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A novel in-situ-foaming material was successfully prepared by a naphthalene-based hydroxyl-containing
poly(arylene ether ketone) (PAEK) modified with thermally labile tert-butyloxycarbonyl which can
decompose and in-situ generate CO, and isobutene as the foaming agents. The structure and thermal
properties of the polymers were characterized by *H NMR spectra and thermogravimetry coupled time-
resolved mass spectrogram (TG/MS). The resulting polymers exhibited relatively high T, because of the
existence of rigid naphthalene moiety. Then closed microcellular porous membranes with a wide range of
expansion ratio (ER) were obtained by a simple thermal treatment from 140 °C to 280 °C for 60 seconds,
without using any other physical or chemical foaming agents. The highest ER was 53.98%. This method

has never been reported on high-performance poly(aryl ether) materials before.

Furthermore, we

investigated the relationship between the foaming temperature and the morphology of membranes in
detail by density measurement and scanning electron microscope (SEM).

Introduction

Polymeric foams are one important class of lightweight materials
because of their high strength to weight ratio, sound and thermal
insulation, impact damping™?. They have been used in a wide
variety of applications such as building insulation, transportation,
sports equipment, packaging of food, and etc®*. According to the
size of the foam cells, polymer foams can be classified as
macrocellular  (>100 pm), microcellular (1-100 um),
ultramicrocellular (0.1-1 pm) and nanocellular (0.1-100 nm)°. A
usual foaming process can be divided into two steps. First, the
polymer is saturated under pressure with an inert gas by blowing
agents. Then, the pressure is quenched, and the temperature is
enhanced to generate porosity in the material®®. However, the
saturation step often needs long time equilibrium and high-
pressure devices. Moreover, the widely used physical blowing
agent such as supercritical carbon dioxide has low solubility and
high diffusivity in polymers which make it difficult to control the
foam morphology. Merlet et al.” report a nonconventional
foaming process to prepare polymeric foams. Unlike traditional
methods, they use gases that generated during the decomposition
of side groups on poly(phenylquinoxaline) as foaming agents
directly. Nowadays various polymers have been investigated for
foam applications, e.g., polyolefin (PE and PP)'%** polystyrene™®
® polycarbonate?®?, and poly(vinyl chloride)®?%. However, up
to now, there is very little research concerned with foam
application of high glass transition temperature (T)
thermoplastics. In addition, most of these studies are focused on
the conventional physical foaming process. VanHouten et al.?
used water as a benign blowing agent to produce foam from
poly(arylene ether sulfone). Krause et al.”® studied the foaming
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behavior of poly(ether imide) and poly(ether sulfone) films using
the discontinuous solid-state microcellular foaming process with
carbon dioxide as the blowing agent.

Poly(aryl ether ketone)s (PAEKSs) are a family of high-
temperature engineering thermoplastics with an excellent
combination of physical, thermal, and mechanical properties and
solvent resistance characteristics. This class of advanced
materials is currently receiving considerable attention for
potential applications in aerospace, automobile, electronics, and
other high technology fields. If combined with foaming
technology, one of the greatest merits of PAEK foamed materials
is that they can be used at high temperature compared with
ordinary polymers. Werner et al. produced carbon nanofiber-
reinforced poly(ether ether ketone) foamed materials.* However,
limited studies have been done in this area.

In this paper, we report an elaboration of preparing
microcellular foams from a novel PAEK which has never been
reported before by in-situ generation of foaming agents. Firstly,
we synthesized a novel naphthalene-based poly(arylene ether
ketone) containing methoxy groups using 1,5-bis(4-
fluorobenzoyl)-2,6-dimethoxynaphthalene ~ (DMNF)**  and
hydroguinone as monomers. As reported before, the introduction
of the rigid planar aromatic structure of naphthalene rings
increases the free volume and the stiffness of polymer chains,
thus improving their thermal and mechanical stabilities. Then the
methoxy groups were converted to the hydroxyl groups, which
can easily react with di-tert-butyl dicarbonate (Boc,0O). Lastly,
we successfully obtained the porous structures by in-situ
generation of foaming agents (CO, and isobutene) during the
thermal treatment of thermo-labile side groups, tert-
butyloxycarbonyl, i.e., Boc. The structures and properties of these
functionalized PAEK polymers containing methoxy, hydroxyl or
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Boc groups were characterized in detail, and the characterization
of the final porous materials are also presented. Furthermore, we
discuss the influence of the thermal treatment temperature on the
structures of the PAEK foaming materials.

Experimental section
Materials

N-Methyl-2-pyrrolidinone  (NMP),  N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMAc), dimethyl sulfoxide
(DMSO) were vacuum-distilled prior to use. Chloroform (CHCl5),
dichloromethane (CH,Cl,), toluene, methanol are commercially
available grade and used without further purification. 2,6-
Dimethoxynaphthalene,  4-fluorobenzoyl Chloride (Sigma-
Aldrich Chemical Co.), boron tribromide (BBr3), ferric chloride
(FeCls), hydroquinone (Beijing Chemical Reagents), di-tert-butyl
dicarbonate (Boc,0), 4-(dimethylamino) pyridine (DMAP)
(Aladdin Chemical Co.) were used as received.

Synthesis  of  monomer 1,5-bis(4-fluorobenzoyl)-2,6-

dimethoxy-naphthalene (DMNF)

The synthetic procedure of DMNF has been described in our
previous work® (Scheme 1). 2,6-Dimethoxylnaphthalene (9.4 g,
0.05 mol) and 4-fluorobenzoyl chloride (17.4 g, 0.11 mol) were
dissolved in chloroform. Then anhydrous ferric chloride (1.65 g,
0.01 mol) was added to the mixture at 0-5 °C. And the reaction
was then kept at ambient temperature for 24 h. The resulting
mixture was poured into hydrochloric acid. The product was
removed by decantation and the brown solid was precipitated in
methanol. The crude product was then recrystallized from DMF.

Synthesis of naphthalene-based poly(arylene ether ketone)
containing methoxy groups(PAEK-OCH5)

DMNF (4.32 g, 0.01 mol), hydroquinone (1.1 g, 0.01 mol),
K,CO; (1.38 g, 0.01 mol), NMP (16 mL) and toluene (10 mL)
were added into a 250 mL three-neck flask equipped with a
mechanical stirrer, a Dean-Stark trap and a nitrogen inlet/outlet.
The mixture was heated at 140 °C for about 2 h to remove water.
Then the reaction was allowed to proceed at 180 °C for about 4 h
until a highly viscous mixture was obtained. After poured into DI
water, the product was washed several times and then dried in
vacuum at 100 °C for 24 h (Scheme 2-1).

Synthesis of naphthalene-based poly(arylene ether ketone)
containing hydroxyl groups(PAEK-OH)

The methoxy groups were converted into hydroxyl according to a
modified procedure reported by McOmie et al.*? 1g PAEK-OCH,
(3.98 mmol methoxy groups) was dissolved in 10 mL CH,Cl,.
The solution was cooled down to 0-5 °C (ice bath) and then 1 M
solution of BBr; in CH,Cl, was added dropwise. The mixture was
stirred at room temperature for 6 h before pouring into ice-water
to quench excess BBrs;, and then washed with methanol and water.
The resulting yellow powder (PAEK-OH) was dried under
vacuum at 100 °C for 24 h (Scheme 2-2).

Synthesis of naphthalene-based poly(arylene ether ketone)
containing tert-butyloxycarbonyl groups(PAEK-Boc)

As shown in Scheme 3, PAEK-OH (1 g, 4.21 mmol -OH) was
dissolved in 15 mL NMP. Then Boc,0 (1.01 g, 4.63 mmol) was
added into the solution. The reaction mixture was stirred at
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Scheme 3 Synthesis of polymer PAEK-Boc.

ambient temperature under a nitrogen flow, and a solution of
DMAP (0.035 g, 0.29 mmol) in NMP (2 mL) was added
dropwise into the mixture. The solution was stirred an additional
12 h. The resulting polymer (PAEK-Boc) was precipitated in
methanol and washed by methanol for several times, and then
dried under vacuum at 50 °C overnight.

Preparation of the membranes

PAEK-Boc membranes were cast onto the glass plates from their
NMP solutions (10 wt.%) and dried at 50 °C for 24 h. The
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membranes were then peeled off from the substrates.
Subsequently, the dense membranes were immersed in a
methanol bath for 24 h to remove the excess solvent, and then
dried at 50 °C for another 24 h. The thicknesses of these
membranes are 30+ 3 pm.

The resulted PAEK-Boc membranes were then placed in an
oven at controlled temperatures (foaming temperature, Ty) for 60
seconds (foaming time) to obtain porous membranes.

Characterizations

'H NMR spectra were measured on a Bruker Avance 510
spectrometer using DMSO-ds or CDCl; as the solvent and
tetramethylsilane (TMS) as the standard. Fourier transform
infrared spectra (FTIR) were recorded on a Bruker Vector-22
spectrometer.

The T4 values of polymers were determined by differential
scanning calorimetry (DSC) measurement performed on a TA
Instruments DSC Q 20 under nitrogen at heating and cooling rate
of 10 °C min™ in a temperature range of 50-300 °C. To remove
any previous thermal histories, T, was obtained from the second
heating run. The thermal decomposition process of polymers
were measured by thermogravimetric analyses (TGA) carried on
PyrisA”TGA (Perkin Elmer) under flowing nitrogen from room
temperature to 800 °C at a heating rate of 20 °C min™
Thermogravimetry coupled time-resolved mass spectrogram
(TGIMS) (Netzsch STA 449 F3 Jupiter ®/QMD 403D Aéolos)
was used for further study of the foaming process.

The average cell size and cell density were obtained by
scanning electron microscopy (SEM) performed on a JEOL JSM-
6700F scanning electron microscope. The cross-sectional SEM
measurement was performed by fracturing the membrane in the
liquid nitrogen and the fractured surface was sputter-coated with
Au prior to measurement.

The mass densities of the foamed polymer samples were
analyzed by using the flotation weight loss method (DH-3000M)
with water as liquid. Water uptake in the foamed sample could
not be observed during the measurement, which would
overestimate the true density.

The expansion ratio (ER) is defined as the ratio between the
density of the initial sample (ps) and that of the foam (p;)** and

given by Eq.1. The gas volume fraction (V) is calculated by Eq.2.

ER =5/, Eq.1
V=1-"Pf/y Eq.2
The cell nucleation density (No) is calculated by the method
reported before (Eq.3)%.
3
No=(25) xER  Eq3
In EQ.3, n is the number of cells in the micrograph, M

denotes the magnification, A denotes the area of micrograph
(cm?), and ER is the expansion ratio.

Results and discussion

Synthesis and characterization of the methoxyl, hydroxyl, and
tert-butyloxycarbonyl functionalized homopolymers

OCH3

ocH;” n

DMSO

a__J

E 4 2
Chemical shift (ppm)

n

DMSO

Chemical shift (ppm)

55

Fig. 1 *H NMR spectra of PAEK-OCHjs (a) and PAEK-OH (b).

10 8 1.4 1.2 10
Chemical shift (ppm)

Fig. 2 M NMR spectrum of poly(arylene ether ketone)
60 containing tert-butyloxycarbonyl groups (PAEK-Boc).

The PAEK-OCH; was synthesized by a nucleophilic substitution
polycondensation reaction of DMNF and hydroquinone in NMP,
as depicted in Scheme 1. The conversion of methoxyl groups to
es hydroxyl groups was completed in CH,CI, using BBr; to obtain
the PAEK-OH. Fig.1 (a) and (b) show the liquid phase 1H NMR
spectra of PAEK-OCH; and PAEK-OH with DMSO-dg as the
solvent, respectively. The proton peak at 8=3.7 ppm in Fig.1 (a)
represented the hydrogen atom of —OCHs, which disappeared
70 completely in Fig.1 (b). Instead, the characteristic peak for the
proton of -OH was observed in Fig.1 (b) at 9.8 ppm, which
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Fig. 3 FTIR spectra of naphthalene-based poly (arylene ether
ketone): (a) PAEK-OCHg, (b) PAEK-OH, (c) PAEK-Boc.

indicated that methoxyl groups were converted into hydroxyl
groups successfully.

The phenol groups of PAEK-OH were functionalized to tert-
butyloxycarbonyl groups by reacting with Boc,O under mild
conditions, using DMAP as catalyst.®® Complete Boc grafting
was evidenced by 1H NMR spectrum (Fig.2), using CDCl; as the
solvent. As shown in Fig.2, the chemical shift from 6.8 ppm to
7.9 ppm can be assigned to the hydrogen atoms on the phenyl
rings clearly. An intense proton peak at 5=1.4 ppm belonged to
the methyl protons in the tert-butyloxycarbonyl groups. And
there was no peak at 6=9.8 ppm, which indicated the hydroxyl
groups were reacted thoroughly.

The structures of three kinds of homopolymers were also
studied by FTIR spectra (Fig.3). The absorption bands observed
from 1500 cm™ to 1650 cm™ can be attributed to the skeleton
vibration of naphthalene rings. In Fig.3 a, the characteristic
stretching vibration band at 1055 cm™ belonged to C-O-Ar. The
absorption band at 1259 cm™ was associated with C-C stretching
vibration in the aromatic rings of the methyl S-naphthyl ether.
The stretching vibration band of methyl C-H was observed at
2829 cm®. For PAEK-OH (Fig.3 b), the in-plane bending
vibration and the stretching vibration of the hydroxyl was
observed at 1346 cm™ and 3161 cm™, respectively. A sharp and
strong characteristic band at 1766 cm™ was found in Fig.3 c,
which was attributed to the C=0 absorption of the Boc group.
The peak at 1392 cm™ corresponded to the bending vibration of
C-H, and the one at 1355 cm™ was assigned to the stretching
vibration of C-O-C. These results indicated that three kinds of
homopolymers containing methoxyl, hydroxyl and Boc groups
were successfully synthesized.

Fig.4 shows the thermal induced phase transition behavior of
these polymers examined by DSC. The T, values of these three
homopolymers were all above 200 °C, which was much higher
than that of traditional bisphenol A type PEEK (T, 149 °C)*. It
proved that the introduction of naphthalene rings can improve T,
significantly. The T, of PAEK-OCH; was a little higher than that
of PAEK-OH because of the steric effect of methoxy groups. The
side group of PAEK-OCH; (Fig.4 a) was larger than —OH of
PAEK-OH (Fig.4 b), thus restricting the segmental motion of the
polymer. Unfortunately, the exact T, of PAEK-Boc was
impossible to measure. The endothermic peak at about 80 °C in

a PAEK-OCH,-2nd
b——PAEK-OH-2nd

[ PAEK-Boc- 7sf
d——PAEK-Boc-2nd

l 244.65°C

Heat flow/a.u

‘ 80.34°C

T T T T
50 100 150 200 250

Temperature (°C)

Fig. 4 DSC curves: (a) the 2" heating procedure of PAEK-OCHj;
(b) the 2" heating procedure of PAEK-OH; (c) the 1% heating
procedure of PAEK-Boc; (d) the 2" heating procedure of PAEK-

s Boc.
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Fig. 5 TGA curves of naphthalene-based poly (arylene ether
ketone): (a) PAEK-OCHjs, (b) PAEK-OH, (c) PAEK-Boc

Fig.4 c (the first heating procedure of PAEK-Boc) was associated
with decomposition of Boc groups, which was the fundamental
cause of foaming. The side groups of PAEK-Boc were then
transformed into —OH, so the T, as showed in Fig.4 d was almost
equal to that of PAEK-OH.

The thermal stabilities of the polymers were evaluated by
TGA under nitrogen atmosphere (Fig.5). Although the
decomposition temperature of PAEK-OCH; (380 °C) was higher
than PAEK-OH, both PAEK-OCH; and PAEK-OH showed
excellent thermal stability (decomposition temperature >330 °C).
As shown in Fig.5 c, the heat-liable Boc groups started
decomposing at about 110 °C, and reached a maximum
decomposition temperature at 170 °C. The weight loss was 27.5%,
which was in good accordance with the theoretical decomposition
(29.2%). After Boc decomposed, tert-butyloxycarbonyl-
functionalized polymer showed similar TGA curve to that of
PAEK-OH. It was attributed to the recovery of the PAEK-OH
structure. The details of the decomposition of Boc will be
discussed in next section.

The decomposition of PAEK-Boc

75 To fully understand the process of Boc decomposition reaction,

TG/MS spectrogram was shown in Fig.6. More than a simple
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s Fig. 7 The dependence relationship of ER and V, with the
foaming temperature.

characterization of the weight loss, the kind of small molecules
released during the decomposition process can be detected by
TG/MS. The molecular weight of 44 refers to the carbon dioxide,
and the substance with a molecular weight of 56 is isobutene. It
can be observed distinctly in Fig.6 that both of carbon dioxide
and isobutene were simultaneously produced during the
decomposition of Boc groups at 170 °C. Moreover, signals of
carbon dioxide and molecular weight of 94 appearing in the
temperature range of 480 °C-600 °C were associated with CO,
and carbohydrate generated during the decomposition of polymer
main chains.

The expansion ratio and cell nucleation density of the
foaming membranes

It has been reported that the decomposition process of Boc was
extremely rapid, and could finish in a minute®. So in this work we
chose 60 seconds as the foaming time. Since ER and Ny can
reflect the situation of nucleary, cell growth and distribution, they
are crucial to explore the relationship between the foaming
conditions and the cell structures. The calculation methods are
given by Eq.1 and Eq.3. There is a wide recognition that the
nucleation-growth process occurs at the temperatures above T
for the polymer/gas mixture¥. The CO, and isobutene gas
dissolving in the polymer matrix act as the plasticizers; as a
consequence, they will dramatically reduce T, of the mixture.**%

G
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@

S

Fig. 8 The cross-sectional SEM images of foamed samples at
different T; at relatively low magnification: (a) 140 °C (b) 160 °C
(c) 180 °C (d) 200°C (e) 220 °C (f) 240 °C (g) 260 °C (h) 280 °C;
The white line segment indicates 20 um in (a) and (b), and 50 pum
in (c)~(h).

Considering Ty of the homopolymer PAEK-OH (229 °C), we
chose the temperature ranging from 140 °C to 220 °C as T to
study ER and No. The cell properties of foamed membranes are
shown in Table 1. There was no significant difference in the mass
density and ER after treatment at T; =140 °C. We can infer that
140 °C was not higher than T of the polymer/gas mixture. The
absence of porous structure can be explained by the glassy state,
which hinders the chain mobility at the temperatures below T,
As the T increased from 160 °C to 220 °C, the mass density
decreased, while ER and Vj increasing rapidly. Meanwhile, the
average cell size increased from 2 um to 17 um. The phenomenon
implied the formation and the growth of cells over 140 °C
because of the sufficiently decreasing viscosity and the enhancing
chain mobility at higher temperatures. In addition, N, decreased
with the elevation of T;, especially from 160 °C to 180 °C. This
can be also explained by the chain mobility. The location of gas
generation was similar on the polymer chain at different T;. But
as the chain mobility was enhanced, some of the cell walls were
destroyed. Then the cells became connected in some degree and
No decreased.

Fig.7 reveals the dependence relationship between T; and
cell structure. When T; increased from 160 °C to 220 °C, V,
increased from 76.32% to 98.15%, and ER had a signally
increment from 4.22% to 53.98%. PAEK-Boc was heated
transiently, but producing a large amount of gas as the foaming

This journal is © The Royal Society of Chemistry [year]
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Table 1 The cell properties of foamed samples

Foaming Mass density Expansion ratio

Gas volume fraction

Cell nucleation ~ Average cell size

temperature (°C) (g/cm®) (ER) (%) (Vy) (%) density (Ng) (um)®
(cells/cm®)?
140 1.2239 1.01 1.42 —F —F
160 0.2938 4.22 76.32 1.07x10" 2
180 0.0791 15.70 93.63 6.23x10° 7
200 0.0509 24.39 95.90 4.91x108 12
220 0.0230 53.98 98.15 1.03x10° 17

N, was obtained from macrograph containing 100-200 cells in Fig.8; ® cell size was averaged over the measurement of 20 cells in Fig.8;
¢ cell structure couldn’t be observed in the macrograph. The initial mass density of PAEK-Boc membrane was 1.24 g/cm?.

s agent because of Boc decomposition. As mentioned before, Tt
was higher than T, of the mixture and the mobility of polymer
chain enhanced with T; increasing. As a consequence, the cell
size and ER increased. It is worth to mention that we obtained the
controllable closed microcellular structure just by simple thermal

10 treatment. So the nonconventional foaming process by the in-situ
generation of foaming agent was convenient and easy to carry out
without using physical blowing agent.

The morphology of foamed membranes at different T

Fig.8 shows the cross-sectional SEM images of foamed

15 membranes at different T;. Obviously, the cell structure started to
form at 160 °C. Overall, all the membranes presented a closed
microcellular structure.

300

250 |

200

150

Thickness (um)

100 H
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T T T T T T T T
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Foaming temperature (°C)

Fig. 9 The thickness of the foamed membrane with the foaming
20 temperature.

Tf=280 °
Fig. 10 The SEM micrographs of foamed samples with and
25 without cell collapse; the white line segment indicates 10 pm.

Fig.9 exhibits the relationship between T and the thickness
of foamed samples. The thickness in Fig.9 was derived from
Fig.8 and the value was an average taken from three different

s0 positions. The thickness of foamed membrane at 140 °C was 32.5

35

4

S

45

um, which was almost the same with that of dense membrane, 30
+3 um. It’s moreover interesting to note that with T; increasing,
the thickness of foamed membranes had a peak value of 190.1
um at 240 °C. And it dropped to 168.7 pm and 116.3 pum at 260
°C and 280 °C, respectively.

The decrease in the thickness at high T; was caused by pore
collapse. As mentioned before, foam formation was driven by gas
generated with Boc decomposing. So, T: should be well
controlled to balance the rate of gas evolution and the polymer
relaxation; if not, the foam could collapse. As shown in Fig.10,
when the cell collapse occurred, the cell size decreased
remarkably. Furthermore, there were some defects on the edge
of the cells. In the polymer system of this work, the threshold was
240 °C. This can give a general idea of how to choose T;. And the
appropriate range of T; should be controlled from 160 °C to 240
°C to maintain the intact cell structure.

Conclusions

A new kind of Boc-functionalized in-situ-foaming poly(arylene
ether ketone) was successfully obtained by post-modification of a
novel hydroxyl-containing PAEK which was synthesized by a
polycondensation of DMNF and hydroquinone and following a
demethylation reaction. The resulting polymers exhibited high T,
at about 230 °C, because of the existence of naphthalene in the
main chain. Closed microcellular structures with a wide range of
expansion ratio (from 4.22% to 53.98%) were obtained by
adapted thermal treatment of dense polymer membranes. Because
of the in-situ generation of CO, and isobutene, which were well
confirmed by thermal characterization, no other physical or
chemical foaming agents were needed. This facile and
nonconventional foaming method has never been reported on
high-performance polyarylether materials before. We also
investigated the relationship between T; and foaming process.
The result showed that T; was a key parameter to control the cell
structure. No porous could be found at a T; below 140 °C. For
160 °C < T; < 240 °C, the range of average cell size was from 2
um to 17 um. At higher temperature (>260 °C), cell collapse was
observed in SEM micrographs.

We think this facile method to prepare high T, engineering
plastic foaming materials has a potential value in many
applications such as architecture and aerospace.
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