
https://doi.org/10.1016/j.polymer.2016.01.041
https://doi.org/10.1016/j.polymer.2016.01.041
https://research-information.bris.ac.uk/en/publications/5d1a9d4d-6412-41f0-9b1d-d9cf13b22a0e
https://research-information.bris.ac.uk/en/publications/5d1a9d4d-6412-41f0-9b1d-d9cf13b22a0e




 2 

 
Scheme 1 Schematic showing the polymerisation of bisbenzoxazines through ring opening and 

crosslinking and representative network. 

 

Commercial benzoxazines, generally in the form of reactive blends with epoxy resins, are currently 

being evaluated for use in the aerospace industry (in which they would replace or augment phenolic 

polymers in secondary applications such as interior panelling).  Polybenzoxazines appear to 

incorporate the best properties from conventional phenolics, and may find application in a number of 

their traditional niches, whilst improving on shelf life and offering the potential for greater toughness 

properties through their greater molecular flexibility; the relative cheapness of the monomer is also 

an important factor influencing their adoption.  Unlike many other commercial thermosetting resins, 

which evolve condensation products such as water or ammonia, benzoxazine monomers react 

relatively cleanly to form a polymer with few reaction by-products2.  Polymerisation may be effected 

thermally without the need for initiation, although several catalytic studies have also been 

conducted3. 
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Table 2 Selected bond distance and angles for BA-a obtained using the Dreiding forcefield (for given conformation) compared with empirical x-ray data36 

 

Bond lengths (nm) Bond angles (°) Dihedral angle (°) 

 

Modelling 

data (0.5 

nm) 

Modelling 

data (0.6 

nm) 

Empirical 

data35 

 

Modelling 

data (0.5 

nm) 

Modelling 

data (0.6 

nm) 

Empirical 

data35 

 

Modelling 

data (0.5 

nm) 

Modelling 

data (0.6 

nm) Modelling data36 

C9-O 1.40 1.39 1.36 C9-O-C3 117.5 115.8 119.9 C4-C9-O-C3 21.6 10.8 13.4 

O-C3 1.44 1.43 1.45 O-C3-N 114.8 113.6 113.5 C3-N-C2-C4 63.6 -53.9 -49.8 

C3-N 1.47 1.48 1.43 C3-N-C2 112.3 108.6 107.9 C9-O-C3-N 0.6 -40.7 -43.8 

N-C2 1.47 1.47 1.47 N-C2-C4 103.8 108.2 110.2 C9-C4-C2-N -42.5 27.2 22.3 

C2-C4 1.50 1.52 1.51 C2-C4-C9 118.8 121.7 117.7 O-C3-N-C2 -45.5 64.4 62.7 

N-C1 1.43 1.43 - C4-C9-O 120.4 120.5 123.1 O-C3-N-C1 -176.4 -165.1 -62.6 

C9-C4 1.40 1.40 1.39 C3-N-C1 112.6 112.7 - 
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Analysis of the reactivity of the uncured blends and spectral analysis of the cured blends.  The 

cured samples (with the exception of BA-a/BPA35%) were each examined using vibrational 

spectroscopy and the spectra (Fig. 2) are shown normalized to the 883 cm-1 band (an invariant C-H 

out of plane bend). 

 

Fig. 2 FTIR data (normalised to 883 cm-1) for various BA-a blends with bisphenol A (0-25 wt %) 

PCA was performed on the spectral data for the cured blends, despite the data being small and thus 

the variables restricted to only four samples.  Nevertheless some useful inferences could be made.  

Fig. 3a shows the scores plot of PC-1 (accounting for 98 % of the data) and PC-2 (accounting for 1 

%).  It is apparent that wavenumbers comprising PC-1 are centred around 1100-1600 cm-1 (C-N, C-

O, aromatic C-C stretching and N-H bending); PC2 around 2850-3300 cm-1 (C-H, O-H, N-H 

stretching).  The corresponding loadings plots for the two PCs are shown in Fig. 3b and Fig 3c.  The 

score plot shows that poly(BA-a) displays the highest contribution of PC-1 and practically no PC-2; 

as the BPA content in the cured polymer increases the PC-1 content falls and the PC-2 content 

grows.  Interestingly, while poly(BA-a-co-BPA15%) and poly(BA-a-co-BPA25%) occupy a similar 

space and share similar spectra, poly(BA-a-co-BPA5%) differs significantly.  This suggests the 

prevalence of a different cured polymer network (perhaps relating to the co-reaction mechanism) as 

the BPA content increases.  
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Fig. 3 Scores plots for PC-1 and PC-2 for cured poly(BA-a) blends containing various 

concentrations of BPA (top) and loadings lots for PC-1 (bottom left) and PC-2 (bottom right). 

In a previous publication, we examined the acceleration of the ring opening reaction of the BA-a 

monomer using active hydrogen donors40, such as thiodiphenol (1-25 mol%).  The DSC profile 

recorded for the blend of BA-a containing 25 wt% BPA in this work is similar to the profile of the 

BA-a containing 12 mol% thiodiphenol.  In the latter the initial stages of reaction were drawn out, 

so that several consecutive reactions occur: i.e., the first (and smaller second) peak was associated 

with ring-opening; the third peak, which accounted for the bulk of the reaction, was attributed with 

bridge forming, and the last peak to structural rearrangement or possible beginnings of degradation.  

 

The polymerisation behaviour of the blends was examined using DSC and the characteristics are 

given in Table 3.  The analyses were generally very reproducible as evidenced by the thermograms 

(Fig. 4).  Evidently as the BPA content is increased not only does the initial stage of the 
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Fig. 4 DSC overlay for first and second heating scans for BA-a containing different concentrations of bisphenol A. 
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capacity experienced by the cured polymer.  However, the Tg values revealed by DSC are broad and 

occur over a comparatively wide range of temperatures (Fig. 6), consequently parallel 

measurements were made using DMTA on cured resin blends (Fig. 7).  

 

Fig. 6 DSC overlay of second heating scans for BA-a containing different concentrations of BPA. 

In this case, the data are much easier to interpret (Table 4), although having been exposed to a full 

cure schedule, the values of Tg (determined from the peak maxima in the loss modulus data) are all 

significantly higher than the values derived from DSC, but aside from the lowest BPA content, a 

similar trend is observed.  

Table 4 DMTA data for cured resin blends  

Sample Tg (°C) 

Te = (Tg + 30 K) 

(°C) 3RTe Ge (MPa) 

v  

(x 10-3 mol cm-3) 

BP-a 183 213 5198 29.4 5.7 

BA-a/BPA5% 185 215 5251 33.8 6.4 

BA-a/BPA15% 166 196 4783 36.8 7.7 

BA-a/BPA25% 148 178 4349 64.9 14.9 
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too much of BPA is present for the higher content BPA samples, leading to more BPA side chains, 

that degrade at a relatively low temperature.   

 

Examination of thermal transitions in cured polybenzoxazines using molecular simulation.  

Key to the success of molecular simulation of polymers is the construction of 'realistic' atomistic 

models of the polymer under consideration. We have developed an automatic method for generating 

models of cross linked polymers by linking reactive groups followed by energy minimisation and a 

short MD  simulation to relax the structure to regularise the bond lengths formed. This process was 

described for epoxies in Howlin et al.50. The validity of these models is checked by simulating the 

models under MD at a range of temperatures to simulate Tg and Td. The correct correlation of these 

parameters with experimentally determined values indicates that the network is behaving as 

expected by experiment.    A series of simulated cured copolymers is shown in Fig. 9, from which it 

is immediately apparent that the network becomes less compact as the BPA content is increased, 

which is demonstrated by the lower degree of crosslinking (Table 6).  Furthermore, during the 

construction of the polybenzoxazine networks, two cut-off distances were employed (0.5 nm and 0.6 

nm) to yield cured networks with different crosslink densities.  The longer the cut-off distance, the 

greater the number of atoms that might potentially undergo co-reaction and bond formation (and 

hence the higher the degree of polymerisation and crosslink density achieved).   

 

Table 6 Automatically generated models using in silico cure programme at different cut off 

distances 

Sample Cut off 

distance (nm) 

Number of 

BPA 

molecules 

Number of BA-a 

monomers 

Crosslinking (%) 

Poly(BA-a) 0.5 0 70 111/140 = 79 

0.6 0 70 125/140 = 89 

Poly(BA-a/BPA5%) 0.5 9 85 134/170 = 78 

0.6 9 85 149/170 = 87 

Poly(BA-a/BPA15%) 0.5 27 75 112/150 = 74 

0.6 27 75 123/150 = 82 

Poly(BA-a/BPA25%) 0.5 44 65 89/130 = 68 

0.6 44 65 102/130 = 78 

Poly(BA-a/BPA35%) 0.5 71 65 86/130 = 66 

0.6 71 65 98/130 = 75 

 


















