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Abstract
Advanced fibers enable the fabrication of structures and composites for applications reliant on lightweight, oxidation resist-
ant, mechanically strong, and electrically insulating materials, e.g. in all forms of land, air, and space transportation and in 
applications within extreme environments. Hexagonal boron nitride (h-BN) fibers harness these advantages, and in addition, 
offer ultra-high-strength-to-weight ratio and low density. Yet, existing precursors for polymer-derived BN fibers are limited to 
insoluble and air/moisture sensitive polyborazylenes, hindering fiber production at scale. In this contribution, we report a reli-
able, controllable, and scalable synthesis methodology for producing pure micro- and nano-h-BN fibers, offering a competitive 
alternative to NASA’s energy-intensive h-BN nanotubes production. The single-source precursor, N-methyl polyaminoborane 
(PMeAB), plays a pivotal role in this process. The catalytic, and scalable, synthesis of PMeAB with controlled molecular 
weights (Mw = 110,500–290,500 g·mol−1) enables the production of h-BN fibers by electrospinning method and thermolysis 
under ammonia. PMeAB molecular weight and concentration were identified as key factors dictating the viscosity and surface 
tension, and thus influencing the overall spinnability of the PMeAB solution. We reveal that the subsequent formation of a 
cross-linked intermediate during PMeAB thermolysis is essential to retain the fibrous morphology during the conversion to 
h-BN fibers. Comprehensive characterization demonstrated the purity and homogeneity of the h-BN fibers, with ~ 97 at.% of 
B and N contents combined throughout the fiber body. This newly disclosed route to h-BN fibers offers a route to potentially 
valuable multifunctional filler material for advanced lightweight composites suitable for applications in extreme environments.

Keywords  Polymer-derived h-BN fibres · Manufacturing · Electrospinning · Thermolysis · High-molecular weight PMeAB

1  Introduction

Pure hexagonal boron nitride (h-BN) fibers are sought after for 
ultra-lightweight applications that need to perform in extreme 
environments, e.g., those typically found in space, aerospace, 
and other means of transportation [1–3]. Hexagonal boron 
nitride fibers are particularly interesting due to their isoelec-
tronic relationship with, and closely related structures to, car-
bon-based materials. h-BN fibers present certain advantages 
over carbon fiber counterparts. Compared with carbon fibers, 
h-BN fibers are electrically insulating [4] and have superior 
thermal stability and chemical inertness [5–8]. These proper-
ties, coupled with high Young’s modulus of fibrous BN, make 
h-BN fibers potentially the strongest known insulating mate-
rial to date [8]. h-BN fibers also possess the exceptionally rare 
combination of being both a dielectric and a thermal conduc-
tor [9]. They outperform carbon fibers in thermal stability in 
both oxidizing and inert atmospheres and exhibit much greater 
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chemical resistance to extreme conditions [10]. Despite these 
outstanding properties, and existing demand, the availability 
of h-BN fibers is limited as current synthetic routes are not 
straightforward. Therefore, only few reports on the synthesis 
of h-BN fibers exist to date. Among the key bottlenecks are 
the properties of BN precursor systems and their subsequent 
processability into fibers [11–13]. Of those systems reported, 
the fiber sizes, crystalline structures, corresponding morpholo-
gies, and the overall quality—including purity, crystallinity, 
porosity, homogeneity—of h-BN fibers, have varied widely, 
and progress towards their potential for reliable accessible 
and scalable manufacturing has been limited [10, 12, 14–18].

In the past decade, NASA reported the synthesis of 
small–diameter BN nanotubes; however, the process 
requires specialized high-power lasers and operates at high 
pressures and temperatures, limiting their wider use [19]. 
Chemical vapor deposition and template methods have 
also been explored for BN nanotube synthesis, although 
these approaches similarly face challenges in scalability for 
fiber production [20]. More recently, to produce BN fibers, 
NASA introduced force-spinning using carbon-rich poly-
mers to make the solution spinnable. However, the carbon 
content was too high for BN fibers to form [21, 22]. The 
method for h-BN fibers synthesis has centered around melt-
spinning, hot extrusion, and electrospinning of boron-oxide-
containing polymer precursors followed by themolysis [11]. 
Precursors employed in these studies were either polymer 
additive-aided colloidal particles or polyborazylene-based 
single-source polymer ceramic precursors. For example, by 
electrospinning B2O3/PVB-additive mixtures followed by 
high temperature nitridation, Qiu et al. [15, 16] produced 
long, aligned, BN nanofibers (ca. 100 nm in diameter and 
ca. 13 cm in length), which had a porous structure due to 
uneven solid vapor nitridation and were also produced in 
low ceramic yield (< 20 wt.%). Polymer-derived ceramic 
routes that use melt spinning processes offer precise control 
over precursor compositions [17], because polyborazylene 
precursors already contain units of hexagonal B–N rings, 
leading to very high reported ceramic yields (90 wt.%) [12]. 
However, polyborazylene is air-sensitive [23–28], has low 
solubility in common solvents, precluding electrospinning, 
and requires specially designed polymer melt processing 
equipment and strict operation conditions [24–26]. Moreo-
ver, it presents a challenging synthesis from borazine that is 
not readily deployable [29–31].

Electrospinning of a suitable BN-polymeric mate-
rial would provide a straightforward and efficient way to 
create continuous polymer and ceramic fibers with diam-
eters ranging from micro- to nanoscale [32, 33]. For the 
generation of high-quality BN fibers using this approach, 
the design of suitable precursors that are stable and can 
be dissolved in common solvents is critical [34]. One 
such potential precursor is the main-group polymer [35], 

N-methylpolyaminoborane, [(H2BNMeH)n] (PMeAB), 
which is best prepared by catalytic routes [36, 37], (although 
stoichiometric methods are also known [38, 39]) as first 
reported by Manners in 2008, using the catalyst Ir(tBu-
POCOP)H2[Ir] (tBu-POCOP = κ3-(OPtBu2)2C6H3) [40, 
41]. With this catalyst (at 0.3 mol% loadings) the commer-
cially available amine-borane pre-monomer, H3B·NMeH2 
(MeAB), was reported to undergo an atom-efficient dehy-
dropolymerization to form PMeAB, where H2 is the only 
co-product (Mw = 160,000 g·mol−1, Ð = 2.9) [40–42].

PMeAB is a promising precursor for the manufacture of 
BN fibers by electrospinning methods because of its: (i) 58% 
of B–N content, (ii) good solubility in common solvents 
such as THF or CHCl3, and (iii) its stability at room temper-
ature as an easy-to-handle solid. However, the electrospin-
ning and subsequent thermolysis of PMeAB have not been 
reported in any detail [40, 43], and the optimal parameters 
for these processes with regard to polymer chain length have 
yet to be determined. This is because methods to precisely 
control polymer chain length (and thus optimal spinning 
characteristics) over a wide Mw range using robust and reli-
able catalysts have not been developed. There have, however, 
been sporadic reports on the use of powdered polyaminobo-
ranes as potential pre-ceramics to BN. The thermolysis of 
parent, powdered and insoluble, [H2BNH2]n was reported 
by Kim and co-workers [44], while Manners and co-workers 
reported thermolysis of pelletized PMeAB [40]. The pyroly-
sis of MeAB [45] has been reported to form an ill-defined 
cross-linked solid. To our knowledge, there have been no 
reports on the use of PMeAB to generate h-BN fibers.

The Weller group has recently demonstrated that par-
tial control [46] over the degree of polymerization (Mw) in 
PMeAB synthesis can be achieved using the air-tolerant pre-
catalyst [Rh(L)(NBD)]Cl, [Rh], [L = κ3-(iPr2PCH2CH2)2NH, 
NBD = norbornadiene], and a boronium chain-control agent, 
that reduces the Mw from 133,100 g·mol−1 to, for example, 
64,400 g·mol−1 (Ð = 1.7) in a controlled manner [47]. This 
readily assembled, air-stable, pre-catalyst [Rh] can also be 
used at very low catalyst loadings (0.01 mol%) to produce 
PMeAB on a 10 g scale, opening the field to scalable, cost 
effective routes to PMeAB. However, methods to precisely 
tune PMeAB Mw in a systematic, controlled, and experi-
mentally robust manner to give higher Mw above ~ 160,000 
g·mol−1, on a scale suitable for potential exploitation in BN 
fiber manufacture, that also use low catalyst loadings (i.e. 
0.1 mol% or lower), have not been reported [48].

In this contribution, we now describe the development 
of a new polymer-derived ceramic route to BN fibers using 
PMeAB (Fig. 1a). This approach uses a potentially scal-
able and straightforward polymer pre-ceramic synthesis of 
PMeAB, with low loadings of catalyst to offer fine control 
of the polymer over a wide range of Mw (Fig. 1b, c). Sub-
sequent additive-free electrospinning of polymer samples 
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with optimal Mw (Fig. 1d, e), curing (cross-linking), and 
thermolysis yields ultra-high purity micro- and nanoscale 
BN fibers (Fig. 1f, g). Detailed characterization provides 
composition, phase, microstructure, and morphology char-
acteristics of these BN fibers. Our results offer a straight-
forward method for producing high-quality BN fibers from 
commercially available starting materials, as well as funda-
mental, underpinning observations that serve as a basis for 
the further design of other BN-containing structures.

2 � Results and discussion

2.1 � Controlled catalytic synthesis of N‑methyl 
poly(aminoborane) between Mw = 46,700 
and 318,300 g·mol–1

PMeAB is formed by a cascade-like dehydropolymierzation 
[49], in which the catalyst first dehydrogenates H3B·NMeH2 
to form the aminoborane, H2B = NMeH (Fig.  2a). This 
highly reactive species [50] then undergoes a rapid low-
barrier nucleophilic head-to-tail chain-growth polymeriza-
tion via the amido-end group of the growing polymer chain, 
with propagation likely initiated by a metal hydride or free 
amine [51]. For classical chain-growth polymerizations, 

the degree of polymerization (D.P.) will be determined by 
the relative rates of propagation versus termination, i.e. 
D.P. ∝ R(prop)/R(term) [52]. While the chain-control/termina-
tion events are not fully resolved in amine-borane dehy-
dropolymerization, termination by quenching of the reac-
tive amido end group by Lewis-acidic “BH3” is a plausible 
mechanistic scenario, with the “BH3” produced by ender-
gonic dissociation of H3B·NMeH2 [53]. Other chain control 
events have been proposed, including a related quenching 
of the amido end group by ammonium [NH4]+ or boronium 
[H2B(NMeH)2]+, the latter leading to chain transfer [47]. 
Collectively, these processes lead to a polymer being iso-
lated with shorter polymer chain lengths.

In order to control the degree of polymerization, and 
especially to access longer polymer chain lengths, we tar-
geted approaches to control termination, and combined 
these with different catalyst systems ([Ir] [54], [Rh] [47], 
and [Ru] [55, 56]) (Fig. 2b), to establish a set of catalysts/
conditions that holistically provide a continuum of different 
PMeAB chain lengths. This approach allowed for the empiri-
cal iterative development of a set of conditions that led to 
the isolation of PMeAB with a wide range of Mw: rang-
ing from 46,700 g·mol−1 to 318,300 g·mol−1 (Ð = 1.5–1.7), 
in ~ 40,000 g·mol−1 steps, PMeAB1 to PMeAB10 (Fig. 2c). 
In all cases, 100% conversion of starting material was 

Fig. 1   a Schematic synthetic 
route toward PMeAB fibers and 
BN fibers. b As-synthesized 
PMeAB powder. c Overlaid 
GPC traces of the PMeAB 
prepared as shown in Fig. 2c. 
d PMeAB fibers and f BN fib-
ers. Typical SEM images for e 
PMeAB fibers and g BN fibers
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observed, with > 99% selectivity for mono-modal PMeAB, 
as measured by 11B NMR spectroscopy and gel permeation 
chromatography (GPC). To detail our approach:

	 (i)	 Slow dropwise addition of H3B·NMeH2 to the reac-
tion solution (0.1 cm3·min–1) results in increased Mw 
(cf. entries 3 and 5 at 20 °C). Under the previously 
noted reaction kinetics of zero-order in substrate for 
pre-catalyst [Rh]47 that are also established here for 
[Ir] (Figure S1), such dropwise addition would not 
be expected to affect the rate of catalyst turnover (i.e., 
propagation) but would keep excess H3B·NMeH2, 
and thus free “BH3,” a potential chain-terminating 
agent, to a minimum.

	 (ii)	 Variation of the reaction temperatures (ranging from 
60 °C to − 15 °C) results in increasingly higher 
degrees of polymerization with lower tempera-
tures (cf. entries 1, 2, 6, 7). This is an observation 
consistent with classical anionic- or cationic chain-
growth polymerizations where there is often a 
higher barrier to termination compared with propa-
gation, and thus lower temperatures favor the latter 
[52]. Lower temperatures would also be expected 
to bias the endergonic dissociative equilibrium of 
H3B·NMeH2 in THF to disfavor the formation of 
“BH3” [53].

	 (iii)	 Addition of 5 equivalents of NMeH2 results in higher 
degrees of polymerization, consistent with its role 
in sequestering free “BH3.” This amine also likely 
attenuates the formation of dormant borohydride 
complexes [57] and promotes pre-catalyst initiation/

productive turnover [36]. This method can also be 
combined with low temperatures and slow addition 
of H3B·NMeH2 to generate the very highest degrees 
of polymerization (entries 8–10).

	 (iv)	 To demonstrate wide applicability, commercially 
available Ir(tBu-POCOP)HCl can also be used as 
an effective pre-catalyst at 0.1 mol% to selectively 
produce PMeAB of Mw 219,000 g·mol–1 (Đ = 1.5), 
which is in the range suitable for spinnable fibers, 
vide infra (see Supporting Materials).

Selectively-synthesized PMeAB were isolated as white, 
air-stable solids after precipitation into pentane (Fig. 1b), 
with good isolated yields (64–92%). The PMeAB was sta-
ble on the bench under ambient conditions as a solid for 
over 1 year, as measured by 11B NMR spectroscopy (Sup-
porting Materials). Solutions in wet solvent (i.e., 300 ppm 
water in THF) undergo partial hydrolysis over 7 days to 
form boric acid. In the solution 11B NMR spectra of these 
polymers (CDCl3) a characteristic single broad resonance 
for [H2BNMeH2]n is observed at δ ~ − 6 ppm (Fig. 2 d) 
[40]. Analysis by GPC (relative to polystyrene standards) 
showed monomodal distributions for all polymer samples 
(Fig. 1c). As well as control of polymer chain length, these 
experiments show that low catalyst loadings (0.01 mol%) 
and concentrated (1–5M) THF solutions of H3B·NMeH2 
can be used, leading to further efficiencies in synthesis. 
While the catalyst is used at low loadings (e.g., 0.01 mol%) 
it remains entrained in the isolated polymer, as measured 
by ICP-OES (Inductively Coupled Plasma Optical Emis-
sion Spectroscopy, e.g. PMeAB7, 183 ppm w/w). Using the 

Fig. 2   a Amine borane-dehydropolymerization and dissocia-
tion of H3B·NMeH2. b Precatalysts and variation of conditions. 
[H3B·NMeH2] = 1–5 M. c Dehydropolymerization conditions and 

details of resulting polymers (see Supporting Materials for full exper-
imental conditions). d 11B NMR spectrum of PMeAB (CDCl3, Entry 
7, Mw = 205,200 g·mol–1)
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[Rh] pre-catalyst, scale-up to 50 g of isolated polymer has 
been demonstrated at 0.01 mol% catalyst loading (20 °C), 
Entry 5. Analysis by 11B NMR spectroscopy (Supporting 
Materials) and GPC of the resulting polymer showed that 
PMeAB5 was formed selectively in a monomodal distribu-
tion (Mw = 148,600 g·mol−1, Ð = 1.5).1 While this is unop-
timized with regard to catalyst loading and overall Process 
Mass Intensity, this represents a cost of £0.14 of catalyst 
used per gram of polymer synthesized. These resulting 
polymers were then used, without further modification or 
processing, for electrospinning studies—as is detailed next.

2.2 � Electrospinning PMeAB solutions

The key solution parameters necessary for optimal elec-
trospinning conditions were determined using polymer 

samples PMeAB1 to PMeAB9. The concentration of 
PMeAB solutions (CHCl3) varied from 5 to 30 wt.%; with 
the spinning solutions labeled as PMeABX-Y%, where 
Y corresponds to the weight percentage of PMeAB. Fig-
ure 3 shows the key results from these studies, that dem-
onstrate that both PMeAB molecular weight and its con-
centration determine spinning behavior and resulting fiber 
morphology. Electrospinning of PMeAB with lower Mw, 
i.e., PMeAB1, PMeAB2, PMeAB3, PMeAB4, PMeAB5, 
at concentrations below 10 wt.% typically resulted in the 
formation of droplets instead of fibers. At polymer con-
centrations between 15 and 30 wt.%, the solutions became 
spinnable. This corresponds to the overlap concentration 
(c*), wherein a sufficient level of polymer chain entangle-
ment is achieved [58]. While electrospinning of PMeAB5-
15% led to fibers with beads, Fig. 3a(V), increasing the 
concentration to PMeAB5-20% and PMeAB5-25% par-
tially suppressed bead formation, e.g. Figure 3a(VI). Fur-
ther increasing the concentration to PMeAB5-30% makes 
the solution too viscous to be electrospun. Comparing 
PMeAB1, 2, 3, 4, and PMeAB5 with higher Mw PMeAB, 
such as PMeAB6 and PMeAB7, at the same polymer 
concentration (20% or 25%), revealed that PMeAB6 and 

Fig. 3   a Morphology of the 
electrospun PMeABF using 
representative PMeAB Mw and 
concentrations. (universal scale 
bar: 5 µm). b Viscosity effects 
on the spinnability of PMeAB 
solutions. c Surface tension 
effects on the diameter distribu-
tion of the electrospun PMe-
ABF. d Polymer concentration 
and Mw effects on the diameter 
of the electrospun PMeABF

1  The increase in Mw of polymer produced on 50 g scale compared 
to a 10 g scale (entry 3, Fig. 2c) is likely due to the combination of 
dropwise addition of H3B·NMeH2 and mass transport considera-
tions from using a mechanical overhead stirrer on this scale. We have 
found this process to be reliable and repeatable, and the polymer 
formed sits in the window suitable for electrospinning.
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PMeAB7 form more homogeneous fibers with signifi-
cantly fewer beads, see Figs. 3a(III) vs (V) and Fig. 3a(IV) 
vs (VI). Notably, electrospinning PMeAB6-20% yields 
fibers without any beads. The further increase of the Mw 
using PMeAB8 and PMeAB9 results in high-quality 
bead-free fibers, when a concentration of 15 wt.% is used, 
Fig. 3a(I). PMeAB with molecular weights ranging from 
Mw = 110,500 (PMeAB3) to 250,500 g·mol−1 (PMeAB8), 
at concentrations between 15 and 20%, were found to be 
optimal for electrospinning in CHCl3 solvent. The very 
high molecular weight PMeAB10 was not tested further.

Parametric studies, focusing on the viscosity and surface 
tension of the PMeAB solutions, have been used to establish 
optimal conditions for the electrospinning of PMeAB fibers 
(PMeABF). A viscosity of approximately 0.02 Pa·s is sufficient 
for the PMeAB solution to be spinnable (Fig. 3b). However, 
above a viscosity threshold of ~ 1 Pa·s, electrospinning is not 
possible due to the high cohesion of the solution. Within this 
spinnable window (0.02 to 1 Pa·s), the quality of the electro-
spun fibers varies. This variation is attributed to the surface 
tension of the spinning solution, which is influenced by its com-
position and directly impacts the quality of the fibers produced, 
and is a result of the intermolecular interactions between the 
polymer chains and the solvent molecules [59, 60]. As surface 
tension increases with an increase in polymer concentration, 
this allows for an assessment of the lower limit for effective 
electrospinning, which is shown to be 26 mN·m−1 (Fig. 3c). 
Above this limit, PMeAB solutions are reliably spinnable, gen-
erating fibers of good quality, high homogeneity, and continuity. 
The estimated optimal viscosity of 0.02 ~ 1 Pa·s and minimum 
surface tension of 26 mN·m−1 agree well with values reported 
in literature [61].

The diameter of spun-fibers is related to mechanical proper-
ties and surface area-to-volume ratio, and impacts the overall 
tensile strength, flexibility, and functionality of the material. 
Fiber diameter can be tuned by the selection of solution and/or 
electrospinning parameters. The electrospun PMeABF isolated 
here has diameters ranging from several microns to less than 
100 nm. Despite a broad diameter distribution within each sam-
ple, a general trend is notable: as the concentration or molecular 
weight of the polymer increases, the average diameter of the 
fibers tends to increase (Fig. 3d). This is consistent with lit-
erature precedent for other electrospun fibers and shows that 
using higher concentrations or molecular weights of polymer 
results in thicker electrospun fibers. This is likely due to more 
extensive polymer chain entanglement within the spinning solu-
tion [62, 63].

There was no change to the chemical composition of PMe-
ABF after electrospinning, as measured by solution 1H and 11B 
NMR spectroscopy (Figures S3, S17). The 1H NMR spectrum 
for spun PMeABF also showed no residual CHCl3 solvent 
(Figure S3).

2.3 � Conversion of PMeAB fibers to BN fibers

The conversion of PMeABF to the desired h-BN fibers prod-
uct requires two key steps: vacuum curing and subsequent 
high-temperature annealing under NH3 (ammonolysis). One 
of the challenges of any conversion process is preserving the 
shape of the fibers (Figure S4). The methodology developed 
here was a sequential low-temperature vacuum curing (100 
°C for 48 h) of as-spun (“raw”) PMeABF followed by high-
temperature annealing in an NH3 atmosphere. As shown in 
Fig. 4a (and Figure S5), the surface and Cross-section of the 
raw PMeABF are smooth and dense, with an average fiber 
diameter of 3.64 µm. Following curing (Fig. 4b), the aver-
age diameter of PMeABF becomes 3.56 µm and the fiber 
now has a dense surface with some roughness observed at 
the cross-section. After annealing (Fig. 4c), the h-BN fiber 
retains its well-defined fibrous morphology, and the surface 
remains dense, without visible defects or pores (Figure S6). 
Crystallization is observable at the Cross-section, indicating 
the overall conversion from PMeAB polymer to BN ceramic. 
The average diameter of the h-BN fibers is 3.38 µm, which 
is not significantly different from PMeABF. Unlike other 
kinds of polymer-derived ceramics that show notable size 
reduction,11 PMeAB-derived h-BN fibers exhibit only a 
small volume shrinkage of 7% [11]. The main difference 
between raw and cured PMeABF is that the latter is not 
soluble in solvents such as CHCl3, THF, or DMF. Following 
this, electro-spinning and curing processes using solid-state 
[11] 11B NMR spectroscopy showed no difference between 
PMeAB and precured PMeABF, Fig. 4 d, with a broad sig-
nal observed at δ ~ − 8, consistent with solution 11B NMR 
spectra. In contrast, the 11B solid-state NMR spectrum of 
the cured PMeABF shows a decrease in the intensity of this 
δ ~ − 8 signal, and new signals at δ ~ 10 (broad) and δ ~ 1 
(sharp) are observed. The linewidths and chemical shifts of 
these new signals are characteristic of boron coordinated by 
three and four nitrogens, respectively, as previously noted 
for polymers derived from the dehydrocoupling of hydra-
zineborane [64, 65].

Computational 11B NMR calculations based on density 
functional theory (DFT) using the KT2 functional (COSMO, 
ZORA, see SI for details) confirm these 11B assignments by 
assigning the peak positions (Fig. 4e). A benchmark study 
was first performed that showed an almost perfectly cor-
related relationship between experimental NMR values and 
our DFT chemical shifts. With this relationship in hand, we 
find good correlation between the computational value and 
the experimental data of the relevant boron-based structures 
in the literature. Based on this method, the molecular struc-
tures of cured PMeABF potentially comprise of a mixture of 
four coordinate BN3H, BN4 and BN2H. Collectively, experi-
mental and computational results indicate the cross-linking 



Advanced Composites and Hybrid Materials           (2025) 8:392 	 Page 7 of 15    392 

behavior toward higher BN coordination numbers, which 
occurred within the PMeABF during the vacuum curing 
process.

Figure 4f and Figure S7 show the TGA–DSC-MS spectra 
for both precursor and cured PMeABF samples as meas-
ured under an argon atmosphere. While these TGA–DSC-
MS conditions do not replicate the actual conversion pro-
cess, they give valuable information about the thermal 

decomposition behaviors of both cured and uncured PMe-
ABF. The TGA of cured PMeABF showed significantly less 
weight loss, i.e., 36.1 wt.%, During thermal decomposition, 
compared to 81.9 wt.% for the uncured precursor PMeABF. 
This limited weight loss can be explained by (i) the gradual 
release of volatile substances during the curing process and 
(ii) the formation of a stable cross-linked polymer struc-
ture in the cured PMeABF, compared to the linear polymer 

Fig. 4   a–c Typical SEM images for the cross-section of a a raw PMe-
ABF, b a cured PMeABF, and c a BNF. d Representative solid-state 
11B NMR spectra of PMeABF before and after curing process. e 
Calculated NMR chemical shift values of predicted boron structures 
based on DFT, see SI for details. f Synchronous TG–MS analysis for 

the released products During heating of cured PMeABF up to 100 °C 
in Ar. g Element contents of PMeABF annealed at different temper-
atures (calculated from XPS spectra). h FT-IR spectra of PMeABF 
annealed at different temperatures
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structure of the precursor PMeABF. The curing process, 
instead of rapid decomposition reactions during annealing, 
enables a controlled release of substances, enhancing ther-
mal stability of PMeABF and reducing the overall weight 
loss.

Comparing the corresponding MS spectra obtained from 
precursor and cured PMeABF shows that hydrogen, meth-
ane, ammonia, NHCH3 (m/z = 30), BNH2CH3 (m/z = 42), 
borazine (B3N3H6, m/z = 81), and tri-methyl-substituted 
borazine [B3N3H3(CH3)3, m/z = 121] were detected for both 
samples During thermolysis. These compounds are signifi-
cant for PMeABF, while their relative concentrations were 
lowered for cured PMeABF. Notably, the ceramic yield of 
cured PMeAB fibers is 63.9%. These observations agree 
those noted for polyborazlyene under TGA-MS analyses 
and underscore the importance of the curing step for the 
efficient conversion of PMeAB to BN [45]. In support of 
this hypothesis, when uncured PMeABF is exposed to the 
high-temperature annealing process in ammonia, melting 
and rapid release of gases occurs at relatively low tempera-
tures above 120 °C (Figures S7, S8). This behavior has been 
noted to be observed for monomer MeAB of PMeAB and 
its close relative AB at temperatures ranging from 100 to 
150 °C [45, 66].

Analysis by XPS and FT-IR allows for the evolution of 
the gross elemental and structural composition of PMeABF 
to h-BN fibers to be determined (Fig. 4 g, h). Figure 4 g 
shows the B, C, and N elemental content derived from the 
corresponding XPS spectra (Figure S9) for raw-electro-
spun PMeABF, cured PMeABF, and cured then annealed 
PMeABF at various temperatures between 150 and 1400 
°C in NH3. NH3 is used to eliminate the carbon impuri-
ties, introduced from the methyl group in PMeAB, which is 
critical to achieve high-purity h-BN. Guilhon et al. studied 
tris(isopropylamino)borane as the precursor to synthesize 
BN through thermal treatment in NH3, proposing that NH3 
facilitates the elimination process of methyl amine and CH4 
[13]. This observation aligns with our XPS results, in which 
the C and N contents decrease simultaneously up to 150 °C, 
while the N content starts to increase at 200 °C onward, with 
the C content diminishing significantly, to less than 2%. It is 
proposed that the reducing nature of the NH3 environment 
not only facilitates further release of amine and CH4 from 
the precursor fibers but also provides an additional N source 
to react with B-rich intermediates. Figure 4h shows FT-IR 
spectra for PMeABF, cured PMeABF, and cured PMeABF 
annealed at temperatures between 150 °C and 1400 °C. The 
spectra for cured PMeABF that has been annealed at 150 °C, 
200 °C, and 300 °C show a gradual increase in intensity 
of B − N stretching (1320 cm−1) and B − N bending (758 
cm−1) modes, while B − H (2342 cm−1) and C − H (1456 
cm−1 and 2984 cm−1) stretching modes gradually decrease. 
In the temperature range between 300 °C and 900 °C, N − H 

and N − C stretching modes disappear due to the removal of 
the N − H terminal group and the C content decreases due to 
ammonolysis [15, 44, 66]. The spectra for cured PMeABF 
annealed at 900 °C and above have only the B − N stretch-
ing and B − N bending modes present [67]. The effective 
removal of C species from B-C-N-rich polymers during the 
annealing process in NH3 has been discussed previsouly 
[17, 68–70]. The elemental ratio for h-BN fibers produced 
through annealing PMeABF at 1400 °C in NH3 is 1:1.2, 
which suggests a nearly stoichiometric composition of B 
and N elements, with a negligible carbon impurity of 1.31%.

2.4 � Detailed characterization of the BN fibers

An XPS analysis of the synthesized h-BN fibers shows B 
1 s (190.4 eV), C 1 s (284.8 eV), N 1 s (398.0 eV), and O 
1 s (533.1 eV) peaks confirming the intrinsic BN nature 
(Fig. 5d) [71]. The presence of significantly weaker sig-
nals at approximately 188.7 eV and 396.6 eV for B − C and 
N − C, respectively [72, 73], is consistent with less than 2% 
of these C impurities. B − O (~ 192.5 eV) [72] and N − O 
(~ 400.4 eV) [73] modes for the h-BN fibers are present in 
low intensity (Fig. 5a, c). The presence of minor oxygen 
impurities in the sample could potentially be attributed to 
small amounts of oxidation or moisture adsorption occurring 
During sample preparation under an ambient atmosphere. 
The atomic percentages of B and N are measured as 52.34% 
and 44.73%, respectively, which aligns with the B-rich com-
position indicated by the EDX line profile results (Fig. 5e). 
Elemental mapping analysis (Fig. 5e) provides evidence for 
the homogeneous distribution of B and N within the h-BN 
fibers. While we have not specifically assessed the electrical 
insulation and thermal conductivity properties of these BN 
fibers, it is reasonable to anticipate that such low impurity 
levels would have a minimal impact on the physical proper-
ties of the material. Studies have shown that the presence of 
oxygen impurities can influence the thermal conductivity of 
BN materials. For example, research on boron nitride nano-
tubes indicates that oxygen impurities, resulting from partial 
oxidation, can affect their thermal properties [7]. However, 
given the minor impurity content in our samples, any effect 
on the insulation and thermal conductivity is expected to be 
negligible.

The FT-IR spectra for both synthesized h-BN fibers and 
commercial exfoliated h-BN nanosheets (BNNS) were com-
pared (Fig. 5f). For BNNS, two distinct absorption peaks are 
observed at 1359 and 802 cm−1 corresponding to in-plane 
B − N stretching vibration of sp2-bonded h-BN and out-of-
plane B − N − B bending vibration [74]. The h-BN fibers 
show two, very similar, sharp absorption peaks at 1354 
and 798 cm−1 but the relative peak intensity for B − N to 
B − N − B bending vibration is higher than that for BNNS. 
This is most likely due to the larger thickness of h-BN fibers 
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compared to BNNS [75]. No additional peak between 3000 
and 3500 cm−1 was observed for h-BN fibers.

The X-ray diffraction (XRD) pattern of the synthesized 
h-BN fibers also aligns with the pattern obtained from 
BNNS, displaying similar peak positions, and confirms the 
crystalline structure of h-BN fibers (BNF) (Fig. 5g, h). In 
the XRD spectrum, two broad peaks are observed at 2θ ~ 25° 
and 42°, corresponding to the (002) and (100) crystal planes 
of h-BN, respectively [76]. Compared with BNNS, the peaks 
show broadened width [FWHM: BNF(002) peak = 5.25° 
and BNF(100) peak = 2.65° vs BNNS(002) peak = 0.29° and 
BNNS(100) peak = 0.29°]. This is suggestive of a turbostratic 
structure of BN, with less extended/ordered stacking along 
both a- and c-axes. The calculated d(002) layer spacing for 

the h-BN fibers is 0.352 nm, slightly larger than that of 
BNNS (0.333 nm). This expansion is generally observed 
in 1D-structured BN materials due to the combination of 
turbostratic ordering and wall curvature. The crystallite size 
is calculated to be (002): 1.55 nm; (100): 3.22 nm; (101): 
1.5 nm; (110): 2.83 nm (Figure S10). While the turbostratic 
polycrystalline structure is evident, the presence of higher 
resolved peaks, e.g., (101), (102), (004), (110), in the XRD 
pattern of h-BN fibers indicates that a certain level of order-
ing is still present in the material.

High-resolution transmission electron microscopy 
(HRTEM) combined with fast Fourier transform patterning 
(FFT) was used to further quantify the degree of crystallinity 
of the synthesized h-BN fibers. The measured d-spacing is 

Fig. 5   Detailed characteristics of BNF. a–c High‐resolution spectrum 
of a B 1 s, b C 1 s, and c N 1s. d XPS survey spectrum, inset shows 
calculated element content of B, C, N, and O. e EDX line scan pro-
file and elementary mapping. f FT-IR spectra of synthesized BNF 

(orange) and exfoliated h-BN (black). g, h XRD pattern of synthe-
sized BNF (orange) and exfoliated h-BN (black). h Enlarged (002) 
peak. i Typical TEM image of a BNF, inset shows the Fast Fourier 
Transform (FFT) of the image
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0.334 nm for (002) planes and 0.214 nm for (100) planes, 
in agreement with previously reported values (Fig. 5i, Fig-
ure S11) [77]. FFT reveals the partially ordered structure, 
with ring-like diffraction patterns dominating that corre-
spond to turbostratic or polycrystalline regions, in addition 
to several visible diffraction spots corresponding to hex-
agonal or crystalline regions [78]. These diffraction spots 
were assigned to the (002) and (100) planes, consistent with 
the results obtained from HRTEM and XRD analyses (Fig-
ure S12, S13). Combining both XRD and TEM data, we 
show the coexistence of t-BN and h-BN within the ceramic 
fibers. Such a structure is comparable to that observed in 
turbostratic graphite, where misalignment and d-spacing are 
revealed by XRD. In carbon-based materials, this does not 
imply the absence of crystalline regions, but rather a lack of 
consistent long-range order [79].

To give an indication of the mechanical properties of 
h-BN fibers, we have conducted nanoindentation of indi-
vidual fibers on a single crystal silicon substrate. The elastic 
reduced modulus of h-BN fiber (1.1 ± 0.6 GPa) is in line 
with those observed in the BN nanotube fibers (~ 1.4 GPa) 
[8] and in the BN nanotube “buckypaper” (~ 1.2 GPa) [80]. 
The measured hardness in the h-BN fiber (11.1 ± 1.3 MPa) 
is also in line with the estimated tensile strength of the 
BN nanotube fibers (~ 15.7 MPa) [8] and the BN nanotube 
“buckypaper” (~ 13.8 MPa) [80] (see SI Figure S27 and S28 
for detailed experimental measurements of the mechanical 
properties).

Overall, the detailed characterization of the annealed 
PMeABF demonstrates the fabrication of high-purity poly-
crystalline hexagonal/turbostratic form of h-BN fibers start-
ing from a readily synthesized pre-ceramic B–N polymer 
precursor.

3 � Conclusion

A straightforward method for the production of h-BN fibers 
is reported, that uses a combination of solution electrospin-
ning and high-temperature annealing, using the well-defined 
polymer pre-ceramic, PMeAB. This air-stable, as a solid, 
main-chain B–N polymer is synthesized by a controlled 
atom-efficient catalytic dehydropolymerization of the read-
ily available premonomer, H3B·NMeH2, using very low 
loadings of catalysts that are commercially available (i.e., 
[Ir]). The degree of polymerization of PMeAB is readily 
controlled, and it can be synthesized on a 50 g scale. This 
straightforward synthesis of PMeAB, when combined with 
its non-volatility, high solubility, and high B–N content, 
makes it a promising single-source precursor for BN mate-
rials. To validate this hypothesis, examination of PMeAB’s 
solution properties, electro-spinnability, and thermal behav-
iors, have been determined, for the first time, the optimal 

parameters for electrospinning PMeAB solutions into fibrous 
forms of PMeABF. Subsequent curing and high-temperature 
annealing using ammonolysis demonstrated the formation 
of cross-linked PMeABF and its gradual transition toward 
h-BN fibers with high purity and turbostratic ordering. To 
our knowledge, the method presented here represents the 
first instance of using an additive-free solution electrospin-
ning process to produce h-BN fibers, highlighting the sub-
sequent formation of stabilized PMeAB intermediates and 
ammonolysis-derived BN crystalline materials. Our route 
to h-BN fibers by electrospinning precisely controlled poly-
aminoborane pre-ceramic precursors offers advantages over 
the current state-of-the-art methods. It uses widely available, 
commercially accessible precursors and catalysts to straight-
forwardly generate PMeAB suitable for electrospinning and 
then h-BN fibers production. These practical improvements 
now allow for the development of larger scale manufactur-
ing routes, which will allow for the exploration of these 
technologically important high-performance materials in a 
wide variety of settings such as fiber reinforced composites. 
Ongoing development efforts in the Grobert group include 
the implementation of needleless electrospinning, the use 
of rotary collectors, and the integration of precise flow-rate 
controllers, all aimed at enabling continuous, high-through-
put production of BNF. The outcomes of these investigations 
will be reported in future work.

3.1 � Materials and methods

3.1.1 � Materials

Monomethylamineborane (H3B·NMeH2) was purchased 
from Boron Specialities LLC (Ambridge, PA, USA). Chlo-
roform (CHCl3, 99 + %) was obtained from Fisher Scientific. 
Ammonia gas (NH3, 99.98%) and argon gas (Ar, 99.998%) 
were purchased from BOC. All reagents were used without 
further purification unless otherwise specified.

Controlled catalytic synthesis of PMeAB  A suitable vessel 
was charged with MeAB, then the THF solvent and catalyst 
([Rh] [47], [Ir] [54], [Ru] [56], 0.01–0.1 mol% as a solid 
or as a THF solution) were then added. The flask was con-
nected to an oil bubbler to vent the produced hydrogen gas, 
and the reaction stirred at 400 rpm, with the desired reaction 
temperature maintained via ice bath or recirculating chiller. 
In the case of dropwise addition, further MeAB as a solu-
tion in THF was added dropwise via syringe pump upon the 
initiation of catalysis. See Table S1 for further experimen-
tal details. After the completion of gas evolution, an in situ 
NMR sample (0.5 mL) was taken from the reaction mixture 
and analyzed by 1H, 31P{1H} and 11B NMR spectroscopies. 
Pentane was then added to the reaction mixture with rapid 
stirring to induce polymer precipitation. The white solid 
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PMeAB was isolated by filtration in-air, and the remaining 
volatiles were removed in vacuo. The obtained PMeAB was 
analyzed by 1H and 11B NMR spectroscopies along with 
GPC.

Electrospinning PMeAB fibers  To prepare the spinning 
solutions, PMeAB with average molecular weights (Mw) 
ranging from 110,500 g·mol–1 to 290,500 g·mol–1 was dis-
solved in 2 mL of CHCl3 of desired concentration. The 
dissolution process involved continuous stirring for 1 h at 
room temperature. Once the PMeAB was completely dis-
solved, the solution was transferred immediately to a 1 
mL syringe equipped with a 23-gauge stainless steel nee-
dle. The syringe was connected to a high voltage supply 
(Genvolt High Voltage Power Supply). The solution was 
gravity-fed without the use of a syringe pump. The tip-to-
collector distance was maintained at 30 cm throughout the 
electrospinning experiments. An applied voltage ranging 
from 20 to 35 kV was used to ensure optimal electrospin-
ning continuity. The electrospinning process was conducted 
in a glove box with controlled temperature (20 ± 1 °C) and 
humidity (15 ± 1%). Finally, the PMeAB precursor fibers 
were collected on a piece of aluminium foil attached to a 
grounded metal substrate and could be easily peeled off into 
free-standing fibers mat.

Conversion of PMeAB fibers to BN fibers  The conversion of 
PMeAB fibers to BN fibers involved two essential steps: 
curing and annealing. The curing process was carried out in 
a vacuum oven at a temperature of 100 °C for 48 h, main-
taining a vacuum pressure below 10−1 bar. Subsequently, the 
cured PMeAB fibers were annealed in a high-temperature 
tube furnace. The fibers were heated directly to 1400 °C 
and held at that temperature for 2 h in an atmosphere con-
sisting of a mixture of NH3 and Ar gases in a volume ratio 
of 1:2. The samples were then allowed to cool naturally to 
room temperature. The heating rate from room temperature 
to 1400 °C was set at 10 °C/min.

Computational NMR studies  All DFT calculations are per-
formed with the Amsterdam Density Functional Package 
(ADF Version 2019.3) [81] The S12g functional [82] and 
ET-pVQZ basis set were used for geometry optimization, 
including COSMO solvation model and ZORA scalar rela-
tivistic corrections. Note that in all cases did we use the 
COSMO parameters for the solvent in which the experi-
ments have been performed. NMR shielding constants 
were calculated at KT2 [83]/ET-pVQZ level using GIAO 
approach, following excellent results obtained in previous 
studies. The ET-pVQZ basis set is an even-tempered basis 
set of quadruple-z plus three polarization functions, which 
spans the whole range of diffuse and tight basis functions 
in a consistent manner. BF3·Et2O was taken as the reference 

compound for calculating the chemical shift and was treated 
in the same manner as the compounds to be evaluated. The 
chemical shift of the nucleus of interest (δ) is then given by.

where σiso(reference) is the isotropic 11B shielding constant 
of BF3·Et2O and σiso(nucleus of interest) the 11B shielding 
constant of the nucleus of interest.

Characterization techniques  All polymeric materials 
were analyzed by gel permeation chromatography (GPC) 
measured on a Malvern Viskotec GPCmax together with a 
Viskotec TDA 305 RI detector. Polymer Mn is referenced to 
polystyrene standards between Mn 474 and 476,800 g·mol−1. 
All samples were passed through 3 columns consisting of 
a porous styrene divinylbenzene copolymer (2 × T5000 
and 1 × T4000 Malvern columns). The eluent used was 
GPC grade THF containing 0.1% w/w [NBu4]Br and the 
flow rate was 1 cm3·min−1. All polymer samples were dis-
solved in GPC grade THF [NBu4]Br (2 mg mL−1) and fil-
tered through a PTFE filter (pore size: 45 µm). The viscosity 
of the PMeAB solutions was measured using a Brookfield 
DV-II viscometer with a cone spindle CP-41. A fixed volume 
of 2 mL of the solution was loaded into the sample cup, 
and a ramping of rotation speed was employed from 50 to 
120 rpm, corresponding to shear rates of 100 − 240 s−1. For 
highly viscous PMeAB solutions, the rotation speed was 
reduced to 10 rpm to maintain the % torque between 10 and 
100%. The viscosity measurement was conducted twice, and 
the averaged viscosity values were reported. Surface tension 
measurements were performed using an Ossila contact angle 
goniometer in ambient conditions and calculated manu-
ally by combining Eqs. 1 and 2 proposed by Arashiro and 
Demarquette [84], and by referencing the table of H values 
provided by Andreas et al. [85] as a function of S, allowing 
γ to be determined from the photograph of a pendant drop.

where γ is the surface tension, g is the gravitational con-
stant, Δρ is the density difference (in this case, the difference 
between the density of the polymer solution and the den-
sity of air, Δρ = ρsol − ρair. Since ρsol ≫ ρair, we approximate 
Δρ = ρsol − ρair ≈ ρsol), De is the equatorial diameter of the 
drop, H is a correction factor which is related to the shape 
factor of the pendant drop, S, defined as:

where Ds is the drop diameter measured horizontally at a 
distance De away from the apex of the drop.

� = �iso(reference) − �iso(nucleus of interest)

(1)� =
g × D2

e
× Δ�

H

(2)S =
Ds

De
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Scanning electron microscopy (SEM) images were 
acquired using a Zeiss Merlin SEM and a JEOL JSM-840F 
SEM operating at an accelerating voltage of 3 kV. Prior to 
imaging, the samples were coated with a 10 nm layer of 
platinum (Pt). Fiber diameters were determined by analyzing 
at least 200 unbiased counts (major diameter of a dumb-
bell-like cross section) from the SEM images and fitting the 
resulting histogram. Energy-dispersive X-ray spectroscopy 
(EDX) line scanning and elemental mapping were performed 
using a Zeiss Merlin SEM operating at an accelerating volt-
age of 3 kV. Transmission electron microscopy (TEM) 
images were obtained using a JEOL JEM-2100F TEM oper-
ating at an acceleration voltage of 200 kV. X-ray Photoelec-
tron Spectroscopy (XPS) analysis was conducted using a 
Thermo Scientific K-Alpha X-ray Photoelectron Spectrom-
eter System. An ion pumped VG Microtech CLAM 4 MCD 
analyzer system equipped with unmonochromated Mg Kα 
X-ray radiation of 1253.6 eV was used. Fourier transform 
infrared (FT-IR) spectroscopy attenuated total reflection 
(ATR) spectra were recorded using a Varian Excalibur FTS 
3500 FT-IR spectrometer in the range of 600 to 4000 cm−1. 
X-ray diffraction (XRD) analysis was performed at room 
temperature using a Siemens D5000 powder diffractometer 
with copper Kα radiation (λ = 0.15406 nm) and a second-
ary monochromator. The samples were continuously rotated 
During data collection, and a step size of 0.05° 2θ was used 
in the range of 10–100° 2θ with a count time of 12 s per 
step. Thermogravimetric Analyser with Mass Spectrometer 
(TGA–DSC-MS) measurements were conducted using a 
STA 449 F3 Jupiter® instrument coupled with a 403 Aëolos 
Quadro quadrupole mass spectrometer. The samples were 
heated in Ar atmosphere from room temperature to 1400 °C 
at a heating rate of 10 °C/min. The quadrupole was used to 
scan all m/z ratios from m/z = 1 to m/z = 150 approximately 
every 30 s. 11B magic angle spinning − nuclear magnetic 
resonance (11BMAS-NMR) measurements were carried out 
at 128.39 MHz using a Varian VNMRS spectrometer and 4 
mm (rotor o.d.) probe. Spectra were acquired at a spin rate 
of 12 kHz. All direct excitation 11B spectra were acquired 
with a 1 µs 30° solid pulse, which was determined from a 
6 µs solution pulse determined on BF3·OEt2. The spectra 
were acquired with a recycle delay of 1 s determined on the 
sample. Boron spectral referencing is relative to BF3·OEt2. 
Nanoindentation tests were conducted with a standard Berk-
ovich diamond tip using a low load module on a Hysitron TI 
Premier. The tip shape was calibrated using fused silica, and 
the hardness and reduced modulus measurements from the 
samples were calculated using the formulars introduced by 
Oliver and Pharr [86]. Precursor PMeAB fibers were directly 
electrospun onto single crystal silicon wafers, and BN fibers 
were dissolved in acetone and drop-cast onto single crystal 
silicon wafers prior to the measurements.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42114-​025-​01418-7.
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