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Abstract

The reaction site of the ring-opening polymerization in monofunctional aromatic amine-based benzoxazines has been investigated through

systematic manipulation of the monomer chemistry. Selective protection or activation of sites on the arylamine ring towards electrophilic

aromatic substitution has allowed a series of materials to be developed, which contain varying amounts of phenolic Mannich base bridges,

arylamine Mannich base bridges, and methylene bridges. Electron-donating alkyl substituent groups at one or both meta positions on the

arylamine ring facilitate ring opening/degradation at lower temperatures. This opening of rings in a step other than the polymerization

reaction greatly increases the numbers of methylene linkages. Con®rmation of the reaction sites was obtained via 1H and 13C NMR

spectroscopy of oligomeric species. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

3-Substituted-3,4-dihydro-2H-1,3-benzoxazines have

been shown to polymerize via a thermally induced ring-

opening reaction to form a phenolic structure characterized

by a Mannich base bridge (±CH2±NR±CH2±) as shown

instead of the methylene bridge structure associated with

traditional phenolic resins [1±4].

It has been demonstrated that the preferred reaction site is

the position ortho to the hydroxyl functionality on the

aromatic ring [2±6], although the meta positions of the

aromatic ring can react at higher temperatures and/or very

long cure times [5,7]. In the case of polybenzoxazines based

on Bisphenol-A and aniline, analysis of the evolved gases

from the thermally degrading resin showed the evolution of

a para-methyl substituted aniline in addition to aniline [8].

To explain the presence of this evolved p-toluidine, it has

been suggested that the pendant aromatic rings serve as

additional sites for polymerization. This proposed mechan-

ism is in agreement with the solid-state 13C and 15N nuclear

magnetic resonance (NMR) spectroscopic results by Russell

et al. [5,6], although they have postulated that the predomi-

nant site of this side reaction is ortho to the amine substi-

tuent rather than para [8].

1,3,5-Triphenylhexahydro-1,3,5-triazine has also been

shown to be an active intermediate and precursor in the

synthesis of aromatic amine-based benzoxazine structures

[9±12]. However, since no comprehensive NMR investiga-

tions of the curing of either phenolics with 1,3,5-triphenyl-

hexahydro-1,3,5-triazine or the curing of neat 3-phenyl-3,4-

dihydro-2H-1,3-benzoxazine has been reported, it has been

dif®cult to determine the network structure of a number of

polybenzoxazine thermosetting materials currently being

investigated in our laboratory [12,13]. It would be advanta-

geous to determine the relative numbers of arylamine rings

that have reacted in these materials in order to make reason-

able structure±property correlations.

A large volume of work has been done to determine the

regioselectivity of the C-Mannich reaction as applied to

phenolic substrates and has been reviewed by Tramontini

et al. [13,14]. When the C-aminoalkylation reaction occurs

on phenolic substrates, the predominant site of reaction is

ortho to the phenolic moiety.

A few groups of researchers have been concerned with

the regioselectivity of the Mannich reaction with respect to

aromatic amines. Miocque and Vierfond [15±17] system-

atically studied the regioselectivity of a variety of
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arylamines when reacted with formaldehyde and various

secondary aliphatic amines. In the reaction with N,N-

dimethyl aniline, the Mannich reaction took place at the

para position [15]. However, when there is a labile hydro-

gen on the nitrogen, aminoalkylation can take place at either

the open para ring position or the nitrogen [16]. Under

weakly acidic conditions, reaction at the nitrogen is

preferred while under more strongly acidic conditions, the

reaction at the para-position dominates. This is due to the

fact that the carbon±nitrogen bond of the Mannich bridge

cleaves under acidic conditions leaving only the more stable

species, which have reacted at the para ring position [16].

Tsuchida et al. also examined the regioselectivity of N-

methyl aniline [18±21]. Using the Mannich reaction with

N-methyl aniline and either difunctional or primary amines,

Tsuchida et al. were able to form oligomeric and low mole-

cular weight polyamines. Under slightly different reaction

conditions, the N-methyl aniline undergoes both N- and C-

aminoalkylation reactions simultaneously.

Using various secondary and tertiary toluidines, Miocque

and Vierfond examined the effect of adding a weakly acti-

vating methyl group on the regioselectivity of the Mannich

reaction [17]. In the case of N,N-dimethyl-o-toluidine and

N,N-dimethyl-m-toluidine, the reaction took place at the

open para position. In the case of N,N-dimethyl-p-toluidine,

no product was formed as the ortho position is too sterically

hindered to react. When the additional methyl substituent

was present to activate the ring towards electrophilic

aromatic substitution, the aminoalkylation at the ring posi-

tion took place under much less acidic conditions.

Unfortunately, no comprehensive analysis of the regios-

electivity of the Mannich reaction has been undertaken

when various phenolic and arylamine ring sites are simulta-

neously available. This paper will examine the regioselec-

tivity of the benzoxazine polymerization using

monofunctional benzoxazine monomers based on a variety

of aromatic amines. Thermal polymerization of monofunc-

tional benzoxazines typically does not yield high molecular

weight linear polymers due to the competing depolymeriza-

tion mechanisms [4]. The oligomeric products expected

from such a reaction will be soluble and, thereby, facilitate

quanti®cation of the reaction sites by NMR spectroscopy.

2. Experimental details

2.1. Materials

Monofunctional benzoxazine monomers were synthe-

sized from 4-t-butyl phenol (Aldrich Chemical Co., 98%)

and 2,4-dimethyl phenol (Aldrich Chemical Co., 98%). A

series of aromatic amines (aniline (99%), o-toluidine

(99 1 %), m-toluidine (99%), p-toluidine (99%), and 3,5-

xylidine (98%)] were purchased from Aldrich Chemical Co.

All compounds were used as received without further puri-

®cation The monofunctional benzoxazines were synthe-

sized via a solventless method discussed in full detail

elsewhere [22]. The crude reaction products were dissolved

in diethyl ether and washed with 2 N NaOH solution and

rinsed with deionized water. The ether solutions were dried

over sodium sulfate and the solvent was removed under

vacuum. The compounds were sequentially recrystallized

from methanol twice and ®nally ethanol once. The residual

ethanol was removed under vacuum at room temperature for

24 h. Structures and nomenclatures for the monofunctional

benzoxazine monomers are shown in Fig. 1.

2.2. 6,8-Dimethyl-3-phenyl-(2-methyl)-3,4-dihydro-2H-1,3-

benzoxazine (24DMP-ot)

White needle-like crystalline powder. 1H NMR (CDCl3,

200 MHz): d 2.17 ppm (Ar-p-CH3), d 2.22 ppm (Ar-o-

CH3), d 2.37 ppm (N±Ar±CH3), d 4.37 ppm (Ar±CH2±

N), d 5.17 ppm (±O±CH2±N±), d 6.5±7.5 ppm (Ar±H).

FTIR (KBr): n 756 and 725 cm21 (ortho-substituted

benzene); n 1035 cm21 (C±O str. aromatic ether); n
1227 cm21 (Ar±O±C asym. str. aromatic C±O); n
933 cm21 (oxazine ring). Purity by GC/MS: 99.3%.

Anal. Calcd. for C17H19NO: C, 80.60%; H, 7.56%; N,

5.53%. Found: C, 80.72%; H, 7.62%; N, 5.68%.
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2.3. 6,8-Dimethyl-3-phenyl-(3-methyl)-3,4-dihydro-2H-1,3-

benzoxazine (24DMP-mt)

Light tan crystalline powder. 1H NMR (CDCl3,

200 MHz): d 2.14 ppm (Ar-p-CH3), d 2.21 ppm Ar-o-

CH3), d 2.30 ppm (N±Ar±CH3), d 4.56 ppm (Ar±CH2±

N), d 5.33 ppm (±O±CH2±N±), d 6.5±7.5 ppm (Ar±H).

FTIR (KBr): n 778 and 695 cm21 (meta-substituted

benzene); n 1033 cm21 (C±O str. aromatic ether); n
1222 cm21 (Ar±O±C asym. str. aromatic C±O); n
940 cm21 (oxazine ring). Purity by GC/MS: 99.3%.

Anal. Calcd. for C17H19NO: C, 80.60%; H, 7.56%; N,

5.53%. Found: C, 80.39%; H, 7.53%; N, 5.78%.

2.4. 6,8-Dimethyl-3-phenyl-(4-methyl)-3,4-dihydro-2H-1,3-

benzoxazine (24DMP-pt)

White plate-like crystalline powder. 1H NMR (CDCl3,

200 MHz): d 2.13 ppm (Ar-p-CH3), d 2.21 ppm (Ar-o-

CH3), d 2.26 ppm (N±Ar-CH3), d 4.53 ppm (Ar±CH2±N),

d 5.31 ppm (±O±CH2±N±), d 6.5±7.5 ppm (Ar±H). FTIR

(KBr): n 1515 and 820 cm21 (para-substituted benzene); n
1032 cm21 (C±O str. aromatic ether); n 1226 cm21 (Ar±O±

C asym. str. aromatic C±O); n 944 cm21 (oxazine ring).

Purity by GC/MS: 99.8%.

Anal. Calcd. for C17H19NO: C, 80.60%; H, 7.56%; N,

5.53%. Found: C, 80.81%; H, 7.70%; N, 5.68%.

2.5. 6,8-Dimethyl-3-phenyl-(3,5-dimethyl)-3,4-dihydro-2H-

1,3-benzoxazine (24DMP-35x)

White crystalline powder. 1H NMR (CDCl3, 200 MHz): d
2.14 ppm (Ar-p-CH3), d 2.21 ppm (Ar-o-CH3), d 2.26 ppm

(N±Ar±CH3), d 4.55 ppm (Ar±CH2±N), d 5.32 ppm (±O±

CH2±N±), d 6.5±7.5 ppm (Ar±H). FTIR (KBr): n 833 and

695 cm21 (1,3,5-trisubstituted benzene); n 1037 cm21 (C±

O str. aromatic ether); n 1223 cm21 (Ar±O±C asym. str.

aromatic C±O); n 940 cm21 (oxazine ring). Purity by GC/

MS: 99.5%.

Anal. Calcd. for C18H21NO: C, 80.86%; H, 7.92%; N,

5.24%. Found: C, 81.09%; H, 7.97%; N, 5.14%.

2.6. 3-Phenyl-6-t-butyl-3,4-dihydro-2H-1,3-benzoxazine

(4TBUPH-a)

White crystalline powder. 1H NMR (CDCl3, 200 MHz): d
1.27 ppm (t-bu-CH3), d 4.64 ppm (Ar±CH2±N), d 5.34 ppm

(±O±CH2±N±), d 6.5±7.5 ppm (Ar±H). FTIR (KBr): n
756 and 694 cm21 (monosubstituted benzene); n
1031 cm21 (C±O str. aromatic ether); n 1234 cm21 (Ar±

O±C asym. str. aromatic C±O); n 951 cm21 (oxazine

ring). Purity by GC/MS: 99.3%.

Anal. Calcd. for C18H21NO: C, 80.86%; H, 7.92%; N,

5.24%. Found: C, 81.06%; H, 7.77%; N, 5.39%.

2.7. 3-Phenyl-(2-methyl)-6-t-butyl-3,4-dihydro-2H-1,3-

benzoxazine (4TBUPH-ot)

White needle-like crystalline powder. 1H NMR (CDCl3,

200 MHz): d 1.27 ppm (t-bu-CH3), d 2.38 ppm (N±Ar±

CH3), d 4.41 ppm (Ar±CH2±N), d 5.16 ppm (±O±CH2±

N±), d 6.5±7.5 ppm (Ar±H). FTIR (KBr): n 768 and

724 cm21 (ortho-substituted benzene); n 1033 cm21 (C±O

str. aromatic ether); n 1235 cm21 (Ar±O±C asym. str.

aromatic C±O); n 944 cm21 (oxazine ring). Purity by GC/

MS: 97.1%.

Anal. Calcd. for C19H23NO: C, 81.10%; H, 8.24%; N,

4.98%. Found: C, 81.22%; H, 8.22%; N, 5.02%.

2.8. 3-Phenyl-(3-methyl)-6-t-butyl-3,4-dihydro-2H-1,3-

benzoxazine (4TBUPH-mt)

Light tan crystalline powder. 1H NMR (CDCl3,

200 MHz): d 1.27 ppm (t-bu-CH3), d 2.31 ppm (N±Ar±

CH3), d 4.63 ppm (Ar±CH2±N), d 5.33 ppm (±O±CH2±

N±), d 6.5±7.5 ppm (Ar±H). FTIR (KBr): n 777 and

695 cm21 (meta-substituted benzene); n 1030 cm21 (C±O

str. aromatic ether); n 1235 cm21 (Ar±O±C asym. str.

aromatic C±O); n 950 cm21 (oxazine ring). Purity by GC/

MS: 99.6%.

Anal. Calcd. for C19H23NO: C, 81.10%; H, 8.24%; N,

4.98%. Found: C, 81.31%; H, 8.36%; N, 5.12%.

2.9. 3-Phenyl-(4-methyl)-6-t-butyl-3,4-dihydro-2H-1,3-

benzoxazine (4TBUPH-pt)

White plate-like crystalline powder. 1H NMR (CDCl3,

200 MHz): d 1.27 ppm (t-bu-CH3), d 2.26 ppm (N±Ar±

CH3), d 4.60 ppm (Ar±CH2±N), d 5.31 ppm (±O±CH2±

N±), d 6.5±7.5 ppm (Ar±H). FTIR (KBr): n 1515 and

818 cm21 (para-substituted benzene); n 1034 cm21 (C±O

str. aromatic ether); n 1233 cm21 (Ar±O±C asym. str.

aromatic C±O); n 948 cm21 (oxazine ring). Purity by GC/

MS: 99.7%.

Anal. Calcd. for C19H23NO: C, 81.10%; H, 8.24%; N,

4.98%. Found: C, 81.09%; H, 8.21%; N, 5.09%.

2.10. 3-Phenyl-(3,5-dimethyl)-6-t-butyl-3,4-dihydro-2H-

1,3-benzoxazine (4TBUPH-35x)

Yellowish viscous liquid. 1H NMR (CDCl3, 200 MHz): d
1.27 ppm (t-CH3), d 2.27 ppm (N±Ar-CH3), d 4.61 ppm

(Ar±CH2±N), d 5.31 ppm (±O±CH2±N±), d 6.5±7.5 ppm

(Ar±H). FTIR (KBr): n 833 and 695 cm21 (1,3,5-trisubsti-

tuted benzene); n 1030 cm21 (C±O str. aromatic ether); n
1232 cm21 (Ar±O±C asym. str. aromatic C±O); n
947 cm21 (oxazine ring). Purity by GC/MS: 96.8%.

Anal. Calcd. for C20H25NO: C, 81.31%; H, 8.53%; N,

4.74%. Found: C, 81.57%; H, 8.33%; N, 4.80%.

2.11. Methods

The structure of the monomers was con®rmed via proton
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(1H) and carbon (13C) nuclear magnetic resonance (NMR)

spectroscopy. The NMR was performed on a Varian

200 MHz Gemini NMR spectrometer. Deuterated chloro-

form was used as the solvent. The 1H and 13C NMR spectra

of the monomers were obtained with 64 and 2000 tran-

sients, respectively. All peaks were referenced with

respect to tetramethylsilane (TMS). The purity of the

synthesized compounds was determined by gas chroma-

tography/mass spectroscopy (GC/MS) and elemental

analysis (M-H-W Laboratories, Phoenix, Az.). GC/MS

was performed with a Hewlett±Packard 6890 Gas Chro-

matograph coupled with a 5973 Mass Selective Detec-

tor. Fourier transform infrared (FTIR) spectra of the

monomers cast onto KBr plates from CHCl3 solution

were obtained on a Bomem Michelson MB-110 spectro-

meter with a KBr beamsplitter and liquid nitrogen-

cooled mercury±cadmium±telluride (MCT) detector

with dry purge gas supplied from a Whatman 75-62

FTIR Purge Gas Generator. The spectrometer was oper-

ated at a resolution of 4 cm21. The reaction exotherms

of the monomers were measured using differential scan-

ning calorimetry (DSC) with a TA Instruments DSC

2910 High Pressure Differential Scanning Calorimeter.

Samples were run in hermetic aluminum sample pans

with small holes in the upper lids. The DSC cell was

pressurized with nitrogen at 2.76 MPa while the

temperature was ramped at 108C/min.

The benzoxazines were reacted under an argon atmos-

phere in NMR tubes with and without phenolic initiators.

The 1H and 13C NMR spectra of the polymerized

compounds were obtained by recording 64 and 2000 tran-

sients, respectively. The molecular weight of the resulting

polymers was determined via size exclusion chromatogra-

phy (SEC) using a Waters 510 HPLC pump with a U6K

injector and a Waters 484 Tunable Absorbance �l �
254 nm� and Waters 410 Refractive Index detectors with

tetrahydrofuran (THF) as the elution solvent. The columns

were Whatman Styragel 50, 102 and 103 nm SEC columns.

Degraded network fragments were produced by thermo-

gravimetric analysis (TGA) using a TA Instruments Hi-Res

2950 Thermogravimetric Analyzer equipped with a Evolved

Gas Analysis (EGA) furnace. The temperature was ramped

at 108C/min under a nitrogen atmosphere. Evolved gases

from the thermally degraded materials were trapped by

bubbling the evolved gas through HPLC grade chloroform.

Mass identi®cation was performed via GC/MS. The 50

largest chromatogram peaks in each sample were integrated.

Compounds were identi®ed using a NIST Mass Spectral

Library, Nbs75 k. Final assignments were identi®ed by

injecting solutions of the pure compounds.
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Table 1

Calorimetric properties of 2,4-dimethyl phenol-based benzoxazine monomers

Melting temperature (8C) Peak exotherm (8C) Heat of reaction (J/g)

24DMP-ot 67.9 ± ±

24DMP-mt 52.9 282.9 170.7

24DMP-pt 73.6 285.6 159.8

24DMP-35x 97.9 269.8 170.9

Fig. 2. SEC chromatograms of reacted 24DMP-based monomers.



3. Results and discussion

3.1. 2,4-Dimethyl phenol-based monomers

The calorimetric properties of the 24DMP-based benzox-

azines are listed in Table 1. The peak temperature of the

reaction exotherm decreases as the number of methyl substi-

tuents in the meta position on the arylamine ring increases.

It is suspected that 24DMP-ot merely degrades at higher

temperatures. The presence of a reaction exotherm in

these materials is surprising since the primary site of reac-

tion has been blocked. The low heats of reaction suggest that

these exotherms may simply represent the ring-opening and/

or cleaving. The slight difference among 24DMP-mt,

24DMP-35x, and 24DMP-pt may be due to either polymer-

ization to activated sites on the arylamine ring or another

side reaction.

After reaction of the 24DMP-based compounds under

argon for 3 h at 2008C, the molecular weight distribution

of the polymerized species were examined via SEC as

shown in Fig. 2. Each SEC chromatogram has been

normalized to the height of the highest absorbance peak.

The retention time of the monomeric species is about

30.2 min. 24DMP-ot and 24DMP-pt show the develop-

ment of only a small shoulder at around 29.2 min,

which is typical for an open-ring monomeric species.

24DMP-mt also shows this open ring species as well

but additionally exhibits larger molecular weight species

with a peak centered at 28.4 min. The higher molecular

weight species are also present in the reacted 24DMP-

35x. No attempt to determine the molecular weight distri-

bution will be made except to comment that the higher

molecular weight species are probably primarily dimeric

in nature with smaller additional amounts of higher oligo-

mers such as trimers and tetramers.

3.2. 1H NMR spectroscopy

These results are corroborated by 1H NMR spectroscopy

as shown in Fig. 3. In 24DMP-ot and 24DMP-pt, the reso-

nances corresponding to the oxazine ring methylene protons

are clearly evident near 4.5 and 5.3 ppm [23]. Since no

methylene peaks attributable to oligomeric or open ring

species are easily observed, these two materials did not

react during the exposure to higher temperature. However,

24DMP-mt shows a resonance at 4.27 ppm, which has been

previously assigned to the open ring methylene protons of a

Mannich base [23].

Another prominent resonance corresponding to a methine

proton of a free aromatic Schiff base can be observed at

8.52 ppm.

The development of a number of resonances in the range of

3.6±3.9 ppm is also observed and will be discussed later.

In the case of 24DMP-35x, the resonances corresponding

to the closed oxazine ring methylene protons have comple-

tely disappeared and only a small amount of Mannich base

and Schiff base species are observed. Resonances in the

region of 3.6±3.9 ppm become even more prevalent in the

reacted 24DMP-35x material.
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Fig. 3. 1H NMR spectra of reacted 24DMP-based monomers.



Blocking the preferred site of reaction, i.e. the site ortho

to the phenolic position, with the methyl substituent was

effective in preventing the ring-opening from occurring in

24DMP-ot and 24DMP-pt. Activating the arylamine ring

with methyl substituents at one or both meta positions facili-

tated the formation of the open-ring species at lower

temperatures. This is surprising since previous NMR studies

on the hydrolytic stability of a similar series of monofunc-

tional benzoxazines based upon aniline, m-toluidine, o-

toluidine, and p-toluidine would suggest that the rings of

24DMP-ot should be most susceptible to opening [24]

while those of 24DMP-pt should be the most stable. The

presence of methyl substituents in the meta positions may

allow for suf®cient electron density to be pushed into the

oxazine ring, without the formation of resonance structures,

such that the oxazine rings are more reactive.

The methylene region of the 1H NMR spectra of 24DMP-

mt and 24DMP-35x cured under more optimal conditions

(at 2008C for 2±3/4 h and at 1908C for 2 h/at 2008C for 1 h,

respectively) are shown in Fig. 4. In 24DMP-mt, a broad

resonance near 4.34 ppm is observed. Previous work has

shown that the methylene protons of the model dimeric

species based upon 2,4-dimethyl phenol and aniline absorb

near 4.3 ppm [25].

This type of linkage will be referred to as a phenolic

Mannich bridge. Therefore, the proton resonance at

4.34 ppm can be reasonably assigned to the methylene

protons in the phenolic Mannich bridge structure. However,

since the ortho phenolic sites were speci®cally blocked with

a methyl substituent in this 24DMP-mt, no available ortho

phenolic sites are available to produce the model dimeric

compound (N,N-bis(2-hydroxyl-3,5-dimethyl benzene)ani-

line) mentioned previously, the reaction site is shifted to

available sites on the arylamine ring as pictured.

This type of linkage will be referred to as an arylamine

Mannich bridge. The environments of the methylene

protons on the carbon connected to the phenolic ring

and the methylene protons on the carbon connected to

the arylamine ring are similar and thus the two reso-

nances cannot be resolved. Additionally, a large broad

resonance centered at 3.58 ppm is assigned to the

protons on the free amine via comparison with reference

spectra [26].

The resonance assigned to the arylamine Mannich bridge

methylene protons is small in 24DMP-35x suggesting that

few sites on the arylamine ring have served as sites for

polymerization. However, the methylene resonances in the

region of 3.7±3.9 ppm are greatly enhanced. Three predo-

minant resonances can be seen centered at 3.86, 3.84, and

3.78 ppm.

Solomon et al. [27±35] showed that methylene

bridges can be formed as a result of cleavage of the

Mannich bridge, and subsequent attack of the resulting

quinone methide on another phenolic ring. In the model

reactions based on 2,4-dimethyl phenol, the ortho±ortho
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Fig. 4. Methylene region of 1H NMR spectra of reacted 24DMP-mt and 24DMP-35x.



phenolic dimer was observed with a methylene proton

resonance at 3.85 ppm.

Therefore, the resonance at 3.86 ppm can be assigned to

the formation of a bisphenolic methylene structure.

Such a reaction has been reported before in other

Mannich base systems [13,14,27±35]. Kimura et al.

showed that signi®cant methylene species were formed

during the polymerization of a monofunctional polyben-

zoxazine based upon p-cresol and aniline [36].

However, when the phenolic group was removed (via

reaction with an epoxy during the curing process), the

formation of the bisphenolic methylene species did not

occur [36]. Russell et al. also proposed the formation of

a methylene bridged species during the later stages of cure

above 2008C in the case of difunctional benzoxazines

based on Bisphenol-A and aniline [6]. 24DMP-mt also

exhibits the resonances at 3.85 ppm, albeit less intense.

Since the meta positions on the phenolic portion have not

been shown to react at the curing temperatures used in this

study [5,6,8,27±35,37], the remaining methylene linkages

in this region probably connect the phenolic ring with

various locations on the arylamine ring. However, the possi-

ble presence of methoxy structures complicates the assign-

ment of these methylene resonances, since the methoxy

proton resonance should appear in this vicinity. Also, hydro-

gen abstraction during ring opening can produce an open-

ring Mannich base with a N-methyl group.

The Mannich base methylene carbons of the polybenzox-

azine trimer based on 2,4-dimethyl phenol, p-cresol, and

methylamine (2:1:2) have a resonance at 3.65 ppm [38].

Replacement of an electron-donating benzylic group with

an electron-withdrawing aromatic ring (in the case of the N-

methyl Mannich base) could shift the resonance down®eld

to the 3.8 ppm region. The smaller resonances between 3.90
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Table 2

Evolved gas analysis (GC/MS) of 24DMP-mt and 24DMP-35x reacted with 17 wt% p-cresol

Retention time (min) Evolved species Parent ion (m/z) Assigneda 24DMP-35x (%) 24DMP-mt (%)

2.54 Toluene 92 L,M,N 0.48 0.18

3.51 p-Xylene 106 L,M,N 0.06

3.61 m-Xylene 106 L,M,N 0.34 0.32

3.94 Ethylbenzene 106 M,N 0.05 0.05

5.10 1,3,5-Trimethyl benzene 120 M,N 0.36 0.34

5.18 Phenol 94 L,M,N 0.15

5.54 1,2,4-Trimethylbenzene 120 M,N 0.17 0.10

6.52 o-Cresol 108 L,M,N 0.34 0.55

6.68 1-Ethyl-3,5-dimethyl benzene 134 N,P 0.02

6.87 p-Cresol 108 L,M,N 1.25 4.07

7.04 m-Toluidine 107 M,N ± 22.16

7.54 2,6-Dimethyl phenol 122 L,M,N 0.37 0.32

7.85 1,2,3,5-Tetramethylbenzene 134 N 0.06 0.04

8.25 2,4-Dimethyl phenol 122 M,N 23.48 21.82

8.62 N-Methyl-m-toluidine 121 M,N 0.07 0.62

8.76 2,5-Dimethyl aniline 121 M,N ± 0.63

8.82 3,5-Xylidine 121 M,N 16.62

9.22 3,4-Dimethyl aniline 121 M,N ± 0.86

9.31 2,4,6-Trimethyl phenol 136 M,N 44.74 30.49

10.33 N-Methyl-3,5-xylidine 135 M,N 0.91

11.03 3,4,5-Trimethyl aniline 135 N 2.35

11.50 2,3,5-Trimethyl aniline 135 N 1.21

23.37 Mannich base (24DMP-mt) 241 N 2.78

23.42 Bis(2-hydroxy, 3,5-

dimethylbenzene) methane

256 N 0.46 8.23

24.21 Mannich base (24DMP-35x) 255 N 0.90

Residual 5.78 6.27

Total 100.00 100.00

a Assignments con®rmed by: L� literature, M�model compound, N� NIST MS library.



and 4.07 ppm in 24DMP-35x may be due to longer chain

oligomeric structures rather than dimeric compounds.

The lower number of arylamine Mannich bridge struc-

tures in 24DMP-35x and the corresponding increase in

methylene-bridged arylamines, may indicate that the aryla-

mine Mannich bridge structures are simply less thermally

stable and, therefore, degrade rapidly enough that few can

be observed by NMR. Solomon et al. [28,30,31] indicated

that benzylamine structures reacted to the para position of

2,6-dimethyl phenol were less stable due to the absence of

the intramolecular hydrogen bond between the phenolic

hydrogen and the nitrogen. These structures decomposed

at lower temperatures to yield methylene bridges at the

para position. Benzylamine structures linked to the ortho

position were more stable and remained in the cured resin

until much higher temperatures. Therefore, the formation of

para-linked methylene bridges dominated at lower tempera-

tures while ortho-linked methylene bridges dominated at

higher temperatures. Sprung et al. showed that the reactivity

of 3,5-dimethyl phenol was approximately 7.75 times

greater than phenol [39]. A similar situation might be

expected to occur with 3,5-dimethyl aniline relative to

aniline. Therefore, reaction to the activated para position

on the arylamine ring is expected to increase as the number

of activating methyl groups on the meta positions increases.

Degradation of these Mannich bridges would produce

methylene bridges at the para arylamine ring position. In

addition, the larger number of polymerization/degradation

events will also increase the number of ortho±ortho pheno-

lic methylene bridges. Support for these assignments can be

found in the evolved gas analysis of the volatiles released

from the thermally degraded compounds as shown in Table

2. In this case, 17% by weight p-cresol was added as an

initiator to accelerate the curing reaction so that enough

molecular species were formed to ensure that adequate

mass spectra could be obtained. The ortho±ortho phenolic

dimer is observed at a retention time near 23.4 min.

3.3. 13C NMR spectroscopy

The methylene region of the 13C NMR spectra of reacted

24DMP-mt and 24DMP-35x is shown in Fig. 5. The reso-

nance at 50.2 ppm (which correspond to one of the methy-

lene carbons in the oxazine ring) is almost completely

absent indicating near complete loss of the oxazine ring

structure. The intense resonance at 48.6 ppm in 24DMP-

mt is assigned to the open ring Mannich base methylene

carbon. A resonance corresponding to the methylene carbon

of the aromatic Schiff base species mentioned previously is

located at 162.5 ppm (not shown). In the case of 24DMP-mt,

a resonance corresponding to the phenolic Mannich bridge

carbon appears near 49.0 ppm in agreement with the model

dimer based on aniline and 2,4-dimethyl phenol mentioned

previously [25]. An accompanying new resonance arises at

54.7 ppm. This resonance can be assigned to the other

carbon in the arylamine Mannich bridge which is attached

to the para position on the arylamine ring, since the chemi-

cal shift is within 0.2 ppm of the value predicted by simple
13C chemical shift calculations.

A strong resonance appears near 29.2 ppm in both mate-

rials. This resonance can be tentatively assigned to the

methylene carbon in the methylene linkage attached to the

para position of the arylamine ring mentioned previously.

At extremely long cure times, 24DMP-pt (in which the para

position of the arylamine is blocked) can react when

initiated with 9.1% by weight p-cresol and the resonances

between 28 and 30 ppm do not appear, although they are

observed in 24DMP-mt and 24DMP-35x when cured with

the same amount of p-cresol. A second prominent resonance

appears near 32.2 ppm. This could be attributed to the
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Fig. 5. Methylene region of 13C NMR spectra of reacted 24DMP-mt and 24DMP-35x.



methylene bridge carbon linked to the ortho position of the

arylamine ring. The large number of resonances between 30

and 40 ppm are probably the result of a number of various

N-methyl aniline species and heterocyclic ring species

formed at or above 2008C. The interesting peak near

27.6 ppm in 24DMP-mt is very similar to the shift attributed

to the methylene linkage between the ortho position of

phenol and the ortho position of the furan ring in novolac/

furfuryl alcohol resins cured with hexamethylenetetramine

[35]. Benzofuran species have been shown to be formed

during the curing of benzoxazine resins [8,37], although

the mechanism for their formation has not been elucidated.

3.4. Summary

The addition of methyl substituents at the free ortho and

para sites of the phenolic ring are suf®cient to prevent the

polymerization of 24DMP-ot and 24DMP-pt. The stabilities

of the oxazine rings in these compounds are such that they

do not open even when exposed to 2008C for up to 3 h. The

presence of methyl substituents at one or both meta posi-

tions facilitates ring opening at temperatures near or below

2008C. As the temperature is increased to above 1908C,

many oxazine rings open in 24DMP-35x. As the tempera-

ture is increased, these open rings can thermally cleave and

may react at para positions on the arylamine ring to yield

arylamine Mannich bridges, which may degrade due to the

absence of stabilization by intramolecular hydrogen bond-

ing with the phenolic group. If this degradation occurs, a

signi®cant number of methylene linkages to sites on the

arylamine ring would be generated.

In the case of 24DMP-mt, the ring cleavage does not

happen until slightly higher temperatures such that reaction

to activated sites on the arylamine ring occurs in a signi®-

cant amount. In addition to forming methylene bridges at

higher temperatures, 24DMP-mt produces a large variety of

additional molecular species that are not readily observed in

the case of 24DMP-35x.

3.5. 4-t-Butyl phenol-based monomers

In order to determine if the ring-opening polymerization

can occur at activated arylamine sites when there is a free

ortho site on the phenolic ring available, a series of mono-

mers based on 4-t-butyl phenol was synthesized. The t-butyl

phenol protecting group was selected to simulate the bulki-

ness of the isopropylidene linkage of Bisphenol-A (upon

which many thermosetting benzoxazines synthesized in

our laboratory are based).

The calorimetric properties of the 4TBUPH-based

H. Ishida, D.P. Sanders / Polymer 42 (2001) 3115±3125 3123

Table 3

Calorimetric properties of 4-t butyl phenol based-benzoxazine monomers

Melting temperature (8C) Peak exotherm (8C) Heat of reaction (J/g)

4TBUPH-a 75.7 271.9 255.7

4TBUPH-ot 94.9 272.3 224.1

4TBUPH-mt 64.7 265.6 264.9

4TBUPH-pt 90.5 268.6 228.2

4TBUPH-35x ± 247.0 236.4

Fig. 6. SEC chromatograms of reacted 4TBUPH-based monomers.



benzoxazines are listed in Table 3. These materials behave

similarly to the 24DMP-based benzoxazines with the addi-

tion of a methyl substituent on the meta position of the

arylamine ring decreasing the peak exotherm temperature

and increasing the heat of reaction.

Upon curing, the series of 4TBUPH-based benzoxazines

at 1908C for 2 h and 2008C for 1 h (a typical step cure for

difunctional benzoxazine resins), SEC was used to examine

the molecular weight distribution of the resulting oligomeric

species. The SEC chromatograms of the cured materials are

shown in Fig. 6. Again, as the para position on the aryla-

mine ring is increasingly activated, the molecular weight of

the polymerized species increases. It is unknown as to why

4TBUPH-35x does not obey the same pattern as the

24DMP-based series.

3.6. 13C NMR spectroscopy

The methylene region of the 13C NMR spectra of the

reacted 4TBUPH-based benzoxazines is shown in Fig. 7.

The resonances near 51 ppm indicate that signi®cant

amounts of monomer remain for 4TBUPH-ot while almost

none remains for 4TBUPH-mt. The open Mannich base

again can be found near 48.5 ppm. Unfortunately, it is dif®-

cult to accurately determine the Mannich bridge methylene

carbon resonances.

While the t-butyl tertiary carbon does not differ signi®-

cantly amongst the materials, the resonances for the methyl

carbons differ signi®cantly. An unidenti®ed resonance at

about 31.35 ppm appears. As the degree of polymerization

increases, i.e. going from 4TBUPH-ot to 4TBUPH-35x, the

relative height of this peak steadily diminishes. Around

30.8 ppm, a small resonance appears in 4TBUPH-35x due

to the formation of ortho±ortho bisphenolic methylene

linkages. However, no peaks near 29.2 ppm were observed

indicating that the side reaction, which occurred in the

24DMP-based materials with a blocked ortho position is

either suppressed totally or does not yield enough material

to be observed.

3.7. Summary

The presence of methyl substituents that activate the para

position on the arylamine ring increases the extent of ring-

opening during cure and produces higher molecular weight

species. The rings of the non-activated materials are much

less likely to fragment and release the free amine at the cure

temperatures employed in this study. The extremely large

number of fragmented species and end group effects prevent

the accurate determination of the regioselectivity from

being determined. The secondary crosslinking mechanism

of bisphenolic methylene linkage formation occurs in

4TBUPH-35x just as in the previous 2,4-dimethyl phenol-

based material. This reaction can dominate the reaction

mixture at longer cure times due to its higher thermal stabi-

lity and obscure the polymerization regioselectivity.

4. Conclusions

The regioselectivity of the ring-opening polymerization

of a series of monofunctional benzoxazines based upon

methyl-substituted anilines has been examined. Methyl

substituents on the ortho position of the arylamine ring

serve to reduce the basicity of the monomer signi®cantly

and sterically hinder the polymerization process. This

results in a large number of rings fragmenting upon curing

which releases free amine. Methyl substituents in the meta

position on the arylamine ring facilitate ring-opening/clea-

vage at lower temperatures. This leads to the secondary

reaction, which generates bisphenolic methylene linkages.
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Fig. 7. Methylene region of 13C NMR spectra of reacted 4TBUPH-based monomers.



Reaction of the oxazine ring to activated sites on the aryla-

mine ring to generate arylamine Mannich linkages can

occur at temperatures experienced during reasonable cure

regimes. In addition, arylamine Mannich bridges reacted to

para positions on the arylamine ring may be less thermally

stable and may cleave during curing to yield methylene

linkages to positions on the arylamine ring.
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