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Chapter 1

Introduction

<

1.1 GENERAL BACKGROUND AND AIM OF THIS WORK

Flexible polymers have a large number of internal degrees of freedom, and
this property is refLeotéd in their typical behaviour in solution and in the
solid state. Since the days of Staudinger they have, therefore, attracted much
attention. Most of the compounds under investigation owe their mere existence
to the skill of organié chemists, but this is not to say that such investiga-
tions have no bearing upon the behaviour cf a varicty of flexible biopolymers.

A systematic study éf the behaviour of long chain molecules at interfaces
could}ohly be fruitful after some insight in the solution properties had been’
obtained. Some 30 years ago the random coil picture of a flexible polymer in
solution became firmly established and the adsorption problem could be formulated.
Since then numerous experimental and theoretical studies have been published.

A characteristic feature of polymer adsorption is that the adsorbed amount
as a rule exceeds what is calculated for a dense monolayer of monomer units. ,
Furthermore, adsorbed polymers frequently have a dramatic effect on the stability
of colloidal dispersions, either stabilizing or destabilizing them. Both cbser-
vations can be accounted for when at least parts of the adsorbed molecule extent
far into the solution. In 1951, Jenkel and Rumbach proposed the now generally
accepted model in which some of the polymer segments are in contact with the
surface (trains), the remaining ones dangling in the solution as loops or tails.
On the bagis of this picture, a number of polymer adsorption theories has been
formulated. Because of the large number of conformations that polymers can
assume, these treatments involve complicated statistics. Some theories circum—
vent the mathematical complicatioﬁs by means of suitable approximations. It
was not until recently, that an elegant matrix procedure was devised to deal
with the conformational probability distribution (DiMarzio and Rubin, 1971).

The subject of polymer adsorption is, however, not only of academic interest.
The use of adsorbed polymers for technical and practical purposes dates back
to early history (see Stillman, 1924) and is nowadays very wide. For instance,
the stabilizing effect on dispersions is operative in products as diverse as
inks, paints and coatings, pesticides, féods, pharmaceuticals, and magnetic
tapes, whereas destabilization is»helpful'in water purification, improvement of

soll structure, mineral processing,; etc. Polymer adsorption phenomena are important



.in lubricants, deteréents,and foams ahd they play a major role in biological
adhesion.

In studying polymer adsorption from a fundamental point of view it is
mandatory to have available reliable experimental information on well-defined
model systems. Here, the investigator is faced with the problem to experimen-
tally assess the conformational p}operties of the molecules at the interface.

Of the various techniques that have been proposed to do this, neutron scattering
is probably the most powerful one. With this technique chain conformations can
be studied directly p:oviaed the molecules can be labeled by isotopic subéti—
tution of hydrogen byideuterium. For polymers in solution, this was already

done (Daoud et al., 1975) and for adsorbed polymers there is some hope that

the density of monomer units as a function of the distance from the adsorbing
wall can be Measured.

Other methods give more limited information about the conformational state
of adsorbed molecules. Trains can often be detected owing to their interaction
with ﬁhe.surface, which gives rise to an enthalpy change or a change in spectros-
copic and\electrical properties upon adsorption. Infrared spectroscopy,
electron spin resonance (ESﬁ) and nuclear magnetic reiaxation (NMR) as well as
micro~calorimetry and an electrochemical method all have been used to estimate
the amount of polymer in trains.

Experimentally, loops and tails can hardly be distinghuished from each other.
Perhaps they differ somewhat in segmental mobility. Both may be detected by
virtue of their hydrodynamic interactions witQ the solvent, or by the change in
refractive index they bring about in the neighbourhood of the interface.
Measurements of 'layer thicknesses by hydrodynamic (electrophoresis, viscometry)
or optical (ellipsometry%gﬁechniques are based on these properties. A drawback
of all thése methods is, ho%ever, that none of them is generally applicable
and that the information obtained is related to conformational quantities in a
rather indirect way, involvingvdisputable assumptions.

In view of the difficulties listed above it is nof surprising that polymer
adsorption theories have, at best, been verified only semiquantitatively. Ounly
some trends, observed in some systems agree with some theories, but a choice
between different theories could not yet be made. Preferably, several different
technigues should be coﬁbinedrin order to obtain a firm basis for interpretaﬁions.
It is therefore our aim to study the adsorption of a well-defined polymer on a
siﬁgle adsorbent with as many techniques as possible. Moreover, we want to
relate the results to the parameters that @bvern the adsorption equilibrium,
particularly the chain length, and the free energies of polymer solvent and

polymer surface interactions. The determination of these paraméters involves



another set of measﬁrements, each with its inherent interpretational difficulties.
1.2 SYSTEM USED AND OUTLINE OF THE STUDY

For the present study we selected polyvinyl pyrrolidone (PVP) as the
polymer. This substance is solubfe in water and in a number of apolar organic
solvents. This property is both unusual and interesting enabling us to make a
comparison between adsorptions from solvents of widely different character.

The solubility in water is important, since in aqueous systems the stabilization
and destabilization phenomena mentioned above are particularly relevant so that
these have been studied most extensively. The spectroscopic properties of PVP
allow an easy concentration determination, as well as infrared and NMR studies.
Also, PVP can be obtained in a wide range of molecular weights and the distri-
bution of molecular weigﬁts in a sample can be modified by means of fractionation
techniques. The fact that PVP is a homopolymer simplifies interpretation of the
results.

As the adsorbent we choose a pyrogenic silica. Particular advantages are
that it is non-porous, has a high specific surface area and is chemically very
pure. It allows measurement of adsorption isotherms with good precision, and
because of its low light scattering and its capability to form strong hydrogen
bonds with proton accepting substances it is suitable for infrared studies.
Stable sols with high surface area can be prepared, which is important for
calorimetric and NMR investigations. ]

The solvents used were water and dioxane. Water was chosen for the reasons
mentioned above:. Dioxane is a virtually apolar, aprotic solvent which is trans-
parant in the relevant infrared wavelength range. Moreover, the solution proper-
ties of PVP in water and in dioxane are fairly well known.

In chapter 2 we deal with general and theoretical concepts, and we briefly
review some theories. It turns out that a recent theory by Scheutjens and Fleer
(1979), based on the already mentioned matrix formalism, offers the best and
the most complete description of the adsorption phenomenon. We also concern
ourselves with the physical meaning of theorétical concepts, leading to our
proposing a simple modification of this Scheutjens-Fleer theory. In chapter 3
we collect data about those properties of the adsorbent, the polymer, and the
solvent which are relevant to adsorption. The adsorbed amount as a function of
chéin length, heterodispersity, surface properties, and solvent quality is
discussed in chapter 4. Here, we also consider desorption {(displacement) brought
about by some additives and we demonstrate how, in principle,‘the adsorption
energy can be derived from such diéplacement studies. Chapter 5 deals with the

conformation of the adsorbed polymers as measured by means of infrared,NMR,



Esﬁ and microcalorimetry. The principles and assumptions underlying the appli-
cation of these techniqueé are discﬁssed here.

In our last chapter we compare all experimental results with numerical
results obtained from the Scheutjens-Fleer theory and we discuss to what extent
this theory is-supported by experiment. We also review the possibilities and
limitations of each of the experim;ntal techniques in the light of this comparison.
Finally, we roughly sketch the conformation of adsorbed polyvinyl pyrrolidone

~as it emerges from this study.



Chapter 2

General features and theoretical aspects of polymer adsorption

2.1 GENERAL FEATURES

Flexible, linear polymers adsorb far more readily than their low molecular
weight counterparts. For long chains the adsorbed amount A (generally expressed
as the adsorbed weigh¢ per unit of surface area) may already be considerable
at extremely low equilibrium concentrations ¢, while at higher concentrations
the adsorbed amount becomes nearly constant. The adsorption isotherm, A(c),
is then of the high-affinity type.

In many cases the plgteau value of A for high molecular weight polymers is‘
of the order of 1 or 2 mg m_2. Estimates for a close-packed monolayer of monomer
units sHow that it is impossible  to accomodate such amounts of material in
direct contact with the surface. This has led early investigators (Jenkel and
Rumbach, 1951) to postulate that only part of the adsorbed chain molecules is
directly bound to the'adsorbing interface. A sequence of such bound monomer
units is called a train. The remaining units must find a place in‘sequences with
both ends on the surface (loops) or sequences with only one end on the surface

(tails). This is schematically pictured in fig. 2.1.

Fig. 2.1. Model representation of an adsorbed chain molecule.



Clearly, adsorption implies a drastic change in the conformation of the
molecules. A measure of the confofmation of adsorbed chains is the bound

fraction p, the fraction of monomer units adsorbed in trains, defined as:

P =Atr /A (2.1)

Here Atr is the contribution of the trains to A. If p is close to 1, the
molecules are nearly two-dimensional flat structures whereas for molecules
retaining much of the%r three-dimensional coiled shape, p will be close to zero.
The loop, train and tail model impliés that the adsorbed molecules extend

a considerable distande into the solution. Various experiments reveal the
existence of thick adsorbed layers (Lipatov, 1974, Ch. 4), although the relia-
bility of the reported values for the layer thickness is often questionable.

The driving force for adsorption is the reduction in free energy arising
from the.binding of train units to the surface. The binding process including
the removal of solvent molecules from the surface can be described by a suitable
adsorption energy parameter. The reduction in free energy upon binding is
counteracted by the changes in conformation from a whélely three dimensional
coil to an (at least partially) two-dimensional structure. This rearrangement
process is accompanied by a considerable loss of entropy per mblecule which
depends on chain length and chain flexibility. -

Not only will the conformation change upon adsorption but also the inter-
action of the polymer with the solvent. In the interpenetrating distorted coils
near the surface a high density of monomer units and, therefore, a reduced
polymer-solvent interaction is likely to occux. So we also expect a free energy
contribution due to the mixing of polymer chains and solvent. Here, the rele-
vant quantity is the poZyr}zer—soZvent interaction parameter. _

We conclude that at least five independent variables determine the
eqguilibrium number and the confprmations of macromolecules on a given surface:
concentration in the solution,ichain length, flexibility, adsorption energy
parameter and polymer-solvent interaction parameter. Other variables may some-
times also play an important roleiin experimental situations; we mention the
effects of temperature, time (kinetics) and polydispersity of the polymer.

Below we discuss the main trends found in polymer adsorption in terms of
the variables listed above. Thé reader is referred to reviews of Lipatov (1974)
and S%lberberg (1962) for more expérimental details. A discussion about the
effects of chain flexibility and polydispersity must be omitted here, because
these variables have never beenvstudied sYstematically. In sections 2.6 and 2.7

we consider them from a theoretical viewpoint.



Adsorption energy pdrameter

To our knowledge, ﬁalues of the adsorption energy parameter have never
been determined experimentally, but the way in which adsorption depends on this
parameter may be qualitatively estimated from the fact that macromolecules do
not always adsorb. There are combinations of solvent, adsorbent and polymer that
do not give rise to adsorption, Qhereas high affinity adsorption occurs in many
other cases. Surprisingly, intermediate cases (high molecular weight, but low
affinity) are extremely rare. This suggests that the adsorbed amount is not a
very smooth function ‘of ghe adsorption energy. Instead, it indicates that there
exists a critical value for the adsorption energy which sharply separates

regions where adsorption does occur from regions where it is absent.

Coneentration

Appreciable adsorption may already occur at concentrations far below
experimental detection levels. On the other hand, the determination of adsorbed
amounts from concentrated solutions (by the depletion method) is also difficult
from an experimental point of view. Therefore, in most cases only a part of the
adsorption isotherm, usually in the concentration range from 1 up to 1000
mg dm—3 can be measured with sufficient accuracy. A steep initial rise and a
(semi-) plateau are general features, although adsorbed amounts of strongly
polydisperse samples often rise contihuously with increasing concentration
(see section 2.6.2). The concentrations at which the plateau seems to be reached
differ from one experimental system to another.

It is generally assumed that at low adsorbed weight A, i.e. in the initial
steep part of the isotherm, the conformation of the adsorbed molecules is
flatter than at high A. Correspondingly, the bound fraction p decreases with
increasiﬁg A. This has been confirmed by various measurement of p (e.g.

Fontana et al., 1961, Thies et al., 1967 and Fox et al., 1974). Values of p

between 0.8 and 0.2 have been feported.

Molecular weight

At a given equilibrium concentration the weight of polymer adsorbed on a
nonporous surface is nearly always an increasing function of the molecular
weight M. Lipatov (1974, Ch. 3) gives a number of examples. However, the
functional behaviour A(M) is difficult to establish because in many cases the
molecular weight of the polymer samples under investigation is poorly defined.
Moreover, it has been shown (Stromberg, 1967; Felter et al., 1969; Vander

Linden et ql., 1978) that high molecular weight polymers adsorb preferentially
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Qver’lower ones, So that any heterogenéity (polydispersity) of the polymer
sample is an additibnal complicatiﬁg variable. Although we devised a method to
deal with polydisperse samples (sections 2.7 and 4.1.2) the complications can
be avoided if narrow, well defined fractions are used. Very good results have
recently been obtained by Vander Linden et al. (1978a), which indicate that
the shape of A(M) depends on the s¢lvent quality.

A high adsorbed amount is only obtained if each of the adsorbed chains
occupies only a few. sites on the surface. Therefore, p will probably decrease
"with increasing A and %g Vander Lindgn found that Atr'is constant for high
molecular weights while A still increases with M. Thus at the plateau of the
adsorption isotherm p was inversely proportional to A in this case.

~

Polymer-solvent interaction parameter

The solvent quality —- expressed in the interaction parameter - has a
pronoupcea effect. Generally the adsorbed weights and the thickness of the ad-
sorbed layer are lower from good solvents than from poor solvents. The data
of Vander \iinden (1978a) indicate that, in a good solyent, A (M) increases
initially but levels off at high Mﬂ'In a theta-solvent A(M) keeps rising,

approaching a linear dependency on log M.

Temperature

The adsorbed amount can be expected to depend upon temperature, since both
energy-parameters may depend on T. These changes may be of either sign.
Experimentally, however, the temperature dependency has been found to be small,

and no general trend is observed.

Time effects

Long times are often required to establish equilibrium, especially if the
molecular weight is very high. Slow reconformation procésses and/or diffusion
must be the main reasons for such time effects. In polydisperse samples dis-
placement of short molecules by longer ones may have an additional effect.

It is generally accepted that steric barriers against conformation changes
{dynamic stiffness) play an important role in all these kinetic phenomena
(Sehurz, 1974, p. 52). The guestion of whether frozen non-equilibrium states
occur in polymer adsorption has been the subject of some dispute. Experimental

evidence is inconclusive however (Botham and Thies, 1963), see also section 2.7



Desorption

Desorption is oftenbstudied in connnection with adsorption, because it is
believed to shed some light on the gquestion of reversibility. Low molecular
weight substances are often readily desorbed by diluting the equilibrium
solution with enough solvent. As\a rule, polymers cannot or only to a very
limited extent be removed by washing with the solvent from which they were
adsorbed (Grant, 1975). However, the adsorbed layer can sometimes be (partly)
removed by switching to a different solvent. Obviously, this involves changes
in the energy parameﬂgrs.\ln chapter 4 we describe a method to desorb the
polymer completely by means of low molecular weight additives. In this way a
guantitative estimate for the magnitude of the adsorption energy parameter

~

becomes possible.

~

2.2 THE DESCRIPTION OF CONFORMATIONS OF FREE AND ADSORBED CHAINS

For an understanding of the behaviour of flexible chain molecules infor-
mation on.the (average) conformation of the molecules is indispensable. A full
description of the shape of a molecule requires knowledge of the relative
position of each of its atoms (the configuration, see Flory, 1969, p. 1), but
in theoretical treatments it is common to consider the chain as consisting of
a number of connected chain segments. The confbrmatibn of the chain is then
specified in terms of the relative positions of the endpoints of these segments.
Such a definition was adopted by Kuhn (1934). For the moment, we leave open the
problem of a precise definition of a segment; 'it should not be confused with
the monomer unit.

Due to the thermal motion in solutions the conformation is generally time
dependent and we may assign a probability to every possible conformation. Then,
a time (or ensemble) average over the conformational probability distribution
gives us an idea of what a typical molecule locks like. It is known that
flexible polymers in solution édopt a coiled shape'and~occupy a spherical or
ellipsoidal volume. Many parameters are used to describe the conformation. We
mention the mean square end-to—end distance < h2~>, the segment density
distribution, ¢ (dg) (where dg is the distance from the center of gravity) and
the mean square radius of gyration < s= >,

In the neighbourhood of an adsorbing interface, the polymer molecule
experiences short range, attractive forces. As a result of these forces, every
segment which is bound to the interface lowers the free energy of the system.
At the same time the whole molecule is distorted from its three-dimensional

colled shape, which entails a considerable entropy loss. As a result of these
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opposing free energy contributions. only a fraction of the segments is bound to
the surface (see fig. 2.1). We are interested in the conformational probability
distribution for the adsorbed chains, and look for useful averages to describe
typical adsorbed molecules.

Due to the presence of the wall, the molecules lose the spherical (or
ellipsoidalj symmetry characteristic of free chains in solution and beccomes an-
isotropic. Properties in a direction parallel to the wall will be different
from those in a direction.perpendicular to the wall. If many molecules find a
Aplace on the surface, ﬁhey‘Will strongly interpenetrate and the segment density
in a layer parallel to the wall becomes nearly constant. Therefore, individual
chain.properties like the end-to-end distance, or the radius of gyration are
uninteresting. It is more relevant to characterize the adsorbed layer as a
whole, e.g. in terms of the total segment dengity distribution 4 (=) along the
z-axis perpendicular to the wall, and the loop, train and tail contributions

to ¢ (z),“designatea by ¢l (z), ¢ {z) and ¢t (z), respectively.

If ¢ (=) is the volume fractzzn of segments due to-adsorbed chains at a
distance z\from the wall, ¢ (z) dz is the volume of segments per unit of surface
area between z and z + dz. Hence, integrating the segment density we obtain V
the total volume of segments in adsorbed chains per unit surface area. Dividing

this by the specific volume V, of the polymer, we obtain the adsorbed weight

2
per unit area

oo

[ ¢ (z) az (2.2)

|~

1

A

<

20
For the separate contributions of loops, trains,and tails we write:

17 |
A=a +a +A =5 [{¢ (@ +9¢ (2 +¢ (2)}adz (2.3)

20

The bound fraction has been introduced as a measure of the conformation
(eqn. 2.1). Another useful quantity is the root mean square layer thickness §,
which can also be derived from ¢ (z):

62 = [ z? ¢ (z) dz / [ ¢(=z) dz (2.4)

Q o]



2.3 GENERAL THEORETICAL FRAMEWORK

‘'In section 2.4 and 2.5 we compare the theoretical approaches and their
results as given by Hoeve, Silberberg, Roe, and Scheutjens and Fleer. (Hoeve,
1965a, 1966, 1970, 1971; Silberberg 1962, 1967, 1968; Roe 1974; Scheutjens and
Fleer 1979, 1980). Many more authors have paid attention to polymer adsorption
theory but their ﬁreatments are either obsolete or fail to elaborate relevant
cases (which can be compared with experiment). In this section, we first review
some general concepts. R

All theories are based upon the methods of statistical thermodynamics.
First, the partition function, from which thermodynamic quantities can be
derived; is formulated. For instance, the canonical partition function Q is
related to the (Helmholtz) free energy F:

~

F=-kT1lnQ - (2.5)

where k is Boltzmann's constant and T the absolute temperature. Next, this
partition function must be maximized which is usually done by collecting terms
of equal energy Ej with multiplicity {5 and subsequent maximization of the
product Qj exp. (- Ej/kT). Differences between the theories are mainly present
in the model underlying the partition function and in the mathematical
approximations applied in the deduction of results. In polymer adsorption
theories concepts which were originally developed for the description of
polymer solutions are frequently used. Let us-first discuss a few of these
basic ideas.

In all theories the polymer chain is represented by a sequence of r seg-
ments, all of the same size and chemical properties, and connected to each
other by some flexible bond. The flexibility of this-bond may be subject to
some constraint (e.g. the chain must £it into a lattice) or it is ‘freely
jointed' so that every segment -may assume an arbitrary. orientation with respect
to its neighbours. Of course, the model chain of segments must adequately
represent the statistical properties of the real chain of monomer units it
replaces. This requirement determines the size of these segments, and their
number per chain.

To illustrate this let us compare properties of a model chain and a real
chain with respect to their dimensions. For an isolated model chain in three
dimensional space, consisting of r segments of length ls,Knhn (1934) calculated

the undisturbed mean square end-to-end distance <hO > by means of random flight

statistics:

< h 2 >=rl 2 (2.86)
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For' real chains, with a polymethylene backbone containing m + 1 carbon atoms,
the bond length between them being‘l, < h02 > is found to be:
<n?>=cm1? | (2.7)

where the characteristic ratio C id a constant for a given polymer solvent
combination (Flory, 1969, ch. 2).

Now the real chain can be represented by many model chains with different
‘r and ls, provided tha? r and ls are qhosen such that <h02> has the value cal-
culated by (2.7). However we can f£ix the values of r and ls by another
requirement, namely that both the real and the model chain have the same length
when fully stretched. For the model chain this leads to:

~

N
°

[s¢]
-~

L =rl {
s N

and for the real polymethylene chain, assuming planar zig-zag conformation

(Morawetz 1965, p. 120) the result is:

) (2.9}

Eleminating L and <h02> from these equations and using 1 = 0.154 nm for the

carbon-carbon bond length we £ind:

r = m/1.48 C . (2.10)
1 ,=0.188 C (nm) ' (2.11)

It is seen that r is proportional to m and hence proportional to the molecular
wéight M. We assume that in other cases (for instance for chains in a lattice)
a model chain can alsc be defined for which such a proportiocnality holds.

With only a few exceptions, theories of polymer adsorption make use of
the widely accepted thermodynamical theory of Flory and Buggins (Flory, 1941,
1942; Huggins, 1941, 1942). In this approach the conformation probability of a
chain molecule, alone or in the presence of other molecules is calculated by
placing the segments one by one in adjacent lattice sites. The sequence of
steps, each from one lattice site to the next, constitutes a three dimensional
random walk. A step in such a walk is only possible if the lattice site towards
which it was directed is unoccupied. Therefore the probability of each step is
proportional to the probability of finding a vacant lattice site.

In Flory's theory all the previously placed segments are considered to be
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uniformlyvdistribufed so that the solution is a completely random mixture. This
means that at every point the local concentration is assumed to be equal to the
average concentration of the whole solution. Therefore all segments in the
solution reduce the probabilities for the next step in the random walk in the
same way. Such a walk in which all steps are assigned equal weights will be
denoted as a purely random walk. Theories where such an average segment con-
centration replaces the real local concentration are known as 'mean field'
theories.

Physically, it is impossible that connected segments distribute themselves
completely at random; But when the concentration of segments is sufficiently
high the segment density distribution does not differ too much from the uniform
distribution and a mean field approach makes sense. The Flory-Huggins theory
is therefore valid for relatively high concentrations where the polymer coils
extensively overlap. .

At  low concentrations where the assumption of a homogeneous segment distri-
bution does not hold, the conformation probability can be found from a seljf-
avotding walk. In such a walk a step from one lattice site to a neighbouring
one is only allowed if the latter is not occupied by a segment of the same-
chain. This reduces the effective coordination number for the walk and shifts the
probability distribution towards more expanded conformations. At intermediate
concentrations short sequences of segments may behave as self avoiding walks,
whereas at longer distances the random walk behaviour predominates.

These notions also apply for adsorbed maoromolecules. If the adsorbing
wall attracts segments strongly, it is reasonable to expect high segment densities
close to the surface, although the equilibrium solution may be very dilute.
Moreover, we expect a constant segment density parallel to the surface (see
section 2.2) and a varying segment density perpendicular to the surface.
Therefore a step in the random walk from one lattice site to a neighbouring
one situated at a distance z from the interface has to be weighted according
to the segment density at z. In this way the Flory—Huggins theory for concen-
trated polymer soclutions can be applied to adsorbed chains, provided that the
statistics of the chain molecules are described as walks in a mean field
density gradient of segments such that the density is only a function of the
distance z from the interface. We will call this type of walk, in which steps
are weighted according to local (average) segment densities, a step-weighted
random walk. At large distances from the surface the segment density must some-
how drop to the usually very low bulk solution value, and in this region the
meann field assumptions do not hold any longer.

In the Flory-Huggins theory solvent effects are accounted for by means of
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the well known polymér solvent in;eraétibn parameter Y. 2X is the free energy
(in units of kT) associated with the exchange of one solvent molecule in pure
solvent with an equal volume of polymer in pure (disoriented) polymer.
Obviously, this parameter occurs also in adsorption theory, because changes
in the solvation of chains contribute considerably to the free eﬁergy change.
As x increases the solvent becomeé poorer, the repulsion between polymer
segments decreases and the adsorbance increases (see section 2.1).

The interaction between a segment and the surface may be included in an
analogous way by defiging\the parameter Xg as the difference in free energy
(in units of kT) associated with two simultaneous 'processes’:

1) the transfer of a polymer segment from a site completely surrounded

‘by other polymer segments (i.e. in pure polymer) to aiéite aléo in pure

polymer~but in contact with the surface;

2) a similar transition for a corresponding volume of solvent in pure solvent.
This definition, due to Silberberg (1968), relates y and Xg to the same
referénce state of pure components. It has the advantage that Xg is independent
of ¥, becéuse the definition of Xg does not incorpora;e the energy of the
polymer-solvent contact. As shown by Silberbexg, - xSkT is the energy associated
with the exchange of a polymer segment in the solution with a corresponding
solvent volume at the surface, if the volume fréction of segments ¢ equals 0.5
both in the solution and in the surface layer.

All polymer adsorption theories assume that the adsorbing surface can be
divided into a number of identical adsorption sites, each of which can bind one
segment. If all sites are occupied, the segments in direct contact with the
surface form a complete monolayer. It is common to define a dimensionless
adsorbed amount or adsorbance T as the number of adsorbed segments per surface
site, in other words: the number of (equivalent) complete monolayers that can
be formed from the adsorbed segments. This means that I' is the ratio between

the adsorbed weight and the weight adsorbed in a complete monolayer, A",

T =a/ a™" (2.12)

In the same way we relate the surface occupancy o to the weight adsorbed in

trains

mon
= 1
8 Atr / A (2.13)

From the definition of the bound fraction p (2.1) we sse that

'=8/p (2.14)



The number of adsorbed segments can be defined in two different ways:
either as a surface excess with‘respect to the bulk solution, taking the surface
és the Gibbs dividing plane (rex’ IUPAC (1972)) or as the number of segments
belonging to chains which have at least one segment directly on the surface (I').
When the bulk solution is dilute the difference beteen I and Tex is negligible.

¢

2.4 COMPARISON OF THEORETICAL APPROACHES

2.4.1 Chain models ~

Hoeve's model chain consists of the freely jointed statistical segments
which were earlier defined by Kuhn. These segments are allowed to assume every
orienfation in space; they are not placed on a lattice. A clear advantage of
this appranh is that the results dc not contain a lattice parameter. However,
Hoeve introduces a flexibility parameter the value of which may be estimated
from a lattice model.

Silberberg, Roe, and Scheutjens et al. place the polymer chains on a lattice.
They assuﬁe that each lattice site can be occupied either by a segment or by a
solvent molecule. The distinct advantage of a lattice theory is that the number
of conformations can, in principle, be enumerated exactly, although even for
short chains the computational problems are enormous (4sh et al., 1969). A
disadvantage is that, if the results depend strongly on the lattice type, the
outcome is obviously not very reiiable.

As has been pointed out in the previous section, a conformation of an
adsorbed polymer chain can be described as a walk in a density gradient of
polymer segments and solvent molecules. Each step in such a walk has z* o priori
possibilities where Z* is the coordination number of the lattice. The exception
is a step‘starting in the first layer adjacent to the surface. For a step from
this surface layer, the number of possibilities is Ztr' where Ztr is the
coordination number in the first layer. Clearly Ztr <_Z*. As discussed before
not every step is equally probablé. Each step must be weighted by taking into
account the segment density at the location towards which it is directed (step
weighted random walk). According to the mean field concept this segment density
can be averaged in a layer parallel to the surface. If the segment density
profile is given, the weighting factor depends only on the distance from the
surface. However, since the conformation probability from which the segment
deﬁsity profile must be found is also a function of that density profile, a
solution can only be found by an iteration‘procedure, or on the basis of some
reasonable assumption for the general shaée of the profile. The theories

diverge strongly in this respect.



2.4.2 The theory of Hoeve

Hoeve (1966, 1970) assumed that the most probable type of conformation
consists of loops and trains (in alternating order) only, and that end effects
(tails) may be neglected. This assumption can be shown to be justified in the
limit of infinitely long chains. Hoeve calculated partition functions for the
loops, treating>them as purely randbm,walks’restricted.by an adsorbing barrier,
starting at and returning to the surface. For these loops the Gaussian approxi-
mation which is only valid for long walks, was used. To every train segment

he assigned the partition function o irrespective of the length of the train

’
in which such a segmentifinds itself? This parameter OH’ expressing the
preference of a segment for a surface site over the solution is related to the
adsorption energy. The paxtition function Qca (due to the conformation in loops
and trains and.the adsorption of train segments) for one isolated adsorbed

chain consisting of a number of loops and trains of variable lengths is then

n m

(L\l v

n, ! T T m_ !
A T T

0% (1, v, ) =12 (3 n,) ! g

(2.15)

where thé summation is over all possible distributions.

Here, n, is the number of loops consisting of A segments and mT is the number

A
of trains of T segments. Since loops and trains alternate, % n,= % m_ for long

) T e . .
chains. Furthermore v_ = 0o in the partition function for a train of T segments

3/2 H

and w, = cHA N is the partition function for a loop of A segments. The

A

constant Cq is a flexibility parameter which is related to the transition proba-

bility from a loop into a train and back.

From the maximization of Qca' it was found that for non-interacting chains
the segment density decays éxponentially with the distance from the surface.
For interacting chains the free energy contains not-only A F°2 (- kT 1n Qca per
adsorbed molecule) but also a mixing term A F° depending on the segment density

and on x:

AF =AF2 +AFY (2.16)

This A F° was calculated assuming random mixing in éach layer parallel to the
surface and retaining the expcnential segment'density profile alsc for inter-
acting chains. A

Here, the assumption is made that polymer-solvent interactions have a

negligible effect on the shape of the density profile.
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Thus, before minimizing the free energy Hoeve restricted the conformation
probability distribution by two.requirements: |
1) the segment density profile is exponential
2) the contribution of tails is negligible.
Hoeve was able to formulate the results in a number of relatively simple analy-

t

tical expressions.

2.4.3 The theory of Silberberg

Silberberg (1968) Sgérted also by making a reasonable assumption about the
most probable type of conformation. Like Hoeve, he neglected taiils. He
distinguished two types of conformations:for good (athermal) solvents the
conformations correspoﬁd to self—avoidihg walks and for theta-solvents the
purely random walk mcdel was chosen. Silberberg's partition function Q can
be rewritten in a form suitable for comparison with Hoeve's result, eqn. (2.15).
If we make use of the relation § n, = ; m_ and if we assumé that the coordination

number in the bulk, Z*, applies also to the loops, Silberberg's result becomes

identical to eqn. (2.15) provided the following relations are satisfied:

for an athermal solvent:

_ -4/3
wl - Yl Ytr A
(2.17)
_1/3 % T
=T { (Ztr/Z ) exp Xg }
and for a theta-solvent:
_ =372
mk - Yl Ytr A
(2.18)
v ={ (2 /Zx) exp X_ } t
T tr s

Here Ztr is the coordination number at the surface aad Yy and Ytr are constants

related to the probability that a loop ends and a train starts, or the reverse,
respectively. (For the athermal case, Silberberg has an extra (small) factor
in the denominator of the partition function. For the sake of simplicity, it
is omitted here). '
It is interesting to note that for the theta solvent, egn. (2.1B), Hoeve's

partition functions for loops and trains are obtained with c and

H = Yl Ytr

% . .
OH = (Ztr/z ) exp Xg Furthermore we can compare the athermal solvent with the
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theta solvent. It can be seen frem the above equations that for lcops in the
athermal solvent the dependence on the sequence length (A and T, respectively
is weaker than in the theta solvent. Therefore a loop of a given length
contributes less entropy in an athermal solvent than in a theta solvent. For
trains, the reverse is true, provided that (Ztr/zx exp xs) > 1.

In the same way as Hoeve, Silberberg added a mixing term to the free
energy. This term was calculated by means of placing polymer and sclvent on a
lattice and assuming a constant segment densing between the surface and a plane
at a distance cof half the average loop length from the surface. Beyond this
plane, the segment density drops discoﬁtinuously to the bulk solution value.
This step function is to be contrasted with Hoeve's choice of an exponential
distribution. Thus, Silbegberg restricts the conformation probability distri-

bution prior to the minimization of the free energy by the following require-

ments:
1) the density profile is a step function
2) tails do not contribute

Silberberg's results could not be expressed analytically. Numerical methods

are needed to solve the equations. Comparing Hoeve's and Silberberg's treat-
ments, we arrive at the following conclusions. Both adopt a configuration facter
for Zsolated chains (i.e. walks in which steps are not weighted according to the
segment density) and both make assumptionsS about the ségment density profile.
Hoeve's purely random walk approach underestimates the expansion effects due

to self-exclusion, which may become important at low se@ment densities and in
good solvents. Self avoiding walks should then be considered as done by Silber-
berg. However, the assumption of a constant segment density throughout the
adsorbed layer isbprobably an overestimation of these expansion effects so that
it is not very probable thaE the theory of Silberberg gives considerably better
results than Hoeve's. With a few exceptions the results of the two theories

give similar trends with reséect,to the effect of the chain length, the solvent
power and the polymer concentratibn on the adsorbed amount. These trendsvare

the same as those found experimentally, as discussed in section 2.1.

2.4.4 The theory of Roe

In order to enumerate conformations Roe employed a lattice of W layers
parallel to the surface, labeled (sterting from the surface) 1, 2, ..., i, .., W,
with‘Lw lattice sites each. The partition function was derived for random walks
on this lattice, in which each step towards layer i is weighted with the

" average expectancy of finding a vacant lattice site in i (step weighted random



walk). In this respéct Roe's consistént application of the mean field concept is
an improvement on the theories of Hoeve and Silberberg where such weighting
factors are absent.

In the derivation of results, Roe uses the simplifying assumption that
each segment of an r-mer gives the same contribution ¢i/r to the total volume
fraction ¢i in i, regardless of its ranking number in the chain. One of the
consequencés of this assumption is that inversion symmetry with respect to
the ranking number is lost. This has been criticized by Helfand (1976). As a
result of the simplification Roe was able to maximize his partition function
with respect to the nﬁmber ni of segments in each layer. He obtained W implicit
equations for the W segment densities ¢i at equilibrium. Solving all the
equations by an iteratiodn procedure yiélds the segment densing profile. From
this, the (excess) adsorbgd amount Fex’ the surface occupancy 8 and other ohservable
dquantities can be derived. However, details about the conformation are lost so

that contributions of loops, trains, and tails cannot be diétinguished.

2.4.5 The theory of Scheutjens and Fleer

In the most vecent theoretical development, presented by Scheutjens and
Fleer (1979) major simplifications could be rigorously avoided. These authors
employed a lattice identical to that of Roe and wrote the canonical partition
function for a set {nc} of specified conformations. To avoid confusion we should
point out here that the conformations defined by us (see 2.2) are denoted as
arrangements by Scheutjens et al. They define a conformation as being completely
specified by giving not the position for each segment but only the Zlayer number
in which each segment finds itself. Thus several arrangements can be grouped
together to give a conformation.

Free holecules in bulk solution can attéin a number of arrangements of the

x (r-1) {see 2.6.1) where Z* is the coordination number in the bulk.

order of Z
The presence of a surface imposes restrictions and reduces this number of
arrangements by a factor of wc; (wc < 1). Obviously, this reduction factor wc
is different for different conformations.

Scheutjens and Fleer find for the configurational part Qﬁ of the partition

function for the mixture of n polymer molecules and WLw—rn solvent molecules
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(2.19)
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kere, nc is the number of chains in conformation c, n = é nc is the total
number of polymer chains and ni is the number of solvent molecules in layer i.

Note that the partition function contains the factor

n . -

c N
I wc which takes into account all the allowed conformations, i.e. confor-
c nc,

mations of free and adsorbed chains and conformations with not only trains
and loops, but also tails.. Hoeve and Silberberg incorporated only factors

n m
A T

for loops and trains. The denominator in (2.19) is Flory's

erves nere as the reference

u:

expressicn for a chain in pure bulk polymer, which
state.

The energy part of the partition function contains a contribution for
polymer~-solvent interactions in every layer i, and an extra contribution for
the adsorption energy Xg in the first layer, and is identical to that used by
Roe.

The authors showed that the maximization of the partition function leads
naturally to the matrix formalism for the treatment of random walk statistics
as employed by DiMarzio and Rubin (1971), but with weighting factors p; for
every layer'i._Each segment of a chain of r segments contribute such a factor
P also denoted as the‘free-segment probability, to the conformation proba-
bility. It can be written as the-product of three factors. The first factor,
(1-¢i)/(1—¢*), where ¢i and ¢x are the segment densities in layer i and in
bulk, respectively, accounts for the average vacancy expectancy of a site in
layer i as compared to the bulk solution. The second factor contains ¥ énd
accounts for the difference in the polymer solvent interaction between layer i
and the bulk solution. The last factor, exp Xgr incorporates the adsorption

energy and should thus only be included if i=1. The expression for P, reads

-9,
Py T o

) exp [ 2 % (<o,> - ¢ + &, x_ ) (2.20)
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where <¢i> is a weighted average of the’segment density over the layers i-1,
i»and i + 1 (according to the coordination around a site in i) .and 61,1 is the
Kronecker delta function.

As soon as ¢i is known, p, is also known. The equilibrium values of ¢i
are found by solving a set of W implicit equations by an iteration procedure
based on the matrix formalism. We want to emphasize here that in the
Scheutjens~Fleer theory an equilibrium éonformation corresponds to a step
weighted random walk. Each step is assigned the correct weight according to
the mean field concept. The matrix procedure keeps track of all conformations

so that it is possible to calculate, in principle, the probability for any

specified conformation. Any useful average may thus also be calculated.

2.5 THEORETICAL RESULTS

The qualitative trends predicted by the afore mentioned theories do not
differxr Qery much. General features are: -
- there exists a critical, non zero, adsorption energy; no adsorption takes
place if the adsorption energy is lower than this critical value.
- adscrpticn isotherms for high chain lengths axe of the high affinity type.
- both p and 6 increase with increasing adsorption energy.
- 6 increases with chain length, but levels off at high chain length.
- at given ¢* the adsorbance increases with chain length.

- the solvent effect is pronounced: the adsorbance increases and p decreases

with y.

However, the quantitative details can be rather different. E.g., for the depen-
dency of adsorbance on chain length (at fixed concentration) in theta solvents
Hoeve pre&icts that T is approximately propdrtional to r 0:5 for long chains.
Silberberg findsvthat; in such solvents, I reaches a limit at very high
chain length, whereas Roe predicts rather a levelling off (for Fex)'
Scheutjens and Fleer calculate that the adsorbance from theta solvents increases
nearly proportionally with log r in the range 20 < r:< 1000 (because of computing
time limitations they could not calculate results for longer chains). All the
theories agree that in athermal solvents (x = 0) the adsorbance tends to a
limiting value atvhigh r.
Hoeve assumed an exponential segment density profile whereas Silberberg
approximated it by a step function. Both Roe and Scheutijens et al. were able
to calculate the profile without any assumption about its general shape.

Close to the surface the profiles. found from their theories are approximately
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exponential and différ only slightly.'At larger distances, the theory of

Scheutjens and Fléer predicts considerably higher densities than Roe's theory.

This is due to the occurrence of long dangling tails which dominate the segment

density in the outskirts of the absorbed layer. Only the Scheutjens-Fleer

theory avoids approximations which obscure the occurrence of tails.
Although £his latter theory requires the use of a lar§e computer for the
evaluation of numerical results, it haé a number of distinct advantages.
i) it is based on a consistent application of the mean field concept, without
further approximagions ‘

ii) it is not restricted to long chains, but applies equally well to oligomers;
this applies also to Roe's theory but not to those of Hoeve and Silber-
berg. N

iii) dgtailed\information about the conformation of the absorbed chains, in

terms of loops, trains and tails, is obtained.

A big problem in the application of a lattice theory to an experimental
system is how a polymer segment should be defined. In terms of the lattice model
of Roe and Scheutjens et al., it is a volume of polymef equal to the volume of
a solvent molecule. If the solvent consists of small molecules, as in the case
of water; this means that the number of segmenté per qhain is very high, and
then a serious ovefestimate of the number of possible conformations is to be
expected. -

Also, the effects of polydispersity of the polymers and irreversibility
of the adsorption are not considered in the thebry. Nevertheless, in experiments
they may be quite important. In order to explore their consequences on the
relations between theory aﬁd'experiment we consider these aspects more closely

. in the next sections.
2.6 CHAIN VOLUME AND FLEXIBILITY IN LATTICE THEORIES

2.6.1 Definition of a statistical segment; introduction of the bulkiness

parameter.

If we want to evaluate predictions of a statistical thermodynamic theory,
we must be well aware of the differences bétWeen'the properties of the model
and of the real system to be described by the model. In the theory for the
adscrption of polymers we are mainly interested in those properties which
determine the free energy of.mixing and those properties which determine the
 conformational entropy of the polymer molecules. Let us consider those properties

in some detail.
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The entropy of mixing, A Sm’ of a polymer solution depends, to a first
approximation, only on the numbers of polymer molecules n and solvent molecules

n° and on the corresponding volume fractions ¢ and ¢°:
A S /k = n% 1n ¢° + n 1n ¢ (2.21)

(Flory, 1941 and Huggins, 1941; 1942). For the magnitude of A Sm’ the shape or
the flexibility of the polymer molecules is irrelevant. We need only know the
molecular volume ratio v2\/v1 and the numbers n and n°. Huggins (1971) showed
that (2.21) could be derived for chains of arbitrary flexibility. The flexibility,
according to (2.21), does not contribure to A Sm: its effect is cancelled by
the introduction of a réference state of equally flexible molecules (pure des-
oriented polymer). For the energy of mixing, expressed by the interaction
parameter ¥, a similar reasoning holds. Since this energy of mixing can be
written as n° ¢ X, it also depends solely on n, n® and v2/V1, Thus, the only
fundamental property which must be included in the model in order to describe
the free energy of mixing accurately is the ratio between the volume of a
polymer molecule and a solvent molecule.

The volume of the real chain is P Vmon' ﬁhere vmon is the volume of the
monomer unit, and P is the degree of polymerization. The volume of the model
chain is r VSe , Where vseg is the vélume of a theoretical segment. Since the
model chain and the real chain should have equal volumes we ‘have vSeg =P v /x.

mon
Dividing by the volume of the solvent molecule, Vl' gives

Pv
v /v, = b =—200 (2.22)

seqg 1 rv,
The volume ratio b between a theoretical segment and a solvent molecule may be
called the bulkiness parameter. Since Voon and v, are constants for a given
polymer-solvent pair, b depends only on P/r, the number of monomer units per
theoretical segment.

Below we discuss three different ways to estimate P/r. The first of these
is based on geometrical considerations i.e. on the thickness of the chain or its
average cross sectional area. The other two methods are based on the flexibility
of the chain. For reasons to be given below we prefer the first way. Hence, the
P/r values consistent with the flexibility of the chain will only be used in
order to check to what extent the flexibility is accounted for in the model.

The first method is based on the notion that a lattice model such as
employed by Roe or by Scheutjens and Fleer is incapable to cope with anisotropic

segments. This is a direct consequence of the way in which the chain statistics
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are treated. Thus a segment must have eéual length, width and height and all
three must be equal to the thickness of a monolayer of tightly packed polymer
chains, lying flat on the surface. This thickness, d, is immediately related
to the adsorbed amount in a monolayer Amon’ and can be estimated, e.g., with
the help of suitable molecular modgls. The segment volume is d3 and we have

b = d3/v1,or, using (2.22):

ey )& (2.23)

The reason that we prefer to use this equation as our definition of a theoretical
‘segment is that it is so closely related to the very nature of the lattice model.
However, since conférmation changes are important in adsorption, we are
also interééted in those properties which determine the confoimational entropy,

i.e. in the flexibility. Therefore, the other two methods of assessing b are
based on fhe conformational partion function Rc, and on the.mean square end-to-
end distance <h02>, respectively. The conformational entropy is directly given
by k 1n Q. The relation between the conformational entropy and <h02> is less
direct, since it may depend on the detailed architecture of the chain (Flory,
1969), but in cases where a reliable estimate of Q% is not available it may
serve as a useful alternative. Thus, let uS’invéstigate which values of r/P
we find if we demand that the model chain and the real chain have either equal
Q° or equal <h02>.

For a model chain of r segments on a lattice with coordination number Z,

we have

Q¢ = zt71 ’ (2.24)

if the effects of self-exclusion are ignored. For real chains, we rely upon
Flory's treatment of the statistical mechanics of chain molecules (Flory, 1969).
This treatment follows the lines of the rotational isomeric state approximation
in which each bond in the backbone of a polymer chain is assumed to occur in one
or another of several discrete rotational states. We do not attempt to describe
Flory's approach hexre, but merely gquote the résult that for any long, flexible
polymer chain the expression for the conformational partition function takes

the simple form
¢ =z F (2.25)

(c£, Flory, 1969, p. 71; p. 226). Here Zp is a characteristic constant for a
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given polymer. It is possible, at least in principle, to derive o for a chain

of known architecture, but the parameters from which Zp follows should be checked
by relating them to some experimental quantity such as, e.g., the mean square
end-to—end distance or the temperature coefficient thereof. Good examples are

the calculations of 4be et al (1966) for the polymethylene chain, giving Zp =

1.85. For vinyl chains, we are oniy aware of the calculations of Tonelli (see Flory,
1969, p. 236) for polystyrene. Tonelli shows that for predominantly syndiotactic

chains a value of Zp = 1.62 leads to reasonable agreement with observed values

of <h 2>. )
© c
Comparing (2.24) and (2.25) we find that the requirement Q@ (real chain) =
Q¢ (model chain) is satisfied if Zr_1 = z¥ = ZpP. Hence ,
P/r = log 2/log ZP {2.26)

The third alternative is to use <h02> as the basis for the definition of a
statistical segment. For a model chain in a lattice with coordination number Z,

<h02> can be written (Yamakawa, 1971) as

_1 :
<h02> - l_i_z_:T . 112 . (2.27)
1 -2

Eqg. (2.27) may be expressed in the contour length, L = r ll of the model chain,
where 1. is the length of a step on the lattice. Thus, we find for the model

1
chain of given contour length L that <h02> is inversely proportional to r:

-1
a1tz 2, . (2.28)
[o} 1 - Z—l

’ 2 2 .
For the real chain we had eq. (2.7): <h02> =Cml =2cCP1l°, where 1 is the
bond length, and C the characteristic ratio. If we demand that the real chain

and the lattice chain have the same end-to-end distance and the same contour

length, the number of steps of the lattice chain must be:

-1 2
r = 1 + 2 L (2.29)

1-21 2¢p1?

Since L could be expressed in P through eq.‘(2.9): L =1.64 1 P we find by

elimination of L

-1 .
B/r = 0.743 ——2_ ¢ (2.30)
-1
1+ 2
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Equations (2.26) or (2.30) serve to define a segment on the basis of
flexibility. We can check for a given chain whether the P/r values found from
them are (approximately) the same as that derived from eg. (2.23) on the basis
of chain thickness. If this is the case we may expect that the lattice model
chain consistently accounts for both the chain volume and the conformational
degrees of freedom of the real ponmer molecule. If there is a considerable
difference between the P/r estimates from (2.23) and from (2.26) or (2.30)}),
respectively, the flexibility is only poorly accounted for in the model and
improvement can only be expected if a new theory using different lattice
statistics is developed. In chapter 6 we apply the above equations to assess

the size of a segment of polyvinyl pyrrolidone.

2.6.2 A modification of the Scheutjens—Fleer theory.

The above definitions of statistical segments are inconsistent with lattice
theories éuch as the Scheutjens-Fleer theory, since the partition function
(eq. 2.19) is derived for segments and solvent molecules of equal size (b = 1).
Usually, b is larger than 1. However, it is possible to modify the theory by
assuming that each lattice site may be occupied by either one segment or b
solvent molecules. In that case, the nio lattice sites which remain in layer i
after placing the polymer molecules can be filled with b nio indistinguishable
solvent molecules. Straightforward maximization of the modified partition
function. by the procedure employed by Scheutjens and Fleer reveals that the
free segment probability P, (eg. 2.20) must now be replaced by pib, provided
Xg in (2.20) is replaced by Xs/b to keep the adsorption energy per segment
constant (see the definition of Xg in section 2.3). Since in experiments with
polymer so%utions, the pol%mer-solvent interaction parameter ¥ is usually
defined per solvent molecule the introduction of b has no effect on Y. Hence,
the expression for pi now reads:v

1 -4,

RS 8 e
p;, = (7= ¢x) exp { 2 x (<¢,> b,) + 61,1 Xg/b } (2.31)

The physical meaning of the replacement of pirby pib is that a segment can
only be placed in layer i if simultaneously b solvent molecules are removed from
this layer. The volume of the sblvent molecuie enters, through b, as a parameter
into the adsorption theory (cf. eq. 2.22). Therefore, a change in the solveht
volume, at constant segment volume and constant y (per solvent molecule) and Xg
(per segment or per unit of surféce area), will affect the theoretical results.

In section 2.6.3 we investigate how the theoretical results depend on b.
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Differences between various chain types can, in principle, also be studied

by varying the bulkiness parameter at constant v,. However, we then have to

1
choose what chain property we should keep constant: the chain volume, the ad-
sorption energy per unit volume or the adsorption energy per unit of surface
area, etc. Each choice forces usxto accept some other parameter to depend on b:
at constant chain volume b r is'constant, thus r v b°1; at constant adsorption
energy per unit volume ry /rb is constant, so that‘xS v b; at constant adsorption

2/3 2/3

energy per surface area ;Xs/r b is constant, hence Xg “v b . Since in

all these cases the monolayer capacity A™" pecomes also a function of b and
since it is unclear to what physical situation each of these choices corresponds
we shall not pursue the investigation of such chain type effects.

~

2.6.3 Influence of the bulkiness parameter on theoreiicul results.

We investigated the consequences of incorporating the bulkiness parameter
into the Scheutjens-Fleer theory. We performed calculations for a simple
cubic lattice for different values of .b, keeping the energy parameters Xg (per
segment) and ¥ (per solvent molecule) constant. The data presented in this
section apply to Xg = 2 and x = 0.45, this choice was made in view of the
applicability of the results on the adsorption of PVP on silica from water and
from dioxane (see chapter 6). The chain length r was varied between 2 and 1000
segments. The volume fraction ¢x of the polymer in the solution was always 10_4.
All calculations were performed on a DEC-10 computer, using a modification of

a programme written in ALGOL by Scheutjens (1979).

Adsorbed amount

In fig. 2.2 we give the adsorbed amount T as a function of b, for different
chain lengths; b is plotted on a logaritmic scale. We see that, for b < 5, T
depends almost linearly on log b: for high chain lengths there is a dramatic
decrease with increasing b, while for shorter chains the slope of the curve
increases gradually from strongly negative to even weakly positive for dimers
(r = 2). Since the effect of b depends so strongly on the chain length it is
useful to investigate how ' depends on chain length for different values of the
bulkiness parameter. Curves for b = 1, 2, 5 and 10, respectively, are given in
fig. 2.3, where I' was plotted against log r. At b = 1, T increases strongly,
and almost linearly with log r, at least if r > 10. This result is typical for
a relatively poor solvent (x = 0.45) in the original Scheutjens-Fleer theory
(for which b = 1). For more bulky polymers the dependence of T on r becomes

much weaker. The curve for b = 10 has a slope which is not much different
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Fig. 2.2. Dependence of adsorbance I on bulkiness, for different chain lengths;

Xg = 2, x = 0.45.
20F
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Fig. 2.3. Dependence of adsorbance T on chain.length r, for a number of values
of the bulkiness parameter b. Solid lines refer to a moderately poor
solvent (x = 0.45) and the dashed line is for a good solvent (x = 0).
For all curves, Xg = 2.
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from that for a good solvent (y = 0) in the original Scheutjens-Fleer theory.
Thus, it looks as.if, at high b, the adsorption of long chain molecules occurs
from a thermodynamically good solvent. Forvvery short chains the effect is
reversed: slightly higher adsorbances are found with increasing b.

For the given set of parameters gfig. 2.3) the inversion occurs somewhere
between 2 and 5 segments. At ver§ large r the number of layers of high ¢i is

large, so that here the effect of b on I' is particularly strong.

o
=
=
L

Fig. 2.4 a) Segment density 6 in the immediate neighbourhood of the surface, as
a function of adsorbance I', for various values of the bulkiness

parameter b.
b) The plateau value of 8 as a function of b (logaritmic scale).

Surface occupancy

As cdould be expected, the surface occupancy 6 shows trends as a function

of b similar to those of ' (see fig. 2.4a). At very low adsorbed amount, all
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curves have the same slope (of about 1) but at higher I the curves at high b
level off to a much lowef‘plateau than those at low b. The plateau level of 8

depends again linearly on log b (fig. 2.4b) .

Conformation of the adsorbed molecules

The conformation of the adsorbed macromolecules (at given bulk éoncentration)
expressed as the fraction of segments in loops, trains, and tails, respectively,
. is almost unaffected by the bulkiness of the chain. For instance, the fraction
of segments in trains é ('bound fraction') changes by no more than 2 % if b
increases from 1 to 10. So the effect of the bulkiness seems to be to merely
'push' macromoclecules awgy from the"interface, rather than inducing changes in
the cﬁnformag}on of these molecules. Therefore, as the bulkiness increases the
adsorbed amount decreases, but the conformation (as judged trom the fraction

of segments in trains, loops and tails) is essentially unchanged.

2.6.4 Conecluding remarks

Since for a given polymer b is inversely proportibnal to the volume of
a solvent molecule Ve @ decrease of v, corresponds to an increase of b. Such is
the case if we dissolve a given polymer in solvents with different vyi if all
other variables (% s Xgt molecular weight) are kept constant, we should find
lower adsorbed amounts and also a weaker dependence on M in the solvent with

the smaller v,. Because the water molecule is very small, it.may be expected

that a polymer molecule in water is very 'bulk&'. Hence, we expect that adso;bed
amounts of long chain molecules from water are relatively low and depend only
weakly on molecular weigh;i Most organic solvents have molecules about five times
as big as the water molecule; our calculations suggest that the corresponding
decrease in bulkiness alone causes the adsorbed amounts from these solvents to
be much higher and to depend stronger on molecular weight.

We conclude that the scheme outlined in section 2.6.2 enables us to
incorporate the volume of a particular chain type into the Scheutjens-Fleer
theory. To do this, the free segment probability p; is brought to the power b,
where b is the volume ratio between a segment and a sclvent molecule (eq. 2.22);
suitable segments were defined in 2.6.1. In this procedure the definition of
the adsorption energy parameter xs,.per segment was maintained so that P, had to
be rewritten with xs/b instead of Xs’ (eq. 2.31). The scheme cannot consistently
cope with stiff chains, since this would involve anisotropic segments, but for
flexible chains the flexibility may be reasonably accounted for. In éhapter 6

we apply the modified theory to our experimental results..



2.7 POLYDISPERSIT? AND REVERSIBILITY

Many authors have discussed the reversibility of the adsorption of flexible
polymers. The main argument is that desorption is usually not observed if solvent
is used to dilute the system. Other observations, such as adsorption-desorption
hysteresis ahd dependence of adéorption isotherms on the amount of adsorbent are
also at variance with theoretical prédictions and do indeed suggest irrever-
sible adsorption. Therefore, the application of equilibrium thermodynamics to
polymer adsorption ig often questioned. Looking for a compromise between the
two conflicting viewé (equilibrium or non-equilibrium) Lankveld and Lyklema
(1968) assumed that individual segments could adsorb reversibly, establishing
a local equilibrium. Koopal and Lyklema (1975) found that it was indeed possible
to treat the train segments as being in (quasi-) equilibrium with the scluticn.

However, it is difficult to understand that non—-equilibrium persists in
a flexible chain which is apparently in local equilibrium with its surrouﬁdingse
It means that movements of the chain as a whole are effectively prohibited
by many éhtanglements. The explanation forwarded by Lankveld et al. is also
unnecessary, since lack of desorption upon dilution is in agreement with thec-
retical results. The adsorption affinity of long chains is found to be so
high, that theoretical equilibrium concentrations may be incredibly low
(o, < 1072°

with their surroundings.

). Still these results are- for adsorbed chains in perfect equilibrium

Recently, we have shown that many of the experimental observations ascribed
to irreversibility can be explained in terms of polydispersity effects
{Cohen Stuart et al. 1980). It should be born in mind that all theoretical
results, (including those mentioned in section 2.5) are valid for monodisperse
polymers. In experimental studies, polydisperse samples are often used and the
results obtained with such mixtures may differ significantly from those found
for pure components. As has been discussed above (see 2.1) in polydisperse
polymers preferential adsorption of long molecules over shorter ones occurs.
Consequently, experimental data for polydisperse polymers cannot be. interpreted
in terms of some average molecular weight, but the molecular weight distribution
must be taken into account. .

The ideas developed by Cohen Stuart et al. are as follows. At low amounts
of polymer in the system, the available surface area is large enough to acco-
modate virtually all the polymer on the surface. In this region the isotherm
shows its steep initial rise. As more polymer is added, there is no more un-
occupied surface area and competition between the molecules takes place. The

preferential adsorption of large molecules causes then a fractionation with the
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avérage molecular weight on the surface shifted to higher wvalues as compared
to that in thé solﬁtion. This process continues as long as there are larger
molecules in the sclution than on the surfacé.

The isctherm for a simple binary polymer mixture was shown to consist of
three parts: a steep initial rise,ia linear part with a slope inversely propor-
ticnal to the amount of adsorbent ksuxface area to bulk solution volume ratio)
and a horizontal plateau coinciding with the adsorpticn plateau of the component
~with the highest molecular weight. The results could be generalized for a
polydisperse polymer mixture and an expression was found from which the adsorp-
tion isothérm for such a mixture could be calculated, provided that the molecular
weight distribution function and the dependency of the adsorbed amounts on
molecﬁlar weight are kno%n., _

Inversei&, the molecular welghit dependency of the abscrksd amount can he
derived from experimental isothexrms, if the mnlecular weight distribution is
given. The proceduré developed by Cohen Stuart et al. involves plotting the
adsorbance\A as a function of the total amount of polymer in the system per wnit
of surface area. A tangent drawn to this curve contains all the information
{adsorbance and molecular welght) for 2 szingle fractionm in the polydisperse.
sample.

The displacement process cannot be reversed by diluting the solution with
pure soivent. Since the "isotherm” is not a real one component isotherm, but
reflects the displacement process, it is impossible to "follow the isotherm
back” by dilution alone. Instead the desorption isotherm is a'nearly horizontal
"theorestical® line corresponding to the adsorption behaviour of the avezage
molecular weight that is on the surface.

On the basis of the ideas outlined‘above we will try to interpret the
experimental data in terms of eguilibrium adsorption, taking the polydispersity

of the samples into account.
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Chapter 3

Characterization of Materials

3.1 LOW MOLECULAR WEIGHT SUBSTANCES

The solvents used were water and 1,4 dioxane. The water was distilled once.
The dioxane (Baker Analar) was a selected lot containing less than 0.003 % water
(w/v) as stated by the méhufacturer; it was used without further purification.
In order to carefully exclude water, all dioxane solutions were made up in a
glove box under ons—dried air.

' Five other chemicals were used in displacement studies (chapter 4).
Properties and pretreatment of thesé chemicals and of dioxane are summarized
in table 3.1. This table also contains the abbreviations by which the substances

are denoted in the text.

~

Table 3.1. Properties of low molecular weight chemicals

Name Abbreviations Structure Manufacturer Mol.weight Purification:

Pyridine PYR EES] Merck (pro 79.10 -
N analysi)
N-ethylmorpholine NEM Q;_y —C2H5 Aldrich (ana- 115.18 -
lyzed, 99%)
N-methylpyrrolidine NMP <::} —CH3 Aldrich (ana- -85.15 distillation
lyzed, 97%)
Dimethylsulfoxide DMSO CH3—.;.~".--CH3 Fluka (purum) 78.14 -
) o
N-ethylpyrrolidone NEP DJ—CZHS aldrich (ana- 113.16 distillation
: A lyzed)
: : ™\ © i
Dioxane o 0O Baker Analar 88.12 -
et '

3.2 POLYVINYL PYRROLIDONE

The polymer used in this study was commercially produced polyvinyl pyrro-
lidone (PVP), namely Kollidon from BASF (BRD). Sections 3.3 and 3.4 deal with
the scolution properties and the molecular weight of the samples used. In this

section we review some relevant general properties.
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3.2.1 Preparation and structure

Polyvinyl pyrtolidohe (PVP) is an essentially linear homopolymer prepared
by either radical or cationic polymerization of vinyl pyrrolidone. It has the

chemical structure:

Almost all commercialﬁy produced PVP has been prepared in aquecus solution by

a radical (redox~) polymerization with hydrogen peroxide together with amines.
Average molecular weights ranging from about 103 up to 106 can be obtained.

By virtue of its extremély low toxicity and its complexing properties PVP is
applied in m;ny pharmaceutical products. A number of properties zf PYP hac keen
summarized by Herrle (1965).

in éome radical polymerizations branching may occur if chain transfer
reactions to the monomer or to an already formed chain have sufficient probabi-
lity (FZory, 1953, p. 257). However, the transfer constant to monomer is as
lcw as 4 10_4 {Brandrup and Immergut, 1975). Therefore it is unlikely that any
branching occurs if the average degree of polymerization remains below 103.
Branching at higher chain length would show up as a deviation in the viscosity-
molecular weight relationship. In the literature, there is no evidence for such
a deviation (Burechard, 1967). Henée, we presume that branching in PVP is un~
important.

Irregularities in the way monomers are aﬁtached to each other (head-to-
head instead of head-to- tall) are not very probable because of the strong stexic
hindrance between the bulky pyrrolidone rings. Like most radical polymers with
such bulky side groups, the PVP chain will be predominantly syndiotactlc. This
view is supported by qutelé et al. (1977) who found that PVP forms more stable
complexes with syndiotactic polymethacrylic acid (PMAA) than with isotactic
PMAA. This can be understood from Qeometrical considerations, assuming PVP to

be syndiotactic.

3.2.2 Spectroscopic properties

The UV spectrum of PVP has been studied by Saidel (1955) and Oster (1952).
These authors agree that PVP has its absorption maximum in the far UV regibn,
ala
A single-band is found corresponding to the 7 - ©m excitation of the carbonyl

m-electrons (peptide I band). Uéing'a Pye Unicam SP 1800 spectrophotometer we
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. -3
could record the absorption spectrum of a 5 mg dm aqueous PVP solution down

to 190 nm (fig. 3.1).

! !
240 260

Adnm

i
200 220

Fig. 3.1. Ultraviolet spectrum 95 aqueous PVP solution. Pathlength 1.0 cm,
concentration 5 mg dm .

Clearly, one single absbrption band is found,'without the fine structure
reported by Oster (1952). Presumably, this fine structure is an artefact of
Oster's measurement caused by stray light or poor matchingof the optical paths
(e.g. differences between cells). The absorbance per mole of monomer units per
dm3 and per cm pathlength (molar absorptivity) at 196 nm was found to be 5560
dm3 mol‘1 cmul. Saidel reports that the UV spectrum of an aqueous PVP solution
does not change when the pH isrchanged from 6.2 té 12.2.

In figure 3.2 we show the infrared spectra of PVP in dioxane and in
deuterium oxyde (DZO)'in the range of 1400 to 2000 cm_l. Both were recorded
on a Hitachi EPI - G3 double beam spectrophotometer against pure solvent using
cells with CaF2 windows and adjustable pathlengths. A prominent feature is the
strong absorption between 1640 and 1700 crn_1 due to the carbonyl group in the

pyrrolidone ring. In dioxane we find this band at 1690 cm“1 whereas in D20 the

. : -1 . : . .
peak is situated at 1645 cm . The reason for this difference is that in D2O
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Fig. 3.2. Infrared spectra of PVP in the region 2000 cm..1 to,1400 cm_l:
(a) in dioxane, (b) in D20. Concentration: 1 g dm ~; pathlength 0.4 mm.

the carbonyl C = O bond is weakened due to hydrogen bonding between the carbonyl

group and-the deuterons of the solvent.

3.2.3 Solubtlity and possibly tonic character

Stable solutions up to high concentrations of PVPiare easily formed in
water as well as in many organic media such as alkohols, amines, acids, chloro-
form, amides and toluene. Traces of water may sometimes have a dramatic effect
on the solutions in organic solvents, either stabilizing or destabilizing them.
Destabilization by watef is found in toluene (Herrle, 1965) dioxane and tetra-
hydrofurane (Burchard, 1967), whereas we found that a trace of water seems to
be necessary for dissolution in chloroform.

It 'is known that the carbonyl grqup'of the pyrrolidone ring is capable to

bind protons strongly. Thus, hydrogen bonds are formed with many proton-decnating



-substances¢ Sometimes very stable cbmplexes are formed, especially with polyacids
such as PMAA (Ohno et al., 1978). On the other hand, in aqueous solution strong
éomplexes, with more hydrophobic compounds such as dyes or iodine are also
formed. There is evidence that the bound molecules find themselves in hydro-
phobic apolar surroundings (Takagishiyet al., 1977). These observations suggests
that the PVP‘chain has both hydrophilic and hydrophobic parts. In mixed solvents,
there is a preference for the solvation with proton donating substances

(Chaufer et al., 1975). )

Proton bindingﬁis ot so strong, that PVP in aqueous solution acquires a
charge. Electrophorefic measurements by Sullivan et al. (1952) demonstrated that
PVP at pH 7 is uncharged. Only at extreme pH values (1; 13) the molecule carries
some (positive or negative) charge. We conclﬁde that between pH 4 and 10 charge

effects on~the adsorption from aqueous solution are of minor importance.

3.3 SOLUTION PROPERTIES OF PVP

As has been pointed out in section 2.1, the solvent guality plays an im-
portant Lole in the adsorption of polymers. The interaction between the polymer
and the solvent is guantitatively expressed bv means of the well-known Flory
Huggins parameter ¥, which was theoretically defined in section 2.32. Through
simple thermodynamic relations, x may be expressed in a number of measurable
solution properties. In this section we review some of the expressions needed
to derive y from experimental data. We want to obtain values of yx for PVP in
aqueous and dioxane solution, respectively, and we shall discuss the meaning

of these values in the context of adsorption.

3.3.1 Expressions to evaluate ¥ from experimental data

In section 2.6 we mentioned already that for a polymer solution the excess
free energy of mixing (with respect to the reference state of pure components)
AGm, can be quite generally shbwn to contain an important configurational

entropy term, ASm:
- 48 /k = n°1n ¢° + n 1n ¢ (2.21)

o :
where, as before, n and n are the numbers of molecules of solvent and polymer,

. o . .
respectively, and ¢ and ¢ are the corresponding volume fractions.
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- Due to the interaction with the sclvent A Gm may contain a number of other
contributions, which we shall denote as the residual excess free energy of

mixihg, A Gi (Orwoll, 1977):

R
AG =AG +TAS (3.1)
m m m
i
R

Flory {1941) proposed a simple expression for A Gm on the basis of a quasi-
crystalline solution model in which polymer segments and solvent molecules have
‘equal size: ' ~

A Gﬁ/kT =n° ¢ ¥ (3.2)

, ~

According to this, x has the meaning of a free energy, expressed in units kT.
Inserting (3.2) and (2.21) into (3.1) and differentiating with respect to nC

we obtain .
x¢2 = (Ul—ulo)/RT ~ 1n (1-¢) —,(1—510/9) b (3.3)

where 50 and v are the molar volumes of solvent and polymer, respectively,
and ul - uio is the excess chemical potential of the solvent with respect to the
reference state. As the excess chemical potential is,4in principle, measurable,

equation (3.3) serves as a suitable experimental definition of x.

Vapour pressure

The vapour pressure, over a polymer solution is determined by the (excess)
chemical potential of the golvent according to (3.3). If the solvent vapour
behaves as an ideal gas, we may express the. chemical potential in the activity

ratio PS/PO of the solvent vapour:
- ) = . - ’ 3-4
My Uy RT 1n PS/PO { )

where Ps and PO are the vapour pressures of the solution and the pure solvent,
respectively, both at the same temperature To' Also, Ps may be expressed as the
vapour pressure over puré solvent at a lowerAtemperaturé T. If the temperature- .
pressure relationship for the solvent is known; PS/PO can be determined from
temgeratu?e measurements. Since,; at low ¢2, PS/PO must be close to unity, all
terms in 3.3 become vanishingly small and ¥ cannot be determined with sufficient
accuracy. Therefore; in practice vapour pressure measurements can only be used

for concentrated’solutions (¢ > 0.05).
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Light scattering and osmotic pressure

Expansion of the logarithmic term in (3.3) and neglecting the molar volume
ratio GO/G led Flory (1953) to the conclusion that the second virial coefficient

of osmotic pressure, B is related to Yx:

2’
2 -0
B, =V (1/2 - %) / v (3.5)
2 2
Here, V, is the specific volume of the polymer in the solution. B, may be ob-

2 2
tained both from ligﬁt scattering experiments and from direct osmometry. Newer

theories, discussed by Yamakawa (1971, p. 149), write B, as:

, 2 : -
B, = V," (1/2 - x) £{4, (1/2 - )} / v° (3.6)
where £ { M, (1/2 - x) } is a slightly decreasing function of M and (1/2 - X) -
At low M and small (1/2 ~ ), £ becomes equal to 1. From theoretical considera-
tions (Kurata et al. 1958, Zimm et al., 1953) it is concluded that a plot of
B2 against /ﬁ, extrapolated to zero molecular weight, leads to a correct ¥

value. Eguation {2.€) was develcped for dilute sclutions and its validity is

therefore limited. For high molecular weights, ¢ should not exceed 0.01.

Viscometry

Just as the Interaction between two polymer coils (intermolecular inter-
action) can be described in terms of the interaction of segments in these coils
(i.e. in terms of y), the size of a given coil is determined by the interaction
between parts of the same chain (intramolecular interaction); it is thus again
a function of x. Of course the coil size depends also on the length of the chain.
Many theories have been proposed for the relationship between the;intrinsic
viscosity [n], M and y. The reader is referred to Yomakawa (1971) for a com-
prehensive review. Here we merely note that the results of these theories can
all be expressed in two fundamental parameters, namely the molecular weight M,
and the so-called excluded volume parameter Z. Therefore the general scheme is
often denoted as the two-parameter theory.

Under conditions where random flight statistics are applicable (theta
conditions), the mean square end—tq—end distance <h02>, given by (2.7) can be
written:

<h 2> =2 C 12 M/M . (3.7)
@] ; O
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where we used m = 2 M/Mo; Mo is the molecular weight of the monomer unit.
, ' : 2 , , s
Since C, 1 and M0 are all constants, <hO >/M is again a characteristic constant
: » 2. . .
for a given polymer. It can be shown that <hb > is proportional to the mean

square radius of gyration under theta conditions, <so >
) 2
<h “> = 6 <g “> ' _ (3.8)
e} o

Both <h02> and <soz> are measures for the radius of the unperturbed coil.
- Kirkwood and Riseman (1948} showed that the intrinsic viscosity in the theta

solvent, [ n] is proportional to the coil volume per segment:

e’
2\3/2
<h > 1/2
(o]
[y =% & =K M (3.9)
where @O"is a viscosity constant, and K is defined by

. 3/2

<h 2> .
K =@ = (3.10)
o c M -

Strictly, @o, and thus Ko, are only constant if the draining behaviour of the
coil is constant. For non-free draining coils, @o has been calculated as

2.87 x 1023 mOl_l. Experimentally, a well-established value is between 2.5 and

2.6 x 1022 mo1™! (Yamakawa, 1971, section 3.9).

If the polymer coil is in a better solvent, the effects of self-exclusion
cause the chain to expand (cf. section 2.3). The departure from random flight,
or unperturbed dimensions is given by an expansion factor, e.g.

> = a2t (3.11a)

<52> = q <g “> (3.11b)

. 2 2 . : )
Here, <h"> and <s > are the mean square end-to-end distance and radius of

gyration, respectively, and o and a, are the corresponding expansion coeffi-

h
cients. In a similar way, the expansion of the hydrodynamically effective coil
radius can be described by means of an expansion factor an. The intrinsic
viscosity { n] , being proportional to the hydrodynamic volume of the coil, see

(3.9), should thus expand as:

[n] = a ~ Inl & ‘ (3.12)
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The two paraméter theory expreéses all these expansion coefficients as a

function of the excluded volume parameter z, a dimensionless quantity defined by:

_ 4 1/2 ;
z = ;375- CM (1/2 X) M (3.13)
where C_ 1is a constant:
M
-3/2
2 2
vy <b, > (3.14)
cM = 0.857 — m .
7°
‘ av

(Yamakowa, 1971, p. 157 and 71, resp.); Nav is Avogadro's number. As can be seen,
z contains both the polymer-solvent interaction (through x) and M. For a theta
solvent, ¥ = 0.5 and z = 0.

Flory's original approach did not differentiate between a as,and an .
The well-known Flory eguation reads for all three expansiqn coefficients,

denoted as a:

. 3/2
a” - a” =2 Cy (/2 - x) Ml/2 = 32 z - (3.15)

The Flory-Fox-~Schaefgen (FFS) equation (Flory and Fox, 1951) is obtained from
(3.9), together with (3.10), (3.12) and (3.15):

(23 ) wl/3 - KO2/3 L2, (1/2 - 0 K05/3 WAL (3.16)

Kurata (1958) and Yamakawa (1958) were the first to emphasize the differences
between o and other expansion coefficients. The expansion coefficients can be

written as a power series in z. For ah and as they find

=3
i

1 +1.333 z - 2.075 22 B (3.17)

1+ 1.276 z - 2.082 22 + ... (3.18)

Q
[

The hydrodynamic expansion coefficient is expressed in the following series:
3 .
an =1+ 1.55 2z ~ {3.19)}

(Yamakawa, 1971, p. 301).
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Burchard (1961), and later Stockmayer and Framan (1963) realized that
eq. (3-.19) provided a basis for an expression for [n]l . Combining (3.19) with

(3.9) and (3.12), this Stockmayer-Fixman (SF) equation is found to be: .

M1/2 1/2 }

(3.20)

[n] =X {1 +1.55(\»Koz/M

2 -
1/ against M 1/Zshould give a

According to this equation, a plot of [n] /M
straight line from the slope of which ¥ can be evaluated with the help of (3.13).
In the neighborhood oﬁ”thé\theta temperature (small z) the series of (3.19)

.4 , , .
converges to asz 3. In a discussion of experimental results, Yamakawa (1971,

p. 384) shows that at small z, o 3 is found to be smaller than a52°43. Therefore,
the coefficient of z in (3.19) should alsc be smaller than 1.55. A best fit of
the experimental results ls obtained with

an3 =1+ 1.05 =z : ‘ (3.21)

for values of an3 < 1.6 which implies a power law

o 3 _ o 1.65 . (3.22)

The numerical constant in (3.20) is thus also somewhat uncertain, and this affects'

the reliability of the y~-value derived from the slope of the SF plot.

3.3.2 PVP in aqueous solutions

Aqueous PVP solutions have been extensively investigated. Therefore we derive
Xx~values entirely from data in the literature. Molyneux (1975) collected a large
.number of data about aqueoué solutions of syhthetic polymers, including PVP.

He calculated y from vapour>pressure measurements by Dole and Faller (1950).
However, at lower water content these data, with eg. 3.3, would lead to strongly
negative y-values. Molyneux assumed that this was due to the presénce of strongly
hydrophylic impurities in the polYmér sample. He estimated the amount of water
bound by these impurities and subtracted it from the total amount of water taken
up by the polymer. From the thus corrected data he calculated new y-values
according to eq. (3.3) over the concentration range 0.5 < ¢ < 1. From the re-
sults, it seems that in the region ¢ = 0.6 - 0.9, ¥ is slightly higher, than

0.5, anq rises with decreasing water content. At polymer weight £ractions higher

than 0.9 the results become less reliable due to uncertainties in the applied
correction. Measurements by Mc Kenzie et al. (1971} at 22o C and of Tadokoro

et al. (1965) agree rather well with those of Dole and Faller, provided that
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the same correction is applied. Tadokoro et al. report that the solvent uptake

at low, fixed vapourpressure increases with temperature within the range + 30%
fo + 50°C. This is indicative of endothermic mixing. Mc Kenzie et ql. found
increasing sorption with decreasing temperature in the temperature range - 4OOC
to + 220C, indicating that the mixing is exothermic at low tempefatures.
Breitenbach et al. (1954) studied swelling equilibria at polymer volume fractions
of about 0.06. In the temperature range of 20°%¢ to 7OOC, the mixing was found

to be exothermic, in contrast to the results of Tadokoro. This finding is
confirmed by osmotic, measurements by Vink (1971). The transition from endothermic
to exothermic mixinglseems to occur at a water activity ratio PS/PO of 0.5,
corresponding roughly to a 1 : 1 (water: monomer unit) ratio. To explain this,
Molyneux suggests that-bridging of water molecules between neighbouring carbonyl
groups occurs at the lower activities.

Vink (1971) measured osmotic pressures of aqueous PVP solutions in the
concentration range 0.03 < ¢ < 0.3. From his data y values can be derived
increasing from 0.480 at low ¢, to about 0.54 at the highest concentration.

Burchard (1967) derived second virial coefficiepts from light scattering
data obtained with dilute solutions. He plotted B, as a function of Ml/z. In
contrast to what is to be expected from eq. (3.6) this plot deviates strongly
from a straight line. At low M, an upward bend is found which makes extrapola-
tion to M = Obsomewhat unreliable. Nevertheless, X'was estimated from 32 to be
equal to 0.465 + 0.003, which is considerably lower than Vink's value of 0.480.
The light scattering data also show that PVP in aqueous solution tends to form
associates, especially at the higher molecula; weights. Burchard concludes

that dilute PVP solutions in water are anomalous to some extent and cannot

completely be described by the two parameter theory.

Burchard presents alse a SF plot of viscometric results. The intercept of
such a plot is equal to Ko’ and the slope should according to (3.20) be equal

Ml/z° As has been discussed above, the céefficients of z in (3.20)

to 1.55 KO z/
should probably be lower than 1.55. This is consistent with Burchard's results
for PVP in a number of aifferent theta solvents. Comparing expansion factors
as determined by light scattering for the radii of gyration with viscometric

expansion factors, he finds:

3 _,1-90 +0.15 (3.23)
n S

which implies, for low z, a coefficient of 1.21 + 0.10 in (3.19) and (3.20).

Furthermore it was found by Burchard that unperturbed dimensions as determined
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from light scattering agreed reasonably well with those from viscometry.
Therefore we assume that the constant @o, reflecting the draining behaviour of

PVP in water, is not much different from the often found value of 2.5 x 1023

mol ~. Using these results, together with the following values: V2 = 0.785
— g"1 (Brandrup and Immergut, 1975), v° = 18 e’ mol”! and N, = 6.02 x 1023
mo]._1 we f£ind from the SF plot x = b.489 (Burchard did not calculate y-values).
We also plotted Burchard's result according to the FFS equation (3.16),
see fig. 3.3, From this plot we find, with the same values of the parameters,

¥ = 0.488. (
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Fig. 3.3. Flory-Fox-Schaefgen plot of viscometric data from Burchard (1967)
for PVP in aqueous solution. ‘

The results of Dole and Faller, Mc Kenzte et al. and Vink for the concen-
trated and semi dilute solution and those of Burchard for the dilute solution

are summarized in fig. 3.4.
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Fig. 3.4. Values of the interaction parameter (¥) as a function of PVP concen-
tration, in aqueous solution. Data were obtained from Me Kenzte and
Rasmussen (1971), Vink (1971), Dole and Faller (1950) and Burchard
(1967) .

The correction applied by Molyneux wasromitted because its justification is
open to doubt. As can be seen, ¥ is slightly below 0.5 in the dilute solution
and increases slightly with ¢. Between ¢ = 0.15 and ¢ = 0.5 we have no

results but at ¢ = 0.5 ¥ is about 0.45. By interpolation one might expect ¥

to be around 0.5 in the range ¢ = 0.15 to 0.5. At higher ¢, ¥ decreases and
eventually becomes negative. Rather than ascribing this behaviour to hydrophilic
impurities we believe that PVP itself, at these high volume fractions, binds
water strongly. The description of the ‘'solution® in this region by ordinary

Flory-Huggins theory is probably not accurate enough.

3.3.3 PVP in dioxane solution

For PVP in dioxane, the only available data were reported by Burchard
(1967), for the dilute solution. This author employed both light scattering
and viscometry and concluded that the behavicur of PVP in dioxane can be readily
described by the two-parameter theory. A thetg temperature of - IOOC is found,
1/2

and at ZOOC the expansion of the molecule can be described by a value of z/M

of about 6.5 x 10-4; The temperature dependence of z, and thus of (1/2 - ¥},



’satifies the relation z = zo (1 - %‘Y, where zO is the volume of z at infinitely

high temperature, and © is the theta temperature. From Burchard's results,

zo‘/Ml/z =6.42 107 is obtained. |

The Flory-Huggins expression (3.5) for the second virial coefficient leads
to X = 0.481 + 0.001. Burchard gaVe also a SF plot. Using V2 = 0.78 cm3 g—l,
50 = 85.24 cm3 molnl, @O = 2.5 x‘ilo23 mol,—1 and a coefficient of 1.2 instead
of 1.55 in eq. (3.22) we derived X = 0.491 from the slope and intercept of this
plot. We made a FFS plot from the same data and found, with the same parameters,

X = 0.494 (fig. 3.5). -~
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'Fig. 3.5. Flory-Fox-Schaefgen plot of viscometric data from Burchard (1967)
for PVP in dioxane solution. .

Sometimes, ¥ is split'up into a temperature dependent XH and a part XS'

independent of T:
X = Xg + X5 -(3.24)
It can be calculated ffom the temperature dependence of ¥, that at ZOOC XS

is 0.441 and Xg is only 0.053. Thus x is mainly entropic at this temperature.

Burchard found also, that by adding small amounts of water the solvent becomes
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poorer, as if the effective X increases. At 2OOC, a mixture of 95% dioxane and
5% water behaves as a theta-solvent. Addition of more water causes phase sepa-
ration. In order to maintain a constant solvent quality it is thus important
to rigoroulsy avoid contamination of the solutions with water.

In the semi-dilute and concentrated regime, data for ¥ are not available.
We carried out vapour pressure méasurements using an apparatus designed and
tested by Weldring et al. (1975). It consists of a double-walled vertically
mounted glass cylinder, about 90 cm high and with 6 cm inner diameter. Between
the inner and outer wall, water of constant temperature is circulated. The
cylinder can be evacﬁated to very low pressure. Vapour of a known activity may
be introduced by connecting the column to a vessel containing a suitable
solution of pure solvent kept at a sui.able temperature. The temperature of this
vessel can ke regulated between - SOC and + 30°C. Dioxane vapour activity was
controlled by means of témperature regulation. The activity ratio Pl/P2 between
the vapour pressure over pure dioxane at temperature T, and at Té, respectively,

1
can be calculated from the empirical expression (Gallaugher and Hilbert, 1937).

log Pl/P2 = - 1866.7 ( 1/T1 - 1/T7 ) (3.25)

The uptake of solvent by the polymer is measured gravimetrically. The
polymer sample is placed on a small pan, suspended on a quartz spring with known
force-elongation characteristics. The position of the pan, which is a function
of its weight, is measured with a kathetometer. In fig. 3.6 the solvent uptake
at ZOOC is plotted as a function of the activity ratio PS/PO for two samples,
Kollidon 25 and Kollidon 90. The theoretical curve, corresponding to x = 1/2
is drawn in the same figure. The lines indicated 1 correspond to the first
dissolution curve, starting from dry PVP. Curves 2 are obtained on lowering
the activity of dioxane and curves 3 were found upon increasing the activities
again. .

It is seen that dry PVP does not take up appreciable amounts of dioxane until
PS/PO is higher than 0.9. At this point the solvent becomes able to break the
strong polar bonds that hold the segments together, and the uptake of solvent
increases steeply. A very viscous solution is formed. Clearly, lines 1 do not
represent equilibrium states, for the lines 2, obtained upon decreasing the
vapour pressure show much higher solvent contents in the polymer. If PS/PO is
again increased, line 3 is found, which is only slightly lower than the
desorption line 2.

Since the points obtained upon lowering and upon raising PS/PO do not

constitute a single'curﬁe, we cannot conclude that they correspond to eguilibrium
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Fig. 3.6. Composition of polymer solution asoa function of solvent vapour
pressure, for PVP in dioxane at 20°C, left: K25, right: K90

situations. Also, long times of about one week or more were required to reach
a steady value for the solvent uptake. Probably, diffusion in the highly
viscous, concentrated scolution is too slow. The results with Kollidon 25 are
less reliable because the vacuum could not be properly maintained during the
complete experiment. Therefore we believe fig. 3.6 b to represent the best
result. Here, curves 2 and 3 do not differ too much, and it seems possible
that in going from curve 2 to curve 3, somewhere an equilibrium line is crossed.
We tentatively assume that the eguilibrium curve lies between curve 2 and 3
in fig. 3.6 b. Unfortunately, it was not possible to reduce the dioxane vapour
pressure sufficiéntly to rgturn to the dry solid PVP. However, both figures
3.6 show the surprising fact that the sorption curves 2 and 3 cross the theore-
tical line for x = 1/2 at an activity ratio of about 0.6. This would mean that
at low activities, x becomes low, may be even negative. A correction, as applied
by Molyneux to data for the aquéous PVP solution (Molypeux, 1975, chapter 7)
could possibly modify the data, Suéh that Y becomes a monotonously increasing
function of concentration. However, as stated before, such a correction is
somewhat doubtful as long as the causes for an unexpected solvent uptake curve
are insufficiently studied. Therefore we omitted such a correction and calcu-
lated x-values from the vapour pressure results by means of eg. (3.3).

In fig. 3.7 we have summarized the obtained x-values together with the
results of Burchard for the dilute solution. In the range between the very

dilute solution ¢ = Q0 and ¢ = 0.5 we have estimated y-values by means of
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ihterpolation {broken line). Probably, X increases monotonously with ¢ from
about-0.49 at¢=o£o a méximum of 0.9 at ¢ = 0.7. At higher ¢, x decreases
steeply. Whether this decrease must be ascribed to poor equilibration during
the measurements or to the presence of impurities in the PVP samples cannot be

concluded from the present results.

O'gg;m ——y e

Fig. 3.7. x-values for PVP in dioxane from vapour pressure measurements and
from viscometry, as a function of concentration. Viscometric data
were taken from Burchard (1967).
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3.3.4 The meaning of ewperimentally determined x-values in adsorption theory

In the treatment outlined in 3.3.1 the y parameter was regarded as a
constant for a given polymer-solvent pair. It should be independent of the
polymer concentration. But from the results discussed in 3.3.2 and 3.3.3
(fig. 3.4 and 3.7, respectively) it is obvious that the experimentally determined
value of x varies considerably wiEh concentration.

This means that a detailed description of the solution is more complicated .
than eq. (3.2) suggests. A more sophisticated description should include, e.g.,
differences in size bgtweén segments and solvent molecules, effects of non-random
mixing and changes in‘brientational freedom of segments and solvent molecules
with concentration. Detailed theories incorporating these effects have been
formulated by Flory (1964, 1965, 1970), Huggins (1971) and Maron (1959). Such
corrections tead possibly to satisfying results for a number of polymer-~solvent
pairs, but the treatment 6f aqueous solutions, where strong solvation and
hydrophobic effects may occur within the same molecule seems to be even more
complicated.

A second uriexplained fact is that in dilute solutions almost all x-values
are found in a narrow ranée (0.4 < x < 0.5), although from a theoretical point
of view one would expect that for a wide range of different polymers ¥ may assume
all kinds of values between, e.g., - 0.5 and + 0.5. Parallel to this is the
finding that the two parameter theory for dilute solutions, in spite of consider-
able successes is unable to explain why z-values derived from reascnable
estimates of the dimensions of polymer segments are always mﬁch larger than
those experimentally found. Yamakawa, in his bgok, prefers to adopt z as a
basic parameter formally :epresenting the interactions between segments. He
does not attempt to relaté it to molecular parameters (chapter III, section 17).
Following ‘this, we prefer to regard ¥ as the residual excess free energy of
mixing per solvent molecule (eq. 3.3). Then it can be defined unambiguously in
terms of experimental data, and. it accounts for all free energy contributions
which are not included in eg. (2.20). (Orwoll, 1977).

We may ask what the meaning is. of the x parameter defined in this way,
in the context of adsorption theory. From the theoretical tfeatments presented
in chapter 2, it is clear that in the case of adsorption changes in conformation
make an important contribution to the change in free energy. In addition to
these contributions, we have the free energy of mixing. For the calculation of
this mixing contribution (which is entirely based on ¥) we imagine the ad-
sorbed layer - with its density gradient perpendicular to the surface - as being
built up from thin5layers cf constant segment density parallel to the wall.

"For each of these layers the mixing term is calculated from the number of
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polymer-solvent confacts.

In order to incorporate the experimental concentration dependent value of
X in this model it is thus necessary to assume that the mixing properties in a
density gradient consisting of a number of such layers can be described by an
equal number of ¥ parameters, each of which is measured in a macroscopic,
isotropic solution of the same ségment density as that in the corresponding
thin layer. This implies that ¥ should be independent of the dimensions of the
region to which it is applied. It can only be safely used if it is uniquely
related to local segm@nt—%olvent interactions with a range comparable to the
thickness of an elemeﬁtary model layer.

We conclude that the use of experimental x-values is not justified if ¥
contains contributions due to, e.g., conformation changes, involving the polymer
molecule as™a whole. Therefore replacement of the theoretical ¥ by the experi-
mental function X (¢) reqﬁires that we assume that such contributions are

" negligible.

3.3.5 The characteristic ratio for the end-to-end distance

for the end-tc-end distance,

For PVP, this value can be deduced from the data of Burchard (1967). In three
different theta solvents, namely H20/acetone (28:72) , EtOH/hexane (25:75) and
Methylglycol - dibutylether (49:51) and at 20°C the mean square radius of
gyration was measured as (9.7 + 0.4) 102 nmz, With 1 = 0.154 nm for the carbon-
carbon covalent band, this leads to C = 10.3 + 0.1. This is a value comparable
te that of other atactic vinyl chains, such as 10.0 for polystyrene (Flory,
1969) . ’ '

In a number of other theta solvents, namely dioxane (- 10°C), Hzo/dioxane
(26:74),2H20/tetrahygrofgran (45:55) and tetrahydrofurane (- 1OOC) it was found
that <sO > =6.7 10 nm~ . Consequently, C = 7.1 in these solvents. The
difference of about 30% between both groups of solvents is not easily explained;

it seems to indicate that the PVP molecules are more flexible in the latter

four solvents.



'3.‘4 MOLECULAR WEIGHT AND MOLECULAR WEIGHT DISTRIBUTION

Mény experimental and theoretical studies have revealed the importance of
the chain length on the adsorption behaviour of peolymers. Therefore a thorough
study requires the use of well defined samples with a narrow molecular weight
distribution. However, the direct{synthesis of such PVP samples has not been
described and seems beyond the present possibilities so that a fractionation
technique must be invoked. ‘

Also, it may be lntexestlng to study the effect of the molecular weight
distribution on the adsorptlon. Slnce we did both kinds of experiments
(chapter 4) we describe here the characterization of commercial samples with
a wide molecular weight distribution, and of the fractions obtained from them.
3.4.1 Samples with broad molecular weight distributions

Fivé commercial PVP-samples, manufactured by BASF (BRD) were used in this
study;.We measured their molecular weights by viscometry in agqueous solutions.
A Fica Viscomatic automatic viscometer was used to determine flow times at six
different concentrations. The temperature was 20° i_O:OOS ©c. Between different
polymer samples the temperature variation was less than 0.01 ®c. Intrinsic
viscosities [ n], were calculated according to Huggins equation:

n_ /e =Inl + [nl? kg (3.26)
sp H .
The relation between M and [n] is givén b& the well known Mark-Houwink—

Sakurada (MHS) equation:
fn] =x M , . (3.27)

where, for polydisperse samples, M must be replaced by the viscosity averaged
molecular weight Mv' The constants K and a have to be determined empirically
with the help of a suitable calibration technigque. A number of values has been
determined by various authors; those given by Frank and Levy (1955) are the
most widely used. However we prefer to adopt K and a values given by Burchard
(1967) for mainly two reasons. .

First, Frank and Levy used light scattering for the calibration. As has
been convincingly shown by Burchard, PVP molecules in aqueous solution associate
to some extent, leading to curved Zimm-plots. If this is not recognized,
evaluation of the data leads to an overestimate of the molecular maés, aspecially

at high M. Burchard avoided this complication by recalibrating his samples in
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éthanol, where association phenomena are absent. He showed also that by a
suitable correction the light scattering results in water can be brought into
perfect agreement with those in ethanol.

Second, Frank and Levy were mislead by the reasonable agreement between
their calibration results in waggr and in chloroform. In chloroform, which is
rarely completely free of water,istrong preferential solvation by water may
occur, leading to higher apparent molecular weights. Such preferential solvation
has been studied in the binary solvent cloroform/ethanol (Chaufer et al., 1975)
and may be even moreipro;ounced in the case of chloroform/water. Frank and Levy
also published MHS constants for PVP in methanol. Because in methanol, as in
ethanol, neither preferential solvation nor association phenomena may be
expected to play a rolé, agreement with Burchard's results for this solvent may
be expectedfand is indeed found.

Burchard's MHS relation for PVP in water is:

[n] = 1.26 107 Mv0'7 (3.28a)

The MHS eguation (3.27) implies a linear relationship ketween log [n] and
log M with a single slope a. However, experimentally one finds that in good
solvents a deviation from the linear relation log [n] = a log M occurs at low
M. Another linear relationship is then found, which a slope which is always
nearly equal to 0.5, irrespective of the slope in the range .of high M (BZanchi
and Peterlin, 1968). This is obviously due to.the fact that the dimensions of
small coils are hardly affected by the nature of the solvent. Bianchi and
Peterlin investigated some 10 low molecular weight polymers and concluded that
In] in good solvents must gradually approach [n}e in the limit of small M.

The remaining question is at what molecular weight the transition from one power
law to the other occurs. This is determined by the fact that the first linear
part of the log [ nl/log M curve should have thée intercept KO (see fig. 3.8).
Values for K.o in various theta soivents have been reported in the literature.
Burchard (1967) gives a value of 8.27 107° am3 g'3/2 mo1? at 20°C in H,0/
acetone (28:72) whereas Eltas (1961) finds 7.5 x 10“5 dm3 g‘3/2 moll/2 at 25
in Hzo/acetone (33.2:66.8). In water, a Ko value of 8,2 x 10_5 (same units)
is found from Burchard's SF plot. We shall therefore use Burchard's value
8.27 x 10—5 also in pure water (2OQC).

' From the intercepts and slopes of the two linear parts of the log [ n]/log M
curve the point of intersection is easily found. The result is M = 12180.

N : g o
Therefore we choose for the MHS equations in water at 20 C

M > 12000 [n] = 1.26 107> MVO'7

i

(3.28a)
0.5

il

M < 12000 [n] = 8.27 107> M (3.28b)
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Fig. 3.8. Schematic representation of log [ n] /log M plot, showing KO and K.

Viscogity averaged molecular weights for each of the samples K12, K17,
K25, KBO and K90 were calculated according to (3.28) and the results are

-

summarized in table 3.2.

Table 3.2. Intrinsic viscosities and average molecula¥ weight of commercial

PVP samples

saMPLE [ n] x 107° M a) M b) m P M c) M /M
3 -1 Voo ! Yoo M v.n

CODE dm™ g g mol g mol g mol "g mol

K, 4.957 3590 1700 3200 2850 2

K, 7.791 - 8875 |

K, 16.40 28100 9400 17400 16000 3

K30 22.15 43200 | |

Kgq 160.4 731000 178000 933000 670000 4,5

a)

Viscosity averaged molecular weight calculated from the intrinsic vicsocity
according to eqgqn. (3.28). ' )

b :
)Average molecular weight calculated from the GPC results.

C)Viscosity averaged molecular weight calculated from the GPC results, assuming
for the GPC solvent Mark Houwink exponents of 0.61 for M > 12000 and 0.5 for
M < 12000 (eqg. 3.32a and 3.32b, respectively).
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Gel permeation chromatography (GPC) is at present the best technique for
studying the molecular weight diétribution. Distribution curves, obtained by
GPC were provided by the manufacturer. Unfortunately, these distributions did
not agree with the viscosity averaged molecular weights, probably because they
belonged to polymer samples different from those employed in the present study.
K aﬁd K, . were analyzed by GPC at AKZO Reseaxrch

i 127 725 90
. % R . X
Laboratories™ . The instrument used was a Waters Associate Gel Permeation

Therefore the samples K

Chromatograph, operated with a chloroform/ethanol (98:2) mixture at 25°C as
the solvent, and.stagagei'(Waters Associate) as the stationary phase. For the
calibration, a relation between the molecular weight and the elution volume
must be known, which can be done using well-defined narrow PVP fractions.
However, such fractions were not available and therefore polystyrene (PS)
calibration-standards were used. In this case an extra relation between the
molecular weights of PVP and PS at the same elution volume has to be found.
A commonly used procedure (Coll and Gildings, 1970; Dot, 1975; Dawkins, 1972)
to find such a relation is the following.

It is assumed that polymer molecules with equal_hydrodyngmic'volumes are
eluted at the same elution volume, irrespective of their chemical nature.
These hydrodynamic volumes V_ are found from Einstein’'s law:

H

v = [ n] = [n]x M (3.29)

H cal cal

where KH is a hydrodynamic constant, [n] the intrinsic viscosity and M the mole-
cular weight. Indices cal and x refer to the calibration standard (PS} and the
unknown sample (PVP), respectively. The intrinsic viscosity is related to M
through the MHS equation (3.27). Inserting this equation into (3.29) with Kcal
and a as the MHS constants for the calibration standard and Kx and a, for

cal )
the unknown we obtain:

aa1 + 1 . log K

x a + 1
X

log M. + -——-C2l X (3.30)

log M cal ax + 1

For the polystyrene standards in chloroform/ethanol (98:2) the following MHS

constants were used ([ n] in dm3-g—1) (Goedhart, 1978):

1.536 x 107> u2" 707 (3.31a)

11.08 x 107> M0-302 (3.31b)

]

M > 15,000 [ n}

It

M < 15,000 {n]

* We gratefully acknowledge the cooperation of Dr. D.J. Goedhart who performed
the GPC analysis and calibrated the results.
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As has heen éointed out above, two pairs.of MHS constants are needed to
describe the intrinsic viscosity in good solvents down to low molecular weights.
For PVP in the chloroform/ethanol (98:2) mixture the constants of the MHS
equation have not been measured. However, both Burchard and Frank and Levy find
that chloroform is a moderately good solvent for PVP. Addition of a little
ethanol to the solvent leads probably to some preferential solvation (Chaufer
et al., 1975) and perhaps to some expansion of the coil. Assuming this expansion
to be negligible we use results for PVP in chloroform. For reasons discussed .

above, we regard Burchard's results as the most reliable ([ n] in dm3 g—l):

[n] = 4.2 1072 MO-6t (3.32a)

This equatiog applies only for high molecular weights. As shown above we can
~include the low molecular weight range by setting the MHS exponent equal to 0.5.
In order.to calculate the complete MHS equation for low molecular weight PVP in
chloroform, we arbitrarily put the validity limit at M = 15.000. The resulting
equation reads:

.os I ..~5 0.5 o e
M< 15,000 (ng = 12.10 x iQ 5 Mo {3.32b)

From eqg. 3.31 and 3.32 we see that for M > 15,000

a = 0.7075 K - 1.53 107"
cal cal -5
a = 0.61 K = 4.2 10
b4 b3
whereas for M < 15,000
-5
a = 0.502 K = 11.08 10
cal cal -5
a = 0.5 = | K = 12.10 10
x z

With these constants, the molecular weight distribution curves were calculated.
The curves are drawn in fig. 3.9. From the curves, number averaged, weight
averaged and viscosity averaged molecular weights can be calculated through

well known equations. These values are tabulated in table 3.2.
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Fig. 3.9. Weight distribution curves for commercial PVP samples (XK, ., KQS and
K, ., BASF, BRD) as determined by Gel Permeation Chromatography
(D.J. Goedhart, AKZO Research Laboratories, Arnhem, The Netherlands).

3.4.2 Fractionated samples

Narrow fractions were prepared from the samples described in the previous

171 ¥ogr Ky and Ky

method of Scholtan (1957). A solution of 10 g of the polymer in 1.5 to 2 1

section by fractional precipitation. For K we adopted the
water was placed in a large separation funnel and acetone was added under
stirring. The temperature was kept constant at 21,5 OCT When the solution

became turbid, some more acetone wés added (50 -~ 300 ml) in order to produce a
sufficient amount of gelphase. The solution was stirred for one more hour and
left to sediment for about 3 days. The viscous gelphase was drained and more
acetone was added to the solution to precipitate the next fraction. Each polymer
sample was separated into about ten fractions, which were then rinsed with

fresh acetone, dissolved into an excess amount of water and freezedried.

Fractions of K,, were prepared in the following way. 51 gr of the polymer

12 .
was dried by evacuating overnight at 7OOC. Then the polymer was dissolved in

. o
200 ml hot toluene‘(90,C) in a stirred 500 ml reaction flask, equipped with a
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reflux condensor. A elear, viscous solution was obtained. By stepwise lowering
the temperature of this solution, et every step separating the clear supernatant
froﬁ the sedimented gelphase by careful decantation, we obtained 9 fractions.
Each fraction was diluted with ethanol and the solvent mixture was removed in

a rotating evaporator. After subsequent vacuum drying at 7OOC they were dis-~
solved in water and freezedried. ' '

All fractions used in adsorption studies were characterized by viscometry
in aqueous solution by the same viscometric measurements as described for the
" original samples (sect$on'3.4.1) and using again eqns. (3.26) and (3.28). We
attempted to characterize the fractions obtained from K12 also by osmometry,
using a Knauer VapourPressure Osmometer. However, unexpectedly low molecular
weights were found, probably because low molecular weight impurities entered
the solutions.

From table 3.3 it can be seen that the fractionation method easily leads
to samples of widely different Mv, That the molecular weight distribution is
considerably narrowed is suggested by fig. 3.10, where GPC curves for fraction
K25/4 and for the unfractionated sample K 5 are shown.'since the curves of
fig. 3.10 were measured in a different column than the one mentioned in section

3.4.1, the results could not be calibrated and we cannot estimate Mw/Mn.

K2574

polymer concentrdtion in effluent

elution volume

-

Fig. 3.10. Gel Permeation Chromatogram of fractionated PVP sample (K25/4) and
unfractionated sample (KZS)'
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Table 3.3. Viscometric characterization of PVP fractions

VISCOMETRY FRACTIONATION
[n] = 103 dmag_1 Mv g mol“1 temp.OC % acetone
K12 K12/1 4.35 | 2 770 - 16 -
Xi5/3 4.60 : 3 090 .+ 16 -
K12/4 4.80 3 370 + 25 -
K12/6 5.15 3 880 + 52 -
K, Ki7/2 © 14.53 23 700 - 78.64
K17/3 9.70 13 300 - 79.82
K17/4 12.2 i8 400 - 80.87
Kf7/6 9.65 13 200 - 82.68
K17/7 7.88 9 080 - 83.46
K17/8 6.20 5 620 - 84.42
K25 \KZS/Z 3.94 98 400 - 75.18
K25/3 3.104 ' 70 000 - 76.16
K25/6 1.785 34.800 - 80.20
K30 K30/4 3.175 72 300 - 75.41
K90 K90/2 27.50 1 580 000 - | 69.99
K9O/3 12.68 523 000 - 70.21
K90/8 4.14 105 000 - 71.79
K90 VT 11.15 435 000 - -
/K9O VIT 7.74 258 000 - -
K90 v 12.74 525 000 - -

3.5 SURFACE ACTIVITY OF PVP

It has been noted in the literature that PVP does not posess appreciable
surface activity (Schwartz et al., 1960), but from at least two other studies
it is concluded that PVP adsorbs readily at the aqueous-air interface.

Glass (1968) conducted surface tension‘measurements at three temperatures
using the drop weight method. Surface pressures of the order of 5 mN m_1 were
found at the higher concentrations (0.01 %). However, the droplet lifetimes

were short (10, 30 and 60 sec) as compared to normal equilibration times for

polymer adsorption. It is thus possible that larger surface pressures develop
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in the course of time. The short droplet lifetimes in these measurements did
not allow to cohclude a time depen&ence.

In contrast, Kul'man (1970), employing the 'embedded bubble method’,
(see Adamson, 1967, p. 28), measured the surface pressure over longer times.
In these measurements, the surface preésure developed very slowly. At 250C it
took more than 20 hours for a 1% solution to reach a constant surface pressure
of about 17 dyne cm—l; at 50°C the changes were faster but the final surface
pressure was almost the same (16.5 dyne cmnl). From these studies, it appears
that PVP displays at least some, although low, surface activity. This may be
related to the hydropﬁobic nature of the backbone chain. The time effects are
of the same order of magnitude as those found by Lankveld and Lyklema (1968)
for the interface betweep paraffine and an aqueous polyvinyl alcohol solution.
Both ¥econfo£mation and displacement of small molecules by larger ones may be
rate determining processes, but since we do not know if the same time effects
are also found with monodisperse samples, it is impossible to. distinguish
between the two.

N

3.6 SILICA

Throughout this study, Cab-0-Sil MS’ manufactured under license by
G.L. Cabot Inc., and virtually identical to Berosil 200 (Degussa), was used as
the adsorbent. The surface of this pyrogenic silica has been the subject of

numerous studies. Below we give a few of the most important results.

3.6.1 Preparation and specific surface area

Pvrogenic (fumed) silicas are prepared from Si‘Cl4 by oxidation in a
hydrogen/air mixture at high temperatures (1000 oC). Amorphous SiO2 particles
are obtained on the surface of which = Si-0-Si = (siloxane-) bonds predominate.
A few = SiOH (silanol) surféce groups are also formed. As the siloxane bond
apparently does not bing water, ‘it is assumed to be hydrophobic (Young, 1958)
and the hydrophylic properties of silica surfaces must be exclusively ascribed
to these few silanol groups.

The determination of the specific surface afea by means of BET gas adsorption
has been investigated by Koberstein and Voll (1970). Their results indicate
that fumed silicés are essentially nonpordus. Both argon and nitrogen can be
used for.the determination of the specific surface area, but for accurate
meaéurements argon is to be preferred because it does not interact specifically

with the surface silanol groups. The specific surface area determined by means

of electron microséopyiis in good agreemenﬁ with the gas adsorption results.
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Cab-0-8il M_ has a 'specific surface area of 200 + 20 m2 g—1 as stated by the

5
manufacturer. This value agrees rather well with results obtained by Rubio and
Kitchener (1976) and by Morrissey et al. (1974). The primary particles have a
diameter of about 10 nm (Koberstein et ql., 1970). It is generally agreed

that heating at temperatures beyond 600°C causes a reduction in specific surface

area due to a sintering process ‘(Rubio et al., 1976).

3.6.2 The nature of the silica surface

The surface of ﬁumea silica carries a number of silanol groups. These are
mainly of two kinds: ‘'free' silanols which do not interact with other OH groups
and ‘perturbed’ or 'bound' silanols which are close enough to other OH groups
to form a hydrogen bond. In the infrared spectrum, these two kinds appear as
quite different species, characterized by a narrow absorption band at 1736 cm“1
and a very broad band, centered around 3650 cm-l, respectively (Kiselev, 1975).
The concentration of surface silanol groups can be measured by means of a
variety of chemical methods (Wavrtmann, 1958; Hertl and Hair, 1968) of by means
of adsorption from solution (Bijsterbosch, 1974). '

At high temperatures, 2 silanol groups which are close enough together

undergo a reversible condensation reaction to-form a siloxane bond undex

evolution of water

Si-0-8i = + Hy0

N
Hi
0
-
o
o
4
1

Hence, a heat treatment reduces the number of surface hydroxyl groups and makes

the silica surface more hydrophobic.

At very high temperatures (1100 OC) only isolated hydroxyls which cannot react

in this way remain (Curthoys et al., 1974). The concentration of the hydroxyl
groups on the surface as a function of temperature has been studied by many
authors with chemical, isotope-exchange, and spectralimethods. Young (1958)
compiled a number of results indicating that the hydroxyl group density decreases
from about 4.6 nm._2 at 180°C to values as low as 0.5 nm_2 at 1000°cC. Fig. 3.11
shows also a compilation of results by Kiselev (1975, p. 80) and Bode et al.,
(1967).. Various models have been proposed to describe the arrangement of

silanol groups on the silica surface (Peri and Hemseley, 1968; Armistead, 1969).

but as yet no general agreement exists.
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Fig. 3.11. Concentration of surface silanol groups as a function of the
temperature of heat treatment (under vacuum). Data from (a) Kiselev

(1975, p. 80) and Bode et al. (1967, p. 578).

However, it is clear that the silica surface is heterogeneous with respect
to adsorption and that.the degree of heterogeneity depends on pretreatment
conditions. On a fully hydroxylated‘and largely hydrophilic surface hydrogen
bonding. will be an important adsorption mechanism. The surface of silica heated
at 1000°C will be largely hydrophobic so that adsorption by means of '
hydrophobic bonding or Van der Waals forces .is more likely to occur. If a
substance is only capable to adsorb through the latter mechanism, we may expect
a strong dependency of the adsorbance on the preheating temperature. Such a
dependency has been found in the case of the adsorption of partially (2%)

esterified polyvinyl alcohol. The adsorbancé of this substance increases from
essentially zero on a fully hydroxylated silica to about 0.75 mg mfz on silica

preheated at 800°C (Tadros, 1978; Trienckens, 1976).
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From the survey of the prdperties of PVP in the preceding sections (3.2.3)
we know that PVP is capable of forming strong hydrogen bonds. Therefore it can
be ekpected to adsorb from non aqueous solution onto silica through hydrogen
bonding. However, parts of the chain are hydrophcbic, which gives rise to a
weak surface activity in aqueous solution. Therefore it is possible that
hydrophobic bonding also plays a role in the adsorption at the silica/water

interface.

3.6.3 Dispersions of silica in water and in dioxane

The point of zefo charge of fumed silica in water was found to be between
PH 2 and 4 (dbendroth, 1970). Therefore in the salt-free aqueous medium at
neutral pH (= 7) a silica dispersion is stabilized by some negative charge
(Abendroth~ 1972). From photoncorrelaticn spectroscopy it is known that in
dispersions the primary éilica particles are present in the form of aggregates,
probably branched chains. (Winter, 1973; Bode et al., 1967) . These aggregates
can be degraded to some extent by strong shearing forces {ultrasonication),
but do not disappear, even on prolonged treatment. Nevertheless, sedimentation
of the stable aqueous dispersion on standing, even after months, is hardly
observed.

Surprisingly, silica forms also a completely stable sol in dioxane, in
spite of the low dielectric constant of this solvent (2.2 at 250C). Perhaps
dioxane, as a strong proton acceptor, is able to take up a few protons from
the silica giving the surface a few negative _charges° The resulting electro-
static repulsion is apparently just strong enough to prevent aggregation by
the Van der Waals forces in this solvent. These forces are probably weak since
the refractive indices of silica and dioxane are very similar (1.452 and
1.4224, respectively). However, we have no evidence for the existence of surface
charge on silica in dioxane. On the surface of crystalline silica (quartz) the
electrokinetic potential was found tc be zero in dioxane containing small amounts

of water (up to 0.5%) (Shukov et al., 1970).
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Chapter 4

Experiments on the adsorption and desorption of PVP

4.1 ADSORPTION EXPERIMENTS

We investigated the adsorption of PVP from aqueous and from dioxane solutions.
Properties of PVP and diocxane have been discussed in chapter 3. In this section
‘we describe the experimental methods. Results are given and discussed in section
4.2. For most experimen%s, the silica was treated at 140°C for 16 hours under
atmospheric conditions, and subsequently cooled in a desiccator with CaCl2 as
the drying agent. This treatment removes adsorbed water, but does not affect
the number of silanol groups on the surface (see 4.2.4). Silica dispersions
{sols) were prepared by placing a known weight of silica in a volumetric flask,
after which part of the solvent was added. Ultrasonication at 25 kHz (Branson
PP 300) was then applied for 15 minutes, and further solvent was added up to the
mark. In all cases this procedure resulted in dispersions of sufficient stability
in both water and dioxane; no sedimentation could be observed over a period of
several weeks.

Adsorption experiments were carried out by bringing together known volumes
of sol and polymer solutions in small vessels, which could be firmly closed by
suitable caps. Thorough mixing was accomplished by slow end-over-end rotation
for 16 hours. The adsorbed amount of polymer was determined by the depletion
method. To this end, the samples were centrifugéd for 20 minutes at 15,000 g
and the polymer concentration in the supernatant was.measﬁred.

The concentration of QVP in aqueous solutions is readily determined employing
the intense UV absorption of the polymer at 196 nm (see 3.2.2). The absorbance
measured is directly proportional to the concentration of monomer units, and thus
to the weight concentration of PVP in the solution; it does not depend on the
average molecular weight of the sample. In this,reséect‘it is more reliable than
a colour reaction (e.g. the formation of a reddish-brown complex with KI/IZ)'
However, the measurement of this far UV absorbance is only possible in agueous
solutions. Also, many compounds including simple salts and trace impurities
may interfere. Therefore the samplesmust be prepared with great care. Absorbance
measurements were made in 10 mm quartz cells with a Pye Unicam SP 1800 double
beam spectrophotometer at a slit width of 0.63 mm. A good straight calibration
line washobtained up to 10 mg dm‘.3 (see fig. 4.1). At higher concentrations
deviations from tﬁe_straight line occur, due to stray light reaching the
detector. Samples with higher concentrations than 10 mg dm_3 were therefore

diluted.
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Fig. 4.1. Ultraviolet absorbance of agqueous PVP solutions as a function of
concentration c. Pathlength: 10 mm; wavelength: 196 nm.

The concentration of PVP in dioxane could be deterhined by evaporating the
solvent from a 1.0 or 0.5 ml aliquot at 80°C in an evacuated stove. The dry
polymer was redissolved in water and the concentration was determined spectro-
photometrically as described above. The procedure was tested starting from

PVP solutions of known concentration in'dioxane, and found to be satisfactory.
For accuréte measurements we prepared a blank by mixing pure dioxane with silica
and treating the supernatant as described above.

Adsorbed amounts were always expressed in mg m_z,’adopting a specific surface

area of 200 m2 g—-1 for the adsorbent (see chapter 3).

4.2 RESULTS AND DISCUSSION

4.2.1 Adsorption time

The amount of K9O adsorbed from water was measured after 1, 3, 6, 24 and
96 hours of mixing. The silica concentration was 1.47 g dm_3 and the starting
concentration of the polymer 780 mg dm_3..The results are plotted in fig. 4.2.

It can be seen that the adsorbed amount A increases during the first 10 hours,
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after which a virtually constant value is reached. A similar result was obtained
for the adsorption'from dioxane. Maxima, such as those reported by Gargallo

(1977) could not be detected.

10t~
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Fig. 4.2. Adsorbed weight of PVP K90 as a function of time. Solvent: water.

In one experiment the weight adsorbed from dioxane continued to increase over
a period as long as 600 hours. It could be demonstrated though, that this was
due to the penetfation of atmospheric moisture into the sample bottle. With
increasing water content, the solvent becomes poorer and PVP tends to adsorb
in larger amounts. This unusually strong time'dependence is not present if
completely air-tight bottleé are used, and if the solutions are handled in
a moisture-free atmosphere. For~this reason we carried out all adsorption
experiments in dioxane in a glove-box filled‘with.ons—dried air.

Time dependencies of the type represented in fig. 4.2 are frequently
observed in polymer adsorption (Koopal, 1978, p. 67; Vander Linden, 1976,
p.- IV 8). It is sometimes assumed that reconformation processes play an impor-
tant role in determining the rate of adsorption. However, for polydisperse
polymers, this is not the only possibility since small chains on the surface
may be replaced by bigger ones, leading to a slow increase in the adsorbed

amount. The time scale of such processes is not known, but it is to be expected

that they contribute significantlyrto the overall time dependence. On the basis
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of the observations mentioned above, ‘and for practical reasons, we chose 16

hours as the adsorption time in all experiments.

4.2.2 Effect of molecular weight

In the previous chapter (3.4.2) we described the properties of narrow
molecular weight fractions of PVE. A number of these were used to determine
the dependence of the adsorbed amount on molecular weight both from water and
from dioxane. Isotherms were measured over the concentration range from zero
to 1000 mg dm_3. A few representative examples for dioxane are given in fig. 4.3.
The silica concentration was kept constant at 3.25 g dmm3 for the experiments
in dioxane and at 3.41 g dm.3 for the experiments in water.

- The adsorbed weights for all fractions at an equilibrium PVP concentration

of 860 mg dm~—3 were taken from these isotherms and plotted against log M .
where M is the molecular weight of the fraction calculated from its 1ntr1n51c

viscosity (see table 3.3). Fig. 4.4 summarizes the results for both solvents.

o 2 : 2 K90/2
[
° o o G K30/i4
_ 9. K25/6
Y i v
O o 'u) o= Ki2/6
i I "1 i 1 |
400 600 800 1000 1200
c/mg dm-3

Fig. 4.3. '‘Adsorption isotherms of PVP from dioxane, for 4 different fractions:

K12/6 (Mv = 3880)
K25/6 (Mv‘= 31,800)
K30/4 (Mv = 72,300)
K90/2 (MV = 1,580,000)
The amounts adsorbed from water range from 0.2 to 1.0 mg m—2, Below M = 104
6

the adsorbed amount increases strongly with increasing leg M but for Mv > 10
-2

A seems to attain a limiting value which is slightly higher than 1 mgm"™.

In dloxane the adsorbed amount rises also with increasing M but much higher

adsorbances are reached than in the case of water. Again, the dependence of

Ve

A en Mv becomes weaker for hlgher M but a plateau is not yet reached for M <

1.6 x 106
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Fig. 4.4. Adsorbed amount of PVP at c¢ = 800 mg dm—3, as a function of molecular
weight.
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At very low MV both curves tend to very low adsorbed amounts. This means
that short chains (oligomers) adsorb only weakly from these solvents. This agrees
with the observation that the adsorbed weight of the monomeric analoque N-ethyl-

pyrrolidone, at the <ame concentration of 800 mg dm‘3, is uricietectably small.
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‘The results presented in fig. 4.4 show that the adsorption depends strongly on
the solvent used. Generally, this may be caused by twe factors, namely the
polymer—solvent interaction parameter X and the segmental adsorption energy
parameter Xs' Both a higher x (poorer sclvent) and a higher Xs (stronger attach-
ments of segments) lead to higher adsorbed amounts. Since dioxane was found to
be a poorer éolvent than water,‘especially at high segment densities (see 3.3.2
and 3.3.3) and since water has a higher adsorption affinity for silica than
dioxane (Curthoys, 1974) so that, probably, Xg in dioxane is higher than X in
water, the results of fig. 4.4 are‘qualitatively in agreement with theoretically
predicted trends (Séheutjens and Fleer, 1979).

Moreover, we have shown in section 2.6.1 (equation 2.22) that the volume
vljof the solvent molecule may also play an important role. For water and dioxane,
these volumes differ by a factor of 4.75. It is possible that this difference
contributes to the differences in adsorbed amounts between both solvents. A more
detailed comparison with theoretical results is needed to determine the relative
importance of ¥, Xg and v,. Such a comparison will be made in chapter 6.

1

4.2.3 Effect of polydispersity and adsorbent concentration

In section 2.7 we discussed briefly in what respects the adsorption of poly-
disperse polymers differs from the adsorption of monodisperse samples. These
ideas have been elaborated in more detail in a recent article (Cohen Stuart et al.,
1980). In studying the adsorptioh of PVP from water and from dioxane we obtained
some results which strongly corroborate the ideas presented in this article.
Below we discuss these results.

One of the predictions of the model of Cohen Stuart et al. is that the
adsorption isotherm for a simple binary mixture of two monodisperse polymers
should have three distinct regions: an initial steep rise, a linearly increasing
part and a nearly horizontal plateau coinciding with the adsorption plateau of
the highest molecular weight fraction. The linear part arises because the larger
molecules adsorb preferentially,>thereby displaciﬁg originally adsorbed smaller
ones. This preferential adsorption determines how many small' and how many large
molecules from a given amount of mixture (of a given composition) can be accomo-
dated on the available surface area. In other words, the available surface area
determines how the total amount Atot of polymer in the system, per unit of
surface area, is distributed over the surface (A) and the solution (Ax). Since
A. = cV/S (where V is the solution volume and S the available surface area),

*
we find that, at given A, ¢ is inversely proportional to V/S. Accordingly, for

a binary mixture, the linear part of the isotherm should have a slope proportional
to V/S. Also, isotherms at different V/S should coincide if plotted as A(Aig

instead of as A(c).
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In order to check these predictiohs'we used a mixtu:e of the fraction
K9O/V (MV = 525,000) and K12/3 (Mv = 3,090) in the welgbt ratio 1:3. This gives
a bimodal molecular weight distribution comparable to the simple binary mixture
mentioned above. Adsorption isotherms for twe different adsorbent concentrations
are shown in fig. 4.5 (solid lines) together with the individual isotherms for

both fractions (dashed lines).
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Fig. 4.5. Adsorption isotherms from water of a sample with bimodal molecular
weight distribution, obtained by mixing fractions K9O/V and K12/3
1:3 ratio, at two silica concentrations. )

in a

The isotherms of the mixtu;é clearly show the discontinuous pattern predicted
by the model of Cohen_Stuaft et al. Moreover, the slopes of the two linear middle
regions differ by a factor of 3.65 which compares faVourably to the ratio of
4.07 between the two silica concgntrations,

For a continuous distribution,. which contains many~components of different
M, the slope of the isotherm will change in a continuous manner as longer molecules
displace shorter ones. Therefore, éuch samples show 'rounded’ isotherms(i.e. A
increases only gradually with c. Narrow fractions show a much sharper bend be-
tween the very steep initial rise and the nearly horizontal plateau. These
differences are'illustrated in fig.r4,6 where isotherms of the fraction K90/2

(MV'= 1,600,000) and the polydisperse sample K (Mv = 730,000) are given.

90
The adsorbent concentrations werzs 3.25 g dm.'3 and 2.1 g dm—3, respectively.
It is seen that the fractionated sample adsorbs in higher amounts and shows a

much 'sharper' isotherm than the polydisperse sample.
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If K and K 0/2 had been identical polymer samples, the result would have been

30 9
reversed because of the higher silica concentration for the latter.
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Fig. 4.6. adsorption isotherms for a polvdisperse polvmer sample (K9O' dashed
’ line) and a fraction thereof (K90/2: solid line).

The effect Qf the surface to volume ratio S/V can also be demonstrated on poly-
disperse samples. In fig. 4.7a we show adsorption isotherms of the polydisperse
sample K17 fgom H20 at two digferent silica concentrations in the ratio 5:1‘

(7500 mg dm and 1500 mg dm ~, respectively). At given A, the polymer equilibrium
concentrations should here be in the ratioc 1:5. We replotted both isotherms as

A (Ax) in fig. 4.7b. It can be seen that the curves.nearly coincide. Koopal,
studying the adsorption of polyvinylalcohol on silver iodide, reported also
isotherms at different adsorbent concentrations (Koopal, 1978, p. 70). His re-

sults depend in the same way on the parameter S/V as ours and lend further

support to the ideas presented by Cohen Stuart et al.
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Fig. 4.7. Adsorption isotherms of polydisperse PVP XK17) from H2O onto silica,
at two silica concentrations.

From the results discussed above it can be concluded that an adsorption isotherm
of a polydisperse mixture carries information about two things. TheAcomposition
of the adsorbate mixture, i.e. the molecular weight distribution, and the depen-
dence of the adsorption plateau on molecular weight (for monodisperse polymers),
A (M), must both be reflected in the isotherm’s shape. In their paper, Cohen
Stuart et al. presented a method to derivé either A (M) (from a known molecular
weight distribution) or the molecular weight distribution (if A (M) is known)
from experimental isotherms. We attempted to apply this analysis to the adsorp-
tion of PVP from water, but the agreement Qith the independently determined
molecular weight distributions (section 3°4.1) and A (M) (see fig. 4.4) was far

from satisfactory.



The disagreement probably érises because of the simplicity of the assump-
tions underlying the applied analysis. First, Cohen Stuart et al. assumed that
the plateau of isotherms for monodisperse samples is always completely horizon-
tal, i.e. A is independent of the concentration. In reality however, such a
dependence exist, though usually it is weak. Second; the preference of large
molecules ovei smaller ones is certainly less pronounced than was supposed.

The fractionation process thus does not cut the molecular weight distribution
sharply at some well-defined molecular weight, but the compositions of bulk

and surface phase vary rather smoothly with molecular weight. (Felter et al.,
1969; Vander Lindenzet al., 1978b). Hence, the analysis of Cohen Stuart et al.,
though qualitatively correct, lacks refinement.

We conclude that many important consequences of preferential adsorption may
be considered to be well understood. This understanding may serve as a basis for
a more refined analysis which appears to be needed if experimental isotherms
of polydisperse samples are used.to obtain information about the adsorption of

monodisperse polymers.

4.2.4 Effect of pretreatment of silica

As has been pointed out in section 3.6.2, the hydroxyl (silanol-)group
density on the silica surface can be reduced by means of heating. In order to
get some information about the importance of these silanol groups in the adsorp-
tion process we studied the changes in adsorption behaviour induced by such
heating. To this end silica was heated for 16 hours in platinum crucibles in a
small cylindrical oven (Heraeus). Temperature was controlled within i_3oC).

Due to a sinterxring process the specific surface area of siliqa is reduced
by heating at temperatures higher than 6OOOC (see section 3.6.1). Therefore, we
determined the specific surface area SSp after a standard heating procedure by
BET nitrogen adsorption. The results, including the relative reductions, are
summarized in table 4.1. This table also contains.values obtained by interpolation
between results of Rubio et al. (1976), which apply toy24 hours of heating.

The relative reduction found by Rubio et al. is considerably larger for the
heating temperatures 900 and 1000°C. This may be due to the fact that they
neated for a longer time.

Adsorption isotherms for preheated silica samples are given in figs. 4.8
and 4.9. Fig. 4.8 shows that heat treatment up to 600°C does not affect the
adéorptiqn from dioxane. However, the amount adsorbed on silica heated at 900°¢

is severely reduced even when accounting for the reduction in specific surface

area.
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Table 4.1. Specific surface area of Cab-0-Sil MS silica as a function of

pretreatment temperature. * Rubio et al. (1976).

T/°c (16 hours) Rubio (24 hours)™®
S % S %
sp , sp
450 203 100 169 99
600 203 100 165 96
800 173, 85 _ 136 80
900 169 83 111 65
1000 164 81 9 56
1050 . 118 ~ 58 92 54
~ A
15 e me—m——-=300,600"C
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Fig. 4.8. Adsorption isotherms for PVP K25 from dioxane onto heated silica.
Heating temperatures:

s 300°%C
A 600°C
a 900°¢c .
Silica coencentration: 2 g‘dm_3
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For the adsorption from water a different behaviour is observed (fig. 4.9).
Using our own surface area data, we calculated a slight decrease of the adsor-
bance on silica heated at 9OOOC. However, after heat treatment at 1O2OOC the
adsorbed amount is considerably increased. If we calculate adsorbances with
the specific surface area given by Rubio et al., we find a strong increase in
both cases. It appears from thesé results that PVP adsorbs readily from water
on a virtually hydrophobic surface. This is in line with observations of Glass

(1968) and Kul'man (1970) that PVP adsorbs also at the aqueous/air interface.

¢

h ° o~ 1020 ‘¢
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Fig. 4.9. Adsorption isotherms for PVP KQS from water onto heated silica.
Heating temperatures: o 120°%¢
a 900°¢c
01020°C

Silica concentrations are indicated.

From the results discussed above it appears likely that PVP adsorbs on silica
through various mechanisms, depending on the solvent. In dioxane, adsorption is
prbmoted by the presence of silanol groups. Therefore, we conclude that the
formation of hydrogen bonds between silanol groups and carbonyl groups of the
polymer is the most important mechanism.

On the other hand, in water the adsorbed amount increases as more silanol
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groups are removed. This speaks in favour cf a hydrophobic interaction between
ﬁhe polymex and the surface. The Adsorption of polyvinyl-alcohol (PVA) and poly-
acrylamide (PAAm) on silica are both also increased by pretreatment of the
silica at high temperatures (Grict and Kithener, 1965; Tadros, 1978). This is
also explained as indicative of hydrophobic bonding. However, whereas the adsor-
bance of PVA oﬁ a fully hydroxylatied -('aged') pyrogenic silica is very low
(Tadros, 1978), the adsorption of PVP on such a surface is still appreciable.

In this respect it behaves somewhat like Polyethylene oxide (FubZo and Kithener,
1976) . Probably, the ogcurrence in the agueous systems of hydrogen bonds with

the surface cannot be éuled out completely for these polymers.

4.2.5, Influence of pH

In order to check whether the slight changes in pH (maximally about 0.3
units) which were observed during adsorption of PVP from water could affect the
adsorbed amount to any extent, we measured the adsorbed weight at three pH values:
3.3, 6.0 and 9.0. From these results we conclude that even if the pH changes by

0.3 units the differences in adsorbed weight are of the order of 0.6%, which is

less than the measuring accuracv (see fig. 4.10}.

1.0
A

mg m-2

Qoo

0.9

08 | R | !
3 5 6 7 8
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Fig. 4.10. Adsorbed weight of PVP K90 from water onto silica as a function of pH.
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"Usually the pH chénges were even less than 0.3. The adsorbed weilght is highest
at low pH and décreases about 6% over the range from 3 to 6; at higher pH no
further reduction in A is observed.

These results show that the adsorption of PVP depends only weakly on the
surface charge of the silica. Since the dissociation of silanol groups, occur-
ring at pH > 3 should effectivély prohibit the formation of hydrogen bonds
between silanol groups and the polymer, we conclude that the adsorption of
PVP from water canncot be characterized by many hydrogen bonds. Instead, hydro-
phobic interactionsxcouid play an important role. These interactions are only
indirectly influencéd by the surface charge. Since the monomer unit is rather
polar, it is not likely that its adsorption from water would be very sensitive
to ‘changes in the surface charge. Hence, the conclusion that for the adsorption
of PVP from water onto silica hydrophobic bonding is important (see secticn

4.2.4) is further supported by the observed weak pH dependence.
4.3 DESORPTION MEASUREMENTS

4.3.1 Theovetical introduction

Each of the theories discussed in chapter 2 predicts that adsorption of a
polymer (from dilute solution) occurs only if the adsorption (free) energy Xgr
associated with the exchange of a segment in the bulk solution with a corres-
ponding volume of solvent at the surface, is larger ﬁhan a certain critical
value. We shall denote this value as Xs,cr' The reason for the existence of a
Xs,cr (usually a few tenths of kT} is that the loss in conformational entropy
experienced by the adscrbed molecule must be outweighed by a decrease in free
energy through the formation of polymer-surface contacts.

As was pointed out in section 2.2.2, XS is an exchqnge (free) energy.
Segmental attachment to tﬁe surface is accompanied by displacement of solvent
molecules from the adsorption sites and, hencé, Xs is the energy difference
between the polymer/surface and solvent/surface interactions. If the latter
interaction is particularly strong, Xg remains below its critical value, and
adsorption is impossible. Hence, solvents may exist which prohibit adsorption
(we will call such solvents displaceré), whereas from other solvents, adsorption
occurs ('normal solvents'). It is easy imaginable that by varying the composition
of a mixture of a normal sclvent and a displacer, we may pass from one type of
behaviour to the other. Below. we will investigate the relation between the
composition of such a mixture and its effect on adsorption from a dilute polymer
solution. ;

In chapter 2 we introduced the weighting factor by for a step in or into
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5

léyer i; pi'may also be regarded as‘the equilibrium constant for the exchange

of a segment in the bulk solution and solvent molecule(s) in i. Since no polymer
molecule can be adsorbed without having at least one segment in the first layer,
we are interested here in the weighting factor for the first layer, Py In

terms of the polymer adsorption theory of Scheutjens and Fleer (1979), for a

polymer in an athermal solvent (x = o), p1 is written
o) 0. v
p, = (9, / ¢¥} eXp X, (4.4)

o) o . .
Here, ¢1 and ¢* are the solvent volume fractions in the first layer and in the

bulk solution, respectively.

'

Adsorption can only occur if P, exceeds a certain critical value Py o if
~ v
pl < p1 or’ no adsorption takes place. Critical conditions, where the segment
’
density in the first layer just vanishes (¢2 + 1) are reached if Xg is equal

to xs er® For the dilute solution (¢; - 1) this means that
¥

= . .5
Pl,cr exp Xs,cr ’ (4.5)

Let us now consider a mixture of a 'normal' solvent and a displacer, D.

Again, critical conditions are reached if p1 = p1 cr However, in this case the

reduction of p1 is not brought about by-a decrease in adsorption energy (xs) but
o

®

adsorption of D, so that ¢1, the volume fraction of D in the first layer,

by a decrease in the factor ¢? / ¢ . The cause of this decrease is the strong
becomes larger than the bulk value ¢§. The adsorbed amount of D is determined
by the exchange free energy‘xg; we may write, analogbusly to (4.4):
D o, .0 D - :
= 4.6
P, (¢, / ¢§) exp X . (4.6)
Since D is a small molecule, it may be regarded as a monomer. This means that
we may identify the equilibrium constant p? with ¢? / ¢i. Then, eq. (4.6)
becomes identical to the Langmuir éqﬁétion for the adsorption from regular
soiutions:
D D o o D :
o= .6
by /b= (b /b ) exp X (4.6a)
As before, critical conditions are characterized by a vanishing density of
polymer segments in the first laver.  However, this layer contains now solvent

and D, so that ¢S = 1 *.¢?.
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o ' : . o ., D

For the dilute polymer solution we may write, analogously ¢X =~ 1 = ¢ﬁ.

. . . . . D D
Substituting these expressions into (4.4) we find p, in terms of ¢1 ‘ ¢X and Xg-
; . D,
The same substitution in (4.6a) gives us ¢1 in terms of ¢x and Xgr SO that we

L. D . D D . -
can eliminate ¢1 and write p1 in terms of ¢X ’ Xs and Xg Since we have critical
conditions, p, = pl,cr and we can replace P, bij exp Xs,cr (egq. 4.5). Denoting

the volume fraction of D in the%bulk solution under critical conditions as

D .
¢k,cr, we find
¢D ) ex? (Xs - Xs,cr)'— 1 B exp AXS -1 .7
*,cr D - D :
exp Xg ~ 1 exp X ~ 1

Here, we defined Axsxés the difference between Xg and Xs,cr'

although the derivation of (4.7) was given fur a cowpletely athermal mixture
(all y-parameters are zero) it applies equally well to other solvents and
displaéers. Since the polymer concentration in the first layer vanishés, so does '
the contribution of the free energy of mixing to Py for any y. A derivation
includiné all interactions between polymer, solvent .and displacer can be given
but it is found that‘their contributions vanish underxr critical conditions.

Inspection of eq. (4.7) brings us to the important conclusion that we may
relate a critical volume fraction ¢£,cr of substance D to the adsorption energy
parameter XZ of D and to the 're;idual' adsorption energy parameter AXS of the
polymer (both with respect to a given solvent). Measurement of ¢i,cr enables
us to determine Axs for a given polymer/solvent combination, provided that we
know xg from a separate adsorption experiment.

For the derivation of eq. (4.7) we used the weighting factor p, as defined
in eq. (2.21) without any reference to the bulkiness parameter b defined in
section 2,6.1. This implies that AXS, as found from eq. (4.7), has the meaning
of a residual adsorption energy of a chain portion with the same effective
surface area as a diéplacer molecule. In order to derive from this the Axg per
statistical segment we should speéify how many adsorbed displacer molecules
must be removed when a segment adsorbs in their place. We consider this gquestion
in the last chapter (section 6.1.4).

Expression (4.7) was also obtained independently by S$Zlberberg (1970), on
the basis of his own adsorption theory, but by way of a much lengthier derivation.
From a more general expression, he finds (4.7) for the particular case of a
completely athermal mixture.

To éur knowle@ge, Xs oY AXS have ne&er been determined experimentally.

Eg. {(4.7) enables to do so, provided that suitable displacers can be found.

We tried to find a number of effective displacers with different adsorption
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affinity (i.e. different Xz) in order to see whether a reliable value of Ay _
. . >

could be obtained. In view of the acidic nature of the silica surface we

selected substances with basic properties. The experiments and the results

obtained will be described in the next two sections.

4.3.2 Experimental methods

The critical displacement volume fractions ¢i’crwere determined, both in
“water and in dioxane, for f}ve different substances: N-methylpyrrolidine (NMP),
N-ethylmorpholine (NEM)!, pyridine (PYR), dimethylsulfoxide (DMSO), and N-ethyl-
pyrrolidone (NEP). All these substances are completely miscible with water and
with dioxane. Some relevant data were given in chapter 3, table 3.1

AYdesorption experimént was carried out as follows: to a weighed amount
of about 200 ﬁg dry silica in a 50 cm3 bottle, a solution of aboui 33 wy PV
K90 in thg requi;ed amount of solvent was added, and the mix;ure was gently
shaken by end-over-end rotation for one hour. Next, displacer was added and
the sample was rotated overnight. When very little solvent and much displacer
was used, the polymer was dissolved in the displacer and then added to the
silica together with the required amount of solvent. In 21l experiments, the
final amount of liquid was 10 cma. After 16 hours the adsorbent was separated
from the supernatant by centrifugation and the adsorbed amount of PVP was
determined. In all cases, except with NEP, the following method could be used.

Al cm3 aliquot of the supernatant was evaporated under reduced pressure
(ca 1 torr) at 80°C. When completely dry, the PVP was redissolved in a known
amount of Hzo and the concentration of the resulting PVP solution was deterx-
mined spectrophotbmetrically (see section 4.1). In the presence of strongly
basic substances (NMP, PYR)iPVP sometimes reacted upon heating to an insoluble,
probably slightiy cross-linked, product. This reaction could be suppressed by
adding some water or ethanol to the samples during the later stages of the
evaporation process.

NEP has a very high boiling point, so that it could not be removed by
evaporation at 80°C. Due to the similérity between NEP and the monomer unit of
PVP, NEP has almost the same UV-spectrum as PVP and therefore it must be'
separated from the polymer as completely as possiblé. The following methods
proved suitable for the determination of adsdrbed amounts from mixtures
containing NEP.

From aqueous mixtures, 1 ml of the supernatant was pipetted into a small dia-

lysis tube, which was bent into U-shape. The ends were kept open, and the bag

was carefully suspeﬂded in a 1 litre beaker-with distilled water (see fig. 4.11).
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Fig. 4.11. Experimental arrangement for the removal of NEP from aqueous mixtures.

NEP could diffuse through the membrane, whereas PVP was retained. The water was
tested for the presence of NEP by measuring the.UV-absorbance at 196 nm, and
replaced reqularly. After three days all low molecular weight substances had
been rem&%ed and the contents of the bag were quaﬁtitatively transferred to a
volumetric flask. The PVP concentration was again determined by spectrocphcto-
metry.

The dialysis method failed to give reliable results in the case of dioxane/ .
NEP mixtures. Therefore we measured the adsorbed amount directly by a gravimetric
method. The silica was recovered by filtration over a previously dried and
weighed paper filter. The residue, containing. the adsorbed PVP was rinsed
thoroughly with distilled water and some acetone (which is a non-solvent for
PVP) and dried at 100°C to constant weight. It was checked that the paper filter
did not adsorb PVP in measurable amounts and that the filtrate was spectrosco-~
pically pﬁre water. The adsorbed émount was'thén calculated as the difference
in weight between the dried residue and the bare silica. It was checked that
no more NEP could be extracted frqm the silica when redispersed in HZO, The
reproducibility of the adsorbed amount was found to be within 7%. .

The adsorption isotherm of each of the displacers, from dioxane and from
water (without PVP) was determined in the following way. Solvent and displacer
were mizxed in various proportions to cover a suitable concentration range.

To 200 mg portions of carefully dried and weighed silica, 10 cm3 aliquots of
these mixtures were added and the samples were shaken for at least 2 hours at
room temperature. The silica was removed by centrifugation and the difference
in compesition of the fluid mixture befofe and after adsorption was. determined
either interferometrically (NEP, DMSO, PYRy NEM) or titrimetrically (NMP).

For interferometry, a Zeiss instrument was used with cells of 20 mm path-

length. The cells fitted into a thermostatted bath, which was filled with water
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in most cases. A.température of 20‘1_0;1 °c was maintained and the samples

were equilibrated at this temperature before any measurement. Readings taken
immediately after filling the cell gave reproducible results. After waiting

for some time, we found in several cases large deviations, ﬁrobably due to
concentration changes brought about by evaporation. For each series a calibration
curve was obtained by diluting a sémple with small portions of solvent. In this
way, concentration differences of the order of 1% could be measured to within

5% of this difference. '

With NMP, the most basic representative of our displacers, the interfero-
metric measurements led to strange results. Adsorption isotherms were poorly
reproducible and showed a maximum adsorbed amount as a function of the concen-
tratidn. We regard this anomaly as an artefact. It may have been caused by
dissolution of small amounts of silica in the NMP solution, but we are not sure
of this. In order to avoid.these problems, we measured the NMP concentration
by acid—bése titration. We employed a Metrchm titrating potentiograph E 436,
equippéd with a combined glass/calomel electrode. Dilute hydrochloric acid,
about 0.02\N, was the titrant. Solutions were titrated'under nitrogen atmosphere
in order to avoid interference by CO,. Both the original solution and the
supernatant after adsorption were tigrated and.the difference in composition
(due to adsorption) was calculated f:om the difference in titrant needed to
reach a specified pH. We choose a pH of 6.5 in the steep part of the titration
curve for makimum accuracy. This pH may differ from the pH of.the exact point of
equivalence, so that absolute concentration values carry a systematical error.
The error is eliminated by taking the concentréfion difference. The titration

technique led to reproducible results..

4.3.3 Results and Discussion
Displacer adsorption isotherms

Adsorption isotherms for each of the displaceis from water and from dioxane
are given in figs. 4.12 and 4.13, xespectively. Adsorbed amounts are plotted as
a'function of displacer volume fraction ¢i. In water (fig. 4.12) the weakest
adsorption is found for DMSO. This adsorption isotherm has the smallest initial
slope: increasingly higher slopes are found for NEP, PYR, NEM and NMF, respec-
tively. A striking feature of fig. 4.12 is that the isotherms seem to reach’very
different adsorxption plateaus. A low plateau is found for DMSO and NEM (about
0.08 mg m~2); intermediate values of about 0.15 mg m_2 may be estimated for NMP
and NEP. The adsorption of PYR reaches a value of 0.35 mg m‘2 in the concentra-
tion range studied but continues.té increase well beyond that wvalue.

In dioxane (fig. 4.13) it is PYR which show the weakest adsorption; the



- 83 -~

initial slopes increase in the order PYR, NEP, DMSO and NEM, respectively. The
adsorptidn isotherm for NMP shows a maximum at ¢2 = 5 x 10—3. Perhaps this is
an artefact; its occurrence is difficult to explain. Dissolution of silica, as
suggested in connection with interferometry (previous section), is not likely

to occur in dioxane.
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Fig. 4.12. Adsorption isotherms of displacers from water onto silica.
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As in the case of water, the adsorption plateaus are widely different.
The lowest plateau (about 0.15 mg m'2> is found for PYR and NEP. The adsorption

plateau of DMSQO is of the oxrder of 0.30 mg m—-2 and NEM reaches adsorbances of

at least 0.60 mg m_2.

In the derivation of eq. (4.7) it was assumed that the displacers can be

considered as monomers and adsorb &according to a Langmuilr equation, eg. (4.6a).

We may rewrite this equation in the following way:

-
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Fig. 4.13. Adsorpticn isotherms of displacer from dioxane ontoc silica.
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D

4 ¢ 5
T T TLp s (4.8)
-4, 1 - ¢

The surface coverage ¢? may be identified with the fraction of the maximum
(monolayer) adsorbance amen whiéh is adsorbed, so that ¢? =A/ A", values
of Xg may be obtained by linearization of the isotherm (4.8), provided that ¢§
is low enough so that A\is equal to the experimentally measured surface excess Aex

(Hansen, 1951). The'relevant equation reads:

D
*

mon

-1
mo (1 -1/ ex ) /& (4.9)

i D
/ A= (A exp XS) + 9
~,D . D \ N
1f we plot ¢¥ / A versus ¢Z we find 1/Am°“ and (exp Xg ™ 1) trom slope and
intercept, taking their sum and their quotient, respectively. Experimental values
mon D , . . . . '
for A and Xs obtained in this way are given in table 4.2. Results for NMP

in dioxane were omitted for reasons discussed above.

mon D . . . . .
Table 4.2. A and X obtained from Langmuir linearization pletis.

Dioxane : Water
NEP PYR -DMSO NEM NEP PYR DMSO NEM NMP
A" /g m 2 0.19 0.16 0.34 0.57 , 0.17 0.90 0.09 0.07 0.16
xg 4.0 3.6 4.1 4.8 - 3.7 1.8 3.4 6.5 9.0

However, application of the Langmuir egquation to the results of figs. 4.12 and

4.13 is guestionable for the following reasons.

First, the surface of si}ica is energetically heterogenous. Adsorption may
occur on hydrophobic siloxane bonds and on different kinds of silanol groups;
the adsorption energy may vary in a wide range. Probably, this is the reason
that different substances have a widely different adsovption plateau . The
Langmulr equation is unable to describe the adsorption on heterogenous surfaces.
In principle, any isotherm can be described if a suitable distribution of
energies is assumed, but it is beyond the scope of this thesis to carry out
such an analysis (see, e.g. Sacher and Morrison, 1979; House, 1978).

Second, in many cases thc volume fraction of displacer in the solution,
¢§ is so high thgt differences between A and Aex cannot be neglected. It is

. o aime . D \ :
possible to correct for this difference by adding ¢__ to the excess volume fraction
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¢zx of D, defingd by ¢Zx = AeX/Amon’ However, this requires an assumption for
the value of a™en, a

Third, the Langmuir equation is unable to account for differences in volume
between solvent molecules and adsorbate molecules. If these volumes are not
equal, so that each adsorbate molecule does not displace one single solvent
molecule on the surface, the édsorpéién isotherm must follow another expression
which cannot be linearized so easily (Dhar et al, 1973).

For these reasons we do nét rely very much on the XSD values in table 4.3.
The order of increasingngD-in this table is PYR < DMSO < NEP < NEM < NMP for
water and PYR < DMSO < NEP < NEM in dioxane. No correlation is found with the
order of increasing initial slope of the isotherms which is DMSO < PYR = NEP <
NEM < NMP in the case of water and PYR < NEP < DMSO < NEM for dioxane. For

Langmuir isothérms, this correlation would be expected.

Displacement isotherms
In order to determine critical displacer volume fractions, ¢* or’ we plotted
. D e
adsorbed amounts of PVP as a function of ¢£. It was found that a logaritmic

D . ‘e - . R .
scale for ¢x was most suitable. Results are shown in figs. 4.1

4 and 4.15 foxr
water and for dioxane, respectively. We will refer to these curves as ‘'displace-

ment isotherms®.
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" Fig. 4.14. Displacement isotherms of PVP from silica into water/displacer
mixtures. :



It can be seen that all displacement isotherms have the same general shape,
but that they are shifted relative to each other along the log ¢ axis.
The critical desorption concentration ¢ or is defined as the point of inter-
’

D
section of the isotherm and the line A = o. Values of d)x r are tabulated below

(table 4.3).
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Fig. 4.15. Displacement isotherms of PVP from silica into dioxane/displacer
mixtures.

Table 4.3. Critical desorption concentrations and residual adsorption energies

for PVP onto silica in the presence of various displacers.

Dioxane . . Watex
NEP PYR DMSO NEM NEP PYR DMSO NEM NMP
¢§ or ’1.15 0.91 0.74 0.40 - 0.35 0.35 1.05 0.16 0.0089
I 7 . N
aAX 4.14 3.56 3.80 3.77 2.70 0.99 3.45 . 4.68 4.30

s

a Calculated from XSD values given in table 4.2 according to eq. (4.7).

In a few cases, even ¢§ = 1 did not bring about complete desorption (NEP/

diovane; DMSO/waterx). In these cases, ¢i er was estimated by extrapolation of
7
the displacement isotherms into the (virtual) range ¢ 1. In the mixtures

NEP/water and DMSO/dioxane complete desorptlon was achieved (at a ¢x or
0.35 and 0,74, respectively). However, at ¢* = 1 (pure DMSO and pure NEP,
respectively) there is some adsorbed polymer ( A > o). Hence, the displacement

isotherms for the NEP/water and DMSI/dioxane systems must have a minimum.
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For NEP/water, the adgorbed amount of PVP is indeed found to increase with

increasing ¢i in the range 0.35 < ¢g < 1. For DMSO/dioxane, this increase is
expected in the concentration range 0.8 < ¢§ < 1, but we have no experimental
points in this range. Fig. 4.16 illustrates the occurrence of the minimum in
the NEP/water displacement isotherm and the common point with the NEP/dioxane

D
isotherm at ¢* = 1 (pure NEP).

- aqueous solution
10 dioxane solution

mg m-2

Y
05 °N
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Fig. 4.16. Displacement isotherms of PVP by its monomeric analogue, NEP, in

aqueous and in dioxane solution.

From table 4.3 and from fig. 4.14 we see that ¢i,cr in water decreases in the
order DMSC > PYR = NEP > NEM > NMP. In dioxane, the oxder is NEP > PYR > DMSC >
NEM > NMP.

It is interesting tolconsider the results obtained with NEP (which is a
monomer analogue for PVP) more closely. Regarding the structural similarity
betwéen NEP and the monomer unit in PVP it would be plausible to assume a
similarity in adsorption behaviour, and hence in adsorption affinity. Let us

. D .
assume Xg (PVP) = Xs‘ (NEP). (Such an assumption implies that we disregard

.
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.differences between monomer units in a chain and free monomers, with respect
to e.g. orientability and rotational freedom). Using this assumpticon to eliminate

XS from the displacement relationship (4.7) we obtain

exp (- X ) = { ¢?

D D
*s,cr x,or (8X® Xg T 1+ 1} /e g (4.10)

D
This expression enables us to estimate X -value from ¢ and yx_. . If y.
, C¥ %,C¥r S s

is nect tco small we may approximate (4.10) by

D D

4
N D )
exp (= Xs,cr) = ¢§,cr +exp (- Xs ) = ¢k,cr

(4.11)

Since, theoretically, we expect values of 0.1 - 0.3 for ¥ ’ ¢D should be
, s,Cr %,Cr

in the range 0.74 to 0.90. This is not observed.

In water ¢2 or (NEP) equals 0.35, which implies that Xg (PVP) < XSD (NEP) .

This is notyeasily accounted for. Perhaps it is easier for the hydrophobic
ethylgroup of NEP than for the PVP-backbone to approach the hydrophobic parts
of the silica surface closely, because the NEP molecule is not subject to the
constraints typical for chain structures. In dioxané, the critical volume
fraction is larger than 1 (¢x or = 1.15) so that herxe Xs (pvP) > XSD (NEP) . The
reason for this difference might be that NEP, being a small molecule, loocses
more rotational entropy than a monomer unit in a chain. (This effect must also
play a role in water, but it is perhaps outweighed by the advantage of closexr
approach). We estimate a difference between x and X of 0n8 kT units in the
case of water and of 0.3 kT units in the casé of dloxane.

Let us now ccmpare the displacement isotherms with the displacer adsorption
isotherm. For the aqueous mixtures we find that the order of indreasing displacer
strength- (decreasing ¢§,cr) is different from the order of increasing XSD, but
agrees very well with the order of increasing initial sleope of the displacer
isotherm. In dlo%ane, the correlatlon between Xg b and ¢;.cr is also poor,
mainly because ¢A,cr for NEP is much lower than expecfed from its Xspu
The correlation with initial slopes is also imperfect, since the crder of PYR
and NEP is reversed; the ¢§;cr for PYR is éomewhat lower than expected from
the initial slope of the isotherm. Still, it seems that the initial slope of the
adsorption isotherm is a better measure for the displacer strength than the
XSD~va1ue obtained from a linearization plot. In fig. 4.17 we represented the
correlation graphically, as a plot of log ¢Z,cr versus the logaritm of the initial

sicpe. We expressed the initial slope as the number of adsorbed moles per m

(P q) divided by the moTe fraction of adsorbate in the solutlon (X )o Although

there is nc theoretlca? basis for this type of plot it lllustrates to some

axtent the correlation mentioned above.
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Fig. 4.17. Correlation between critical displacer concentration ¢2 or and initial
. hed 4

slope of displacer isotherm (Fin/XinJ, for adsorption from water

(solid circles) and from dioxane (open circles).

Once more these results underline that the simple Léngmuir equation is not
suitable for the description of the adsorptions - studied here. Therefore, XSD
values from the linearization plots can only lead to‘a rough estimate of AXS.
Nevertheless, by lack of aqything better, we calculated Axs for the polymer
(eq. 4.7). The results areiaLSO given in table 4.3. In dioxane AXS is
reascnably constant; the average value from all displacement experiments is 3.8.
In water Axs ranges from 1 to 4.7 around an average value 6f 3.2.

We conclude that although displacement expeiiménts~can be performed with
reasonable accuracy, the application of eq. (4.7) is hampered by lack of suffi-
cieptly accurate XSD values. Sincevthe Langmuir equation is unable to describe
the adsorption of molecules of various sizes on a heterogeneous surface, better
agreement can perhaps be obtained if solvent and adsorbate molecules have more
or less equal volumes and if the surface is énergetically more- homogeneous.
Nevertheless, it is found that the ihitial slope of the displacer isotherms
{(which is prbbably a better measure for the displacer's adsorption affinity)

. correlates satisfac@orily with the diisplacer strength. A rough estimate of Axs
is obtained on the basis of Langmuir linearization plots. We find AXS between

2 and 4 for water and a somewhat better defined walue of about 4 for dioxane.
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‘Chapter 5

The fraction of Bound Segments

5.1 INTRODUCTION

In chapter 2.1 we introduced the bound fraction or train fraction p as a
measure of the conformation of adsorbed molecules. A high p is indicative of a
strongly flattened ﬁolecule, whereas a low p means that the molecule is more
randomly coiled. The bound fraction alone is not enough to give us a complete
picture of the conformation, because the informaticn contained in p is rather
limited. For example, £he same p may be found for a chain with a few long trains
and for on; with many short trains.

Nevertheless, p is a useful parameter due to its experimental accessibility.
At leaét five methods have been devised to determine p: infrared, NMR,and ESR '
spectrosceopy, microcalorimetry and electrical double layer measurements. Each of
these methods has its specific advantages and restrictions and the results
depend on inherent assumptions. Below we discuss these assumptions briefly.

The very choice of the experimental system (PVP and silica) enabled us to

measure bound fractions with infrared spectroscopy (in dioxane), NMR spectros-

copy (in D2O) and microcalorimetry (in dioxane and in H,0). In the following

2
sections we discuss the principles of the methods, whereas sections 5.3 - 5.6

deal with experimental results.
5.2 PRINCIPLES OF THE VARIOUS MEASURING TECHNIQUES

5.2.1 Infrared spectroscopy

Infrared spectroscopy has as yet been applied mainly to the stretching
vibration of carbonyl groups in the polymeric adsorbafe (Fontana et .al., 1961;
Killman et al., 1972; Joppien, 1975; Korn, 1978) and to the stretching vibration
of hydroxyl groups én the surface of the adsorbent (Killmann et al., 1972;
Dietz, 1976). These groups are capable of forming a hydrogen bond with each
other. Due to the slight charge transfer from the C = 0 and O - H bonds to
the newly formed hydrogen bond the strength and, hence, the vibration frequency
of the C = 0 and O - H bonds decrease. In a few investigations on polystyrene
adsorption (Herd et ql., 1971: Thies et ul., 1964; Vander [Linden et al., 1976)
use is made of the fact that the out-of-plane vibration of phenyl hydrogens

- 1 - . .
at 698 cm shows an intensity increase and a slight upward frequency shift of
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4 cm upon interaction with an OH (surface) group. Similarly, the ring-stret-
ching vibration in pyridine-rings a£ 1626 cm—1 shifts 5 cm-.1 downwards upon
adsofption and was therefore used to study the adsorption of polyvinyl pyridine
(Herd et al., 1971).

Generally, the bound groups show up as perturbed species, producing a new
spectral line. ﬁsually the assumptibn is made that in a train segment all groups
are bound, so that the remaining unperturbed spectrum is exclusively due to
loops and tails. This is not necessarily true. There may be monomer units close
‘to the surface which do,not-interact with it through a spectroscopically detect-
able bond, and these wiil be counted as contributing to lJoops or tails. Never-
theless, the pésition of these units on the surface characterizes them (by
definition) as part of a train segment. So we may expect that infrared spectros-
copy underestimates p.

The infrared method looks for specific interactions between the polymer
and the surface. Such interactions are of course easily obscured by comparable
interactions with the solvent. Therefore, hardly any frequency shift in the
carbonyl stretching vibration is expected if a silanol-carbonyl bond is being
formed in a proton-donating solvent (water, alcohols). for the same reason
spectral shifts of silanol groups cannot be studied in proton accepting solvents
{ketones, ethers, alcohols, water). Consequently, in almost all studies hydro-
carbons or chlorinated hydrocarbons were used as solvents. An exception is the

investigation by Morrissey (1974) who used D,O as the solvent and studied pro-

tein bound fractions. However, in ;his case ihe observed specﬁral shifts may
have been due to other processes than the formaéion of a polymer-surface hydrogen
bond such as, e.g.,penetration of water in the partly uncoiled protein mole-
cule. ‘

The abdve considerations limit the application of infrared spectroscopy
to systems in which (i) the polymer carries a specific group in its chain
(C = 0, phenvl, pyridiné), (ii) these groups interact specifically with the
surface, (iii) the solvent does not interfere with these.interactioﬁs. The
last requirement is somewhat relaxed by the use of a spectrometer with high
resolving power. Attempts have been made to measure bound fractions of PVP

adsorbed from D.O on silica with a Fourier transform infrared spectrometer

2
(Robb; 1977a).

5.2.2 Nuclear Magnetic Relaxation Spectroscopy

Rather than giving information about specific interactions, magnetic

relaxation spectroscopy measures differences in mobility between directly

4
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adsorbed segmentsv(trains) énd indirectly adsorbed chain parts (loops and tails).
In the NMR relaxation experiment the sample under investigation, containing
-magnetic nuclei (e.g. hydrogen, fluorine, carbon-13), is placed between the poles
of a strong magnet. Under these conditions the sample acquires a net macroscopic
magnetization aligned with the external field HO. By means of a suitable radio-
frequency pulse the sample's magnetization is disturbed so that it is no longer
aligned with HO but has also cémponents perpendicular to HO: the transverse
magnetization. It is this transverse magnetization which is usually measured;

A relaxation process with a characteristic time TII’ called the transverse or
spin-spin relaxatién time, reduces the transverse magnetization to zero in the
course of time. The characteristic time for the relaxation of the longitudinal
component towards it§ original value is TI' the longitudinal, or spin-lattice
relaxation time.

The ;rigin of all. relaxation mechanisms is the interaction of the magnetic
nu;lei with each other and with their surroundings, in general: with local
magnetic and electric fields. Due to the thermal motion in liquids these fields '
fluctuate in time. Since these fluctuations are irregular, they contain Fourier
components in a range of frequencies. Almost always the time scale for irregular
motion can be expressed in a correlation time L For instance, the rotational
Brownian motion of a small molecule with two protons (e.g. water) is approxi-

mately given by (Carrington and Mc Lachlan, 1967, p. 189):

o 3 .
T, = 4 mna H / 3 kT (5.1)

where n is the viscosity of the liquid and a_ is the distance between the two

H
protons in the molecule. Hence, the interproton vector of a rotating water
molecule, in the external field Ho, changes its direction with respect to HO
with a characteristic frgquency Tc_l, the value of which is found from (5.1).
The magnetic dipolar interaction between the protons is modulated with the

same frequency. An effective (fast) longitudinal relaxation is obtained if this
frequency is of the same order as the NMR resonance or Larmoy frequency wo,
since then the frequency components of the random motion are ‘tuned' to act

in the same way as the original, disturbing pulse. The Larmor frequency, and

thus the conditions under which TI is in its minimum, depend on the type of

nucleus and on the strength of the static magnetic field:
w =gNBNHO/27rh _ (5.2)

Here, gN is a dimensionless constant, BN is the nuclear magneton (radians s

Teslaﬁl) and h is Planck's constant. For protons in a field of 1.4 Tesla,
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W, = 60 MHz, which means that for effective longitudinal relaxation, T, = 17 ns.

. Transverse relaxation, on the ofher hand, is effectively accelerated by
frequéncy components of the order of'wO and by static components (rc—l = O).
Local deviations from Ho' leading to subtle differences in the local Larmor
frequency are sufficient to destroy the overall phase coherasncy needed to
observe a net transverse magnetizatién. The longer these deviations persist,
the more effective they are. Therefore, if the molecular motions slow down,

-1 . .
and Tc decreases, TII decreases monotoncusly, reaching very low values in the

case of solids. . ~

For a polymer molecﬁle at the solia/liquid interface it is expected that
the train segments have very long reorientatiocnal correlation times. The loops,
and certainly the tails, will be able tc move faster. Therefore, different TII'S
should be measurable. There exist a number of relaxation experiments which can
detect fast and slowly relaxing components (see section 5.4).

It has been observed in partially crystalline polymers (Wilson and Pake,
1957) that two distinct relaxations occur, one characteristic of the amorphous
region and one of the crystalline region. If the same applies to adsorbed
polymers, i.e. if the relaxation times of loops and tails on one hand, and those
of trains on the other hand differ sufficiently, it should be possible to
estimate p from relaxation measurements. However, it is also plausible to
assume that small loops, with inherent low mobilities, relax fast enough to be
counted as trains. Hence, NMR probably overestimates p.

As Abragam (1961, p. 83-84) has shown the minimum number of protons
which is needed to exceed the noise‘ievel by a féﬁtor of two, at room temperature
and in a magnetic field Qf 1 Tesla, is of the order o£ 1018 to 1019, Consequent -
ly, the application of even proton NMR to surface phenomena is limited to ad-
sorbents with high specific éurface areas. Most other nuclei have lower sensi-
tivity, so that the required number is even higherx. Thus there is virtually
no alternative for protons (except perhaps fluorine).iAlso, the presence of
protons in solvents and non—adsorbed molecules must be rigorously avoided
so that deuterated solvents can only be used if the isotopic purity is extremely
good. Exchange reactions should be évoided. In view of all these inherent

difficulties it is not surprising that detailed magnetic relaxation studies on

adsorbed polymers have not been published as yet.

5.2.3 Electron Spin Resonance

The relaxation of the electron magnetization can be described in - a scheme
comparable to that for NMR. However, direct observation of the relaxation pheno--

menon is not possible in’ this case. Rather, it is the resonance spectrum which
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‘is measured and this is composed of two components, one associated with mobile
segments, showing narrow spectrél lines, and one associated with immcbile, fast
felaxing spins, giving rise to a spectrum of broad lines. The experimental
spectrum can be split up into these components by means of a fitting procedure
and the bound fraction is calculated from the relative contributions of the
components ﬁo the measured spectrum.

Most polymers do not contain the unpaired electrons which give rise to an
ESR spectrum. Hence, a suitable spin-label must be attached to them, such that
the labelling does not affect the adsorption behaviour of the polymer chain. It
should be checked if this latter requirement is fulfilled, otherwise the results
have no bearing upon the behavicur of the corresponding unlabelled polymer.
Also, the labels should be distributed randomly along the chain.

From a sensitivity point of view the ESR technique is superioxr to NMR by
approximately three ordérs of magnitude. It is certainly not restricted to high
surface area adsorbents and in practice the required number of labels per
polymer molecule is also small. Interference by solvent signals is usually

absent so that good spectra are easily obtained.

5.2.4 Microcalorimetry

The heat evolved when a polymer adsorbs onto a solid surface may be
considered to arise from essentially two contributions. One is the heat associ-
ated with the breaking of solveﬁt—surface and solvent-polymer contacts and the
concomitant formation of polymer-surface and solvent-solvent contacts in their

place. We call this contribution A H and we expect that it is propoertional

tr
to the number of contacts n between segments . and the surface, at least if we

tr
deal with a homopolymer and a homogenecus surface.

The other contribution stems from polymer-solvent interactions. It is
associated with the increase in segment density near the surface which is accom-
panied by the replacement of polymer-solvent contacts by polymer-polymer contacts,
and therefore it should depend ohly on the difference in concentration between

the adsorbed layer and the bulk solution. We call this second contribution

‘A H ., . Then:
mix

AH . =AH +AH, =n_ Ah _+AH, (5.3)
tr mix
where A htr is the heat evolved if one contact between the surface and a segment
is formed.
If it is assumed, as in thé work of Killmann, e.g. (Killmann et al., 1972)

that A Hmjv makes a negligible contribution, the measured heat of adsorption is

LA
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. For absolute values, we need an

AL

proportional to the adsorbance in trains, A,
estipate of A htr' which calls for some calibration procedure. Killmann cali-
brates his calorimetric data on the basis of bound fractions from infrared
spectroscopy, thus giving up the independency of the calorimetric method. An
independent method has not yet been proposed and, hence, absolute p-values
have not yet been obtained from microcalorimetry. In chapter 6 we attempt to
calibrate p-values independently, on the basis of heats of wetting and an
estimate of the monolayer capacity.

The heat of adsorption~is usually.measured from the small temperature
changes which develop iimediately after mixing the adsorbate and the adsorbent.
Such changes are only detectable if the total heat of adsorption is produced
in a short time, i.e. if equilibrium is rapidly attained, typically within the
first few minutes after mixing. For polymers, especially if their molecular
weights are high, the compietion of the adsorption process may take longer
times, so that part of the heat of adsorption escapes detection. In such a
case the results are not reliable because a molecular weight dependency is

observed which is not due to equilibrium bound fractions.

5.2.5 Electrical double layer capacitance

As a rule, interfaces between solids and aqueous solutions carry a charge,
which in many cases can be determined by titration with potential determining
ions. Adsorbed molecules, even when'uncharged, affect this surface charge so that
a different titration curve is obtained. In the presence of sufficient neutral
electrolyte (10_1 M) the electrical phenomena are virtually limited to a very
thin layer adjacent to the solid surface (the Stern layer) and the titration
curve exclusively reflects*fhe number of segments which reside there: the trains.
So far, thelmeﬁhod has been applied to silver iodide on which polyvinyl alcochol
was adsorbed (Xoopal and Lyklema, 1975). Suitable calibration on the basis of
results obtained with low molecular weight substances enabled these authors
to calculate the surface occupancy é. In order to derive absolute p;values, the
monolayer- capacity has to be known.

‘ Through the work of Koopal and Lyklema, the electrical double layer
technigue is now well developed and it is to be regretted that in its application
it is limited to aqueocus systems and to surfaces with very well-characterized

electrical double layer properties.
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5.3 INFRARED MEASUREMENTS

5.3.1 Experimental

A series of PVP solutions of suitably chosen concentrations in dioxane
were made up. In order to prevent penetration of moisture into the solutions,
all preparations were made in a %love box filled with dried air. From each
solution two 5 ml aliquots were pipetted into a sample bottle .and a reference
bottle, respectively, aften which 5 ml of a silica sol was added to the sample
bottle and 5 ml of pqre dioxane was brought into the reference bottle. These
volumes were pipetted carefully in order to match the total polymer concentration
on a total volume basis in the sample and in the reference bottle as accurately
as possible. The order in which components were added was found to have no
measurable effect on thelresultsu The bhottles were closed and shaken manually.
For the purpose of equilibration, all bottles were rotated slowly overnight.

All infrared spectra were recorded on a Hitachi Gratihg Infrared spectro-—
meter model EPI -~ G 3, which a resolution of 2 cm—'1 at 1000 Cm_l according to
the manufécturer's specifications. The cells used were provided with calcium
fluoride windows. The sample was brought into a demountable cell with a fixed
path length of approximately 0.5 mm. The referénce was placed intc a cell with
adjustable path length. Prior to each measurement the reference's path length
was adjusted by filling both cells with pure dioxane and nulling any solvent
signal. ‘

Due to the formation of the carbonyl-silanol hydrogen bond in the sample,
part of the free carbonyl stretching vibration band at the wave number Vo
(vo in dioxane is 1690 cm—?, see table 5.1) disappears and a different band at a
lower frequency emerges. This leads to a difference spectrum with a (negative)
adsorbance - E at the frequency v This is illustrated in fig. 5.1. According
to Lambert Beer's law, the reduction in absorbance of the free carbonyls must
be equal to p cA A Eo' where cA is the concentration of adsorbed polymer mole-
cules, A is the path length and eo is the adsorption coefficient of free
carbonyl groups. As can be seen in fig. 5.1 the absorbance of these free car-
bonyls is just equal to E + EA’ where EA is the absorbance due to bound

carbonyls at vo. Hence,

E + E
P =m——§-— ‘ - (5.4)
A o &
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Since we have also EA'= p <, A €)1 We find that

(5.5)

This expression was also derived by Morrissey (1974) and enables us to determine

p from E,c, and A, once e, and €\ are known.

sampie reference resultant difference
spectrum

E E+EA=

' pc, A&,

absorbance

o.J LN

19

Fig. 5.1. Schematic drawing of the infrared spectra of sample and reference,
respectively, and the resultant difference spectrum. The meaning of
the absorptions E, -E and EA(all measured at vo) are indicated.

The addition of the silica sol to the polymer solution always brought about
strong flocculation, especially in the case of a high molecular weight PVP.

As a result, the polymer was distributed inhoﬁogeneously over the dispersion
volume and it was difficult to bring a reproducible and representative amount
of polymer into the light beam df the spectrometer.'Due~to this effect, the
E~values obtained in the case of K9O were rather difficult to reproduce.

After taking spectra we determined the concentration of the adsorbed
poiymer, CA' by centrifuging a 1.5 ml portion of the dispersion and detérmining
the polymer concentration in the supernatant (see section 4.1). The path length
A through the sample cell was measured by thé standard method of interference of
beams reflected at both walls of the cell. Due to this interference the trans-
mittance of an empty cell is a periodic function of the radiation frequency.

The number of maxima Nm occuring in a scan from wavenumber Vl to wavenumber Vs

‘ is related to A through:

&
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(5.6)

The adsorption coefficient for the free carbonvyl, € was measured from a
number of spectra of PVP solutions (without silica)of known concentrations c,

and applying Lambert-Beer's law:
E =¢ Ac (5.7)

From a plot of E_ versus ¢, at known A, we determined € (see fig. 5.2) as

(5.06 + 0.1) 10 > cu ! am> mg™ L.

08} ~

06

0.4

o 1 | | 1 !
0 05 i.0 15 20 25

c/g dm-3

Fig. 5.2. Absorption of PVP in dioxane at 1690 cm_1 versus concentration. From
the slope, Eo is calculated.

The determination of the absorption coefficient €5 for the bound carbonyl
is more difficult. In principle, it requires removing the contribution of free

carbonyls from the spectrum, and measuring the remaining intensity E  at Ve

A

As is easily seen from fiqure 5.1, EA can be found from

€ / €, = EA / (B + EA) , (5.8)

Such a "pure bound carbonyl” spectrum can be obtained by diluting the reference

solution (by a factor p CA/C) until the contributicn of free'carbonyl vanishes.
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The criterion for thié condition is-thé shape of the difference spectrum: if
a 'pure bound carbonyl spectrum’' is associated with a single type of vibration
it is expected to give rise to a single, morxe or less Gaussian peak. Although
peak shape does not seem to be a very solid criterion, we found that it works
reasonably well in practice. The vaiue of E/(E + EA) was measured for a number

of samples and the average value was used.

5.3.2 Results and discussion

~

A typical infrareé spectrum of PVP in dioxane, in the range 1850 cm-'1 to
1600 cm—1 was given in chapter 3, fig. 3.2. The carbonyl stretching vibration
gives rise to a symmefriqal and relatively sharp absorption peak, with its
maximﬁm at 1690 cm—l. For comparison, the peak positions of this band in a

number of other solvents are collected in table 5.1. Some were measured in this

study, others were taken from the literature.

Table 5.1. Frequency of carbonyl stretching vibration of PVP in a number of

solvents.
Solvent Wavenumber/cm-1 : ref.
1,4 dioxane 1690 * this work
1,2 dichloroethane 1683 : Lety—-Sistel (1975)
chloroform 1675 Lety-Sistel (1975)
chloroform 1678 . this work
ethanol 1666 Lety-Sistel (1975)
methanol = ) 1658 '~ this work
trifluoroethanol © 1663 Lety-Sistel (1975)
DZO 1645 this work '
Solid PVP on KBr disc ‘ 1670 this woxk

It is seen that in dioxane the maximum lies at the highest frequency and the
carbonyl seems to be essentially non-interacting. In.proton-donating solvents,
the peak maximum lies appreciably lower. In the chlorinated solvents, the maximum
lies a little lower than in dioxzane. Probably the strongly electronegative
chlorine atom attracts the electroﬁs from the carbonyl group, thereby slightly
weakening this bond. o

An example of a difference spectrum obtained from adsorbed PVP is shown
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in fig. 5.3. A strong negative absorption at v, = 1690 cm_1 due to the disap-
pearing of free carbonyls in the sample cell is seen. The peak transmission Tr

at vy is converted to the absorbance E according to E = - log Tr.

tar

1.0

06

04

Vo )
Q ! [=0

1 1
1900 1700 1500

Fig. 5.3. (Transmission) difference spectrum obtained with adsorbed PVP.
The arrow indicates the transmission excess at v, due to hydrogen
bond formation.

Three consecutive dilutions of the reference solution give rise to the
spectra in fig. 5.4. In spectrum a, the concentrations of free carbonyls in the
sample and reference cell are not yet fully matched, so that a small negative
absorption remains at vO, In spectrum b compensation is complete, so that only
a spectrum of bound carbonyls is recorded. Contrary tb expectation, this
spectrum has not one but two bands, at 1677 and 1655 cm_l, respectively. In
specﬁrum ¢, the concentration in the reference éell becomes too low and a
positive absorption at vo begins to distort the spectrum of the bound carbonyl.

As was pointed out before, the point where exact compensation is found has
to be judged from the peak shape. It is therefore somewhat arbitrary. Spectrum
b was assumed to correspond to exact matching because the transmission changes
smoothly in the range 1700 to 1680 cm-'1 and shows no traces of residual ab-
sorption at 1690 em—l. We read the abscrbance EA from the measured transmission

TrA, indicated in spectrum 5.4b.
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Fig. 5.4. Difference spectra ¢btained at various dilutions of the reference
sclution. Spectrum b corresponds to the point where the absorption
of free carbonyls in the sample and reference are exactly matched,
so that the residual absorption at v_ equals E_. Spectra a and ¢
correspond to concentrations in the réference cell which are too
high and too law, respectively.

As mentioned above, the bouna carbonyl spectrum (fig. 5.4b) deviates from
a single Gaussian peak in that two bands are observed. In addition, the band
around 1655 cm--1 seems to show some fine structure in which two lines can be
distinguished. In order to convince ourselves of the reality of this multiplet,
we carried out the éompensation experiment repeatedly. It turned out that the
doublet structure of the bound carbonyl spectrum is a recurring phenomenon and
‘even the fine structure of the lowest frequency band was confirmed. Redently,
Korn (1978) h;s,reported é similar doﬁbleﬁ structure of the bound carbonyl -

. spectrum of polyvinyl acetate adsorbed from carbontetrachloride onto silica.
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Apparently this phénomenon is not a‘specific feature of PVP. Rather, it may be
a property of thé silica and an indication that at least two distinct types
of bonds between carbonyls and silica surface groups are formed.

We determined €a from a number of compensated spectra (eq. 5.8). The
results are summarized in table 5.2.

<

Table 5.2. Determination of €a from a number of compensated spectra.

experiment number

Ay

1 2 : 3 4 5 average
E 0.0412 0.0565 0.0947 0.0947 0.1404
A 0.0057 0.0092 0.0110 0.0150 0.0246
z—:A/eo 0122 O.14Q 0.104 0.137 0.149 0.130 + 0.017

The accuracy of the p-value is determined by a number of factors. Disregard-
ing possible systematical errors, we may write for the error dp in p, on the

basis of eq. (5.5):
2 2 2 2 ' 2
(dp/p)” = (AE/E)° + (AA/A)° + (4 cA/cA) +{ a (so—sA)/(eo-eA)} (5.9)

where 4E, dA, d cA and 4 (EO—EA)‘are the absolute errors in‘E, A, cA and
(EO~EA), respectively. For each of these contributions we estimated the error,
on the basis of known instrument specifications and reading errors.

It turns out that at low amount of polymer, dE constitutes a dominant
contribution of about 9%. The optical path length can be determined within 1%,
concentration errors can be reduced to 2% by careful handling of samples and
although EA could not be determined better than within 14%, the difference
€€, is dominated by €, SO that the inaccuracy of €€ is only 3.5%.

In total, the error in p may be 10% at low adsorbed amount and somewhat smaller
(7% at higher polymer concentrations. However, systematical errors may sometimes
be the cause of a poorer accuracy. We mentioned above the inhomogeneous distri-
‘bution of polymer in the infrared cell due to flocculation, which gave rise to
considerable irreproducibility. Also, contamination of samples with UV—active
substances during the determination of the superxnatant concentration (see
chapter 4.1} may lead to serious efrors in the value of CA' In conclusion,

we expect that the experimental p-values will have an uncertainty of about 20%
with regard to the mean value.

Fig. 5.5 shows the p-values obtained from a number of measurements, as a
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function of the adsorbéd weiéht A. A systematic'effect of the molecular weight
was not detected. In. view of the accuracy limits discussed above, one single
line‘wasAdrawn to represent all the results obtained for different molecular
weights and different adsorbed amounts. As would be expected, p is a decreasing
function of A, being about 0.5 at low A, where the adsorbed molecules are
virtually isolated, and reaching a Yalue of about 0.25 at high A, where

competition for surface sites takes place.
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Fig. 5.5. Infrared bound fractions as a fugction of the adsorbed amount:
o With normal silica, driedoat 1207 C; i
A with silica heated at 900 C.

In order to verify, wheﬁher it were really the surface silanols which were
responsible Ffor the formation of bound carbonyls, we also adsorbed PVP onto a
silica from which all hydroxyl groups are removed by reaction with an organo-
silicon halide (Rerosil R 972, Degussa, BRD). Although the polymer did adsorb
weakly (about 1 mg m-2 at 800 ppm) the difference spectrﬁm showed only a very
small peak at‘vo, indicating a bound carbonyl fraction of about 2%. We conclude
that silancls are indeed involved in the formation of hydrogen bonds with the
carbonyls.

Results obtained with silica heated at 900° ¢ prior to adsorption were not
very different from those with normal silica (see fig. 5.5). The bound carbonyl
spectfa were identical, and the p-values were only slightly lower. Thus,most
of the surface groups active in the interaction with polymer (in dixoane solution)
IWere still present oﬁ-this heated silida. Korn (1978) studied the effect of

heating on the adsorption cf polybutYlmethacrylate from carbontetrachloride onto
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silica. He found tﬁat P was even slightly higher on the heated silica, and he
concluded that the heating process produced some unstable siloxane bridges
which were also able to interact with polymer carbonyls. It is as yet difficult
to say whether such an interaction occurs also in the system PVP/dioxane.

In connection to this, we refer also to the conclusions of Hair (1977)
who found that hydrogen bonding<bcCurs mainly with the isolated silanol groups
which do not form hfdrogen bonds with neighbouring silancls. These groups are -
also the most stable ones as they do not disappear on heating even up to 900° C.
Mills and Hockey (1975) arrive at essentially the same conclusion in a study of

the adsorption of fatty acid methyl esters on silica.

5.4 NUCLEAR MAGNETIC RELAXATION EXPERIMENTS

~

5.4.1 Experimental

As has been pointed ocut in section 5.2.2, the application of NMR to polymer
adsorptign is hampered by lack of sensitivity and by the fact that the most
sensitive nucleus, the proton, is often present in both polymer and solvent and
sometimes even in the adsorbent. The success of the experiment therefore cri-
tically depends on sample preparation. After many unsuccesful attemps we succeeded
in preparing a single sample which proved suitable for the experiments. The
preparation procedure was the following.

Carefully dried silica (100 mg) was dispersed in 10 ml D_O with an isotopic

purity of 99.8 %. aAbout 25 mg of dried PVP were dissolved in iO ml of the same
solvent. The solution and the (stable) sol were brought together in a screw-
capped polypropylene centrifuge tube and agitated for approximately one hour.
By gentle centrifuging at about 8000 g (Beckman J 21-B centrifuge, 5000 rpm)
during 90 minutes the polymer coated silicé was concentrated at the bottom of
the tube, after which thevsupernatant was decanted immediately. To eliminate

solvent-protons and non-adsorbed PVP, highly pure D.O (100.0 %, Bio-Rad) was

2
added to the residue which was then allowed to repeptise by gentle agitation
during 3 hours. After centrifugation for 45 minutes at 8000 g the supernatant
was again discarded. This treatment was repeated twice. Then, a few drops of
020.100.0 % were added and the silica was redispersed quickly by ultrasonic
vibration. The dispersion was then transferred to a 5 mm NMR sample tube with
a. Pasteur pipette. The tube was capped and sealed airtight with epoxy resin.
Remcval of solvent protons was checked by recording a high resolution NMR
spectrum on a Hitachi Perkin Elmer R-24 B High Resolution NMR spectrometer

(fig. 5.06).
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Fig. 5.6. High resolution spectra of a silica dispersion with adsorbed PVP in
D,Q, after two consecutive washings with high purity D,0. It is seen
that after the second washing the proton content is strongly reduced.

It should be noted that the sample which was used in the experiments
was, in spite of many precautions, slightly flocculated.

Relaxation spectra were recorded on a specially designed spectrometer*).
The equipment consists of a powerful 2.5 kW emitter capakle of producing a 90°
pulse for protons within 5. 10—75. The RF-probe, based on a design of Ellett
(1971) was constructed such that no non-metallic material was used in the
vicinity of the detecting coil. High pulse suppression was achieved by careful
matching of the detector and transmitter circuits and extra broad banding of
the receiver. Spectral accumulations were made using a Datalab high speed data

aquisition system. The network of -spectrometer components is shown in fig. 5.7.

%) At the School of Chemistry, University of Bristol. We gratefully acknowledge
the kind cooperation of dr. T. Cosgrove, who recorded the spectra.
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Fig. 5.7. Scheme of NMR spectrometer components.

5.4.2 Results and discussion

The sample which was used in the experiment had been prepared with K90.
Three relaxation spectra were recorded, each with different pulse sequences.
These'séquences are characterized by essentially.three quantities: the pulse
length, the pulse phase and the time lag between pulses,ti. The pulse length tp
determines the angle B through which the magnetization is rotated away from

alignment along the static field:
B=1vH, t (5.10)

where H1 is the strength of the (rotating) magnetic field produced by the pulse
and vy is a magnetic constant. If B = 900, the transverse component of the mag-
netization is maximal, and if B = 1800, the magnetization is just opposite to
the static field. It is B, rather than té which is the quantity of interest;
therefore pulse sequences are usually described in terms of B. The pulse phase
determines the axis around which the magnetization rotates away from the static

o
field. A pulse which is in phase with the detector is called an x-pulse; a 90
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phase lag corresponds £o a y—pulse._The‘interval ti between pulses is chosen
in aqcordance with the time scale of the ralaxation process under investigation.
The first spectrum, shown in fig. 5.8 is a so called Bloch-decay, obtained
by measuring the decay of the magnetization after each of a series of alter-
nating 900, x and 900, -x pulses. The result was obtained by averaging 2350
of such spectra to ascertain a reasénable degree of noise reduction. As can be
seen, the spectrum hés two discrete regions. At the onset, there is a fast decay, -
which is probably Gaussian with a decay time of about 16 us. This fast decay
is followed by a long o@e, characterized by a decay time about ten times as
long. It seems that twoxcomponents are present, as expected. However, two more
spectra were recorded in order to check this conclusion more rigorously, and to

~

measure p.

. fast decay

long decay

magnetization

baseline

L N I
0 700 200 300 g/, 400 500

Fig. 5.8. Bloch decay of adsorbed polymer. Two components can be seen, indicative
’ of mobile chain parts (tails and loops) and immobile parts (trains),
respectively. The decrease in signal height at times longer than 200
us is probably due to & background signal.
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Fig. 5.9 giveé the decay after a 900, X - ti - 900, y pulse sequence.

The number of scans was 11,170.‘This sequence preferentially refocuses the fast
éomponent and produces an ‘'echo! at 2 ti. Since ti was chosen to be 20 us, the
echo is expected at 40 us. Such an echo is indeed clearly observed, thus esta-
blishing beyond doubt the existence of a fast relaxing component. For a random
distribution of molecular orienéations_the echo is expected to be Gaussian in
shape. A fit of the experimental curve to a Gaussian peak gives a characteristic
decay time TII = 15.7 us which agrees well with the decay time of 16 us for the

fast component which was’ seen in the Bloch decay.

magnetization

Fig. 5.9. Thg 's0lid echo' due to train segments of adsorbed PVP. 900, x and
907, v pulses are indicated at 0 and at 20 us, respectively. A

Gaussian was fitted to the peak shape, which gave TII = 15.7 us.

' o o
The third spectrum shown in fig. 5,1Q is from a 90 , x -~ ti -1807, ¥
experiment, also with ti = 20 pus. Such a sequence gives also rise to an echo after

(e} .. N - . .
the 1807, y pulse and is commonly referred to as a conventional spin echo experiment.
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The"signal between the~900, x and the 1800, y pulse is the total magnetization
MO, corresponding to the total number of protons in the sample. Since free
polymer moleculesvwere removed in the preparation procedure, the signal height
u° is proportional to the total weight of adsorbed polymer. The signal following
the 1800, y pulse (the echo) is inseﬁéitive to the fast component which showed
up in the previous spectrum. It con%ains only the components in more mobile parts
- of the polymer chains which relax more slowly, and therefore its value at 40 us
is proportional to MO (1-p). '
‘ In order to find the signal heights we must know what the common baseline
is for the whole spectrﬁm 5.10. Since we cannot record the spectrum to full
relaxation we cannot find this baseline directly; However, from theoretical
considerations we know that at longer times the echo must decay exponentially.
The point A, where exponential behaviour starts is indicated in fig. 5.10. A
method of Swinbourme (1960)‘to find the baseline corresponding to any exponential
decay can then be applied to this exponential part of the curve. We draw the
fitted<iine in the spectrum, as well as the corresponding baseline. The spectral
intensities at 15 and at 40 us, counted from this baseline, now correspond
with the total amount of polymer and the mobile fractioh, respectively.
We find p = 0.75. Hence, a relatively large fraction of segments are immobilized
in the adsorbed state. However, at 40 us the spectrum of the mobile component
probably contains a slight contribution . from the fast decay. This can be esti-
mated to amount to approximately 6%. Correcting for it we find p = 0.80.

It is interesting to note that for the mobile conponent é transverse
relaxation time of 84 us is found. This implies'that the narrowest spectral
line for this sample would have a width of about 4 kHz which is, in terms of
a conventional high~-resolution experiment, undeteétably wide. Thus it is not
surprising that Miyamoto and Cantow (1972) were unable to detect a high resolu-

tion spectrum for adsorbed polymer.
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Fig. 5.10. Conventional spin echo experiment showing total magnetization (Mo)
and mobile component echo (M (1-p)). The baseline was reconstructed
assuming the decay of the echo to be exponential between A and B.
900, x and 1800, v pulses are indicated at 0 and 20 us, respectively.

5.5 ELECTRON SPIN RESONANCE: A DISCUSSION OF EXPERIMENTAL RESULTS FROM THE

LITERATURE

A number of electron spin resonance (ESR) results have been published by

Robb and coworkers (Fox et al., 1974; Clark et al., 1976; Robb et al., 1974).
These studies shed some light upon the conformation of PVP adsorbed from aqueous
solutions onto pyrogenic silica. For their experiment, the investigators employed
a'copolymer of alkylamine (3%) and vinyl pyrrolidone, which was labelled with a
nitroxide group by reacting the amine group with 4,4,6,6~tetramethyl piperidino-
oxylisocyanate. The distribution of spin labels along the chain obtained in this
way 1s presumably random. Samples were prepared by adsorbing this polymer from

water onto silica and subsequent removal of the excess polymer in the solutiomn.
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In a separate expeximeﬂt it was checked that the spin label itself does not
adsorb in measurable amounts from thé agqueous solution (RoBb and Smtth, 1977).
Although this observation does not exclude the possibility that the copolymer
adsorbs in a way different from a pure PVP chain, the difference is probably
small. Robb and Smith claim that their results are also applicable to the
adsorption of PVP homopolymer from water onto silica, so that we can compare
these data with our NMR and IR results.

The ESR spectrum could be decomposed into two components. One exists of broad
lines and corresponds to(spiﬁs of low mpbility and a relatively long correlation
time (Tc of the order of>10—8 s) and the other has narrow lines and stems from
spins with a mobility comparable to that of the unadsorbed polymer molecule
(Tc * 8.x 10—10 s). (Note that in the NMR experiment the mobility of loops and
tails was stilk far from the mobility of free molecules).

The main findings of Robb et al. are the following. PVP assumes a confor-
mation with a relatively small number of mobile segments. The p-value decreases
with inéfeasing adsorbed amount from about 0.9 to about 0.6. Addition of salt
(0.1 N CacCl) *has a negligible effect. Eguilibrium is rapidly established:
spectra were taken repeatedly starting 2 minutes after mixing polymer and
adsorbent, but no changes could be detected in the course of time.

We plotted the ESR p-values as a function of the adsorbed weight in fig.
5.11. The curve shape is rather similar to the one obtained from infrared
spectroscopy (fig. 5.5) but all p-values lie appreciably higher. The NMR result,
p = 0.8 compares reasonably with the ESR results. It seems that both NMR and
ESR detect a large immobile component. The agreeﬁent is not perfect, though,
because the molecular weight of the polymer in the NMR experiment (K9O) was
relatively high and the adsqued amount would be expected to be close to 1 mg m .
The adsorbed’ amounts in Robb's experiment are at most 0.75 mg m_z, but from
an extrapolation in fig. 5.11 we estimate p (ESR) for A = 1.0 mg m-2 between 0.4
and 0.5, which is only half the value calculated from the NMR experiment. Some
flocculation of the sample (see section 5.4.1) could possibly account for part

of the differencs.
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Fig. 5.11. Bound fractions measured with ESR as a function of adsorbed amount.
The data were taken from Robb and Smith (1974).

5.6 MICROCALORIMETRY

5.6.1 Experimental

Heats of adsorption were measured in an LKB 10700 microcalorimeter of the
batch (conduction) type equipped with two 18 carat gold vessels. Each vessel
is divided into two compartments, a big one and a small one, the contents of
which can be mixed by rotating the calorimeter block. The temperature difference
A T between the sample and the reference vessel is determined by means of
sensitive thermopiles. The resultant thermovoltage is heasured with a Keithley
150 B Microvolt Ammeter, and recorded versus time. The total heat evolved is
proportiocnal to the voltage-time integral. The design and mode of operation of
this calorimeter has been extensively discussed by Wadsd (1968). Calibration
of the instrument was carried out by heating one of both cells. This was accom-
plished applying a knowncurrent through a calibrated resistor during a predeter-
miﬁed time.

Adsorption enthalpies were measured in the following way. The small
compartments of both cells were filled with 2 ml of a polymer solution. The big

compartment of the sample cell was fitted with 4 ml of a silica sol, that of the
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reference cell with 4 'ml of solvent. Hence, upon rotation, adsorxrption takes
piace in thevsamplé'cell,-whereas ih the reference cell the polymer solution

is mérely diluted. The actual experiment was performed after allowing the system
to reach thermal equilibrium. Usually this took 1.5 to 3 hours. The measurement
itself was completed in 15 to 20 minutes. It was checked that dilution of silica
alone did not give rise to detectable heat effects. Heats of dilution of the
polymer were measured by mixing polymer solution and solvent in the sample

cell, with only pure solvent in the reference cell.

Heats of wetting of dry silica were determined in a Tronac 450 adiabatic
calorimeter. A glass buib filled with dried silica was broken in a Dewar flask
containing the wetting fluid.AThé resultant temperature jump was measured
by means of a temperature-~sensitive resistor and calibration was again achieved

by means of a heating current through a calibrated resistor.

5.6.2 Results and discussion

In fig. 5.12 we reproduce a typical recording of a microcalorimetric
N\
experiment. The shaded area is proportional to the amount of heat evolved. The
experiment is followed by a calibration (curve b). Reasonably accurate areas

could be obtained by cutting and weighing of the recorder graphs.

—~——— time

Fig. 5.12. Typical recording of a calorimetric experiment (thermovoltage as
' a function of time). Curve (a): measurement. Curve (b): calibration.



For heats evolved rapidly after mixing, the detection level is about 0.5
mJ and the inaccuracy is of the same order of magnitude. As we only measured
heats of adsorption larger than 6 mJ the results were reasonably accurate. In

fig. 5.13, the heat of adsoxption A Ha is plotted as a function of the adsorbed

ds
amount A for both water (a) and dioxane (b), and for two different PVP samples

(K12 and K90).
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Fig. 5.13. Heats of adsorption of PVP as a function of the adsorbed weight for
two different polymer samples (K12 and Kgo)a
(a) from aqueous solution
(b) from dioxane
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All curves show ‘an initial llnear part at low A and reach a limiting
Value at hlqher A “The heéats found in dioxane are higher than those in water,
but in both systems the plateau level and the slope of the initial part decrease
with increasing molecular weight. Similar results were cbtained by Kzllman,
Strasser and Wznter (1972) for the adsorption of poly ethylene oxide from carbon
tetrachloride onto silica. For reasons to be explained below the molecular
weight dependency was not expected (see chapter 2). We therefore thought it
useful to explore this phenomenon a little further and we measured the plateau
" value of A H as a fgnction of molecular weight. The results are plotted in

ads )
fig. 5.14. The systematic decrease of A Hads with Mv is obvious.
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Fig. 5.14. Heats of adsorption of PVP. at the plateau adsorbed amount, as a
function of molecular weight (MV),'from.water and from dioxane.

For the adsorption of PVP from water and from dicxane on silica heated to

922° ¢ we measured almost the same A Hads as on unheated silica. However, on the
hydrophobic silica Aerosil R 972, PVP adsorbed from dioxane almost without a
detectable heat effect. We conclﬁde that silanol groups are required to produce
heat effects in adsorption onto silica, and that the silica surface heated to

about 900° C can still fulfil this requirement.



- 117 -

As was argued in section 5.2.4, A Ha may contain a contribution related

ds

to the heat of mixing, A Hmiv (eq. 5.4). Since from theoretical considerations

it is not expected that the surface occupancy 6, and thus n,__, depends on the

tr
molecular weight, it might be that this second term A Hmix accounts for the

observed molecular weight dependency in A Hads' As is clear from the results,

such an explanation is only accéptable if A Hmix has the same sign for both
water and dioxane.

We measured A Hm' as a function of the polymer volume fractions ¢ before

dilution. We write for A Hmix a modified Tompa expression (Murakami et al., 1975)

AHmiX/RTni=¢¢’{K + Kk, (b+¢") /271 ’ (5.10)

1 2

~

F

o . - Ly
where n, is the number of moles of solvent added to the polywer solutlon, ¢' is

the volume fraction of polymer after dilution and x, and k, are constants.

. 1 2
However, for sufficiently dilute solutions the first term of the right hand side

of (5.10) will be dominant, so that we can estimate k, accurately enough by

1

plotting A Hmix against ¢¢’ ni, In fig. 5.15 this was done for PVP K12 in water.

From the slope of this curve a value of 0.304 RT mol © for K1 is derived. For

other PVP samples in water, dioxane and methanol, the same procedure leads to

the x, values summarized in table 5.3.
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Fig. 5.15. Heat of dilution of a function of concentration. From the slope of

the curve, Ky is obtained.
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Table 5.3. Heat of dilution parameter 4 for a number of PVP samples, in
various solvents.

<, / RT (mol—l)

Polymer sample Mv {g molnl) HZO dioxane methanol
K, 3590 ¢ -0.304 ~0.264
K17 8875 -0.207
K25 28100 -0.121 +0.238
K3O : 43?00 . =0.092
K90 731000 -0.082 -0.043

~

As can be seen;, dilution in‘the proton-donating solvents water and methanol

is exothermic (Kl < Q) whereaé in dioxane it is endothermic (|<1 > 0). Thus, the

mixing contribution cannot account for the molecular weight dependency in

A Hads.AFurthermore, we find a surprising molecular weight dependency of Kl in
N

water: the heat of dilution drops sharply at low Mv unt%l at molecular weights

of about 80,000 a constant value is attained (see also fig. 5.16). In methanol,

there is also a substantical decrease between Ky for K12 and for K9O’ so that

we do not believe that it is a specific feature of the agueous solutiocn.
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jFig. 5.16. Moleculaxr" welght dependence of the heat of dilution parame*er Kyi
PVP in agueous =olublon
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Heats of wetting were determined for water, dioxane and NEP. These are
tabulated below (table 5.4). For the sake of comparison a few literature values
are also included. As can be seen, for water the agreement is fairly good,

but our value for dioxane is probably less reliable.

Table 5.4. Heats of wetting of \pyrogenic silica.

Wetting f£luid ~AE/Im?
gthié work , literature data
H20 0.142 0.142 (Rillmann et al., 1972)
dioxane ~0.131 0.146 (Killmann et al., 1972)
- , 0.146 (Curthoys et al., 1974)
NEP ) 0.170 -

Korn (1978) compares enthalpies of hydrogen bond formation obtained on the
basis of the spectral shift relations as suggested by Hair (1977) and Hertl (1968)
with those calculated from measured adsorption enthalpies. For this calculations,
heats of wetting and infrared bound fractions were used. In the case of mono-
functional, low molecular weight adsorbates (for which p = 1) he found very
good agreement. Hence, the binding enthalpies for these adsorbates can, in
principle, derived from gas phase adsorption and wetting data. However, in the
case of polymers, the measured enthalpies were systematically lower than those
expected from the spectral shift (Korn, 1978, p. 70). For high polymers, the
differences found were of the order of 12 kJ per mole of monomer units, which
is about 25%. This observations appeérs to be in line with the decrease of

A H with molecular weight observed in this study.

s
dOne explanation was already‘suggested: the contribution A Hmix is not
negligible, so that the total enthalpy does not exclusively reflect the process
-in the layer immediately adjacent to the solid surface. This explanation was
rejected since it is inconsistent with the fact that the heats of dilution in
water and dioxane have opposite signs.

A different explanation is that the heat effect is incomplete, because
the adsorption prccess is slow. As has been argued in the introductory section

(5.2.4) the microcalorimeter is not able'to detect heats which evolve too

slowly to give rise to a measurable temperature difference. With increasing

molecular weight, the adsorption process might slow down so that the heat effect
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is smeared out over lohger times. As a result, part of the heat effect escapes
detection. This explanation agrees Qith the experimental data presented by
KZllmann et al. (1972) and Xorm (1978) and with our results. It leads to the
conclusion that microcalorimetry has important limitations as a method to study
the adsorption of heigh polymers. For short chains, however, it can be a useful
technique. ‘ ¢ |

In chapter 6 wé compare the results for low molecular weight PVP (K12) with
theoretical results. In this chapter, we also develop a way to calibrate the

calorimetric data in ungts of surface occupancy.
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Chapter 6

Comparison of experimental and theoretical results.

6.1 CHOTICE OF THE PARAMETERS

In this chapter we want to compare numerical results from the modified
Scheutjens-Fleer theory, which was described in chapter 2, section 2.6, with the
experimental data ob%ainéd in our study of the PVP/silica system. For the cal-
culations we need the following input variables: the lattice type (from which we
find the coordination number Z and the fraction of neighbouring sites in the
same layer), the bulkiness parameter b, the number of segments per chain x,
the energy parameters ¥ and Xs and the concentraticn. In order tc convert the
results to experimentally measurable quantities, we must also estimate the

n

monolayer capacity Amo . In the following subsection we briefly comment on the

choices which were made for all these quantities.

6.1.1 Lattice type

Although an adsorbed polymer may, in a seﬁse, be regarded as ananisotropic
solution, the anisotropy cannot be a consequence of'the lattice type which is
chosen to describe the solution..Sincé the lattice is merely a tool to describe
a particular physical situation, it would be illogical if this tool had an
effect on this situation. Therefore we require that in our lattice the a priort
probabilities for steps in three orthogonal (i.e. x—-, y-,and z-) directions are
all equal. Steps in a givenplane (e.g. parallel to the adsorbing wall) are then
twices as probable as steps perpendicular to that wall.

The lattice which meets this requirement is the simple cubic lattice with
Z = 6, so that we prefer this lattice for our description of the soluticn
adjacent to the solid/liguid interface. Both Roe (1974) and Scheutjens and Fleer
{1979) varied the lattice type kut they found that the results do not depend

very critically on the lattice type chosen.

6.1.2 The bulkiness parameter b

As was pointed out in section 2.6.1, we shall define a segment on the
basis of the thickness d of the chain (eg. 2.23). We can estimate d2 from the
volume of the PVP chain, which is L d2 = Pvmon. Here, L is the length of the
fully stretched chain. Inserting eqg. 2.9, written in the foxrm: L = 0.253 P (nm),

we obtain d2 =3.9%5 v . , or
mon
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P/r = 7.85 V v - (nm) (6.1)
¢+ mon S

Here, d is expressed in nm and v on nm°. With Voon = 0-156 nm (Brandrup
and Immergut, 1975) we find P/xr = 3.1 and 4 = 0.784 nm. Since the same value
for d was found from estimates of the monolayer thickness with the help of
molecular models, we regard this as a reliable wvalue.

In orxrder to chéck whether theiflexibility is reasonably accounted for with
the above choice for P/r, we qalculate P/r also on the basis of chain flexibili-
ty data, from egns. (2.26) and (2.30). Concerning eg. (2.26) we assume that
Vthe flexibility of PVP &an Le reasonably compared to that of polystyrene, forxr
which Tonelli (see Flory, 1969, p. 236) estimated Zp = 1.62. With Z = 6, this
leads to P/r = 3.7. Eq. (2.30) contains the characteristic ratio C, for which
values were given in section 3.3.5. It was concluded there that in a number of
theta solventg\PVP behaves as a flexible chain. For thess solvents, C = 7.1,
which leads to P/r = 3.8. However, in other solvents the chain stiffens somewhat,
giving C = 10, and P/xr = 5.3. '

We conglude that the isotropic statistical segments found from the applica-
tion of (6.1) are only slightly shorter than those estimated from the flexibility
of PVP, Hence; the statical segments that we shall use in our ﬁodel are reason-
ably consistent with the conformational properties of the PVP chain. In connec-—
tion to this, we mention that Boyer and Miller (1977) found a strong correlation
between the cross-sectional area (dz) and the flexibility (expressed in C) for
a large number of different polymer'chains. Hence, d2 is a good measure for the
flexibility of a given pblymer.

We can now calculate the bulkiness parameter b from eq. (2.22). Inserting

A4 (H20) = 3.0.x 10—2 nm3 and v, (diox) = 1.4 x 10_1'nm3 we find

1 1

bkdiox)
b(HZO)‘

3.6 ‘ | (6.2 a)
17.1 ‘ (6.2 b)

The number of statistical segments for a chain of molecular weight M follows

from r = P/3.1 = M/3.1 MO or '

r = M/347 , ' (6.3)

6.1.3 Polymer solvent interaction parameter X

From the results presented in section 3.3.3 it turns out that the polymer-
. solvent interaction parameter X depends on concentration. For H20 it decreases

with increasing volume fraction of polymer, whereas for dioxane it increases.
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'In section 3.3.4 Qe discussed the possibility to incorporate this concentration
dependency into the lattice theory and we conclude that such an incorporation

is only justified if X represents purely local interactions. We cannot be sure
that this is the case. Also, the values of ¥ at high ¢ are subject to experimental
uncertainty. Therefore we use the value of ¥ for the dilute solution throughout

the calculations. For water, this leads to yx = 0.48, for dioxzane to x = 0.49.

6.1.4 Adsorption energy parameter Xg

In section 4.3 ‘we described a method to assess the adsorption energy para-
meter Axs by means of displacement studies. We also concluded that the number
obtained from these egperiments is the residual adsorption energy per displacer
molecule, énd that Axs per segment is found by considering the average number
of displacér molecules that occupy the same area as a polymer segment.

For a homogeneous surface this would lead to the conclusion that the
experimental AXS value must be multiplied by the ratio f between the surface
areas occupied by a segment and a displacer molecule, respectively. For the seg-
ment we estimated, on the basis of a molecular model, an area dz. It would be
logical to estimate the effective area for the displacer molecules also from
such a model, but it turns out that the outcomé is not consistent with the
experimentally determined monolayer capacities (see'section 4.3.3). Therefore
we prefer to take these expérimentalrvalues of Amon as our basis and we find

mo

that the effective area per molecule must be MD/NAV A™" where MD is the

molecular weight of the displacer (table 3.1), N is Avogadso's number and

AV
AT g the displacer's monolayer capacity as obtained from a Langmuir plot.
A discussion of the reliability of 2™ values was given in section 4.3.3;
values are tabulated in table 4.2. We find that
2
g° pmen

f = N _ /M {6.4)

AV
The value for Ay per segment is found by multiplying the values tabulated in
table 4.3. For 4 we use 0.61 nm2 (section 6.1.2). The values for f are given

in table 6.1, together with the values of Axs per seygment.
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Table 6.1. Conversion factor f and residual adsorption energy AXS per segment.

water : dioxane
£ : Axs (per segment) £ AXS (per segment)
PYR _ 4.17 4.13 0.74 2.82
NEP 0.55 1.49 0.62 2.55
NEM 0.22 = 1.04 1.81 6.84
NMP 0.69 2.96
DMSO 0.42 ~ 1.46 1.61 6.06

As is seen from table 6.1 the spread in the values is considerable. We
pointed out in section 4.3.3 that the data for both XSD and A™" are not very
reliable for a.number of reasons. Therefore we should not be surprised that the
results of the displacement experiments do not lead to a well defined value for
Axs. Hence, we regard Xs more or less as an adjustable parameter whose wvalue
must be somewhere in the range covered by the experimental values. It turned

out that a reasonable fit could be obtained with the following choices

1
>

Xg (dioxane)

i
N
vl

Xg {(watex)

6.1.5 Concentration

In the plateau region of the adsorption isotherm, the adsorbed amount and
the conformation depend only weakly on the concentration c¢. Therefore, the
choicevof ¢ 1s not very critical. We used adsorbed amcunts at c = 800 mg dm~3
to establish the molecular wéight dependency (see fig. 4.4). This concentration
corresponds to a volume fraction of about 6 x IO~4 if the specific volume V2
of PVP is taken into account. Thus for all calculations ¢§ =6 x 1,0~4 was

chosen.

6.1.6 Monolayer capacity

Theoretical results are expressed in numbers of monolayers (see section 2.3).
In order to compare them with experimental resulﬁs wé need to know the meonolayexr
capacity Amon. In a fully packed monoclayer wevhave one segment with volume 4
and weight d3/v2 on each surface siﬁe with area d2. The weight of polymer
‘per unit area in a compact monolayer is then .
mon

A =4 / V2 : . : - (6.5)
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"Using VZ = 0.78 x‘10“6 m3 gml (Braﬁdrup and Immergut, 1975) and d = 0.784 nm

we find A™" = 1.02 mg m-z.

6.2 RESULTS AND DISCUSSION

For the calculations the original programme for the Scheutjens-Fleer theory,
written in Algol by Scheutjens 11979); was modified by introducing the bulkiness

parameter b (see 2.6.3). All calculations were carried out on a DEC-10 computer.

6.2.1 Adsorbed amount

In fig. 6.1 we compare experimental and theoretical results for the adsorbed
amount A as a function of molecular weight M. Both log M and log r (related
through r = M/347) are indicated on the horizontal axis; the vertical axis dis-

plays both I' and A (related through A = 1.02 T).

T Almg m-2
20F 20 >
A/
1.5 15k
10 10k a
/
G
05-- 051
[
0 tog v
L
6 log Mv

Fig. ©6.1. Adsorbed amount as a function of chain length. The ordinate gives both
the adsorbed weight A and the adsorbance [, and the abscissa gives both
r and M on a logaritmic scale. Solid curves are theoretically calcu-
lated. Experimental points are indicated for dioxane {triangles) and
water (circles).
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‘Since the experiméntal points deviéte by no more than 10 to 20 % from the
theoretical curve over the whole molecular weight range, we conclude that the
agreement is fairly good. Also the slopes of the theoretical curves give a very
good representation of the experimental trend. By far the most important factor
determining the difference in behaviour between dioxane and water is the bulki-
ness. This is to be expected, becausé differences in the energy parameter be-—
tween both systems are only small and yet a large difference in adsorbed amount
is observed. Hence, only a difference in bulkiness can account for the experimen~
tal facts. We conclude that the incorporation of the volume properties of
polymer and solvent is an essential step. It brings the theory into much closer
agreement with experimental results, and gives an explanation of solvent effects
not included in y. *

The experimental points on the low molecular welight end of the curve for
water indicate a somewhat stronger decrease of A with decreasing M than calcu-
lated from theory. We have no straightforward explanation for this. It may be
due to thé fact that for short chains the conformational entropy is not ade-
quately descfibed by a single parameter ZP (Flory, 1969). Another reason may be
a poorer fractionation of the lower molecular weights, so that poly-dispersity
effects would play a role. v

For the higher molecular weights, where MW/Mn = 1.5, polydispersity effects
are not expected to be important for the case that S$/V = 650 (Cohen Stuart et al.,
1980). Hence, despite the far from pérfectfractionationtechniqué, the dependen-

cy of the adsorbed amount on Mv can be fairly well described by the theory.

6.2.2 Bound fraction

Althoug@ we found in section 2.6.3 that the conformation of the macromole-
cules at the intexrface depends hardly on thé buikiness parameter b, we note
that the curve of the bound fréction p versus ' changes shape under the influence
of b, since I' is considerably affected. In fig. 6.2 we compare the bound fraction
measurements for PVP from dioxane as determined by infrared spectroscopy with
the theoretically predicted values. The theoretical curve shows a decrease at
adsorbed amounts largér than 0.7 monolayers; from the experimental points é
similar trend can be concluded. Perhaps, thevdecreasé of p with ' in the experi-
mental results starts already at a somewhat lower I'. The striking feature of
fig. 6.2 is, however, that at given P‘the theoretical bound fraction exceeds

the experimental one by a factor of two or more.
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Fig. 6.2. Bound fraction in dioxane calculated from theory (solid curve) and
as inferred from IR spectroscopy (experimental points, dashed line).

The discrepancy can be resolved by assuming that from the monomer units in
train segments maximally only 50% can form a hydrogen bond with the surface.
This may seem a rather drastic restriction.‘However, by inspection of Stuart
models of the polymer molecule we found that for purely sterical reasons it is
very difficult to bring all carbonyl groups in a train sequence close encugh to
the surface to make hydrogen bonding possible. For polymerswhere the carbonyls
are in the backbone of the chain (e.g. polycarbonates, poly amides) the sterical
restriction would be less. Taking into account the fact that the interaction
occurs almost exclusively with isolated silanol groups (see section 5.3.2) and
that the density of these is low so that they are, on average, rather far apart
_we conclude that it is indeed highly probable that only part of the monomer
units in train segments actually form hydrogen bonds with the surface. Hence,
the underestimation of the bound fraction by IR measurements (already discussed
in chapter 5) seems to be very serious, at least in the case of PVP adsorbed on
silica.

The results of Korn (1978) for the adsorption of polymers with carbonyl
groups from CC14 on silica are also indicative of such an underestimation.

An exception is polycaprolacton} where p measured by IR vaiies from 0.8 at low

adsorbance to 0.3 at high adsorbance. Bowever, here the carbonvl is nart of the
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backbone, and the flexibility of the chdin is presumably high. Since all polymers
used in the study of Korn adsorb thrbugh hydrogen bonds (fiom carbon tetra-
chloride) we expect them to have rather high segmental adsorption energies (XS).
Hence, p values would be expected to be high, especially at low adsorbed
amounts. Korn finds for those polymers where the carbonyl is in a side chain
p-valueé which, és a rule, arelbelowﬁo.S,thus corroborating the explanation
given above. |

It turns out that the infrared technique is useful for qualitative studies
concerning the bound fraction. It cannot be employed for guantitative purposes.

Robb et al. (1974) ;sed electron spin resonance to determine bound
fractions of PVP adsorbed from water. We compare the theoretical curve for this

case with the experimental-points, both plotted as p versus I' (fig. 6.3).

1.0

< NMR.

05

P ! i

0 05 0 . 15

Fig. 6.3. Bound fraction in water,; cadlculated from theory (solid line) and as
measured with ESR (experimental points). The NMR result is also indi-
cated. ‘

The agreement is surprisingly good. Ovéréstimation of p, as was regarded
a possibility (section 5.2.2)AappearS‘negligible, The conclusion must be that
—ESR is a very good technique for the measurement of bound fractions, at least
in the case of PVD. o

The NMR result is also indicated in fig. 6.3. Unfortunately, the adsorbed

amount is not accurately known; it was estimated as about 1.0 monolavers.
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. However, the‘result is undoubtedly'higher than the ESR result. Whether this is
duerto slight flocculation in fhe sample or whether NMR inherently overesti-
mates bound fractions cannot be concluded from the present results. In conclu-
sion, ESR seems to be superior to the infrared method. The possibilities of NMR
are not yet fully explored so that an evaluation of this technique cannct be

given as yet.

6.2.3 Surface occupancy

©

In a first approximation, the surface occupancy 6 is expected to be propor-
tional to the enthalphy of adsorption, AHads (see e.g. Killmanm et al., 1972).
In fig. 6.4 we therefore plotted AHads per unit of surface area against the
total adsorbance I' for both water and dioxane. As has been discussed in section
5.5.2, thé‘calorimetric‘measurement is not suitable to measure adsorption
enthalpies for very high molecular weight polymers, because part of these
adsorpfion processes are too slow to give rise tb a measurable heat effect. For
this reason we used only the results obtained with K12, which has a relatively

N

low molecular weight.

10F 25 }- ________________
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o8l 20 theory
v ~A Hage /M) m-2 Lo
071 { dioxane
|

08} | .

’,...xll--x-—--*—— — experiment
05
04 theory
03

experiment
02~
o1
Ot~ [
r 15
Fig. 6.4. Surface\occupancy ® and -adsorption enthalphy AH ;, as a function of

adsorbance. Solid curves are theoretically calculated and dashed

curves were drawn through the experimental points. Extrapolation of the
initial slome to I' = 1 enabled us to calibrate the ordinate (9) in
monoclayers.
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~ From the theoretical results of Schéutjens and Fleer (1979) we know that at
very low coverage and’high Xgr the (initial) slope of the 8 versus I' curve (which
equals p) is almost equal to unity. Since in cur case Xs was estimated as 2.5
and 4, respectively, this must alsc be sc for PVP adsorbed from water and from
dioxane onto silica. The important implication is that if we extrapolate the
tangent‘to the initial part of the A'H versus I'-plot until it intersects the
line T = 1, we find the adsorption enthalphy for which 6 = 1. In this way we can
calibrate the A H-axis in monolayer units.

The curves A H(T) fog water and for dioxane have the same initial slope and,
hence, the enthalphy A Hmen correspondiﬁg to 8 = 1 is identical in both solvents,
namely A Hmon = 25 mJ mf2. Accordingly, we converted the A H-axis into a 9-axis.
A gron may be compared to the difference in the enthalpies of wetting between

pure polymer (A\ﬁpol) and pure solvent (A qu ). Since a wetting experiment

ol
with pure polymer cannot be carried out, we determined the heat of wetting for
the analogue of the monomer unit, N-ethyl pyrrolidone (NEP). The latter heat

may serve as a reasonable approximation for A H . Wetting experiments were

reported in seéction 5.5.2. We find a differencepzi 28 mJ m—z between the wetting
enthalpies of NEP and water, and 24 mJ m-Z between the heats of wetting of NEP
and dioxane. Both values agree within experimental accuracy with the value A o
= 25 mJ m_2 derived from the adsorption enthalpies. Hence, both the calibration
of 8 on the basis of this number and the neglect of mixiﬁg enthalpies (A Hmix)
in the initial part of the enthalpy curve seem to be justified. From A 7" we
cglculated tge adsorption enthalpy A htr per segment, using the contact area
d = 0.61 nm between a segment and the surface. The result is A htr * 4 kT, which
is just the value that was usgd for Xg in dioxane. This would mean that in
dioxane Xs is purely enthalpic. However, for water the Xs—value that seems to
describe the adsorption rather well is 2.5, and this leaves a difference of 1.5
kT of entropic origin to be explained. It is difficult to imagine how the
entropy is lowered by the exchange of water molecules at the surface with a
segment. In view of the many uncerfainties in the value of Xg We do not pursue
this point any further. v

The calibration described above enabled us to include the theoretical
curves 0 (T) into fig. 6.4. Qualitatively, there is reasonable agreement between
these theoretical curves and the experimental éoints. For dioxane, a high piateau
of about 0.8 is caiculated, wheresas for water the plateau is lower by a factor
of 2.1 and amounts to 0.38 monolayers. The experimental ratio of 2.2 for the
ﬁlateau values is nearly the same. Howewver, in both cases the absolute value
© of the thecretical plateau in 6 is about 45% highex than the experimentél one.
v We mention a number of possible reasons for this difference. First, A H

ads
may not be strictly proportional to 6. There may be a non-negligible contribution
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A Hmix’ arising from polymer-polymer interactions (see section 5.1.4). As was
shown, however, the sign of A Hmix is expected to be different for water and
for dioxane, at least for not too concentrated solutions. For dioxane A Hmix < 0,
and an increase above the theoretical plateau rather than a decrease would be
expected. So; this explanation seems to fail, unless the heat of mixing reverses
sign at high concentrations. A heat of mixing correction could be estimated from

-4

ed. (5.10) and the values for kx, given in table 5.3. Using ¢ = 0.5, ¢* = 10 °,

and, since the volume of the ad;orbed layer is negligible small, a dilution volume
of about 10 ml m_2 we find values of the order of 5 mJ m—2 for the heat of

mixing. Hence, a correction for thé heat of mixing would have the right order

of magnitude, provided that the Kl-values from table 5.3 are still valid for

the high volume fractions occurring in an adsorbed layer.

Second, the proportionality may not hold because the silica surface is
energetically heterogenéous. The heterogeneity leads to large A Hads values at
low T, - because then the sites of highest energy are preferentially occupied.

As T increases, adsorption occurs on sites of lower energy, leading to a smaller
enthalpy change per train segment. Suppose that the distribution of energies
among the sites were the same in both water and dioéanem The train segments in
dioxane would distribute over all these energies (since 8 is high in dioxane)
but in water only the sites of high energy would be preferably occupied. Hence
the effect of heterogeneity would be more pronounced in water than in dicxane.
This is not observed, so that any explanation on the basis of surface heteroge-
neity must imply different adsorption mechanisms for wateryand for dioxane.

Third, kinetic factors at high M, as al}eady discussed, may have reduced
the expected enthalpy effect; this reduction would probably depend scmewhat on
the segment density and, hence,on the solvent quality and on Xs' To avoid it,
smaller molecular weights must be used, but then it becomes doubtful whether
the full range of 6~values can be covered at low bulk concentrations.

In view of the above discussion we want to stress that straightforward
interpretation of adsorption enthalpies in terms of the segment density in the
first layer is not possible, because the adsorbing interface may be energetical-
1y heterogeneous, enthalpies arising from other interactions thanthose between

the polymer and the surface may centribute to A Ha ; and kinetic effects may

ds
obscure part of the heat effect. In spite of all these problems the theory
accounts fairly well for the general shape of the enthalpy curve and for the
ratio in plateau values between the curves for dioxane and water. However, the

plateau values themselves do not agree wit measured adsorption enthalpies.



- 132 -

6.3 EVALUATION OF THE MODIFIEb SCHEUTJENS"ELEER THEORY

In the preceding section we compared the theoretical predictions of the
modified Scheutjens-Fleer theory with a variety of experimental data. Looking
aover these discussions, we arrive at the conclusion that this theory describes
the adsorption of the neutral homopolymer polyvinyl pyrrolidone on silica
rather well. | }

Among the parameters, needed for the calculations, only the adsorption
energy Xs is difficult to assess. The uncertainty in the experimental value of
this parameter is considgrabte so that it remains, to some extent, an adjustable
quantity. However, with 5 reasonable choice within the range covered by the
experimental values the experimentally determined adsorbed amounts are, within
- 10 to 20 %, equal to the theoretically predicted values.

Alsc the ceonformation, as expressed in p and 8, conforms rather well with
the theoretical results. The‘agreement is best with the ESR results. The bound
fraction as inferred from infrared spectroscopy is systematically too -low,
differin§ from the theoretical value by a factor of about two. Howevexr, the
difference can satisfactorily be explained from the structure of the PVP chain
and the morphology of the silica surface. The NMR experiﬁent gave a slight
overestimation of p, but more data are needed in order to adequately evaluate
this technique. For the calorimetric measurements, the slope of the enthalpy cuxrve
at low coverage céuld be correlated with enthalpies of wetting. The theoretical
plateau values were too high, but they had the same ratioc as the plateau values
of the experimental enthalpy curves.

It should be emphasized that such good agreeﬁent was not possible with the
original Scheutjens-Fleer theory. The introduction, on purely theoretical grounds,
of the bulkiness parameter p?oved to be an essential step towards a complete
theory. The large differehceé found between the. adsorption from water and from
dioxane could only be satisfactorily explained by the difference in molecular
volume between these two solvents. . ‘

Since the water molecule is so small, it is to be expected that the pro-
nounced effect of the bulkinesé parameter, as found for the adsoxrption of PVP,
will be observed more generally. Thus, homopolymers adsorbing from water will
do so in smaller amcunts than homopolymers adsorbing. from organic solvents,
provided that the x—parameters are not too different. Checking this conjecture
would be a worthwile aim for future investigations.

A In a number of studies (e.g. Koopal, 1978) copolymers are adsorbed. Although
copolymers behave like homopolymers in a numbeér of respects, one should not
apply the above conclusions to the adsorption of these molecules. E,g;, poly—
vinylalcohol with remainiﬁg acetate gioups behaves in a rather different way

because of preferential adsorption of the more hydrophobic segments.
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6.4 THE CONFORMATiON OF PVP AT THE'SOLID/LIQUID INTERFACE

~ The Scheutjens-Fleer theory gives a full description of the conformation
of adsorbed polymers. Since this theory, after the incorporation of the bulki-
ness parameter, seems to be well supported by the experimental data gathered
in this study, we beliewve that the theoretically calculated conformations cor-
responds rather closely to physical reality. It may therefoge be useful to
present the data calculated for the conformation in more detail. These data are
for a PVP molecule adsorbing from a dilute dioxane solution (¢ = 800 mg dm~3),

In fig. 6.5 we ‘have plotted the adsorbed amount I' as a function of chain

length. The obscissa gives, in logaritmic scale, both r and M. We split up T

into contributions from loops, tails and trains.

20 , ’
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Fig. 6.5. Cumulative representation of the contribution of loops, trains and
tails to the adsorbed amount, as a function of chain length.
On the obscissa both log x and log M are indicated.
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We see that the gradual'increase in adsorbed amount is caused by the increase

of ﬁhe average loop iength.‘Up to chain lengths of about 50 segments (M = 20,000)
the tfains give by far the most dominant contribution. For longer chain lengths,
both trains and tails contribute constantly so that the further increase in T

is completely due to the increase in the average loop size and the broadening
of the loop size distribution. ‘

Fig. 6.6 gives the fractions of segments in trains, loops and tails,
respectively, in a cumulative representation. The abscissa is the same as in
fig. 6.5. We see that, asithe\chain length increases, the fraction of loop
segments increases at thetexpense of the train portion. The tail fraction varies
remarkably little with chain length, having a weak maximum somewhere around a

molecular weight of 30,000.°
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Flg. 6.6. Distribution of segments over talls, loops and trains-as a function
of chain length. Both r and M are indicated cn logarltmlc scales.
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‘A constant tail fraction must imply a drastic increase of tail length with
molecular weight, sinéé the number of tails is restricted to two.. It turns out
that the tail length is approximately proportional to M. This is illustrated

in fig. 6.7. Both train and loop length increase only weakly with chain length,
in contradistinction with the average tail length. It is rather the large number
of small loops and trains per aésorbed chain which is responsible for their

high segment fractions.
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Fig. 6.7. Average length of loops, trains and tails as a function of chain
' length. Both r and M are indicated on a logaritmic scale.

The typical conformation of a long chain molecule at the solid/liquid
interface can thus be pictured as a sequence of many short loops and trains
(in alternating order) with a long tail at one or at both ends. As the chain
length increases; more and more loops of slightly greater size are formed and

the tailsbecome very much longer.
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"The root mean squére layer thickneés § increases also with chain length.

. As 1is seen from fig. 6.8, ¢ depends linearly on YM. An interesting question
is, how § is related to an effective hydrcdynamic layer thickness. In a recent
paper, Varoqui (1977) treats this problem.»However, this treatment starts from
the Hoeve theory and, therefore, does nct include the effect of long tails.
Probably, the problem needs to be recon51dered on the basis of the results

obtained in this study.

6 (monolayers)

1 i - |
0 250 500 ypm 750 1000

Fig. 6.8. Root mean square layer thickness as a function of /M, § is given both
in monolayers and in nm.

From the description of the conformations that polymers assume at the solid/
liquid interface we can now sketch what a surface, on which a high polymer is
adsorbed, lcoks like. From a relatively dense layer of small lcops, resembling
a thick carpét, Yong dangling tails protude here and there into the solution.
Each molecule, when projected on tne surface, occupies on average r/T surface
sites, so that the average distance between the centers of gravity of the
molecules is of the orxder of Yr/T lattice spacings. Since the number of tails

per chain n is approximately constant, they must get farther apart with

tails
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tails
However, the tails also grow in size, and eventually are expected to behave like

increasing chain length, the average distance between two tails being vr/T n .

terminally attached Gaussian coils with a radius of the order of VLtail. lattice

spacings (L is the number of segments per tail).

i
For a typizzllmolecule of 1000 segments (M = 347,000) we find that Ltail = 74,
ntails = 1.43 and I' = 1.7. Thus ‘the tails are, on average, 20 lattice spacings
apart and have a radius of about 9 spacings. Although there is a wide distribution
of tail sizes, it is not very likely that the tails overlap, since they alsc
tend to repel each other. In other words, they build randomly distributed
'blobs® on the loop:covered surface.

The behaviour of polymers at interfaces is highly relevant to a number of
important phenomena, such as, e.g., the stabilization and destabilization of
colloidal dispersions. We hope that the above description will be helpful in
gaining an understanding of such phenomena. Therefore, we attempted to help
imagination, visualizing in fig. 6.9 the layer of polymer molecules at the

solid/liquid interface.

Fig. 6.9. Layer of adsorbed polymer mclecules
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Summary

We undertook the present study in order to evaluate techn;ques which are
devised to assess the comformations of adsorbed macromolecules. Since recent
theories deal with these conformations, we also wanted to investigate to what
extent fhese theories are supported by experimental data.

In chapter 1 we outline the scbpe of this study and we give reasons for
using polyvinyl pyrrolidone / silica as the model system.

Chapter 2 deals with thé general aspects of polymer adsorption. Some trends
found from experimental Qork are mentioned, and the four main theories which have
treated the problem of interacting chain molecules at a plane interface are
briefly discussed. Arguments are presented which lead to the conclusion that,
from a thecretical point of view, the best theory available at present is the
one recently given by Scheufjens and Fleer (1579). However, it is shown that
even this theory fails to take into account both the volume ratio between
polymer and solvent and the flexibility of the polymer in a consistent way.

We propose a simple way to modify the theory such that these properties»are

both incorporated; this requires the introduction of a néw parameter into the
theory: the segment-to-solvent volume ratio or bulkiness parameter b. A few
calculations show how the results depend upon b. At the end of chapter 2 we

also consider briefly the reversibility of polymer adsorption in connection with
polydispersity effects.

Chapter 3 presentsa selection of relevant properties of thé polymer, the
solvents and the adsorbent. '

Adsorption experiments are discussed in chapter 4. Adsorbed amounts for
two solvents (water and dioxane) are given as a function of chain length,
properties of the adsorbent surface and polymer heterodispersity. It is found
that PVP adsorbs strongly from both solvents, but in amounts that are sub-
stantially higher from dioxane than from water. Chapter 4 also deals with the
desorption which occurs if suitable low molecular weight displacers are added
to the solution. By means of a simple expression, the amount of displacer need-
ed to just cause complete desorption is related to the strength.with which the
polymer is béund to the surface. With 5 different displacers an effective
adsorption energy is estimated and its meaning is discussed. This type of
measurements is entirely new ih polymer adsorption studies. Although a detailed

}inter?retation of the results is not straightforward, we obtain reasonable

values for the adsorption energy parameter.
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Measurements‘of conformation éarameters for adsorbed PVP are described in
chapter 5. Bound fractions are determined spectroscopically (infrared, nuclear
‘magnetic resonance) and completed with data from the literature (electron spin
resonance)}. Calorimetry is used as a means to study the surface occupancy. The
discrepancies between results from the various methods are considerable, and
it is cbncluded that the technfques do not measure the same property. Never-
theless, the results are useful in gaining a further understanding of the
adsorption phenomenon.

In chapter 6 we compare in some detail experimental and theoretical
results. The theory ﬁsed is the aforementioned modification of the Scheutijens-
Fleer theory and the experimental data comprise adsorbed amounts, bound
fractions and interaction parameters. The adsorbed amounts, which can be fairly
accurately measured, agree within 10 tot 20 % with the theoretically calculated
values, over the whole molecular weight range. To our knowledge, this is the
first time that quantitative agreement is obtained to such an extent. Bound
fractions determined with ESR also agree fairly well with the theorefical values,
and NMngives a result in the right range. Infrared data lead to a serious
underestimation of the bound fraction, which is easily explained on the basis
of the chain structure. To a lesser extent, microcalorimetric results also
tend to underestimate the bound fraction, although the results agree surprising-
ly well with enthalpies of wetting. The dependency on the solvent type is also
correctly predicted. ‘

The conclusion is drawn that the introduction of the bulkiness parameter
is an essential step towards a complete theory and that the modified Scheutjens-
Fleer theory is strongly supported by experiment. Finally, we picture in some

detail the conformation of adsorbed PVP, as it emerges from this study.
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Saménvatting

Het in dit proefschrift beschreven onderzoek was erop gericht verscheidene
technieken waarmee men de conformaties van geadsorbeerde macromoleculen kan
bestuderen, aan een evaluatie te onderwerpén. Aaﬁgezien deze conformaties door
recente theorieén ook berekend kunnent worden, wilden we ook nagaan in hoeverre
deze theorieén door’de experimenten ondersteund worden.

In hoofdstuk 1 schetsen we de opzet van het onderzoek en we geven aan waarom
polyvinyl pyrrolidon / silica als modelsysteem werd gekozen.

Hoofdstuk 2 behandel£ algemene aspecten van polymeer-adsorptie. Enkele uit
experimenteel werk gevonden trends worden vermeld, en de vier belangrijkste
theorieén die het probleem van wisselwerkende ketenmoleculen aan een vlakke
fasegrens behandelen worden kort besproken. Op grond van een aantal overwegingen
concluderen we dat uit theorétisch oogpunt de recente theorie van Scheutjens en
Fleer (1979) op dit moment de best beschikbare is. We tonen echter aan dat het
zelfs in deze theorie nog niet mogelijk is zowel de volumeverhouding tussen
polymeer en oplosmiddelmolecuul als de flexibiliteit van de polymeerketen op
consistente wijze te verdisconteren. We stellen derhalve‘een eenvoudige wijziging
in de theorie voor om dit mogelijk te maken, hetgeen leidt tot de invoering
van een nieuwe parameter in de theorie: de volumeverhouding tussen segment en
oplosmiddelmolecuul of 'bulkiness parameter' b. Enige berekeningen maken het
effect van b oé de theoretische resultaten zichtbaar. Aan het eind van hoofd-
stuk 2 besteden we enige aandacht aan de reversibiliteit van poiymeeradsorptie,
in samenhang met polydispersiteitseffecten. '

In hoofdstuk 3. geven Qe een aantal relevante eigenschappen van het polymeer,
het oplosmiddel en het adsorhehs.

Adsorptie-experimenten worden besproken in hoofdstuk 4. Voor twee oplos-
middelen (water en dioxaan) worden de invlceden van ketenlengte, eigenschappen
van het adsorbens oppervlak, en de heterodispersiteit van het polymeer bestudeerd.
Het blijkt dat PVP sterk adsorbeerﬁ vanuit beide oplosmiddelen, maar met dioxaan
worden aanzienlijk hogere adsorpties gevonden dan met water. In hoofdstuk 4
komt. ook de desorptie aan de orde die‘optreedt als geschikte laag-moleculaire
verdringers toegevoegd worden aan de oplossing. Een eenvoudige uitdrukking geeft
het verband tussen de hoeveelheid verdringer waarbij de desorptie juist volledig
is en de sterkte van de binding tussen polymeer en oppervlak. Een effectieve
adsorptie energie wordt geschat met behulp van 5 verschillende verdringers en
de betekenis van het resultaat wordt besproken. In het onderzoek naar de
' ddsorptie van polymeren is dit type metingen volkomen niesuw. Ofschoon een gede-

tailleerde intarpretatie van de resultaten moeilijk is, verkrijgen we redelijke
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waarden voor de adsorptie energie-parameter.

-Metingen van conformatie parameters voor geadsorbeerd PVP worden beschreven
in hoofdstuk 5. Langs spectroscopische weg (infrarood, kernspin resonantie)
worden gebonden fracties bepaald; deze worden aangevuld met literatuurgegevens
(uit electronspin resonantie). Cglorimetrie wordt toegepast om de bedekkings-
graad van het oppervlak te bestu&eren.'Vergelijking van de resultaten van elk
van deze methoden brengt aanzienlijke discrepanties aan het licht; we conclu-
deren dan ook dat we met deze verschillende technieken niet steeds dezelfde
elgenschap meten. Niétteéin zijn de resultaten van waarde voor het verkrijgen
van meer inzicht in het adsorptie verschiijinsel.

In hoofdstuk 6 onderwerpen we de experimentele en theoretische resultéten
aan een vrij gedetailléerde vergelijking. De gebruikte theorie is de boven-
genoemde modificatie van de Scheultjens-Fleer theovrie en de experimentele ge-
gevens omvatten geadsorbeerde hoeveelheden, gebonden fracties en wisselwerkings-
parametérs. De geadsorbeerde hoeveelheden kunnen vrij nauﬁkeurig gemeten worden
en stemmen over het gehele molecuulgewichtsbereik binnen 10 tot 20 % overeen
met de theoretisch berekende waarden. Voor zover ons-bekend is dit de eerste
maal dat kwantitatief zo goede overeenstemming werd verkregen.

Gebonden fracties bepaald met ESR kloppen ook vrij goed met de theoretische
resultaten en NMR geeft een resultaat dat in het juiste gebied ligt. De uit
infrarood gpectroscopieverkregen gebonden fracties liggen beduidend lager dan
de theoretische waarden. Dit kan gemakkelijk verklaard worden uit de structuur
van de polymeerketen; we concluderen dat infrarcod spectroscopie leidt tot een
ernstige onderschatting van de gebonden fractie. Dit is, in mindere ﬁate, ook
het geval met microcalorimetrie, maar bij lage bedekking stemmen de resultaten
hiervan verrassend goed overeen met bevochtigingsenthalpieén, en de invloed van
het oplosmiddel wordt eveneens correct voorspeld.

We concluderen tenslotte dat de invoering van de bulkiness parameter een
essentiéle stap is in de richting‘van een volledige theorie en dat de aldus
gemodificeerde Scheutjens-Fleer theorie door de experimenten goed gesteund

wordt. We besluiten met een schets van de conformatie van geadsorbeerd PVP,

zoals die uit deze studie naar voren komt.
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DMSO dimethylsulfoxide

NEM N-ethylmorpholine

NEP N-ethylpyrrolidone
NMP N—methyléyrrolidine
PVP polyviﬂ&l pyrrolidone
PYR pyridine '

stoibed amount (in trains, in loops, in tails)
ﬁxceSs adsorbed amount

Monolayer capacity

Ambﬁnt (of polymer) excluded from the surface

The sum of A and Aﬁ

Mark Houwink exponent

Distance between protons in the wateér molecule
Second virial coefficient

Bulkiness parameter i

Characteristic ratio for the mean square end-—-to-end
distance

Viscosity constant

Concentration of polymer in solution

Concentration of adsorbed polymer (in a_dispersion)
Flexibility parameter in'Hoeve's theory

Thickness of polymer chain (thickness of monolayer)
Distance from center of gravity in polymer coil
Infréred absorbance (of reference, of bound carbonyls)
Energywof state j
(Helmholtz) free energy

Free energy for conformation and adsorption, for mixing

Conversion factor for adsorption enerqgy parameter
Gibbs free enthalpy (residual free enthalpy)

Nuclear g-factor ‘

Magnetic field strength of static field (of rotating
£ield)

Enthalpy of adsorption {(due to trains, due to
concentration effects)

enthalpy of adsorption of one train segment
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Mean square/end—to~end distance (unperturbed)

" Planck's constant

~ Layer number in lattice model (alsoc index)

Mark-Houwink constant (under theta conditions)
Hydrodynamic constants

Boltzmahn's constant

Huggins' constant

Contour length of a polymer chain

“Average number of segments in a tail, a loop, a train

Number of sites in a lattice layer
Bond length between atoms in a polymer chain backbone

Length of a statistical (Kuhn) segment

Length of a step in a lattice

Molecular weight (specified molecular weight)
Number-, weight-, viscosity averaged molecular weight
Molecular weight of the monomer unit, of a displacer
Number of carbon atoms in pplymer backbone

Number of trains of length T (Hoeve's theory)
Avogadro's number

Number of polymer molecules (in conformation c)
Number of solvent molecules

Number of polymer segments in 1aye: i

Number of solvent mqlecules in layer i

Specified conformation set

Number of segment-surface contacts

Number of loops of length A (Hoeve's theory)

Number of tails per polymer molecule

Number of moles of solvent added in a dilution
experiment

Number of maxima in an infrafed interference pattern
Degree of polymerization

Vapour pressure over a solution (pure solvent)

Bound fraction

Weighting factor for layer 1, ..., 1

Critical -value for p1

Canonical partition function (for conformation and
adsorption in Hoeve's theory)

Gas censtant

Number of statistical segments per .chain
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Available surface area

Specific surface area

(Ideal) entropy of mixing

Radius of gyration {(unperturbed)

Absolute temperature (specified temperatures)
Longitudinél, transverse relaxation time

Infrared transmission (of reference, of bound carbonyls) .

Duration of radiofrequency pulse

Time interval between pulses

Volume

Hydrodynamic volume of a polymer coil

(Partial) specific volume cof polymer

Volume of a solute molecule

VOiume of a solvent molecule

Volume of a monomer unit

Volume of a statistical segment

Molar volume of solvent

Molar volume of polymer

Number of lattice layers in the adsorption models of
Roe and Scheutjens/Fleer

Mole fraction of adsorbate at the initial part of

a low molecular weight adsorption isotherm
Coordination number (in bulk, at the éurface)
Effective coordination Qumber for a given polymer chain
Distance along a direction perpendicular to the
adsorbing wall

Excluded volume parameter (limiting value at infinite

temperature)

' Linear expansion factor . (for the end-to-end distance,

the radius of gyration, the hydrodynamic radius)

Nuclear magneton

Adsorbance, excess adsorbance

Adsorbance in the initial part of a (low molecular weight)
isotherm

Magnetogyric ratio

End effect parameters (Silberberg's theory)

Optical path length

Root-mean square adsorbed layer thickness

Kronecker delta function
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Infrared absorption coefficient for free (bound)
carbonyls

Viscosity

Specific viscosity

Intrinsic viscosity

Theta ‘temperature

Surface occupancy

Heat of dilution constants

Loop length

Infrared wavenumbers

Partition function for trains

Excess chemical potential of solvent in a (polymer)
solution

Partition function for train segments (Hoeve's theory)
Train length

Correlation time for molecular motion

Viscosity constant

Volume fraction of polymer

Volume fraction of polymer after dilution

Volume fraction of polymer in loops, trains, tails
Volume fraction of polymer in layer 1, ..., i, ...
Weighted average of ¢i over layers i~1, i and i+l
Volume fraction of solvent

Volume fraction of solvent in layer 1, ..., i, ...

Volume fraction of polymer in bulk solution
Volume fraction of solvent in bulk solution

Volume fraction of displacer in layer 1, in the bulk
solution

Critical displacer volume fraction

Polymer-solvent interaction parameter

Polymer adsorption energy’parameter (critical wvalue
of xs)

Residual adsorption energy parameter (xsmxs cr)
Displacer adsorption energy parameter

Entropic part of ¥

Enthalpic part of ¥

Multiplicity of. state j

Conformational partition function of a polymer chain
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Scheutjens/Fleer partition function (configurational

part)
partition function of a loop (Hoeve's theory)

Conformation factor (Scheutjens-Fleer theory)

NMR Larmor frequency
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