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Abstract

We have generated porous polybenzoxazine (PBZZ) materials by using a B-a type PBZZ as the matrix and various molecular weights of

poly(3-caprolactone) (pa-PCL) as the labile constituent. The slight degree of hydrogen bonding that exists between the two polymers results

in micro-phase separation without an excess degree of aggregation occurring. The porous structures form after hydrolysis of the PCL

domains; we characterized them using a variety of techniques, including FT-IR spectroscopy, DSC, TGA, FE-SEM, and DEA. At 298 K and

105 Hz, we obtained a thin, transparent, and nanoporous film that has a very low dielectric constant (1.95).

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

As feature sizes in microelectronic devices are driven to

sub-100-nm dimensions, device performance will no longer

be on the scale it has been in the past because of a substantial

increase in interconnect delays (RC delay) [1–4] caused by

the increased line resistance, capacitive coupling, and cross

talk that occurs between smaller and more closely spaced

metal lines. Fluorinating polymers and forming porous

structures are two major directions that have been followed

in the course of developing materials that have low

dielectric constants (low k) [1,2,5–7]. Recently, there has

been a demand for low-dielectric-constant materials that can

decrease the RC delay, power consumption, and cross-talk

noise; this demand has stimulated intense efforts in the

exploration and applicability of porous materials, especially

nanoporous materials [8–11].

Nanoporous and mesoporous materials have potential or

are used in many devices, which include sensors, photonic
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crystals, waveguides, and dielectrics [12,13]. It is becoming

increasingly more important to be able to control the pore

structures and understand their properties on nano- and

micrometer length scales. It is well known that reducing the

dielectric constant can be achieved simply by replacing the

polymer with air [14,15], which has a dielectric constant of

one. Therefore, increasing the pore density will lead to

lower-dielectric-constant materials. The size of the voids,

however, must be substantially smaller than both the film

thickness and any microelectronic features for the gain in

the dielectric constant to be realized [1,2]. Suitable porous

structures can be prepared from co-polymers comprising a

thermally stable or solvent-stable material and a thermally

labile or solvent-labile material [12,16,17]; the latter system

constitutes a dispersed phase. The greatest challenge in the

future will be to reduce the pore size at an even distribution

while maintaining the strength within a range acceptable for

mechanical and electronic applications.

In this study, we prepared a porous material having a low

value for its dielectric constant by treating poly(3-capro-
lactone) (PCL) with B-a type polybenzoxazine (PBZZ),

which act as the labile and stable constituents, respectively.

PCL is a highly crystalline polymer that becomes miscible

with several amorphous polymers through the formation of

hydrogen bonds [18–20]. A variety of catalysts have been
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investigated for the ring-opening polymerization (ROP) of

3-caprolactone (3-CL) to PCL. Co-polymers of PCL are

useful because of their biodegradability and polymer blend

compatibility. The miscibility of PCL blends or co-

polymers depends on self- and inter-association that arises

through hydrogen bonding with donor polymers. In

addition, PBZZ contains a high density of hydroxyl groups

[21–24] that interact with the carbonyl groups of PCL

through hydrogen bonding. To prepare a microporous

material, it is essential to prepare a well-dispersed

microphase-separated labile constituent within a stable

matrix. Hence, we modified the PCL’s end group to

decrease the degree of phase separation.

As shown in Scheme 1, pa-PCL forms covalent bonds

with the PBZZ backbone because these pa-PCL compounds

possess similar benzoxazine structures. We generated a

porous structure by preparing a co-polymer between the

matrix phase (PBZZ) and a minor phase that consisted of a

solvent (basic)-labile polymer (PCL). We synthesized co-

polymers of pa-PCL and PBZZ having different molecular

weights. Films of the co-polymers were cast and then heated

to effect annealing, which resulted in the nanoscale
°c

°c

°c

Scheme 1. Syntheses of pa-OH, pa-PCL, pa-PCL/PBZZ and schematic representa

polymers.
microphase separation of these two dissimilar blocks. We

removed the labile constituent selectively through hydroly-

sis using NaHCO3, which created pores having the shape of

the original co-polymer’s morphology. Using this approach,

we obtained a porous material having a low dielectric

constant.
2. Experimental

2.1. Materials

4-Hydroxybenzyl alcohol, 3-caprolactone and tin(II) 2-

ethylhexanoate were purchased from the Acros Chemical

Co., USA. Formaldehyde and aniline were purchased from

the Aldrich Chemical Co., USA.

2.2. Synthesis of (3-phenyl-3,4-dihydro-2H-1,3-benzoxazin-

6-yl)methanol (pa-OH)

The benzoxazine was prepared according to Scheme 1.

Thirty seven percent aqueous formaldehyde solution
°c

tion of the generation of nanoporous PBZZ films from phase-separated co-
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(6.53 g, 0.08 mol) and dioxane (10 mL) were mixed for

10 min under nitrogen in a three-necked flask placed in an

ice bath. Then, the aniline (3.75 g, 0.04 mol) dissolved in

dioxane (10 mL) was added slowly using a dropping funnel.

The mixture was stirred magnetically for 10 min before 4-

hydroxybenzyl alcohol (5 g, 0.04 mol) in dioxane (10 mL)

was added. The reaction temperature was raised to 100 8C

and the mixture was heated under reflux for 6 h. The solvent

was then evaporated under reduced pressure to yield a light-

yellow powder. This crude product was dissolved in ethyl

ether and washed sequentially with 1 N NaOH and water for

three times; the organic phase was dried by magnesium

sulfate and the solvent evaporated under reduced pressure.

The residue was purified by column chromatography on

silica gel (hexane/ethyl acetate, 6:1) to gives pa-OH as a

light-yellow liquid which solidified to a pale-yellow powder

upon drying (87.5%).
2.3. Syntheses of pa-OH terminated PCL (pa-PCL)

Hydroxyl groups [24–26] act as initiators for the

polymerization of 3-CL polymerization in presence of

Sn(Oct)2 [27,28]. In the case of controlled/living polym-

erization, the molecular weight of pa-PCL can be predicted

from the 3-CL/pa-OH molar ratio, as indicated in Table 1.

The ring opening polymerization was performed at 120 8C

over 24 h as shown in Scheme 1. Various quantities of 3-CL
to pa-OH were added under nitrogen into a two-necked

flask, equipped with a dry stirring bar, and mixed for

10 min. The flask was placed into an oil bath maintained at

120 8C and the contents were stirred vigorously for ca.

5 min. A certain amount of Sn(Oct)2 in dry toluene was

added to the mixture. The crude sample was cooled after

24 h and then dissolved in THF; the solution was poured

dropwise into an excess of hexane. The purified polymer

was dried in a vacuum oven until constant weight; the yield

was determined gravimetrically.
2.4. Reactants preparations

Mixtures of pa-PCL(25 wt%) and B-a type benzoxazine

(75 wt%) having several different molecular weights (Table

2) were prepared by solution blending. The mixture was

dissolved by stirring in THF; the solution was left to

evaporate slowly at 50 8C for 1 day and then cured at 180 8C

for 4 h under vacuum to ensure total curing of the co-

polybenzoxazine (co-PBZZ). After curing, we obtained a
Table 1

Results of the homopolymerization of 3-caprolactone (CL) with various amounts

time: 24 h

Entry [M]/[I] Mn,GPC M

1a 30 3000

1b 120 14,800 2

1c 200 24,000 4
smooth, stiff, hazel-to-brown film. The cured sample was

stirred and heated reflux in 0.3 N aqueous NaHCO3 at 90 8C

for 24 h to remove the ester group of the labile constituent

(PCL). The porous structures were obtained after drying

under vacuum in an oven.
2.5. Nuclear magnetic resonance (NMR)

1H NMR spectra were recorded on a Varian Unity Inova

500 FT-NMR Spectrometer operating at 500 MHz; chemi-

cal shifts are reported in parts per million (ppm). Deuterated

chloroform was used as the solvent.
2.6. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectroscopic measurements were conducted on a

Nicolet Avatar 320 FT-IR spectrophotometer; 32 scans were

collected with a spectral resolution of 1 cmK1. Infrared

spectra of the co-polymers were obtained using the

conventional NaCl method. The film used in this study

was thin enough to obey the Beer–Lambert law. To maintain

a dry film, the sample chamber was purged with nitrogen

during the measurement process.
2.7. Differential scanning calorimetry (DSC)

The calorimetric measurement was performed using a

TA Instruments differential scanning calorimeter (DSC-

2010) and conducted under a nitrogen flow of 25 mL/min.

The sample was preheated at a scan rate of 20 8C/min from

30 to 240 8C and then maintained at 240 8C for 2 min. The

measurement was made using 5–10 mg of sample in a DSC

sample cell by cooling toK120 8C quickly from the melt of

the first scan. The second scan was conducted at a rate of

20 8C/min from K120 to 250 8C and the value of Tg was

taken as the midpoint of the heat capacity transition between

the upper and lower points of deviation from the

extrapolated liquids and glass lines. Furthermore, we also

obtained the values of Tm and DHm.
2.8. Thermogravimetric analyses (TGA)

The thermal stability of the cured sample was investi-

gated using a TA Instruments Q50 apparatus. The cured

sample (10–20) mg was placed in a Pt cell and heated from

30 to 800 8C under a nitrogen flow of 60 mL/min at a

heating rate of 20 8C/min.
of pa-OH in the bulk at 120 8C and [CL]/[Sn(Oct)2]Z1000; polymerization

n,NMR Mw/Mn Yield (%)

5100 1.15 95.5

8,700 1.54 94.4

1,600 1.71 90.5



Table 2

Curve fitting of fraction of hydrogen-bonding results of the pa-PCL/PBZZ co-polymers at room temperature

Pa-PCL/PBZZ Free CaO H-bonded CaO fb (%)

n (cmK1) Af (%) n (cmK1) Ab (%)

pa-PCL(MnZ3000), 2a 1733.5 32.71 1708.4 67.29 57.83

pa-PCL(MnZ14,800), 2b 1732.2 67.36 1705.7 32.64 24.42

pa-PCL(MnZ24,000), 2c 1731.5 73.51 1704.8 26.49 19.37

fbZfraction of hydrogen bonding.
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2.9. Field emission scanning electron microscopy (FE-

SEM)

The samples of the porous pa-PCL/PBZZ co-polymers

were fractured using liquid nitrogen and their cross-

sectional morphologies were observed by low-voltage FE-

SEM. SEM images were recorded at high magnifications

under high vacuum using a TOSHIBA S4700I field

emission microscope working at 5 kV with a beam current

of 1!10K10 A. To increase the resolution of the FE-SEM

image, a thin layer of Pt was spun onto the surface of the

sample to increase its conductivity; the thickness of this Pt

layer was controlled to ca. 10 nm to avoid affecting the

actual images.

2.10. Dielectric analyses

Dielectric relaxation data were obtained using a TA

Instruments DEA-2970 apparatus, which incorporated a

parallel plate cell arrangement and a computer-controlled

furnace to ensure that good electrical contact was made

between the electrodes and the sample. A flat film is

required to increase the accuracy of the measurement of the

dielectric constant and, thus, we used the automatic scraper

to form such a flat film. The experiment was conducted

under a nitrogen flow of 90 mL/min and the thickness of

sample was controlled to between 0.125 and 0.75 mm. The

dielectric constant and dielectric loss were determined

between 0 and 50 8C using a heating rate of 2 8C/min with

scan frequencies ranging from 1 to 105 Hz.
Fig. 1. FT-IR spectra of (a) pa-PCL(MnZ3000, 1a), (b) pa-PCL(MnZ
14,800, 1b), (c) pa-PCL(MnZ24,000, 1c), (d) pa-PCL/PBZZ (MnZ3000,

2a), (e) pa-PCL/PBZZ (MnZ14,800, 2b), (f) pa-PCL/PBZZ (MnZ24,000,

2c) recorded at room temperature between 1680 and 1780 cmK1
.

3. Results and discussion

3.1. Nuclear magnetic resonance analyses

After the cyclization of the oxazine, we observed the

characteristic benzoxazine peaks (Ar–CH2–N and N–CH2–

O units) using 1H NMR spectroscopy. The 1H NMR

spectrum (CDCl3, 500 MHz) of pa-OH: d (ppm) 4.54 (s, 2H,

Ar–CH2–N), 4.60 (s, 2H, Ar–CH2–OH), 5.38 (s, 2H, N–

CH2–O), 6.76–7.26 (8H, Ar). Furthermore, The 1H NMR

spectrum (CDCl3, 500 MHz) of pa-PCL(MnZ24,000, 1c): d

(ppm) 1.35 (m, 2H, –CH2–, poly), 1.62 (m, 2H, –CH2–,

poly), 1.62 (m, 2H, –CH2–, poly), 2.28 (t, 2H, –O(O)CCH2–,
poly), 3.66 (q, 2H, –CH2OH–, u-end), 4.03 [t, 2H,

–CH2OC(O)–, poly]. We observed similar results for the

other pa-PCL compounds (MnZ3000, 1a;MnZ14,800, 1b).

Therefore, based on these 1H NMR spectra, we confirmed

the successful synthesis of pa-OH and pa-PCL derivatives

of various molecular weights.
3.2. Fourier transfer infrared spectroscopy analyses

Fig. 1(a)–(f) display the carbonyl stretching region

(1680–1780 cmK1) of the IR spectra, measured at room

temperature, of pa-PCL and the pa-PCL/PBZZ co-poly-

mers. The carbonyl stretching for pure pa-PCL is split into

two bands at 1734 and 1724 cmK1, as indicated in Fig. 1(a)–

(c), which correspond to absorptions by the amorphous and

crystalline conformations, respectively. The crystalline

conformation at 1724 cmK1 of pa-PCL was destroyed



Fig. 2. FT-IR spectra of (a) pa-PCL(MnZ3000, 1a), (b) pa-PCL/PBZZ

(MnZ3000, 2a), (c) porous PBZZ (MnZ3000, 3a) recorded at room

temperature between 1400 and 1800 cmK1.
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substantially after incorporating pa-PCL into the PBZZ

backbone as shown in Fig. 1(d)–(f). A small amount of the

crystalline conformation at 1724 cmK1 of pa-PCL is still

present, however, which indicates that pa-PCL and PBZZ

are not fully miscible. We assign another band, which
Fig. 3. DSC scans in the ranges from (A)K120 to 0 8C, (B) 0–100 8C, and (C) 120–

PCL(MnZ24,000, 1c), (d) pa-PCL/PBZZ (MnZ3000, 2a), (e) pa-PCL/PBZZ (M
appears at ca. 1705 cmK1 to the pa-PCL carbonyl groups

that are hydrogen bonded to the PBZZ hydroxyl groups. The

carbonyl stretching frequency splits into only two major

bands at 1732 and 1705 cmK1, which correspond to the free

and hydrogen-bonded carbonyl groups, that fit well to the

Gaussian function. We calculated the fraction of hydrogen-

bonded carbonyl groups using the following equation [29]:
f CZO
b Z

Ab=1:5

Ab=1:5CAf

(1)
where Af and Ab are the peak areas corresponding to the free

and hydrogen-bonded carbonyl groups, respectively. The

conversion co-efficient 1.5 is the ratio of these two bands,

the free and hydrogen-bonded carbonyl groups. Table 2

summarizes the results from curve fitting. The fraction of

the hydrogen-bonded carbonyl groups decreases upon

increasing the relative molecular weight of the pa-PCL. In

other words, a lower-molecular-weight pa-PCL has better

miscibility with PBZZ.

In addition, Fig. 2(a)–(c) present the region from 1400 to

1800 cmK1 in the IR spectra, measured at room tempera-

ture, of pa-PCL(MnZ3000, 1a), pa-PCL(MnZ3000)/PBZZ

co-polymer (2a), and porous PBZZ (3a), respectively. It is

clear that the carbonyl groups of pa-PCL disappear after

the hydrolysis of the pa-PCL/PBZZ co-polymer using

NaHCO3. Meanwhile, the characteristic peaks of PBZZ

are still present in Fig. 2(c). In other words, a porous PBZZ

structure had formed and we confirmed its components by

obtaining these FT-IR spectra.
240 8C of (a) pa-PCL(MnZ3000, 1a), (b) pa-PCL(MnZ14,800, 1b), (c) pa-

nZ14,800, 2b), (f) pa-PCL/PBZZ (MnZ24,000, 2c), (g) pure PBZZ.



Table 3

Glass transition temperatures, melting temperatures, and heats of melting of

different pa-PCL/PBZZ composites

Component Tg (8C) Tm (8C) DHm (J/g)

Pa-PCL(MnZ3000), 1a K45 51 85.2

Pa-PCL(MnZ14,800), 1b K54 57 81.4

Pa-PCL(MnZ24,000), 1c K58 59 80.9

Pa-PCL(MnZ3000)/PBZZ, 2a K47, 198 55 16.5

Pa-PCL(MnZ14,800)/PBZZ, 2b K47, 203 59 17.3

Pa-PCL(MnZ24,000)/PBZZ, 2c K41, 212 61 18.0

PBZZ 171 – –

Fig. 4. TGA thermograms of (a) pa-PCL, (b) pa-PCL/PBZZ, and (c) pa-

PCL/PBZZ after hydrolysis, as a function of the molecular weight of pa-

PCL.
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3.3. Differential scanning calorimetry analyses

Fig. 3(A)–(C) and Table 3 display the values of Tg, Tm,

and DHm of the various pa-PCL, pa-PCL/PBZZ, and pure

PBZZ systems. The pa-PCL/PBZZ co-polymers (2a, 2b,

and 2c) possess two glass transition temperatures, repre-

senting pa-PCL and PBZZ, respectively, which is a

phenomenon that indicates that pa-PCL and PBZZ are not

totally miscible in the amorphous region. Meanwhile, the

value of Tm of pa-PCL shifts to higher temperature

gradually as it becomes incorporated into the PBZZ

matrix, presumably because the cross-linking structure of

PBZZ hinders the transfer of heat to the crystalline region

of pa-PCL. The crystalline pa-PCL was destroyed

substantially, however, upon the DSC measurement as

shown in Fig. 3(B) and Table 3; these results are

consistent with those obtained from the FT-IR spectra.

The DSC results show that these co-polymers were micro-

phase separated, which is a prerequisite for forming

porous low-dielectric-constant materials.
3.4. Thermogravimertric analyses

Fig. 4 displays TGA thermograms of (a) pa-PCL, (b) pa-

PCL/PBZZ, and (c) pa-PCL/PBZZ after hydrolysis, as a

function of the various molecular weights of pa-PCL; Table

4 summarizes the results, including the 5 wt% loss

temperatures and char yields. As can be seen, increasing

the molecular weight of pa-PCL increase the decomposition

temperature in Fig. 4(a). Furthermore, the opposite result of

char yield was observed because of the higher or lower
Table 4

The 5 wt% weight-loss temperatures of different pa-PCL composites recorded un

Component 5 wt% Weigh

pa-PCL(MnZ3000), 1a 270

pa-PCL(MnZ14,800), 1b 326

pa-PCL(MnZ24,000), 1c 334

pa-PCL(MnZ3000)/PBZZ, 2a 328

pa-PCL(MnZ14,800)/PBZZ, 2b 329

pa-PCL(MnZ24,000)/PBZZ, 2c 330

pa-PCL(MnZ3000)/PBZZ after hydrolysis, 3a 343

pa-PCL(MnZ14,800)/PBZZ after hydrolysis, 3b 343

pa-PCL(MnZ24,000)/PBZZ after hydrolysis, 3c 337

PBZZ 340
content of the terminal end group of the pa benzoxazine.

The 5 wt% loss temperatures of the various pa-PCL/PBZZ

mixtures are close as shown in Fig. 4(b), but the tendency of

the char yield is similar to that observed for pa-PCL for the

same reason suggested for Fig. 4(a). Moreover, after the

hydrolysis process, which removes the PCL segment of pa-

PCL, the decomposition temperatures increased and are

close to that of PBZZ as shown in Fig. 4(c) and Table 4. In

other words, these results indicate that the PCL domains

were completely removed from the pa-PCL/PBZZ co-

polymers after hydrolysis.
der a N2 environment

t loss (8C) Char yield (%) at 800 8C

3.6

1.2

0.9

23.3

22.2

21.4

23.4

22.0

22.1

30.1



Fig. 5. FE-SEM images of cross-sections of pa-PCL/PBZZ after hydrolysis recorded at high magnifications: (a) (3a, 50KX), (b) (3a, 100KX), (c) (3b, 50KX),

(d) (3b, 100KX), (e) (3c, 50KX), (f) (3c, 100KX).
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3.5. Scanning electron microscopy analysis

We also investigated the pore morphologies of the

pa-PCL/PBZZ co-polymers by FE-SEM after removal of
the pa-PCL segment. Fig. 5(a)–(f) present SEM micrographs

of fracture surfaces (cross-sections) of the pa-PCL/PBZZ

co-polymers, which were frozen in liquid nitrogen after

hydrolysis of the PCL segments using NaHCO3. Each of



Fig. 6. Dielectric constants of PBZZ materials obtained using (a) pa-PCL of

different molecular weights at a constant loading of 25 wt% at 105 Hz and

298 K and (b) different loading percentages of the pa-PCL(MnZ3000).
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these systems possesses a pa-PCL content of 25 wt%, but

notable variations in morphology occur as a result of their

different molecular weights. We observe heterogeneous

morphologies in Fig. 5(a)–(f), i.e. the co-polymers were

micro-phase separated after the pa-PCL segment was

incorporated into the PBZZ matrix. For the pa-PCL(MnZ
3000)/PBZZ system in Fig. 5(a) and (b), it can be seen that

the pores are dispersed uniformly in the continuous matrix,

and these pores have diameters that are !50 nm. Further-

more, we attribute these voids to the pa-PCL rich phase,

whereas the continuous phase is the PBZZ matrix. Upon

increasing the molecular weight of pa-PCL from MnZ3000

to 14,800 and 24,000, the porous structures display

remarkably different morphologies as shown in Fig. 5(c)–

(f). These morphologies incorporate pore sizes that vary in

the range from tens to hundreds of nanometer as these voids

began to aggregate, interconnect, and exhibit irregular

shapes. Meanwhile, the pore size distribution became

broader on the cross-sectional surface. The pore size and

distribution of 3a, 3b and 3c are 41.6G10.3, 54.5G34.0 and

61.9G27.7 nm, respectively. The results of these morpho-

logical studies reveals that the pa-PCL having MnZ3000 is

the one most suitable for forming the most evenly

distributed porous minor phase within the PBZZ matrix.

Most importantly, it also gives the lowest degree of pore

interconnection; a closed or isolated pore structure is usually

preferred to an open or connected pore structure because

connected pores may create current path leakage and result

in solvent absorption during wet cleaning processes, which

allows damaging gases to penetrate deep into the film during

the etching and dry resist stripping processes.

3.6. Dielectric analysis

Because the dielectric constants of gases are not much

different from that of a vacuum (kZ1), the incorporation of

free space or pores is an attractive method for decreasing the

dielectric constants of films, even though porous and low-

density materials pose greater challenges in both character-

ization and integration. The key to determining a material’s

properties depends directly on integration issues, including

porosity, pore size, and size distribution, and the extent of

interconnection. Increasing the porosity decreases the

dielectric constant, but it tends to reduce the material’s

mechanical properties. In general, the maximum porosity is

controlled to between 25 and 30%. The average pore size

must be substantially smaller, and the size distribution

(uniform or random) may affect the mechanical properties

of the film. Therefore, it is necessary to control the

frequency of large pores, which would constitute void

defects between metal lines. Furthermore, the pa-PCL(MnZ
3000)/PBZZ (3a) system possesses a relative closed and

well-distributed pore structure, as evidenced from the FE-

SEM images, which implies that it is most suitable for

applications as a low-dielectric-constant material.

The PBZZ porous structure was created after removing
the PCL segment from the pa-PCL/PBZZ co-polymer; the

value of its dielectric constant is lower than that of virgin

PBZZ. In Fig. 6(a), we observe that the dielectric constant of

the PBZZ decreases from 3.56 to 1.95 upon varying the pa-

PCL molecular weight at a constant pa-PCL loading

(25 wt%). Based on the DEA measurement, pa-PCL(MnZ
3000)/PBZZ (3a) gives the lowest value of k. Fig. 6(b)

displays the dielectric constant of different pa-PCL(MnZ
3000) loading in the PBZZ matrix. As would be expected,

the decrease in the value of k from 3.56 to 1.95 occurred as

the pa-PCL content was increased from 0 to 25 wt% after

hydrolysis.
4. Conclusions

We have developed a new class of nanoporous PBZZ

material that has a substantially lower dielectric constant by

using the pa-PCL as the labile constituent. FE-SEM images

show that the labile polymer micro-phase separates in the

PBZZ matrix with domain sizes that depend upon the

molecular weight of pa-PCL used. These pores were

generated when the pa-PCL was eliminated by hydrolysis
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of the pa-PCL/PBZZ co-polymer. A transition from isolated

to interconnected pores was observed when the molecular

weights of pa-PCL were increased from MnZ3000 to

24,000. These porous materials have dielectric constants,

relative to that of the virgin PBZZ (3.56), that are as low as

1.95 at 105 Hz and 298 K.
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