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CHEM. & ENG. OF POLYMERS
1. Polymer Properties
Terminology & Definitions
Stereoregularity
· Isotactic

( branching on same side
· Syndiotactic
( branching on opposite sides alternated

· Atactic


( random branching
Copolymer
· Random

· Block


( e.g. A-A-A-B-B-B

· Di-block

( e.g. [A]n-[B]m
· Tri-block

( e.g. [A]n-[B]m-[A]p or [A]n-[B]m-[C]p
Typical Polymers
	Structure
	Name
	Phase
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	Polyethylene
	rubber
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	Polypropylene
	rubber
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	Polystyrene
	glass
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	Poly(methylmethacrylate)
	glass


Polymers tend to entangle ( affects viscosity of molecule
Stretch a high molecular weight polymer:

· Will behave initially as an elastic solid

· Entropy is reduced

· Heats up as entropy is released

· Tendency to return to disorder, i.e. entropy increase

Polymer will behave viscously or elastically depending on the speed of response required relative to the mobility of the molecules

Viscoelasticity
· Viscous state – at high T, no restoring force

· Leathery state – material does not follow the applied stress ( elastic behaviour

· Rubbery state – restoring force remains

· Glassy region – no large deformation

Low T Behaviour

Cooling down the molecule, may get:

· Glass formation

· Partially crystalline material

Heat Capacity

Shows a sudden change at Tg. Thermal and electrical conductivity similar to glasses except for conducting polymers, e.g. polyacetylene

2. Polymer Synthesis

Tacticity
	Polymer
	Tg ((C)

	
	Syndiotactic
	Atactic
	Isotactic

	Poly(methylmethacrylate)
	145
	105
	45

	Poly(ethylmethacrylate)
	65
	65
	12

	Poly(propylene)
	( 40-60
	-6
	-18


What makes polymers special

Polymers exhibit a number of properties that set them apart from small molecules:

· Mechanical strength

· Elasticity

· Plasticity

· Thermal stability

· Tuning of properties

· Conductivity

· Insulation

· Chemical inertness

· Usually lightweight

Polymerisation Steps
Initiation
A reactive species is generated that reacts with the monomer to yield an activated chain end, ready to react with another monomer subsequently

Propagation

A reactive polymer chain end adds on more monomers

Termination

Further addition of monomers to a growing polymer chain is inhibited through deactivation (side reaction) of the propagating chain end

Chain Transfer

A side reaction that leads to the termination of one polymer chain, but as a chemical consequence of the termination chemistry, a new polymer chain is initiated. The overall result is a decrease in molecular weight
Vinyl or Addition Polymerisation Mechanism
Initiation, propagation and termination in the polymerisation of methyl methacrylate (MMA) 
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Problem:

Chemical Engineering ( heat generated must be removed
Step Growth Polymerisation (Condensation)
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Problem:
Chemistry ( to achieve high molecular weight, water must be removed, since otherwise the steps may reverse if water is present
Chemistry ( monomer is used as a solvent, but as chains get longer, polymer becomes more viscous. Eventually polymer solidifies out of the melt. Can add heat to the system to counter this, but only up to a certain point – eventually heat will break the chain
3. Polymer Characterisation

Characterisation of Soluble Polymers
How do polymers differ from other molecules?

· Polymers are NOT single entities

· Polymers posses a distribution of molecular weights that is a consequence of the synthetic process. This gives rise to a distribution of chain lengths

· This is characterised by a series of averages. These averages approximate a curve which shows how molecular weight distribution occurs in the polymer

· These averages are related to the physical properties of a polymer

Viscometry

· Derives from the empirical relationship between the relative magnitude of the increase in viscosity and the molecular weight of the polymer
· The simplest method of measurement involves the use of a capillary viscometer

[image: image8]
· Measurement carried out with several different polymer concentrations


Gel Permeation Chromatography (GPC)

· Also known as Size Exclusion Chromatography (SEC)
· Very quick and easy way to get information on average chain length and average molecular weight

Mass Spectrometry (MALDI-TOF)

· Conventional mass spectrometry is carried out by generating the molecular ion during bombardment of the material with high energy electrons. This is a “hard” method
· A “softer” method is Matrix Assisted Laser Desorption Ionisation (MALDI)

· A matrix is used in which there are present atoms that are easily ionised. Once ionised, these combine with the polymer to form the molecular ion

· The molecular mass of the ion is then measured by a Time of Flight (TOF) detector

· It is not applicable to all polymer systems

Thermal Analysis (DSC)
· Differential Scanning Calorimetry (DSC) measures changes in enthalpy as the sample is heated or cooled relative to a standard reference
· Sensitive to phase changes, crystalline melting, glass transition, degradation, etc.

· Useful technique for characterising polymers

· Measures macroscopic properties

· Measures glass transition temperature (Tg)

NMR Spectroscopy

· Interaction of a nuclear dipole with electromagnetic radiation gives information of electron density
· Electron density gives information of structural moieties present on the molecule

4. Reactor Design and Scale-up Issues
Polymer Product
Physical properties of the polymer mixture depend on the MWD, therefore the MWD must be correct at the end of the reaction stage, since there is little scope for changing it afterwards.
Although constituent molecules of a polymer product have a variety of sizes (molecular weights), the chemical differences between these are not sufficiently wide to permit easy fractionation; also, most polymers are involatile. However, separation may be possible:
· Elimination/reduction of monomer and diluant (solvent) content, e.g. devolatilisation

· Separation (recovery) of solid polymer from fluid (monomer, solvent) phase

Processing of polymers from reactor outlet:
1. The output from the reactor is a polymer melt, which can be directly passed into a post-reactor processor, e.g. an extruder for the formation of rods and pellets
2. No or little processing needed, e.g. concentrated latex dispersed in water are directly ready for application as a protective coat (i.e. latex paints)

3. The reactor serves as a shape-giving mould. In this case it needs to be opened or disassembled for product recovery, and the reactor surface has to be of low reactivity to prevent binding with monomer or polymer, e.g. soft contact lenses, reaction injection moulding (RIM) of polyurethanes, “optical” polymethylmethacrylate (PMMA)

Product Selectivity

Usual design considerations (e.g. reactor configuration and mixing patter, heat and mass transfer effects, recycle) will influence the yield and selectivity. But the sensitivity of these on product distribution will be enormous when compared to non-polymeric systems. This is due to the highly non-linear nature of polymerisation reaction kinetics. Catalysts frequently chosen to control stereoregularity or morphology of product.
Physical Properties of Polymer Systems
Physical properties of the reaction mixture within a polymerisation reactor can be quite different in magnitude to other chemical reactions, and the change in these properties can be very large. In particular:
· Viscosity – can vary by several orders of magnitude during the course of a reaction; possible non-Newtonian rheological properties

· Diffusion coefficient – typically for small molecules (monomer) diffusing in polymer, Dmp of the order of 10-8 cm2/s, whereas for polymers diffusing in polymer, Dpp is of the order of 10-14 cm2/s

· Heat capacity, thermal conductivity and density generally do not vary significantly between the polymer melt and the monomer from which it is generated

Since Dpp << Dmp (or kinetic velocities in general are smaller for polymer molecules), the chance of collision between two active polymer molecules (radicals) will be less than that between a monomer and an active polymer. Therefore, where termination reactions principally involve the combination of disproportionation of two polymer radicals, termination will decrease, with the net effect of a higher conversion rate of the monomer
When the volume fraction of polymer is high enough such that reaction temperature approaches the glass transition temperature, monomer diffusion to the radicals will diminish, stopping the reaction.

Control of Physical Properties
Some control over viscosity (() and diffusion can be achieved through suspension and emulsion polymerisation, which are examples of heterogeneous polymerisation reactions.
Suspension polymerisation:

Continuous phase of low viscosity (e.g. water) is introduced, in which the monomer and polymer are dispersed as droplets, and remain dispersed throughout the course of the reaction; the initiator for the reaction is soluble within the monomer phase.

Emulsion polymerisation:

Polymer droplets or beads are separate entities from the monomer droplets, with the initiator present in the continuous phase (non-soluble in the monomer phase). Produces very high molecular weight polymers
In both cases, excellent flow properties (control of viscosity) can be achieved and thus high heat and mass transfer rates.

A possible disadvantage of the heterogeneous polymerisation systems is the difficult removal of solvents, catalyst residues (e.g. Ziegler-Natta), or soaps and stabilisers of emulsion systems. The cost of purification may be so high that it is not done.
Note:
1. Heterogeneity in a reactor may be inevitable, such as in polyethylene or polyvinyl fluoride production

2. Synthesis of a polymer on a lab scale is usually carried out in a homogenous solution, i.e. bulk polymerisation. Such an approach would not be economically feasible at a commercial scale

3. Physical property control can also be achieved by use of a solvent to dilute the reaction species, i.e. solution polymerisation
4. Other heterogeneous systems include interfacial polymerisation and gas-phase polymerisation
Temperature:
Polymerisation reactions are exothermic. Heat transfer can be a problem due to poor mixing and a high thermal capacitance relative to the conduction rate. Temperature can become non-uniform and globally out of control, i.e. runaway.
Problem not as sever in suspension/emulsion polymerisation, but local temperature rises can still be large. Cannot use coils or corrugated surfaces due to dead zones created, which can potentially accumulate material and alter the MWD or foul the heat transfer surface. Smooth heat transfer surfaces are preferred, with the best possible agitation.

However, heat transfer area increases with reactor volume to the 2/3 power, whereas the rate of heat generation is proportional to volume. For scale-up of jacketed vessels, secondary cooling methods may therefore be necessary:

· Reflux cooling – condensation of a volatile component in the reaction mixture (monomer, solvent)
· External heat exchanger circulation

· Suitable for emulsion polymerisation where ( is low and the mechanical stability of latex is good

· NOT suitable for suspension polymerisation fur to the potential coalescence of polymer particles

· Internal coils – if ( not too high and fouling is low

Batch vs. Continuous Reactors

Batch operation may be inevitable due to the nature of the final product, i.e. its casting. However, batch operation is still very popular commercially for many reasons.
1. Cost effective for low volumes (high value) specialty chemicals

2. Some reactions are extremely difficult to replicate or desired properties difficult to achieve. Depending on the particular conditions of manufacture, properties such as

a. MWD

b. Degree of branching

c. Tacticity

d. Concentrations/presence of small amounts of co-monomer

can be quite different. In practice, different batches of material can be blended to give the desired product

3. “Culture” of industry. Although in some cases the desired MWD may be better achieved under different reactor configurations

a. CSTR – reaction occurs in an environment of constant composition: better manipulation of the operating temperature through the feed temperature, but broad range of residence times of molecules; solution is to use cascades, which sharpen the RTD. Opposing factors: constant monomer concentration narrows the MWD, while the RTD broadens it

b. PFR – mathematically equivalent to an ideal batch reactor, but with higher surface to volume ration for good heat transfer. Poor radial mixing can lead to non-homogeneous product and a hot zone in the centre of the tube. Some mixing can be induced through the use of static mixers
Choice of Reactors:
· Radical polymerisation with termination: if average lifetime of the growing radical is much smaller than the mean residence time of the molecules, then, due to the consistency of the monomer concentration, a narrower MWD is achieved in a CSTR rather than in a batch reactor
· Living polymerisation: in a batch reactor, polymer molecules grow under similar conditions and rates, therefore a very narrow distribution of molecular weights is observed. In a CSTR, polymer length will be directly related to the reactor residence time, therefore a broader distribution than the batch reactor is observed

· Polycondensation: like living polymerisation, polymer size will be related to the residence time in a CSTR, and therefore the batch reactor will have a narrower distribution

 Batch Reactor Scale-up

No general method, just general objectives of stirred tanks:

· Equal liquid motion

· Equal rates of mass and heat transfer between different phases

· Equal suspension of solids

5. Structure/Property Relationships in Polymers

Glass Transition Temperature – Relation to Structure
· Not packed well

( GTT low
· Long chains


( GTT high

· Restricted rotation

( GTT high

· Dipole-dipole


( GTT high

· H-bonding



( GTT high

Tacticity Control of Polymer Properties

	Polymer
	Tg ((C)

	
	Syndiotactic
	Atactic
	Isotactic

	Poly(methylmethacrylate)
	145
	105
	45

	Poly(ethylmethacrylate)
	65
	65
	12

	Poly(propylene)
	( 40-60
	-6
	-18

	Poly(stryrene)
	100
	
	99


Structure/Property Relationships for PVAc

[image: image9]
Polymerisation Techniques
	Polymer
	Polymerisation Technique

	Polyamides
	Bulk

	Polycarbonates
	Bulk

	Poly(ethylene terephthalate)s
	Bulk

	Polysulphides
	Suspension

	Polyethylene (low density)
	Bulk, Solution

	Polyethylene (high density)
	Solution

	Poly(methyl methacrylate)
	Bulk, Suspension

	Polypropylene
	Solution

	Polystyrene
	Solution

	Poly(vinyl acetate)
	Emulsion

	Poly(vinyl chloride)
	Suspension

	Polyisoprene
	Solution

	Styrene-butadiene copolymer
	Emulsion

	Polyformaldehyde
	Solution

	Polycaproamide (Nylon 6)
	Bulk


Emulsion Polymerisation:

Advantages:

· Easy heat removal and control due to “heat sink” from water phase

· Polymer obtained is a convenient, easily handled, and often directly useful form

· High molecular weight can be obtained due to little termination and more propagation

· Very small particles formed resist agglomeration thus allowing the preparation of tacky polymers

· Inverse phase (water in oil emulsion possible)

· Initiator soluble in aqueous phase

Disadvantages:

· Low yield per reactor volume

· Less pure polymer than from bulk polymerisation, since remnants of suspending agents will be absorbed on the particle surface

· Cannot be run continuously, can only alternate several batch reactors to simulate continuous operation

· Cannot be used to make condensation polymers of for ionic Ziegler-Natta polymerisation. Exceptions are known

· Product contaminated by surfactant ( need to wash it out

Suspension Polymerisation:

Advantages:

· Easy heat removal and control

· Polymer obtained is a convenient, easily handled, and often directly useful form

· Larger surfactant

· Initiator soluble in organic phase

Disadvantages:

· Similar to emulsion polymerisation

· Product contaminated by surfactant ( need to wash it out

	
	Aqueous phase
	Organic phase

	Emulsion Polymerisation
	water
surfactant

initiator
	monomer
surfactant

	Suspension Polymerisation
	water
protective colloid
	monomer
protective colloid

initiator


6. Polymers Processing

Key Material Properties
1. Glass Transition Temperature (Tg) and Melting (or Crystallisation) Temperature (Tm)

· These will determine the processing temperature

· We measure them using DCS (or DTA)

· They are largely determined by chemical structure of the molecules.

2. Degree of Crystallinity

· Determined by stereoregularity (isotactic, syndiotactic, atactic)

· And by architecture (e.g. branching)

· Will determine processing rates and rheology as well as some final properties

3. Solubility (or Miscibility)
· With solvents determines whether solvent processing is viable (e.g. spinning fibres)

· With other polymers can be used to obtain new materials by combination

· Largely determined by chemical structure

4. Viscoelasticity
· Determines response to flow
Processing equipment has to provide both thermal and mechanical energy and to take account of the time or frequency dependencies caused by viscoelasticity.
7. PET Film Manufacture

Polyesters
· Part of the condensation polymer family

· Synthesis involves the loss of H2O, glycol, etc. at each building step of the synthesis

· Reactivity of end groups is independent of the size of molecule it is attached to

· Purity of monomer critical

· Last stages of polymerisation critical

Characteristics of Step Growth Polymers

· Any molecule with correct functionality can react
· Molecules incorporated into chain in early stages of reaction

· Chain length increases as reaction proceeds

· High conversions are necessary for high MW

· Endothermic reaction ( reaction rates slow at room temperature, but increase with temp.

· Vacuum often applied at end of process to achieve high degree of polymerisation

Thermal Characteristics
· Melting behaviour – depression of Tm by comonomer largely independent of comonomer type

· Crystallisation rate affected by:

· Molecular Weight (e.g. reclaim) ( rate increases as MW decreases

· Comonomer ( rate decreases as comonomer increases

· Fillers ( act as nucleants – increased rate of crystallisation

3P’s Approach to Research

Polymer:
· Formulation will dictate polymer and basic class of polymer

· Superimposed on this are a series of subtle effects which contribute to the polymer characteristics:

· Molecular weight

· Molecular weight distribution

· Linear or branched polymer

· Stereoregularity

· End groups

· Polymer architecture controls:
· Whether the polymer is crystalline or amorphous

· If crystalline, the rate of crystallisation and level of crystallinity

· Conformational changes that the polymer can undergo and hence Tm/Tg
· This contributes to how the polymer behaves in the melt and to its rheology
Process:

· Polymer architecture and polymer rheology are immediately related
· Dictate the processing conditions and even they type of fabrication process

· Process itself will further influence the polymer morphology and dictate the level of orientation and crystallinity in the finished article
Properties:
· Polymer and process essentially determine the properties of the finished article:
· Mechanical properties

· Clarity

· Dimensional stability

· Environmental resistance

· Usage temperature

· Barrier properties

8. Polyvinyl Acetate (PVAc) & Polyvinyl Alcohol (PVA)

Free Radical bulk polymerisation of Vinyl Acetate
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Hydrolysis of Polyvinyl Acetate
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Mechanism for synthesis of PVAc

Initiation:
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Propagation:
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Termination:

(A)
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(B)
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Basic Hydrolysis of PVAc
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Acidic Hydrolysis of PVAc
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INCREASING





Molecular Weight





% Hydrolysis





Increased flexibility, dispersing power (ease of emulsion),


water sensitivity,


adhesion to hydrophobic surfaces (e.g. Teflon)
































































































































































































































































































































































































































































































































Increased water resistance, tensile strength (H-bonding with itself),


solvent resistance,


adhesion to hydrophilic surfaces (e.g. glass, silica)





Increased viscosity, tensile strength, water resistance, adhesive strength, solvent resistance, dispersing power





Increased flexibility, water sensitivity, ease of solvation





Capillary tube





Polymer sample





Force applied
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