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Abstract

A new synthesis of a gradient structure material from a homogeneous system of monomers is described. This synthesis involved 1,6-

hexanediylbis[oxy(2-hydroxy-3,1-propanediyl)]bisacrylate, a hydroxytelechelic polybutadiene, and 4,40-methylene-bis (cyclohexylisocya-

nate). In a first step, an acrylic double bonds photopolymerization gradient is created under UV exposure thanks to the decay of UV light

intensity through the sample thickness. In a second step, a thermal crosslinking reaction is realised to form a polyurethane network in order to

set the obtained gradient. The required experimental conditions to obtain and keep the gradient were investigated by FTIR and UV

spectroscopies. Thus, a 50% 1,6-hexanediylbis[oxy(2-hydroxy-3,1-propanediyl)]bisacrylate double bonds conversion gradient was obtained

in the ultimate 5 mm thick material. DMA and swelling analysis well revealed a difference of structures between both sides of the material,

and a change in polarity was observed by contact angle measurements.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Gradient polymers are mixtures of crosslinked polymers

in which the concentration of one of the networks varies

across the section of the material [1]. These multicomponent

polymer systems then exhibit a composition or a structure

that varies continuously with the position in the sample.

Thus, they can be defined as a combination of an infinite

number of layers, each one being a full system with its own

composition and properties. The main advantage of such

gradient polymers is their possibility, due to their spatial

gradient, of making polymer systems with customised

properties for different applications [2–11].

Several methods to obtain a gradient polymer can be

encountered in literature [12–15]. The more usual way is

the sequential curing [16–23] in which one network is

firstly swelled by the components of a second network

formed in a second time by photopolymerization [24–27].

The gradient is obtained by preventing the swelling from

reaching its equilibrium value.

Recently, we developed a new method to create gradient

materials without using a mixture containing at least one

polymer, but involving a photopolymerization reaction from

a homogeneous system, that is to say a system of monomers

and oligomers [28]. The principle depends on two steps. In

the first one, a polymerization gradient is photochemically

created and obtained thanks to the variation of UV

absorbance in the medium. The second step consists in

setting the obtained gradient by a thermal crosslinking

reaction. These first experiments showed the feasibility of

gradient polymers using this new technique, but were not

satisfactory enough regarding the obtained gradient and

subsequently the resulting property gradient. With this aim

in view, we chose to change the acrylate monomer, 2-

hydroxyethyl methacrylate, for 1,6-hexanediylbis[oxy(2-

hydroxy-3,1-propanediyl)] bisacrylate, well known to react

radically under UV exposure thanks to its double bonds, and

provided with chemical functions, namely hydroxyl groups,

able to react thermally with another monomer in the second

step. Concerning the thermal step, a polyurethane

network will be formed using a multifunctional hydroxy

oligomer (hydroxy telechelic polybutadiene), a di-isocya-

nate (4,40-methylene-bis(cyclohexylisocyanate)), and the
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aforementioned 1,6-hexanediylbis[oxy(2-hydroxy-3,1-pro-

panediyl)]bisacrylate. Thus, unlike common methods, that

lead to interpenetrating polymer networks (IPNs), this new

method will enable us to synthesize a material in which all

monomers and oligomers will react in different ways along

the thickness to result in only one network.

First of all, the required experimental conditions to

obtain a gradient by UV irradiation will be determined.

Afterwards, the polyurethane formation parameters

enabling this gradient to be kept will be set. Then, the

formation kinetics of the material will be investigated. And

finally, the resulting properties of this gradient material will

be analysed.

2. Experimental

2.1. Materials

Fig. 1 shows the chemical formula of the reactants used.

Polybutadiene (Poly Bd R20LMw-HTPB) and 4,40-methyl-

ene-bis(cyclohexylisocyanate) (H12MDI) were kindly sup-

plied, respectively, by Atofina and Bayer. HTPB is a low

molar mass polybutadiene ðMn ¼ 1370 g mol21Þ and pre-

sents an average hydroxy functionality fOH ¼ 2:45: Micro-

structure studies indicate 22% of 1,2 units (vinyl units) and

78% of 1,4 units [29]. H12MDI and 1,6-hexanediylbis

[oxy(2-hydroxy-3,1-propanediyl)]bisacrylate (HHPA)

(Aldrich) were used as received. Dibutyl tin dilaurate

(DBTL) (Aldrich), 2,2-dimethyl-2-hydroxyacetophenone

(Darocur 1173) (Ciba Specialty Chemicals) and Tetrahy-

drofuran (THF) (Acros) were used without further

purification.

2.2. Preparation of samples

HTPB and HHPA were first degassed for 1 h by a

graduated vacuum up to 1021–1022 mm Hg, respectively,

at 80 and 30 8C in order to eliminate all volatile products.

28 mmol (38.4 g) of HTPB were introduced into a 250 ml

round bottom flask equipped with a mechanical stirrer

(300 rpm), a switchable inlet for nitrogen and a vacuum

connector. Then the reactor was placed at room temperature

under nitrogen. 34.2 mmol (12.8 g) of HHPA containing

0.15% (w/w) of Darocur 1173 (i.e. 1022 mol l21 compared

to the acrylate monomer, and 0.028% (w/w) compared to

the final mixture) and 68.3 mmol (17.9 g) of H12MDI were

added and the mixture was stirred for 20 min. The high

viscosity resulting mixture was degassed for 20 min by a

graduated vacuum up to 1021–1022 mm Hg at 30 8C to get

rid of all the nitrogen bubbles created when stirring. This

mixture was stored at 218 8C until its use. Catalyst (DBTL)

(2.4 mmol l21) was finally introduced carefully as rapidly as

possible and just before the use of the reactional mixture

returned to room temperature.

The mixture was then run in a mould of various thickness

(up to 5 mm) as described in our previous work [28]. UV

radiation is applied 4 min after introduction of the DBTL

catalyst into the reactional mixture, in order to obtain proper

homogenization under N2 atmosphere.

2.3. Photopolymerization conditions

The UV radiation comes from a 350 W Oriel mercury

vapour lamp. Its intensity is measured at the sample level by

using a spectroradiometer (Intraspec II Oriel) of which

probes are centred on 254, 312 or 365 nm. The radiation is

monochromatic by means of the use of interferential filters

(254, 289, 312, 334 or 365 nm).

2.4. Thermal crosslinking conditions

The sample unit is placed in a oven at a given

temperature and crosslinking was allowed to proceed until

complete disappearance of isocyanate functions.

2.5. Measurements

2.5.1. Real time infrared spectroscopy (RTIR)

Photochemical and thermal polymerization reactions

were followed by RTIR (Perkin Elmer FTIR 2000

spectrometer) in attenuated total reflection (ATR). In case

of films, a sample drop was deposited and spread out over

the ATR diamond crystal with a quartz filter. This diamond

crystal can be carried at a chosen temperature by a

thermocouple. In case of thick materials, the samples were

realized as shown in Scheme 1, the diamond crystalFig. 1. Chemical formula of the reactants used.
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constituting the lower face of these samples. UV radiation

from a 350 W Oriel mercury vapour lamp was introduced

into the FTIR spectrometer sample chamber by a flexible

light guide so that it did not interfere with the IR beam. The

monochromatic UV radiation intensity was 6.5 mW/cm2 at

the sample level at 312 nm.

The disappearance of HHPA acrylic CyC stretching

vibrations at 809 cm21, HTPB vinyl CyC stretching

vibrations at 910 cm21, and H12MDI isocyanate vibrations

at 2257 cm21 was observed. A reference band in the

spectrum was used at 2924 cm21 to calculate conversions.

After correction of the baseline, conversions of HHPA

acrylic double bonds, HTPB vinyl double bonds and

isocyanate groups can be calculated by measuring the

absorbance at each time of the reaction and determined as

follows:

xC¼CHHPAðtÞ ¼

A809
0

A2924
0

2
A809

t

A2924
t
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0

A2924
0

£ 100
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0
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0
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A2257

t
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t

A2257
0
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0
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0
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0
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0

£ 100

where xðtÞ is the conversion of these reactive functions at t

time, A0 is the initial absorbance (before UV irradiation) and

At is the absorbance of the functional groups at t time.

2.5.2. Ultraviolet spectroscopy

The spectral absorbance of the reactive mixture was

measured in mass, in a 1 mm thick quartz cell, by using an

UV–Visible spectrophotometer (Perkin Elmer Lambda 16).

2.5.3. Dynamic mechanical analysis (DMA)

Samples were analyzed by dynamic mechanical analysis

(DMA 7 Perkin Elmer) in compression mode with stainless

steel parallel plate probe (1 mm diameter), at 1 Hz

frequency and 10 8C/min heating rate. The static and

dynamic forces applied were, respectively, 220 and

200 mN. The evolution of tan d was followed versus

temperature.

2.5.4. Swelling in THF

Swelling measurements were performed in THF at room

temperature for 1, 24 and 72 h. After having weighed the

swelled samples ðmsÞ; they were dried at 60 8C until a

constant mass was obtained ðmdÞ: Swelling ðQÞ was then

calculated using the following equation:

Q ¼
ms 2 md

md

£ 100

2.5.5. Surface tensions

Surface tensions of both surfaces (upper and downer) of

the material were evaluated by static contact angle ðuÞ

measurements with three liquids: water, diiodomethane and

ethylene glycol, using a GBX Digidrop ASE goniometer.

According to Owens–Wendt theory, the dispersive gd
s

and polar g
p
s components of the surfaces were determined:

ð1 þ cos uiÞgi

2
ffiffiffi
gd

i

q ¼

ffiffiffi
g

p
s

q
£

ffiffiffiffiffi
g

p
i

gd
i

s
þ

ffiffiffi
gd

s

q

where gi; gd
i ; g

p
i are the solvent superficial tension

parameters [30].

Furthermore, the polarity of each side can be computed

according to:

P ¼
g

p
s

gs

£ 100

where gs is the material superficial tension ðgs ¼ g
p
s þ gd

s Þ:

3. Results and discussion

3.1. Creation of the gradient under UV exposure

The decay of UV light intensity through the material

thickness is the principle applied to create a polymerization

gradient. Indeed, thanks to the sample absorbance and the

distribution of light intensity through the irradiated system

predicted by Beer–Lambert’s law, an intensity gradient, and

consequently a polymerization gradient, can be created

inside the sample when exposed to UV radiation.

The investigation of suitable irradiation wavelength and

material thickness has already been explained in detail in

our previous work [28]. Taking into account the absorption

spectrum in bulk of the reactive mixture (absorption due to

Darocur 1173 and mainly to HHPA and HTPB), the

irradiation wavelength was set to 312 nm, the intensity to

6.5 mW/cm2 at 312 nm and the material thickness to 5 mm,

Scheme 1. Schematic shape of the analytical ATR device.
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in order to obtain a theoretical progressive decay of light

intensity down to nearby 0 inside the sample.

A kinetic study monitored by FTIR was performed on a

5 mm thick sample with the above mentioned conditions in

order to determine the appropriate irradiation time. At the

surface, the conversion in double bonds was determined on

a film applied on the ATR diamond crystal. In depth, the

conversion was determined on the downer side of a 5 mm

thick sample directly in contact with the ATR crystal. Fig. 2

shows that the HHPA double bonds conversion at the

surface nearly reaches a maximum of 77% in about 15 min.

But actually, the conversion in depth increases as soon as

irradiation begins, and tends to a 20% conversion in depth in

15 min. This behavior is not in agreement with Beer–

Lambert’s law because the experimental conditions were

chosen to obtain an intensity at the end of the 5 mm equal to

zero (theoretical value of 3.1027 mW/cm2) so that the

downer side should not be reached by UV radiation.

Nevertheless, this phenomenon, that has already been

encountered elsewhere [28,31,32], is not surprising and

can be attributed to photobleaching. Thus, an irradiation that

would not affect HHPA double bonds in depth would result

in a very poor conversion in double bonds at the surface.

That is the reason why we decided to set the irradiation time

to 9 min, so that HHPA double bonds can react to a

satisfactory level of about 70% at the surface, even if they

react a little (around 15%) in depth.

3.2. Thermal crosslinking parameters of the polyurethane

network

The second step consists in crosslinking the material,

in order to avoid later evolution of the gradient. This

crosslinking involves H12MDI which, thanks to its

isocyanate functions and the hydroxyl groups of HHPA

and HTPB, will react via a classical polyurethane

formation reaction. A stoechiometric ratio in isocyanate

functions and hydroxyl groups was chosen. The poly-

urethane synthesis kinetics are well-known to be heat

sensitive in order to increase the kinetic, even more in

bulk polymerization.

On the other hand, acrylate double bonds can readily

react if heated. The effect of temperature on the poly-

urethane network formation and the HHPA double bonds

reaction was studied on a unirradiated film sample in Fig. 3,

at 30 and 80 8C. As expected, the higher the temperature is,

the faster the polyurethane formation is and the higher the

ultimate conversion in isocyanate functions is, respectively,

80 and 88% at 30 and 80 8C. The same behavior is observed

with HHPA double bonds. Indeed, a 80 8C temperature

leads to a fast polymerization that reaches 35% in only 1 h

and keeps on increasing. This temperature is definitely not

convenient. As far as the 30 8C kinetic is concerned, HHPA

double bonds still react but in a definitely more attractive

manner. Indeed, HHPA double bonds reach a maximal

conversion of only 15% in 4 h, and increasing the reaction

time does not make the double bonds polymerize further.

Thus, the 30 8C temperature appears to be the choice

temperature to avoid, as far as possible, an important

polymerization of HHPA double bonds in depth where these

functional groups are the more available. Moreover, as

shown in Fig. 2, the photopolymerization step already leads

to a 15% HHPA double bonds conversion in depth in 9 min,

so that the thermal step will not affect the double bonds.

Indeed, we can suppose that thanks to its two hydroxyl

groups on each molecule, the chemical structure of HHPA

enables to incorporate this monomer directly into the

polyurethane network and so reduces its mobility and the

thermal reactivity of its double bonds.

Fig. 2. Conversion of HHPA double bonds versus irradiation time at 30 8C

at the surface (X) and at 5 mm (W).

Fig. 3. Conversions of isocyanate functions, at 30 8C (B) and 80 8C (A), and

HHPA double bonds at 30 8C (X) and 80 8C (W), for an unirradiated film

sample versus time.
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3.3. Study of the gradient material formation

The gradient polymer is now synthesized using the

conditions previously mentioned. The conversions of

isocyanate functions, HHPA double bonds, and HTPB

vinyl double bonds at the surface and in depth are reported

in Fig. 4.

Concerning HHPA double bonds, a 70% conversion at

the surface and a 15% conversion in depth can be noticed,

that is to say a 55% HHPA double bonds conversion

gradient. Moreover, Fig. 4 shows that HTPB vinyl double

bonds react in this first step, up to about 8% conversion at

the surface and 6% in depth. Therefore, we can assume that

HHPA undergoes a grafting reaction towards HTPB vinyl

double bonds, what was already noticed in literature

concerning other acrylate monomers [28,33,34]. Further-

more, we can suppose that the polymerization of HHPA can

exhibit another crosslinking process through radical chain

transfer mechanisms on hydroxyl groups, in addition to the

obvious crosslinking by its two acrylate functions. Indeed,

this phenomenon was mentioned concerning another

acrylate monomer containing hydroxyl groups, 2-hydro-

xyethyl methacrylate [35–37]. Thus, as shown in Fig. 5, the

UV step leads to a complex structure involving crosslinked

HHPA homopolymer and crosslinking with HTPB, even

more complex that H12MDI starts reacting as soon as DBTL

is introduced, that is to say 4 min before irradiation is

switched on according to experimental conditions.

As far as isocyanate functions are concerned, their

disappearance is a little bit slower at the surface than in

depth. This can be explained by the polyHHPA network

created more specifically in surface that makes the diffusion

of reactive species more difficult. Thus, as introduced in Fig.

5, urethane functions can be created in depth between the

isocyanate groups of H12MDI and the hydroxyl groups of

free HTPB and HHPA where they are more available,

whereas at the surface they can be created between the

isocyanate groups of H12MDI and the hydroxyl groups of

free and crosslinked HTPB and HHPA. Thanks to its two

hydroxyl groups, HHPA is fully incorporated into the

polyurethane network. Keeping in mind all these reactions,

the resulting structure is very intricate and cannot be

considered as an IPN. Furthermore, the reaction of

isocyanate functions is far from being completed after

30 min, with only a 42% conversion at the surface and 46%

in depth (Fig. 4).

Time stability of the material was studied by determining

the conversions of isocyanate functions, HHPA double

bonds, and HTPB vinyl double bonds during 90 h at 30 8C

(e.g. Fig. 6 for the bottom of the material). As expected,

HHPA double bonds do not react in depth during the

thermal crosslinking step. The same behavior is observed at

the surface. We have therefore created and kept a 55%

HHPA double bonds gradient that is stable as soon as

irradiation is completed. Concerning isocyanate functions, a

75% conversion is obtained in depth after 4 days of reaction,

whereas the surface exhibits a poor 60% conversion.

Furthermore, the latter does not evolve further and is not

sufficient enough to make sure of sample cohesion during

removal from mould. Thus, another thermal step at higher

temperature is required in order to reach an isocyanate

conversion which will allow to remove the sample from the

quartz filters.

For example, the conversions obtained during these

thermal steps are reported for the depth of the material in

Fig. 7. The sample is kept at 30 8C during 20 h, which

corresponds to the time for which the isocyanate conversion

nearly reaches a maximum. Then, the oven temperature is

set to 60 8C during 24 h, thus leading to a 77% isocyanate

conversion in depth and a 66% conversion at the surface.

Thereby, the sample can be removed from the quartz filters

very easily. Finally, the sample is placed and kept in a 30 8C

oven during 5 days to allow complete reaction of unreacted

isocyanate functions with atmospheric moisture. During this

process, the HHPA double bonds conversion has increased

up to 28% in depth and 78% at the surface.

Finally, a 5 mm thick gradient material was cut into

0.58 mm thick layers and the conversion in HHPA double

bonds was measured by ATR for both sides of each layer.

HHPA double bonds conversions plotted against thickness

right after irradiation on material of variable thickness and

in the ultimate material are presented in Fig. 8. We can

notice that the gradient ultimately obtained is quite similar

to the expected one. Indeed, the expected 55% HHPA

conversion gradient has turn into a very satisfactory 50%

gradient, with 78% conversion at the surface and 28% in

depth. Furthermore, the ultimate material is stable through

time after the whole process described above and further

irradiation does not affect this gradient.

A DMA analysis was carried out on each layer

Fig. 4. Conversions of isocyanate functions at 30 8C at the surface (B) and

in depth (A), HHPA double bonds at the surface (X) and in depth (W), and

HTPB vinyl double bonds at the surface (P) and in depth (L), for a 5 mm

thick sample versus time.
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previously mentioned. The tan d curves are shown in Fig. 9.

An important point lies in the behavior of the layers around

60 8C. Indeed, this relaxation is not the homopolyHHPA one

of which transition was observed at lower temperature

(around 7 8C), but could be associated to the transition of

polyHHPA acrylate backbone crosslinked by H12MDI. This

transition decreases through the thickness and tends to

disappear in the bottom layers. This more important

crosslinking density at the surface was checked by swelling

the layers in THF, which revealed a higher swelling in depth

Fig. 5. Reaction scheme during photopolymerization step.

Fig. 6. Conversions in depth of isocyanate functions (A), HHPA double

bonds (W), and HTPB vinyl double bonds (L), for a 5 mm thick irradiated

sample versus time at 30 8C.

Fig. 7. Conversions in depth of isocyanate functions (A), HHPA double

bonds (W), and HTPB vinyl double bonds (L), for a 5 mm thick irradiated

sample versus time: 20 h at 30 8C followed by 24 h at 60 8C.
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(175%) than at the surface (140%). As far as the other

relaxations observed are concerned, the one seen around

240 8C does not vary significantly when thickness

increases and can be assigned to HTPB soft segments.

Furthermore, the mechanical analysis exhibits an inter-

mediary transition around 17 8C which increases with

thickness. This transition can be attributed to the poly-

urethane network made of HTPB, H12MDI, and HHPA, this

diol acting like a chain extender. On top of that, the bottom

layers present a more narrow transition, in opposition with

the broad transition of the surface. This phenomenon

indicates a more homogeneous structure in depth than at

the surface, as expected when considering the reaction

scheme. To sum up, the structures of the created networks

seem to be different at the surface and in depth.

Polarity of both sides of the sample was calculated by

means of contact angle measurements. Thus, the surface

exhibits a polarity Psurf ¼ 28% ðuwater surf ¼ 688Þ; whereas

the depth one is only Pdepth ¼ 18% ðuwater depth ¼ 768Þ: As

far as homopolyHHPA is concerned, a 30% polarity was

computed according to the same method ðuwater pHHPA ¼

648Þ: Therefore, the surface is very close to homopolyHHPA

in terms of polarity.

4. Conclusion

In this study, a material presenting a polymerization

gradient was successfully obtained from a homogeneous

system composed of HHPA, HTPB, and H12MDI using

photopolymerization. The thermal crosslinking of the

medium, required to set the gradient, did not affect the

aforementioned gradient, but a supplementary thermal step

was carried out to enable an easy removal of the material

from the quartz filters, which resulted in a small decrease of

the double bonds gradient from 55% initially down to 50%

finally. The use of a difunctional hydroxy acrylate ended up

with no stability problem during the thermal step like

encoutered before [28]. Moreover, the ultimate gradient

material obtained is stable against later UV exposure, and

presents a structure gradient through the thickness due to

different network structures and crosslinking densities. On

top of that, a polarity gradient was obtained, with a surface

near to polyHHPA in terms of polarity.
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