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Photo-differential scanning calorimetry (photo-DSC) was used to investigate the cure kinetics of a photo-initiated polymerization of tripropylene glycol diacrylate (TPGDA) monomers mixed with a eutectic liquid crystal mixture, E7, chosen due to its significant optical properties. The thermal photo-polymerization reactions were performed in isothermal mode in order to identify and evaluate the different thermal effects occurring during the photo-polymerization reaction under UV light. The results obtained help to better understand the curing mechanisms as well as the kinetics of the curing reactions. The isothermal photo-DSC provided complex thermograms showing the presence of two thermal effects: an exothermic heat (positive activation energy) generated during the conversion of monomers and an endothermic heat produced by the UV lamp. The latter phenomenon was observed in our previous work and was associated to the heating of the polymer dispersed liquid crystals (PDLC) material by the UV irradiation lamp. The dependence of photopolymerization on the time and intensities of the curing UV light were investigated. The results showed that the high intensity UV light heats the material and slows the process of phase separation which, in turn, affects the electro-optical properties of the material under study. The photo DSC results also revealed that the heating of the system was insignificant and can, therefore, be neglected, for materials exposed to UV radiation with an irradiation time of 5 seconds and a low intensity of 13.80 mW/cm 2 .

Introduction

Polymer/liquid crystal composite materials, also called polymer dispersed liquid crystals (PDLC), are generally in the form of thin films consisting of nano/micro-sized liquid crystal droplets dispersed in a more or less flexible amorphous polymer matrix [1,[START_REF] Deshmukh | Novel techniques of PDLC film preparation furnishing manifold properties in a single device[END_REF]. These multiphase materials, with an electro-optical functionality, have many interesting optical applications [START_REF] Deshmukh | Effect of temperature on the optical and electro-optical properties of poly(methyl methacrylate)/E7 polymer-dispersed liquid crystal composites[END_REF][START_REF] Lampert | Chromogenic smart materials[END_REF], such as the glazing with controllable transparency: they can toggle from an opaque state (Off state) to a transparent state (On state) by the simple application of a voltage.

The methods used in preparing PDLC films are divided into two classes. The first one uses an emulsion method [START_REF] He | The effect of molecular weight of polymer matrix on properties of polymer-dispersed liquid crystal[END_REF][START_REF] Doane | Polymer dispersed liquid crystal[END_REF][START_REF] Zhang | Effect of electric field on phase separation of polymer dispersed liquid crystal[END_REF][START_REF] Formentín | Polymerdispersed liquid crystals based on E7: Morphology and characterization[END_REF][START_REF] Ahmad | Surfactant-doped reverse-mode polymer-dispersed liquid crystal display with enhanced properties[END_REF][START_REF] Ding | A study of electro-optical properties of PDLC films prepared by dual UV and heat curing[END_REF] which consists in obtaining a polymer including LC domains, after evaporation of the solvent, from a homogeneous mixture of the polymer and the liquid crystal (LC) material. The second one includes all the processes that involve the phase separation of the LC and the polymer matrix from a homogeneous solution. The most common method, which belongs to the second class, was selected for the preparation of our materials. It involves photopolymerization under UV irradiation, which induces phase separation, also called polymerization-induced phase separation (PIPS) [START_REF] Yaroshchuk | Control of phase separation and morphology of thiol-ene based PDLCs by curing light intensity[END_REF][START_REF] Malik | Effects of polymer viscosity on the polymerization switching and electro-optical properties of unaligned liquid crystal/UV curable polymer composites[END_REF][START_REF] Hadjou Belaid | Relaxation Behaviour of Monomer/Liquid Crystal Blends after Exposure to Ultraviolet Light[END_REF], between the resulting polymer and the liquid crystals. This method allows producing films with optimal thermo-physical properties. The samples, obtained by phase separation, still show some fine liquid crystal droplets [START_REF] Chun | Polymer-Dispersed Liquid Crystal Applied in Active-Matrix Transparent Display[END_REF][START_REF] Kemiklioglu | Effects of photoinitiator on electro-optical properties of polymerization-induced phase separation blue-phase liquid crystals[END_REF] of various sizes, dispersed more or less homogeneously inside the polymer matrix. The size and shape of the liquid crystal domains are essential parameters to be considered in order to obtain films with optimal electro-optical properties. These two factors are strongly influenced by the phase separation kinetics occurring within the material [START_REF] Malik | Droplet orientation and optical properties of polymer dispersed liquid crystal composite films[END_REF][START_REF] Serbutoviez | Polymerization-Induced Phase Separation. 2. Morphology of Polymer-Dispersed Liquid Crystal Thin Films[END_REF]. Indeed, rapid phase separation kinetics generally gives small-sized droplets, while large-sized droplets are obtained with slower kinetics. In previous works [START_REF] Hadjou Belaid | Relaxation Behaviour of Monomer/Liquid Crystal Blends after Exposure to Ultraviolet Light[END_REF][START_REF] Chun | Polymer-Dispersed Liquid Crystal Applied in Active-Matrix Transparent Display[END_REF][START_REF] Kemiklioglu | Effects of photoinitiator on electro-optical properties of polymerization-induced phase separation blue-phase liquid crystals[END_REF][START_REF] Malik | Droplet orientation and optical properties of polymer dispersed liquid crystal composite films[END_REF][START_REF] Hadjou Belaid | Unusual Phase Separation Kinetics of Polyacrylate/E7 Blends[END_REF] the kinetics of the photopolymerization reaction of the monomer and liquid crystal mixtures under UV radiation were investigated optically by measuring the variations of light transmitted by the sample as a function of curing time.

The results showed a rapid and expected decrease of the transmitted light intensity was observed during the first milliseconds after the beginning of the UV irradiation. This decrease was explained by the formation of the liquid crystal domains which were formed progressively; with the advance of the polymerization the system becomes more and more inhomogeneous. This effect was then followed by an unexpected enhancement of the transmitted light [START_REF] Hadjou Belaid | Unusual Phase Separation Kinetics of Polyacrylate/E7 Blends[END_REF]. This phenomenon, whose duration was longer, from a few seconds to a few tens of seconds, depended on the time and intensity of irradiation of the UV source. The increase in transmitted light, which means that the system gradually returned from the anisotropic state to the isotropic state, thus becoming more homogeneous, was explained as a thermal effect: The sample heats up under the UV lamp light during the photopolymerization. Temperature measurements, performed by means of a thermal probe attached to the sample, showed an unexpected endothermic effect due to the high intensity of the UV lamp used [START_REF] Hadjou Belaid | Relaxation Behaviour of Monomer/Liquid Crystal Blends after Exposure to Ultraviolet Light[END_REF]. The aim of the present work was to try to better know and quantify the energies that are involved in the polymerization of our systems and which strongly control the morphology of our materials. This was made possible by the use of the photodifferential scanning calorimetry (photo-DSC) technique [START_REF] Jakubiak | Isothermal Photo Differential Scanning Calorimetry. Crosslinking polymerization of multifunctional monomers in presence of visible light photoinitiators[END_REF][START_REF] Ciprian | Influence of temperature and UV intensity on photo-polymerization reaction studied by photo-DSC[END_REF] which allowed obtaining the evolution of the thermograms during photopolymerization.

The photo-DSC thermograms clearly showed two types of heat involved in the polymerization under UV irradiation, namely an exothermic heat flow from the polymerization reaction and an endothermic heat flow from the UV lamp heat the sample as would be expected. Calorimetric measurements were carried out by photo-DSC as a function of the intensity and time irradiation of the UV lamp for the various samples [START_REF] Ciprian | Influence of temperature and UV intensity on photo-polymerization reaction studied by photo-DSC[END_REF][START_REF] He | Photopolymerization and structure formation of methacrylic acid based hydrogels: The effect of light intensity[END_REF]. These measurements showed that the exothermic and endothermic energy flows more or less overlapped in time, depending on the time and intensity of the UV irradiation. The goal of the present study was to identify and understand the two types of heat flows involved in the preparation of our materials in order to improve their electro-optical properties.

Experimental

Tripropylene glycol diacrylate (TPGDA, M n = 300 g/mol) from TOTAL Cray Valley (France), was used as a difunctional monomer. The commercial liquid crystal (LC) E7, provided by Merck KGaA (Darmstadt, Germany), consists of a mixture of four cyanobiphenylene derivatives (Scheme 1). This liquid crystal mixture exhibits a nematic-isotropic phase transition temperature, T NI = 60°C, and has a large nematic phase temperature range, between -62°C and +60°C. The Initial mixtures, containing 30 wt.-% of monomer, 70 wt.-% of LC E7, and 1wt.-% of the mass of monomer, of photoinitiator (Lucirin TPO, from BASF AG, Germany) were kept under mechanical stirring at room temperature (20°C) for several hours until a homogeneous mixture was obtained.

Scheme 1 that should be inserted in the Experimental section The polymerization and crosslinking processes were induced by a LC-08 irradiation source (from Hamamatsu Photonic K.K., Japan), equipped with a Xenon lamp, covering the spectrum between 250 and 800 nm, and an optical fiber. The solution samples prepared as above were exposed to the UV irradiation. In this study, the photo-polymerization kinetics were monitored by means of a differential scanning calorimeter (DSC 8500 -Perkin Elmer Inc, USA) adapted for photochemical measurements with a Perkin Elmer photocalorimeter accessory sample-holder cover.

The heat flow released during the photopolymerization reaction, using isothermal photo differential scanning calorimetry, was measured for various irradiation times and intensities of the UV light. The intensities used in this study are listed in Table 1:

The masses of the samples were 1mg (uncertainty ±0.1mg). The polymerization was carried out at a temperature of 20±1 °C. The isothermal photo-differential scanning calorimetry allowed us to measure, at the temperature of 20°C, the energy difference between the crucible containing the sample (reactive mixture) and the reference crucible, as a function of time. The UV irradiation was equally transmitted via a two-output optical fiber; one went to the sample and the other one to the reference cell. The differential scanning calorimeter used was an instrument controlled by a computer and equipped with a liquid nitrogen cooling system. The Perkin Elmer's specialized thermal analysis software allowed us to measure the flows of both types of energies, exothermic and endothermic, from a thermogram. These were the energies absorbed and released by the sample under UV irradiation.

A complementary study was carried out to measure the glass transition temperature, T g , of the resulting composite materials prepared with various irradiation times and intensities of the UV light. The DSC technique was used to investigate the glass transition temperatures, T g , and the isotropic-nematic temperatures, T NI , of the composite materials previously prepared under the UV irradiation. First, the sample was cooled down to a temperature of -80°C, for 2 min, until thermal equilibrium was reached. Then the temperature was increased from -80 °C to min, after which it was cooled at a rate of 10 ° C / min to -80 ° C and the cooling scan recorded. The purpose of this last operation was to watch the behavior of the glass transition temperature T g and the isotropic-nematic temperature, T NI , under the effect of the heat provided by the UV lamp, and also to check the influence of that lamp on the morphological properties of the systems which significantly controlled the electro-optical properties of the PDLC.

Results and discussion

The kinetics of the photopolymerization reaction has been found to depend on several parameters, including the photo-initiator selected, the nature of the monomer used and its concentration in the monomer/liquid crystal mixture [START_REF] Roussel | Photopolymerization kinetics and phase behaviour of acrylate based polymer dispersed liquid crystals[END_REF][START_REF] Hyun | Investigation of the photopolymerizationinduced phase separation process in polymer dispersed liquid crystal[END_REF]. This polymerization is also highly influenced by the parameters of the preparation process, such as the time and intensity of the UV irradiation and the temperature in the polymerization-induced phase separation (PIPS) method used here [START_REF] Smith | A Calorimetric Study of Phase Separation in Liquid Crystal/Matrix Systems: Determination of the Excess Specific Heat of Mixing[END_REF][START_REF] White | Contribution of monomer functionality and additives to polymerization kinetics and liquid crystal phase separation in acrylate-based polymer-dispersed liquid crystals (PDLCs)[END_REF].

In our previous study [START_REF] Hadjou Belaid | Unusual Phase Separation Kinetics of Polyacrylate/E7 Blends[END_REF] on the optical transmission of these systems under UV irradiation, it showed an unexpected thermal effect which was associated with the heating of the PDLC material by the UV lamp at relatively high intensities. It was observed that the optical transmission capacity of these materials increased with the UV dose, which could be explained by the high temperature of the material as a result of its irradiation by the UV lamp. If the irradiation time is relatively long then the sample reaches a temperature exceeding the nematicisotropic phase transition temperature (T NI ); the sample becomes isotropic although the polymerization/crosslinking process continues during this isotropic phase. In order to study the endothermic heat flow released by the UV lamp, which affects the electro-optical properties of the prepared composites, an isothermal analysis was carried out by the photo-DSC technique. This operation was performed at various UV radiation intensities but with a fixed time of 20 s; it was then repeated for different UV radiation time and a fixed intensity of 13.80 mW/cm 2 , which is the lowest intensity delivered by the UV lamp used. The exposure time of 20s (which was the average of the times used) and UV intensity of 13.80 mW/cm 2 (which was the lowest intensity released by the UV lamp) were chosen in order to have a minimum heating of the sample by the UV lamp; it was assumed that this would help to obtain two separate heat flow thermograms. Figure 2-A illustrates the thermal behavior of the TPGDA/TPO/E7 mixtures, for various UV radiation intensities, and an irradiation time of 20 s. This figure shows that the photopolymerization kinetics of the reactive mixtures, in the presence of the liquid crystal (LC), strongly depended on the intensity of the UV radiation emitted by the LC8 UV lamp. The endothermic flow increased significantly with the intensity of the UV irradiation. The exothermic part of the thermograms, corresponding to the heat released in the photopolymerization reaction, decreased with the increasing intensity of the UV lamp which heated the samples. This causes the polymerization to slow down.

The effect of varying the irradiation time, at an intensity fixed at 13.80 mW/cm2, is shown by the thermograms in Fig. 2-B, in which it is easy to note that the time of UV radiation did not significantly affect the rate of the exothermic energy flow but not its total value, measured from the area of the exothermic flux, which varied with the irradiation time. This is due to the very high rate of the photopolymerization reaction, which lasted only a few milliseconds, well below the different irradiation times used. The large difference (about 5 mw . s) observed in the middle for the area of the exothermic flow, as a function of the irradiation time, for these systems, could be explained by a possible change in the intensity of the UV lamp with changing irradiation time, although it was well fixed at the beginning. As expected, the endothermic flow was not very sensitive to the variation of the irradiation time before stopping the irradiation. Indeed, the sample can reach thermal equilibrium in the same way for the low intensity of 13.80mW / cm 2 . The endothermic effect, observed in the photo-DSC thermograms, stems from the fact that the amount of heat transferred to the DSC by the polymer/LC mixture (of high calorific capacity) per unit time was less than that transferred directly by the reference cell made of aluminum (of a more or less low calorific capacity). This is due to the fact that aluminum is a good conductor as compared to polymers which are poor thermal conductors.

A similar comparative study was conducted on the same reactive mixtures but without the LC, in order to understand its effect on the thermograms. The results obtained, as a function of the intensity and the irradiation time, are shown in Figs. 3-A and3-B, respectively. A large exothermic flux was observed for these systems as compared to those containing the liquid crystals. This result may probably be explained by the monomer mass of 1 mg which was much larger than that used in the previous mixtures containing a LC; that was only 0.3 mg. The amount of monomers to be polymerized was therefore larger, thus generating a higher exothermic energy [START_REF] Jakubiak | Isothermal Photo Differential Scanning Calorimetry. Crosslinking polymerization of multifunctional monomers in presence of visible light photoinitiators[END_REF], which varied little with the intensity of the UV irradiation. However, the endothermic contribution was much less important as compared with that observed in the case of the mixtures with a liquid crystal. The endothermic flow varied a little with the intensity of the UV lamp, but it did not change when the irradiation time was changed, as expected. For the mixtures without liquid crystals the exothermic effect was more important than the endothermic effect, while the opposite was observed for the mixtures containing the liquid crystals.

The results showed that the observed behavior was somewhat unexpected (for the systems with LC), where the endothermic flow grew with the intensity of the UV irradiation. It is also remarked that there was a virtual disappearance of the exothermic flow, and probably no PDLC material was formed, for a high intensity of UV light, in which case the endothermic flow predominated. This phenomenon, which is due to the infrared part of the UV light spectrum, was responsible for the heating of the low-weighting samples.

One can say that, for a liquid crystal mixture, the polymeric network formation was slowed down due to the presence of the LC domains, and that the exothermic flow was largely dominated by the endothermic flow which varied greatly with the intensity of the UV lamp. Moreover, the higher the intensity of the UV lamp, the warmer the system become. On the other hand, for a fixed intensity of the lamp, the endothermic flow was the same for any irradiation time. The mixtures containing LC absorbed more than 2.5 times more energy, released by the UV lamp, than those without LC. The PDLC composites absorbed much more energy from the irradiation source than did the polymeric network TPGDA without LC. Figures 4-A and4-B present the values of the exothermic and endothermic flows for the TPGDA/TPO/E7 systems as a function of the time and intensity of the UV radiation, respectively. These values can be calculated from the areas of the thermograms plotted in Figs. 2-A and2-B, for the mixtures containing a liquid crystal. The energy absorbed by the system increased significantly with increasing irradiation time, and this increase became more and more important with increasing intensity of the UV lamp (Figure 2-A).

On the other hand, the energy released (exothermic) decreased when the intensity of the UV radiation increased (Figure 4-B). When this intensity reached high values, the temperature of the material increased considerably and this caused a decline in the conversion rate of the monomers. The excessive heating of the system can be explained by the high intensity of the UV radiation. This heating begins before the complete formation of the PDLC composite film. However, the decline of the exothermic energy as a function of the irradiation time, for a fixed intensity (13.80 mW/cm 2 ), as shown in Fig. 4-A, is inexplicable, since the photopolymerization, which ends in a few milliseconds, must release the same energy, given that all the doses used have a minimum duration of 5 seconds which is well above the polymerization time. The energy absorbed (endothermic) by the sample containing the liquid crystals (LC) varied significantly with the intensity of the UV source; the lowest intensity emitted by the LC8 lamp used in this study was relatively high. The intensity of the UV source thus played an important role in the preparation of the PDLC composite materials by the polymerization-induced phase separation (PIPS) method using this powerful UV source.

For the reactive mixtures without LC, the values H Exo of the exothermic energy released by the photopolymerization reaction, calculated from the exothermic peak area of Fig. 3-A, varied slightly as a function of the intensity of the UV lamp (Figure 5-B). Quantitatively, the energy absorbed (endothermic) for all of the intensities presented the same variation as a function of the irradiation time until the irradiation was stopped. The energy generated by the UV lamp was much smaller than that obtained for mixtures with LC. Similarly to the mixtures with LC, the time of UV light exposure was found to only slightly influence the energy flow released by the photopolymerization.

A complementary study was conducted on the behavior of the glass transition temperature, T g , and the nematic-isotropic temperature, T NI , in order to understand the effects of the intensity and time of the UV irradiation on the morphology of the prepared materials on which their electro-optical properties crucially depend. The classical DSC study of the photopolymerization reaction can give insights on the mechanical and electro-optical properties [START_REF] Abdoune | Investigation of the electro-optical behaviour of UV-cured polymer/liquid crystal systems[END_REF][START_REF] Bouchakour | Optical properties of electron beam-and UV-cured polypropyleneglycoldiacrylate/liquid crystal E7 systems[END_REF]. This investigation consisted first of carrying out the classical DSC experiments, on several PDLC materials prepared at different UV intensities and irradiation time, then of measuring the possible changes in T g and T NI , and characteristics of the morphology. This last study made it possible to find the transition temperatures, Tg and T NI , of our materials as a function of the time and the intensity of UV radiation. Figure 6-A shows the influence of the irradiation time emitted by the UV lamp on the glass transition temperature, T g , and the isotropic-nematic temperature, T NI , of the TPGDA/E7 materials (30/70 Wt.-%), while the intensity of the UV radiation was maintained fixed at 13.80 mW/cm 2 .

Figure 6-A shows that the isotropic-nematic temperature T NI , for TPGDA/E7 materials was practically insensitive to the variations in the irradiation times, particularly beyond the time of 5s. The temperature, T NI , increased slightly with the intensity. This increase, which was more pronounced for low intensities, reached a steady value of ca. 60.5 °C for intensities exceeding 30% (Figure 6B). This temperature increased by about 3.5 °C when for intensities exceeding 30% of Fig. 6-B. This temperature increased by about 4 °C when the intensity rose from 10 to 30%.

On the other hand, the glass transition temperature, T g , showed no change with respect to the irradiation time. This was expected, as the formation of the network, which ended within a few milliseconds, depended very little on the irradiation time, especially since the UV intensity of 13.80 mW/cm 2 used with these times was still significant. There are strong reasons to believe that the irradiation time (dose), or the time during which the sample is subjected to UV lamp irradiation, had an effect on the morphology of the liquid crystal domains. The formation of the liquid crystal droplets in the original homogeneous solution may have been slowed down relative to that of the polymer matrix when the irradiation time or dose was increased. The effect of the intensity of the UV irradiation is represented in Fig. 6-B, where it is clearly seen that the glass transition temperature, T g , remained constant. This may be explained by the fact that, since all the intensities used were relatively high, this led to mechanically identical networks, previously obtained through polymerization processes completed with the same kinetics. The polymer matrices of the PDLC materials must have similar mechanical properties, particularly the property of rigidity, independently of the relatively strong intensities of the UV irradiation used in the preparation of our materials since they had the same T g s. The results presented in both Figs. 6-A and 6-B supports those found by the Photo-DSC, which showed that the exothermic flux of the thermograms depended weakly on the UV irradiation time and slightly on the intensity. This is in good agreement with the results found by the classical DSC.

The results reported in this article indicate that, in order to distinguish between the two thermal effects involved in the polymerization of the PDLC, namely the one resulting from the photopolymerization reaction and the one which is due to the high intensity of the UV lamp, it was necessary to use the irradiation time of 5s and an intensity of 13.80 mW/cm 2 of the UV radiation. In this case, the endothermic heat flow obtained was due to the infrared part of the UV spectrum of the lamp LC8. This probably affects the morphology and electro-optical properties (response time) of these materials materials but needs further examination.

Conclusions

The kinetics of the photopolymerization reaction of PDLC composite materials, prepared by a polymerization induced phase separation (PIPS) process, was investigated to quantify and understand the two types of thermal contributions observed on the thermograms obtained during the preparation of these materials by the Photo-DSC technique. The polymerization rate under high UV intensity was rapid; this automatically led to a rapid separation of the two phases, namely the liquid crystal molecules domains and the polymeric network formed. The results obtained by the Photo-DSC technique indicated that photopolymerization was a rapid, exothermic reaction which was nearly independent of the dose and intensity of the UV radiation, except for the smallest irradiation time and the lowest intensity for which a slight change was observed. Note that even the smallest intensity of the UV lamp used remained high. The presence of an endothermic heat flow on the thermograms indicated that significant heating of the samples occurred under the high intensity of the UV lamp. This endothermic energy flow was due to the infrared part of the spectrum of the powerful UV source. The exothermic energy released during the photopolymerization reaction was small relative to the endothermic energy absorbed by the sample for the TPGDA / E7 composite materials as compared to the liquidcrystal free systems. It is worth mentioning that for these PDLC materials, prepared under UV radiation, the thermograms exhibited a predominant endothermic effect which increased with the intensity of the UV lamp. In one of these TPGDA / E7 composites (30/70%) it was found that the temperatures T g and T NI increased slightly for low UV intensities and low irradiation time, respectively. This confirmed the results found by the Photo-DSC (Figure 2 B). 
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 2 Figure 2. Isothermal Photo-DSC (IDSC) of photopolymerization for the TPGDA/TPO/E7 mixture, -A-for various UV irradiation intensities during 20s, -B-for various UV irradiation times for an intensity fixed at 13.80 mW/cm 2 .
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 3 Figure 3. Isothermal Photo-DSC (IDSC) of photopolymerization for the TPGDA/TPO mixture, -Afor various UV irradiation intensities during 20s, -B-for various UV irradiation times for an intensity fixed at 13.80 mW/cm 2 .
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 4 Figure 4. Photopolymerization enthalpies of TPGDA/E7/TPO mixture, H Exo and H Endo , -A-as a function of the UV irradiation time for a UV light intensity of 13.80 mW/cm 2 , -B-as a function of the intensity during 20s.

Figure 5 .

 5 Figure 5. Photopolymerization enthalpies of TPGDA/TPO mixture, H Exo and H Endo , -A-as a function of the UV irradiation time for a UV light intensity of 13.80 mW/cm 2 , -B-as a function of the UV intensity during 20s.
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 6 Figure 6. Effect of UV irradiation on temperatures T g and T NI of the TPGDA/E7 systems, -A-for various irradiation times for a UV intensity of 13.80mW/Cm 2 , -B-for various UV intensities during 20s.