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Abstract

We observed an unusual low polymerization temperature for the ortho-amide benzoxazine in comparison with its para-
isomer. Density functional theory (DFT) calculations suggested that the intramolecular hydrogen bond between the oxazine
ring and the adjacent amide softens the C—O bond, resulting in a reduced activation energy and thus a low ring-opening
polymerization temperature. In addition, the polymerization kinetics of both para- and ortho-amide functional benzoxa-
zines were investigated using the Starink method, which confirmed a relatively lower activation energy for the ortho-amide
functional benzoxazine compared with its para-isomer. Our work suggests that softening chemical bonds by intramolecular
hydrogen bonding may become a new strategy for the design of high-performance polybenzoxazine thermosets with low
processing temperatures.

Graphical abstract

Graphical abstract

The combination of experimental and computational investigations provides deeper molecular-level insights
of the polymerization mechanisms in smart ortho-amide benzoxazines.
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1 Introduction

Benzoxazine is a thermosetting resin that can be readily syn-
thesized via Mannich condensation from the starting materi-
als of phenol, formaldehyde/paraformaldehyde and amine
[1, 2]. It has been extensively explored due to the excellent
properties that it possesses, such as easy synthesis and low
cost [3-5]. Its polymeric product, namely polybenzoxazine,
merits low surface free energy [6—8], low dielectric constant
[9, 10], and excellent thermal and mechanical properties
[11-14]. The most attractive characteristic of polybenzo-
xazines is, however, the very high degree of flexibility in
molecular design, which allows to tailor the structures to
achieve desired performance [2].

The typical terminal polymerization temperature for
processing benzoxazine resins in absence of catalysts/ini-
tiators is over 220 °C [15] but many applications require a
lower polymerization temperature. Hence, a number of func-
tional groups have been added into benzoxazines to lower
the polymerization temperature, such as acidic compounds
[16-18], basic compounds [19-21], combinations of acids
and bases [22, 23], and metal-containing compounds[24].
However, most reported promoting effects are attributed
to additives; while the catalytic effect on the ring-opening
polymerization based on the functionality from benzoxazine
itself has rarely been investigated. Andreu et al. evaluated
the electronic effects on the polymerization temperature
by several mono-benzoxazine compounds with electron-
donating or electron-withdrawing groups [25]. Lately, Wang
et al. reported the electronic and bridging effects on the ring-
opening polymerization of bis-benzoxazine resins [26]. They
noted that the electron-withdrawing groups could acceler-
ate the polymerization process, leading to a relatively lower
activation energy and curing temperature by reducing the
bond energy of C—O bond from oxazine rings.

Recently, ortho-amide benzoxazine resins are found to
polymerize at much lower temperatures than many well-
known pure benzoxazines without the addition of any ini-
tiators or catalysts [27, 28]. Froimowicz et al. provided
solid evidences for the presence of intramolecular five-
membered-ring hydrogen bonding in ortho-amide ben-
zoxazines using NMR and FT-IR experiments [29, 30].
The intramolecular hydrogen bonding between the oxazine
ring and the adjacent amide linkage was supposed to be
an internal incentive to promote the ring-opening polym-
erization in a smart way, mimicking a self-catalytic effect.
Nevertheless, the roles of intramolecular hydrogen bond-
ing in ring-opening polymerization for amide-containing
benzoxazine resins remains unclear.

In the current study, we synthesized both para- and
ortho-amide functional benzoxazine isomers, pHBA-a
and oHBA-a (Fig. 1), and investigated the intramolecu-
lar hydrogen bonding using DFT calculations, in order
to obtain molecular-level insights on how intramolecular
hydrogen bonding influences the ring-opening polymeriza-
tion of ortho-amide functional benzoxazines. To validate
the computational investigation, the activation energies of
polymerization for both pHBA-a and oHBA-a have also
been retrieved according to the DSC experiments.

2 Experimental
2.1 Materials

p-Aminophenol (98%), o-Aminophenol (98%), paraform-
aldehyde (96%), benzoyl chloride and phenol (98%) were
used as received from Aladdin Reagent, China. Sodium
sulfate, aniline, hexane, chloroform, sodium hydroxide
(NaOH), 1,4-dioxane, lithium chloride (LiCl) and ethyl
acetate, were obtained from Macklin, China. and used as
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Scheme 1 Synthesis of Benzo-
xazine Monomers

+ HCH 0} — 0

received. N-(4-hydroxyphenyl) benzamide and N-(2-hy-
droxyphenyl) benzamide were synthesized according to
the previously reported method [31].

2.2 Synthesis
of N-(3-phenyl-3,4-dihydro-2H-benzo[e][1,3]
oxazin-6-yl)benzamide (Abbreviated as pHBA-a)

1,4-Dioxane was used as the solvent. Aniline (1.32 g,
14.10 mmol), N-(4-hydroxyphenyl) benzamide (3.00 g,
14.10 mmol), and paraformaldehyde (0.69 g, 28.20 mmol)
were added into a 250 mL round-bottom flask equipped with
a condenser. The mixture was stirred at 100 °C for 24 h, then
the mixture was cooled to room temperature. The reaction
mixture was poured into 250 mL of cold water to give a
powder like precipitate. The product was dissolved in ethyl
acetate and further purified by washing with 0.5 N NaOH
solution and distilled water to eliminate the residual start-
ing materials. Finally, the crude products were dried over
sodium sulfate followed by fractionating with the column
chromatography (eluent: hexanes and ethyl acetate, volume
ratio=3:1) to obtain pure final product (yield 73%). 'H
NMR (DMSO-dy), ppm: 6=4.64 (s, Ar—CH,—N, oxazine),
5.42 (s, O-CH,-N, oxazine), 6.70-7.91 (13H, Ar), 10.07 (s,
NH). IR spectra (KBr), cm™!: 1646 (amidel), 1227 (C-O-C
asymmetric stretching), 940 (out-of-plane C—H of benzene
ring to which oxazine ring is attached).

2.3 Synthesis
of N-(3-phenyl-3,4-dihydro-2H-benzo[e][1,3]
oxazin-8-yl)benzamide (Abbreviated as oHBA-a)

50 mL of chloroform, aniline (1.32 g, 14.10 mmol), para-
formaldehyde (0.69 g, 28.20 mmol) and N-(2-hydroxy-
phenyl) benzamide (3.00 g, 14.10 mmol) were mixed in a
round flask. The mixture was stirred with a magnetic stirrer

80
8

OH o)

chloroform, 80 °C, 24h
@ oHBA-a

at 80 °C for 24 h, and then cooled to room temperature.
Subsequently, the solution was purified by washing with
cold water. The chloroform solution was dried over sodium
sulfate anhydrous to obtain crude product. Crude product
was fractionated by the column chromatography (eluent:
hexanes and ethyl acetate, volume ratio=3:1) to obtain
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Fig.2 Hydrogen bonding systems and calculated hydrogen bond
energy values in pHBA-a-7 and oHBA-a-3

@ Springer



48

Macromolecular Research (2023) 31:45-52

Fig.3 Calculations for the oxa-
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pure final product (yield 80%). '"H NMR (DMSO-dy), ppm:
0=4.68 (s, Ar—CH,—N, oxazine), 5.45 (s, O-CH,-N, oxa-
zine), 6.87-7.94 (13H, Ar), 9.35 (s, NH). IR spectra (KBr),
cm™": 1666 (amidel), 1237 (C—-O—C asymmetric stretching),
921 (out-of-plane C—H of benzene ring to which oxazine
ring is attached).

2.4 Characterization

'H and '*C nuclear magnetic resonance (NMR) spectra were
acquired on Bruker AVANCE II NMR 400 MHz spectrom-
eter. The average numbers of transients for 'H and '*C NMR
measurements were 64 and 1024, respectively. Fourier trans-
form infrared (FT-IR) spectra were recorded with a Nicolet
Nexus 670 FT-IR Spectrometer. Coaddition of 64 scans was
recorded at a resolution of 4 cm™" Differential scanning cal-
orimetry (DSC) is used to study the polymerization behavior
of the prepared samples using NETZSCH Model 204f1 DSC
and was used with a heating rate of 10 °C/min and a nitrogen
flow rate of 60 mL/min. In the analyses to determine the
activation energy of benzoxazine polymerization, the sam-
ples (2.0+ 0.5 mg) were scanned at different heating rates
of 2, 5, 10, 15, 20 °C/min.

2.5 Computational methods

Quantum chemical calculations were performed using both
the Gaussian16 quantum chemical computational package
[32]. The B3LYP hybrid functional was employed using a
6-311+ + G(d, p) basis set, with the GD3 empirical dis-
persion to account for the weak intramolecular interactions.
Chemical structures of benzoxazine monomers were opti-
mized and the harmonic vibrational frequencies were deter-
mined to show that true structural minima had been found.
The intramolecular hydrogen bonding energies were calcu-
lated based on all-electron densities at critical bond points
using the method reported elsewhere [33]

@ Springer

3 Results and discussion

Amide-functional benzoxazine monomers, pHBA-a and
oHBA-a, were synthesized by Mannich condensation from
N-(4-hydroxyphenyl) benzamide/N-(2-hydroxyphenyl) ben-
zamide, aniline and paraformaldehyde (Scheme 1). Both
benzoxazine monomers were carefully purified, and their
chemical structures were confirmed by NMR and FT-IR
spectra (see Figures S1-S3, Supporting Information). DFT
calculations found eight configurations with near identical
total energies for pHBA-a, as shown in Fig. 1a. These con-
figurations are determined by three folds, i.e., (1) the oxygen
from the carbonyl is located on either side of the oxygen
in oxazine ring; (2) the tilt of the terminal benzene ring
attached to C=0 relative to the plane of amide group; (3) the
benzene ring attached to the nitrogen in oxazine ring is bent
above or below the oxazine ring. Besides, the eight configu-
rations can be divided into four sets, and the configurations
in each set has exactly the same total energy. Configurations
pHBA-a-7 and pHBA-a-8 show the lowest energy possessing
most stable structures. cHBA-a, in contrast, has only four
configurations (see Fig. 1b) as the cis location of the two
oxygen atoms is unfavoured due to electrostatic repulsion;
so the fold (1) from pHBA-a is not compliant. Similar to
pHBA-a, two configurations possess the same energy, with
oHBA-a-3 and oHBA-a-4 being the lowest energy structure.
A summary of the total energy for each structure is provided
in Table S1.

As seen from the optimized molecular structures, intra-
molecular six-membered ring hydrogen bonds (HB1 and
HB2 in Fig. 2) are likely formed between the aromatic pro-
ton from benzoxazine and the oxygen from amide in both
pHBA-a-7 and oHBA-a-3; and an extra intramolecular five-
membered ring hydrogen bond (HB3 in Fig. 2) is possible
between the oxazine ring and the adjacent amide linkage in
oHBA-a. To confirm this, the hydrogen bond energy (EHB)
in each benzoxazine was calculated based on all-electron
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density at bond critical points using the Multiwfn software
[33]. As shown in Fig. 2, a stronger hydrogen bond is present
in oHBA-a when compared the six-membered ring hydrogen
bonds in both oHBA-a and pHBA-a, which is consistent with
the previously reported experimental results [29].

The ortho-amide functional mono-benzoxazine, cHBA-
a, is shown to polymerize at much lower temperature than
pHBA-a (Figure. S4). This suggests that the intramolecu-
lar hydrogen bonding, HB3, may act as an incentive to
activate the ring-opening polymerization for oHBA-a. In
other words, the existence of the HB3 weakens the bond
of O—CH,, leading to a relatively lower energy for breaking
this oxazine ring bond. To confirm this speculation, we ana-
lyzed the real-space functions at the bond critical points of
the C—O bond using the Multiwfn software, which showed
the all-electron densities for the C—O bond in pHBA-a and
oHBA-a as 0.241 ¢ A= and 0.235 ¢ A2, respectively, sug-
gesting a stronger C—O bond in pHBA-a than oHBA-a. In
addition, we also checked the local potential energy densities
(LPE) of the O—CH, bonds in the benzoxazine rings. LPE is
calculated based on the Coulomb’s law for two charged par-
ticles, which is a measure for the strength of intra/intermo-
lecular interactions of dimers or complexes by means of the
charge density at the bond critical point and effective charge
of the atoms involved in these interactions, and is known
to correlate linearly with the intra/intermolecular binding
energy [34]. LPEs were found to be—297.4 and —288.0 kcal/
mol for pHBA-a and oHBA-a, respectively, where a more
negative potential energy density for pHBA-a means a
stronger bonding between its C—O bond compared with that
in oHBA-a. Indeed, this is also reflected by bond length: the
C-O bond in oHBA-a (1.45526 A) is slightly longer than
that in pHBA-a (1.44805 A), which is also consistent with
the softened C—O bond in oHBA-a. Although the changes
in these quantities are marginal (by 2-3%), they have exhib-
ited significant influence on the polymerization temperature.
We also paid attention to the torsional interactions in ring
structures of oxazine ring. DFT calculations showed that the
torsional motion of -CH, (next to the O atom) of the oxazine
ring in oHBA-a exhibits a slightly higher frequency than
pHBA-a, making it easier to reach the transition state of the
ring-opening reactions (see below).

To further establish the effect of intramolecular hydrogen
bonding in oHBA-a, we performed calculations on the oxa-
zine ring-open reaction. As shown in Fig. 3, the energy bar-
rier between oHBA-a-3 and its corresponding ring-opened
intermediate, oHBA-a-3-ro, was found to be 33.72 kcal/
mol; while this activation energy between pHBA-a-7 and its
ring-opened intermediate (pHBA-a-7-ro) is 34.77 kcal/mol.
It is therefore conclusive that oHBA-a has a weaker O-CH,
bond than that in pHBA, which can only be attributed to the

@ Springer

intramolecular hydrogen bonding between the oxazine ring
and the amide linkage.

At last, we derived the activation energy values for the
ring-opening polymerization of both pHBA-a and oHBA-a
using DSC measurements. Figure 4a, b, and ¢, d show
the DSC curves of pHBA-a and oHBA-a and their conver-
sion versus temperature at different heating rates, respec-
tively. The kinetics for the non-isothermal polymerization of
pHBA-a and oHBA-a are conducted using the rate equation
as follows:

do
T = KD (@), (M

where a is the rate for the ring-opening polymerization pro-
cess of conversion, f(a) is the differential conversion func-
tion corresponding to the polymerization mechanisms, and
k(T) is a rate constant depended on temperature, which can
be obtained using the Arrhenius equation:

_Ea
KT) = Aexp<ﬁ>, P

where E is the activation energy and A is a constant.

The E, values of pHBA-a and oHBA-a were calculated
by Starink method because this theory can reflect how E,
varies with conversion [35, 36]. Besides, the Starink method
shows as multi-step kinetics which results in a set of E, val-
ues rather than only a single-step kinetic as observed from
Kissinger or Ozawa methods [37, 38]. The Starink method
equation is as follows,

Ea
RT,’

04

In(B/T%*) = C - 1.0008 3)

where f is the heating rate and 7, represents the tempera-
ture at conversion a. The combination of the above results
led to obtain Fig. 4e and Fig. 4f by plotting as a function
of 1000/T,. Therefore, the E, valufunction of 1000es of
pHBA-a and oHBA-a as a function of the conversion can be
obtained as shown in Fig. 4g and Fig. 4h, respectively. The
average activation energy values for pHBA-a and oHBA-a
were calculated as 23.60 and 23.25 kcal/mol, respectively.
Therefore, the experimental result indicates the relatively
higher activation energy value of pHBA-a.

4 Conclusions

In summary, two amide-functional benzoxazines were suc-
cessfully synthesized. The presence of intramolecular hydro-
gen bonding in both amide-containing benzoxazines were
confirmed using DFT calculations, which agreed with the
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previously reported experiments. We confirmed that a lower
polymerization temperature for cHBA-a is attributed to the
intramolecular hydrogen bonding between the amide hydro-
gen and the oxygen atom in the oxazine ring. The presence
of such an intramolecular hydrogen bond reduces the total
electron density between the O—CH, bond and, thus, lowers
the bonding energy, making it easy for ring-open polymeri-
zation to occur in oHBA-a. The same strategy can be applied
to soften the O—CH, bond in benzoxazines and can, thus,
reduce the polymerization temperature. Moreover, the ortho-
amide functional benzoxazine exhibited a relatively lower
activation energy compared with its para-isomer based on
the Starink method, which agrees with the DFT calcula-
tions. This work, therefore, adds a new angle to the molecu-
lar design principle for the benzoxazine families.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13233-022-00105-6.
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