution. 4., = 330 nm.

Compound 1 and 2 are practically nonluminescent in fluid
solution (®,,, < 107%) and exhibit an intense emission in the
solid state as a powder. This radiative deactivation is a
phosphorescence in agreement with the relatively long lifetimes
of the corresponding emitting excited states (7, = 1.7 and 7, =
11.6 pus for 1 and 7 = 3.0 us for 2'%). The switch on of
luminescence going form solution to solid state can be
attributed to restriction of intramolecular rotations and
motions, as previously discussed for 2. It can be attained also
in an extremely diluted rigid matrix at 77 K: compound 1 shows
a band with maximum at 500 nm and a lifetime of 3.5 ms in
CH,ClL,/CH;0H 1:1 (v/v) matrix. In the case of 1, the
emission band recorded in the solid state is red-shifted and
exhibits a much lower emission quantum yield (0.02, Table 1)
compared with that of 2. This suggests that, in the case of 1,
intramolecular rotation is not completely hindered in the solid
state likely because the tpy units appended at the periphery
yield a less compact structure compared to that of 2.

Upon titration of a 3.3 X 107 M air-equilibrated THF
solution of 1 with Mg(ClO,), profound changes of the
absorption and emission spectra are observed (Figure 2). A red-
shifted absorption band at ca. 380 nm increases with an
isosbestic point at 326 nm. Upon excitation at this wavelength,

(isosbestic point). Dotted line represents the emission spectrum of 1

as a powder.

a new phosphorescence band at 545 nm appears. Both
absorption and emission intensities (Figure 2 inset) reach a
plateau at ca. 3 equiv of Mg*" ions per 1. The final emission
spectrum (red line, Figure 2) corresponds to an emission
quantum yield of 0.10 and it is superimposed to that of 1 as a
powder (dotted line, Figure 2). Moreover, the corresponding
lifetimes are 1.7 and 5.3 ps in air-equilibrated solution, very
similar to that of 1 as a powder (Table 1). These results point
out that the emission is a phosphorescence typical of the
hexathiobenzene core of molecule 1.

Similar absorption changes are observed for tpy-SMe upon
titration with Mg(ClO,), (Supporting Information Figure S9),
but in this case, no phosphorescence is observed. The
fluorescence of tpy-SMe (dashed blue line in Figure 1)
disappears and a new less-intense fluorescence band (7 = 3.5
ns) at S00 nm is observed (Table 1, Supporting Information
Figure S9).

In summary, the unexpected results obtained for compound
1 upon titration with Mg*" ions are (i) a plateau of absorbance
and emission intensity values at 3 equiv of metal ion per 1 and
(i) the appearance of the core phosphorescence in fluid
solution, whereas for molecule 2, phosphorescence is observed
only in rigid environment. These results can be interpreted on
the basis of the formation of a polymeric self-assembled

structure in which each metal ion is coordinated by two tpy
ligands of two different molecules. Indeed, Mg®* ions are

Table 1. Most Relevant Photophysical Data of 1, 2 and tpy-SMe in Air-Equilibrated THF Solution (unless Otherwise Noted) at

298 K
absorption emission
Aunae/ DM e/10* M~ em™! Ainae/ DML D, 7/us
tpy-SMe 297 3.7 388 0.52 14 x 107
[Mg(tpy-SMe),]* 346 5.3 500 0.25 3.5%x 1073
1 283 17.8 550° 0.027 1.7, 11.6"
[Mg,(1)]¢* 289 545 0.10 17,53
2 326 19.2 513° 1.00” 3.0%

“In the solid state, as a powder.
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Scheme 2

known to form complexes with tpy ligands in a 1:2 metal to
ligand stoichiometry.”> The formation of a complex in which
two tpy units of the same molecule binds a metal ion is
prevented for geometric reasons. A very simplistic 2D
representation of the self-assembled structure is presented in
Scheme 2. Although the structure is represented on a plane, it is
not realistic. It is expected that a low-energy conformer would
position the tpy arms in a 3D radial extension, in an alternating
up and down pattern from the plane of the central benzene
core.”

As evidenced by this picture, intramolecular rotation and
motion are strongly hindered upon formation of the self-
assembled structure, and this results in a phosphorescent
system in fluid solution. The phosphorescence quantum yield
and the corresponding lifetime is poorly sensitive to the
presence of dioxygen, in agreement with a polymeric structure
in which oxygen diffusion is also hindered.

Another interesting feature of this supramolecular polymer is
that it performs as an extremely eflicient light-harvesting
antenna: upon excitation of the [Mg(tpy),]*" units sensitization
of the phosphorescence of the hexathiobenzene core takes
place with >90% efficiency (see Supporting Information Figure
S10). This is demonstrated by the close match between the
excitation spectrum recorded at A, = 550 nm and the
absorption spectrum both recorded for a solution of 1 with 3.5
equiv of Mg*" ions (Supporting Information Figure S11).

The thusly obtained supramolecular structure can be
disassembled upon addition of tetrabutylammonium fluoride
(TBAF) to the THF solution because fluoride anions sequester
Mg** cations, forming MgF,, characterized by very low
solubility (KPS = 6.5 x 107 in water).** Therefore, molecule
1 performs not only as a turn-on phosphorescent sensor of
Mg** ions, but also as a turn-off phosphorescent sensor of F~
anions (see absorption and emission spectral changes reported
in Supporting Information Figure $12). The sensing process is
reversible (Scheme 2) because the phosphorescence of the
system can be switched on and off upon successive additions of
Mg** and F~ ions.
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To further ascertain the formation of a polymeric structure,
dynamic light scattering (DLS) experiments were performed
under the same experimental conditions of the spectrophoto-
metric titration. The formation of relatively monodispersed
aggregates are evidenced upon addition of Mg®" ions. The
increasing size of the aggregates reaches a plateau at the end of
the titration (3.5 equiv of metal ions per 1) with an average
diameter of ca. 60 nm and a polydispersity index (PDI) of 0.06
(Figure 3a and Supporting Information Figure S13). These
aggregates do not dissociate upon addition of an excess of metal
ions up to 6 equiv relative to 1.

intensity (%)

size (nm) 100

Figure 3. (a) Size distribution by DLS analysis on a 3.3 X 107 M
THF solution of 1 after addition of 3.5 equiv of Mg(ClO,),. The red
line refers to the cumulative frequency distribution of the size of the
nanoparticles. (b) AFM peak force mode image of the same solution
spin-coated on freshly cleaved mica.

A 3.3 X 107° M solution of 1 in THF with 3.5 equiv of Mg**
was spin-coated on freshly cleaved mica. Figure 3b reports an
AFM image of a selected area. The particle distribution based
on a larger image containing ca. 30 nanoparticles shows a
height of ca. 40 nm and a mean diameter of 50 nm, in good
agreement with the data obtained by DLS analysis.

Because of the interesting results obtained upon complex-
ation of Mg2+ ions, a screening of different metal ions was
performed: a 6.1 X 107° M solution of 1 was titrated with mM
solutions of Ca(ClO,),, Mg(ClO,),, Fe(CF;S0;),, Co(ClO,),,
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Ni(CF;S0;),, Cu(CF;803),, Zn(CF;S0;), Cd(ClO,),. The
absorption spectra at the end of the titration (3.5 equiv of metal
ions per 1) show red-shifted absorption maxima compared to
the free ligand for all the investigated metal ions and a new
metal-to-ligand charge-transfer (MLCT) band® in the visible
region upon addition of Fe*" (Supporting Information Figure
S$13). Supporting Information Figure S14 reports the emission
intensities upon excitation at 327 nm for a solution of 1 in the
presence of 3.5 equiv of the different metal ions. As expected,
no phosphorescence is recorded upon addition of Fe**, Co*",
Ni**, and Cu®* because of photoinduced energy/electron
transfer processes between the phosphorescent core and the
metal complexes at the periphery. Indeed, these metal ions
display low energy excited states and can be involved in
electron transfer processes. In the case of Ca®*, Zn**, and Cd**,
which are d° or d'° metal ions, energy and electron transfer
processes are not favored, so that the same phosphorescence
band observed for Mg** complexes is present with a lower
emission quantum yield.

Bl CONCLUSIONS

The phosphorescence of 1 can be switched on upon
complexation of appropriate divalent metal ions. Particularly
interesting results are obtained for Mg**; a supramolecular
polymer is formed, and it exhibits the highest emission
quantum yield (10%) among the investigated metal ions, with
microsecond-excited state lifetime in air-equilibrated THF
solution. It performs as a very efficient light-harvesting antenna.
The supramolecular polymer can be disassembled upon
addition of fluoride anions which sequester Mg** ions, yielding
a reversible switch off of the phosphorescence. This example
represents a new paradigm in luminescent sensors since the
emission signal is not directly related to the metal complex
property. To the contrary, it results from a self-assembled
supramolecular architecture, which slows down intramolecular
motions of the core chromophore of the multivalent ligand 1.
Those factors leading to a molecular rigidity provide a new
phosphorescence-based system with AIE activities and
phosphorescent supramolecular sensors for both cations and
anions, which is exceptional.

B ASSOCIATED CONTENT
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Detailed experimental procedures and additional figures. This
material is available free of charge via the Internet at http://
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B NOTE ADDED AFTER ASAP PUBLICATION

The first paragraph of the Results and Discussion section has
been corrected. The revised version was re-posted on April 30,
2014.
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