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Rheo-mechanical and rheo-optical characterisation of ultra high molecular mass poly(methylmethacrylate) in solution
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This paper presents rheo-mechanical and rheo-optical experimental characterisation of ultra-high molecular mass poly(methylmethacrylate) in solution. A set of ultra-high molecular mass (up to 2 × 10 7 g=mol poly(methylmethacrylate), obtained in a previous work by B. Simionescu, was used together with a commercial set of lower molecular mass samples in order to cover two decades of molecular mass range. Two solvents were selected, toluene and N,N-dimethylformamide and the concentration was fixed at 2% (wt/wt). All the measurements were performed at 298ЊK.

A complete rheo-mechanical characterisation, both in dynamic mode and in steady shear rate, was performed. In a second step, rheooptical techniques were able to measure the flow-induced birefringence, dichroism and the associated orientation angles. Using the experimental data obtained in this paper, we have derived the stress optical coefficients and shown that they are independent of shear rate and molar mass. We also explore the normal stress behaviour of the solutions tested.

Introduction

The rheological behaviour of a polymer in solution is of great interest in industrial polymer processing. The study of the viscoelastic behaviour of a polymer system at high shear rate and/or high molecular mass (M w ) is a very difficult task, owing to the strong elastic behaviour of the fluid. One of the possibilities to overcome these difficulties is to use the correspondence between molten polymer at low shear rate and ultrahigh molecular mass polymer in solution at high shear rate. To this aim, the study of the polymer in a large range of M w is required. Also in this case there are great technical difficulties and, consequently, lack of experimental data on the behaviour of the solutions in the high shear rate range and/or high M w .

When high M w are studied, generally, some new features may be measured because high M w polymers are able to have a large chain extension and interactions between chains also at low concentrations and low shear rate.

Simionescu [1,2] has measured the first normal stress difference, N 1 , vs. shear rate for poly(methylmethacrylate) (PMMA) of M w at about 2 × 10 7 g=mol in toluene at 2 and 6 (wt/wt) concentrations. He reported the presence of a three slope curve in the plot. To justify this behaviour, Cates, McLeisch and Marrucci [3] suggested to introduce a transverse dimension of polymer chain in the tube model, to overcome the unrealistic continuous decrease of shear stress with shear rate found in the Doi-Edwards model for entangled polymer. By this idea follows that three regions will occur in the plot of first normal stress difference vs. shear rate.

Unfortunately quite all the preceding literature was concerned with PMMA of M w less than 3 × 10 6 g=mol [4][5][6][7][8][9][10][11][12][13]. In 1955 Chinai [4,5] et al. fitted the h -M w relationships for a range of M w between 0:4 × 10 6 and 3 × 10 6 g=mol in toluene and other solvents. The h -M w relationship, for low M w , was also investigated, in toluene, by Patroni [6] et al. (1965). In this last paper, the M w range is between 2 × 10 3 and 7 × 10 3 g=mol and the behaviour is theta solvent like owing to the low values of M w . In 1974 Graessley [7] investigated the flow properties of PMMA in diethyl-phthalate in a M w range between 50 × 10 3 and 1:6 × 10 6 g=mol; finding results very similar to that found in the more investigated polystyrene in the same conditions. In recent times [8,9] the Mark-Houwink constants for PMMA in tetrahydrofurane were investigated. The author has measured the Mark-Houwink constants for ultra high molecular mass PMMA in toluene [14].

This paper explores the rheo-optic behaviour of ultra high molecular mass PMMA in different solvents. Motivation for the work is to establish the experimental viability of rheooptic apparatus and also to determine rheo-optic parameters for the solutions tested. To do this two solvents were selected: toluene and N,N-dimethylformamide (DMF). The reason of this choice is that we would like to investigate the effect of a 'bad' solvent (DMF) and a 'good' solvent (toluene) on the rheo-logical behaviour of our solutions. The meaning of 'good' and 'bad' solvent must be searched in the Mark-Houwink exponent, a, of our systems, that gives a measurement of the interactions between the polymer chains and the solvent.

Two sets of rheological measurements were performed: a rheo-mechanical set and a rheo-optical one.

By rheo-mechanical devices we determined the materials functions of viscosity, storage and loss modulus at constant and variable strain and some other derived functions, i.e. the complex viscosity. The obtained results cover a six decades range in the values of viscosity.

A second set of measurements was based on rheo-optical investigation. This was done to prove whether it is possible or not to determine the flow-induced birefringence and dichroism, and to determine the orientation angle [15] of polymer aggregates.

The availability of a rheo-optical device allowed us to perform a local observation of the molecular interactions in polymer solutions; as a matter of fact rheo-mechanical characterisations are only able to perform an overall overview of the parameters, because they are dealing with average quantities on 'large' volume. Rheo-optical investigation allows an inside view of the mechanism of polymer interaction owing to the scale length involved in the experiment. Indeed in the optical investigations, by changing the wavelength used to investigate the sample, one can change the scattering function and, consequently, the objects involved in the scattering. Using rheo-optical techniques, therefore, we are able to detect information on local scale. The flowinduced anisotropy reflects as a change of index refractive tensor in which components can be measured and related to the constituents of the material [START_REF] Landau | Electrodynamics of continuum media[END_REF]. The advantages of this method are the local scale investigation, the faster response time, the capability to isolate the actions of different objects.

Therefore the optical methods give complementary information to the classical mechanics used in Rheometry.

Experimental

Materials

Two kinds of PMMA samples have been used: two commercial samples, supplied by Latek, (Eppelheim, Germany) for the two lower M w , and two high M w PMMA samples obtained by B. Simionescu using plasma-induced polymerisation in a previous work [START_REF] Simionescu | [END_REF]. For the present study, therefore, four PMMA were selected, to cover a range of two decades M w . The molecular characteristics of the used material are shown in Table 1.

More information about the not commercial high M w PMMA can be found in Ref. [START_REF] Simionescu | [END_REF].

The solvents used were toluene and N,N-dimethylformamide (DMF). The solutions concentration was fixed at 2% (wt/wt).

Techniques

The solutions were prepared and stored in dark bottles kept under gently shackle and rotation for one week to be sure of a complete and homogeneous dissolution of the PMMA in the solvent. This time was determined by repeating some measurements on samples shackled for longer and shorter time.

In order to characterise the behaviour of the PMMA in solution the following rheo-logical techniques were used.

Rheo-mechanical characterisation

The measurements were carried out by a rotary rheo-meter by Physica (UDS200 model); the geometry used was a cone-plate geometry radius 3:75 × 10 Ϫ2 m; angle 1:74 × 10 Ϫ2 rad; gap 50 × 10 Ϫ6 m; and the measurements were performed in strain control mode. The apparatus was equipped with a system to prevent solvent evaporation during the measurements, and thermostated at 298ЊK. To this aim the cone-plate system was surrounded by a little cylindrical box. In the box there are two little tanks filled by the same solvent used to prepare the solution; hence the measurements were performed in a saturated solvent atmosphere, which render more difficult the evaporation of the solvent from the solutions. By this apparatus strain sweep, dynamic rate sweep, steady shear rate experiments were performed.

Strain sweep experiments were performed for the samples in the strain range 1-100 (%) at a frequency v of 40 rad/sec. This was done in order to check that the storage modulus, G H , and the loss modulus, G HH are not function of the strain, in our range of parameters, as required from the linear viscoelastic theory. Dynamic oscillation experiments were performed, to obtain the storage modulus G H , the loss modulus G HH and, consequently, the complex viscosity h ء G H2 ϩ G HH2 1=2 =v; all of them as function of the frequency v. The experiments were led at a fixed sample strain of 20% amplitude.

To obtain the viscosity, h , versus the shear rate, all the samples were undertaken to a steady state shear rate experiment. A sufficient delay was waited to allow the samples to reach a true steady state; the continue collection of the torque on paper is indicative of the status of the sample to understand if the time delay has been sufficient.

Rheo-optical characterisation

In our samples, we started from a supposed isotropic solution and the anisotropy was induced, by flow, owing to the orientation of the polymer segments. The principal connection between rheooptical and rheological experiments is give by the stress optical rule, which states that the refractive index tensor, n, is connected with the stress tensor, t, by a linear relationship:

n Ϫ n m I Ct ϩ pI
where n m is the mean refractive index, t the stress tensor, p the idrostatic pressure and I the identity tensor. C is called the stress optical coefficient. To the tensor n are associated three eigenvalues which characterise three eigendirections (principal axis of the tensor). The different values of the eigenvalues are linked to the different velocities of light propagation.

If the material is isotropic there is no preferred direction so that the velocity of light is the same whatever is the propagation direction of the wave. On the contrary, if the material is anisotropic the propagation velocity depends on the propagation direction. From a mathematical point of view, if n is the refractive index tensor and in the case of isotropic solutions its eingenvalues are triple degenerated; flow induced anisotropy reduced the degree of degeneracy. In particular we choose a flow able to reduce the degeneracy to two equal eigenvalues double degenerated and one eigenvalue not degenerated; to this last belongs only one eigenvector and the difference between the eingenvalues is called birefringence. The angle between the not degenerate eigenvector and the axes of the laser is called orientation angle u. The complex part of n is linked to dichroism.

The rheo-optical measurements were performed in a home-made apparatus [15] able to determine the flow birefringence Dn H and the orientation angle as a function of the shear rate g; in the same experiment moreover, in a second experiment, the flow dichroism Dn HH and the extintion angle x can be determined. Both birefringence and dichroism are generated into the sample by a steady shear flow. A scheme of the apparatus is showed in Fig. 1. The operating laser wavelength was l 0:6328 × 10 Ϫ6 m; and the polarisation vector was rotating, by a photoelastic modulator (PEM) at frequency of 50 kHz. The modulate laser beam passes the sample, posed in double slit cell 2:44 × 10 Ϫ2 m long, the beam is normal to the shear plane of flow and the intensity of the light was collected by a photodiode.

By the photodiode, we collect an integrated value of the intensity of the light, which crossed the sample. In particular we get an analogyc signal of the form:

I I 0 sin 2u Ϫ a sin 2d H =2
where I 0 is the intensity of incident light, a the polarisation angle value, d H the phase shift, linked to the birefringence value, and u is the orientation angle. From this equation, it is clear that a single intensity measurement will not allow one to know both u and d H . Thus we have changed the value of the polarisation angle a to obtain as two different measurements that can be combined together to calculate u and d H .

A very sensible system, based on two lock-in amplifiers, is needed to extract a very little amplitude periodic signal with a large noise signal in background and to be able to convert the signal in the values of birefringence and dichroism.

A complete description of the experimental apparatus is reported in Ref. [15].

Results

Rheo-mechanical measurements

The linear theory of viscoelasticity requires that the material functions storage and loss modulus, G H and G HH , must be independent by the strain. A sweep strain experiment was performed at the fixed frequency of 40 rad/sec for the highest M w sample in order to be sure to work in the validity range of the theory also in the most difficult case. In Fig. 2 the results, i.e. G H and G HH vs strain (%), in toluene and DMF, are shown respectively. It can be pointed out that also for the highest M w G H and G HH are practically independent of the strain. High elasticity behaviour, resolving in high G H values, can be recognised for both the solutions, particularly for the DMF solutions. Other measurements, performed at different v gave the same results.

The storage and the loss modulus G H and G HH , recorded at 20% of the strain, versus the oscillation frequency, v , are shown in Fig. 3a-3b for toluene and DMF solutions respectively; both the functions increase with increasing the M w . The crossing point between G H and G HH is shifted toward low frequency with increasing M w , indicating as the elastic behaviour is increased with increasing the M w .

The linear trends of the low M w samples show a slope of 2 and 1, for G H and G HH respectively according to the Newtonian behaviour of these samples in the shear rate range examined. The same experiments were repeated at 40% strain, for these samples, obtaining results that could be perfectly overlapped to the Fig. 3a-3b.

The behaviour of the viscosity, h, for the PMMA samples in toluene and DMF versus shear rate is shown in Fig. 4a and 4b respectively. It should be noted the large extension of the h in the plots; indeed six decades for h are covered. The trends of the complex viscosity h ء G H2 ϩ G HH2 1=2 =v; obtained by dynamic measurements, are overlapped to the trends of viscosity to show the validity of the Cox-Merz rule for our samples in our range of parameters [START_REF] Kulicke | Proceedings of the 2nd Polymer Symposium[END_REF].

From the trends of the flow curves we can distinguish a Newtonian region, where the stress has a linear dependency from the shear rate, and a non-Newtonian region. The slope of non-Newtonian region was found Ϫ0:74 0:01 Pa × s 2 for toluene based solutions and Ϫ0.65 ^0.01 (Pa × s 2 ) for DMF based solution; therefore in our semidilute state solution the viscosity is depending on the solvent quality. Grassley [START_REF] Graessley | [END_REF] has derived, in case of concentrated solutions, the theoretical value of the slope of Ϫ0.82 (Pa × s 2 ), but under the hypothesis of homogeneous solutions on the scale of segment density. When the segment density is not uniform a pronounced concentration dependency of the slope in the non linear region of the flow curve has been observed experimentally [20,21].

In a bad solvent the interaction between the polymer chains is favourite with respect of the solvent, leading to a less homogeneous distribution of the segments density; this A qualitative explanation can be pointed out if we take in account that in a good solvent the polymer coils are less sensitive to the presence of the other coils with respects to a poor solvent based solution, owing to a stronger interaction between the molecular chains and the solvent. By this reason the independence of the viscosity from the M w is reached at higher shear rate with respect to toluene based samples, consequentially at fixed shear rate, a higher shear stress is observed in samples with higher molecular mass.

The viscosity increases with increasing M w , by keeping the shear rate and the other parameters fixed, but it becomes independent from it at high shear rate in the non-Newtonian region.

The DMF solutions show a higher value of viscosity, keeping all the other parameters fixed, but this difference seems to disappear as the molar mass is increased. They also show a higher elastic behaviour with respect of toluene based solutions, which represents a serious problem in the measurements of the rheo-mechanical parameters. In fact this pronounced elastic behaviour is responsible for strong flow instabilities, as observed by Kulicke [22] for polystyrene in solution. This flow instabilities lead to stop the measurements, and they are generated especially in higher molar mass samples in DMF solutions.

The used shear rates were found not sufficient to start degradation phenomena [20,[START_REF] Kulicke | Polymer reaction engineering[END_REF][START_REF] Kulicke | [END_REF][25], according to the literature. Moreover to be sure that our samples have no suffered mechanical degradation some measurements were repeated on many samples, after being waited its relaxation time. The little differences measured are not significant and they are inside the experimental errors.

Rheo-optical measurements

To perform measurements of flow-induced birefringence each sample was subjected to 'flow reversal experiments'. Therefore the flow was started, kept at fixed a shear rate, for a certain time, stopped and restarted in the opposite direction.

The values of Dn H and u , were detected by the apparatus [15], showed in Fig. 1. Unfortunately it has been not possible to collect any rheo-optical data by the solutions of the lower molar masses (samples 1-4), owing to their low optical activity.

In Fig. 5a-5b the orientation angle u of PMMA vs. the shear rate, in toluene and DMF are shown respectively. It can be outlined as the coils are more oriented as the molar mass is increased. At a shear rate of 100 s Ϫ1 quite all the coils of the PMMA samples are fully oriented. A qualitative explanation can be carried out assuming the validity of the stress optical rule and observing that the slope of the stress versus shear rate is increase with increase M w .

In fig. 6a-6b the values of birefringence Dn H for PMMA versus shear rate in toluene and DMF are shown respectively. From these plots the following conclusion can be carried out:

The values of Dn H increases with increasing shear rate, at fixed M w .

The values of Dn H increases with increasing M w , at fixed the shear rate.

Comparing samples of PMMA with the same M w but solved in the two different solvents we can note as the Dn H values are higher for DMF based solutions and u lower, with It should be noted that as the magnitude of birefringence is very little also at high shear rate, lying in the range values between 10 Ϫ9 and 10 Ϫ7 . By these measurements, together with the shear stress measured by rheo-mechanical devices, we can calculate the stress optical coefficient (SOC) and the first normal stress difference N 1 s 11 Ϫ s 22 : In Fig. 7a-7b the SOC vs. shear rate is plotted for PMMA in toluene and DMF. The values of SOC show non dependence on shear rate and molecular mass which is consistent with the literature of other polymer solutions. From Fig. 7a-7b we can note as the SOC for DMF based solutions is higher than in toluene; the order of magnitude of the SOC is ten times higher than in toluene and their To perform a quantitative comparison between the linear model and the three slopes model used to describe the Gauss coefficient as a hypothesis test was calculated [START_REF] Pancini | Misure ed apparecchi di fisica[END_REF]. The Gauss coefficient is defined by the expression:

G 1 N Ϫ m N i1 a i Ϫ a i 2 ;
i.e. the measure of 'error estimation' residuals between the experimental data, a i ; and the numerical models a i : N is the number of experimental points and m is the number of parameters employed in the model to fit the data. m is equal to 2 in the case of the simple linear model and 6 ( 2 × 3) for the three slopes model. The found coefficients are shown in Table 2 for the linear and three slopes model, respectively.

These findings mean that in spite of its lower complexity, the linear method fit the experimental data significantly better than the other model. In fact, by definition, the Gauss hypothesis test was born to compare different methods taking in account the degree of freedom, i.e. the number of parameters to be fitted in the model.

Therefore, a three-slope behaviour of PMMA in solution observed in Simionesu's paper cannot be supported only by these data.

After the birefringence investigation, some experiments were performed with the aim to detect dichroism. No difference in the signal can be detected between the shear zone and the non-shear zone, indicating the absence of flow induced dichroism in any of our solutions. This result outlines absences of aggregates, able to adsorb lights, and confirm the homogeneity of our solutions on this scale. 

Conclusions

This paper has produced new rheological data using ultrahigh molecular mass polymer PMMA, not available as commercial sample, dissolved in toluene and DMF. A complete set of samples, covering a large range of molecular weight (from 0:01 × 10 7 up to 2 × 10 7 g=mol and six decades of viscosity values has been characterised using both rheo-mechanical and rheo-optical techniques. This represents new work for PMMA samples owing to the low optical activity of PMMA in solutions. Using ultra high molecular mass PMMA we produced, for the first time, data on the birefringence of PMMA in toluene and DMF.

The measurements have been used to calculate the stress optical coefficient and the first normal stress difference by the stress optical rule. Because of the chosen concentration (2% wt/wt) our solutions can be classified in the semi-dilute state solutions, hence we found a strong dependency from the solvent in the non-Newtonian region as expected from the literature. The solutions showed a high elastic behaviour, particularly in the DMF based solutions.

The rheo-mechanical analysis has showed as the high M w samples have a non-Newtonian behaviour also at very low shear rate and the Cox-Merz rule was found valid for our systems.

The rheo-optical analysis has showed the birefringence values are low (about 10 Ϫ9 ), but their behaviour is similar to some other well known system like polystyrene in toluene. The stress optical coefficient was found higher in DMF solutions with respect to toluene solutions.

Simionescu [1,2] et al. have found a three-slope behaviour plotting the first normal stress vs. shear rate for ultra-high molar mass PMMA, measured by rheo-mechanical devices. Although a similar behaviour can recognise also in some of our plots a hypothesis test is more in favour for a simple linear behaviour. Therefore we cannot confirm this behaviour by rheo-optical technique. Anyway the results show the validity of rheo-optical technique also if the PMMA in solution is not an ideal system for this kind of investigation. In fact the very low optical activity of PMMA in toluene and DMF support to improve the sensitivity of the apparatus, and the use of different kind of cell to avoid the strong flow instabilities observed at high shear rate.

The higher shear rate have been limited by the very strong elastic response of our samples, especially for the high molecular weight samples. This lead to design a new geometry for the cell in the future experiments. 
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 1 Fig. 1. Schematic diagram of the rheo-optical device, in birefringence measurements configuration.

Fig. 2 .

 2 Fig. 2. The storage modulus G H (filled symbols), the loss modulus G HH (open symbols), as function of the % amplitude A, for PMMA in toluene (square symbols) and DMF (circle symbols) at v 40 rad=sec: M w 1:92 × 10 7 g=mol:

Fig. 3 .

 3 Fig. 3. (a) The storage modulus G H (filled symbols), the loss modulus G HH (open symbols), as function of the frequency v, for PMMA in toluene with different molar mass at 20% strain. B and A for M w 1:92 × 10 7 g=mol: O and K for M w 1:06 × 10 7 g=mol: S and V for M w 0:15 × 10 7 g=mol: X and W for M w 0:014 × 10 7 g=mol: (b) The storage modulus G H (filled symbols), the loss modulus G HH (open symbols), as function of the frequency v, for PMMA in DMF with different molar mass at 20% strain. B and A for M w 1:92 × 10 7 g=mol: O and K for M w 1:06 × 10 7 g=mol: S and V for M w 0:15 × 10 7 g=mol: X and W for M w 0:014 × 10 7 g=mol:

Fig. 4 .

 4 Fig. 4. (a) The viscosity h (filled symbols), together with the complex viscosity h ء (hollow symbols), as function of shear rate and frequency v , for PMMA in toluene with different molar mass. B and A for M w 1:92 × 10 7 g=mol: O and K for M w 1:06 × 10 7 g=mol: S and V for M w 0:15 × 10 7 g=mol: X and W for M w 0:014 × 10 7 g=mol: (b) The viscosity h (filled symbols), together with the complex viscosity h ء (hollow symbols), as function of shear rate and frequency v , for PMMA in DMF with different molar mass.. B and A for M w 1:92 × 10 7 g=mol: O and K for M w 1:06 × 10 7 g=mol: S and V for M w 0:15 × 10 7 g=mol: X and W for M w 0:014 × 10 7 g=mol:

Fig. 5 .

 5 Fig. 5. (a) The orientation angle u as function of shear rate for PMMA in toluene, with different molar mass. A for M w 1:92 × 10 7 g=mol: K for M w 1:06 × 10 7 g=mol: (b) The orientation angle u as function of shear rate for PMMA in DMF, with different molar mass. A for M w 1:92 × 10 7 g=mol: K for M w 1:06 × 10 7 g=mol:

Fig. 6 .

 6 Fig. 6. (a) The birefringence Dn H as function of shear rate for PMMA in toluene, with different molar mass. B M w 1:92 × 10 7 g=mol: O for M w 1:06 × 10 7 g=mol: (b) The birefringence Dn H as function of shear rate for PMMA in toluene, with different molar mass. B for M w 1:92 × 10 7 g=mol: O for M w 1:06 × 10 7 g=mol:

Fig. 7 .

 7 Fig. 7. (a) The stress optical coefficient, as function of shear rate for PMMA in toluene, with different molar mass. A for M w 1.92 × 10 7 g/mol K for M w 1:06 × 10 7 g=mol: (b) The stress optical coefficient, as function of shear rate for PMMA in DMF, with different molar mass. A for M w 1:92 × 10 7 g=mol: K for M w 1:06 × 10 7 g=mol:

Fig. 8 .

 8 Fig. 8. (a) The first normal stress difference N 1 for PMMA in toluene with different molar mass. B M w 1:92 × 10 7 g=mol: O for M w 1:06 × 10 7 g=mol: (b) The first normal stress difference N 1 for PMMA in DMF with different molar mass. B for M w 1:92 × 10 7 g=mol: O for M w 1:06 × 10 7 g=mol:

Table 1

 1 Molecular mass (M w ), molecular mass distribution (M w /M n ) of the used polymer, and solvents Samples supplied by B.C. Simionescu. M w measured by light scattering in different solvent (Ref.[START_REF] Simionescu | [END_REF]).

	No.	Polymer	M w (10 Ϫ6 g/mol)	(M w /M n )	Solvent
	1	PMMA a	0.14	1.13	Toluene
	2	PMMA a	0.14	1.13	DMF
	3	PMMA a	1.56	1.13	Toluene
	4	PMMA a	1.56	1.13	DMF
	5	PMMA b	10.5	1.30	Toluene
	6	PMMA b	10.5	1.30	DMF
	7	PMMA b	19.2	1.30	Toluene
	8	PMMA b	19.2	1.30	DMF

a Commercial sample as supplied by the company. b

Table 2

 2 Gauss coefficients relative to the single linear model and the three slope model

	No.	M w (10 Ϫ6 g/mol)	Solvent	Gauss coefficient (Linear model)	Gauss coefficient (Three slopes model)
	1	0.14	Toluene	-	-
	2	0.14	DMF	-	-
	3	1.56	Toluene	-	-
	4	1.56	DMF	-	-
	5	10.5	Toluene	0.08	0.12
	6	10.5	DMF	0.05	0.09
	7	19.2	Toluene	0.20	0.25
	8	19.2	DMF	0.06	0.11
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