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Porous polymer: Thermolysis of nido-BioHi4 and
toluene at 250°C affords the novel microporous
polymer named “Activated Borane”. Analyses
suggests an amorphous structure of borane clusters
interconnected by toluene moieties. Activated Borane
displays a high surface area of 774 m?g’!, thermal
stability under Ar up to 1000°C, and sorption capacity

to emerging pollutants exceeding the capacity of

commercial activated carbon.

Abstract:

The unprecedented co-thermolysis of nido-decaborane (BioH14) and toluene results in a novel
porous material (that we have named “Activated Borane™) containing micropores of 1.0 and 1.5
nm in diameter and a specific surface area of 774 m? g (Ar, 87 K) that is thermally stable up to
1000 °C. Solid-state *H, B and *C MAS NMR, UV-vis and IR spectroscopies suggest an



amorphous structure of borane clusters interconnected by toluene moieties in a ratio of about three
toluene molecules for every borane cluster. In addition, the structure contains Lewis-acidic tri-
coordinated boron sites giving it some unique properties. Activated Borane displays high sorption
capacity for pollutants such as sulfamethoxazole, tramadol, diclofenac and bisphenol A that exceed
the capacity of commercially-available activated carbon. The consistency in properties for each
batch made, and the ease of its synthesis, make Activated Borane a promising porous material
worthy of broad attention.

Introduction

Porous materials are highly versatile and are used in a growing range of applications
including adsorption processes (e.g., gas storage and separation, pollutant removal), heterogeneous
catalysis, drug delivery, energy storage, etc.! An ultimate goal in the development of porous
materials is to tailor the size, shape and connectivity of pores and their chemical nature to suit

specific applications, while keeping the synthetic process simple and cost effective.

The chemical nature of porous materials is diverse, it comprises (i) Organic polymers such
as porous carbons (thermally, chemically or physically activated organic precursors),[?l hyper-
crosslinked porous polymers (Davankov resins),®! covalent organic frameworks (COFs),“
polymers of intrinsic microporosity (PIMs),[! etc. In these cases, the “backbone” of the polymer
consists of bonds created from the organic chemistry toolbox (e.g., C-C bond, C-N bond, boroxine,
etc.). (ii) Inorganic materials such as zeolites,!® aluminophosphates,i’) mesoporous molecular
sieves,!® porous titania,™ etc. are based on 3-dimensional networks of bridging oxygen atoms and
Si, Al, Ti as well as other metals or semi-metals. (iii) Porous coordination polymers (Metal-organic
frameworks, MOFs)[*% are based on arrays of metal atoms or oxometalate clusters bound together
by organic ligands through coordination bonds.

Each of the above classes possess different properties, suitable for specific applications,
made possible by the chemical and structural diversity amongst individual materials. For this
reason, it is highly desirable to further widen the portfolio of porous materials by seeking new
avenues to their construction. In this context, there is a gap in the literature when it comes to porous
materials based on borane clusters (boranes) connected directly by B-B bond or by short alkyl or
aryl bridges — B-C bonds.



Boron has one valence electron fewer than its number of valence orbitals, resulting in an
electron deficiency that leads the hydrides of boron to share electron density in spherically-
aromatic delocalized manners. This results in some unique structural motives and properties that
are hard to find in the chemistry of other elements, these include (i) reverse B**-H® polarity, (ii)
3D spherically aromatic character, (iii) thermal stability and low toxicity of closed borane cages

due to high resistance to biological degradation.[*11213.14]

In this paper we present a new strategy for the synthesis of porous polymers by simple
heating of decaborane(14) (nido-BioHi4) in toluene. We named the resulting porous polymer
Activated Borane (ActB) due to the similarity of its synthetic procedure and simplicity of
preparation with Activated Carbon.[2 We provide initial characterization data that suggest a
structure of borane clusters connected by tolyl bridges, and showcase the exciting potential of this
new group of porous polymers as adsorbents of emerging pollutants, such as the antibiotic
sulfamethoxazol, in which ActB displays 50% higher sorption capacity of than Activated Carbon
(Sigma-Aldrich).

Results and discussion
Synthesis of Activated Borane

ActB was prepared by heating a mixture of nido-B1oHu4 in toluene to 250 °C for 24 h. The
reaction was conducted in a sealed glass ampoule inserted into an autoclave containing toluene as
a medium to compensate for the high pressure developed within the ampoule. Special attention was
taken when opening the ampoule, which is necessary to cool to 77 K in order to reduce the pressure
inside. The resulting black mixture was Soxhlet extracted for 2 days with toluene. Removal of
residual solvent (activation) was done by heating to 100 °C under dynamic vacuum. For

experimental details see ESI.
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Figure 1. Schematic representation of the reaction forming ActB.

ActB can be synthetized readily from commercially available materials without any
purification; however, best results are achieved when ActB is synthetized in the absence of

moisture and air (for details see below) using standard Schlenk techniques and Ar-filled glovebox.

Characterization

ActB displays a type | adsorption isotherm of argon typical for microporous materials (see Figure
2, top right) and has a BET (Brunauer, Emmett and Teller) specific surface area (Sget) of 774 +
35 m?g*. The batch-to-batch reproducibility for this parameter is very good, with Sger differences
between batches being within experimental error of the method (<5 %, for details see Table S1).
The calculated pore size distribution (Figure S1) gives two rather sharp maxima centred around 1.0
nm and 1.5 nm. This distribution is rather unusual for amorphous polymers, which generally
display either a broad distribution of pores or pores larger than 2 nm (mesopores). The fact that the
pores are reproducibly of the same size indicates that even though ActB has no short-range order

there is a regularity at the nanometric level and manifests in the relatively uniform manner of its
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Figure 2. From top left: Powder X-ray diffraction pattern of ActB (* represents the diffraction of sample
holder); FTIR spectrum of ActB; Adsorption isotherms of ActB. Bottom row from left: UV-vis spectrum
of ActB with Kubelka—Munk-transformed reflectance spectra in the inset; SEM images of two different
batches of ActB.

pore sizes. Figure 2 shows a comparison of adsorption isotherms of Ar, N2, CO, and CH4 measured
at temperatures of their respective boiling points and H> measured at 77 K. As can be seen, methane
and argon adsorb into the micropores of ActB in a similar manner, whereas the volume of adsorbed

COs.is significantly lower.

Unfortunately, the structural analysis is not straight forward; ActB displays only one broad peak,
at around 27 A, in the powder X-ray diffraction pattern (Figure 2 top left). This suggests only a
very low degree of ordering. Elemental analysis (Table S2) determined the C, B and H molar ratio
asca.2:1:2.5, respectively, which corresponds to three molecules of toluene to every decaborane

cluster with a high degree of cross-linking.

The FTIR spectrum (Figure 2 top middle) of ActB display vibrations from both entities — borane
cluster, mainly B-H vibrations, and from toluene — mainly stretching vibrations of aromatic and
aliphatic C-H bonds and C-C bonds. Additionally, the peak at approximately 3200 cm™ can be
ascribed to the vibrations of BO-H bonds. This adds weight to the probability that borane clusters
are preserved in the structure, however, despite all efforts to exclude air and moisture from the

synthesis, some oxygen contamination is present, possibly originating from reaction with the walls



of the glass ampoule. Indeed, such reactivity between borane clusters and glass surfaces has been
noted previously during high-energy UV experiments on organic solutions of the related borane
anti-B1gH22.1*>%8] The absence of peak at around 1900 cm™ indicates that ActB does not contain
significant number of u-H (B-H-B bridges) that are located at the open face of nido and arachno
borane clusters. This observation is in good agreement with our findings from solid state NMR

spectroscopic measurements described below.

The UV-vis spectrum of ActB (Figure 2 bottom left) shows strong absorption below 1000 nm, this
translates to an optical band gap of 1.19 eV derived from the Kubelka—Munk-transformed
reflectance spectra. Additionally, ActB displays weak luminescence upon excitation at 500 nm

with a broad maximum at approximately 750 nm (see Figure S3).

Scanning electron microscopy (SEM) shows spherical particles with diameters of approximately
10 um. The number of smaller spheres and non-spherical particles varied from batch to batch. The
thermogravimetric analysis (TGA) performed in Ar atmosphere documents high thermal stability
up to 1000°C (see Figure 3). The majority of the approximately 11 % decrease in mass between
RT and 1000 °C can be attributed to the loss of toluene with the maximum at around 300 °C. This

feature bodes well for possible application where high temperature is a prerequisite.
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Figure 3. Thermogravimetric analysis of ActB performed in Ar atmosphere. Blue is
thermogravimetric curve, red curve differential scanning calorimetry (DSC) and green curve signal
from mass spectrometry for toluene (m/z = 92).



ActB is insoluble in all common non-polar solvents and only negligible amount can be dissolved
in polar solvents, such as THF. For this reason, the structure of ActB was probed using *H, !B and
13C solid state NMR (ssNMR) analyses and compared with parent nido-B1oH14 and literature data,
see Figure 4.7 The *H magic angle spinning (MAS) NMR spectrum of ActB (Figure 4b) displays
two broad and almost unresolved signals with chemical shifts 1.95 and 6.55 ppm. They can be
attributed to methylene groups and aromatic hydrogen atoms from toluene with a contribution from
nido-B1oH14 hydrogen atoms. Interestingly, bridging hydrogen atoms (1 marked in Figure 4a) are
missing in ActB. To confirm this, we measured H high resolution-NMR experiment of ActB
suspended in dried ds-THF, see Figure S5. In this configuration part of the borane species dissolved
confirming the absence of boranes containing . hydrogens (usually seen in the 0 to -4 ppm range).
Reasonable explanations for these observations are the transformation of open nido-borane clusters

to closed closo-borane clusters and/or full substitution of y hydrogen atoms.

The 1'B MAS NMR spectrum of ActB is an accumulation of overlapping resonances to give one
broad asymmetric peak with a maximum at -8.3 ppm. As such, the amount of information
discernible from this NMR technique is limited. Nevertheless, what is clear from the 1B spectrum
of ActB (Figure 4, a) compared to that of nido-BioH14 (Figure 4, b) is the downfield shift of the
peak for boron atoms B2 and B4, and, conversely, the upfield shifts in the resonances for the
remaining boron atoms in the cluster species. This shifting in magnetic shielding and deshielding,
suggests that the decaborane molecule is being substituted in multiple positions, causing marked
fluctuations in its distribution of electron density within the cluster and consequent change in its
1B NMR spectrum that is apparent in Figure 4. Additionally, a prominent shoulder at ca. 20 ppm
(see dashed box in Figure 5b) indicates the presence of a tri-coordinated boron (B'") species. This
is supported by B spin-echo MAS NMR and !B 3Q/MAS NMR spectra, see Figure 5, which
indicate the presence of a B species with diso = 20.3 ppm. Additional structural information was
extracted from !B high resolution-NMR spectroscopy of an ActB sample suspended in dried ds-
THF, see Figure S5. These spectra confirmed the presence of B species and the comparison of
{*H} decoupled and undecoupled spectra clearly exclude that B"' species would be directly
connected to hydrogen atoms. (In case of the existence of B-H bonds, a J*(}*B-H) splitting would
be visible in the undecoupled spectrum). Moreover, the minimal broadening of B'" signals in the
two spectra in comparison to pure HsBOz3 in DO indicates that the tri-coordinated boron species

in the ActB sample is no longer a part of the borane clusters as that would lead to much broader
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corresponding signals (see Figure S5). For this to happen, the B"' must have been expelled from
the borane cluster, the mechanism of which is currently unclear. However, the formation of HsBO3
has been previously noted to form during anaerobic high-energy laser processes involving boranes
in silica-glass vessels!*>*®! and so the origin of the oxygen might be the glass ampoule. The
extracted NMR parameters (Siso = 20.0 ppm, Cq= 2.5 MHz and n = 0.17) of the B"" species from
1B MAS spin-echo NMR (8 loops) spectrum suggest formation of boronic acids/esters.[*82°] The
presence of B'! species suggests that more complicated transformations are taking place during the
synthesis, it is highly probable that some of the borane clusters may be merging and/or

disassembling.
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Figure 4. Measured *H MAS NMR (left-hand column) and !B MAS NMR (right-hand column)

spectra of nido-decaborane a) and ActB b), respectively.
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Figure 5. The B spin-echo MAS NMR spectra a) and B 3Q/MAS NMR spectrum b) of ActB
sample acquired on 16.4 T NMR spectrometer at 20 kHz spinning speed of sample.

The *C MAS NMR spectra measured with and without cross polarization (CP) are near to identical
(see Figure S6), which means that all carbon components in the structure are immobilized without
significant rotation. The 3C CP/MAS NMR spectrum (see Figure 6) contains three dominant and
relatively narrow peaks (19.4 ppm, 126.7 ppm and 134.6 ppm) which are attributed to methylene
groups (-CHs3) and two non-equivalent aromatic carbons (=CH-) from immobilized toluene,
respectively. However, two additional signals; one relatively narrow peak at 0.5 ppm and a second
broader peak at 29.3 ppm, were also detected (see Figure 6, dashed lines). The signal at 0.5 ppm
can be attributed to carbon atoms bonded to borane clusters and form nodal points between borane
clusters, similarly as known from boron carbide.[?>?1 On the other hand, the broad signal at 29.3
ppm ranging from 70 ppm to -10 ppm can be attributed to methylene groups directly connected to
borane clusters and/or carbons incorporated into these clusters possibly forming a substituted
carborane cluster (C2B1oH12).[2%

Another information regarding the structure of ActB can be drawn from the study of thermolysis
of nido-decaborane in aromatic solvents (manuscript under preparation). These findings show that
there are at least two reactions taking place: substitution of decaborane with aromatic solvent
molecules and fusion of decaborane clusters to form BigH22. The later reaction can be the source

of tricoordinated boron species that was expelled from decaborane cluster during cluster fusion.
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Figure 6. Experimental 3C CP/MAS NMR spectra (black solid line), simulations of the individual
carbon sites (dashed lines) and their sum (red solid line) of ActB. Spinning side band is denoted
*ssb.

Properties

To investigate the properties of ActB and demonstrate its potential for application, we tested its
adsorption and extraction of drug molecules from water. Pharmaceuticals are considered as
contaminants of emerging concern (CEC) because of their widespread diffusion in surface waters
and their recognized adverse effects on aquatic organisms. The chemical nature of many
pharmaceuticals precludes their effective removal via typical waste or drinking water treatment
processes, often resulting in their re-entry into the aquatic ecosystem.[?*242% For these reasons,
European directives encourage the development of new strategies for reducing pharmaceuticals

from waste waters, especially antibiotics.?®!

Thus, we selected the common antibiotic sulfamethoxazole as a model pollutant for adsorption
experiments.[’1 Adsorption kinetics (Figure 7) for ActB of sulfamethoxazole showed rapid
adsorption of the pollutant during the first few minutes. The ActB adsorbent reached partial
saturation after 60 min, however, ActB can accommodate further small amounts of the pollutant
also after this time (adsorbed amount at 1 h and 24 h was 270 mg g* and 284 mg g%, respectively).
Pseudo-second order model kinetics match the experimental data well (see fitted parameters at
Table S2) indicating fast adsorption at the beginning, which is a key feature of any prospective

adsorbent for environmental protection or emergency removal of the contaminants.
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To test the stability of ActB in water we prolonged the shaking period of ActB in solution of
sulfamethoxazole to 28 days and followed the concentration of sulfamethoxazole. As can be seen
from Figure S7 we did not observe any degradation of ActB that would be related with desorption

of sulfamethoxazole.

The middle graph of Figure 7 shows the adsorption isotherms (initial concentration ranged from
10 to 100 mg L%, samples taken after 24 h of shaking at 25+1 °C) of sulfamethoxazole onto ActB
next to that for activated carbon (Sigma Aldrich) as a comparison. Both isotherms were fitted by
Langmuir and Freundlich mathematical models of adsorption (for details including the fitting
parameters and fitting curves see Figure S8 and Table S3 in ESI). From this data, it is clear that
ActB, with an adsorption capacity of 325 mg g, displays 50 % higher sorption capacity than
activated carbon (219 mg g) while the K. parameters are similar for both adsorbents indicating

that adsorbent-adsorbate affinities are comparable.

Motivated by these results, we tested further the effect of ActB on other hard to remove pollutants
commonly occurring in waters — tramadol (tramadol hydrochloride, analgesic), diclofenac
(diclofenac sodium salt, analgesics and anti-inflammatory drug) and bisphenol A (polymer
component that acts in human body as endocrine disruptor). The graph on the right-hand side of
Figure 7 shows the extent of removal of the pollutants (initial concentrations of 100 mg L) after
24 h of shaking. Direct comparison with activated carbon again shows the superior sorption
capacity of ActB. More specifically, ActB can accommodate 1.6x and 2.5x larger amounts of
diclofenac and tramadol than activated carbon, respectively. One possible explanation for the
higher affinity towards the aforementioned pharmaceuticals could be the interaction of Lewis-basic
nitrogen atoms present in the pollutant molecules with the Lewis acidic tricoordinated boron sites
in ActB that we describe above in the discussion of the sSNMR analyses. Despite the exact nature
of these Lewis acidic centres remains unknown, their presence seems to impart some unique

properties to ActB.

11



T
300 F

80

T T
ActB 3

T T ™4

ActB ; 7 300 F

250 e
< i1 S
> 200 - 14 ©@200f =
=2 ) 1 o =

Activated carbon 1 :
E 150 | W E E 150 b . Activated carbon } 2
[} E © GE)
100 3 4 S100f g
50 F E 50
[ L L L L L ] 0 L L | | |
0 120 240 360 480 1320 1440 0 10 20 30 40 50 60
Time / min C./mgL

Q

Sulfamethoxazole (SMX)

O OMe
HN-S HO Cly
N
/ﬁ,\, D NMe,HCI @:
Me” O NH, cl

Tramadol (TMD)

COO0o

Diclofenac (DCF)

H ActB
I Activated carbon

SMX

TMD DCF BPA

Na
Me Me

HOOH

Bisphenol A (BPA)

Figure 7. Adsorption of pollutants on ActB and its comparison with activated carbon: From top left:

Kinetic curves of sulfamethoxazole adsorption,

top middle:

Adsorption isotherms of

sulfamethoxazole (Ce is equilibrium concertation and ge is adsorbed amount per gram of adsorbent),
top right: Adsorptive removal (%) of four different pollutants after 24 h when initial concentrations
of the pollutants were 100 mg L. Bottom row shows the structures of the tested pollutants.

Based on the literature, the adsorption capacity of ActB for sulfamethoxazole is higher than other
porous materials such as modified activated carbon,?®! biochar,*® or porous metal-organic
framework (MOF) MIL-101.B% Only a few metal-organic frameworks such as MOF-525 and
MOF-545 with BET specific surface area exceeding 2000 m? g* exhibit higher adsorption capacity
(ca. 600 mg g);BY however, these zirconium MOFs display low stabilities in aqueous
environments and are highly sensitive to pH.%238 ActB also exhibits higher adsorption capacity
for diclofenac and tramadol than was observed on different carbon-based and biochar

materials,®+*! clayst®®! or even MOFs.F7]

Physisorption of drugs can be potentially used not only for water purification, but also for drug
delivery applications if the drug can be desorbed in physiological media. For this reason, we tested
the desorption of sulfamethoxazole from ActB in pure water, methanol and phosphate saline buffer
(PBS). To test these properties, the ActB was first fully loaded with sulfamethoxazole, separated
and suspended in fresh water, methanol or PBS. In water we observed partial desorption ca. 25 %
of adsorbed sulfamethoxazole, while >95% desorption was found in methanol and PBS all after 24
h at 25 °C.

12



As mentioned above, ActB can be prepared from readily available chemicals without any
purification. To document the effect of air and moisture on its preparation, we prepared a batch
named ActB-wet made from chemicals “as received” without any precaution against moisture or
oxygen during the synthesis and subsequent workup. Additionally, a further batch named ActB-
semidry was made from dry precursors under Ar atmosphere, however, the workup was done in
an ambient atmosphere. Figure S1, S2 and Table S1, document the decrease in BET specific surface
area, pore volume and adsorption capacities for sulfamethoxazole with increasing level of humidity
ActB > ActB-semidry > ActB-wet (see also Figure S9 displaying adsorption isotherms of
sulfamethoxazole). To highlight the potential of the newly discovered porous polymer, even ActB-

wet still exhibit higher adsorption capacity of sulfamethoxazole than activated carbon.

Conclusions

In summary, we present the first member from the Activated Borane family of porous materials
that, conveniently, can be readily prepared by simple heating from commercially available
reagents. This new class of porous polymer has an unprecedented chemical nature and untapped
structural variability. The presented data indicates that the application potential of Activated
Boranes is not limited to the adsorption of pollutants but also of potential use in drug delivery and,

indeed, we believe that many other applications will appear in the future.
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