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A B S T R A C T S   

In this study a new water-soluble benzoxazine-functionalized cyclodextrin monomer (β-CD-BZ) was synthesized 
through monoazido-functionalized β-cyclodextrin (N3-CD) with 3,4-dihydro-3-(prop-2-ynyl)-2H-benzoxazine 
(Ppa) by Huisgen [2 + 3] cycloadditions (click reaction) based on 1H NMR and FTIR spectroscopy. Its ther
mal curing polymerization and thermal stability were monitored by DSC and TGA displaying the ring-opening 
polymerization of benzoxazine units. Incorporation of β-CD into the benzoxazine monomer could improve the 
thermal stability and water-solubility because of the highly hydroxyl contents of the cyclodextrin unit. 
Furthermore, the presence of the β-CD cavity could allow the benzoxazine monomer to form inclusion complex 
(IC) with poly(propylene glycol) (PPG) based on XRD, 1H NMR, FTIR and TGA. From the XRD results, the PPG 
were confined into the β-CD-BZ channels and then form the columnar crystalline structures where the stoichi
ometries of repeat unit of PPG: β-CD-BZ = 2 : 1 were determined by 1H NMR analysis. More importantly, the 
benzoxazine units in β-CD-BZ/PPG inclusion complex could further provide the thermal curing polymerization 
behavior to improve their thermal properties that could not be observed in typical inclusion complex system.   

1. Introduction 

Polybenzoxazines (PBZs) are a new class of phenolic thermosetting 
resins, which have garnered great interest in academic and industry 
fields because of their fantastic properties compared with other ther
mosetting resins [1–10]. It is well-known that the 1,3-benzoxazine 
monomers and their derivatives could be prepared through the Man
nich condensation reaction of aromatic phenols, aliphatic or aromatic 
amines with paraformaldehyde and then thermal curing polymerization 
of benzoxazine monomers to afford PBZs materials, which could possess 
low dielectric constant; good flame retardant, adhesive strength, ther
mal and mechanical properties; lower surface free energy, high char 
yield, great flexibility of molecular design, easily thermal curing ring 
opening polymerization for their corresponding benzoxazine monomers 
without using any catalyst during polymerization, no releasing 
by-products and low shrinkage after polymerization [11–18]. In addi
tion, the PBZs properties such as mechanical and thermal can be 
improved through addition some inorganic compounds for example, 
graphene, carbon nanotubes, clay and polyhedral oligomeric silses
quioxane (POSS) into PBZs matrix, or blending PBZs with polyurethane, 

polyimide, and epoxy and functionalized BZ monomers with incorpo
ration some functional groups such as nitrile, triphenyl, propargyl, allyl 
and phenylethynyl into BZ monomers [19–27]. 

Recently, PBZs have been widely used in many potential applications 
such as gas capture, shape-memory polymers, coating as anticorrosion 
materials and chelation agents for recovery of metal ions in the aqueous 
solution [28–33]. Recently, the new bio-based and renewable benzox
azine monomers have received particular attentions for replacing 
commercially inexpensive and available amine or phenols by natural 
products such as cardanol, eugenol, vanillin, coumaric, stearylamine 
and furfurylamine [7,30,34–37]. Since the intrinsic low surface free 
surface energy and water-repellence property because of the strong 
six-membered ring of OH—N intramolecular hydrogen bonding inter
action of polybenzoxazine structure [38], the water-soluble benzox
azines are rarely proposed field. It is reasonable since the most 
researchers were mostly focused on the low water-uptake benzoxazine 
structure to maintain the high thermal stability and thus only a few 
studies can be observed in the water-soluble benzoxazine monomer. For 
example, Sawaryn et al. used PEO-b-PPO block copolymer functional
ized benzoxazine monomer to tune the water solubility by changing the 
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PEO chain length [39]. Ishida et al. also used PPO-PEO-PPO triblock 
copolymers to synthesis water soluble main chain type of benzoxazine 
precursors [5]. They also proposed the chitosan-functionalized ben
zoxazine through the reaction of main chain type of benzoxazine with 
chitosan that can be soluble in acidic media [40]. Dumas et al. provided 
another highly hydrophilic phenol compound with an intrinsic 
water-affinity; arbutin is the β-D-glucoside of hydroquinone to prepare a 
new water soluble benzoxazine monomer with a carbohydrate moiety 
[34]. More interestingly, the arbutin compound also can be synthesized 
through glucose or through enzyme process [34,41]. In addition to 
arbutin compound, the well-known glucose-based molecules are the 
cyclodextrins (CDs), which are mainly divided into three types of com
pounds (called α-CD, β-CD, and γ-CD), they are cyclic oligosaccharides 
containing six, seven and eight glucose units connected by linked by α-1, 
4 linkages and considered as receptor materials in supramolecular 
chemistry, respectively [42–47]. Interestingly, all CDs can form inclu
sion complexes with different kinds of polymers and organic compounds 
through their hydrophobic internal cavities by host-guest complex 
strategy [48–50]. In this work, the new water-soluble, highly function
alized benzoxazine with cyclodextrins, were desired to synthesize. 
Taking into account for the chemical structure of these three CDs, the 
β-CD was selected since this compound is easy to chemical modification 
as compared with α-CD and γ-CD as expected and widely reported [48]. 
The previous studies also revealed that β-CD is widely used to form in
clusion complexes with other guest materials because it possesses hy
drophobic cavity diameter around 0.64 nm and provide suitable 
hydrophobic interaction with guest molecule [48]. For example, β-CD 
could be formed inclusion complexes with PPG and the stoichiometries 
are 2:1 (two repeat units of PPG: one β-CD) based on 1H NMR analysis 
[49,51]. The molecular model also displays that PPG chain can pene
trate β-CD; however, the PPG cannot pass through the cavity of α-CD 
because the hindrance side chain of methyl group [51]. Therefore, a new 
water-soluble benzoxazine-functionalized cyclodextrin monomer 
(β-CD-BZ) was synthesized through monoazido-functionalized β-cyclo
dextrin (N3-CD) with Ppa by click reaction as displayed in Scheme 1. 
Furthermore, the presence of the β-CD cavity could allow to form in
clusion complex (IC) with PPG as shown in Scheme 2. More importantly, 
the benzoxazine units in β-CD-BZ/PPG inclusion complex could further 
provide the thermal curing polymerization behavior to improve their 
thermal properties in this study that could not be observed in typical 
inclusion complex. 

2. Experimental section 

2.1. Materials 

Phenol (99.5%), propargylamine (98%), paraformaldehyde (95%), 

sodium hydroxide (NaOH, 98.5%) sodium azide (99.5%), p-toluene
sulfonyl chloride (99.5%), poly(propylene glycol) (Mn = 1000 g/mol), 
copper sulfate pentahydrate (CuSO4⋅5H2O), and sodium ascorbate 
(NaAsc) were ordered from Sigma–Aldrich. N,N-dimethylformamide 
(DMF), diethyl ether, and acetone were purchased from Acros Organic 
and used without further purification. β-CD was obtained from Tokyo 
Kasei (Tokyo, Japan) and the preparation of mono-6-(p-toluene
sulfonyl)-6-oxy-βCD (β-CD-Ts) was described previously [Figure S1] 
[50,52]. 

2.1.1. Preparation of mono-6-Azido-6-deoxy-βCD (β-CD-N3) [50,52] 
In two-necked round bottom flask (100 mL) under a N2 atmosphere, 

β-CD-Ts (2.00 g, 1.55 mmol), NaN3 (2.01 g, 31.10 mmol) and 50 mL of 
deionized H2O and the solution mixture was heated at 90 ◦C for 36 h. 
The crude product of β-CD-N3 was obtained through the addition of the 
reaction mixture to 200 mL of acetone. The obtained white solid was 
purified through recrystallization process by using hot water to afford 
β-CD-N3 as a white solid (1.77 g, 90%). 1H NMR (500 MHz, δ, ppm, 
DMSO‑d6): 3.47–3.15 ppm (m, 14H, –C6–H_2; overlap with HDO); 
3.81–3.50 (m, 28H, C2,3,4,5–H_), 4.63–4.37 (m, 6H, C6–OH_), 
4.94–4.76 (m, 7H, C1–H_), 5.75 (s, 14H, C2,3–OH_), FTIR (KBr, cm− 1): 
3378 (O–H stretching), 2929 (C–H aliphatic stretching), 2099 (azide 
group, N3), 1152 (C–O–C stretching). 

Scheme 1. Synthesis of β-CD-BZ monomer (f) by click reaction from (c) N3-CD, prepared from (a) β-CD and (b) β-CD-Ts, with (e) Ppa, prepared from phenol (d), 
propargylamine and CH2O and (g) poly(β-CD-BZ) after thermal curing polymerization of β-CD-BZ (f). 

Scheme 2. Column type of β-CD-BZ/PPG inclusion complex (b) from (a) β-CD- 
BZ monomer with PPG homopolymer. 
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2.1.2. Synthesis of 3,4-dihydro-3-(prop-2-ynyl)-2H-benzoxazine (Ppa) 
[53] 

In two-necked round bottom flask (100 mL) under a N2 atmosphere, 
paraformaldehyde (2.18 g, 105.36 mmol), phenol (5.00 g, 52.63 mmol) 
and propargylamine (2.93 g, 53.13 mmol) and 50 mL of dry dioxane was 
stirred and refluxed at 110 ◦C for 24 h. The dioxane solvent was removed 
by rotating evaporation. Finally, the product residue was dissolved the 
diethyl ether and extracted three times with NaOH solution (1 N) to give 
Ppa as yellow viscous liquid. FTIR (KBr, cm− 1): 3296 (unsaturated C–H 
stretching), 2114 (unsaturated C–H stretching), 2925 (saturated alkyl 
C–H stretching), 1344 (CH2 wagging), 1224 (C–O–C asymmetric 
stretching), 1110 (C–O–C symmetrical stretching), 932 (C–H out-of- 
plane bending). 1H NMR (500 MHz, δ, ppm, DMSO‑d6): 7.33–6.75 (ar
omatic protons), 4.95 (O–CH2–N), 4.23 (C–CH2–N), 3.72 (H2C–––CCH), 
2.20 (H2C–––CCH). 

2.1.3. Preparation of benzoxazine functionalized-β-CD (β-CD-BZ) by click 
reaction 

In two-necked round bottom flask (100 mL) under a N2 atmosphere, 
β-CD-N3 (3.54 g, 3.05 mmol), Ppa (0.53 g, 3.05 mmol), CuSO4⋅5H2O 
(0.154 g, 0.61 mmol), NaAsc (0.302 g, 1.52 mmol) was dissolved in 20 
mL of dry DMF. After freeze/pump/thaw cycles for the reaction solution, 
the reaction mixture was heated at 50 ◦C for 48 h. The white solid of 
β-CD-BZ was precipitated using acetone (400 mL). FTIR (KBr, cm− 1): 
3383 (O–H stretching), 1238 (C–O–C asymmetric stretching), 937(C–H 
out-of-plane bending). 1H NMR (500 MHz, δ, ppm, DMSO‑d6): 7.94 (s, 
1H, triazole ring), 7.15–6.75 (aromatic protons), 5.02 (O–CH2–N), 4.38 
(C–CH2–N). 

2.1.4. Preparation and thermal curing polymerization of β-CD-BZ/PPG 
inclusion complex 

In a bottle (20 mL), (0.2 g, 0.190 mmol) of β-CD-BZ was dissolved in 
15 mL of DI water. Then, (0.022 g, 0.380 mmol) of PPG (dissolved in 5 
mL of DI H2O) was added dropwise to the β-CD-BZ solution with stirring. 
The mixture solution was kept at 25 ◦C for 24 h until the white solid was 
formed. Finally, the white product was filtered and washed with water. 
0.1 g of β-CD-BZ/PPG inclusion complex was thermally cured at 210 ◦C 
for 2 h in the oven with a heating rate 5 ◦C min− 1 to afford poly(β-CD- 
BZ/PPG) [Scheme S1]. 

3. Results and discussion 

3.1. Preparation of benzoxazine functionalized-β-CD (β-CD-BZ) by click 
reaction 

In this work, the β-CD-BZ monomer was prepared through the click 
reaction from β-CD-N3 (Scheme 1(c)) with Ppa (Scheme 1(e)) as dis
played in Scheme 1. Fig. 1 displays FTIR spectra of β-CD-N3, Ppa, and 
β-CD-BZ monomer recorded at room temperature. The azide unit of 
β-CD-N3 was appeared at 2105 cm− 1 and the acetylene group of Ppa was 
located at 3290 cm− 1 and 2100 cm− 1, where were both absent in the 
FTIR spectrum of β-CD-BZ monomer. The remained oxazine ring of 
benzoxazine structure at 937 cm− 1 and the broad absorption of the OH 
units of the β-CD structure at 3383 cm− 1 also appeared in β-CD-BZ 
monomer, suggesting the click reaction has participated in acetylene 
and azido functional units. 

1H NMR analyses also indicate that the complete click reaction has 
occurred for the acetylene and azido functional units as displayed in 
Fig. 2. Compared with β-CD-Ts, the aromatic protons (peaks h and i in 
Figure S1) were disappeared in β-CD-N3 and the signal of the methylene 
(CH2) unit was shifted from 4.18 ppm (TsCl) to 3.76 ppm when connect 
to the N3 unit of β-CD-N3 (peak g) in Fig. 2(a)). Fig. 2(c) shows 1H NMR 
spectrum of Ppa, where the peaks at 4.92 (peak k) and 4.11 (peak j) ppm 
due to the CH2 protons of the oxazine unit, the multiple peaks at 
7.40–6.77 ppm due to the aromatic protons, and the C≡ C-CH2 (peak i) 
and C≡CH2 (peak h) and were located at 3.60 and 2.30 ppm. Compared 

with β-CD-N3 and Ppa, we clearly observed that the CH2 unit at 3.76 
ppm was downfield to 3.93 ppm (peak g) and the new signal at 7.95 ppm 
(peak h) for β-CD-BZ monomer in Fig. 2(b), which was corresponding to 
the triazole structure after the click reaction and the peaks at 5.02 and 
4.27 ppm were shifted from the methylene bridge (4.92 and 4.11 ppm) 
of the oxazine ring. More importantly, the peak intensity ratio of peaks k 
and j was 1:1 and also consistent with the aromatic protons ratio, which 
were remained at 7.40–6.77 ppm in Fig. 2(b). Taken the FTIR and NMR 
result together, it was confirmed the successful synthesis of β-CD-BZ 
monomer under the click reaction. 

3.2. Thermal curing polymerization of β-CD-BZ monomer 

We investigated the thermal curing polymerization behavior of Ppa 
and β-CD-BZ monomer by DSC analyses. Fig. 3(a) shows the DSC profile 
of pure Ppa benzoxazine, which possesses a maximum exotherm at 
212 ◦C with the exotherm reaction heat of 1087 J/g. The DSC thermo
gram of β-CD-BZ displays an exotherm peak at 229 ◦C and the corre
sponding exotherm reaction heat was 44.3 J/g. Clearly, the reaction 
heat was significantly decreased after the incorporation of β-CD unit, 
which strongly affect the thermal curing behavior of the benzoxazine 
monomer because of the dilution effect and the loss of propargyl unit 
from the Ppa monomer [53–55]. In general, DSC analyses and FTIR 
spectra could be used to understand the thermal curing polymerization 
of the β-CD-BZ monomer. 

As shown in Fig. 4(A) about DSC analyses, the uncured β-CD-BZ 
monomer exhibits the maximum exotherm at 229 ◦C with the reaction 
heat of 44.3 J/g as mentioned in Fig. 3(a). The bulk CD unit is difficult to 
ring-opening of the oxazine ring (Tp = 229 ◦C) as compared with Ppa 
benzoxazine (Tp = 212 ◦C) as expected. After thermal curing at different 
temperatures from 110 to 210 ◦C, the curing exothermic peak of β-CD-BZ 
monomer was gradually shifted to higher temperature and the reaction 
heat was also gradually decreased with the increase of curing temper
ature. In addition, the curing peak was completely disappeared after 
thermal curing temperature at 210 ◦C, implying the thermal curing 
polymerization of β-CD-BZ completed at 210 ◦C. The corresponding 
FTIR spectra of β-CD-BZ after each curing stage was summarized in 
Fig. 4(B) to understand its ring-opening polymerization behavior from 
25 to 210 ◦C. Clearly, the oxazine ring of benzoxazine structure at 937 
cm− 1 and 1157 cm− 1 were progressively consumed with the increase of 
curing temperature and then totally disappeared at 210 ◦C, which is 

Fig. 1. FTIR spectra of (a) N3-CD, (b) β-CD-BZ and (c) Ppa recorded at room 
temperature. 
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consistent with DSC analyses. 
The ring-opening polymerization of β-CD-BZ also could monitor by 

1H NMR spectra as shown in Fig. 5 since CD unit could provide better 
solubility in water or organic solvent. After thermal curing at 180 ◦C, the 
NMR spectra exhibit the appearance of three new signals at 5.30, 4.11, 
and 3.16 ppm, which are corresponding to the phenolic OH group, 
Mannich bridge of ring-opened BZ structure (peaks l and m), respec
tively [34]. This result could be demonstrated the ring-opening poly
merization of β-CD-BZ and the FITR spectra (Fig. 4(B)) provide the good 
accordance with this observation, the increase of band absorption at 
1730 cm− 1 is due to the intermolecular hydrogen bonding interaction of 
polybenzoxazine structure34 and the final possible ring opening struc
ture was shown in Scheme 1(g). 

The thermal decomposition temperature at 10 wt% loss (Td10) and 

char yield at 700 ◦C (weight residue) of β-CD-BZ based on TGA analyses 
as displayed in Fig. 6(a). Because the thermal curing polymerization was 
occurred of the β-CD-BZ, the Td10 and char yield were increased upon 
increasing the thermal curing temperature by the increase of cross
linking density as summarized in Fig. 6(b). Furthermore, the Td10 and 
char yield were significantly increased from 236 ◦C to 12.4 wt% of un
cured sample to 372 ◦C and 54.9 wt% after thermal treatment at 300 ◦C. 
As compared with the thermal properties of typical Pa type of benzox
azine, the Td10 and char yield are 264 ◦C and 43.2 wt% at 700 ◦C [56], 
and thus the better thermal stability was observed of our new β-CD-BZ 
after thermal curing polymerization process. 

3.3. Preparation and thermal curing polymerization of β-CD-BZ/PPG 
inclusion complex 

The cross-section area or side chain units of polymer is well-known 
closed to the cavity size the cyclodextrins to form the inclusion com
plex. The β-CD inclusion complexes with linear PPG could be formed in 
reasonable yield, but PPG could not form inclusion complex with α-CD 
and γ-CD has been widely investigated [51,57]. We used β-CD or 
β-CD-BZ aqueous solution with the PPG aqueous solution as shown in 
Scheme 2. 

The crystalline inclusion complexes have been observed since the 
solution progressively becomes turbid, suggesting the formation of ICs 
between the PPG and β-CD or β-CD-BZ. We then used the water to 
remove the uncomplexed PPG and β-CD or β-CD-BZ of ICs. In general, 
the crystalline inclusion complex structure could be determined by 
wide-angle X-ray diffraction (WAXD) as shown in Fig. 7. Firstly, there 
are many peaks for pure β-CD with rather distinct and sharp and then the 
first, second and third strongest peaks of pure β-CD were observed at 
12.4, 18.6, and 10.5◦, implying that the β-CD possesses the typical cage 
type crystalline structure (Scheme 2(a)). Different from with pure β-CD, 
the β-CD/PPG inclusion complex provides the first, second and third 
strongest peaks at 17.5, 11.4, and 6.5◦. The d-spacing was calculated 
based on the peak ratios of these peaks are 1:√3:√7, indicating that 
hexagonal lateral packing of molecular columns, which is completely 
different with the cage-type structure of pure β-CD [58–60]. Similar 
pattern was observed for the β-CD-BZ/PPG inclusion complex where the 

Fig. 2. 1H NMR spectra of (a) N3-CD, (b) β-CD-BZ and (c) Ppa.  

Fig. 3. First heating scan of (a) Ppa and (b) β-CD-BZ monomers.  
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three strongest peaks are also observed at 17.5, 11.4, and 6.5◦, which is 
similar with β-CD/PPG inclusion complex. The broader peaks were 
observed in β-CD-BZ/PPG inclusion complex, implying that the crys
talline structure was slightly destroyed since the one of hydroxyl units 
was modified to benzoxazine ring and it will affect the of 
hydroxyl-hydroxyl units between primary-primary (head-to-head) and 
secondary-secondary (tail to tail) intermolecular hydrogen bonding in
teractions [51]. As a result, it could be proposed that the β-CD or 

β-CD-BZ units are vertically stacked with the PPG polymers in the 
channel-type structure (Scheme 2(b)). 

The composition of the β-CD-BZ/PPG inclusion complex could be 
determined by 1H NMR spectroscopy a shown in Fig. 8. 1H NMR spec
trum of pure β-CD-BZ (Fig. 8(a)) has been discussed in Fig. 2(b). Fig. 8(b) 
shows 1H NMR spectrum of the β-CD-BZ/PPG inclusion complex, which 
is corresponding to both pure β-CD-BZ and PPG homopolymer. Pure PPG 
shows the side chain methyl (CH3) units at 1.030 ppm which has been 

Fig. 4. (A) DSC and (B) FTIR analyses of β-CD-BZ after thermal curing at each temperature.  

Fig. 5. 1H NMR spectra of β-CD-BZ after thermal curing at each temperature.  
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proposed and pure β-CD-BZ displays the protons (peaks b and d) at 
1.756 ppm as mentioned in Fig. 2(b). Clearly, the methyl group of PPG 
was become broader at 1.030 ppm and the peaks b and d was signifi
cantly shifted downfield to 2.082 ppm, but the other protons of β-CD-BZ 
did not change, showing a possible complexation interaction in cavity of 
β-CD-BZ with PPG homopolymer [43,59,60]. As compared with the in
tegral area ratio of the PPG methyl units and the peak a proton of 
β-CD-BZ, we could calculate the average of ca. 2 propylene oxide repeat 
units of PPG to one β-CD-BZ, which is similar with the β-CD/PPG in
clusion complexes [51]. More importantly, the peaks at 5.02 and 4.27 
ppm from the methylene bridge of the oxazine ring and the triazole 
proton (7.95 ppm) and aromatic protons (7.40–6.77 ppm) were main
tained, indicating that β-CD-BZ/PPG inclusion complex could further 
provide the thermal curing polymerization behavior to improve their 
thermal properties. 

Fig. 9 shows FTIR and TGA analyses to further strong evidence of the 
β-CD-BZ/PPG inclusion complex. Clearly, the FTIR spectrum of the 
β-CD-BZ/PPG inclusion complex (Fig. 9(A)) exhibits both β-CD-BZ and 

PPG absorptions, implying that both components are present in the in
clusion complex. The broad OH absorption of β-CD-BZ at ca. 3383 cm− 1 

was shifted to 3354 cm− 1 in the β-CD-BZ/PPG inclusion complex due to 
the non-covalent interaction between β-CD-BZ and PPG main chain, 
which is consistent with 1H NMR analysis. The inclusion complex is also 
thermal stable, which is supported by TGA analyses as shown in Fig. 9 
(B). Clearly, the β-CD-BZ/PPG inclusion complex shows the thermal 
decomposition temperature at 10 wt% loss (Td10 = 289 ◦C) and char 
yield at 700 ◦C (7.3 wt%) between pure β-CD-BZ (Td10 = 236 ◦C and char 
yield = 12.4 wt%) and pure PPG (Td10 = 318 ◦C and char yield = 0.1 wt 
%) as expected. In addition, β-CD-BZ/PPG inclusion complex undergoes 
three-step thermal degradation. The first mass loss about 3.0 wt% in the 
100–200 ◦C is corresponding to the water absorption [60], the second 
step in the 200–400 ◦C is assigned to the mainly decomposition of PPG 
segment and the final step (>400 ◦C) is mainly that of β-CD-BZ. The 
thermal stability of β-CD-BZ/PPG inclusion complex is higher than pure 
β-CD-BZ, implying that the addition of PPG polymer into the β-CD-BZ 
channels could improve the thermal stability of original β-CD-BZ [59, 
60]. 

Furthermore, since the β-CD-BZ/PPG inclusion complex with ben
zoxazine units could further provide the thermal curing polymerization 
behavior to improve their thermal properties, we also used TGA analyses 
to investigate the thermal stability of β-CD-BZ/PPG inclusion complex 
before and after thermal curing behavior as displayed in Fig. 10. 
Compared with β-CD/PPG inclusion complex (Td10 = 335 ◦C and char 
yield = 1.6 wt% at 700 ◦C) as shown in Fig. 10(a), the β-CD-BZ/PPG 
inclusion complex shows the Td10 = 289 ◦C and char yield at 700 ◦C (7.3 
wt%) in Fig. 10(b). The attached alkyl methylene, triazole and ben
zoxazine units of β-CD-BZ may possess the lower thermal decomposition 
temperature compared with pure β-CD; however, the thermal curing of 
β-CD-BZ/PPG inclusion complex could enhance the thermal stability to 
Td10 = 296 ◦C and char yield at 700 ◦C (13.8 wt%). As a result, the 
benzoxazine unit into the β-CD could enhance the thermal stability, 
especially in char yield because of thermal curing polymerization 
behavior of benzoxazine unit and this study provides another approach 
about the CD inclusion complex with high thermal stability. 

4. Conclusions 

A new water-soluble benzoxazine-functionalized cyclodextrin 

Fig. 6. (A) TGA analyses and (B) thermal stability of β-CD-BZ monomer determined after each curing temperature.  

Fig. 7. XRD analyses of (a) β-CD, (b) β-CD/PPG IC, and (c) β-CD-BZ/PPG IC.  

M. Gamal Mohamed et al.                                                                                                                                                                                                                    



Polymer 226 (2021) 123827

7

monomer was successfully prepared starting from the novel monoazido- 
functionalized β-cyclodextrin with Ppa through a click reaction. The 
good water solubility is due to the high concentration of hydroxyl 
content of cyclodextrin unit and the TGA analyses revealed that the 
decomposition temperatures of β-CD-BZ improved by incorporating 
β-CD. More importantly, the presence of the β-CD cavity could allow 
forming inclusion complex with PPG into the columnar crystalline 
structures and then the benzoxazine units in β-CD-BZ/PPG inclusion 
complex could further provide the thermal curing polymerization 
behavior to improve their thermal properties again. 
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