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1. Introduction

Objective

The main objective of this experiment is to perform the free radical polymerization of polystyrene using monomers of styrene, and to study the effects of adding a chain transfer agent, dodecanethiol. The chain transfer constant of dodecanethiol in the solution of styrene is then calculated.
Background
A polymer is a macromolecule of repeating units of one or more types of monomers. Polymers come in different sizes, and even in one polymer solution, there can be a distribution of molecular sizes and weights. As such, the average molecular weight of a polymer is an extremely important parameter that affects the properties of the polymer. Molecular weights are essential in determining factors such as viscosity, mechanical strength, and toughness. A polymer with a high molecular weight will have a high viscosity, since the interaction between large molecules can hinder mobility. Due to its high degree of polymerization, it will also have higher strength and toughness. However, it is harder to process polymers with overly high molecular weights [1]. Hence, molecular weights must be carefully controlled in a practical polymer.
There are three main stages in free radical polymerization. First, the process is initiated by an initiator. In this experiment, AIBN is used as the initiator. Once the initiator creates a radical on the propagating species, the growing polymer in solution encounters monomers which undergo radical polymerization, lengthening the polymer chain. At a certain length, termination occurs in one of two methods. Termination can occur by coupling, where the radicals of two propagating species react with each other to form a long, combined chain. It can also occur by disproportionation, where one growing polymer strips the radical from another polymer completely, forming two polymer molecules. The following are equations detailing the reaction rates [1]:
Rate of initiation: Ri = 2fkd[I] (1)
f = initiator efficiency, kd = initiation rate constant, [I] initiator concentration
Rate of propagation: Rp = kp[M][M•] (2)
kp = propagation rate constant, [M] = concentration of free monomer, [M•] = concentration of polymer radicals

Rate of termination: Rt = 2kt[M•] (3)
kt = termination rate constant

There are many ways to control the molecular weight of a polymer during synthesis. For example, the monomer concentration can be increased to speed up the rate of propagation. With more monomers in the solution, the polymer is more likely to react, consequently increasing the overall molecular weight. Chain transfer is one way to control the termination of radical polymerization. Essentially, chain transfer means transferring the activity of the propagating polymer to another molecule present in the solution, thus terminating polymerization. Chain transfer can occur via the transfer of a radical from a growing polymer to either a monomer, a solvent, another polymer, or a chain transfer agent. In this experiment, a chain transfer agent, dodecanethiol, is used to control the molecular weight of polystyrene. A unique chain transfer constant is associated with each agent in solution, and it can be defined as:
CS = ktr,S / kp (4)
where CS is the chain transfer constant, ktr,S is the rate constant of chain transfer, and kp is the propagation rate constant.

To characterize a polymer and determine its various types of molecular weight, gel permeation chromatography (GPC) is used. Another name for this technique is size exclusion chromatography, and as its name implies, the technique uses the size distributions within a polymer as the basis of its operation. A polymer sample is injected into a column containing a solvent and porous beads of various pore sizes. Individual polymer molecules that have a larger hydrodynamic radius will avoid entering the beads as they are too big to fit through, thus they will elute straight away. Conversely, smaller molecules will travel through a number of beads before eluting. By measuring the elution volumes, a size and molecular weight distribution of the polymer sample can be obtained. In this experiment, a tetrahydrofuran (THF) system is used, meaning THF is the solvent in the column. THF is mainly used because it is a good solvent for polystyrene and many other types of polymers, and it is also common for low temperature measurements.

Typically, three types of detectors are used in GPC. A viscometer is used to measure the intrinsic viscosity of the polymer sample. With intrinsic viscosity and the Mark-Houwink-Sakurada equation, the viscosity average molecular weight can be determined. As well, information about the branching and rigidity of the polymer can be obtained using the viscometer. A refractometer uses refractive indices to measure concentration and elution volume of molecules of various sizes, giving the number and weight average molecular weights. Finally, a light scattering detector scatters light through the polymer sample at low angles or at multiple angles. This detector will provide the absolute molecular weight of the sample.
2. Experimental

All procedures were followed exactly as specified in the NE 335 lab manual [1]. The following minor changes were made:
· In step 2, the actual concentrations of the dodecanethiol solutions are as follows:

	Solution Number
	Concentration (g/100 mL)

	1
	0.0175

	2
	0.0480

	3
	0.0610

	4
	0.1320


· In step 11, the polystyrene samples are placed in a vacuum oven for 15 minutes instead of 30 minutes.
3. Results

	
	Sample 1
	Sample 2
	Sample 3
	Sample 4

	Mn - (g/mol)
	26,797
	15,821
	13,052
	7,600

	Mw - (g/mol)
	46,700
	28,884
	23,037
	13,321

	Mw / Mn (PDI)
	1.743
	1.826
	1.765
	1.753

	Intrinsic Viscosity (dl/g)
	0.2769
	0.1995
	0.1711
	0.1208

	Mark-Houwink – a
	0.679
	0.664
	0.656
	0.623

	Mark-Houwink – log(K)
	-3.708
	-3.64
	-3.608
	-3.469


4. Discussion

Calculation of 1/Xn
For sample 1,
1/Xn = (Molar Mass of Styrene) / (Mw of sample 1) = (104.16 g/mol) / (46,700 g/mol) = 2.23E-3. The values for the remaining 3 samples are tabulated.
	
	Sample 1
	Sample 2
	Sample 3
	Sample 4

	1/Xn
	2.23E-03
	3.61E-03
	4.52E-03
	7.82E-03


Calculation of [DDT]/[Sty]
For sample 1,
[DDT] = (# of g / 100 mL) * (1000 mL/L) / molar mass of DDT * 15 mL / 25 mL 
= (0.0175 g/100 mL) * 10 L / (202.4 g/mol) * (15/25 mL/mL) = 5.19E-4 mol/L

[Sty] = (Volume of 100% styrene taken) * (density of styrene) / (molar mass of styrene) / 25 mL = (10 mL) * (0.906 g/mL) / (104.16 g/mol) / (0.025 L) = 3.48 mol/L
[DDT]/[Sty] for Sample 1 = (5.19E-4 mol/L) / (3.48 mol/L) = 1.49E-4
	
	Sample 1
	Sample 2
	Sample 3
	Sample 4

	[DDT]/[S]
	1.49E-04
	4.09E-04
	5.20E-04
	1.12E-03


Data Plot & Regression
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Figure 1 Determination of Chain Transfer Constant using the Mayo Equation
Error Estimates

The following error estimates were calculated using the linest()function in Excel.

The standard error value for the slope (C.T. constant) = 0.198 (3.4%)
The standard error value for the y-intercept = 1.3E-4
The residual sum of squares = 3.99E-08, which is very small indicating a good regression fit.
C.T. constant
The C.T. constant is essentially the slope of the above plot. Therefore C.T. constant = 5.75 ± 0.099.
Literature Data and Comparison

The Polymer Data Handbook [2] gives the following values for the Mark-Houwink constants for styrene in tetrahydrofuran: K = 11 x 10-3 mL/g, a = 0.725. Next, according to The Polymer Handbook [3], the chain transfer constant of 1-dodecanethiol in the solution of styrene is 14.8. The results of the lab shows that the chain transfer constant is approximately 5.75.
There are several reasons as to why the experimental results deviate largely with the documented results. The chain transfer constant can be defined as:
CS = ktr,S / kp
where ktr,S is the chain transfer rate constant and kp is the rate constant or propagation. There are two ways in which CS can decrease. The first way is to increase the rate constant of propagation and the second way is to decrease the chain transfer rate constant.
An increase in kp can be made possible by performing the polymerization at a higher than expected temperature. This would mean that the polymerization is happening at a faster speed, thereby extending the polymer chain longer than desired and delaying chain transfer. A decrease in ktr,S can be due to an increased viscosity of the polymer solution. The concentration of the propagating species thus increases, resulting in increasing kp and hindering termination.
Viscosity Average Molecular Weight

Mark-Houwink-Sakurada Equation: [η] = KMa
The Mark-Houwink constants for styrene in tetrahydrofuran are [2]:

K = 11 x 10-3 mL/g

a = 0.725
For sample 1,

[η] = 0.2769 dL/g
M = { [η] * (100 mL / dL) / (11E-3 mL / g) } ^ (1/0.725)

M = 49083.81 g/mol

	　
	Sample 1
	Sample 2
	Sample 3
	Sample 4

	Intrinsic Viscosity (dl/g)
	0.2769
	0.1995
	0.1711
	0.1208

	Viscosity Average MW (g/mol)
	49,084
	31,229
	25,267
	15,633


GPC Methods

The different types of molecular weights of the four polystyrene samples are determined by running the samples through GPC. Depending on the type of GPC used, calibration may be required, and the complexity of the set up varies accordingly. Three types of GPC methods are discussed here: conventional, universal, and triple-detector.
Historically, conventional calibration is performed on a GPC system before running an actual experiment. The purpose of calibrating the system is to generate a calibration curve on which the sample can be based. In conventional calibration, a refractive index detector is set up to measure the concentration as well as elution volume of the sample. A series of standards, typically five or more, is put through the system. The specific type of polymer must be exactly the same in all standards, and thus, the resulting calibration curve will only work for that specific type of polymer. The standards should also cover a wide range of the molecular weights of the polymer, since extrapolation of the calibration curve cannot guarantee an accurate estimate of the molecular weight [4].

Once the calibration is completed, a sample can then be analyzed and its molecular weight can be extracted from the calibration curve. An advantage of conventional calibration is its specificity. Since a number of standards are used to perform the calibration, the user can be quite sure that the results obtained should be a relatively good match for the curve. However, performing the calibration of the standards takes an extensive amount of time, which is not practical for some situations. As well, it is not always possible to get enough standards for a type of polymer that is being sampled, and conventional calibration would not work in this case.
An alternative to conventional calibration is universal calibration. In this method, a set of standards are still required, but these do not have to be exactly the same. The GPC system measures the intrinsic viscosities of the standard as well as the elution volumes. The intrinsic viscosity takes polymer size into account, and the molecular weight of a sample can be calculated using the Mark-Houwink-Sakurada equation. As a result, a calibration curve can be generated that gives information about the intrinsic viscosity, molecular weight, and elution volume of a sample. Since intrinsic viscosity is the basis for this method, a universally calibrated system can be used for any polymer sample.

One advantage of this method is that unlike conventional calibration, the series of standards used do not have to be the same. Thus, a separate calibration for each type of polymer is not necessary. Furthermore, additional information can be provided by universal calibration. A change in the shape of the calibration curve can indicate degrees of branching and rigidity, something that cannot be achieved by conventional calibration. Although universal calibration is an improvement over the conventional method, long calibration times are still required, and are once again not always practical.
A newer type of GPC calibration makes use of a triple-detector, and it does everything that can be accomplished by universal calibration with further improvements. As implied by the name, the system is set up with three types of detectors, each measuring a separate parameter of the polymer. The three detectors are the viscometer, refractometer, and light scattering detector. The viscometer is used, as in universal calibration, to determine the viscosity average molecular weight of the polymer sample. The refractometer, as in conventional calibration, measures the concentration using refractive index. The third part, light scattering, can be performed in two ways. In multi-angle scattering, extrapolation is required, whereas in low angle scattering, extrapolation of data is not needed. Both methods will give the absolute molecular weight of the sample.
Due to the sequence of the three types of detections, there will be a small delay volume as the polymer molecules must go through each detector at different times. However, the system accounts for this by defining an offset. Also, only one calibration is required for each experiment, which greatly reduces the amount of time needed. The triple-detector technique is extremely convenient and easy to use, providing all the important information about the different molecular weights of a sample. Hence, it is now widely used in the study of polymers.
5. Questions

The answers to the questions are attached as hand-written sheets.
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