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(ABSTRACT) 

In this study, we investigate the hydrogen bonding interactions between selected polar 

solvents and water soluble polymers. Specifically we want to calculate the Gibbs free 

energy, the enthalpy and the entropy of mixing of ethanol with the polymer 

polyvinylpyrrolidone, PVP, or its low molecular weight analogue, N-ethylpyrrolidone, 

NEP. The calculation of the free energy of mixing is achieved by employing a 

thermodynamic model for hydrogen bonded polymer systems, developed by Painter, 

Coleman, and Graf. This model, based on the use of an association model, gives the free 

energy of mixing as a function of the Flory-Huggins interaction parameter, the 

composition of the mixture, and the association equilibrium constants. 

The self-association of the hydroxyl groups is described by two equilibrium 

constants, one for the formation of dimers and one for the formation of multimers. These 

constants are determined by FTIR spectroscopy of ethanol diluted in CCly. Then the 

equilibrium constants of inter-association of carbonyl groups with hydroxyl groups are 

determined from the quantitative analysis of NEP/Ethanol and PVP/Ethanoi FTIR spectra 

at various temperatures and compositions. 

The equilibrium constants values are then used to calculate theoretical Gibbs free 

energy of mixing curves. NEP/Ethanol and PVP/Ethanol mixtures are predicted to be 

miscible at any temperature and composition as expected.
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Chapter 1 

Introduction 

Water-soluble polymers are used in a variety of applications, including colloid dispersants, 

adhesives, and more recently sizing agents for fiber reinforced composites. An 

understanding of the relationship between polymer structure and_ solvent-polymer 

interactions is essential for improving current applications and for developing new ones. 

The purpose of this project is to investigate the hydrogen bonding interactions 

between selected polar solvents and water soluble polymers. Specific attractive 

interactions such as hydrogen bonding play a major role in the miscibility of polymers, 

since they provide a favorable negative enthalpy of mixing. By increasing our 

understanding of hydrogen bond formation, we want to be able to predict miscibilities. 

Specifically we want to calculate the enthalpy and entropy of mixing of the solvents with 

the polymer polyvinylpyrrolidinone, PVP, and its low molecular weight analogue, NEP. 

The calculation of the free energy of mixing cannot be achieved by using Flory- 

Huggins theory in this case, because this theory does not take into consideration specific 

interactions. These calculations will be achieved by using a thermodynamic model for 

hydrogen bonding interactions in polymers developed by Painter, Coleman, and Graf.'* 

Indeed, Coleman et. al. have extended the association theory of polymer solutions to 

describe solutions where strong and specific interactions occur. The free energy of mixing 

is given as a function of the association equilibrium constants, the Flory-Huggins 

interaction parameter, the composition of the mixture and specific molecular 

characteristics of the components of the mixture. 

Coleman and co-workers have already tested the predictive capabilities of this 

model on polymer blends containing PVPh**” or vinyl alcohols®”, as the self-associating 

compounds, and vinyl acetate or methacrylic acids as inter-associating compounds. This



model has been also been tested on blends containing polyether or phenoxy'”’*. This 

model appears to successfully predict the phase diagrams of the polymers blends. 

Here, we will apply this association model to a mixture consisting of a polymer and 

a polar solvent instead of polymers blends. Fourier transform infrared spectroscopy will be 

used to determine the hydrogen bonding equilibrium constants.



Chapter 2 

Theory 

2.1 Thermodynamics of Mixing 

2.1.1 Conditions for phase separation 

The Gibbs free energy of mixing, AG,,, is defined as the energy of the mixture minus the 

energy of the pure components in the mixture. A needed, but not sufficient condition for a 

mixture to be miscible, is to have a negative free energy of mixing AG. For a binary 

mixture to be miscible in a given concentration range, the plot of AG,, as a function of the 

concentration has to be concave upward. An example for a miscible mixture in the entire 

concentration range can be seen in Figure 2.1. In Figure 2.2, however, the free energy 

curve is not concave over all the composition range. At any point between B; and Bz, 

phase separation into two phases of concentration B, and Bz leads to a system of lower 

energy. The portions of curve between B, and the inflection point S, (identically B2 and 

S2) are still concave upward. At any point between B, and S,, phase separation is not 

possible into B, and S, (identically Bz and S2), but only possible into B, and Bz. These 

mixtures are called metastable, a finite cooling is required to begin the mechanism of phase 

separation. The portion of curve between S, and S, 1s concave downward, phase 

separation occurs spontaneously. 

The points of inflection S,; and S2, are located on the curve where the second 

derivative of the free energy with composition is equal to zero. The plot of the inflection 
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points as a function of the temperature defines the spinodal. The plot of the points B's as a 

function of the temperature defines the binodal curve. These two curves intersect at the 

critical point, C, where: 
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Figure 2.1: Free energy of mixing as a function of the concentration for a binary miscible 
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Figure 2.2: Free energy of mixing as a function of the concentration for a partially miscible 

binary mixture.



2.1.2 Theory of mixing for ideal mixtures 

As presented in part 2.1.1, the calculation of the Gibbs free energy of mixing of a mixture 

is useful to predict miscibilities. The simplest expression of the free energy of mixing is 

obtained for an ideal binary mixture: 

AG,, 
Rr Inx, +n, Inx, 

where n; is the number of moles of component i 

x; 1s the mole fraction of the component 1. 

This model is based on three main assumptions. First, the energy of interaction between 

unlike components is assumed to be the same as the energy of interaction between like 

molecules. Second, the molecules are assumed to have roughly the same size and shape. 

Last, there are no excess free volume effects in the mixture. The Gibbs free energy of 

mixing is then a function of the combinatorial entropy only. This model is very simplified 

and cannot express the stability of a mixture due to the presence of various intermolecular 

interactions in the solution. Thus, different equations have been developed depending on 

the interactions present in the mixture’’*’’. Before presenting these equations, the 

different kinds of intermolecular interactions that can be present in a mixture will be 

summarized.



2.1.3 Intermolecular interactions 

The intermolecular interactions can be divided into three groups depending on their 

interaction strengths, AE’"*: 

e Weak forces for AE < 1 kcal mol’. These forces include London dispersion forces and 

weak dipolar interactions. Due to the small strength of these interactions, random 

mixing can be assumed. These interactions are also called "physical." 

e Strong forces for AE > 3 kcal mol’. These forces include hydrogen bond formation, 

ionic interactions and complex formation. These interactions, which result in the 

formation of identifiable species such as dimers, are also called "chemical" forces. 

They are specific and directional. The structure and properties of hydrogen bonds will 

be further discussed in part 2.2. 

e Intermediate forces for AE ranging from 1 to 3 kcal mol’. These forces include polar 

forces and quadrupole interactions. 

A mixture with specific and strong interactions between molecules cannot be assumed to 

be ideal. Different expressions of the Gibbs free energies of mixing have to be employed 

depending on the nature of the interaction present in the mixture. 

2.1.4 Flory-Huggins equation 

Flory and Huggins derived a simple expression for the free energy of mixing of polymer 

solutions where only weak interactions occur: 

AG,, 
RT. =n Ings +n, Ing, +NsbpX 5 

where ns is the number of lattice sites occupied by the solvent 

np _is the number of lattice sites occupied by the polymer



o; is the volume fraction of the component i 

x is the Flory-Huggins interaction parameter. 

In the lattice model, the molar volume of the solvent molecule is used to 

define the lattice cell size. 

This equation is valid for mixtures of polymers with only random interactions or weak 

interactions that do not cause local order. The excess volume, which is defined as the 

difference in volume between a non-ideal and an ideal solution, is also neglected. 

The first two terms in the free energy of mixing equation represent the combinatorial 

entropy of mixing and the last term represents the enthalpic contributions. The Flory- 

Huggins parameter x is a function of the physical interactions between the components A 

and B of the mixture. This parameter is assumed to be independent of the composition. 

For mixtures of chemically similar components, x is expected to be small’*. This definition 

of AG, is generally unfavorable to mixing’. The miscibility of solutions, indeed, can be 

explained by the presence of relatively strong interactions that this equation does not take 

into account. Thus, we need to introduce another equation that conciders the non- 

randomness of mixing, 

2.1.5 Phase diagram 

Figure 2.3 shows a typical phase diagram for a binary mixture with only random 

interactions calculated according to the Flory-Huggins equation. The upper critical 

solution temperature (UCST) is defined in a phase diagram as the point C at the top of the 

two-phase region. This point is the one where: 

6°(AGM / RT) _ (AG / RT) - 

Ob Ob, 
 



According to the Flory-Huggins equation, the critical value of the interaction parameter 

            

can be defined by: 

v= 1; 1 1 1 
Crit 2 M*° M}° . 
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Figure 2.3: UCST in a phase diagram 

Figure 2.4: Closed loop in a phase diagram. 

Mixtures of molecules that hydrogen bond are often characterized by a closed-loop 

in the phase diagram, where an UCST and a LCST (lower critical solution temperature ) 

are present at the same time (Figure 2.4). Walker and Vause”’ explained this phenomenon 

as follows. At high temperatures, the main contribution of the free energy of mixing is the 

entropy of mixing, the mixture is then miscible. As the temperature decreases, the positive 

contribution of the van der Walls interactions increases and the mixture becomes 

immiscible. If the temperature continues to decrease, the specific interactions start to 

dominate and therefore the system becomes again miscible. This phenomenon cannot be 

predicted by using Flory-Huggins equation, it can only be predicted with models



developed for mixtures with specific interactions. Some of these models will be presented 

in the next section. 

2.1.6 Mixtures with specific interactions and introduction of 

Coleman et. al. model 

Many authors tried to develop models predicting the presence of closed-loop phase 

diagram and of energy balances favorable to mixing. 

5.16 established in 1976 a general theory of mixed fluid First Sanchez and Lacombe 

of an arbitrary geometry and size called the Ising fluid equation of state. This theory, 

based on the lattice formulation, differs from the Flory-Huggins equation essentially by the 

fact that it allows free volumes. The results obtained are often only qualitative due to the 

errors introduced by assuming a random mixing. 

Then, in 1979, Cruz et. al.”" proposed a new method for estimating miscibility of 

polymers. This method was based on calorimetric measurements of the heats of mixing of 

low molecular weight analogues of the polymer. Cruz et. al. stated that a negative heat of 

mixing for the low molecular weight mixture suggests the possible misciblity of the 

analogue polymer blend, whereas a positive heat of mixing leads to an immiscible polymer 

blend. This method can also only be qualitative. 

More recently, ten Brinke and Karasz’’ have developed a new theory based on the 

observation that specific interactions have some directional properties that interfere with 

the rotational freedom of the polymer segments. This amount of entropy lost in the 

formation of specific interactions is taken into account in the expression of a new 

interaction parameter x. This interaction parameter separately account for the enthalpic 

and entropic component. The problem with this model is that the determination of x does 

not have always a direct physical meaning.



Coleman M., Graf J., and Painter P.?* focused their attention on polymer blends 

with specific interactions. They derived an equation for the free energy of mixing where 

the free energy change corresponding to the specific interactions is clearly separated from 

the one corresponding to the physical interactions. Indeed, they divided the process of 

mixing into two steps: the formation of hydrogen bonds and the mixing of the already 

hydrogen bonded species. This mixing involves then only the formation of physical 

interactions and can be treated with classical lattice theories. The free energy change due 

to the formation of hydrogen bonds, is expressed as a function of the concentration of 

hydrogen bonded species present in the solution. The concentration of hydrogen bonded 

species is calculated by using equilibrium constants, experimentally determined. 

In order to be able to measure hydrogen bonding equilibrium constants accurately, 

the stoichiometry of the hydrogen bonding reaction needs to be defined. A good 

understanding of the nature of the hydrogen bond and of the stoichiometry of the reactions 

is thus needed. 

2.2 The Hydrogen Bond 

Many books and papers’’”* focus on the effects of hydrogen bond formation. These 

interactions explain the presence of very specific structures in biological molecules such as 

the a-helix or B-sheet of polypeptides or double strandedness of the DNA molecules. 

Unusual properties of water, such as the increase of volume upon freezing, are also 

resulting from the presence of hydrogen bonding. Although much literature seems to be 

essentially concerned with hydrogen bonds in small molecules or biological materials, less 

information can be found about the hydrogen bonding in polymer mixtures. Before 

focusing on the formation of hydrogen bonds in polymer mixtures, the characteristic of the 

hydrogen bonds will be presented, together with the structure of the complexes formed. 
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Then a brief presentation of the method of characterization of the hydrogen bonds will be 

outlined. 

2.2.1 Characteristics of a hydrogen bond 

A hydrogen bond is an attraction of an atom H by two atoms instead of only one. 

Hydrogen bonded complexes A-H...B can be formed when A and B are electronegative 

atoms such as oxygen, nitrogen or halogen. The H...B bond distance is then smaller than 

the sum of the Van der Waal radii of the two atoms. The energy of the hydrogen bond 

formed ranges usually from 1 to 10 kcal mol’, whereas covalent bonds have strength on 

the order of 50 kcal mol’ and Van der Waals attractions have strength on the order of 0.2 

kcal mol’. An energy ranging from 1 to 10 kcal mol" provides a dynamic equilibrium for 

the hydrogen bond formation, with hydrogen bonds breaking and reforming at the same 

time. The mean lifetime of a hydrogen bond is supposed to be of the order of 10 

seconds’. 

Formation of hydrogen bonding in a system has a large influence on its physical properties. 

It usually leads to an increase of the melting point, the boiling point and the heat of 

vaporization of the mixture”. It also changes the solubility of the mixtures. 

2.2.2 Types of complexes 

Self-association can lead to the formation of two main types of complexes: linear or cyclic 

complexes’”*. Polymers containing amide groups (HNCO), urethanes groups (HNCOO) 

or hydroxyl groups (OH) form linear chains upon hydrogen bond formation. (Figure 2.5). 

Formation of cyclic complexes is also possible with hydroxyl groups, but is not favored 

from an energical point of view (Figure 2.6.a). Cyclic hydrogen bonded structures are 

{1



favored in molecules containing carboxylic acid and urazole functional groups (see Figure 

2.6.b). 
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Figure 2.6: Formation of cyclic dimers. 

(a) hydroxyl groups (b) carboxylic acid groups. 

2.2.3 Characterization of hydrogen bonds 

Hydrogen bonding in a solution or in blends can be characterized by spectroscopic or 

calorimetric techniques. Actually, the results obtained by thermodynamic measurements 

are often dependent on the model used and the assumptions made, whereas spectroscopic 

measurements appear to be more direct since one can obtain concentration of the various 
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associated species. Some possible spectroscopic methods include Fourier Transform 

Infrared Spectroscopy (FTIR), which is based on the shift of the A-H stretching mode 

upon formation of hydrogen bonds”, and 'H nuclear magnetic resonance spectroscopy 

(NMR), which is also based on the shift of the signal of the proton involved in the 

hydrogen bond. 

NMR is typically employed for the study of aqueous systems, since water tends to 

saturate the IR spectra”. 

2.3 The equilibrium Constants of Hydrogen Bond 
Formation 

2.3.1 Definition of the equilibrium 

The equilibrium for the formation of a hydrogen bond between a proton donor A-H and a 

proton acceptor B is represented by: 

A-H+B<*>5A-H...B [2.1] 

The association equilibrium constant, K, is then written: 

_[A-#...B] 

AB] “ 

The equilibrium constant written in terms of molar concentrations is in units of (mol/ly" . 

The equilibrium constant written in terms of volume fractions is dimensionless. The 
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conversion from (mol/l)' to a dimensionless number is accomplished by simply dividing by 

the molar volumes. 

2.3.2 Thermodynamics of the equilibrium 

Assuming that the reaction is at equilibrium, the free energy change AG associated with 

the equilibrium defined by equation [2.1] is zero. Hence, the standard free energy change 

AG? is defined as: 

AG® = AG)» 5 ~(AGS_» +AG3)=—RTInK = AH® — TAS° [2.3] 

The enthalpy of hydrogen bond formation can then be expressed using the thermodynamic 

relationship: 

olnK 

Hence, if we assume that the enthalpy of formation of the hydrogen bond is independent 

of the temperature, the equilibrium temperature dependence of the equilibrium constant is: 

K=K° exp A245) [2.5] 

where K° is the value of the equilibrium constant at T° in units of Kelvin. 

14



2.3.3. Determination of the equilibrium constants 

The equilibrium constants are a link between the stoichiometry, the concentration of the 

hydrogen bonded species present in the mixture and the free energy of mixing. In order to 

calculate the Gibbs free energy of mixing using the model developed by Coleman M., Graf 

J., and Painter P., we first need to define the equilibrium constants which describe most 

accurately the stoichiometry of the hydrogen bonding in our system. 

We are dealing with mixtures where one component, B, self-associates while the 

second, A, does not, but has a functional group capable of forming hydrogen bonds with 

B. The self-associating components contain groups having both "donor" and "acceptor" 

parts. Thus, two types of equilibria take place in the mixture: the self-association of B 

units and the competing association between A units and B units. The self-association 

equilibrium can be written as a linear condensation polymerization: 

  B,+B,< 58, with K, = Pan [2.6] 
2651 

_ P Be) h B,+B,<2>B,,, (b> 1) with 
As = PonPg, A+1 Bn 

where h is the number of self-associated units linked together, 

Opn is the volume fraction of the "polymer" containing h repeat units. 

The simplest model for the self-association corresponds to the assumption that Ko= K3= ... 

= Kg. Coleman and al. have developed the expression of the equilibrium constants 

corresponding to this model*”°. In addition, they have developed a model using two 

different constants, one for the formation of dimers and one for the formation of h- 

mers”''!***4_ Thus, we want to choose the model which can best reproduce the 
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experimental data across the concentration range of interest. For ethanol, we will assume 

that K># Ks, but K3 = Ky ... = Kg. This choice will be more explained in chapter 4. 

The competing equilibrium is written as: 

B,+A,<**>B,A with K,= Pon hr [2.8] 
P an? a1 (h +r ) 

where r is the ratio of the molar volume of the A units and the B units , 

da: is the volume fraction of A units that remain unassociated, 

dpn is the volume fraction of the "polymer" containing h repeat units, 

dpna_ is the volume fraction of gpa units. 

The total volume fraction of all B units, x, is: 

= 9m > bon (+ Na, [2.9] 

Here, it is important to stress the difference og and 6p: op is the volume fraction of B 

units present in the mixture, in any form, whereas gp; is the volume fraction of 

"monomers, i.e. non-hydrogen bonded B units, in the mixture. 

The total volume fraction of all A units, a, 1s: 

  =P a1 Yb 7 [2.10] 
h+r 
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Using equations [2.6] and [2.7], we can also write: 

P 52 = 2K, 

3 
P 53 = 3K aR 29 1 

_oh 
P wn ~ pa eee ari P a 

Successive substitutions lead to: 

_ _ _ h 

Ps, = hK; *b5, K, a = K,K3;W(¢ Kz) 

The summation of opp for h going from 2 to © 1s: 

> om =K.Ke W(Kebs)" 
h=2 h=2 

If K,¢,,(1, Kehiaian’’ has given the proof that we have the approximation: 

1 
y KK 5 ™ ST OND 

2. \ (1-Ky$p,) 

Substitution of the approximation [2.14] into equation [2.13] gives: 

“ K, K, 4 
=-—2.¢,,+—2¢,,(1-K Lido K P a K, d ni ( | 

B 

[2.11] 

[2.12] 

[2.13] 

[2.14] 

[2.15] 

17



Similarly: 

  ¥ boul >) =F K pada H2]( h )- Riba +» Shu [2.16] 
bel h+r r 

Substituting equations [2.15] and [2.16] into equations [2.9] and [2.10], the expressions 

of the total volume fraction of all A and B units can be simplified as: 

K, K, -2 K, Al 
PP, =9x (0-2) +5, I Keba) [eM] [2.17] 

B r 

K, K, | 
G4 =P yt KG ae (0-2) + Kaba) [2.18] 

B 

Coleman and al. introduced here two new functions, I; and I>. They are defined as: 

K,) Kr 7,_ “1 
r, =(1-A2}-42¢ Kz¢z) [2.19] 

B B 

K,\ Kr7,_ 2 
r, -(-4 +l K,$ m1) [2.20] 

B B 

Substituting equations [2.19] and [2.20] into equations [2.17] and [2.18]: 

Ps = by To) 1+ aha [2.21] 

18



$4=Py t KG yGal, [2.22] 

In our mixture, the self-associating B units are the molecules of ethanol, the 

solvent. The value of the self-associating equilibrium constants can be obtained from the 

quantitative analysis of the infrared spectrum of pure ethanol. Since the absorption 

coefficients of the bands associated with the stretching of the hydroxyl groups are a 

function of both temperature and strength of the hydrogen bonds, they are consequently 

very difficult to determine. The fraction of free hydroxyl groups and the self-association 

equilibrium constants are then determined by a method developed by Coggeshall and 

Saier”*. This method will be presented on part 4. 

The competing species A are the N-Ethylpyrrolidone molecules, NEP, or the 

polyvinylpyrrolidone, PVP, repeat units, each of which contains a carbonyl group. The 

fractions of free or non-hydrogen bonded molecules A, fp °, can be calculated from the 

10,29,30 Using the Beer-Lambert law, infrared measurement of the mixture of B and A units 

the area of the band associated to the free group and the one associated to the hydrogen 

bonded groups can be related to their relative concentrations in the mixture. The ratio of 

the absorptivity coefficients of the bands needs to be established. The fraction of free 

carbonyl group, f°, is equal to: 

  

  

A 
. _ P a _ F [2.23] 

D4 4, + “o| 

a 

where Ar _ is the area of the band associated to the free goups, 

App 1s the area of the band associated to the hydrogen bonded groups 

a 1s the ratio of the absorptivity coefficients of the hydrogen bonded 

band to the one of the free band a =a,,/a, 
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In equations [2.21] and [2.22], the variables are: oa, op, Ka, Ko, Ks, dai bp: and r. ba and 

dp are calculated from the initial composition of the mixture, r is calculated from the molar 

volume of the A and B units. We just presented how to determine Ko, Kg and o,; . Now, 

Ka and $s: can be calculated by using the two equations [2.21] and [2.22]. 

The equilibrium constants can also be defined by using a method based on low 

molecular weight analogues. This method is presented in the next part. 

2.3.4 Low molecular weight analogue method 

The equilibrium constants Ka, K2 and Kg defined in equations [2.6], [2.7], and 

[2.8] are determined for the formation of particular hydrogen bonds between specific A 

and B units. The self-association equilibrium involving a polymer of repeat unit B, can be 

then described from the studies of its chemically low molecular weight compound having 

1,9-11 
the same B unit”. The equilibrium constant determined for a low molecular weight 

compound is thus transferable to the polymer using the equation: 

K, =K, a [2.24] 

where K are the dimensionless equilibrium constants 

Vv are the molar volumes 

I repeat unit of the polymer 

1 repeat unit of the low molecular weight analogue. 

Coleman et. al.’ have also specified that the transfer of a set of equilibrium constants 

derived from low molecular analogues to the polymer blends has some limitations. Indeed, 

this low molecular weight analogue method does not take into account the limited 

accessibility of functional groups in a polymer chain and the reduction of rotational 

20



freedom and entropy change that occur upon hydrogen bond formation. The equilibrium 

constants defined for the association of small molecules can be applied to polymeric 

molecules only if the polymer chain is flexible. 

2.4 Coleman, Graf, and Painter model 

Many models'*'*?! have been developed to predict miscibility of polymer mixtures. But 

most of these models do not take into account directional-specific interactions such as 

hydrogen bonds. Coleman M., Graf J., and Painter P.’? have proposed a new theory of 

hydrogen bonding solutions. Their model allows one to define the Gibbs free energy of 

mixing in a mixture with specific interactions directly as a function of experimental results. 

This mixing process is separated into two steps: the formation of hydrogen bonds and the 

mixing of the already hydrogen bonded species. Their new expression of the free energy of 

mixing will be presented first. Then, the meaning of the different terms of this equation 

taking into account the specific interactions will be developed. To conclude, the 

advantages of this theory will be presented. 

2.4.1. Expression of the Gibbs free energy of mixing 

Coleman and al. described the Gibbs free energy of mixing of two components A and B 

that formed specific interactions by the following equation’*”°*?: 

  AG,, 94 Ps AG, —* =“ Ing, +— Ing, + + 2.25 RT N, , N; Pp XP 4 Pp RT [ | 

where o; is the volume fraction of the component 1 

N; is the number of segments in the chain or the degree of polymerization 
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x is the Flory-Huggins interaction parameter 

AGu is the new term introduced by Coleman et. al. 

The two first terms correspond to the usually small but favorable contribution from 

combinatorial entropy. The third term corresponds to the unfavorable contribution from 

the physical forces. The parameter x accounts for only the physical forces, that is, 

dispersive and weak polar forces, opposing to miscibility. Its value is the same as the one 

used in the Flory-Huggins expression of the Gibbs free energy of mixing. The last term, 

AGu, takes into account the specific interactions favorable to mixing, most commonly the 

hydrogen bonds. These interactions alter the number of possible configurations in a lattice 

model. That is why AGy is introduced as a free energy and not an enthalpic term. AGy is 

only a function of various concentration terms and of hydrogen bonding equilibrium 

constants and is based on the "chemical theory" appreach used to model deviations from 

ideal solution behavior. 

For a mixture of polymers or high molecular weight components, the negative 

contribution from combinatorial entropy contributes usually only a little to the free energy 

of mixing. Thus the free energy of mixing is reduced to a balance between the positive 

dadpy, and negative AGy/RT terms. 

2.4.2 Expression of AG 

In the expression of the free energy of mixing, Coleman et. al. introduced a new term, 

AGu, which takes into account all the specific interactions present in the mixture. Its 

expression is developed in an article” published in 1989 and in their book’. To develop this 

expression, Coleman et. al. considered the situation where one component B self- 

associates to form h-mers By, while the second, A, does not, but has a functional group 

capable of hydrogen bonding with B units to form complexes ByA. As explained in part 
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2.3.3, the formation of hydrogen bonds in our mixtures will be described by a model with 

three equilibrium constants, two for the self-association, K2 and Kg, and one for the 

competing equilibrium, Ka. For this model and following Flory's lattice theory”, Coleman 

et. al. obtained an expression for AGy: 

AGu 4, i) P|, Pa il P.].4, (22) (2) ]4g,( 22a 
RT =%. tis i R ffs Jeol (75 Colaateesd [2.26] 

B 

  

where $°si _ is the volume fraction of free B units in pure B 

I’; are the I; parameters determined in pure B 

n° is the number average length of the hydrogen bonded chains in a 

solution of pure B, 

x is defined as X = Kaoai/r 

r is a function defined in equations [2.19] and [2.20]. 

The number average length of the hydrogen bonded chains in a solution of pure B is 

equivalent to the reciprocal of the number of “end groups" in a solution of pure B, f’p, that 

iS: 

te =T//T? [2.27] 

2.4.3 The interaction parameter 

In the expression of the Gibbs free energy of mixing given by Coleman et. al. (equation 

[2.25]), the parameter x expressed only the physical forces, that is dispersive and weak 

polar forces, opposing miscibility. Its value is the same as the one used in the original 
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Flory-Huggins expression of the Gibbs free energy of mixing™*'**'. This parameter can be 

calculated using the solubility parameters, 5, introduced by Hildebrand and Scott”: 

V 
x= a7 [9, -6,] [2.28] 

where Va ___1s the reference volume. It is usually taken as the molar volume of 

the specific repeat unit of the self associating component. 

5; is the solubility parameter of the component 1. 

For low molecular weight compounds, the solubility parameters can be calculated from the 

measurement of the heat of vaporization of the pure compound using the equation: 

5=[AE/V]"° [2.29] 

where AE 1s the energy of vaporization at zero pressure 

V is the molar volume of the compound. 

For a polymer, degradation occurs before vaporization, thus the energy of vaporization, 

AE, cannot be measured. The solubility parameter, 5, has to be determined indirectly, 

either by experiment or by calculation from molar attraction constants, also called the 

group contribution method**” . This method is based on the assumption that the 

contributions of different functional groups to a thermodynamic property are additive. The 

energy of vaporization of a molecule is then equal to the summation of the heats of 

vaporization of each group constituting the molecule: 
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AE; = > n,Ae, [2.30] 
j 

where Ae; is the energy of vaporization of group j 

nj is the number of groups of type j in the molecule. 

Small** introduced the molar attraction constant, F, defined as 

F =(AE’V,)" [2.31] 

where Vi is the molar volume of the group 1 at T=298 K 

The solubility parameter of a molecule is then equal to: 

[2.32]   

ARY 1/2 DF, 

5 = -i 
( V DV, 

Small**, Hoy*’ and Van Kervelen® reported the values of Fi and Vi for different groups. 

Small's values are derived from measurements of the heat of vaporization. Hoy's values 

were derived from vapor pressure measurements. Van Kervelen's values are based on 

cohesive energy data of polymers. The calculation of the solubility parameters using the 

group contribution method can sometimes introduce large errors in the determination of 

the interaction parameter, because of the variation in the data and the inherent 

assumptions used in their analysis. 
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2.4.4 Conclusion 

Coleman et. al. proposed a new expression of the Gibbs free energy of mixing for binary 

mixtures with specific interactions: 

AG, 4, p AG 
—=-4 | +—4 | + +—4# RT N, n¢, N, ng, 19 9p RT 

  [2.25] 

For a binary mixture where B self-associates while A can form hydrogen bonds only with 

B and where the self-association is described by using two equilibrium constants, AGy, is 

  

equal to: 

AG TY r Tr # = ¢ In Zi P41 | Gar +b, (7) {2} +42] 7] [2.26] 
RT 0 gine r ¢, rT; rr, TV, /L14+ X 

, K K 4 
with: I, -( £2) 2 (-Kibn) [2.19] 

K K -2 
r, [1-2] + U-Kab a) [2.20] 

where: 

A is the interassociating unit 

B is the self-associating unit 

da, dp are the total molar fraction of all the A and B units contained in 

the mixture 

Na, Ng are the number of segments in the chain or the degree of 
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polymerization of A and B covalent polymer molecules 

x is the Flory-Huggins interaction parameter 

r is the ratio of molar volume of A and B chemical repeat units, 

Va/VB 

Ka is the inter-association equilibrium constant 

K, is the self-association equilibrium constant for the formation of 

dimers 

Kp is the self-association equilibrium constant for the formation of 

multimers 

opi is the molar fraction of non-associated B units in the mixture 

dai is the molar fraction of non-associated A units in the mixture 

*B1 is the molar fraction of non-associated B units in pure B 

n° is the number average length of the hydrogen bonded chains in a 

solution of pure B 

refers to the solution of pure B units 

rl’. are the I; parameters determined in pure B 

xX is defined as X = Ka bai / Tr. 

The advantage of this theory is that all these parameters can be determined by independent 

experimental measurements. The composition of the mixture, dp and da, can be calculated 

from the quantity of components initially mixed. The equilibrium constants, Ka, K2 and 

Kg, can be calculated from infrared spectroscopic measurements of the binary mixture and 

of pure B. The concentration of non-hydrogen bonded species, da: and $p1, and the 

number average length of the hydrogen bonded chains in a solution of pure B, n,, ,can 

also be defined by FTIR measurements. A method to estimate the 7% parameter using 

solubility parameters is given in section 2.4.3. 
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The assumptions for this equation are the same as those for the lattice model. 

2.5 Infrared Spectroscopy 

Since the atoms of a molecule vibrate, the molecule can absorb radiation. The absorbed 

radiation corresponds to an appropriate frequency necessary to excite a molecule from one 

vibrational or rotational level to another, and is therefore characteristic of each molecular 

structure. IR spectroscopy can be employed to detect and identify the presence of 

intermolecular interactions which cause frequency shifts’””’. 

2.5.1. Basis of infrared spectroscopy 

The bonds of a molecule can be seen as springs that vibrate and thus absorb energy“”*’. 

The vibrational frequency of the stretching mode of a diatomic molecule A-B is a function 

of the atomic weight of atoms A and B and of the characteristics of the bond. The value of 

this frequency, v given in cm”, can be calculated with the equation: 

  = k, STATe [2.33] 

where c is the speed of the light 3*10'° ms” 

M; _ is the atomic weight of the atom i 

kp force constant or stiffness of the bond. 

The force constant or the stiffness of the bond, ks, can be calculated with the following 

equation: 
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  [2.34] 

where N, is the bond order 

d __ is the bond length 

X; is the electronegativity of the atom 1. 

These frequencies describe infrared transitions of "so-called" normal modes of vibration. A 

normal mode of vibration is a mode where the motions are in "harmony"; the atoms on 

both sides of the bond reach their maximum or minimum displacement at the same time. 

These normal modes appear usually in a frequency region going from 4000 to 300 cm”, 

called the fundamental IR region. All our spectra will be performed in this frequency 

range. 

2.5.2 Characterization of the hydrogen bonds by infrared 
spectrometry 

Complexes A-H...B are formed upon hydrogen bonding. Due to the small strength of the 

hydrogen bond, the H...B stretching mode appears at very low frequency and cannot be 

measured by fundamental infrared spectroscopy. Information about the nature of the 

hydrogen bond can be obtained from the analysis of the A-H stretching mode”’. Indeed, 

the strength of the A-H bond decreases upon hydrogen bond formation and the band 

associated to the hydrogen bonded A-H groups appears at a lower frequency than the 

band associated with the free A-H groups. Thus, the measurement of the band shifts in the 

A-H stretching mode in the system A-H....B is a good measure of the average strength of 

the hydrogen bond”. Table 2.1 shows the usual frequency shifts of the A-H stretching 

mode upon hydrogen bond formation. 
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Table 2.1: Frequency shifts of the A-H stretching mode upon hydrogen bond formation. 

  

  

  

  

  

Strength of the | IR frequency shift | Enthalpy of the bond Examples 

hydrogen bond Av cm" kcal/mol 

Weak 10-50 1 PVC-polyesters 

Medium 300 5 -OH; Amide, urethanes 

Intermediate 600 6-8 -COOH 

Strong 800-2000 >8 Acid salts             
The bond connecting the B atom can also have some sensitivity to hydrogen bonding. This 

is the case when hydrogen bonds form between carbonyl groups and N-H or O-H groups: 

the carbonyl stretching mode loses some of its double character upon hydrogen bonding 

and shifts to lower frequency. The shifts are often of the order of 20-30 cm”. 

Kwei et. al.*’ also proposed a correlation between the strength of a specific 

interaction involving an OH group and the shift in the infrared absorption peak of this 

hydroxyl group: 

—AH =m,Avo, +7, 

where AH isthe enthalpy of mixing 

AVou _ is the shift in the frequency of OH absorption band 

m,,n, are two constants, characteristic of the system. 

The broadness of a band reflects a distribution of bond strengths. More 

specifically, the breadth of the band associated to the hydrogen bonded groups reflects the 

distribution of these groups at different distances and geometries. Coleman et. al. clearly 

proved this point with the analysis the FTIR spectrum of a semicrystalline nylon*’: as the 
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nylon reached its melting point, they noticed a more pronounced band broadening of the 

hydrogen bonded N-H band. This broadening was due to the "sudden" decrease in the 

degree of order. 

Changes in temperature have also some effects on the frequency and the area of 

j,10:293°.44-47 explained that bands characteristic of hydrogen bonded groups. Coleman et. a 

as the temperature increases, the volume of the polymer and the average intermolecular 

distance between the chains increases, thus, the average strength of the hydrogen bond 

decreases. This decrease of the strength of the hydrogen bond leads to frequency shifts of 

the hydrogen bonded bands to higher wavenumbers. 

2.5.3 Beer-Lambert flaw and determination of the ratio of the 

absorption coefficients 

Beer-Lambert law 

Beer-Lambert law’!*®”? gives a relation between the absorbance of a band, A, and the 

concentration of the species associated to this band: 

A = log Po/P = abc [2.35] 

where A 1s the absorbance or maximum height of a band 

Po is the incident radiation 

P is the transmitted radiation 

a __ is the absorptivity coefficient of the band of interest 

b _is the path length of the sample 

¢ is the concentration of the group of interest 

In order to obtain an accurate quantitative analysis of a sample following this linear 

relationship, the peak must have maximum absorbance value less the 1. 
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Determination of the ratio of the absorption coefficients 

In an article’’ written in 1986, Coleman et. al. studied the change of area of the bands 

associated with carbonyl groups of a simple polyurethane with temperature. They noticed 

that the summation of the area of the bands associated to the free and the hydrogen 

bonded carbonyl groups varied with temperature. Since the total concentration of carbonyl 

groups was constant, they concluded that the absorption coefficients of the two bands 

were not equal. 

The ratio of the absorption coefficients, a, for the free bands ap and the hydrogen 

bonded bands ayg can be determinated by varying the temperature of the sample or by 

varying the total concentration of the groups of interest. 

Determination of the ratio of the absorptivity coefficient by varying the temperature’’”” 

First, the absorptivity coefficients are assumed to be constant over the range of 

temperature tested. This assumption is valid in the case of bands associated with the 

stretching of carbonyl groups where the double bond is not too sensitive to temperature”. 

The infrared spectrum of the mixture is first collected at a temperature T,. The thickness 

of the sample is b and the total concentration of the group of interest is c. The analysis of 

this spectrum gives us the area of the peak associated with the free groups, (Ar)r, and the 

area of the peak associated with the hydrogen bonded groups, (Ays)r; at the temperature 

T,. The total concentration, c, of the group of interest at the temperature T; 1s: 

A A 
C= Cy + Cyn - Von , (Ar) [2.36] 

HB 

  

Then, the infrared spectrum of the same mixture, at the same total concentration and the 

same sample thickness is collected at a temperature T.. The total concentration of the 

group of interest at T2 is: 
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(Ane). + (Ar), [2 37] 

ba up ba, 
  

The ratio of the absorptivity coefficients, a, is obtained from the combination of equation 

[2.37] and equation [2.36]: 

a= Qup _ (Ane). — (Ane) 1 [2.38] 

ap - (Ar) -(Ap),, 

  

or also in the range of temperatures where « is a constant: 

(Ang), +@(Ap), = constant [2.39] 

The ratio of the absorptivity coefficients can be experimentally obtained by collecting the 

spectrum of a sample at different temperatures and plotting the Ayp as a function of Ar. 

The slope of the curve fitted line is then - a. 

Determination of the ratio of the absorptivity coefficients by varying the concentration’”” 

Here again, the absorptivity coefficients are assumed to be independent of temperature and 

concentration. In a mixture where complexes A-H...B are formed upon hydrogen bonding, 

the concentration of B units can be varied. The following equation can then be derived: 

de €,(Ane) 9 —0,(Anz) 

ap ©,(Ay)., -¢,(A,)., be 

  

or: 

(Ane), (4;) 
+ @———* = constant [2.41] 

c c 
  

where c is the total concentration of B units. 

33



The ratio of the absorptivity coefficients can be obtained experimentally by collecting the 

spectrum of a sample at different B unit concentrations and plotting the App/c as a 

function of Ag/c. The slope of the line is then -c. 

2.6 Summary 

The thermodynamic model developed by Coleman et. al. for polymer solutions where 

specific interactions occur has been presented. In this model, the free energy of mixing is 

given as a function of the equilibrium constants of hydrogen bond formation, the Flory- 

Huggins interaction parameter, the composition of the mixture and specific molecular 

characteristics of the components of the mixture. Thus, the predictive capabilities of this 

model depend on how accuratelly the Flory-Huggins parameter and the equilibrium 

constants can be determined. In this model, the deviation of the entropy from ideality due 

to free volume effects is assumed to be negligable compared to the deviations due to the 

formation of hydrogen bonds. Indeed, free volume effect were proved to be negligible 

compared to the large negative contribution to the free energy of mixing from hydrogen 

bonding’. 
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Chapter 3 

Experimental part 

3.1. Samples Preparation 

3.1.1. Materials 

Solvents and diluents 

Ethanol was purchased from AAPER alcohol and Chemical Co., chloroform from 

Omnislov, carbon tetrachloride and methylene chloride from Fisher Scientific. All solvents 

were spectrophotometric grade and used without further purification. Their purity, and 

more precisely their dryness was verified by infrared analysis before use (see results in 

chapter 4). Table 3.1 presents a summary of pertinent solvent properties. 

Table 3.1: Properties of the solvent used 

  

  

  

  

            

Name Formula FW BP(°C) | pat25°C 

Ethanol C.H;OH 46.07 78 0.785 

Carbon tetrachloride CCl, 153.82 77 1.594 

Chloroform CHC, 119.83 60.4-61.1 1.472 

Methylene chloride CH,Cl, 84.93 39.8 1.316     

The chlorinated solvents are all potential cancer hazard. They have to be handled with care 

and precaution. 
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Polymers and low molecular weight analogues 

The polyvinylpyrrolidone, PVP?” 

The repeat unit of PVP is shown in Figure 3.1. The molecular weight of PVP repeat unit is 

equal to 111.14 g mol”. 

N 

(-CH-CH2), 

Figure 3.1: Repeat unit of polyvinylpyrrolidone 

Other commonly used chemical names are: poly[1-(2-oxopyrrolidin-1-yl)-ethylene] 

(IUPAC), poly(N-vinylpyrrolidone), poly(1-vinyl-2-pyrrolidone). 

The PVP of grade 12PF was purchased from BASF. The grade 12 PF corresponds 

to a number-average molecular weight equal to 1,300 g mol’ or a degree of 

polymerization equal to 12. At this molecular weight, the density of PVP is equal to 1.2 g 

cm®, at T=25°C. PVP was dried before use in the oven at 120°C, during 24 hours. Dry 

PVP is a white powder. 

This polymer is soluble at any molecular weight in water and also soluble in organic 

liquids such as alcohols, diols... A summary of the PVP solubilities is given in table 3.2. 

PVP is an interesting polymer from a scientific point of view. Indeed, the highly polar 

amide group imparts hydrophilic and polar attracting properties to the molecule. On the 

other hand, the apolar CH2 and CH groups in the backbone and the ring impart 

hydrophobic properties. Because of these diverse properties, PVP is used in a number of 

different industries: as a colloid in order to stabilize diverse aqueous suspensions, 

dispersions and emulsions, as a thickener, dispersing agent or binder in the cosmetic or 

food industries. PVP is also used as a coating aid in the photographic industry: PVP in 
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silver halide emulsion reduces viscosity and increases the covering power of the developed 

image. 

Table 3.2: Solubility of PVP in organic solvents 

  

  

Soluble Insoluble 

Water 

Alcohols Hydrocarbons 

Acids Ketones: 

Chlorinated solvents: cyclohexanone 

chloroform acetone 

methylene chloride Chiorinated solvents: 

Glycol chlorobenzene 

Ketones: carbon tetrachloride 

methyl cyclohexanone       
  

Monomer unit analogs of PVP 

The characterization of small compounds having a similar structure to the monomer unit 

can provides useful information about the behavior of PVP itself. The main types of 

monomer unit analogs are the N-substituted derivatives of pyrrolidone such as the N- 

Methylpyrrolidone (NMP), the N-ethylpyrrolidone (NEP), and the N-vinylpyrrolidone 

(NVP). Their structures are presented in Figure 3.2. 

NMP: R = CH; 

NEP: R= CH3CH> 

O NVP: R = CH,=CH 

| 
R 

Figure 3.2: N-substituted derivatives of pyrrolidone 
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e NMPisa fairly close analog of the monomer unit of PVP. 

e NVP is a poor analog for PVP, because of the presence of electronic interactions of 

the vinyl group that modify the electronic distribution of the amide group. 

e NEP has the closest structure to PVP. It is chosen as the best low molecular weight 

compound analog for PVP 

NEP was purchased from Across. It is a yellow liquid at ambient temperature and 

atmospheric pressure. 

3.1.2. Preparation of the mixtures 

The infrared spectra of the following mixtures were collected: 

e NEP (low molecular weight analogue of PVP) and ethanol 

e PVP and ethanol 

These binary mixtures were dissolved in CCl,. In every ternary mixture, the concentration 

of monomer (NEP) or repeat unit of polymer (PVP) was maintained constant. This 

concentration was set to 0.04 mol I’. The concentration of ethanol was then set in terms 

of molar fraction relatively to the molar concentration of monomers or repeat units. For 

example a mixture entitled NEP/Ethanol equal to 10/90, is a mixture where the 

concentration of NEP is equal to 0.04 mol I and the concentration of ethanol is equal to 

(0.04*90/10)=0.36 mol I". Table 3.3 gives the concentration of the different mixtures. 
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Table 3.3: Concentration of the mixtures. 

  

  

  

  

  

  

  

        

Label for the Concentration of Concentration of 

ternary mixture | repeat unitsinmoll | ethanol in mol i 

1 

5/95 0.04 0.76 

8/92 0.04 0.46 

10/90 0.04 0.36 

15/85 0.04 0.2266 

20/80 0.04 0.16 

30/70 0.04 0.09333 

40/60 0.04 0.06     

NEP/Ethanol/CCl, mixtures 

Mixtures of various compositions were prepared by directly mixing the appropriate 

amount of the components. Accurate sample dilutions were performed using Labsystems 

micropipette. The mixtures were stirred 1 hour to insure complete mixing. 

PVP/Ethanol/CClL, mixtures 

The preparation of these mixtures requires more care since PVP is not soluble in CCly. 

The concentration of ethanol has to be high enough to insure total disolution of PVP. The 

minimum molar fraction of ethanol needed to insure total dissolution of PVP was found to 

be 80 moles of ethanol for 20 moles of repeat units of PVP. Accurate sample dilutions 

were performed using Labsystems micropipette. The mixtures were stirred 12 hours to 

insure complete mixing. 
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3.2. Equipment Used 

3.2.1 Infrared spectrometer 

The infrared spectra were collected with a BIO-RAD FTS 40A spectrometer with a 

MCTA liquid nitrogen cooled detector. This spectrometer incorporates dynamic alignment 

in order to cancel scattered radiation coming from optical misalignment”. Since the 

samples are temperature-sensitive, the measurements have to be done at a given 

temperature and only when the equilibrium is reached. A temperature controller is 

required to achieve these measurements. 

3.2.2 Temperature controller 

Temperature was regulated by an OMEGA® CN-2011 Programmable Controller. The 

temperature of the mixture can be controlled to + 0.1°C. 

3.2.3. Liquid cell and windows 

To collect the infrared spectra, a demountable precision cell purchased from Harrick. 

Scientific Corporation was used. Two 2 mm thick windows are required for the cell. KBr 

disks were used for the mixtures that did not contain any water. For mixtures containing 

some water, CaF, windows were used. To obtain absorbance values lower than one, 

sometimes very narrow path lengths have to be used. Spacers as thin as 0.25 mm were 

consequently employed. The temperature of the sample can be controlled with a 

thermocouple. Heating is achieved by an automatic temperature controller. The absence of 
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leak in the cell was also checked: no measurable changes in the amount of sample or in the 

composition were detected over period of time of 30 minutes. 

3.3 Performing a spectrum 

3.3.1. Set the parameters 

The noise in a spectrum can be quantified with a signal-to-noise ratio that is defined as the 

ratio of the amplitude of a spectral band at any point to the amplitude of the noise at the 

same point. The value of this ratio increases when the number of averaged scans increases 

or when the resolution increases. In order to minimize the signal-to-noise ratio, and thus 

get more accurate results, the spectra were performed at a resolution equal to 2 cm’', and 

each spectrum was the average of 64 signal scans. 

3.3.2. Collecting the spectrum 

The first step is to collect a background interferogram. The beamsplitter has to be aligned 

using an autoalignement program and the spectrometer has to be electronically calibrated. 

Then, the spectrum of the background of the sample has to be collected. This background 

is the window of the liquid cell, KBr or CaF2 in our case. To avoid scattering, the 

background spectrum is completed with only one window in the liquid cell holder. The 

spectral region goes from 4400.0 to 400.0 cm”, 

Now, the % Transmittance or Absorbance spectrum of the sample held in the 

liquid cell can be collected. The sample has to be continuous and homogeneously 

distributed. Inhomogeneities in the sample caused by bubbles or holes result in a lower 
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value of the absorbance or in the scattering of the beam. When we analyze a sample over a 

range of temperatures, the absence of degradation or leaks has to be verified. A good way 

to do this is to record the area of a non-interacting band, such as the band associated with 

the symmetric and asymmetric CH stretching vibration of the aliphatic CH2 groups. The 

area of this band has to remain constant. Note that when the sample compartment is 

opened for placement of samples, some carbon dioxide and water vapor can enter the 

spectrometer. We then have to purge the spectrometer before collecting a new spectum. 

3.4. Analysis of the Spectra 

3.4.1. Curve-fitting 

Curve-fitting is very useful to determine parameters of overlapping peaks such as position, 

widths, heights, and areas. It permits to find a sum of peaks that fits as close as possible 

the actual overlapped peak. This curve-fitting is achieved using a software for spectrum 

analysis developed by Galactic Industries Corporation and named Grams/386™. To obtain 

accurate results, the following parameters have to be defined**™*: 

e The exact number of peaks. Second derivative and Fourier self-deconvolution can be 

helpful to define this number. The presence of minima in the second derivative 

indicates the presence of bands. 

e The true peak shapes (i.e., Gaussian, Lorenzian, etc. ). The most suitable mathematical 

function for characterizing the observed band shapes has to be defined. According to 

1.°* a sum of Gaussian and Lorentzian functions is the best choice to Painter et. a 

characterize any bands. 

e An estimation of the peak parameters as the peak position and width at half height. 

e Baseline. 
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But sometimes, even if these parameters are previously defined, the results of the curve- 

fitting can be false. To verify the consistency of the results, plots of the position of the 

center, the width at half-height and the area versus temperature and ethanol concentration 

can to be perfomed. These plots have to show consistent variations. 

3.4.2. Subtraction 

If the spectrum of the diluent used has a band in the same frequency region we want to 

analyze, the spectrum of the diluent needs to be subtracted from the spectrum of the 

mixture. The software Gram/386™ allows us to introduce a subtraction factor to control 

exactly how much of the subtrahend diluent will be subtracted from the spectrum of the 

sample. 

3.5 Calculation of the Phase Diagrams 

We have used the Miscibility Guide and Phase Calculator Software, which compliments 

the book "Specific Interactions and the Miscibility of Polymer Blends", written by 

Coleman M. M., Graf J. F. and P. C. Painter’. For given values of the equilibrium 

constants for the hydrogen bond formation and the characteristics of the binary mixture 

components (molecular weight, molar volume, solubility parameter, and degre of 

polymerization), the phase diagrams, as well as the Gibbs free energy of mixing curves can 

be calculated. These plots are calculated by computing the expressions of the total volume 

fraction of all A and B units given in equations [2.21] and [2.22] and the expression of the 

Gibbs free energy for a binary mixture with specific interactions, given in equations [2.25] 

and [2.26]. 
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Chapter 4 

Presentation and discussion of the results 

Coleman, Painter and Graf derived an expression of the Gibbs free energy of mixing in a 

mixture with specific interactions. In a binary mixture where one component, B, self- 

associates, while the second component, A, can form hydrogen bonds only with B, the 

Gibbs free energy of mixing A and B units is written as a function of the equilibrium 

constants of hydrogen bond formation, the Flory-Huggins interaction parameter for the 

mixture and specific molecular characteristics of the components making up the mixture. 

The equilibrium constants can be determined by the quantitative analysis of the infrared 

spectra of pure B and mixtures of A and B. This equation has been applied to mixtures of 

ethanol and PVP as well as mixtures of ethanol and NEP, a PVP low molecular weight 

analogue. 

In the next three parts, we present how to prepare mixtures necessary to obtain 

accurate infrared spectra. Then, in part 4.4 the value of the Flory-Huggins parameter is 

determined for our mixtures. The values of the ethanol self-association equilibrium 

constants are calculated in part 4.5. Using these constants, the values of the 

interassociation equilibrium constants are calculated from FTIR measurements in parts 4.6 

and 4.7. Then in part 4.8 the energy of mixing curves are calculated for our mixtures, 

using the parameters defined previously. 
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4.1 Choice of a Diluent 

We want to study the formation of hydrogen bonding in binary mixtures of ethanol and a 

polymer containing carbonyl groups, PVP, as well as mixtures of its low molecular weight 

analogue, NEP, and ethanol. Measurement of the fraction of hydrogen bonded carbonyl 

groups can be achieved by the quantitative analysis of the FTIR spectra of the mixture 

using Beer-Lambert law (see part 2.4). This law can only be applied to bands whose 

absorbance is less than one. Due to the high value of the absorptivity coefficient of the 

hydroxyl and carbonyl groups, the infrared spectra of the binary mixtures are saturated at 

all compositions. Consequently, the binary mixtures need to be diluted in an inert solvent 

in order to decrease the intensity of the signal. 

4.1.1 Criteria for the choice of the diluent 

Since the absorbance of the bands of interest has to be reduced, the mixtures have to be 

diluted. The diluent chosen has to meet the following criteria: 

e The IR spectrum of the diluent must not interfere with the bands of interest, e.g., the 

carbonyl stretching band (1750 to 1600 cm’) and the hydroxyl stretching band (3700 

to 3100 cm’). 

e The diluent must not form specific interactions with the components of the binary 

mixture. 

e The diluent has to be miscible with the binary mixture. 

45



A
b
s
o
r
b
a
n
c
e
 

Ab
so
rb
an
ce
 

Ab
so
rb
an
ce
 

rn
 —

 
 —

 
ee
 —

 
ee

 —
 

ee
 —

 
ee
 —

 
ee
 —

 
ee
 

—]
 

~~
 

oO 
+ 

DY 
UW 

ee
 

HF 
eo

 
Ss 

@ 
wo 

    
  

    

  

  

  

  

  

Frequency in cm -1 

Figure 4.3: IR spectrum of CHCl, 

+ 

ae 

4000 3500 3000 2500 2000 1500 1000 §00 

Frequency in cm -14 

Figure 4.1: IR spectrum of CCl, 

.3 

f 

9 

7 

a) 

3 

-1 

1 +——— + + +t + + + — 

4000 3500 3000 2500 2000 1500 1000 500 

Frequency in cm -1 

Figure 4.2: IR spectrum of CHCl; 

3 

| 

9 

7 

5 

.3 

4 

.t t -—— + + + + ——+t ———— 

4000 3500 3000 2500 2000 1500 1000 §00 

46



The first criteria is satisfied with CCl,, CHCl;, CH2Cl.. The corresponding spectra of these 

solvents are shown in Figures 4.1, 4.2, and 4.3, respectively. In these three spectra, the 

absorbance in the region ranging from 1750 to 1600 cm’ is close to 0.The absorbance in 

the region ranging form 3700 to 3100 cm’ is close to 0 only for CCl4. But this last region 

is of less interest than the first one. 

The second criterion can be verified by collecting the IR spectrum of the binary mixture 

diluted in the three possible solvents. 

Ethanol and NEP are soluble in the three diluents, but PVP is soluble in CHCl; and 

CH2Ch, but it is not soluble in CCl,. Thus, if CCl, is used as a diluent, the volume of 

ethanol in the PVP/Ethanol/CCl, mixture has to be sufficient to dissolve all the PVP by 

itself. 

4.1.2 Analysis of the infrared spectra 

The infrared spectra of ternary mixtures of NEP/Ethanol/diluent were collected at the 

following composition: 

Cnep = 0.04 mol I"! 

Cron = 0.36 mol I 

The nature of the diluent was varied from CCl, to CHCl; and CH2Clo. The spectra were 

collected as described in the experimental section. No temperature controller was used. 

Figures 4.4 and 4.5 respectively, show the hydroxyl stretching band of ethanol and 

the carbonyl band of NEP. In each case, the spectrum of the pure diluent was subtracted 

from the spectrum of the mixture. 
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Figure 4.4: FTIR spectrum in the hydroxyl region of a NEP/Ethanol mixture 

diluted in CCha, CH2Cl, Or CHCh. 
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Four different peaks appear in the hydroxyl stretching band region: 

e Around 3350 cm’: peak associated with the self-association of the ethanol 

e Around 3461 cm’: peak associated with the association of ethanol with a CH group of 

the chlorinated solvent. 

e Around 3640 cm’: peak associated with the stretching of the free or non-associated 

hydroxyl groups. 

e Around 3680 cm": small peak due to the presence of some water. 

Figure 4.4 clearly shows that CHCl; and CHCl, formed both specific interactions with 

NEP: the contribution of the band at 3461 cm’ is large. The CH and CH2 groups form 

hydrogen bonds with the NEP carbonyl groups. Thus, we can not use these two diluents. 

The change in the total area of the hydrogen bonded hydroxyl groups can be explained by 

the difference in the values of the absorptivity coefficient of the bands attributed to the 

hydroxyl groups self-associated or associated to CH groups. 

Table 4.1 provides a summary of the results of the curve-fitting of the region 

ranging from 1730 to 1630 cm’ corresponding to the carbonyl stretching region. This 

table confirms the observations of the hydroxyl stretching region: the fraction of free or 

non-hydrogen bonded carbonyl groups is larger when CCl, is used as a diluent. 

Table 4.1: Results of the curve fitting of the carbonyl band. 

  

  

  

  

  

Diluent CCl, CHCl; CHCl 

Center of the free band 1695.5 1690.6 

Area of the free band 5.1 2.1 0) 

Center of the H-bond. band 1676.9 1669.2 1674.2 

Area of the H- bond. band 23.6 24.2 22.5             
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4.1.3 Conclusion 

We cannot use CH2Cl, and CHC1; as diluents because they form specific interactions with 

NEP and ethanol. The only diluent we can use is CCl,. Althrough, as we will see later on, 

we can have some problems of solubility with this diluent. 

Marcus” demonstrated that there is a possibility that CCl, interacts with molecules 

containing hydroxyl groups via the formation of weak hydrogen bonds. However, 

Coleman et. al.’ have shown that this effect does not appear at concentrations above 0.15 

mol I’. Thus, we have restricted our measurements to ethanol concentration in CCl, 

greater than 0.15 mol I’. 

4.2 Determination of the Concentration of NEP 

The fraction of hydrogen bonded carbonyl groups can be calculated by using Beer- 

Lambert law. The appropriate concentration of molecules containing these carbony! 

groups 1s the one where the absorbance of the carbonyl band is less than one, but not too 

small to prevent errors due to poor signal-to-noise values. To define this concentration, 

the spectra of NEP diluted in CCl, were collected at different concentrations. The 

carbonyl region is presented in Figure 4.6. The concentration of NEP was varied from 

0.02 to 0.1 mol 17. 
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Figure 4.6: FTIR in the carbonyl region of NEP/CCl, mixtures at NEP concentration equal 

to 0.1, 0.04 or 0.02 mol I’. 

At a NEP concentration equal to 0.1 mol I’, the spectrum is clearly saturated. A 

concentration of NEP equal to 0.04 mol I' seems to be most appropriated for our 

quantitative analysis. In the case of PVP/Ethanol, this concentration will be the one of the 

PVP repeat units. 

4.3. Verification of Solvent Purity 

The solubility of water in ethanol is high at ambient temperature and atmospheric pressure. 

PVP is also hydrophylic. Thus, possible contamination of ethanol and PVP by water 

contained in the surrounding atmosphere needs to be checked. FTIR is a very sensitive to 

the presence of water in a mixture. The asymmetric OH stretch of the water molecule” are 

in the OH stretching region at 3680 cm". The height of this band can be related to the 

concentration of water by using the Beer-Lambert law, thus, permitting the estimation of 

the water contamination of any mixture. 
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4,3.1. Experiments 

Binary mixtures of water in pure ethanol were prepared at concentrations of water ranging 

from 0 to 5 % in volume. Due to the very high value of the absorbtivity coefficient of the 

water peak, the mixtures need to be diluted in carbon tetrachloride to have absorbance 

values below 1. The solutions were prepared at a constant volume content of CCl, equal 

to 97.89 %. Due to the low solubility of water in CCly, phase separation occurs in the 

ternary mixture (water/Ethanol/CCL,) when the ratio of the volume of water to the volume 

of ethanol becomes larger than 5 %. 

Spectra of these mixtures were collected as described in the experimental part (Chapter 3). 

We used CaF. windows because of the presence of water. No temperature controller was 

used. 

4.3.2 Results and discussion 

Figure 4.7 presents the hydroxyl stretching region of water/Ethanol/CCl, mixtures 

obtained for various water concentrations. This region, from 3050 cm™ to 3800 cm", 

contains four main peaks: 

e At 3330 cm", 3500 cm’ and 3630 cm’: stretching of the hydrogen bonded and free 

OH groups belonging to the ethanol and the water molecules. 

e At 3680 cm’: the asymmetric OH stretches of the water molecules. 

Figure 4.7bis is an enlargement of these spectra, showing the 3680 cm’ peak in 

more detail. The irregularities in the shapes are due to the noise. Indeed, the enlargement 

of the spectrum is here very important, since the heights measured are less than 0.04 

absorbance units. The baseline is defined at the absorbance value of the mixture of CCl, 

and ethanol (without any water) at the frequency 3680 cm”. 
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Figure 4.7: FTIR in the hydroxyl region for water/Ethanol mixtures diluted in CCl. at 
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Figure 4.8 summarizes the results shown in Figure 4.7bis, illustrating the variations of the 

peak height with the concentration of water. As expected, we have a linear increase of the 

peak height until phase separation occurs in the ternary mixture. When phase separation 

occurs, the height of the water peak remains constant. For this ternary mixture at volume 

fraction of CCl, equal to 97.89%, the phase separation occurs at a volume fraction of 

water equal to 2% in the water/ethanol mixture. 

0.035 + 

    

rH) 
» 

Cc 
3 0.03 + 

& 
a a ao 

S&S 0025 + . ° 
2 a 
pa eo 

O° 
g 0.02 4 

oO ° 

£ 0.015 + 
—_ 
= ° 

Doar} 
xo e 

are 
wo 0.005 + 
o 
Oo 

0 + t —t +— t —t +— 4 

0 4 2 3 4 5 6 7 8 

%volume of water in the mixture of water and ethanol 

Figure 4.8: Water peak height as a function of the water content of the mixture. 

4.4 Determination of the Interaction Parameters 

The Coleman et. al. expression of the Gibbs free energy of mixing requires the 

determination of the interaction parameter of the mixture. As presented in part 3, the 

interaction parameter can be calculated from the solubility parameters of the components 

of the mixture. 
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4.4.1 The solvents’ solubility parameters 

Ethanol is used as the polar solvent in our mixtures. Its molar volume at 25°C is given in 

Hoy tabulation®’ to be equal to 58.69 ml mol" and the solubility parameter is given as 

12.78 (cal/cm’)'”. The polymer handbook™* gives a value of 12.7 (cal/cm’)’” for the 

solubility parameter. 

4.4.2 The PVP solubility parameter 

The solubility parameter of the PVP must be defined as precisely as possible. That is why 

it will be estimated by two different methods: calculation using the group contribution 

method and values given in the literature. 

Calculation using the group contribution method 

The value of the solubility parameter of PVP can be calculated using the group 

contribution method outlined in part 2.4.3. For this calculation, we need the value of E; 

and V; for every group of the PVP repeat unit. The PVP repeat unit is composed of: four 

-CH>- groups, one -CO- group, one -N= group, and one CH group. The values of the 

parameters needed to calculate the solubility parameter are given in table 4.2. 

The value of the solubility parameter for PVP calculated using the group 

contribution method is: 

57=44750/65.2 or &=26.2 (J cm®)"7=12.5 (cal em*)"” 
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Table 4.2: Group contribution method's parameters for PVP”*. 

  

  

  

  

  

  

groups E; J mol") Vj (cm® mol") 

4*(-CH>-) 4*4940 = 19760 4*16.1 = 64.4 

1*(-CO-) 17370 10.8 

1*(-N=) 4190 -9.0 

1*(CH) 3430 -1.0 

summation : LEi=44750 YVi=65.2           
Values found in the literature 

The solubility parameter of PVP can also be found in the literature. 

1.°” determined the value of the PVP solubility parameter by limiting Huppenthal et. a 

viscosity number and swelling measurements methods. Both methods led to the same 

value of the solubility parameter, namely 25.6 (J/cm*)’”. 

Seymour et. al.™* found that 5=25.57 (J/em*)'” 

Browne et. al.” calculated the value of the solubility parameter from group contribution 

method. They get the result: 5 = 26.19 (J/em*)'” 

Conclusion 

Comparing the results obtained by the group contribution method with those found in the 

literature, we see that the values of the solubility parameter for PVP can range from 25.6 

to 26.2 (J/cm’)'”. Here, we will use the value determined by experimental methods, that is 

5 = 25.6 (J/em’)'? =12.5 (cal/em*)”” 
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4.4.3 The NEP solubility parameter 

The value of the solubility parameter of NEP is calculated using the group contribution 

method. The NEP is composed of four -CH2- groups, one -CO- group, one -N= group, 

and one CH; group. The values of the parameters needed to calculate the solubility 

parameter are given in table 4.5. 

The value of the solubility parameter for NEP calculated using the group contribution 

method is: 

5’=46030/99.7 or 5= 21.5 (J cm®)"” = 10.5 (cal/em*)"” 

Table 4.5: Group contribution method's parameters for NEP”. 

  

  

  

  

  

    

groups E; J mol’) V; (cm? mol’) 

4*(-CH)-) 4*4940 = 19760 4*16.1 = 64.4 

1*(-CO-) 17370 10.8 
1*(-N=) 4190 9.0 
1*(CHs) 4710 33.5 

summation : XEi=46030 XVi=99.7         

4.4.4 Interaction parameter for PVP/Ethanol/CCl, and 

NEP/Ethanol/CCl, mixtures 

To calculate the Flory Huggins parameter of the mixture of NEP or PVP/ethanol/CCl, 

from the values of the solubility parameters, we use the equation: 
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V 
t= arlds -65,] 

where Vs is the molar volume of the solvent, ethanol 

ds is the ethanol solubility parameter 

dp _is the solubility parameter of the polymer 

The solubility parameters and the ethanol molar volume needed to calculate the Flory- 

Huggins parameter are summarized in table 4.6. 

Table 4.6: Solubility parameters 

  

  

  

component PVP NEP Ethanol 

5 J/cm’)? 25.6 21.5 26.0 

V; (ml mof’") 92.62 114.1 58.69             

The Flory Huggins parameter for the mixture of NEP/Ethanol or PVP/Ethanol mixture is 

equal to: 

_ 58.69 [ _ | 

4 33145*Tis ©? 

with 5p is equal to 25.6 (J/em*)'” for PVP 

5p _ is equal to 21.5 (J/cm*)'” for NEP 

ds is equal to 26.0 (J/cm*)'” for ethanol 
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4.5 Determination of the Ethanol Self-association 

Equilibrium Constants 

The self-association of alcohol is a complicated phenomenon since many different 

structures” can be formed by hydrogen bonding. Luck and Schrems” had observed IR 

bands corresponding to free units, cyclic dimers, trimers and tetramers, linear dimers and 

higher multimers. In principle, the formation of each structure should be described by a 

different equilibrium. In order to be able to determine the values of these equilibrium 

constants, the problem has to be simplified. The usual approach has been to develop a 

model assuming that one or two of the equilibria are predominant in the self-association 

and then that only one or two hydrogen bonded structures can be detected in the solution. 

Thus, the predominant chain structure or the more realistic model for the self-association 

needs to be established. Van Ness et. al.°’ explained that, since the hydrogen bonds are 

forming and breaking continually, the existence of cyclic polymer species beyond a dimer 

is questionable. Since the linking of the tail and head of a polymer unit to form a cycle is 

not favored statistically, the contribution of multiple-unit cyclical polymers has to be 

minor. Linear structures must thus predominate for self-association of alcohols”, 

Since two distinct bands characteristic of the associated species, are present in the ethanol 

hydroxyl stretching region (see Figures 4.9), at least two equilibrium constants are 

required to described the ethanol self-association. Coggeshall and Saier’* and other 

authors”!*!* have shown that the self-association can be described by using a model 

with two equilibrium constants: a first one describing the formation of dimers and a 

second one describing the formation of multimers. This model is concistent with the fact 

that the formation of dimer complex is more thermodynamically favored than the addition 

of a unit to an already existing chain of hydrogen bonded hydroxyl groups. 

59



4.5.1 The hydroxyl band 

The FTIR spectrum of ethanol! diluted in CCl, in a 0.25 mm path length cell was collected 

for ethanol concentrations ranging from 0.16 to 0.76 mol I’ and temperatures ranging 

from 40 to 65°C. Figure 4.9 shows the spectra in the hydroxyl stretching region at T=50°C 

for three different ethanol concentrations, while Figure 4.10 shows the spectra at a fixed 

ethanol concentration for three different temperatures. These spectra are given in 

normalized absorbance units, i.e. absorbance units divided by the concentration of 

    

hydroxyl groups. 

@ 
oO 
Cc 

5 S .76 mol/l 
8 

ft 

0.36 mol/l 

0.227 mol/l 

3800 3700 3600 3500 3400 3300 3200 3100 

Frequency in cm-1 

Figure 4.9: FTIR spectra in the hydroxyl stretching region of ethanol diluted in CCl, at 

T=50°C and at ethanol concentration equal to 0.227, 0.36, 0.76 mol I". 
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Figure 4.10: FTIR spectra in the hydroxyl stretching region of ethanol diluted in CCl, at a 

concentration of ethanol equal to 0.36 mol I’ and at T= 50, 60, and 65°C 

Three main contributions appear in the hydroxyl stretching region: a first narrow band at 

about 3634 cm” and two wider bands at approximately 3500 and 3370 cm”. Since the 

hydrogen bonds decrease the strength of the OH bond, the band characteristic of the 

hydrogen bonded hydroxyl groups is expected to be at lower frequencies than the band 

characteristic of the free or non-associated ethanol molecules. The band at about 3634 cm 

"is thus attributed to the free groups. According to Coggeshall and Saier”®, the two other 

bands at 3500 and 3370 cm" can be attributed to the dimers and the multimers, 

respectively. 

The hydroxyl stretching bands were curve-fitted into three peaks, and Figures 4.11 

and 4.12 present the variations of the area with temperature and ethanol concentration. 

Figure 4.11 shows that as the temperature increases, the area of the band associated with 

the free molecules slowly increases, whereas the area of the band associated with the 

hydrogen bonded species decreases. Figure 4.12 shows that as the concentration of 

ethanol in the diluent increases, the fraction of free groups decreases. Figures 4.11 and 
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4.12 also show that the change of area of the bands associated with the free and dimer 

molecules varied only slowly with temperature or ethanol concentration, while the area of 

the band associated with the multimers change significantly. These observations can be 

explained by the different absorptivity coefficients of every band, and also by their 

temperature and concentration dependence’. 

Because of the broadness of the hydrogen bonded hydroxyl bands and because of 

the temperature dependence of the absorptivity coefficients, the fraction of free OH 

groups cannot be determined directly by curve-fitting of the hydroxyl stretching bands’. 
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Figure 4.11: Plot of the area of the hydroxyl region bands versus temperature for an 

ethanol/CCl, mixture. Ethanol concentration = 0.36 mol I! 
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Figure 4.12: Plot of the area of the hydroxyl region bands versus ethanol concentration for 

an ethanol/CCl, mixture. Temperature = 50°C. 

4.5.2 Calculation of the equilibrium constants 

The ethanol self-association is described by two equilibrium constants, the first one 

describing the formation of dimers, denoted K2, and the second one describing the 

formation of multimers, denoted Kg. Since, the absorptivity coefficients of the bands 

associated with the stretching of the hydrogen bonded hydroxyl groups cannot be defined, 

a method described by Coggeshall and Saier’® will be employed. Coggeshall and Saier 

have shown that the molar fraction of chains having h+1 hydrogen bonded hydroxyl 

groups can be written as: 
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Pon _ bn Ks (#icKo\ _ on Ky on .\P-I 

Ps a? K; ?s “Ye K, (Ks R c) [4.1] 

where ds _is the total molar fraction of all the B units contained in the mixture 

dp; is the molar fraction of non-associated B units in the mixture 

dsr is the molar fraction of all B units self-associated into chains of h 

units 

c is the total concentration of B units in the mixture 

f;°" is the fraction of free hydroxyl groups in the mixture; fH = dpi / op. 

According to a total mass balance, we have: 

So Pont =] [4.2] 
h=1 B 

Using this equation, Coggeshall and Saier derived an expression relating the equilibrium 

constant Kg to the constant K2, the hydroxyl group concentration, and the fraction of free 

hydroxyl! groups: 

K, = [4.3]   

where y is defined as: 

¥=—— [4.4] 
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In the limit of infinite dilution of B units: 

lim,, o(7) =1/K, =7o [4.5] 

We first have to determine the fraction of free hydroxyl groups in each mixture. The Beer- 

Lambert law, Ir = eg | cp, relates the intensity of the free hydroxyl band, Ir, to the 

absorbtivity coefficient for the band associated with the free groups, ep, the concentration 

of free hydroxyl groups, cr, and the path length of the sample, |. As the total concentration 

of hydroxyl groups, cr, approaches to zero, all the hydroxyl groups tend to be free and 

thus cp approaches to cr. The value of the absorptivity coefficient as cy approaches zero, 

0, 1s determined from a plot of Ip/crl versus cr, for each temperature. We then have Ip = € 

I cr. The experimental fraction of free hydroxyl groups can then be calculated using the 

equation: 

oH _ oF _ Eplpl | ly era -a- Ff =   [4.6] 
Cr €,C,l €C,l 

€9 was determined at each temperature and the experimental fractions of free hydroxyl 

groups were calculated using equation [4.6] for each spectrum. Figure 4.13 illustrates the 

determination of ey at T=50°C by using a least-squares fit of the data with a second order 

polynomial. The € is found to be equal to 5.34 for cr expressed in mol I’, | in mm and Ir 

in absorbance units. The results obtained are summarized in Table 4.7. 
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Figure 4.13: Graph for the determination of the extinction coefficient €, extrapolated at 

the limit c=0, at T=50°C. 

Now that we have the fraction of free hydroxyl groups, the equilibrium constant 

for the formation of dimers, K2, can be determined by plotting y versus c at each 

temperatue and extrapolating the value of y at c=0. Figure 4.14 shows the graph used to 

determine the equilibrium constant K, at T=50°C. The reciprocal of the equilibrium 

constant K>, yo,is found to be equal to 1.51 I.mol™ by using a least-square fitting of the 

data with a second order polynomial. This yields a value of 0.662 mol.’ for K2. The same 

operations were carried out for all temperatures, and the results are summarized in table 

4.6. Substituting the value of K2 previously determined into the expression of Kp 

(equation [4.3]) for each concentration leads to a mean value of Kg of 2.0 Imo!’ with a 

standard deviation, c, equal to 0.1, at T=50°C. The same calculations are carried out over 

the entire temperature range varying from 40 to 65°C. Table 4.8 lists the results of Kp for 

each temperature. 
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Figure 4.14: Graph for the determination of the reciprocal of the equilibrium constant 

extrapolated at the limit c=0. 

Table 4.7: Values of &0, K2, and yo at each temperature. 

  

  

  

                

Temperature | 40°C 45°C 50°C 55°C | 60°C | 65°C 

E0 5.6146 | 5.4898 | 5.3434 | 5.2776 | 5.097 | 5.0751 

K2(mol.t') | 0.7566 | 0.6431 | 0.5989 | 0.5351 | 0.4802 | 0.4295 

yo(mol') | 1.3284 | 1.5095 | 1.6910 | 1.9184 | 2.0752 | 2.3048 
  

 



Table 4.8: Values of the intensity of the free hydroxyl band and of Kg (in mol I’) at each 

temperature and ethanol concentration. 

  

Con |T=40°C T=45°C T=50°C T=55°C T=60°C T=65°C 
  

Ip Kp Ir Kp Ir Ka Ir Kp Ir Kg Ip Kp 
  

0.76 | 0.3667 2.382 0.3905 2.143 0.4027 1.961 0.4167 1.862 0.4282 1.705 0.4423 1.648 
  

0.46 |0.2911 2.754 0.3111 2.409 0.3233 2.108 0.3331 1,997 0.3420 1.772 0.3358 1,976 
  

0.36 | 0.2621 2.819 0.2820 2.353 0.2915 2.015 0.2972 1.949 0.3037 1.685 0.3107 1.641 
  

0.268 | 0.2316 2.672 0.2434 2.263 0.2497 1.844 0.2561 1.659 0.2530 1.623 0.2565 1.640 
  

0.227 | 0.2145 2.465 0.2201 2.250 0.2217 1.960 0.2237 1.944 0.2242 1.669 0.2263 1.725 
  

0.182 | 0.1884 2.285 0.1907 2.172 0.1901 1.938 0.1915 1.906 0.1890 1.786 0.1896 1.968 
  

2.57 2.26 1.97 1.88 1.71 1.76 

        0.45     0.10     0.13     0.12     0.06     0.16   

* —— Molarity of hydroxyl groups 

** Mean value of Kz in terms of molar concentration 

*** Standard deviation of Kg 

Futhermore, if we assume that the enthalpy of the hydrogen bond formation is 

independent of the temperature, the equilibrium temperature dependence is defined as: 

where K° is the value of the equilibrium constant at T in degree Kelvin. 

In Figures 4.15 and 4.16, the equilibrium constantts are written in terms of molar 

concentration. 
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Figure 4.15: Van't Hoff plot for the determination of Ah2, for Ethanol/CCl, mixtures. 
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Figure 4.16: Van't Hoff plot for the determination of Ahg, for Ethanol/CCl, mixtures.



The enthalpy of hydroxyl-hydroxyl hydrogen bonding for both types of self-association 

equilibria, Ah, can be determined by plotting InK versus 1/T, the slope of the line is equal 

to -Ah/R. These plots are presented in Figures 4.15 and 4.16. Ah is the enthalpy for the 

formation of dimers and Ahg the enthalpy for the formation of multimers. Ah. is found to 

be equal to -4.61 + 0.5 kcal mol” and Ahg to be equal to -4.15 + 0.5 kcal mol”. 

4.5.3 Discussion of the results 

Coleman et. al.’ list approximations for the enthalpy of hydrogen bond formation for 

different functional groups based on an extensive literature review. The enthalpy 

associated with the formation of a hydrogen bond between hydroxyl groups is reported as 

Ah ~ -5 kcal mol’. The enthalpy values determined in this study for ethanol are in good 

agreement with this literature value. 

The values of the equilibrium constant for the self-association that we have 

determined can also be compared to those found in similar studies. Two different linear 

chain models are mainly presented: 

e The monomer-linear tetramer model®””” 

e The monomer-linear chain model where K.>=K3=...=K™°"™ 

Table 4.9 presents the different values of the equilibrium constants obtained for the second 

model which seems to be more realistic and the closest one to the monomer-dimer- 

multimer model we have employed in this study. The values of the equilibrium constant 

found in the literature for a monomer-linear chain model range from 1.59 to 2.79 | mo!" at 

T=25°C. At the same temperature, for a monomer-dimer-multimer model, we determined 

K,=1.08 and Kp=3.52 | mol’. The average of these two equilibrium constants falls in the 

range of values found in the literature. 
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We can also compare the equilibrium constants we determined for ethanol diluted 

in CCl, to the equilibrium constants determined by Whetsel and Lady” for phenol diluted 

in CCl4, with the same dimer-multimer association model. In this case, they calculated K.= 

1.09 1 mol’and Kp=2.74 | mol. These results appear to be consistent with our values for 

K2 and Kg, since ethanol has a slightly greater propensity to self-associate than phenol, 

perhaps due to steric factors. 

Table 4.9: Self association constants and association energies for ethanol diluted in CCl, 

  

Author Method K I/mol AH (kcal mol") 

  

Fujiwara” | NMR dilution shift of the OH band | at T=34.5°C K=1.59 

  

Sassa°’ IR measurements at T=25°C K=2.79 -7.3 

  

Littlewood” | Frequency of the proton in NMR__| at T=25°C K=1.59 | -9.4+1             

4.5.4 Conclusion 

The self-association equilibrium constants for ethanol diluted in CCl, were determined by 

using a method developed by Coggeshall and Saier”*. The self-association was described 

with two equilibrium constants, one for the formation of dimers, K2, the other for the 

formation of multimers, Kg. These values were determined for ethanol concentrations 

ranging from 0.19 to 0.76 mol I’. At T=25°C, K» was found to be equal to 1.08 | mol” in 

terms of molar concentration or 18.4 in terms of molar fraction; Kg was found to be equal 

to 3.52 | mol’ in terms of molar concentration or 60.0 in terms of molar fraction. The 

enthalpy of formation for Kz was found to be equal to -4.61 kcal mol”, and to -4.15 kcal 

mol!’ for Kg. 
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4.6 FTIR Analysis of NEP/Ethanol and PVP/ 

Ethanol Mixtures 

The infrared spectrum of a mixture of NEP and ethanol diluted in carbon tetrachloride is 

shown over the whole infrared frequency range in Figure 4.17.a. Figures 4.17.b and 4.17.c 

show the enlargement of two interesting regions of this spectrum: the carbonyl stretching 

region defined from 1630 to 1750 cm" and the hydroxyl region covering 3800 to 3100 

cm’. The effect of variations of the mixture temperature and the ethanol concentration on 

these bands will be analyzed for both NEP/Ethanol and PVP/Ethanol mixtures. More 

specifically, the absorptivity coefficients for the carbonyl band and the equilibrium 

constants of inter-association will be determined from the quantitative analysis of these 

spectra. 

The carbonyl stretching region shown in Figure 4.17.b is composed of two 

contributing bands. The first band at 1698 cm’ is attributed to the stretching of the non- 

hydrogen bonded or free groups. The second band at 1680 cm” is attributed to the 

stretching of the hydrogen bonded groups. 

72



  

  

  

      

  

  

0.9 

0.8 

0.7 
8 
c 0.6 

£ 0.5 

8 0.4 

0.3 

0.2 

0.1 

0 

-0.1 t + —t —t — + t { 

4000 3500 3000 2500 2000 1500 1000 500 

Frequency in cm -1 

(a) entire range of frequency 

0.8 + 0.15 T 

0.13 + 

8 0.11 + 
@ 
2 009+ 

g 0.07 + 
< 

0.05 + 

0.03 + 

14 001 + 

0 0.01 + - | 
1750 1730 1710 1690 1670 1650 1630 3800 370 43600 380 340 3300 #320 ~—= 3100 

Frequency in cm-1 Frequency in cr+1 

(b) carbonyl region (c) hydroxyl region 

Figure 4.17: FTIR spectra of an 20/80 NEP/Ethanol blend, diluted in CCly, at a 

temperature of 50°C. 

4.6.1. Effect of the temperature 

The FTIR spectra in the carbonyl region for NEP/Ethanol and PVP/Ethanol mixtures 

diluted in CCl, are analyzed at temperatures ranging from 40 to 65°C. The spectra of these 
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mixtures were collected as presented in part 3. Figures 4.18 and 4.19 present the spectra 

of NEP/Ethanol and PVP/Ethanol, respectively, as a function of the temperature. Figure 

4.20 overlaids the spectra of a NEP/Ethanol mixture and a PVP/Ethanol mixture, 

performed at the same temperature and the same ethanol concentration. The results of the 

curve-fitting for mixtures of various ethanol concentrations are given in tables 4.10 and 

4.11. 
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Figure 4.18: FTIR spectra in the carbonyl region of a 20/80 NEP/Ethanol blend, diluted in 

CCh, at T = 65, 55 and 45°C. 
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Figure 4.19: FTIR spectra in the carbonyl region of a 10/90 PVP/Ethanol blend, diluted in 

CCl, at T = 65, 55 and 45°C. 
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Figure 4.20: FTIR spectra in the carbonyl region of a 10/90 PVP/Ethanol blend and a 

10/90 NEP/Ethanol blend, diluted in CCly, at 55°C. 

For PVP/Ethanol mixtures, as well as for NEP/Ethanol mixtures, when the 

temperature increases, the area of the free carbonyl stretching band increases whereas the 

area of the hydrogen bonded band decreases as shown in Figures 4.21 and 4.22. That 

means that more hydrogen bonded groups become free. The same trends were observed 

for mixtures of different concentrations. We also observe a decrease of the total area of 

the carbonyl bands with increasing temperature, which is due to the difference in the 

absorptivity coefficients of both bands. Figure 4.23 shows that as the temperature 

increases from 40 to 65°C, the bands associated with the free and the hydrogen bonded 

carbonyl groups shift to higher frequencies. These shifts are on the order of 2 cm”, and are 

resulting from the decrease of the average strength of the hydrogen bonds and of the 

carbonyl double-bond itself. The width of both bands appears to be independent of the 

temperature. Overlaying the spectrum of a PVP/Ethanol mixture on the spectrum of a 

NEP/Ethanol mixture (see Figure 4.20) shows that the fraction of hydrogen bonded 

carbonyl groups is larger for NEP mixtures than for PVP mixtures. This point will be 

further discussed later. 
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Above a temperature of 60°C, degradation sometimes occurs in the PVP/Ethanol 

mixtures: a new band appears at 1730 cm” and the areas of the bands associated with the 

free and with the hydrogen bonded carbonyl groups decrease. 
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Figure 4.22: Graph showing the changes of area of the carbonyl bands as a function of the 

temperature for a 10/90 PVP/Ethanol mixture. 

76



1700   

  

  
  

  
  

          

1696.72.....g-.ccccceeeeeee es gecceeeeeeeeeeees Ge neceereceerceees weceeeeeeec nests + 1698.8 
4.1696.: 2g ce eee 

1898 7 --@--NEP : free groups 

1692 + —s— PVP :free groups 

- --#--NEP : hydrogen bonded groups 

& 1688 + —s—PVP :hydrogen bonded groups 
Oo , 
c 1684.31 . o s—_—_——_——4 1686.3 

< 1684 5 

S 
cece neeeeneee Boece ressettcrcs * 1682.1 

& 1680 71679.05...--#------ assrreseeene 

3 | wo 1676 + 

= 
1672 + ee 

1668 + 1667.3 ; 
. 1669.5 

1664 IK — ; 

Tem perature in degree C 

Figure 4.23: Graph showing the shift of the center of the carbonyl bands as a function of 

the temperature for 10/90 NEP and PVP/Ethanol mixtures. 

4.6.2 Effect of the ethanol concentration 

Figures 4.24 and 4.25 present the spectra of NEP/Ethanol and PVP/Ethanol mixtures 

respectively at a constant temperature and constant concentration of NEP or PVP repeat 

units. The ethanol concentration was varied from 0.06 to 0.76 mol I' for NEP (mixtures 

respectively labeled 40/60 and 5/95 in terms of molar ratio) and from 0.18 to 0.76 mol I" 

for PVP (mixtures respectively labeled 18/82 and 5/95). The range of ethanol 

concentrations tested is more restricted for PVP/Ethanol mixtures because PVP is not 

soluble in the diluent, CCl,. The ethanol concentration has to be sufficiently large to 

dissolve the PVP by itself: 
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Figure 4.24: FTIR spectra in the carbonyl region, at T=50°C, of 5/95, 10/90, 40/60 
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PVP/Ethanol blends diluted in CCly. 
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As the concentration of ethanol increases in the mixture, more carbonyl groups become 

hydrogen bonded and thus the area of the band associated with the hydrogen bonded 

groups increases, whereas the area of the band associated with the free groups decreases 

(Figures 4.26 and 4.27). Mixtures with NEP also appear to be more sensible to ethanol 

concentration changes than the mixtures with PVP. The fraction of hydrogen bonded 

carbonyl groups can reach higher values in NEP mixtures than in PVP mixtures due to 

steric considerations. This point will be further discussed later. For PVP/Ethanol mixtures, 

as well as for NEP/Ethanol mixtures, the band associated with the hydrogen bonded 

groups shifts to higher frequency (Figures 4.28 and 4.29) revealing that the hydrogen 

bonds become weaker. Tables 4.10 and 4.11 give the results of the curve-fitting for 

NEP/Ethanol and PVP/Ethanol mixtures at different ethanol concentration. 
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Figure 4.26: Graph showing the changes of area of the carbonyl bands as a function of the 

mole fraction of ethanol in a NEP/Ethanol mixture at T=50°C. 

79



18 

16 

14 

12 

10 

Ar
ea

 
of

 
th

e 
ca

rb
on

yl
 
ba

nd
s 

  

  

  

  

      

    

+ 15.696 16.679 

L —e free groups 

—= hydrogen bonded groups 

—- total 

+ 10.472 

8.216 
s 
G 

7.48 

T | 6.207 

82 86 90 94 

Mole fraction of Ethanol in the PVP/Ethanol mixture 
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Table 4.10: Curve-fitting results of NEP/Ethanol mixtures diluted in CCly. 

  

  

  

  

  

  

    

Free C=O Band HB C=O Band 

Temperat. Center Width Area Center Width Area fe 

Cc cm" cm" cm" cm" 

9/95 
45 1697.41 14.99 2.427 1677.98 30.27 26.424 0.1154 

50 1697.75 15.37 2.61 1678.54 30.19 25.999 0.1248 

55 1698.23 15.22 2.594 1679.14 30.6 25.28 0.1272 

60 1698.57 15.44 2.756 1679.69 30.56 24.986 0.1354 

65 1698.97 15.56 2.931 1680.32 30.52 24.821 0.1436 

8/92 
40 1696.55 16.46 3.941 1678.34 28.67 22.244 0.2010 

45 1696.17 16.83 4.516 1679.22 28.62 21.175 0.2324 

50 1697.57 16.93 4.941 1679.81 28.54 20.561 0.2544 

55 1697.92 16.95 5.191 1680.35 28.51 20.037 0.2689 

60 1698.28 16.99 5.569 1680.92 28.43 19.446 0.2891 

65 1698.66 16.99 5.914 1681.54 28.39 18.898 0.3077 

10/90 

40 1696.72 17.47 6.47 1679.05 27.29 19.423 0.3211 

45 1697.2 17.54 6.943 1679.75 27.25 18.76 0.3445 

50 1697.51 17.59 7.274 1680.22 27.22 18.341 0.3603 

55 1697.99 17.59 7.777 1680.95 27.19 17.749 0.3835 

60 1698.39 17.41 8.035 1681.73 27.18 16.64 0.4068 

15/85 

40 1696.48 17.94 8.412 1679.59 25.4 14.518 0.4514 

45 1696.96 18.07 8.899 1680.31 25.35 13.702 0.4798 

50 1697.39 18.11 9.318 1680.97 25.28 13.042 0.5036 

55 1697.82 18.12 9.713 1681.65 25.28 12.459 0.5254 

60 1698.22 18.11 10.047 1682.34 25.27 11.924 0.5447 

65 1698.64 18.09 10.401 1683.04 25.31 11.405 0.5643 

20/80 
40 1696.57 18.04 11.179 1680.22 24.45 13.789 0.5351 

45 1697.09 18.14 11.825 1681 24.35 12.868 0.5661 

50 1697.5 18.22 12.49 1681.68 24.21 11.988 0.5967 

55 1697.97 18.26 13.085 1682.48 24.14 11.142 0.6251 

60 1698.38 18.28 13.484 1683.18 24.18 10.594 0.6438 

65 1698.72 18.27 13.803 1683.81 24.22 10.129 0.6593           
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Free C=O Band HB C=O Band 

Temperat. | Center Width Area Center Width Area f° 
Cc cm! cm" cm" cm" 

25/75 
40 1696.86 18.11 12.5 1681.21 23.73 10.319 0.6324 

45 1697.23 18.18 12.614 1681.72 23.79 9.858 0.6450 

50 1697.71 18.27 12.919 1682.49 23.86 9.222 0.6655 

55 1698.06 18.35 13.399 1683.11 23.85 8.702 0.6862 

60 1698.53 18.38 13.897 1684 24.11 8.412 0.7011 

65 1698.96 18.46 14.146 1684.86 24.33 8.053 0.7138 

30/70 
40 1696.84 18.34 14.135 1681.4 22.88 9.053 0.6892 

45 1697.35 18.75 13.524 1682.04 23.12 7.965 0.7068 

50 1697.75 18.84 13.945 1682.81 23.27 7.478 0.7259 

55 1698.2 18.71 13.792 1683.67 23.83 7.488 0.7234 

60 1698.7 18.74 13.989 1684.84 24.36 7.234 0.7330 

65 1699.08 18.71 13.962 1685.78 24.89 7.246 0.7323 

40/60 

40 1696.92 18.43 15.461 1682.39 22.68 7.134 0.7547 

45 1697.5 18.6 16.349 1683.76 23.44 7.087 0.7661 

50 1697.89 18.55 15.885 1684.45 23.69 6.62 0.7731 

55 1698.39 18.7 15.584 1685.83 24.52 6.753 0.7662 

60 1698.75 18.72 15.572 1686.73 24.87 6.66 0.7685 

65 1698.98 18.66 15.932 1687.38 24.96 6.693 0.7717       
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Table 4.11: Curve-fitting result of PVP/Ethanol mixtures diluted in CCl. 

  

  

  

  

  

  

    

Free C=O Band HB C=O Band 

Temperat. Center Width Area Center Width Area fr 

Cc cm cm cm cm 

5/95 
40 1683.63 23.03 5.973 1666.49 27.59 10.904 0.4122 

45 1684.08 23.13 5.983 1666.92 28 10.765 0.4157 

50 1684.31 23.16 6.207 1667.1 27.73 10.472 0.4314 

55 1684.55 23.19 6.344 1667.28 27.6 10.223 0.4427 

60 1684.97 23.16 6.475 1667.66 27.54 9.903 0.4556 

65 1685.3 23.21 6.608 1667.96 27.49 9.56 0.4694 

8/92 

40 1683.94 22.9 6.296 1666.8 27.96 9.869 0.4495 

45 1684.18 22.91 6.416 1666.98 27.7 9.527 0.4629 

50 1684.61 22.87 6.517 1667.38 27.63 9.245 0.4743 

55 1684.92 22.86 6.658 1667.66 27.62 9.063 0.4846 

60 1685.3 22.85 6.737 1668.03 27.64 8.763 0.4960 

65 1685.71 22.81 6.798 1668.47 27.67 8.474 0.5066 

10/90 

40 1684.31 22.51 7.192 1667.3 27.34 9.766 0.4852 

45 1684.64 22.57 7.259 1667.59 27.24 9.324 0.4991 

50 1685.12 22.52 7.386 1668.08 27.16 8.93 0.5142 

55 1685.51 22.49 7.607 1668.5 27.12 8.701 0.5281 

60 1685.9 22.43 7.686 1668.94 27.16 8.443 0.5386 

65 1686.39 22.37 7.839 1669.53 27.19 8.172 0.5511 

13/87 

40 1684.56 22.51 7.451 1667.64 27.36 8.971 0.5153 

45 1684.98 22.49 7.695 1668.01 27.06 8.566 0.5348 

50 1685.53 22.43 7.779 1668.66 27.09 8.189 0.5487 

55 1685.84 22.42 7.855 1669.02 27.07 7.866 0.5611 

60 1686.33 22.32 7.996 1669.65 27.22 7.755 0.5689 

65 1686.82 22.25 8.091 1670.33 27.36 7.523 0.5792 

18/82 

40 1685.08 22.33 7.913 1668.38 27.46 7.972 0.5596 

45 1685.65 22.2 8.088 1669.09 27.26 7.62 0.5760 

50 1685.97 22.17 8.216 1669.48 27.25 7.48 0.5844 

55 1686.44 22.09 8.248 1670.18 27.36 7.259 0.5926         
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4.6.3 Determination of the ratio of the absorptivity coefficients 
and of the fraction of free carbonyl groups 

The spectra of NEP/Ethanol and PVP/Ethanol mixtures diluted in carbon tetrachloride 

were performed as described in chapter 3. The mole fraction of ethanol in the 

NEP/Ethanol mixture was varied from 60 to 95%, whereas the concentration of NEP was 

held at 0.04 mol I’. For the PVP/Ethanol mixtures, the mole fraction of ethanol was varied 

from 82 to 95%, whereas the concentration of PVP repeat units was held at 0.04 mol I’. 

The temperature of each sample was varied from 40 to 65°C. The areas of the bands 

associated with the stretching of the free and of the hydrogen bonded carbonyl groups 

were determined by curve-fitting. Results are summarized in tables 4.10 and 4.11. 
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Figure 4.30: Plot of the area of the hydrogen bonded carbonyl band versus the area of the 

free carbonyl band for NEP/Ethanol mixtures at various temperatures and ethanol 

concentrations. 
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free carbonyl band for PVP/Ethanol mixtures at various temperatures and ethanol 

concentrations. 

Figures 4.30 and 4.31 present the plots of the area of the band associated with the 

hydrogen bonded groups versus the area of the band associated with the free groups for all 

NEP and PVP sample mixtures. All these points are scattered around a line fitted with a 

linear equation: 

e For NEP: Aup = -1.42 * Ap + 28.10. 

e For PVP: App = -1.28 * Ap + 18.10. 

The slope of this line is the negative of the ratio of the absorptivity coefficients, ao=ayp/ar, 

for the carbonyl band. Thus: 

  O yep = = 14401 and A mp =H = 13401 
ar ap 
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In Figure 4.31, we can also notice consistent deviations of the data at any given 

ethanol concentration. Indeed, the data deviate from the fitted line in a negative fashion at 

their higher values for the area of the free band, and in a positive fashion at their lower 

values for the area of the free band. 

The fraction of free carbonyl groups in any PVP/ethanol or NEP/ethanol mixture 

can then be determined using the equation: 

c=0 _ P 4) — A, [2 23] 

e ¢, A,pt+An,/a@ 
  

Figures 4.32 and 4.33 present the plots of the calculated fractions of free carbonyl groups 

versus the temperature of the mixture or the mole fraction of ethanol in the mixtures. For 

PVP/Ethanol mixtures as well as NEP/Ethanol mixtures, the fraction of free carbonyl 

groups increases when the temperature increases or when the ethanol mole fraction 

decreases. Indeed, as the ethanol concentration decreases, less hydrogen bonds can be 

formed, and as the temperature increases, the hydrogen bonds tend to become weaker and 

to break. Also at any temperature or ethanol concentration, the mole fraction of free 

carbonyl groups appears to be lower for NEP/Ethanol mixtures than for PVP/Ethanol 

mixtures. Formations of hydrogen bonds between ethanol and small molecules are indeed 

more favored than between ethanol and polymeric molecules, presumably due to the 

additional conformational restrictions imposed on the polymer. 
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Figure 4.33: Plot of the fraction of free carbonyl groups versus the mole fraction of 

ethanol in the NEP or PVP/Ethanol mixtures diluted in CCl, at T=50°C. 

T 

82 84 86 88 90 92 

5 

94 

Mole fraction of Ethanol in the PVP or NEP/Ethanol mixture 

88



4.7 Determination of the  Inter-association 

Equilibrium Constant 

Our system is described by three equilibrium constants. K. and Kg describe the self- 

association of B units and were determined previously from the quantitative analysis of the 

hydroxyl stretching band of ethanol/CCl, mixtures (see part 4.5). Ka describes the inter- 

association of A and B units. We need now to determine this equilibrium constant. 

4.7.1 Calculation of the equilibrium constant and of the enthalpy 
of hydrogen bond formation 

Guessing a value for Ka, theoretical values of og: and oa; can be calculated by 

simultaneously solving equations [2.17] and [2.18] for given values of od, and og. These 

equations were simultaneously solved with a program written using Mathematica 

software. (This program is presented in the appendix.) The value of Ka was systematically 

varied and a least-squares method was employed to determine the best fit of the 

experimental data. The values of K2 and Kg used were the ones determined in part 4.5, 

namely at T=25°C, K,=18.4 with an enthalpy of formation equal to 4.61 kcal mol! and 

Kp=60.0 with an enthalpy of formation equal to 4.15 kcal mol. 

B B r 
$5 =Pm 0-2] +22 (I-Kehns)” [ee] [2.17] 

K, K, _ +} 
9,=8 4 Kate ($2) +E Kp 9m) [2.18] 

B 
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Alternatively, one could employ the least-squares method while systematically 

varying the values of the three equilibrium constants. However, because many different 

solutions can be found to fit the experimental data in such a case’, the two self-association 

constants need to be determined independently. 

The graphs in Figures 4.34 and 4.35 show the experimental and the theoretical 

values of the volume fraction of free carbonyl groups, ai, as a function of the volume 

fraction of ethanol in NEP/Ethanol/CCL, and PVP/Ethanol/CCl, blends, at T=45°C. At this 

temperature, the best curve-fitting of the experimental data was found at Ka=130 + 5 in 

terms of volume fraction units for NEP/Ethanol/CCl, mixtures and at K,x=70 + 5 in terms 

of volume fractions for PVP/Ethanol/CCl, mixtures. The same curve-fitting procedure of 

the data given in table 4.10 and 4.11 was performed for temperatures ranging from 40°C 

to 65°C. Table 4.12 summarizes the values of K, found at each temperature. 
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Figure 4.34: Comparison of the theoretical and the experimental values of the volume 

fraction of free carbonyl groups versus the volume fraction of ethanol groups in 

NEP/Ethanol/CCl, mixtures at T=45°C. The theoretical values were calculated for K,=30, 

50, 130, 170 and 300. 
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Figure 4.35: Comparison of the theoretical and the experimental values of the volume 

fraction of free carbonyl groups versus the volume fraction of ethanol groups in 

PVP/Ethanol/CCl, mixtures at T=45°C. The theoretical values were calculated for K,=20, 

50, 70, 100 and 200. 

Table 4.12: Values of Ka in units of volume fraction determined for NEP/Ethanol/CCl, 

and PVP/Ethanol/CCl, mixtures. 

  

  

  

T (C) 40 45 50 55 60 65 

NEP 135 130 125 110 100 95 

PVP 75 70 65 60 55 50                   

Assuming that the enthalpy of hydrogen bond formation between A and B units is 

independent of temperature, the enthalpy of carbonyl-hydroxyl hydrogen bond formation, 

Aha, can be determined by plotting InKa versus 1/T. The slope of this line is equal to 

-Ah,/R. These plots are presented for both NEP-ethanol and PVP-ethanol interactions in 

Figures 4.36 and 4.37. 

91



  

497 

48 + 

47+ 

In(Ka) 
467 

457 ~  Inka= 1611.2/T - 0.2099       44 f {4 ' 

0.00295 0.003 0.00305 0.003 0.0031 0.0032 

1/T in K' 

Figure 4.36: Van't Hoff plot for the determination of Ah,, for NEP/Ethanol/CCl, mixtures. 
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Figure 4.37: Van't Hoff plot for the determination of Aha, for PVP/Ethanol/CCl, mixtures. 
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From the plots shown in Figures 4.36 and 4.37, the enthalpy of hydrogen bond formation 

between NEP and ethanol was found to be equal to -3.2 + 0.5 kcal mol” and the enthalpy 

of hydrogen bond formation between PVP and ethanol was found to be equal to -3.4 + 0.5 

kcal mol’. The values of the inter-association equilibrium constants in terms of volume 

fraction at T=25°C are thus 180 for NEP mixtures and 100 for PVP mixtures. 

In Figures 4.34 and 4.35, we can see that the experimental values of the volume 

fraction of free carbonyl groups deviate from the theoretical values. For NEP mixtures, 

when og; ranges from 0.003 to 0.02, the experimental values are higher than the 

theoretical values, and when op; ranges from 0.02 to 0.045, the experimental values are 

lower. For PVP mixtures, when ¢,; ranges from 0.01 to 0.03, the experimental values are 

lower than the theoretical values, and when $p; ranges from 0.03 to 0.045, the 

experimental values are higher. These deviations could arise from errors in the 

experimental data or errors in the parameters chosen for the theoretical calculations. In 

next part, we will see how these errors can influence the value of Ka. 

4.7.2 Influence of some parameters on the determination of K, 

The equilibrium constant of inter-association was determined from the fit of experimental 

values to theoretical values of the volume fraction of free A units. The accuracy of Ka 

depends thus on the accuracy of the experimental data and the accuracy of the parameters 

used to calculate the theoretical values. These parameters are the ones that appear on 

equations [2.17] and [2.18]: Kz and Kg the equilibrium constants for the self-association of 

B units, and r the ratio of the molar volume of A and B chemical units. 

e K» was determined to be equal to 18.4 in terms of volume fraction at T=25°C and Ahy 

= 4.61 kcal I’. This gives K2=11.277 at T=45°C. 
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e Kz was determined to be equal to 60.0 in terms of volume fraction at T=25°C and Ahg 

= 4.15 kcal I’. This gives Kp=38.6 at T=45°C. 

® 1 was assumed to be a constant and equal to the one defined at T=25°C over the range 

of temperature going from 40 to 65°C. rV,/Vz . For PVP/ethanol mixtures, r=1.58, 

for NEP/ethanol mixtures, rm=1.94. 

Using these values for K2, Kg and r, Ka was determined to be equal to 180 for NEP 

mixtures and 100 for PVP mixtures in terms of volume fraction at T=25°C and Ah, = 3.2 

for NEP and 3.4 kcal I’ for PVP. This gives K,=130 and K,=70 at T=45°C for NEP and 

PVP respectively. Figures 4.38 and 4.39 present the effect of varying the of K2 and Kz 

respectively while keeping the other parameters fixed on the theoretical calculations of the 

volume fraction of free A units, d,4;. We see that if we varied these parameters even above 

the margins of errors, the experimental data still deviates from the theoretical values. Also, 

the theoretical values do not change significantly when r is varied from 1.8 to 2.15 for 

NEP mixtures. 
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Figure 4.38: Comparison of the theoretical and the experimental values of the volume 

fraction of free carbonyl groups versus the volume fraction of ethanol groups in 

NEP/Ethanol/CCl, mixtures at T=45°C. The theoretical values were calculated for K2= 

11.277, 5 and 20. 
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Figure 4.39: Comparison of the theoretical and the experimental values of the volume 

fraction of free carbonyl groups versus the volume fraction of ethanol groups in 

NEP/Ethanol/CCl, mixtures at T=45°C. The theoretical values were calculated for Kp= 

38.613, 30 and 50. 

The deviations between the theoretical and the experimental values cannot be 

explained by errors in the determination of K2, Kg or r. We have now to see if they can 

come from errors in the experimental measurements. 

The experimental volume fractions of free A units, dai, is calculated using the 

equation: 

c=0 _ P 4) _ A, 

r ¢, AptAn, la 
  

where a is the ratio of the absorptivity coefficients of the hydrogen bonded carbonyl band 

over the free band. For NEP, a was found to be equal to 1.4 + 0.5 and for PVP, a was 

found to be equal to 1.3 + 0.5. An error in the determination of this ratio would have 

negligible effect on the calculation of the experimental $4). Figure 4.40 presents this effect 

for a NEP mixture. 
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Figure 4.40: Comparison of the theoretical and the experimental values of the volume 

fraction of free carbonyl groups versus the volume fraction of ethanol groups in 

NEP/Ethanol/CCl, mixtures at T=45°C. The experimental values were calculated for 

a=1.3, 1.4, and 1.5. 

We see that if we varied « within the margins of errors, the experimental data still deviates 

from the theoretical values. 

The deviations between the theoretical and the experimental values cannot be 

explained by errors in calculation of the experimental $4. It cannot be explained by errors 

in the determination of K2, Kp or r. They can come from possible dilution effect, that 

Coleman et. al. model does not take into account. Indeed, NEP or PVP and ethanol are 

diluted in CCl, at volume fractions lower than 0.05. In such dilute solution, CCl, can act 

as a screen between the carbonyl and hydroxyl groups and disturb the formation of 

hydrogen bonds. The value of Ka would then change with the volume fraction of ethanol 

in the mixture, og. Also, as the ethanol concentration decreases in the mixtures, the 

average number self-associated ethanol units or the length of the chains, h, decreases. In 

the expression of Ka given in equation [2.8], when h decreases, the value of the ratio 

hr/(h+r) decreases and thus the value of Ka is expected to decrease. 
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Figure 4.41: Comparison of the theoretical and the experimental values of the volume 

fraction of free carbonyl groups versus the volume fraction of ethanol groups in 

NEP/Ethanol/CCl, mixtures at T=45°C. The experimental values were calculated for 

K,=90, 100. 110, 130, 190 and 310. 

    

3507 @ NEP/Ethanol 

300- ™ PVP/Ethanol 

2507 

Ka 2007 e 

1507 
4 @ 

ned =a 

50 . U . T T T T T T 1 

0.00 0.01 0.02 0.03 0.04 0.05 

ds 

Figure 4.42: Plot of Ka, in terms of volume fraction versus op for NEP/ethanol and 

PVP/Ethanol mixtures diluted in CCl, at T=45°C 
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Figure 4.41 presents a plot of the theoretical values of gai for NEP/Ethanol mixtures 

where each theoretical curve correspond exactly to the experimental value at one given og. 

Figure 4.42 presents the variation of Ka with op for both PVP/Ethanol and NEP/Ethanol 

mixtures. As the volume fraction of B units increases in the mixture, Ka increases. The 

ethanol concentration appears to have more effect on Ka for NEP/Ethanol mixtures than 

for PVP/Ethanol mixtures. Because of steric effect, it appears that PVP forms hydrogen 

bond primarily with short self-associated chains. Thus, the value of h has less influence on 

the inter-association of PVP and ethanol than on the inter-association of NEP and ethanol. 

4.7.3 Low-molecular-weight analogue method 

The low molecular weight analogue method, described by Coleman et. al.”"’, gives an 

expression for polymer self-association equilibrium constant as a function of the self- 

association equilibrium constant of its low molecular weight analogue. We have: 

KV; = K,V, 

where i stands for the low molecular weight compound and I stands for the polymer. 

We tried to apply this method to predict the value of the inter-association equilibrium of 

PVP with ethanol. The interassociation equilibrium constants of NEP with ethanol were 

found to be equal to 180 in terms of volume fraction units at T=25°C. Using the low 

molecular weight analogue method we would predict an inter-association equilibrium 

constant for PVP with ethanol to be equal to 180*114.1/92.6=221.8. Although, we 

determined a constant equal to 100 for PVP. It seems that this method cannot be applied 

to the determination of inter-association constants, or that the PVP units are not flexible 

enough to satisfy the inherent assumptions of this method. 
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4.8 Determination of the Energy of Mixing 

We want to calculate the Gibbs free energy, the enthalpy, and the entropy of mixing for a 

binary mixture with specific interactions. These values could then be used to predict the 

adsorption properties of polmer into solid surfaces. 

4.8.1 Free energy of mixing 

Coleman et. al. have developed an expression for the Gibbs free energy of mixing using an 

association model. This new thermodynamic model was presented in part 2.4. For a binary 

mixture where B self-associates while A can form hydrogen bonds only with B and where 

the self-association is described by using two equilibrium constants, the Gibbs free energy 

of mixing A and B units is written as: 

  

    

are om Ing, + cA Inds + 18.1b4 + [2.25] 

where: 

Gn gn] te | tend |e [(E)-(E) (ESI 229 

with: r, -( =) (Kaba) [2.19] 

r, -( -*:) HI Kebn) [2.20] 
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The equilibrium constants for the formation of hydrogen bonds were determined from 

infrared measurements in parts 4.5 and 4.7, for Ka we will use an average value. The 

interaction parameters for the binary mixtures were determined in part 4.4. Using these 

parameters, the value of the Gibbs free energy of mixing was calculated using the 

MG&PC software developed by Coleman and al.’ All of the parameters used in the 

calculations are summarized in tables 4.13 and 4.14. Figure 4.43 presents the free energy 

of mixing curves at different temperatures. The free energy of mixing is given in units of 

cal/ml, the composition of the binary mixture is given in terms of volume fraction of 

ethanol, op. The total free energy of mixing that takes into account the specific 

interactions, AG, is composed of two terms: one term describing only the specific 

interactions, AGy, and one term describing only the physical interactions, AG,-AGy. This 

last term is equivalent to the Flory-Huggins expression of the free energy of mixing for 

solutions with only weak interactions. Figure 4.44 presents the contribution of these 

various terms. Figure 4.45 show that the Gibbs free energy of mixing of PVP with ethanol 

is smaller than the Gibbs free energy of mixing NEP with ethanol. Indeed, the Flory 

Huggins parameters for NEP/Ethanol mixtures calculated using the group contribution 

method, is larger than the one for PVP/Ethanol mixtures. The term describing only the 

physical interactions, AG,,-AGu, is thus larger for NEP mixtures than for PVP mixtures. 

Table 4.13: Segment information 

  

  

  

  

  

Ethanol NEP PVP 

Molar volume, ml mo!’ 58.7 114.1 92.62 

Molecular weight, g mol 46.07 113.16 111.14 

Solubility parameter, (cal/ml)°° 12.7 10.5 12.5 

Degree of polymerization ] 1 12             
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Table 4.14: Association information 

  
  
  
              
  

  

    

      
  

  

Mixtures NEP/Ethanol PVP/Ethanol 

K at 25°C | Ah, kcal mof!| K at 25°C | Ah, kcal mol! 

B self-association (dimers) 18.4 -4.61 18.4 -4.61 

B self-association (multimers) 60.0 -4.15 60.0 -4.15 

A-B interassociation 180 -3.2 100 -3.4 
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Figure 4.43: Free energy of mixing curves calculated at T=25, 40, 65°C for a PVP/Ethanol 

mixture. 
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Figure 4.44: Free energy of mixing curves calculated at T=25°C for PVP/Ethanol 

mixtures. 
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Figure 4.45: Free energy of mixing curves calculated at T=25°C for PVP/Ethanol and 

NEP/Ethanol mixtures. 
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4.8.2 Enthalpy and entropy of mixing curves 

The enthalpy and the entropy of mixing can then be calculated using the equation: 

(AG,,), = (AH), ~ M[AS,,) P P 

This equation is valid in a range of temperatures where AH,, and AS,, can be assumed to 

be temperature independent. AH,, and AS,, can then be determined at any mixture 

composition by plotting the values of AG,, versus temperature. A line of slope -AS,, and of 

value at T=0 equal to AH, is obtained. Figure 4.46 presents one of these plots, obtained at 

a given op value. Figures 4.47 and 4.48 present the enthalpy and the entropy of mixing 

curves for NEP/Ethanol and PVP/Ethanol mixtures. 
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Figure 4.46: Plot of AG,, versus temperature for a 50/50 (in terms of volume fractions) 

PVP/Ethanol mixture. 
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Figure 4.47: Entropy of mixing curves calculated for PVP/Ethanol and NEP/Ethanol 
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Figure 4.48: Enthalpy of mixing curves calculated for PVP/Ethanol and NEP/Ethanol 

mixtures. 
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Figure 4.47 shows that the entropy of mixing NEP with ethanol or PVP with ethanol are 

very closed. Indeed, the degree of polymerization of the PVP employed was equal to 12. 

At this low degree of polymerization, the connectivity restrictions imposed on the polymer 

are negligeable. Figure 4.48 shows that at low ethanol concentration, the mixing of NEP 

with ethanol or PVP with ethanol is endothermic, and becomes exothermic at higher 

ethanol concentrations. Indeed, at low ethanol concentrations, when the fraction of 

hydrogen bonded carbonyl groups is low, the physical forces are predominant in the 

mixture. At higher ethanol concentration, more hydrogen bonds can be formed and the 

specific interactions become predominant in the mixture. Figure 4.48 also shows that the 

enthalpy of mixing PVP with ethanol is always larger than the enthalpy of mixing NEP 

with ethanol. At the same ethanol concentration, the fraction of hydrogen bonded NEP 

units is higher than the fraction of PVP repeat units. Since the formation of hydrogen 

bonds is an exothermic reaction, the enthalpy of mixing NEP with ethanol is expected to 

be higher the enthalpy of mixing PVP with ethanol. 

4.8.3. Influence of some parameters 

Figures 4.49, 4.50, 4.51 present the changes in the free energy of mixing curve when the 

value of the equilibrium constant Ka is varied. The free energy of mixing increases as the 

inter-association equilibrium constant, Ka, and the equilibrium constant for the formation 

of self-associated dimers, K2, decreases. The free energy of mixing decreases as the 

equilibrium constant for the formation of self-associated multimers, Kp, decreases. 
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Figure 4.49: Free energy of mixing curves calculated at T=25°C for PVP/Ethanol mixtures 

for K,=50, 100 and 200. 
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Figure 4.50: Free energy of mixing curves calculated at T=25°C for PVP/Ethanol mixtures 

for K,=5, 18.4 and 40. 

106



  

    

        
  

0 

>t K. pp 

‘\ *. 4 

\ / 

\ 
é 

\ / 

47 \ 
/ 

AGm ‘. eee iL 

cal/ml \ / 
N 

6 T \ , 
‘ Lf 

‘Y 7 

SSL oo 

8 T ys eet _ Ke=150 

~-- Ka= 

---+ Ks=30 

0 0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

bp 

Figure 4.51: Free energy of mixing curves calculated at T=25°C for PVP/Ethanol mixtures 

for Kp=30, 60 and 180. 
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CONCLUSION 

In this study, we wanted to investigate the hydrogen bonding interactions between ethanol 

and a water-soluble polymer, poly(vinylpyrrolidone), or its low molecular weight 

analogue, N-ethylpyrrolidone. Specifically, we wanted to determine the energy of mixing 

ethanol with NEP or PVP. 

Using the equilibrium constants for the formation of hydrogen bonds determined 

by infrared measurements, the Gibbs free energy of mixing was calculated by employing a 

model for polymer systems with specific interactions, developed by Coleman, Graf, and 

Painter. The free energy of mixing was found to be always negative, and the NEP/Ethanol 

and PVP/ethanol mixtures miscible at any composition. Because of the low degree of 

polymerization of the PVP employed, the entropy of mixing ethanol with NEP was found 

equal to the entropy of mixing ethanol with PVP. The mixing of ethanol with NEP or PVP 

was found to be endothermic at low ethanol concentration, and exothermic at higher 

ethanol concentration. Indeed, at low ethanol concentration, the fraction of hydrogen 

bonded carbonyl groups is low and thus the physical forces are predominant in the 

mixture. At higher ethanol concentration, more hydrogen bonds are formed and the 

specific interactions become predominant in the mixture. Also, the enthalpy of mixing 

NEP with ethanol was found to be lower than the enthalpy of mixing PVP with ethanol at 

equivalent composition. Because of steric restrictions, more hydrogen bonds are formed in 

a NEP mixture than in a PVP mixtures at equivalent compositions. Since the enthalpy of 

hydrogen bond formation is negative, the enthalpy of mixing NEP with ethanol is expected 

to be lower than the enthalpy of mixing PVP with ethanol. 

The thermodynamic results determined by using Coleman et. al. model take into 

account the polymer-solvent hydrogen bonding interactions. These results, together with 

adsorption theories’, will be now employed to predict and contro! suspension properties 

of dispersed water-soluble polymers. The degree of polymerization of the PVP employed 
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was equal to 12. It would be now interesting to study the effect of PVP molecular weight 

on solution properties. Also, we would be interested to study by this method other 

systems, such as PVP with water, or systems with polyoxazolines. 

109



o
n
 

anv
 

SF
 

’» 
N 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

REFERENCES 

Coleman M. M.; Graf J. F;, Painter P. C. Specific Interactions and the Miscibility of 

Polymer Blends, Technomic pub., Lancaster, 1991. 

Painter P. C.; Park Y.; Coleman M. M. Macromolecules 1989, 22, 570. 

Painter P. C.; Park Y.; Coleman M. M. Macromolecules 1988, 21, 66. 

Xu Y.; Graf J.; Painter P. C.; Coleman M. M Polymer 1991, 32, 3103. 

Coleman M. M.; Lichkus A. M.; Painter P. C. Macromolecules 1989, 22, 586. 

Serman C. J.; Painter P. C.; Coleman M. M. Polymer 1991, 32,1049. 

Coleman M. M; Xu Y.; Painter P.C. Macromolecules 1994, 27, 127. 

Coleman M. M.; Yang X.; Zhang H.; Painter P. C. J. Macromol. Sci.-Phys. 1993, 

B32(3), 295. 

Coleman M. M.; Yang X.; Zhang H.; Painter P. C.; Scherer K. V. J. Polym. Sci. : 

Part A : Polym. Chem. 1993, 31, 2039. 

Yang X.; Painter P. C.; Coleman M. M. Macromolecules 1992, 25, 2156. 

Coleman M. M.; Yang X.; Painter P. C. Macromolecules 1992, 25, 4414. 

Coleman M. M.;Lee J. Y.; Serman C. J.; Wang Z. ; Painter P. C. Polymer 1989, 30, 

1298. 

Painter P. C.; Park Y.; Coleman M. M. Macromolecules 1989, 22, 580. 

Praustnitz J. M.; Lichtenthaler R. N.; de Azevedo E. G Molecular thermodynamics 

of fluid phase equilibria 1986 2" ed., Prentice Hall, ISBN-0-13599564-7. 

Lacombe R. H.; Sanchez I. C. J. Phys. Chem. 1976, 80, 2568. 

Sanchez I. C.; Lacombe R. H. J. Phys. Chem. 1976, 80, 2352. 

ten Brinke G.; Karasz F. E. Macromolecules 1984, 17, 815. 

110



18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

Lai C. H.; Paul D. R.; Barlow J. W. Macromolecules 1988, 21, 2492. 

Barlow J. W.;Lai C. H.; Paul D. R. Jn Prediction of Polymer-Polymer Miscibility 

with a group contribution Method 1989, Culbertson B. M. Ed., Contemporary 

Topics in Polymer Science, Plenum Press : New York, Vol 6. 

Walker J. S; Vause C. A. Sci. Am. 1987, May issue, p. 98. 

Cruz C. A.; Barlow J. W.; Paul D. R. Macromolecules 1979, 12, 726. 

Vinogradov S. N.; Linnell R. H., Hydrogen Bonding, Van Nostrand Reinhold Co., 

New York, 1971. 

Schuster P.; Zundel G.; Sandorfy C. The Hydrogen Bonds 1972, North Holland 

Publishing Company, ISBN 0-444-10805. 

Whetsel K. B.; Lady J. H. Spectrometry of Fuels, Friedel H. Editor, Plenum Press, 

London, 1970, chap. 20. 

Garton A. Polymer Eng. and Sci, 1984, 24, 112. 

Painter P. C.; Park Y.; Coleman M. M. Polymer preprints 1987, 28, 21. 

Kehiaian H. Bull. Acad. Polon. Sci. Ser. Sci. Chim. 1964, 12, 497. 

Coggehall N. D.; Saier E. L. J. Amer. Chem. Soc. 1951, 73, 5414. 

Moskala E. J.; Howe S. E.; Painter P. C.; Coleman M. M. Macromolecules 1984, 

17, 1671. 

Lee J. Y.; Painter P. C.; Coleman M. M. Macromolecules 1988, 21, 346. 

Coleman M. M.; Serman C. J.; Bhagwagar D. E.; Painter P. C. Polymer 1990, 31, 

1187. 

Flory P. J. J. Chem. Phys. 1944, 12, 425. 

Hildebrand J.; Scott R.,7he Solubility of Non-Electrolytes 1949, 3rd edn., Reinhold, 

New York. 

Eric A. Grulke Solubility Parameter Values, in Polymer Handbook, third ed., 1989, 

edited by J. Brandrup, E.H.Immergut, Wiley and Sons, Inc. 

111



35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

4A, 

45. 

46. 

47. 

48. 

49. 

50. 

D. W. Van Krevelen, Properties of Polymers, Their Estimation and Correlation with 

Chemical Structure, 2nd ed, 1976, Amsterdam. 

P.A. Small J. Appl. Chem 1948, 3, 714. 

K. L. Hoy Paint Technol. 1970, 42 , 76. 

D. W. Van Krevelen Fuel 1965, 44, 229. 

Wang F. C.; Feve M.; Lam T. M.; Pascault J.P. J. Polym. Sci., Part B : Polym. 

Phys. 1994, 32, 1305. 

Koenig J. K. Spectroscopy of polymers 1992 Am. Chem. Soc., Washington DC. 

Alpert N. L.; Keiser W. E.; Szymanski H. A. IR-Theory and Practice of Infrared 

Spectroscopy 1970, 2nd Edition, Plenum Press, New York. 

Coleman M. M.; Hu J.; Skrovanek D. J.; Painter P. C. Polymer Preprints 1987, 28, 

19. 

Kwei T. K.; Pearce E. M.; Ren F.; Chen J. P. J. Polym. Sci. : Part B : Polym. Chem. 

1986, 24, 1597. 

Skrovanek D. J.; Painter P. C.; Coleman M. M. Macromolecules 1986, 19, 699. 

Coleman M. M.; Skrovanek D. J.; Painter P. C. Macromol. Symp. 1986, 5, 21. 

Skrovanek D. J.; Howe S. E.; Painter P. C.; Coleman M. M. Macromolecules 1985, 

18, 1676. 

Coleman M. M.; Lee K. H.; Skrovanek D. J.; Painter P. C. Macromolecules 1986, 

19, 2149, 

Laboratory methods in vibrational spectroscopy, edited by Willis H. A., Van de 

Maas J. H., Miller R. G. J., 3rd edition, 1987, ISBN 0-471-903430-4. 

Alpert N. L.; Keisre W. E.; Szymanski H. A. [R-Theory and Practice of Infrared 

Spectoscopy, 1973; Plenum/Rosetta edition; ISBN 0-306-20001-5. 

Bouquin sur le PVP de Davis 

112



S51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

Robinson B. V.; Sullivan F. M., Borzelleca; S. L. Schwartz PVP. A Critical Review 

of the Kinetics and Toxicology of Polyvinylpyrrolidone (Povidone) 1990, Lewis 

Publishers Inc., ISBN 0-87371-288-9. 

Buhler V. Kollidon. Polivinylpyrrolidone for the pharmaceutical industry 1992, 

BASF. 

Van de Maas J. H.; Miller R. G. J Laboratory methods in vibrational spectroscopy 

1987 edited by Willis H. A.; 3rd edition, ISBN 0 471 90343 4 

Painter P. C.; Snyder R. W.; Starsinic M.; Coleman M. M.; Kuehn D. W.; Davis A. 

Applied Spectrosc. 1981, 35, 475. 

Bryan S. A.; Willis R. R.; Moyer B. A, J. Phys. Chem. 1990, 94, 5230. 

Fedors R. F. Polymer Eng. Sci. 1974, 14, 147. 

Huppenthal L.; Staszewska D. U.; Nowacki J. Polimery, 27, 427. 

Seymour R. B; Johnson E. L. Polym. Preprints, Div of Polym Chem, Amer Chem 

Soc 1976, 17. 

Browne T. E;. Cohen Y, Ind. Eng. Chem. Res. 1993, 32, 716. 

Luck W. A. P.; Schrems O. J Mol. Stuct. 1980, 60, 333. 

Van Ness H. C.; Van Winkle J. of Phys. Chem. 1967, 71, 5, 1483. 

Kempter, H.; Mecke, R. K. J. Phys. Chem. 1940, B46. 

Kopecni M. M.; Petkovic DJ. M. Thermochimica Acta 1978, 25, 241. 

Fujiwara H.; Ikenoue T, J. Chem. Soc., Faraday Trans. 1976, 72, 2375. 

Prigogine I.; Defay R. Thermodynamique Chimique 1950, ed. Desoer, chap 26. 

Mecke R. Disc. Faraday Soc. 1950, 9, 161. 

Sassa Y.; Katayama T. J. Chem. Eng. Jap. 1973, 6, 31. 

Littlewood A. B; Willmott F. W. Trans. Faraday Soc. 1966, 62, 3287. 

Pomposo J. A.; Etxeberria A.; Cortazar M. Macromolecules 1994, 27, 245. 

Flechter A. N.; Heller C. A. J. Phys. Chem. 1967, 71, 3742. 

Saunders M.; Hyne J. B. J. Chem. Phys. 1958, 29, 1319. 

113



72. 

73. 

Marcus Y. /ntroduction to Liquid State Chemistry 1977 John Wiley and Sons, New 

York, p176. 

Fleer G. H.; Cohen Stuart M. A.; Scheutjens J. M. H. M.; Cosgrove T.; Vincent B. 

Polymers at interfaces 1993Chapman and Hall. 

114



  

  
APPENDIX 

  

APPENDIX I 

APPENDIX II 

APPENDIX III 

APPENDIX VI 

Curve-fitting of the carbonyl band. 

Curve-fitting of the hydroxyl band. 

Determination of the fraction of free carbonyl groups in a 

NEP/Ethanol/CCl, mixture. 

Determination of the fraction of free carbonyl groups in a 

PVP/Ethanol/CCl, mixture. 

115 

 



A
b
s
o
r
b
a
n
c
e
 

APPENDIX I 
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Curve-fitting of the hydroxyl band. 
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APPENDIX III 

Determination of the fraction of free carbonyl groups in a NEP/Ethanol/CCl, 

mixture. 

ClearAll 

r=114.1/58.7; 

PhiA=0.004564; 

PhiB={0.0446,0.027,0.0211,0.0133,0.009392,0.007044, 

0.005478,0.003522} 

K2=11.277; 

KB=38.613; 

KA=180; 

i=1; 

PhiB[ [i] ] 

NSolve[{PhiB[ [i] ]==PhiBl* (1+KA*PhiAl/r) * 

( (1-K2/KB) +K2/(1-PhiB1*KB) / (1-PhiB1*KB) /KB) , 
PhiA==PhiAl+PhiAl *KA*PhiBl* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB)}, 
{PhiAl, PhiB1}] 

Clear[PhiAl,PhiB1} 

1=2; 

PhiB[[i]] 

NSolve[{{PhiB[ [i] ]=—=PhiB1* (1+KA*PhiAl/r) * 

( (1-K2/KSB) +K2/ (1-PhiB1*KB) /(1- -PhiB1*KB) /KB), 

PhiA==PhiA1+PhiAil *KA*PhiBl* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KS) }, 

{PhiAl,PhiBl}] ; 

Clear[PhiAl, PhiBl} . 

i=3; | 
PhiB[ [i] ] . 

NSolve[{PhiB[ [i] ]==PhiBl* (1+KA*PhiAl/r) * 

((1-K2/KB) +K2/ (1-PhiB1*KB) /{(1- ~PhiB1*KB) /KB) , 

PhiA==PhiAil+PhiAl *KA*PhiBi* 

( (1-K2/KB) +K2/ (1~KB8*PhiB1) /KB)}, 

{PhiAl,PhiB1}] 

Clear[PhiAl1,PhiBl] 

1=4; 

PhiB[([(i]] 

NSolve([{PhiB[ [i] ]==PhiBl* (1+KA*PhiAl/r) * 

((1-K2/KB) +K2/ (1-PhiB1l*KB) / (1-PhiB1*KB) /KB), 

PhiA==PhiAl+PhiAl1 *KA*PhiBl* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB)}, 

{PhiAl, PhiBl}] 

Clear [PhiAl,PhiBl] 
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1=5; 

PhiB[[i]}] 

NSolve[{PhiB[ [i] ]==PhiB1* (1+KA*PhiAl/r) * 
( (1-K2/KB) +K2/ (1-PhiB1*KB) / (1-PhiB1*KB) /KB), 
PhiA==PhiA1+PhiAl1 *KA*PhiBl* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB) }, 

{PhiAl, PhiB1}] 

___—Clear[{PhiAl,PhiB1] 

1=6; 

PhiB[ [i] ] 

NSolve[{PhiB[ [i] ]==PhiBl* (1+KA*PhiAl/r) * 

( (1-K2/KB) +K2/ (1-PhiB1*KB) / (1-PhiB1*KB) /KB), 

PhiA==PhiAl1+PhiAl *KA*PhiBl1* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB)}, 

{PhiAl, PhiBl}] 

Clear [PhiAl1, PhiB1] 

i=7; 

PhiB[[i]] | 
NSolve[{PhiBl [i] ]==PhiB1* (1+KA*PhiA1/r) * 

( (1-K2/KB) +K2/ (1-PhiB1*KB) / (1- PhiB1*KB) /KB) , 
PhiA==PhiA1+PhiAl1 *KA*PhiB1* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB)}, 

{PhiAl, PhiBl}] 7 

Clear [{PhiAl,PhiBl] 
i=; 

PhiB[ [i] ] 

NSolve[{PhiB[ [i] ]==PhiBl* (1+KA*PhiAl1/r) * 

( (1-K2/KB) +K2/ (1-PhiB1*KB) / (1-PhiB1*KB) /KB), 

PhiA==PhiA1+PhiAl *KA*PhiBl* 

( (1-K2/KB) +K2/ (1-KB*PhiBl1) /KB) }, 

{PhiAl,PhiBl}] 

Clear [PhiAl, PhiBl] 
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APPENDIX VI 

Determination of the fraction of free carbonyl groups in a PVP/Ethanol/CCL, 

mixture. 

ClearAll 

r=92 .62/58.7; 

PhiA=0 .0037048; 

PhiB={0.044612,0.027002,0.021132,0.015713,0.010696} 

K2=9 .028; 

KB=31.607; 

KA=65; 

i=1; 

PhiB[([i]] 

NSolve[{PhiB[ [i] ]==PhiB1* (1+KA*PhiAl/r) * 

((1-K2/KB) +K2/ (1~PhiB1*KB) / (1-PhiB1*KB) /KB), 

PhiA==PhiAl+PhiAl1*KA*PhiBl1* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB)}, 

{PhiAl,PhiBl1}] 

Clear [PhiAl1, PhiBi] 

1=2; 

PhiB[{ [i] ] 

NSolve[{PhiB[ [i] ]==PhiBl* (1+KA*PhiAl/r) * 

((1-K2/KB) +K2/ (1-PhiB1*KB) / (1-PhiB1*KB) /KB) , 
PhiA==PhiAl1+PhiAl*KA*PhiB1* 

( (1-K2/KB) +K2/ (1-KB*PhiBi) /KB)}, 

{PhiAl, PhiB1} ] 

Clear [PhiAl, PhiB1] 

i=3; 

PhiB[[i]] | 
NSolve[{PhiB[ [i] ]==PhiB1* (1+KA*PhiAl/r) * 

( (1-K2/KB) +K2/ (1-PhiB1*KB) / (1-PhiBl*KB) /KB), 

PhiA==PhiA1+PhiAl1*KA*PhiBi* 

( (1-K2/KB) +K2/ (1-KB*PhiB1) /KB)}, 

{PhiAl, PhiBi} ] 

Clear [PhiAl , PhiB1]} 

1=4; 

PhiB[ [i] ] 

NSolve[{PhiB[ [i] ]==PhiB1* (1+KA*PhiAl/r) * 

((1-K2/KB) +K2/ (1-PhiB1*KB) / (1~PhiB1*KB) /KB), 

PhiA==PhiA1+PhiAl*KA*PhiBl* 

((1-K2/KB) +K2/ (1-KB*PhiB1) /KB) }, 

{PhiAl,PhiBl}] 

Clear[PhiAl, PhiB1l1]
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