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Pure para and ortho position amide benzoxazines, pHBA-a and oHBA-a, are synthesized. 
The hydrogen bonding interactions occurring in pHBA-a and oHBA-a are studied by Fou-
rier transform infrared (FT-IR) spectroscopy and proton nuclear magnetic resonance 
(1H NMR) spectroscopy. FT-IR results show that, while pHBA-a presents intermolecular hydrogen 
bonding interactions, oHBA-a exhibits an intramolecular five-membered-ring hydrogen-
bonding system between the NH in the amide group and the oxygen in the oxazine ring. Differ-
ential scanning calorimetry (DSC) is used to study the thermal properties of the resins and their 
respective polymers. A deeper understanding of the hydrogen 
bond interactions in this family of resins is attempted to have 
better insights on how these systems influence the polymeri-
zation behavior not only with respect to the polymerization 
temperature but also with respect to the propagation step.
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Benzoxazines can be synthesized by Mannich conden-
sation from phenol, amine, and formaldehyde.[4] There 
are no reaction by-products formed during the cationic 
ring-opening polymerization. Benzoxazines possess an 
extremely rich molecular design flexibility making pos-
sible for benzoxazines to satisfy different applications 
due to the multiple choices of phenols, amines, and alde-
hyde.[5–7] The resulting polybenzoxazines show many 
unique properties such as near-zero volume changes 
upon polymerization,[8,9] low water absorption,[9] variable 
range of glass transition temperature,[10,11] fast physical 
and mechanical properties development at low conver-
sion, and high char yield.[12,13] One additional advantage of 
polybenzoxazines is its good and easy compatibility with 
other polymers, thus enhancing the final properties of the 
obtained materials.[14–16]

Benzoxazine resins exhibit various unusual and often 
advantageous properties. One example is that most ortho-
substituted benzoxazines show enhanced properties when 
compared to para position counterpart. In 2014, Liu and 
coworkers first demonstrated that the double ortho-sub-
stituted bisphenol F-based polybenzoxazines showed the 

1. Introduction

Polybenzoxazine is a new category of thermoset mate-
rials that has been extensively studied in recent years 
due to the easy synthesis and outstanding properties.[1–3] 
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glass transition temperature (Tg) in the following order: 
o-,o- > o-,p- > p-,p- isomers. ΔTg = Tg,o-,o- − Tg, p-,p- is 60 °C, 
which is completely opposite trend of all the literature 
examples of the ortho and para isomer studies reported. 
Apart from this, the ortho-substituted benzoxazines show 
the best thermal stability among all the isomers.[17] Later, 
Zhang and co-workers found that the ortho-amide-imide 
functional benzoxazine and ortho-norbornene functional 
benzoxazine monomers showed milder synthesis condi-
tion (shorter reaction time with high yield) as compared to 
para counterpart. Furthermore, the corresponding ortho-
functionalized polymer showed higher Tg.[1,18,19]

Although a large number of benzoxazines have been 
synthesized to improve the physical and mechanical 
properties and the ortho-substituted functional ben-
zoxazines show highly desirable properties, the funda-
mental reasons for the appearance of unexpected results 
are poorly understood. In our group’s previous work, the 
synthesis of the pHBA-a and oHBA-a have been reported 
and a ring-opening and propagation mechanism for the 
ortho substituted isomer involving a five-membered-ring 
hydrogen bonding was proposed, which reveals how the 
intramolecular hydrogen bonding is influencing ring 
opening and chain propagation. Froimowicz et al. studied 
the isomeric benzoxazine system by solution NMR and 
demonstrated that the intramolecular hydrogen bonding 
does exist and that the 7-position on the benzene ring 
becomes more acidic and reactive than without hydrogen 
bonding.[20]

Para position benzoxazines are far less investigated 
in comparison to ortho position benzoxazines in their 
capability of forming hydrogen bonds. In this study, 
the hydrogen bonding behavior of two isomeric amide-
containing benzoxazines, substituted at the para and 
ortho position, are studied by FT-IR. These results com-
plement not only the long hypothesized existence of an 
intramolecular five-membered-ring hydrogen bond in 
oHBA-a proposed in previous papers[18,20] but also those 
more recently reported using NMR techniques.[3] It must 
be highlighted that to make this spectroscopic study 
fully reliable much emphasis has been paid on obtaining 
highly purified benzoxazine resins.

2. Experimental Section

2.1. Materials

o-Aminophenol (98%), p-aminophenol (98%), phenol (98%), ben-
zoyl chloride, and paraformaldehyde (96%) were used as received 
from Sigma-Aldrich. Aniline was purchased from Aldrich 
and purified by distillation. PH-a was synthesized following 
reported methods.[21] Ethyl acetate, toluene, hexane, chloro-
form, 1,4-dioxane, sodium hydroxide (NaOH), lithium chloride 
(LiCl), and sodium sulfate were obtained from Fisher Scientific 

and used as received. 4-Methoxyphenol (99%) from Aldrich was 
recrystallized in ethyl acetate before use.

2.2. Sample Preparation

2.2.1. Synthesis of N-(2-Hydroxyphenyl)benzamide

o-Aminophenol (3.00 g, 27.5 mmol) and LiCl (1.15 g, 27.5 mmol) 
were dissolved in NMP (25 mL). The solution was cooled to 0 °C, 
and benzoyl chloride (3.88 g, 27.5 mmol) was added dropwise 
with a syringe. Then, the solution was kept at room tempera-
ture overnight. Next, the reaction mixture was poured into cold 
water. The precipitate was filtered and afterward dried under 
vacuum. Light pink crystals were obtained (yield 85%). 1H NMR 
(600 MHz, DMSO-d6, δ): 6.77–7.95 (m, 9H, ArH), 9.51 (s, 1H, NH), 
9.74 (s, 1H, OH). FT-IR (KBr, cm−1): 3408 (NH stretching), 3029 
(OH stretching), 1645 (amide I), 747 (CO bending).

2.2.2. Synthesis of N-(4-Hydroxyphenyl)benzamide

Exactly the same amounts and procedures as N-(2-hydroxy-
phenl) benzamide were used to synthesize N-(4-hydroxyphenl)
benzamide, except that p-aminophenol was used instead of 
o-aminophenol. The product was dried under vacuum to obtain 
a white powder (yield 82%). 1H NMR (600 MHz, DMSO-d6, δ): 
6.70–7.92 (m, 9H, ArH), 9.25 (s, 1H, OH), 10.02 (s, 1H, NH). FT-IR 
(KBr, cm−1): 3390 (OH stretching), 3327 (NH stretching),  
1649 (amide I), and 720 (CO bending).

2.2.3. Preparation of N-(3-Phenyl-3,4-dihydro-2H-
benzo[e][1,3]oxazin-6-yl)benzamide (pHBA-a)

Into a 50 mL round flask were added 20 mL of 1,4-dioxane, 
aniline (0.44 g, 4.70 mmol), N-(4-hydroxyphenyl)benzamide 
(1.00 g, 4.70 mmol), and paraformaldehyde (0.23 g, 9.40 mmol). The 
mixture was stirred at 100 °C for 24 h, and subsequently cooled to 
room temperature. Then the reaction mixture was poured into cold 
water (200 mL) to give a powder like precipitate. The product was 
dissolved in ethyl acetate and washed with 0.5 n NaOH solution 
and then water to eliminate the unreacted residual starting mate-
rials. The crude product was dried over anhydrous sodium sulfate 
followed by fractionating with column chromatography (eluent: 
hexanes and ethyl acetate, in a volume ratio of 3:1) to obtain 
the final product (yield 73%). 1H NMR (600 MHz, DMSO-d6, δ):  
4.64 (s, 2H, ArCH2N), 5.42 (s, 2H, OCH2N), 6.70–7.91 (m, 13H, 
ArH), and 10.07 (s, 1H, NH). FT-IR (KBr), cm−1: 1646 (amide I), 1227 
(COC asymmetric stretching), and 940 (oxazine related band). 
Elemental analysis: calcd. for C21H18N2O2: C, 76.34%; H, 5.49%; and 
N, 8.48%; found: 75.44%; H, 5.23%; and N, 8.33%.

2.2.4. Preparation of N-(3-Phenyl-3,4-dihydro-2H-
benzo[e][1,3]oxazin-8-yl)benzamide (oHBA-a)

Into a 50 mL round flask were added 20 mL of chloroform, ani-
line (0.44 g, 4.70 mmol), N-(2-hydroxyphenyl) benzamide (1.00 g,  
4.70 mmol), and paraformaldehyde (0.23 g, 9.40 mmol). The 
mixture was stirred at 80 °C for 24 h, and subsequently cooled 
to room temperature. Then, the solution was washed with 
cold water. The chloroform solution was dried over anhydrous 
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sodium sulfate to obtain the crude product. The crude product 
was fractionated by column chromatography (eluent: hexanes 
and ethyl acetate, in a volume ratio of 3:1) to obtain pure final 
product (yield 80%). 1H NMR (600 MHz, DMSO-d6, δ): 4.67 (s, 2H, 
Ar-CH2N), 5.51 (s, 2H, OCH2N), 6.87–7.94 (m, 13H, ArH), 9.35 
(s, 1H, NH). IR spectra (KBr), cm−1: 1666 (amide I), 1237 (COC 
asymmetric stretching), and 921 (oxazine related). Elemental 
analysis: calcd. for C21H18N2O2: C, 76.34%; H, 5.49%; and N, 8.48%; 
found: 75.96%; H, 5.34%; and N, 8.41%.

2.3. FT-IR Characterization

PH-a, pHBA-a, and oHBA were studied by solution FT-IR in a 
liquid cell. The optical crystals are made of thallium bromo iodide 
(KRS-5). The average pathlength is 0.539 mm, which is the actual 
cell pathlength calculated from the interference fringe of the 
empty cell. To minimize possible interference caused by water, 
moisture, and humidity, chloroform was kept over activated 
molecular sieves overnight and distilled at boiling temperature. 
The distilled chloroform was collected and ready for preparing 
the different solution at the proper concentrations for each com-
pound, PH-a, pHBA-a, and oHBA. The compounds were also dried 
and kept in a vacuum oven for 2 days to eliminate water.

pHBA-a and oHBA-a were dissolved in chloroform at the 
following concentrations: 1.0, 1.9, 3.0, 3.8, 10.0, 19.0, 30.0, and 
38.0 × 10–3 m. During the process of dissolving the compounds, 
it was found that oHBA-a was the easiest to dissolve, whereas 
pHBA-a took longer to dissolve in chloroform. The compounds 
were dissolved completely without any heating procedure 
which might potentially disrupt the natural arrange or hydrogen 
bonding system. Such care is important as hydrogen bonding 
structure is the focus of this study.

A Bomem Michelson MB100 FT-IR spectrometer equipped 
with a deuterated triglycine sulfate detector and a dry air purge 
unit was used to carry out this study. Sixty-four scans were 
coadded at the resolution of 4 cm−1. The frequency of a band was 
determined after 11th polynomial curve fitting and interpolation 
of the data points.

2.4. NMR Characterization

1H and 13C NMR spectra were recorded on a Varian Oxford AS600 
NMR spectrometer at the proton frequency of 600 MHz and 
its corresponding carbon frequency of 150.864 MHz using tri-
methylsilane as an internal standard. The parameters for the 
NMR acquisitions are: 64 scans for 1H NMR and 1024 scans for 
13C NMR, and room temperature data collection. For quantitative 
intensity data collection, a relaxation time of 10 s was used for 
1H NMR spectral measurements. Concentration of the samples 
were 10 mg of compound/0.8 mL of solvent unless otherwise 
mentioned.

3. Results and Discussion

3.1. Synthesis

The successful synthesis of amide monofunctional benzoxa-
zine monomers was achieved using primary amine (aniline), 
paraformaldehyde, and amide functional phenols (para and 
ortho isomers) as well as phenol, as indicated in Scheme 1 
and Figure 1. The monomers are designated as pHBA-a and 
oHBA-a in which the small letters in italic represent the 
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Scheme 1.  Synthesis of benzoxazine monomers PH-a, pHBA-a, and oHBA-a. Q3
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position of the amide group either at the para or ortho posi-
tion with respect to the oxygen atom in the oxazine ring. 
The reaction condition for pHBA-a is harsher than oHBA-a:  
1,4-dioxane as a solvent allows a higher reaction tempera-
ture, which increases the solubility of the reactants. The 
reason that a polar solvent is favored for pHBA-a is prob-
ably because the hydroxyl group on the para position of 
the amide group is exposed to interact favorably with the 
hydrophilic solvent. There is no possibility for the formation 
of the intramolecular hydrogen bonding between oxygen 
atom and NH in amide group when the NH group is in the 
para position with respect to the oxygen atom of the oxazine 

ring. PH-a represents a phenol/aniline type monofunc-
tional benzoxazine monomer synthesized with no amide 
group in the structure. Its synthesis is also presented in  
Scheme 1.

Previous study on pHBA-a and oHBA-a was focused on 
the monofunctional benzoxazines functioned as precur-
sors when synthesizing polybenzoxazoles. The samples 
used for the study were not of the sufficient purity to 
minimize the interference from the impurities. Column 
chromatography and recrystallization after common syn-
thesis were carried out to obtain highly pure material for 
the current study.

Macromol. Chem.  Phys. ,  DOI: 10.1002/macp.201600562

Figure 1.  a) 1H and b) 13C NMR spectra of pHBA-a, c) 1H and d) 13C NMR spectra of oHBA-a.Q4
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3.2. FT-IR Study

Intra- and intermolecular hydrogen bonding studies are 
most often carried out using carbon tetrachloride as the 
solvent of choice. One of the main reasons for this selection 
is that carbon tetrachloride is neither a hydrogen boning 
acceptor nor a donor. Additionally, this solvent presents 
a rather low polarity.[22,23] Therefore, extra interactions 
with, or caused by, the solvent are eliminated and all spec-
troscopic information can be assumed to be from system 
under study. Also, this molecule exhibits no interfering 
band in the spectral region of interest between 4000 and 
2000 cm−1. Taking into consideration that if two or more 
molecules are to be studied and compared, the conditions 
for the study must ideally be kept identical. Solubility tests 
of the two isomeric compounds in carbon tetrachloride 
(CCl4) revealed that one of the isomers, oHBA-a, exhibited a 
good solubility, whereas the other one, pHBA-a, a very poor 
one in the same solvent within the desired concentration 
ranges. The main reason for this difference is related to the 
solvation capability of the solvent (CCl4) toward each iso-
meric molecule. oHBA-a bears an intramolecular hydrogen 
bond within its molecular structure and no intermolecular 
ones. This favors its solvation and solubilization in CCl4 
since there seems to be no important connectivity between 
different molecules of the same compound. On the con-
trary, pHBA-a forms intermolecular hydrogen bonds, thus 
establishing interactions between different molecules of 
the same pHBA-a. As these interactions between mole-
cules of pHBA-a are stronger than those existing between 
the solvent (CCl4) and pHBA-a, pHBA-a cannot be easily 
solvated nor totally dissolved in this solvent. Formation of 
aggregate via hydrogen bonding might also occur in these 
conditions,[24] thus interfering with the measurements. 
These experimental results do not permit to prepare a set 
of solutions covering the very same concentration range 
for each isomer, thus making impossible to have identical 

conditions for the study and losing therefore compara-
bility. In consequence, carbon tetrachloride was replaced 
by chloroform as the solvent due to the better solubility of 
the two compounds in it albeit the possibility of an inter-
action between the solvent and solute. This change in the 
solvent has been reported for other systems.[25]

FT-IR spectra at different concentrations of the two iso-
meric compounds were collected covering the concentra-
tion range between 1 and 38 × 10–3 m. The shift observed 
for the maximum of the NH stretching band, summa-
rized in Table 1, was used for the hydrogen bonding study.

3.2.1. PH-a

This compound was not studied in solution since there is 
no hydrogen bonding to be analyzed.

3.2.2. pHBA-a

The NH stretching mode responded to concentration 
change in an unexpected way. The pHBA-a NH stretching 
frequency changes with concentration change. However, 
increasing the concentration, the band position increases. 
This blue shifting caused by increasing the concentration 
is known as improper hydrogen bonding. The change indi-
cates that, in the case of pHBA-a, there might be another 
hydrogen bonding, most likely weak and influenced by 
the concentration. The half width at half height of the 
NH stretching mode shown in Figure 2 is broad and the 
positions are typical for hydrogen bonded NH stretching 
region, indicating the absence of free NH stretching 
mode.

3.2.3. pHBA-a

oHBA-a shows intramolecular hydrogen bonding behavior 
which can be concluded from the relatively constant peak 
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Figure 2.  FT-IR spectra showing the region between 3500 and 3380 cm−1 for a) pHBA-a and b) oHBA-a. Spectra were recorded in solution at 
different concentrations using CHCl3 as solvent.
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position within the concentration range studied. More 
importantly, the NH position redshifted to around 3426.7 
cm−1 compare to pHBA-a, the Δwave number is 12.2 cm−1, 
which is consistent with intramolecular hydrogen bonding 
behavior of oHBA-a since intramolecular hydrogen 
bonding is typically stronger than the intermolecular 
hydrogen bonding.

Figure 3 indicates that, with the increase on the con-
centration, the maximum of the NH stretching band 
of pHBA-a shifts to higher wavenumbers. The change, 
although in a small magnitude, perfectly follows a well-
defined tendency. This behavior is related to intermo-
lecular hydrogen bonding. In the case of oHBA-a, how-
ever, the maximum of the same NH stretching band 
remains at the very same value with the concentra-
tion changes, which is characteristic for intramolecular 
hydrogen bonding. Intramolecular hydrogen bonding is 
formed between the NH in amide group and the O in 
oxazine ring. No matter how low the concentration is, the 

frequency stays unaltered thus suggesting the presence 
of the mentioned intramolecular hydrogen bonding.

Extensive previous studies have been done on the 
hydrogen bonding of secondary amides. FT-IR is a pow-
erful tool to study hydrogen bonding as the frequency is 
very sensitive to the strength of hydrogen bonds and pat-
tern of the shift representative to the mode of hydrogen 
bonding.[26,27] Free NH hydrogen bonding is character-
ized by the wavenumber in the range of 3500–3400 cm−1. 
The free NH stretching mode of N-methylacetamide, the 
simplest secondary amide model compound, in the vapor 
phase, was reported to be of 3472 cm−1. The position of 
the NH stretching band is in the range of intermolecular 
hydrogen bonding region. The standard intermolecular 
hydrogen bonded amide-amide (CO···HN), appears in 
the range between 3370 to 3250 cm−1.[28] A specific fre-
quency of the NH stretching mode depends on the molec-
ular structure of amide compound, type of solvent used, 
and temperature (see Table 2). Thus, weak interactions will 
also influence the position. The peak position can shift due 
to interaction with the solvent from 3452 cm−1 in chloro-
form to 3442 cm−1 in C6H6, the latter one is influenced by 
NH···π hydrogen bonding interactions. The steric hin-
drance also affects the NH stretching band position.

It can be observed in Figure 3 that pHBA-a showed 
an unexpected hydrogen bonding behavior. With the 
increase of concentration, pHBA-a NH hydrogen  
bonding maxima position blueshifted to higher 
wavenumbers. It is worth noticing that the profile 
observed with the increase in concentration is asymp-
totic, whose maximum value at the plateau frequency of 
3439 cm−1 is reached at concentration of ≈10 × 10–3 m.

3.3. NMR Study

A detailed work on oHBA-a by different NMR techniques 
has recently been reported by our group.[20] However, 
much less attention has been paid to the pHBA-a isomer. 
In this section, we focus on this isomer complementing not 
only the reported work on NMR but also the FT-IR studies 
presented in the previous section. Figure 4 shows 1H NMR 
spectra of pHBA-a at different concentrations.

It is known that for a reaction between two species to 
happen both species should be sufficiently activated. The 
cases presented in this study evaluate a single compound 
reacting with itself. Under these conditions, the com-
pound should then present at least two different posi-
tions appropriately and sufficiently activated to be able 
to react. In this regard, compounds oHBA-a and pHBA-a 
were recently studied. This article reported on how the 
different positions on the anilide ring were activated.[20] 
Indeed, it was shown that the activation was more effec-
tive in oHBA-a, followed by pHBA-a, and then PH-a. 
At this stage, the 1H NMR spectra of each benzoxazine 
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Figure 3.  pHBA-a and oHBA-a NH stretching wavenumber 
versus concentration.

Table 1.  Maxima of the NH stretching absorption bands observed 
by FT-IR. Spectra were recorded in solution using CHCl3 as a solvent.

Concentration  
× 10–3 m

Wavenumber  
[cm−1]

pHBA-a oHBA-a

1.0 3436.46 3427.08

1.9 3437.45 3426.96

3.0 3437.81 3426.70

3.8 3438.36 3426.71

10.0 3438.76 3426.23

19.0 3438.77 3426.79

30.0 3438.84 3426.79

38.0 3438.80 3426.54



Study of the Effects of Intramolecular and Intermolecular Hydrogen-Bonding Systems on the Polymerization . . .

www.mcp-journal.de

Macromolecular
Chemistry and Physics

© 2017  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheimwww.advancedsciencenews.com
(7 of 10)  1600562

were analyzed to estimate the reactivity but now at the 
2-position. Table 3 shows the chemical shifts of those 
OCH2N, and the respective NCH2Ar to be 
taken as internal references, using DMSO-d6 and CDCl3 as 
solvents.

In both solvents, the Δδ is greater for oHBA-a than 
for the other two resins. As has been reported, however, 
DMSO-d6 has a high polarity and a strong capability to 
act as a hydrogen-bond acceptor. Thus, DMSO-d6 com-
pete and disrupt the intramolecular hydrogen bonds in 
oHBA-a, possibly forming intermolecular ones with the 
solvent. This may be the very reason for this decreased 
difference between the Δδ in CDCl3 compared to the 
Δδ in DMSO-d6. In contrast, as CDCl3 is a low polar sol-
vent, behavior in this solvent might be closer to what is 
experienced by benzoxazines when reacting, except by 
the understandable dilution. As can be seen in Table 3, 
the reference protons from the NCH2Ar of the three 
resins show frequencies practically at the same chem-
ical shifts. Nevertheless, the results are different for the 
frequency corresponding to OCH2N=. While resins 
PH-a and pHBA-a present the peaks at very similar fre-
quencies, in oHBA-a, the peak is shifted toward greater 
δ (downfield). Thus, the OCH2N of oHBA-a are 
a little more acidic than those of the other two resins. 
This could in turn be interpreted as oHBA-a having this 
particular position a little more activated. Once again, 
oHBA-a shows a higher reactivity not only in its anilide 
positions but also in its 2-position. This is in agreement 
to its higher reactivity toward polymerization as experi-
mentally observed by differential scanning calorimetry 
(DSC). Thus, given the thermal conditions, positions 
from the anilide could directly attack the more acti-
vated 2-position in oHBA-a, thus initiating the polymer
ization, as has been suggested in previous studies.[20] 
Finally, it must be mentioned that, in terms of reactivity, 
pHBA-a is in an intermediate situation between PH-a 
and oHBA-a. Consequently, the initiation mechanism(s) 
that pHBA-a could undergo will depend on the specific 
conditions.

3.4. Thermal Behavior Study

DSC was used to study the thermal behavior of each resin. 
Thus, Figure 5 shows the thermograms of each benzoxa-
zine monomer, oHBA-a and pHBA-a, as well as the unsub-
stituted PH-a.

As can be seen in the figure, PH-a shows a sharp 
melting endotherm centered at 58 °C, which at the same 
time is highly symmetric. This aspect ratio for the melting 
of crystals is characteristic for compounds exhibiting 
high purity. In fact, melting point is often used in organic 
chemistry as a simple although efficient purity criterion.

Similarly, pHBA-a shows a sharp and highly symmetric 
endothermic peak at 151 °C, also indicating high purity 
for this benzoxazine resin. In the case of oHBA-a, a more 
complex situation is observed, where a nicely defined 
endothermic peak centered at 116 °C is first observed, 
followed by a very small, highly overlapped exothermic 
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Figure 4.  1H NMR spectra of pHBA-a at different concentrations. 
All spectra were recorded at 25 °C using CDCl3 as a solvent.

Table 2.  Examples of reported results on secondary amide NH 
stretching band positions determined by FT-IR.[29]

Chemical  
structure

Solvent Concentration  
× 10–3 m

N–H 
Stretching  

peak position 
[cm−1]

CHCl3 10 3424

DMSO 10 3298 (major)

3426 (minor)

CHCl3 10 3449

DMSO 10 3315 (major)

3449 (minor)
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peak at 122 °C, which is then followed by a new endo-
thermic peak centered at 130 °C. This behavior is con-
sistent with a previously reported crystal-to-crystal phase 
transition.[30,31] The crystal of oHBA-a might be recrystal-
lized into another more stable crystal form during the 
first melting stage. However, the meaningful observation 
to pay attention here is that both melting endotherms, 
and especially the second one, which is a cleaner transi-
tion, are once again sharp and highly symmetric. This 
result also strongly supports the high purity achieved for 
oHBA-a.

As can be seen, PH-a exhibits the lowest melting point, 
followed by oHBA-a (including both melting points), and 
finally pHBA-a showing the highest one. The order in the 
melting temperatures of analogous compounds, or even 
isomers as is the cases for pHBA-a and oHBA-a, can also 
uncover molecular interactions. For instance, the intra-
molecular hydrogen bonds in oHBA-a interact within the 
molecule, whereas the intermolecular hydrogen bonds 
in pHBA-a interact between molecules. Thus, intermo-
lecular hydrogen bonds result in a stronger driving force 
for crystal formation, generating higher melting tempera-
ture. As a result, oHBA-a exhibits a lower melting temper-
ature than pHBA-a.

A similar rationalization can be applied based on the 
same hydrogen-bonding interaction, but now addressing 
this issue with the solubility exhibited by these two com-
pounds, pHBA-a and oHBA-a. Understandably, oHBA-a 
has better and higher solubility than pHBA-a in most of 
the organic solvents.[20]

The thermal behavior of PH-a, pHBA-a, and oHBA-a 
toward polymerization was then studied by DSC as 
depicted in Figure 5. The thermogram of PH-a shows that 
this compound does polymerize despite its high purity. 

The exothermic peak assigned to polymerization has its 
maximum centered at 272 °C. It must be highlighted, 
however, that PH-a in this condition has polymerized at 
a noticeably much higher temperature than the usual 
temperatures reported for this compound, usually around 
260 °C,[21] reflecting the higher purity of the PH-a used in 
this study as compared to those used for other reported 
papers. Similar to what has been observed for PH-a, 
pHBA-a and oHBA-a also showed exothermic peak asso-
ciated with their polymerizations. Specifically, the peak 
maximum is centered at 251 and 215 °C for pHBA-a and 
oHBA-a, respectively. Summarizing, PH-a exhibits the 
highest polymerization temperature, followed by pHBA-a,  
and finally oHBA-a showing the lowest one of the three 
studied compounds. This behavior has in fact already 
been reported.[20] What is shown in this study, however, 
is that their polymerization temperatures are indeed 
affected, but the order in which they do even though their 
high purity is not altered.

A close look at Figure 5 evidences that compared to the 
exotherm seen for PH-a, oHBA-a is broader, and pHBA-a 
is the broadest one. Interestingly, the results obtained 
by DSC show that while both inter- and intramolecular 
hydrogen-bonding systems have an excellent accelera-
tion effect to initiate the polymerization, they seem to 
somehow lower the rate of the propagation step on the 
crosslinking polymerization. The previous result strongly 
suggests that regardless of the polymerization tempera-
ture of these benzoxazines, the propagation step for each 
resin faces different conditions, although not necessarily 
different mechanisms. It has been reported that benzoxa-
zine resin based on bisphenol A and aniline (BA-a) that is 
polymerized in hydrogen bond forming solvent (or blend 
partner) shows higher Tg than the values predicted by 
the Fox equation for the blend composition of these two 
materials.[32–39] A possible mechanism for this has also 
been reported which is the competition between the prop-
agating species and hydrogen bonding environment.[40,41] 
A similar situation might exists in the current comparison 
of those three monomers, PH-a, oHBA-a, and pHBA-a. It 
can be seen that PH-a do not have hydrogen bond forming 
structures at the onset of polymerization, and oHBA-a to 
some extent of hydrogen forming species created by the 
weakening of the intramolecular hydrogen bonding at 
elevated temperature, and finally a large number of avail-
able hydrogen bonding species in pHBA-a. Thus, based 
on simply hydrogen bonding environment point of view, 
the extensive network formation improves in the order of 
PH-a, oHBA-a, and pHBA-a, which is different from the 
polymerization rate order of PH-a, pHBA-a, and oHBA-a.

Figure 6 shows the comparison of the DSC thermo-
grams of three polymers obtained by polymerizing, for 
2 h, the three resins at the onset temperature of their 
respective exotherm (according to Figure 5). The onset 
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Figure 5.  DSC thermograms comparing oHBA-a and pHBA-a 
with PH-a.
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temperatures are 260, 240, and 210 °C for PH-a, pHBA-a, 
and oHBA-a, respectively.

The result can be explained by the electronic effects 
we reported previously. The glass transition tempera-
ture (Tg) order for the obtained thermosets is as follows: 
poly(oHBA-a) > poly(pHBA-a) > poly(PH-a), which is in 
fact a reverse sequence of the polymerization tempera-
ture order of their precursors: PH-a > pHBA-a > oHBA-a. 
Thus, PH-a shows the highest polymerization tempera-
ture but the lowest Tg when compared to pHBA-a and 
oHBA-a. On the contrary, oHBA-a presents the lowest 
polymerization temperature and the highest Tg. Finally, 
pHBA-a exhibits temperatures between the other two 
compounds in both cases. It is interesting to note that the 
Tg difference between poly(pHBA-a) and poly(oHBA-a) is 
not as dramatic as the polymerization exotherm tempera-
ture difference might indicate. This might be due to the 
competing effect of the rate of polymerization and net-
work formation as discussed above.

The previous results might be rationalized as follows: 
on the one hand, oHBA-a presents more reactive positions 
that are more activated than in the other two compounds 
in the aromatic ring adjacent to the oxazine moiety. Thus, 
initiation occurs at lower temperature. Moreover, the 
other activated positions in the same aromatic ring might 
simultaneously act as crosslinking points during the 
propagation step, thus generating the most cross-linked 
network. On the other hand, PH-a shows the highest poly
merization temperature since this compound does not 
have any activating substituent in its structure. The only 
reactive positions in the aromatic ring adjacent to the 
oxazine moiety (the 6- and 8-positions, also called para 
and ortho positions) are intrinsically and slightly acti-
vated by the oxygen from the oxazine moiety inducing 
low crosslinking, thus obtaining the thermoset with the 
lowest Tg of the three studied systems. Finally, pHBA-a 
bears more reactive positions which are also more acti-
vated than in PH-a. However, when compared to oHBA-a, 
pHBA-a presents the same number of reactive positions 
but less activated. The intermediate reactivity of pHBA-a 
makes it more reactive than PH-a but less than oHBA-a in 
terms of initiation as well as in its crosslinking ability.

4. Conclusions

The hydrogen bond structure and its influence on the 
amide-containing benzoxazines pHBA-a and oHBA-a 
have been studied by FT-IR and 1H NMR. The results have 
offered clear evidence for the existence of two different 
types of hydrogen-bonding systems, inter- and intra-
molecular hydrogen bonds. While pHBA-a exhibits an 
unexpectedly strong intermolecular hydrogen bonding 
behavior, which has made difficult its analysis in the 
past, results obtained for oHBA-a are in agreement with 
those supporting the intramolecular five-membered-ring 
hydrogen bonding.

Finally, it has been observed that the hydrogen 
bonding systems influence the benzoxazine polymeriza-
tion behavior not only with respect to the polymerization 

Figure 6.  DSC thermograms comparing poly(PH-a), poly(pHBA-a), 
and poly(oHBA-a).

Table 3.  Chemical shifts of the OCH2N  and NCH2Ar in CDCl3 and DMSO-d6 as a solvent.

Benzoxazine resin OCH2N  
[ppm]

NCH2Ar  
[ppm]

Δδa)

CDCl3 DMSO-d6 CDCl3 DMSO-d6 CDCl3 DMSO-d6

PH-a 5.35 5.42 4.63 4.63 0.72 0.79

pHBA-a 5.37 5.42 4.66 4.64 0.71 0.78

oHBA-a 5.47 5.51 4.65 4.67 0.82 0.84

a) ( ) ( )H HO C N N C Ar2 2δ δ δ∆ = −− − = = − − .
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temperature, but also and importantly, with respect to 
the propagation rates as well as crosslinking ability.
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