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ABSTRACT: This work deals with a new strategy for the elaboration of macro- to nanoporous materials. The
adopted scheme involves the in-situ generation of foaming agentsa@dsobutene) during the thermal treatment

of a poly(phenylquinoxaline) (PPQ) film bearing thermolabilerttbutyloxycarbonyl, i.e., Boc) groups (PPQ-

Boc). For this purpose, a bis-diketone monomer having phenolic groups has been first synthesized and polymerized
with a bis-diamine monomer. The resulting PPQ was postmodified by introducing Boc groups. After a kinetic
and mechanistic study of the Boc thermal decomposition reaction, the influence of different experimental parameters
on the final porosity formation has been investigated, such as the foaming temperature which is a key parameter.
The porous materials obtained were characterized by different techniques (density, SEM, TEM) in order to
determine the cell density as well as the size and morphology of the porous structure. Depending on the thermal
treatment conditions, our strategy enables to obtain a wide range of porous materials, from nanoporous (10 nm,
106 cells/cn?) to macroporous (206700 nm, 162 cells/cn?).

1. Introduction of pores, and the loss of structural integrity due to some pore
&ollapsel.4

An attractive alternative route for obtaining nanoporous
polymers is to use a foaming process, a well-known technique
to produce microcellular polyme#8:22 This technique is based

materials can be considered as promising systems in manyon a two-step process. F'r.St’ the p(_)lymer |s_saturated under
pressure with an inert gas, i.e., @Jhis saturation step often

application fields such as nanofiltratiéfsensorind;®> and lowk X = ) )
bp ’ ¢ needs long time equilibrium and high-pressure devices. The

dielectricst~8 Therefore, the design of porous structure materials . o
from the nano- to micrometer length scale represents a greatpressure IS then_quenched, and temperature s increased above
challenge. the glass transition temperature of the plasfumzec.i polymer to
. generate porosity in the material. The resulting microstructure
The most widely used approach to produce nanoporous can be controlled by carefully choosing the processing condi-
tions, i.e., saturation pressure, foaming temperature, and foaming
Nime. Each of these parameters plays indeed an important role
in the nucleation and growth mechanism which governs the final
porosity morphology. However, the typical pore size thus
btained is rather large {110 um). Recently, this approach has
een applied to highy polymers, i.e., polyimides and polysul-
fones, and resulted in a small open nanoporosity—&D
nm)2324|n a recent study, Yokoyama et al. report the formation
of closed nanopores within the nanodomains of @®ilic

In recent years there has been great interest in nanostructure
materials to tailor novel molecular devices with specific
properties. In this perspective, microporous (siz€ nm) and
mesoporous (X size < 50 nm} (i.e., nanoporous) polymer

be removed from the whole material by either extraction or
decomposition. This usually leads to a porous structure whose
morphology corresponds to the removed template. Depending
on the nature of the template, several cases can be distinguishe
For example, polyimidepoly(propylene oxide) block copoly-
mers were widely used as templates for the synthesis of
nanoporous polyimide films. Nanophase separation of the

block copolymer and subsequent thermall decomppsition of thefluorinated blocks in polystyrene-based block copolymers
poly(propylene oxide) block allow to obtain pore size of about monoliths?® This combination of a template-based method and

10 nm. However, the control of the phase-separated morphologya CO» foaming process leads to homogeneous nanopores with
of this block copolymer is not straightforward. A slightly an average dimension of 20 nm

different approach is based on the introduction of labile In this paper we report the elaboration of a closed micro- to
nanosized templates, such as dendritic, star-branched, or hy- A T .
perbranched polymers, in a matrix (organic and/or inorganic). nanoporos?_y n lh]:gh-p_erformance polymer thin films, using a
Hawker et al. made great advances in producing well-defined nonconven |ona_ oaml.ng process. )
nanosized pore generatd?s3 However, problems arise in the Poly(phenylquinoxaline)s (PPQ) are good candidates for

control of pore size due to porogen polydispersities, coalescence’@noporous materials because of their thermal stability, high
Ty good mechanical properties, and low dielectric constant.
~ Porous structures were obtained by the in-situ generation of
‘ m;Ieosﬁn"éhl‘r’n”;psCC‘;]rrrs?rpO”dance should be addressed. E-mail: foaming agents (CPand isobutene) during the thermal treat-
T CNRS-Universitede Savoie 5024. ment of PPQ-containing thermolabile groupeributyloxycar-

* Universitede Savoie. bonyl, i.e., Boc). After describing the synthesis of the func-
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tionalized polymers and the foaming process key parameters,°C for 15 h under a slight nitrogen flow. The mixture was cooled,
the characterization of the final porous materials will be and compound3 was precipitated by adding 1.0 M aqueous

presented. The influence of the experimental conditions on the hydrochloric acid into the reaction flask. The resulting brown solid
final morphology will be discussed as well. was filtered, washed with water until pH neutrality, and dissolved

in aqueous potassium carbonate solution (5 g in 200 mLQfH)H
Filtration of the resulting solution provided a clear yellow solution
which was neutralized with hydrochloric acid to give a yellow solid.
2.1. Materials. Anisole, 1,4-phenylenediacetic acid, copper(ll) The solid was filtered and dried overnight at 1@under reduced
bromide (CuBj), aluminum chloride (AIG), di-tert-butyl dicar- pressure to yiel® (4.13 g, 90%)H NMR (d-DMSO, 294 K): 6
bonate (BogO), 4-(dimethylamino)pyridine (DMAP) (Aldrich (ppm) 10.99 (s, 2H), 8.09 (s, 4H), 7.82 (d, 4H= 8.9 Hz), 695
Chemical Co.), oxalyl chloride ((COG)) and pyridine hydrochlo- (d, 4H,J = 8.9 Hz).13C NMR (d¢-DMSO, 294 K): 6 (ppm) 192.4,
ride (Alfa Aesar Chemical Co.) were used as received. Dichlo- 192.0, 164.5, 136.8, 132.7, 130.2, 123.5, 116.3.
romethane (CkLl,) (Carlo Erba Chemical Co.), dimethyl sulfoxide 2.3. Polymerization of Poly(phenylquinoxaline) (PPQ-OH).
(DMSO) (VWR Chemical Co.)m-cresol andN,N-dimetylforma- To a three-necked round-bottom flask equipped with a nitrogen
mide (DMF) (Merck Chemical Co.), and ethyl acetate (EtOAC) inlet and a mechanical stirrer were added 1,4-bis[(4-hydroxyphenyl)-
(SDS Chemical Co.) were used as receivgdvethylpyrrolidone glyoxalyllbenzene (2.6660 g, 7.12 mmol), 3434-tetraamino-
(NMP) (SDS Chemical Co.) was dried at least for 24 h on 4 A" diphenyl sulfone (1.9811 g, 7.12 mmol), and 19 mLmokresol
molecular sieves before use. 3434-Tetraaminodiphenyl sulfone (80 wt %). The mixture was stirred at 8C for 24 h. The brown
(Konishi Chemical Ind. Co.) was recrystallized in acetonitrile before viscous solution was diluted witm-cresol and cooled to room

2. Experimental Section

use. temperature. The polymer was precipitated in methanol. The yellow,
2.2. Characterization Methods. Thermomechanical analyses fibrous PPQ-OH was ground into pieces and collected by filtration,
(TMA) were performed under nitrogen at a heating rate 6Cb washed with methanol, and stirred overnight in methanol. The

min using a TA Instruments model Q400. Thermogravimetric polymer was dried overnight at 10C under reduced pressufel
analyses (TGA) were performed under helium at a heating rate of NMR (ds-DMSO, 360 K): 6 (ppm) 9.57 (s, 2H), 8.79 (s, 2H), 8.30
10°C/min (if not mentioned further) using a TA Instruments model (s, 4H), 7.54 (s, 4H), 7.37 (d, 4H,= 7.5 Hz), 6.77 (d, 4H) =
2950 thermogravimetric analyzer. Nuclear magnetic resondhice (7.5 Hz).
NMR) spectra were recorded on a Bruker AC250 spectrometer 2.4, Postmodification of PPQ-OH (PPQ-Boc)PPQ-OH (2.00
operating at a resonance frequency of 250.13 MHzfbrand g, 6.88 mmol OH) was dissolved in 20 mL of dried NMP. To this
62.89.MHz for'3C. Tetramethylsilane was used as internal standard. solution was added Be® (1.72 g, 7.88 mmol). The reacting
For coupled TGA-time-resolved infrared analyses, TGA were mixture was stirred at ambient temperature under a nitrogen flow,
performed under nitrogen at a heating rate of°00dmin using a and a solution of DMAP (0.058 g, 0.47 mmol) in dried NMP (2
TA Instruments model 2050 thermogravimetric analyzer; infrared mL) was added dropwise for 5 min. The solution was stirred an
spectra were obtained with a Nicolet Nexus FTIR. Inherent additional 12 h. The polymer was then precipitated in methanol.
viscosities were determined with a Ubbelohde viscosimeter. Flow The yellow, fibrous PPQ-Boc was ground into pieces and collected
times were measured from 0.50 g/dL NMP solution at 38.0.1 by filtration, washed with methanol, and stirred overnight in
°C. methanol. The polymer was dried overnight at’&0under reduced
2.3. Synthesis of Reagents and Monomer$,4-Bis(4-methoxy- pressure!H NMR (CDCl;, 294 K): 6 (ppm) 8.96 (d, 2HJ =
phenacyl)benzend) To a suspension gf-phenylenediacetic acid  17.2 Hz), 8.27 (d, 4HJ = 7.7 Hz), 7.56 (m, 8H), 7.16 (m, 4H),
(3.00 g, 15.5 mmol) in 50 mL of CHCl, were added oxalyl chloride  1.52 (s, 18H).
(7.80 g, 61.4 mmol) and 4 drops of DMF before heating the solution  2.5. Film Preparation. Both PPQ-OH and PPQ-Boc thin films
at 40°C for 3 h. The solution was then cooled to room temperature. were prepared by casting a 15 wt % polymer solution in NMP on
The solvent and oxalyl chloride excess were removed by evapora-a glass plate. The casted films were dried under nitrogen &€50
tion under reduced pressure. The resulting diacid chloride was for 24 h. Subsequently, the homogeneous dense films were removed

dissolved in CHCI, and added dropwise to &5 °C solution from the glass support and immersed in a methanol bath at room
containing anisole (8.00 g, 74.0 mmol), anhydrous Al@®.00 g, temperature for 48 h in order to remove the traces of NMP. The
45.1 mmol), and 100 mL of Ci€l,. During the addition the washed films were then dried at 3G under vacuum for 24 h and

reaction temperature was kept belok@ After complete addition, analyzed by TGA. The remaining solvent content was measured

the dark red reaction mixture was stirred &®for 1 h and poured to be systematically lower than 0.1 wt %. Depending on the
into ice and hydrochloric acid. Evaporation of the solvent and excess viscosity of the polymer solution, the dense films thickness ranges
of anisole under reduced pressure led to a white solid in suspensionfrom 20 to 50um.

in the acidic solution. The solid was filtered, washed with water 2.6. Porous Films Formation and Characterization PPQ-Boc

until neutrality, and dried overnight at 100C under reduced dense films (1 cmx 1 cm) were placed in a convectional oven
pressure to yield 1 (5.74 g, 99%). NMR (d-DMSO, 294 K): 6 (Heraeus UT6060), under a nitrogen atmosphere and at different
(ppm) 8.02 (d, 4HJ = 8.9 Hz), 7.19 (s, 4H), 7.04 (d, 4H,= 8.9 controlled temperatures (foaming temperatufg, After 60 s

Hz), 4.27 (s, 4H), 3.83 (s, 6H}3C NMR (ds-DMSO, 360 K): 0 (foaming time), the films were removed from the oven and cooled
(ppm) 192.4, 163.2, 133.3, 130.4, 129.6, 129.1, 113.7, 55.1, 44.1.t0 ambient temperature.

1,4-Bis[(4-methoxyphenyl)glyoxalyl]lbenze@g (n a mixture of The mass density of porous film was measured by a flotation
40 mL of DMSO and 40 mL of EtOAc were added 1,4-bis(4- method. The sample was immersed in a mixture of two miscible
methoxyphenacyl)benzene (5.80 g, 15.5 mmol) and €(E3.80 solvents having different densities. Their proportion was adjusted

g, 61.8 mmol). The solution was heated under reflux for 48 h. The until isodensity was obtained. The determined mixture density
solution was cooled and poured into water. The yellowish solid corresponded to the sample density. Depending on the density of

was filtered and extracted by Soxhlet in &, for 3 days to the sample, different solvent mixtures were used (sodium bromide
remove insoluble copper(l) salts. Drying at 80 under reduced aqueous solutions, cyclohexane/tetrachloroethene mixtures, cyclo-
pressure yield® as a yellow solid (4.70 g, 75%}H NMR (ds- hexane/petroleum ether mixtures). No liquid uptake in the foamed
DMSO, 360 K): 6 (ppm) 8.08 (s, 4H), 7.90 (d, 4H, = 8. Hz), sample (which would have overestimated the sample density) could
7.12 (d, 4H,J = 8.9 Hz), 3.88 (s, 6H)13C NMR (CDCkL/CFs- be observed during the measurements. The obtained mass densities
COOD 1:1, 294 K): 6 (ppm) 196.7, 195.9, 168.2, 138.6, 134.9, are average values of the entire polymer sample, i.e., the foamed
132.0, 126.0, 116.4, 56.7. core part including the integral dense skin.
1,4-Bis[(4-hydroxyphenylglyoxalyllbenzer8.(1,4-Bis[(4-meth- The porous morphology of the foamed polymer films was

oxyphenyl)glyoxalyllbenzene (4.50 g, 11.2 mmol) and pyridinium investigated by scanning electron microscopy (SEM) and transmis-
hydrochloride (13.00 g, 112 mmol) were heated together at 200 sion electron microscopy (TEM). SEM was performed on a Leica
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Scheme 1. Synthetic Route to 1,4-Bis[(4-hydroxyphenyl)glyoxalyl]benzene
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Scheme 2. Synthesis and Boc Functionalization of PPQ-OH
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Stereoscan 440 scanning microscope. The samples were freezesuch as aminé?33alcohol, phenol, and amidé.In this work,

fractured in liquid nitrogen and sputter-coated with carbon (0.1 mbar we chose to introduce Boc from PPQ side-chain phenol groups.

and 30 mA for 2 min). TEM was performed on Philips CM120 B . .
microscope operating at 80 kV. The polymer samples were A bis-diketone having phenol groups, 1,4-bis{(4-hydroxyphe-

embedded in an epoxy resin and microtomed in cross section. Thenyl)glyoxalyl]benzene3), was pre_pared ag_cor(_jlng to a previ-
resulting sections were 780 nm thick. The resulting micrographs ~ 0usly reported pathwaf,but with slight modifications of known
were analyzed by ImageJ software. Usually, micrographs containing procedure¥ (Scheme 1).

150-200 cells were used in the image analysis. The cell density ~ The bis-diketone 3) was obtained as a polymer grade
Nq i; the number of cells nucleated per unit volume %):pf the monomer and polycondensed with '%34-tetraaminodipheny!
original unfoamed polymer. It was calculated from the micrographs g, tone under classical poly(phenylquinoxaline)s polymerization
using the method suggested by Kumar and Wéfler: conditions?® The resulting polymer presents reactive side-chain

N SO N
%'Q Q e
PPQ-Boc

O\n/07<

N = MMVEAREL/(1 — V. 1 phenol groups which could be then transformed in thermolabile
o= [NMIAI™LI( ol @) Boc groups (Scheme 2).

where V; is the void fraction,n the number of cells in the The postmodification of the phenol groups to PPQ-Boc was
micrographsM the magnification of the micrograph, adthe carried out by a conventional procedure usingeit-butyldi-
area of the micrograph (cin carbonate (Bo®) and DMAP?” in NMP at ambient temper-

ature. Quantitative Boc grafting was evidenced by NMR

3. Results and Discussion (Figure 1a,b) and by thermogravimetry (Figure 2). As shown

3.1. Preparation of Boc-Grafted PPQ and Structural by the thermogram in Figure 2, the thermolabile Boc groups
Characterizations of Decomposition.The tert-butyloxycar- start decomposing at temperature around T8 with a
bonyl (Boc) groups are usually used in the photoresist technol- maximum decomposition speed at 18D. The experimental
ogy 2728 They can be cleaved either in acidic conditi#S or weight loss (24.4 wt %) is in good accordance with a theoretical

under a thermal treatme#31In both cases, the parent backbone total decomposition (25.6 wt %). Moreover, the readily recover-
is regenerated by the release of £éhd isobutene. The Boc  ing of the PPQ-OH structure is controlled By NMR, as shown
group acts as a protecting agent for a wide range of functions, in Figure 1c.
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Figure 1. 'H NMR spectra of PPQ-OH (a), PPQ-Boc (b), and the decomposed PPQ-Boc (c) treated@tf@005 min under an inert atmosphere.
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Figure 2. TGA analysis of PPQ-Boc with a heating rate at®@imin
and under nitrogen.
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It is worth mentioning that, instead of a postmodification of
PPQ-OH, the direct introduction of Boc group through the

Table 1. Properties of Synthesized PPQ-OH, PPQ-Boc, and the
Decomposed PPQ-Boc

solubility
polymer CHCI, DMSO NMP  Tg(°C)  #inn(dL/g)
PPQ-OH  x v v 370 0.50
PPQ-Boc x N/ >27% 0.42
PPQ-Boé  x x Vv 370 0.86

aPPQ-Boc treated at 208C for 15 min under an inert atmosphere.
b Determined from a model polymer PPQ-dimethylbutyrat®etermined
from TMA analysis.

measured between a PPQ-OF €& 370°C) and the analogous
PPQ without OH groupsTy = 320 °C).*° This could be
attributed to the acidbase interaction between OH groups and

polycondensation reaction of a Boc-containing bis-diketone was the quinoxaline rings (slight basic character). During the thermal

not possible. Indeed, the polymerization conditiomsctesol,
60 °C, 24 h) were found to result in the decomposition of Boc
groups.

Self-standing films could be obtained from all prepared
polymers and present a very good thermal stabilli/iu o loss
> 450°C). It is well-known that the mere modification of the

treatment devoted to the elaboration of porous materials, the
polymer backbone structure changes from PPQ-Boc to PPQ-
OH. As a consequencg&g of the film is expected to evolve as
well. Unfortunately, an exact value of tiig of PPQ-Boc was
impossible to measure as Boc groups start to decompose at 130
°C. A PPQ-Boc model based on the ester of PPQ-OH with

polymer backbone structure could have a great influence on itsdimethylbutyric acid (PPQ-dimethylbutyrate) was then synthe-

final properties. As reported elsewhere on different polyriers,

sized to mimic the PPQ-Boc behavior. Once again, any accurate

the presence of Boc groups significantly changes the solubility measurement offy could be made as this polymer start

of the poly(phenylquinoxaline)s, especially in chlorinated
organic solvents such as GEl, (Table 1).

The presence of phenol groups drastically change3 jloé
the polymers. Indeed, a 50C difference inTy could be

degrading before (fol < 275°C).

Whereas their chemical structures are similar as shown by
IH NMR (Figure 1a,c), the PPQ-OH resulting from a PPQ-Boc
decomposition has a higher inherent viscosity than the initial
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Figure 3. Isothermal decompositions of PPQ-Boc under nitrogen at 3500 2500 1500 500
different temperatures. wavelength number (cm-1)
polymer. As free ortho-diamine end groups could be present 0.10 160
on PPQ-OH chains, a possible explanation for this observation & ¢ ;e 140
is that the polymer molecular weights increase during the % ' 120
postmodification step, as previously proposed by Gain ét al. € 006 100
Indeed, these authors report similar results by studying a s 80 8’
polyimide-Boc and its thermally treated analogue. They ex- & 0,04 60 F
plained the inherent viscosity increase by a chain coupling T
mechanism through the formation of urea linkages between g 0,02 40
amino polyimide end goups during the postmodification with =2 20
BocO. In order to validate this hypothesis, PPQ-OH amino end 0,00 0
groups were blocked by the addition of 5 mol % of benzil at 0 20 40
the end of the polymerization. The polymer thus obtained, end- Time (min)

capped with nonreactive groups (PPQ-Qhvas postmodifed  Figuyre 4. (a) IR spectrum of the generated gases,.Q® and
(PPQ-Bo¢) and thermally treated. The inherent viscosity of isobutene ). (b) Relative evolution of C@(red line) and isobutene
these polymers wasgppg-on = 0.52 dL/g,7ppg-Boc = 0.39 (black line) during a temperature ramp followed by a 280isotherm
dL/g, andzppo-soc dec = 0.59 dL/g. Although a slight increase ~ (dotted line).
of the inherent viscosity was observed after the Boc decomposi-
tion, the difference between the two viscosity values is not really
significant to be attributable to chain growth.
3.2. Kinetic Characterizations of DecompositionThe Boc
decomposition temperature which affects the reaction kinetic
and the relative evolution of both G@nd isobutene is the key
parameter for the foaming process. Therefore, the decomposition
was studied by TGA under isothermal conditions. Several 1 A\
isotherms thermogram are plotted in Figure 3 and suggest the 50 100 150 200 250
existence of a catalytic decomposition mechanism. Temperature (°C)
The calculated activation energy (determined according to Figure 5. Half-time decomposition of PPQ-Boc as a function of the
the OzawarFlynn—Wall method}! varies between 128 and 132  temperature.
kJ/mol, depending on the degree of decomposition. These values
seem to give additional credit to a catalytic mechanism, whose Were shown to be simultaneously produced. Unfortunately, this
activation energy is typically around 120 kJ/mdf2rather than ~ Observation cannot either infirm or confirm any commonly
a noncatalytic one, which is usually associated with a higher accepted Boc deprotection mechanism (catedy#itand non-
activation energy of 190 kJ/m&t.One possible explanation for ~ catalytic?).
that result could be related to the formation of phenol groups Isothermal TGA were performed in order to determine the
in the course of the Boc deprotection. Indeed, as reported decomposition rate vs the temperature. As represented in Figure
elsewheré?“* carbonate group decomposition is well-known 5, half decomposition time varies exponentially with the
to be catalyzed by acidic media, and in this regard the temperature. From these results, a limit temperature could be
deprotected phenols are expected to have a sufficient acidicextrapoled (ca. 16€C), above which the complete decomposi-
character to play a catalytic role. Another probable source of tion reaction occurs with time inferior or equal to 2 min. In
acidic protons is residuai-cresol present in the polymer. order to have a complete and rapid decomposition reaction, the
Moreover, at the very early stage of the decomposition process,temperature chosen in this study for obtaining porous materials
no higher activation energy could be observed. This could be was systematically higher than this limit temperature.
explained by the presence of either nonfunctionalized phenolic 3.3, Preparation and Characterization of Porous Films.
or m-cresol traces, which could not however be detected by Heat and mass transport phenomena are expected to affect the
proton NMR. foaming process. As a consequence, the important parameters
A TGA coupled time-resolved IRTF analysis gave a comple- in our process are the following: film thickness, foaming
mentary description of the decomposition Boc reaction. More temperature T;), and foaming time. The influence of these
than a simple characterization of the released gases (Figure 4a)parameters on the foam morphology was there systematically
their relative evolution was determined by following their studied to get a thorough understanding of the foaming process
absorbance at 2363 and 887 ¢hand normalized with the  and were optimized to obtain homogeneous cell size distribution,
respective integrated area (Figure 4b). As a result, both gasesnaximum cell density, and minimum mass density.

1000 \

-
o
o

-
o

Half decomposition
time (min)
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3.3.1. Influence of Foaming Time Various samples (20 8 2 = (1)00
40 um thick films) were thermally treated at (200—300 °C) 200 250 300
for different foaming times (60 s to 15 min). The resulting films T (°C)

were characterized b&H NMR and density me.a.surements. In Figure 7. (a) Size evolution of nanocells<60 nm) and macrocells
all cases'H NMR confirmed a total decomposition of the Boc (>50 nm) with the foaming temperatur&). (b) Dependences of the

groups. In addition, the sample density decreases as a functiordensity of nanocells and macrocells with the foaming temperature.
of the foaming temperature, suggesting an increasing porosity
fraction with temperature. Considering a given foaming tem- the foam formation under the blowing effect of the produced
perature, no significant variation of density could be observed gases. In addition, as described in a conventional fo@ming
over the range of foaming times (60 s to 15 min). We then process, porosity increases with foaming temperature due to a
believe that the foaming process is extremely rapid, and alower polymer/gas mixture viscosity which leads to higher cell
thermal treatment as short as 60 s should be sufficient for the growth.
elaboration of porous materials. An other important result is It is moreover interesting to note that no collapse of the porous
the good stability of the porous structure formed over time for structure was observed in this temperature range<{200°C).
such high temperatures. This is essentially due to the highy of the final system

3.3.2. Influence of Foaming Temperatureln a conventional (Tg,pro-on = 370°C).
foaming process, it is well-established that the porosity formed  The cross section of the samples foamed at different tem-
from a nucleatior-growth mechanism occurs at temperatures peratures ranging from 210 to 30C was observed by SEM
above the polymer/gas mixtuig. As a consequence, in this and TEM in order to characterize the morphology. As shown
study, the porosity formation which is expected to be produced in Figure 7, different porous morphologies could be distin-
also by a nucleationgrowth mechanism will highly depend  guished. Foif; < 240°C, a homogeneous nanoporous structure
on both the foaming temperature and the PPQ/gas miXigre  was formed (size< 50 nm). For 240< T; < 250°C a bimodal
Polymers are known to be plasticized by the presence of gasessize distribution was observed because of the formation of
particularly CQ,*> and some theoretical models are developed macropores (size- 50 nm). ForT; > 250 °C nanocells were
to predict the polymer/gas mixtutig.*6 Although a lot of results no more present, but homogeneous ultramicrocellular foam was
are reported in the literature about &@lasticized polystyrenes  observed. We will then refer to nanocells for pores having size
or polycarbonates, to our knowledge, no data concerning PPQ< 50 nm and macrocells for pores having sizesO nm.
plastificization are available. In addition, the nonequilibrium For low foaming temperaturd{( < 240°C) a homogeneous
state, due to diffusion out of the film, remains problematic for closed nanoporous structure (average size of 8 nm) was observed
the accurate determination @ by a conventional method. by TEM (Figure 8b) as well as a high nanocell density!f10
Different PPQ-Boc samples were foamed for 60 s at tempera- cells/cn$). Nanofoams with such a high cell density and small
tures ranging from 200 to 308C. The mass density of the  pores have not yet been reported in the literature from a
resulting films as well as the porosity estimated from these conventional foaming process. According to the classical
measurements is reported in Figure 6. nucleation theory, such a high cell density could be explained

Despite a complete decomposition of the thermolabile groups by a high nucleation density, which results from a high gas
(as witnessed byH NMR), no porous structure could be concentration into the polymer. This gas concentration is
evidenced by a density measurement when the film was treatedbelieved to be a key factor to influence both the cell size and
below 210°C (Figure 6). This foaming temperature was then the density during the foaming process. It should be noted that
assumed to be under the polymer/gas mixtlige and the 2—10 wt % CQ can typically be dissolved in higly polymers
absence of porosity was explained by the fact that the glassyat 25°C under 50 baf34748Handa et al. have examined the
state of the system prevents any viscoelastic deformations. Assaturation of PMMA under lower temperature condition® (2
a 10% film thickness decrease could be measured, we believe’C) in order to increase the G@ontent up to 22.5 wt %. The
that the voids created by the Boc decomposition do not reachresulting ultramicrocellular foam showed a 350 nm closed cell
the thermodynamically viable critical size and collapsed through size with a density of 4.4 103 cells/cn®. Krause et al. have
local relaxations. however demonstrated that @@oncentration above 50 é

For higher foaming temperaturek ¢ 210°C) the observed cn of polymer (ca. 7 wt %) could lead to highypoly(imide)s
density decrease suggests the formation of porosity. As ananofoams with smaller size (2000 nm, 18* cells/cn?), but
consequence, the polymer/gas mixtdigcould be estimated  with an open cellular structure. In the present work, the
around 2068-210 °C. Above this temperature, the system calculated amount of released gases is respectively 12.6 and
viscosity is sufficiently low to enable chain mobility and thus 15.5 wt % of CQ and isobutene. It is then important to note
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(a)

Figure 8. TEM images of nanofoamed PPQ at 210 (a), 230 (b), 240 (c), and@Jd). The bars indicate 100 nm.
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Figure 10. TEM images of nanofoamed PPQ at Z&Dat two different
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Nanocell diameter (nm) range 246-250 °C is thus characterized by a coexistence of

Figure 9. Nanocell sizg distribution in a foamed PPQ film at different  3n0- and macrocells, as shown in TEM images (Figure 10).
foaming temperatures: 230, 240, and 2&Dfor 60 s. Bimodal distributions have already been reported in the literature
that this approach enables a higher gas generation in the polymeand could have various origins, such as additional time-delayed
than the conventional gas saturation method. In addition, no nucleation in an homogeneous systénor heterogeneous
bicontinuous structure could be observed in TEM/SEM images. nucleatior?>4% However, such considerations are not valuable
It is obvious that the properties of the polymer, and particularly in the present study. Since we believe that nanocells result from
its Tg, play an important role in the porosity formation and on an homogeneous nanonucleation, a possible explanation for this
the final porous morphology. We believe that the nanoporous bimodal distribution is the preferential growth of macrocells.
structure could result from an homogeneous nucleation mech-Macrocells are known to be thermodynamically more stable than
anism that would lead to thermodynamically stable nanonuclei. nanocells, since the latter have a larger surface area. Considering
The very small size of observed nanocells could be related tothat some nanocells could lead to larger pores by coalescence,
a very high viscosity of the system at low foaming temperature the system total energy can be decreased by a preferential growth
which prevents an extensive cell growth. of bigger cells, thus reducing the total interfacial area. In this
With increasing foaming temperature (at 230, 240, and 250 perspective, this interfacial area reduction process, the so-called
°C) the average nanocell size varies from 8 to 11 and 24 nm, Ostwald ripening phenomené&f,could explain the depletion
respectively (Figure 7a). In addition, the cell size distribution of nanocells and even their total disappearance for higher
broadens as shown in Figure 9. One can consider that thefoaming temperature.
increasing cell size with the foaming temperature is consistent When PPQ-Boc films are treated above 28) ultramicro-
with a classical nucleation and growth mechanism. However, cellular foams (average closed size of 660 nm and 402
the cell density should increase as well, which is not observed cells/cn¥) were formed, as presented in SEM images (Figure
(Figure 7b). The decrease in nanocell density with temperature11). The porous structure morphology is similar to those
as well as the evolution of the cell shape, from spherical to obtained with a conventional foaming process, with a closed
slightly distorded, would suggest a partial cell coalescence. cells containing porous core and a dense skin. However, the
In addition, at a macroscopic scale, a macroporosity {160 cell density of the ultramicrocellular PPQ was significantly
260 nm) can as well be observed. The foaming temperature higher (£-2 orders of magnitude) than that reported for the most
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Figure 11. SEM micrographs of PPQ foamed at 270 (a) and 300
(b). Thickness of films are about 5m. Magnification: 20 000; the
white horizontal bar indicates Am.

studied highTy polymer foams (polysulfones, poly(ether sul-
fone)s, poly(ether imide)$}:#8 A considerable smaller size could
be evidenced in this case as well, which could be attributed to
the both high nucleation density and the relatively low cell
growth (due to the highy PPQ).

3.3.3. Influence of Film Thickness.Considering the heat

transfer and gas diffusion phenomena, the sample thickness ha

to be taken into account. As reported by Krause et®atgat
transfert time scale (about 15 s) is comparable with foaming
time when millimeter thick films are considered, whereas it
becomes negligible (0.05 s) for micrometer thick films. As the
thickness of the films studies in this work ranged from 2 to 50
um, heat transfer phenomena were neglected. Gas diffusion

however, is responsible for the typical foamed-core/dense-skin

morphology, as observed in Figure 11. When the gas is release
in the film, it can diffuse either in the nucleated cells, resulting
thus in their growth, or out of the film through the film surface.

Itis then a question of length scale, leading to the dense polymer

near its surface.

Although for a given foaming temperature the skin thickness
was found to be independent of the initial thickness, it is clearly
shown in Figure 12 that the skin became thinner with higher
foaming temperatures. A possible explanation for this result is

Nanocellular Poly(phenylquinoxaline) Foam&077

-
£

-
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T T
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Figure 12. Evolution of the skin thickness with the foaming temper-
ature.
a lower gas concentration. It is indeed commonly assumed in
conventional process that the gas concentration inside the film
has a Gaussian profile with a lower surface value. Depending
on the diffusion time (transfer time between high-pressure vessel
and the foaming bath), this profile has a more or less pronounced
amplitude3?

Whereas the films with an initial thickness ranging from 20
to 50 um and treated at 308C for 60 s present a porosity in
the same order of magnitude (from 44 to 48 vol %), no porous
structure could be observed on the very thin films ()
thermally treated in identical conditions. This is believed to be
the consequence of the skin thickness whatever the initial film
thickness. A critical film thickness would then exist for the
foaming process to be successful. This critical thickness should
correspond to Z skin thickness for a givem;. Such a critical
thickness has already been reported by Doshi&tTte authors
demonstrate by mathematical modeling the existence of a
thickness limit under which diffusion out of the film prevails
on the cell growth mechanism, and thus no foam structure could
be obtained. This thickness limit depends on the diffusion
parameters of the gas/polymer system and on the processing
parameters.

200 350

4. Summary

Boc-containing PPQs were successfully prepared by post-
maodification of PPQs bearing hydroxyphenyl groups which were
obtained by polycondensation of hydroxyphenyl containing bis-
diketone with a bis-diamine. The Boc decomposition reaction
which generates both G@nd isobutene was well characterized
in terms of temperatures and kinetics. Adapted thermal treatment
leads to the formation of porous PPQs through a very probable
nucleation and growth mechanism. The foamed PPQs showed
relatively small cell size and high cell density which was

Attributed respectively to a high nucleation (high gas generation

into the polymer) and a moderated growth of the cells (Righ
of the polymer). Our results show that the foaming temperature
is a key parameter. A careful choice &f can lead to a fine-
tune of the porosity from nanoscale%0 nm) to macroscale
(>50 nm) size. For 210< T; < 230 °C homogeneous

'nanoporous (8 nm, 4.4 106 cells/cn?) PPQ could be obtained

ith a narrow distribution and a significant volume fraction (14

ol %). With increasingl to 250°C, a coexistence of nano-
and macrocells was evidenced. At high&r (>250 °C)
ultramicrocellular foams were obtained (660 nmy 4.0 cells/
cmd).
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