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Abstract

The synthesis, crystal structure and photophysical properties of the new compound
[Mny(ThiaSO,),F][K(18-crown-6)], ThiaSO, = p-tertbutylsulphonylcalix[4]arene, are presented and
compared to the ones of [Mny(ThiaSO;),F]K. The strong orange luminescence is attributed to the
Mn?* centred ‘T, — °A, transition. Its temperature and pressure dependence and quenching by
molecular dioxygen are reported. The latter is attributed to energy transfer from the *T, state
exciting dioxygen to its 12+g state. In the solid state, the quenching is much more efficient in
[Mny(ThiaSO;),F][K(18-crown-6)] than in [Mn4(ThiaSO,),F]K. This is attributed to the open pore

structure of the former allowing fast diffusion of dioxygen into the crystal lattice.

Introduction

The macrocycle p-tertbutylthiacalix[4]arene (ThiaS), a homologue of the calixarene family, consists
of phenol moieties linked by sulphur atoms. Its ease of accessibility and strong multichelating
power, arising from the proximity of the phenoxide groups to the bridging sulphur atoms, make this
ligand a popular choice in coordination chemistry. Consequently, since the first synthesis of this
molecule was described by the Myano group in 1997' (Scheme 1), a multitude of polynuclear metal
complexes have been isolated, reinforcing: (i) its structuring role in the creation of either high-
nuclearity isolable paramagnetic metal aggregates,” or the coordination-based molecular ‘building
bricks’ leading to nano-capsule formation by supramolecular assembly,3 and (ii) its electronic

: - o 3+ 3+ 4
properties, known as the antenna effect, for luminescence in ions such as Tb™" or even Eu™".

\/’JI\ I;‘l\/.//g//(
X~ X| X /,\

OH OH ¢y HO
X=8, S0 or SO,
Scheme 1 Representation of p-tertbutylthiacalix[4]arene (ThiaS with X = S), p-
tertbutylsulphoxylcalix[4]arene (ThiaSO with X = SO) and p-tertbutylsulphonylcalix[4]arene
(ThiaSO, with X = SO,).
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In previous work, we found that under solvothermal conditions p-tertbutylthiacalix[4]arene
and its sulphonyl and sulphoxide derivatives give rise to tetranuclear metallic complexes
comprising Mn”" ions. Differences in both the optical and structural properties were observed
between those complexes obtained with ThiaS and ThiaSO,2d and those obtained with ThiaSOz.Zk
For Thia$ and ThiaSO neutral complexes are attained, consisting of two macrocycles and four Mn**
ions in trigonal biprismatic geometry. In both of these cases, no specific luminescence properties
have been observed. For ThiaSO; a similar structure is obtained with the sole difference being the
presence of a pu4-OH™ group at the centre of the square formed by the four Mn”" ions, which display
capped trigonal biprism coordination geometry. This ps-OH™ results in a negative charge over the
aggregate, which is compensated by the presence of an alkali metal ion. In the solid state this ion
interlinks the aggregates by ways of coordination to the oxygen atoms of sulphonyl groups. This
family of clusters demonstrates an ambient temperature luminescence at a wavelength of
approximately 580 nm when excited by illumination of 360 nm. Replacing the ps-OH™ with ps-F
considerably increases the luminescence lifetime of this system.

The strong luminescence of the Mn®" ion arising from “T,(*G) state was put to use at the
start of the 20™ century in luminescent mineral materials using red or green phosphors (neon
discharge, fluorescent lamp).” Since then, intense spectroscopic studies have been carried out,
which shed light on the importance of the environment of the Mn®* ion as regards its luminescence
properties.” However, despite the development of coordination chemistry, few studies have shown
Mn(II) complexes presenting such properties at ambient temperature.” For this reason, we have
resolved to pursue further investigation on the [Mny(ThiaSO,),F]” system by spectroscopic analysis,
in both solution and the solid state. Moreover it has been shown that the conformation of the
macrocycle, as well as the presence of sulphonyl groups, significantly modifies the electronic

properties of the thiacalixarene family of complexes.8

Herein we report the preparation, crystal structures and photophysical behaviour of the new

compound [Mn4(ThiaSO,),F][K(18C6)] (2), 18C6 = 18-crown-6, and compare the latter to the one
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of [Mny(ThiaS0,),F]K (1). We thus will study: (i) the effect of removing the K'-sulphonyl

interaction, and (ii) the effect of the conformation of the macrocycle.

Results and discussion

Crystal structure

The compounds of the tetranuclear complex 1 and 2 were obtained as pale-yellow coloured
crystals with a relatively high yield by solvothermal reaction of MnCl,-4H,0O, p-tert-
butylsulphonylcalix[4]arene (ThiaSO,) and KF for 1 and by adding 18C6 for 2 in a 1/10 (v/v)
H,0/MeOH mixed solvents (total 11 ml) at 170°C during at least 2 days.

Compounds 1 and 2 are composed of squares of four manganese (II) ions sandwiched
between two ThiaSO, macrocycles as shown in Fig. 1 and 2. In the middle of the square formed by
the four manganese(Il) ions, the presence of py-F~ gives a negative charge to the cluster. The
electroneutrality of the complex is achieved by the presence of the K' cation, coordinated by
sulphonyl and methanol groups for 1 and coordinated by 18C6 and two methanol molecules for 2.
The originality of this type of aggregate, with a sevenfold [MnOgF] coordination polyhedron having

approximately C,, symmetry and a square planar relationship to the fluoride group (Scheme 2), has

already been discussed in a previous article.”* Both compounds crystallise in the Pl space group
(for details of the structure determination see experimental section and Supporting Information).”
For both, the centre of symmetry positioned on the fluoride group requires that the macrocycles, on
either side of the square formed by the manganese ions, are crystallographically equivalent. The
macrocycles of 1 and 2 are in a slightly distorted cone conformation: in 1 d(O12 — O33) / d(027 —

04) = 0.98 and in 2 d(04 — 019) / (012 — 030) = 0.98.
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Fig. 1 ORTEP'® diagram of 1 with thermal ellipsoids at 50% probability. Hydrogen atoms and zert-
butyl groups are omitted for clarity. Selected atom-atom distances [A]: Mn1-Mn3' 3.0972(7); Mn1-
F2 2.2018(5); F2-Mn3 2.1732(5); Mnl1-08 2.169(2) < Mn-O < Mnl-0O4 2.242(2). Symmetry
transformations used to generate equivalent atoms: ' (1-x, 1-y, 1-z); " (-14x, y, 2); ™ (-3-x, 1-y, 1-z);

V4%, y, 2); ¥ (2%, 1=y, 1-2).

Fig. 2 ORTEP'” diagram of 2 with thermal ellipsoids at 50% probability. Hydrogen atoms and tert-
butyl groups are omitted for clarity. Selected atom-atom distances [A]: Mn1-F2 2.2091(4); Mn3-F2
2.1924(5); Mnl1-Mn3 3.1057(7); Mn3-O15 2.177(2) < Mn-O < Mn3-0O19' 2.247(2). Symmetry
transformations used to generate equivalent atoms: i (-x+1, -y+1, -z+1); i (-x, -y, -z+1); i (-x+1, -y,

2+ Y (%, y-1, 2); Y (X, -y +, -z,
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Scheme 2 Representation of the sevenfold [MnOgF] coordination polyhedron having approximately
C,y symmetry.

The tetranuclear clusters in 1 are linked through the coordinated potassium ion and
sulphonyl group, making 1 a one dimensional network (Fig. 3a). The coordination of K by the
crown ether in 2 prevents interactions between the sulphonyl groups and the potassium ion. The
tetranuclear clusters in 2 stack upon each other along the c-axis of the network, forming columns
which are isolated from one another by the inclusion of [K18C6]" groups (Fig. 3b). The shortest
distance of the interaction between the K ion and the tetranuclear cluster in compound 1 is 2.72 A

(distance O15 — K60) whereas for compound 2 it is 5.54 A (distance O8 — K60).

Fig. 3 a) Projection of the crystal packing of compound 1 in the (a, ¢) plane, b) projection of the
crystal packing of compound 2 in the (a, b) plane.
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Photophysical characterisation

Absorption and luminescence in DMF solution: Fig. 4 shows the absorption, excitation and
emission spectra at room temperature in dimethylformamide (DMF) solution of
[Mny(ThiaSO,),F]K (1) and [Mn4(ThiaSO,),F][K(18C6)] (2) between 11000 and 38000 cm™ (265 -
910 nm). The absorption spectrum of 1 is identical to that of 2. The absorption bands observed are
mainly the signature of the ThiaSO, calixarene ligand. In the UV region there are two band maxima
vV and V__ at 28490 cm™ (351 nm) and 35300 cm™ (283 nm), respectively. These two bands

max1 max?2

can be attributed to 1 — w* transitions of the ThiaSO; ligand. The molar extinction coefficient of
the intense absorption band at 28490 cm™ is within experimental accuracy identical for the two

compounds with a value of gy,,x = 72000 M'em™,

Wavelength (nm)

800 700 600 500 400 300
I I I I I I

- 90x10

T

al

o
(I_ujot_w) 3

i\ +15000 M em® /£

Normalised Emission and Excitation

B e e e LI L (L e T T T T T

12000 16000 20000 24000 28000 32000 36000

Wavenumber (cm™)

\Fig. 4 Absorption (red and dark blue curves), excitation (red and blue dotted curves) and emission
(orange and light blue curves) spectra in DMF solution of [Mny(ThiaSO,),F]K 1 and
[Mny(ThiaSO;),F][K(18C6)] 2 at room temperature, ¢ = 1.5x10* M for 1 and ¢ = 1.2x10™* M for 2
for the absorption and emission spectra, and ¢ = 1.5x10° M for 1 and ¢ = 1.3x10° M for 2 for the

excitation spectra. The spectra of 2 are offset along the intensity/absorptivity axes for clarity.

The emission spectra of 1 and 2 in DMF (see Fig. 4) upon photoexcitation at 28570 cm™

(350 nm) show an intense and broad luminescence band between 12000 and 18000 cm™ (555 - 833
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nm) with a maximum v__ at 15010 cm™ (666 nm). As expected, in solution the influence of the

X

cation is negligible and no difference in the emission spectra between the two compounds has been
observed. The orange-red luminescence with a very large gap between the strong absorption at
28490 cm™, a lifetime of 35 ps and a quantum efficiency of 0.4% in non-deoxygenated solution at
298 K (compared to 1.08 ms and therefore around 15% in a deoxygenated solution) originates from
the lowest energy component of the 4Tl(tzg“egl) - 6Al(‘[z,;egz) d-d transition of the manganese(II)
jons in d’ high-spin configuration. As mentioned above, the crystal structure reveals a sevenfold
coordination sphere for the Mn(II) ions in a monocapped trigonal prism geometry and close to Cyy
symmetry, resulting is a large splitting of the *T; state of octahedral parentage (see below). In
essence, photoexcitation into the ligand centred 7-m* transition at 28570 cm™ is followed by fast
intersystem crossing and internal conversion, thus resulting in the orange-red metal-centred d-d
luminescence.

The above is further borne out be the excitation spectra of both compounds in DMF solution
included in Fig. 4, which were collected at the emission maximum of 15380 cm™ (650 nm) and at
very low concentrations of ¢ = 1.5x10° M in order to minimise saturation effects in the region of
the strong UV absorption bands. They are indeed perfectly superimposed to the absorption spectra

thus proving unambiguously that the emission is intrinsic to the complexes.

Solid-state emission and excitation spectra: The low temperature solid-state emission and
excitation spectra for the compounds 1 and 2 are displayed in Fig. 5. Upon excitation at 28570 cm™
(350 nm), 1 presents an intense broad and asymmetric emission band centred at 16600 cm’ (602
nm) with a full width at half maximum (FWHM) of approximately 1700 cm™. In contrast, 2 shows
an intense symmetric emission band at 15660 cm™ (639 nm) and a FWHM of about 2000 cm.
Thus there is a redshift of the luminescence band maximum by around 950 cm™ and an increase by

about 18% of the FWHM between compounds 1 and 2. As in solution, the orange-red luminescence

band originates from the *T; — ®A, transition of the Mn(II) in d° high-spin configuration.
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Fig. 5 Solid-state emission spectra (solid curves) at 7.5 K upon photoexcitation at 28570 cm™ (350
nm) and excitation spectra at 8 K (dotted curves) of [Mny(ThiaSO,),F]K 1 (blue) and
[Mny(ThiaSO,),F][K(18C6)] 2 (red).

The solid-state excitation spectra at 8§ K for both compounds are included in Fig. 5. In the
UV region of the strong ligand-centred m-n* absorption bands they are saturated. However, they

show a broad and structured band with two maxima Vv and v__, localised at approximately

max|1
19200 cm™ (521 nm) and 20800 cm’ (481 nm), respectively, and an indication of a shoulder on the
high-energy side. These can be attributed to the split components of the d-d °A; — *T transition of

the manganese(Il) ion, as in Cy, the excited *T, state is split into three energy level in first order.

Temperature-dependence of the Mn”" luminescence: The luminescence of 1 and 2 in the solid state
between 7.5 K and room temperature and in vacuum on excitation at 28570 cm™ (350 nm) is shown
in Fig. 6. The luminescence intensity of 1 decreases only slightly as temperature increases up to just
below room temperature and then drops more rapidly to 70% of its low-temperature value, as
shown in Fig. 7. At the same time the FWHM increases by 29%, that is, from 1700 to 2200 cm'l,

whereas the band maximum v__ is stable between 7.5 and 100 K with a value of 16600 cm’, and

shifts to slightly higher energies above 100 K.
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Wavelength (nm)

500

Luminescence Intensity (a. u.)

13000 14000 15000 16000 17000 18000 19000 20000

Wavenumber (cm’1)
Fig. 6 Solid-state emission spectra of [Mny(ThiaSO,),F]K 1 (a) and [Mn4(ThiaSO,),F][K(18C6)] 2
(b) between 7.5 and 300 K upon photoexcitation at 28570 cm™ (350 nm).

For 2 the luminescence shows the same temperature dependence as for 1 with a somewhat
smaller decrease to 88% between 7.5 and 300 K. The variation of the FWHM is slightly larger for 2
than for 1, with an increase by approximately 39% from 2000 cm™ to 2780 cm™ in the same
temperature range, and a slight redshift from 15660 to 15630 cm™ between 7.5 and 25 K followed
by a blueshift to 16090 cm’ is observed for 2. At a given temperature, the FWHM for 2 is larger
than for 1.

Fig. 7b includes the luminescence lifetimes for 1 and 2 between 3 K and 300 K under pulsed
photoexcitation at 28170 cm™ (355 nm). Decay curves are close to single exponential except for a
small deviation at short times. At 3 K the lifetimes calculated by the Igor fitting software'' are 2.12
ms for 1 and 2.31 ms for 2, respectively. They increase between 3 K and 75 K for 1 with a
maximum value of 2.41 ms and between 3 K and 100 K for 2 with a maximum value of 2.48 ms.
Then, the lifetime values decrease gradually up to room temperature reaching 1.65 ms and 2.00 ms

for 1 and 2, respectively. The luminescence quantum yield for 1 in the solid state at room
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temperature is around 50%. Together with the above luminescence lifetime this gives a radiative

lifetime of around 3 ms, which is typical for spin-forbidden d-d transitions.

17200 - = 3000
JLuminescence V., a)t
17000 o [Mn,(ThiaSO,),F]K o
] . s
16800 U [Mn,(ThiaSO,),F][K(18C6)] m i
16600 E ©o0 0o o o O O =N g o o © 9-2500
1 . i !
< 164004 . i s
e ] ] o ©® o I
£ 16200 . " o * - =
3 LE ° o~ 2000 ©
1=£ 16000 o« o ° 52t 3.
] o ® O - ~
15800 ® =) |
1m o g O o oo ® L
15600 E Luminescenc_e FWHM ~ 1500
15400 ® [Mn,(ThiaSO,),FIK r
] B [Mn,(ThiaSO,),F][K(18C6)] [
2_8_@|D| LI L L L L L L I L L L Y B B |t|)|__l_0
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2.6 © o © 2 2
] o F0.8 3
n B g g E 8
24 m W @ u of o
° ® o ] E 3
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é 2.2 ° E_ %
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2.04 O [Mn,(ThiaS0,),FIK o s 04 2
4 O [Mny(ThiaSO,),F][K(18C6)] 3
1.8 3
8 Luminescence Lifetime 0292
) ® [Mn,(ThiaSO,),FIK ° @
1.6+ B [Mn,(ThiaSO,),F][K(18C6)] £
T rrrrr7rTTT I rrrrT17TrrTT I rrrrr7rTTT I 0.0
0 100 200 300

Temperature (K)
Fig. 7 a) The energy band maxima v___ (left axis) and FWHM (right axis) upon photoexcitation at

28570 cm™ (350 nm) of 1 (circles) and 2 (squares). b) Luminescence lifetimes (left axis) and
integrated luminescence intensities (right axis) of 1 (circles) and 2 (squares) as function of
temperature. The luminescence lifetimes and intensities are obtained upon photoexcitation at 28170
cm™ (355 nm, pulsed laser) and 28570 cm™ (350 nm, continuous laser), respectively.

O, pressure-dependence of the Mn®" luminescence—quenching in the solid state: As mentioned
above, in solution the presence of oxygen quenches the Mn®" luminescence considerably, such that
in a deoxygenated solution at room temperarature the luminescence quantum efficiency is around

15% whereas under atmospheric conditions it is only 0.4%. What about the influence of O, on the

solid-state luminescence? Fig. 8 shows the luminescence spectra of 1 and 2 at 298 K as a function
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of the air pressure between 0.1 and 1010 mbar. The behaviour observed is reversible and

reproducible. The luminescence intensities increase and decrease within a few seconds by removing

from or introducing the O, into the sample compartment.

Wavelength (nm)

900 800 700 600 500 400
] 1 1 1 1 1
a) 0.2 mbar P

500 mbar @ 08 T

Amb. Pres. g5
= Q

820.5—

S A

8 £0.41

»o ]
SRS

£ 0.2

E |

= 0.0 T T T

01 1 10 100 1000
Pressure (mbar)

b) 0.1 mbar

Luminescence Intensity (a. u.)

, 2 1.0 = = -
3mbar % _ 0.8 "u
f E8 1 -
‘ © 20.6- -
10 mbar f 28 A -
8 £0.4- -
a2 1 L™
202 -
E ]
\~ 007 T T T

0.1 1 10 100 1000
Pressure (mbar)

12000 14000 16000 18000 20000 22000 24000 26000
-1
Wavenumber (cm )

Fig. 8 Solid-state emission spectra of [Mn4(ThiaSO,),F]K 1 (a) and [Mn4(ThiaSO,),F][K(18C6)] 2
(b) at variable molecular oxygen pressure and upon photoexcitation at 24690 cm™ (405 nm). The
normalised luminescence intensities are plotted in the top and bottom insets for 1 and 2,
respectively.

For 1, the luminescence intensity decreases only by approximately 15% between 0.1 and
1010 mbar. For 2, the intensity decreases quite rapidly to less than 5% of its initial value. The
difference in behaviour between the two compounds must be due to the structural differences. In 1,
the K' cations bridge the [Mny(ThiaSO,),F] entities leading to compact structure limiting the
diffusion of the dioxygen into the lattice. In contrast, for 2 the isolated [K(18C6)]" cations create a

porous structure with empty spaces between the [Mn4(ThiaSO,),F] entities connected only by weak

ionic interactions. The dioxygen can be removed or introduced more easily into the structure.
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The most probable mechanism for the quenching of the spin-forbidden Mn*" centred ‘T, -
%A, luminescence is given by a spin-conserving energy transfer process from the excited complex to
0O, thereby exciting O, from its > 2, ground state to the excited 12+g state.'?

For comparison to the solid state, the O, pressure-dependence of the luminescence
behaviour was studied for the two compounds in DMF solution where the [Mny(ThiaSO,),F]
tetranuclear complex is considered as totally isolated. The luminescence spectra of solutions of 1
and 2 after different times (0 — 900 s) of de-oxygenation by N, bubbling were recorded (see Fig. S1
and S2 in Supporting Information). The reversibility was checked as function of time (0 — 3600 s)
of re-oxygenation of the N, saturated solution by exposing them to air (see Fig. S3 and S4 in
Supporting Information). As for the solids, the luminescence behaviour is reversible, with an
increase and a decrease of the luminescence intensities by bubbling N, (removal O,) and by re-
oxygenation (exposing to air), respectively. The maximum luminescence intensities are observed

after approximately 120 s of N, bubbling (see Fig. S5 in Supporting Information).

Pressure-dependence of the Mn*" luminescence: Fig. 9a and 9b show the luminescence spectra of 1
and 2, respectively, between ambient pressure and 10 GPa at room temperature. In addition to the
broad band due the Mn®" luminescence, all show a series of sharp bands corresponding to
BaFCl:Sm®" f-f luminescence introduced into diamond anvil cell (DAC) as in situ pressure sensor.”

For 1 the luminescence intensity increases by approximately 10% between ambient pressure
and 0.3 GPa, then it decreases gradually and becomes very weak at a pressure of 9.6 GPa. At the
same time the luminescence band maximum shifts linearly to lower energies by -230 cm™/GPa (Fig.
10a). For 2, the behaviour at variable pressure is very similar to 1, except that the initial increase in
intensity up to a pressure of 0.4 GPa is much larger. The luminescence band maximum is stable up
to this pressure, above that pressure it likewise shifts to the red by -190 cm™/GPa, that is, close to

the value obtained for compound 1 (Fig. 10a). Such a redshift is expected for the spin-forbidden

4T1(1:2g4egl) — 6Al(t2g3eg2) d-d transition. The formal transfer of an electron from a non-bonding t,,
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orbital to an anti-bonding e, orbital results in an expansion of the coordination sphere during the
emission process. Thus external pressure destabilises the ground state with respect to the first
excited state by a work term of the form pAV.'* The shift of around -200 cm™/GPa corresponds to
AV = 5 A’/complex. This is in line with ligand-field theoretical considerations. As pressure
increases, the Mn-O bond is slightly compressed and therefore the ligand-field strength increases.
According to the Tanabe-Sugano diagram15 for d° this results in a decrease of the energy of the T,

state with respect to the A, ground state.

Wavelength (nm)
1000900 800 700 600 500
1 1 1 1 I
a)

0.3 GPa

0.7 GPa

2+
BaFCl: Sm /
7

b)

Luminescence Intensity (a. u.)

10000 12000 14000 16000 18000 20000 22000 24000

Wavenumber (cmrl)
Fig. 9 Solid-state emission spectra of [Mny(ThiaSO,),F]K 1 (a) and [Mn4(ThiaSO,),F][K(18C6)] 2
(b) between ambient pressure and 10 GPa upon photoexcitation at 24690 cm™ (405 nm) at 298 K.
The pressure in the DAC has been determined by following the shift of the >Dy — "F, emission

band of the samarium(II) ion in BaFCl:Sm*" compound (room temperature rate of -21 cm'/GPa)."?

The luminescence lifetimes between ambient pressure and 10 GPa and are plotted in Fig.
10b. For 1, the lifetime at ambient pressure in the DAC is 1.71 ms. This value is in line with the

values of 1.65 and 1.68 ms determined for 1 in the presence and absence of atmospheric O,
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respectively. As pressure increases, the lifetime decreases continously from 1.71 ms to 0.55 ms.

Concommitantly, the luminescence intensity decreases likewise with increasing pressure.
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Fig. 10 a) The energy band maxima V__ upon photoexcitation at 24690 cm™ (405 nm) of 1

(circles) and 2 (squares). b) Luminescence lifetimes (left axis) and integrated luminescence
intensities (right axis) of 1 (circles) and 2 (squares) as function of pressure. The luminescence
lifetimes and intensities at 298 K were obtained upon photoexcitation at 28170 cm™ (355 nm,
pulsed laser) and 24690 cm™ (405 nm, continuous laser) respectively.

For 2, the luminescence lifetime of 0.57 ms at ambient pressure in the DAC is lower than the
lifetime of 2.00 ms measured at room temperature and ambient pressure in a helium gas medium.
Indeed, the value of 0.57 ms for the luminescence lifetime in the DAC is close to the value of 0.53
ms in the solid state under atmospheric pressure, thus indicating that oxygen also quenches the

luminescence in the sample prepared in the DAC. The luminescence lifetime for 2 then first

increases from 0.57 ms at ambient pressure to 1.45 ms at 0.4 GPa, then it gradually decreases at
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higher pressure to 0.59 ms at 9.6 GPa, that is, above 0.4 GPa it shows the same behaviour as for
compound 1. Likewise the luminescence intensity increases up to 0.4 GPa and the decreases
concomitantly with the lifetime. The strong increase of the luminescence lifetime and intensity
between ambient pressure and 0.4 GPa is unusual. The only possible reason to explain this
behaviour is that the O, that has diffused into the lattice at ambient pressure is almost quantitatively
expelled from lattice upon application of a comparatively low pressure, thus reducing the quenching
of the Mn*".

The decrease in luminescence lifetime and intensity with increasing pressure for 1 right from
the beginning and for 2 for pressures above 0.4 GPa indicates a gradual decrease in luminescence
quantum efficiency. Such a decrease is expected based on the energy gap law'® which states that the
non-radiative decay rate constant increases exponentially with a decreasing zero-point energy
difference. Quantitatively, according to the decrease in lifetime the quantum efficiency should
decrease from the maximum value of 50% at ambient pressure and room temperature to around
15% at 10 GPa. However, the actual luminescence intensity at 10 GPa is less than 5% of its
maximum value. The reason for this apparent discrepancy is not entirely clear. It seems to indicate
that concomitantly with the increase in the non-radiative decay rate constant the radiative lifetime
increases. This could be related to the fact that the lowest excited state of Mn®" consists of a
multiplet with components in thermal equilibrium having different radiative lifetimes and
luminescence quantum efficiencies. Pressure would then not only shift the energy of this multiplet
with respect to the ground state, but also influence the multiplet splittings and thus the observed

lifetime and luminescence quantum efficiencies differently.

Conclusions
Thiacalixarene complexes have been studied since the late 1990’s for their magnetic, electronic and
optical properties, with various potential applications such as molecular recognition, catalysis, self-

assembly, and nanomedicine.'” The new calixarene compound, [Mn(ThiaSO,),F][K(18C6)] has
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been characterised by single crystal X-ray diffraction. The structural studies reveal a structure very
similar to that of [Mn4(ThiaSO,),F]K, with a square of four manganese(Il) ions sandwiched
between two ThiaSO, macrocycles. The main difference between the two structures lies in the
connection of the tetranuclear clusters in the form of a one dimensional network of the clusters for 1
by K" coordination, and to isolated clusters by the inclusion of [K18C6]" for 2. In both clusters, the
manganese C,, symmetry and the ps-F square planar geometry are rare examples in the literature.
Both compounds present an intense and broad luminescence band originating from the 4T1(t2g4egl)
- 6Al(tz;egz) d-d transition of the manganese(Il) ions. This luminescence has been studied at
variable temperature and ambient pressure as well as at variable pressure at room temperature. The
presence of oxygen in solution and in the solid state quenches the Mn®" luminescence by energy
transfer from the excited complex to O, thereby exciting O, from its 3 2, ground state to the excited
12+g state. The quenching is more efficient for the [K(18C6)]" containing compound with its open
structure, which facilitates O, diffusion into the lattice. This is the first compound of a calixarene
complex showing such a strong O, pressure dependence in the solid state. Interestingly, a
comparatively low hydrostatic pressure squeezes out the O,, thus restoring the luminescence

intensity.

Experimental

All chemicals and solvents were used as received (solvents: Carlo Erba RPE; chemicals: Aldrich);
all preparations and manipulations were performed under aerobic conditions. The ligands, p-tert-
butylthiacalix[4]Jarene  (ThiaS)'*'®,  p-tert-butylsulphonylcalix-[4Jarene  (ThiaS0,)**'*  and
compound 1% were synthesised by the published procedures. FT-IR spectra were recorded on a
Nicolet 380 spectrometer. Mass spectra were performed on a MicroTOF-QII Bruker mass
spectrometer (ESI Source).

Synthesis of [Mny(ThiaSO,),(F)][K(18C6)]*2CH3;0H (2). Compound 2 was obtained in the form

of pale-yellow coloured crystals from the reaction mixture of p-tertbutylsulphonylcalix[4]arene
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(ThiaSO3) (0.05 g, 0.059 mmol) with MnCl,.4H,0 (0.05 g, 0.252 mmol), KF (0.02 g, 0.357 mmol),
18-crown-6 (0.02g, 0.075 mmol), methanol (10 mL) and water (1 ml) in a 23 mL Teflon-lined
autoclave under an autogenous pressure at 170°C for 3 days. The crystals were isolated upon
filtration and were washed with methanol. Yield: 60%. IR (cm™) MS ESI (negative mode):
[(Mny(ThiaSO,;),F)] calculated: 1927m/z, found: 1927,03m/z.

Single Crystal X-Ray Diffraction XRD. Suitable crystals were selected and mounted on a Gemini
kappa-geometry diffractometer (Agilent Technologies UK Ltd) equipped with an Atlas CCD
detector and using Mo radiation (A= 0.71073 A). Intensities were collected at 100 K by means of the
CrysalisPro software.”” Reflection indexing, unit-cell parameters refinement, Lorentz- polarisation
correction, peak integration and background determination were carried out with the CrysalisPro
software.”’ An analytical absorption correction was applied using the modeled faces of the crystal.?!
The structures were solved by direct methods with SIR97 and the least-square refinement on F2 was
achieved with the CRYSTALIS software.** All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were all located in a difference map, but those attached to carbon atoms were
repositioned geometrically. The H atoms were initially refined with soft restraints on the bond
lengths and angles to regularise their geometry (C-H in the range 0.93 - 0.98 A, N-H in the range
0.86 - 0.89 A and O-H = 0.82 A, and Uiso(H) in the range 1.2 - 1.5 times Ueq of the parent atom),
after which the positions were refined with riding constraints. For the experimental details see
supporting information. CCDC-1050380 contain the supplementary crystallographic data for this
paper. These may be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Spectroscopic Measurements. Electronic absorption spectra in the UV-Vis were recorded at 293 K
from solutions in dimethylformamide (DMF) with a double beam absorption spectrometer (Agilent,
Cary 5000) and a commercial fluorimeter (Jobin Yvon Horiba FL3-22, Fluorolog®-3) equipped
with a peltier-cooled photomultiplier (Hamamatsu R2658P, sensitivity: 185 — 1010 nm) using

quartz cells of 0.2 cm and 1 cm path length, for the absorption, and excitation-emission spectra,
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respectively. Powder samples were mounted directly onto copper plates using conductive silver glue
and cooled in an optical closed-cycle cryostat capable of reaching temperatures down to 3 K in a
helium atmosphere (Sumitono SHI-950/Janis Research CCS-500/204). The emission spectra at
variable temperature (7.5 — 293 K) were measured on the Fluorolog®-3 spectrometer. High
resolution emission spectra were recorded upon excitation with 405 and 473 nm diode lasers or with
a Nd:YAG laser (Quantel Brillant B) using the third harmonic at 355 nm. The emitted light was
analysed at 90° with a Spex 270M monochromator with holographic gratings (150 grooves/mm,
blazed at 600). Light intensity was detected by a photomultiplier (Hamamatsu R928) or CCD
camera. Appropriate filters were utilised to remove the laser light, the Rayleigh scattered light and
associated harmonics from the emission spectra. The emission spectra were corrected for the
instrumental response function. Luminescent lifetimes were measured using the excitation provided
by a the third harmonic of the Nd:YAG. The output signal of the photomultiplier was fed into a
multichannel scaler (Stanford Research SR-400) and transferred to a PC for data analysis. Lifetimes
were averages of 3 independent determinations. The spectra were displayed as photons versus
energy (cm™) on the bottom axis and versus wavelength (nm) on the top axis. Luminescence spectra
under high pressure were recorded using a diamond anvil cell (MiniDAC of D’Anvils Ltd.), which
could also be inserted into the closed cycle cryostat. Pressure was calibrated by using the >Dy — 'F,
luminescence of Sm*" doped BaFCl with a shift rate of -21 cm™GPa™ as internal pressure sensor."”
The air pressure-dependent solid-state luminescence spectra have been realised in a cryostat
equipped with a primary pump and an APGI100 active Pirani vacuum gauge (Edwards). The
degassed solutions were realised in a 1 cm corked cuvette with a Schlenk line equipped with a small
Teflon-PTFE tube provided of a medical needle, and a N, bottle. The re-oxygenation of the solution
were realised by removing the plug from the cuvette and leaving it open to ambient air. Spectra
were recorded on the Fluorolog®-3 spectrometer with different times of N, bubbling (0 — 900

seconds) and O, re-oxygenation (0 — 60 minutes).
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