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Abstract: Luminescence is observed in three novel
macropolyhedral nineteen- and eighteen-vertex chalco-
genaboranes: Se,B;;Hy; (1), SeB;H,y (3) and SeB,3sH,,
(4). This led us to the recognition that previously
published macropolyhedral heteroborane species might
also exhibit luminescence. Thus, the known nineteen-
and eighteen-vertex dithiaboranes S,B;H;; (2), n-
S,Bi¢Hi¢ (5) and i-S,B,¢H¢ (6) were synthesised and also
found to exhibit a range of luminescent properties.
These macropolyhedral species are very different from
the previously unique fluorescent binary borane B;sH,
in terms of their structural architectures, by the presence
of borane cluster hetero atoms, and, as in the cases of 5
and 6, that their synthetic origins are not derived simply
through the modification of BgH,, itself. They conse-
quently greatly expand the possibilities of finding new
luminescent inorganic borane species. )

Macropolyhedral boranes can be defined as those com-
pounds in which two or more borane sub-clusters are joined
by common boron atoms and in which the multicentre
bonding character of boranes extends across the
conjunction.! The synthesis of the first macropolyhedral
binary borane B;gH,, was reported in the 1960s.”! The
compound comes in two structural isomers, syn-B;sH,, and
anti-BgH,,. Solutions of the anti-isomer (Scheme 1) exhibit
the property of a blue fluorescence emission with a quantum
yield of 0.97.°1 A consequence of this is that interest in this
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Scheme 1. Schematic structures of the new and known macropolyhe-
dral species described herein. Green vertices are boron atomic
positions.

macropolyhedral species has undergone a resurgence due to
the recognition that its photostable fluorescence can be used
as the gain medium in a borane laser.! The photophysical
properties of anti-B,gH,, may be modified by the introduc-
tion of substituents or ligands to replace the cluster exo-
terminal hydrogen atoms such as halogens,>*” alkyl
groups,® thiol,”! as well as organo-oxygen and organo-
nitrogen substituents.'” Environmentally sensitive species
have been afforded through charge-compensating substitu-
ents such as pyridine and isoquinoline,!'! giving molecules
capable of thermochromic luminescence,''® and the photo-
sensitisation of oxygen.”! Of all the known binary boranes,
anti-BigHy,, and its derivatives, were thought to be the only
borane compounds known to have the property of lumines-
cence that are not due to coupling to aromatic substituents
such as found in, for example, carbaborane compounds.!'!
This might lead to the conclusion that the fluorescent
property of anti-BgH,,, while interesting, is unique to the
framework of this particular molecule. However, very
recently it has been reported that, similarly to the dithiol
derivative 4,4-(HS),-anti-B;sH,,,”’ monothiol and dithiol
derivatives of syn-B;gH, also exhibit luminescence in
solution and in the crystalline state.'”! Moreover, it is now
recognised that the syn-BgH,, isomer itself exhibits lumines-
cence in the solid state with a quantum yield of 0.20."*"

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Nevertheless, these are still octadecaborane species. Here,
we report that the occurrence of luminous macropolyhedral
species extends well beyond the binary octadecaborane
clusters and their substituted derivatives and we now report
the syntheses and characterisation of three new substantially
different macropolyhedral heteroborane compounds: the
new nineteen-vertex selenaborane, Se,B;;H;; 1, which is the
selenium analogue of the known S,B;H;; 2,1l the eighteen-
vertex SeB,;H,, 3, and the nineteen-vertex SeB,sH,, 4. These
new compounds stimulated us to look further into the
extensive library of macropolyhedral cluster compounds,
and we thus also report herein on the hitherto unrecognised
property of luminescence in the known nineteen- and
eighteen-vertex thiaboranes, S,B;H;, 2, n-S,B,sH¢ 5, and i-
S,B,H;s 6.1

Thus, we are led to anticipate that these new clusters will
enable us, through a combination of experimental and
quantum chemical computational investigation,['”! to deter-
mine the overall structural and electronic properties that
lead to luminescent activity over this very diverse set of
molecules which have potential to offer utility over a wide
range of technologies, including, for example, lasers,”
sensors,' bioimaging,'” optical data storage,” and single-
molecule white light emitters.?"

In this communication we firstly provide a structural
characterisation of the new molecules 1, 3 and 4 that is
augmented in the Supporting Information. We subsequently
deal with some of the photophysical properties of these new
species as well as the other known macropolyhedral
heteroborane cluster compounds mentioned above.

Se,B;;H;, (I). Low-temperature protonation with con-
centrated sulphuric acid of dichloromethane solutions of
[Se,B;H;s],”? the selenium analogue of the known
[S,B,;H,s]~,! affords Se,B,;H,; 1 (see Supporting Informa-
tion for full experimental details). Compound 1 was charac-
terised by a single-crystal X-ray diffraction study®’ (Fig-
ure 1), by multinuclear NMR (Nuclear Magnetic
Resonance) spectroscopy (Figures 2, S1, S2 and Table S1),
and by mass spectrometry (Figure S3). The cluster com-
pound comprises a nido-11-vertex subcluster conjoined with
an arachno-10-vertex subcluster and is thus very different
from the anti-octadecaborane species from which its con-
jugated base is derived,” and which contains two identical
conjoined nido-10-vertex subclusters.

The diselenaborane 1 is structurally very similar to the
dithiaborane analogue 2. However, their chemistries differ
somewhat in that, whereas the production of 2 via the
acidification of [S,B;;Hg|” proceeds very cleanly, for the
diselenaborane, even when the acid is added at low temper-
ature and allowed to warm slowly to ambient temperature,
amounts of a minor second component are evident in the
boron-11 NMR spectrum. This minor component, com-
pound 3, is described next. A detailed description of the
acidification of both [S,B;H;5]” and [Se,B;H 5], is given in
Text S2, Figures S4-6 and Table S2.

Anti-SeB;;H,, (3). If the addition of acid to the
[Se,B;H;5]™ solution is carried out at ambient temperature
the minor peaks in the boron NMR spectrum, mentioned
above, become predominant and sufficient amounts of this
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Figure 1. Molecular structure of the nineteen-vertex selenaborane
Se,By;H,; (1). Displacement ellipsoids for non-hydrogen atoms are
drawn at a 50% probability level. The molecule has crystallographic
inversion symmetry at the mid-point of the B(7)-B(8) vector; hence the
asymmetric unit is half a molecule and the molecule is disordered.
Interatomic distances (A): Se(9)-B(4) 2.097(15), Se(9)-B(5) 2.056(13),
Se(9)-B(8) 2.133(16), Se(9)-B(10) 2.141(13), B(5)-B(6) 1.791(15), B(6)-
B(7), B(7)-B(8) 1.823(17), B(7)-B(11) 1.910(18). Se(9)-B(4’) 1.997(16),
Se(9)-B(8') 1.864(17), Se(9)-B(10') 2.031(16), B(5)-B(10') 1.889(18)
B(8')-B(8) 2.00(2).

0 5 -0 45 20 25 -0 35 40
5("B)/ppm

Figure 2. 192.6 MHz ""B-{"H} spectra, from top to bottom, of Se,B;,H;,
(1, 293 K), SeBy,H,s (3, 293 K) and SeB,gHy (4, 331 K) all in CDCl,
solution. Asterisks indicate the positions of singlet resonances in the
proton-coupled "'B spectra assigned to the dicommo boron vertices

linking the subclusters. All other resonances are doublets in the ''B
spectra.

species may be isolated by slow vacuum sublimation in an
evacuated and flame-sealed NMR tube. Compound 3 has
been characterised by multinuclear NMR spectroscopy (Fig-
ure 2, Table S3 and Figures S7-8), mass spectrometry (Fig-
ure S9) and by a single-crystal X-ray diffraction study™
(Figure 3 and Scheme 2, Schematic I) as anti-SeB,;H,y. The
cluster is a structural analogue of anti-BgH,, in which one
HB(uH), vertex in the octadecaborane species is subrogated
by selenium. No thiaborane analogue of this selenaborane is
known, although it does resemble the azaborane, anti-
NB;;H,, (Scheme 2, schematic II) in which the nitrogen
vertex holds a terminal H atom and the formula may be
represented as HNB;H,,.?*! Clearly, the most likely route to
this product is by a simple loss of one selenium atom from
the Se,B;;H,, intermediate formed on initial acidification of
[Se,B;H 5]". We have found that the deposition of selenium
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B(9')/Se(9')

Figure 3. Molecular structure of the eighteen-vertex selenaborane anti-
SeB,;Hy (3). Displacement ellipsoids for non-hydrogen atoms are
drawn at a 50% probability level. The molecule has crystallographic
inversion symmetry at the mid-point of the B(5)-B(6) vector; hence the
asymmetric unit is half a molecule and the molecule is disordered.
Interatomic distances (A): B(5)-B(6), 1.784(4), B(6)-B(2) 1.765(3),
B(6)-B(7) 1.816(3), B(7)-B(8) 1.946(3), B(5)-B(10) 1.953(3), Se(9)-B(4)
2.067(3), Se(9)-B(8) 1.983(3), Se(9)-B(10) 1.969(3).

Scheme 2. Schematic structures of heteroatom analogues of anti-
B'\SHZZ'

is a common complicating feature in working with selena-
borane syntheses.

SeBsH,, (4). We have previously described the synthesis
of anionic 19-vertex [SeB;sH,,] ' and we therefore exam-
ined the addition of concentrated H,SO, to this compound
also. Thus, acidification of pale yellow dichloromethane
solutions of the anion, which is prepared from the addition
of selenium to [syn-B;gH, ], results in an immediate loss of
colour and the formation of a single product as shown from
"B NMR spectroscopy (Figure S10). The compound was
characterised as SeB;gH,, (4) by a single-crystal X-ray
diffraction study® (Figure 4), and by multinuclear NMR
spectroscopy (Figure 1, Figure S11 and Table S4).

The macropolyhedral cluster 4 comprises a nido-11-
vertex subcluster conjoined with a nido-10-vertex subcluster
and may be regarded as the neutral heteroborane analogue
of the binary borane anion [B;yH,,]™ in which the selenium,
Se(9), effectively subrogates the {BH,}™ unit in the binary
borane anion®! (Scheme 3).

Photoluminescence. In the context of the remarkable
luminescent properties of anti-B;gH,, as described in the
Introduction, we were interested to see if similar photo-
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Figure 4. Molecular structure of the nineteen-vertex selenaborane
SeBisHy (4) drawn with 50% probability ellipsoids for non-hydrogen
atoms. Interatomic distances (A) to Se(9): B(4) 2.138(4), B(5)
2.115(4), B(8) 2.183(4), B(10) 2.118(4). B(7)-B(8) 1.824(6), B(7)-B(11)
1.929(5), B(10)-B(11) 1.836(6), B(7)-B(10') 2.087(6), B(7))-B(8)
1.932(6), B(7))-B(10') 2.087(6). Angles (°): B(8)-Se(9)-B(10) 92.4(1),
Se(9)-B(10)-B(11) 115.1(2), B(10)-B(11)-B(7) 109.4(2), Se(9)-B(8)-B(7)
114.6(2), B(11)-B(7)-B(8) 108.1(2). Table S9 lists further interatomic
dimensions.

2_
[B1gH24]

[BioHa2ol

Scheme 3. The protonation of [SeB;3H]~ and [B;oH,]*~ affording
SeBi5Hy, (4) and [BygHy)

activity would be present in the new species that we report
here, which are of very different macropolyhedral cluster
architecture. Concordantly, we investigated the photophys-
ical properties of the new compounds by means of
luminescence spectroscopy and the positive results obtained
encouraged us to look further into the properties of similar
known macropolyhedral compounds: viz. S,Bi;H;; 2, n-
S,BisHys 5 and i-S,B¢H;¢ 6. These properties for solid state
compounds are summarized in Table 1. Hexane solutions of
compounds 1-6 generally gave negligible or no measurable
luminescence. Only compounds 3 and 5 displayed weak
emission in solution. In brief, compound 3 exhibited green
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Table 1: Photophysical properties of solids in air atmosphere at room

temperature.”

Sample Aexe/nM A/nm Tyir/MS D,
Se,B,,Hy 1 402 644 220 0.01
SeBy,Ho 3 332 628 651 0.13
SeBgHy 4 387 577 15H <0.01
S,B,,H;, 2 405 597 9.2x10° 0.22
n-S,B1gH16 5 475 567 121 0.05
i-S,B16H16 6 407 599 7.9x10° 0.07

[a] Excitation at the maximum of the excitation spectrum (4,,); 4,—
emission maximum; 7,,—amplitude average luminescence lifetime in
air atmosphere; @,,~luminescence quantum yield in air atmosphere
(experimental error of @, is £0.01); [b] biexponential decay; [c]
triexponential decay.

phosphorescence, whereas compound § displayed both blue

fluorescence and green phosphorescence. Both compounds

are singlet oxygen photosensitizers in solution. Nevertheless,
our study of these solution-phase properties may be found
in the Supporting Information — Table S6, Figure S12 and

Text S3. Here, in the manuscript proper, we shall thus

consider only the properties of solid state samples of 1-6.
Upon excitation in the UV/blue region, solid state

samples displayed broad emission bands spanning the

spectrum from green up to orange region (Figure 5). The
absolute emission quantum yields range from <0.01 for 4 to

0.22 for 2. Clean NMR spectra were used to verify the purity

of the crystalline samples used in all photophysical spectro-

scopic measurements together with clean HPLC (High

Performance Liquid Chromatography) eluted peaks for the

more luminescent compounds 2, 3, 5 and 6 (see Figures S13-

16).

A number of notable points may be made from the

observations listed in Table 1:

1) Luminescence has now been found in inorganic macro-
polyhedral heteroboranes containing one or two heter-
oatoms which are not assisted by any organic conjugating
substituent groups as found in, for example, Ph-nido-
By H;5.*

2) The introduction of Se into syn-B;sH,, retains the
luminescence observed in the underlying syn cluster
isomer,* albeit with a lower quantum yield.

3) Compounds5 and 6 are not synthesised via macro-
polyhedral species as before, but from the fusion of
SB¢H,, clusters,' thus affording a different route to
luminescent macropolyhedral heteroboranes.

4) Both 5 and 6 are luminescent but show very different
structural characteristics (see Scheme 1) with 5 possess-
ing essentially an anti-B;gH,, architecture with two
vertices subrogated by sulphur whereas 6 has conjoined
11-vertex and 8-vertex subclusters, indicating that lumi-
nescence in macropolyhedral species is not limited by
cluster architecture. Also, in contrast to the anti-BsH,,
analogue, anti-SeB;H,y 3, species n-S,BsHs S, anti-
BsH,, analogue, now shows a lower quantum yield than
3.

5) The 19-vertex S,B;H;; 2 displays the brightest quantum
yield of the new species (0.22) and, with a nido-11-vertex
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Figure 5. Excitation spectra (dashed lines), recorded at the maximum
of emission, and emission spectra (plain lines), excited at the
maximum of excitation spectra, of solid samples of the selenium (A)
and sulphur (B) derivatives.

subcluster joined to an arachno-10-vertex subcluster, it
shows little structural similarity to the double nido-10-
vertex subcluster architecture of anti-B,sH,,.

The structural analogues, compounds 1 and 2, permit us
a direct comparison of the relative effects of selenium and
sulphur on the photophysical properties of these species.
Here, the sulphur macropolyhedral heteroborane 2 has a
luminescence quantum yield twenty times that of its
selenium analogue, 1. Surprisingly, there is a remarkable
difference in excited state lifetimes between E,B;H;;
compounds 1 and 2, with the latter sulphur-containing
species displaying an extremely long lifetime approaching
10 ms, which is a factor of a thousand times longer than that
for selenium analogue 1. This very long lifetime and the
absolute phosphorescence quantum yield of 22 % at room
temperature are outstanding for an inorganic phosphor
without any heavy atoms/metals.””’ Compound 6, i-S,B,Hjs,
also records a similarly very long millisecond excited state
lifetime.

To unravel the mechanism behind the substantially
longer lifetime of compound 2 (and 6) when compared to
the other compounds in this study, which show microsecond
lifetimes typical for phosphorescence, we performed meas-
urements of the luminescence properties of 2 in the 100-
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300 K range (Figure 6). While no shift of the emission band
was observed, its shape, as well as that of the corresponding
excitation spectra, revealed a vibrational fine structure at
low temperatures. At 100 K the vibronic structure of the
emission band was clearly pronounced and the individual
vibronic lines were resolved. The luminescence lifetime
increases when reducing the temperature, from 9.2 ms at
300K to 13.1 ms at 100 K (Figure 7), and the luminescence
intensity increases to @, ca. 0.8. These features could be
ascribed to the presence of a thermally activated, non-
radiative decay channel, which is less effective at low
temperatures. Thus, the longer luminescence lifetimes
observed for 2 and 6 do not originate from thermally-
activated delayed phosphorescence pathways, which would
be characterized by a shift of the emission band when
varying the temperature,® Instead, we suggest that this
feature might be attributed to ultra-long-lived excited triplet
states, where poor spin-orbit coupling leads to a much lower
rate of intersystem crossing (T,—S,) and thus, radiative
transitions of a highly forbidden character.””!

In summary, three 19-vertex (1, 2, and 4) and three 18-
vertex heteroboranes (3, 5, and 6) have been shown to
exhibit luminescence. Thus, the work described herein on
the study of macropolyhedral heteroborane clusters disrupts
any previous possible assumption that luminescence from
macropolyhedral borane species might be limited to anti-
B,sH,, and its derivatives. As such, our observation and
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Figure 6. (A) Emission spectra of solid 2 from 100 to 300 K, excited at
410 nm. (B) Corresponding excitation spectra, recorded at 600 nm.
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Figure 7. (C) Luminescence decay kinetics of solid 2 from 100 to 300 K,
excited at 410 nm and recorded at 600 nm (fast decay at the early
beginning was due to pulse scattering). (D) Temperature dependence
of the luminescence lifetime of solid 2 from 100 to 300 K.

study of luminescence in these very different cluster geo-
metries represents a major change in the availability of light
conversion from this inorganic molecular class, and opens
this new field in photoactive species to far greater horizons.

Supporting Information

The data that support the findings of this study are available
in the supplementary material of this article. Additional
references are given within the Supporting Information
(Ref. [30]).
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