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Topic 1: Synthesis of commodity (polystyrene) and enginnering (nylons and 
polyurethanes) thermoplastic polymers 

(Text not translated) 

1A) Síntesis de poliestireno por polimerización en suspensión (without translation to English) 

Teoría: 
 

Existen muchas técnicas de polimerización dependiendo del tipo de polímero que se quiera obtener. En el caso 
de los polímeros termoplásticos sobretodo podemos considerar 4 métodos principales: 
 

1) P O L I M E R I Z A C I Ó N  E N  M A S A :  Es el tipo de polimerización que se realiza en ausencia de 
disolvente. En general, se utilizan monómeros líquidos o, si son sólidos, se les funde y se añade un iniciador. 
El iniciador es una sustancia química capaz de generar radicales libres para dar inicio a la reacción 
de poliadición (o también llamada reacción de polimerización radicalaria) . Una vez iniciada la 
reacción, la viscosidad del medio aumenta progresivamente hasta llegar al final a una masa s ólida 
de polímero que lleva en su interior los restos del iniciador y los monómeros que no se hayan incorporado 
a las cadenas.  
 

2) POLIMERIZACIÓN EN DISOLUCIÓN: En la polimerización en solución, el monómero e iniciador están 
disueltos en un disolvente, formando una única fase (sistema homogéneo). El polímero puede ser 
soluble o insoluble en el disolvente empleado. En función de que el solvente disuelva o no el polímero que 
se forma, al final del proceso, se obtiene una solución del polímero o bien un precipitado. Si se trata de una 
solución de polímero, este se aísla haciéndolo precipitar en otro disolvente en el cual es insoluble. Si se trata 
de un polímero precipitado, este se aísla por filtración, en el proceso de purificación. 
 

3) POLIMERIZACIÓN EN SUSPENSIÓN: La polimerización en suspensión se realiza en un medio líquido, 
generalmente agua, en la cual el monómero forma una suspensión (sistema heterogeneo). Ésta suspensión 
es mantenida estable durante el proceso de polimerización mediante agitación vigorosa. Por tanto, un 
monómero que sea insoluble en agua puede formar una suspensión en ella, si la mezcla se agita a la 
velocidad adecuada. Se pueden producir así gotas de monómero puro que estarían en un medio acuoso. El 
polímero se obtiene dentro de las gotas del medio de reacción y se separa fácilmente del agua por densidad 
o por filtración. Sin embargo, la polimerización en una mezcla que reúna las condiciones anteriores es 
posible, si añadimos un iniciador capaz de penetrar en las gotas.  
Los tamaños de las gotas en suspensión son generalmente de 0,001-0,1 cm, y el iniciador utilizado es soluble 
en el monómero y no en la fase acuosa.  
 

4) POLIMERIZACIÓN EN EMULSIÓN: En este caso se emplean dos líquidos inmiscibles y un detergente (o 
agente emulsificante). La polimerización en emulsión y en suspensión se parecen mucho, excepto por 
pequeñas diferencias: (i) en la polimerización en emulsión el monómero se dispersa en el medio acuoso y no 
forma gotas insolubles como en el caso de la polimerización en suspensión, (ii) el iniciador también se disuelve 
en el medio acuoso y no en el monómero. Para este tipo de polimerización también hace falta emplear un 
protector coloidal, una solución tampón para mantener el pH constante y agitación mecánica. La reacción de 
polimerización ocurre principalmente dentro de las micelas del medio. Por esta razón, las partículas en 
emulsión son de granulometría más controlada que en el caso de la polimerización en suspensión, con un 
tamaño comprendido entre 0,05 y 0,2 mm.  
 

Existen muchas otras técnicas de polimerización, como la polimerización en fase gas (también llamada “lecho 
fluidizado”) como, por ejemplo, para la producción industrial de polipropileno, pero que no las trataremos en 
esta asignatura. 
 

Todos los procesos de polimerización implican otro proceso adicional de purificación del producto 
obtenido. En esta práctica se trabajará con la polimerización en suspensión y la purificación del poliestireno 
por filtración y secado. 
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Ventajas y desventajas: 

Las ventajas más importantes de la polimerización en suspensión son: 
a) el pequeño volumen de la masa que polimeriza en cada gota y  su relativamente gran superficie.  
b) la cinética del proceso es la misma que la de la polimerización en masa. Sin embargo, el calor de 
polimerización es transferido con mayor facilidad que en el caso de la polimerización en masa, ya que se 
propaga por medio acuoso. 
c) como al final del proceso, el polímero obtenido suele ser sólido, en forma de perlas, su aislamiento se 
efectúa fácilmente mediante una filtración. 

Las desventajas más importantes de la polimerización en suspensión son: 
a) la velocidad de agitación y la cantidad de dispersante permiten regular el tamaño de la gota. Sin embargo, 
la granulometría no es muy homogénea y hace falta el uso de tamizadores. El tamaño de las gotas oscila 
entre 0,001-1 cm de diámetro y para mantener la suspensión muchas veces hace falta añadir una sustancia 
que estabilice la suspensión.  
b) uno de los problemas que suele plantearse está relacionado con la tendencia a la aglomeración de 
las gotas, ésta se hace crítica cuando la polimerización ha avanzado hasta el punto de que las perlas de 
polímero se hacen untuosas. 
c) el coste de producción industrial con este método es elevado porque hace falta un proceso adicional de 
secado, ya que el polímero sale “hinchado” tras la filtración. 
 

Este método se utiliza comercialmente para preparar polímeros vítreos duros como el poliestireno (PS), 
polimetacrilato de metilo (PMMA), poli(cloruro de vinilo) (PVC) y poliacrilonitrilo (AN). 
 

El mecanismo de polimerización es el mecanismo de adición radicalaria, como se ilustra en la Figura 1A.1. 
 

Reacciones: 

 

Figura 1A.1. Esquema de las diferentes etapas de polimerización del Poliestireno (PS). [1] 
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Materiales: 

Manta calefactora de 1 L  
Agitador Heidolph (modelo RZR2000) de velocidad regulable 
Embudo de adición 
1 Reactor de 1 L de capacidad 
1 Tapa con cinco bocas para: 

1) termómetro/tapón 
2) tapón 
3) tapón 
4) refrigerante de reflujo 
5) ajuste agitación de silicona +guía (boca central) 

1 Vaso de precipitados de 200 mL 
1 Vaso de precipitados de 100ml 
2 Probetas graduadas: 100 y 50 mL 
1 Embudo de adición de sólidos y pipetas de 0,5 mL de plástico 
1 Embudo de filtración mediano de boca ancha 
1 Erlenmeyer de1 L 
2 Varillas de vidrio finas y tamiz para filtrar embudo decantación 

 
Reactivos y formulación: 

Nº Reactivos Cantidad Rol en la reacción 

1 Estireno  60 g Monómero 

2 Agua destilada 600 mL Disolvente 

3 Lauril sulfato de sodio (SDS) 0.5 g Agente antifloculante 

4 Alcohol Polivinílico (PVA) 0.5 g Protector coloidal 

5 Peróxido de benzoilo  1.5 g Iniciador  

6 Fosfato de cálcio [Ca3(PO4)2] 0.2 g Estabilizador 

7 Hidróxido de sodio (NaOH 25%) 25 mL (x3) Solución de lavado del 
monómero 

 

Procedimiento experimental: 

1) Montar el reactor como en la Figura 1A.2.  

2) Cargar el reactor con unos 550 mL de agua destilada y empezar a calentar hasta 90ºC con agitación 
mecánica. 

3) Pesar cuidadosamente el alcohol polivinílico (0.5 g) y el fosfato cálcico (0.2 g) en una balanza de 
precisión con ayuda de un papel para pesar. Retirar momentáneamente el refrigerante de reflujo y 
colocar en esa boca del reactor un embudo para sólidos. Añadir cuidadosamente al reactor los dos 
compuestos pesados anteriormente, lavar el embudo con los 50 ml de agua que faltan por añadir del 
volumen total de disolvente. Volver a colocar el refrigerante y mantener la agitación durante varios 
minutos. 

4) Mientras tanto, medir 60 ml de estireno con una probeta y adicionarlo a un embudo de decantación 
(vigilad que el grifo esté en posición cerrada al flujo). Lavar el monómero tres veces con 25ml de 
NaOH 25% y tres veces con 25ml de agua destilada. Medir con la probeta 50 ml de monómero lavado 
y sobre él añadir el lauril sulfato de sodio (0.5 g) y el peróxido de benzoilo (1.5 g) previamente 
pesados. Agitar hasta disolución con una varilla de vidrio pequeña y verter la mezcla obtenida en el 
reactor de reacción, levantando por breves momentos el tubo refrigerante. Observar que la agitación 
es la adecuada, ya que el monómero debería formar una suspensión de gotitas que se mantienen en 
el agua y no deben caer al fondo del reactor. 
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5) Mantener la suspensión con agitación vigorosa (pero sin producir vibraciones en el reactor) a 90ºC 
por 2h. [Tened mucho cuidado en esta etapa ya que la reacción es exotérmica]. Tras este período, 
desconectar la calefacción, retirar cuidadosamente la manta calefactora del reactor y dejar enfriar 
algunos minutos con un baño de hielo (sin parar la agitación mecánica).  

6) Filtrar la mezcla de reacción que contiene las perlas de poliestireno, lavando varias veces con agua. 
[En esta etapa, avisar al profesor para que os ayude a desmontar el reactor y proceder a la filtración]. 

7) Dejad secar el producto obtenido en estufa a unos 60ºC. 

8) Pesar y calcular el rendimiento obtenido. 

 

Figura 1A.2. Esquema del montaje de reactor y accesorios para la reacción de polimerización en suspesión 
del Poliestireno (PS). [1] 

 

Cuestiones para el informe de prácticas: 

1. ¿Qué peso de polímero se ha obtenido? ¿Cuál es el rendimiento de la polimerización realizada? 

2. Explique las ventajas de emplear la polimerización en suspensión con respecto a otras técnicas de 
polimerizaciones. 

3. Explique porque algunos monómeros son almacenados y comercializados con inhibidores. Este 
punto está relacionado con la etapa de lavado del monómero con NaOH antes de proceder a la 
reacción de polimerización. 

4. ¿Qué otros compuestos se podrían emplear como iniciador en la reacción de polimerización del 
poliestireno? 

5. Explique detalladamente la función del reactivo empleado como protector coloidal. 

6. ¿Qué residuos has generado en esta síntesis y cómo los has tratado para cumplir con los 
requerimentos medioambientales? 

 

Referencia [1]: Hundiwale, D.G.; Athawale, V.D.; Kapadi, U.R.; Gite, V.V. Experiments in polymer science. 
New Delhi: New Age International Publishers, Delhi, 2009, Capther 3, pp. 23-32. 

or Heating

mantle
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1B_1) Synthesis of nylon 6,10 by interfacial polymerisation 
Theory 
 

Although polyamides are used mainly in the form of fibres, they have reached a certain level of importance 
in the plastic materials industry, mainly for applications in engineering. Polyamide fibres and their most 
immediate derivatives are known as nylons. At present, nylon 6,6 and nylon 6 constitute almost all the nylon 
produced to obtain fibres for the textile industry; however, there are many other nylons of high industrial 
importance, such as nylon 11, nylon 12, nylon 6,10, nylon 6,12 and others used in different industries 
(manufacture of cogs, ball bearings, 3D printing parts, etc.). 
 

Nylon 6,10 is a white, semi-crystalline industrial thermoplastic with lower water absorption than nylon 6 or 
6,6, which gives it greater dimensional stability. 
 

Nylon 6,10 can be synthesised by reaction of a diamine (1,6-hexanediamine) and an acid dihalide (sebacoyl 
chloride or 1,10-decanodiol dichloride).[1] In short, the global reaction is: 

 
Figure 1B-1.1. Schematic representation of the polycondensation reaction of polyamide 6,10 (PA 6,10 or 
nylon 6,10) with formation of hydrochloric acid as a by-product[2] 

 

In the interfacial polymerisation technique, the reaction occurs at the interface between two immiscible 
liquids, one of which is the organic solvent that contains the acid chloride and the other is the water that 
contains the diamine. Therefore, each of the solvents contains one of the reaction monomers. It is a type of 
solution polymerisation and is used mainly in the case of polymers prepared by condensation polymerisation, 
with the ensuing obtainment of by-products. 
 
The two immiscible liquids are carefully placed in a receptacle (one above the other, generally the aqueous 
phase above the organic phase). The densest, of organic nature, is usually a chlorated solvent such as CHCl3, 
Cl2C=CCl2 or CCl4. The acid dichloride is dissolved therein. An aqueous solution of the diamine that also 
contains a base to neutralise the HCl formed in the condensation is placed above this phase. 
 

Several factors must be taken into account in applying this technique: 
 

1) The monomers must be soluble in liquids of different nature (immiscible). 
2) Since the process is carried out at room temperature and must be very fast, one of the monomers 

must be activated, i.e. its functional groups must have been modified for their polymerisation to be 
faster and easier than usual.  

Therefore, in the synthesis of nylon 6,10 by interfacial polymerisation, the acid dichloride is the “activated” 
monomer, since its reactivity is greater than that of carboxylic diacid. 
 

Advantages and disadvantages 



 Experimentation & Instrumentation (295EQ221) – Chemical Engineering Master Degree 
 

10 

Escola d’Enginyeria de Barcelona Est (EEBE-UPC) 

The most significant advantages of interfacial polymerisation are: 
a) The liquid used in a polymerisation, i.e. the solvent, helps to facilitate agitation, since a dissolved 

polymer is a less viscous fluid than a molten polymer. 
b) The solvent acts as a means for dissipating heat during polymerisation. Therefore, it makes it possible 

to control the process from a thermal viewpoint.  
c) The reaction temperature is lower than the boiling temperature of the solvent and the reaction 

usually occurs at room temperature. For this reason, another advantage is that very sophisticated 
materials or equipment are not required to prepare the polymer. 

d) In this type of polymerisation an exact stoichiometric balance is not essential. Indeed, a small excess 
of diamine (5-10%) is normally used to obtain polymers with a higher molecular weight. 

The most significant disadvantages of interfacial polymerisation are: 
a) Solvents can introduce certain impurities in the reaction medium if they are not very pure. Indeed, 

in industry, solvents are recovered and reused in various polymerisations, and this is a factor that 
introduces impurities in the system and causes a decrease in polymer PM.  

b) A subsequent filtration and drying process is needed, and this has an economic cost. 
c) Despite the aforementioned advantage, the economic cost of an installation would be much higher, 

for example, than that required for the mass polymerisation process. 
d) A high amount of solvent is required to carry out the synthesis, which is a drawback for waste 

recovery and treatment. 
 

This polymerisation method is adequate for vinyl products, particularly when the polymers are used in the 
form of solutions, such as in the case of paints and adhesives. Vinyl polyacetate, acetonitrile and 
methacrylates are addition polymers that are obtained by this method in industry. Therefore, it is a 
method limited to a few types of polymers. 
 

Materials 
Heidolph RZR 2000 stirrer with adjustable speed 
2 100 mL beakers 
1 200 mL beaker 
2 mL test tubes 
1 thick glass rod  
1 thin glass rod 
1 set of tweezers 
1 mL pipettes 
1 porous filter plate (no. 3 or 4)  
1 250 mL Büchner flask 
1 mechanical stirrer + metal stirring rod 

 

Reagents and formulation 

No. Reagents Amount Role in the reaction 

1 Sebacoyl chloride 1 mL Monomer 

2 Hexamethylendiamine1) 1.5 g Monomer 

3 Tetrachoroethylene (CCl4)2) 35 mL Organic solvent 

4 Distilled water 50 mL Aqueous solvent 

5 Sodium carbonate (Na2CO3) 2.7 g Neutralising agent 

6 Ethanol (EtOH) 100-150 mL Solvent for purifying the product 

7 Dichloroacetic acid (DCA) Drip Solvent for polymers 
1) Hexamethylenediamine and dichloroacetic acid (DCA) are corrosive and irritating substances for the skin, so they must be handled with gloves and 
adequate protection. 2) Chlorated solvents are toxic and must be used with extreme caution, particularly as regards the inhalation of vapours and 
contact with the skin. 

 

 

Experimental procedure[3] 
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1) Assemble the reaction system as described in Figure 1B.1.2.  

2) Aqueous phase: Weigh 1.5 g of hexamethylenediamine and dissolve in 50 mL of distilled water, in a 
100 mL beaker. Next, add 2.7 g of sodium carbonate and dissolve by stirring with a glass rod. 

3) Organic phase: Pipette 1 mL of sebacoyl chloride with a straight pipette, add 35 mL of carbon 
tetrachloride in another 100 mL beaker and stir with a glass rod until it is dissolved.  

4) Carefully pour the solution prepared in step 2 (aqueous phase) over the previously prepared organic 
phase. In this process it is necessary to let the aqueous solution slide down the walls of the beaker, 
avoiding stirring the organic phase (procedure WITHOUT stirring). The formation of a white 
polyamide film at the interface between the two liquids can be observed. 

5) With the help of tweezers, start removing the polymer film, trying to obtain a thread with the help 
of the glass rod. Slowly rotate the rod to wind the polyamide threads until one of the monomers is 
exhausted. Alternatively, a large test tube can be used to collect the thread. 

6) Once polymerisation is completed, we will proceed to the product purification stage. To this end, 
immerse the polymer in a beaker containing 100 mL of ethanol. With the help of scissors, shred the 
polymer mass until small particles are formed to improve product washing and filtering.  

7) Filter the product in a Büchner-type funnel, wash repeatedly with EtOH, let dry in the heater at 
approximately 60°C and weigh the dry polyamide once cooled. Calculate the synthesis yield. 

8) Repeat steps 2), 3) and 4), attach a metallic stirrer blade with mechanical stirrer (Heidolph-type) and 
leave the solution stirring vigorously for 5 minute (procedure WITH stirring). The formation of a white 
polyamide film at the interface between the two liquids can be observed. Disconnect the stirrer and 
repeat stages 6) and 7). 

 

Figure 1B-1.2. Schematic representation of the assembly of the beaker and accessory for winding the 
polyamide 6,10 (nylon 6,10) film that forms at the water/organic solvent interface[2] 
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Purification of nylon 6,10 by precipitation 
 

1) In a 5-10 mL clip top jar equipped with a magnetic magnet, introduce 0.75 g of polyamide 6,10 
obtained interfacially in the previous stage (choose only one of the products, that generated with or 
without stirring). The polymer must be dry, cold and previously weighed in stage 7).  

2) Drip the minimum necessary amount of dichloroacetic acid (DCA) to dissolve the product. Use 
adequate gloves and protection in this stage. Stir gently with a glass rod until a viscous and 
transparent solution is obtained. Using a Pasteur pipette, drip the viscous solution into a 100 mL flask 
containing 50 mL of acetone or ethanol and stir vigorously (magnetic stirrer). 

3) The nylon precipitates in the form of a white solid that is filtered using a vacuum-assisted porous 
filter plate. Wash with acetone (a few millimetres) and dry in the heater at 60°C to weigh again once 
dry. 

 

Questions for the report on the practical 

1. What polymer weight was obtained? What was the yield of the polymerisation carried out? 

2. Find the methods for preparing polyamide 12 (nylon 12) and explain the main difference with respect 
to the synthesis of n,m-type polyamide (nylon 6,6; nylon 6,10; nylon 6,12; etc.). 

3. Why does interfacial polymerisation make it possible to obtain polymers at room temperature? 

4. What is the purpose of recrystallisation? 

5. Why can the two solutions not be stirred and homogeneously mixed in the first part? That is, what 
happens if stirring is applied? 

6. Why is it advisable to add excess diamine in this synthesis method? 

7. Describe another synthesis method that makes it possible to obtain polyamide 6,10 with a high 
molecular weight. 

 

References 

[1] Morgan, P.W.; Kwolek, S.L.; J. Chem. Educ. 36 (1959) 182. 

[2] Hundiwale, D.G.; Athawale, V.D.; Kapadi, U.R.; Gite, V.V. Experiments in polymer science. New Delhi: New 
Age International Publishers, Delhi, 2009, Chapter 3, pp. 56-61. 

[3] https://www.youtube.com/watch?v=EO_w8uH9xlE [Youtube video. Author: Sergio Paredes, Interfacial 
polymerisation. Nylon 6,6. Retrieved 20/02/2017] 
 

https://www.youtube.com/watch?v=EO_w8uH9xlE
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1B_2) Synthesis of nylon 11 by mass polymerisation 

Theory 
 

Nylon 11 is a thermoplastic polymer with very similar properties to nylon 12. From an environmental point 
of view, some consider it a “green polymer” because the monomer can be obtained from the seeds (“beans”) 
wherefrom castor oil is obtained.[1] Therefore, it can be obtained from renewable sources. 
 

Compared to nylon 6 and 66, it exhibits much lower water absorption and, therefore, higher dimensional 
stability and improved electrical properties. It is more resistant to UV radiations, although it has less impact 
resistance. Also, it is a polyamide with high chemical resistance to the action of aromatic solvents, fats and 
oils. However, it is not very resistant to acids or halogenated derivatives. It does not dissolve in common 
solvents, only in strong acids (such as: formic, dichloroacetic and trifluoroacetic acid) and some phenolic 
derivatives (such as m-cresol).  
 

As a high-performance thermoplastic, it has very specific applications in the automotive and hospitality 
industries, among others. Some examples of materials manufactured with polyamide 11 are flexible oil and 
gas and fluid control pipes, sneakers, components of electronic devices and catheters, fuel lines for 
automobiles, pneumatic air brake hoses, electrical cable sheathing, etc. 
 

Nylon 11 can be prepared by mass polycondensation of 11-aminoundecanoic acid. The by-product formed is 
water and must be removed from the reaction medium to obtain the polymer with an adequate molecular 
weight.  
 

In short, the global reaction is: 

 
Figure 1B-2.1. Schematic representation of the polycondensation reaction of polyamide 11 with formation 
of water as a by-product 

 

Polymerisation kinetics 
 

Polymerisation kinetics is an important factor and catalysts play a significant role. In a polymerisation of A-B-
type monomers, as in the case of 11-aminoundecanoic acid with a functional amine group on the one hand 
and the acid group on the other, if we call the initial number of molecules N0, then NA0 and NB0 will be the 
number of functional A and B groups at the start of the polymerisation, respectively. 
 

After a polycondensation time t has elapsed, N will be the number of molecules formed and NA and NB the 
number of functional A- and B-type groups at their ends and which therefore do not react. Since it is a 
bifunctional monomer, the following is fulfilled: 
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The polymerisation extension parameter, p (also called conversion parameter when expressed as a 
percentage) is defined as the relationship between the number of functional groups that have reacted and 
the initial groups. 
 

The average polymerisation degree parameter is defined as a number as the quotient between the initial 
number of molecules and the number of molecules over time t: 
 

 
 

based on the Xn parameter, the average molecular weight (Mn) is obtained as a number by simply multiplying 
the weight of the repeating unit M0. 
 

 

 
 

Second order reaction: In the preparation of an A-B polyester using a strong mineral acid (sulphuric or p-
toluenesulphonic), the mineral-type acid groups cannot react with the –OH groups. They only act as catalysts 
and, therefore, their concentration remains constant. Therefore, the reaction is said to be of second order 
and reaction kinetics depends on the concentration of –OH and COOH groups: 

 

 

substituting C for its value C0 ⋅ (1 − p):  
 

 
 

In polyesterifications with acid catalysis we obtain a linear relationship between Xn and t, which is 
experimentally fulfilled excluding the initial and final moments of the process. 
 

Third order reaction: In the preparation of an A-B polyester without using an external catalyst, the COOH 
groups act as catalysts and reaction speed depends on the concentration of three species: OH and COOH 
(reagents) and COOH (catalysts). Therefore, the reaction is said to be of third order and the expression of 
reaction speed is: 
 

 
 

The objective of this practical is to evaluate the polymerisation kinetics of nylon 11, learn how to monitor the 
progress of the reaction through infrared spectroscopy and determine the chemical resistance of nylon 11 
through solubility assays. 
 

Materials 
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Magnetic stirrer with temperature control 
Silicone oil bath 
Temperature gauge 
Aluminium foil 
Funnel for solids 
Metal spatula for weighing the monomer 
16 test tubes 
Test tube racks 
Wooden clamps to hold the tubes  
Stopwatch 
Pasteur pipettes (short) 
Thin glass rod 
8 5-10 mL lidded glass vials 
Permanent marker to mark the test tubes 

 

Reagents and formulation 

No. Reagents and solvents Amount Role in the reaction 

1 11-aminoundecanoic acid 8-10 g Monomer 

2 Distilled water 2-3 mL Solvent  

3 Ethanol (EtOH) 2-3 mL Solvent  

4 Acetone 2-3 mL Solvent  

5 Chloroform (CHCl3)2) 2-3 mL Solvent  

6 Tetrahydrofurane (THF) 2-3 mL Solvent  

7 Formic acid (FA) 2-3 mL Solvent  

8 Dichloroacetic acid (DCA) 2-3 mL Solvent  

1) Formic acid (FA) and dichloroacetic acid (DCA) are corrosive and irritating substances for the skin, so they must be handled with 
gloves and adequate protection. 2) Chlorated solvents are toxic and must be used with extreme caution, particularly as regards the 
inhalation of vapours and contact with the skin. 

 

Experimental procedure 

1) Assemble the magnetic stirrer under an extractor hood and heat the silicone bath to 190°C, 
controlling the temperature with a thermometer and cover partially with aluminium foil. Check that 
the oil bath is stabilised at 190°C before adding the test tubes with the monomer (Section 2, below). 
Bear in mind that below this temperature the monomer does not melt completely and the results 
obtained are not consistent. 

2) Carefully weigh eight 1,000 g samples of 11-aminoundecanoic acid on a precision balance. Carefully 
record the weight (with at least three decimal points) and pour the solid, with the help of a long 
funnel, into the bottom of eight previously marked test tubes. Make sure that the least possible 
amount of solid remains on the walls. Weigh the tube again with its content and record the weight 
obtained. 

3) Place the tubes in the 190°C bath and, when the content begins to melt, start the stopwatch. In order 
to prevent oxidation of the molten sample, gently flow nitrogen through the interior of the tube. The 
condensation of the water vapour released during polycondensation can be observed on the tube 
walls. With the help of the nitrogen flow, remove the condensed water. 

4) Remove the tubes from the bath at intervals of 1, 2, 3, 5, 10, 15, 25 and 30 minutes, let cool and 
carefully weigh again to evaluate the amount of water released, which is the value that will be used 
to evaluate the progress of the polycondensation. 

 
  



 Experimentation & Instrumentation (295EQ221) – Chemical Engineering Master Degree 
 

16 

Escola d’Enginyeria de Barcelona Est (EEBE-UPC) 

Some data relating to nylon 11 for the practical: 
Molecular formula: [NH(CH2)10CO]n 
MW (UCR): 183.29 g/mol 
Density: 1.04-1.05 g/cm3 
Melting point: 186-187°C  

 
 

Questions for the report on the practical 

1. Create a table with the initial monomer moles [M = 201 g/mol) and the grams of water released (M 
= 18 g/mol) that makes it possible to calculate Xn, Xn

2 and p in each polycondensation tube. 

2. Determine the order of reaction representing Xn and Xn
2 against time and verify which of the two 

representations adapts better to a straight line.  

3. What is the value of the constant k in the equation corresponding to the order found?  

Xn = k∙[M0]∙t + 1  or  Xn
2 = 2∙k∙[M0]2∙t +1 

4. The evolution of the polycondensation process can be monitored through Fourier transform infrared 
spectroscopy (FTIR). Although the structures of the monomer and the repeating unit (UCR) are very 
similar, there are differences between them. In the monomer, the functional groups of the ends are 
in the form of a salt; however, in the polymer, the aforementioned groups form an amide linkage. 
Describe the main absorption bands of nylon 11. Use the wave number relationship tables (cm-1) and 
functional groups in the appendices to identify said bands. 

5. What conclusions do you draw from the infrared spectra of the nylon 11 generated at different 
polymerisation times? Observe the bands that appear and disappear in the IR spectra. 

6. Identify the chemical displacements of the H-RMN spectra of the monomer and nylon 11 with the 
help of the tables included in the appendices. With the professor’s help, assign the 13C-NMR spectrum 
signals of the monomer and nylon 11. Use the attached tables to calculate the chemical 
displacements. 

7. Could nylon 11 be obtained by interfacial polymerisation? Explain. 

 

References 

[1] Xia, Y.; Larock, R.C., Vegetable oil-based polymeric materials: synthesis, properties, and applications. 
Green Chem., 12 (2010) 1893. 
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Infrared spectra (FTIR) of mass nylon 11 polymerisation 

 

Commercial nylon 11 

 

11-aminoundecanoic acid 

 

Polymerisation 5 minutes 

 

Polymerisation 10 minutes  
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Polymerisation 15 minutes 

 

Polymerisation 25 minutes 

 

Polymerisation 30 minutes 

 

Polymerisation 40 minutes 
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NMR spectra (of 1H and of 13C) of the monomer and the nylon 11 

 

 

H-NMR 

11-aminoundecanoic acid 

H-NMR 

Commercial nylon 

11 
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13C-NMR 

11-aminoundecanoic acid 

13C-NMR 

11-aminoundecanoic acid 

 (enlarged 23-45 ppm region) 
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1C) Thermoplastic Polyurethane Synthesis (TPU) 

Theory 
 

The reaction of isocyanates with alcohols forms urethane linkages (also called carbamates -O-CO-NH-). These 
functional groups are very similar to the amide group (-CO-NH-) and are therefore capable, as that group is, 
of establishing hydrogen bonds with other adjacent groups and providing a high degree of crystallinity.  
 

Polyurethane resins are di- or triisocyanate polyaddition products (polyadducts) with multifunctional di- or 
triol alcohols, wherein at least one of these components must be polyfunctional to enable cross-linking 
(covalent bond between polymer chains). Therefore, polyurethanes are formed by polycondensation 
reactions between diisocyanates and polyether polyols, polyester polyols or acrylic polyols. They can be linear 
(thermoplastic) or cross-linked (thermostable), flexible or rigid. Therefore, they are extremely versatile 
polymers. Polyurethane resins have applications in coatings, flexible or rigid polymer foams, such as 
elastomers, fibres, etc.  
 

There are different polyurethane synthesis methods. The most common are classified according to the 
medium in which the polyurethane reaction occurs (in solution or mass) or in the order of addition of the 
reagents (one-shot or prepolymer method). 
 

1) SOLUTION POLYMERISATION: The synthesis can be carried out in solution, both in organic solvents 
and in an aqueous medium. The reagents are mixed, previously dissolved in the organic solvent or in 
water, such that the reaction occurs in solution, so reaction heat dissipation is favoured with respect 
to mass synthesis.  

2) MASS POLYMERISATION: Mass polymerisation occurs in the absence of solvent, such that all the 
reagents are mass mixed and polyurethane plates of the desired shape and thickness are obtained 
by pressing in a hydraulic press. 

 

According to the order of addition of the reagents, polymerisation can be carried out by means of the 
following. 
 

1) ONE-SHOT METHOD (or one-stage method): The polycondensation reaction is carried out by loading 
the reactor with all the components of the formulation at the same time, i.e. the macrodiol, the 
diisocyanate and the chain extender (and the catalyst, if necessary). One-shot synthesis is the most 
widely used on an industrial scale, since it does not require preliminary synthesis of the prepolymer, 
which implies a savings in production and energy costs. 

2) PREPOLYMER METHOD: It is the most widely used method for polyurethane synthesis. Through this 
procedure, the isocyanate is made to react with the macrodiol (or macroglycol), fully or partially, 
forming a “prepolymer” that is subsequently made to react with the chain extender. 

 

Global reaction: 

 
Figure 1C.1. Schematic representation of the polyaddition reaction of the diisocyanate with the polyol to 
obtain a polyurethane “prepolymer”[2] 
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The main drawback of the synthesis is the use of isocyanates, currently highly controlled due to their high 
toxicity. In this practical you will have to be rigorous about working under the gas extractor hood. Using a 
mask for organic solvents is highly advisable. 
 

Materials 
500 mL warming blanket  
Heidolph RZR 2000 stirrer with adjustable speed 
Addition funnel 
1 500 mL reactor 
1 five-neck lid for: 

1) thermometer/plug 
2) plug 
3) plug 
4) reflux coolant 
5) adjustment of silicone stirring + guide (central neck) 

2 25 mL and 50 mL test tubes 
1 thick glass rod  
1 250 mL Erlenmeyer flasks 
1 50 mL graduated burette 
1 non-stick Teflon-coated steel mould 
Magnetic stirrer with heating and temperature control sensor 
1 non-stick frying pan 
Drying heater 

 

Reagents and formulation 

No. Reagents Amount Role in the reaction 

1 Tolylene-2,4-diisocyanate (TDI) 1) 1.5 g Monomer (isocyanate) 

2 4,4′-Methylenebis(phenyl isocyanate) (MDI) 1) 1.5 g Monomer (isocyanate) 

3 Polypropylene glycol (PPG) 100 g Monomer (macrodiol) 

4 1,4-Butanediol (BD) 1.24 g Chain extender 

5 Dibutylamine (DBA 0,1N) 25 mL Reagent for determination 
of NCO% 

6 Isopropyl alcohol  100 mL Solvent 

7 Toluene 2) 25 mL Solvent for DBA 

8 Hydrochloric acid (HCl 0,1N) 50 mL Titrant 

9 Bromophenol blue (0.1%) drops Indicator  

1) Diisocyanates are toxic substances. It must be strictly handled and weighed under the extractor hood. Isocyanates are carcinogenic 
substances and can irritate the respiratory system (nose, throat and lungs). The student must be extremely careful at this stage to 
avoid any contact with and prolonged exposure to these reagents. 2) Aromatic solvents are toxic and must be used with extreme care, 
avoiding the inhalation of vapours and skin contact. 

 

Experimental procedure 
Prepolymer method 

1) Assemble the five-neck reactor and mount all the adapters described in Figure 1C.2.  

2) The first stage is the preparation of the prepolymer. The proportion of NCO/OH may vary depending 
on the amount of rigid segments we want to obtain. In this practical, some groups can use the ratio 
NCO/OH=1 and others NCO/OH=2 and compare the results. The quantities of the formulation table 
is for a ratio 1.1:1 (NCO:OH). 

3) (For a ratio NCO/OH 1.1/1, small excess isocyanate) Weigh 100 g of polypropylene glycol (PPG), 37.9 
g of diphenylmethane diisocyanate (MDI) and add to the 500 mL reactor. Stir at 70°C for 1 hour under 
an argon atmosphere to prevent the degradation of the diisocyanate. At this point we must control 
the temperature since it is an exothermal reaction and can increase rapidly. At this stage, another 
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aspect to take into account is in the case that the isocyanate is a solid. In this case, we must firstly 
add the isocyanate and the reactor is preheated to approximately 50°C so it melts and then we add 
the macrodiol.***  

***Observation: Proceed with the free NCO % determination analysis (dibutylamine method). 

4) Once the reaction has stopped (temperature below 50°C), pour the mixture into a plastic screw lid 
jar (heat resistant) and add the chain extender, 1,4-butanediol (BD, 0.027 g). Reheat the prepolymer 
and butanediol to 100°C (in a water bath), vigorously stirring for 2-3 minutes with a glass rod or with 
the mechanical stirrer. Make sure the mixture is homogenous and free of gas bubbles. Do not leave 
it for too long because the reaction is fast and can start to solidify inside the plastic jar. 

5) Carefully pour the liquid into the previously prepared non-stick Teflon moulds and let cure in a heater 
at 120°C for 24 hours. The test tubes obtained are those shown in Figure 1C.3. 

6) Once 24 hours have elapsed, remove the mould plate and measure the thicknesses in the middle of 
the test tube, in addition to the width for subsequent traction-deformation assays.  

7) If you have time, repeat the synthesis with the toluene diisocyanate (TDI) to compare the rigidity of 
the chain and the changes in mechanical properties (traction assays). In this case you would have to 
recalculate the amount of TDI required to react with the macrodiol in the obtainment of the 
prepolymer. 

 

 

 

Figure 1C.2. Assembly of the polyurethane synthesis reaction. 1. Five-neck reactor; 2. Temperature control; 
3. Coolant; 4. Entry into inert atmosphere; 5. Stirrer; 6. Warming blanket and 7. Reagent addition neck.[1] 

 

Figure 1C.3. Shape and dimensions of the test tube used for traction assays  
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Dibutylamine (DBA) method to determine the content of free NCO groups in the prepolymer 

Take a 1 g sample of prepolymer in solution and place in an Erlenmeyer flask, which is covered to avoid 
contact with the air, and dissolve in 25 mL of dry toluene using a magnetic stirrer until the sample is 
completely dissolved. Add 25 mL of a 0.1N DBA solution in dry toluene and leave the mixture stirring for 15 
minutes so that the isocyanate groups and excess dibutylamine react completely. 

Next, proceed with the titration of excess DBA with hydrochloric acid. To this end, add 100 mL of isopropylic 
alcohol to the sample and 0.1% by weight of bromophenol blue as an indicator and titrate the excess DBA 
with a 0.1N hydrochloric acid solution. 

 

The free isocyanate percentage is determined using the following equation: 

% NCO free = (Vwhite - Vmixture)  NHCl  Peq NCO/g sample 

Wherein Vwhite and Vmixture are the volumes (in litres) of HCl consumed in the titration of the white and of the 
sample, respectively; NHCl is the HCl concentration expressed as equivalent/litre and Peq NCO is the equivalent 
weight of the NCO group (equal to 42 g/eq).[2] 

 
 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-- 
 

One-shot experimental procedure 
Materials 

200 mL non-stick metal receptacle  
Heidolph RZR 2000 stirrer with adjustable speed 
Magnetic magnet 
1 glass rod 
1 thermometer 
25 mL and 1 mL graduated burette 
20 cm diameter glass Petri dish 
Silicone film 
Drying heater 

 

One-shot synthesis method: [Ratio NCO:OH, 1.1:1] 

1) Weigh 25 g of polypropylene glycol (PPG) and 0.31 g of 1,4-butanediol (BD) and add them to the non-
stick receptacle, stirring with a glass rod. Heat to 70°C and control the temperature with a 
thermometer for 1 hour. 

2) Next, increase the temperature to 120-130°C and wait for it to stabilise. Add 9.48 g of 
diphenylmethane diisocyanate (MDI), stirring with the glass rod to remove any gas bubbles that 
many form. The reaction is very fast (less than 5-8 minutes) and when the polymer begins to harden 
(very high viscosity) pour the dough onto the Petri dish, previously covered with the silicone film; or 
pour the mass into a mould, previously prepared with non-stick Teflon, to prepare test tubes with 
mechanical properties. 

3) Discard the rest of the polymer that remains in the non-stick receptacle on a silicone film and clean 
the frying plan IMMEDIATELY with ACETONE to prevent the TPU from sticking to the frying pan. 
Discard the liquid in drums for the recovery of waste classified as NON-CHLORATED ORGANIC 
SOLVENTS. 

4) Place the Petri dish or mould in the heater and let it finish reacting for 3 hours at 130°C. Do not 
prolong curing time in the heater to prevent the degradation of the polymer (yellowing). 

5) Remove from the heater and let cool. Once cooled, unmould the polymer obtained and proceed 
(with the professor’s help) to measure the mechanical properties, if necessary. 

 

Questions for the report on the practical 
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1. Write the chain formulas of the two polyurethanes prepared in the practical (with TDI and MDI), 
indicating the repeating structural units (RSU), differentiating between the rigid and flexible chain 
segments. 

2. What macroscopic differences (colour transparency, flexibility, etc.) do you observe between the two 
synthesised TPUs? And in the speed of reaction (time elapsed until it begins to solidify)? [If you did 
not do the practical with TDI, indicate the differences in colour between using linear or aromatic 
isocyanates.] 

3. Calculate the rigid segment percentage (% RS), which is defined as the MDI and BD percentage in the 
polymer. This is determined from the equation: 

 

4. What reactions take place between the dibutylamine and the isocyanate when titrating the % of NCO 

free using the DBA method? 

5. Why is it necessary to regularly control the isocyanate content in polyurethane resins? 

6. Look for information on the Reaction Injection Moulding (RIM) technique, widely used to prepare 
rigid TPU profiles. 
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dioles. Relación estructura/propiedades. Doctoral thesis, Universitat de València, 2012, Chapter 3. 

[2] Aran, F. Síntesis y caracterización de poliuretanos termoplásticos que contienen resinas de colofonia y su 
aplicación como adhesivos. Doctoral thesis, Universitat d'Alacant, 2000, Chapter II.2.3, page 63. 
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Topic 2: Synthesis of thermostable polymers 

2A) Synthesis of an unsaturated polyester 

Theory 
 

As we saw in the example of polystyrene synthesis, polyesters can be prepared using different polymerisation 
methods. In this practical we will carry out the synthesis using the method in solution. The reaction 
mechanism, as opposed to the case of polystyrene, is a POLYCONDENSATION mechanism similar to what 
occurs with the synthesis of nylon 6,10 (practical 1B_1) or with nylon 4. 
 

Condensation polymers are those in which the chemical composition of the monomer does not coincide with 
that of the repeating unit of the skeleton. See the reaction of preparing nylon 4 using 4-aminobutyric acid. 
 

 
 
We can observe that a water molecule (by-product) is released for each amide linkage (-CO-NH-) formed. 
Consequently, the composition of the repeating unit and of the monomer differ in one water molecule and, 
therefore, nylon 4 is a condensation polymer. Polyesters, polyamides, polyurethanes, cellulose and starch, 
among others, are also condensation polymers. 
 
The preparation of a polyester from a dialcohol and a diacid (difunctional monomers) follows a similar 
scheme to that of nylon 4, wherein one water molecule is released for each ester linkage (-CO-O-) formed. 
 

 
 
Therefore, it is an esterification reaction of a diacid (or of polyacids) with a diol (or with polyalcohols). They 
differ from linear polyesters, thermoplastic polyesters such as PET (polyethyleneterephthalate), in that they 
form a reticule, i.e. the formation of links between chains. Cross-linking is achieved either through the use of 
polyols such as glycerol (which is trifunctional), in the case of saturated polyester resins, such as glyptal 
(Figure 2A.1), or through the use of unsaturated dicarboxylic acids, such as maleic anhydride in the case of 
unsaturated polyester resins.  

 
Figure 2A.1. Schematic representation of the synthesis of a thermostable unsaturated polyester (glyptal) 

 
 
In relation to the speed of reaction and molecular weights of the polymer, obtained using the 
polycondensation method, an important characteristic is that there is a relationship between the progress of 
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the process (reaction yield) and the size of the polymer obtained. This relationship is known as the Carothers 
equation: 
 

 
 
This equation indicates that very high conversions (yields) must be achieved  
(> 95%) to obtain considerable molecular weights. Since the balance constants in the esterification reactions 
have a value between 1 and 10, it is absolutely necessary to use a strategy to shift the balance towards the 
formation of the ester. This is usually achieved by removing the water formed. In this practical we will use 
the formation of a toluene-water azeotrope and the help of a Dean-Stark trap to remove the reaction water. 
This apparatus is used, for example, to remove the water formed during a reaction in boiling toluene. A 
mixture of toluene and distilled reaction water reaches the condenser, but only the toluene (d = 0.865 g/mL) 
returns to the reaction beaker, since it floats on top of the water (d = 0.998 g/mL), which is collected in the 
trap. 
 
Staged polycondensation or polymerisation processes differ greatly from polymerisations in that vinyl 
polymers are obtained, as in the case of polystyrene (radical polymerisation mechanism). The following 
considerations are important for their execution: 
 

1. The monomers must be found in stoichiometric quantities in order to reach high degrees of 

polymerisation. 

2. The monomer is consumed mainly at the start of the process. When the degree of polymerisation is 

10, only 1.1% of the initial monomer remains. 

3. The molecular weight of the polymer increases continuously and progressively during the process. 

4. Long reaction times are required to obtain high molecular weights. 

In this practical we will prepare a thermostable polyester from a diol and an acid anhydride, using maleic 
anhydride as a chain cross-linking agent. 
 

Materials 

250 ml 2/3-neck beaker  
1 Dean-Stark trap 
1 small reflux condenser 
1 thermometer that measures up to 200°C 
1 magnetic stirrer with heating plate 
1 silicone oil bath 
Magnetic magnets 
2 graduated test tubes: 100 and 50 mL 
Weighing spatula 
1 lidded glass jar to store the product 
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Reagents and formulation 

No. Reagents Amount Role in the reaction 

1 1,2-propyleneglycol 34.0 g  Monomer 

2 Phthalic anhydride 37.0 g Monomer 

3 Maleic anhydride 12.5 g Cross-linking agent 

4 Toluene 60 mL Organic solvent 

IMPORTANT NOTE: In this practical, high-temperature silicone oil baths (120°C and 210°C) that can cause 
severe burns are used. Proceed with CARE when handling and assembling and raising and lowering the 
silicone bath. 
 

Experimental procedure 

9) Assemble the synthesis reactor as shown in Figure 2A.2.  

10) Weigh 34 g of propyleneglycol in a 250 mL beaker. Next, on a paper, weigh 37 g of phthalic anhydride, 
which are shredded and slowly poured into the beaker with the help of a paper funnel. 

11) Place a stirring magnet inside the beaker, put the reflux condenser in place and heat in an oil bath at 

120°C. 

12) The white paste initially formed gradually loses consistency and is transformed into a clear and 
transparent liquid that is kept heated and under stirring for another 5 minutes. Let the beaker cool 
to approximately 80°C and slowly add the 60 mL of toluene. 

13) Couple a Dean-Stark trap to the beaker and heat the assembly at 180°C for 60 minutes in order for 
the polycondensation to take place. 

14) Water is removed together with the toluene. The water formed during esterification forms an 
azeotrope with the toluene, which rises towards the trap, where it cools and condenses. Next, the 
liquid mixture falls into the Dean-Start receptacle, where the water is separated from the toluene. 

15) Once this polycondensation phase is completed, remove the beaker from the oil bath and cool to 
approximately 70-80°C. 

16) Carefully add 12.5 g of maleic anhydride and heat again to 190°C for 50 minutes, followed by 10 
minutes at 210°C. 

17) Lastly, HEATING CONTINUOUSLY, open the key of the burette to allow all the solvent of the reaction 
mixture to evaporate. 

18) Stop the process, let cool to approximately 100°C and pour the hot polymer into a glass receptacle 
to store it, in order to prevent it from sticking to the beaker. 

19) Once the polymer has been removed from the beaker, clean it with acetone and deposit the washing 
solutions in the NON-CHLORATED ORGANIC waste drums. 
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Figure 2A.2. Schematic representation of the reactor and accessories for the unsaturated polyester 
polymerisation reaction 

 

Questions for the report on the practical 

7. Draw the formula of the polymer obtained and identify the constitutional repeating unit (CRU). 

8. What starting materials are required to manufacture the PET? What type of polymerisation is 
normally used on an industrial scale? Is PET a thermostable polymer like the unsaturated polyester 
prepared in this practical? 

9. Exemplify different polyesterification routes with other types of polymers. 

10. Why is it necessary to remove the water from the start of the reaction? 

11. How would you determine the loss of glycol based on the esterification reaction? 

12. What are the advantages of this solution polymerisation method? 

 

Reference [1]: Hundiwale, D.G.; Athawale, V.D.; Kapadi, U.R.; Gite, V.V. Experiments in polymer science. New 
Delhi: New Age International Publishers, Delhi, 2009, Chapter 3.12, pages 48-53. 
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2B) Preparation of epoxy resins and determination of the equivalent weight of epoxy 

Theory  
 

Epoxy resins are made up of macromolecules of higher or lower molecular weight that have two or more 
epoxy reagent groups (or oxyranes) that are liable to react with active hydrogen atoms of any other molecule, 
polymerising with them and forming solid and infusible three-dimensional reticular structures. Epoxy resins 
have properties that are highly valued in the adhesives, paints and organic coatings industries, such as: 

 Excellent adherence to different substrates, particularly metallic 

 High tenacity 

 High surface and depth hardness 

 High chemical resistance  

 High impermeability and resistance to penetration of fresh and sea water. 

The most highly marketed epoxy resins are those obtained from bisphenol A and epichlorohydrin in varying 
proportions, according to the relative ratio of the constituents and the degree of polymerisation. A bisphenol 
A diglycidyl ether (DGEBA) molecule, whose obtainment is shown in Figure 2B.1. The resins obtained are 
more or less viscous liquids and can even be solids depending on the molecular weight, i.e. of the number of 
constitutional repeating units (n). Most epoxy resins also contain –OH groups susceptible of participating in 
polymerisation reactions, forming cross-links that reinforce the reticule.[1] 
 

 
Figure 2B.1. Schematic representation of the bisphenol A reaction with epichlorohydrin to obtain the epoxy 

resin known as DGEBA. The terminal groups are the epoxy groups (or oxyranes) 
 

The general properties of a thermostable manufactured with epoxy resins depend on the molecular weight 
and on the reactivity of the resin used, in addition to the nature of the curing or hardening agent to 
polymerise therewith. The polymerisation between the two resins is normally called “curing” (Figure 2B.2). 
Depending on the type of curing agent used, the reaction can occur at room temperature or at a temperature 
of approximately 170-200°C in the interior of appropriate ovens. 
 

The following are generally used as cross-linking agents (or curing agents): amines, amides, organic acids, 
anhydrides, phenolic resins, isocyanates, etc. 
 

Room temperature epoxy-type curing thermosets come in two containers, one with the epoxy resin (known 
as part A) and another with the hardener (part B), constituting a two-component product that must be 
thoroughly mixed before proceeding to apply it.  
 

Most room temperature curing products require a minimum temperature to properly develop the 
reticulation reactions, which is at approximately 5-10°C, although at present it is possible to find products 
that cure at 0°C and even below zero.  
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Global reaction: 

 
Figure 2B.2. Schematic representation of the cross-linking reaction or curing of an epoxy resin with an amine 
hardener. 

In this practical we will observe the epoxy resin curing process and will evaluate its adhesive properties in 
steel and aluminium substrates.  
 

Materials 
2 10 and 5 mL plastic syringes 
Yoghurt jars 
Plastic spatulas 
Aluminium and steel sheets 
Abrasive sandpaper 
Latex gloves 
Hairdryer 
50 mL flat-bottomed flask 
50-100 mL Erlenmeyer flask 
25 mL graduated pipette 
25 mL graduated burette 

 

Reagents and formulation 

No. Reagents Amount Role in the reaction 

1 Araldite 506 (Mw 800 g/mol) 12 mL Epoxy resin 

2 Polyaminoamide 3 mL Hardener 

3 Pyridine 200 mL EEW reagent 

4 Concentrated hydrochloric acid 16 mL EEW reagent 

5 Alcoholic potassium hydroxide (0.5N) 50 mL Titrant 

6 Bromothymol blue drops Indicator 

 

Experimental procedure 

1) Clean the metal sheets with acetone, sand them until achieving the adequate roughness and wash 
them again with acetone or water. Dry the test tubes with a hot air flow (hairdryer). 

2) Take 12 mL of the epoxy resin and mix with the 3 mL of the hardener, with the help of a plastic 
spatula. When the mixture starts to react, i.e. when there is a considerable increase in viscosity, apply 
the epoxy to the metal sheets with the help of the spatula. 

3) Let dry for 24 hours and perform the adherence assay with an adherence meter and the professor’s 
help. 
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Determination of the epoxy equivalent weight (EEW) 

The epoxy equivalent weight is the weight of the resin that contains an epoxy gram equivalent. 

If the composition of the resin is known, the EEW is easy to calculate by dividing the molecular weight of the 
resin by the number of epoxydic groups. For example, the simplest epoxy resin, the bisphenol A diglycidyl 
ether has a molecular weight of 340 and two epoxy groups, so the EEW will be 170. 

As we are not exactly sure of the actual composition of commercial epoxy resins, since they are mixtures of 
different molecular weights of different functionality, the EEW of a resin must be experimentally determined 
by analytical methods. 

Another interesting fact is the epoxy index (epoxy value), which is defined as the number of epoxy groups in 
100 g of resin and which is easily calculated by dividing 100 by the EEW. Thus, if the EEW of a resin is 312, 
the epoxy index will be 100/312=0.32, i.e. every 100 g of resin will contain 0.32 epoxy group equivalents. 

These two values are important when making stoichiometric calculations in order to determine the mixture 
ratio between a given epoxy and a certain hardener. In general, they are data that the own manufacturer 
provides in its technical data sheet. 

We will proceed as follows to determine the EEW:[2] 

1) Weigh 0.5 g of the liquid epoxy resin on an analytical balance in a flat-bottomed flask. 
2) Pipette 25 mL of a hydrochloride pyridine solution and transfer it to the same flask, cover with a 

condenser tube and let react for half an hour under reflux (in a water bath). Stir occasionally. 
3) Let the flask cool at room temperature and wash the condenser apparatus with ethanol. 
4) Titrate the content of the flask with a standard alcoholic potassium hydroxide solution (0.5 N), adding 

a few drops of the indicator. 
5) Close to the turning point, the colour of the solution changes from yellow to green and finally to deep 

blue. 
6) Perform the same titration with the white (it does not contain the epoxy resin). 

 

Use the table below to record the results. 
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Topic 3: Preparation of elastomers 

3A) Synthesis of vulcanised rubber by emulsion polymerisation 

Theory 
Natural rubber is a resin obtained from certain plants that grow in tropical areas. The most well-known plant 
is Hevea brasilienses, a native Brazilian tree. Rubber is a polymer made of isoprene units with double cis links 
(Figure 3A.1a). When natural rubber is heated with the right amount of an agent that enables the formation 
of cross-linked bonds between chains, such as for example sulphur, a process called vulcanisation takes place 
and converts the rubber into a solid, adhesive and highly elastic material. Therefore, the vulcanised rubber 
is a polymer matrix with cross-linked chains (Figure 3A.2), similar to what happens with thermosets but with 
a lower degree of reticulation. 

 
Figure 3A.1. Schematic representation of the repeating monomer unit of the cis-1,4-poly(isoprene) 

 

 
Figure 3A.2. Schematic representation of the cross-linking by covalent sulphur bridges 

 

Vulcanised rubber is used mainly in the production of surgical gloves, insulating gloves, cylinders, production 
of tyres, flexible tubes and belts, among other many applications. In addition to vulcanising agents, many 
other ingredients are present in the commercial product, including filler material, pigments, plasticisers and 
reinforcing resins, among others. Therefore, in emulsion polymerisation the homogenisation of the mixture 
is a key factor and the humectation and impregnation of the solid particles by non-vulcanised latex will 
determine the properties of the final product. As a general rule, the smaller the particle size, the better the 
mechanical and electric characteristics of the vulcanised rubber.  
 

Vulcanisation is a widely used process in the rubber industry and directly affects the degree of cross-linking 
(or reticulation). The elastic module increases with the increasing degree of cross-linking, whereas elongation 
at break decreases. Observe the differences between non-vulcanised and vulcanised rubber in relation to the 
mechanical properties in Figure 3A.3. 

 
Figure 3A.3. Stress-deformation curves of natural non-vulcanised rubber (blue) and vulcanised rubber (red)  
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The aim of the practical is for the student to become familiar with this type of elastomer and learn the 
concepts of vulcanisation, cross-linking and vulcanised rubber processing techniques. 
 

Materials 
1 magnetic stirrer with heating and temperature control sensor  
1 thermometer or temperature sensor for water bath 
2 200-250 mL beakers (high) 
1 2 L beaker 
3 lidded wide-mouth plastic jars (PP, 200 mL) 
2 glass rods 
1 magnetic magnet 
5 and 10 mL graduated pipette 
5-6 2 mL Pasteur pipettes (can be plastic) 
1 Pyrex crystalliser for water bath 
6 test tubes 
Metal test tube rack 
Special filter cloth (disposable) or metal sieve (reusable) 
Elastic rubber to hold the filter cloth 
75°C drying heater 
Large and small Petri dishes 
Metal tweezers 
Scissors 

 

Reagents and formulation1) 

No. Reagents Amount Role in the reaction 

1 Virgin latex 200 g Monomer  

2 Sulphur  1.20 g Vulcanising agents 

3 Zinc oxide (ZnO) 1.50 g Vulcanisation accelerator agent 

4 Titanium oxide (TiO2) 0.60 g Antioxidant 

5 Oleic acid 5 g Dispersing agent 

6 Formaldehyde 2 mL + 6 mL Rheological and fixing agent 

7 Toluene 50 mL Solvent 

8 Distilled water 15 mL Solvent 

1) All the reagents are dispersed in an aqueous medium, except latex and dispersing and rheological additives. Toluene 
is an aromatic hydrocarbon and must therefore be handled under an extractor hood and kept far from heat or electric 
sparks. 

 

Experimental procedure 

1) Before starting the formulation, turn the heater on at 75°C for the pre-vulcanisation stage. [THE 
HEATER MUST BE FREE OF OTHER MATERIALS AND ABSORBENT PAPER.] 

2) Despite the fact that the reagents are dispersed in water, it is a practical in which the use of gloves is 
required and the balance and surrounding area must be covered with absorbent paper because they 
could be stained with such compounds. 

3) Once the balance has been conditioned, weigh 200 g of latex in a wide-mouth jar, carefully pouring 
the content of the original jar directly into the wide-mouth jar until reaching the mass.  

4) Next, weigh the following compounds in the indicated order and, between one compound and 
another, tare the balance and stir the mixture to homogenise it using a glass rod: 
1. Sulphur = 1.2 g 
2. Zinc oxide = 1.5 g 
3. Titanium oxide = 0.6 g 
4. Oleic acid = 5 g 
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5) Simultaneously, prepare the water bath to condition the test tubes (which will be our moulds) at the 
temperature of immersion thereof in the latex suspension. Fill a 2 L beaker with distilled water, also 
adding a bit of water in the test tubes so that the inner wall is also hot (but without filling them 
completely so they can be held afterwards) and heat the entire assembly to 70-75°C. 

6) After conditioning the oleic acid of stage 4, transfer the wide-mouth jar to the work desk and add 
slowly drip one Pasteur pipette (2 mL), stirring the formulation with the glass rod. BE CAREFUL: If 
the latex is added all at once it clots and forms lumps that do not disperse again. 

7) After stirring with the glass rod, try immersing the tip of the hot test tube (drying beforehand with 
absorbent paper) and observe if it drips or if the latex has the adequate viscosity to stay adhered. If 
it does not drip, the formulation is ready to filter; if it drips you will have to slowly add more 
formaldehyde up to a maximum of 8 mL (4-5 full Pasteur pipettes). 

This stage is delicate, since EXCESS of formaldehyde will make the mixture solidify very quickly and 
INSUFFICIENT formaldehyde will prevent the test tube from adhering to the glass tube. 

8) It is essential to filter the solution using a sieve (white cloth) or a strainer (wire mesh) into another 
wide-mouth jar in order to immerse the tubes that will form the definitive latex test tubes. 

9) Let the mixture sit for 1/2 or 1 hour to remove the bubbles formed during filtration. Immerse the 
tubes preheated to 70-75°C in the formulation. 

Take special care not to burn yourself in this stage.  

10) PRE-VULCANISATION stage. Place the test tubes right side up in a test tube rack and transfer them 
to the heater at 75°C to pre-vulcanise for 3 hours.  

Pour the excess latex onto a large Petri dish and take it to pre-vulcanisation, in addition to steps 11 
and 12 above. This film will be used to cut the test tubes for the swelling test (determination of the 
degree of reticulation). 

11) After 3 hours, remove the test tubes from the mould and, once cooled, immerse them in distilled 
water, turn the stirrer on and gradually increase the temperature from 30 to 70°C (gradual washing). 

12) Dry the samples at room temperature and return to the oven for complete vulcanisation at 70°C for 
24 hours.  

 

Observations: 

1) In this practical, although the latex and other components are not toxic substances, the 
contaminated paper will be deposited in the blue recycling container, duly classified for such 
purpose, available in the laboratory. 

2) All the glass and plastic material is reusable and can be washed with water and ethanol. 

3) The test tubes and Petri dishes can be recovered after the pre-vulcanisation stage, removing the 
plastic film formed, since it will not be very adhered after the vulcanisation process. 

 

Determination of the degree of swelling of a cross-linked polymer. 

The degree of swelling is defined as the reason for the increase in mass of a sample due to the absorption of 
liquid with respect to its initial mass. 

In elastomers, the degree of swelling is related to the degree of cross-linking, which affects many polymer 
properties such as the elasticity module and the elongation percentage. 

Swelling is the first step in the dissolution of a polymer. Cross-linked polymers do not dissolve, but rather 
swell in the presence of a solvent. In this case, a balance is achieved rather than the dissolution of the 

polymer. The degree of swelling () depends on the polymer/solvent interaction and on the molecular weight 
of the polymer or molecular weight of the cross-links. It can be measured using gravimetric or volumetric 
methods.[1] 
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In this practical we will measure the degree of swelling using the gravimetric method:[2] 

 

1) Cut two rubber disks approximately 20 mm in diameter and less than 0.5 mm thick and weigh them 

on an analytical balance, recording the four decimal points. We must choose an area of the film 

deposited on the large Petri dish that is very thin, because the thicker it is the longer the sample will 

take to reach the swelling balance in toluene. 

Weight of dry samples: 

Sample 1 (W1) = ___________ g    Sample 2 (W1) = __________ g 

 

2) Transfer them to a Petri dish or wide-mouth glass jar, add approximately 10 mL of toluene (see 

observation 1 of the formulation table) until covered and cover the dish or the jar. [When handling 

aromatic solvents you must work under the extractor hoods.] 

 

3) Remove the sample (the assay is performed in duplicate, but a time margin between one sample and 

another must be taken into account for the extraction), dry superficially with absorbent paper and 

QUICKLY weigh. Return it to the jar immediately to prevent the absorbed toluene from evaporating. 

 

4) Repeat the procedure until the mass does not vary after swelling (i.e. no change in mass in at least 

two successive weightings). 

 

5) Complete the following table: 

 

Weighing nº. Time (s) Sample 1 (W2) (g) Sample 2 (W2) (g) 

1    

2    

3    

4    

5    

6    

7    

8    

9    

10    
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6) Calculate the swelling index () using the following formula:[1,2] 

 

wherein W1 is the initial weight and W2 is the weight of the sample after swelling in toluene. 

7) The cross-linking density of a conventional vulcanised rubber in toluene can be described according 
to the following classification:[2] 
Swelling index > 15 (not vulcanised) 
Swelling index between 7-15 (slightly vulcanised)  
Swelling index between 5-7 (moderately vulcanised)  
Swelling index < 5 (fully vulcanised) 

This partial and qualitative characterisation of the degree of swelling is the tool traditionally used to relate 
the structure of the material to its final properties on both an academic and an industrial scale. 

 

Questions for the report on the practical 

1. What is the main difference between an elastomer and a thermostable polymer in relation to the 
structure? What other chemical elastomer compositions are used and what are their main 
applications? 

2. What differences are there between an elastomer manufactured from natural rubber and a synthetic 
one? 

3. What swelling index did you obtain in the practical? 

4. Why is it necessary to carry out a post-vulcanisation stage? 

5. Look for information on the main vulcanised natural rubber characterisation techniques. 
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Topic 4: Obtainment of fibreglass-reinforced polymers 

4A) Preparation of a composite fibreglass polymer 

Theory 
 

A composite is a material made of more than one component. A considerable number of materials around 
us are composites such as, for example, wood. Another very common example of a composite is concrete, 
composed of cement, gravel, sand and usually iron bars. The most important particularity of composites is 
that all the properties of their components are preserved. 
 

Composites are common in the field of polymers. The vulcanised rubber we prepared in the previous practical 
is a composite material, since it usually contains different filler loads in industrial-scale production. The most 
widely used are fibre-reinforced polymer materials. They consist of two components: the fibre and the 
matrix. The most widely used fibres are Kevlar, glass, carbon and even polyethylene. The matrices in which 
the aforementioned fibres are included are made of epoxy resins, polycyclopentadiene or polyimides.  
 

The objective of introducing a fibre in a polymer material is to improve its mechanical properties, which is 
why they are known as reinforcement material. Depending on the percentage of reinforcement load, these 
composites can be as resistant as steel, but much lighter, their weight is slightly greater than that of the 
polymer material itself. Currently, most plastics that need to bear a load or increase their impact resistance 
are composite materials. A typical application of these composites is, for example, in the manufacture of car 
bumper bars with polypropylene or polyurethane, which must be additivated with fibreglass for impact 
resistance; or in transport systems such as pleasure boats, mountain bikes or racing cars, in which case carbon 
fibre is preferably used. 
 

A well-known composite polymer is so-called FibreglassTM, which is prepared from a mixture of styrene with 
a copolyester-type copolymer that has a certain number of bonds in its skeleton. In this mixture, a certain 
amount of fibreglass is introduced. Styrene polymerises through a vinyl process involving double polyester 
bonds. Consequently, a three-dimensional (cross-linked) resin wherein the glass fibres are trapped is 
obtained. 
 

Polyester resins constitute one of the most important families of thermostable resins used in the 
manufacture of composite materials. 
 

In this practical we will use a commercial resin, Synolyte (Euroresins S.A.), but any other polyester of the 

vinyl ester resin family could be used. Synolite is an unsaturated polyester resin based on a low-viscosity 
and pre-accelerated orthophthalic acid (Figure 4A.1), dissolved in styrene. Therefore, it contains the 
prepolymer and the solvent. It has average reactivity and viscosity and low exothermal reaction heat. Both 

thick and thin laminates can be prepared, and the resin exhibits good curing through the laminate. Synolite 
also exhibits very good fibre humectation and impregnation properties, which are indispensable 
requirements for a good homogenisation of the glass fibres in the polymer matrix. 

 
Figure 4A.1. Reaction of prepolymer obtainment from a polyester resin[1] 

 

The resin curing process is the process of linking the polymer chains due to the reaction of monomers or 
oligomers that occurs through an addition or condensation mechanism. This reaction can be activated both 
thermally, by heating the resin, and chemically, by adding a catalyst (or reaction initiator). The catalyst is only 
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required in the event that the reaction is too slow, being applied especially in production purposes. There 
are different types of catalysts (or initiators) depending on the resin curing temperature.[2] 
 

As mentioned earlier, the mission of the fibres is to reinforce the material. Furthermore, the matrix has 
various functions. The main function is to keep the fibres together. It also contributes to the properties of 
the composite and to understand this we must recall that glass fibres are brittle. When the composite is 
subjected to stress the matrix is deformed, absorbing that energy; therefore, the matrix provides the material 
with elasticity. Lastly, it is well-known that glass fibres have very little resistance to compression stress; 
however, the resin absorbs those energies and makes the composite compression resistant. For this reason, 
these materials are widely used in the automotive, aeronautical, naval and construction industries. 
 

Materials 
1 250 mL wide-mouth jar 
1 20 cm diameter glass Petri dish 
1 thick glass rod  
2 silicone films  
Scissors 
Latex gloves 

 

Reagents and formulation 

No. Reagents Amount Role in the reaction 

1 Synolite 0328-A-1 F (contains styrene) 30 g Unsaturated polyester resin 

2 Methyl ethyl ketone peroxide (MEXP)  - - - Initiator (small jar) 

3 Long glass fibres1)  1 g Reinforcement material 

1) Handle the fibreglass with gloves. 

 

Experimental procedure 
1) Take a Petri dish (the part corresponding to the lid, reversed) and cover it with a clean silicone film***, 

distributing the fibreglass thereon (previously cut with scissors). The Petri dish will be used as a mould 
for the solidification of the resin. 

2) In a capsule, weight 30 g of Synolite resin. Add one measure of initiator (the small jar is marked with 
stripes that correspond to one volume measure), methyl ethyl ketone peroxide (MEKP). The measure 
is determined by the prepolymer:initiator ratio given by the manufacturer, which is marked on the 
jar itself. 

3) Homogenise the resin/initiator mixture well using a glass rod. After stirring for a few minutes, pour 
the mixture into the mould over the fibreglass. 

4) Cover with another silicone film, arrange the base of the Petri dish and a weight to ensure that the 
lamination is not very thick. Let polymerise for several hours. 

*** In the absence of silicone films, you can use flexible LDPE films or an unmoulding spray applied directly to the glass. 
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Topic 5: Characterisation of polymers using infrared spectroscopy (FTIR) techniques 
and nuclear magnetic resonance (NMR) imaging  

5A) Quantitative analysis and chemical structure identification of polymers by FTIR 

Theory 
The infrared spectrum of a compound provides a large amount of information about its chemical properties-
composition, interaction between substitutes, analysis of functional groups, which is of great importance in 
a qualitative analysis. 
 

It has multiple uses: polymer analysis, pigments, additives, forensic studies, environmental pollutants, 
plastics, paints, fibres, adhesive tapes, etc. 
 

The IR spectrum will indicate the bands corresponding to the functional groups. That is, IR spectroscopy 
detects the bond vibration characteristics of the functional groups of molecules. The different functional 
groups absorb IR infrared radiation in a specific wavelength range; for example, the CO group (carbonyl) 

absorbs 1,700 cm-1, producing an intense, sharp peak. Analysing each of the absorption bands helps us 
determine the chemical structure of the molecule and, therefore, of the analysed sample. 
 

In our laboratory we use a Jasco-4100 FTIR spectroscopy with Fourier transform that has an ATR accessory 
coupled thereto. The infrared radiation used ranges between 4,000 and 400 cm-1 and corresponds to the 
mid-infrared, the absorption region of most organic compounds. 
 

The atoms in the molecules vibrate in accordance with their atomic mass and bond strength. In order to 
absorb infrared radiation, the molecule must vary its dipole moment. 
 
Prior to the class, students must familiarise themselves with the theory of the technique by opening a free 
access video (mp4 format) available in UPCommons: 
 

http://upcommons.upc.edu/handle/2099.2/3231 [Retrieved on 20/2/2017] 
 

The video is only a few minutes long but contains useful information on the main absorption bands and 
vibration modes. 
 

Measurement by Fourier transform infrared spectroscopy (FTIR) with an ATR accessory 
 

For infrared analysis we use a Specac’s Golden Gate attenuated total reflection (ATR) accessory with heating 
availability (Figure 5A.1). It is a versatile accessory used in qualitative analysis for solid samples, liquid 
samples, polymer pellets and microsamples. Said system consists of an ATR support with an infrared beam 
source and a detector. The ATR has a special key that ensures that the sample is in perfect contact with the 
crystal by pressure, obtaining highly reproducible results. The infrared beam condensation unit is a 
combination of mirrors and lenses designed to achieve the maximum infrared beam intensity. 
 
This part of the practical will be supervised by the research teaching staff, since the ATR contains a zinc 
selenide (ZnSe) crystal, which is the most delicate part of the apparatus, together with the internal mirror 
system. Therefore, the apparatus will be handled by experienced staff. 
 

http://upcommons.upc.edu/handle/2099.2/3231
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Figure 5A.1. a) Jasco 4100 spectrophotometer, b) ATR accessory, c) detail of the internal part of the ATR 

with its set of mirrors for diffusing the infrared beam 

 

(A) EXPERIMENTAL PROCEDURE FOR HANDLING THE APPARATUS 
 
1. Power on and formation of spectra: 
 
1. Before starting, check that the RESUME light of the apparatus is turned on. 
2. POWER ON the spectrophotometer and wait for an acoustic signal like a whistle (10 seconds). 
3. Switch on the computer (IMPORTANT: you need a password to use the software). 
4. Open the software: SPECTRA MANAGER and the application: SPECTRA MEASUREMENT. 
5. In Advanced Parameters check that the source is set to “Standard”, the accumulation of spectra is set to 

“32” and Gain is set to “Auto”. (IMPORTANT: do not change the parameters). 
6. Open the ATR in the following order: 
 

A. Loosen key 1 in an anti-clockwise direction. 

B. Turn key 2 90° in an anti-clockwise direction (without forcing). 

C. The screw will become loose (rises) and the arm can be opened. 

 

 

 

 

 

 

 

 

 

 

 

7. Check that the medium (diamond) and crystal (sapphire) are clean (they can be cleaned with acetone or 

ethanol) and create a Background with the ATR open (Spectra measurement  Measure  
Background). 

 

8. Place the sample (between the diamond and the sapphire) and close the ATR in the following order: 
 

D. Close the arm, making sure that key 1 is loosened. Lower and turn key 2 90° in a clockwise direction. 

E. Turn key 1 in the opposite direction, making sure that there is a good contact between the sample, the 

medium and the crystal of key 1. (THERE IS NO ROTATION LIMIT FOR KEY 1). 
 

9. Software: Spectra measurement  Measure  Sample 
 
10. When it finishes accumulating 32 sweeps, another SPECTRA ANALYSIS window opens and the spectrum 

appears.  
 
 

a)
b) c)

ARM 

KEY 1 

KEY 2 

CRYSTA

L 
SUPPORT 
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2. How to process the graph: 
 

1. In Spectra analysis  Processing  Smoothing, the background noise can be eliminated to smooth the 
graph. 

2. In Spectra analysis  Processing  IR Options we can apply ATR correction to move from reflectance 
detection to transmittance mode (OBS: it is optional, the bands worsen). 

3. If necessary, correct the baseline in Spectra analysis  Processing  IR Options  Auto Baseline. 

4. Correct CO2 band interferences in Spectra analysis  Processing  IR Options  CO2 correction. 

5. In order to assign the wave numbers of the absorption bands we can: Spectra analysis  Peak process 

 Peak find. 
 

3. How to save and export the data: 
 

5.1. Save the spectrum (Save as…) in a folder or local directory (it will have the extension: .jws); it is a backup 
that can be reopened and handled with the Jasco program. 

5.2. Export (Export to…) with ASCII format (it will be in text format and you can open and process the graph 
as Excel or Origin). 

5.3. You can copy the graph directly in Word with Copy Bitmap. 
 
4. Turn off the apparatus: 
 
Clean the ATR accessory with acetone, place a polyspam-type plastic between the medium and the crystal of 
the arm leaving key 1 loose but key 2 closed. POWER OFF the software, computer and FTIR apparatus. DO 
NOT TURN OFF THE LAMP. 
 

(B) QUANTITATIVE ANALYSIS OF A COPOLYMER 
 

In addition to its qualitative use to determine functional groups and, on the basis thereof, identify organic 
substances, IR spectroscopy can be used for quantitative analysis in chemical compounds. In the field of 
polymers, quantitative IR is a technique that is often used in the analysis of mixtures and in the 
determination of additives. 

 

It is widely used in small and medium-sized industries in which NMR apparatus are not normally used given 
their high cost, need for specialist personnel and almost daily maintenance. In these industries, moderate 
analysis needs do not justify the purchase of an NMR apparatus. A representative example is the routine 
determination of the composition of chitosan in factories where this biopolymer is obtained from 
crustacean shells. 

 

The quantitative determination of a component from a mixture of compounds by IR is carried out by 
comparing the intensity of a band in the mixture with the intensity of the same band in the pure component 
or in mixtures of a known concentration. In order for the analysis to provide consistent results, the 
representative band of each component must overlap others that appear in nearby frequencies as little as 
possible. 
 

In the infrared technique, as in other photometric methods, the intensity of the light that reaches the 
detector after penetrating the sample is recorded. More precisely, the amount of light absorbed by the 
sample or the transmission percentage of the sample is measured. 
 

If we call the intensity of the infrared beam that acts upon the sample Io, and the intensity upon penetrating 
the sample I, I < I0 is true when the compound absorbs radiation. In the vertical scale of the IR spectrum, 
transmittance T (%) is usually the quotient I/ I0 expressed as a percentage. This scale can also be changed 
to Absorbance A (arbitrary units, a.u.), being the ratio between them: 
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In order to use the infrared in a quantitative analysis we need to relate the intensity of the absorbed light 
to the amount of sample penetrated by the light. This relationship is expressed through the Beer-Lambert 
law, which states that the intensity of light absorbed (expressed as absorbance) is proportional to the 
amount of sample penetrated. 

 

In the foregoing formula, expressed for a sample dissolved in a liquid, a is a constant called absorptivity 
that depends on the substance and on the wavelength used in the analysis. The other two parameters are 
c (concentration of the sample) and l (length of the sample penetrated by the beam). 

 

The Beer-Lambert law states that there is a direct relationship between absorbance and the amount of 
sample penetrated by the light. However, the relationship between transmittance and sample amount is 
much more complex. For this reason, in quantitative IRs it is advisable to change the vertical scale of the 
apparatus by default and work with absorbances. That is, we will see the spectrum in an unusual way, 
specifically with the origin at the base and with the bands directed upwards (Figure 5A.2). 

 

 
Figure 5A.2. IR spectrum in which the vertical scale (y-axis) is represented in units of absorbance and the 

horizontal scale (x-axis) is represented in wave number 
 

In order to measure the absorbance of a certain band, “the baseline method” is used, which consists in 
drawing a baseline at the origin of the band. This line, which can be drawn in several ways, allows us to 
calculate the intensity of a certain band from the height or area of the band. Current IR spectrophotometers 
have a computer with tools that allow us to easily calculate the height and area of the bands.  

 

Figure 5A.3. Baseline layout in the determination of absorbances (left) and calibration line (right) 
in quantitative determination by IR 
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Determination of the composition of a PS-PMMA alloy 
 

In this part of the practical, the IR will be used to quantitatively determine the composition of a PS-PMMA 
alloy. In order to perform the foregoing determination, we must have various PS-PMMA alloys of a known 
composition, whose corresponding IR spectra we have obtained. The three spectra shown below illustrate 
the convenience of choosing the 1730 cm-1 band as the tool for calculating the concentration of PMMA 
insofar as the 1600 cm-1 band will be used to quantify the PS. 

 
 

 
 

IR of a PMMA film on KBr 
 

 

 
 

IR of a PS film on KBr 

 

 
 

Overlapping IRs of PMMA and PS 

 
In the figure in which the spectra of the PS and PMMA overlap, we can observe that the overlap between 
the 1730 cm-1 and 1600 cm-1 bands or with others is not very significant. Therefore, the relative intensity of 
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these bands is a useful parameter for determining the composition of the mixtures. However, to minimise 
errors we will validate the results when the concentration of one of the two polymers is not excessively low. 

When we prepare a sample of a mixture of polymeters for IR by evaporation, we obtain a transparent film 
that will be penetrated by the infrared beam in the apparatus. Given that both polymeters are 
homogeneously distributed in the film, the thickness penetrated by the beam is the same for both 
polymeters. Consequently, the amount of each polymeter that interacts with the light depends solely on its 
concentration in the film. Therefore, based on the Beer-Lambert law: 

 
 
 
 

 
 

the relationship between the absorbances of the two representative bands is proportional to the 
relationship of concentrations. Consequently, we can calculate k from a single known composition spectrum 
and subsequently calculate the composition of our “problem” mixture. However, for greater accuracy it is 
advisable to work with various samples of known composition and subsequently drawn a calibration line. 

 

To do this practical, the student will be given eight IR spectra. Seven of them correspond to mixtures of a 
known composition and will serve to draw the calibration line. We will measure the area and height of the 
1730 cm-1 and 1600 cm-1 bands of each of these spectra, since both the height and area of the signals can be 
used to determine the composition of the mixtures. In this practical we will use both parameters and 
compare the results obtained. 
 
Experimental procedure 
 

1) Using the Spectra Analysis program, start by loading the spectrum to be analysed (open).  
2) Next, we will select the work area using the zoom tool, approximately between 2000-1300 cm-1.  
3) Next, we will change the vertical scale of the spectrum to absorbance. 
4) Once the spectrum is in this format, we can calculate the areas and heights of the selected signals. 
5) Given the different possibilities offered by the computer program to determine band intensities, it 

is advisable to follow the specific steps below to measure each of the bands. In this way, the work 
method is harmonised and the results obtained by the different student groups are similar. 

Signal height 1730 cm-1: Use the 2 point base tool (auto). Since this band is isolated, we draw the baseline 
and the program easily measures the height automatically. 
 

Signal height 1600 cm-1: This signal is accompanied by another smaller, very close one. Use 2 point base 
(auto). Draw a baseline that encompasses both signals. The apparatus indicates the height corresponding to 
the most intensive peak. 
 

Signal height 1730 cm-1: Use the 2 point base tool - Ignore under the baseline. Draw the baseline and consider 
the area of the signal above the baseline. 
 

Signal area 1600 cm-1: We will use the Arbitrary base tool - Ignore under the baseline. The main band is 
partially overlapped by another smaller one whose contribution we must eliminate. We will draw the 
baseline corresponding to the two signals, but we will measure the area of the signal at 1600 cm-1 drawing 
a vertical line that separates both signals. To this end, we will use the tool with the two internal cursors that 
delimit the reading on the baseline. 
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6) Fill in the following table with the results obtained and represent lines H1730/H1600 and S1730/S1600 
against the composition of PS. 

 

 

Mixture 
Composition 

% PS 
Height 

1730 
Height 
1,600 H1730/H1600 

Area 
1730 

Area 
1600 

 

S1730/S1600 

1 22.0       

2 36.0       

3 49.8       

4 66.6       

5 79.7       

6 86.5       

7 94.2       

 

7) After performing the foregoing operations, measure the heights and areas of the representative 
peaks in the IR spectrum of the problem mixture and determine its composition with the help of 
the calibration line obtained. 

 
In this practical we will use the IR tables in the appendices to study and assign the main absorption bands. 
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5B) Chemical identification of polymers using NMR spectroscopy 

Objectives 
 

1. Process polymer spectra using the MestReC program. 

2. Identification of polyesters. 

3. Determination of molecular weight in polymers. 

4. Composition of polymers. 

5. Determination of tacticity in PMMA. 

 

 

1) PROCESSING AN NMR SPECTRUM USING THE MestReC PROGRAM 
 

 
The file created by an NMR apparatus is not the format in which we usually observe the spectrum, but rather 
must be processed and manipulated using a computer with an adequate computer program. 
 
In this practical we will use the MestReC program, which is available free of charge on the Internet: 
http://mestrelab.com/publications/mestrec/ [Retrieved 20/02/2017]  

 

In order to become familiar with the MestReC program we will proceed to open and manipulate a simple 
spectrum such as that of polycaprolactone, an -AB-AB-AB-AB-- type polyester. The spectrum of this polymer 
is in the PCL folder, which contains seven files of which that called 001001.FID contains the data to be 
transformed, which is the FID file obtained by the NMR apparatus. The other six files contain ancillary data 
for processing the spectrum. 

 

The first operation to be carried out is to import the spectrum. From the 001001.FID file, we will import and 
transform the FID from the format of the Brucker (UXNMR) apparatus to the format of the MestReC program. 
The next operation is to perform the Fourier transform. Through this mathematical operation we will convert 
the FID into a graph in which all the frequencies measured and the absorptions obtained in each of the 
frequencies have been separated. 

 
The following operations are described in the instruction sheet provided and must be carried out in the order 
indicated below: 

1) Automatic phase 
2) Phase correction (if necessary) 
3) Integration 
4) Chemical displacements (peak picking) 

 
 

Summary of most frequently used tools in the MestReC program 

 

Importing a spectrum 
 

A spectrum that comes directly from the NMR apparatus cannot be “opened”, but rather must be processed, 

to which end we must go to File and click “Import spectra”. A window opens in which we will mark the file 

with extension .FID and at the bottom of the window we will indicate the brand of the apparatus and the 

format in which it provides the FID. In our case we must choose Brucker UXNMR / XWIN-NMR. Lastly, when 

we press the “Open window” we will obtain an image with the FID file of our spectrum. 

 

  

http://mestrelab.com/publications/mestrec/
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Opening a spectrum 
 
We can display a previously processed and saved spectrum on screen by clicking “Open”. 
 
Processing a spectrum 
 
In order to give the spectrum its usual shape, we must apply the Fourier transform to the FID file. Click one of 
the buttons on the top right, specifically the FT button. The spectrum appears on screen. 
 
Manipulating the spectrum 
 
The intensity of the signals can be increased or decreased with the mouse wheel. 

We can raise or lower the spectrum by dragging it on the screen using the left mouse button. By using the [] 
button we can numerically establish the two limits of the horizontal scale of the spectrum. By using the two 

buttons situated on the right of the [] button we can expand and contract the spectrum horizontally. By using 
the magnifying glass button on the left we can enlarge the part marked by the mouse. 
 
The capital “A” button allows us to insert comments in the spectrum. 
 
Phase correction 
 
It is automatically corrected using the AUTO button on the right. The spectrum obtained can be interactively 
enhanced if we click “Phase correction” in “Process” and then, on the drop-down menu that opens, we reselect: 
“Phase correction” 
 
Correcting the baseline 
 
We must firstly correct the baseline to improve the integration of the peaks that appear in the spectrum. We 
can do this automatically by clicking the “BL” button and then “Full auto”. To improve it manually, go to 
“Multipoint baseline correction”. 
 
Including chemical displacements (peak picking) 
 
With the help of the second-last button on the right, click it, select “Peak picking” and then draw a square at 
the base of the peaks whose displacement we want to display at the top of the spectrum. 
 
Integration 
 
Using the last button on the right and after clicking “Integrate”, drag the button along the line of the spectrum, 
from its point of origin to its peak. It will appear under the area of the peak. An area unit will be assigned to the 
first integrated peak. 
 
With the same button but clicking “Integration manager”, a window opens that allows us to interactively correct 
the selected area. It also allows us to change the peak to whose area a value unit is assigned. 
 
Displaying the spectrum Word format 
 
Once the spectrum is considered definitive, copy it to a Word document. To copy it in Metafile format, click the 
button on the left that has an M on two text pages and then special paste in the Word document by selecting 
the option: Image (enhanced metafile). 
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Sample display of a 1H-NMR spectrum: 

 
 

2) IDENTIFICATION OF POLYESTERS 

 
Once we are familiarised with the MestReC program, we will open a series of aliphatic polyester spectra. 
The objective pursued is to verify that there is a certain correlation between the displacements of –CH2– 
hydrogen atoms with a similar chemical environment. 

 
3) DETERMINATION OF MOLECULAR WEIGHTS 

 

Using a low molecular weight polyesteramide, relate the areas of the terminal residues to the area originated 
by the internal residues of the molecules. It is feasible to estimate the molecular weight of the polymer 
approximately. 

 
4) DETERMINATION OF THE COMPOSITION OF BAK-1095® BY NMR 

 

The BAK-1095® polymer is a biodegradable material marketed by Bayer. It is an irregular copolyesteramide 
prepared from 1,4-butanediol, adipic acid and caprolactame (cyclical amide of the 6-aminohexanoic acid). 
The chemical structure of this copolymer is complex due to a series of considerations that are detailed below. 

 

Given the chemical structure of the monomers that are polymerised, the following residues will appear in the 
chain of this polyesteramide: 

 

--O-CH2-CH2-CH2-CH2-O-- --OC-CH2-CH2-CH2-CH2-CO-- --HN-CH2-CH2-CH2-CH2-CH2-CO-- 
 

The copolymer is not regular, so these residues are randomly arranged, although logically their arrangement 
in the polymer depends on the chemical reactions that enable bonding between their functional groups. From 
this viewpoint, a 1,4-butanediol residue cannot bond with itself and the same occurs with an adipic acid 
residue. However, this is possible for 6-aminohexanoic acid residue. The 1,4-butanediol residue may be the 
neighbour of an adipic acid residue or of a 6-aminohexanoic acid residue and is bonded in both cases, 
forming ester linkages. The adipic acid residue can be bonded to a 1,4-butanediol through an ester linkage 
or to a 6-aminohaxanoic acid forming an amide linkage. 
 

 

Due to the foregoing chemical considerations, 1,4-butanediol and adipic acid residues must be present in 
the copolymer in the same molar amounts. On the contrary, the 6-aminohexanoic acid may be present in 
any proportion and the amount of residues of this substance present in the polymer depends on its supply 
in the polymerisation reactor. 

 

--[OCH2CH2CH2CH2O-OCCH2CH2CH2CH2CO]x--/--[NHCH2CH2CH2CH2CH2CO]y— 

Structure of BAK-1095®
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The spectroscopy of 1H-NMR is a useful tool to calculate the composition of BAK-1095®. We can determine 
the relationship in which the residues of 1,4-butanediol, adipic acid and 6-aminohexanoic acid appear in the 
polymer chains based on the signal areas of the spectrum. Once these data are known, we can also 
determine the relationship between the functional ester and amide groups present in their skeleton.  

In this practical we are going to carry out this analysis. However, since BAK-1095® is a disordered copolymer, 
it is advisable to become familiar with this type of analysis using a less complex copolymer. 

 

 
5) DETERMINATION OF THE ESTERO-REGULARITY OF A POLYMETHACRYLATE 

 
The observation and measurement of polymer tacticity is a field in which NMR spectroscopy is a very useful 
tool. It is currently carried out using C-13 NMR spectra; however, in some simple examples it is also feasible 
to use the 1H NMR technique. 

 
Polymethyl methacrylate (PMMA) is industrially obtained by free radical polymerisation. In these conditions, 
commercial material is usually atactic. However, it is also feasible to obtain samples of syndiotactic and 
isotactic varieties. Therefore, it is possible to have spectra of the three varieties considered. 

 
In order to assimilate the differences between the three spectra and relate them to the stereochemical 
structures of the three PMMA varieties, it is advisable to use the following schemes: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Schematic representation of the H1 NMR spectra of the 
different tactical varieties of PMMA 

 
 
 
 
 

Schematic representation of the different tacticities of PMMA 
 

 
Let us consider the scheme on the left, which shows the three stereochemical varieties of PMMA. In this 
scheme, the large grey spheres represent the COOCH3 groups, the black spheres represent the CH3 groups 
and the small spheres are the hydrogen atoms of the CH2 groups of the skeleton. 

 
The top of the scheme corresponds to the iso-PMMA, wherein the hydrogen atoms of the CH2 groups are 
not equivalent, since one is within close proximity of two CH3, whereas the other is close to two COOCH3. 
Therefore, they are not equivalent, are coupled to each other and appear as a double doublet at 
approximately 1.55 and 2.17 ppm (see scheme on the right). When we analyse the syn-PMMA scheme we 
can observe that the chemical environment of the two protons is the same; they are equivalent and therefore 
appear as a single signal at 1.85 ppm, which is the midpoint between the two signals of the iso-PMMA. For 
the at-PMMA, the hydrogen atoms of one part of their methylenes are equivalent and those of the other part 
are not; thus, we will see a mixture of the two previous spectra. 
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It is also possible to use the previous scheme to comprise the position in which the CH3 group appears, in 
accordance with the tacticity of the PMMA sample analysed. In this analysis we will extract information on 
triads, i.e. on the spatial arrangement of the CH3 of three consecutive RCUs. 

 
The three hydrogen atoms of this CH3 group are always equivalent and appear as a singlet, but their position 
depends on the chemical environment created by the configuration of the two nearby RCUs. 

 
In the iso-PMMA, all the CH3 are within close proximity of the two CH3 of the nearby RCUs and therefore 
generate a single signal that appears at 1.24 ppm. In the syn-PMMA, all the CH3 are between the two 
COOCH3 of the nearby RCUs; their chemical environment differs from the foregoing and therefore the single 
signal appears at 0.90 ppm. For the at-PMMA, there are CH3 groups between CH3, and also CH3 groups 
between two COOCH3; therefore, two singlets will appear at 1.24 and 0.90 ppm. But there is also a third 
possibility that does not coincide with any of the foregoing. Indeed, there are also CH3 between a CH3 and a 
COOCH3 of the two nearby RCUs. In this case, the peak generated appears at 1.05 ppm. Therefore, in a 
commercial PMMA three peaks will appear whose areas will allow us to calculate the tacticity of the 
sample. 

 
We will proceed to open and process the spectra of the three available PMMA varieties that can be found in 
the corresponding folder. Next, we will determine the displacements of the peaks, assign the corresponding 
protons and finally print the three spectra. Based on the areas of the selected peaks (it is advisable to work 
with the signals of the CH3 groups), we will calculate the tacticity of the commercial PMMA sample supplied. 

 

 

In this practical we must use the NMR tables in the appendices to study and assign the main chemical 
displacements. 
 

References 
 
Consult the following websites to find the displacements by type of chemical group: 
http://www.chem.wisc.edu/areas/reich/nmr/  
http://www.chem.wisc.edu/areas/reich/nmr/h-data/hdata.htm 
 
 
  

http://www.chem.wisc.edu/areas/reich/nmr/
http://www.chem.wisc.edu/areas/reich/nmr/h-data/hdata.htm
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Topic 6: Preparation of an alginate-based hydrogel polymer: application as a 
biocatalyst 

PRE-LABORATORY TASK: The student must bring a table (printed) to the laboratory with the main reagents 
used in the practical and their waste disposal classification and, lastly, after completing the practical, 
adequately disposing of them. 
6A) Yeasts immobilised in alginates 

Theory 
 

The word “alginate” is related to the term “algina”, which in turn is derived from “algae”. “Algina” is the name 
given by the chemist E.C. Stanford in 1883 to the gelatinous mass obtained from brown algae of the 
“Phaeophyceae” family. Alginates continue to be extracted from algae, which are currently the main source of 
matter for producing this biopolymer. 
 

Alginates are alginic acid salts, a natural polysaccharide formed from linear chains constituted by two repeating 
units derived from β-D-mannuronic (M) and α-L-guluronic (G) acid (Figure 6A.1). Haworth’s classical formulas 
of monomers and the chair conformation of the two constituting units are: 
 

  
 

Figure 6A.1. Repeating monomer units of: -D-mannuronic (M) and α-L-guluronic (G) acid 
 
These repeating units are not completely arranged at random in the polysaccharide, but rather are grouped 

into MM, MG sequence blocks linked by glycosidic bonds (14); and GG, GM blocks, linked by glycosidic 

bonds  (14). 

 
The relative content of each of these blocks depends on the type of algae and, to a lesser extent, on its growth 
conditions. While the block formed by guluronic and mannuronic acid arranged at random always represents 
approximately 1/3, the content in polyguluronic and polymannuronic blocks varies widely. Some typical algal 
compositions are shown in the table below. 

 
Table 6A.1. Composition of different algae, determined by NMR 

 

Type of algae % MM % MG+GM % GG 

Laminaria hyperborea (stalk) 17 26 57 
Laminaria hyperborea (leaves) 36 38 26 
Lessonia trabeculata 25 26 49 
Laminaria digitata 43 32 25 
Eclonia maxima 38 34 28 

  Ascophyllum nosodun  44  40  16   
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The shape adopted by the macromolecule depends on its 
composition. Mannuronic acid blocks give rise to almost flat 
areas with a structure similar to a tape, while guluronic acid 
blocks have a structure with recesses and protrusions 
(Figure 6A.2). 

 
 

Alginate is one of the components of the algal cell wall. 
There it forms insoluble alginic acid complexes and their 
calcium, magnesium and other alkali metal salts, in various 
proportions. 

 
 

The importance of alginates stems from their ability to form 
hydrocolloids, i.e. the ability to hydrate themselves in hot or 
cold water, giving rise to viscous solutions, dispersions or 
gels. Due to this, alginates are modifiers of the behaviour of 
a mass of water and are therefore useful as thickening, 
stabilising, gelling and film-forming agents. The result is a 
high number of applications in the chemical, pharmaceutical 
and food industry. 

 
 
Alginate, in the form of a sodium, potassium or magnesium salt, is soluble in aqueous solutions at pH higher 
than 3.5. It is also soluble in mixtures of water and some organic solvents such as alcohol, but is insoluble in 
milk, due to the presence of calcium. The viscosity of the alginate solutions depends on the concentration, 
which increases considerably above 2%, and on the temperature, decreasing when it increases. Alginate 
solutions exhibit Newtonian behaviour, with a viscosity that decreases considerably when the speed of 
movement increases. 

 
In the absence of calcium, alginate folds, forming helixes held together by hydrogen bonds. In the presence of 
calcium or other divalent ions, alginate forms a thick solution that normally has a gel-like appearance. It was 
initially believed that the gel was formed when the calcium displaced hydrogen atoms of two carboxyl groups 
of nearby chains, forming a “calcium bond” that held two macromolecules together. 

 
Subsequent experiences demonstrate that the phenomenon is more complex and depends on the shape and 
size of the folds in the guluronic blocks. The gel is formed by the coordinated action of various chains disposed 
parallel to each other and various calcium ions are housed in the cavities between them. This structure is 
called “egg box" (Figure 6A.3) and its stability and resistance is related to how well the cation fits in the cavities 
formed between the guluronic blocks. Therefore, strontium, which is bulkier, forms even more resistant 
structures than calcium, whereas magnesium, which is smaller, is not firmly bonded and magnesium alginate 
solutions do not form gels. 

 

 
Figure 6A.3. “Egg-box” structure of calcium alginate 

 
The physical properties of alginates depend on the relative amounts of G, M and MG blocks they contain. For 
example, the formation of gels with Ca2+ depends on the proportion of G blocks: the higher the proportion, the 
greater the consistency of the gel. The solubility of alginates in acids increases with the increase in the 
proportion of MG blocks. 

 
 
 

Figure 6A.2. The different types 
of links according to the 
mannuronic and guluronic acid 
blocks that bond together in the 
alginate 
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Alginate gels with calcium are thermally irreversible, so 
they are often used in restructured materials that will be 
subsequently heated for the preservation or subsequent 
processing thereof. 

 
The food industry uses alginates extensively, since they 
are edible polymers that are practically flavourless. For 
example, they are used to obtain “fruit pieces” for use in 
pastry baking or even pieces with a defined shape such 
as “onion rings” or “cherries”. Alginate beads, called 
“pearls”, are prepared from a sodium alginate solution in 
the fruit juice or sauce whose flavour we want to 
incorporate to the pearls. The solution is dripped over an 
aqueous Ca2+ solution. And this is what we will do at the 
start of the practical, i.e. prepare alginate pearls. 

 

The fluidity of an aqueous sodium alginate solution before gellification, combined with thermal irreversibility, is 
used in the manufacture of olives stuffed with “anchovies” or “peppers”. The filling consists of a paste formed 
of the shredded basic component, the relevant flavourings, alginate and a compound that provides calcium to 
form a gel. After they have solidified, the olives can be thermally processed when preserved in such a manner 
that the stuffing does not become liquated and flow out. 

 

                 

 

Figure 6A.4. Three examples of use of alginates: a) moulds in dentistry, b) cherry-flavoured pearls, c) olive 

stuffing 

 
Table 6A.2. Typical alginate applications 

 
Beer Maintains and enhances the quality of the foam 

Pastry creams Instant gelling and thickening; heat stability; range of different textures; good 
mouthfeel and flavour release 

Fruit juices Stabilising, emulsifying 

Yoghurt Stabilising; good mouthfeel, texture and flavour release 

Welding Lubricant stabiliser and “green strength” agent in the extrusion of high quality 
welding rods 

Paper Enhance greaseproof properties, oil resistance and solvent holdout; improves 
rheology, water retention, runnability, ink holdout and printability 

Fabric printing Gives the desired rheology to print pastes; is inert to dyes and fibres; has 
excellent wash-out properties 

 
  

a) b) c) 
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Summarising, in this practical: 

 

1) We will use an alginate gel to encompass and immobilise a biocatalyst. The advantage of this 

methodology consists of the fact that, after the reaction, the biological catalyst can be easily 

removed from the reaction medium without complicated separations. The reaction we are going 

to carry out is the “classical” hydrolysis of sucrose, common sugar, in its two components, 

glucose and fructose (Figure 6A.5). 

Global reaction: 

 
 

Figure 6A.5. Hydrolysis reaction of sucrose 
 

2) In order to follow the progress of the reaction, we will measure the amount of glucose produced 
in the hydrolysis in two different experiments: In the first we will determine the amount of glucose 
produced and, in the second, the optimal temperature for enzyme activity. 

 

3) The neocuproine method (Figure 6A.6) will be used to calculate the amount of D-glucose 
produced in each hydrolysis experience using a spectrophotometer (section 6 of the 
experimental procedure). This quantitative technique is based on the reduction of Cu(II) to Cu(I) 
by the D-glucose molecule. The aldehyde function is oxidised to acid. Therefore, the D-glucose 
molecule is the only reducing sugar in this mixture of the three carbohydrates (sucrose, glucose 
and fructose). 

 

 
2,9-dimethyl-1,10-phenanthroline 

 

Figure 6A.6. Molecule neocuproine [2,9-dimethyl-1,10-phenanthroline] 
 
4) The Cu(I) originated in the reduction is immediately converted into a Cu(II) complex with the 

neocuproine [2,9-dimethyl-1,10-phenanthroline]. The complex is orange and its concentration is 
quantitatively measured with a UV-visible spectrophotometer at 450 nm. 
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Figure 6A.7. Reduction reaction of Cu(II) to Cu(I) due to the neocuproine, the reducing agent 

 
Reagents 

1. Fresh yeast or fresh ferment (Levanova, 25 g) 

2. Sucrose for analysis (ACS, Panreac 1 kg) 

3. Alginic acid solution salt (A3249,0250-Panreac, 250 g) 

4. Acetate buffer solution (0.1M, pH 4.75) 

5. Calcium chloride solution (0.1M) 

6. Ethylenediaminotetracetic acid solution (EDTA, 0.05M, pH 7.4, adjust with NaOH) 

7. 20% sucrose solution 

8. REAGENT A: pentahydrated CuSO4 solution (for 1 L of solution, 40 g of anhydride sodium 

carbonate, 16 g of glycine and 0.45 g of pentahydrated copper sulphate) 

9. REAGENT B: neocuproine solution (for 100 mL of solution, 0.13 g of monohydrate hydrochloride 

neocuproine) 

Materials per group  
 2 metal supports 

 4 nut clamps for holding plastic syringes 

 2 lifting clamps 

 4 round filters to put inside the syringes (cut from the filter paper) 

 Stopwatch 

 4 10 mL plastic syringes with rubber + thin silicone tubes (4.5 cm long) that will act like funnels 

 10 mL syringes for pipetting water to fill the plastic syringes that act like funnels 

 4 Morh clamps (metal screw clamps for the silicone tube of the syringes) 

 3 yoghurt glasses for the temperature-enhanced sucrose hydrolysis stage 

 100 mL test tube 

 50 mL test tube 

 5 25 mL test tubes 

 4 50 mL beakers 

 5 100 mL beakers 

 1 150 mL beaker 

 1 250 mL beaker 
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 100 mL beaker 

 Vial + lid 

 Long vial 

 Metal test tube rack 

 5 10 mL graduated test tubes 

 Spoon-shaped spatula to collect alginate pearls 

 Grey Pasteur pipette bulb 

 Permanent glass markers 

 Ice/cold water bath tray 

Apparatus 
 Water baths at 60°C (couple support with thermometer clamp) 

 Heaters at different temperatures, one at 30°C and another at 37°C 

 Optical microscope 

 UV-visible spectrophotometer 

 
Experimental procedure 
 

1. Preparation of an alginate solution 

 

Using a test tube, pour 50 mL of 0.1 M / pH 4.75 buffer solution in a 100 mL glass and preheat at 60°C. *** 

Slowly add 0.75 g of sodium alginate to the hot solution, stirring manually. The solution must be stirred for a 

few minutes until all the lumps are dissolved and it is perfectly homogenous. Cool the solution with cold water 

to room temperature. 
***Observation: The bath must be at the indicated temperature; the alginate takes approximately 20 minutes to dissolve. 

 

2. Preparation of the sucrose solution 
 

Prepare a 20% sucrose solution (common sugar). Weigh 2 g of sugar in a small glass (25 mL) and add 10 mL 

of distilled water. Gently stir until fully dissolved. 

 

3. Immobilisation of the yeast in the alginate beads 
 

3.1- Weigh 1.60 g of baker’s yeast on an analytical balance and add to the 1.5% alginate solution previously 

prepared in Section 1 and stir for a few minutes until homogenised. *** Using a syringe (without a needle, but 

coupled to a 4.5 cm long silicone tube), take 40 mL of the yeast suspension and drip it onto the glass containing 

the 100 mL of a 0.1 M CaCl2 solution. Let the drops fall as close as possible to the surface of the Ca2+ solution 

to obtain perfect spheres. Keep the alginate beads in the interior of the CaCl2 solution for at least 20 minutes 

to complete the gellification of the beads. 
***Observation: The yeast is difficult to dissolve and we must help dissolve the stones and lumps using a glass rod. Another 20 minutes are required 

at this stage. If the yeast is not fully dissolved, it will not become trapped inside the alginate pearls. 

 

3.2- Microscopic observation of the immobilised yeast enzyme cells: During the gelling time, the differences 

between the free cells (beaker with buffer solution + yeast) and those immobilised in the CaCl2 solution can 

be observed in an optical microscope, i.e. inside the beads. It is important to observe the immobilised cells 

after adding the yeast with buffer in the CaCl2 solution, i.e. before they become gellified. On a slide, place one 

drop of the yeast suspension in the buffer solution and, on another slide, a single alginate pearl slightly flattened 

with another glass slide. 

In order to focus the beads, we will firstly use the 10x objective lens and then change to the 40x or 100x 

objective lens and adjust with the lowest magnification. 
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3.3. Additionally, suspend three or four pearls in 5 mL of an aqueous EDTA solution (0.05M, pH 7.4). Stir at 

10-minute intervals and observe the changes that occur at the end of the practical (whether it dissolves, 

whether the solution becomes cloudy, whether there are lumps, whether there are beads smaller than those 

immobilised. With the help of the optical microscope and one drop, it is possible to observe more changes. 

Explain why these changes are observed based on the reactions that can occur with the EDTA in the 

report. 
 

4. Preparation of the bioreactors (or mini-reactors) 
 

In this and subsequent stages, it is very important that the alginate beads/pearls do not dry out; they must always be kept humid in order 

to carry out the sucrose hydrolysis reaction and for the photometric measures to be consistent. 

 

4.1. Assemble the mini-reactor/funnel with the four 10 mL plastic syringes, coupled to a silicone tube at the 

outlet thereof and a Mohr clamp to control the liquid flow (open and close the funnel/mini-reactor). Place a 

paper filter at the bottom of the syringe to prevent the beads from blocking the outlet.  

 

4.2. Using a spatula, carefully add the alginate beads of the CaCl2 solution to the syringes, so that each 

contains 6 mL of beads. Wash the syringes to remove the excess Ca2+ with small volumes of acetate buffer 

(approximately 2x) and, lastly, various volumes of distilled water. Lastly, dilute with distilled water to an 

approximate volume of 5-6 mL, that is, until the liquid beads are covered.***  
***Observation: It is important that all the syringes have the same volume of alginate pearls and the same volume of liquid. 

 

5A. Hydrolysis of sucrose: influence of time 
 

In this stage we will have to prepare many dilutions. It is advisable to draw a diagram, such as a flow chart, for 

this part of the experiment. 

 

5A.1. Using a micropipette, carefully drip 0.1 mL (100 L) of 20% sucrose in each of the mini-reactor syringes. 

Start counting contact times between beads and the carbohydrate solution (sucrose), which will respectively 

be 5, 10, 15 and 20 minutes. *** 
***Observation: Carefully stir the mixture of pearls and diluted sucrose solution every now and then. If we do not stir it carefully, the paper filter 

may move and we may lose some alginate pearls. 

 

Identify four 25 mL glass test tubes with a permanent glass marker, marking the different reaction times. 
 

5A.2. At the envisaged time for each syringe (duly marked), open its key and collect the liquid in the 25 mL 

test tube. Close the key and dilute with distilled water to a volume of 5 mL to wash the surface of the alginate 

beads. Open the key again and collect the water in the same 25 mL test tube again. In this part we have 

initiated the dilutions process. Repeat the operation until the volume collected in the test tube is exactly 25 mL. 

Homogenise the content of the test tube by stirring (covering with a glass plug or with our hand. The 

components of the test tube are non-toxic). 

 

Therefore, for each syringe and TIME we must have four test tubes with dilutions up to 25 mL. 

 

5A.3. Prepare a reference solution using 0.1 mL (100 L) of non-hydrolysed sucrose solution, which we will 

dilute in the same proportion as the hydrolysed samples (up to 25 mL). This solution is the same that will be 

used in stage 5B.4; each group must have their own reference solution. 

 

5B. Hydrolysis of sucrose: optimal catalysis temperature 
 

5B.1. We will prepare four mini-reactor/funnel syringes the same way as in Section 4. Leave the beads in 5 

mL of distilled water to proceed to the next stage. 

 

5B.2. We will temper/stabilise the four syringes at the following temperatures for 5-10 minutes:  

T = 7°C (place in refrigerator);  
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T = 20-22°C (laboratory temperature, leave in support);  

T = 30°C (a heater adjusted to this temperature); and  

T = 37°C (another heater adjusted to this temperature). 

 

Cover with a parafilm before stabilising them at a predetermined temperature. Make sure the Mohr clamp is 

closed. 
 

5B.2. After 5-10 minutes have elapsed, we will pour 0.1 mL (100 L) of 20% sucrose solution into each of the 

bioreactor syringes and stabilise again at the corresponding temperature.*** After letting the enzyme react for 

15 minutes, we will proceed to return the syringes to their corresponding supports. 

***Observation: Place the 20% sucrose solution near the syringe to add the 100 L and avoid errors due to loss of heat and reactivity in the 

quantitative analyses (UV-visible). 
 

5B.3. Open the syringe key and collect the liquid in a 25 mL test tube. *** Close the key and dilute with distilled 

water to the 5 mL mark of the syringe to wash the surface of the alginate beads. Open the key again and 

collect the water in the same 25 mL test tube again. In this part we have initiated the dilutions process. Repeat 

the operation until the volume collected is exactly 25 mL. Homogenise the content of the 25 mL test tube by 

stirring (covering with a glass plug or with our hand). The components of the test tube are non-toxic). 

 
***Observation: Identify four 25 mL glass test tubes with a permanent market, marking the different reaction times. 

 

Therefore, for each syringe and TEMPERATURE, we must have four test tubes with dilutions up to 25 mL. 
 

5B.4. Prepare a reference solution using 0.1 mL (100 L) of non-hydrolysed sucrose solution, which we will 

dilute in the same proportion as the hydrolysed samples (up to 25 mL). This solution is the same as that 

prepared in stage 5A.3; each group must have their own reference solution. 

 

6. Photometric determination of the glucose concentrations in the hydrolysis solutions 

 

We will use the neocuproine method, previously explaining what the reduction of Cu2+ to Cu+ (yellow-orange) 

involves.  

 

6.1. Prepare five graduated 10 mL test tubes for the four samples hydrolysed in 5A and for the reference 

solution (5A.3 or 5B.4). 

 

6.2. Add 20 µL of the content of the corresponding test tube (with its specific time and dilution up to 25 mL), 1 

mL of distilled water, 1 mL of reagent A (CuSO4) and 1 mL of reagent B (hydrochloride neocuproine). 

Homogenise the content of the tubes and submerge in a boiling water bath for 8-12 minutes. Cool immediately 

afterwards in iced water and, lastly, dilute to 10 mL with distilled water. 
 

6.3. With the professor’s help, analyse the samples in the UV-visible spectrophotometer, reading the values 

of the absorbances at 450 nm. Convert these Abs. values into mass (µg) to determine the glucose 

concentration after hydrolysis. To this end, the student must use the glucose calibration curve with a straight-

line pattern with the following values: 

Y = 0.0081·X + 0.0247 

Where Y is absorbance and X is the glucose mass in µg 

 

6.4. Carry out the same procedure using the samples hydrolysed in Section 5B. 

 

 

 

 

Return to your work desks and clean, wash and put everything away, adequately disposing of the 

waste. 
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------------------------------------------------------------------------------------------------------------------------------------------------ 

 

Report on the 6A practical: 

The report must include the reagents table classified in accordance with the type of chemical waste and how 

to dispose of it in the laboratory (pre-laboratory activity). 

 

The report must consist of a flow chart describing all the stages carried out in the practical (preparation of 

solutions, preparation of dilutions, observations under the microscope, etc.). including the hydrolysis of sucrose 

in the two ways: with respect to time and with respect to temperature. 

 

The student must draw a graph with the concentration of glucose with respect to hydrolysis time (Section 5A) 

and another with the concentration of glucose in accordance with the hydrolyses at different temperatures 

(Section 5B), in addition to an explanation of the results observed in said graphs. 

 

Search in the literature for the optimal behaviours of reduced sugars (g) with respect to time and temperature, 

and compare it to the experimental result. 

 

Discuss the results obtained upon introducing 3-4 alginate beads/pearls in the EDTA solution (Section 3.3), 

describing the reactions that occur. 

 
Students are advised to create a table to classify and adequately dispose of waste. 
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Topic 7: Enzymes in household detergents: use of polyacrylamide gels to evidence 
their presence 

Theory 
Enzymes 
 
Enzymes are a type of protein that act as biochemical catalysts and that speed specific reactions by several 
orders of magnitude (usually ≥106). Cells cannot function without enzymes but, under controlled conditions, 
enzymes can still work out of the cell. This discovery led to the development of a vast array of industrial 
applications of enzymes. 
 
Amino acids are the basic structural units of proteins. Twenty different amino acids are commonly found in 
proteins. All of them are α-amino acids. They have a carboxyl group and an amino group bonded to the same 
carbon atom (the α-carbon) (Figure 7.1). They differ from each other in their side chains, or R groups, which 
vary in structure, size, and electric charge, and which influence the solubility of the amino acids in water 
(Figure 7.2). Amino acids in solution at neutral pH are predominantly dipolar ions (or zwitterions) rather than 
un-ionized molecules (Figure 7.1). 
 

 
Figure 7.1. Structure of an α-amino acid. Left, un-ionized form; right, ionized form (zwitterion). 

 
Proteins (and therefore enzymes) are made of amino acids linked through peptide bonds. To form a peptide 
bond the α-carboxyl group of one amino acid is joined to the α-amino group of another amino acid with loss of 
a water molecule. In a polypeptide, the end with a free α-amino group is the amino-terminal (or N-terminal) 
end; and the one with the free α-carboxyl group, is the carboxyl-terminal (or C-terminal) end (Figura 7.3). 
 
A very important property of enzymes is its specificity. Enzymes are highly specific both in the reaction 
catalyzed and in their choice of substrates. For instance, proteolytic enzymes (proteases) catalyze the 
hydrolysis of a peptide bond. However, proteolytic enzymes differ markedly in their degree of substrate 
specificity. Some of them (like subtilisin) are quite undiscriminating about the nature of the side chains adjacent 
to the peptide bond to be cleaved. On the other hand, there are proteases which only cleaves a peptide bond 
if a certain amino acid is involved (Table 1). For instance, trypsin is quite specific in that it catalyzes the splitting 
of peptide bonds on the carboxyl side of lysine and arginine residues only. 
 
 
 

Table 1. Specificity of some proteases. 
 

Protease Cleavage of bonds 

Tripsin C-terminal of Lys and Arg 

Chymotrypsin C-terminal of Tyr, Phe, Trp, 

Leu, Met, Asn and Gln 

Pepsin N-terminal of Tyr, Phe and Trp 

Thermolysin N-terminal of Ile, Leu and Val 
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Figure 7.2 

Figure 7.3 
 
Enzymes are made of 
amino acids linked 
through peptide bonds. 

 
Structure of the 20 amino acids 
of proteins at pH 7.0. 
Classification according to the 
polarity of their side chains. 
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The use of enzymes in detergents 

 
One of the main applications of the industrial enzymes is their use in detergents to help in cleaning. Enzymes 
(especially proteolyitic enzymes) are thus found in the formulation of products ranging from household laundry 
and dishwashing detergents to products for contact lens and denture cleaning (Figure 7.4). However, 
household laundry is by far the biggest market. 
 
Proteolytic enzymes (proteases) were the first enzymes to be included in detergents and are still the most 
used. These enzymes degrade proteins by cleaving their peptide bonds, thus assisting in the removal of 
protein-based stains such as blood and many types of food. The first patent for the use of enzymes in a 
presoaking product originates back to 1913. However, it was not until about 1965 that the use of enzymes in 
detergents came into general use. There was a massive increase in the use of these enzymes between 1966 
and 1969, but this huge sales growth was reversed dramatically during 1969-1970. This was due to the 
development of hypersensitivity reactions in factory workers handling the dusty enzyme products used at that 
time. The situation was, however, readily understood, and dust-free granulated detergent enzymes were 
developed. These granulated preparations frequently consist of a core containing the enzyme, surrounded by 
a coating of inert material which contains a pigment to give it the desired color. The most widely used protease 
is subtilisin (named after the bacterium Bacillus subtilis). It is mostly obtained by the industrial culture of related 
Bacillus species. 
 
While proteases have dominated the detergent market, there is increasing use of amylases and lipases for the 
removal of starches and fats. Cellulase has more recently entered the detergent market and, unlike the other 
enzymes that degrade particular stains, the cellulases act directly on the fabric. 
 
 
 

 

 
 

  

Table 2. Examples of commercial products 
containing enzymes. 
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Experimental procedure: 
 

 
Objective: With this laboratory experiment, the student will be able to demonstrate the presence of 

proteolytic enzymes in a household detergent, find out where they are and study its activity on a protein 

substrate. 

 
Reagents: 

- Finish powder dishwashing detergent. 

- Protein substrate: Salmine (1,54 μg/μl in 25 mM Tris, pH 7,5). 

- 25 mM Tris, pH 7,5 

- Electrophoresis sample buffer (5% acetic acid, 8 M urea, 20 mM β-mercaptoethanol, methyl green dye) 

 
Preparation of the enzymatic extract 
 

1)  Using tweezers, place 3 of the colored granulates of the detergent in an Eppendorf tuve 

2)  Add 30 µL of 25 mM Tris, pH 7,5 to dissolve them (use the vortex). 

3)  Centrifuge for 3 min at 10000 rpm in the microcentrifuge to remove any insoluble particle. 

4)  Reserve the supernatant to be used for the protein digestion. 

Preparation of the protein digestion reaction 
For each reaction time: 
- Amount of protein substrate: 8,5 μg of salmine 
- Volume of the previous supernatant: 0,5 μl 
- Final volume reaction: 6 μl (adjust the volume with 25 mM Tris, pH 7,5). 
 
Stopping the reaction: 
At each of the selected times, add 6 μL of electrophoresis sample buffer. In this way the reaction is stopped 
and the samples are ready for the electrophoretic analysis. 
 
Control: 
A control of the protein (without any supernatant) will also be prepared by dissolving 8,5 μg of salmine in 
electrophoresis sample buffer. 
 
The control as well as the result obtained at the different times of digestion will be visualized by electrophoresis 
in a polyacrylamide gel (see annex 1). 
 
As an additional activity, linear polyacrylamide will be prepared too (Annex 2). 
 

ANNEX 1: AU-PAGE (acetic acid-urea polyacrylamide gel electrophoresis) 

A molecule with a net charge will move in an electric field. This phenomenon is the basis of electrophoresis. 
The net charge on a protein molecule will depend on its amino acid composition and the pH of the medium. 
The velocity of migration of a protein in an electric field will be directly proportional to the electric field strength 
and the net charge on the protein, and inversely proportional to the frictional coefficient. 
 

 

I. Preparation of a 15% polyacrylamide gel 

(Caution: USE PROTECTIVE GLOVES! The acrylamide monomer is neurotoxic.) 

For 12 ml: 6 ml 30% acrylamide / 0.2% bisacrylamide 
 1,5 ml 43% acetic acid 
 3 ml 10 M urea 
 1,5 ml water 

 10,5 mg thiourea 
 67,5 μl 30% hydrogen peroxide 
 

Allow to polymerize in an adequate cast. 
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II. Electrophoresis 

1. Load the desired protein samples in the gel. 

2. Run the electrophoresis at a constant intensity of 20 mA until the tracking dye reaches the end of the 
gel. 

 

III. Visualizing the protein bands 

1. Stain the gel with Coomassie blue for at least 5 minutes. 

2. Destain the gel.  
 

IV. Conservation of the polyacrylamide gel 

Dry the gel between two cellophane sheets. 

 

ANNEX 2:  Preparing linear polyacrylamide 
 

I. Polymerization 

(Caution: USE PROTECTIVE GLOVES! The acrylamide monomer is neurotoxic.) 

For 12 ml: 6 ml 30% acrylamide 
 1,5 ml 43% acetic acid 
 3 ml 10 M urea 
 1,5 ml water 

 10,5 mg thiourea 
 67,5 μl 30% hydrogen peroxide 

What do you observe as polymerization progresses?.  

 

II. Isolation of the polymer 

Precipitate the polymer by slowly dripping the polymer solution over a beaker containing 50 ml of methanol. 

Filter the precipitated polymer and let it dry at 60°C for 1-2 days. 

Calculate the polymer yield.   
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Tema 8: Determinación de las propiedades mecánicas de polímeros termoplásticos 
(Text not translated) 

A) Preparación de probetas para ensayos mecánicos 

El objetivo de la práctica es que el alumno se familiarice con la máquina de propiedades mecánicas y conozca 
el método de determinación del módulo de Young, fuerza máxima de ruptura, elongación a ruptura, etc. 
 
Materiales: 

Prensa para preparar probetas a partir de pellets de polímeros 
Poliestireno homopolímero (PS, pellets, comercial) 
Poliestireno/HIPS copolímero (PS/HIPS, pellets, comercial) 
Termoplástico poliuretano (TPU, preparado en la práctica 1C) 
Látex (NR, natural rubber, preparado en la práctica 3A) 
Pinzas metálicas 
Tijeras 
Regla 
Pie de rey 
Medidor de espesores 

 
Formato de las probetas: 

 
Modelo dumbell    Modelo rectangular 

 
Tablas con medidas de espesores y anchura de las probetas: dejar aquí las probetas cortadas, marcadas y 
medidas. 

Poliestireno (PS) 

Probetas 1 2 3 4 5 6 7 8 9 10 

 

 

 

 

 

 

 

          

Ancho 

(mm) 

Espesor 

(m) 

          

Observaciones: 
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Poliestireno/Poliestireno de alto impacto (PS/HIPS) 

Probeta 1 2 3 4 5 6 7 8 9 10 

 

 

 

 

 

 

 

          

Ancho 

(mm) 

Espesor 

(m) 

          

Observaciones: 

 

 

 

 

 

Poliuretano (PUR) 

Probeta 1 2 3 4 5 6 7 8 9 10 

 

 

 

 

 

 

 

          

Ancho 

(mm) 

Espesor 

(m) 

          

Observaciones: 
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Látex (NR) 

Probeta 1 2 3 4 5 6 7 8 9 10 

 

 

 

 

 

 

 

          

Ancho 

(mm) 

Espesor 

(m) 

          

Observaciones: 

 

 

 

 
B) Máquina de propiedades mecánicas Zwick 

1) Encender el compresor y la máquina (profesor) 

2) Abrir el software 

3) Configurar los parámetros de ensayo 

4) Posicionar las probetas (alumnos) 

5) Realizar las medidas y salvar los datos obtenidos 

 

 

 
C) Reportar los datos obtenidos en formato de tabla y graficar los resultados, teniendo en cuenta la 

elongación a ruptura (%) en el eje X y la fuerza () en MPa en el eje Y 
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ANNEXES 
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ACRONYMS, IUPAC NAMES AND SOME PROPERTIES OF POLYMERS  

 
Thermoplastics 

           
 

 

 

Thermosets 

 
 

 

Elastomers 
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TABLES WITH THE MAIN ABSORPTION BANDS OF ORGANIC MOLECULES IN THE MIDDLE 
INFRARED  

All tables were extracted from: Barbara H. Stuart, Infrared Spectroscopy: Fundamental and Applications, John Wiley & 
Sons, 2004 - ISBN: 9780470854280, and can be use only for academic consultance, not for commercial aims. 
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TABLES WITH NMR CHEMICAL SHIFTS 
All tables and bar chats were extracted from the web of University of Wisconsin 
[http://www.chem.wisc.edu/areas/reich/nmr/] and they cannot be used for any other publication, only for academic 
consultance. 
Author and copyright: Hans J. Reich, 2016. 

 

 
 

Table of Characteristic Proton NMR Shifts (1H-NMR) 

 
type of proton 

RCH3 

type of compound 

1o   aliphatic 

chemical shift range, ppm 
 

0.9 

R2 CH2 2° aliphatic 1.3 

R3CH 

C=C-H 

3o   aliphatic 
 

vinylic 

1.5 
 

4.6-5.9 

C=C-H vinylic, conjugated 5.5-7.5 

C=C-H acetylenic 2-3 

Ar-H aromatic 6-8.5 

Ar-C-H benzylic 2.2-3 

C=C-CH3 

HC-F 

allylic 
 

fluorides 

1.7 
 

4-4.5 

HC-CI chlorides 3-4 

HC-Br bromides 2.5-4 

HC-1 iodides 2-4 

HC-OH alcohols 3.4-4 

HC-OR ethers 3.3-4 

RCOO-CH esters 3.7-4.1 
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HC-COOR esters 2-2.2 

HC-COOH acids 2-2.6 

HC-C=O carbonyl compounds 2-2.7 

RCHO aldehydic 9-10 

ROH hydroxylic 2-4 

ArOH phenolic 4-12 

C=C-OH enolic 15-17 

RCOOH carboxylic 10.0-13.2 

RNH2 ammo 1-5 

 
Theoretical calculation of chemical shifts: Proton NMR Shifts (1H-NMR) 

 

 

 
Author and copyright: Hans J. Reich, 2016 [from http://www.chem.wisc.edu/areas/reich/nmr/] 
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Example of theoretical calculations based con chemical shifts:  

 
Author and copyright: Hans J. Reich, 2016 [from http://www.chem.wisc.edu/areas/reich/nmr/] 

 

 

 
Author and copyright: Hans J. Reich, 2016 [from http://www.chem.wisc.edu/areas/reich/nmr/] 
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Author and copyright: Hans J. Reich, 2016 [from http://www.chem.wisc.edu/areas/reich/nmr/] 

 
13C-NMR 

 

 
Author and copyright: Hans J. Reich, 2016 [from http://www.chem.wisc.edu/areas/reich/nmr/] 
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Theoretical calculation of chemical shifts: Carbon NMR Shifts (13C-NMR) 
13C Chemical Shift Effects on sp3 Carbons 

 

 

 
 
Example of theoretical calculations based con chemical shifts: 13C-RMN 
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