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Abstract

Interpenetrating polymer networks combining cellulose acetate butyrate (CAB) and a,u-divinyl-polydimethylsiloxane (PDMS) in different

weight proportions have been synthesized. The synthesis involves a one pot–one shot process in which all components are first mixed together.

For each composition, the relative CAB and PDMS network formation rates are adjusted through the concentration of DBTDL used as CAB

network formation catalyst. Thus, the chemically independent networks are formed quasi-simultaneously in order to avoid phase separation.

The CAB cross-linking density effect on the PDMS/CAB IPN mechanical properties has also been particularly studied. All synthesized IPNs are

transparent and only one mechanical relaxation temperature lying between those of the single CAB and PDMS networks is observed by DMTA

analysis. These results show that the networks are correctly interpenetrated and no phase separation is observed at the DMTA level. Some

mechanical properties of the PDMS network are significantly improved in this IPN combination and their stress–strain behavior has highlighted

a synergistic effect arising from the IPN architecture. Thus, these IPNs exhibit many characteristics, which would allow defining them as close

to ‘true’ IPNs.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interpenetrating polymer networks (IPNs) are defined as

combinations of two or more polymer networks synthesized in

juxtaposition. The entanglement of two cross-linked polymers

leads to forced ‘miscibility’ compared to usual blends and the

resulting materials exhibit good dimensional stability. The

general aim of these types of polymer associations is to obtain

materials with better mechanical properties, increased resist-

ance to degradation and a possibly improved combination of

the properties of their components.

The first information about the extent of phase separation

in the IPN can be derived straight after the synthesis from the

relative transparency of the material. Indeed, the more

transparent the material, the smaller the phase separation

since any light wavelength will be diffracted by any phase
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domain the size of which is of the same order of magnitude,

making the material appear translucent to opaque [1].

Dynamic mechanical thermal analysis (DMTA) should be

an adequate tool in order to corroborate the interpenetrating

degree of both networks inside the IPN architecture. Ideally,

interpenetration should occur only through physical inter-

actions and mixing should be homogeneous on a molecular

scale without covalent bonding between the different

networks. In this case, the DMTA analysis detects one

phase only, witnessed by just one mechanical relaxation the

corresponding domain size being estimated at about 5–50 nm

depending on the width of the relaxation signal [2]. Thus,

this ‘single’ phase is characterized in the loss factor (tan d)–

temperature curve by only one peak located at a temperature

between those of the mechanical relaxation of the single

networks combined inside the IPN architecture. In fact,

many IPNs show two mechanical relaxations corresponding

to two phases enriched in one of each polymer network and

only few IPNs are characterized by a single mechanical

relaxation. For example, polyurethane/poly(ethyl methacry-

late) IPNs with weight compositions (30–70) and (20–80)

show only one peak in the tan d–temperature curves,
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indicating a high degree of interpenetration between both

partner networks [3].

Polydimethylsiloxanes (PDMS) are known for their high

level of incompatibility with other polymers. Their

extraordinary flexibility makes it difficult to trap them

into the non-equilibrium architectures of IPNs. Some IPNs

associating PDMS with a rigid thermoplastic polymer

expected to improve PDMS mechanical properties are

reported in the literature [4–10]. As expected, these IPNs

exhibit superior mechanical properties compared to single

PDMS networks, however they are consistently phase

separated. This identified phase separation does not allow

these materials to be classified as ‘true’ IPNs [1].

In a first paper [11], the synthesis of polydimethylsilox-

ane (PDMS)/cellulose acetate butyrate (CAB) interpene-

trating polymer networks (IPNs) have been reported. The

silicone network is formed through a thiol–ene addition

reaction between a,u-divinyl-poly(dimethylsiloxane) and

trimethylolpropane tris(3-mercaptopropionate) as a cross-

linking agent. The CAB network is synthesized using a

pluri-isocyanate cross-linking agent through dibutyltindi-

laurate (DBTDL) catalysis. The IPN is prepared through a

one pot–one shot process. Particular attention was brought

to tuning the formation rates of both networks into the IPN

architecture. All studies were carried out on starting

mixtures in which the polymers were in the same weight

proportion (50/50). Since the success in obtaining a

satisfactory interpenetrating degree is tightly linked to the

competition between the individual network formation

rates and the phase separation one (thermodynamic

phenomenon) the respective network formation kinetics

are crucial in this IPN synthesis. Indeed, when the CAB

network formation is not sufficiently advanced (less than

40% conversion of the NCO functions of the pluri-

isocyanate agent used as CAB cross-linker) before the

PDMS gel point is reached (87% conversion of the PDMS

end chain vinyl groups), translucent or opaque materials

are obtained and two mechanical relaxations are detected.

However, by adjusting the dibutyltindilaurate (DBTDL)

catalyst concentration, i.e. the CAB network formation

rate, a transparent material can be obtained and the two

polymer networks are well interpenetrated since just one

mechanical relaxation is detected by DMTA. Thus, by

adjusting the relative rates of the network formations, a

‘true’ IPN as defined by Sperling, i.e. showing only one

mechanical relaxation [2], can be synthesized.

In this second paper, the syntheses of PDMS–CAB IPNs

containing different CAB weight proportion relative to

PDMS are described. The relative network formation rates

into the IPN have been particularly studied for each

composition and the corresponding DBTDL concentration

has been determined which leads to a transparent IPN. Some

mechanical properties such as mechanical relaxation tem-

peratures and stress–strain behaviour of these transparent

PDMS–CAB IPNs are detailed. On the other hand, the CAB

cross-linking density effect on the PDMS/CAB IPN
thermomechanical properties was studied for a given IPN

composition.
2. Experimental part

2.1. Materials

a,u-Divinyl poly(dimethylsiloxane) (di-vinyl-PDMS in

the text, MnZ650 g molK1 determined by 1H NMR, ABCR),

dibutyltindilaurate (DBTDL, Aldrich), Desmodurw N3300

(pluri-isocyanate cross-linker or agent in the text, Bayer),

trimethylolpropane tris(3-mercaptopropionate) (Trithiol in

the text, Aldrich) and cellulose acetate butyrate (CAB in the

text, 4% acetate–50% butyrate–46% OH, Acros Organics)

are used as received. 2,2 0-Azobisisobutyronitrile (AIBN,

Acros Organics) is recristallized in methanol and chloroform

(Carlo Erba, puro grade) is distilled before use.
2.2. Synthesis of single networks and IPNs

The synthesis of PDMS and CAB single networks and

PDMS/CAB (50/50) IPNs has been previously described [11].

The CAB cross-linking density in the PDMS/CAB (50/50)

IPN has been varied by varying the molar ratio [NCO]/[OH]

from 0.30 to 0.60. Only Desmodurw N3000 and DBTDL

contents are changed the synthesis conditions being kept

identical. Thus, in order to obtain a [NCO]/[OH] molar ratio

set at 0.30, 0.45 and 0.60 quantities equal to 0.27, 0.41 and

0.55 g Desmodurw N3300 as well as 169, 190 and 140 mL

DBTDL are added, respectively.

PDMS/CAB (25/75) IPN is prepared as follows: 0.75 g CAB

is dissolved in 3 mL chloroform, then 0.25 g di-vinyl-PDMS,

0.12 g trithiol ([HS]/[CaC]Z1.1), 0.41 g Desmodurw N3300

([NCO]/[OH]Z0.60) and 7 mg AIBN ([AIBN]/[CaC]Z0.05)

are stirred together under argon atmosphere for 30 min. 52 mL

DBTDL ([DBTDL]/[OH]Z0.025) are added as last component

just before the mixture is poured into a mould made from two

fluorine plates clamped together and sealed with a 1 mm thick

Teflon gasket. The mould is then kept at 50 8C for 16 h. After

16 h, the sample is kept for 1 h at room temperature and then

dried for 2 h at 50 8C under vacuum. After complete solvent

evaporation, it is cured for 2 h at 110 8C.

PDMS/CAB (75/25) IPN is prepared as follows: 0.25 g

CAB is dissolved in 3 mL chloroform, then 0.75 g di-vinyl-

PDMS, 0.34 g trithiol ([HS]/[CaC]Z1.1), 0.14 g Desmo-

durw N3300 ([NCO]/[OH]Z0.60) and 22 mg AIBN

([AIBN]/[CaC]Z0.05) are stirred together under nitrogen

atmosphere for 30 min. 52 mL DBTDL ([DBTDL]/[OH]Z
0.075) are added as last component, the same procedure as

described for the previous IPNs is then followed.

All investigated PDMS/CAB compositions are reported as

weight by weight ratios. Thus, an IPN obtained from a mixture

of 0.25 g di-vinyl-PDMS and 0.75 g CAB will be noted

PDMS/CAB (25/75) IPN, PDMS ratio being always reported

first.
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2.3. Kinetic experiments

The formation rates of the PDMS and CAB networks into

IPNs are followed in bulk and in real time in the near and

middle infrared (NIR and MIR) wavelength regions (7500–

1800 cmK1). The PDMS network formation is monitored by

the disappearance of the cross-linker H–S groups character-

ized by absorption bands at 2256 cmK1. The CAB network

formation is followed by the disappearance of the isocyanate

groups of the pluri-isocyanate cross-linker showing a

characteristic absorption band at 2270 cmK1 [12].

A given peak area (A) being directly proportional to the

given function concentration, the conversion—time profiles are

derived from the recording of successive spectra as a function

of time. Indeed, the relative conversion of any one of the

desired chemical function can be determined from the

absorbance values as (1K(At/A0)) where the A subscripts 0

and t denote reaction times.

IPNs are directly synthesized in the IR cell as previously

described [11]. The cell is inserted in an electrical heating

jacket with an automatic temperature controller (Graseby

Specac). Heating within the cell holder is constant to 50G1 8C.

The near-infrared spectra are recorded with a Bruker

spectrometer (Equinox 55) in the range 7000–1800 cmK1 by

averaging of 10 consecutive scans with a resolution of 4 cmK1.

Accumulations are repeated every 5 min.
2.4. Characterization

In order to estimate the amount of unreacted starting

material contained in the IPN, a known weight of IPN is

extracted in a Soxhlet with dichloromethane for 48 h. After

extraction, the sample is dried under vacuum at 50 8C and then

weighted. The extracted content (EC) is given as a weight

percentage

EC%Z
ðW0KWEÞ

W0

!100

where W0 and WE are the weights of samples before and after

extraction, respectively.

Dynamic mechanical thermal analysis (DMTA) measure-

ments are carried out on film samples with a Q800 model (TA

Instruments) operating in tension mode, experiments

being performed at a 1 Hz frequency and a heating rate of

2 8C minK1 from K140 to 150 8C. Typical dimensions of the

samples are 6 mm!30 mm!1 mm. The set up provides the

storage and loss moduli (E 0 and E 00) and the damping

parameter or loss factor (tan d). The stress–strain experiments

are performed with a deformation rate of 1 mm minK1 at

35 8C. At least four measurements for each sample are carried

out.

Glass transition temperature (Tg) values were taken as the

onset point from the second heating curves recorded at

20 K/min heating rate between K90 and 170 8C on a DSC

Q100 model (TA Instruments).
3. Results and discussion

The morphology of interpenetrating polymer networks

(IPNs) is controlled by a complex interplay between the

polymerization/cross-linking reaction rates and the occurrence

of the phase separation. For the PDMS/CAB (50–50) IPN

synthesis, macrophase separation can be avoided by control-

ling the formation rate of silicone and CAB networks. Indeed,

the cross-linking of the CAB network must be sufficiently

advanced (at least 40% conversion of the NCO functions

before the PDMS gel point) in order to obtain a transparent

material showing only one mechanical relaxation by DMTA

analysis. However, when PDMS versus CAB weight pro-

portions are modified, the reactive group concentrations in the

reactive mixture are changed and the network formation rates

do vary compared to what is observed in the 50/50 one. Thus,

for each composition, it is necessary that the relative network

formation rates remain unchanged compared with those of the

PDMS/CAB (50/50) IPN synthesis in order to obtain a

homogenous transparent material.

The PDMS network is synthesized from di-vinyl-PDMS

(MnZ650 g molK1) and trimethylolpropane tris(3-mercapto-

propionate) (trithiol) as cross-linker through a radical thiol–ene

addition reaction initiated with AIBN. The kinetics of the

thiol–ene reaction is first and zero orders with respect to the

thiol and vinyl group concentrations, respectively [13,14].

Thus the PDMS network formation rate is not dependent on the

vinyl end-chain group concentration, hence of the PDMS

concentration. In other words, the cross-linking reaction rate is

only a function of the concentrations of thiol functional groups

and AIBN. Accordingly, a decrease in the PDMS network

proportion in the IPN composition leads to a decrease in the

thiol concentration and thus to a slow down of the PDMS

network formation rate.

CAB (MnZ16,000 g molK1) networks are synthesized in

presence of a pluri-isocyanate cross-linker via an alcohol/iso-

cyanate reaction catalysed by DBTDL. The rate of this reaction

is often described as first order with respect to both alcohol and

isocyanate concentrations [12]. Although these partial orders

depend on the medium viscosity and the compound molar

weight [15,16], the CAB network formation rate still depends

on the OH and NCO function concentrations. In addition, the

apparent rate constant k of the isocyanate–alcohol addition

reaction leading to the CAB network formation varies linearly

with the catalyst concentration according to kZk0Ckcat

[DBTDL] where k0 and kcat are spontaneous and catalysed

rate constants, respectively [12]. Thus, when DBTDL

concentration is increased in the reactive mixture, the apparent

rate constant k is increased as well as the CAB network

formation rate. So, the CAB network formation rate can be

adjusted by the DBTDL concentration in the initial mixture.

In this study, the CAB cross-linker content is first set at

60% molar with respect to hydroxyl function, i.e.

[NCO]/[OH]Z0.60, and we have chosen to control the

formation rates of both networks playing only with the

DBTDL catalyst concentration. As already discussed in part I

[11], the DBTDL concentration is adjusted in order to obtain



Fig. 1. Thiol (C) and NCO (:) group conversions during the synthesis of (a)

PDMS/CAB (75–25) IPN with [DBTDL]/[OH]Z0.075; (b) PDMS/CAB (50–

50) IPN with [DBTDL]/[OH]Z0.050 and (c) PDMS/CAB (25–75) IPN with

[DBTDL]/[OH]Z0.025, [NCO]/[OH]Z0.60, [AIBN]/[CaC]Z0.05,

[HS]/[CaC]Z1.1, TZ50 8C.
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at least 40% of the NCO group conversion before the PDMS

gel point is reached in order to avoid macrophase separation.

For example, for the PDMS/CAB (75–25) IPN synthesis, the

CAB content is lower than that in PDMS/CAB (50–50) IPN

one, in which the [DBTDL]/[OH] molar ratio was chosen

equal to 0.05. If this ratio is kept constant, then the CAB

network formation rate will be slowed down due to the

decrease in NCO and OH concentrations. In order to avoid

the phase separation between PDMS and CAB networks, the

CAB network formation rate must be accelerated by

increasing the DBTDL concentration. Thus, the [DBTDL]/

[OH] ratio should be higher than 0.05 in the PDMS/CAB (75–

25) IPN synthesis in order to obtain a transparent IPN with

only one mechanical relaxation temperature.

The PDMS–CAB (75–25), (50–50) and (25–75) IPN

synthesis have been particularly studied. For each synthesis,

the amount of chloroform used for the solubilisation of the

initial compounds is adjusted in order to obtain a transparent

initial mixture. Transparent PDMS–CAB (75–25), (50–50) and

(25–75) IPNs are obtained when the molar ratio

[DBTDL]/[OH] is set at 0.075, 0.050 and 0.025, respectively.

In order to check that, in each case, the NCO conversion

reaches at least 40% before the PDMS gel point is reached, the

NCO and thiol group conversions have been recorded versus

time (Fig. 1). As shown on these conversion-time curves, the

isocyanate conversions reach 0.40, 0.43 and 0.61 in

the PDMS–CAB (75–25), (50–50) and (25–75) mixture when

the PDMS gel point is reached, i.e. when the thiol group

conversion is equal to 0.87. So, by adjusting the DBTDL

concentration for each composition, the NCO conversion can

reach at least 40% before the quasi-quantitative PDMS

network formation. All PDMS/CAB IPNs synthesized with

the reported molar ratio [DBTDL]/[OH] are transparent, which

means that macrophase separation is prevented, considering

the very important difference between the respective refractive

indices of both polymers (n20
D PDMSZ1:43 and n20

D CABZ1:47

[17]).

The amount of extracted materials is below than 7% in all

synthesized IPNs. Analysis of the extracted material by 1H

NMR shows that they are mainly composed of linear PDMS

chains. These low amounts of extracted material are an

indication of the satisfactory yield of the cross-linking reaction.

An improvement in the poor mechanical properties of

PDMS is expected upon combining PDMS and CAB into an

IPN architecture, prompting a study of the thermomechanical

properties of PDMS/CAB IPNs by DMTA analysis and paying

special attention to the influence of IPN composition and CAB

cross-linking density.

The tan d values are associated with segmental chain motion

and are also greatly influenced by the IPN weight composition.

As previously described [11], PDMS and CAB single networks

show a mechanical relaxation characterized by a maximum

tan d value located at a given temperature (tan d(PDMS)Z1.40

at TaPDMSZK70 8C and tan d(CAB)Z0.85 at TaCABZC
113 8C) (Fig. 2(a) and (e)). The quality of the interpenetration

of both networks inside the IPN architecture can be to a certain

extent inferred from the tan d–temperature curves. Indeed, the
DMTA measurements detect just one phase, i.e. only one

mechanical relaxation when the networks are correctly

interpenetrated.

Fig. 2 shows the tan d–temperature curves of PDMS/CAB

IPNs for various compositions. PDMS/CAB (75/25) IPN

shows a complex morphology highlighted by a very broad

relaxation ranging over more than 130 8C between K80 and

50 8C, which displays two maximum at K50 and K5 8C.

These two relaxations might be assigned to interpenetrated

polymer domains with various composition as a rich PDMS

phase containing CAB (TaZK50 8C) and to a rich CAB one

containing PDMS (TaZK5 8C extending up to 50 8C). The



Fig. 2. tan d versus temperature of PDMS/CAB IPNs with different weight

compositions (b) 75/25, (c) 50/50 and (d) 25/75. PDMS (a) and CAB (e) single

network curves are reported for comparison.

Fig. 3. PDMS/CAB (50/50) IPN tan d versus temperature. IPNs are synthesized

with different pluri-isocyanate cross-linker amounts (a) [NCO]/[OH]Z0.60

and [DBTDL]/[NCO]Z0.08, (b) [NCO]/[OH]Z0.45 and [DBTDL]/[NCO]Z
0.15 and (c) [NCO]/[OH]Z0.30 and [DBTDL]/[NCO]Z0.17, [AIBN]/[Ca
C]Z0.05, [HS]/[CaC]Z1.1.
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mechanical relaxation of the single PDMS network is not

present anymore, however a mechanical relaxation with a weak

intensity centred at 110 8C is still observed which might be

assigned to a pure CAB phase. Thus, the PDMS/CAB (75/25)

IPN is composed of interpenetrating domains with various

compositions and also of CAB domains which means that the

phase separation could not be avoided perfectly during the

synthesis.

On the other hand, only one a mechanical relaxation located

at C49 and C70 8C for PDMS/CAB (50–50) and (25–75) IPN,

respectively is detected. In each case, the single peak is located

at a temperature between those of the mechanical relaxation of

the PDMS and CAB single networks. These results prove that

the phase separation does not take place during the IPN

synthesis or at least is considerably limited. Furthermore, these

peaks (tan dmax) are rather broad (for example the half-height

width of tan d peak is equal to 40 8C for the PDMS/CAB (50–

50) IPN) compared to those of the single networks (the half-

height widths of tan d peaks are equal to about 20 8C for the

PDMS and CAB single networks) indicating that the new

interpenetrated phase has a rather constant composition.

Indeed, the broader the tan d peak, the less homogeneous the

composition of the material. It should be noted that DSC

measurements have also been carried out on all samples but no

exploitable transition has been detected. Thus, these IPNs

exhibit some characteristics that would allow them to be

classified as true IPNs [1].

Besides the variation of the CAB amount, the effect of

decreasing the CAB cross-linking density on the mechanical

properties of the IPN has been studied. First of all, the

necessary synthesis conditions in order to obtain transparent

IPN have been determined. From here, the DBTDL concen-

tration is expressed with respect to the exact amount of OH

groups, which are chosen to react and thus correspond to the

introduced NCO group amount, i.e. NCO concentration. For

this reason, in this discussion part, the DBTDL concentration is

expressed as the [DBTDL]/[NCO] molar ratio. The series of

PDMS/CAB (50/50) IPNs in which the CAB cross-linking

density, i.e. the [NCO]/[OH] molar ratio, varies from 0.30 to

0.60 has been synthesized. As already described above, at least

40% of the NCO functions must have reacted before the PDMS
gel point is reached in order to obtain a transparent material

showing only one mechanical relaxation by DMTA analysis.

Therefore, when the CAB cross-linking density, i.e. the NCO

function concentration decreases the DBTDL amount must be

increased in order to increase the CAB network formation rate.

This assumption was confirmed since the PDMS–CAB (50–50)

IPNs in which the [NCO]/[OH] molar ratio decreases from 0.60

to 0.30 are transparent when the [DBTDL]/[NCO] molar ratio

is increased from 0.08 (corresponding to the previous ratio

[DBTDL]/[OH]Z0.05) up to 0.17. On the other hand, no

transparent IPN is obtained when the [NCO]/[OH] ratio is

below 0.20 even if the [DBTDL]/[NCO] ratio varies from 0.15

to 0.50. Indeed whatever this [DBTDL]/[NCO] ratio, the final

IPN is consistently translucent which is characteristic of a

phase separation. Thus, a low cross-linking density of the CAB

in this type of IPN, i.e. the low cross-linker agent

concentration, promotes intra-molecular cross-linking which

in turn leads to phase separation.

In order to check that the CAB cross-linking density is

affected by the variation of the [NCO]/[OH] values from 0.3 to

0.6 even in off-stoichiometric conditions, swelling experiments

were carried out on PDMS/CAB (50/50) IPNs in which the

[NCO]/[OH] ratios are set at 0.60 and 0.30, respectively. The

samples are immersed in dichloromethane until constant

weight at room temperature. The swelling ratios are equal to

5.1 and 3.4 when the [NCO]/[OH] ratios are equal to 0.30 and

0.60, respectively. These results confirm thus that the CAB

cross-linking density is affected by the [NCO]/[OH] ratio

values are in off-stoichiometric conditions.

The thermomechanical properties of transparent

PDMS/CAB (50/50) IPNs with different cross-linking densities

corresponding to [NCO]/[OH] molar ratio varying from 0.60 to

0.30 are reported in Fig. 3. Only one mechanical relaxation is

detected on the tan d–temperature curves whatever the chosen

CAB cross-linking density. The decrease in the cross-linker

proportion does not induce a phase separation when the

network formation rates remain correctly ordered in time. The

main relaxation temperature Ta is hardly affected by the cross-

linking density and is always located at about C49 8C. On the



Fig. 5. Stress–strain curves of PDMS (a) and CAB (e) single networks and of

PDMS/CAB IPNs with different compositions (b) 75/25, (c) 50/50 and (d)

25/75. Deformation rate: 1 mm minK1, TZ35 8C.

Fig. 4. Stress–strain curves of PDMS/CAB (50/50) IPNs. IPNs are synthesized

with different pluri-isocyanate cross-linker amounts (a) [NCO]/[OH]Z0.60

and [DBTDL]/[NCO]Z0.08, (b) [NCO]/[OH]Z0.45 and [DBTDL]/[NCO]Z
0.15 and (c) [NCO]/[OH]Z0.30 and [DBTDL]/[NCO]Z0.17, [AIBN]/[Ca

C]Z0.05, [HS]/[CaC]Z1.1, deformation rate: 1 mm minK1, TZ35 8C.
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other hand, the tan d maximum value decreases and the width

at half height increases when the [NCO]/[OH] molar ratio

decreases. For instance, the half height width increases from

about 38 to 70 8C and the tan d maximum value decreases

from 0.75 to 0.40 when the [NCO]/[OH] molar ratio decreases

from 0.60 to 0.30. Knowing that the broader the tan d peak, the

less homogeneous the composition of the material, the phase

separation between PDMS and CAB networks is slightly

amplified when the cross-linking density of CAB network

decreases. Since tan d maximum values decrease, the damping

properties of the IPN decrease when the CAB cross-linking

density decreases. However, in this composition range, a

correct interpenetration of both networks is preserved since the

mechanical relaxations of the individual single networks do not

appear anymore. This behaviour should be attributed to a

poorer compatibility between the two networks when the

[NCO]/[OH] decreases. Indeed, the number of remaining free –

OH groups on the CAB network increases when the [NCO]/

[OH] molar ratio, i.e. the CAB cross-linking density, decreases

and consequently leads to a more polar CAB network having a

lower compatibility towards the PDMS network with which it

is combined inside the IPN architecture.

Another consequence of the CAB cross-linking density

decrease is that the number of intra or intermolecular hydrogen

bonds in the CAB network increases since the number of

remaining free –OH groups on the CAB increases, and the

mechanical properties of the final material should be improved.

Indeed, the pluri-isocyanate used as CAB cross-linker in the

IPN synthesis should be considered as a ‘soft’ cross-linker

when introduced in the IPN: a network synthesized from this

pluri-isocyanate and butanediol shows a mechanical relaxation

temperature around 60 8C, which is relatively low with respect

to such a high cross-linking density. Thus, when the CAB

cross-linking density decreases the chemical cross-linker is

substituted by intermolecular physical cross-linking

H-bonding. In order to check this assumption, firstly, the

DSC curves of CAB polymer and CAB network

([NCO]/[OH]Z0.60) have been compared. The DSC curve

of CAB polymer exhibits the typical behavior of an amorphous

polymer with a single Tg at 104 8C whereas the CAB network

shows a Tg at 82 8C. Thus, the CAB cross-linking by the

Desmodurw N3300 causes a significant decrease in the Tg value

the origin of which could hypothetically be assigned to a

decrease in the extent of hydrogen bonding.

Secondly, the stress–strain curves of PDMS/CAB (50/50)

IPNs in which the CAB cross-linking density decreases from

0.60 to 0.30 have been recorded and are shown in Fig. 4. The

elongation at break increases from 60 to 110% when

the [NCO]/[OH] molar ratio increases from 0.30 to 0.45.

When the [NCO]/[OH] molar ratio is equal to 0.60, the

elongation at break is over 150% and can even reach a 190%

value. On the other hand, an order of magnitude of the Young’s

moduli E, can be estimated from the initial slope in the stress–

strain curves. As expected, the Young’s modulus, i.e. the initial

slope, decreases when the CAB cross-linking density, i.e. the

[NCO]/[OH] molar ratio, increases. This behaviour is in

agreement with the increase in the remaining free –OH groups
on the CAB leading to an increase in hydrogen bonding into the

CAB network.

So, this study on the CAB cross-linking effect shows that the

PDMS/CAB IPN strain resistance can be definitely improved

by increasing the CAB cross-linking density.

It is often reported in the literature that the IPN architecture

can lead to a synergistic effect: however, this synergy is not

often observed. In order to check whether the mechanical

properties of the PDMS network are really improved by the

CAB network introduction in a final IPN material, the stress–

strain curves of single PDMS and CAB networks and PDMS–

CAB IPNs with different compositions are shown in Fig. 5. The

slopes of these curves are about equal to 0.02 and 16 MPa for

the single PDMS and CAB networks, respectively and about

7 MPa for the PDMS–CAB (50/50) IPN, for example. The

PDMS and CAB single networks break when less than 10 and

5% strains are applied, respectively, these strains correspond-

ing to a stress of 0.08 and 20 MPa, respectively. On the other

hand, the elongation at break is over 150% for the PDMS–CAB

(50/50) IPN and the material stands a stress of about 1 MPa.

Thus, the poor mechanical properties of the PDMS network

(expected for a network made from very short oligomers, MnZ
650 g molK1) may be reinforced significantly by combining it



F. Vidal et al. / Polymer 47 (2006) 3747–3753 3753
into an IPN with 50 wt% rigid CAB. In the same way, the

material stands a higher strain than the single CAB network.

Thus, this stress–strain behaviour is indicative of a synergistic

effect on the elongation at break arising from the IPN

architecture. For the other IPN compositions, the extent of

this synergetic effect is more limited but still exists. For

example the elongation at break of the PDMS/CAB (75/25)

IPN and PDMS/CAB (25/75) IPN are around 15–25%. If one

considers that the synergistic effect is correlated with the

extent of the interface between both networks, the PDMS/CAB

(50/50) IPN must have a morphology allowing qualify it of true

IPN.

4. Conclusion

Interpenetrating polymer networks combining cellulose

acetate butyrate and di-vinyl-PDMS in different weight

proportions have been synthesized. The synthesis involves a

one pot–one shot process. For each composition, the relative

network formation rates are adjusted by the DBTDL

concentration introduced in the reactive mixture. Thus, the

networks are formed independently and when the CAB

network formation reaches at least 40% before the PDMS gel

point is reached, the phase separation of both network is

avoided.

When this DBTDL content is correctly adjusted, the

synthesized IPNs are transparent and only one mechanical

relaxation temperature lying between those of the single CAB

and PDMS networks is observed by DMTA analysis. The

amounts of extracted material measured on these samples are

always lower than 7%. These results show that both polymers

are correctly interpenetrated and no phase separation is

observed at the DMTA level.

On the other hand, the study of the increased CAB cross-

linking effect on the PDMS/CAB (50/50) IPN has shown that
increasing the [NCO]/[OH] molar ratio from 0.30 to 0.60 leads

to an interpenetrating phase with a better interpenetration

degree and a better strain resistance. The stress–strain

behaviour of these PDMS/CAB IPNs has highlighted a

synergistic effect arising from the IPN architecture.
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