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Introduction

Enhanced stability and complex phase behaviour
of organic—inorganic green-emitting ionic
manganese halidest

Brando Adranno,? Veronica Paterlini,® Volodymyr Smetana, ab

Guillaume Bousrez, )@ Alexander Ovchinnikov €22 and
Anja-Verena Mudring (2 ¥

Light-emitting materials based on earth-abundant metals, such as manganese hold great promise as
emitters for organic lighting devices. In order to apply such emitter materials and, in particular, to over-
come the problem of self-quenching due to cross-relaxation, we investigated a series of tetrabromido-
manganate ([MnBryJ?7) salts with bulky tetraalkylphosphonium counter cations [Pp.l*, namely
[Pannnl2lMnBry] (n = 4 (1), 6 (2) and 8 (3)), which can be obtained by a straightforward reaction of the
respective phosphonium bromide and MnBr,. Variation of the cation size allows control of the properties
of the resulting ionic materials. 1 and 3 qualify as ionic liquids (ILs), where 1 features a melting point of
68 °C, and 3 is liquid at room temperature and even at very low temperatures. Furthermore, 1 and 2 show
the formation of higher-ordered thermotropic mesophases. For 1 a transition to a thermodynamically
metastable smectic liquid crystalline phase can be observed at room temperature upon reheating from
the metastable glassy state; 2 appears to form a plastic crystalline phase at ~63 °C, which persists up to
the melting point of 235 °C. The photoemission is greatly affected by phase behaviour and ion dynamics.
A photoluminescence quantum yield of 61% could be achieved, by balancing the increase in Mn>*-Mn2*
separation and reducing self-quenching through increasingly large organic cations which leads to adverse
increased vibrational quenching. Compared to analogous ammonium compounds, which have been pro-
moted as’inorganic hybrid perovskite$, the phosphonium salts show superior performance, with respect
to photoluminescent quantum yield and thermal and air/humidity stability. As the presented compounds
are not sensitive to the atmosphere, in particular moisture, and show strong visible electroluminescence
in the green region of light, they are important emitter materials for use in organic light-emitting devices.

Despite differences in their working mechanisms and struc-
ture, both types of devices often utilise hybrid organic-in-

In the last decades, the field of lighting technology has seen
an increasingly high number of studies aimed at the design of
efficient and sustainable materials and devices. More specifi-
cally, extremely promising results have been obtained from
organic lighting devices, such as organic light-emitting diodes
(OLEDs) and light-emitting electrochemical cells (LECs).>*
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organic or organic materials as light emitters. The most
efficient emitting materials for organic lighting are usually
based on compounds containing noble metals, particularly
iridium(m), platinum(u), and ruthenium(u),>*™* with high
efficiency resulting from the triplet harvesting effect.”® These
materials allow emission from a triplet excited state, which is
further enhanced by relativistic effects.'* Since the electroche-
mically generated excitons are distributed between the singlet
and triplet states in a 1: 3 ratio, respectively, due to spin stat-
istics, the utilisation of triplet phosphorescent emitters offers
higher performance as compared to conventional devices
employing fluorescent emitters.'”'® However, the majority of
these materials have demonstrated limited stability and a
short lifetime, especially for the emission of blue and green
light. Although some progress has been made to overcome
these issues,'”'"'” the heavy metals generally utilised have a
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low natural abundance and high costs, which further limit
their practical application. This has motivated us to investigate
the luminescent properties of materials based on more earth-
abundant metals.

In this respect, manganese() complexes have been one
class of materials that have received vast attention due to their
wide array of luminescent properties (i.e. triboluminescence,
electroluminescence, photoluminescence, and temperature
dependency) which have been extensively studied.>*”>* The
luminescence of these complexes with 3d® valence configur-
ation is ruled by the d-d transition between the quartet excited
state, “Ty, and the sextet ground state, °A,. Due to the spin-for-
bidden nature of the transition, it can only be achieved as a
result of spin-orbit coupling. Therefore, luminescence is con-
siderably influenced by the symmetry of the coordination
environment.***” Furthermore, the energies of the electronic
states are affected by the ligand field strength.>' For these
reasons, the choice of the ligands and the counterions (if
present) is crucial to achieving specific emission wavelengths
and luminescence efficiency. Non-centrosymmetric, tetra-
hedral complexes typically provide green emission (weak
ligand field), while centrosymmetric, octahedral ones produce
red emission (strong ligand field). Emitting Mn(u) complexes
can be both neutral or ionic, depending on the nature of the
ligands. The most commonly studied ions with tetrahedrally co-
ordinated Mn(u) are [MnX,]* anions, where X is a halogen.
These anions are usually charge-balanced by organic cations,
acting as bulky spacers that prevent the self-quenching of neigh-
bouring Mn(u) complexes. The correlation between the proxi-
mity of manganese centres and the photoluminescence
quantum yield (PLQY) has been recently reported by Mao and
collaborators,*® who demonstrated that a long average Mn-Mn
distance (>9 A) promotes luminescence. Long distances between
the Mn(II) cations reduce the chance of energy transfer in
hybrid organic-inorganic materials, increasing the chance of
emission. A representative example is bis(tetraphenylphospho-
nium) tetrabromidomanganate(u) ([PPh,],[MnBr,]), where the
minimum Mn-Mn distance is found to be 10.45(1) A.*° In this
compound, the anion [MnBr,]*~ is surrounded by an extremely
rigid environment created by the phenyl rings of the phos-
phonium cations, which keep the Mn(u) centres apart. This
compound has additionally been proved feasible for application
in light-emitting devices displaying an external quantum
efficiency of up to 9.6%.%>*° Several ionic manganese-based
emitters containing phosphonium cations as counterions func-
tionalised by at least one aromatic ring are known.*®?'*!
However, to the best of our knowledge, no such light-emitting
compounds have been reported based on tetraalkylphospho-
nium cations, except the brief results presented by Howard and
Sundheim in 1969,"” where the persistent green luminescence
in the molten state of bis(tetrabutylammonium) and bis(tetra-
butylphosphonium) tetrabromidomanganate was described. In
the period between that study and today, the research on Mn(n)
emitters based on tetraalkylammonium cations led to several
materials, which have also seen application in electrochemical
luminescent devices.*¢??*32 Nonetheless, these were always
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characterised by short organic chains with up to four carbon
atoms.

Taking advantage of our expertise in ionic liquids (ILs), we
saw the lacunae in the tetraalkylphosphonium-based materials
and the small range of explored organic chains as an opportu-
nity to design green-emitting ionic materials with specific
thermal properties. It is known that the length of the alkyl
chains attached to the cationic or anionic units of an IL has a
tremendous effect on the thermal behaviour of the final
material. The formation of mesophases, glass transitions, and
melting points are some of the easily tuneable properties of
the phosphonium-based ILs.>* Additionally, these are normally
characterised by a higher thermal and chemical stability com-
pared to the N-based ILs (i.e., with imidazolium, ammonium,
or pyridinium cations);** additionally, they have been success-
fully applied as electrolytes in lithium batteries and solar
cells.> Therefore, it is of undoubted interest to investigate the
potential of Mn(u) emitters integrating tetraalkylphosphonium
cations. In such compounds, the alkyl chains may keep the
emitting centres apart to ensure efficient emission, while the
IL character of the final material could allow the use of simple
solvent-free techniques for layer deposition in light-emitting
devices.>®

In this contribution, we synthesised and characterised a
series of three bis(tetraalkylphosphonium) tetrabromidoman-
ganates [Pynnn],[MnBr,] (n = 4, 6, 8). Our purpose was to find
the right balance between photophysical and thermal pro-
perties in order to tailor these materials for possible appli-
cations as emitting layers in electrochemical devices.

Experimental

Synthesis of bis(tetrabutylphosphonium)
tetrabromidomanganate [P,444],[MnBr,] (1), bis(tetrahexyl-
phosphonium) tetrabromidomanganate [Pgg6][MnBr,] (2),
and bis(tetraoctylphosphonium) tetrabromidomanganate
[Pssss].[MnBr,] (3)

All reagents and solvents were purchased from Sigma Aldrich
(Steinheim, Germany) and used without further purification.
Phosphonium bromides were prepared following a procedure
adapted from a previously reported one.>” The respective phos-
phonium bromide (10 mmol, 2 eq.) was dissolved in acetonitrile
(50 mL). Manganese(u) bromide (5 mmol, 1 eq.) was then added
while stirring to yield a light yellow solution. After stirring over-
night, the solvent was removed under reduced pressure to give a
light yellow-green solid (1 and 2) or a dark yellow-orange viscous
liquid (3). The materials were subsequently washed with ethyl
acetate and dried under vacuum. All materials were produced in
quantitative yield based on the final weight of the products.

[Paga4]-[MnBr,] (1), light yellow-green solid. ESI TOF: m/z
(negative mode, [MnBr,*”) 188.0445 (calculated m/z =
187.3042).

FTIR: vmax (cm™') = 3492, 2957, 2928, 2870, 2731, 1637,
1463, 1407, 1379, 1346, 1314, 1285, 1228, 1192, 1122, 1098,
1053, 1005, 967, 918, 812, 789, 752, 717, 504, 454, 432, 400.

This journal is © The Royal Society of Chemistry 2023
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[Pss6s]2[MnBr,] (2), light yellow-green solid. ESI TOF: m/z
(negative mode, [MnBry*”) 188.0445 (calculated m/z =
187.3042).

FTIR: vmay (cm™') = 2955, 2925, 2858, 1457, 1408, 1378,
1317, 1301, 1265, 1247, 1213, 1175, 1110, 1044, 991, 891, 859,
807, 716, 586, 543, 509, 481, 469, 456, 435, 412.

[Pgsss]o[MnBr,] (2), dark orange-yellow oil. ESI TOF: m/z
(negative mode, [MnBry*”) 188.0445 (calculated m/z =
187.3042).

FTIR: vmay (cm™') = 2955, 2923, 2854, 1635, 1458, 1408,
1377, 1303, 1264, 1241, 1200, 1166, 1115, 1032, 938, 851, 808,
768, 720, 515, 435, 400.

Thermogravimetric analysis (TGA) confirmed that anhy-
drous compounds had been obtained. The materials were kept
in vials in air, and Karl Fischer titration showed only minimal
water uptake over a few months (Table S17).

Instrumentation
Infrared spectroscopy

IR spectra were collected with a Bruker Alpha-P ATR-spectro-
meter (Karlsruhe, Germany) in an attenuated total reflection
configuration. Data processing was carried out with the
program, OPUS (Bruker, Karlsruhe, Germany).

Raman spectroscopy

Room temperature Raman spectra ranging from 100 to
4000 cm™" were recorded with a Horiba LabRAM HR system
(Horiba, Japan) using a red LASER (4 = 785 nm), a CCD detec-
tor, and a Si standard (520.5 cm ™" line) for calibration.

Karl-fischer titration

Coulometric Karl Fischer titration measurements were carried
out with a C10S KF Coulometer (Mettler Toledo, Sweden).

Single crystal X-ray diffraction

Attempts to grow crystals of 1 and 2 suitable for SCXRD via iso-
thermal evaporation of acetonitrile, ethanol, and methanol
solutions under ambient conditions were not successful.
Therefore, different crystal growth strategies were undertaken.

Crystals of 1 were obtained by first melting the sample in
air and then blast-freezing the obtained liquid at —20 °C. For
SCXRD data collection, crystals were gathered on a fibre glass
holder at —80 °C and then placed in the diffractometer pre-set
at —173 °C.

Single-crystal X-ray diffraction data of 1 were recorded at
100 K and room temperature using a Bruker D8 Venture diffr-
actometer (Mo Ka, 4 = 0.7107 A). Data reduction was per-
formed with the program package, X-Red or SAINT, and
absorption corrections were carried out with the programs,
X-Shape or SADABS. Crystal structure determination was
carried out using SHELXT"® within Olex2.>® Refinement was
performed with SHELXL.®° Hydrogen atoms were added
according to the riding atom model. The programs,

This journal is © The Royal Society of Chemistry 2023
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Diamond®" and Mercury,®” were used to illustrate the resulting
structure.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data of 1 and the LTS of 2
were recorded at ambient temperature on a PANalytical X'pert
PRO diffractometer (Malvern Panalytical, Malvern, UK), operat-
ing using Cu Kol radiation (4 = 1.5406 A). The PXRD data at
50 °C were collected on a Bruker Phaser D2 diffractometer
(Bruker AXS, Karlsruhe, Germany) equipped with Cu Ka radi-
ation (1 = 1.5418 A). The data collection was conducted in
reflection mode from 5° to 70°26 with a rate of 0.55 sec/step.
The predicted PXRD diffractogram of 1 was calculated based
on the model refined from the single-crystal X-ray diffraction
data using the program Mercury.®?

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed with a TG
449 F3 Jupiter (Netzsch, Selb, Germany) using aluminium
oxide crucibles at a heating rate of 10 °C min™" with argon as a
purge gas. The given temperatures correspond to the 5% onset
of the respective thermal process.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed with a
computer-controlled Mettler Toledo thermal analyzer
(Sweden). The experiments were carried out using a heating
rate of 1 °C min~" in a sealed aluminium crucible with a nitro-
gen flow rate of 50 mL min~'. The samples were placed in
small aluminium containers, which were cold-sealed and
punctured. Given temperatures correspond to the peak of the
respective thermal process.

Polarised optical microscopy

Optical analyses were conducted by heated-stage polarised
optical microscopy (POM) with an Axio Imager A1 microscope
(Carl Zeiss Microlmaging GmbH, Goéttingen, Germany)
equipped with a hot stage, THMS600 (Linkam Scientific
Instruments Ltd, Surrey, UK), and Linkam TMS 94 temperature
controller. Images were recorded at a magnification of 50x as a
video with a digital camera. Heating and cooling rates were
1°C min~".

UV-Vis absorption spectroscopy

The UV-Vis absorption spectra were recorded using an Agilent
Technologies Cary 5000 UV-Vis-NIR spectrophotometer
equipped with an Agilent Praying Mantis diffuse reflectance
accessory (Agilent Technologies, Kista, Sweden). A Spectralon®
disk was used as the reference material for the measurements
on powders of 1 and 2. The absorbance of 3 was recorded by
spreading the viscous liquid on the internal surface of a
cuvette, and the air was used as the reference.

Optical spectroscopy

Steady-state fluorescence excitation, emission spectra, and
fluorescence decays were recorded on a HORIBA Jobin Yvon
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FluoroLog-3 modular spectrofluorometer with an R928P PMT
detector (Horiba France, Longjumeau, France), a double exci-
tation monochromator and a single emission monochromator.
A 450 W xenon continuous lamp was used for the steady-state
measurements, whereas a pulsed Xe lamp was used for life-
time measurements. Quantum Yields (QYs) were determined
with an integrating sphere using BaSO, as a reference.

Cyclic voltammetry

Cyclic voltammetry analysis was conducted on a Gamry
Instrument Interface 1010 potentiostat (Warminster,
Pennsylvania, United States) using a three-electrode method.
Glassy carbon (d = 3 mm) was used as a working electrode, Pt
coil as a counter electrode, and a capillary with septum con-
taining an Ag rod that was submerged into a solution of 0.1 M
LiTf,N in N,-saturated acetonitrile were used as a reference
electrode. Multiple scans were conducted at 100 mV s~ ' on a
107% M solution of [Py44],[MnBr,] (1), [Psses)o[MnBr4] (2) and
[Pgsss]o[MnBr,] (3) in acetonitrile. LiTf,N was used as a sup-
porting electrolyte.

Results and discussion
Synthetic procedure

To obtain the respective bis(tetraalkylphosphonium) tetrabro-
midomanganates(u) [Punnn|o[MnBr,] with n = 4, 6, or 8, an
acetonitrile solution of the corresponding tetraalkylphospho-
nium bromide [P,n,Br] and MnBr, in a 1:2 molar ratio was
stirred overnight under ambient conditions (Scheme 1). After
removing the solvent under reduced pressure, the final pro-
ducts (1-3) were obtained in quantitative yields. Compounds 1
and 2 are light yellow-green waxy powders, while 3 was col-
lected as a dark yellow-orange viscous liquid.

Vibrational spectroscopy

The first structural characterisation was undertaken by means
of vibrational spectroscopy. The recorded infrared (FTIR)
spectra show the signatures of the respective phosphonium
cations, such as the characteristic highly intense C-H stretch-
ing modes in the range 2750-3000 cm ™" and the C-H bending
modes in the range 1300-1450 cm™" (ESI, Fig. S1-S31). The
absence of vibrations in the area between 3000 cm™' and
3500 cm™" confirms that the products are anhydrous (for
results of Coulometric Karl-Fischer titration see Table S1,
ESIT.).

The immediate coordination of the Mn(u) was further inves-
tigated by Raman spectroscopy (ESI, Fig. S4-S6t), as the
metal-ligand vibrations of tetrahedrally coordinated Mn>* are
both infrared- and Raman-active. For distorted [MnBr,]*~ tetra-

ACN

2 [PpnnalBr + MnBrz [Pannnl2[MnBr]

room temperature
overnight

- e R |
nun
Y NS
e
L2

Scheme 1 Synthetic procedure for compounds 1-3.
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hedra, as observed in the respective tetraalkylammonium
compounds,®®®” the totally symmetric A; Mn-Br stretching is
typically found around 157 cm™" and the F, modes between
205-225 cm "% Indeed, for 1, the symmetric mode is
observed at 158 cm™', whilst for 2 and 3, it is found at
156 cm™'. The asymmetric modes could be identified as

shoulders at 216 em™* for 1 and at 210 em™* for 2 and 3.

X-ray diffraction studies

Crystals of sufficient quality for single crystal X-ray diffraction
analysis of 1 could be obtained from the melt. The compound
crystallises monoclinic in the space group P2,/c with two sym-
metry-independent tetrabutylphosphonium cations and one
[MnBr,]*~ moiety in the asymmetric unit (ESI, Table S27). The
Mn*" ion is coordinated by four Br~ in a tetrahedra-like
arrangement forming isolated [MnBr,]>” anions. The tetra-
hedron is slightly distorted with dyy, g, = 2.495-2.520(1) A and
£Br-Mn-Br = 105.8-113.5(1)°. In 1, the Mn-Br interatomic dis-
tances are slightly larger, and the angle distribution is broader
in comparison to the analogous ammonium compound
[N4444]2[MnBr,]. The latter compound is dimorphic, while poly-
morphism has not been observed for 1.*>*° None of the two
polymorphs of [Ny44],[MnBr,] crystallise isotypic with
[P4444][MnBr,]. In contrast to what is observed for the tetrahe-
dra-like tetrabutylammonium cation in [Ny444],[MnBr,],*>°
the two symmetry-independent tetrabutylphosphonium
cations show a nearly planar arrangement of three butyl
chains with the remaining one being essentially orthogonal to
the C4C4'C4” plane (ESI, Fig. S71). The C4*PC4* angles within
the plane are distributed over a broad range, i.e. 84.3(1)°, 104.9
(1)°, and 162.2(1)°. It is also worth noting that all in-plane
chains are nearly linear, while the out-of-plane chain forms a
hook (ESI, Fig. S7f). Both symmetry-independent cations are
practically mirrored reflections of each other with only the C"
chain showing a deviation due to rotation (see ESI, Fig. S8,
and Table S37).

The crystal packing of [P4444],[MnBr,] can be best described
in terms of a layered structure. In the layers parallel to the ab
plane the cations and the anions form checkered motifs along
the ab diagonals, while clear separation of the cationic and the
anionic layers could be observed along the a axis (Fig. 1). It is
also worth noting that such crystal packing motifs are rather
common in similar compounds and were observed also for the
ammonium analogue, [Ny444],[MnBr,],.>*°° Each anion is sur-
rounded by six phosphonium cations ([P4444]") in the form of a
distorted octahedron (Fig. S91). The two symmetry-indepen-
dent cations exhibit a different surrounding by [MnBr,J*".
While one cation forms four short contacts in the shape of a
distorted tetrahedral arrangement, the other one establishes
just three (Fig. S107). Besides the coulombic interactions, weak
hydrogen bonds enforce the packing. Eleven Br:---HC contacts
can be observed between the anion and the cations at dis-
tances shorter than the sum of the corresponding van der
Waals radii. Predominantly, these close contacts involve the
a-methylene hydrogen atoms. Each cation forms such short
contacts with three anions. These interactions are however

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Projection of the crystal structure of [P4444]2[MnBr,] (1) in the crystallographic bc plane showing the organic—inorganic layers (left) and sep-
aration of the [MnBr4]?~ complexes by the organic counter cations in the crystallographic ab plane (right). P atoms are depicted in purple, Mn atoms
in orange, and Br atoms in green. The C and H atoms are omitted for clarity, but the bonds were kept to show the cation skeletons.

longer than what is normally regarded as weak hydrogen
bonds,®* and can be characterised in terms of weak electro-
static or dispersive interactions. Such weak interactions allow a
high degree of rotational freedom of the alkyl chains and the
anions suggesting low energy barriers required to break the
crystal lattice and result in low temperatures of melting. The
alkyl chains of the phosphonium cation have a strong impact
on the ion packing generating intricate layered motifs. The
organic layers propagate in the crystallographic bc plane and
alternate along the a axis forming two phase-shifted waves
with a periodicity of 16.285(2) A (Fig. S111). Some alkyl chains
deviate from the waves forming branches (Fig. S11) and segre-
gating tunnels along the crystallographic ¢ axis, therefore
ensuring structurally isolated cavities for the [MnBr,]*~
anions. The [MnBr,]*~ tetrahedra are well separated from one
another by the organic countercations (Fig. 1). The structure of
[P4444]2[MnBr,] (1) features shortest Mn-Mn distances of 9.158
(1) A, 9.339(1) A, and 10.2615(18) A. These distances are all
longer than the threshold of 9 A postulated for avoiding
luminescence self-quenching;*® they are also longer than those
observed in the P2,2,2;-polymorph of [N,444],[MnBr,4],*® which
features the shortest Mn-Mn distance of 8.95 A, but shorter
than those for the polymorph crystallizing in Pnna where an
Mn-Mn distance of 10.43 A is reported.®

For compound 2, crystals could be grown via slow diffusion
of diethyl ether as the anti-solvent in acetonitrile solution of 2
(Fig. S121). However, the analysis of these crystals on the
single-crystal X-ray diffractometer (SCXRD) revealed that all of
them are of too low quality for structure determination. For
compound 3, which was obtained as a room-temperature
liquid, all attempts to grow crystalline material failed .

Table 1 Decomposition onset temperatures at 5% mass loss of phos-
phonium ILs determined with TGA

Ts06 onset (Mass loss)
(1% step) [°C]

T59% onset (Mass loss)

Compound (2™ step) [°C]

[P4444]2[MnBr4] (1)
[Pscs)o[MnNBry] (2)
[Pssss].[MnBr,] (3)

391 (75%)
383 (80%)
383 (84%)

503 (14%)
490 (12%)
492 (11%)

This journal is © The Royal Society of Chemistry 2023

Thermal characterisation

Thermogravimetric analyses (TGA) of 1-3 reveal a double-step
decomposition for all compounds (Table 1 and Fig. S13-S157).
The first step occurs at 391 °C (1) and 383 °C (2 and 3), corres-
ponding to a 75%, 80%, and 84% loss of mass, respectively,
which corresponds fairly well to the loss of two [Pyynn|Br (7 =
4, 6 or 8) units for which the calculated values are 76%, 81%,
and 84%, respectively. The second process is accompanied by
an additional 14%, 12%, and 11% mass loss at 503 °C (1),
490 °C (2), and 492 °C (3). Compound 1 with the shorter alkyl
chain phosphonium cation showed slightly higher thermal
stability when compared to 2 and 3. The thermal stability of 1
exceeds by more than 100 °C as compared to the corres-
ponding ammonium compound, for which decomposition
sets in at 220 °C.*® The thermal phase behaviour was further
investigated by a combination of differential scanning calori-
metry (DSC) and hot-stage polarizing optical microscopy
(POM). DSC traces for each compound are depicted in
Fig. S16-S18,7 while the detailed data are collected in Table 2.
During the first heating cycle, 1 melts at 68.4 °C. For compari-

Table 2 The thermally induced phase transitions observed for com-
pounds 1, 2 and 3 after precooling the samples to —60 °C. The phase
transitions are reported together with the respective onset temperatures
and enthalpies

Compound Phase transitions
1 First cycle
68.4°C (23 )/g)
"
Glass _ Lo
-34°C
Subsequent cycles
B5°C | 220°CHTIR) (L 61.2°C (17 J/g)
Glass Liso
34°C

2 43.1°C(6J/g)

234.5°C (10 J/g)
" HTSe) TL
~ 196.2°C(-10J/g)

LTS
30.2°C(-5 J/g)
No transition observed

iso

“Crystalline state. ?Isotropic liquid state. “Mesophase, presumably
SmA. ¢ Low-temperature solid phase. ¢ High-temperature solid phase.
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son, a melting point of 100 °C was reported for the analogous
ammonium compound.*® Upon cooling, 1 undergoes a glass
transition at around —34 °C. In the second heating cycle, the
devitrification process is observed at around —35 °C. Then, the
liquid transforms in an exothermic event starting at 22.0 °C to
a mesophase, which exhibits fan-conical texture when
observed under polarised light pointing to a smectic A (SmA)
phase (Fig. 2a). When looking at the crystal structure (Fig. 1,
left) the formation of a layered mesophase seems to be pre-
determined as already the solid form shows a layered struc-
ture. It could be envisioned that in the smectic phase, the
layered organisation is retained, but with substantial disorder
particularly in the cationic part. At higher temperatures, the
DSC trace shows a second endothermic process, which is the
complete melting of the compound at 61.2 °C. In the second
cooling cycle, 1 transitions to the glass state at —34 °C, as it
has been observed during the first cooling cycle. The third and
subsequent DSC heating/cooling cycles are consistent with the
second one. The crystalline phase could not be retrieved.
Although the melting points of the crystalline solid and meso-
phase are close in temperature, with transition temperatures
of 68.4 °C and 61.2 °C, the respective heat contents show clear
differences (23 J g~ vs. 17 J g~), with the transition associated
with the mesophase having the lower one, as expected due to
the reduced order. Unfortunately, we did not succeed in
obtaining X-ray diffraction data on the mesophase that would
allow an unambiguous phase characterization.

Fig. 2 (a) POM images of 1 showing conical features characteristic of
an SmA phase (left) and featureless liquid phase (right). (b) POM images
of 2 revealing the change of light scattering between the LTS and the
HTS (top), the featureless liquid (bottom right) and the thin lines corres-
ponding to the LTS (bottom left). Insets show the temperatures of
observation.
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Compound 2 is solid at room temperature, and two
endothermic transitions are observed during the first heating
cycle: the first at 43.1 °C and the second at 234.5 °C. When
inspected under the microscope, the first transition does not
involve a visible change in the material’s morphology, but
rather a change in the ability of the material to rotate polarised
light in POM as depicted in Fig. 2b. Thus, this transition is
associated with conversion from a low-temperature solid phase
(LTS) to a high-temperature solid phase (HTS). The second
transition, at 234.5 °C, corresponds to the melting process as
confirmed by POM. Upon cooling, the recrystallisation of the
HTS phase was identified as an extremely sharp exothermic
peak at 196.2 °C, while the conversion to the LTS phase occurs
at 30.2 °C. Interestingly, while the recovery of the HTS phase
was not noticeable in POM due to the absence of refraction of
polarised light, a noticeable contrast in POM, which was
revealed by the appearance of thin parallel lines, was observed
when the LTS phase was retrieved. Subsequent DSC cycles con-
sistently showed the same thermal effects.

Finally, compound 3 which was obtained as a highly
viscous oil, did not show any phase transitions between
—60.0 °C and 150.0 °C.

Attempts to grow single crystals for compound 2 via slow
diffusion of diethyl ether as the anti-solvent in acetonitrile
solution of 2 (ESI, Fig. S12}) yielded only specimens that were
extremely poorly scattering, producing diffraction spots only
up to a maximum resolution of only 1.89 A. Although the col-
lected data did not allow for structure determination, it was
possible to index the few diffraction spots collected at room
temperature with a face-centred cubic unit cell with a = 23.63
(2) A. Upon cooling the specimens of 2 to a temperature below
the phase transition temperature to —173 °C, additional reflec-
tions within the same resolution limits emerged. However,
unambiguous indexing of the diffraction spots was not poss-
ible. Thus, we employed powder X-ray diffraction (PXRD) for
crystallographic investigations of the polymorphism in 2.

——LTS (1% cycle)

ettt AN A ]

—— LTS (2" cycle)

——HTS (1 cycle)

Normalized Intensity (a. u.)

—— HTS (2" cycle)

26 (%)

Fig. 3 PXRD pattern of the LTS and HTS phases of 2 within two con-
secutive heating and cooling cycles.
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Temperature-dependent PXRD studies, presented in Fig. 3, confirm
the transformation between the LTS and HTS. Bragg reflections of
the high-temperature form (at around 50 °C) could be indexed with
a face-centred cubic unit cell with a = 23.623(3) A, which is in good
agreement with the one obtained from SCXRD data. The powder
patterns of the low-temperature modification (collected at 20 °C)
exhibited a larger number of peaks, where the splitting of peaks
can be observed along with the occurrence of additional peaks
suggesting a lower crystal symmetry. Indexing of the peaks yielded
a monoclinic unit cell with a = 28.130(1) A, b = 17.224(6) A, ¢ =
28.627(1) A, and 8 = 110.561(2)°. Analysis of the systematic extinc-
tions indicated a C-centred cell. The unit cell volumes of the high-
temperature and low-temperature modifications are 13182.7 A* and
12817.7 A®, respectively. It is possible to transform the cubic unit
cell to the monoclinic one by applying a transformation matrix (—1
1/2 1/2, 0, —1/2 1/2, 1 1/2 1/2), which provides evidence that the two
modifications are structurally related. Any attempts to solve the
structures from powder data were not successful. Taking the small
heat content of the phase transitions into account, the observed
phase relationships for 2 may indicate that the HTS corresponds to
a higher-order mesophase, most likely a plastic crystalline one.
Plastic crystals are materials that show one or multiple solid-solid
phase transitions, corresponding to the realisation of different
degrees of rotational or vibrational disorder of their molecular or
ionic components.®*®*® The apparent cubic symmetry of the HTS
form can then be understood as resulting from a considerable
dynamic disorder of the constituting ions with preservation of their
average relative positions with respect to each other, which is
similar to observations made before for certain tetraalkylammo-
nium and phosphonium compounds.” Upon cooling, partial
quenching of the dynamic disorder and order of certain structure
parts leads to a lowering of the average crystal symmetry. The
thermodynamic evaluation revealed a value of residual entropy of
fusion, AS; =22 J K" mol ", which falls in the characteristic range
for ionic plastic crystals. As observed by MacFarlane and collabor-
ators, AS¢ of ionic plastic crystals normally exceeds the limit
imposed by Timmerman’s criterion of 20 ] K" mol™" for neutral
molecules and it can reach up to 60 ] K™ mol %’

As 1 revealed a melting point below 100 °C, and 3 is liquid
at room temperature, they both fall in the category of ionic
liquids (ILs).®7" 1t is expected that both the size and the high
conformational flexibility of the tetraalkylammonium cations
lower and suppress the melting point. The high degree of con-
formational flexibility in [Pgggs],[MnBr,] (3) is likely the reason
why no transitions to a solid form could be observed upon
cooling as it is kinetically hindered. For [P4444],[MnBr,] (1),
DSC analysis shows clearly that homogeneous crystallisation is
kinetically hindered. The observance of mesophase points to a
delicate interplay of coulombic and secondary interionic
bonding interactions. In this respect, the thermal behaviour of
compound 2 is particularly interesting as, despite having alkyl
chains of intermediate length within the herein presented
series, 2 does not convert to an isotropic liquid below 100 °C.
Generally one would expect an increase in melting point with
increasing molecular weight, however, this is counteracted by
reduced coulombic interaction due to the increased cation size.
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Nevertheless, the enthalpy of melting observed is relatively
small for a solid ionic compound, being in the range character-
istic of ILs.”® This results from the ability of two different chemi-
cal units (instead of only one) to retain a higher degree of order
in the solid state prior to melting. For plastic crystals in their
disordered solid state, the molecules or ions can be roughly
approximated by weakly interacting spheres, with their centres
of gravity occupying regular positions in the crystal lattice.”®
This is due to the rotational motion activated by flexible func-
tional groups, e.g., alkyl chains. We believe the alkyl chains in 2
are of the right size to make the dynamically disordered phos-
phonium cations resemble spheres, while they appear to be too
short or too long for 1 and 3, respectively.

Photophysical properties

As we propose these kind of compounds as emitter materials
for organic lightning, we investigated their photophysical pro-
perties in more detail. The excitation spectra reveal the
expected transitions from the Mn>" ground state °A; as a com-
parison with the Tanabe-Sugano diagram for d> the configur-
ation shows (Fig. 4). From high to low energy, it is possible to
identify seven transitions, sorted into three groups, namely F,
D, and G terms. They respectively correspond to excitation to
the states “T,(F), “A,(F) (280-300 nm), “E(D), “T,(D)
(350-400 nm), *A;*E(G), *T,(G), and *Ty(G) (420-500 nm).
Normalizing the transition energies with respect to the one
with the lowest energy from absorption spectra (Fig. S20%),
yields a A value of about 3100 cm™. The differences in alkyl
chain length on the cation do not seem to affect the transition
energies, but rather the relative intensities. While for 1 and 2,
the intensity of the excitation bands increases as F < D < B, in
compound 3 the trend is the opposite, and the B band exhibits
a more intense and broader profile. We ascribe this to 3, in
contrast to 1 and 2, being liquid at the measurement tempera-
ture. Upon photoexcitation, all compounds show green light
emission originating from the “T;(G) — °A; transition of Mn**.

TL(F)

40000 “A(F)

30000 “E(D)
“T,(0)

Energy (cm)

“AE, (G)
“T,(G)
“T,(6)

20000

Normalized Intensity (a. u.)

10000 —

EA4(S)

1000 2000 3000 4000 5000

 (nm) 4 (em?)

Fig. 4 (Left) Emission spectra (red line) and excitation spectra (black
line) of compounds 1-3 collected at room temperature with the ident-
ified transitions: (a) ®A; — “T,(F); (b) ®A; — *A,(F); (c) ®A; — “E(D); (d) °A,
- “To(D); (€) ®Ar ~ “A*E(G); (f) ®Ar — *T2(G); (9) °Ay > *T4(G). (Right)
Tanabe-Sugano diagram for d° configuration adapted from works by
C. Furlani et al.! and Y. Rodriguez-Lazcano et al.*
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Table 3 Lifetime and quantum yield (¢) of compounds 1-3

Compound Aem (NM) Aex (NmM) Lifetime (ps) @ (%)

1 520 276 149.1 £ 0.3 55
361 149.7 £ 0.1 61

2 (LTS) 520 276 152.4 + 0.2 53
363 151.9 £ 0.2 31

2 (HTS) 520 276 33.6+0.1 Nd
363 34.1+0.1 Nd

3¢ 530 276 Nd Nd
361 Nd Nd

“Emission intensity was not sufficient to perform the analysis. (nd)
not possible to determine.

Compounds 1 and 2 show maximum emission at 520 nm,
while the peak for compound 3 is slightly redshifted at 530 nm
(Fig. 4 and Table 3). The shift in emission wavelength of 3 may
be attributed to a longer average Mn-Br interatomic distance.”*
Together with the fact that the emission band of 3 features a
relatively large full width at half maximum (FWHM) of around
78 nm (2700 cm ™), this points to larger structural flexibility,
including the dynamic variation of the Mn-Br distance which
most likely can be attributed to 3 being liquid at the measure-
ment temperature. In comparison, the FWHM of the emis-
sions recorded for 1 and 2 are similar, 53 nm (1925 cm™"') and
54 nm (1965 cm™'), respectively, in accordance with the pre-
viously reported values for solid tetrahalidomanganate com-
pounds with organic countercations.>* To illustrate how the
human eye would perceive the emitted light the corresponding
coordinates of the Commission Internationale de L’Eclairage
(CIE) 1931 colour space are visualised in Fig. 5.7

Only compounds 1 and 2, which are solid at room tempera-
ture, generate an intense enough emission to allow lifetime
and quantum yield (¢) determination. For liquid compound 3,
vibrational quenching is too strong. The values determined
exciting at 276 nm are ¢ = 61% for 1 and ¢ = 53% for 2, and
are comparable to those reported for MnBr,*~ complexes com-
bined with tetraalkylammonium cations, such as
[N2222]o[MnBr4] (56%) and [N3333],[MnBr4] (56%).”® The photo-
luminescence decays of compounds 1 and 2 can be fitted with
a mono-exponential function (ESI, Fig. S21-S247), which yields
lifetimes of 149.7 ps for 1 and 152.4 ps for 2. These values are
comparable with those reported for tetraalkylammonium com-

CIE 1931

0.8
06
500

04

024

0.0 0.1 0.2 03 04 05 06 0.7 08

Fig. 5 CIE1931 diagram for compounds 1-3 (the emission colour of 1
and 2 essentially overlap).
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pounds’® and other tetrahedrally coordinated manganese
halides with N-based counterions such as pyridinium and pyr-
rolidinium derivatives.>"”*””

The importance of structural rigidity and intermolecular/
interionic interactions also becomes visible when comparing
the properties of 2 in its HTS and LTS forms (Fig. 6).
Comparing the emission from the HTS form of 2 to its LTS
form, it can be noted that the emission remained centred at
520 nm, but revealed a slight broadening up to an FWHM of
59 nm (2119 em™") and was accompanied by a reduced emis-
sion intensity (Fig. 6). In agreement with that observation, the
lifetime dropped to 34.1 ps, while maintaining a monoexpo-
nential decay. This suggests increased structural flexibility of
the HTS form which allows for increased phonon-mediated
radiationless decay. It is also important to point out that mul-
tiple heating and cooling cycles across the solid-solid tran-
sition of 2 did not negatively affect the luminescent properties
of the material. The two phases rather kept similar lifetimes
and ¢ (measurable only for LTS) between the different cycles,
further proving the reversibility of this transition (ESI,
Fig. $25-S277). This feature could make 2 feasible for appli-
cation in optoelectronic devices as a luminescent thermo-
meter. Foreseeing the application of 1-3 as an emitter in
electrochemical devices, the electroluminescence of the neat
compounds has been investigated with a high frequency (HF)
Tesla generator at room temperature. Once exposed to the HF
Tesla generator all the materials exhibited green light emission
detectable with the naked eye when placed in vacuum-sealed
Schlenk tubes (Fig. 7). Unfortunately, technical limitations pre-
vented the collection of emission spectra.

35

30
—— LTS (he =276 nm)
HTS (Ao, = 276 nm)
——— LTS (hey = 361 nm)
HTS (he = 361 nm)

25

20

Intensity (counts x 10°%)

T T T T
450 500 550 600 650 700
Wavelength (nm)

Fig. 6 Emission spectra of 2 in LTS (measured at RT) and HTS
(measured at 80 °C.

Fig. 7 Electroluminescence of materials 1-3.
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Electrochemical characterisation

To further explore the electrochemical behaviour, cyclic vol-
tammetry was performed on solutions of 1-3, see Fig. 8 and
Table 4. The ferrocene/ferrocenium (Fe/Fc') redox couple was
used as a reference, whose reversible redox process in aceto-
nitrile has been determined to be 0.14 V. In this way, the
HOMO energy level can be estimated according to the
equation, Egomo = —(Eox + 4.8 — 0.14)eV, with the absolute
energy level of Fc/Fc' being 4.8 eV with respect to the vacuum
level.”® The obtained energies for 1 and 3 are essentially the
same (—5.21 eV and —5.20 eV, respectively), while the one for 2
is marginally more negative (—5.31 eV). With the AE, values
obtained from the UV-vis spectra of compounds 1-3, it is also
possible to estimate the LUMO energy levels as the difference
between the HOMO energies and the AE,. This evaluation
relies on the approximation that the lowest energy transition is
essentially dominated by the excitation from the HOMO to the
LUMO. Optical bandgaps (AE;) for 1-3 were determined as
1240/Aonsec[nm], with Aonsec being the onset of the absorption
bands at low energies (See ESI, Fig. S20t), corresponding to
2.63 eV (472 nm) for 1 and 2, and 2.61 eV (475 nm) for 3
(Table 4). For comparison, a band gap of 2.62 eV has been
reported for [Nyuu4],[MnBry].>® Following the described pro-
cedure, the obtained LUMO energies are —2.58 eV (1), —2.68
eV (2), and —2.59 eV (3). Interestingly, these values match that
of —2.77 eV predicted from spin-polarised DFT calculations for
bis(piperidinium)tetrabromidomangante(n).” PDOS  (pro-
jected density of states) analysis reveals the HOMO being of
mostly Br—p character with Mn-d contributions and the LUMO
predominately of Mn-d character. The organic countercations
do not contribute to the frontier orbital region, which would
also explain why the optical and electronic properties of the
investigated complexes are, with respect to the energies,
largely unaffected by the cation. Yet some shift of the half-
wave potential can be seen in the CV for 2 compared to 1 and
3. We have observed for other tetrabromido(u) complexes that
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3

&

2

@

=

8

=

=

d
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>

o
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Potential (V vs Fc/Fc*)

Fig. 8 Cyclic voltammograms of 1-3 in acetonitrile solution.
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Table 4 Electrochemical properties of 1-3
Compound AE) (eV) Eox(v) HOMO (eV) LUMO (eV)
1 2.63 0.41 -5.21 —2.58
2 2.63 0.51 -5.31 —2.68
3 2.61 0.40 -5.20 -2.59

a structural change and, possibly, aggregation can occur under
applied fields,®® which could be an explanation for the
observation.

Conclusions

Three new tetraalkylphosphonium tetrabromidomanganates(u)
were synthesised from the respective tetraalkylphosphonium
bromide and MnBr, in quantitative yield. Thermal analysis
allows [Py444],[MnBr,] (1) and [Pggss]o[MnBr,] (3) to be classi-
fied as ionic liquids (ILs), with the former displaying a melting
point of 68.4 °C and transition to an SmA mesophase at
22.0 °C. The latter retained an isotropic liquid state even at
—60 °C. The thermal analysis combined with X-ray diffraction
studies revealed that [P444]o[MnBr,] (1) and [Pggee Jo[MnBr,] (2)
adopt high-symmetry mesophases. Specifically, 1 exhibits a
layered liquid crystalline phase, whilst 2 adopts a plastic crys-
talline state due to the size match of the high-symmetry cation
and anion. The electronic states of the emissive Mn** centre
were, to a first approximation, not affected by the counter
cations and all materials showed a similar HOMO-LUMO gap
of ~2.6 eV. The photoemission is greatly affected by the ion
dynamics, rendering compound 1, which was based on phos-
phonium cations with the shortest alkyl chains, the material
that exhibited the highest photoluminescence quantum yield
of 61% and a lifetime of ~150 ps. We find that the larger the
cation and the softer the lattice, the lower the excited state life-
times and quantum yields. Thus, the design concept of separ-
ating the Mn-centres by larger countercations to avoid self-
quenching is counteracted by increased vibrational quenching
brought about by larger cations. Consequently, an optimal
balance between the two counteracting effects has to be found.
A large Mn”" separate cannot be solely regarded as a design
concept for this class of compounds.

Compared to the reported [Nj444]o[MnBr,], all phos-
phonium compounds, but in particular [Ps444],[MnBr,], show
superior performance with respect to photoluminescent
quantum yield and thermal stability. In addition, the com-
pounds are not sensitive to the atmosphere, in particular
humidity. As all compounds show electroluminescence detect-
able with the naked eye, they are interesting emitter materials
for organic light-emitting devices.
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