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ABSTRACT: Four siloxane-containing benzoxazine monomers and telechelic benzoxazine oligomers were synthesized from 1,3-bis(3-
aminopropyl)-1,1,3,3-tetramethyldisiloxane, o,®-bis(3-aminopropyl)polydimethylsiloxane, phenol, o-allylphenol, and formaldehyde.
The length of the siloxane segment affects the polymerization reaction of the benzoxazine monomers and telechelic benzoxazine
oligomers. The dynamic mechanical properties of the corresponding polybenzoxazines depend primarily on the structure of phenol
and the length of the siloxane segment. The polybenzoxazines exhibit one-way dual-shape memory behavior in response to changes
in temperature. The thermally induced shape memory effects of the polybenzoxazines were characterized by bending and tensile
stress—strain tests with a temperature program based on their glass transition temperatures. © 2016 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Shape memory polymers (SMPs) are a class of stimuli-responsive
materials which have the ability to be deformed and fixed in a tem-
porary shape and then recovered to their original shape induced by
an appropriate external stimulus, such as heat, light, humidity, sol-
vent, pH, and electric or magnetic fields."™ In the past decade,
SMPs have attracted much attention from academic and industrial
researchers due to their promising applications in biomedicine,
packaging, textile, construction, electronics, and aerospace.” 2

In general, SMPs require a suitable polymer network architecture
consisting of netpoints and switch segments.'™® The netpoints can
be of either physical or chemical nature, which define the perma-
nent shape of SMPs. The molecular switches are comprised of
stimuli-sensitive chain segments, which provide additional tempo-
rary crosslinks that stabilize the temporary shape. For SMPs, the
netpoints and switch segments play key roles in determining the
shape memory performance.

The commonly used approaches to preparing shape memory pol-
ymers are based on using either physical or chemical crosslinks to
construct the required network structure. Benzoxazines are a class
of heterocyclic compounds that can be polymerized into polyben-
zoxazines with a crosslinked network structure. From an SMP
structural point of view, the crosslinked network can endow

polybenzoxazines with a shape memory effect (SME). Over the
past three years, some reports have been published on the use of
crosslinked networks of polybenzoxazine as a second set of net-
points to support a permanent shape.'”>™'® Recently, two research
articles were reported on SME for neat polybenzoxazines.'”'®
Depending on the considerable molecule design flexibility, ben-
zoxazines with different structures can be synthesized by changing
the starting materials to tune the relationship between structure
and properties, and the resultant polybenzoxazines would exhibit
SMEs.

In practice, many researchers incorporate flexible —Si—O—Si— link-
ages into benzoxazine molecules to improve the processability and
brittleness of polybenzoxazines,'** and various siloxane-containing
benzoxazines were synthesized from 1,3-bis(3-aminopropyl)tetrame-
thyldisiloxane,' 3-aminopropyltriethoxysilane,”® a,00-bis(aminopro-
pyl)polydimethylsiloxane,> ™ siloxane-containing  dihydroxyl
compounds,”»* and vy-aminopropyldimethoxy-methylsilane and
dimethyldiethoxysilane,”® or from hydrosilylation reaction of allyl-
containing benzoxazines with 1,1,3,3-tetramethyldisiloxane and
hydride terminated polydimethylsiloxane.”° These works incorpo-
rated different siloxanes into benzoxazines, which enhance the prop-
erties of the resultant polybenzoxazines, such as glass transition
temperature (Tg) and toughness,lg’zz’26 thermal stability,zo’zz_25 2729
flame retardancy,® surface hydrophobicity,” elongation at break,”>*®

Additional Supporting Information may be found in the online version of this article.
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and flexibility,” but they did not involve the research on SME for
polybenzoxazines.

In this article we report the synthesis, polymerization behavior,
dynamic mechanical properties, and shape memory properties
of siloxane-containing benzoxazine monomers and telechelic
benzoxazine oligomers,”’®' starting from 1,3-bis(3-amino-
propyl)-1,1,3,3-tetramethyldisiloxane ~ (APTMDS), «,o-bis(3-
aminopropyl)polydimethylsiloxane (APPDMS), phenol, o-allyl-
phenol, and formaldehyde. Structure variations were made in
order to study the influence of siloxane segment length and
phenolic structure on the polymerization behavior of benzoxa-
zine monomers and telechelic benzoxazine oligomers and
dynamic mechanical and shape memory properties of the resul-
tant polybenzoxazines. In this respect, the polymerization tem-
peratures, storage moduli, glass transition temperatures, and
shape memory performance were taken into account.

EXPERIMENTAL

Materials

APTMDS (molecular weight M= 248.51 g/mol) was purchased
from Shanghai Chuqing Organosilane Technology Co., Ltd.,
China. APPDMS (number-average molecular weight M, =~
1070 g/mol) was purchased from Hangzhou Silong Material
Technology Co., Ltd., China. Phenol, formaldehyde (37% aque-
ous), toluene, and chloroform were obtained from Tianjin
Chemical Reagent Co., Ltd., China. o-Allylphenol was supplied
by Shandong Laizhou Hualu Storage Battery Co., Ltd., China.
All chemicals were used as received.

Synthesis of Siloxane-Containing Benzoxazine Monomers

and Telechelic Benzoxazine Oligomers
1,3-Bis(3-(2H-benzol[e][1,3]oxazin-3(4H)-yl)propyl)-1,1,3,3-
tetramethyldisiloxane (P-APTMDS). In a 250 mL three-
necked round bottom flask equipped with a mechanical stirrer,
a thermometer, and a reflux condenser, 20 mL of formaldehyde
and 20 mL of toluene were added. Then, the mixture was
stirred in an ice bath and 15.7 g of APTMDS in 20 mL of tolu-
ene was added with a pressure-equalizing dropping funnel. After
11.5 mL of phenol was added, the temperature was raised grad-
ually up to 86 °C and kept stirring for 24 h. Thereafter, the sol-
vent was removed by distillation under reduced pressure, and
the residue was dissolved in 20 mL of chloroform, followed by
washing with 1 mol/L NaOH aqueous solution, 0.1 mol/L HCl
aqueous solution, and deionized water for several times, respec-
tively. After the chloroform was evaporated under reduced pres-
sure, the product was dried at 40°C in a vacuum oven for 24 h.
Finally a pale-yellow, transparent, viscous liquid was obtained,
and the yield was approximately 75%.
o,®-Bis((3-(2H-benzo|e][1,3]oxazin-3(4H)-yl)propyl)
polydimethylsiloxane (P-APPDMS). P-appdms was synthesized
by a procedure similar to P-aptmds, except that APTMDS was
substituted by APPDMS. The product was obtained in 71%
yield.
1,3-Bis(3-(8-allyl-2H-benzo|[e][1,3]oxazin-3(4H)-yl)propyl)-1,1,
3,3-tetramethyldisiloxane (0AP-APTMDS). oAP-aptmds was
synthesized by a procedure similar to P-aptmds, except that
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phenol (11.5 mL) was substituted by o-allylphenol (16 mL).
The product was obtained in 78% yield.

o,-Bis(3-(8-allyl-2H-benzo[e][1,3] oxazin-3(4H)-yl) propyl) poly-
dimethylsiloxane (0AP-APPDMS). 0oAP-appdms was synthesized
by a procedure similar to oAP-aptmds, except that APTMDS
was substituted by APPDMS. The product was obtained in 71%
yield.

Preparation of Polybenzoxazines

First, a siloxane-containing benzoxazine was poured into a steel
mold, and the mold was put into a vacuum oven. Then, for P-
aptmds, the vacuum oven was step-heated to 120 and 150 °C, and
held at each temperature for 2 h, and then held at 180 °C for 6 h;
and for P-appdms, oAP-aptmds, and 0AP-appdms, the vacuum
oven was step-heated to 120 and 150 °C, and held at each tempera-
ture for 2 h, and then held at 200 °C for 6 h. The resultant poly-
benzoxazines from P-aptmds, P-appdms, oAP-aptmds, and oAP-
appdms are designated as poly(P-aptmds), poly(P-appdms), poly
(0AP-aptmds), and poly(oAP-appdms), respectively.

Measurements

'H, 1°C, and *°Si nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker Avance III 600 NMR spectrometer. Deu-
terated chloroform (CDCls) was used as the solvent. Chemical
shifts of "H and '*C are given in parts per million from internal
tetramethylsilane (TMS) and the shifts for 2Gi from external
TMS. Solid-state NMR experiments were performed at room tem-
perature (25°C) on a Bruker Avance III 400 NMR spectrometer
operating at a °C resonance frequency of 100.568 MHz. The sam-
ples were analyzed under crosspolarization/magic-angle spinning
(CP/MAS) conditions using 4-mm zirconia rotors at a spinning
frequency of 5 kHz. A 90° pulse width of 4 ms was employed, and
the CP Hartmann-Hahn contact time was set at 3.0 ms. The
chemical shifts of '*C spectra were externally referenced to the
carbon signal of solid adamantane (38.48 ppm relative to TMS).

The Fourier transform infrared (FTIR) spectra were obtained with
a Nicolet 380 FTIR spectrometer at a resolution of 4 cm™'. A
siloxane-containing benzoxazine monomer or telechelic benzoxa-
zine oligomer sample was dissolved in chloroform, and the solu-
tion was coated on a KBr disk to form a thin uniform film. When
the solvent was completely evaporated at 50 °C in a vacuum oven,
the disk was scanned by the FTIR spectrometer. Thereafter, the
disk was heated isothermally in a static air oven. During the poly-
merization reaction, the disk to be scanned was removed
periodically.

The dynamic polymerization reactions for the siloxane-containing
benzoxazine monomer and telechelic benzoxazine oligomers were
monitored by a PerkinElmer Diamond differential scanning calo-
rimeter operating in nitrogen, and the samples were scanned at a
heating rate of 10 °C/min.

A Perkin-Elmer DMA-8000 dynamic mechanical analyzer was
used to determine the dynamic storage modulus (E') and loss fac-
tor (tan §) using single cantilever bending mode. Measurements
were performed on rectangular specimens with dimensions of
approximately 10.0 mm X 6.0 mm X 2.0 mm by heating from
—50 to 250 °C, with a heating rate of 2 °C/min and a frequency of
1 Hz.
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The shape memory properties of poly(oAP-aptmds) were dem-
onstrated by a series of photos recorded in the shape recovery
process for a specimen deformed under bending mode. A rect-
angular molded sheet specimen with dimensions of 100.0 mm
X 6.0 mm X 2.0 mm was isothermally heated at approximately
60 °C for several minutes, coiled into a spiral circling a rod with
a diameter of approximately 10 mm, and plunged into ice water
under constrained condition to fix the temporary shape. Then,
the spiral was isothermally heated at approximately 30°C to
recover the permanent shape.

The bending shape recovery behavior of poly(oAP-aptmds) was
quantitatively investigated under bending deformation mode. In
bending test (fold-deploy test), a rectangular molded sheet speci-
men with dimensions of approximately 30 mm X 6.0 mm X
2.0 mm was isothermally heated at approximately 60 °C for several
minutes, and then the sheet specimen was bent into a U-shape cir-
cling a rod with a diameter of 5 mm and plunged into ice water to
fix the temporary shape (corresponding angle-6,,,,,) under a con-
stant external force. Subsequently, the specimen was unloaded,
and one side of the U-shape sheet was fixed on a device which can
measure the deflection angle of the free side of the U-shape sheet.
Thereafter, the device was immediately placed into an oven at a
desired temperature, and the shape recovery process was moni-
tored. The folded angle (8., a fold angle of 180° was made on all
specimens), fixed angle (64y), and residual angle (6;) were mea-
sured and the shape fixity ratio (Ry) and shape recovery ratio (R;)
were calculated by the following equations.

_ eﬁx

R X100% (1)

max
R,= Omax =03 10096 2)
emax

The tension shape memory behaviors of poly(P-aptmds), poly
(oAP-aptmds), poly(P-appdms) were characterized by a TA
Instruments Q800 dynamic mechanical analyzer using the tensile
film clamp in controlled force mode. A rectangular molded sheet
specimen with dimensions of approximately 10.0 mm X 5.0 mm X
1.0 mm was heated from room temperature to T,+ 10°C at
5°C/min, and held at this temperature for 3 min. Then, the specimen
was uniaxially elongated isothermally by ramping force to a designed
strain (g,,) at a rate of 0.5 N/min. Thereafter, the specimen was
cooled under constant load to T, — 40 °C at a rate of 5°C/min to fix
the temporary shape. The force on the specimen was unloaded at a
rate of 0.5 N/min to ensure shape fixing. Upon unloading, part of
the strain (g,,—¢€,) was instantaneously recovered, leaving an
unloading strain (g,,). Finally, the specimen was reheated at a rate of
3°C/min to T,+ 10°C and held at that temperature for a certain
time to recover any residual strain. The recovery process left a perma-
nent strain (g,). The shape fixity ratio (Ry) and shape recovery ratio
(R,) were calculated using the following equations:

Ri= 2% %100% 3)
&

m

en—E
R,=""""2%100% (4)
m
where €, €, and €, denote the strain after the stretching step
(before unloading the specimen), the strain in the fixed tempo-
rary shape, the strain after recovery, respectively.
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Scheme 1. Synthesis of P-aptmds, P-appdms, oAP-aptmds, and oAP-appdms.

RESULTS AND DISCUSSION

Synthesis of Siloxane-Containing Benzoxazine Monomers

and Telechelic Benzoxazine Oligomers

Four siloxane-containing benzoxazine monomers and telechelic
benzoxazine oligomers were synthesized from APTMDS,
APPDMS, phenol, o-allylphenol, and formaldehyde,** and the
synthesis mechanism is shown in Scheme 1. The chemical struc-
tures of the siloxane-containing benzoxazine monomers and
telechelic benzoxazine oligomers were confirmed by 'H, “C,
*°Si NMR and FTIR spectra.

The 'H, *C, ?°Si NMR spectra of P-aptmds, P-appdms, oAP-
aptmds, and oAP-appdms are presented in Supporting Informa-
tion Figures S1 and S2. In the '"H NMR spectra, the resonances
at 3.98-4.00 and 4.87-4.89 ppm correspond to the methylene
protons of Ar—CH,—N and O—CH,—N of the oxazine ring,**
respectively. The chemical shifts (ppm) at 0.06-0.09 correspond
to the protons in the methyl groups of tetramethyldisiloxane
(TMDS) and polydimethylsiloxane (PDMS) units, and
0.52-0.58, 1.56-1.63, and 2.70-2.76 are assigned to the protons
of the aminopropyl group,”® whereas the chemical shifts (ppm)
at 3.33-3.36, 5.02-5.08, and 5.96-6.04 correspond to the ali-
phatic protons in the allyl group.”®*® The peaks at 6.77-7.13
ppm are assigned to the aromatic protons.

In the >C NMR spectra, the resonances at 54.51-54.66 and
82.46-82.53 ppm correspond to the methylene carbons of
Ar—CH,—N and O—CH,—N of the oxazine ring,** respectively.
The chemical shifts (ppm) at 0.08-0.97 correspond to the
carbons in the methyl groups of TMDS and PDMS units, and
15.49-15.70, 21.87-22.06, and 50.19-50.37 are assigned to the
carbons of the aminopropyl group,’® whereas the chemical shifts
(ppm) at 33.48-33.57, 115.15-115.22, and 136.68—-136.78 corre-
spond to the aliphatic carbons in the allyl group.’>*> The detail
assignments of other chemical shifts can be seen in Supporting
Information Figures S1 and S2.

In the *’Si NMR spectra, the resonances at 7.61-7.63 ppm cor-
respond to the silicon atoms in the TMDS backbone, whereas
the resonance at 7.47-7.48 ppm corresponds to the silicon on
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the end of the PDMS units, and the resonances at —22.06 to
—21.41 ppm correspond to the different silicon atoms in the
PDMS backbone.**

The FTIR spectra of P-aptmds, P-appdms, oAP-aptmds, and
oAP-appdms are presented in Supporting Information Figure
S3. In the FTIR spectra, the asymmetric stretching vibrations of
C—O—C of the oxazine ring are observed at 1223-1226 cm™ ">
The absorption at 925 cm™' is the characteristic mode of the
benzene ring with an oxazine ring attached. The olefinic C=C
stretching vibration at 1638 cm ™' and the olefinic C—H out-of-
plane bending vibration at 994 cm™' belong to the characteris-
tic absorptions of the allyl group, and the olefinic =C—H
stretching vibration of the allyl group appear at 3075 cm™'.>”
The peaks at 3040-3045 cm ™' are the =C—H stretching vibra-
tions of the aromatic ring. The C—H asymmetric stretching
vibrations of CH; and CH, are at 2952-2961 and 2926—
2930 cm ™', respectively, whereas and the C—H stretching vibra-
tions of CH are at 2892-2896 cm ™', and the C—H symmetric
stretching vibrations of CH; and CH, are at 2896-2903 and
2856-2863 cm ', respectively. The absorption peaks at bands of
1456-1464 and 1302-1341 cm ™' are due to CH, bending and
wagging vibrations, respectively, whereas the CHj; bending
vibration is observed at 1372 c¢m™'. The bands at 1253-
1260 cm ™' are due to the Si—CHj bending deformation, and
the absorption peaks at 1055-1091 cm ™' are assigned to the
asymmetric stretching vibrations of Si—O—Si.”® while the bands
at 796-800 cm™' are owing to the stretching vibrations of
Si—C.>® The absorptions at 1608, 1594, 1584, and 1488 cm !
are associated with the C=C stretching vibrations of the aro-
matic ring, and the peak at 1109 cm ™' is ascribed to the C—H
in-plane bending vibration of the aromatic ring, whereas the
bands at 838, 753, 748, and 706 cm ! are attributed to the
C—H out-of-plane bending vibrations of the aromatic ring.

Polymerization Behavior

Figure 1 presents the dynamic DSC curves of P-aptmds,
P-appdms, o0AP-aptmds, and oAP-appdms. Each DSC curve
shows an exothermic peak with an onset polymerization tem-
perature of 166, 208, 160, and 170°C for P-aptmds, P-appdms,
0AP-aptmds, and oAP-appdms, respectively, and a peak
temperature centered at 219, 237, 215, and 234 °C, respectively.
Obviously, the onset polymerization temperatures of the two
benzoxazines based on APTMDS are lower than those of their
counterparts (telechelic benzoxazine oligomers) based on
APPDMS, indicating that the reactivity of the benzoxazines
with a shorter siloxane segment is higher than that of their
counterparts with a longer siloxane segment. Moreover, it also
can be observed that the DSC curves exhibit a relatively weak
exothermic peak for P-aptmds and oAP-aptmds, but a strong
exothermic peak for P-appdms and oAP-appdms, implying that
the polymerization of the benzoxazines based on APTMDS pro-
ceeds slowly and the highest reaction rate is lower than those of
their counterparts based on APPDMS. Therefore, the length of
the siloxane segment has significant influence on the polymeri-
zation reaction of the benzoxazines. Owing to the two oxazine
rings are bridged by an alkyl-siloxane segment, the effectiveness
of the crosslinks formed by the telechelic benzoxazine oligomers
based on APPDMS in restricting the reactivity is less than that
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Figure 1. The non-isothermal DSC curves for P-aptmds, P-appdms, oAP-

-— Endo.

aptmds, and oAP-appdms.

of the benzoxazine monomers based on APTMDS, indicating
that an increase in the spacer length between the oxazine rings
increases the ring-opening polymerization rate. Therefore, the
reactivity and reaction rate in the polymerization of the benzox-
azine monomers and telechelic benzoxazine oligomers based on
aminopropyl terminated siloxanes are defined by the length of
the siloxane segment.

Structure Changes in Polymerization

Supporting Information Figure S4 presents the FTIR spectra of
P-aptmds, P-appdms, oAP-aptmds, oAP-appdms, and their
polymerized products obtained at different temperatures for
various times, respectively. As can be seen, the characteristic
changes in the polymerization are the decrease of the intensities
of the peaks related to the oxazine ring, such as the peaks of
the asymmetric stretching vibration of C—O—C of the oxazine
ring at 1210-1226 cm ™' and the characteristic mode of the ben-
zene ring with an oxazine ring attached at 925-929 cm .
Meanwhile, the intensities of some peaks related to the aromatic
ring decrease obviously, such as the peaks of at 1584, 1488, 753,
706, and 587 cm ! for the benzoxazine monomers and tele-
chelic benzoxazine oligomers based on phenol. Consequently,
the phenolic OH stretching vibration appears in the region of
33003500 cm ™' and increases with rising reaction time. More-
over, a new peak appears at 1633-1638 cm™' and increases
obviously with rising time, which is attributed to the formation
of the C=N bond of Schiff base.””” At the same time, the
intensity of the peak at 1680 cm ™' also increases, which is due
to the C=0 stretching of Ar—CO—NH—CH3 structure formed
in the oxazine ring-opening.*’ Furthermore, the decrease in the
intensity of the peaks at 3075 cm™' [Supporting Information
Figure S4(c,d)] and 994 cm” ! [Supporting Information Figure
S4(c)] confirm the addition reaction of the olefinic C=C bond
of the allyl group.

Based on the mechanism of ring-opening polymerization of
benzoxazinesfz"“_45 the structure changes from benzoxazine
monomers and telechelic benzoxazine oligomers to the resultant
polybenzoxazines can be described by Scheme 2.
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Scheme 2. Structural changes from benzoxazine monomers and telechelic benzoxazine oligomers to polybenzoxazines.

In addition, to demonstrate the structure changes from mono-
mers to polymers, Supporting Information Figures S5 and S6
present the solid-state '>’C CP/MAS NMR spectra of P-aptmds,
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Figure 2. The curves of E' and tan & as a function of temperature for poly
(P-aptmds), poly(P-appdms), poly(oAP-aptmds), and poly(oAP-appdms).
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P-appdms, oAP-aptmds, oAP-appdms, and their corresponding
polybenzoxazines, respectively. The assignments of the peaks in
the ’C CP/MAS NMR spectra of P-aptmds, P-appdms, oAP-
aptmds, and 0AP-appdms coincide with those of the deuterium
chloroform solution-state '?*C NMR spectra in Supporting
Information Figures S1 and S2, respectively. Comparing the var-
iation in chemical shift of the characteristic carbons from
monomer to polymer, it can be noticed that the resonance
peaks of the methylene carbons of the oxazine ring disappear
and a new resonance peak appears corresponding to the chemi-
cal shift of the methylene carbons of the Mannich bridge struc-
ture. Meanwhile, a resonance peak at 33.26-33.32 ppm (labeled
“*” in Supporting Information Figure S5) appeared in the *C
CP/MAS NMR spectra of both polybenzoxazines based on phe-
nol, which may be due to the resonance of a possible terminal
methyl carbon in Ar—CO—NH—CHj; structure formed by a
methylene of the oxazine ring.** However, the changes in chem-
ical shift of the olefinic unsaturated carbons of the allyl groups
of 0AP-aptmds and oAP-appdms are difficult to discern due to
the overlap of the resonance peaks of the three saturated car-
bons from the allyl group (Supporting Information Figure S6).
Obviously, the resonance peaks in Supporting Information Fig-
ure S6 show that unreacted olefinic unsaturated carbons remain
in o-allylphenol-based polybenzoxazines. Moreover, the chemical
shifts of the aromatic and saturated aliphatic carbons remain
unchanged, but most of the resonance peaks of these carbons
become highly overlapped.

Dynamic Mechanical Properties

Figure 2 presents the curves of the storage modulus (E') and loss
factor (tan 8) versus temperature for poly(P-aptmds), poly
(P-appdms), poly(oAP-aptmds), and poly(oAP-appdms). As can
be seen, the influence of the phenol structure is stronger than
that of the siloxane segment length on the E' and tan & of the
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Table I. Analysis of the DMA Curves of Polybenzoxazines
Height of Width of tan & p (x107%)
Polybenzoxazine Tq (°C) tan 8 peak peak (half ht.) (°C) (mol cm™3)
Poly(P-aptmds) 110 0.75 27 1.90
Poly(P-appdms) 50 0.37 53 0.99
Poly(oAP-aptmds) 20 1.24 24 0.30
Poly(oAP-appdms) -35 0.43 — 0.08

polybenzoxazines. In the glassy state, the E's of the polybenzoxa-
zines decrease in the following order: poly(P-aptmds) > poly
(0AP-aptmds) > poly(P-appdms) > poly(oAP-appdms), indi-
cating that the stiffness of the polybenzoxazines based on
APTMDS are higher than those of the APPDMS counterparts
in the glassy state. With increasing temperature, the E's of the
polybenzoxazines based on APTMDS decrease more quickly
than those of the APPDMS counterparts, resulting in a nar-
rower transition temperature range from glassy state to rubbery
state.

According to the statistical theory of rubber elasticity,*® the rub-
bery plateau is associated with the crosslinking density of materi-
als, and the crosslinking density for lightly crosslinked materials
can be estimated from the rubbery plateau modulus using follow-
ing equation®”*®;

p=E./3ORT (5

where E, is the equilibrium elastic modulus in the rubbery
plateau, ¢ is a front factor, which is unity for ideal rubbers, R
is the gas constant, T is the absolute temperature, and p is the
crosslinking density, which is the mole number of network
chains per unit volume of the polymers.

Table I lists the calculated crosslinking density results, peak
heights, peak widths at half-height, and the T, values

determined from the tan & peak temperatures for the four poly-
benzoxazines. Though the polymerization of allyl groups can
provide additional crosslinking points, the crosslinking density
of poly(oAP-aptmds) is much lower than those of the phenolic
counterparts due to the blocking effect of the ortho-position on
the polymerization, implying that the chain flexibility in poly
(0oAP-aptmds) is higher than in the phenolic counterparts. In
theory, increasing length of the siloxane segment leads to
decreasing crosslinking density of the network, due to the
increase of the average molecule weight between crosslinking
points. At the same time, on increasing length of the siloxane
segment, the crosslinking points are far more linked together
with higher flexible segment mobility. In general, the
crosslinking density of networks is highly influential on T, and
a low crosslinking density would result in a low T, value. In
addition, the height of the tan & peaks of poly(oAP-aptmds) is
much higher than other three polybenzoxazines, indicating that
the mobility of the molecular chains in poly(oAP-aptmds) is the
highest. But, the peak width at half-height of the tan & peaks of
poly(P-aptmds) and poly(P-appdms) is broader than that of
poly(oAP-aptmds), implying that poly(P-aptmds) and poly
(P-appdms) have more number of kinetic units adequately to
move than poly(oAP-aptmds), which results in a broader distri-
bution of structures for poly(P-aptmds) and poly(P-appdms)
over poly(oAP-aptmds).

--

Figure 3. Photographs of a specimen of poly(oAP-aptmds) showing the shape recovery process from a temporary shape to the recovered shape at 30 °C.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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aptmds) in bending deformation mode. The photographs show
a one-way shape recovery behavior of a temporary spiral speci-
men of poly(oAP-aptmds) deformed from a rectangular molded
sheet, and the specimen in the shape memory test shows excel-
lent shape fixity and high shape recovery.

In addition, the bending shape memory behavior of poly(oAP-
aptmds) was quantitatively tested under bending mode. In the
fold-deploy test, a rectangular molded sheet specimen was bent
into a “U” shape with a fold angle of 180° at a temperature above
T,. Subsequently, the U-shape sheet was cooled to T, — 20°C
under a constant stress. The Ry for all specimens were all 100%.
Then the U-shape sheet was heated isothermally to recover the
original shape. Figure 4 presents the results of poly(oAP-aptmds)
from the fold-deploy test. With increasing temperature, the time
decreased to reach a certain R. The same fold angle (180°) was

Figure 5. The evolution of stress, strain, and temperature with time for poly
(P-aptmds), poly(eAP-aptmds), and poly(P-appdms) in tensile stress—strain test.

recovered by 100% in 1020, 300, and 67 s at 30, 50, and 70 °C for
the specimens of poly(oAP-aptmds), respectively, which indicates
that the fold angle can be fully recovered and the recovery time
decreases with rising temperature.

Moreover, to characterize the tension shape memory behavior
quantitatively, a tensile stress—strain test was made on specimens
of poly(P-aptmds), poly(oAP-aptmds), and poly(P-appdms),
respectively. In the tensile stress—strain test, a rectangular
molded sheet specimen was isothermally stretched to a certain
elongation at T, + 10°C, then cooled to T, — 40°C for poly(P-
aptmds) and poly(P-appdms) and to T, — 30°C for poly(oAP-
aptmds) to fix in a temporary shape, and finally heated to

Table II. Shape Memory Parameters for Polybenzoxazines in Bending and Tensile Stress—Strain Tests

Applied Polymer L

Fixing Recovering
Deformation mode Polybenzoxazine temperature (°C) Rf (%) temperature (°C) R, (%)
Spiral-shape—bending Poly(oAP-aptmds) 0 100 30 100
U-shape—bending Poly(oAP-aptmds) 0 100 30 100
0 100 50 100
0 100 70 100
Tensile—stress-strain Poly(P-aptmds) 70 71.4 120 57.1
Poly(oAP-aptmds) -10 96.5 30 79.6
Poly(P-appdms) 10 62.9 60 771
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T,+ 10°C to recover the permanent shape. Figure 5 shows the
evolution of stress, strain, and temperature with time during
the shape memory test for poly(P-aptmds), poly(oAP-aptmds),
and poly(P-appdms), respectively. As can be seen, the maximum
strains and the final residual strains were 5.6 and 2.4% for pol-
y(P-aptmds), 11.8 and 2.3% for poly(oAP-aptmds), and 3.5 and
0.8% for poly(P-appdms), respectively. Calculated with the data
from the strain curves, the Rrand R, are summarized in Table II.
Obviously, both the Ryand R, of poly(oAP-aptmds) are, respec-
tively, higher than those of poly(P-aptmds) and poly(P-appdms),
which is due to the structure difference between the polybenzoxa-
zine networks. The low crosslinking density and the flexible allyl
groups in the poly(oAP-aptmds) network contribute to the higher
Rf and R, of poly(oAP-aptmds) over poly(P-aptmds) and poly
(P-appdms). In addition, the Ry of poly(P-aptmds) is higher than
that of poly(P-appdms), whereas the R, of poly(P-aptmds) is low-
er than that of poly(P-appdms), due to the difference in
crosslinking density resulted from different length of siloxane seg-
ment between poly(P-aptmds) and poly(P-appdm:s).

Comparing to the results obtained in the bending test (fold-
deploy test) (Some results were summarized in Table II), the value
of R, in the tensile stress—strain test for poly(oAP-aptmds) is low,
which may be due to the occurrence of a permanent plastic defor-
mation in the stretching process or relaxation during the subse-
quent fixing and recovering processes. Thus, the SME of the
specimens of poly(oAP-aptmds) are affected by the programmed
testing conditions, such as the deformation mode, deformation
temperature, rates of loading and unloading, rates of cooling and
reheating, recovering mode. Similar phenomenon was observed in
the previous reports for other polybenzoxazines.'”'® The effect of
the programmed testing conditions on the SME is associated with
the crosslinking density of the networks and the flexibility of the
switching segments of polybenzoxazines.

The shape memory performance of the polybenzoxazines based
on aminopropyl-terminated siloxanes depends on their network
structures. In the polybenzoxazine SMP network, the chemical
or physical crosslinking points serve as the fixity phase to mem-
orize the permanent shape, and the flexible alkyl-siloxane units
act as switch segments to fix the temporary shape. The alkyl-
siloxane units are effective switching segments in which the T,
serves as a transition temperature of the networks of the
polybenzoxazines.

CONCLUSIONS

Four benzoxazine monomers and telechelic benzoxazine oligom-
ers based on aminopropyl-terminated siloxanes were synthe-
sized. The polymerization of the benzoxazine monomers and
telechelic benzoxazine oligomers, the dynamic mechanical and
shape memory properties of the resultant polybenzoxazines are
strongly affected by the phenol structure and the length of silox-
ane segment. The glass transition temperatures of the polyben-
zoxazines based on APTMDS are higher than those of their
counterparts based on APPDMS. These polybenzoxazines exhib-
it one-way dual-shape memory effect in response to changes in
temperature, and the shape memory performance of the poly-
benzoxazine based on  o-allylphenol and = 1,3-bis(3-
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aminopropyl) —1,1,3,3-tetramethyldisiloxane ~ is than

those of phenol-based polybenzoxazines.

higher
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