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ABSTRACT: The features of norbornene (NE) cross-linked polyimide (PI) were investigated as the ratio of the norbornene monomer

was varied. The coefficient of thermal expansion and modulus are important parameters of materials used in the microelectronic

industry. Therefore, in this study, 5-norbornene-2, 3-dicarboxylic acid (NE) was introduced as a crosslinking agent to increase

the thermal stability at elevated temperatures. 4,40-Benzophenonetetracarboxylic dianhydride was utilized as a dianhydride and 4,40-

diaminodiphenyl ether was introduced as a diamine monomer. By changing the ratio of each monomer, we were able to control the

spacing of the chain and ring opening polymerization, which resulted in improved properties. Each sample was thermally cured

which led to a ring opening mechanism of the norbornene through the reverse Diels-Alder reaction. Thermal mechanical analysis was

utilized to determine the coefficient of thermal expansion and dynamic mechanical analysis was used to determine the storage modu-

lus (e0) and loss modulus (e00) of the PI film. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42607.
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INTRODUCTION

Currently, microelectronic materials require higher performance

and speed as semiconductor technology becomes more sophisti-

cated and the distance between the vertical patterned line in the

lithography process has decreased to below 20 nm.1 Electronic

devices are generally manufactured under extreme environments

at high temperature. Therefore, materials need to endure high

temperature thermal processing. The gap of the coefficient of

thermal expansion (CTE) between two materials such as the

substrate and coating of the polymer will cause severe quality

problems such as cracking and bending of the substrate.2 There-

fore, it is important to understand the thermal properties of the

coating materials and which factors influence them. Thermal

and mechanical properties are both important in understanding

the characteristics of microelectronic materials and the determi-

nation of the performance of a material.3

Among various polymers, polyimide (PI) is a well-known poly-

mer used for coating the passivation layer of a semiconductor

to protect devices.4 PI contains aromatic structures, which leads

to excellent thermal properties. The dominant application of PI

is as a stress buffer to protect thin packages. During the curing

process of PI, thermal stress is applied to the wafer which leads

to deformation, delamination, or cracking of the substrate due

to the difference of the CTE values.5

Various studies have been conducted about PI synthesizing in

the past.6–9 Nonetheless, there is a necessity of studying about

ring opening mechanism on PI to improve the thermal prop-

erty. Ring opening metathesis polymerization has been used to

develop new types of polymers in different fields.10

In our previous study, we have confirmed the behavior on

change of dianhydrides with the property of the NE crosslinked

PI.11 However, the mechanism of norbornene crosslinking has

not been elucidated precisely. Therefore, in this study, different

ratio of norbornene was introduced as a crosslinking agent to

form a three-dimensional polymer structure to enhance the

thermal and mechanical properties of PI.12 By changing the

ratio of norbornene crosslinking in the PI structure, we were

able to confirm the effect of content change of norbornene

monomer on the thermal properties including the CTE and

glass transition temperature.

In this study, we demonstrated that the ring opening system of

norbornene is generally induced by thermal treatment during the

curing process.13 The complicated mechanism of ring opening

polymerization takes place by the reverse Diels-Alder reaction.

VC 2015 Wiley Periodicals, Inc.
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The structure and pathway of the norbornene end-capped

crosslinking points will be elucidated in the “Experimental”

section.

EXPERIMENTAL

Materials

For the synthesis of norbornene cross-linked PI, diamine and

dianhydride monomers were purchased from Tokyo Chemical

Industry, 3,30,4,40-benzophenone tetracarboxylic dianhydride

(BTDA) was introduced as the dianhydride, and 4,40-oxydianiline

(4,40-ODA) was introduced as the diamine. 5-Norbornene-

2,3-dicarboxylic and monomethyl ester (NE) was used as the

crosslinking agent. The N-methyl-2-pyrrolidone (NMP) solvent

was purchased from Duksan Chemical, Korea. All of these chemi-

cals were used without further purification.

Preparation of NE-Crosslinked PI Films

Specimens were prepared by changing the ratio of norbornene

(NE) and the chain spacing of the polymer. Generally, PI is syn-

thesized from polyamic acid (PAA) via diamine and dianhydride

and thermally cured into PI. First, 5 mmol of 4,40-ODA was dis-

solved in an aprotic dipolar solvent (NMP) for 2 h.

Second, 5 mmol of dianhydride (BTDA) was additionally dis-

solved in the 4,40-ODA solution to form PAA. The mixture was

stirred in an ice bath under a N2 atmosphere for 12 h. N2 gas

was used to establish an inert atmosphere in the reactor.

Third, the norbornene monomer was added into PAA and

mixed for an additional 12 h. The molar ratios of the mono-

mers are shown in Table I and the solution of PAA contained

20 wt % of each monomer with the solvent.

Before thermal curing, the PAA was placed into a vacuum oven

for 6 h to remove the micro bubbles that remain in the poly-

mer. It is important to remove bubbles in order to prevent

them from making holes in the films. The solution was gener-

ally cast at a rate of 500 rpm on a silicon wafer or glass sub-

strate with the use of a spin coater. Before thermal curing, the

substrate and coated PAA were prebaked at 808C for 0.5 h.

The thermal curing process was automatically programmed

using a regulated oven. The following steps were programmed:

1008C for 1 h, 2008C for 0.5 h, 2508C for 0.5 h, and 3508C for

2 h. The heating rate in each of the steps was 28C/min. To

reduce the residual solvents in the PI chain, it is important to

utilize curing steps in the curing process. The thermal curing

process is an important step to drive off solvents trapped in the

polymer structure and convert the PAA into PI by forming an

imide ring.

The solvent in the PAA acts as a plasticizer and gives flexibility

to the functional groups during the process.14 However, in this

study, our purpose was to increase the modulus of the PI by

decreasing the flexibility. Therefore, eliminating the solvent

from the PI is an important procedure. Furthermore, removal

of the solvent helps the imide ring form in the structure. By

performing a thermal curing step, we were able to reduce the

amount of the solvents that were in the polymer chain. The

mechanism of ring opening norbornene cross-linked PI pathway

is described in Figures 1 and 2.

Norbornene

The procedure used to synthesize NE cross-linked PI is com-

posed of two steps. The first step is where the structure of PI is

formed via poly(amic acid). Commercial PI is synthesized

through a condensation reaction of diamine and dianhydride.

The reaction occurs by thermal curing as the H20 is released

from the monomer to form the PI. The second step starts by

introducing the end capping agent which is the norbornene

(NE) monomer. End capping monomers are units that termi-

nate the reaction of a polymer chain. However, in this study,

with the use of heat, the end capping monomers form network

polymers.15 Norbornene consists of cyclopentadiene and malei-

mide which break apart during the thermal curing process.16

This second step allows the NE to crosslink. The critical param-

eters evaluated in this study were the content change of NE and

the effect of the chain spacing in crosslinking on thermal and

mechanical properties of PI.

CHARACTERIZATION

Polymer Structure

In order to characterize the change of the structure, Fourier

transform infrared (FTIR, DIGILAB) spectra were evaluated to

confirm the structure of the PI. The FTIR scan was conducted

from 600 cm21 to 4000 cm21 with a scan speed of 2 mm/s.

Samples with the size of 1 3 1 cm2 were prepared for the meas-

urements. Evaluation of the differences between the reference

sample (a) BON(0), which is the PI without end-capped cross-

linking, and the other NE cross-linked PI samples (b)–(e) was

necessary.

Morphology

Morphology is a key factor to determine the thermal and

mechanical properties of a material. Therefore, analyzing the

morphology is very crucial in polymer studies. The morphology

of a polymer cannot be defined without employing X-ray dif-

fraction (XRD) analysis as interpretation of the peaks yield

information of the polymer.

Wide angle X-ray diffraction is an important instrument used

to analyze the crystallinity of synthesized PI.17 As the sample is

irradiated with X-ray beams, the intensity of the scattered pat-

tern is calculated and recorded. PI, which is an amorphous

polymer, has partially crystalline segments in the structure.

Therefore, scattering of the X-ray beam is caused by the differ-

ence of the electron density.18

Table I. Molar Ratio and Mass of the Norbornene Crosslinking Agents

Lot.
Diamine
(ODA)

Dianhydride
(BTDA)

Norbornene
(NE)

(a) BON0 ref 1 (1.001 g) 1 (1.611 g) 0

(b) BON(0.1) 1 (1.001 g) 0.85 (1.369 g) 0.1 (0.098 g)

(c) BON(0.3) 1 (1.001 g) 0.75 (1.208 g) 0.3 (0.294 g)

(d) BON(0.5) 1 (1.001 g) 0.65 (1.047 g) 0.5 (0.490 g)

(e) BON(0.7) 1 (1.001 g) 0.55 (0.886 g) 0.7 (0.686 g)
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In this study, a Rigaku diffractometer (Model RINT 2000) was

used to confirm the chain spacing between the molecules and

morphology of the polymer. The XRD was operated at 40 kV/

20 mA and Ni-filtered CuKa was used as a radiation source. It

was used with a fixed wave length of k 5 1.5405 Å. The XRD

was operated in a continuous scan mode within the range of 2–

508. The scanning speed of the X-ray was controlled by 28/min.

Thermal Properties

A differential scanning calorimeter (DSC) was used to detect

the Tg (glass transition temperature) of the polymer. The DSC

(TA Instrument, Q10) was heated from room temperature to

4008C at a heating rate of 108C/min.

The CTE was measured by employing thermal mechanical analy-

sis (TMA, TA Instrument, Q400). The ASTM E831 method was

adapted for the process of the measurement. The instrument was

heated at a heating rate of 108C/min from room temperature to

5008C with a N2 flow rate of 50 mL/min. The end-capped PI

film was prepared with a width of 4 mm and a length of 40 mm,

where the thickness was controlled at 7–8 mm.

Mechanical Properties

DMA (dynamic mechanical analysis, TA Instrument, DMA

Q800) was utilized using the ASTM D4065 method to measure

the mechanical properties of the end-capped PI. The heating

rate was 108C/min from room temperature to 5008C. The fre-

quency was set to 1 Hz in the tension mode.

Figure 2. Ring opening mechanism of the norbornene end capper.

Figure 1. Pathway of NE cross-linked PI.
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RESULTS AND DISCUSSION

Structure

In the FTIR spectra, we were able to confirm the structure of

the polymer coating. Figure 3 shows the transmittance peaks of

the norbornene cross-linked PI. C@O carbonyl stretching from

carboxylic acid was observed at 1710–1720 cm21.

The most crucial peaks to confirm the synthesis of PI are the

ACONH peak at 1604 cm21 and the CANAC peak at

1390 cm21.19 In a study involving curing and the structure of

PI, the ACONH peak decreased as the PAA was transformed

into PI.20 On the other hand, as the amide group disappears,

the CANAC peak increased. The peak of CANAC was con-

firmed at 1390 cm21. The C@C peak at 1490 cm21 corresponds

to stretching of the benzene ring of the PI.21 The peak of NE

crosslinked PI: (b)–(e), was very weak and difficult to discrimi-

nate the difference from (a)BON(0) without NE crosslinking.

According to previous studies and references the peak of NE

exhibited a very weak peak at 843 cm21 which is the crosslink-

ing peak of C5C in norbornene.22 Additionally, C-H bonds

were confirmed at 810-790 cm21 with a very weak peak.23

Morphology

Wide angle XRD has been used for a long time to study the

structure and morphology of various materials. The fraction of

a polymer that is crystalline or amorphous is an important

parameter to define the characteristics of the material. The fea-

tures evaluated by XRD included the orientation of the struc-

ture as well as the spacing between the chain and packaging of

the PI. The distance between the inter layers of PI was measured

on the scale of nanometers using XRD.

The crystallinity of PI and NE cross-linked PI were evaluated by

XRD. The XRD peak in Figure 4 reveals a broad peak in the

region of 208 where 2h is centered. From the broad XRD peaks,

we can determine that the PI we synthesized is an amorphous

material due to the shape of the peak.24 Bragg’s Law was intro-

duced to determine the chain spacing of the NE cross-linked PI

as shown below.

nk 5 2d sin h

The equation was used to calculate the angle of diffraction of

the NE cross-linked PI. The diffraction of the beam is caused

by the difference of the electron density. The broad peak implies

that the segments of the polymer reflected the X-ray beam and

we were able to calculate the angle and chain spacing of the

polymer.

In Bragg’s law, d is the distance between atomic layers of a

material, k is the wavelength of the X-ray beams, n is an inte-

ger, and h is the angle between the incident ray and scattering

planes.25

It is seen that 2sinh is proportional to d and since sinh is a

measure of the deviation of the diffraction from the direct

beam, it is evident that structures with a large d will exhibit

compressed diffraction patterns and the opposite behavior is

obtained with a small d.26

Therefore, we were able to obtain the diffraction patterns and inter-

pret the relationship between the pattern and distance among the

chains. The PI properties depend on the crystallization condition

and chain spacing of the polymer. The NE crosslinking played a sig-

nificant role in stabilizing thermal behavior at elevated

Figure 3. FTIR results of PI (A) Long range (B) Short range.

Figure 4. XRD results of PI polymers.
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temperatures and increasing the modulus of the material by chang-

ing the spacing between molecules. XRD is a proper instrument to

determine the morphology of the polymer. From Figure 4, with the

shape of the peak it was difficult to determine differences among

the samples. However, by introducing Bragg’s law, we were able to

confirm the different chain spacing among the polymers. As shown

in Table II, Sample (a) BON(0), which is PI with no crosslinking of

norbornene, showed the largest chain distance of 4.93Å which

made it easier for the chains to move at elevated temperatures. As

the ratio of NE crosslinking increased, we were able to observe that

the spacing between the chain of (e) BON(0.7), which had the

highest NE ratio, decreased to 4.23(Å). The decrease of the chain

spacing implies that the packaging of PI became more compressed

in a dense state.27 Dense packaging of the polymer indicates that it

is difficult for the polymer chain to mobilize at elevated tempera-

tures. Furthermore, we were able to assume that the crystallinity in

the structure increased. The effect of the NE crosslinking was eval-

uated and the XRD analysis results were confirmed to be related to

the thermal and mechanical properties.

Thermal Properties

DSC was employed to study the thermal properties of norbor-

nene cross-linked PI. All of the amorphous polymers exhibited

a Tg during heating. Generally the glass transition temperature

is the region where the hard segment of an amorphous polymer

is converted to a rubbery state.28 The DSC measurements per-

formed in this study were conducted from room temperature to

4008C under a N2 atmosphere. Endothermic peaks were

observed, as shown in Figure 5.

The DSC results of NE cross-linked PI revealed that as the ratio

of NE increased, the Tg consistently increased from 283.178C to

above 4008C. Compared to (a) BON(0), which is the reference,

samples (b), (c), (d), and (e) had increased glass transition tem-

peratures of 1168C. This is because of the ring opening poly-

merization of norbornene, which caused additional crosslinking

in the polymer structure.

Generally, there are two reasons for the enhanced thermal sta-

bility at elevated temperature. The first reason is that the

decreased chain spacing between structures makes the mobility

of the molecules difficult. This spacing result correlates with the

XRD analysis. To mobilize the atoms, more heat energy is

required. Therefore, the smaller the spacing, the more difficult

it becomes for the chain to jiggle.29 Second, additional cross-

linking through the reverse Diels-Alder reaction caused the

crosslinking to increase in the structure. As the NE ratio

increased, the crosslinking level gradually increased through

cyclopentadiene.30

The increase of NE crosslinking implies that free volume was

reduced and movement is restrained of the polymer chains.

This was confirmed in the DSC results and chain spacing

obtained from the XRD analysis.

According to Figure 5, the first endothermic peak that is located

near 1008C is the region where H2O evaporates from the matrix

of the polymer. As the PI is heated in this region, the thermal

energy of the H2O molecules eventually becomes too large to

allow the H2O molecules to be locked into the rigid structure of

the polymer. At this point, intermolecular bonds which hold

the PI together are broken and reformed as the molecules move

through the structure. Eventually, the thermal energy that was

absorbed by the PI becomes very large such that they move too

rapidly to form intermolecular bonds and the H2O molecules

start to evaporate, resulting in endothermic peaks.31

From the results obtained, (b) BON(0.1) showed a higher Tg than

(a) BON(0), which is the PI sample without NE crosslinking. More-

over, (c) BON(0.3) showed a higher Tg than (b) BON(0.1) with the

lowest content of NE and (e) BON(0.7) showed a higher transition

temperature than (d) BON(0.5). Therefore, from these results, we

can conclude that as the content of norbornene crosslinking

increased, the thermal stability at high temperature increased. Gen-

erally, the PI polymer sample (a) BON(0) without NE crosslinking

is loosely compressed compared to the other samples at room tem-

perature. As the temperature was increased in the DSC experiments,

the polymer absorbs heat and the bonds in the chemical structure

begin to move. The molecules start to vibrate and stretch and the

compression on the chain becomes lose. Therefore, the residual sol-

vent molecules including H2O which remained in the structure and

were trapped in the chains start to evaporate as heat is absorbed. As

heating continues, there is a point where the whole chain starts to

move and atoms have space to show movements. The region at

283.178C, where the peak decreases corresponding to the absorp-

tion of heat, is the glass transition temperature (Tg) of the (a)

BON(0) sample.

Tg is generally exhibited in amorphous materials such as com-

mercial PI (a) BON(0). However, fully cured PI with NE

Table II. Morphological Properties and Molecular Gaps between NE End-

Capped PI

Spacing between chains

Polymer name 2theta (h) Distance (Å)

(a)BON (0) ref 18 4.93

(b)BON (0.1) 18.9 4.69

(c)BON (0.3) 19.5 4.55

(d)BON (0.5) 20.96 4.25

(e)BON (0.7) 21.08 4.23

Figure 5. DSC results of NE cross-linked PI.
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crosslinking results in difficulty in the detection of the transi-

tion of the polymer under 4008C. Amorphous materials do not

show other peaks such as the melting temperature after the Tg

until the sample starts to decompose because the crosslinking

prevents molecules from moving.32 Given that Tg is associated

with rotational freedom of the side groups of a polymer, the

NE crosslinking restricted the movement of the chain segment

and increased the Tg.

From the comparison of the Tg with increasing ratio of NE, it

was difficult to determine the endothermic peak compared to

the reference sample (a) BON(0). Therefore, DMA, which has a

high sensitivity, was introduced to detect the exact transition

region to characterize the thermal properties. It is difficult to

distinguish the differences of the DSC results shown in Figure 5

with the analysis. The precise thermal behavior will be discussed

in the DMA analysis results.

Thermal Expansion

Reducing the difference of the CTE between the substrate and

PI film and lowering it was an important consideration in this

study. TMA was used to analyze the CTE of the NE cross-linked

PI. Generally, the linear CTE can be expressed by the following

equation.

al 5 l=l0
dl

dT

� �
F

Here, a1 is the linear CTE, l0 is the original length of the sam-

ple, d1 is the change in length, dT is the change of temperature,

and F is the constant force applied to the sample.33

However, PI does not only expand in length, it expands in every

direction.

DV

V0

5 avDT

Hence, it is important to determine the dimensional change of

the polymer. Using the formula above and the TMA results, we

were able to calculate the volume expansion of PI at elevated

temperature. In the formula, DV indicates the volume change,

V0 is the original volume of the polymer, and av is the CTE.34

In the analysis of the influence of the ratio of NE on the ther-

mal properties using TMA, different values of the CTE were

obtained. As shown in Figure 6, the CTE of the cross-linked PI

was affected by the norbornene crosslinking content. As

depicted in the figure, we were able to visually confirm the

dimension change of (a) BON(0) which showed the largest

expansion. Contrary to the (a) BON(0) sample, (e) BON(0.7)

sample with the highest content of NE showed the lowest

dimension change. This result is attributed to the increase of

the dimensional stability due to the increase of NE crosslinking

in the structure through the reverse Diels-Alder reaction, as pre-

viously described.35

The PI sample which does not contain a norbornene structure,

(a) BON(0), had the highest CTE of 318.3 mm/(m�8C). Table II

shows the CTE values calculated using the equation above. As

the amount of NE crosslinking in the PI backbone increased, the

CTE decreased to 68.9 mm/(m�8C) for the (e) BON(0.7) sample.

These CTE results are correlated with the XRD and DSC results.

The expansion of the volume of PI corresponds to the Tg value.

This region is the point where the transition of the polymer

occurs because of different free volume in the structure.

The space that causes the transition of the PI is known as free

volume. Free volume is defined as a space where a molecule has

internal movement.36 Due to this free volume the polymer is

able to expand in the Tg region. Beyond the Tg, free volume

allows space in the chain and makes more movement possible

at increased temperatures.37

Hence, as the CTE values indicate, due to the additional cross-

linking through the reverse Diels-Alder reaction of NE, the

space between the chains decreased and resulted in low CTE

values. The extended crosslinking resulted in restriction of the

movement of the molecules. Thus, according to the results

shown in Table III, the CTE value showed a decreasing tendency

as the ratio of NE increased.

Mechanical Properties

Dynamic mechanical data for the NE crosslinked PI series is

consistent with the data that was mentioned in the

“Morphology” and “Thermal Property” section.

DMA was utilized to study the temperature dependence of the

storage modulus and loss modulus of the cross-linked PI. The

analysis was carried out under controlled circumstances. DMA

provides information about the motion changes of the chain as

the temperature changes. With the use of DMA, we were able

Figure 6. CTE of cross-linked PI with different NE crosslinking ratios.

Table III. Effect of the NE Content and Chain Spacing on the CTE

Thermal expansion
measurement

Polymer name CTE (mm/(m�8C))

(a) BON (0) 318.3

(b) BON(0.1) 219.01

(c) BON(0.3) 148.22

(d) BON(0.5) 121.83

(e) BON(0.7) 68.9
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to measure the complex modulus (e*), elastic modulus (e0), and

loss modulus (e00), which was calculated from the response of

the PI sample to a sine wave.38

The elastic modulus (e0) is generally known as storage modulus,

which represents the elastic energy stored in the structure. The

loss modulus (e00) is a measure of the energy lost through heat-

ing.39 The oscillation that was generally applied to the materials

was fixed at 1 Hz during the measurements while the tempera-

ture was continuously changed.40

The loss modulus and storage modulus that were measured

using DMA are not exactly the same as the Young’s modulus

and yield better characterization of the material due to the fact

that we can obtain information about the loss energy (e00), stor-

age energy (e0), and the ratio of the two moduli, which is the

tan delta value.41

In this study, the NE monomer content was varied from 0.1 to

0.7, as discussed previously. As exhibited in Figure 7, the loss

modulus of PI without NE crosslinking (a) BON(0) showed the

lowest value. On the other hand, the values of the (b)

BON(0.1) through (e) BON(0.7) samples showed a gradual

increase proportionally due to the NE crosslinking of PI. The

behavior of the polymers at elevated temperatures showed that

the modulus gradually increased as the amount of NE increased.

The modulus increased in the following order: (a)BON(0)<

(b)BON(0.1)< (c)BON(0.3)<BON(0.5)<BON(0.7); which is

in consistent with the thermal expansion and spacing between

the chains.

Figure 7 illustrates the point where the loss modulus exhibits a

sharp drop as the amount of NE increased in the structure of

PI with less chain mobility. For each peak, the region where the

modulus showed a rapid drop is the point where transition of

the polymer occurs. It is the point where the glassy state of the

PI is transformed into a rubbery status and loses its modulus.42

The gradient of loss modulus peak increased before the Tg and

decreased after it exceeded the Tg where it became a rubbery

state. Loss modulus is the energy of the PI that has been dissi-

pated as heat during the measurement. The sudden drop of the

loss modulus is the energy loss due to the decrease of friction

of molecules. Above the glass transition temperature of a poly-

mer, friction is reduced and less energy is dissipated during

heating and results in decline of loss modulus. Samples (b)

BON(0.1) through (e) BON(0.7) showed a gradual increase in

the loss modulus where it exhibits a sharp drop as the content

of norbornene increased. However, the point where the loss

modulus exhibits a sharp drop of sample (e) BON(0.7)

increased but the gradient before Tg decreased compared to (d)

BON(0.5). The sudden drop of loss moduli of (e) BON(0.7)

and (d) BON(0.5) appeared in a similar region as sample (e)

BON(0.7), albeit a little bit higher.

This suggests that (e) BON(0.7) is the optimal composition to

restrict movements and increase the stiffness. From this result,

we can conclude that (e) BON(0.7) has the optimum content

and chain spacing of NE to increase the modulus of PI. This

result is attributed to the increase of crosslinking through NE.

As the ratio of NE changed, the ratio of crosslinking in the PI

chain increased. The reactions through norbornene crosslinking

resulted in bonding with other radicals of cyclopentadiene and

maleic anhydride. Derived from the crosslinking, the chain

length and spacing of the molecules decreased the free volume

in the structure, which correlates with the XRD data.

The crosslinking of NE introduces extended molecular chains

and less spacing to the PI. Therefore, it results in more use of

energy and more time to move the chain. The modulus is gen-

erally affected by the stiffness of the polymer. If the ratio of

crosslinking increases in a polymer structure, the stiffness

increases. Furthermore, the stiffness is affected by the free vol-

ume in the polymer. This result of the loss modulus correlates

with the CTE and Tg data. We can conclude that the chain

extension of the PI resulted in restriction of the movement of

the sample.

A comparison of storage modulus of the PI chain with different

NE ratios is displayed in Figure 8. The storage modulus is the

stiffness of a viscoelastic material. The increase of the storage

modulus corresponds to stiffening of the cross-linked PI back-

bone. The chain of the PI increased the stiffness through the

ring opening mechanism of the norbornene monomer.

Figure 7. Loss modulus behavior as a function of the NE ratio in PI.

Figure 8. Storage modulus behavior of NE cross-linked PI.
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According to Figure 8, we can conclude that as the ratio of the

norbornene crosslinking increased and the chain spacing

declined, the storage modulus increased.

This result corresponds with the loss modulus results. Moreover,

this result is related to the XRD analysis. As the NE ratio

increased, the packing of the polymer became dense and the

chain spacing decreased from 4.91(Å) to 4.23(Å). This fact

reflects that NE crosslinking decreased the gap between the PI

molecular layers. As the gap between the molecular layers

decreased, the density of packaging increased which resulted in

increased stiffness.43

Tan delta is the ratio of the storage modulus to the loss modu-

lus. It is an indicator of how efficiently a material loses its

energy in rearranging the polymer structure.44

Tan d5e00=e05g0=g00

From the tan delta results, we can correlate the modulus and

glass transition temperature. According to Figure 9, the steep

peak of the (a) BON(0) sample showed a sharp change under

3008C, which illustrates a rapid drop of tan delta near 2838C.

However, the NE cross-linked PI samples (b)–(e) showed a sud-

den change of the peak above 3008C, between 350 and 4208C

proportionally, demonstrating that the modulus and glass tran-

sition temperature improved. These characteristics improved

due to the crosslinking through the reverse Diels-Alder reaction

of NE which restrained the molecular freedom of the PI.

The most severe mechanism to decrease the molecular freedom is

chemical crosslinking of cyclopentadiene in the polymer chains

through covalent bonds and radical reactions in the network.45

Very high crosslinking densities through NE lead to increased

brittleness in the PI structure. Thus, crosslinking reduced the seg-

mental motion of the molecule at elevated temperatures.

This result of the modulus analyses is consistent to the XRD

molecular spacing results. As the spacing between molecules

decreased, the packaging of the chain became dense with an

improved modulus. Therefore, it was difficult for the polymer

to flow at elevated temperatures.

CONCLUSIONS

The reverse Diels-Alder reaction of NE was confirmed based on

the outstanding results obtained from the PI samples. The most

important parameters of this study were the content of NE and

the effects of the chain spacing on the property of PI. Thermal

behavior along with the modulus of the NE cross-linked PI

increased thermal stability remarkably. The Tg increased from

283.178C to over 4008C. The CTE decreased from 318.3 mm/

(m�8C) to 68.9 mm/(m�8C). The wide angle XRD analysis showed

that as the content of NE increased, the chain spacing of the

polymer decreased, which led to dense packaging of the PI.

Increase of NE crosslinking lead to dense packaging in the

structure. Therefore, the free volume of the chain decreased and

resulted in low thermal expansion at elevated temperatures. Fur-

thermore, the mechanical properties increased due to the stiff-

ness of the crosslinking as confirmed by the DMA analysis.

Consequently, as the ratio of NE increased, the thermal proper-

ties including the CTE and glass transition temperature

increased thermal stability at elevated temperature and the

modulus of the materials increased.
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