1018 Macromolecule007,40, 1018-1027

Design of a Series of PreceranieTri(methylamino)borazine-Based
Polymers as Fiber Precursors: Architecture, Thermal Behavior, and
Melt-Spinnability’

Sylvain Duperrier,* Christel Gervais,8 Samuel Bernard,** David Cornu,*
Florence Babonneal® Corneliu Balan,” and Philippe Miele**

Laboratoire des Multimatgaux et Interfaces, UMR CNRS 5615, Weisite Claude Bernard Lyon 1, 43
Bd du 11 neembre 1918, Bé@ment Berthollet, 69622 Villeurbanne Cedex, France; Laboratoire de
Chimie de la Matiee Condense, UMR CNRS 7574, Urersite Paris 6, 4 Place Jussieu, tour 54tage
5, 75252 Paris Cedex, France; and REOROM Laboratory, Hydraulics Department, “Politehnica”
University of Bucharest, Splaiul Independentei 313, 060032 Bucharest, Romania

Receied October 5, 2006; Résed Manuscript Recegéd Naember 30, 2006

ABSTRACT: A series of polyB-(methylamino)borazine] were synthesized by thermolysis of a monomédrie
(methylamino)borazine at various temperatures between 150 antC280d then characterized for suitability as

a fiber precursor. Polymerization mechanisms and polymer architectures are discussed. It was shown that poly-
[B-(methylamino)borazine] represents a network combining a majority-N{CHz)— bridges with a small
proportion of B-N bonds, both connecting borazine rings, arld(H)CH; groups. Both the ratio between flexible
—N(CHs)— bridges and rigid B-N bonds and the relative amounts of plasticizint(H)CH3; groups cause
different responses to thermal properties and spinnability (glass transition, spinning temperatures, melt throughput,
and fiber drawing). Based on fiber shape visualization using CCD camera during extrusion, appreciable melt-
spinnable compounds are prepared between 160 and@8Such polymers display a chemical formula of
[B3.0N4.4£0.1C2.0:0.1Hg 310,20 (N ~ 7.5), a glass transition between 64 and’83tailored flexibility, and sufficient
plasticity to successfully produce fine-diameter green fibers.

1. Introduction Wynne and Ric¥ rationalized this route, as they set a series
With the need for the development of non-oxide ceramics of general empirical rules which are still valid for the design of

with high purity for thermostructural applications, the pyrolysis Sitable spinnable polymers.
of inorganic precursors creates substantial interest, both scien- Among non-oxide advanced ceramics, hexagonal boron
tifically and for practical purposés# Such compounds provide  hitride (h-BN) is an advanced ceramic that could offer great
a means for controlling and adjusting composition and nano/ potentialities as fibrous reinforcing agent in specific applica-
microstructure shaping of ceramic materials which allows the tions*h-BN*2-1>represents a crystalline ceramic with a layered
desired materials to be designed. This elegant chemical ap-anisotropic structure, similarly to that of carbon graphite. It
proach, the so-called polymer-derived ceramics (PDCs) route, offers some attractive properties such as high stiffness and
has been introduced in the early 1960s by Poppers and Chantrelltoughness along the basal layers, a nonwettability against many
and is mainly applied to the preparation of non-oxide ceramic metallic and silicate melts, a good oxidative resistance up to
fibers. Then, precursor-derived ceramic fibers were historically ~ 1000°C, and a low coefficient of thermal expansion in the
proposed by Yajimaand Verbeckin the 1970s to Si/C/N(O) direction of basal layers. In addition, this poorly dense ceramic
fibrous systems, and different compositions have been provided(d = 2.27) exhibits potentialities in infrared and microwave-
since then, most of them including Si-based ceramic fibers suchtransparent structures and excellent electrical insulation proper-
as Si/C/N and Si/B/C/N systemis? In the case of fibers, the  ties. The main idea behind the preparation of BN fibers is to
method consists of four major steps: (i) synthesis of a molecular combine in a same fiber the high strength of polyacrylonitrile-
precursor containing the constitutive elements of the desired derived carbon fibers with the specific propertiesheBN.
ceramics in a homogeneous distribution, (ii) transformation of  Although controlling the various demands with respect to
the precursor into a preceramic network with defined rheological processing of ceramic fibers, i.e., fusibility and/or solubility,
behavior to provide proper processing capabilities, (iii) spinning thermal stability at low temperature for melt-spinning, and high
of this preceramic polymer into a green fiber, and (iv) ceramic yield, and combining them in only one molecule
subsequent conversion of as-spun fibers to the desired cerami¢emains an ambitious objective, preceramic polymers which use
fibers through appropriate thermal and/or chemical protocols the borazine ring as a basal structural unit can be well suited
under selected oxygen-free atmospheres. Twenty years agofor filling the requirements as BN fiber precursdr?? As an
illustration, several attempts were successful in our lab for
* Corresponding authors. E-mail: Samuel.Bernard@univ-lyon1.fr, producing BN fibers with high mechanical performances from
Philippe.Miele@univ-lyonl1.fr; Tel: +33 472 433 612; Fax:+33 472 B-tri(methylamino)borazine-based polymers, namely @ly[
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the quality of the final fibers are the result of the nature and solution of 1. The mixture was heated in vacuum to 75 with

structure of these polymers and the thermal and rheological vigorous stirring to remove residual toluene, giving 45.5 g (267.2
phenomena that occur during their spinning. It is therefore our mmol) of product. The reaction was continued in a flowing argon
intent to investigate the synthesis and spinning of a set of (3 L/h) atPa =1 atm step by step to the desired final synthesis

. p . temperature Tinermolysiy fanging from 150°C (polymer?2) to 200
representative polfg-(methylamino)borazine] and understand YV ) i ey
the role of their architecture on their thermal and rheological C (polymer 6). After cooling to RT, poly-(methylamino)

behavi lt-spinning th h The fi -~ borazinesP—6 were recovered as air- and moisture-sensitive solids.
ehavior upon melt-spinning through two papers . The first aim g5 mples were stored inside an argon-filled glovebox.

of the_ present paper is to ascertz_ain the cherr_]ical steps and Polymer2: Tumemaysis= 150 °C. IR data (KBr pellets, crm):
establish the structural changes which occur during the polymer3434 (m); 2958 (w) 2928 (w), 2898 (w), 2820 (m); 1597 (s); 1515
preparation using a combination N solid-state NMR, GC/ (s); 1460 (s); 1411 (s); 1178 (s); 1095 (m), 707 (WB NMR
MS, elemental analyses, and density measurements. Second, wg6.29 MHz, GDg, ppm): 25.7 (br)*H NMR (300 MHz, CQCl,,
investigate the thermal properties and the spinning behavior of ppm): 1.86 br ¢N(H)CHz); 2.47 vbr (~N(H)CH3); 2.56 vbr
polymers using thermal analysis and CCD camera visualization (bridging —N(CHz)—); 2.70-4.10 br (NH) borazine)3C NMR

of fiber geometry during extrusion and fiber drawing. We (75 MHz, CDClz, ppm): 27.6, 27.9¢N(H)CH3); 31.2 (bridging
therefore discuss the effects of architecture on the thermal ~—N(CHs)—). TGA (amToglg, 1000C (1 C/m'”)i47-3‘:f’ weight
behavior and spinnability of polBf(methylamino)borazine], and loss): 6-45°C, Am/imy = 0%; 45-400°C, Amvimy = 26.8%; 406-

° = 0,
we provide synthesis conditions that allow us to develop melt- 1Oggly%§g”$th 2?5?.160 °C. IR data (KBr pellets, cr):
. ermolysis — . y .

spinnable polymers. In the following paper, we will describe 343 (m); 2936 (), 2894 (W), 2816 (m); 1597 (s); 1519 (s); 1460
how polymer architecture affects shear rheology behavior of (s). 1413 (s); 1182 (s): 1091 (m), 707 (W}B NMR (96.29 MHz,
polymer melts and provides reliable melt-spinnability assump- C4Dg, ppm): 25.77 (br)*H NMR (300 MHz, CQxCl,, ppm): 1.86
tions that help us to predict the melt-spinnability of p&y[ br (=N(H)CHz); 2.47 vbr (~N(H)CHa); 2.55 vbr (~N(CHz)—);
(methylamino)borazine]. It should be mentioned that the 2.64-3.37 br (NH) borazine).3C NMR (75 MHz, CDCly,
literature dedicated to melt-spinning of preceramic polymers is ppm): 27.6, 27.9{N(H)CHz); 31.2 (bridging—N(CHz)—). TGA
rather scarcé;, 2327 and to our knowledge, there are no detailed (@mmonia, 1000C (1 °C/min); 46.3% weight loss): 645 °C,
reports focused on the effects of polymer architecture on AMMo = 0%; 45-400°C, Am/my = 25.4%; 406-1000°C, Anv

e . ; . = 20.9%.
thermal, spinning, and rheological behavior of preceramic Mo : _ R )
polymers as fiber precursors. Polymer4: Tiermolysis= 175 °C. IR data (KBr pellets, crri):

3434 (m); 2958 (w) 2928 (w), 2898 (w), 2820 (m); 1597 (s); 1515
. . (s); 1460 (s); 1411 (s); 182 (s); 1088 (m), 707 (W NMR (96.29
2. Experimental Section MHz, CeDe, ppm): 25.77 (br).'H NMR (300 MHz, CDCl,,

2.1. General CommentSyntheses were carried out in an argon ppm): 1.86 br ¢N(H)CHs); 2.47 vbr (-N(H)CHs); 2.55 vbr
atmosphere, using argon/vacuum lines and Schlenk-type flasks.(—N(CHs)—); 2.64—3.37 br (N{H) borazine)13C NMR (75 MHz,
Argon (>99.995%) was purified by passing through successive CD,Cl,, ppm) 27.6, 27.9N(H)CHj3); 31.2 (bridging—N(CH3)—).
columns of phosphorus pentoxide, siccapent, and BTS catalysts.TGA (ammonia, 1000C (1 °C/min); 45.5% weight loss): 645
Purified B-tri(chloro)borazine was purchased from Katchem Ltd. °C, AmVymy = 0%; 45-400 °C, Am/my = 24.0%; 400-1000°C,
(Praha, Czech Republic). This molecule was analyze#+-gnd Am/my = 21.5%.
1B NMR and IR spectroscopie$!B NMR (96.29 MHz, GDs, Polymer5: Tiermalysis= 185 °C. IR data (KBr pellets, crr):
ppm): 29.7 (br)H NMR (300 MHz, CDC}, ppm): 5.29 br (N) 3435 (m); 2958 (w), 2893 (w), 2817 (m); 1597 (s); 1515 (s); 1460
borazine). IR data (KBr pellets, crf): 3450 (m); 1438 (s); 1031  (s); 1418 (s); 1187 (s); 1087 (m), 710 (WIB NMR (96.29 MHz,
(m), 743 (w), 704 (w). CsDs, ppm): 25.77 (br)*H NMR (300 MHz, CDCly, ppm): 1.86

Methylamine (99-%) obtained from Sigma Aldrich was purified  br (=N(H)CHjy); 2.47 vbr N(H)CHs); 2.55 vbr (<N(CHz)—);
by passing through a column of potassium hydroxide. Toluene was 2.64-3.37 br (NH) borazine).’3C NMR (75 MHz, CBCl,,
dried and purified using standard glass manipulation and was freshlyppm): 27.6, 27.9N(H)CHjz); 31.2 (bridging—N(CH3)—). TGA
distilled under argon from sodium/benzophenone prior to use. (ammonia, 1000°C (1 °C/min); 42.5% weight loss): 945 °C,
Preparation of samples for characterization was performed inside AmVmy, = 0%; 45-400 °C, Am/m, = 21.6%; 406-1000°C, Am/
an argon-filled glovebox (Jacomex BS521; Dagneux, France). my = 20.9%.

2.2. Synthesis of Molecular and Polymer PrecursorsB-tri- Polymer6: Tinermolysis= 200 °C. IR data (KBr pellets, crr):
(methylamino)borazine was prepared in a three-né@ke Schlenk 3434 (m); 2936 (w), 2893 (w), 2816 (m); 1601 (s); 1528 (s); 1460
flask equipped with a methanol reflux condenser by dropping a (s); 1433 (s); 1187 (s); 1087 (m), 711 (W}B NMR (96.29 MHz,
solution of 77 g ofB-tri(chloro)borazine (419 mmol) in toluene on  Cg¢Dg, ppm): 25.77 (br)!H NMR (300 MHz, CDB,Cl, ppm): 1.86
a solution of 105 g (3.387 mol) of methylamine in toluene;-&0 br (—N(H)CHa); 2.47 vbr (<N(H)CHa); 2.55 vbr (-N(CH3)—);
°C with vigorous magnetic stirring, whereby methylamine hydro- 2.64-3.37 br (NH) borazine).’3C NMR (75 MHz, CDCly,
chloride precipitation was observed immediately. After the addition ppm): 27.6, 27.9N(H)CHjz); 31.2 (bridging—N(CH3z)—). TGA
of B-tri(chloro)borazine was complete, the reaction mixture was (ammonia, 1000°C (1 °C/min); 41.6% weight loss): 845 °C,
allowed to warm to room temperature (RT). The precursor solution Am/my = 0%; 45-400°C, AnmVymy = 19.2%; 406-1000°C, Anv
was then separated from the precipitated methylamine hydrochloridem, = 22.4%.
by filtration through a pad of Celite. The precipitate was thoroughly ~ 2.3. Melt-Spinning. Polymers2—6 were tested with regard to
extracted three times with 50 mL of toluene and then disposed. melt-spinning combining a lab-scale piston extrusion system
The filtrate and the extract were combined, and toluene was partially (Matériau Ingeniérie-St-Christol les Als, France) to melt the
removed at RT in high vacuum (1dmbar) from the remaining polymer and to supply definite throughputs and a wind-up device,
solution until the concentration of tH&tri(methylamino)borazine i.e., spool, to supply the take-up velocity, both set up in a nitrogen-
(1) in toluene reached 65 wt %. It should be mentioned that the filled glovebox (Figure 1).

B-trilmethylamino)borazine was partially dried to facilitate its The distance from the rotating spool to the spinneret was fixed
introduction in the polymerization reactor for the subsequent at 18 cm. Extrusion and drawing units are designed for small-scale

thermolysis step. spinning and can support flow throughputs from 0.1 to 2 mm/min
Synthesis of the polff-(methylamino)borazines}—6 proceeded and take-up velocity from 9 to 330 m/min. The piston chamber
as follows. can support an internal pressure of 600 N. Four grams of solid

A 250 mL three-necked polymerization reactor equipped with a polymers was placed at RT into the piston chamber and heated (5
mechanical stirrer was charged at RT with 70 g (419 mmol) of the °C/min) without compressive load to a certain temperature, namely
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[ 4 Piston HsC\IT/ H
- Polymer H\N/B\N/H
. |
Filter H B B CH
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Filament Capillary CH; H
Figure 2. Schematic representation of tBeri(methylamino)borazine.
Solidified Pang N,N-dimethylacetamide (DMAC). A calibration curve was generated
Fiber Spool from the chromatograms of thgtri(methylamino)borazineM =
w 167.6 g/mol).
Figure 1. Description of the melt-spinning process. 2.4.7. Fiber Shape VisualizatiorGreen fiber piCtUreS were

recorded during melt-spinning operation using a Sony DXC-9100P
3CCD camera equipped with a #zoom. The camera resolution

Tspinning AL Tspinning the polymer melt flow was forced by pushing was 782x 582 pixels (800 vertical lines 575 horizontal lines).

it with the piston along the extrusion line through a melt filtering Pi lvzed using the Analvsi ¢ d -
and then a single-capillary spinneret of 2001 in diameter akin ictures were analyzed using the Analysis software, and precision

to liquid being squirted out of the capillary at a controlled piston ©f thé diameter measurements was of 1 pixe2% of diameter).
velocity. As-extruded molten filament fell with gravity at an ideal ~2-4.8. Polarized LightA Nikon Optiphot-pol polarized light
pressure 0f~350 N to be drawn during cooling by the take-up Microscope equipped with crossed polarizers and a rotating stage
spool and continuously recovered onto the spool. It should be Was used to investigate the effect of fiber drawing during melt-
mentioned that the process of producing BN fibers continues SPinning on the molecular orientation in as-spun fibers. Orientation
through a curing step of green fibers in an ammonia atmosphere Was revealed by transmitted light for an angle of #8tween the

(RT to 400°C) to retain fiber integrity, i.e., avoid melting of the  fibér and the polarizer direction.

polymer fibers, during the further pyrolysis. The latter is performed

in an ammonia atmosphere (460000 °C) to remove carbon 3 Results and Discussion

resigjues and then in a nitrogen atmosphere (3d@DO °C) to 3.1. Design of PolyB-(methylamino)borazine] with De-
achieve the complete ceramic transformation. . fined Architecture. In the present work, the same batctBaifi-
2.4. Polymer and Green Fiber Characterization.2.4.1. 5N (methylamino)borazinelj (Figure 2) was thermolyzed in argon

Solid-State NMRN solid-state NMR experiments were performed

at RT on a Bruker Avance-300 spectrometer, at a frequency of . - : ) .
30.41 MHz using a Bruker magic angle spinning (MAS) probe. namely polyB-(methylamino)borazine], with defined architec-

Solid samples were spun at 5 kHz, using 7 mm Zr@ors filled tures, thermal properties, and melt-spin_nabilities. The syn_the_tic
up inside an argon gas glovebd®N MAS NMR spectra were ~ Procedure must be carefully controlled since successful spinning
recorded with a pulse angle of 9@nd a recycle delay between IS directly connected to the structural properties of the polymer,
pulses of 100 st5N chemical shifts were referenced to solid NH ~ which are closely dependent on the synthesis conditions. To
NO; (10%**N-enriched sampl&)iso(**NOs) = —4.6 ppm compared establish synthesis conditions that allow preparation of melt-
to CHNO; (Jiso(**NO,) = 0 ppm)), and spectra were simulated spinnable polymers, the architecture and chemistry of a set of

with DMFIT.?9731 IN-enriched polymer8—6 were obtained from  fjye representative preceramic polymerETinermolysis= 150°C)
a same batch of*N-enrichedl. The latter was synthesized by {5 g (Tinermolysis= 200 °C) were characterized at RT.

aminolysis of &°N-enrichedB-tri(chloro)borazine using homemade . B o -
methylamine!™N enriched at 10 at. % It should be mentioned that the term “polymer” is used in its

2.4.2. Elemental AnalyseBlemental analyses were made at the broadest sense, that is, as a group of molecules whose struc'_[ure
Max-Planck Institute (Stuttgart, Germany) using various apparatus Can be generated through repetition of a few elementary borazine
(ELEMENTAR, Vario EL CHN-Determinator; ELTRA, CS 800,  units.

C/S Determinator; LECO, TC-436, N/O Determinator, and atom  In a previous stud§® it was shown that a polfg-(methy-
emission spectrometry (ISA JOBIN YVON JY70 Plus). lamino)borazine] ([B.oN4.6Cz.1He.5]n) obtained atTinermolysis =

2.4.3. GC/MS.GC/MS measurements were performed in a 180°C comprises at least four types of nitrogen environments
continuous thermolysis process using a Hewlett-Packard modelysing CP and IRCP sequences to distinguish the degree of
Agilent micro-GC MZOO equipment coupled with aqu.adrlpole mass protonation (see Figure 1-Sl in Supporting Information).
spectrometer (Agilent 5973 network mass selective detection). It was found that the overall structure of the studied poly-

Gaseous species were identified on the basis of their MS molecular B thvlamino)b : built f b . . tai
ion peaks and by comparison of the GC retention times of their [B-(methylamino)borazine] built from borazine rings contains

corresponding GC signals to those of known gas such as hydrogenthe expected borazinsiH units ©@iso = —307 ppm) and is
ammonia, methylamine, or argon. A quantitative GC analysis was dominated by bridging=N(CHz)— units @iso = —320 ppm)
carried out from the area of the signals. Signal areas were connecting the rings to the others. In addition, somfé(H)-
normalized to the same, overall, integrated area values. CHs groups §iso = —347 ppm) present in the starting monomer
2.4.4. Differential Scanning Calorimetry (DR@SC measure- 132 survive in the derived polymer backbone (see Figure 2-SI
ments were carried out on a TA8000 Mettler-Toledo apparatus, in Supporting Information). Interestingly, a low relative amount
using alumina crucibles in a nitrogen atmosphere and the following of unexpected\B; sites piso = —285 ppm) is also identified,
temperature program:-30 to 200°C (10°C/min). but some doubts arise for the correct attribution of the
_2:4.5. PicnometryDensity measurements were carried outat RT - o snonding structural motif. Three types of motifs were
in a controlled inert environment with a density analyzer (AccuPyc d Fi 3-Slin S ting Inf ti®n
1330 Helium pycnometer from Micromeritics). proposed (see Figure in uppor_mg nforma _)'
2.4.6. Size Exclusion Chromatography (3B@olecular weight In order to get a bgtter understandlng of thg architecture of
distribution was determined by SEC. Analysis was performed using the poly[B-(methylamino)borazine] and to provide a complete
a Shimadzu SPD 6A UV detector and Waters s-Styragel columns diagnostic of its properties, our efforts focus on the synthesis
in distilled tetrahydrofuran (THF; Sigma-Aldrich) as eluent with of several polyB-(methylamino)borazine] and the use of

between 150 and 20€C forming solid polymeric networks,
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Scheme 1. Condensation Reaction 6fN(H)CH 3 Groups
Resulting in Both the Formation of Bridged —N(CH3)— Units
and the Release of Methylamine
\B N H+\B N H—>\B N B/ CH,NH
—N— —N— —N— +
/] /] /Lo T
CH, CH, CH, (a)
Exp.
Sim.

combined characterization techniques including gas chroma-

tography coupled with mass spectrometry (GC/M3Y, solid-

state NMR, chemical analyses, and picnometry. The chemical

reactions occurring during thermolysis bivere monitored by

GC/MS, which allows us to offer a schematic representation of

chemical reactions that emerge during this process. The related

architectural changes taking place during thermolysis were Exp
analyzed on the basis of representative polymer samples e

Sim

AA ¥
described in the Experimental Section usityl solid-state :
NMR, and elemental analyses. Density measurements of these
polymers by picnometry were also obtained.

According to GC/MS experiments, the transformationlof
into the derived polymer2—6 occurs mainly with loss of
methylamine (CHNHy; m/z= 31) (see Figure 4-Sl in Support- (c)
ing Information). This should form-N(CHz)— bridging bora- Exp.
zine rings fiso = —320 ppm), as depicted in Scheme 1. \

Quantitative analysis dfN solid-state NMR data of polymers Sim.
2—6 presented in Figure 3 and Table 1 confirms this suggestion. T T
Figure 3 includes the experimental and simulate MAS -200 -250 -30

-350 -400 -450

0
NMR spectra o®, 4, and6, and Table 1 gives thEN chemical (ppm)
shifts and relative amounts of the structural units extracted from Figure 3. Selected experimental and simulatéN solid-state MAS
the NMR spectra of each polymer. NMR of the *N-enriched polyB-(methylamino)borazine]: (ap

. . . . Ti s= 150°C), (b) 4 (T s= 175°C), and (c)6 (T; I
15\ MAS NMR data point to an increase in the relative (:‘hze(’)"g"la ), (0) 4 (Tinermonsis ). and (€)6 (Tinermotysi

amounts of-N(CHsz)— bridges §iso = —320 ppm) going from
210 6, whereas the relative amounts-eN(H)CH; (diso = —347 The increase in the relative amounts of Niites associated
ppm) decrease. This agrees with the polycondensation mechayith the disappearance of borazine N(H) units fraito 6 (Table
nism proposed in Scheme 1. It is even shown that this 1) s entirely consistent with the mechanism depicted in Scheme
mechanism is mainly effective at low temperatul@dmolysis 2. By plotting the—NBg to N(H) ratio in Figure 4 (black circles)
=< 160°C) by.plot.tlng the ratio of-N(CH3)— bridges to—N(H)- using a sigmoidal-type function, this second mechanism is seen
CHz groups in Figure 4 (empty square symbols). to mainly occur after the first one; i.e., it is mainly effective
It should be mentioned that this experimental curve is plotted ghove 160°C. This is most probably attributed to the greater
using a sigmoidal-type function and also by considering thermal stability of N-H bonds of borazine rings compared to
additional polymeric intermediates prepared at 130, 140 (not the N—H bonds in—N(H)CHs groups.
published polymers), and 180C? following the procedure To our knowledge, any other reactions generating methy-
described in the Experimental Section. lamine can be considered taking into account the functional
The occurrence of the above-described polycondensationgroups, i.e., borazine N(H) units areN(H)CHs groups, which
mechanism is consistent with the studies dedicated to theare present in the monomeriB-tri(methylamino)borazine
synthesis of borazine-type polym&&*in which the thermolysis (compoundd).
of monomeric borazine derivatives is shown to predominantly  Whereas the production of methylamine during thermolysis
proceed via intermolecular condensation-®d(H)R groups (R of B-tri(methylamino)borazine was foreseeable according to the
= H, CHj). presence of—N(H)CHz; groups in 1, the identification of
It is interesting to note in Tabl1 a decrease in the relative ammonia (NH; m/z = 17) as a second gaseous byproduct by
amounts of borazine M) units Oiso(*°N) = —307 ppm) starting GC/MS was not expected (see Figure 4-Sl in Supporting
from 4, whereas they should either be stable (formation of a Information). Further, the C¥NH»:NH; ratio decreases from
linear structure) or increased (formation of a branched structure) 5000 at 120°C to 9.5 at 200°C based on the relative area of
during thermolysis ofl by considering the occurrence of the the corresponding GC signals. Therefore, production of am-
mechanism depicted in Scheme 1. This highlights the presencemonia increases with increasifgermolysis
of a concurrent mechanism including participation of borazine  Evolution of ammonia suggests the presence NH; groups
NH units. in the polymeric network. Considering that such highly reactive
A second route generating alkylamine species through poly- groups are not identified by NMR and IR spectroscopies (see
condensation reactions including borazine N(H) units has beenexperimental part and Table 1), it can be assumed that either
reported forB-trilamino/alkylamino)borazine¥®. It consists in their relative amount is too low or they quickly react to form
the formation of boror-nitrogen (B-N) bonds connectingtwo  more thermally stable species.
borazine rings yielding the NBcontaining motifll we have On the basis of the actual knowledge of the chemistry of
already proposed in ref 28. In our system, this mechanism occursborazine-derived molecules, the only mechanism explaining the
from the reaction of borazine N(H) units wittN(H)CH; groups appearance of NH; groups is a highly energetic ring-opening
generating methylamine (Scheme 2). pathway. Such mechanisms historically proposed by Toenisko-
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Table 1. Variation of Relative Amounts of —N(CH3)— Bridges, —N(H)CH 3 Groups, Borazine N(H) Units, and NB; Sites in Polymers Based on
the Relative Intensity of the Related?>N MAS NMR Signals for Each 1*N-Enriched Poly[B-(methylamino)borazine] 2—6

relative intensity [%)] £2)

%7N(H)CH3 groups %7N(CH3)7 bridges %N(H) units %NB3sites
polymer Tthermolysis[ °C] Oiso = —347 ppm diso = —320 ppm diso = —307 ppm Jiso = —285 ppm
2 150 16 35.7 44.9 3.4
3 160 15 35.7 44.8 4.5
4 175 14.2 35.9 44.9 6.5
5 185 13.8 36.2 43.2 6.8
6 200 13.6 37 42.6 6.8
2 0.20 Table 2. Elemental Composition and Formulas of Samples-16
é - Lo.1s found compositiofi[wt %]
(G r samples B N H C empirical formuta
o F0.16 Z
Q I o monomer
=) Lo.14 g 1c 19.4 50.1 9.0 215 BoNe.oCa.0H15.0
% 201 I E polymers
2 Lo.12 o 2 24.1 46.9 7.6 21.4 BoN45Co.4H10.1
%n | = 3 24.9 48.4 7.4 19.3 BoN45C2.1Ho 6
4] 0.10 E 4 255 48.5 7.4 18.6 BoN4.4Co.0Hg 3
A 154 L = 5 25.7 48.4 7.3 18.6 BoN4.2Cr.oHg 1
g Loos = 6 265 481 72 182  BNiLCidHas
g '_006 a Referencgd to 100%.; oxygen values were determ_ined todevt %
o= : and were omitted? Emplr!cal forr_nula_per monomer unit and n_orm_allzed
130 140 150 160 170 180 190 200 to three B atomst Assuming the idealized structure presented in Figure 1.

Thermolysis Temperature, T, . [°C]

Figure 4. Variation of the—N(CHs)— bridges:~N(H)CHs groups ratio
(empty square symbols) and ABotifs:borazine N(H) units ratio (black
circle symbols) during thermolysis df

Scheme 2. Condensation Reaction 6fN(H)CH 3 Groups with
Borazine N(H) Resulting in Both the Formation of B—N Bonds
and the Release of Methylamine

B_
\ /
/N—H + B_IT_H —_— /B—N\ + CH,NH,
B_
CH, /
Scheme 3. Ring-Opening Mechanism Leading to Formation of
—NH; Groups
™o w1
|
/N\1|3/ N\?/ M, H/N\B/N\B//N H/N\?/N\?/N\CH;
R | —
H/N\I/N\H H,N\B/N\—‘H H/N\Eli/N\Cﬂj
|
N N /N\
ne” H / N i H
H,C

therefore omitted), indicating in a first approximation that the
overall structure of the pol#-(methylamino)borazine] estab-
lished after synthesis at 15 is not significantly changed
above that temperature.

The nitrogen composition fo2 ([B3.0N45C2.4H10.1]n) and3
([B3.0N4.5C2.1Ho ¢]n) agrees reasonably well with the theoretical
value for a polymer composed exclusively efN(CHz)—
bridges ([B.oN4.sC1.sH7.5]n). In contrast, the nitrogen composi-
tion from4 ([B3.0N4.4C2.0Hg.3ln) t0 6 ([B3.0N4.2C1.9Hg 7]n) Clearly
points to formation of cross-links connecting the borazine rings
at several points of the same polymer chain in the high-
temperature regime of the thermolysis.

The relatively high deviation between the compositions in
carbon and hydrogen found iB—3 and theory (exclusive
formation of —N(CHs)— bridges; see theoretical formula above)
suggests the presence of unreacted(H)CH3 groups. It is
interesting to notice that the found values for carbon and
hydrogen elements in such polymers are close to those expected
for a poly[B-(methylamino)borazine] composed -6N(CHz)—
units connecting two borazine rings and onl(H)CH; groups
per borazine ring ([BoNs.oCz.0H10.dn See Scheme 2-SlI in

etter et al. have been postulated to be activated when theSupporting Information). This confirms (i) the establishment

borazine derivative containsN(H)R (R = H, CHjg) units
bonded to boron aton?$:38 Scheme 3 illustrates the most

of —N(CHs)— bridges and (ii) the presence of a relatively high
proportion of —N(H)CHz groups in the polymer network

probable ring-opening mechanism occurring in our system, prepared in the low-temperature regime of the thermolysis. The

which implies also the formation of a newsB(CHs) unit in
the as-obtained structure.

loss of carbon and nitrogen elements fr8rto 6 indicates the
gradual disappearance efN(H)CHs; groups with increasing

According to their relatively high thermal reactivity, these Twemolysisand therefore the tendency of the polymdrs6 to
—NH, groups should react with borazine N(H) units and/or cross-link upon heating via the polycondensation mechanisms
—N(H)CHjs groups with subsequent expulsion of ammonia and/ mentioned above. Such a behavior is confirmed by picnometry.

or methylamine. Bridging-N(H)— units and inter-ring B-N
bonds, i.e., NBmotifs, should then result (see Scheme 1-Sl i

Density measurements of polymers were run at RT to follow
n the development of the polymer architecture during thermolysis.

Supporting Information). According to the increase in ammonia Some additional polymeric samples prepared at 130, 140 (not

production with increasin@inermolysis the proportion of structural
units formed must increase on going frd&rio 6.

published polymers), and 180C?8 following the procedure
described in the Experimental Section were analyzed to have a

The structural changes previously evidenced do not have agood representation of the density variation. Variation of poly-

strong impact on the polymer chemistry, as illustrated wit
elemental analyses.

Polymers2—6 display close empirical formulas (Table 2;
oxygen values were determined to b& wt % and were

h [B-(methylamino)borazine] density is plotted in Figure 5. A
sigmoidal-type function was used to fit the experimental data
representing the variation of the density measured at RT as a
function of the temperature at which polymers were prepared.
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1.25 Table 3. Glass Transition Temperatures Tg) and Limit
Temperatures (T|s) for Each Poly[B-(methylamino)borazine] 2—6
o polymer Tihermolysisl °C] Ty[°C] T2 [°C]
1.20 2 150 46 150
3 160 64 160
, 4 4 175 70 175
3 5 185 83 185
o 115 o 6 200 100 200
% aT is the temperature at which a strong exothermic peak due to the
A polymer decomposition is observed in DSC curves.
1.10 120
Linear regression: T,= 1.17Tﬂmmlysis -131.1
g 100 4 (=0.99)
105 T T T T T T T T T T T T T T T h"“
130 140 150 160 170 180 190 200 o
Thermolysis Temperature, T ermolysis LCl g 801
Figure 5. Density measurements of polymers obtained by thermolysis %
of 1 at variousTiermolysis e 607
(=]
Based on the density increase below 160 an extension of 2 0
the molecular network af dominates upon heating in the low- £ ™
. . . . i
temperature regime of the thermolysis. This behavior can be &
understood by considering the structure of Bati(methylami- 8 20+
6]

no)borazine composed of threeN(H)CHs groups and three
borazine N(H) units (Figure 2), every one being subject to facile
condensation reactions. Despite difference in chemical reactivity . .
between—N(H)CHs; groups and borazine N(H) units, it is Thermolysis Temperature, Ty, [°C]

reasonable to propose thBttri(methylamino)borazine has a  Figure 6. Variation of Ty as a function ofTiermolysis

maximal functionality of six, which offers high potentialities

to extend upon heating. Density values are not significantly Ttermolysis was studied using the five polymers described in
changed above 16. We may therefore suggest that intramo- experimental part and those we have already considered for
lecular cross-linking plays a major role in the architecture Pplotting the density curve (Figure 5). Figure 6 shows that the
development during thermolysis in the high-temperature regime. values of Ty can be tuned by selectinGnemolysis Since they

As a consequence of the characterization results, it can belinearly increase with increasinGnermolysisaccording to eq 1.
proposed that the basal structure of pBlfmethylamino)-
borazine] composed of a majority of inter-ringN(CHz)— Ty =11 T ermolysis— 131.1 (1)
bridges is shaped aknermolysis = 150 °C. A relatively high
amount of unreacteetN(H)CHs groups remains, suggesting a Ty values reach a plateau at 108, since polymer samples
poorly cross-linked network. Above that thermolysis tempera- prepared above 20TC have noTy.
ture, inter-ring B-N bonds, i.e., NBsites, are gradually formed In a first approximation, the evolution profile @f for poly-
in such a way that the B/N ratio increases in the derived polymer [B-(methylamino)borazine] seems to be similar to that observed
network synthesized up to 20C. In addition, the decrease in  for traditional organic polymers which obey the Fletyox law;
the relative amounts of N(H)CHs groups associated with the i.e., Tgincrease with increasing average values of the molecular
poor changes in the polymer density in the temperature rangeweight (My) up to a certain value at which any changesin
160-200°C indicates that the pol@F(methylamino)borazine]  are detected®4°
cross-links on itself in the high-temperature regime of the  We have therefore attempted to measure the molecular weight
thermolysis. Last, in relation with the detection of ammonia, it of every one of the pol§-(methylamino)borazine] described
should be mentioned thatN(H)— bridges/NH groups are in the experimental part. However, it should be mentioned that
formed, but despite a probable increase of their proportion going attempts to have a precise idea of the chain length failed, since
from 2 to 6, their influence on the architecture of pdBy| the found values for the five polymers are too close to
(methylamino)borazine] remains poor. distinguish each polf-(methylamino)borazine] by their proper

3.2. Thermal Behavior of As-Synthesized PolymerSolid Mw (Myw = 900 + 100 g/mol for2—5 and 1250 g/mol fol),
poly[B-(methylamino)borazine] probably represents one of the despite strong differences ify. Therefore, such oligomeric
few borazine-derived preceramic polymers capable of displaying compounds do not obey the FlerfFox law. It is more
glass transition temperatur@g upon heating (Table 32228 appropriate to suggest that the strong increasg,éfom 2 to

It should be mentioned that its glass transition extends over 6 is caused by the capability of poB{(methylamino)borazine]

a wide temperature range-20 °C) which may be interpreted  to undergo intramolecular cross-linking upon heating and is

as a high molar mass dispersion in polymdigvalues were related to the nature and relative amount of structural units which
taken at the middle of this temperature range on the differential compose the polymer network. Our suggestions are developed
scanning calorimetry (DSC) curve. below.

Solid poly[B-(methylamino)borazine] transforms into viscous First, pendent=N(H)CHs; groups attached to boron atoms
materials by passing throudly which rise from 46 2) to 100 fulfill the requirements of limiting the chain branching, and
°C (6), as reported in Table 3. therefore lowering the temperature of the solid-to-glass rubber

To obtain an accurate representation of the chang&;of transition, in the same way as a plasticizer acts to make a
during polymer preparation, the variationfas a function of polymer more pliable and easier to work upon heating. Second,

T T T T T T T T T T T T T T T T
120 130 140 150 160 170 180 190 200 210
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Figure 7. Motion capabilities of the cross-linked sites, i-eN(CHs)—
bridges and B-N bonds, which compose the pdB¢{methylamino)-
borazinesP—6.

it is reasonable to propose that, at a given degree of cross-

linking, adjacent borazine units joined byl bonds, i.e., NB
sites, restrict molecular motion which naturally stiffens the

polymer network, whereas rings branched by bridging units such

as—N(CHzg)— bridges provide conformational rearrangements
of the polymer backbone and higher freedom in the molecular
motion (Figure 7). These bridges therefore add to the flexibility
of the polymer backbone.

Therefore, the decrease of both thil(CHgz)—:NB;3 ratio and
the relative amounts of-N(H)CHs groups with increasing
Tinermolysisinvolves an increase in the proportion of constraints
for molecular motions and a decrease in the plasticity going
from 2 to 6, thereby causing an increaseTfwith increasing
Tthermolysis

Above T, the softened polymer exhibits an appreciable
stability and remains stable up to a limit temperattiréT, =
Ty + ~100 °C), at which a strong exothermic peak due to
polymer cross-linking is observed in DSC curves. Therefore,
poly[B-(methylamino)borazine] can be heated in a wide tem-
perature range without change in physical properties and
chemical composition. This is an important requirement for
performing a stable melt-spinning procedure.

3.3. Polymer Melt-Spinnability. The availability of poly-
[B-(methylamino)borazines] with “tunablély offers different
levels of melt-spinnability.

In the present paper, the spinnability of the samples was first

evaluated in terms of capability of extrusion. Melt-spinning was
then conducted with the same throughput, with an increasing
take-up velocity until the spinning line failed, determining the
limit of spinnability, thereby the maximum drawdown ratio.

Spinning was monitored using a high-resolution CCD camera
put inside the glovebox and orientated toward the fiber at the
exit of the capillary.

Values of the spinning temperature€Ssgnning, €xtrusion
velocities Vexiusion, take-up velocitieS\ake-up), and drawdown
ratios”! defined asViake up/Vexuusion are compiled in Table 4.
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As indicated in Table 4, extrusion of polymers is achieved
in a strict and narrow temperature rangepfning£ 1 °C). By
comparison with dataly andT,) reported in Table 3, it is shown
that every one of the solid polBf(methylamino)borazine]
studied here is heated at a sufficient temperatlige<( Tspinning
< T) at which they are capable of elastic and plastic deforma-
tion to be extruded and drawn without the occurrence of cross-
linking and decomposition. Furthermore, these pBl{ineth-
ylamino)borazine] can be remelted once they have been
spun (not apparent in Table 4) similarly to thermoplastic
polymers.

Table 4 also shows that the melt flow behavior is closely
related to Ty Figure 8 even evidence a linear relationship
betweenTy and Tspinning according to eq 2 based on polymers
studied here.

T

spinning ™~

1.081, + 86.34 (2)
Figure 8 points to the fact thaspinningis closely related to
the cross-linking degree of polymer and the relative amount
and nature of structural units which compose the polymer
network. Different responses to melt throughput and fiber
drawing are logically observed as a function of the polymer

architecture using the high-resolution CCD camera.

The low-Ty polymer2 flows through the capillary at 138
+ 1 and emerges as a molten drop at the exit of the capillary
(Figure 9a). Relatively high extrusion velocity has to be applied
to obtain the ideal spinning pressure (i.e., 350 N), demonstrating
the high meltability of such a polymer.

On the basis of the structural feature<2df.e., high relative
amount of both bridging units (flexibility) and unreactetN(H)-

CHs; groups (plasticity)), we speculate that the borazine rings
in 2 are relatively free to move in cooperative thermal motion
to provide conformational rearrangement of the backbone and
thus high meltability. In contrast, such structural features seem
to be an obstacle for the production of continu@iderived
fibers of high quality during the subsequent drawing: (i)
capillary instability of the filament line upon drawing (Figure
9b) and (ii) loss of fiber cohesion on the take-up spool are
observed. Moreover, the molten polymer cross-links too rapidly
to be considered for long-term spinning studies. As a conse-
guence, it is appropriate to suggest that a certain degree of cross-
linking in the polyB-(methylamino)borazine] network is re-
quired to allow for melt-spinning.

Extensive efforts in the design of polymers combining melt
extrusion and drawing of the derived filament were made by
increasing the final thermolysis temperatui@ermolysis above
150°C.

Increasing thermolysis temperature to 160 and X75
provides better melt-spinnability as evidenced by the absence
of melt drop during extrusion of the mediuiy-polymers3
and 4 (Figure 10) atP ~ 350 N. The as-extruded molten
filament derived from3 and 4 falls with gravity and can be
subsequently drawn from the melt at 15§ and 165°C (4)
without fiber breaking at high take-up velocity & 111.9).
The melt flow remains stable during spinning operation, thus
leading to the reproducible preparation of fibers with optimum
quality in terms of their smooth surface appearance and
uniformity in their low diameterd ~ 17.5um). It should be
mentioned that a low uniform diameter for green fibers is

Together, these variables control the green fiber diameter atrequired for preparing ceramic fibers with high tensile strength

the macroscopic level. It should be emphasized that the
homogeneity of the fiber diameters given in Table 4 was notable
due to high applied take-up velocity which avoided oscillatory
instability.

after pyrolysis?®

Polymers 3 and 4 therefore display excellent extrusion
capabilities without capillary fracture most probably due to an
adjusted degree of cross-linking. Besides, the appropriate
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Table 4. Experimental Spinning Conditions for Poly[B-(methylamino)borazine] 2 to 6

polymer Tspinning[ °C] (£1)2 Vextrusion[M/S]P Viake-up [M/S] x4 exptl fibers diam gm] (£1)° calcd fiber diam gmf
2 138 0.050 200
3 155 0.042 4.7 111.9 175 18.9
4 165 0.042 4.7 111.9 17.5 18.9
5 175 0.033 3.1 93.9 20.5 21.0
6 195 0.010

a As measured by the thermocouples inside the chamber furh&@sdculated from the piston velocity via volume displacement at a pressure of about 350
N; maximum measured velocity Maximum measured velocity. Defined as the drawdown ratio,= Viake-uy/ Vextrusion S€€ ref 41¢ Average of 50 readings
taken with the CCD camera and confirmed with a digital micromé@ibers ~ deapiian](Vextrusiod Viake-up)] Y% see ref 419 At P = 600 N.

200 Linear regression: Tspiming = 1.08Tg + 86.34I
O (”=10.998)
o
£ 180
[N(%'
g 160
g
g
£ 140
[—1
o0
g
g 1204
‘a
%)
100 — 7T T T T T T T T T T T T T T 1

20 30 40 60 80 90 100 110

Glass Transition Temperature, T’ L [°C]

50 70

Figure 8. Variation of Tspinning@ a@s a function offg.

—N(CHs)— bridges to NB sites ratio in such polymers by
controlling Tiermolysisprovides appropriate stretchability of the
as-extruded molten filament, producing green fibers with low
diameter. In addition, fiber cohesion was retained after the
drawing operation according to& well above RT.

Polymer5 is readily extrudable at 175 (P ~ 350 N) with
a behavior close to that of polyme3and4 (see Figure 5-Sl in
Supporting Information). Although the extrusion velocityRat
~ 350 N is lower Vexurusion= 0.033 m/s) than that used for
extrusion of3 and 4 (Vexwusion = 0.042 m/s) most probably
caused by a lower meltability, the emerging molten filament is
drawn at a suitable drawdown ratio € 93.9), leading to fine-

As the filament emerges, it swells as represented in Figure
11. There was even a tendency for it to fold back on itself rather
than fall with gravity, leading to an unstable spinning operation
and therefore yielding an irregularly shaped fiber. The as-
extruded molten filaments derived therefrom cannot be drawn,
and the derived solid green fiber is very stiff and brittle.

Such spinning behavior is related to the high relative amount
of NBj sites in the polymer network. Referring to unmeltable
polyborazylenes, which are composed of both biphenyl and
naphthalenic-type structuréii is clear that the natural tendency
of NBg sites to stiffen the molecule degrades the spinnability
of polymer. In contrast to glass3~5, 6 represents a crumbly
solid that cannot be considered as a candidate for the preparation
of fibers.

A final comment on the green fibers derived from p&y[
(methylamino)borazines], not apparent in Table 4, concerns the
molecular orientation of the polymer chains.

Usually, it is known that on-line drawing may provide
substantial molecular orientatidhConsidering the propensity
of poly[B-(methylamino)borazines] to cross-link on itself upon
heating, it is expected that drawdown ratios reported in Table
4 serve only to maintain filament line stability and control the
fiber diameter. However, it is surprising to note that polarized
light demonstrates that both on-line fiber extrusion and drawing
have also significant effect on molecular orientation in the green
fibers derived from pol\B-(methylamino)borazines] (Figure 12).

In the case of fibrous materials, as the green fiber is rotated
relative to the polarizers, the intensity of the polarization light
varies cyclically, from zero (extinction) up to a maximum after
45° and back down to zero after a 9Q@otation. Changes in

diameter green fibers and defect-free surfaces. At higher intensity of the polarization light intensities between zero degree
drawdown ratios € > 93.9), onset of the polymer jet stretch  (extinction) and 45 (maximum intensity) are poor when as-
resonance phenomenon is encountered, and then capillaryextruded molten fibers are not drawn during the melt-spinning
fracture occurs which can be traced back to the tensile stressoperation (see Figure 6-Sl in Supporting Information), whereas
undergone by the extruded filament. Using a definite combina- Figure 12 shows that changes are clear when green fibers are
tion of spinning conditions and properties of the polymer being drawn, suggesting for the latter a preferred orient4tiohchains
spun through manipulation of the variables reported in Table along the fiber axis as an anisotropic material. Such a behavior
4, uniform5-based green fibers 0f20.5um in diameter are  is not explained at this moment, but it is reasonable to speculate
reproducibly obtained. On the basis of such observations, it is about the possibility to form liquid crystals upon heating and
therefore reasonable to assume here that the reduced melttherefore develop a mesophase in our system. The formation
spinnability of green fibers derived fro is caused by an  of a mesophase in borazine derivatives was already rep®rted,
increase of both the degree of cross-linking and the relative but further studies are needed to demonstrate the formation of
amount of rigid inter-ring B-N bonds from4 to 5. Spinning such liquid crystals in molten polBf(methylamino)borazine].
dynamics were therefore deemed to be conducive to the

formation of a stable filament line.

In contrast to polymer8—>5, determination offspinningfor 6
was difficult. For example, extrusion & at 195°C is barely

4. Conclusions

The role of the architecture and chemistry of p8ly[
(methylamino)borazines] on the thermal and spinning behaviors

achieved since the pressure inside the piston chamber quicklyis explored in this study. Using-(methylamino)borazine as

increases up to its maximal value, i.e., 600 N, regula¥ggusion

molecular precursor, derived poBf(methylamino)borazines]

to its minimum value, i.e., 0.010 m/s. Such an extrusion behavior with different degree of cross-linking are recovered by adjusting

clearly shows the lack of meltability of this polymer. It should
be mentioned that raising the temperature above°TOalters
the extrusion, since foam is formed at the exit of the capillary
due to thermal decomposition of the polymer.

the final thermolysis temperature between 150 and 200
These polymers may be represented by a structural network
combining cross-linked portions of the typdN(CHs)— bridges
(major) and B-N bonds (minor) which connect borazine units
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100 pm

(a) (b)

Figure 9. As-spun fiber drawn from the molten poB{(methylamino)borazine? using a pressure of about 350 N and an extrusion velocity of
0.050 m/s.

—

100 pm

0°-90° 45°

Figure 12. Green fiber derived from the molten pdB/{methylamino)-
borazine]4 with drawing.

icant changes in the chemical composition of polymers, but our
results show that these architecture changes cause strong
variation in the thermal behavior and melt-spinnability of
such polymers. Ideal melt-spinnable pd&@y{methylamino)-

200 wm

Figure 10. As-spun fiber drawn from molten polBf(methylamino)- borazin_es] are obtained between 160 and %$U0h typical
borazine]3 and4 using a pressure of about 350 N and an extrusion melt-spinnable polymers display a chemical formula of
velocity of 0.042 m/s. [B3.0N4.4:0.1C2.0:0.1H9.3t02n (N ~ 7.5) and glass transition

temperatures in the range 683 °C. These features provide
adjusted flexibility determined by theN(CH3z)—:NB3 ratio and
sufficient plasticity given by the relative amount efN(H)-

CHs; groups to prepare fine-diameter green fibers at 3650

°C in a stable melt-spinning operation. In the following paper,
the shear rheology of polymer melts is investigated to understand
how the structural features of poB{(methylamino)borazines]
can affect the rheological behavior. This rheological investiga-
tion provides a detailed picture of the architecturieeology-
spinnability relationship.
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