Benchmarking the dynamic luminescent properties and UV
stability of BigH»>-based materials
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The dynamic photoluminescent properties, and potential quenching mechanisms, of anti-BigH,2, 4,4’-Bry-anti-
BisH20, and 4,4’-1,-anti-B1gH2o are investigated in solution and polymer films. UV stability studies of the neat
powders show no decomposition occurring after intense 7 day light soaking. In contrast, clusters incorporated
into polymer films are found to degrade into smaller borane fragments under the same irradiation conditions.
To highlight the utility of these compounds, we leverage their favorable optical properties in a prototype UV
imaging setup.

dynamic luminescent properties and UV stability- especially in
Introduction polymer films- has so far thwarted such efforts.

Boron-containing luminescent molecules have gained attention
for their application in areas such as OLEDs, (bio)sensing, and
imaging.! These compounds normally consist of a boron atom
nested in an aromatic organic framework, which interacts with
the vacant p orbital of boron to produce charge transfer
processes responsible for luminescence. Despite the abundance
of hybrid (boron and carbon containing) luminescent molecules,
only one boron hydride framework, anti-BigH22, exhibits
fluorescence without the aid of any carbon-based functional
groups. This 18-vertex borane has bright blue emission and a
quantum yield nearing unity (¢ = 0.97).2 Since its discovery by
Pitochelli and Hawthorne in 1962,3 multiple follow-up
investigations showed how functionalization of the boron
vertices can have dramatic effects on its emission, quantum
yield and stability.# With a limited number of synthetic
derivatives reported to date, further work into defining the
luminescent properties of Big-based compounds via molecular
design is needed. The recent research on anti-BigH,,, led by
Londesborough et al., has so far focused on its application in
lasers and OLEDs;> however, the lack of knowledge on its

This work considers the luminescence and UV stability of anti-
BisH22-based molecules, with a focus on how and why these
properties are subject to change in solution, neat powders, and
polymer films. Specifically, we investigate anti-BisH2, (1) and
two of its halogenated derivatives, 4,4’-Br;-anti-Bi1gH20 (2) and
4,4’-1,-anti-B1gHz0 (3) (Figure 1). The parent borane 1 was
selected to establish a baseline for these studies, while the
halogenated clusters have luminescent properties favourable to
optoelectronic application, such as absorption in the UV region,
large Stokes’ shifts, and high quantum yields.#2 In this work, we
show that the UV stability of 1-3 dramatically depends on the
host matrix. Furthermore, we observe unique cage
deconstruction chemistry that results in a loss of luminescence.
Guided by this new knowledge, we were able to develop a
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Fig. 1 Structures of the three luminescent compounds explored in this study (top)
in polystyrene-toluene films under normal lighting (middle) and UV light
(bottom).



proof-of-concept prototype UV-imaging setup using 1-3.
Importantly, this research identifies several interesting areas of
anti-BigH22 chemistry that should be further addressed to
achieve meaningful application of these clusters in optical
devices.

Results and discussion
Incorporation of emitters into polymer films

Halogenated compounds 2 and 3 were selected for these
studies due to their straightforward syntheses and large Stokes
shifts that minimize reabsorption loss. While compound 3 has
already been reported,*2 its brominated counterpart, 4,4’-Br,-
anti-BigHao, is synthesized here for the first time. Substitution
occurs via electrophilic halogenation by reacting anti-Bi1gH2z
with AICI; and Br; over 1 hour (see SI, Figures S1-S5). All three
compounds are stable when stored under ambient conditions.
With 1-3 in hand, we sought suitable formulations for their
incorporation into polymer films. Ideal films are uniform and
should preserve the molecular photoluminescence and stability
of the parent compound. However, embedding small molecules
into polymer films can dramatically affect their properties. This,
coupled with the poor solubility of inorganic emitters in organic
solvents,® make developing and optimizing luminescent films
extremely challenging. Previous studies demonstrated the
ability to incorporate anti-BigH,; into polystyrene,> but only
partial characterization of these films was conducted, and no
other polymer matrices were explored. In this study, we
investigate if and how the properties of 1-3 change when
incorporated into four widely available and inexpensive
polymers: poly(methyl methacrylate) (PMMA), poly(lauryl
methacrylate) (PLMA), ethyl vinyl acetate copolymer (EVA), and
polystyrene (PS). PMMA films loaded with 2 wt% 1, 2, and 3
were stable, but were also bright yellow in colour with
significantly diminished luminescence when observed under a
UV lamp (Figure S6). Both the PLMA and EVA films were
colourless, but the emissive species degraded in the PLMA films
after just 3 days and the EVA films were non-uniform and brittle.
Only polystyrene yielded uniform, mostly colourless films that
are stable under ambient conditions (Figure 1), making it the
most suitable polymer matrix for the proceeding experiments.

Photoluminescent Characterization

Because molecular Iluminescence often changes when
incorporated into films, photophysical characterization was
conducted on cyclohexane solutions of 1-3 to establish baseline
properties of each species. While the parent borane and its
brominated analogue maintain absorption strictly within the UV
region, 4,4’-1,-anti-B1gH20 tails slightly into the visible spectrum
(Figure 2, left). Out of the three, 1 absorbs light most strongly (&
= 6800 M-icm1),%b followed by 3 (£ = 4900 M-icm1) and 2 (g =
2200 M-1cm-1). Emission spectra, also gathered in cyclohexane
solution, show peak maxima at 408, 525, and 526 nm for 1, 2,
and 3, respectively. The significant red-shifts in the emission
spectra of 2 and 3 compared to the parent borane are due to

the presence of the heavy halogen atoms, which lend spin-orbit
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coupling to the molecule. Previous reports have already noted
that 1 exhibits fluorescence? and that the addition of heavy
iodine atoms produces phosphorescence in 3.42 Likewise,
substitution with bromine results in phosphorescence, which
occurs through a 3(ngr - o*) charge transfer transition (Figure
S43). Phosphorescence can be confirmed by the long 7 ps
lifetime of 2, which increases to 43 pus when nitrogen is bubbled
through the solution (Figure S7). The quantum yields (¢) of the
phosphorescent compounds improve under oxygen-free
conditions, from ¢ = 0.08 to ¢ = 0.55in 2 and from ¢ = 0.41 to
¢ =0.71 in 3 (Table 1). We also note that 1-3 were stable in
these solutions for at least several weeks, with no degradation
observed.

Polystyrene films of these clusters, PS-1, PS-2 and PS-3, were
subjected to similar characterization, summarized in Table 1,
Figures S8-S9, and Table S2. The optical properties of the films
exhibit low reflectance and high transmittance (~90% at 500-
2500 nm) with optical densities less than 1 for all three
compounds (Figure S10). The absorption spectra remained
largely unchanged from that of the cyclohexane solutions, while
the emission peak maxima, particularly for PS-1 and PS-3,
exhibited noticeable bathochromic shifts of 25 nm and 10 nm,
respectively (Figure 2, right). These shifts have been observed
previously and are found to increase or decrease with higher
and lower emitter loading, respectively; these changes could be
caused by cluster-cluster or cluster-polymer interactions.s>7?
The quantum yields also changed considerably from solution to
films, with ¢ = 0.28 for PS-1, which is in stark contrast to the
0.97 value observed in cyclohexane solution.? Likewise, 3
exhibits a decrease from ¢ = 0.71 in solution4@ to ¢ = 0.46 in
film. Interestingly, only PS-2 demonstrated improved quantum
yield, increasing from ¢ = 0.41 to ¢ = 0.74 under nitrogen and
exceeding the ¢ = 0.55 observed in oxygen-free cyclohexane.
Diminished fluorescence of 1 in PS films was noted previously5t
which the authors attributed to the high proton affinity (PA) of
polystyrene that causes unfavourable interaction with the
borane. They also reported that the quantum yield of PS films is
negatively affected if they were cast with high PA solvents.
Based on these findings, we prepared another batch of
polystyrene films using dichloromethane which, in contrast to
the previous report, exhibited slightly lower quantum vyields
than those cast with toluene (Table S2). Additionally, films cast
with THF changed from yellow to opaque white upon drying,
suggesting that the effects of the casting solvent are not well
maintained in the dried films.
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Fig. 2 Absorption and emission spectra of 1-3 in cyclohexane solution (left) and
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Table 1 Emission (Aem), quantum yield (), lifetime (t) and radiative (k, = dgm?/
Trim) @and non-radiative (K, = (1- d&rim®)/ Trim) decay rates for downshifting
molecules. 2In oxygen-free cyclohexane, "Under nitrogen atmosphere, <Under

vacuum. 9Data from PS films prepared with dichloromethane, see Sl. Excitation
wavelength (Aeyxc) = 340 nm for emission and quantum yield, Aexc = 331 nm for 1
and 405 nm for 2 and 3. *From refs 2 and 4a.

Anti-BgH,, (1) | 4,4-Bry-anti-B,gHy (2) | 4,4-1,-anti-B,gHy, (3)

Aem eyciohexane (NM) 408 525 526
Aerm fim (NT) 434 526 538

Qeyoionosane 0.97* 0.55¢ 0.71*
0.28 0.41 0.44

i 0.30 0.74v 0.46¢
Torm (US) 0.0022¢¢ 58¢ 3.8

k (Us™) 86¢ 0.013 0.12
PTS) 370¢ 0.0045 0.14

To gain more specific insight into the conditions that quench
luminescence, absorption and fluorescence spectra were
gathered from solutions of 1-3 in cyclohexane, 1,2,-
difluorobenzene, benzene, toluene, THF, acetone, and
methanol (Figure S11-S13). The absorption maxima in each
remain largely unchanged except for THF, acetone, and
methanol, which show significantly (~60 nm) red-shifted peaks.
Interestingly, 1,2-difluorobenzene also shifts the absorption of
2. These changes are characteristic of a ground-state complex
between the solvent and cluster forms that prevents
luminescence.®8 To further investigate potential ground-state
interactions between the borane and solvent molecules, 1-3
were analysed by 1B and H{!!B} NMR in deuterated THF,
acetone, and methanol (Figures S14-23) and compared to their
NMR spectra in deuterated chloroform solution. The effects of
solvent on the 1B NMR ranged from slight broadening of the
boron resonances to wide, poorly defined peaks. For example,
while the 1B NMR spectrum of 1 in THF exhibits sharp boron
resonances, the analogous spectrum in methanol is significantly
broadened (Figures S14 and S16). These changes were often
accompanied by increased number of resonances indicating
decreased symmetry of the cluster. In several cases, sharp
singlets indicative of tetracoordinate boron environments were
observed (Figures S16-17, S22). Furthermore, broadening of the
proton peaks in IH{11B} NMR spectra points to the likelihood of
exchange between solvent molecules and borane species.
Interestingly, several proton resonances were completely
absent in some methanol solution 1H{11B} NMR spectra, which
is likely due to deuterium exchange between the cluster and
solvent (Figure S16, S22). These data, in addition to the red-
shifted absorption spectra (see above), strongly support the
existence of ground-state complexes that prevent
luminescence in coordinating solvents.

The minimal changes in the absorption spectra of compounds
1-3 in polystyrene and toluene suggest that the diminished
guantum yield in these cases is due to a dynamic, excited-state
process. Therefore, we conducted lifetime measurements in
cyclohexane, 1,2-difluorobenzene, benzene, and toluene to
investigate the variations in excited state dynamics in these
solvents (Figure S24). The lifetime of 1 is longest in cyclohexane
(10.4 ns) followed by 1,2-difluorobenzene (8.9 ns), toluene (4.8
ns), and benzene (3.3 ns). These successively shorter lifetimes,
assuming monoexponential decay kinetics, signify stronger
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guenching caused by solvent. Interestingly, the decay kinetics
of 1 in toluene are not monoexponential but are indicative of
exciplex formation in the excited state.8 Propensity for toluene
to strongly interact with 1 correlates to the severely diminished
quantum yield observed in PS-1. In contrast to 1, compound 2
exhibited the least amount of quenching from toluene, followed
by benzene and 1,2-difluorobenzene (1,2-difluorobenzene also
appears to form a ground-state complex with 2). Notably, 3 only
displays strong luminescence in cyclohexane and therefore the
lifetime measurements in other solvents were not attempted.

These quenching mechanisms also manifest in polymer films:
the less fluorescent yellow PMMA films likely indicate an
interaction with the cluster that bears resemblance to that of
the THF, methanol, and acetone solutions (Figure S6), while
guenching by polystyrene could occur through excited state
processes. PS-2 and PS-3 are less affected by the polymer matrix
than PS-1, potentially because of the steric bulk of the
substituents that mitigate cluster-polystyrene interactions,
particularly in the solid state. At the same time, the
progressively increasing polarizability from 1 to 3 could also
render the halogenated molecules more susceptible to cluster-
solvent interactions that diminish luminescence; it is therefore
possible that 2 strikes a balance between these two quenching
pathways that ultimately results in its superior quantum yield in
polystyrene films. Still, while the exact quenching mechanisms
cannot be definitively discerned from these studies, it is evident
that quantum yield is dependent on the polymer host matrix,
and it is essential that practitioners in future studies assess the
intricate relationship between luminescence quenching by
solvents and polymers.

Photostability of powders and polymer films

Data gathered for this report shows that polymers can greatly
affect both the luminescence and stability of these boron
clusters. We had previously identified two polymers, PMMA
and PS, in which the clusters were stable under ambient
conditions. However, we sought to gauge the extent of this
stability under more relevant circumstances (i.e., light
exposure). The photostability of 1 in polystyrene films has been
previously investigated, with evidence of degradation observed
after 30 minutes of light exposure, evidenced by diminished
emission intensity.5>®> However, the degradation products of 1
are unknown and the photostability of 2 and 3 remain
completely unexplored. Therefore, we conducted a more
extensive study to assess the photostability of 1-3 as neat
powders. To assess the degradation products of doped films,
two different polymer hosts containing 1-3 were included in the
study. Polystyrene and PMMA films as well as powders of 1-3
were subjected to intense UV irradiation over 7 days. All films
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Fig. 3 Schematic of the deconstruction of 1 into its synthetic precursor,
decaborane, after irradiation.
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except PMMA-1 exhibited decreased luminescence after light
exposure. Each irradiated film was analysed by NMR
spectroscopy and ESI-MS to identify the boron species present.
Based on the NMR spectroscopy data, PMMA-1 remained
intact, while PMMA-2 and PMMA-3 showed little to no cluster
present (Figure S25). Mass spectra for all three PMMA films
dissolved in methanol show their respective boron cluster
masses, indicating that at least some intact cluster remained
(Figures S26-28). There was, however, no detectable intact
cluster for PS-1, PS-2, and PS-3 by NMR spectroscopy (Figure
S$29). The mass spectra showed no 1 or 2 present in the PS films,
and only a small amount of 3 (Figures S30-32). We found the
absence of detectable boron in these samples surprising; even
if degradation had occurred, we would expect to see
corresponding signals in the 1XB NMR spectra. To see if the
boron content in the films was consistent before and after
irradiation, Inductively Coupled Plasma — Optical Emission
Spectrometry (ICP-OES) studies were conducted. Because the
PMMA films were initially spin coated and the recovery of the
PS films resulted in some lost fragments, we anticipated that the
measured boron content would be slightly inaccurate or lower
than the control samples. Nevertheless, the ICP results align
well with the NMR and MS observations and show significantly
less boron than expected (Tables S3-S4). In all films, the
detected boron content was under 50% of the expected
amount. In accordance with the MS and NMR spectroscopy
data, the parent borane 1 performed best in the PMMA film,
with 47% of the expected boron content present. The detected
boron in the remaining PS and PMMA films was very low, apart
from PS-3 which had 32% remaining. Interestingly, a mass
corresponding to BigH14 is present in the PS-1 mass spectrum
(Figure S33), suggesting that degradation could proceed
through the deconstruction of the cluster cage into its synthetic
precursor, decaborane.l’® To further probe this observation,
irradiation of polystyrene films was conducted in sealed quartz
tubes under ambient atmosphere. After irradiation, the
contents of the quartz tubes were dissolved in deuterated
chloroform for NMR analysis (Figure S34). The 11B{1H} NMR for
PS-1 contains several peaks that do not correspond to 1 but
rather decaborane (Figure S35). At least another set of boron
hydride peaks is clearly visible in the NMR spectrum which we
were unable to definitively assign. There was no detectable
boron by NMR spectroscopy for PS-2 and PS-3. The mass
spectra showed some intact cluster in PS-1, but most masses
appeared to be degradation products, with one corresponding
to decaborane (BioH14) (Figure S36). Interestingly, the MS of PS-
2 and PS-3 did not contain the mass of BigH14, but rather its
halogenated counterparts BioH13Br and BioHisl, respectively
(Figures S37-38). This suggests that degradation does not take
place through cleavage of the boron-halogen bond, but through
deconstruction of the Big-based framework to form BigHia
(Figure 4). The relatively high vapor pressure of decaborane (0.2
mmHg)1l explains its absence from the initial non-sealed
samples, as it could easily escape the film after forming. Masses
corresponding to other clusters, namely BiiHi4~ and Bi2H160,
were also observed in the PS-1 mass spectrum along with the
corresponding halogenated masses for B11H13X", B11H13XO-and
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B12H1sXO in PS-2 and PS-3. This suggests that cluster
deconstruction proceeds through similar mechanisms for all
three compounds tested. Despite the degradation observed in
the films, the powder samples of compounds 1, 2 and 3 were
stable after the week-long irradiation (Figures S39-42). Evidence
of intact 2 and 3 as well as BigH19Br3 and BigH19l3 by MS indicates
that B-X bonds are less susceptible, but not inert, to
photodegradation. Overall, these studies suggest that
photostability of Big-based compounds needs to be considered
as a function of the host material.

UV-Visible imaging

Current UV-imaging technology is limited by its inability to
simultaneously observe UV and visible light, mainly due to the
opaque phosphors used.’2 With the appropriate setup,3 our
transparent, UV-absorbing films would permit the simultaneous
visualization of UV and visible light. As a proof-of-concept to
demonstrate the utility of compounds 1-3, a prototype imaging
setup was constructed using a 340 nm LED (Figure 4A). To
ensure the purity of the LED, a 340 nm bandpass filter and
focusing lens was placed in front of the light. A UV absorbing
molecule, benzophenone, was dissolved in a solution of toluene
and polystyrene and cast in a pattern (“UCLA”) on a quartz
substrate. The pattern is completely transparent and colourless,
and it is not visible when placed in front of the bandpass filter
in the presence of 340 nm light (Figure 4B, left). However, when
polystyrene films of 1-3 are placed in front of the UV-absorbing
pattern, the 340 nm light that is not absorbed by the
benzophenone pattern is transmitted through the quartz and
converted to a wavelength visible to the human eye or camera.
Consequently, the UV absorber becomes visible (Figure 5B,
right). One could further envision the incorporation of these
emissive films onto the surface of camera lenses for the
detection of UV radiation or UV absorbing objects, especially if
better polymer formulations can be identified.

Conclusions

While anti-BigsH,2; and its derivatives remain a promising
material for luminescence applications, the development of a
suitable polymer formulation that yields transparent films,
retains high quantum yield, and is stable to UV radiation is a
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Fig. 4 A) Schematic of UV-imaging setup, viewed from the side B) Polystyrene
films, from left to right: absorber film under ambient light, 340 nm light, the
absorber film paired with emissive films 1, 2, and 3 under 340 nm illumination.

Absorbing pattern
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major bottleneck for their broader applications. This work
provides a foundation for future studies by benchmarking
dynamic photoluminescence and UV stability/degradation of
Bis-based compounds as solids and in polymer films. We
established that polymer matrices are intricately tied to
luminescence and UV stability of the corresponding polymer
films containing emissive boron clusters. The stability profile for
these compounds under the same UV irradiation can be
extreme, ranging from no noticeable degradation to nearly
complete cage deconstruction. This study further serves as a
broader reminder to practitioners in the field to carefully
consider specific conditions and environmental factors when
evaluating photostability of luminescent materials.
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