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Abstract 

Designing new materials with improved or tailored properties is one of the main goals 

of the chemists. Two common ways are mainly used to get a material with improved or new 

properties: blending or chemical synthesis. Chemical synthesis is an unlimited method to get 

new substances with well-defined properties even it is often time consuming and not seldom 

costly. 

In polymer chemistry random copolymerization of two different monomers results in 

the synthesis of a new polymer showing in average the properties of the two homopolymers. 

If the synthesis proceeds in such a way so that the copolymer prepared is comprised by 

sequences of the two monomers, the properties of both the homopolymers are presented on 

the same macromolecule. 

We have synthesized new graft copolymers by grafting poly (N-isopropylacrylamide) 

(PNIPAM) onto a sodium alginate (NaAl) backbone. NaAl is a biopolymer with applications 

in food, pharmaceutical and medical industries. PNIPAM is a water-soluble polymer 

showing lower critical solution temperature (LCST) behavior in aqueous solution. 

Generally, by heating in a semi-dilute aqueous solution, graft copolymers with LCST side 

chains on a hydrophilic backbone show a thermothickening behavior (i.e. viscosity increases 

as temperature increases), oppositely to most fluids that are characterized by the well-known 

Arrhenius thermothinning behavior (i.e. the viscosity decreases as temperature increases). 

Alginic acid is a polyuronide obtainable from brown seaweed, and composed of (1-4) 

linked β-D-mannuronic acid and α-L-guluronic acid. In alginic acid both residues exist in 

the form of homopolymer blocks (M block, G block) or at a heteropolymer block (MG 

block). Alginic acid is the only polysaccharide which naturally contains carboxyl groups in 

each constituent residue, and possesses various abilities for functional materials.  

In this work, PNIPAM chains were grafted on a NaAl backbone. For this purpose 

amino-terminated PNIPAM was prepared by radical polymerization in aqueous solution by 

using the redox couple 2-aminoethanethiol hydrochloride/potassium persulphate (AET/KPS) 

as initiator. The grafting reaction was then realized by means of 1-ethyl-3-(3-

dimethylaminopropyl carbodiimide hydrochloride (EDC) as a condensing agent in the 

presence of N-hydroxybenzotriazole (HνBt) as a coupling agent, so the amide group was 

formed. We prepared four graft copolymers G33, G50, G67 and G80 named after their 

weight percentage composition in PNIPAM. 



They were characterized by 
1
H-NMR spectroscopy, elemental analysis, and 

conductimetric titration. 

The products obtained are intended to exploit the phase separation behaviour of 

PNIPAM that phase separates from water when temperature increases above its LCST, 

approximately 32°C. Below LCST, PNIPAM chains are soluble in water, so are the graft 

copolymer chains. Above LCST, the PNIPAM chains aggregate resulting in interchain 

binding in semidilute solutions of the graft copolymers. This behaviour is reversible and 

could be exploited in oil rigs and drug delivery systems. 

A rheology study has shown a considerable increase in viscosity of 1% aqueous 

solutions, 40 and 120 times at 55
0
C, for the graft copolymers with a composition 67 and 

80% in PNIPAM respectively as temperature increases above 35
0
C. This behaviour is also 

related with a critical concentration that has been found around 0.6% for the same 

copolymers. 

Fluorescence measurements have shown that this behavior is related with the 

hydrophobic character and aggregation of PNIPAM chains by increasing temperature over 

35
0
C. 

A dynamic light scattering study in dilute aqueous solutions by varying temperature 

could provide more information on the kind of the transition taking place and the nature of 

the particles formed as temperature increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Περίληψη 

Ο ζρεδηαζκόο λέωλ πιηθώλ κε βειηηωκέλεο ηδηόηεηεο είλαη έλαο από ηνπο θύξηνπο 

ζηόρνπο ηωλ ρεκηθώλ. Δύν είλαη νη πην ζπλεζηζκέλνη ηξόπνη πνπ ρξεζηκνπνηνύληαη θπξίωο 

γηα ηε παξαιαβή ελόο πιηθνύ κε βειηηωκέλεο ή λέεο ηδηόηεηεο: αλάκεημε ρεκηθή ζύλζεζε ή. 

Χεκηθή ζύλζεζε είλαη ε κέζνδνο ;όπνπ ιακβάλνληαη λέα πιηθά κε θαζνξηζκέλεο ηδηόηεηεο 

αιιά έρεη ωο κεηνλέθηεκα ην θόζηνο θαη είλαη ζπρλά ρξνλνβόξα. 

Σηε ρεκεία πνιπκεξώλ, ν  ηπραίνο ζπκπνιπκεξηζκόο δύν δηαθνξεηηθώλ κνλνκεξώλ έρεη 

ωο απνηέιεζκα ηε ζύλζεζε ελόο λένπ πνιπκεξνύο πνπ εκθαλίδεη ην κέζν όξν ηωλ ηδηνηήηωλ 

ηωλ δύν νκνπνιπκεξώλ. Εάλ ην πξνϊόλ ζύλζεζεο ξπζκηζηεί θαηά ηέηνην ηξόπν, ώζηε λα 

απνηειείηαη  από αιιεινπρίεο ηωλ δύν κνλνκεξώλ, νη ηδηόηεηεο θαη ηωλ δύν ζα 

παξνπζηάδνληαη ζην  ίδην καθξνκόξην. 

Σηε παξνύζα εξγαζία, πξαγκαηνπνηήζεθε ζύλζεζε εκβνιηαζκέλωλ ζπκπνιπκεξώλ κε 

εκβνιηαζκό πνιπ (Ν-ηζνπξνππιαθξηιακηδίνπ) (PNIPAM) επάλω ζε έλαλ θνξκό αιγηληθνύ 

λαηξίνπ (NaAl). Τν NaAl είλαη έλα βηνπνιπκεξέο κε εθαξκνγέο ζε ηξόθηκα, θαξκαθεπηηθά 

θαη ηαηξηθέο βηνκεραλίεο. Από ηελ άιιε κεξηά ην PNIPAM είλαη έλα πδαηνδηαιπηό 

πνιπκεξέο κε ζπκπεξπθνξα ρακειήο θξίζηκεο ζεξκνθξαζίαο δηαιύκαηνο (LCST) ζε 

πδαηηθό δηάιπκαηα. Σε γεληθέο γξακκέο, κε ζέξκαλζε από έλα εκη-αξαηό πδαηηθό δηάιπκα, 

ζπκπνιπκεξή εκβνιηαζκέλα κε LCST πιεπξηθέο αιπζίδεο ζε πδξόθηιν θνξκό 

ζεξκνηηαρπληηθή (thermothickening) δείρλνπλ κηα ζπκπεξηθνξά (ην ημώδεο απμάλεηαη όζν 

απμάλεηαη ε ζεξκνθξαζία), ζε αληίζεζε κε ηα πεξηζζόηεξα πγξά πνπ ραξαθηεξίδνληαη από 

ηε γλωζηή Arrhenius ζεξκνιεπηπλόκελε (thermothinning) ζπκπεξηθνξά (δειαδή ην ημώδεο 

κεηώλεηαη όζν απμάλεηαη ε ζεξκνθξαζία). 

Τν αιγηληθό νμύ είλαη έλα πνιπνπξνλνύρν πνπ ιακβάλεηαη από θαθέ θύθηα, θαη 

απνηειείηαη από (1-4) δηθηπνκέλα β-D-καλλνπξνλπθν νμύ θαη α-L-γνπινπξνληθν νμύ. Σην 

αιγηληθό νμύ ππάξρνπλ θαη ηα δύν είδε κε ηε κνξθή ηνπ νκνπνιπκεξνύο θαηά ζπζηάδεο 

(ζπζηάδα M, θαη ζπζηάδα G) ή ζε κία εηεξνπνιπκεξή ζπζηάδα (ζπζηάδα MG). Τν αιγηληθό 

νμύ είλαη ν κόλνο πνιπζαθραξίηεο πνπ πεξηέρεη θαξβνμπιηθέο νκάδεο ζε θάζε κνλνκεξέο, 

θαη δηαζέηεη πνιιέο δπλαηόηεηεο γηα αλάπηπμε ιεηηνπξγηθωλ πιηθωλ. 

Σηελ παξνύζα εξγαζία, αιπζίδεο PNIPAM εκβνιηάδνληαηη ζε κηα ξαρνθνθαιηά NaAl. 

Γηα ην ζθνπό απηό πξνεηνηκάζηεθε ακηλν-ηεξκαηηδνκελν PNIPAM από πνιπκεξηζκό 

ειεπζέξωλ ξηδώλ ζε πδαηηθό δηάιπκα κε ηε ρξήζε ηνπ νμεηδναλαγωγηθνύ δεπγνπο  

2-ακηλναηζαλζεηόιεο πδξνριωξηθήο / ππεξζεηϊθνύ θαιίνπ (ΑΕΤ / KPS), ωο εθθηλεηή. Ο 

εκβνιηαζκόο πξαγκαηνπνηήζεθε ζηε ζπλέρεηα, κέζω ηνπ πδξνριωξηθνύ 1-αηζπιν-3-(3-



δηκεζπιακηλνπξνππιν θαξβνδηηκηδίνπ (EDC) ωο παξάγνληα ζπκπύθλωζεο, παξνπζία ηνπ Ν-

πδξνρπβελδνηξηαδνιίνπ (HνBt) ωο ζπλδεηηθνύ κέζνπ, έηζη ώζηε ε ζρεκαηίζηεθε ακίδνκάδα. 

Σπληέζεθαλ ηεζζεξα εκβνιηαζκέλα ζπκπνιπκεξή G33, G50, G67, θαη G80 νπνπ ν αξηθκόο 

ππνδειώλεη ην πνζνζηό βάξνο ηνπο ζε PNIPAM. 

Τα πξνίνλδα ραξαθηεξίζηεθαλ από θαζκαηνζθνπία
1
H-NMR, ζηνηρεηαθή αλάιπζε, θαη 

αγωγηκνκεηξηθή ηηηινδόηεζεο. 

Τα πιηθά πνπ ιακβάλνληαη απνζθνπνύλ ζηελ αμηνπνίεζε ηνλ δηαρωξηζκνύ θάζεωλ ηνπ 

δηαιύκαηνο ηνπ PNIPAM όηαλ απμάλεηαη ε ζεξκνθξαζία πάλω από LCST ηνπ, πεξίπνπ 

32
0
C. Κάηω από ηελ LCST, ν αιπζίδεο PNIPAM είλαη δηαιπηέο ζην λεξό, ηελ όπωο θαη νη 

αιπζίδεο ηνλ εκβνιηαζκέλωλ ζπκπνιπκεξνύο. Πάλω  από ηελ LCST, νη αιπζίδεο PNIPAM 

ζπζζωκαηόλνληαη κε απνηέιεζκα ηελ δηαζύλδεζε ζηα εκηαξαηα δηαιύκαηα ηωλ 

εκβνιηαζκέλωλ ζπκπνιπκεξώλ. Απηή ε ζπκπεξηθνξά είλαη αληηζηξεπηή θαη ζα κπνξνύζε λα 

αμηνπνηεζεί ζηελ εμόξπμε πεηξειαίνπ θαη ζηελ ρνξήγεζε θαξκάθωλ. 

Μεηξήζεηο ξενινγίαο έδεημαλ κηα αμηνζεκείωηε αύμεζε ζην ημώδεο ηνπ 1% πδαηηθνύ 

δηαιύκαηνο, από 40 κέρξη 120 θνξέο ζηνπο 55
0
C, γηα ζπζηάζεηο ηνπ εκβνιηαζκέλνπ 

ζπκπνιπκεξνύο ζε PNIPAM 67 εωο 80% αληίζηνηρα, θαζώο ε ζεξκνθξαζία απμάλεηαη πάλω 

από ηνπο 35
0
C. Επηπιένλ απηή ε ζπκπεξηθνξά ζρεηίδεηαη κε κηα θξίζηκε ζπγθέληξωζε πνπ 

βξέζεθε ίζε κε 0,6% γηα ηα ίδηα ζπκπνιπκεξή. 

Μεηξήζεηο θζνξηζκνύ έδεημαλ όηη απηή ε ζπκπεξηθνξά ζρεηίδεηαη άκεζα κε ηνλ 

πδξόθνβν ραξαθηήξα ηνπ PNIPAM θαζώο ε ζεξκνθξαζία απμάλεηαη πάλω από ηνπο 35
0
C. 

Μεηξήζεηο κε δπλακηθή ζθέδαζε θωηόο ζε αξαηά πδαηηθά δηαιύκαηα ζε δηάθνξεο 

ζεξκνθξαζίεο κπνξνύλ λα δώζνπλ επηπιένλ πιεξνθνξίεο γηα ηε κεηάπηωζε πνπ ιακβάλεη 

ρώξα θαη ηε θύζε ηωλ ζωκαηηδίωλ όζν ε ζεξκνθξαζία απμάλεηαη. 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1 

1. Water and Water Soluble Polymers 

1.1 Water 

Water is the only inorganic liquid that occurs naturally on earth. It is also the only 

chemical compound that occurs naturally in all three physical states: solid, liquid and vapor. It 

existed on this planet long before any form of life evolved but, since life developed in water, 

the properties of the “reaction” medium came to exert a controlling influence over the many 

biochemical and physiological processes that are involved in the maintenance and 

perpetuation of living  

organisms.
 [1]

 

1.1.1 Hydrophobic effect 

Water plays an important role in determining the properties and then the use of polymers 

in solution. The dissolution of the macromolecular chains may involve simple ionic 

interactions, hydrogen bonds between polar or hydrophilic segments and water (Figure 1 a 

and b) or more complex dissolution of amphiphilic structures (Figure 1 d and f). 

 

 

Figure 1 Structural dependence of the molecular configuration of copolymers in aqueous 

medium 

(a) coiled ball solvent 



(b) extended chain 

(c) rod-shaped polymer 

(d) hyper coiled 

(e) polymeric micelles 

(f) vesicles 

Incorporation of solute molecules in water disrupts the local structure of the hydrogen 

bonds. Molecules of solute induce a new order and new forms of water structure where the 

insertion occurs. “Hydrophobic” solutes require local rearrangements of hydrogen bonds 

network of water around their cage in structures so-called “cage-like”. Hydrogen bonds in 

these structures are as strong as in water. 

Destruction of local structure and the formation of cage structure increases the free 

energy, which causes an effective attraction between hydrophobic solutes. The attraction of 

the hydrophobic solutes in aqueous medium is known as the hydrophobic effect, leading to 

phase separation, if Δκ>0 (κ is the chemical potential). The effect becomes stronger by 

increasing temperature, because temperature increase leads to destruction of hydrogen bonds 

and the formation of cage structure becomes less favorable. 

Measurements of the enthalpy contribution to Δκ are made directly by calorimetry or 

indirectly by measurements at different temperature degrees. 

Knowing the free energy and the enthalpy we can find the entropy. CH4 is more soluble in 

C2H5OH (ethanol) than in water. The interaction energy (enthalpy) is negative in all cases, 

ΔH<0 i.e. exothermic transfer, demonstrating that the solvation energy for methane in water is 

more favorable than the corresponding energy for methane in the other solvents. The reason 

why methane is less soluble in water is therefore the large negative entropy change which 

accompanies the transfer of methane from any other solvent to water. This behavior hardly 

encountered with nonaqueous systems, is not easily to explain. It is, however, characteristic of 

the aqueous solutions of apolar molecules and those more polar organic molecules which 

possess only one functional group: alcohols, monoamines, ketones, and ethers. 

Since the ideal entropy of mixing must be positive, such large negative excess entropies 

are not easy to account for. The most satisfactory way of rationalizing the observed results is 

to postulate that the introduction of apolar molecules, or apolar residues on otherwise polar 

molecules, into water leads to a reduction of the degree of freedom-spatial, orientational, 

dynamic-of the neighboring water molecules. In other words water becomes more solid-like. 

This effect is called hydrophobic hydration.  



Thus, if solutions of rare gases, hydrocarbons or slightly polar molecules are cooled, then, 

the solid phase which separates out does not consist of ice but of a so-called clathrate hydrate 

in which water provides a hydrogen bonded framework which contains holes or cavities 

which are occupied by the solute (or guest) molecules. The framework resembles ice in the 

sense that every water molecule is hydrogen bonded to four other water molecules, but the 

tetrahedral hydrogen bond geometry of ice is somewhat distorted. This, in turn, gives rise to 

the types of cavity structures shown in figure 2. Depending on the degree of tetrahedral angle 

distortion, cavities of different diameters can be created, capable of accommodating guest 

molecules of different dimensions. The smallest cavity is a pentagonal dodecahedron. These 

latter cavities are found in the hydrates of simple alkanes, ethylene oxide, tetrahydrofuran, 

carbon dioxide and sulphur dioxide. The guest molecules are not normally bonded to the 

water lattice but are free to rotate inside the cavities. 
[1]

 

 

 

Figure 2 Clathrate structure formed by water molecules around an apolar molecule 
[2]

 

 

The water molecules in liquid state on average participate to 3-3.5 hydrogen bonds. 

Around an inactive molecule of solute, they present a higher order, almost 4 and they are 

more ordered than in the main mass of the liquid. 
[2] 

So, by increasing the hydrogen bonds by 

introducing a nonpolar molecule, the revealed negative value of enthalpy of transfer of 

ethanol to water can be explained.  



Such structures are unstable and non flexible due to the fact that hydrogen bonds are 

weaker than for water in its pure state, but water molecules that form the cages present a 

higher order than in pure water. 
[3] 

The size and the shape of nonpolar molecules are crucial for the kind of structures the 

water takes around them (this phenomenon is called hydrophobic solubility or hydrophobic 

hydration). 

The reconstruction of water around nonpolar diluted substances is entropically unflavored 

because is breaks the existed structure of water and it forces the formation of a new one. 

That‟s why hydrocarbons are so little soluble in water characterized by a positive free energy 

of solubility which is mainly entropic. As an example, the free energy of transfer of n-butane 

from the liquid phase to water at 25
0
C KJmol

-1
, it is analysed as following: 

ΔG=ΔH-TΔS=-4.3+28,7=24,5kJmol
-1

 

The reduction of entropy contributes 85% in this interaction while in many other 

hydrocarbons (e.g. benzene) entropic contribution to ΔG is even higher. 

Other solution properties that are characteristic of hydrophobic hydration include negative 

limiting excess partial molar volumes EV 
2 , defined by  

 222 VVV E   

where 

2V  is the molar volume of the solute in its pure liquid state. A negative 02 EV   

implies net volume shrinkage when the solute is added to water. In other words, the solute in 

aqueous solution does not occupy as much volume as it does in its pure liquid state. This is 

due to the considerable empty space that exists in water anyway, because of its four-

coordinated structure. All that is required when the solute is introduced is a slight 

reorganization of this free volume to form the cavities capable of accommodating the solute 

molecule. For a homogeneous series EV 
2  appears to be a linear function of the number of –

CH2 groups in the solute molecule. When we have two or more hydrated apolar molecules 

interacting we will observe a hydrophobic interaction so, if we minimize the no favored 

interactions water-solute, the molecules of the hydrophobic solute interact between them, 

attracting strongly each other and reducing the number of contacts with the solvent.  

Closely linked to the hydrophobic hydration is also the hydrogen bonding interaction, 

which describes the unusually strong attraction between water molecules. It is an entropic 

phenomenon, not related to hydrogen bonding interaction, but arising from the reorganization 

of water molecules in the areas of hydration, since the two hydrophobic molecules approach 

and are strongly attracted in order to minimize their repulsive water / substance interaction,  



thereby reducing the number of their contacts with the solvent. (Figure 3 (b) - (e)). 

The hydrophobic interactions play a central role in many processes that are sensitive to the 

aqueous environment, such as molecular aggregation, the micelles formation, processes which 

include high levels of organization such as the formation of biological membranes, the 

determination of proteins configurations, changes in the configuration of biopolymers at the 

junction between enzyme-substrate etc.  

The opposite phenomenon is “hydrophilic hydration” as the tendency of water interaction 

with polar substances by hydrogen bonds to dissolve a molecule of substance by many other 

water molecules.
 [3,4]

 

 

 

Figure 3 Representation: (a) hydrophobic hydration (b) - (e) hydrophobic interactions: (b) 

contact interaction, (c) folding of globular protein, (d) long distance interaction and (e) likely 

stabilization of protein helix by interaction as for the case d [5]
 

 

The twin phenomena of the hydrophobic hydration and hydrophobic interaction reflect 

structural changes in water caused by the nonpolar molecules that cannot participate in the 

formation of the hydrogen bonds. Hydrophobic phenomena are dominated by the entropic 

terms and by increasing temperature the interaction solute-solute becomes stronger. 



Finally hydrophobic interaction contributes to interactions responsible for the stability of 

the biological macromolecules “in vivo” and for the self-assembly of hypermolecular 

biological structures like membranes and viruses. 

1.1.2 Hydrophilic effect 

The "hydrophilic" solutes form hydrogen bonds with water and compensate, at least 

partially, the destroyed hydrogen bonds during their introduction in the water network. Water 

soluble polymers contain both hydrophilic and hydrophobic groups. The sequence of 

hydrophobic and hydrophilic groups and their mutual spatial orientation plays a major role in 

the formation of hydrogen bonds and in the solubility of a water-soluble polymer. 

In the case of amphiphilic polymers, water structure around hydrophobic regions of the 

chain is more orderly than in the rest of the volume because the hydrophilic portions create 

disorder in water structure. Although the structure of water is the subject of continuous and 

extensive research, the solubility of polymers and their behavior to the precipitation reaction 

are described in terms of entropy and enthalpy dominant events. 

A number of polymers such as polyacrylic acid or polyacrylamide, precipitate in aqueous 

medium when they are cool (normal behavior of the solubility) while others, such as 

polyethylene oxide, polypropylene oxide or polymethacrylic acid, precipitate when they are 

heated (inverse solubility behavior). Turbidity measurements of the solutions are often used to 

obtain temperature dependency of the phase separation behavior as a function of the solution 

concentration. The modification of the ion concentration, of the molecular weight and the 

addition of a co solvent or interruption of the structure, affects the shape of the phase behavior 

curve. 

Structure and dynamics of water surrounding proteins, polysaccharides and lipids are 

crucial for biological activity. 

Ultimately, the macroscopic behavior of water depends on the details of its molecular 

structure, and quantum mechanics permits a theoretical analysis of the molecular structure 

from knowledge of the masses, charges and spins of the subatomic particles involved. This 

involves the solution of the Schrödinger equation, the Hamiltonian for the water molecule 

being given by: 

),( RrUEEH en   

where the first two terms represent the kinetic energy of the three nuclei and 10 electrons 

respectively, and where ),( RrU is the potential energy function which contains the 



electrostatic interaction contributions from all pairs of particles, the particle coordinates being 

given by r and R. 

Because of the large difference in the masses of the nuclei and the electrons, the first term 

of the equation above contributes little to the total energy, and thus an approximate, but 

adequate, solution of the Schrödinger equation can be given by considering the electronic 

motions in a force field of fixed nuclei; this is known as the Born-Oppenheimer 

approximation. 

The solution of the nuclear Schrödinger equation provides information about the internal 

motions (vibration and rotation) of the molecule and the theoretical results are consistent with 

the information provided by infrared spectroscopy. The equilibrium geometry of the H2O 

molecule indicates that the O-H bond length is 0.0958 nm and the H-O-H angle is 104
o
27

‟
. 

The principal vibrations are shown in the figure 4. 

 

 

Figure 4 The three principal vibration frequencies of the water molecule: 

(a) the symmetric valence stretching (λ1) 

(b) the deformation mode (λ2) 

(c) the asymmetric valence stretching (λ3) 

 

The empirical model for the water molecule, the Bjerrum four point charge model, is 

illustrated in figure 5.  

 

Figure 5 The Bjerrum four-point-charge model for water 



The oxygen atom is placed at the center of a regular tetrahedron and the fraction of 

charge ±εe is placed at the vertices of the tetrahedron at distances 0.1 nm from the center. 

The van der Waals diameter assigned to this molecule is 0.282 nm, identical with that of 

neon (water and neon are isoelectronic). According to this representation the vertices carrying 

positive charge are the positions of the two hydrogen atoms, with the two lone electron pair 

orbitals being directed towards the other two vertices. It is easily seen that if two such 

molecules are allowed to approach one another their interaction would have the characteristics 

of what is known as the hydrogen bond, due to electrostatic interactions between the charges. 

Using the known structure of the isolated water molecule as a starting point, all 

calculations predict that the most stable form of interaction is the linear hydrogen bond; 

estimated molar dissociation energies vary between 20 and 35 kJ, and equilibrium O…O 

distances between 0.26 and 0.30 nm. There seems to be little difference in the total dimer 

energy for small amounts of hydrogen bond exists. Other features that are affected by 

hydrogen bond bending include O…O distance and the dipole moment. 

While there may still be some uncertainty about the details of the hydrogen bond 

geometry in the water dimer, the most important feature is beyond doubt, and that is the 

element of charge displacement which can be represented as follows: 

 

This covalent contribution to the interaction energy accounts for the fact that trimers and 

larger aggregates of water molecules are more stable than the simple dimer, that is, the 

interaction of a given water molecule with an already existing cluster of hydrogen bonded 

molecules is more favorable, and therefore more probable, than the interaction with another 

single molecule to form a dimer. This type of interaction which depends on previous 

processes is called a cooperative interaction, and hydrogen bonding in water is believed to be 

highly cooperative. 

1.2 Water soluble polymers 

The great majority of polymers or polymer-based materials that we encounter are water 

insoluble-and in many cases indeed they are required to be water resistant-for evident reasons 

concerned with their applications and uses; we may cite as examples materials of natural 

origin such as rubber, leather, wood, silk, cotton, and paper, as well as the plastics, 

elastomers, fibers, textiles, and similar materials that have been made synthetically. 
[6]

 



However, there is a relatively small but important group of polymers that are water 

soluble; the majority of the water soluble polymers represent a narrow and important class. 

These materials are often referred as water soluble elastomers or waxes especially when their 

solubility is the main characteristic for their application. Water soluble polymers have to bear 

polar groups in their molecules which allow water solubility due to their compatibility with 

the water polar nature. 
[7, 8, 9, 10]

 

The recognition of the water soluble polymers was signaled by the publication in 1962 of 

a text edited by Davidson and Sittig concerned with the sources, properties, and applications 

of these materials, and further confirmed by the appearance of a second edition six years later; 

the contents of this latter book indicate the range and types of materials of main interest and 

their importance for biological systems, food products and industrial products where they can 

exploit their advantages and the low cost of water as a solvent. 
[11] 

A more extensive 

handbook was edited in the early 1980s by Davidson. In the same period two monographs 

have appeared on synthetic water soluble polymers one by Molyneux, on their properties and 

behavior, and another one by Bekturov and Bakauova on their solution properties. A brief but 

concise review by McCormick, Bock and Schulz is included in the Encyclopedia of polymers 

science and engineering. 

Therefore water soluble polymers have an important economic and industrial value. 

Moreover they are widely used in medicine and biology as plasma substituent, as enzymatic 

stabilizers and as drug delivery systems. 
[7, 8]

 

Water soluble polymers are those that can dissolve or swell in water leading to the 

formation of solutions or hydrogels. The properties of the solutions and the performance of 

water soluble polymers are determined by the structural characteristics of the polymer chain. 

Primary structure depends directly on the nature of the repetitive units (length bonds, valence 

angle), the actual composition and position along the backbone. 

Polymers may be derived from a single monomer (polyethylene oxide or polyacrylamide) 

or multiple monomers. We can distinguish the copolymers as a function of the alternation of 

the structural unit. 
[12] These units can form alternating copolymers, grafted or statistical. 

(Figure 6.a) Biopolymers, e.g. proteins and polinucleotides present numerous specific units 

ordered repetitively. In addition, polymers can be linear or branched. (Figure 6.b) 
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Figure 6  (a) The distribution of monomers 

(b) Types of molecular configuration:  

(A) Linear chain 

(B) Branched molecule 

(C) Crosslinked network: molecules are linked through 

covalent bonds; the network extends over the whole sample 

which is a giant macromolecule. Depending on the arrangement 

of branches can be: star, brush and comb. 

 

The secondary structure of polymers soluble in water is determined by the conformation, 

configuration and intermolecular interactions, e.g. hydrogen bonds formation or ionic 

interactions.  

Tertiary structure involves intermolecular and water-polymer interactions. 

Quaternary structure requires aggregation or complexation of the chains. 

Their solubility in water is explained by a large number of hydrophilic functional groups 

along the polymer backbone. The degree of solubility is dependent on the number, position 

and frequency of these groups. 

Some of the main functional groups that possess polarity, electric charge or ability to 

form hydrogen bonds are shown in figure 7. 

 



 

 

Figure 7 Functional groups which provide solubility in water 

 

These groups promote solubility,and influence many properties of polymers, such as 

cyclization, absorption, coagulation, thickening, etc.. Some of these groups can react to form 

other types of functional groups, therefore water-soluble polymers have a large number of 

applications such as water treatment, cosmetics, personal care products, pharmaceutical, oil 

recovery, pulp and paper production , mineral processing, agriculture, etc. 

Water soluble polymers respond to the modern needs of environmental protection by 

avoiding organic solvents. The study of the interactions that occur in aqueous polymer 

systems provide valuable information for understanding the behavior of the 

biomacromolecules in the living organisms. 

1.2.1 Classification of water soluble polymers 

Polymers soluble in water, depending on their chemical structure, are classified as neutral 

polymers or electrically charged (polyelectrolytes). By origin, can be divided into: synthetic 

(produced by polymerization of monomers synthesized from precursors derived from 

petroleum or natural gas), semi-synthetic (obtained by chemical modification of natural 

organic material, usually polysaccharides, or by microbial fermentation, such as xanthan) and 

natural (including separate component of plants and animals). 



 

Water soluble 

polymers 

Natural 

Semi-synthetic 

Synthetic 

Polyelectrolytes 

-polynucleotides  

- polysaccharides of algae  

- pectines  

- plant resins  

Neutral 

- starch derivatives  

- derivatives of cellulose 

 

Polyelectrolytes 

Carboxymethylcellulose  

(CMC) 

Neutral 

PEG; PEO; PAA; PVP; PAA; 

PDMAM; PNIPAM 

 

 

Polyelectrolyte 

- nonionic polyelectrolyte 

-cationic polyelectrolytes  

-hydrophobically modified 

polyelectrolytes 

Neutral 

- proteins  

- storage polysaccharides  

-extracellular polysaccharides  

-bacterial  polysaccharides  

- seed mucilages 



Name Symbol Monomer Type
 

Polyacrylic acid PAA  AO 

Polyamide PAAM  MI 

Poly (N,N-dimethylacrylamide) PDMAAM  MI 

Poly(N-isopropylacrylamide) PNIPAM  MI 

Poly(methacrylic acid) PMAA  AO 

Polymethacrylamide PMAAM  MI 

Polyphosphoric acid PPA  IO 

Polyethylenimine PEI  AB 

Polyethylene oxide PEO  MI 

Polypropylene oxide PPO  MI
β 

Polyethylene sulfur oxide PESA  IO 

Polystyrene sulfur oxide PSSA  IO 

Polyvinyl alcohol PVAL  MI 

Polyvinyl amine PVAM  IB 

Polyvinylmethylesters PVME  MI 
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Polyvinylpyrrolidone PVP  MI 

Poly-4-vinylpyridine P4VP  AB 

 

Table 1 The most common synthetic water soluble homopolymers 

α
 AO=not strong acid; AB=not strong base; IB=strong base; IO=strong acid; MI=non ionic. 

β
 Only the oligomer of PPO with Mw<2000 is water soluble. 

 

A general aim of the study of this type of polymers is the exploration of the structural 

characteristics that make them to be water soluble and the minimum change of the conditions 

to make them insoluble. It‟s useful to study the behavior of structurally similar polymers, like 

those whose monomer differs in one CH3 group. The most synthetic polymers of this category 

which are insoluble in water or much water-sensitive are in table 2. 

Name Symbol Monomer 

Poly (methacrylate) PMA ( CH CH2 )

OC OCH3  

Poly(methyl methacrylate) PMMA  

Polyoxymethylene POM  

Poly(3-methylene oxide) P3MO  

Poly (vinyl ethyl ether) PVEE  

Poly (vinyl acetate) PVAC  

 

Table 2 Synthetic polymers insoluble in water 

( CH CH2 )

N

CH2

CH2 CH2

C
O

( CH CH2 )

C

CH

HC

CH

CH

N

( C(CH3) CH2 )

CO OCH3

( O CH2 )

( O (CH2)3 )

( CH CH2 )

O C2H5

( CH CH2 )

O COCH3



From a data correlation of the two tables, it‟s obvious that in some cases, the addition of 

the CH3 and of CH2 groups leads or to fully loss of solubility in water (PAA→PMA, 

PEO→P3MO, PVME→PVEE), or to a reduced solubility in water (PEO→PPO). In many 

other cases, however the solubility in water is conserved even after such an addition 

(PAA→PMAA, PAAM→PMAAM, and PVAL→PVME). It must be also mentioned the 

cases PAAM→PDMAAM and PAAM→PNIPAM, where the water solubility is conserved 

even if the degree of substitution is even bigger. 

Finally, in one case (PEO→POM), is the loss of a methylene group (CH2) that leads to 

loss of solubility. 

Final conclusions of the two tables: 

1) the water soluble polymers must have polar groups (-COOH, -CONH2) due to their 

solubility; 

2) the addition of CH3 or CH2 groups to the repeating unit to water soluble polymer leads 

to: 

a) full loss of water solubility 

 when this is added to the polar group leads to drastic reducing of its polarity; 

examples: -COOH, (PAA) –COOCH3(PMA); 

 when it increase significantly the hydrophobic behavior of the molecule; 

examples: PVME 

 

 

 PVEE  

 

 

b) to reduced water solubility, when it simply happens a small increase of hydrofobicity 

of the molecules; 

examples: PEO, PPO 

c) so keeping water solubility, when after such an addition the polarity of the 

characteristic groups it‟s not affected (examples: PAA and PMAA), or it‟s reduced in a small 

amount(examples: PVAL, PVME). 

3) the loss of a CH2 group could lead to a loss of solubility in water (PEO, POM) maybe 

because of a change in the structure of the macromolecule. When from PEO  

( CH CH2 )

O CH3

( CH CH2 )

O C2H5



(-CH2-CH2-O-) we take away a CH2 and it becomes POM (-CH2-O-) which is more polar, we 

would expect for it to be more water soluble, but it seems that because the distance of the 

oxygen  

atoms in the macromolecule which obviously would interact with the water molecules to form 

hydrogen bonds, is significantly reduced, and their interaction with water, which has a 

structure and an orientation of the molecules between each other, is not favored, so POM is 

insoluble in water contrary to what we would expect. 

The synthetic polymers have recently known rapid industrial growth. Nowadays there is a 

growing interest for the synthesis of new copolymers with improved properties, controlled by 

several parameters, such as temperature, solvent and pH, relatively to homopolymers. 

Synthetic polymers are classified in homopolymers (characterized by the repetition of the 

same structure unit) and copolymers (where the chain of the macromolecule contains different 

structural units). 
[13]

 

The natural water soluble polymers include many examples of the so-called biopolymers, 

although this latter term is often restricted to materials which are actively involved in the 

functioning of biological systems, whereas many technically important materials of this group 

(e.g., bacterial polysaccharides, vegetable gums, and other exudates) are seemingly more or 

less accidental by-products of the system. 

What makes the study of water soluble polymers more exciting is the unique character of 

water as a solvent. It is a hydrogen bonded liquid and only polymers with polar groups can 

interrupt its structure and be dissolved, while the presence of non-polar groups results in the 

appearance of hydrophobic interactions between the solute molecules. 
[14] 

1.2.2 Application of water soluble polymers 

Water soluble polymers are of great importance in nature and of great interest from the 

scientific and practical point of view. 
[15]

 They are used in technology (as flocculators for 

sewage purification, concentration and extraction of metals, reduction of hydrodynamic 

resistance, as structure formers of soils) in agriculture and garden products, in food and 

drinks, in water processes. In medicine and biology they are widely applied as plasma 

substitutes, for stabilization and purification of some ferments, and for the controlled release 

of drugs. 

Investigations of water-soluble polymers are also of interest for modeling the behavior of 

biological macromolecules and for the preparation of polymer catalysts, etc. They have a 

number of key functionalities, including their ability to: 



- increase the viscosity of solutions; 

- form physical gels; 

- stabilize dispersions and emulsions by absorbing onto particles/droplets and inhibiting 

aggregation; 

- induce particle aggregation to facilitate solid-liquid separation; 

- modify surface properties to control wetting properties and inhibit deposition; 

- solubilise hydrophobic compounds by complexation; 

- facilitate the controlled release and delivery of active compounds. 
[16]

 

Concerning the application field of water soluble polymers it is presented the table 3 

 

Characteristics Application domaine 

Viscosity enhancement and gel 

formation 

beauty products, perfumes and food 

Suspensions and stabilizers beauty products, perfumes, detergents and 

pharmaceutical products 

Coating and films photographic films. Protective coatings and 

resistant film for organic solvents 

Adhesion and cohesion colles, cement, ceramics, paper reinforcement and 

pharmaceutical applications 

Humidity retention food products, leather treatment and tobacco 

products 

Osmotic phenomena blood plasma substituents 

Complexation pharmaceutical applications 

Decrease of turbulent flow fire extinguishers 

Change of the cristallites 

dimensions 

pharmaceutical applications and food products 

 

Table 3 Characteristic of water soluble polymers and their technological applications 
[17]
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CHAPTER 2 

2. Methods of investigation 

2.1 Polymer viscosity 

Viscosity is a measure of a fluid's resistance to flow. It describes the internal friction of a 

moving fluid. A fluid with large viscosity resists motion because its molecular 

structure/suprastructure gives it a lot of internal friction. A fluid with low viscosity flows 

easily because its molecular structure/suprastructure results in very little friction when it is in 

motion. 

2.1.1 Introduction 

Viscosity of a polymer solution depends on concentration and size (i.e., molecular 

weight) of the dissolved polymer and solvent nature. By measuring the solution viscosity we 

should be able to get an idea about molecular weight. Viscosity techniques are very popular 

because they are experimentally simple. They are, however less accurate and the determined 

molecular weight, the viscosity average molecular weight, is less precise. For example, vM  

depends on a parameter which depends on the solvent used to measure the viscosity. 

Therefore the measured molecular weight depends on the solvent used. Despite these 

drawbacks, viscosity techniques are very valuable. This chapter discusses the theory and 

methods for characteristics of the polymer solutions viscosity. 

2.1.2 Viscosity and Viscosity Nomenclature 

Figure 1 shows a piece of a liquid moving at a shear rate   under an applied shear stress 

of . The viscosity of the liquid is the ratio of the applied shear stress to the resulting shear 

rate (or equivalently, the ratio of the shear stress required to move the solution at a fixed shear 

rate to that shear rate). The shear strain in figure 1 is 

dy

du
  

where u is the displacement in the x direction. The shear rate is therefore 

dy

dv

dt

du

dy

d

dy

du

dt

d x  



where vx is the velocity in the x direction. The relations between viscosity (ε), shear stress (η), 

and shear rate (  ) are    or 



   or







 . 

 

 

Figure 1 A piece of a liquid moving at shear rate   under an applied shear stress of η 

 

A Newtonian fluid is one in which the viscosity is independent of the shear rate. In other 

words a plot of shear stress versus shear rate is linear with slope ε. In Newtonian fluids all the 

energy goes into sliding molecules by each other. In non-Newtonian fluids, the shear 

stress/strain rate relation is not linear. Typically the viscosity drops at high shear rates -a 

phenomenon known as shear thinning. Although the following development will not discuss 

shear rate effects in detail, the possibility of experimental results being affected by the shear 

rate of the measurement should be kept in mind. Plots of shear force vs. shear rate for 

Newtonian and non-Newtonian fluids are given in figure 2.  

We let ε0 be the viscosity of the pure solvent and ε be the viscosity of a solution using 

that solvent. Several methods exist for characterizing the solution viscosity, or more 

specifically, the capacity of the solute to increase the viscosity of the solution. That capacity is 

quantified by using one of several different measures of solution viscosity. The most common 

solution viscosity terms are: 

1. Relative viscosity: 
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Figure 2 Schematic plots of shear force vs. shear rate for Newtonian and non-Newtonian 

fluids 

 

In these equations, ε is solution viscosity, ε0 is viscosity of the pure solvent, and c is 

concentration. Relative viscosity is self-explanatory. Specific viscosity expresses the 

incremental viscosity due to the presence of the polymer in the solution. Normalizing εsp to 

concentration gives εsp /c which expresses the capacity of a polymer to cause the solution 

viscosity to increase; i.e., the incremental viscosity per unit concentration of polymer. As with 

other polymer solution properties, the solutions used for viscosity measurements will be 

nonideal and therefore εsp /c will depend on c. As with osmotic pressure, it will probably be 

useful to extrapolate to zero concentration. The extrapolated value of εsp /c at zero 

concentration is known as the intrinsic viscosity- [ε]. [ε] will be shown to be a unique 

function of molecular weight (for a given polymer-solvent pair) and measurements of [ε] can 

be used to measure molecular weight. 



The remaining form for the viscosity is the inherent viscosity. Like εsp, ln (εr) is zero for 

pure  

solvent and increases with increasing concentration, thus ln εr also expresses the incremental 

viscosity due to the presence of the polymer in the solution. Normalizing ln εr to 

concentration or ln εr /c gives the inherent viscosity. In the limit of zero concentration, εi 

extrapolates the same as εsp/c and becomes equal to the intrinsic viscosity. This can be proved 

by: 
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We can thus find [ε] extrapolating either εsp/c or εi to zero concentration. When c is not 

equal to zero the specific viscosity and inherent viscosities will be different, even for an ideal 

solution. In ideal solutions εsp/c will be independent of concentration, but εi will depend on 

concentration. 

2.1.3 Viscosity Theory 

Einstein derived the specific viscosity for a dilute solution of hard spheres. His result is 

V

VNB
sp


 5.2  

where NB is the number of particles (hard spheres), Vε is the hydrodynamic volume of each 

sphere, and V is the total volume. For a first approximation to polymer solutions, we will use 

Einstein‟s theory and assume each polymer to be a hard sphere with Vε equal to some 

effective hydrodynamic volume. Letting moles of polymer be nB = NB/NA, where NA is the 

Avogadro number, we get: 

V

NVn AB
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 5.2  

We begin with a monodisperse polymer solution with concentration c = nBM/V where M 

its molecular weight. We can rewrite εsp as 
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This result is for an ideal solution. We see that εsp/c in an ideal solution is independent of 

concentration. Extrapolating to zero concentration, which is trivial because εsp/c is 

independent of c, the intrinsic viscosity of an ideal solution is 
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For a hard sphere we could take Vε to be the volume of that sphere or equal to 4πr
3
/3. 

Because a polymer is not a hard sphere, we do not have so simple a result. We can, however, 

probably assume that Vε is proportional to the root-mean-squared radius cubed -
3

2





 r . 

Writing Q for the as yet unknown proportionality constant we have
3

2





 rQV . 

Lumping the proportionality constant along with other constants in the above equation results 

in: 

 

where  = 2.5NAQ. In the last step of the above equation we rewrote the root-mean-squared 

end-to-end distance using the expansion factor α and the unperturbed end-to-end distance: 

 

In a theta solvent the expansion factor is 1 (α= 1) and the above equation tells us that [ε] 

is proportional to the square root of the molecular weight and the 3/2 power of Mr /0
2

 

 

But, both 0
2

r  and M are proportional to the number of bonds or n. Thus Mr /0
2

 is a 

constant for a particular polymer that is independent of molecular weight. We get in the 

simplest form: 

[ε] = K0M
1/2

 

where K0 is a constant. 

The polymer size is determined by the ratio of the mean-squared unperturbed end-to-end 

distance and its molecular weight. In terms of K and , the result is: 
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Recall that the characteristic ratio is defined as the ratio of the mean-squared end-to-end 

distance, 0
2

r  to the freely-jointed chain mean-squared length, nl
2
. The characteristic ratio 

can thus be written as 

 

where Mb is the molecular weight per bond or M/n. Inserting this result into the previous 

result gives Cn in terms of K0 and . 
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The viscosity constant   can be evaluated from theory. For polymers it is typically 

assumed to be 2.5-2.66×10
21

 (when r is in cm and [ε] is in dl/g). Therefore a measurement of 

[ε] for a polymer of known molecular weight in a theta solvent will give K, which in turn can 

be used to give a direct measurement of the characteristic ratio. These types of experiments 

were used to check early work on the conformations of polymers and calculations of end-to-

end distances. 

For polymers in non-theta solvents, α will no longer be one and we lose the square-root 

dependence of [ε] on molecular weight. We instead have: 

  32

1

0  MK  

where α may have molecular weight dependence of its own. It is usually acceptable to treat 

non-theta solvent results by lumping the molecular weight dependence of α into one 

molecular weight term to get: 

  

where a is some constant that depends on the polymer-solvent pair and on temperature. 

Values of a are typically between 0.5 and 0.8. Close to 0.5 represents near theta solvent 

conditions. Farther away from 0.5 represents large deviations from a theta solvent. 
[1]

 



2.1.4 Dilute solutions and intrinsic viscosity 

Manipulation of dilute solution viscosities yields an important parameter of a polymer in 

a given solvent, the intrinsic viscosity [ε]. We can define [ε] as the ratio of specific viscosity 

εsp to concentration c at infinite dilution. 
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where ε and εs are viscosities of solution and solvent, respectively. It should be pointed out 

that only ε and εs have the dimensions of viscosity. Specific viscosity εsp and relative 

viscosity  ηr= η/ ηs are dimensionless. Intrinsic viscosity, reduced viscosity εsp/c, and inherent 

viscosity (ln εr)/c all have the dimensions of inverse concentration. By convention, c is 

usually expressed as grams of polymer per deciliter (100 ml) of solution. The somewhat 

confusing nomenclature is summarized in the table 1.If either εsp/c or (ln εr)/c is plotted 

against c, a linear plot (figure 3) corresponding to the following equations may result: 

Huggins: 

ck
c

sp 2' ][][ 


  

 

Symbol. Name. Common units. 

ε Solution viscosity. Poise or Pa*s 

εs Solvent viscosity. Poise or Pa*s 

εr= ε/ εs Relative viscosity. Dimensionless 

εsp= εr-1 Specific viscosity. Dimensionless 

(ln εr)/c Inherent viscosity. dl/g 

εsp/c Reduced viscosity. dl/g 

 

Table 1 Viscometric terms 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Correlations for viscosity vs. concentration of dilute solutions 
[2]

 

 

Kramer: 

ck
c

nr 2][][
ln




  

 

For many polymers in good solvents: 1.04.0 k  and 05.005.0 k . The equations 

cited are applicable only in dilute solutions where εr is less than about 1.5.  

Staudinger proposed on empirical grounds that [ε] was proportional to molecular weight 

for a given polymer-solvent combination. The more general Mark-Houwink relationship with 

two constants, K   and a, is: 

aMK ][  

 

Typical values of K and a are summarized in table 2. 



Polymer. Solvent. Temperature, 

(
0
C) 

K *10
5 

a 

Cellulose triacetate Acetone 25 8.97 0.90 

SBR rubber Benzene 25 54 0.66 

Natural rubber Benzene 

n-Propyl ketone 

30 

14.5 

18.5 

119 

0.74 

0.50 

Polyacrylamide water 30 68 0.66 

Polyacrylonitrile Dimethyl formamide 25 23.3 0.75 

Poly(dimethylsiloxane) Toluene 20 20.0 0.66 

Polyethylene Decalin 135 62 0.70 

Polyisobutylene Benzene 

Benzene 

Cyclohexane 

24 

40 

30 

107 

43 

27.6 

0.50 

0.60 

0.69 

Poly(methyl 

methacrylate) 

Toluene 25 7.1 0.73 

Polystyrene     

Atactic Toluene 30 11.0 0.725 

Isotactic Toluene 30 10.6 0.725 

Poly(vinyl acetate) Benzene 

Ethyl n-butyl-ketone 

30 

29 

22 

92.9 

0.65 

0.50 

Poly(vinyl chloride) Tetrahydrofuran 20 3.63 0.92 

 

Table 2 Parameters for the Mark-Houwink Equation 
[3] 

 

The practical importance of intrinsic viscosity cannot be overstated. It is the most 

common measure of molecular weight for high polymers. The average molecular weight by 

viscosity Mv lies between Mn and Mw, which are measured by osmotic pressure and light 

scattering, respectively.  

In comparison with the light scattering, viscosity measurements involve far less time and 

equipment. In comparison to osmotic pressure, viscosity has the advantage that the observable 

quantity increases as molecular weight increases (figure 4). 



 

 

 

 

 

 

 

 

 

Figure 4 Effect of molecular weight on osmotic pressure and viscosity 

2.1.5 Viscosimeters 

A viscometer (also called viscosimeter) is an instrument used to measure the viscosity 

and flow parameters of a fluid. The classical method of measuring due to Stokes consisted of 

measuring the time for a fluid to flow through a capillary tube. Refined by Cannon, 

Ubbelohde and others, the glass tube viscometer is still the master method for the standard 

determination of the kinematics viscosity of water. The viscosity of water is 0.890 mPa·s at 

25 degrees Celsius, and 1.002 mPa·s at 20 degrees Celsius. This is the accepted national 

standard for viscosity. Long-run glass tube viscometers can have a reproducibility of nearly 

0.1% under ideal conditions, which means immersed in a high-precision fluid bath, but are not 

ideally suited for measuring fluids with high solids contents, or viscosity. Further, it is 

impossible to use to characterise non-Newtonian fluids, which include most fluids of technical 

interest. There are international standard methods for making measurements with a capillary 

instrument, such as ASTM D445 or ISO 3104. 

http://www.answers.com/topic/viscosity
http://www.answers.com/topic/fluid
http://www.answers.com/topic/viscosity
http://www.answers.com/topic/viscosity


 

Figure 5 Automated viscosity measuring system (Schott-Gerate AVS 300, Germany) 

equipped with an Ubbelhode-type viscometer 

For measurements of the reduced viscosity it is used an automated viscosity measuring 

system (Schott-Gerate AVS 300, Germany) equipped with an Ubbelhode-type viscometer. 
[4, 

5, 6]
 The reduced viscosity is calculated as the ratio (t-t0)/t0c, where t0 and t are respectively the 

flow times of the solvent of the polymer solution of concentration c. The intrinsic viscosity 

[ε] has been determined from the extrapolation of the reduced viscosity curve at zero 

concentration. 
[4]

 The viscosity of semi-dilute solution was measured with an automated 

microviscometer AMVn (figure 6) which is based on the “rolling ball” principle. The sample 

to be measured is introduced into a glass capillary in which a steel ball rolls. The viscous 

properties of the test fluid can be determined by measuring the rolling time of the steel ball. A 

change in the inclination angle of the capillary varies the shear stress. This makes the AMVn 

also well used for applications on non-Newtonian fluids. 
[7]

 



 

Figure 6 AMVn automated microviscometer measuring assemblies 

2.2 Fluorescence spectroscopy 

2.2.1 Introduction 

Fluorescence spectroscopy is one of the most widely used spectroscopic techniques in the 

fields of biochemistry and molecular biophysics today. Although fluorescence measurements 

do not provide detailed structural information, the technique has become quite popular 

because of its acute sensitivity to changes in the structural and dynamic properties of 

biomolecules and biomolecular complexes. Like most biophysical techniques, fluorescence 

spectroscopic studies can be carried out at many levels ranging from simple measurement of 

steady-state emission intensity to quite sophisticated time-resolved studies. The information 

content increases dramatically as various fluorescence observables are time resolved and 

combined in global analyses of the phenomena of interest. Nonetheless, quite a good deal of 

information is available from steady-state measurements for which the requirements in 

instrumentation are quite modest. Consequently, steady-state fluorometers are routinely used 

to measure complexation and conformational phenomena of biological molecules. 

Fluorescence spectroscopy or fluorometry or spectrofluorimetry is a type of 

electromagnetic spectroscopy which analyzes fluorescence from a sample. It involves using a 

beam of light, usually ultraviolet light, that excites the electrons in molecules of certain 

compounds and causes them to emit light of a lower energy, typically, but not necessarily, 

visible light. A complementary technique is absorption spectroscopy. 



Molecules have various states referred to as energy levels. Fluorescence spectroscopy is 

primarily concerned with electronic states and vibrational states. Generally, the species being 

examined will have a ground electronic state (a low energy state) of interest, and an excited 

electronic state of higher energy. Each of these electronic states has various vibrational states. 

Photons of light are small “packets” of energy, each with energy proportional to its 

frequency; photons of high frequency light have higher energy than those of low frequency 

light. These can be absorbed by molecules, with the molecule gaining the energy of the 

photons, or emitted by molecules, with the photon carrying some of the energy of the 

molecule away. 

In fluorescence spectroscopy, the species is first excited, by absorbing a photon of light, 

from its ground electronic state to one of the various vibrational states in the excited 

electronic state. Collisions with other molecules cause the excited molecule to lose vibrational 

energy until it reaches the lowest vibrational state of the excited electronic state.  

The molecule then drops down to one of the various vibrational levels of the ground 

electronic state again, emitting a photon in the process. As molecules may drop down into any 

of the vibrational levels of this ground state, the photons will have different energies, and thus 

frequencies. Therefore, by analyzing the different frequencies of the light emitted in 

fluorescent spectroscopy, the structure of these different vibrational levels can be determined. 

Typically, the different frequencies of fluorescent light emitted by a sample, when the excited 

light is held at a constant wavelength are measured. This is called an emission spectrum. An 

excitation spectrum is measured by recording the sum of the fluorescent light emitted at all 

frequencies as a function of the frequency of the monochromatic incident light. 
[8]

 

The categories of molecules capable of undergoing electronic transitions that ultimately 

result in fluorescence are known as fluorescent probes, fluorochromes, or simply dyes. 

Fluorochromes that are conjugated to a larger macromolecule (such as a nucleic acid, lipid, 

enzyme, or protein) through adsorption or covalent bonds are termed fluorophores. In general, 

fluorophores are divided into two broad classes, termed intrinsic and extrinsic. Intrinsic 

fluorophores, such as aromatic amino acids, neurotransmitters, porphyrins, and green 

fluorescent protein, are those that occur naturally. Extrinsic fluorophores are synthetic dyes or 

modified biochemicals that are added to a specimen to produce fluorescence with specific 

spectral properties. All fluorophores are subject to intensity variations as a function of 

temperature. 

In general fluorescence intensity decreases with increasing temperature due to increased 

molecular collisions that occur more frequently at higher temperatures. 



If possible, the temperature of the instrument's sample compartment should be regulated via a 

circulating water bath. At lower assay temperatures, higher fluorescence signal will be 

generated.
[9]

 

2.2.2 Absorption, Excitation, and Emission  

The physics and photochemistry of fluorescence are well understood and we can look at 

the process in three consecutive stages: 

(i) Formation of one or more excited state(s) by absorption (excitation) 

Molecules exist with varying levels of internal (potential) energy. Electronic energy levels 

representing electrons with paired spins are called singlet states. The lowest energy state is the 

ground singlet and occupancy of all energy levels is described by the Boltzmann energy 

distribution. 
[10]

 However, solvent and other interactions mean that (under biological 

conditions) virtually all molecules are in the ground state. Transitions between singlet states 

give excited molecules that might later emit fluorescence. Within each electronic band there 

are small steps representing bond vibrations and rotations. 

(ii) Nonradiative transitions between excited states 

Non-radiative transitions represent important routes to energy states from which energy 

may eventually be lost from the molecule. For biological fluorescence we need to consider 

transitions (1) within electronic bands (vibrational and rotational), (2) between singlet states, 

and (3) between singlet and triplet states. 

(iii) Energy loss accompanied by emission of radiation 

Emission represents loss of energy from excited states accompanied by output of radiation 

(e.g. light). Two types of emission are important for biological probes: fluorescence and 

phosphorescence. Both involve the emission of light at wavelengths corresponding to 

electronic level transitions 

These processes are linked reactions, each of which may be described 

(interchangeably) by statistical probability distributions or reaction rate constants or decay 

lifetimes, all describing characteristics of the signal. Understanding these allows us to choose 

appropriate signals for different tasks. A figure of merit is the ratio of the desired signal vs. all 

possible reactions (e.g. number of fluorescence photons produced for each excitation photon) 

called the quantum efficiency (QE) or yield. 
[11]

 

Absorption of energy by fluorochromes occurs between the closely spaced vibrational 

and rotational energy levels of the excited states in different molecular orbitals. 



The various energy levels involved in the absorption and emission of light by a fluorophore 

are classically presented by a Jablonski energy diagram (figure 7), named in honor of the 

Polish physicist Professor Alexander Jablonski. 

A typical Jablonski diagram illustrates the singlet ground S(0) state, as well as the first 

S(1) and second S(2) excited singlet states as a stack of horizontal lines. In figure 7, 
[12]

 the 

thicker lines represent electronic energy levels; while the thinner lines denote the various 

vibrational energy states (rotational energy states are ignored). Transitions between the states 

are illustrated as straight or wavy arrows, depending upon whether the transition is associated 

with absorption or emission of a photon (straight arrow) or results from a molecular internal 

conversion or non-radiative relaxation process (wavy arrows). 

 

 

Figure 7 Jablonski energy diagram 

Vertical upward arrows are utilized to indicate the instantaneous nature of excitation 

processes, while the wavy arrows are reserved for those events that occur on a much longer 

timescale. Absorption of light occurs very quickly in discrete amounts termed quanta and 

corresponds to excitation of the fluorophore from the ground state to an excited state. 

Likewise, emission of a photon through fluorescence or phosphorescence is also measured in 

terms of quanta. 



The energy in a quantum (Planck's Law) is expressed by the equation: 

E=hλ=hc/l 

where E is the energy, h is Planck's constant, λ and l are the frequency and wavelength of the 

incoming photon, and c is the speed of light. Planck's Law dictates that the radiation energy of 

an absorbed photon is directly proportional to the frequency and inversely proportional to the 

wavelength, meaning that shorter incident wavelengths possess a greater quantum of energy. 

The absorption of a photon of energy by a fluorophore, which occurs due to an interaction of 

the oscillating electric field vector of the light wave with charges (electrons) in the molecule, 

is an all or none phenomenon and can only occur with incident light of specific wavelengths 

known as absorption bands. If the absorbed photon contains more energy than is necessary for 

a simple electronic transition, the excess energy is usually converted into vibrational and 

rotational energy. However, if a collision occurs between a molecule and a photon having 

insufficient energy to promote a transition, no absorption occurs. The spectrally broad 

absorption band arises from the closely spaced vibrational energy levels plus thermal motion 

that enables a range of photon energies to match a particular transition. Because excitation of 

a molecule by absorption normally occurs without a change in electron spin-pairing, the 

excited state is also a singlet. In general, fluorescence investigations are conducted with 

radiation having wavelengths ranging from the ultraviolet to the visible regions of the 

electromagnetic spectrum (250 to 700 nanometers). In a typical fluorophore, irradiation with a 

wide spectrum of wavelengths will generate an entire range of allowed transitions that 

populate the various vibrational energy levels of the excited states. Some of these transitions 

will have a much higher degree of probability than others, and when combined, will constitute 

the absorption spectrum of the molecule. Note that for most fluorophores, the absorption and 

excitation spectra are distinct, but often overlap and can sometimes become indistinguishable. 

In other cases (fluorescein, for example) the absorption and excitation spectra are clearly 

separated. Immediately following absorption of a photon, several processes will occur with 

varying probabilities, but the most likely will be relaxation to the lowest vibrational energy 

level of the first excited state (S(1)=0; figure 7). This process is known as internal conversion 

or vibrational relaxation (loss of energy in the absence of light emission) and generally occurs 

in a picosecond or less. The probability of a transition occurring from the ground state S(0) to 

the excited singlet state S(1) depends on the degree of similarity between the vibrational and 



rotational energy states when an electron resides in the ground state versus those present in 

the excited state, as outlined in figure 8. 
[12] 

 

Figure 8 The Franck-Condon energy diagram  

The Franck-Condon energy diagram illustrated in figure 8 presents the vibrational energy 

probability distribution among the various levels in the ground S(0) and first excited S(1) 

states for a hypothetical molecule. Excitation transitions (red lines) from the ground to the 

excited state occur in such a short timeframe (femtoseconds) that the internuclear distance 

associated with the bonding orbitals does not have sufficient time to change, and thus the 

transitions are represented as vertical lines. This concept is referred to as the Franck-Condon 

Principle. The wavelength of maximum absorption (red line in the center) represents the most 

probable internuclear separation in the ground state to an allowed vibrational level in the 

excited state. At room temperature, thermal energy is not adequate to significantly populate 

excited energy states and the most likely state for an electron is the ground state S(O), which 

contains a number of distinct vibrational energy states, each with differing energy levels. The 

most favored transitions will be the ones where the rotational and vibrational electron density 

probabilities maximally overlap in both the ground and excited states (figure 8). However, 

incident photons of varying wavelength (and quanta) may have sufficient energy to be 

absorbed and often produce transitions from other internuclear separation distances and 

vibrational energy levels. This effect gives rise to an absorption spectrum containing multiple 



peaks (figure 9). 
[12] 

The wide range of photon energies associated with absorption transitions 

in fluorophores causes the resulting spectra to appear as broad bands rather than discrete lines.
 

 

Figure 9 Electronic absorption and emission bands 
[12]

 

The hypothetical absorption spectrum illustrated in figure 9 (blue band) results from 

several favored electronic transitions from the ground state to the lowest excited energy state 

(labeled S(0) and S(1), respectively). Superimposed over the absorption spectrum are vertical 

lines (yellow) representing the transitions from the lowest vibrational level in the ground state 

to higher vibrational energy levels in the excited state. Note that transitions to the highest 

excited vibrational levels are those occurring at higher photon energies (lower wavelength or 

higher wavenumber). The approximate energies associated with the transitions are denoted in 

electron-volts (eV) along the upper abscissa of figure 9. Vibrational levels associated with the 

ground and excited states are also included along the right-hand ordinate. Scanning through 

the absorption spectrum of a fluorophore while recording the emission intensity at a single 

wavelength (usually the wavelength of maximum emission intensity) will generate the 

excitation spectrum. Likewise, exciting the fluorophore at a single wavelength (again, 

preferably the wavelength of maximum absorption) while scanning through the emission 

wavelengths will reveal the emission spectral profile. The excitation and emission spectra 

may be considered as probability distribution functions that a photon of given quantum energy 

will be absorbed and ultimately enable the fluorophore to emit a second photon in the form of 

fluorescence radiation. The difference between the excitation and emission spectrum lies in 

the method of obtaining the spectrum. For a fluorescence emission spectrum, it is a 



straightforward measurement of the intensity as a function of wavelength. For a fluorescence 

excitation spectrum, the measurement is carried out by varying the wavelength during the 

excitation, but the intensity of the emission is recorded at a constant wavelength. The 

fluorescence excitation spectrum is more similar to an absorption spectrum (figure 9). 
[13]

 

Excitation can result in the molecule reaching any of the vibrational sub-levels associated 

with each electronic state. Since the energy is absorbed as discrete quanta, this should result in 

a series of distinct absorption bands. Fluorescence emission and excitation spectra (figure 10) 

reflect the range of energy gaps associated with excited states of the probe(s) and are sensitive 

to the electronic environment. An emission spectrum can be made by passing the light 

through a prism and recording the resultant “rainbow” using a detector array. 
[14]

 

 

Figure 10 Diagrammatic representations of the different measurable aspects of the 

fluorescence process. Peaks in the emission and excitation spectra indicate key energy 

transitions of the population of excited molecules. 
[11]

 

However, the simple diagram above neglects the rotational levels associated with each 

vibrational level and which normally increase the number of possible absorption bands to 

such an extent that it becomes impossible to resolve individual transitions. Therefore, most 

compounds have broad absorption spectra except for those where rotational levels are 

restricted (for example, planar, aromatic compounds). Having absorbed energy and reached 

one of the higher vibrational levels of an excited state, the molecule rapidly loses its excess of 



vibrational energy by collision and falls to the lowest vibrational level of the excited state. In 

addition, almost all molecules occupying an electronic state higher than the second undergo 

internal conversion and pass from the lowest vibrational level of the upper state to a higher 

vibrational level of a lower excited state which has the same energy. From there the molecules 

again lose energy until the lowest vibrational level of the first excited state is reached. From 

this level, the molecule can return to any of the vibrational levels of the ground state, emitting 

its energy in the form of fluorescence. 

If this process takes place for all the molecules that absorbed light, then the quantum 

efficiency of the solution will be a maximum, unity. If, however, any other route is followed, 

the quantum efficiency will be less than one and may even be almost zero. 

One transition, that from the lowest vibrational level in the ground electronic state to the 

lowest vibrational level in the first excited state, the 0 - 0 transition, is common to both the 

absorption and emission phenomena, whereas all other absorption transitions require more 

energy than any transition in the fluorescence emission. We can therefore expect the emission 

spectrum to overlap the absorption spectrum at the wavelength corresponding to the 0 – 0 

transition and the rest of the emission spectrum to be of lower energy, or longer wavelength 

(figure 11). 

 

 

 

Figure 11 Idealized absorption and emission spectra 
[8]

 

In practice, the 0-0 transitions in the absorption and emission spectra rarely coincide 

exactly, the difference representing a small loss of energy by interaction of the absorbing 

molecule with surrounding solvent molecules. 

The absorption of energy to produce the first excited state does not perturb the shape of 

the molecule greatly and this means that the distribution of vibrational levels is very similar in 

both the ground and first excited states. The energy differences between the bands in the 



emission spectrum will be similar to those in the absorption spectrum and frequently the 

emission spectrum will be approximate to a mirror image of the absorption spectrum. 

Since the emission of fluorescence always takes place from the lowest vibrational level of 

the first excited state, the shape of the emission spectrum is always the same, despite changing 

the wavelength of exciting light. 

A plot of emission against wavelength for any given excitation wavelength is known as 

the emission spectrum. If the wavelength of the exciting light is changed and the emission 

from the sample plotted against the wavelength of exciting light, the result is known as the 

excitation spectrum. Furthermore, if the intensity of exciting light is kept constant as its 

wavelength is changed, the plot of emission against exciting wavelength is known as the 

corrected excitation spectrum. The quantum efficiency of most complex molecules is 

independent of the wavelength of exciting light and the emission will be directly related to the 

molecular extinction coefficient of the compound; in other words, the corrected excitation 

spectrum of a substance will be the same as its absorption spectrum. 

Steady state fluorescence spectra were recorded on a Perkin-Elmer LS50B luminescence 

spectrometer (figure 12) equipped with a circulating water bath in order to control the 

temperature of the measuring cell. 

 

 

Figure 12 Perkin-Elmer LS50B luminescence spectrometer 

 

The Perkin-Elmer Model LS-50B Luminescence Spectrometer measures the fluorescence 

intensity of samples in either a continuous scan over a range of wavelengths or at select 

excitation and emission wavelength pairs. 



2.3 Elemental analysis 

2.3.1 Introduction 

One of the techniques we use is the elemental analysis. For this we use the elemental 

analyzer EA1108 (figure 13) which is an instrument designed for the micro, semi micro and 

macro determination of the total carbon, hydrogen, nitrogen, sulphur and oxygen 

(C,H,N,S,O)present in a wide range of organic and inorganic samples such as: organic 

chemicals, pharmaceuticals, fine chemicals, fuels, gasolines, oils, coal, coke, graphite, metal 

powders, steel, nitrides, carbides, polymers, rubbers, catalysts, soils and sediments, ceramics, 

carbon fibers and many others. 
[15]

 

 

Figure 13 Elemental analyzer EA1108 

 

The elemental analyzer EA 1108 with the basic design and simplicity of operation 

coupled to the autosampler AS200 can be used in any routine analytical laboratory with no 

need of any special laboratory condition or highly skilled operator. 

2.3.2 Principle of operation 

The principle of operation is represented in the figure 14.  

The original analytical method is based on the complete and instantaneous oxidation of 

the sample by “flash combustion” which converts all organic and inorganic substances into 

combustion products. 



The resulting combustion gases pass through a reduction furnace and are swept into the 

chromatographic column by the carrier gas (helium) where they are separated and detected by 

a thermal conductivity detector (TCD) which gives an output signal proportional to the 

concentration of the individual components of the mixture. 

 

Figure 14 Principle of operation of elemental analyzer EA1108 

2.3.3 Determination of the CHN and CHNS 

The technique used for the determination of the CHN and CHNS is based on the 

quantitative “dynamic flash combustion” method. The samples are held in a tin container, 

placed inside the autosampler drum where they are purged with a continuos flow of helium 

and then dropped at the preset intervals into a vertical quartz tube maintained at 1020
o
C 

(combustion reactor). When the samples are dropped inside the furnace, the helium stream is 

temporarily enriched with pure oxygen and the sample and its container melt and the tin 

promotes a violent reaction (flash combustion) in a temporary enriched atmosphere of 

oxygen. Under these favorable conditions even thermally resistant substances are completely 

oxidized. 

Quantitative combustion is then achieved by passing the mixture of gases over a catalyst 

layer. The mixture plug of combustion gases is then passed over copper to remove the excess 

of oxygen and to reduce the nitrogen oxides to elemental nitrogen. 

The resulting mixture is directed to the chromatographic column (porapak PQS) where 

the individual components are separated and eluted as nitrogen (N2), carbon dioxide (CO2), 



water and sulphur dioxide (SO2) with the help of a thermal conductivity detector whose signal 

feeds a potentiometric recorder or an integrator or the automatic workstation known as 

EAGER200. The instrument is calibrated with the analysis of standard compounds using the 

K factors calculation (when coupled to the dedicated computing-integrator DP-200) or using 

the linear regression method incorporated in the EAGER 200 workstation to determine 

elemental composition of unknown samples. 

The K factor is determined by analyzing a suitable organic standard of a known elemental 

composition. The K factor is calculated according to the fallowing equation: 

K= (%t*WS)/I 

where: 

%t: theoretical percentage of the element in the standard; 

WS: weight of the standard in mg; 

I: integral area of the standard. 

The element percentage calculation is calculated as: 

%= (K*I)/W 

for each single element, where: 

K: average factor; 

I: sample integral; 

W: weight of sample in mg. 

The Elemental Analyzer EA 1108 basic unit is available in 3 different configurations: 

- CHN version which determines the concentration of carbon, hydrogen and nitrogen 

during a single analysis; 

- CHN-O version, which determines the concentration of carbon, hydrogen and nitrogen 

during a single analysis or/and, after a minor modification, the determination of oxygen using 

a second analysis of the sample; 

- CHNS-O version, which determines the concentration of 4 elements (carbon, hydrogen, 

nitrogen and sulphur) during a single analysis and alternatively with a minor modification, the 

determination of oxygen with a second analysis of the sample. 

The measuring range is 100ppm to 100%, the detection limit is 10 ppm, accuracy <0.3% 

absolute, repeatability <0.2% absolute and the sample size of solids is between 0.1-100 mg. 



2.3.4 Packing of the combustion reactor 

The combustion reactor tube is made of opaque quartz and the packing or filling of this 

reactor depends on the type of analytical configuration required. The elemental analyser EA 

1108 is available in four analytical configurations: CHNS, CHNS+O, CHN, CHN+O. 

2.3.5 Packing of reactor for CHNS determination 

The reactor tube is packed in two parts: the lower part functions as the reduction reactor 

and it is filled with reduced pure cooper wires (up to a height of 80 mm in the tube) deposited 

on the top of 2-3 mm of quartz wool as shown in figure 19. A second layer of quartz wool of 

20 mm height separates the reduction reactor from the combustion reactor. This combustion 

part of the tube is filled with tungstic anhydride or oxidation catalyst made of Al2O3+WO3 up 

to a height of 100 mm followed by a 10 mm layer of quartz wool. 

The number of samples that can be analysed without changing the packing of the reactor 

tube depends on many factors such as sample type, sample weight, etc., however an indication 

for organic materials is between 200-250 samples are possible to run without changing the 

packing of the reactor. 

For CHN determination the reactor is separated in two tubes: the combustion reactor and 

the reduction reactor. The packing of each tube is shown in figure 15 and 16.  

The combustion reactor is made of opaque quartz and is filled with the catalyst chromium 

oxide (120 mm height) and silvered cobaltous-cobaltic oxide (60 mm height) as shown in 

figure 15. 

The reduction reactor is made of transparent quartz to allow visual inspection of the 

condition of the copper, e.g. exhaustion of copper reducing agent is identified by the 

formation of a dark coloration of the copper due to the presence of CuO (black) or/and Cu2O, 

at this point the copper must be replaced. 



 

Figure 15 Combustion reactor packing for CHN determination 

This reduction tube must be filled with special copper as shown in figure 16. 

 

Figure 16 Reduction reactor packing for CHN determination 



2.3.6 Sample preparation 

One of the most important parameters in quantitative determination is the degree of 

homogenization of the sample to be analysed, especially when small amounts of sample of 

industrial or agricultural materials are used which are not totally representative of the entire 

batch of material. 

From the elemental analysis point of view it is possible to have samples of the following 

types: 

1. Organic/pharmaceutical products. Use these materials as they are without any pre-

treatment because they are 100% of a homogeneous nature and they do not require sample 

preparation. 

2. Fuels, solid/liquid samples e.g. coal; they require a sample weight of about 3 to 15 mg 

with a particle size between 0.2-0.5 mm diameters. 

3. Soil, rock, grain, cereal, and tobacco samples must be ground using the cutting or balls 

mills. Sample size required no less than 10 mg. 

4. Protein, fat samples must be ground using the frizzing technique with addition of liquid 

nitrogen to the sample; the material becomes brittle allowing easier powder formation. 

Sample size required between 10 and 50 mg. 

All type of samples that are difficult to homogenize can be ground using the liquid 

nitrogen technique e.g. polymers, paper, plastics, rubber. 

5. Trace analysis on metals, soils, silicates require a sample size between 10mg up to 100 

mg. 

2.4 Nuclear magnetic resonance (NMR) 

2.4.1 Introduction 

Nuclear magnetic resonance (NMR) is a physical phenomenon based upon the quantum 

mechanical magnetic properties of an atom's nucleus. NMR also commonly refers to a family 

of scientific methods that exploit nuclear magnetic resonance to study molecules. All nuclei 

that contain odd numbers of protons or neutrons have an intrinsic magnetic moment and 

angular momentum. The most commonly measured nuclei are hydrogen-1 (the most receptive 

isotope at natural abundance) and carbon-13, although nuclei from isotopes of many other 

elements can also be observed. 

Nuclear magnetic resonance was first described and measured in molecular beams by 

Isidor Rabi in 1938. Eight years later, in 1946, Felix Bloch and Edward Mills Purcell refined 
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the technique for use on liquids and solids, for which they shared the Nobel Prize in physics 

in 1952. 

Purcell had worked on the development and application of RADAR during World War II 

at Massachusetts Institute of Technology's Radiation Laboratory. His work during that project 

on the production and detection of radiofrequency energy, and on the absorption of such 

energy by matter, preceded his discovery of NMR. They noticed that magnetic nuclei, like 
1
H 

and 
31

P, could absorb RF (radio frequency) energy when placed in a magnetic field of a 

strength specific to the identity of the nuclei. When this absorption occurs, the nucleus is 

described as being in resonance. Interestingly, for analytical scientists, different atoms within 

a molecule resonate at different frequencies at a given field strength. The observation of the 

resonance frequencies of a molecule allows a user to discover structural information about the 

molecule. 

The development of nuclear magnetic resonance as a technique of analytical chemistry 

and biochemistry parallels the development of electromagnetic technology and its 

introduction into civilian use. 

2.4.2 Theory of nuclear magnetic resonance 

Nuclear magnetic resonance spectroscopy (NMR) is based upon the measurement of 

absorption of electromagnetic radiation in the radio-frequency region of roughly 4 to 600 

MHz. In contrast to ultraviolet, visible, and infrared absorption, nuclei of atoms are involved 

in the absorption process. 
[16]

NMR (is abbreviated by scientists) is a phenomenon which 

occurs when the nuclei of certain atoms are immersed in a static magnetic field and exposed 

to a second oscillating magnetic field. Some nuclei experience this phenomenon, and others 

do not, dependent upon whether they possess a property called spin.  

Most of the matter you can examine with NMR is composed of molecules. Molecules are 

composed of atoms. Here are a few water molecules. Each water molecule has one oxygen 

and two hydrogen atoms. If we zoom into one of the hydrogen‟s past the electron cloud we 

see a nucleus composed of a single proton. The proton possesses a property called spin which:  

  can be thought of as a small magnetic field, and  

  will cause the nucleus to produce an NMR signal.  

Spectroscopy is the study of the interaction of electromagnetic radiation with matter. 

Nuclear magnetic resonance spectroscopy is one of the most powerful tools available and is 

the use of the NMR phenomenon to study physical, chemical, and biological properties of 

both organic and inorganic species. As a consequence, NMR spectroscopy finds applications 

http://en.wikipedia.org/wiki/Nobel_Prize_in_physics
http://en.wikipedia.org/wiki/1952
http://en.wikipedia.org/wiki/Radar
http://en.wikipedia.org/wiki/World_War_II
http://en.wikipedia.org/wiki/Massachusetts_Institute_of_Technology
http://en.wikipedia.org/wiki/Radiation_Laboratory
http://en.wikipedia.org/wiki/Radio_frequency
http://en.wikipedia.org/wiki/Analytical_chemistry
http://en.wikipedia.org/wiki/Biochemistry


in several areas of science. NMR spectroscopy is routinely used by chemists to study 

chemical structure using simple one-dimensional techniques. 

Two-dimensional techniques are used to determine the structure of more complicated 

molecules. These techniques are replacing x-ray crystallography for the determination of 

protein structure. Time domain NMR spectroscopic techniques are used to probe molecular 

dynamics in solutions. Solid state NMR spectroscopy is used to determine the molecular 

structure of solids. Other scientists have developed NMR methods of measuring diffusion 

coefficients.  

For a classical description of the NMR phenomenon we consider the behavior of a 

nonrotating magnet body, such as a compass needle, in an external magnetic field. If 

momentarily displaced from alignment with the field, the needle will swing in a plane about 

its pivot as a consequence of the force exerted by the field on its two ends; in the absence of 

friction, the ends of the needle will fluctuate back and forth indefinitely about the axis of the 

field. A quite different motion occurs, however, if the magnet is spinning rapidly around its 

north-south axis. Because of the gyroscopic effect, the force applied by the field to the axis of 

rotation causes movement in the plane that is perpendicular to the field direction; the axis of 

the rotating particle, therefore, moves in a circular path (or precesses) around the magnetic 

field. This motion, illustrated in figure 17, is similar to the motion of a gyroscope when it is 

displaced from the vertical by application of a force.  

 

 

Figure 17 Precession of a rotating particle in a magnetic field. 



The angular frequency of this motion ω0, in radians per second, is given by  

00 B   

The angular frequency can be converted to the frequency of precession λ0 (the Larmor 

frequency) by dividing by 2π. Thus, 




2

0
0

B
  

The potential energy E of the processing particle shown in figure 17 is given by 

 cos00 BBE z   

Thus, when radio-frequency energy is absorbed by a nucleus, the angle of precession ζ 

must change. Hence we imagine for a nucleus having a spin quantum number of ½ that 

absorption involves a flipping of the magnetic moment that is oriented in the field direction to 

a state in which the moment is in the opposite direction. The process is pictured in figure 18. 

 

 

 

Figure 18 Model for the absorption of radiation by a precessing particle 

 

In order for the dipole to flip, there must be present a magnetic force at right angles to the 

fixed field that moves in a circular path in phase with the precessing dipole. The magnetic 

moment of circularly polarized radiation of a suitable frequency has this necessary property; 

that is; the magnetic vector of such radiation has a circular component, as represented by the 

dashed circle in figure 18. If the rotational frequency of the magnetic vector of the radiation is 

the same as the precessional frequency of a nucleus, absorption and flipping can occur. The 

radiation produced by the coil of a radio-frequency oscillator, which serves as the source in 

NMR instruments, is plane polarized. Plane polarized radiation, however, is made up of two 



components consisting of d and l circularly polarized radiation. As is shown in the lower part 

of figure 19 b, the vector of the d component rotates in a clockwise manner s the radiation 

approaches the observer; the vector of the l component rotates in the opposite sense. As is 

shown in the lower part of the figure, addition of the two vectors leads to a vector sum that 

vibrates in a single plane (figure 19 a). 

 

 

 

Figure 19 Equivalency of a plane-polarized beam to two (d, l) circularly polarized beams 

of radiation 

 

Thus, by irradiating nuclei with a beam from an oscillator coil oriented at 90
0
 to the 

direction of the fixed magnetic field, circularly polarized radiation is introduced in the proper 

plane for absorption. Only that magnetic component of the beam that rotates in the 

precessional direction is absorbed. 

The chemical shift is caused by the small magnetic fields that are generated by electrons 

as they circulate around nuclei. These fields usually oppose the applied field. As a 

consequence, the nuclei are exposed to an effective field that is somewhat smaller (but in 

some instances, larger) than the external field. The magnitude of the field developed internally 

is directly proportional to the applied external field, so we may write 

   10 applapplappl BBBB  

where Bappl is the applied field and B0 is the resultant field, which determines the resonance 

behavior of the nucleus. The quantity σ is the screening constant, which is determined by the 

electron density and distribution around the nucleus; electron density depends upon the 

structure of the compound containing the nucleus. The resonance condition in terms of 

frequency: 
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where 
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The screening constant for protons in a methyl group is larger than the corresponding 

parameter for methylene protons; it is even smaller for the proton in an –OH group. For an 

isolated hydrogen nucleus, the screening constant is zero. 

The chemical shift of a nucleus is the difference between the resonance frequency of the 

nucleus and a standard, relative to the standard. This quantity is reported in ppm and given the 

symbol delta, .  

 = ( - REF) x106 / REF  

 

In NMR spectroscopy, this standard is often tetramethylsilane, Si(CH3)4, abbreviated 

TMS. The chemical shift is a very precise metric of the chemical environment around a 

nucleus. For example, the hydrogen chemical shift of CH2 hydrogen next to a Cl will be 

different than that of a CH3 next to the same Cl. It is therefore difficult to give a detailed list 

of chemical shifts in a limited space. The animation window displays a chart of selected 

hydrogen chemical shifts of pure liquids and some gasses. The magnitude of the screening 

depends on the atom. For example, carbon-13 chemical shifts are much greater than 

hydrogen-1 chemical shifts. The following tables present a few selected chemical shifts of 

fluorine-19 containing compounds, carbon-13 containing compounds, nitrogen-14 containing 

compounds, and phosphorous-31 containing compounds. These shifts are all relative to the 

bare nucleus.  

NMR samples are prepared by dissolving an analyte in a deuterium lock solvent. Several 

deuterium lock solvents are available. Some of these solvents will readily absorb moisture 

from the atmosphere and give water signal in your spectrum. It is therefore advisable to keep 

bottles of these solvents tightly capped when not in use.  

Most routine high resolution NMR samples are prepared and run in 5 mm glass NMR 

tubes. Always fill your NMR tubes to the same height with lock solvent. This will minimize 

the amount of magnetic field shimming required. The animation window depicts a sample 

tube filled with solvent such that it fills the RF coil.  

The concentration of your sample should be high enough to give a good signal-to-noise 

ratio in your spectrum, yet minimize exchange effects found at high concentrations. The exact 

concentration of your sample in the lock solvent will depend on the sensitivity of the 



spectrometer. If you have no guidelines for a specific spectrometer, use one drop of analyte 

for liquids and one or two crystals for solid samples.  

The position of spectral absorption lines can be solvent dependent. Therefore, if you are 

comparing spectra or trying to identify an unknown sample by comparison to reference 

spectra, use the same solvent. The hydrogen NMR spectrum of ethanol is a good example of 

this solvent dependence. Compare the positions of the CH3, CH2, and OH absorption lines in a 

hydrogen NMR spectrum of ethanol in the lock solvents CDCl3 and D2O. Notice also that the 

relative peak heights are not the same in the two spectra. This is because the line widths are 

not equal. The area under a peak, not the height of a peak, is proportional to the number of 

hydrogen‟s in a sample.  

The instrument use for the characterization of the sample is a BRUKER AVANCE 

400MHz spectrometer. 

 

 

Figure 20 Bruker AVANCE DRX 400 MHz spectrometer 

 

 



2.4.3 Applications 

Medicine 

The use of nuclear magnetic resonance best known to the general public is in magnetic 

resonance imaging for medical diagnosis, however, it is also widely used in chemical studies,  

notably in NMR spectroscopy such as proton NMR and carbon-13 NMR. These studies are 

possible because nuclei are surrounded by orbiting electrons, which are also spinning charged 

particles such as magnets and, so, will partially shield the nuclei. The amount of shielding 

depends on the exact local environment.  

For example, hydrogen bonded to oxygen will be shielded differently than hydrogen bonded 

to a carbon atom. In addition, two hydrogen nuclei can interact via a process known as spin-

spin coupling, if they are on the same molecule, which will split the lines of the spectra in a 

recognizable way. 

 

Chemistry 

By studying the peaks of nuclear magnetic resonance spectra, skilled chemists can 

determine the structure of many compounds. It can be a very selective technique, 

distinguishing among many atoms within a molecule or collection of molecules of the same 

type but which differ only in terms of their local chemical environment. By studying T2* 

information a chemist can determine the identity of a compound by comparing the observed 

nuclear precession frequencies to known frequencies. Further structural data can be elucidated 

by observing spin-spin coupling, a process by which the precession frequency of a nucleus 

can be influenced by the magnetization transfer from nearby nuclei. T2 information can give 

information about dynamics and molecular motion. Because the nuclear magnetic resonance 

timescale is rather slow, compared to other spectroscopic methods, changing the temperature 

of a T2* experiment can also give information about fast reactions, such as the Cope 

rearrangement or about structural dynamics, such as ring-flipping in cyclohexane. 

An example of nuclear magnetic resonance being used in the determination of a structure 

is that of buckminsterfullerene. This now famous form of carbon has 60 carbon atoms 

forming a sphere. The carbon atoms are all in identical environments and so should see the 

same internal H field. Unfortunately, buckminsterfullerene contains no hydrogen and so 
13

C 

nuclear magnetic resonance has to be used. 
13

C spectra require longer acquisition times since 

carbon-13 is not the  

http://en.wikipedia.org/wiki/Magnetic_resonance_imaging
http://en.wikipedia.org/wiki/Magnetic_resonance_imaging
http://en.wikipedia.org/wiki/NMR_spectroscopy
http://en.wikipedia.org/wiki/Proton_NMR
http://en.wikipedia.org/wiki/Carbon-13_NMR
http://en.wikipedia.org/wiki/Magnet
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Spin-spin_coupling
http://en.wikipedia.org/wiki/Spin-spin_coupling
http://en.wikipedia.org/wiki/Cope_rearrangement
http://en.wikipedia.org/wiki/Cope_rearrangement
http://en.wikipedia.org/wiki/Cyclohexane
http://en.wikipedia.org/wiki/Buckminsterfullerene


common isotope of carbon (unlike hydrogen, where 
1
H is the common isotope). However, in 

1990 the spectrum was obtained by R. Taylor and co-workers at the University of Sussex and 

was found to contain a single peak, confirming the unusual structure of C60. 
[17]

 

 

Non-destructive testing 

Nuclear magnetic resonance is extremely useful for analyzing samples non-destructively. 

Radio waves and static magnetic fields easily penetrate many types of matter and anything 

that is not inherently ferromagnetic. 

For example, various expensive biological samples, such as nucleic acids, including RNA and 

DNA, or proteins, can be studied using nuclear magnetic resonance for weeks or months 

before using destructive biochemical experiments. This also makes nuclear magnetic 

resonance a good choice for analyzing dangerous samples. 

 

Data acquisition in the petroleum industry 

Another use for nuclear magnetic resonance is data acquisition in the petroleum industry 

for petroleum and natural gas exploration and recovery. A borehole is drilled into rock and 

sedimentary strata into which nuclear magnetic resonance logging equipment is lowered. 

Nuclear magnetic resonance analysis of these boreholes is used to measure rock porosity, 

estimate permeability from pore size distribution and identify pore fluids (water, oil and gas). 

These instruments are typically low field NMR spectrometers. 

 

Process control 

NMR has now entered the arena of real-time process control and process optimization in 

oil refineries and petrochemical plants. Two different types of NMR analysis are utilized to 

provide real time analysis of feeds and products in order to control and optimize unit 

operations. Time-domain NMR (TD-NMR) spectrometers operating at low field (2-20 MHz 

for 
1
H) yield free induction decay data that can be used to determine absolute hydrogen 

content values, rheological information, and component composition. These spectrometers are 

used in mining, polymer production, cosmetics and food manufacturing as well as coal 

analysis. High resolution FT-NMR spectrometers operating in the 60 MHz range with 

shielded permanent magnet systems yield high resolution 
1
H NMR spectra of refinery and 

petrochemical streams. The variation observed in these spectra with changing physical and 

chemical properties is modeled utilizing chemometrics to yield predictions on unknown 
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samples. The prediction results are provided to control systems via analogue or digital outputs 

from the spectrometer. 
[17] 

 

Earth's field NMR 

In the Earth's magnetic field, NMR frequencies are in the audio frequency range. 

EFNMR is typically stimulated by applying a relatively strong dc magnetic field pulse to the 

sample and, following the pulse, analyzing the resulting low frequency alternating magnetic 

field that occurs in the earth's magnetic field. These effects are exploited in some types of 

magnetometers, and in EFNMR spectrometers. 

Their inexpensive portable nature makes these spectrometers valuable for field use and 

for teaching. 
[17]

 

2.5 Conductimetric titration 

One of the simplest analytical methods to quantitatively determine a polyelectrolyte is 

conductimetric titration. 

The principle consists on the fact that the mixture of two polymer solution oppositivelly 

charged leads to charge. During this reaction the counter ions of the two polyelectrolytes are 

released and the conductivity increases until the complete neutralization. In most of cases the 

stoichiometry is assumed 1:1. 
[18]

 

The method consists in the observation of the conductivity variation in [S/cm] during the 

titration. 

The choice of the titrant is very important due to the fact that the method can ce affected 

by environmental conditions such as pH. 
[19]

 Therefore it is preferred as titrant a 

polyelectrolytes with high charge density. 

It is known that quaternary amine groups keep the positive charge for a large pH range. 

Between a wide diversity of anionic polyelectrolytes the salt of potassium poly (vinyl sulfate) 

H2
C CH2 O S O K

O O  is the most appropriate as a titrant due to its high pH tolerance. 
[19]
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Figure 21 Representation of a conductimetric titration curve 

 

In the conductimetric titration curve it is observed the classical behavior during the 

neutralization of two polyelectrolytes oppositivelly charged where it can be determined the 

end point of titration by a shift in slope. 

For mono valent polyelectrolytes it is possible to calculate an unknown concentration 

with the following equation 

VpcatCpcat = VpanCpan 

where Vpcat and Cpcat  represent the volume and the concentration to the cationic polymer(in 

our case poly (N-isopropylacrylamide) (PNIPAM)); Vpan and Cpan represent the volume and 

the concentration to the anionic polymer (PVSK). 

In the present work the relation below has been used to determine the molecular weight 

per charge unit. 

exp

0

det

[ / ]

[ / ]

polym

polym

C g l
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The measurements of the aqueous solution of polyelectrolytes were performed with a 

Conductometer 712 (Metrohm) with the purpose of measuring the molecular weight per 

charge unit. The measuring cell it was provided with a ceramic electrode (Metrohm). The 

measurements were conducted at room temperature. 

 

2.6 Size exclusion chromatography (SEC) 

GPC is a liquid chromatography technique for determining the molecular weight 

distribution of the polymers. 
[20]

 The macromolecules are separated according to their size in 



their transfer from the solvent and the passage through the resources of the column packing 

material. 

The molecules with small hydrodynamic volume are spread through delaying pores than 

those with bigger size, which are unable to enter some of the pores, are eluted faster. 

Overall, the volume that is available for a macromolecule in the column, VR, will be 

equal with the empty space between the gel particles V0, plus a percentage of the total internal 

volume Vi of the pores of a gel (accessible place). 

This percentage is determined by the size of the macromolecules and is represented by 

the coefficient Kd, which is equal to the fraction of internal volume available for this size of 

macromolecules. 

VR=V0+KdVi 

 

With the appropriate sequence of columns, which have different pore size, can be 

achieved the desired separation of molecular weights. A typical GPC device consists of a 

pump, which forces the eluting solvent to the sample injection point. 

Then the system solvent-sample enters to the column or columns (depending on the 

desired resolving power and range of molecular weights of the sample). Having achieved 

separation in columns, the system passes through a detector (differential refractometer (RID), 

light scattering detector (LSD), UV absorption detector (UVD) or even a measuring viscosity) 

and then the information recorded analog or digital (H / Y). 

The GPC technique can be applied to determine the molecular weight, so is necessary the 

columns to be calibrated logM = A-BVR. The calibration of the columns of the device is made 

with standard samples of known molecular weight polymers such PEO. 

The wM , weight average molecular weight nM  number average molecular weight, are 

calculated by GPC by dividing the chromatographic curve to i equal parts. If hi is the height of 

the curve and M the molecular weight for each division, according to the calibration of the 

columns, then wM  and nM  are given by the following relations: 
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Finally, the molecular dispersion index I is calculated by the ratio: 

n

w

M

M
I   

The higher the value of the index I, the greater is the dispersion. 

The water-soluble polymers were characterized on the molecular weight of the device 

using a Water 501 differential refractometer R401 Waters associates and columns Shodex OH 

pak. The elution solvent was aqueous 0.1 M LiNO, while calibration was achieved with 

standard samples of poly (ethylene oxide) (PEO). 
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CHAPTER 3 

3.Materials 

3.1 Polysaccharides 

3.1.1 Introduction 

The word polymer is derived from the classical Greek words poly, meaning “many”, and 

meres, meaning “parts”. Simply stated, a polymer is a long chain molecule that is composed 

of a large number of repeating units of identical structure. Certain polymers, such as 

proteins, cellulose, and silk, are found in nature, while many others, including polystyrene, 

polyethylene, and nylon are produced only by synthetic routes. In some cases, naturally 

occurring polymers can also be produced synthetically. An important example is natural 

rubber, which is known as polyisoprene in its synthetic form. 

 

 

Figure 1 Polymer classification 

One of the most important classes of natural polymers is the polysaccharides. 

Polysaccharides are extremely advantageous compared to synthetic polymers being widely 

present in living organisms and often being produced by recombinant DNA techniques. 

Coming from renewable sources, polysaccharides also have frequently economical 

advantages over synthetic polymers. Polysaccharides are usually non-toxic, biocompatible 

and show a number of peculiar physico-chemical properties that make them suitable for 

different applications in drug delivery systems. 
[1]

 Polysaccharides are a class of high-

molecular-weight carbohydrates, colloidal complexes, which break down on hydrolysis to a 

monosaccharide containing five or six carbon atoms. It has been considered that the 

polysaccharides are the first biopolymers on the earth. There are more than one hundred 

sugars and the derivatives of these constitute the  



monomers used in the synthesis of the polysaccharides. The polysaccharides are considered 

to be polymers in which monosaccharides have been glycosidically joined with the 

elimination of water. A polysaccharide consisting of hexose monosaccharide units may be 

represented by the reaction below: 

nC6H12O2 → (C6H10O5)n + (n-1)H2O 

The term polysaccharide is limited to those polymers which contain 10 or more 

monosaccharide residues. Polysaccharides such as starch, glycogen, and dextran consist of 

several thousand D-glucose units. Polymers of relatively low molecular weight, consisting of 

two or nine monosaccharide residues, are referred to as oligosaccharides. 

Polysaccharides are often classified on the basis of the number of monosaccharides 

types present in the molecule. Polysaccharides, such as cellulose or starch, which produce 

only one monosaccharide type (D-glucose) on complete hydrolysis, are termed 

homopolysaccharides. On the other hand, polysaccharides, such as hyaluronic acid, which 

produce on hydrolysis more than one monosaccharide type (N-acetylglucosamine and D-

glucuronic acid), are named heteropolysaccharides.  

We extract polysaccharides from industrial regenerated resources of animal nature or 

vegetables. For example starch and resins from seeds and plants, pectin from fruits and 

algina from algae. The commercial polysaccharides, from example xanthan, are obtained 

through microbial synthesis. 

 

Table 1 Common Polysaccharides 

Common Polysaccharides 

 Name  Source 

 Starch 

Plants store glucose as the polysaccharide starch.  

The cereal grains (wheat, rice, corn, oats, barley) as well as  

tubers such as potatoes are rich in starch. 

Cellulose 

The major component in the rigid cell walls in plants is  

cellulose and is a linear polysaccharide polymer with many  

glucose monosaccharide units. 

 Glycogen 

This is the storage form of glucose in animals and humans 

which is analogous to the starch in plants. Glycogen is  

synthesized and stored mainly in the liver and the muscles 



 

Table 2 Some natural products polymers 

 

Some of the more important commercial natural polymers are shown in the table from 

up. People sometimes refer to these polymers as natural products or renewable resources. 

Wool and silk are both proteins. All proteins are actually copolymers of polyamide-2 (or 

nylon-2, old terminology). As made by plants and animals, however, the copolymers are 

highly ordered, and they have monodisperse molecular weights, meaning that all the chains 

have the same molecular weights. Cellulose and starch are both polysaccharides, being 

composed of chains of glucose-based rings but bonded differently. Natural rubber, the 

hydrocarbon polyisoprene, more closely resembles chain polymerized materials. In fact 

synthetic polyisoprene can be made either by free radical polymerization or anionic 

polymerization. The natural and synthetic products compete commercially with each other. 

Pitch, a decomposition product, usually contains a variety of aliphatic and aromatic 

hydrocarbons, some of very high molecular weight. 

The properties of aqueous solutions, including solubility, phase behavior and viscosity, 

are strongly dependent on the nature of macroscopic chains and chemical microstructure of 

repetitive units (polar characteristics, succession). 

The degree of polymerization can range from 30 to 1x 10
5
. Primary importance to the 

behavior in solution of water-soluble polysaccharides is an asymmetrical configuration of C 

atoms of cyclic monomers and ring conformation of chain establishments‟ main results. 

Polymers are formed by successive links -14, for example, amylose,(figure 2 a) have 

different properties to the polymers formed in succession -14, for example cellulose 

(figure 2 b). 

 



 

a 

 

b 

Figure 2 Different links of the polysaccharides: 

a. -14 amylose 

b. -14 cellulose 

 

Structures with - 13 and - 16 have high solubility in water. Often structures  

form strong inter-or intra-molecular hydrogen bonds, making it difficult to be solubilised. In 

the case of the branched structures, in particular related with the polysaccharides in the 

position α, the solubility increases. 



Homogeneity of monomer units, their mode of binding along the backbone and polar or 

charged nature may increase the solubility. 

Water-soluble polysaccharides can be classified according to structure and commercial 

applications. The classification should take into account the main components of 

monosaccharide, the sequence and mode of their binding, the conformation of aromatic 

linkages, and the number of rings, the absolute configuration (D-or L-) and the presence of 

substitutes. Structural features such as chain conformation and intermolecular associations 

influence the physicochemical properties of polysaccharides. In general, regularly ranked 

polysaccharides are able to present a limited number of conformations due to severe steric 

restrictions on freedom of rotation of the sugar units around glycosides linkages between 

units.  

Polysaccharides can be grouped into classes such as (in the diagrams): 

- crude polysaccharides (accumulation), pectinele, plant resins, molds of the bark and 

seeds; 

- polysaccharides from seaweed; 

- polysaccharides produced by bacteria and fungi; 

- mucopolysaccharides; 

- synthetically modified polysaccharides. 

The hydrophobic nature of polysaccharides increases with increasing number of internal 

hydrogen bonds, as they have interactions with water. 

Polysaccharides are biopolymers abundant in nature, usually available at low cost, and 

intrinsically biodegradable and biocompatible. Applications of polysaccharides range from 

the biomedical field (drug release systems), resorbable materials for surgery and 

chemotherapy, and tissue engineered devices to the textile and laundry detergent industry 

and to cosmetic formulations and food where they are used as thickening agents because of 

their gel forming properties. In very low concentrations, these polymers form semi-solid 

hydrogels which have good water-retaining properties. 
[2]

 Chemical modification is often 

required to modify properties such as solubility, biodegradability, chemical or thermal 

stability, and mechanical behavior. Grafting of polymers on polysaccharides has been widely 

used as one of the most convenient way to combine the advantages of natural and synthetic 

macromolecules. 

In table 3 a and b is represented the classification of the polysaccharides. 



 

(a) 

Classification of 

polysaccharides 

Neutral 

Ionics 

Extracellular polysaccharides  

- dextran 

Polysaccharides from algae 

- alginic acid 

-agar 

- pectin 

 

Resins plant 

- gum arabic 

The storage polysaccharides 

- starch 

Bacterial and fungal 

polysaccharides 

Mucilages of the seeds 

Bacterial polysaccharides 

- xanthan gum 

Mucopolysaccharides 



 

(b) 

Table 3 Classification of polysaccharides 

3.1.2 Alginate – a polysaccharide of industrial interest and diverse biological functions 

3.1.2.1 Introduction 

As early as 600 B.C., seaweed was used as food by man, but algin, a component of 

seaweed, was first discovered in 1880 by the British chemist Stanford. Pure alginic acid was 

first prepared in 1896 by Akrefting, and in 1929, Kelco Company began commercial 

production of alginate and introduced milk-soluble alginate as an ice cream stabilizer. 

Furthermore, its unique physical properties enable it to be used as a stabilizer, viscosifier, 

and gelling agent in the food and beverage, paper and printing, biomaterials, and 

pharmaceutical industries. Still, the high cost of this product and the environmental impact 

associated with seaweed harvesting and processing have prevented a major breakthrough in 

various applications. 

It was only at the middle of the 19th century that an interesting possible commercial avenue 

for a microbial polysaccharide appeared through the discovery that strains of Pseudomonas 

Classification of 

polysaccharides 

Natural 

Derivates 

Chitin and chitosan 

Cellulose derivatives 

 

 

Chitin and chitosan derivatives 

Cellulose 



aeruginosa and Azotobacter vinelandii, elaborate extracellular polyuronides that closely 

resemble the alginic acid recovered from the brown algae. Since that time, interest in 

microbial alginate has been chiefly medically oriented owing to its association with the 

pathogenicity of strains of P. aeruginosa. 

However, the rapid development of pharmaceutical applications of this polymer as well 

as the discovery of its unique immunological properties in the past few years aroused the 

interest of industrial biochemists in developing a microbial optimized production process of 

this useful compound. 
[3]

 

 

3.1.2.2 Sources of Alginate 

Alginate is a water-soluble linear polysaccharide 
[4]

 and is the only polysaccharide 

which naturally contains carboxyl groups in each constituent residue, and possesses various 

abilities for functional materials. 
[5]

 Due to the presence of the carboxylic acid groups in the 

saccharides residue, alginic acid has an anionic nature, forming alginate salts with cationic 

metals, such as Ca
2+

 and Na
+
. Calcium alginate is insoluble and appears a swelling behaviour 

in water, whereas sodium alginate is soluble in water. 
[6]

 Commercial alginates are extracted 

from three species of brown algae. These include Laminaria hyperborean, Ascophyllum 

nodosum, and Macrocystis pyrifera; in which alginate comprises up to 40% of the dry 

weight. 
[7]

 The chemical structures of alginates vary greatly between different algae species 

and different regions settled by the same alga. Additionally, alginic acids from different 

sources vary with regard to the arrangement of uronic acids within the polymer molecule. A 

polymeric material resembling alginates from brown algae is also produced by two families 

of heterotrophic bacteria. P. aeruginosa (a human pathogen bacterium) was first reported to 

produce this polysaccharide. Bacterial alginates have also been isolated from Azotobacter 

vinelandii and several Pseudomonas (Pseudomonas mendocina and syringae) 
[8]

 

 

3.1.2.3 Industrial Production of Alginate 

A process for the extraction of „algin‟ from the brown seaweeds was patented originally 

by Stanford (1881). 
[9]

 The extraction of alginate from algal material is schematically 

illustrated in figure 3. 
[3]

 

In the first step, acidification of the insoluble counter ion alginate (Na
+
, Mg

2+
, Ca

2+
, Sr

2+
, 

etc. via ion exchange equilibrium with the seawater) is taking place by extracting the milled 

algal tissue with 0.1–0.2 M mineral acid. Alginic acid is brought into solution by 

neutralization with alkali such as sodium carbonate or sodium hydroxide in the form of 



water-soluble sodium alginate. Removal of algal materials is carried out by various 

separation methods such as sifting, flotation, centrifugation, and filtration. Finally, sodium 

alginate is precipitated by addition of alcohol, calcium chloride, or mineral acid, reconverted 

to the sodium form if needed, and finally dried and milled. Almost 20 years ago, Young 
[10]

 

suggested a similar process for the microbial alginate production, as shown in figure 4. 

Nevertheless, the commercial production of microbial alginate is still under development. 

 

 

Figure 3 Flow diagram for the manufacture of sodium alginate 



 

Figure 4 Processes for the production of the microbial alginate (as proposed by Young) 

Most of the alginate is currently extracted from just three of the 265 reported genera 
[11]

 

of marine brown algae (Phaeophyceae). Macrocystis is the ajor genus used and is harvested 

off the west coast of the USA whereas in northern Europe Laminaria and Ascophyllum are 

the principal raw materials. 
[12] 

 

3.1.2.4 Structural and physical properties of alginates 

Polysaccharide utility is based on a broad spectrum of functional characteristics. Among 

the performance characteristics of polysaccharides, the ability to modify the properties of 

aqueous solutions or dispersions is of utmost importance, e.g., their capacity to thicken, 

suspend, gel, stabilize, swell emulsify, chelate and to form films and membrane. Many other 

applications are based on the often unique interactions of polysaccharides with biological 

and synthetic materials, as well as on their ubiquitous role in various biological processes. 

 

Monomeric and polymeric structure of alginate 

The repeating units of alginates are α-l-guluronic acid and β-d-mannuronic acid linked 

by 1→4 glycosidic bonds of varying composition and sequence. The polymer chain contains 

blocks of guluronic acid and mannuronic acid as well as alternating sequences (figure 5a and 

b).  



 

a 

 

b 

Figure 5  a. Chemical structure of mannuronic and guluronic acid 

  b. Chemical structure of alginate 

 

In molecular terms, the monomeric units of alginate, α-L-guluronic acid (G), and β-D-

mannuronic acids (M) are C5 epimers of each other. The orientation of the carboxyl group (–

COOH) on the C5 carbon of the six-membered saccharide ring is above the plane of the ring 

in the M unit and below the plane in the G unit. Alginate may be organized in three ways:  

 



(1) Homopolymeric G blocks, polyguluronate [poly (G)];  

(2) Homopolymeric M blocks, polymannuronate [poly (M)];  

(3) heteropolymeric G – M blocks, in a randomly arranged G and M sequence, either as 

alternating MG or as short interchanging poly(M) and poly(G) blocks interspersed with 

individual G and M units.  

Although some alginates may exist predominantly as one type of block, all three blocks 

may be present within a single alginate molecule (figure 6). 

 

 

 

Figure 6 Structure of Azotobacter alginate (A) block structure, (B and C) the Ca
+2

 

dependent epimerization process, and the formation of the so-called „„egg-box model‟‟ (B) 

forming hard gel 

 

Alginates do not have any regular repeating unit and when 1→4 O-linked randomly, the 

six-membered ring structure of the monomeric units, each in its own chair conformation, can 

contribute too many possible three-dimensional macromolecular structures. The viscosity 

and the gel forming capacities are the most important characteristics of this polymer and 

these, in turn, are largely affected by the block structure and its chain length. Poly (G) blocks 



form a „„buckled‟‟ chain conformation that binds calcium ions avidly and produces firm but 

brittle gels.  

The egg-box model 
[13]

 has been proposed to explain this phenomenon (figure 6). On the 

other hand, regions rich in MM or MG blocks do not discriminate between binding of 

calcium or other metal ions and form elastic gels. Poly (M) blocks form an extended ribbon 

conformation, whereas randomly alternating M and G polymers may form chains with links 

and disrupted ribbons. Regularly alternating poly (MG) n, on the other hand, has a sinusoidal 

conformation. Physicochemical studies and structure–function analysis are important to 

understand the biological role of this polymer in different organisms. 

 

Source dependence 

Commercial alginates are produced mainly from Laminaria hyperborea, Macrocystis 

pyrifera, Laminaria digitata, and Ascophyllum nodosum, and, to a lesser extent, from 

Laminaria japanica and Sargassum spp. The sequential structure and composition of alginate 

(the M/G ratio and blockwise pattern) vary considerably between different species, or even 

between different parts of the same alga, vary according to season, age of population and 

geographic location 
[14, 15]

 and they are correlated to the functional properties of the 

alginates, i.e. solubility, interaction with metal ions, gel properties and viscosity. 
[16]

 

Generally, the highest content of guluronic acid is found in alginate prepared from stipes of 

old laminaria hyperborean plants. Alginates from A. nodosum, on the other hand, are 

characterized by the low content of G-blocks and low gel strength. Additionally, the 

composition and sequential structure of alginate may also vary according to seasonal and 

growth conditions. 

Alginate with more extreme compositions can be isolated from bacteria. The bacterial 

alginates are all composed of the same two uronic acids as algal alginate, but in addition, 

many of them are highly acetylated. The acetyl groups are present solely on D-mannuronosyl 

residues in the polymers. Interestingly, bacterial alginates, despite their similar composition, 

vary considerably in their structure. The material from A. vinelandii bears the closest 

resemblance to algal alginate, although unlike the latter, it does contain O-actyl groups. Both 

A. vinelandii and algal alginates are composed of the three types of block structures (GG, 

MM, and GM blocks). The interesting feature of the Pseudomonas alginate is that there is no 

continuous sequence of L-guluronic acid residues. Whereas the properties of A. vinelandii 

polysaccharide can therefore be expected to have much in common with the commercial 

algal products, the other bacterial alginate possess different and perhaps unique properties. 
[3] 



Rheology of alginate solution 

Alginate solutions are in general highly viscous. This, however, is caused by the 

extended conformation of the alginate molecule, giving alginate a large hydrodynamic 

volume and high ability to form viscous solutions. The intrinsic viscosity of alginates is 

shown to be dependent on the conformation (their molecular weight, composition, and 

sequence of M and G units) and on the ionic strength of the solution. 
[17, 18] 

Furthermore, any change of ionic strength in an alginate solution has a profound effect 

on polymer behaviour, especially on polymer chain extension and hence the solution 

viscosity. In fact, at high ionic strength, the solubility is also affected. The polymer can be 

precipitated and fractionated by high concentrations of inorganic salts such as potassium 

chloride. 

Alginate solutions, in general, are pseudoplastic and thus the apparent viscosity of such 

solutions depends on alginate concentrations, shear rate (a 2.5% medium viscosity sodium 

alginate solution is pseudoplastic over a wide range of shear rates (10–10,000 sec
-1

), whereas 

a 0.5% solution is Newtonian at low shear rates (1–100 sec
-1

), and pseudoplastic only at high 

shear rates (1000–10,000 sec
-1

) and temperature. 
[19]

 At constant alginate concentrations, the 

effect of temperature on the consistency coefficient (K) was better described by using the 

power law model: 

nK   

where K=K (T) is the temperature-dependent consistency index (apparent viscosity at a shear 

rate of 1 sec
-1

),   is the rate of shear, and n is the flow behaviour index. The higher the value 

of K, the more viscous the fluid. The flow behaviour index varies from 1 to 0 for 

pseudoplastic fluids; the lower its value, the more pronounced is the pseudoplasticity of the 

fluid. A solution of bacterial alginate was reported to be more pseudoplastic than that of algal 

alginate. Furthermore, the viscosity of the purified bacterial alginate reached as much as 

11,200 cps at a low concentration (0.6%). A greater than fivefold concentration of algal 

alginate was required to reach the same viscosity at a low shear rate. 
[20] 

The ability of alginate sodium salt to rapidly form viscous solutions and gels in contact 

with aqueous media has been exploited by the pharmaceutical industry, being applied as a 

carrier (hydrophilic matrix) for controlled release of oral dosage forms. Matrices 

incorporating alginate salts or a combination of alginate with other polymers have been 

employed to successfully prolong release of many drugs. 
[21, 22, 23, 24]

 

 



Alginate as a gel 

In general, the type of alginate gel depends on the number and strength of the cross links 

and on the length and stiffness of the chains between cross links. The modulus of Ca-alginate 

gel strongly depends on the composition and sequence of the monomers in the alginate 

molecule. Alginates rich in guluronate residues form strong and dense gels, while M-rich 

alginates form softer and elastic gels. For this reason, only alginates having G blocks (algal 

and Azotobacter alginates) can bind calcium to form rigid gels, while Pseudomonades 

alginate form only soft gels because of the lack of  G blocks in the polymer. Therefore, the 

potential for bacterial alginates may reside in specialized applications for polymers of D-

mannuronic acid, totally devoid of guluronic acid residues, or for polymers in which the 

percentage of guluronic acid has been greatly increased. 
[3] 

 

3.1.2.5 Biosynthesis of alginate – in brown algae (Phaeophyta) 

In a classical work by Lin and Hassid, 
[25, 26]

 the biosynthetic route in the brown algae 

from mannose to the incorporation of D-mannuronic acid into a polymer fraction was 

elucidated. In a cell-free system made from Fucus gardneri, they were able to detect enzymes 

responsible for the alginate biosynthesis. These enzymes, which include hexokinase 

phosphomannose isomerase and D-mannose-1-phosphate guanylyltransferase, catalyze the 

formation of the sugar nucleotide GDP-D-mannose. They further demonstrated the activity 

of GDP-mannose dehydrogenase oxidizing GDP-D mannose into GDP-D-mannuronic acid, 

and finally the transferase incorporating mannuronic acid residues into a growing chain of 

alginate. The authors also isolated and identified GDP-mannuronic acid and traces of GDP-

guluronic acid; however, they failed to detect any enzyme with the capacity to epimerize 

GDP-D-mannuronic acid into its epimer. The explanation followed shortly, after they had 

studied the alginate biosynthesis in A vinelandii. They revealed the existence of an enzyme 

that was able to introduce L-guluronic acid residues into the alginate chain. The existence of 

the same pathway in brown algae was confirmed by Madgwick et al. 
[27] 

 

3.1.2.6 Biological role of alginates in brown algae 

The biological significance of alginate in brown algae (phaeophyta) is generally 

believed to be a structure-forming component providing both mechanical strength and 

flexibility. This relation between structure and function is reflected in the compositional 

difference of alginates  



between different parts of the same plant. The stipe and holffast of L. hyperborea have a very 

high content of guluronic acid, imparting mechanical rigidity to the tissue. On the other 

hand, the young tissue and the blades of the same algae have a lower G-content, resulting to 

a more flexible tissue. 

 

3.1.2.7 The applied potential of alginates 

The most widely used form of alginate is the readily water soluble sodium salt, although 

other salts, such as calcium, potassium, and ammonium alginate, are commercially available 

and have been approved for food use. In the food industry, which currently consumes about 

50% of the alginate produced, they are widely used as additives capable of viscosifying, 

stabilizing, emulsifying, and gelling aqueous solutions. The most important application is 

probably in ice cream production, where alginates are used to prevent crystallization and 

shrinkage, thereby giving a more homogenous product. Alginates used for food industries are 

currently being produced by harvesting of brown seaweeds, and the global market for this 

polysaccharide is about 30,000 tons.  

As the prices of such alginates are generally low, it seems to be a difficult task to 

establish a competitive bacterial production process in this price range. However, 

environmental concern associated with seaweed harvesting and processing, and the 

possibility of producing high quality alginate makes it probable that the bacterial alginate 

may become a commercial product in the future. Pharmaceutical industries commonly use 

highly purified forms of alginates and alginic acid, the former as stabilizers in solution and 

dispersions of solid substances and the latter as a binder and disintegrating agent in tablets. 

Moreover, Ca- and/or Na alginate fibres are used in the manufacture of surgical guts, wound 

dressings, and as dental impression material. One of the most interesting applications of such 

high-quality alginate samples involves the reversal of type I diabetes by immobilizing 

insulin-producing cells in alginate capsules. These capsules have been implanted into the 

body of whole animals and even humans, and encapsulated langerhans islets are currently 

being evaluated as a bioartificial endocrine pancreas.  

Alginate is active in stimulating immune cells to secrete cytokines, e.g., tumour necrosis 

factor-a (TNF-a), interleukin-1 (IL-1), and interleukin-6 (IL-6). Surprisingly, the response of 

the immune system appears to depend on the sequential structures of alginates, giving the 

highest response with M-rich polymers, while the G-blocks appear to be nonstimulating. In 

fact, guluronic acid residues cannot be accepted in therapeutic preparations because it 

triggers unwanted effects such as antibody generation. 



Textile and paper industries use this polymer along with other materials as „„sizes‟‟ to 

improve the surface properties of cloths and paper. This is important prior to printing to 

enable the deposition and adherence of dyes and ink substances. Alginates are also used in 

water treatment processes because they help in increasing the aggregate sizes in flocculation 

processes. 

The use of alginate as an immobilization matrix has been reported many years ago. 

Calcium alginate gel has become the most widely used technique for immobilizing living 

cells (bacteria, cyanobacteria, algae, fungi, yeast, plant protoplasts, and plant and animal 

cells). Alginate immobilized cell systems are used as biocatalysts in several industrial 

processes ranging from ethanol production by yeast cells to the production of monoclonal 

antibodies from hybridoma cells. The use of immobilized cell technology processes have 

been proposed, mainly with the aim of shortening the production time and hence reducing 

the production costs, or establishing a continuous system. The applications of immobilized 

cells in food and non-food systems have been reviewed by Groboillot et al. 

The current industrial interest in the microbial alginate production and the use of 

recombinant techniques may lead to an improved understanding of their physiology, and 

should also extend our knowledge about the production process. Probably, it will become 

more evident that the microbial production of high-quality alginate is technically more 

flexible than the algal route. 

All these applications are summarize in table 4. 
[12] 

There are numerous other 

applications for alginates, many of which are protected by patents, and these applications 

have been comprehensively reviewed by Chapman and Chapman (1980). 
[28] 

 



 

Table 4 Some major applications of alginates 

 

The literature of alginates is vast and is clearly impossible to make a review which to 

cover every aspect of the subject. Although alginates have been widely used there is still 

much to be understood about the biosynthesis, detailed structure, properties and degradation 

of this polysaccharide. Stanford‟s original description of alginate 
[29]

 showed a considerable 

insight into some of the properties of this polysaccharide and this has been the sound basis 

from which much of the subsequent work has developed. However, much time after that 

there are still some very basic questions that need to be answered. 

3.2 Stimuli responsive polymers 

3.2.1 Introduction 

Macromolecules soluble in aqueous media represent a diverse class of polymers ranging 

from biopolymers that direct life processes to synthetic systems of enormous commercial 

utility. Water soluble polymers (WSPs) have acquired increasing importance due to the 

demand for water-based instead of the traditional solvent-based technological processes. 

Water, being easily available and environmentally friendly, will undoubtedly become the 

solvent of choice for a wide range of products. 

Water-soluble macromolecules carrying attractive groups form an interesting and 

important class of the polymeric systems, called „„associating polymers‟‟. This class includes 



polymers of various architectures possessing charged groups (ionomers, polyelectrolytes and 

polyampholytes) or groups with hydrogen bonding ability. The associations among the 

attractive groups lead to the formation of physical bonds. The difference between chemical 

covalent bonds and physical bonds is that the latter are reversible. A single noncovalent 

interaction is relatively weak (45 kcal/mole) as compared with the covalent bond (90–100 

kcal/mole); however, when combined, noncovalent interactions can be quite strong. There 

has to be a substantial number of noncovalent interactions in order for them to be effective in 

holding the structures together. An additional requirement is that the surface topography 

should enable the areas of the interacting forces to align closely. Two types of physical 

bonds can be defined: weak physical bonds, which form and break on an experimental time 

scale and strong physical bonds, which are stable during the time of the experiment but can 

be disrupted by changing the experimental conditions. Some polymers bearing attractive 

groups are called stimuli-responsive polymers and are defined as polymers that undergo 

relatively large and abrupt, physical or chemical changes in response to small external 

changes in the environmental conditions. Names coined for „stimuli-responsive‟ polymers 

have been given as stimuli-sensitive 
[30]

, intelligent, 
[31]

 smart, 
[32]

 or environmentally 

sensitive polymers 
[33]

. These polymer systems might recognize a stimulus as a signal, judge 

the magnitude of this signal, and then change their chain conformation in direct response. 

There are many different stimuli to modulate the response of polymer systems. These stimuli 

could be classified as either physical or chemical stimuli. Chemical stimuli, such as pH, ionic 

factors and chemical agents, will change the interactions between polymer chains or between 

polymer chains and solvents at the molecular level. The physical stimuli, such as 

temperature, electric or magnetic fields, and mechanical stress, will affect the level of 

various energy sources and alter molecular interactions at critical onset points. These 

responses of polymer systems are very useful in bio-related applications such as drug 

delivery, 
[34-41]

 biotechnology, 
[31, 34, 42] 

and chromatography. 
[31, 43, 44] 

Some systems have been developed to combine two or more stimuli-responsive 

mechanisms into one polymer system. For instance, temperature-sensitive polymers may also 

respond to pH changes. On the other hand, some workers have reported that two or more 

signals could be simultaneously applied in order to induce response in so-called dual 

responsive polymer systems. Recently, biochemical stimuli have been considered as another 

category, which involves the responses to antigen, enzyme, ligand, and biochemical agents. 

[45]  



The common feature of all these associating systems is that their macroscopic properties 

(viscoelasticity, transparency, conductivity, etc.) can be controlled at the microscopic level 

by modifying the structure and organization of the polymer chains. Their considerable 

importance lies in their numerous applications as rheology modifiers, adhesives, adsorbents, 

coatings, biomedical implants, flocculants for waste-water treatment, surfactants and 

stabilizers for heterogeneous polymerization, as well as uses in sewage purification, 

concentration and extraction of metals, reduction of hydrodynamic resistance, as structure 

formers in soils, for enhanced oil recovery, super absorbency, and as  suspending agents for 

pharmaceutical delivery systems, sensors and actuators. [46] 

A simplified design of the stimuli-responsive association concept in aqueous polymer 

solution is shown in figure 7. 

 

Figure 7 Stimuli-responsive association concepts in aqueous solution 

 

3.2.2 Temperature responsive polymers  

Contrary to most aqueous and organic-based formulations which generally follow the 

Arrhenius thermothinning behavior (i.e. the viscosity decreases as temperature increase), 

there is a rather exceptional class of some graft copolymers with hydrophobic side chains on 

a hydrophilic backbone which at heating in semi-dilute aqueous solutions present a 

substantial viscosity increase, thermothickening or gelling properties (thermothickening is a 

special behavior, presented by some systems where the viscosity increases as temperature 

increases). 
[47-49] 



This unusual property has been reported initially with cellulosic derivatives (methyl, 

hydroxypropyl, ethyl (hydroxyethyl)) and their mixtures with ionic surfactants. 
[50-53] 

Afterwards, mainly during the last two decades, the thermoassociating behavior has 

been broadened to synthetic block copolymers of poly (ethylene oxide) PEO and poly 

(propylene oxide) PPO 
[54, 55]

 and then explicitly rationalized with graft copolymers tailored 

with responsive side chains showing a lower critical solution temperature (LCST) phase 

transition behavior. 
[47, 56, 57, 58]

 This thermosensitive polymer, due to a delicate balance 

between hydrophilic and hydrophobic interactions, separate out from water upon heating, 

although they are well soluble at low temperature. 
[59, 60]

 Whereas all these copolymers have 

different chemical structures, their associating properties follow similar rules. At low 

temperature, water molecules initially reduce their entropy by forming ice-like structures 

around the non-polar groups of the polymer chains. As the temperature is increased, the 

thermal motions progressively lead to a very unfavorable situation for the water shell which 

is destabilized. This breakdown goes with the aggregation of non polar groups and induces 

self-assembling of macromolecules. If there is a well balanced equilibrium between 

responsive stickers and the water-soluble counterpart, a physical network can be formed 

provided that the concentration is high enough to percolate through the whole volume. 

These responsive copolymers are of great interest as they provide technological 

solutions for complex fluids which require improved rheological properties above a given 

temperature. This situation typically concerns a wide range of industrial formulations like 

suspensions, coatings, cosmetics, drilling fluids 
[61-63]

 but also biomedical applications as 

drug release, viscosupplementation of biological fluids and tissue engineering. 
[64, 65] 

It has been established that the thermothickening effect is typical for grafted structures, 

which bring close enough grafted chains to form gels. The weak interactions also exist in the 

physical blends, both in solution and in solid state, but they are not strong enough to 

determine the changes in viscosity and enzymatic degradation evidenced for grafted 

copolymers. In the copolymers the self-association of grafted chains leads to a 

thermothickening effect. 
[60] 

The concept and design of thermothickening polymers can be summarized as follows: 

such systems are based upon a water-soluble macromolecular backbone containing some 

“block‟ regions or side chains. Aqueous solutions of these moieties present a phase 

separation above a lower critical solution temperature, LCST. The viscosity enhancement 

observed for the solutions of thermothickening polymers when the temperature exceeds 



LCST, is due to the association of the grafts or blocks into hydrophobic microdomains which 

effectively cross-link adjacent polymer chains. 

Temperature range over which thermothickening properties occur can be adjusted by 

varying “external” parameters such as salinity, polymer concentration, or the system 

characteristics like chemical structure and the molecular weight. 
[66] 

 

3.2.3 Polymer solution behavior 

Polymers such as proteins, polysaccharides, and nucleic acids are present as basic 

components in living organic systems. Synthetic polymers, which are designed to mimic 

these biopolymers, have been developed into a very active field due to their industrial and 

scientific value. They have been progressively developed from the description of the unique 

properties of biopolymers. One approach involves the response of a polymer system to 

stimuli, which is a common process for biopolymers in living organisms. These properties of 

biopolymers are based on highly cooperative interactions, which can provide significant 

driving forces for the responses caused by small environmental changes. For the past several 

decades, the concept of cooperative interactions between the functional segments of 

biopolymer has led to the creative idea to invent novel synthetic polymer systems that are 

environmentally responsive to stimuli in some controlled ways. 

Stimuli-responsive polymers are defined as polymers that undergo relatively large and 

abrupt, physical or chemical changes in response to small external changes in the 

environmental conditions. 

Temperature is the most widely used stimulus in environmentally responsive polymer 

systems. The change of temperature is not only relatively easy to control, but also easily 

applicable both in vitro and in vivo. For example, temperature-responsive dishes can be 

utilized as a cell sheet manipulation technique in vitro and temperature-responsive hydrogels 

or micelles containing drug can be applied in vivo. One of the unique properties of 

temperature-responsive polymers is the presence of a critical solution temperature. Critical 

solution temperature is the temperature at which the phase of polymer and solution (or the 

other polymer) is discontinuously changed according to their composition. 

When we consider the solubility of a solute in a solvent, our normal experience is for the 

solubility to increase as the temperature is increased and conversely, if we cool a solution, at 

some temperature we will observe the solute phase coming out of solution. This is the usual 

pattern with polymers in a good solvent. When the system is cooled below the ζ-temperature, 



the solvent becomes progressively poorer and two phases will be observed with the polymer-

rich phase being polymer swollen with solvent. 
[67]

 

In general the dissolution of a polymer in a solvent is the result of a balance between 

two forces. The first relates to the entropy of mixing which is flow for polymer solution 

(multilateral solutions). Entropy always does favor the mixing. The second force is related to 

the mixing enthalpy, which is a measure of the interaction energy between a unit of the 

polymer and a solvent molecule M-S (where M represents the unit polymer and S represents 

a solvent molecule). The last force is usually positive and in opposing the involvement of the 

two components. This opposing force normally decreases with temperature and offset the 

heat. So in routine polymer solvent, stability of the phase separation will be reduced by 

reducing the temperature. In these systems a phase separation will take place when the 

temperature is sufficiently reduced. 
[68]

 Many synthetic water soluble polymers, despite the 

fact they dissolved in water at ordinary temperatures, are precipitated when cooling the 

solution (upper critical solution temperature behavior, UCST). Examples of such polymers 

are poly (acrylic acid) PAA 
[69]

 and poly (acryl amide) PAM. 
[70]

 

Some other polymers are precipitated by heating (LCST) such as poly (ethylene oxide) 

PEO 
[71]

 and poly (N-isopropylacrylamide) PNIPAM. 
[72]

 In such systems, this behavior can 

be explained qualitatively by the increase of hydrophobic character with increasing 

temperature. This temperature LCST corresponds to the region in the phase diagram where 

the enthalpic contribution of the water hydrogen bonded to the polymer chain becomes less 

than the entropic gain of the system as a whole. The LCST is largely dependent on the 

hydrogen bonding capabilities of the constituent monomer units. The simplest explanation is 

that the dissolution enthalpy ΔH due to the hydrogen bonding of the basic sites on the 

polymer with the solvent favors dissolution. In contrast, the entropic organization ΔS of the 

solvent required to achieve this hydrogen bonding is unfavorable. Since the free energy of 

dissolution is equal to ΔH-T ΔS, it can change from negative (favorable) to positive 

(unfavorable) as the temperature increases. Thus, polymers are known to exhibit LCST 

behavior in strongly interacting solvents such as water. What makes synthetic polymers 

somewhat more versatile than their biological counterparts in this respect is that the synthetic 

polymers often redissolve when cooled (proteins usually do not „„renature‟‟). Moreover the 

temperature, at which the phase separation of a synthetic polymer from solution occurs, can 

be changed by altering the structure of the polymer. 

Thermosensitive polymers undergo reversible conformational or phase changes in 

response to negligible variations of temperature. There is a rather delicate free-energy 



balance involving hydrophobic, hydrophilic, and H-bridge-mediated interactions, which 

determines the solubility of the LCST polymers in water. The key parameter defining the 

„„responsive‟‟ or the „„smart‟‟ behavior of the polymers is a nonlinear response to an external 

signal. As in nature, the bulk response of the thermosensitive polymer is usually due to 

multiple cooperative interactions such as loss of H-binding, which, although individually 

weak, ultimately evokes a large structural change in the material when summed up over the 

whole polymer. [46]
 As the concentration of polymer is relatively low the phase separation 

takes place and the polymer remains suspended or colloidal. The temperature at which this 

phenomenon takes place is called cloud point temperature Tcp. The value of Tcp will depend 

on the molecular weight and concentration of the polymer and the nature and concentration 

of any other substance is present. 

For each amorphous polymer with “normal” solubility behavior, the change of Tcp with 

the concentration of the polymer in the form of a chart-shaped inverted U (figure 8 (A)) 

while “inverse” solubility behavior creates charts U-shaped with the minimum critical 

temperature of precipitation (figure 8 (B)). 

 

 

Figure 8 Polymer phase separation behavior diagram shows the phenomenon of phase 

separation with decreasing temperature (A) or increasing temperature (B) 

 

However, most applications are related to LCST based polymer systems. 
[73]

 For example, 

PNIPAM has an LCST, at which it undergoes a reversible volume phase transition caused by 

the coil-to-globule transition. Intermolecular collapse occurs before intermolecular 



aggregation through LCST and the collapse of individual polymer chains increases the 

scattering of light in  

solution (cloud point). Phase separation between the collapsed polymer molecules and the 

expelled water follows this cloud point. 
[74] 

Besides the relationship between polymer and water molecules, there is another 

important characteristic of a temperature-responsive polymer. This is the intermolecular 

interaction in water medium, which might create hydrogels shrinkage, micelle aggregation or 

the physical cross-links. Generally, two types of intermolecular forces can be considered; 

hydrogen bonding and hydrophobic interactions. One example of an intermolecular 

association based on hydrogen bonding is a random coil-to-helix transition, at which by 

lowering the temperature, two or three biopolymer chains (e.g. gelatin) form a helix 

conformation that generates physical junctions to make a gel network. Another example is 

the hydrogen bonding association/dissociation between different pendant groups, which can 

be controlled by temperature. 
[75] 

Through this mechanism, reversible swelling/deswelling of hydrogels around a critical 

temperature was reported in random copolymer or interpenetrating polymer networks (IPNs) 

composed of polyacids (proton donors at low pH) and polyacrylamides (proton acceptors). 

[76, 77]
 

On the other hand, intermolecular association can be controlled by the balance of 

hydrophobic interactions and temperature. For example, triblock PEO–PPO–PEO 

copolymers (Pluronics or Poloxamers) form a micelle structure above a critical micelle 

temperature (cmt) on the basis of hydrophobic effects of the PPO blocks (hydrophobic 

junction domain) that aggregate to form a core. 
[78] 

 

3.3 Poly (N-isopropylacrylamide) (PNIPAM): experiment, theory and application 

Over the past few years, poly (N-isopropylacrylamide) (PNIPAM) (figure 9) has been 

appearing in the literature with increasing frequency. As figure 10 illustrates, growth has 

become rather explosive. 

 



Figure 9 Structure of the poly (N-isopropylacrylamide) PNIPAM 

 

 

Figure 10 Literature citation of PNIPAM 

 

Historically, the first publications pertaining to PNIPAM, figure 10, quite logically dealt 

with the synthesis and polymerization of the corresponding monomer, NIPAM. 
[79] 

N-isopropylacrylamide was stated to be an effective rodent repellent. Subsequently, the 

main impetus for using PNIPAM has been its novel thermal behavior in aqueous media. It 

has become perhaps the most popular member of a class of polymers that possess inverse 

solubility upon heating, 
[80-83]

 a property contrary to the behavior of most polymers in 

organic solvents under atmospheric pressure near room temperature. Its macromolecular 

transition from a hydrophilic to a hydrophobic structure occurs rather abruptly at what is 

known as the lower critical solution temperature (LCST). Experimentally, this lies between 

ca. 30 and 35°C, the exact temperature being a function of the detailed microstructure of the 

macromolecule. Early research focused on this transition as a theoretical curiosity; however, 

more recently this specialty polymer has been applied in very diverse end uses as the 

potential to apply this transition as a switching device has been recognized. Raising the 

temperature of an aqueous PNIPAM solution above LCST causes a coil-to-globule 

transition, followed by a phase separation. This phase transition is accompanied by a release 

of water bound to the polymer chain, which is an endothermic process. 
[81]

 



By grafting PNIPAM chains onto a hydrophilic polymer backbone, their thermally 

induced phase separation is restricted to a microscopic level. As a result, in a semidilute 

solution, by increasing the temperature above the LCST, several copolymer chains become 

interconnected via the microscopically phase-separated hydrophobic aggregates and a 

reversible network is formed, while important thermally induced thickening phenomena are 

observed. 
[58, 59, 84, 85]

 

On the molecular level, PNIPAM has been used in many forms including single chains, 

macroscopic gels, microgels, latexes, thin films, membranes, coatings, and fibers. Moreover, 

a wide range of disciplines have examined PNIPAM, encompassing chemistry, physics, 

rheology, biology, and photography. 

PNIPAM has been synthesized by a variety of techniques; free radical initiation in 

organic solutions (it is soluble in solvents which are capable of forming reasonable strong 

hydrogen bonds 
[86]

 and redox initiation in aqueous media have been the most widely used-

techniques. Novel results have been observed using ionic initiators; radiation has also been 

applied somewhat in constructing PNIPAM systems. By substituting comonomers, diverse 

labels and functional groups have been introduced. When the comonomer is bifunctional, 

subsequent crosslinking leads to gelation. These gels are macroscopic structures or 

microgels/ latexes, the latter typically made possible by polymerizing the monomer as an 

emulsion. 

The behavior of a polymer in a given medium reflects the balance of like and unlike 

interactions among its own segments and the surrounding molecules. In the case of aqueous 

solutions, the solvent-solvent interaction in water is particularly strong as indicated by its 

partially ordered structure. Indeed, the eccentric physical properties of water control the 

conformations and the subsequent reactions of biological macromolecules that are 

responsible for life on Earth. 

Ordering of solutes such as PNIPAM in aqueous solution results from specific 

orientations required to hydrogen bond with the already somewhat arranged water molecules. 

This becomes especially important when water molecules must reorient around nonpolar 

regions of solutes, being unable to hydrogen bond with them. These have been claimed to be 

clathrate-like structures. This latter phenomenon, known as the hydrophobic effect, results in 

decreased entropy upon mixing (negative ΔS). At higher temperatures, the entropy term 

dominates the otherwise exothermic enthalpy of the hydrogen bonds formed between the 

polymer polar groups and water molecules that is the initial driving force for dissolution. 

Once the free energy change (ΔG) becomes positive upon mixing, the consequence is phase 



separation above a lower critical solution temperature (LCST) such as exists in the case of 

PNIPAM. If the concentration of the polymer is high enough, this replacement of polymer-

water contacts with polymer-polymer and water-water contacts is manifested by 

precipitation. 

The earliest report of the LCST of poly (N-isopropylacrylamide) in the literature was in 

1967 by Scarpa et al. 
[87]

 They reported inverse temperature solubility and subsequent 

precipitation of a 2% solution at 3l°C. Near the end of 1968, Heskins and Guillet 
[88]

 

published a study much more frequently cited by researchers; again, simple visual 

observation of macroscopic phase separation upon heating was among the employed 

techniques. This rather simple method of determining the LCST is commonly known as the 

cloud point method. 
[89]

 

Various researchers have somewhat quantified the method by using a standard UV-VIS 

spectrophotometer, the main difference among them being the selected wavelength of 

observation. Fixed wavelengths such as 500 nm or 600 nm or computer-averaging turbidity 

from 400 to 800 nm have been employed. The wavelength of the measurement determines 

the minimum size of precipitated particles detected; nonetheless, for a binary aqueous 

solution of PNIPAM, there seems to be no particular advantage to any particular wavelength 

in the UV-VIS spectrum. 
[79] 

Consequently, it may be very difficult to assign an LCST based on cloud point 

measurements and more precise dynamic light scattering must be used to observe the 

precipitation process. 

Experiments using light as a probe offer information on the size, shape and interactions 

of macromolecules. 
[90]

 Regarding the molecular weight Heskins and Guillet 
[88]

 reported 

that the apparent molecular weight increased 4.5 times upon increasing the temperature from 

25
0
C to 33

0
C, and suggested a simple aggregation phenomenon was present. 

The first studies of the viscometry of PNIPAM in aqueous solutions were once again 

reported by Heskins and Guillet in 1968. 
[86]

 The intrinsic viscosity was seen to decrease 

with increasing temperature, yet the vM  was observed to become larger. Calculations were 

done with data from sedimentation experiments as well to conclude the polymer was more 

like a flexible coil than a rod below the LCST. 

Greater understanding of the polymer's structure in solution is obtained through using 

the Mark-Houwink-Sakurada equation: 

a

vkM][  



the basic tool in determining the shape of polymer molecules in solution. If the value of the 

exponent (a) is 0.50, then one is observing a random polymer chain in theta solution where 

there is effectively a Gaussian distribution of monomer units. The value of a increase to 0.6-

0.8 when the polymer coil is swelled out in a good solvent with excluded volume 

interactions. Higher values of a (> 1.0) exist when the polymer is rod-like. Ideally, the 

polymer samples used to calculate a are monodisperse, and in the case where this is not 

possible, wM  is inserted rather than nM  as it is closer to the true value. 

The solution behavior of PNIPAM has been investigated by many assorted techniques 

like the utilization of infrared spectroscopy (IR) and pH measurements to observe slow 

hydrogen-deuterium exchange, light scattering to detect coil-to-globule transition, 
[91]

 

turbidimetric measurement to achieve phase separation, 
[92]

 or differential scanning 

calorimetry (DSC) to measure the transition heat. 
[93] 

From the studies of PNIPAM solutions it appears that below the LCST, PNIPAM exists 

as isolated, flexible but extended coils in dilute aqueous solution. At the LCST, it appears 

that the individual polymer chains collapse prior to aggregation. This clearly would be more 

probable with more dilute solutions. Subsequently, scattering increases and a cloud point 

exists which is coincident with a calorimetric endotherm. Finally, a second phase of lower 

polarity is formed that is suspended in the water-rich phase. 
[79]

 

Poly (N-isopropylacrylamide) PNIPAM has been cited as a thickening agent in food and 

coatings. When such polymers have been included as an ingredient in paper coatings, better 

gloss and ink receptivity were detected relatively to that with controls. Applied as a general 

viscosity-controlling agent, PNIPAM copolymers have been found to give aqueous solutions 

whose viscosity decreases with increasing shear rate and falls sharply with increasing 

temperature. Indeed hydrophobically-modified polyacrylamides have been patented for their 

dual role as polymeric surfactants and viscosity modifiers. 
[94] 

Hoffman and coworkers 
[95, 96]

 have taken advantage of the precipitation of PNIPAM at 

elevated temperature to develop an alternative approach for immunoassay technology (figure 

11). 

The ability to construct PNIPAM gels of diverse geometries has led to a myriad of 

applications which exploit the change in gel dimensions to modulate the differential 

diffusion of species in a medium. Thus it has been possible to selectively remove, and 

deliver consolutes with thermal-switching control.  



The application of synthetic polymer systems for drug delivery devices has been of 

increasing interest, as reviewed recently by Heller. 
[97]

  

Changes in swelling states of PNIPAM gels can influence the diffusion of solutes from 

within the gels to the outside aqueous media. Several different methods can thus be 

envisioned (figure 12). The fact that the LCST of PNIPAM-type gels can be adjusted to near 

human body temperature (37°C) by copolymerization and using additives further makes 

them viable for in vivo applications.  

Whereas diffusion processes 1 and 3 in figure 12 are proposed to be Fickian, process 2 

relies on the pressure generated during gel collapse to squeeze out the drug. Less research 

has been reported on process 4. 

 

 

Figure 11 Immunoassay scheme for PNIPAM 

 



 

 

 

Figure 12 Various schemes for PNIPAM in drug delivery 
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CHAPTER 4 

4. Synthesis of sodium alginate copolymers grafted with poly (N-

isopropylacrylamide) (PNIPAM). Study of the 

thermothickening behavior 

4.1 Introduction 

Designing new materials with improved or tailored properties is one of the main goals of 

the chemists. Two common ways are mainly used to get a material with improved or new 

properties: blending or chemical synthesis. Blending is a well-know, efficient way to prepare 

new materials with improved properties. Nevertheless, limitations exist, due to phase 

separation phenomena. On the other side chemical synthesis is an unlimited method to get 

new substances with well-defined properties but it is often time consuming and not seldom 

costly. 
[1-3] 

4.2 Synthesis and characterization of the graft copolymers 

We have synthesized new graft copolymers with a hydrophilic backbone of sodium 

alginate (NaAl) and side chains, of poly (N-isopropylacrylamide) (PNIPAM). NaAl is a 

biopolymer with applications in food, pharmaceutical and medical industries. PNIPAM is a 

water-soluble polymer showing lower critical solution temperature (LCST) behavior in 

aqueous solution. 
[4] 

 

 

Figure 1 Graft copolymer 

Generally, by heating in semi-dilute aqueous solution, graft copolymers with a 

hydrophilic backbone and side chains of polymers with an LCST behavior present a 



substantial viscosity increase, thermothickening or gelling properties (thermothickening is a 

special behavior, presented by some systems, where the viscosity increases as temperature 

increases), in comparison with most of fluids that are characterized by the well-know 

Arrhenius thermothinning behavior (i.e. the viscosity decreases as temperature increases). 
[5] 

In most cases where thermothickening properties are observed in aqueous solutions, 

polymers with lower critical solution temperature (LCST) behavior i.e. polyethylene oxide 

(PEO) or oligomers of polypropylene oxide, PNIPAM or nonionic cellulose ethers are 

involved. These thermosensitive polymers, due to a delicate balance between hydrophilic and 

hydrophobic interactions, separate out from water upon heating, although they are well 

soluble at low temperature. 
[6] 

The preparation of the graft copolymers involves a 2-step method with:  

(1) The synthesis of amino end functionalized PNIPAM by radical polymerization in 

aqueous solution by using the redox couple 2-aminoethanethiol hydrochloride/potassium 

persulphate (AET/KPS) as initiator. The monomer was dissolved in water (100 mmoles in 80 

mL. of water), and the solution was deaerated with nitrogen bubbling. The temperature was 

adjusted at 30
0
C by using a water bath. The initiators (1.5 mmoles AET and 1.5 mmoles 

KPS) were dissolved separately in 5 mL of deaerated in super sounds water and added after 

about 30 minutes to the monomer solution. The reaction time was 4 hours. The product was 

purified by dialysis against water through a membrane (cutoff~12000 Da, Sigma) and freeze 

dried. 

(2) A “grafting onto” reaction of the PNIPAM chains onto a polymer backbone bearing 

carboxylic units (sodium alginate, NaAl). The grafting reaction was realized by means of 1-

ethyl-3-(3-dimethylaminopropyl carbodiimide hydrochloride (EDC) as a condensing agent in 

the presence of N-hydroxybenzotriazole (HoBt) as a coupling agent, so the amide group was 

formed. Use of carbodiimide for the coupling reaction between amino groups and carboxyl 

functions is a standard method in peptide chemistry which has been widely reported in the 

literature. More particularly, such reaction has been typically applied for the modification of 

polymer chains bearing carboxylic groups with small molecules or macromolecules end-

functionalized at one or both ends with primary amines. 
[7-9]

 Frequently an excess of 

carbodiimide is used in modification of polysaccharides to ensure the reaction. 
[10] 

The use of HoBt was imposed after many unsuccessful efforts to make the grafting 

reaction by using only EDC as is the case when polyacrylic acid or carboxymethylcellulose 

is used as backbones. 
[6]

 HoBt has been suggested as a means to improve the efficiency of 



this reaction. Indeed after using it we observed a considerable increase in the efficiency of 

our grafting reaction. 

The pH of the final polymer solution was adjusted at pH≈5.5 adding several drops of 0.1 

M NaOH or HCl, corresponding to the minimum value for alginic acid to be dissolved and 

favoring EDC efficiency. 

After the reaction was completed the finals products have been precipitated with acetone 

(Acetone for analyses-Carlo EBRA) to remove undesirable substances. After this the 

products were keeping to the oven for 24h and then re-dissolve in water and freeze-dried. 

Alginic acid is a natural hydrophilic polysaccharide which is extracted from different 

brown seaweeds. Alginic acid can be found in three different structures depending on the 

type of the seaweed extracted from. One of its structures can have only blocks of L- 

Guluronic acid (G), a second one can contain only segments of D-Manuronic acid (M) and 

the last one can have an alternated structure between D- Manuronic and L- Guluronic units. 

The commercial alginic acid used in this study is a Fluka product with an average 

molecular weight of 48,000-186,000 (according to Fluka specifications), the reduced 

viscosity in water at 25
0
C for an aqueous solution of c= 0.2 wt % is εred =2.41 ml*g

-1
, a 

drying loss ≤ 10 wt % and ash ≤ 3%. 

The polymers with a low critical solubility temperature (LCST) present a great interest 

in green chemistry field, catalysts, drug delivery, sensors, permeability control in composites 

used as films. PNIPAM is the most representative of this class of polymers because it shows 

a phase transition at a low critical solubility temperature at about 31-33
0
C, close to 

physiological temperature. 
[11] 



 

Figure 2 Structural formulas of alginic acid 
[12, 13] 

Aqueous solutions based on PNIPAM, are the best examples of thermo-sensitive 

materials. It can be observed that it precipitates above LCST and it redissolves below it. It 

has been shown that, in the case of PNIPAM, this behavior is due to hydrophobic N-alkyl 

groups (figure 3) and solvent type water. 

 

 

Figure 3 Poly (N-isopropylacrylamide) (PNIPAM) structure 



 

Figure 4 Synthesis reaction 

 

LCST is the result of the variation of entropy at the dewatering of the amidic groups 

with the increase of the temperature and it can be influenced by the content of salts, alcohols, 

surfactants addition. In this way, pH of solution is varying also. LCST varies in a range close 

to human body temperature; so, the PNIPAM was proposed to be used in biological 

applications. With the increase of the temperature, PNIPAM configuration suffers some 

changes regarding the shape of the chain leading to reversible swelling-deswelling 

properties. 
[14]

 These properties can be useful in the control process of the thickness of the 

gels layers and their composition. PNIPAM gels can show temperature sensitive phase 

changes and they can be used as sensors or actuators. 

For the characterization of the constituent homopolymers (NaAl and PNIPAM) we used 

viscosity measurements and potentiometric titration. Intrinsic viscosity, [ε], measurements 

were carried out with an automated viscosity measuring system (Schott-Gerate AVS 300, 

Germany) equipped with an Ubbelhode type viscometer. Temperature was controlled within 

a precision of ±0.02
0
C, and flow times were measured with an accuracy of ±0.1s. The 

reduced viscosity was calculated as the ratio (t-t0)/(t0c), where t0 and t are respectively the 



flow times of the solvent and of the polymer solution of a concentration c. The intrinsic 

viscosity [ε] has been determined from the extrapolation of the reduced viscosity curve at 

zero concentration. 

For the determination of the molecular weight M  of NaAl the next formula:  

[ε]=6.9*10
-4

M
1.13

 

given in 
[15]

 for L.hyperborea origin sodium alginates in NaCl 0.1 M. 

The molecular weight of PNIPAM was determined from the intrinsic viscosity by using 

the relation: 

[ε]=0.047*Mv
0.61

 

given in 
[6] 

The results obtained are presented in table 1. 

 

 Sodium alginate 

(NaAl) 

Poly (N-isopropylacrylamide) 

(PNIPAM) 

Viscosity 

measurements 

vM =1.4*10
5
 (g/mol) vM =1.1*10

4
 (g/mol) 

Potentiometric 

titration 

 
nM =6.7*10

3
 (g/mol) 

 

Table 1 Final results of the molecular weight determination for the two homopolymers 

 

We prepared four graft copolymers G33, G50, G67, G80 named after their weight 

percentage composition in PNIPAM. 

The products obtained are characterized by 
1
H-NMR spectroscopy, elemental analysis, 

fluorescence measurements, viscometry, conductimetric titration and size exclusion 

chromatography and intended to exploit the phase separation behaviour of PNIPAM that 

phase separates from water when temperature increases above its LCST, approximately 

32
0
C. Below LCST, PNIPAM chains are soluble in water, so are expected to be the graft 

copolymers. Above LCST, the PNIPAM chains aggregate result in reversible interchain 

binding in semidilute solutions of the graft copolymers. 

The composition of the graft copolymers has been assessed by 
1
H-NMR spectroscopy, 

elemental analysis, conductimetric titration and size exclusion chromatography. 



The use of 
1
H-NMR spectroscopy which is a multinuclear, multiparametric, 

noninvasive, and nondestructive technique 
[16]

 spectra of polymer solutions in D2O were 

recorded using a 400 MHz Avance Bruker spectrometer equipped with an Ultrashield 

magnet. The composition of the copolymers was determined from the 
1
H-NMR spectra. 

For the spectrum of sodium alginate (figure 5) the peak at ~4.7 ppm is assigned to the 

anomeric proton of mannuronic acid residues and H-5 of α-guluronic acid residues adjacent 

to mannuroic acid. 
[17] 

 

 

Figure 5 
1
H-NMR spectra of sodium alginate 

In PNIPAM spectrum (figure 6) the signal around 1 ppm is assigned to -CH3, those 

around 3.8 ppm to -CH. The signal around 4.6 ppm is ascribed to D2O. The signal around 

1.5-2.0 ppm is due to the -CH2-CH-. 
[18] 

 

Figure 6 
1
H-NMR spectra of poly (N-isopropylacrylamide) (PNIPAM) 

 



For the spectra of G 33, G 50, G 67 and G80 (figure 7 a, b, c and d) copolymers of 

alginate and PNIPAM, the signals around 3.2-4.5 ppm are multiplet originated also from 

alginate. The signals due to -CH3, -CH and -CH2-CH- of PNIPAM also appeared in the G 33, 

G 50, G 67and G80 spectra. Accordingly, it is reasonable that the alginate and PNIPAM had 

been copolymerized. 

 

a. 

 

 

 



 

b. 

 

c. 



 

d. 

Figure 7 
1
H-NMR spectra of poly (N-isopropylacrylamide), (a) G33, (b) G50, (c) G67 

and (d) G80 

 

The intensity of PNIPAM signals in the graft spectra increased as the relative amount of 

PNIPAM grafted to alginate increased. 

Elemental analysis was carried out on a Carlo-Erba CHNS-O elemental analyzer 

EA1108. From the experimental determine value of the ratio (N/C)exp (where is the nitrogen 

percentage and C the carbon percentage reported in the experiment) the composition per 

molar unit of NaAl and PNIPAM was reported to the theoretical one (N/C)th and the results 

are presented in table 1. 

Size exclusion chromatography (SEC) was used to detect any unreacted PNIPAM 

chains. Analyses were carried out with a Water 501 HPLC pump equipped with two Shodex 

OH-pack columns, B804 and B805, equilibrated at room temperature in 0.5 M LiNO3 in a 1 

mL/min flow rate. The samples were injected into the columns in a concentration 0.2 g/mL, 

and the results obtained showed the absence of any residual quantity of PNIPAM in the 

reaction product. 



 

Figure 8 Elution volume function of refractive index for PNIPAM and the four graft 

copolymers 

 

The chromatogram shows that for the sodium alginate (NaAl) we obtaine the peak at an 

elution volume at about ~25 mL, while for the graft copolymers this peack has the tendecy to 

go to lower values. In the case of the PNIPAM the elution volume is at about ~38 mL close 

to the end of the chromatogram. We observe that for the graft copolymers G33,G67 and G80 

we don‟t have unreacted PNIPAM, a fact that makes us to believe the grafting reaction was 

completed (this is supported by by a visual observation of the sample solutions in water, 

where we do not see any turbididy or phase separation at higher temperature). In the case of 

the G50 the chromatogram shows the presence of unreacted PNIPAM. Anyway if small 

quantity of PNIPAM was remaining it was latter removed by precipitating the reaction 

mixture in acetone. 

The conductimetric measurements of the aqueous solution of polyelectrolytes were 

performed with a Conductometer 712 (Metrohm) with the purpose to measure the molecular 

weight per charge unit. The measuring cell it was provided with a ceramic electrode 

(Metrohm) and the measurements were conducted at room temperature. 



The electrical conductance in electrolytic solutions depends on the concentration of the 

ions present in a solution and the inherent ability of each kind ion to conduct electricity 

(equivalent conductance). Any reaction that changes the concentration of the ions will show 

changes in conductivity. Therefore the conductance method can be used for the 

determination of end point in precipitation titrations and/or in neutralization titrations. 

Dependent on the titrant and the titrand, the reaction solution conductivity, will either 

increase or decrease. The rates of change of conductivity are different before and after the 

end point. Thus, plots of specific conductivity vs. volume of the titrant will result in straight 

lines (arms). The location of the point at which these conductivity rate changes occur (arms 

intersect) amounts to the location of the end point of the titration. The equilibrium at the end 

points tend to change the sharpness of the lines near end points. Therefore the end points are 

found by extrapolating the lines generated in the conductivity vs. volume of the titrant plots. 

[19] 

A reagent, called the titrant or titrator, (in our case polydiallyl dimethyl ammonium 

chloride PDADMAC) of a known concentration (a standard solution) and volume is used to 

react with a solution of the analyte or titrand, (in our case NaAl-g-PNIPAM) whose quantity 

is known. 
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Figure 9 Conductivity vs. volume for sodium alginate 

 

In figure 9 we observe that 11 mL of titrant neutralize the amount of alginate used so 

that we can determine the mass per charge unit of sodium alginate, and compare with the 

known theoretical value, 198. 

http://en.wikipedia.org/wiki/Reagent
http://en.wikipedia.org/wiki/Standard_solution
http://en.wikipedia.org/wiki/Volume
http://en.wikipedia.org/wiki/Analyte
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Figure 10 Conductivimetric titration vs. volume for (a) G33, (b) G50, (c) G67, (d) G80 

and (e) all the four grafted copolymers 

 

From the conductivimetric titration figure 10 we determined the volume at which the 

charge of the graft copolymers fully neutralized, and this leads to the determination of the 

weight composition of each copolymer in PNIPAM. The results obtained are presented in 

table 2. 

 

Sample 

designation 

Feed 

composition 

(w/w (%)) 

Elemental 

analysis 

(w/w (%)) 

Conductimetric 

titration (w/w (%)) 

G33 33 32 30 

G48 50 49 47 



G58 67 54 62 

G74 80 76 72 

 

Table 2 Composition in PNIPAM of the graft copolymers as determined by elemental 

analysis and conductivimetric titration, compared to the feed ratio 

4.3 Viscosity and fluorescence measurements 

First we‟ve measured the dynamic viscosity of semidilute solutions, C=1% (w/v), of 

NaAl and of four graft copolymers, G33, G50 G67 and G80 in water as a function of 

temperature. 

First we‟ve measured the dynamic viscosity of semidilute solutions, C=1% (w/v), of 

NaAl and of the four graft copolymers, G33, G50 G67 and G80 in water, as a function of 

temperature. 
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Figure 11 Dynamic viscosity vs. temperature for semidilute solutions of (a) NaAl and 

(b-e) of all four graft copolymers in water, C=1% (w/v) 

 

Figure 11 shows the dynamic viscosity results, obtained. The dynamic viscosity 

decreases slightly as temperature increases above 25
0
C, following an expected 

thermothinning behavior and then starts to increase showing an interesting thermothickening 

behavior. This behavior is mostly observed with the G50 G67 and G80 samples of higher 

composition in PNIPAM, 50, 67 and 80 w/w% respectively. 

A minimum in viscosity is observed for the four copolymers above 32
0
C, the LCST of 

PNIPAM in water. The temperature values for the minimum observed, 35, 35, 42.5 and 45
0
C 

for G80, G67, G50 and G33 respectively are obviously related with the composition of each 

copolymer. They are approaching to 32
0
C as the copolymers composition in PNIPAM 

increases. 
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Figure 12 Comparison of dynamic viscosity vs. temperature for semidilute solutions of 

NaAl and of all four graft copolymers in water, C=1% (w/v) 

Moreover in figure 12 we observe that at 55
0
C ε of the G80 solution increases 122.5 

times, that of G67 solution increases 41.5 times, that of G50 1.51 times and of G33 1.13 

times in comparison with their minimum values. This behavior indicates the critical rate 

composition of the graft copolymers in PNIPAM. 

Second we‟ve measured the dynamic viscosity as a function of the concentration for the 

four graft copolymers at 50
0
C, i.e. a temperature well above the critical temperature shown 

by all four copolymers, a thermothickening behavior to be observed.  
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Figure 13 Dynamic viscosity vs. concentration for semidilute solutions of all four graft 

copolymers (a-d) in water, at 50
0
C 

 

From figure 13 we observe that the dynamic viscosity increases for all four graft 

copolymers. For the polymers with a low composition in PNIPAM, G33 and G 50 we 

observe an almost linear and rather small increase of the viscosity. On the other hand for G 

67 and G 80 we obtain the same linear increase for small concentration but after about 0.6-

0.7*10
-2

gcm
-3

 we observe an abrupt increase of the dynamic viscosity. 
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Figure 14 Comparison of dynamic viscosity vs. concentration for semidilute solutions of 

all four graft copolymers in water, at 50
0
C 

 

According to the results above a critical concentration is necessary the thermothickening 

behavior to be observed. This critical concentration is also related with the composition of 

the graft copolymers in PNIPAM side chains. It is obvious that copolymers with a 

composition in PNIPAM higher than 60 w/w% present a spectacular thermothickening 

behavior, even in solution with a concentration as low as 1.00*10
-2

 g/mL. 

Fluorescence measurements (figure 15 and 16) were conducted by using pyrene as a 

micropolarity sensitive probe. The excitation wavelength was 334 nm. As known, high 

values of the intensity ratio of the first ((I1) at 373 nm) over the third vibronic peak ((I3) at 

384 nm) of the pyrene spectrum, I1/I3, reveals an aqueous polar environment, while low 

values are characteristic of a low-polarity microenvironment, where the hydrophobic pyrene 

molecules are preferentially solubilized. 
[20]

 The measurements were taken place with dilute 

solutions in water prepared so that the PNIPAM concentration to be kept at 0.1% or 1% The 

NaAl solution used was also 0.1% or 1%. The pyrene concentration was 5*10
-7

M, taken 

from a solution in ethanol 5*10
-3

M. 
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Figure 15 Variation of the pyrene fluorescence intensity ratio I1/I3 as a function of 

temperature for (a) NaAl, (b) PNIPAM and (c-f) for the four graft copolymers in dilute 

solution, 0.1% in water 



From the figure 15 we can observe the ratio I1/I3 of the fluorescence emission spectrum 

of pyrene in water solutions of the study polymers as function of temperature. 

The values of NaAl (figure 15 a) solution 1.54 for 0.1% and 1.37% shows that there are 

not hydrophobic domains in this case. In the PNIPAM solution, (figure 15 b) on the other 

hand, I1/I3 take the value 1.62 for 0.1% and 1.54 for 1% solutions due to the hydrophobic 

character of this polymer above the LCST. The I1/I3 values for the graft copolymers G33, 

G50, G67 and G80 (figure 15 c-f) are within these two limiting values, values very close to 

that of the PNIPAM solution. Thus, the hydrophobic character of these graft copolymers is 

comparable to PNIPAM. 
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Figure 16 Variation of the pyrene fluorescence intensity ratio I1/I3 as a function of 

temperature for (a) 0.1% solution and (b) for 1% solution. 
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Figure 16 a present the variation of the ratio I1/I3 with temperature for dilute solutions of 

the graft copolymers in water for 0.1% solution. We observed a gradual decrease from a 

higher I1/I3 value ~1.65 for the graft copolymers at 25-30
0
C for all the graft copolymers 

showing a hydrophilic behavior, to a lower value, typical to hydrophobic environment 

(I1/I3=1.35). This change reflects a general change of the pyrene environment from 

hydrophilic to hydrophobic, but without an abrupt change as it would be expected in the case 

of a transition. 

Figure 16 b presents the variation of the ratio I1/I3 with temperature for 1% solutions of 

PNIPAM, NaAl, and the four graft copolymers, G33, G50, G67, and G80, in water for 1%. 

As we see, as temperature increases above 35
0
C, I1/I3 decreases abruptly for all four graft 

copolymers, and from a value of about 1.60 at 30
0
C reaches values at about 1.30 at 65

0
C. 

This behavior is attributed to the formation of hydrophobic microdomains due to PNIPAM 

microphase separation above 32
0
C. For the homopolymer PNIPAM, the well-known 

[21]
 

abrupt decrease of the ratio I1/I3 is observed at a temperature close to the LCST of the 

polymer, revealing the formation of hydrophobic microdomains at this temperature. On the 

other hand, for NaAl the ratio I1/I3 takes high values in the whole temperature range studied, 

revealing that no hydrophobic domains exist in this case, as expected. In this case, the 

smooth decrease of the ratio I1/I3 with temperature reflects the behavior of pure pyrene 

solutions. 
[22]

 Moreover, NaAl seems to be also somewhat sensitive in temperature as I1/I3 

for its aqueous dilute solution decreases from about 1.65 by increasing temperature above 

37.5
0
C slowly at 1.50 at 60

0
C. 

Finally we can conclude that even if the fluorescence measurements show that in all four 

graft copolymers dilute aqueous solutions, hydrophobic microdomains, are formed due to 

PNIPAM microphase separation, as temperature increases above 35
0
C, only the solutions of 

G50 G67 and G80 show a considerable thermothickening behavior. This indicates the critical 

role of the PNIPAM side chains on the appearance of such a behavior. As they have the 

function of stickers their number is very important to ensure binding between the different 

chains. 
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Conclusion 

In this work we have synthesized new graft copolymers with a hydrophilic backbone, 

sodium alginate (NaAl) and side chains of poly (N-isopropylacrylamide), (PNIPAM) which 

is a polymer exhibiting lower critical solution temperature (LCST) phase behavior in 

aqueous solution. This kind of copolymers is included in the class of the so-called “smart” 

materials, comprised of polymers with special structures and architectures, responsive to 

internal and external stimuli. 

Alginates are established among the most versatile biopolymers, used in a wide range of 

applications. Alginates are natural polysaccharide polymers isolated from brown seaweed 

(Phaeophyceae) The alginic acid can then be converted to a salt of which sodium alginate is 

the major form currently used. 

Graft copolymers based upon a water-soluble macromolecular backbone with side 

chains showing a LCST phase behavior in aqueous solutions exhibit in semidilute solutions a 

thermothickening behavior. This behavior a.i. the viscosity enhancement observed for the 

solutions of such copolymers when temperature exceeds the LCST of the side chains is 

explained by their association into hydrophobic microdomains which effectively cross-link 

adjacent copolymer chains. 

The NaAl-g-PNIPAM graft copolymers, prepared by grafting amino-terminated, 

PNIPAM chains of a relatively low molecular weight onto a NaAl backbone present a 

convenient combination of the hydrophilic character of NaAl with the hydrophobic one of 

PNIPAM, as temperature increases over 32
0
C, which is the LCST of PNIPAM. The covalent 

bonding of the PNIPAM chains onto the hydrophilic NaAl backbone does not allow the 

macroscopic phase separation of the side chains at higher temperature. 

According to the viscosimetric results obtained, a critical concentration is necessary the 

thermothickening behavior to be observed. This critical concentration is also related with the 

composition of the graft copolymers in PNIPAM side chains. Moreover, pyrene emission 

fluorescence measurements show that microphase separation takes place as hydrophobic 

aggregates are detected by increasing temperature. These aggregates, between PNIPAM side 

chains of the graft copolymer form a thermally induced physical network in semidilute 

solution, leading to pronounced a pronounce thermothickening behavior. 

The natural origin and the high biodegradability of the sodium alginate makes these graft 

copolymers attractive environmentally friendly candidates for industrial applications where 

effective thermothickening properties in aqueous solutions are needed e.g., in oil rigs. They 



could, also, be useful in pharmaceutical applications when, thermally controlled formation of 

reversible gels is demanded. 

 

 


