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In this study we prepared a new class of thymine (T)-functionalized polybenzoxazine (PBZ) through the

Michael addition of T to a new acryloyl-functionalized [(3-phenyl-3,4-dihydro-2H-benzooxazin-6-yl)

methyl acrylate]benzoxazine (PA-ac) monomer and subsequent polymerization. We used 1H and 13C

nuclear magnetic resonance spectroscopy and Fourier transform infrared (FTIR) spectroscopy to

confirm the chemical structure of this new monomer and then employed differential scanning

calorimetry (DSC) and FTIR spectroscopy to study the curing behavior of the new PBZ. The presence

of the strongly self-complementary, multiply hydrogen-bonded T units in the PBZ matrix significantly

enhanced its thermal stability, as evidenced from DSC traces and thermogravimetric analyses.

Transition electron microscopy and wide-angle X-ray diffraction data provided evidence for the self-

assembly of the PBZ occurring through self-complementary multiple hydrogen bonding of its T units.
Introduction

1,3-Benzoxazines are intriguing heterocyclic (oxazine-contain-

ing) compounds that have attracted considerable attention for

their use as cyclic monomers. They are synthesized through the

reactions of primary amines with phenol and formaldehyde; they

can be polymerized through ring-opening polymerization in the

absence of a catalyst, releasing no by-products.1–3 Benzoxazine

resins feature many attractive properties, including near-zero

shrinkage upon polymerization, tunable glass transition

temperatures, and high char yields.4,5 Furthermore, poly-

benzoxazines (PBZs) have unique properties not found in

traditional phenolic resins, such as excellent dimensional

stability, flame retardance, stable dielectric constants, and low

surface free energies.6–10

Procedures for the modification of benzoxazine resin are

growing rapidly and many useful products are currently being

developed.11,12 To improve the performance of PBZs, polymer-

izable alkynyl and allyl side groups have been introduced into

benzoxazine monomers.13–20 These functionalized benzoxazines

can be polymerized into products possessing three-dimensional

networks that display high thermal and mechanical stability and

high solvent and moisture resistances. Blending with other

polymers,21–24 including polyurethane, epoxy resin, and poly(N-

vinyl-2-pyrrolidone), or organic–inorganic hybrid systems,

including clay,25–27 polyhedral oligomeric silsesquioxane
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(POSS),28–35 and carbon nanotubes (CNTs),36 also allows modi-

fication of the properties of benzoxazine resins.

The unusual properties of PBZs arise from the presence of

extensively hydrogen-bonded networks.11 Ishida et al. reported

that the structures of PBZs are simply explained by the strength

of their hydrogen bonding, which is dependent on the electro-

negativity of the side group attached to the nitrogen atom.11

Recently, the use of strong, complementary, multiple hydrogen

bonding has become very appealing for the development of

macromolecules because such systems can potentially combine

the advantages of synthetic functional polymers (low cost, high-

yield preparation) with the supramolecular properties of, for

example, DNA.37 As a result, artificial PBZs bearing nucleobase

moieties are very promising candidates for applications in

supramolecular chemistry, molecular nanotechnology,38–41 and

biotechnology.42–44 For example, Chang et al. successfully

incorporated a supramolecular functionality, uracil, into a ben-

zoxazine monomer through the reaction of a uracil-functional-

ized amine with phenol and formaldehyde.45

In this study, we synthesized a thymine (T)-functionalized

benzoxazine monomer using a different synthetic route to avoid

any possible side reactions of the uracil-functionalized amine

during benzoxazine ring formation as shown in Scheme 1. First,

we synthesized (3-phenyl-3,4-dihydro-2H-1,3-benzoxazin-6-yl)

methanol (PA-OH) through the reaction of 4-hydroxybenzyl

alcohol, aniline, and paraformaldehyde. Next, we prepared an

acryloyl-functionalized benzoxazine (PA-ac) through the reac-

tion of PA-OH with acryloyl chloride. Finally, we obtained the

T-functionalized benzoxazine through the Michael addition of T

to PA-ac. Because polymerization of this benzoxazine monomer
This journal is ª The Royal Society of Chemistry 2012
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Scheme 1 Synthesis of (a) PA-OH, (b) PA-ac, and (c) PA-T.
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results in a PBZ featuring a large number of strongly self-

complementary, multiply hydrogen bonding T units, it exhibited

notably improved thermal stability, as evidenced from differen-

tial scanning calorimetry (DSC) data and thermogravimetric

analysis (TGA). In addition, we used transmission electron

microscopy (TEM) and wide-angle X-ray diffraction (WAXD)

analyses to characterize the self-assembled structure induced by

self-complementary multiple hydrogen bonding interactions

between the T groups.
Experimental

Materials

Paraformaldehyde (95%), aniline (99%), acryloyl chloride (97%),

and 4-hydroxybenzyl alcohol (98%) were purchased from

Aldrich. Thymine (99%) and KOBu were purchased from

Showa. Toluene and dimethyl sulfoxide (DMSO) were distilled

from CaH2 under vacuum prior to use. All other chemicals were

of reagent grade and used as received without further purifica-

tion. The benzoxazine monomer 3-phenyl-2H,4H-benzooxazine

(Pa) was prepared according to a previously reported

procedure.11

(3-Phenyl-3,4-dihydro-2H-1,3-benzoxazin-6-yl)methanol (PA-

OH).46 4-Hydroxybenzyl alcohol (4.96 g, 40.0 mmol) and para-

formaldehyde (2.40 g, 80.0 mmol) were placed in a 100 mL three-
This journal is ª The Royal Society of Chemistry 2012
necked flask cooled in an ice bath and then a solution of aniline

(3.72 g, 40 mmol) in toluene (60 mL) was added. The mixture was

then heated under reflux at 100 �C for 8 h. After cooling to room

temperature, the solid residue was collected by filtration and

recrystallized (toluene) to afford pale-yellow crystals (80%). 1H

NMR (CDCl3, ppm): 4.55 (s, ArCH2OH), 4.63 (s, CCH2N), 5.36

(s, NCH2O), 6.77–7.40 (m, Ar). 13C NMR (CDCl3, ppm): 50.48

(CCH2N), 64.86 (ArCH2OH), 79.45 (NCH2O). IR (KBr, cm�1):

3350 (OH stretching), 947 (out-of-plane CH bending).

(3-Phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)methyl

acrylate (PA-ac).47 Acryloyl chloride (2.71 g, 30.0 mmol) was

added over 20 min to an ice-cooled solution of PA-OH (4.82 g,

20.0 mmol) and Et3N (3.04 g, 30.0 mmol) in CH2Cl2 in a 100 mL

flask. The solution was then stirred for 4 h at room temperature

before being washed (1 M NaOH) and dried (Na2SO4). Evapo-

ration of the solvent yielded yellowish crystals (90%). 1H NMR

(CDCl3, ppm): 5.07 (s, CH2OC]O), 4.63 (s, CCH2N), 5.36

(NCH2O), 6.15 (s, O]CCH]CH2), 5.83 (s, CH]CH2), 6.41 (s,

CH]CH2), 6.75–7.27 (m, Ar). 13C NMR (CDCl3, ppm): 50.48 (s,

CCH2N), 79.45 (s, NCH2O), 66.13 (s, ArCH2O), 129.25 (s, O]

CH2CH]CH2), 131.10 (O]CH2CH]CH2), 165.45 (s, O]

CH2CH]CH2). IR (KBr, cm�1): 1730 (C]O), 1626 (C]C), 947

(out-of-plane CH bending).

(3-Phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)methyl thymine

(PA-T). A solution of the benzoxazine PA-ac (0.51 g, 1.77 mmol)
Polym. Chem., 2012, 3, 1546–1554 | 1547
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in DMSO (60 mL) was added via syringe under N2 to a mixture

of T (2.23 g, 17.7 mmol) and KOBut (0.06 g, catalytic) in a round-

bottom flask, which was then immersed in an oil bath and heated

at 60 �C for 5 days. The resulting mixture was filtered to remove

unreacted T and then the DMSO was evaporated under reduced

pressure to yield a yellow product (85%). 1H NMR (DMSO,

ppm): 4.69 (s, CH2OC]O), 4.63 (s, CCH2N), 5.36 (s, NCH2O),

2.61 (s, O]CCH2CH2N), 3.80 (s, O]CCH2CH2N), 7.53 (s,

CH2NCH]CCH3), 1.74 (s, CH2NCH]CCH3), 11.30 (s, O]

CNHC]O), 6.75–7.27 (m, Ar). 13C NMR (DMSO, ppm): 50.48

(s, CCH2N), 79.45 (s, NCH2O), 66.13(s, ArCH2O), 165.45 (s,

O]CCH2CH2N), 33.03 (s, O]CCH2CH2N), 44.36 (s, O]

CCH2CH2N), 142.25 (s, CH2NCH]CCH3), 108.41 (s,

CH2NCH]CCH3), 11.95 (s, CH2NCH]CCH3), 151.2 (s, O]

CNHC]O), 172.8 (s, O]CNHC]O). IR (KBr, cm�1): 1677

(C]O), 3170 (NH), 945 (out-of-plane CH bending).

Pa and PA-T PBZs. Both the Pa and PA-T monomers are

soluble in THF; their solutions were left to dry in air prior to

curing. A desired amount of the benzoxazine monomer Pa or

PA-T in THF solution was stirred for 2 h at room temperature

and then poured onto an aluminium plate to dry for 6 h in the

open air before being placed in an oven and heated at 100 �C
under vacuum for 2 h. The cast film was then polymerized in

a stepwise manner: at 140 and 160 �C for 3 h each and then at

200 �C for 4 h. Each cured sample was transparent and had

a dark red color.
Fig. 1 1H NMR spectra of (a) PA-OH and (b) PA-ac in CDCl3 and (c)

PA-T in d6-DMSO.
Characterization

1H and 13C nuclear magnetic resonance (NMR) spectra were

recorded using an INOVA 500 instrument with CDCl3 as the

solvent and TMS as the external standard. Chemical shifts are

reported in parts per million (ppm). FTIR spectra of the polymer

blend films were recorded using the conventional KBr disk

method. The films used in this study were sufficiently thin to obey

the Beer–Lambert law. FTIR spectra were recorded using

a Bruker Tensor 27 FTIR spectrophotometer; 32 scans were

collected at a spectral resolution of 1 cm�1. Because polymers

containing OH groups are hygroscopic, pure N2 gas was used to

purge the spectrometer’s optical box to maintain dry sample

films. The dynamic curing kinetics were studied using a TA Q-20

differential scanning calorimeter operating under a N2 atmo-

sphere. The sample (ca. 7 mg) was placed in a sealed aluminium

sample pan. Dynamic curing scans were conducted from 30 to

280 �C at a heating rate of 10 �C min�1. The thermal stability of

the samples was measured using a TA Q-50 thermogravimetric

analyzer operated under a N2 atmosphere. The cured sample (ca.

7 mg) was placed in a Pt cell and heated at a rate of 20 �C min�1

from 30 to 800 �C under a N2 flow rate of 60 mL min�1. Visco-

elastic measurements of Pa and PA-T monomers were performed

using an Anton Paar (Physica) MCR 301 rheometer operated in

a parallel plate geometry; measurements were made at 80 �C.
WAXD data were collected using the BL17A1 wiggler beamline

of the National Synchrotron Radiation Research Center

(NSRRC), Taiwan. A triangular bent Si (111) single crystal was

employed to obtain a monochromated beam having a wave-

length (l) of 1.33001 �A. TEM images were recorded using

a JEOL-2100 transmission electron microscope operated at an
1548 | Polym. Chem., 2012, 3, 1546–1554
accelerating voltage of 200 kV. Ultrathin sections (thickness: ca.

70 nm) of the TEM samples were prepared using a Leica Ultracut

UCT microtome equipped with a diamond knife. The ultrathin

sections were placed onto Cu grids coated with carbon-sup-

porting films and then stained through exposure to the vapor

from 4% aqueous RuO4 for 25 min.

Results and discussion

Synthesis of PA-T

Fig. 1 presents the 1H NMR spectra of PA-OH, PA-ac, and PA-

T. The spectrum of PA-OH [Fig. 1(a)] features two peaks at 4.63

and 5.36 ppm corresponding to the protons of the CH2 bridge of

the oxazine unit;45 a singlet at 4.55 ppm represents the CH2OH

protons; the aromatic protons appeared as multiplets at 6.77–

7.40 ppm. In Fig. 1(b), the singlet at 5.07 ppm for the

CH2OC]O protons of PA-ac is shifted significantly from the

signal for the CH2OH protons of PA-OH [4.55 ppm in Fig. 1(a)];

the vinyl group is represented by signals at 5.83, 6.15, and 6.41

ppm (relative ratio: 1 : 1 : 1) corresponding to the cis, trans, and

substituted vinyl protons, respectively.51 The signals for these

vinyl protons peaks disappeared after Michael addition of T,

confirming the complete consumption of PA-T [Fig. 1(c)].48 The

signals from the T unit’s CH3 (Hg), O]CCH2CH2N (Hd), and

O]CCH2CH2N (He) protons appear at a relative ratio of

3 : 2 : 2 at 1.74, 2.61 and 3.80 ppm, respectively; the NH unit of

the T group appears as a signal at 11.30 ppm. Most importantly,

the peaks at 4.63 and 5.36 ppm, corresponding to the CH2 bridge

of the oxazine unit, remained for the T-functionalized monomer.

Fig. 1 provides assignments of all of the other peaks.

Fig. 2 presents the 13C NMR spectra of PA-OH, PA-ac, and

PA-T. In Fig. 2(a), two peaks appear at 50.48 and 79.45 ppm in

the spectrum of PA-OH, corresponding to characteristic reso-

nances of the carbon nuclei of the oxazine ring; the resonance at

64.86 ppm for the ArCH2OH nucleus of PA-OH is shifted

slightly downfield to 66.13 ppm in the spectrum of PA-ac

[Fig. 2(b)], which features signals at 129.25, 131.10, and 165.45

ppm for the C]CC]O, C]CC]O, and C]CC]O units,

respectively. The signals for these vinyl carbon nuclei
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 13C NMR spectra of (a) PA-OH and (b) PA-ac in CDCl3 and (c)

PA-T in d6-DMSO.
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disappeared after Michael addition of T, again confirming the

complete consumption of PA-T [Fig. 2(c)]. The signal for the

C]O group of PA-ac at 165.45 ppm [Fig. 2(b)] did not change

after Michael addition, but signals for two new C]O groups

from T (NCONH, NHCOCCH3) appeared at 151.2 and

172.8 ppm [Fig. 2(c)], also indicating the successful synthesis of

PA-T. The signals at 50.48 and 79.45 ppm, corresponding to the

CH2 bridge nuclei of the oxazine unit, did not disappear after

acryloyl- and T-functionalization. Fig. 2 provides assignments

for all of the other peaks. Fig. 3 presents FTIR spectra of PA-

OH, PA-ac, and PA-T recorded at room temperature.

The spectrum of PA-OH reveals [Fig. 3(a)] a broad signal for

the OH group at 3350 cm�1; signals for the C–C stretching

vibrations of the 1,2,4-substituted benzene ring at 1499 and

947 cm�1; and a signal for the asymmetric C–O–C stretching at

1236 cm�1. In the spectrum of PA-ac [Fig. 3(b)], a signal for the

OH group is almost absent, but a new signal for a C]O group

appears at 1730 cm�1. In Fig. 3(c), absorptions of the amide I and

secondary amino groups of PA-T appear as signals at 1677 and

3170 cm�1, respectively, confirming that the C]O and
Fig. 3 FTIR spectra of (a) PA-OH and (b) PA-ac and (c) PA-T.

This journal is ª The Royal Society of Chemistry 2012
T functionalities had participated in the Michael addition. The

signals of the benzoxazine ring at 1499 and 947 cm�1 remained

present after acryloyl- and T-functionalization. Together, all of

the 1HNMR, 13C NMR, and FTIR spectroscopic data confirmed

the successful synthesis of PA-T.
Thermal polymerization and stability of PA-T

We used DSC analysis to investigate the curing behavior of pure

PA-OH, PA-ac, and PA-T. The DSC trace of the uncured PA-

OH [Fig. 4(a)] featured an exotherm with a maximum at

245.0 �C, with a heat of polymerization of 233.4 J g�1. Fig. 4(b)

presents the DSC profile of PA-ac, featuring an exotherm peak at

217.4 �C (a lower temperature than that of PA-OH), with a total

heat of polymerization of 325.3 J g�1 (higher than that of PA-

OH). It appears that the presence of vinyl functional groups of

PA-ac assisted the ring opening of the oxazine ring during the

curing process.11 In addition, the vinyl group of PA-ac behaved

as an additional curing site, resulting in the total heat from the

exotherm peak being higher than that from PA-OH. The exo-

therm peak for the monomer PA-T appeared at 205.8 �C, a lower
temperature than that of either PA-OH or PA-ac. Ronda et al.

reported that the incorporation of electron donating or with-

drawing groups onto the benzoxazine structure will change the

properties of the exothermic peak.49 The strong, multiple

hydrogen bonding interactions of the T group in the monomer

PA-T also led to the dramatic decrease in the polymerization

temperature. The T group catalyzed the polymerization by

increasing the concentration of oxonium species in the medium.

Furthermore, the strongly activating T group increased the

number of propagation pathways, due to the presence of multiple

nucleophilic ortho positions. The total exotherm for the mono-

mer PA-T was 41.1 J g�1, lower than those of PA-OH and PA-ac,

as would be expected. Fig. 5 displays DSC curves of pure PA-T

recorded after thermal curing at different temperatures. The size

of the exotherm peak decreased upon increasing the curing

temperature, disappearing almost completely after curing at

180 �C. To determine which reaction was involved in the exo-

therm of the DSC traces, we used FTIR spectroscopy to char-

acterize the curing process of the pure PA-T at different
Fig. 4 DSC thermograms of uncured (a) PA-OH, (b) PA-ac, and (c)

PA-T.

Polym. Chem., 2012, 3, 1546–1554 | 1549
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Fig. 5 DSC thermograms of the PA-T benzoxazine monomer recorded

after each heating stage.

Fig. 7 TGA thermograms of uncured (a) PA-ac and (b) PA-T.
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temperatures. In Fig. 6(a), we assign the bands at 1498 and

943 cm�1 to the trisubstituted aromatic ring in the benzoxazine

structure of PA-T.11 The broad absorption band at 2500–3500

cm�1 in Fig. 6(b)–(g) represents the different types of hydrogen

bonding interactions, including intramolecular O–H/N, inter-

molecular O–H/O, and self-association T/T hydrogen

bonding. In addition, the signals of the free and hydrogen-

bonded C]O groups of the T units appeared at 1700 and near

1680 cm�1, respectively.50 The wavenumber and intensity of the

signal for the free C]O groups of PA-T changed upon

increasing the temperature, consistent with the heat disrupting

the hydrogen bonding interactions.

Fig. 7 displays the TGA traces of PA-ac and PA-T, recorded

under N2. For PA-ac, a sharp decomposition appeared at 195 �C,
representing a weight loss of 12 wt%. This result is similar to that

reported by Ishida, who found that the CH2CC]O linkage in

the monomer was a weak structure that broke upon heating.47

The thermal stability of PA-T was better than that of PA-ac
Fig. 6 FTIR spectra of the PA-T benzoxazine monomer recorded after

each heating stage.

1550 | Polym. Chem., 2012, 3, 1546–1554
because of the strong self-association of the T units. The char

yield of PA-T was, however, lower than that of PA-ac because

the vinyl groups of the latter resulted in increased cross-linking.
Thermal polymerization and properties of the Pa and PA-T PBZs

Based on rheological analyses, the viscosity of the monomer

PA-T (ca. 460 Pa s at 80 �C) was significantly greater than that

of the monomer Pa (ca. 1.1 Pa s at 80 �C), due to the strong

complementary multiple hydrogen bonding of the T units.

Fig. 8 displays the curing exotherms of neat Pa and of binary

mixtures of Pa and PA-T at various weight ratios. The curing

exotherm of the synthesized Pa revealed an onset temperature of

200 �C with a peak temperature of 245 �C. The curing peak

shifted to lower temperature upon increasing the PA-T content

in the binary mixture; for example, it shifted to 195 �C for the

Pa/PA-T ¼ 60/40 system. Such accelerated curing suggests that

PA-T acted as a catalyst for the polymerization of the Pa

benzoxazine resin.11 The curing peaks in the exotherms of the

binary mixtures broadened upon increasing the PA-T content;
Fig. 8 Curing behavior, determined through DSC analyses, of Pa/PA-T

mixtures at various PA-T contents.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 (A) DSC analyses of Pa/PA-T benzoxazine copolymers at various PA-T contents after curing. (B) Glass transition temperatures of the Pa/PA-T

benzoxazine copolymers, determined using the Kwei equation.
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furthermore, the area under the exothermal peaks decreased,

from 480.5 J g�1 for pure Pa to 41.06 J g�1 for pure PA-T, as

would be expected.
Scheme 2 Chemical structures and morphologies of P

This journal is ª The Royal Society of Chemistry 2012
We used DSC to examine the glass transition behavior of the

Pa and PA-T copolymers [Fig. 9(A)]. For pure Pa and pure

PA-T, the glass transition temperatures (Tg’s) were 100 and
A-T, Pa, and their corresponding Pa/PA-T PBZs.

Polym. Chem., 2012, 3, 1546–1554 | 1551

http://dx.doi.org/10.1039/c2py20090b


Fig. 10 (a) WAXD patterns of Pa, PA-T, and T. (b and c) Schematic representations of (b) multiple hydrogen bonding and (c) p–p stacking inter-

actions of the T units in PA-T PBZ.

Table 1 Diffraction peaks, d-spacing, and Miller index of PA-T PBZ

2q d-spacing (�A) hkl

6.06 12.58 100
16.26 4.70 �111
18.67 4.09 111
23.47 3.27 002
25.94 2.96 102
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115 �C, respectively. In addition, the DSC thermograms of the

Pa/PA-T benzoxazine copolymers at various compositions

revealed only a single glass transition. A single value of Tg

strongly suggests that the polymers were fully miscible with

a homogeneous amorphous phase. Meanwhile, the values of Tg

for the copolymers were higher than that of either individual

PBZ. The Kwei equation51 is usually employed to characterize

systems displaying specific interactions:

Tg ¼ W1Tg1 þ kW2Tg2

W1 þ kW2

þ qW1W2 (1)

whereW1 andW2 are the weight fractions of the components, Tg1

andTg2 are the corresponding glass transition temperatures, and k

and q are fitting constants. The parameter q represents the

strength of the specific interactions in the system; it reflects

a balance between the breaking of self-association interactions

and the forming of inter-association interactions. From nonlinear

least-squares ‘‘best fits’’ of the plots [Fig. 9(B)] for the Pa/PA-T

benzoxazine copolymers, we obtained values of k and q of 1 and

140, respectively. Apositive value of q usually suggests that strong

specific intermolecular interactions exist between the two poly-

mers.24,52,53We suggest that our positive value of q arose from two

factors. In general, a PBZ possesses a high crosslinking density

even without the addition of catalysts or initiators. Sawaryn et al.

reported, however, that blocking of the para position of the

phenolic ring can prevent network formation, resulting in thePBZ

tending to form linear chains.54 As a result, we would expect pure

Pa to form a network of crosslinks in its polymerized structure,
1552 | Polym. Chem., 2012, 3, 1546–1554
but without strong, self-complementary, multiple hydrogen

bonding interactions; therefore, its value ofTg was approximately

100 �C. In contrast, pure PA-T features the strong, self-comple-

mentary, multiple hydrogen bonding of its T units, but it lacks the

network of chemical crosslinks in its polymerized structure, due to

substitution at the para position of the phenolic ring; therefore, its

value of Tg was slightly higher, at approximately 115 �C. The
advantages of both a network of chemical crosslinks and strong,

self-complementary, multiple hydrogen bonding of T units like

physical crosslinks occurred, however, in the Pa/PA-T benzox-

azine copolymers, as indicated in Scheme 2. Therefore, the values

of Tg of the Pa/PA-T benzoxazine copolymers were higher than

that of either individual PBZ.
Self-assembled structures induced by multiple hydrogen bonding

interactions

DNA and RNA are unique biomolecules that allow the forma-

tion of a variety of self-assembled nanostructures.55–58 Therefore,
This journal is ª The Royal Society of Chemistry 2012
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Fig. 11 (a and b) High-resolution TEM images and (c) SAED pattern of PA-T PBZ. (d) Schematic representation of the images in (a) and (b), dis-

playing the packing of the T units on the side chains through p–p stacking.
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we were interested in investigating the self-assembly of our PBZs.

The WAXD pattern of Pa revealed an amorphous structure

[Fig. 10(a)], but that of PA-T displayed some crystal diffraction

peaks, the positions and relative intensities of which matched

well with those of the standard low-molecular-weight compound

T. Table 1 summarizes the relationship between the values of 2q,

the d-spacings, and the Miller index, which were all consistent

with the XRD data for T itself (JPPDS no. 39-1576). The peak at

a value of 2q of 6.04� provides a value of d of 12.58 �A, which is

close to the distance between the side chains of the PA-T PBZ, as

displayed in the calculated structure (Spartan software) in

Fig. 10(b). The self-complementary multiple hydrogen bonds

between the T units led to greater packing of the PBZ and

expanded the inter-chain spacing.59 In addition, the signal at

a value of 2q of 23.47� provided a value of d of 3.27 �A that is

consistent with the p–p stacking of T units in the inter-layer

[Fig. 11(c)].60,61 Fig. 11 displays high-resolution TEM images of

the microstructure of the pure PA-T PBZ. We can find the self-

assembly alternating packing in the TEM image; the long period

of packing is approximately 4–4.5 �A. After RuO4 staining, we

attribute the dark regions to benzene rings, leading to high mass

contrast. Furthermore, we used selected-area electron diffraction

(SAED) to determine the crystal structure of the PA-T PBZ. The

diffraction pattern in Fig. 11(c) is close to an arc-ring, due to the

semi-ordered packing in the PBZ induced by T/T interactions.

The d-spacing of the first arc-ring, calculated from the reciprocal

lattice, was 4.3 �A, consistent with our results from the WAXD

pattern. The orientation of the packing (111) is consistent with

the presence of T units interacting on the side chains of the PBZ

through p–p stacking between T layers [Fig. 11(d)].62,63 More-

over, the TEM image also suggests that the structure of the PBZ

tended toward linearity. The T units served as blocking groups

that prohibited para substitution of the phenolic ring; as a result,

network formation was prevented and we obtained a linear

PBZ.54 Because of the T units in the PBZmatrix, it is easy to form
This journal is ª The Royal Society of Chemistry 2012
multiple hydrogen bonds with adenine (A) or diaminopyridine

units and form a supramolecular structure through simple

blending.
Conclusions

We have synthesized a novel T-functionalized benzoxazine (PA-

T) by the Michael addition of T to PA-ac. TGA revealed that the

presence of the T units increased the decomposition temperature

of PA-T relative to that of PA-ac. In addition, the strong multiple

hydrogen bonds of the T units in PA-T led to a dramatic decrease

in its polymerization temperature. The T units appeared to

catalyze the polymerization by increasing the concentration of

oxonium species in the medium. Taking advantage of both the

network of crosslinked structures and the strong self-comple-

mentary multiple hydrogen bonds of the T unit groups, the Pa/

PA-T benzoxazine copolymers exhibited higher values of Tg than

that of either individual PBZ. In addition, TEM images and

diffraction patterns revealed a linear-like structure for the PA-T

PBZ, with self-assembly through packing of its T units.
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