Title of laboratory experiment: Physicochemical characterization of polymer matrices
Determination of particles size of polymeric-ceramic composite nanodispersions by means of dynamic light scattering (DLS)
Description of the DLS method
Molecules of the same type of chemical compounds may, under certain conditions, agglomerate forming larger structures generally called particles. In solutions the associated molecules achieving a certain size (degree of association) may form a non-uniform two-phase mixture, in which the particles are dispersed (suspended) in the dispersed (continuous) phase. According to IUPAC, a dispersion system is a colloidal system when the particle size of the dispersed phase or dimensions of non-continuity  of the colloidal system lie in the range from 1 nm to 1 (m at least in one direction.

The agglomeration of molecules or particles in liquids is caused by various type of interactions resulting from their structure and properties, as well external factors, such as e.g.:

· structure of molecules and resulting from it polarity, ability to form hydrogen, coordination or ionic bonds,

· development of the particles surface (particles of large surface aspire to reduce it),

· polarity of the dispersing phase,
· acidity (pH) in the case of aqueous dispersing phase,

· temperature,
· substance concentration in the dispersing phase,
· possibility of mutual interactions between the dispersing and dispersed phases.
If, for some reason, the agglomeration process does not end on the formation of a colloidal system of particles (stable dispersion), then coagulation of the dispersed colloid phase occurs. This can result in gelation, formation of pastes and solid materials, sedimentation or covering of the mixture surface with a layer of the dispersed phase.

For many applications the size of particles and its distribution are very important parameters, since they condition the features of the obtained dispersion. The determination of the size of particles in a dispersion is widely applied in biology (medicine), polymer chemistry, surfactants chemistry, food chemistry and recently more and more often in studies of nanocomposite hybrid materials.

One of the methods of particle size distribution (e.g. of agglomerates) in dispersions in which the dispersing phase is a liquid, takes advantage of the dynamic light scattering (DLS) phenomenon. If a small particle is illuminated by a light source such as a laser, the particle will scatter the light in all directions. If a screen is held close to the particle, the screen will be illuminated by the scattered light. Now consider replacing the single particle with thousands of stationary particles. The screen would now show a speckle pattern as shown below (Fig. 1). 

[image: image1.emf]
Fig. 1
The speckle pattern will consist of areas of bright light and dark areas where no light is detected. The bright areas of light are where the light scattered by the particles arrive at the screen with the same phase and interferes constructively to form a bright patch. The dark areas are where the phase additions are mutually destructive and cancel each other out 
(Fig. 2). 
[image: image2.emf]
Fig. 2
In the above example we said that the particles are not moving. In this situation the speckle pattern will also be stationary - in terms of both speckle position and speckle size. In practice, particles suspended in a liquid are never stationary. The particles are constantly moving due to Brownian motion. Brownian motion is defined as accidental motion of small particles in a liquid, caused by colliding them by the liquid molecules (dispersing phase) – Fig. 3.
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Fig. 3
However, if the particle is sufficiently small, it happens that the number of molecules colliding with it from one side will be at some moment different (greater or smaller) from the number of molecules colliding from the other side. As a result, every some time the particle receives a stronger impulse in the direction outlined by the collision of the larger (at this moment) group of molecules. An important feature of Brownian motion is the fact that larger particles move slower and smaller particles – faster. The relationship between the particle size and their Brownian motion rate is described by the Stokes-Einstein equation:
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where: Rh – hydrodynamic radius of particle, k – Boltzmann’s Constance, T – temperature (K),  - viscosity of solvent (medium) and D – diffusion coefficient.

As the particles are constantly in motion the speckle pattern will also appear to move (Fig. 4).
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Fig. 4
As the particles move around, the constructive and destructive phase addition of the scattered light will cause the bright and dark areas to grow and diminish in intensity - or to put it another way, the intensity appears to fluctuate. The rate of the scattered light intensity fluctuation depends on the particle size and therefore can be used for calculating their size. For large particles the signal changes slower and for smaller ones – faster (Fig. 5).
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Fig. 5
[image: image9.emf]
Fig. 6
By means of the correlator the signal is transformed into the correlation function. A correlator basically measures the degree of similarity between two signals over a period of time. The correlation is reducing with time. Perfect correlation is reported as 1 and no correlation is reported as 0. A typical correlation function vs. time is presented in Fig. 6. Larger particles move slower (Brownian motion), and therefore the intensity of the speckle pattern on the detector also fluctuates slower (reversely in the case of small particles).

For practical determination of particle size, a mathematical description of correlation in an exponential form of the correlation coefficient vs. time is used. The hydrodynamic radius is determined from realationship (1) on the basis of the expression, from which the diffusion coefficient is determined:
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where: G – correlation coefficient, A – amplitude, B – baseline, q – known scattering vector, 
D – diffusion coefficient.


The curve presented in Fig. 7 is a graphical presentation of dependence (2). From its course information can be obtained concerning the size of particles and their dispersity as well as data on the presence of very large particles (e.g. aggreagates) in the sample studied.
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Fig. 7
As a result of suitable transformations and application of appropriate mathematical algorithms, the correlation function is transformed into a diagram of particle size distribution. An exemplary (typical) diagram is presented in Fig. 8. 
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Fig. 8
Although the fundamental size distribution generated by DLS is an intensity distribution, this can be converted to a volume distribution and further converted to a number distribution. A very simple way of describing the difference between the intensity, volume and number distributions is to consider a sample that contains only two sizes of particles (5 nm and 50 nm) but with equal numbers of each size particle (Fig. 9). 
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Fig. 9
The first graph (Fig. 9) shows the result as a number distribution. As expected the two peaks are of the same size (1:1) as there are equal number of particles. The second graph shows the result of the volume distribution. The area of the peak for the 50 nm particles is 1000 times larger the peak for the 5 nm (1:1000 ratio). This is because the volume of a 50 nm particle is 1000 times larger that the 5 nm particle (volume of a sphere is equal to vd = 4/3r3; v5nm = 65,45 nm3, v50nm = 65 450 nm3). The third graph shows the result of an intensity distribution. The area of the peak for the 50 nm particles is now 1,000,000 times larger the peak for the 5 nm (1:1000000 ratio). This is because large particles scatter much more light than small particles (the intensity of scattering of a particle is proportional to the sixth power of its diameter - (from Rayleigh’s approximation). 
An important parameter characterizing the dispersion of particles in a liquid is its stability, i.e. ability to maintain particles in the form of a colloidal dispersion. Unstable dispersions undergo sedimentation or coagulation processes with time resulting in the formation of two layers after a certain time – a precipitate and liquid above it. The Zeta potential is used for characterizing the dispersion stability. It is determined on the basis of the electrophoretic mobility of particles and Henry’s equation (3).
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where: z – Zeta potential, UE – electrophoretic mobility,  - dielectric constance,  - viscosity, f(Ka) – Henry’s constance.
The electrophoretic mobility is obtained by performing an electrophoresis experiment on the sample and measuring the velocity of the particles using Laser Doppler Velocimetry (LDV). It is assumed that a dispersion is stable when the absolute value of the Zeta potential is larger than 30 mV. The pH value in the sample studied has the greatest effect on the Zeta potential. With a change of pH, the Zeta potential value can decrease to zero and then reach negative values. The pH value at which the Zeta potential reaches the zero value and a change in its sign occurs is called the isoelectric point.
In Fig. 10 is presented a scheme of the particle size analyzer Nano ZS of Malvern Instruments, UK. The instrument is composed of a laser, particle size measurement system (red/darker color) and Zeta potential measurement system (green/lighter color), measurement cell, correlator and PC with appropriate software.
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Fig. 10
Procedure of experiment

1. Prepare an aqueous solution of PEO (Mw = 1500 g/mol) and fumed silica (particle size of 7 nm). The concentrations of polymer solutions in water should be equal to 1, 2 and 5 wt. % and the amount of silica should be equal to 20 wt. % with respect to PEO. 

The weighed samples of the polymer should be dissolved in redistilled water in Erlenmeyer flasks of 50 ml capacity, and then a respective amount of the silica should be added. Stable dispersions should be prepared by means of an ultrasonic bath.
2. Particle size measurements should be carried out by means of the Nano ZS (Malvern Instruments) apparatus for a standard latex and previously prepared dispersions.

The measurements should be performed at 25 °C. The particles size distribution according to their intensity, number and volume should be compared. Then the Zeta potential for each dispersion should be measured, and on this basis their stability should be determined.
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