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ABSTRACT

The interaction of water with several cellulosic polymers at low
water contents is measured by inverse gas chromatography. Various non-ideal
kinetic contributions to the GC results are discussed, and corrections
are determined.

Several gas chromatographic and static techniques were used to
measure the activity of water vapor over concentrated solutions of
hydroxypropyl cellulose. At 25°C, the results are compared to osmotic
pressure measurements in the liferature. It is suggested that in this
system, the polymer-solvent interaction parameter may have the same value
at each end of the concentration range, but the entropy of mixing changes
from that predicted by Flory's theory for rod-like mixing at high
polymer concentrations to that for Flory-Huggins mixing in dilute solution.
Activities of water vapor measured from 15 to 55°C show the effect of
the lower critical solution temperature above hOOC, in that activities
approach unity and heats of mixing calculated from the temperature
dependence of the sorption isotherms go to zero.

Infinite dilution thermodynamic parameters and heats of mixing
of water with several cellulose acetates, methyl cellulose and ethyl
cellulose are reported, and the effect of substitution is discussed.

Finite concentration sorption isotherms are also given, and are

interpreted by Zimm's cluster integral theory.



RESUME

L'interaction de 1'eau avec plusieurs polyméres cellulosiques aux
teneurs en eau faibles est mesurée par la chromatographie inverse en
phase gazeuse. Quelques contributions cinétiques non-idéales aux
résultats de "GC"sont discutées, et les corrections sont determinées.

Quelques techniques chromatographiques et statiques furent
utilisées pour mesurer l1'activité de 1'eau dans les solutions
concentrées d'hydroxypropyl cellulose. A 250, les résultats sont
comparés avec des mesures de pressions osmotiques tirées de la
littérature. |1 est suggeré que, pour ce systéme, le paramétre de
1'interaction polymére-solvant a la méme valeur aux deux extremités
de 1'échelle de concentration. A des concentrations élevées de polymére,
1'entropie est en accord avec les prédictions de la théorie de Flory
pour un mélange de bAtonnets, alors qu'en solution diluée 1'entropie
est plutdt en accord avec la théorie de mélange de Flory-Huggins.

Les activités de vapeur d'eau mesurées de 15° 5 55° démontrenf 1teffet
de la température critique de démixtion inférieure au dessus de 40°.
Les activités s'approchent de 1'unité, et les chaleurs de mélange
calculées 3 partir de la dépendence des isothermes d'absorption sur

la température tendent vers zéro.

Les chaleurs de mélange et les paramétres thermodynamiques a dilution
infinie de 1'eau avec quelques acétates de cellulose, méthyle cellulose,
et éthyle cellulose sont rapportées, et 1'effet de la substitution
sur la cellulose est discuté. Les isothermes d'absorptiod a concentration
finie sont donnés, et sont interpretés par la théorie intégral de

groupement de Zimm.
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CHAPTER 1

INTRODUCTION



Aqueous polymer systems have been the object of many studies
over the years (1). This interest is natural, considering the
importance of water-polymer interactions in biological systems, and in
many technologically important brocesses.

Cellulose and its derivatives remain one of the most important
classes of polymers used today. The importance of water in cellulose
and paper technology is well known. Because of this, the behavior of
aqueous systems of cellulosic polymers has been examined in some detail
with a very wide range of experimental techniques (1,2). X-ray, infrared,
and nuclear magnetic resonance techniques have been used to study the
changes which occur as cellulose and its derivatives absorb water.
Sorption isotherms and calorimetric measurements have also been
employed (2,3).

One concentration region not frequently studied by sorption methods
is the region of very low water content, from zero to a few percent
of water. In the past, information has been obtainable only by
extrapolation from higher water concentrations. However, a new
technique has been developed over the last few years which is ideally
sui}:ed to the very low water concentration region. This technique
is 'inverse gas chromatography''.

Gas chromatography (GC) is now universally accepted as a tool in
analytical and in preparative organic chemistry. More recently,
physical properties of polymers have been measured by inverse GC.

The term "inverse" refers to the fact that the method is used to
examine the stationary phase, rather than the injected sample, which is

often referred to as the '"'probe'' Inverse GC on polymeric stationary



phases has been developed over the last ten years, and has been
reviewed fairly recently (4,5). Since then, two comprehensive books
on inverse GC have also been published (6,7).

Measurements by inverse GC have proven to be successful for
non-polar systems at temperatures well away from any polymer glass
transtion temperature. However, several problems were apparent from
the start of the present work, due to the choice of water as probe
and the polar cellulosics as substrates. Careful attention had to
be paid to the materials used in constructing the GC columns, in order
to avoid the introduction of extraneous polar sites into the columns.
The existence of polymer-polymer or polymer-water hydrogen bonding
presents the possibility of non-equilibrium kinetic effects, and
furthermore may cause sorption hysteresis and curvature of the sorption
isotherm. Finally, with water as probe, it was necessary to use a
gas chromatograph equipped with a thermal conductivity ;étector rather
than the more sensitive flame ionization detector. Of these problems,
the most serious is the combination of Iisotherm curvature with
peak spreading caused by non-equilibrium kinetic effects.

As stated previously, inverse éC is of particular use in the
study of very low solvent concentrations in the polymer. However, this
advantage of inverse GC is also one of its disadvantages: that it is
confined to this region of low solvent content. Therefore, other
sorption methods had to be used to extend the GC data to higher
water contents.

One unusual aspect of the work in this thesis is that the mixing

of water with one of the polymers produces an ordered or liquid crystalline



phase at high polymer concentrations. Although non-polymeric liquid
crystalline materials have been known for nearly a century (8), it

has only been recently that these have been anything other fhan
laboratory curiosities. Liquid crystals are characterized according

to their structural order and their mechanism of formation. Thermotropic
liquid crystals form upon heating certain crystalline solids; on further
heating they melt to form an isotropic liquid. Lyotropic liquid

crystals form upon the dissolution of one component in a critical

amount of an appropriate solvent (9). Structures are defined as
"'smectic" (molecules parallel and aligned in layers) and 'nematic'
(molecﬁles with parallel axes not arranged in layers). A third

structure is the "cholesteric', originally seen in cholesterol
derivatives. This is considered to be a twisted nematic in which the long
axes of the molecule are no longer parallel, but rather are aligned at

a small angle to each other, so that é structure with a fixed pitch

may develop.

Recently, polymers with sufficiently stiff chains have been shown
to form nematic liquid crystalline phases at high polymer concentration.
Theoretical work by Flory (10-12) has pointed out that the asymmetry of
the long-chained, stiff polymer molecules is by itself enough to
produce a mesophase. Both natural and synthetic, optically active
polymers with stiff chains have been found to form lyotropic liquid
crystalline mesophases with cholesteric structure. This has been seen
for various polypeptides (9), for solutions of hydroxypropyl cellulose
in both water (13) and various organic solvents (14), and for other

cellulosics (15) including cellulose itself (16).



Under the appropriate conditions of temperature and concentration,
cholesteric liquid crystals often shown bright iridescent colors.
These colors result from the reflection of radiation from the
cholesteric structure of the mesophase. Some form of cholesteric
structure has been suggested as the origin of the iridescent colors
of certain beetles (17). Liquid crystalline polymer solutions are
currently of great technological interest. Very strong fibers have
been spun from such solutions. It has been suggested that this extra
strength is derived from the pre-orientation of the polymer in the liquid

crystalline phase (18), but few previous measurements of solvent

activity over such solutions have been reported in the literature.



Scope and Aims of the Thesis

The basic aim of this project was the examination of water-polymer
interactions at low water content. This region is suitable for
examination by inverse gas chromatography, a technique that has been
little used for aqueous polymer systems. Where necessary 6 sorption
isotherms were measured at higher water content by means of classical,
static methods. The polymers chosen were cellulose acetates of different
degrees of substitution, methyl cellulose, ethyl cellulose, and
hydroxypropyl cellulose (HPC). The latter forms lyotropic mesophases
with cholesteric structure in water and in other organic solvents.

Chapter 2 provides a background to the theory of gas chromatography,
as applied to polymer solution thermodynamics. Chapter 3 details the
experimental methods used in the thesis. In Chapter 4, results of
sorption measurements on HPC at 25°C as well as osmotic pressure data
from the literature are compared to the Flory-Huggins and the Flory-Daoust
models for the behavior of flexible coils in dilute solution, and to
Flory's model for a system of rod-like molecules at very high polymer
content. In Chapter 5, partial molar Beats and entropies of mixing
are calculated at different concentrations of water from sorption
isotherms measured at several temperatures, and possible effects on
the sorption process and the phase separation behavior are discussed.

In Chapter 6, the effect of non-ideal GC response in a polar system
is discussed in detail. Sorption isotherms and infinite dilution
thermodynamic parameters are given for the cellulosic polymers
mentioned previously. Zimm's clustering integral is suggested as a

model for these isotherms in Chapter 7.



Appendix A summarizes the results of sorption measurements on
HPC using a large number of organic probes. Included are sorption
isotherms, infinite dilution thermodynamic parameters, and a
discussion of a newly-discovered HPC glass transition temperature.
Appendix B shows the detailed thermodynamic data for water and
hydroxypropyl cellulose referred to in Chapter 5. Appendix C gives
a glossary of symbols, while Appendix D gives the detailed information
used in calculating the infinite dilution heats of mixing of water
in the cellulosic polymers in Chapter 6.

The thesis concludes with several claims to original research

and suggestions for further work.
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CHAPTER 2

BACKGROUND
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A. Gas Chromatographic Measurements

at Infinite Dilution

GC measurements on polymers are divided somewhat arbitrarily
into two concentration regions. The region of finite concentration GC
extends across the sorption isotherm up to high relative partial
pressures of probe vapor. The region of infinite dilution, in GC
terminology, is that portion of the isotherm where the concentration
of the probe approaches zero, so that the system is essentially 100%
polymer. In this limit, the partition isotherm should be linear, and
peak retention times should be independent of injection size. |If not,
then the value of the infinite di'lution retention time must be obtained
by careful extrapolation of retention time to zero probe size.

A sample injected into the GC column that is not at all retained
by the stationary phase will elute with a retention time tye The

retention volume of this non-interacting probe is:
vV, = Vt, = alk (2-1)

where V is the carrier gas flow rate, £ is the length of the column,
and a is the volume of the gas phase per unit length of the column.
An interacting sample will have some retention time trs such that tR

>t The retention volume of this sample corrected for the dead

M
volume of the column is thus:

Ver = (tR - tM) v | (2-2)



N

It should be noted that the common method of flow rate measurement by
soap bubble flowmeter requires a correction for the saturation of the

carrier gas with water vapor from the soap solution:

P P
- o o,flo -
vcorr Vobserved Po (2-3)

where Po is the outlet pressure (normally atmospheric) and p is

o,flo

the saturated vapor pressure of water at the temperature of the flowmeter.
The finite pressure drop of carrier gas across the column, caused

by the viscosity of the gas passing between the column packing particles,

necessitates a correction for the gas compressibility. Because of

compressibility, the flow at the outlet of the column will be greater

than at the inlet. James and Martin (1) derived the correction factor

j for the pressure drop:

3 (Pi/Po)z -1 :
j = = (2-4)
2 (p./P )3 -1
i" o
where Pi is the inlet pressure.
The net retention volume V, is defined as:

A more useful quantity is the specific retention volume Vg defined by

Littlewood et al (2):

v = 2I3:2 (2-6)
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where TC is the column temperature and w the weight of the column

loading. Thus Vg in mL g-] is the elution volume of carrier gas

corrected to 0° C, per gram of stationary phase in the column.

At low probe concentration (the "infinite dilution region') the
concentration of vapor may obey a linear partition equation of the

form:

q = Bec (2-7)

where q is the probe concentration in the stationary phase (mol g-]),
c is the gas phase probe vapor concentration (mol mL-I), and B (mL g-])
is a partition coefficient per unit mass of stationary phase. In this
limit, equation 2-6 becomes:

_273.2 ’ -
v, = g (2-8)

since the GC retention volume is related to the partition coefficient

by the relation:

Ver = B w ' (2-9)
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B. Polymer Solution Thermodynamics

1. Theory

Present-day polymer solution theories have their origin in vapor
pressure measurements on mixtures of small molecules (3). The simplest
case is that of Raoult's law, where the activity of a component is equal

to its mole fraction in solution:

= X, = a (2-10)

Py

o

Py
where p? is the vapor pressure of the pure component and Py is its
vapor pressure over the solution. This law is generally valid only for
mixtures of non-polar molecules of the same approximate size, shape, and
structure, such as benzene and toluene. However, at low concentrations

of other molecules, the activity may still be linearly related to the

mole fraction of the components:

— = X (2-11)

This expresses Henry's law where Yy is the activity coefficient.

The '"'strictly regular solution theory" is based upon the assumption
that the solution is a rigid lattice such that each molecule has its own
place, and all lattice sites are the same. Under these conditions,
there is no volume change on mixing (AVm = 0). The entropy of mixing

ASm is equal to the ideal combinatorial (geometric, or statistical) term:

: Asm = -k(N] + Nz) (xllnx] + x,1nx (2-12)

2 2)
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where X, and x, are mole fractions and N] and N2 are numbers of
molecules of the two species, and k is the Boltzmann constant.

The heat of mixing AHm is:
AR = (Nl + NZ) zZ WXy X (2-13)

where z is the lattice coordination number, and w is derived from the
energy of a (1-2) contact between unlike molecules on the lattice.

Introducing the well-known Flory-Huggins interaction parameter:
X = zw/kT (2-14)
the heat of mixing is:

AHm = (N] + Nz)xllexsz (2-15)

which leads to the expression for the free energy of mixing:

AG
m

-2 (2-16)

= X In X+ x, In Xy * X12%1%,
Subsequently, the ¥ parameter was givén the character of a free
energy term: .

X = Xy * X (2-17)

where Xy and Xg are the enthalpic and entropic contributions to Y,
respectively. The free energy of mixing as defined by equation 2-16

is often written:

A6 = A6 (2-18)

+ AG
m,comb m, noncomb
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AG is the combinatorial part of the free energy of mixing, given

m,comb

by the first two terms on the right hand side of equation 2-16. AG
: m, noncomb

is the non-combinatorial part of the free energy calculable from the X
parameter, and consists of all other contributions to AGm, both enthalpic
and entropic.

Attempts to fit the preceding expreséions to polymer solutions give
unrealistic and unacceptable values for the entropy of mixing. These
values result from the use of mole fractions for polymer and solvent

molecules of vastly diffent sizes. Under these conditions, volume

fractions should replace mole fractions, such that:

N
¢ = T o (2-19)
1 N] + xN2
. xN2
% = N *xN (2-20)
1 2
where x = 'VZ/VI is the ratio of the molar volumes of the two components.

As is customary in inverse GC, components 1 and 2 are the probe and the
polymeric stationary phase, respectively. The free energy of mixing of

polymer and solvent maintains the same form as equation 2-16: .

AG
m

T S NIn o Ny In by (N XN, )X 0,0, (2-21)

Differentiation of equation 2-21 gives the familiar Flory-Huggins

expression for the activity of a solvent over a polymer solution:

Ina, = 1In(1-9¢) + ( - l—) ¢, + X]2¢§ (2-22)



By taking the following limits, we obtain the expression for the Henry's
law coefficient at infinfte dilution:
lim (a,/¢;) = exp (1 + %)

6,1 (2-23)

b sl
The expression for the critical point of the solution is obtained by

differentiation of equation 2-22:

Xerit 301+ x7H? (2-24)

so that for a polymer of high molecular weight:

limy_ .. = 0.5
crit (2_25)

X0
Equations 2-24 and 2-25 define the ''Upper Critical Solution Temperature'
(UCST), below which the polymer is insoluble. The frequently observed
""Lower Critical Solution Temperature' (LCST) is not predicted by the
Flory-Huggins iheory, and requires further treatment. (The LCST is
the point above which the pol&mer becomes insoluble, and below which the
solutions are stable. Perversely, the LCST of a polymer solution is at
a higher temperature than its UCST).

The sometimes very large change in volume upon mixing solvent and
polymer not recognized by the Flory-Huggins theory is recognized in the

""free volume theories', in which the rigid Flory-Huggins lattice is

replaced by a lattice of cells that may be affected by changes in pressure,

temperature, and composition of the solution (4-6). The molecules in

these systems are allowed to possess a free volume associated with their



internal degrees of freedom, so that the free volume of the‘solvent
molecules is greater than that of the polymer. The solution of a

polymer may therefore be likened to a ''condensation' of a gas onto a
larger substrate (4). This highly negative volume change upon mixing
corresponds to a highly unfavorable, negative entropy of mixing, and

thus explains the existence of the LCST. It can be shown that at an
LCST, AH is less than zero (favorable) and AS is less than zero (unfavo- -
rable), so that the phase separation is caused by the increasingly
unfavorable entropy of mixing from the free volume term as the temperature
increases. At the UCST, the opposite holds true: AH is greater than 0
(unfavorable) and AS is greater than 0 (favorable), and the phase
separation is caused by the increasingly unfavorable enthalpy term as

tHe temperature is lowered. However, Patterson (4) has pointed out that
caution must be used when dealing with polar systems, since some other
effect such as diminishing hydrogen bond strength with increased tempe-

rature may also play an important role in the LCST.

2. Relationship Between Solution Theories and Gas Chromatographic
Measurements

The original expressions relating activity coefficients to GC at
infinite dilution were determined by Littlewood (7), who showed that in
the Henry's law region where equation 2-11 is followed, equations 2-7
and 2-8, defining the partition coefficient B and the specific retention

volume Vg respectively, may be written as:
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v, = RT__ _ 273.2R . (2-26)
aM,p° VM pS
271 g 21

where M2 is the molecular weight of the stationary phase.

Obviously, the use of equation 2-26 is not appropriate to high
polymer solutions, due to the unrealistic values of YT that result
from high numerical values of M2. This problem was circumvented by
Patterson et al (8), who derived an expression for the weight fraction
based activity coefficient that in effect extended the Flory-Huggins

theory to infinite dilution:
I a]
ln(Q]) = ]n(-\;—-)
: 1
o]

. [273.2R\_ o P }
= In[=2=5)- 8y - V))er (2-27)
VM Py

From equation 2-27, the volume fraction based activity coefficient may

be obtained in the 1imit as ¢2 -+ 1 from:

a [ ]
L) T |
in (¢]> 1 x + X

1 + X as x +®

(2-28)

Equation 2-27 can also be used to give the value of ¥ in terms of the

weight fraction based activity coefficient:

ln(Q]m)

"
5
N
—FI_P
S—

(2-29)

(v]>+ ( V]
In \— 1 - + X
Va/, MaVa
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Thus by combining the previous three equations we obtain an expression
for XTZ’ the Flory-Huggins interaction parameter for an infinitely

dilute solution of volatile component 1 in polymer 2:

N 273.2Rv, v, P]
Xz = Wl —— 1" ' "wv ) " w B oY) (2-30)
POV v 2V2
1"g'1
273.2Rv,
=~ In ———o -] (2-3])
PVgYy

This parameter will alsq be rgferred to as Xen? in order to show
its origin in the Flory-Huggins theory.

The "excess partial molar free energy' is the difference between
the measured and ideal free energies of mixing of the two components

and can be caiculated from the GC-derived activity coefficient:
-0 [« o]
A6 = RT Inv, (2-32)

This means that XTZ is directly related to AE: from equation 2-28. The

excess enthalpy of mixing is:

a(AGm/T)

AHm = R—ﬂ—]—ﬁ)—- (2-33)

3ln YT

R SA77) (2-34)

(where YT can be replaced by an activity coefficient based upon another

concentration term), and the excess entropy of mixing is readily obtained:
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- (80 - A%)
855 = — (2-35)

The excess enthalpy of mixing is related to the temperature dependence
of X12 by:
ML = RTx, = [(x/001/D1/T (2-36)

The temperature dependence of the retention volume may be related

to enthalpies of mixing by:

-0
AH

. -R(AHV + AHS) (2-37)

oln p? oln V ) ( \
2-38

“R (ah/TT * 3079

where the first term in the preceding equations, AHV, is the latenf

heat of vaporization of the pure liquid probe, and the second term,

AHS, is the heat of sorption of the probe in the polymer. However, if
the experimental retention data is not very precise (i.e., within < £ 1%),

then it is preferable to use equations 2-33 or 2-34.

3. Polymer-Solvent Interactions at Infinite Dilution

Many polymers have been examined in the infinite dilution regfon
by inverse GC. Values of the XTZ parameter or some form of the activity
coefficient, and heats of solution, have been reported. Those can be
found in the yarious books and review articles cited in the references
to Chapter 1. In general, good agreement has been found between these
GC results, and results extrapolated from measurements by other techniques

at higher solvent concentration.
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Work performed has also included the measurement of probe
diffusion coefficients and polymer solubility parameters. Three
component systems - either solvent/polymer/polymer or solvent/solvent/
polymer - have been examined. The last major area for inverse GC
measurements is the examination of polymer glass transitions and
melting points. This type of measurement is based on the change in
accessibility of a polymer to a probe with temperature that may occur
near Tg or Tm' The glass transition region in particular has been the
source of many erroneous GC measurements in the literature due to the
neglect of the slow diffusion that occurs through the glassy polymer.

Figure 2-1 shows a generalized infinite dilution retention curve
of 1In Vg vs. reciprocal absolute temperature For_a hypothetical semi-
crystalline polymer. In the segment AB, the polymer is below its glass
transition temperature. The bulk of the polymer is not available to
the probe, and hence the retention mechanism is confined to surface
adsorption. The slope of the line AB is given by - AHA/R, where AHA is
the heat of adsorption of the probe onto the surface.

The glass transition temperature is generally taken as the first
deviation from linearity as the temperature is raised to the point B.
In the region BC, bulk sorption is possible. However, this is a non-

equilibrium region due to the slow diffusion of the probe within the

bulk. In the region CD, retention occurs by a combination of equilibrium

bulk sorption and surface adsorption:

Vg = KV + KA (2-39)
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FIGURE 2-1 Generalized retention diagram for a semicrystalline polymér (9).
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where Ka and Kb are partition coefficients for surface and bulk sorption,
and VL and AL are the volume and surface area of the stationary phase.
The weight of the stationary phase, w, may be substituted for VL' The
slope in this equilibrium region is - AHS/R (equations 2-37 and 2-38).

If the probe is excluded from the crystalline regions of the
polymer, a second discontinuity (region D - F) will be seen near the
melting point (F) as the amount of stationary phase accessible to the

probe increases.
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C. Mixing with Rod-1ike Molecules

The original Flory~Huggins theory did not consider the effect
of relative orientation of polymer molecules. However, for the stiff
molecules introduced in Chapter 1, an additional factor becomes evident
at high polymer concentrations, where paraliel arrangements must be
favored over random orientations of the rigid rods. Flory (10) has
developed a lattice theory for semi-flexible and rod-like molecules
which predicts the appearance of an anisotropic or ordered phase above
a certain polymer concentration. The solvent activity over such a phase

is given by (11,12):

_ - 2, [y-1), 2 -
In a; = In ¢‘ + v + ( = ) ¢, + Xg93 (2-40)
where the degree of orientation of the rods is given by y (I <y < x)
with y = 1 for perfect orientation. The subscript on the polymer-

solvent interaction parameter, Xg is used to indicate its origin in

the rigid-rod theory. For high polymer concentration and large x, y

approaches 1 and so equation 2-40 becomes:
In (a,/¢,) = 2+ %, 02 (2-41)
7% XR 2

The theory has recently been extended to include systems with
different rod lengths (13,14).

Using the principles already set out, it is also possible to
relate the rigid rod theory to GC data. Combining equations 2-28,

2-31, and 2-41 yields for perfectly oriented rods (y = 1):
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X R =~ 1In _OV v -2 (2“*2)
Py¥g"
The value of the polymer-solvent interaction parameter at infinite
dilution over an ordered solution of rods should thus be easily
obtainable. Treating the same data according to the Flory-Huggins

theory would give a different value of X:

[+ -]

X2 = Xg * (2-43)
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D. Measurements at Finite Concentration

The dependence of the GC retention volume on probe concentration
in the gas phase can be used to determine sorption isotherms (15). The

gradient 3q/dc of the partition isotherm is:

Vo, (c)
3 R
(.&CL)T = —— (2-44)

where V is the concentration dependent, corrected retention volume.

R}
At infinite dilution, (Bq/ac): = B, and this reduces to equation
2-9, VR' = Bw. Therefore, at a given gas phase concentration ¢, the
amount of sorbed vapour is obtained by the integration of equation 2-44:
] ‘
qw =] V",\(c)dc (2-45)
o

and this equation -- with appropriate corrections -- is the basis of
all sorption isotherm measurements by GC. In GLC, the polymer weight
w may be replaced by its volume VL. Figure 2-2 shows the effect of the
GC experimental chromatogram shape on the corresponding partition iso-
therm, for the case of a linear and a signoidal-shaped isotherm. Surface
adsorption isotherms can be measured by this method if q is replaced by
the Gibb's surface excess I and w is replaced by the surface area AL'
The surface coverage ag (mol g-]) is given by the product TAL.

Conder and Purnell (16-19) investigated in great detail various

non-ideal effects in the measurement of sorption isotherms by different
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(a) INFINITE DILUTION

1=V (to- CORRESPONDING

F'VR' Vitr-tu) ISOTHERM
Cle—f—tq
i
b J/ y

t

CHROMATOGRAPH
c

(b) FINITE CONCENTRATION

CORRESPONDING
ISOTHERM

CHROMATOGRAPH

c

FIGURE 2-2 Simplified relationship between chromatographic results
and isotherm shape (21):
(a) linear isotherm in infinite dilution region
(b) finite concentration where the curve on the right of
the chromatogram represents tp @s a function of ¢ and

the shaded area is the integral in equation 2-46.
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GC methods. Their work was summarized in an excellent review by Conder
(20), which will be referred to in detail.

Cénder and Purnell discussed a number of effects which can com-
plicate the ideal situation implied in equations 2-44 and 2-45, and
which must be considered in any finite-concentration work. These include
the sorption effect, which results from the change in gas flow rate
across a sorption-desorption boundary. They showed that the flow rate
of the carrier gas transporting the peak is increased, according to the

approximate expression:

Fly) 1+ K
FOT " TR0y (2-46)

where F(0) is the zero concentration flow rate, F(y) is the flow rate
of a peak whose gas phase mole fraction concentration of probe is vy,
and K is the partition coefficient.

According to the terminology of Conder and Purnell, sorption iso-
therm measurements can be divided into four types. The first three
types differ only slightly in the methods for measuring the GC experi-
mental curve, and the isotherms can be determined by variations of the
basic equation 2-45. These three are ''frontal ana]ysis by a characte-
ristfc point’ (FACP); "frontal analysis'' (FA); and "elution by a
characteristic point" (ECP). The two frontal analysis methods require
a ''plateau' concentration of probe vapor, achieved by means of some
type of gas saturator or solvent .pump. The experimental frontal chroma-
tograms are obtained by follo@ing the sorption and desorptiﬁn processes

at the probe front as the flow system is changed from pure carrier gas at
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t = 0 to carrier gas + probe vapor and then back to pure carrier gas.
ITlustrations of these methods are given in the work of Conder and
Purnell (16-19).

The ECP method is the most versatile and most commonly used of
the three. The experimental chromatogram is obtained by ''instantaneous'
syringe injection of probe onto the column. If j = 1 (pressure gradient

~ 0) and y << 1 (sorption effect = 0), equation 2-45 becomes:

c
qu f (VR - VM) dc
o

y
g f (tq - t,) dy (2-h7)

Ka]
=
]

L}
o
-n

where o' is the shaded area so marked in figure 2-3. The 'characteristic
point" ;; is the point on the experimental curve at the vapor pressure
corresponding to the height of the cross-hatched area. Thus the par-
tition isotherm can be built up by measuring o' for various values of
?; on the chromatogram.

A more rigorous equation takes into account gas compressibility

and the sorption effect, but not gas phase imperfection (20):

 Po e+ B+ K) F(O) 1+ Y,
aw = =7 yo In T+ R - Jyo)

(2-48)
+Vy In(1 = jy,) - BF(O.Byo)z
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FIGURE 2-3 ECP chromatogram when (20):

(a) diffuse side of peak is a front boundary

(b) diffuse side of peak is a rear boundary.
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where o is equal to the area a' in figure 2-3 plus the area between

t=0and t = F(0) is the measured flow rate (corrected by equation

tM;
2-3 for water vapor in the flowmeter, but not for the sorption effect);

and VM and P, 3re as defined earlier. K is the bulk partition coefficient:

K = —/——— (2-49)

Equation 2-48 can be simplified by successive approximations until it
reduces to equation 2-47.

Conder and Purnell found that their results were in good agreement
with static measurements in the literature, and pointed out that errors
may exist in the earlier GC literature, where the factors mentioned
here were not considered. In a similar vein, Conder and Young (22)
have pointed out a very important criterion for successful measurements
by the ECP method that is often ignored. This criterion requires that
the diffuse sides of peaks of different injection size used to construct
figure 2-3 be superimposable. Failure to observe this indicates the
existence of a non-equilibrium chromatogram, possibly due to the slow
diffusion of probe through the polymer.

The fourth GC technique is that of 'elution on a plateau’ or EP.
In this method, a constant concentration or plateau of probe vapor is
continually added to the carrier gas. The retention time of a small
additional injection is measured, and once this has been repeated at
several plateaus, the resultant curve has the same form as the ECP
chromatogram in figure 2-3. The isotherm can then be calculated in a

similar way.
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Finite concentration GC measurements have proven useful in several
areas. Sorption isotherms have'been measured for a few polymers, and in
general agreement has been very good with static measurements. Inverse
GC methods have been used to measure adsorption of amounts too small to
measure with any precision by other methods. GC measurements have also
been used in measuring the surface area of polymers by the BET theory
as well as isosteric heats of adsorption. Investigation of cellulose
surfaces have yielded the surface area of fibers and of paper, and have

been able to show the change in the area of paper with water content (23).
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A. Polymers and Columns

The HéC sample used for the GC measurements was a Klucel "L"
from Hercules with a nominal FQ of 100 000 and an average molar sub-
stitution (M.S.) of four. Static sorption measurements were done on
a sample of HPC of the same nominal ﬁ; from Aldrich. Bergmann and
Sundelof (1) have reported a value of ﬁh of 35000 measured by osmometry
for their Klucel "L'" sample.

The cellulose triacetate sample (CTA) and the cellulose acetate
sample (CA, degree of substitution or D.S. = 2.45) were both obtained
from Eastman. The cellulose ethers were Dow '‘ethocel' ethyl cellulose
(D.S. = 1.4) and "methocel' methyl cellulose (D.S. = 1.9). Alkoxyl
analyses of these cellulose ethers were performed by Schwartzkopf
Microanalytical Laboratories, Woodside, N.Y..

The third cellulose acetate (CMA; D.S. = 0.89) was prepared by
the method of Malm et al (2), where CTA dissolved in glacial acetic
acid was subjected to partial saponification at 40° with sulfuric acid
as catalyst. The analysis for acetyl content was the standard method
of saponification of a known amount of polymer in excess NaOH followed
by back titration with sulfuric acid (3).

The polymers were coated onto a poly (tetrafluoroethylene) support
(Fluropak 80) by slow evaporation from solution. The coated supports
were packed into 1.8 m, 0.25 in. o.d. polypropylene columns, and the
ends of the columns were filled with silanized glass wool. This choice

of packing and column material minimized extraneous water-support interactions.
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Loadings on the supports were determined by Soxhlet extraction,
with the exception of the CMA columns, where a modification of the
acetyl group analysis was used. An unknown weight of polymer of known
acetyl content coated onto a known weight of support was saponified, and
the weight of polymer was determined from the amount of base required.
The methyl cellulose column was used only for the determination of
the heat of mixing at infinite dilhtion, since the loading could not be
determined reliably. (Methyl cellulose is soluble in water, but insoluble
in all common organic solvents, and a Soxhlet extraction with water from PTFE
powdef was not possible due to the non-wettability and low density
of this material).

The data on the polymers and the columns are summarized in Table 3-1.



Table

3-1

Analytical Data for Polymers and GC Columns

Sample

Cellulose triacetate

Cellulose acetate

Cellulose monoacetate

Ethyl cellulose
Methyl cellulose

Hydroxypropyl cellulose

Degree of Substitution
(D.S.) of Polymer

M.S.

3.0

2.45
0.89

Column
Number

CTA-1
CTA-2
CA

CMA-1

CMA-2
CMA-3

HPC

38

- O

[eNeNe

0.

Column
Loading
g (%)

.565
.13

.550
.378
71
.0873

Lek

(2.44%)
(4.70%)

(2.41%)
(1.67%)
(0.817%)
(0.415%)

(2.35%)

(nominal loading=2%)

0

.646

(2.39%)
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B. Gas Chromatographic Measurements

A Hewlett-Packard model 5722A gas chromatograph equipped with a
thermal conductivity detector was used for these measurements. The
instrument was modified to give a controllied amount of water vapor in
the helium carrier gas stream, as shown in figure 3-1. By the appro-
priate use of the 'wet' and ''dry" flow controls and by changing the
temperature of the gas saturator, it is possible to vary the relative
partial pressure of water over the column from 0 to 100%.

The thermal conductivity detector block was kept at 250°C and
the filament current at 200 mA. These values are in the range recom-
mended by the manufacturer for the maximum detector sensitivity consistent
with the maximum detector filament lifetime. The injection port was
maintained at ISOOC; far enough above the boiling point of water to
ensure the instantaneous vaporization of injected samples. The injection
port was set to higher temperature when required for other solvents (4).

Column temperatures below 35°C were controlled to within % 0.05°
by an external circulating bath, while higher temperafures were controlled
to £0.1° by the built-in air oven. Where necessary, the temperatures
were corrected for the emergent stem of the thermometer. Injections were
made with a Hamilton microlitre syringe, with retention times at
infinite dilution obtained by extrapolation of the peaks of small
injections to zero peak height. Typical injection sizes at infinite
dilution were from 0.05 to 0.001 uL. The smallest injections were obtained

by inserting into the injection port a syringe from which water had
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A WET FLOW CONTROL

B DRY FLOW CONTROL

C NEEDLE VALVE  (ON-OFF)

D GAS SATURATOR  (THERMOSTATTED)

E FIXED FLOW CONSTRICTOR
REGULATED F INJECTION PORT  (WITH MANOMETER)

HELIUM G THERMAL CONDUCTIVITY DETECTOR
SUPPLY DRYING

REFERENCE |
M | >
GL..I |

-

SAMPLE

FIGURE 3-1 Gas chromatographic apparatus modified to give constant

water vapor pressure in carrier gas.
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previously been expelled, and injecting the resulting air-water vapor
mixture. Finite concentration measurements were carried out by injecting
up to 10 uL of water into the GC. Flow rates of the helium carrier
gas were measured with a soap bubble flowmeter and were corrected for
column pressure drop and for the water vapor content of the flowmeter
(equations 2-3 and 2-4).

A chromatogram suitable for ECP calculations measured on HPC at
25°C is shown in figure 3-2. These peaks are acceptable from’the
criterion of the suberimposability of the diffuse edges described in
the previous chapter. Because of the effe;t of a non-linear sorption
isotherm on a peak shape, in finite concentration GC a non-linear
response does not necessarily indicate non-ideal behavior.

A calibration line for detector response as peak height vs. gas
phase vapor pressure of water was constructed by injecting a large
amount of water onto an empty column at various temperatureé; and plotting
the vapor pressure of probe at these temperatures vs. the height of the
eluted plateaus. The height of any point on the experimental chromatogram
could thus be converted to a vapor pressure of water, and the values of
y calculated directly. ECP isotherms were calculated using equation
2-48 and various ''characteristic points' along the chromatographic curve.
Air was the non-interacting marker used to determine ty:
Since the areas o and B (equation 2-48 and figure 2-3) were

originally obtained in units of cm2 of recorder chart paper, they had

to be multiplied by a calibration factor CA:

Ch = T (3-1)
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FIGURE 3-2 GC chromatogram suitable for calculations by the ECP

technique (HPC at 25°C). The largest injection was 10 ul.
The curve at low water content is the locus of peak maxima

of small injections of water (not shown).




h3

where H is the recorder pen deflection (cm) at a gas phase mole fraction
of probe of Yo and M is the recorder chart speed (cm min-]).

Results from the EP method are illustrated in figure 3-3.
Retention times for small additional injections at each plateau were
measured and extrapolated to zero peak height on the plateau. The
variation in retention time at infinite dilution on top of a plateau
with plateau height has the same form as the characteristic chromatogram
of figure 3-2, and the sorption isotherm may be calculated In the same
way. However, Dorris (5) has pointed out that if water vapor is used
for the plateau, the correction to the flow rate due to the vapor pressure

of water in the flowmeter changes with plateau height, and becomes:

\.I = PD - po,flO \ \.I (3_2)
corr Po (1 - po,sat/Pi)/
where p is the vapor pressure of water at the saturator temperature.
o,sat

For this reason, a graphical integration derived by Conder and Purnell
(6) was used to calculate the EP isotherms. In this method, the retention
volumes at each plateau were corrected for the sorption effect, gas
compressibility, and the effect of the changing water content of the
carrier gas, to (VR - VM)/(I - jyo). These were then plotted against

the gas phase probe concentration at the plateau, ¢, where:

c = & (3-3)

and p is the average probe vapor pressure in the column, given by the
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FIGURE 3-3 Typical results for the EP method. The dotted line in the
inset extrapolates to the retention time at the plateau water
vapor concentration (solid point). The adsorption isotherm
can be calcuated from the line through the solid points at

different plateau concentrations.
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partial pressure of water at the oqtlet divided by j. The plateau
heights were calibrated by passing the wet carrier gas stream from
the column through a drying tube for a known period, and measuring the
uptake of water.

The EP method has two advantages over the ECP technique. The gas
saturator allows a higher partial pressure of water to be achieved than
is possible by syringe injection of a large amount of water. Secondly,
the retention times represent the perturbation of the equilibrium plateau
by a small amount of additional water vapor, reducing problems that may
arise from the injection of a large volume of water onto a dry column.
The major disadvantage of the EP technique is that at high relative
partial pressures of water it is difficult to see small amounts of water
injected on top of the plateau. This problem would become even more

serious if at the same time a highly curved isotherm were being followed.
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C. Other Sorption Methods

Two static methods were also used to determine sorption isotherms.
Since both are well established in thé literature, only a brief descrip-
tion is necessary.

Microbalance measurements were performed on a Cahn AG electrobalance
enclosed within a vacuum system. The sample well was enclosed in a jacket
connected to an external constant temperature water circulator, and the
temperature was maintained to within i0.0So. The laboratory in which
these experiments were done was kept at a constant temperature, at least
1° higher than the temperature within the sample well, in order to prevent
condensation of water vapor on the balance‘components.- Sample weights
were from 50 to 75 mg. For each point on the isotherm, a small amount
of water vapor was admitted to the system, or withdrawn from the system
for desorption isotherms. Changes in sample weight were monitored on
a calibrated strip-chart recorder until no further change was seen. The
vapor pressure was then measured from a U-tube mercury manometer by
means of a precision cathetometer. When necessary, the pressures were
corrected for different miniscus heights in the U-tube.

In the second method, nickel-chromium wires were fixed to the lids
of 120 mL wide mouthed sample bottles with epoxy cement. Glass weighing
bottles containing dried HPC (0.3 to 0.6 g) were suspended from these
wires over aqueous solutions of sqlfuric acid, and the sealed bottles
were submerged in constant temperature baths. Glass '"marbles'' were

used as weights inside the sample bottles. The uptake of water by these
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samples was followed gravimetrically until equilibrium was reached.
The concentration of sulfuric acid was determined by titration, and
the corresponding partial pressures of water vapor were obtained from
the literature (7).

Because of the requirements of the constant temperature laboratory,
the vacuum microbalance could only be used for measurements at temperatures
of 30° or less. Reproducible results were obtained only at relative
partial pressures of water less than 90%. The acid method, while slower,
gave sorption isotherms at high water content in the 15 - 30o range,
and complete isotherms in the range 35 - 550.

The four sorption methods :are summarized Tn Table 3-2. The
differences between them are in the amount of water that can be sorbed,
and the length of time required to measure each isotherm. As the results
will show, the four methods are equivalent within the appropriate

concentration regions.



measure sorption of water onto HPC

Table 3-2

Comparison of methods used to

method

volume fraction
range of water

relative partial pres-
sure range of water

approximate
time required

Elution by a
characteristic
point (ECP)

Elution on a
plateau (EP)

Static sorption

(on microbalance)

Static sorption

(aver agiieous H,S0,

solution)

0-0.03
0-0.06
© 0-0.30

0-0.50

0-0.4

0-0.6

0-0.90

0-0.99

1 day per
isotherm

1 day per
point on an
isotherm

1 to 2 days per
point on an
isotherm

1 to 2 months
per isotherm




49

D. Errors and Calculations

In this section, the sources of error in each experimental
technique are explained, and contributions to the total experimental
error are considered. This will be followed by a brief discussion
of the calculations.

There were two possible sources of error in the sorpfion measure-
ments on the vacuum microbalance. The cathetometer readings were
reproducible to within £ 0.05 mm, which corresponds to an error in
the activity of water of up to = 0.003. The sample weights were precise
to within £ 0.02 mg, corresponding to an error in the volume fraction
of water sorbed of less than 0.001, a negligible amount.

In the measurements of sorption by samples sﬁspended over aqueous
sulfuric acid, equilibrium was considered to have been reached when
weights remained constant to within £ 0.5 mg over several days, again
resulting in a negligible error in ¢]. The calculated activities of
water vapor were precise to about * 0.003, inen the scatter in the
titrimetric determination of the "2504 concentration, and assuming that
the vapor pressures of water vapor over aqueous sulfuric acid presented
in the literature are precise to * 1 in the last significant figure.

The GC measurements are open to a greater variety of errors.

Each of these will be considered separately.

In infinite dilution GC, the greatest source of error is in the

extrapolation of the retention times to zero peak height. The estimated

precision is about £ 2 - 3%, although the error can be as high as % 5%
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at slow flow rates or very long retention times due to the instability
of the detector baseline. Errors in measuring both atmospheric pressure
and column back pressure were negligible. The reproducibility in the
gas flow rates measured with the soap bubble flow meter was -about + 0.2

- 0.4%. No error was detected in the speeds of the strip-chart recorder.
The reproducibility in polymer loading determinations was within % 1%.
Errors in loading would affect absolute properties such as sorption
isotherms, ¥ parameters, or comparisons between columns of different
loadings, but would not have any effect on the reported heats of mixing.

The greatest source of error in the finite concentragion GC
measurements was in the calibration of the GC detector response of peak
height vs. vapor pressure of water. The calibration is limited by the
lowest temperature at which a constant vapor pressure plateau could be
measured, since the vapor pressures of water below this temperature had
to be obtained by extrapolation. At high temperatures and pressures,
the uncertainty in a is about * 0.002. The uncertainty in a rises to
t 0.02 at low temperatures and pressures, affecting volume fractions of
water up to ¢] = 0.015. This larger uncertainty is the cause of the
very large error bars in this concentration region for the heats of
mixing of water with HPC in Chapter 5.

Linear regression analyses were calculated using the Fortran
subroutine LINFIT (8). Given a set of experimental data, x, y, and
standard deviation of each value y, this subroutine determines the
slope and the intercept of the best straight line by a least squares

approach, along with the standard deviations. When a multiterm fitting
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was required, it was generally calculated by means of a polynomial
least squares fitting program available as part of the statistical

package of the McGill University System for Interactive Computing

(""MUSIC STATPAK'). Several polynomial fittings in chapter 5 were

calculated using the Fortran subroutine POLFIT (8).
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CHAPTER 4 *
MIXING OF WATER WITH HYDROXYPROPYL CELLULOSE. 1I.

SORPTION ISOTHERM AT 25°C AND INFINITE DILUTION RESULTS

* v
This chapter was published in a somewhat different form as a paper
by J.S. Aspler and D.G. Gray in Macromolecules 12, 562 (1979)
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A. Introduction

Hydroxypropyl cellulose (HPC) is a cellulose ether, soluble in
water and in most polar organic solvents. It is prepared by the reaction
of cellulose (cotton linters) with propylene oxide (1). Figure 4=1 shows
a schematic of an HPC molecule with an average molar substitution (M.S.) of k.
The diagram shows the possible existence of unsubstituted hydroxyl groups
on the cellulose, as well as the possibility of one hydroxypropyl group
substituted on top of another. The interesting properties that HPC has
shown are derived from the combination of these flexible side chains with
the stiff cellulésic backbone.

HPC has been shown to form a liquid crystalline mesophase with
cholesteric structure in water, as well as in several organic solvents
(2,3). Dilute aqueous solutions also show a sharp lower critical solution
temperature (LCST) at about 42°. Above this temperature, the solutions
precipifate, coalescing into a white gel at yet higher temperatures.

The LCST gives a useful reference point in the measurement of the
thermodynamic properties of the system. This system is more tractable
that most mesogenic polymer-solvent systems, not the least because of the
benign nature of the components and the general desireability of water
as solvent.

In this chapter the sorption of water by HPC using infinite dilution
and finite concentration GC is studied. Few finite concentration GC
measurements have been made previously, so static sorption measurements

at 25° are also presented.
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B. Results and Discussion

1. Infinite Dilution Region

The results for the interaction of water with HPC at infinite
dilution are given in Table 4-1. The actévity coefficients were calcu-
lated from the infinite dilution specific retention volumes measured
at a flow rate of 4O mL min-], as introduced in chapte; 3, section B-3.
These are shown as raw values and as smoothed values calculated from
specific retention volumes fitted to a second order polynomial equation.
The effect of the second virial coefficient B]] was negligible. Prelimi-
nary measurements on columns of loadings from 1% to 10% showed that
the effect of loading is small.

The value of the heat of mixingat infinite dilution was determined
to be =5.7 £ 0.6 kJ mol-];from a least squares fit of the data in Table
L-1 to equation 2-34. The more precfse equation 2-38 could not be used
due to the scatter in the experimental points which in turn results from
the curvature of the sorption isotherm at infinite dilution. Use of that
equation could lead to false asgumptions as to the temperature dependence
of Aﬁ:. -

Values for X at infinite dilution of water in HPC are in principle
readily derived from the GC data in Table 4~1. Thus, if the entropy of
mixing isvgiven by the Flory-Huggins theory, Xpp @t any temperature is
obtained according to equation 2-28 by simply subtracting 1 from the
tabulated values of In (a]/¢l). The x:h values would then range from

1.38 at 15°C to 1.84 at 84.5°C, with a value of 1.51 at 40°C. However,

*In this discussion, heats of mixing should properly be referred to as
partial molar heats of mixing of water at infinite dilution in the polymer.
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58

the assumption of random mixing seems unreasonable for this polymer.
Hydroxypropyl cellulose film exhibits some crystallinity (4). |If, as
previously indicated for water at infinite dilution in poly(ethylene
oxide) (5), the water only mixes with the amorphous fraction, then the
retention volume in equation 2-3] should be replaced by Vg (1-C) where
€ is the fractional crystallinity of the stationary phase. The
crystallinity may be evaluated if GC data are available above and below
the melting point (5,6), but HPC has too high a melting point for this
method to be useful. However, a value éf 14.9% for the crystallinity
of water-cast HPC film has been deduced from calorimetry, X-ray and
density measurements (4). This value corresponds to a change in %mFH
of In (1 - 0.149) = - 0.16. Thus, assuming that the crystallinity
remains constant from 15°C to 85°C, the values of X:H corrected for

crystallinity are given by:

©0

Xey = In (a]/q;]) - 1.16 (4-1)

On the other hand, more precise retention measurements (7)
showed a small, but definite trend to a lower retention volume at lower
flow rates. This might introduce an error of up to 0.1 which should
be added to In (a]/¢])w.

The values for X:h are very high, considering that hydroxypropyl
cellulose is readily dissolved in water below 42°¢. If, however, the
random mixing implied in the Flory-Huggins theory becomes impossible
at high polymer concentrations because of chain stiffness (8,9), an

alternative model for the mixing entropy term is required. Flory's model
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for rod-like mixing gives equations 2-42 and 2-43 at infinite dilution;

the corresponding values for X are obtained by subtracting 2 from the

In (a]/d)])°° data in Table 4-1. Thus.at hOOC, x: = 0.51, a not unrea-

sonable value when it is remembered that dilute aqueous HPC solutions

show a lower critical solution temperature at 42°C. This suggests that

the polymer solvent interaction parameter might remain relatively constant

with concentration but that the combinatorial entropy of mixing might

change from.“F!ory-Huggins” to "Flory rod-1like' across the concentration range.
The excellent agreement of the value of In (a]/¢])°° at 40° with

theory may be somewhat fortuitous, considering the scatter in the points,

and the corrections due to gas flow rate and polymer crystallinity that

are of equal size but occur in opposite directions. Also to be considered

is the fact that the phase separation at high polymer concentration is

not the sharp occurence at 42° in dilute solution. Rather, it occurs

over a broad temperature range starting somewhat below 40° (3). still,

bearing in mind the relative insensitivity of In (a]/cb])°° to temperature,

it is possible that the value of In (a}/¢‘)w ~ 2.5 at 4o° represents

the start of the broad phase separation in the ordered polymer.

2. Finite concentration regioﬁ

The obvious way to test this suggestion is to examine the solvent
activity as a function of concentration. Recently, Bergman and Sundelof
published comprehensive osmotic pressure data for aqueous solutions of
Kiucel L (10). These authors discussed their data in terms of a virial

expansion, but the Flory-Huggins theory should also be applicable for the
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relatively high concentrations examined. The interaction parameter ¥
may be calculated from the osmotic pressure data according to (11):
[TTV]/RT +1n ¢, +9¢, (1 - l/xn)]

X = - (4-2)
t

where ¥ (without subscripts) is the Flory-Huggins interaction parameter
derived from osmotic pressure measurements, T is the osmotic pressure,

V] is the molar volume of water and ;B is the number average molar
volume ratio for water and polymer. Taking ﬁ; = 35 000, and 1.23 g cc-]
as the density of HPC, ;h ~ 1600. Volume fractions were calculated
from component densities, assuming no volume change on mixing. A marked
concentration dependence in the calculated values of X was evident,

wifh X varying linearly with ¢2 over the experimental concentration

range. The data were therefore fitted to the empirical equation (12):
X = X] + X2¢2 (l""3)

where Xo is the slope and Xq is tﬁe intercept at ¢2 = 0 of a plot of ¥
versus ¢2. Values for x, and X, are presented in Table L-2. The values
for X3 reach the expected value of 0.50 as the temperature approaches
the observed cloud point of 42°C.  Furthermore X9 is 0.33 at this point.
Flory and Daoust (12) indicate that a value of X2 < 1/3 is a necessary
condition for a critical point at ¢2 = 0, whereas a finite critical
concentration requires Xy > 1/3. Measurements (3) on a similar sample
of HPC give a virtually constant cloud point temperature for aqueous
solutions from 40% polymer down to a few ppm, in accord with values of X9

close to 1/3.
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Table 4-2

e

Values for Xq and Xg» calculated from the osmotic

pressure data of Bergmann and Sundelof (10)

Temperature x] Xy
25°¢C 0.482 0.371
30°C 0.486 0.372
35°¢ 0.492 0.357
40°¢C 0.500 0.333

*Calculated from equations 4-2 and 4-3. Values are linear

least squares fit.
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The value of ¥ at ¢2 = 1 may be estimated from an extrapolation
of these data. From equation 4-2, y = 0.83 at 40°C. The value from
infinite dilution GC, assuming Flory-Huggins mixing and correcting for
both crystallinity and flow rate is about 1.45. On the other hand the
value of i: at hOOC, assuming rod-like mixing at ¢2 = 1, is nearly the
same as that for X from osmometry at ¢2 = 0. This agreement may be
fortuitous, because the values for ¥, calculated from osmotic pressure
data according to equation 4-2, are rather sensitive to the value for

X However, it seems noteworthy that with appropriate models for mixing,
the same polymer-solvent interaction parameter is obtained at the ex-
tremes of the concentrétion range.

The results of static and GC measurements of water vapor activity
at 25°C across the intermediate concentration range are shown in figure
L4-2 along with values for water activity calculated from the osmotic
pressure measurements. Sorption isotherms of water at low concentrations
measured by the two GC techniques at 25° are shown in figure 4-3. There
was.no sign of hysteresis in sorption/desorption cycles on the vacuum
microbalance for this polymer. The agreement between the four sorption
methods is good, with deviation only at the highest water contents, where
the measurement of small changes in vapor pressure with large changes
in water content becomes more difficult. The solid curves in figures
-2 and 4-3 were calculated from equation 4-3 with the values for ¥

at 25°C shown in Table 4-2. The broken curve was calculated from

equation 2-b41, with a value of 0.43 for Xr from Table 4-1. At the high
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FIGURE L-2 Sorption isotherm for water on HPC at 25°¢. Experimental
points were measured by the techniques indicated on the
figure. Solid and broken lines are calculated for normal

and rod-like mixing respectively (see text).
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water side, the results thus are in accord with Flory-Huggins mixing,
while at high polymer concentrationé the system follows the rigid-rod
theory. Optical observations (3) indicate that the anisotropic
mesophase is found at water concentrations less than ¢] = 0.62. This
is a lower concentration of water than that predicted by Flory's theory
(13) for rod-like molecules, and is most readily rationalized by noting
that HPC, like most cellulosics, is moderately flexible in dilute
solution (14,15). The experimental points for water vapor pressure
over the mesophase deviate from the line for rod-like molecules when
¢1 is greater than “0.05. This again may be due to molecular flexibility.
Values for the activity as a function of concentration are given in
Table 4-3, along with values of y calculated from equation 2-40 with
Xg = 0.48 and x >> y. The value of y indicates the disordér in the
mesophase, although its significance is questionable if the molecules
are not rigid. There is no evidence of-a discontinuity or plateau in
the variation of water activity with volume fraction. For monodisperse
rods, the activity should remain constant over the éoncentration range
where the isotropic phase and mesophase coexist. This must occur
around ¢] ~ 0.6, but the water activity is too close to that of pure
water for the detection of a plateau by direct sorption measurements.
The value of the volume fraction activity coefficient, a]/¢],
increases with decreasing water content, except at the lowest water
contents, where a slight decrease occurs. Although this effect is too
slight to be apparent on the adsorption isotherm (figure 4-3), the raw

ECP data (figure 3-2) show clearly that the retention volumes increase



Table 4-3
Experimental activities and order parameters for an

aqueous hydroxypropyl cellulose mesophase at 25°¢

5 a /6, a
0.0 11.3° 1.0
0.03 15. 0.9
0.07 13. 1.0
0.11 12. 1.0
0.206 12. 1.0
0.239 1. 1.0
0.313 1. 1.0
0.317 12. 1.0
0.356 R I N 1.0
0.392 9.9 1.1
0.455 1. 1.0
0.486 9.2 .1
0.527 8.7 1.1
0.548 8.8 1.1
0.606 8.3 1.2
0.668 7.2 1.3
0.772 6.3 1.4
0.835 5.1 1.6
0.926 3.26 2.1
0.948 2.75 2.5
0.960 2.23 3.1
' 0.987 1.6 ' 5.0
: Order parameter given by equation 2-40. See text.

Limiting value at infinite dilution.
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with decreasing water content at very low relative humidities, and

the effect is also evident when the data.is plotted as Xpy V- ¢]

(figure 4-4). Possible explanations include an initial hydration of

the polymer, or disruption of crystalline regions. Figure 4-4 also
shows the change-over from '‘rod-1ike' behavior at high polymer con-
centration to ''Flory-Huggins'' behavior at low polymer concentrations.
This change-over occurs in the same concentration region in which optical
measurements have shown the development of mesophase structure (3).

Viscometric studies of HPC solutions have shown that the value
of the Mark-Houwink parameter, a, ([n] = kM%) is close to one (3). This
is far from the theoretical value of 1.8 expected for a rod-like molecule
in dilute solution, but is similar to values reported for other cellu-
losics and is suggested to represent an expanded, but freely dfaining
coil. This lead to the conclusion (3) that mesophase formation at
about 40% polymer - a much higher concentration than predicted - is due
to the existence of a series of short, connected rod-like structures
rather than a single rigid rod.

In their examination of the activity of organic solvents over
liquid crystalline solutions of poly-y-benzyl glutamate, Flory and
Leonard (16) found that the Henry's law slope a]/¢], at ¢] = 0, was
much less than expected. They obtained a better fit to their experimental
data by introducing a new volume fraction term for the mixing of
solvent with only the side chains of the helical polymer molecules.

In our case, no such assumption was needed to fit the rigid rod-theory

with a plausible value of ¥.
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CHAPTER 5
MIXING OF WATER WITH HYDROXYPROPYL CELLULOSE. 1.

EFFECT OF TEMPERATURE ON SORPTION BY A POLYMERIC MESOPHASE
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A. Introduction

In the previous chapter, the activity of water vapor over
concentrated aqueous solutions of hydroxypropyl cellulose (HPC) was
measured by inverse gas chromatographic and static methods at 25%%.
Inverse GC was also used to measure the activity coefficients of water
at infinite dilution on the polymer from 15 to 85°C. 1t was found that
sorption data at high water content and the osmotic pressure data from
the literature in dilute aqueous solution was best fitted to the familiar
Flory-Huggins equation, while results at very high polymer Eoncentration
were best fitted to Flory's equation defining a system of very stiff or
rod-like molecules..

Although an increasing number of papers is being published on lyo-
tropic, polymeric liquid crystals, there have been very few studies on
the thermodynamics of mixing. The HPC-water system is attractive because
of the benign nature of the components, the reasonable vapor pressure of
the solvent, and the readily accessible lower critical soldtion tempe-
rature. The sorption measurements of the previous chapter were therefore
repeated in the same concentration range of 0 to 50% water by volume, over
a temperature range of 15° to 550, which spans the LCST of the system.
Various thermodynamic parameters have beeﬁ calculated in an attempt to
elucidate the mesophase structure and the mechanism of sorption in this

concentration range.
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B. Results

The appearance of the HPC samples, observed during static measure-
ments, was similar to that reported previously (1), progressing from the
original white powder to a clear film to a gel, with the cholesteric
colors developing as water content increased. Results from various
sorption methods agree within experimental error up to the useful limits
of each method. The experimental error was greatest at the Towest GC
concentrations (¢] = 0.005 to 0.015) due to the error inherent in the
calibration of the GC detector at low partial pressures of water, and
in the range 0.03 < ¢] < 0.07, above the limits of the GC measurements,
but at the lowest limits of the static methods.

Typical GC sorption isotherms measu;ed by the ECP technique are
shown in figure 5-1, while figure 5-2 shows isotherms measured over the
entire concentration range. No hysteresis was seen in the sorption/
desorption curvesvmeasured on the vacuum microbalance.
| In order to determine the heats of mixing, the activities of water,
a, = p]/p?, were first obtained at regular intervals by interpolation
of the {sotherms from a volume fraction of 0.005 to 0.030 in steps of
0.005, and above 0.030 in steps of 0.01. The average values of the
activities were computed using polynomial regression over small portions
of the isotherms encompassing five experimental points. While this did
not provide any great advantage over the hand-fitted curve, it did help
to determine the precision of the interpolation. A complete tabulation
of both the e#perimental data and the interpolated points is given in

Appendix B of this thesis.
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FIGURE 5;1 Sorption isotherm at 150, 350, and 55° for low concentrations
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is plotted as a function of the relative partial pressure

using data from GC (ECP) measurements.
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The partial molar heat of solution,uﬂHm,' was calculated from

the activities according to:

3 In a, ' |
A-Hm = R WI/—TY ¢]“ (5‘])

The corresponding free energy of mixing with respect to a standard state

of liquid water is:

4G = RT In a (5-2)
and the corresponding entropy of mixing:
Aﬂh - Aﬁﬁ
Agh = (5-3)

Figures 5-3 and 5-4 show the natural logarithm of the activities
as a function of inverse absolute temperature at low water content
(q>l = 0.01 to 0.10) and high water content (¢] = 0.10 to 0.40), respec-
tively. At volume fractions of water of less than 0.2, the rglationship
betweeﬁ n a] and (1/T) is linear within experimental error, indicating

constant heats of mixing over the temperature range. However, at tem-
peratures above 40°C and water contents ¢] 2 0.20, there is an inflection
clearly visible in the curves of figure 5-4, with the slope and hence

AH above the LCST approaching zero as the water content increases. The
point of the inflection is drawn with prior knowledge of the dilute
solution LCST of 42°C. With this in mind, if the portions of these
curves above and below the inflection point are taken as linear, then

two heats of mixing may be inferred; one (Aﬁ}) below the LCST and one

(Aﬁé) above the LCST.

* |t is to be understood in the following discussion that all heats of
mixing are partial molar quantities, per mole of water.
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"Figure 5-5 shows the heats of mixing from 0 to 50% water by volume.
Typical precisions estimated from the least squares .analysis of the

data are given. Tabulated values of AH (15 - 55°C), AR, (25 - 40°c)

1
and Aﬁz (45 - 55°C) are also given in Appendix B of this thesis.

O
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A, (45 - 55°¢C).
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C. Discussion

In common with other lyotropic polymeric mesophases, a two phase
isotropic-anisotropic region exists at intermediate concentrations of
HPC in water below the LCST (1). This }equires that a plateau should
exist in the sorption isotherms, since for the two phases to co-exist,
the water activity should remain constant with increasing HPC concentration,
and the amount of anisotropic phase should increase at the expense of the
isotropic material (2). However, the two phase region is narrow and the
experimental activities are close to unity, and so the measurements are
insufficiently precise to detect the region of constant water vapor
pressure.

Above the LCST, the dilute solutions separate into a polymer rich
precipitate and a very dilute aqueous phase. When the water content drops
below about 60% (by volume), the liquid crystalline mesophase forms.

Even in the mesophase region, the samples turn white on heating, indi-
cating that separation of a dispersed phase still occurs, but over a much
more extended temperature range than for the dilute solutions (1). This
effect provides an explanation for the variation in the heats of mixing
with temperature shown in figures 5-4 and 5-5.

At a sharp LCST, one would expect that the activity of water over
the very dilute aqueous phase would go to unity. The heat of mixing would
be expected to go to zero at the same time since the excess heat of mixing
of water with water is zero. The polymeric mesophase is a far more com-

plicated case, since the phase separation does not yield precipitate plus
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water but instead a still-ordered phase apparently containing a dilute
dispersed phase. The non-linearity in the activity plots of figure 5-4
at high water content can be attributed to the separation of a dispersed
phase above the LCST. Thﬁs, a qualitative agreement is obtained even
though the quantitative agreement is more difficult to determine.

For ¢] greater than about 0.38, the activities above the LCST
are close to unity, as expected for very dilute solution mixing, and
Aﬁé is zero within experimental error (figure 5-5). As the amount of
water decreases, the magnitude of &ﬁé increases until it coincides with
Aﬁi at ¢‘ = 0.20. At lower concentrations of water, there is a single
heat of mixing, AH.

The enthalpic interactions between water and the liquid crystalline
phase are given by Aﬁ] and AH. The mixing process is exothérmic, with
the magnitude of AH decreasing as the volume fraction of water increases.
However, the decrease is not smooth, apparent maxima occuring at ¢],: 0.05
and ¢] = 0.17. Such discontinuitiés have been observed in the past for
water adsorption on other polymers such as collagen (3), poly(N-vinyl
pyrrolidone) (4), amylose (5), and cellulose (6), and have been interpreted
in terms of specific states of water in the swollen adsorbate.- The volume
fractions at which the discontinuities occur correspond approximately to
one (d)l = 0.053) and three (¢] = 0.145) water molecules per substituted
anhydroglucose unit. As each unit contains three hydroxyl groups, the
maxima may be associated with interactions between these groups and water.
The second maximum near three water molecules per unit is also close to

the point where the effect of the LCST is first seen in the activities of

water vapour.
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A second contribution to the enthalpy of mixing may result from
the disruption of the partially crystalliné regions of the'dry,polymer
to give the aqueous liquid crystalline phase. The magnitude of the
effect is uncertain, AHC for the transition from the semi-crystalline
polymer to the isotropic state being four joules per gram of polymer (7).
This effect may contribute to the high value of AH at very low water content.
The entropies of mixing at 40°C are shown in figure 5-6. The
minimum in Agm at ¢1 = 0.05 comes at the same place as the maximum in
the AH curve, and may represent the minimum of configurational entropy,
at roughly one water molecule per HPC unit.
One surprising aspect of the heats of mixing of HPC and water is
the fact fhat the heats are very low, =5.7 kJ mol-] for HPC at infinite
dilution (8), as compared to a value of -31.8 kJ mol—] for cellulose (6).
which has the séme number of hydroxyl groups per unit as does HPC. The
significance of this wi]]bbe introduced in the next chapter during the

discussion of the sorption of water by various. cellulosic polymers.
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CHAPTER 6
A STUDY OF THE SORPTION OF WATER BY CELLULOSE DERIVATIVES. |I.

RESULTS AT FINITE CONCENTRATION AND INFINITE DILUTION
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A. INTRODUCTION

As stated in the first Chapter of this thesis, water sorption by
cellulosic polymers has been little studied, particularly at low water
content. In the present Chapter, the techniques of inverse gas chromatog~
raphy are applied to this problem. The polymers and columns are those
described in Chapter 3 of this thesis.

In Chapter 1, the possible errors resulting from kinetic effects
were introduced. It was suggested that the most serious of these problems
is the combination of isotherm curvature with peak spreading caused by
slow attainment of equilibrium.

in figure 6-1, curve 1 is a peak shape unperturbed by kinetic effects.
The skewing is the result of different retention times for different
portions of the injected peak, and thus the peak corresponds to an
equilibrium non-linear sorption isotherm (BET '"Type I').: Curve 2 is the
peak shape after further skewing and spreading by kinetic effects.

One result of these kinetic effects was to increase the potential
for error in the experimental results. While this difficulty was not
insurmountable, it also meant that the final results are of lower
precision than are results from measurements on non-polar systems that

do not present these kinetic effects.
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TIME

FIGURE 6-1 Peak shapes for (1) an equilibrium but non-linear isotherm
and (2) a non-linear isotherm skewed and broadened by

kinetic effects .
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B. Results

1. Kinetic Effects

Figure 6-2 shows the Shapes of experimental GC peaks resulting
from injections of different amounts of water at low water content.

It is evident that the retention volumes var? with sample size,
indicating a non-linear isotherm; and that the peaks are very broad

for these small injections, indicating a slow and non-ideal approach

to equilibrium. These low concentration peaks do not meet the criterion
for isotherm measurement by the ECP technique given by Conder and Young (1),
namely that the diffuse side of the peaks should be superimposable.

The fact that these peaks are not superimposable can be attributed to
the slow attainment of equilibrium,which results iq flow rate and loading
effects on the peak shapes and retention volumes. The CMA-3 column at
74.6° (figure 6-2a) is the worst case. The data for the CA column at

25° shown in figure 6-2b are closer to ideality.

The loci of the peak maxima were arbitrarily chosen as the
characteristic chromatographic curve. The effects of flow rate and loading
on this curve,~whjch is required to give the sorption isotherms as
well as retention volumes at infinite dilution, were then examined.

Figure 6-3 illustrates how peak maxima move to longer retention
volumes at faster flow rates. Two representative peak shapes are shown.
This trend is the opposite to that shown in the literature for slow
diffusion in non-polar systems with linear isotherms (2), but agrees
with the sketch presented in figure 6~1. The true curve may then be

closer to the low flow rate result, where water vapor has a longer time
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FIGURE 6-2 Experimental peaks and resultant chromatograms at low
water content.
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{(b) CA column at 25.0° and 34,2 mL min-]
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in the column to reach equilibrium. This is also suggested by the
fact that peak widths increase with flow rate, but remain constant
with peak height at constant flow rate.

The foregoing suggests that a true infinite dilution retention
volume can be obtained by extrapolation to both zero peak height
and zero flow rate. One method of doing this is illustrated in figure
6-4, where the loci of the peak maxima for the CMA-3 column at 74.6°
are plotted. Curves similar to those shown in figure 6-4 were obtained
for the other cellulosic polyme%s that were studied, but the differences
between flow rates were much smaller. The zero flow rate curve in
figure 6~4 was obtained by extrapolation to zero flow of each gas
phase concentration of water vapor. Due to the scatter in the points,
the zero flow rate curve is not too precise. However, by extrapolating
this curve to zero peak height a good estimate of the infinite dilution
specific retention volume under these conditions, 1000 + 5% mL g-], can
be obtained.

Aside from the decreasing retention volumes with decreasing flow
rate, two other features of figure 6-4 are noteworthy. The curvature
of the experimental characteristic chromatograms (loci of the peak
maxima) become progressively less as flow rate decreases, and the
chromatograms converge af moderate peak height. Sorption isotherms
measured on the CTA-1 column at several flow rates showed -- as
suggested by figure 6-L4 -- that there is no effect of flow rate on the
sorptiqn isotherms at finite concentration, and so the observed effects
are of importance only in the infinite dilution and low concentration

regions.
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FIGURE 6-4 Experimental chromatograms for the CMA-3 column at 74.6°C
as a function of flow rate. The loci of the peak maxima

were determined as in figure 6-2.
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Alternately, the zero flow rate value of Vg can be obtained by
the extrapolation of the peaks to zero peak height as shown in figure
6-2, and then by the extrapolation of a plot of the resultant specific
retention volumes to zero flow rate. The retention data on four polymers
is shown in figure 6-5. A logarithmic scale was necessary to include
all the data in the same figure, but disguises the marked decrease in
the retention volumes at low flow rate. The severity of the kinetic
effect for cellulose monoacetate at three column loadings is shown
in figure 6-6, where the retention volumes drop by about 30% as the flow
rate is decreased.

The hypothesis that kinetic effects increase the retention volume
by causing the type of peak spreading shown in figure 6-1 is supported
by the observation that increasing the layer thickness, which should also
increase the time to equilibrium,causes an increase in the retention
. volume. The CMA samples again present the most extreme case, although
the same‘effect -- of a lower magnitude -- was seen for the CTA columns.
The direction of this loading effect is the opposite of that often
observed (3) for systems where surface adsorption contributes. There
is scatter in the points in figure 6-6 due to uncertainties in
extrapolating to zero peak height, but for the lowest loading at zero
flow rate, the value for Vg is about 970 * 5% mlL g-], in good agreement
with the value obtained by the alternative extrapolation method

(figure 6-4).

2. infinite Dilution Results
The values of Vg extrapolated to zero peak height and then to

zero flow rate in figure 6-5 were used to calculate the XTZ parameters
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by means of equation 2-31. The data for xT} for these polymers at
74.6° are shown in Table 6-1, along with a value of XTZ for cotton
cellulose obtained by extrapolation of the static data of Morrison and
Dzieciuch (4). The order of the values of XTZ reflect the increasing
interaction between the polymers and water in the same way as does the
order of the values of Vg in figure 6-5. These detailed measurements
were done at 714.6o due to the strong interactions between water and these
polymers which resulted in long retention times. Due to detector
instability over very long retention times, low flow rate measurements
could not be done at room temperature. Where columns of different loading
were available, results are given for the lowest loading.

Also shown in Table 6-1 are the heats of mixing at infinite dilution,
Aﬁ:, calculated using equation 2-34 from data between 60° and 85°. The
given error is the standard deviaéion of the least squares analysis of
the data. These results were obtained from measurements at a singie flow
rate (ﬁhOYmL mln_]), as the change in the flow rate dependence of Vg
with temperature is within expérimental error over this narrow range.
The heats given are those for the columns with lowest loading, where
applicable. The apparent heats increased by about 25% with loading

for CMA.

3. Results at Finite Concentration

Figure 6-7 shows the variation in specific retention volume with
water vapor pressure at 25°C for several polymers. Curves 1 and 2 were
obtained from the CA and CTA-1 columns for ECP isotherm calculations by

superimposing a series of peaks resulting from injections of different



Table 6-1

Thermodynamic Data for Cellulosic Polymers and Water
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Polymer X12 -AHm

(+ 0.05) (kd mol” ')
cotton cellulose® -1.0 (25°) 31.8
cellulose monoacetate 0.0 16 £ 1
(b.s. = 0.89)
cellulose acetate 1.6 9.5 ¢ 1.5
(D.S. = 2.45)
cellulose triacetate 2.1 5 %1
ethyl cellulose’ 1.1 12 £ 1
(D.S. = 1.4)
methyl cellulose s 18.5 £ 1
(p.s. = 1.9)
hydroxypropyl cellulose 1.9 5.7 £ 0.6

(a) data from reference 4 (static sorption)

©0 . .']
{b) Xjp measured at a gas flow rate of 40 mL min
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FIGURE 6=~7 Experimental GC chromatograms at finite concentration.
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drawn from the points measured by the EP technique for

the CMA sample.
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sizes, and drawing the curve along the common diffuse peak fronts (1).
In this concentration region, there was little effect of flow rate.

At low water content, the diffuse side of the peaks do not superimpose
as well (figure 6-2b), so the loci of the peak maxima were used.

This use of peak maxima to define an ECP chromatogram has been
criticized by Conder and Young (1), who also pointed out the problems
of the ECP method as applied to isotherms which display a point of
inflection. They stated that under these conditions, the ECP data is
useable only at concentrations above the inflection point, since the
elution behavior of a ‘‘characteristic point'' passing through such a
discontinuity is no longer described by the simple relation assumed
until now.

For these reasons, cellulose monoacetate is unsuitable for ECP
measurements. Therefore the isotherm was measured by the EP technique.
In curve 4 of figure 6-7, the points correspond to the infinite dilution
retention volumes on plateaus of the given partial pressures of water.
The measurements were made in order of increasing water content. In order
to check this GC method, static measurements were performed at 25o using
the vacuum microbalance apparatus. Results are shown in figure 6-8.

The sorption curves agreed up to p/po = 0.3, while the GC method was
more sensitive at low water content. The deviation at high relative
partial pressure of water is due to the difficulty in detecting very
small amounts of water injected on top of the high concentration plateaus.

For the sake of comparison, curve 3 in figure 6-7 shows the GC

chromatograh for a hypothetical cellulose column. The points were

calculated from the static isotherm in the literature (4) and equation 2-4k.
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Figure 6-9 shows the adsorption isotherms of water on the
cellulose acetate and ethyl cellulose columns, as calculated from the
GC data. The literature isotherm for cellulose mentioned in the
previous paragraph is also shown. The error caused by non-ideal peak
shapes in the ECP isotherms (CA, CTA, and ethyl cellulose) is confined
to the region of low water content (p/po < 0.1), and even at low

water content the error is probably not serious.
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FIGURE 6-9 Sorption isotherms for water on various cellulosics at 25°¢
measured by both GC and static means. Curves 1 - 4 are as
described in the previous figure, while curve 5 is the

isotherm for ethyl cellulose.
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C. Discussion

In figure 6-9, those polymers with a high degree of substitution
appear to have a ''type I|II|'" concave upwards isotherm shape, as reported
by many others (5-11). In fact, at very low water content all of the
isotherms possess a weak '‘type 11" isotherm knee, although the type ||
behavior is exaggerated by the effect of the gas flow rate on the GC
chromatogram curvature. The minima in Vg shown in figure 6-7 are
characteristic of an isotherm knee.

The isotherms shown here should be comparable with those in
the literature measured by static methods. For cellulose acetate and
cellulose triacetate, the amounts of water sorbed according to the
literature ranges from 10% to 50% greater than those reported here
(6-9). The ethyl cellulose sample -- with a lower D.S. than that
commonly seen -- sorbed more than twice the amount of water reported
for other samples of this polymer (]0,11).

The interaction of water with these cellulose derivatives is
obviously very sensitive to the degree of substitution.of the polymers,
and to their physical form, so that variations in measurements between
different samples is not unexpected. However, for the samples of both
HPC and CMA examined during the course of this work, the GC and static
isotherms coincided, within the useful limits of each techﬁique.

The few comparative studies on sorption by identical polymer samples
(12,13) have shown the interchangeability of the two types of measurements.
The exceptions (14,15) probably result from kinetic effects on the GC

retention close to a glass transition temperature.
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Interpretation of the results in terms of XTZ is not unequivocal.
The values for XTZ in Table 6-1 assume that the water mixes with the
total weight of polymer in the column. This may not be true for
polymers that are partially crystalline. The necessary correction was

was given in Chapter 4 of this thesis:

X192 = X2 + 1In(l - C) (6~1)

where C is the fractional crystallinity of the polymer. For example,
cotton cellulose is approximately 60% crystalline or 40% accessible
to water (16), so the true value of XTZ shown in Table 6-1 may be
closer to -1.9. This also shows that an apparently favorable, negative
value of X is not sufficient for solution to occur. A wvery negative
X in this case indicates a strong interaction between the dry cellulose
and the first incoming water molecules.

The values of XTZ were calculated assuming that mixing of water

with these polar polymers follows the Flory-Huggins lattice model for

mixing. There is no immediate reason why this should be valid, especially

sinﬁe it has already been shown in Chapter 4 of this thesis that HPC
follows a different mixing model. Nevertheless, the present data does
allow a comparison between different polymers. The addition of unity to
each value of XTZ yields In(a]/¢]7: which is model independent although
still not corrected for crystallinity. The heats of mixing Aﬁ: are model
independent, and as long as the crystallinity does not change over the
narrow temperature range studied, the heats are also independent of
crystallinity. Infinite dilution heats of mixing for the cellulose
acetates are not obtainable from the literature, except as extrapolations

of imprecise data from finite concentration.

BRSPS et < s+
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The values of—Aﬁ: shown in Table 6-1 descend smoothly in the
order of decreasing hydroxyl content or increasing acetyl substitution,
from cellulose (D.S. = 0) to cellulose triacetate. A plot of -Aﬁ: VS,
degree of substitution shows that the heat for ethyl cellulose falls on
the cellulose acetate curve (figure 6-10). However, the value of
-Aﬁ: for methyl cellulose is greater than predicted by figure 6-10.

This suggests that the predominant interaction is the one between water
and the unsubstituted hydroxyl groups. It is also likely that the
interaction between water and the methoxyl gfoups is stronger than

that between water and ethoxyl or acetyl groups. In the only case in
the literature analogous to the present one, the heat of mixing of water
at infin}te dilution in diethylene glycol dimethyl ether (17) was more
exothermic than in diethylene glycol diethyl ether (18), in qualitative
agreement with the results for the cellulosics.

A qualitative result similar to the order of heats shown here was
seen by de Vries and Smit (19), In an early paper using invérse GC, these
authors showed that for the adsorption of various alcohols onto cellulose
acetates of D.S. = 3 and D.S. = 2.5, the heat of mixing was always
more exotﬁermic in the sample of lower substitution. However, the
quantitative significance of these results in suspect, since the authors
'did not account for non-ideal GC effects.

The value of Aﬁ: for HPC is about the same as that for CTA. At first
this is surprising, since the hydroxyl content of HPC is the same as
that for'ceilulose. However, HPC is known to be relatively hydrophobic
at low water content (20), despite evidence (21) that the average

molar substitution (M.S.) of four is distributed in such a manner as to
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leave one free hydroxyl group on every anhydroglucose unit. It is
also known that HPC maintains its highly ordered structure at

water contents below the cholesteric mesophase, since the dry polymer
is partially crystalline, and has a three-fold helical structure (21,22).
The low value of Aﬁ: for HPC lends credence to a structure for dry

HPC proposed by Samuels (21), in which all hydroxyl groups -- whether
on the backbone or the side chains -- take part in some form of
intramolecular hydrogen bonding. Water sorption to the HPC would then
occur by lower energy hydrogen bonding to the ethereal oxygen, as
suggested by Klug (20). If water sorption does occur by hydrogen
bonding to the hydroxyl groups of the HPC, it could only do so at the
expense of breaking the intramolecular hydrogen bonds.

Cellulose and cellulose monoacetate can be seen to be the most
active of these polymers, by virtue of the fact that they show the
most negative heats of mixing with water, the greatest amount of water
sorbed, and the greatest change in their isotherms with water sorbed.
CMA, a water soluble polymer, is the more hydrophilic due to its more
accessible structure.

Attempts were made to measure the interactions of water with
cellulose itself using inverse GC. However, the problems resulting
from the strong water-cellulose fnteractions and from slow water
diffusion through cellulose fibers below the cellulose glass transition
have so far proved insurmountable. Several attempts were made to
obtain cellulose as a thin film by coating cellulose acetate onto a
chromatographié support and removing the acetyl groups by saponification.

Unfortunately, it was found that saponification conditions severe enough
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to give a complete reaction had the additiohal effect of swelling

the resultant cellulose and removing it from the support. Conversely,
under conditions mild enough to leave the polymer coating on the
support, only a small fraction of the acetyl groups were found to have
been saponified. One paper was recently published claiming to give

the infinite dilution specific retention volumes for water on cellulose
at 100°¢C (23). These ranged from 106 mL g-] for cotton cellulose to
240 mL g_1 for kraft pulp. These results héve little numerical
significance for several reasons. Only a single, large injection of
0.6 uL was made, with no extrapolation to zero peak height, so that
these results can in no way be considered as being at infinite dilution.
Only one high gas flow rate (60 mL min-]) was used, but there would
almost surely be a strong flow rate dependence. Finally, while the
authors reported different values of Vg for the various types of
cellulose, they made no allowance for varying degrees of accessibility

to water (16).
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CHAPTER 7
A STUDY OF THE SORPTION OF WATER BY CELLULOSE DERIVATIVES.

A SORPTION MODEL
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A. Introduction

In the previous chapter, results were reported for the sorption
of water onto various cellulosic polymers at finite concentration and
at infinite dilution. Non-ideal GC effects that appeared to be
confined to the region of low concentration and infinite dilution were
also described. In the present chapter, the Zimm cluster integral is
used as a model for sorption. The polymers studied were: hydroxypropyl
cellulose (HPC); cellulose; cellulose monoacetate (CMA; D.S. = 0.89);
cellulose acetate (CA; D.S. = 2.45); cellulose triacetate (CTA); and
ethyl cellulose (D.S. = 1.4).

Until now, the results have been explained only in terms of
thermodynamic models for mixing with randomly oriented or rod-like
molecules (Flory-Huggins and “Flory-rodlike' mixing). However, there
exists a variety of derivations that attempt to fit experimental iso-
therm data to physical or statistical models. A review published ten
years ago (1) contained eighteen different isotherm equations, a list
even then neither complete nor up-to-date. Most of these models depend
on the existence of different states of water within a sample, and
attempt to give the experimental isotherms as the sum of the relative
contfibutions from each state of the adsorbate. These ''states' of water
have been investigated by NMR spectroscopy in cellulose (2) and by
differential scanning calorimetry in cellulose acetate (3), among other
techniques. In each case, the existence of four states of water was
reported. For cellulose, these were defined to be in increasing con-
centration of water: water stroogly hydrogen bonded to hydroxyl groups
in the non-crystalline regions, water sorbed in multilayers, water sorbed

in capillaries, and finally bulk water. The range of GC measurements
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reported here is confined to the first one or two of these regions.

A brief-de;cription of fournisotherm models quoted in the recent
literature follows. Of these four models, only the Zimm cluster integral
will be used for a detailed analysis of the experimental results. It
is the most general of the four models, and is the only one that does
not require any prior assumptions regarding the structure of the
substrate or the mechanism of sorption.

The best known model is that of Brunauer, Emmett, and Teller
(the "BET" theory) (4). This states thaf monolayer surface adsorption
takes place on the substrate with a heat of adsorption AH, followed by
multilayer sorption with a heat equal to the latent heat of condensation
of the adsorbate. Although the model is only applicable in a narrow
range (.05 < P/P° < .40) and although it has been-seve;ely criticized
on the basis of its prime assumption, it has still given a reasonable
fit for a wide variety of systems. Furthermore, if the area occupied
by each adsorbate molecule is known, then the surface area of the sub-
strate can be determined. Tremaine and Gray (5) have derived a method
whereby the BET parameters can be calculated directly from finite con-
centration GC retention data, without the intermediate step of calculating
the sorption isotherm.

Hailwood and Horrobin (6) proposed a model that assumed the
existence of three phases in the solid: strongly bound or dissolved
water; water forming hydrates with the polymer; and unhydrated polymer.

They used the equation:

T800 T - aa © 1 + aBa

M 0a ofa (7-1)

where q is the amount of water sorbed at a relative partial pressure, a;
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o and B are empirical constants related to the equilibrium constants

for overall and monohydrate sorption, respectively; and M is the effective
"molecular weight' of the sorbing unit, or the amount of substrate per
water molecule.

-

The previous equation was rearranged to yield:

A+ Ba - Ca® = a/q (7-2)
This was solved for the best fit values of A, B, and C, and gives
a sigmoidal (BET type 11) isotherm as the sum of a Langmuir isotherm
(BET type 1) and a multilayer isotherm (BET type Ii1). The model has
been criticized due to the existence of an extra adjustable parameter,
which allows any set of data in a sigmoidal shape to be fit to equations
7-1 and 7-2 by the correct choice of parameters. On the other hand,
various workers have been able to fit water sorption data to the model
(7-9). One partial success of the model was the ability to relate the
M factor (effective weight of polymer per water molecule) to the fraction
of polymer, A, that is accessible to the water.

D'Arcy and Watt (10) proposed a model that considered three pro-
cesses in the substrate: monolayer adsorption by strongly bin&ing sites,
monolayer adsorption by weakly binding sites, and multilayer adsorption.
This gives a sigmoidal isotherm as the sum of a type | isotherm, a type
lll isotherm, and a linear isotherm. This approach therefore suffers
from the same weakness as the previous one; namely that a good fit

depends as much on the choice of parameters as on a physical model.
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Zimm Cluster Theory

The concept of the cluster integral was first developed by Zimm (11)
and by Zimm and Lundberg (12) to explain the sorption characteristics of
hydrophilic polymers. It had previously been found that a rigid site
model such as the Flory-Huggins theory gave poor results when applied to
water-collagen mixtures. The cluster theory is based oﬁ the relationship
between geometric probabilities and thermodynamic propérties, eliminating
the need for an arbitrary structure or model (13). As pointed out by
iimm and Lundberg (12), the theory ''does not predict isotherms, but
it does serve to intepret them in molecular terms'. The theory has
been extended by others, especially Starkweather (14,15).

The cluster integral G]] is defined as:

6, = -’\Jf[Fz(i,j) - 1] d(i)d(j) (7-3)

where the probability that two molecules i and j will be found together

at the point (i,j) within the range bounded by d(i) and d(j) is:

1 F,(3,5)d(i)d()) (7-4)
2

This defines the molecular pair distribution function F2. The folloﬁing

expressions were then derived (11,13):

S11 = -g,[0(2)7¢)) - (7-5)
Vi 3(a)) P,T

or ¢]G.” - 6 o 3 In ¢-| _ (7'6)
v e e e T ‘
] 17 P,T
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In the previous equations, a, ¢], Vi and c, are the activity,
volume fraction, molar volume, and molar concentration respectively of
component 1. The term ¢]G]]/v] has been shown to give (10) the concen=
tration of type 1 molecules present in the excess of the mean in the
vicinity of a given type | molecule. It follows that the average number

of type 1 molecules per cluster (the ''cooperative index' (16) ) is:

Cl = CIGII + 1 (7-7)

In an ideal system, the activity coefficient is constant with
water content. That is, Raoult's law, or at least Henry's law, is obeyed.
The clustering function G]]/v] is then equal to minus one, or the
cluster integral G]] is equal to minus one molecular volume. Under these
condftions, a molecule of type 1 has no effect on other molecules except
to exclude them from its own sorption site. |If G]]/v] is greater fhan
minus one, molecules will tend to cluster. |If G”/vI is less than minus
one, molecules will exclude their own kind. Flory~Huggins mixing corres-
ponds to G]]/v] equal to zero, where there is only enough clustering to
overcome the excluded volume of the polymer (12).

Examination of equation 7-7 shows that a value of Cl of less than
one implies an apparent cluster size of less than one water molecule.
The paradox resolves itself when it is remembered that a statistical
model such as this treats all sites as being equally probable for random
sorption. Starkweather (15) considered the cluster size of less than
one water molecule to be indicative of preferred water-polymer contacts
causing a greater separation between water molecules than would be expected

in a random mixture. Therefore, the negative clustering function corresponds
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to a state of non-random sorption, or of preferred sorption onto specific
sites. These specific sites have in the past been related to physical
structures such as gaps or cavities (10, 17), or to polar sites such as
hydroxyl or amide groups (18-20). For example, Zimm and Lundberg (12)
found that for the sorption of small amounts of water onto collagen, the
clustering function G]]/v] is less than minus ten, or G]] is less than
minus ten molecular volumes. This was interpreted as indicating a very
low concentration of initial sorption sites in the collagen. Within
experimental error, the value obtained was the same as that determined
from BET analysis of the isotherm.

In addition to the statistical or geometrical derivation, it has
been pointed out that the cluster integral can be calculated from changes
in the value of the x parameter with water content (13, 18).

Starkweather (15) has derived a method to better quantify this
theory. In his approach, w]/CI is plotted vs. Wi where Wy is the
weight of water sorbed (g per 100 g of polymer) and w,/Cl is the weight
of water per cluster, directly related to the number of clusters present.
The change in the slopes of these curves was interpreted in terms of
the mechanism of cluster buildup and breakdown. For example, Starkweather
suggested that a slope of plus one indicates random sorption while a
slope of zero indicates that water is being sorbed with no change in the
number of clusters. A negative slope would mean a decrease in the number
of cluster, caused by the joining togethef of previously independent
clusters, while a slope of greater than plus one would indicate non-random

or preferred sorption.
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B. Results

The sorption isotherms presented in the previous chapter were
replotted as activity coefficients of water vs. activity of water.
Slopes were taken from the hand smoothed curves, and equations 7-5,
7-6, and 7-7 were used to calculate the clustering functions and
average cluster sizes. Table 7-1 shows the values of the clustering
functions G]'/v] and of the average cluster sizes Cl at regular
intervals. Figures 7-1 to 7-7 illustrate the Zimm clustering plots
and the Starkweather calculations. The Zimm clustering plots for
cellulose monoacetate (D.S. = 0.89), cellulose acetate (D.S. = 2.45),
and for ethyl cellulose are not shown. These curves are very similar
in appearance to the cellulose plot (figure 7-3) except that the
measurements for the latter two polymers terminated at a lower water content.

The slopes of the Starkweather curves are calculated from the
second derivative of the hand smoothed Zimm clustering plots, and the
third derivative of the original sorption isotherms. Therefore it is
probably best to treat these in only a semi-quantitative fashion. The
"saturation points' for the Starkweather curves described below are the
concentration regions where preferred, non-random sorption ceases and
clustering starts. Within the scatter of the isotherm points and the
measured slopes, these correspond to the maxima in the Zimm clustering
plots (or to the first point where the slope goes to zero), and to
the place where the average cluster size goes from less than one to

greater than or equal to one.



Table 7-1

Clustering Data for Cellulosic Polymers

(a) Sorption data from reference 23

(a) CMA CMA. CA CTA ethyl HPC
cellulose (sorption) (desorption) cellulose
a, GI - Cl G-l Cl G‘] ci Ell_ Ci Ell. cl Ell_ c! ElL Ci
Vi Vi Vi Y vy i Yi
0.025 -28. 0.6 -22. 0.7 === -31. 0.9 -69. 0.9 -32. 0.9 3.2 1.0
0.05 -10. 0.5 -15. 0.6 -6.1 0.7 -15. 0.9 -7.8 1 =27. 0.9 6.3 1.0
0.1 -15, 0.5 -12. 0.6 -5.5 0.6 -10 0.9 -3.3 1 -18. 0.9 6.4 1.1
0.2 -1 0.5 -6.2 0.7 -4.3 0.5 -5.4 0.9 -1.0 1 -10.4 0.9 8.1 1.1
3 -7.8 0.5 -1.0 1.0 -3.4 0.5 -2.7 0.9 0.68 1 -1.0 1.0 8.1 1.2
0.4 -6.1 0.6 3.5 1.4 -3.3 0.4 4.5 1.2 0.81 1. 2.2 1.1 8.1 1.3
0.5 -3.8 0.7 1.0 1.1 -2.9 0.5 - -1.0 1 - 8.2 1.4
0.6 -1.4 0.9 1.3 1.2 -6.3‘ 0.9 - - - 9.0 1.7
0. 0.5 1.1 3.4 1.8 1.4 1.4 = --- == 9.4 1.9
0. 3.2 1.4 - -—- ~-—- - -—- 12. 2.6
0.9 4 1.7 -—- --- -—- --- -~- 16. k4.4
0.95 8.1 2.6 - -—- -—- -=- - 25, | 9.6
0.975 4. 4 --- - --- - --- ---

611
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C. Discussion

1. Hydroxypropyl Cellulose (HPC)

Since HPC is miscible with water, sorption would be expected to
proceed differently from adsorption on the other, insoluble cellulosics.
This is seen in iés Zimm clustering plot, figure 7-1. HPC is the only
polymer that had a uniformly positive value of Gll/vl’ or a negative

slope of the curve (a]/¢]) vs. a,, down to very low water content.

1
This corresponds to the existence of clustering even near infinite
dilution, as shown in Table 7-1.

At the lowest water content, the slope of the Zimm curve is positive,
rising from the inffnite dilution value of a]/¢]. The difference between
the infinite dilution value and the value extrapolated from finite
concentration in figure 7-1 is equal to the suggested correction for
the accessibility of the polymer to water (21). |If this is not a coincidence,
then it shows that any regions of inaccessibility disappear at an
exceedingly low water content.

A Starkweather plot of w]/C| vs. W, for HPC (figure 7-2) has
a slope decreasing from one at infinite dilution to zero at higher
water content, showing that sorption goes from random sorption at lowest
water content to extensive clustering. The poin£ at which the slope of
the curve in figure 7-2 goes to zero is very close to an average concentration
of three water molecules per HPC unit (2.95 % 0.1), or one water molecule
for every hydroxyl grbup. Since this concentration corresponds to am

average cluster size of between two and three water molecules, most of

the initial sorption must take place on a single site; possibly the one
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FIGURE 7-1 Zimm clustering plot (a1/¢] Vs, a]) for hydroxypropyl
cellulose. Values of the clustering function G]]/v] were

calculated using the slopes of this curve and equation 7-5.
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See text for explanation.
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unsubstituted hydroxyl group believed to exist on the HPC backbone (22).
This aspect is important to the discussion of the heats of mixing

of water and HPC in Chapter 5 of this thesis. As shown in figures

5-4 and 5-5, the concentration of three water molecules per HPC

unit, at a volume fraction of water of 0.145, is near the concentration
where changes in the activites of water are first seen at the LCST.
Furthermore, this is also the concentration where the AH curve (figure 5-5)

shows a maximum.

2. Cellulose

The cluster calculations performed by Starkweather (15) on the
data of Morrison and Dzieciuch for the sorption of water by cotton
cellulose (23) were repeated. The Zimm clustering plot for cellulose
(figure 7-3) shows a very strong antipathy to clustering at low water
content (non-random, specific sorption), followed by clustering at
higher water content. The Starkweather plot shown in figure 7-4 has
three major regions. At low water content, the slope is greater than
one, so that sorption is non-random. In the intermediate region,
the slope is roughly zero, so that there is an increase in the size but
not the number of clusters. At highest water content, the slope is
negative, indicating a decrease in the number of clusters (joining
together of previously independent clusters).

The boundaries between these regions in figure 7-4 occur at about
L.5 + 0.5 and at about 13 £ 1 grams of water per one hundred grams
of polymer, or about 0.43 and 1.2 water molecules per anhydroglucose unit.

Since cotton cellulose is only about 40% accessible to water(24) -- changing
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little with water content -- the values must be adjusted. The first
boundary where the slope goes to zero is the area where clusters start
to grow in size but not in number. This therefore occurs at one water
molecule per unit. The second inflection, after which water sorbs
by the joining together of previously separated clusters, occurs at

three water molecules per unit, with an average cluster size of about two.

3. Cellulose Acetate (D.S. = 2.45) and Ethyl Cellulose

It has already been shown that these two polymers have similar
sorption isotherms (25). The similarity carries over to the cluster
calculations. In each case, G”/vl was much less than minqs one at
low water éontent, indicative of an antipathy towards clustering, as
in the case of cellulose. Clustering starts to occur at an intermediate
water content (a] = 0.30 to 0.35). The slopes of the corresponding
Starkweather plots (figure 7-5) went from somewhat greater than one
(non-random sorption) to zero. The zero slope, which occurs as the
average cluster size reaches one molecule, was observed when a concen~
tration of 0.37 £ 0.05 water molecules per anhydroglucose unit was reached.
This concentration is lower than expected if a single water molecule'
associates with each hydroxyl group on the polymer. For cellulose acetate
with an average of 0.55 hydroxyl groups per unit; this would mean an
accessibility to water of (0.37/0.55) or about 70%, in reasonable
agreement with admittedly variable literature sources (26,27).

Stannett and Williams (28) performed cluster calculations on
sorption isotherms of cellulose acetate (D.S. = 2.25) and ethyl cellulose

(D.S. = 2.55) at higher water content than reported here. They noted
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FIGURE 7-5 Starkweather plot for cellulose acetate ([J); cellulose
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was drawn with unit slope, for the sake of illustration.
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that the existence of clustering in ethyl cellulose might be related to
its inability to act as a membrane for reverse osmosis, or, conversely
that cellulose acetate is effective in reverse osmosis since water

does not cluster within it.

k, Cellulose Triaéetate

At very low water content, G]]/v] is much less than one for CTA,
again indicating highly non-random and specific sorption (figure 7-6
and Table 7-1). However, the clustering function very soon approached
the value of minus one expected for ideal random sorption at a water
content corresponding to 0.03 water molecules per anhydroglucose unit
and an average cluster size of about one water molecule. This may
result either from the existence of unsubstituted hydroxyl groups or
from sorption onto other preferred sites such as gaps and voids or
oxidation products. Part of the discrepancy may also be due to the
non-ideal behavior of the GC chromatogram at very low water content (25).

The slope of the Starkweather plot did not follow the trend of
the other cellulosics by going to zero at the saturation point. I[nstead,
the slope was equal to unity from infinite dilution and upwards,
indicating random sorption (figure 7-5). This difference in sorption
behavior between CA and CTA has been the subject of/speculation for
many years (29). The mechanism based on clustering was confirmed
by recent infrared measurements near the saturation point on CA and CTA
samples of the same D.S. as those used here (30). In the latter work,
the authors showed that water in CTA is present largely as monomers
'""dispersed' through the polymer, while water in CA is 'dissolved'" as’

clusters of up to three water molecules in size.
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5. Cellulbse Monoaceate

It should be noted that since both cellulose and CMA show a very
distinct hysteresis in their sorption/desorption curves, it is not
strictly correct to apply a theory such as this one which is based on
equilibrium thermodynamics. Nevertheless, we apply it to.the sorption
and desorption curves in order to interpret them in molecular terms.

Figure 7-7 gives the Starkweather plots for both sorption onto and
desorption from the CMA sample. In the sorption process, at the lowest
water content, the antipathy towards clustering of the other cellulosics
is seen. The first plateau of zero slope, which may be an artefact of the
experimental scatter, exists between 0.4 and 1 water molecule per unit,
and corresponds to sorption without increase in the number of clusters
present. A brief period of random sorption (slope = 1) follows, until a
second plateau is seen at a concentration of about 1.5 water molecules per
unit. éince this material should have 2.1 free hydroxyl groups per unit,
the conclusion is again that the polymer is not completely accessible to
water. CMA is soluble in water, but with difficulty, so that this polymer
provides an example of properties between the water soluble HPC and the
insoluble cellulose. The high proportion of accessible hydroxyl groups'in
this polymer -- already cited as the cause of the hysteresis in the sorption
isotherm -- would also account for the behavior of this polymer in the
cluster model. At low water content, it would act as an insoluble cell-
ulosic, but at higher water content, all hydroxyl! groups must eventually
become accessible, allowing it to dissolve in water. At high enough water
content, the cluster model for CMA would then follow that of HPC.

In the desorption curve, the high concentration plateau occurs at
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nearly twice the value of w]/CI, indicating that a greater number of
clusters are contributing to this process. In this region, desorption
occurs from pre-existing clusters, without a decrease in their number.
Following the curve backwards, there is a very positive slope (w] ~ 19
down to = 15 g of water per one hundred g of polymer), indicating a sharp
increase in the number of clusters as bridging molecules desorb.

Finally the negative slope down to wy = 0 shows that the number of
clusters is decreasing. Since the slope is constant down to zero,

and since this represents the region of strong antipathy towards
clustering, this region probably represents the desorption of individual
molecules, especially since it cofncides with the equivalent region in
the sorption‘curve. This is in agreement with the suggestion (15) that
the greatest tendency towards desorption occurs when two water molecules
are together, since isolated molecules are more strongly held to the

polymer.
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The major emphasis of this thesis has been on the study of the
interactions of cellulosic polymers with water by inverse gas chromatog-
raphy. Throughout, an effort has been made to exploit the advantages
of the GC method, while recognizing the problems that are inherent in
its application to a system consisting of a polar probe plus a
polar polymer.

Admittedly, these GC results do not achieve the very high precision
of other GC data in the literature for some non-polar systems. On the
other hand, for the first time direct measurements have been made in a
concentration region that has been little studied in the past. Valuable
illustrations of GC non-ideality and of possible corrections have
also been shown. The results herein are more reliable than much of
the data in the GC literature, where non-ideal effects are too often
ignored. .In addition, the work supplements older literature data for
cellulosic systems by extending measurements to lower water contents.

The sorption measurements by classical static methods at finite
concentration were a useful addition to the GC data. It was found
that all of the various GC and static sorption methods gave the same
answer, within the appropriate concentration range.

The first success of thé work was in the examination of
hydroxypropy!l cellulose (HPC), a polymer that forms a liquid
crystalline mesophase with cholesteric structure in a large number of
solvents, including water. The behavior of HPC in water at very low
water content was successfully described by Flory's theory for a system

of very stiff or rod-like molecules. At higher concentration, the system
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deviated from the rod-like molecule theory and started to approach the
behavior expected from the regular Flory-Huggins solution theory.

This changeover from ”réd-like“ to "Flory-Huggins' mixing was seen to
occur in the concentration region where optical measurements have
shown the formation of the liquid crystalline mesophase from the
isotropic solution.

Isotherms measured by inverse GC and static methods above and
below the lower critical solution temperature (LCST) of HPC were used
to calculate heats of mixing of water with HPC from 0 to 50% water.

The measured activities and the calculated heats of mixing of water
showed the effect of the LCST, in that the activities of water vapor
went to unity at high concentrations above the LCST, and the heats .

of mixing went to zero. At an ideal phase separation, this woﬁld be
expected, since effectively one is measuring the activity of pure water
vapor over the precipitated polymer phase. The quantitative effect

of the concentration of water in the liquid crystalline mesophase on
this behavior is uncertain. However, it is suggested that there may be
some type of ''saturation point' at about three water molecules per

HPC unit.

Results on the sorption of water by cellulosic polymers, including
several cellulose acetates, showed the effect of non-ideal GC interactions.
These were satisfactorily explained as having resulted from peak
spreading due to slow diffusion within the polymer bulk. The necessary
corrections were made, but the effect reduced the precision of the data.
The order of the heats of mixing at infinite dilution with substituion

on the cellulose backbone showed the importance of the interaction between
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water and the unsubstituted hydroxyl groups.

Zimm's cluster integral theory was used to interpret the finite
concentration sorption isotherms. The modification derived by
Starkweather was also applied. The theory leads to a p]ausib]e
molecular picture of the adsorption of water by the cellulose derivatives,
without requiring a detailed mode] for the mixing behavior.

In an appendix to this thesis, the sorption of a large number of
organic probes onto HPC is investigated. Interaction parameters and
heats of mixing at infinite dilution are measured. No correlation
is observed between these values and the ability of HPC to form

a liquid crystalline mesophase in a given solvent.
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CLAIMS TO ORIGINAL RESEARCH

The studies described withip this thesis should help to establish
inverse gas chromatography as an adjunct to other methods of studying
water-polymer interactions. The following claims to original research
in the sorption of water by cellulosic polymers at low water content

are made:

-- The experimental results represent the first time that water has
been used a§ probe in a systematic fashion in the examination of polar
polymers by inverse gas chromatography, and only the third or

fourth time in which water has ever been used as probe. It is also

the first time in which water has been used as a probe for

cellulosic polymers.

== Two gas chromatographic and two classical static methods of
sorption isotherm measurement gave the same results within the
appropriate concentration region.

-- The sorption isotherms of water on hydroxypropy) cellulose were
measured between 15 and 55°C. At low water content, HPC fits very well
Flory's theory for the mixing of a solvent with a collection of rod-like
molecules. This is one of very few studies on the mixing of solvent
with-ordered polymer solutions, and the first involving GC measurements
of solvent activity over such a solution.

-~ The behavior of the sorption isotherms of HPC at a phase separation
point was in accordance with expected behavior, in that calculated

heats of mixing went to zero at temperatures above the phase separation

point and at sufficiently high water content. This is the first reported
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attempt at GC measurements of a polymer phase separation.

-- Non-ideal (kinetic) GC effects resulting from polar interactions
were examined in detail. The change in retention volume with gas flow
rate and column loading was the reverse of that reported for kinetic
effects on non-polar polymers that show linear isotherms. The effects
were interpreted as resulting from a combination of isotherm curvature
and slow solvent-polymer equilibration, and are most serious for the
more polar polymers.

-- The results for the infinite dilution thermodynamic properties of
water and cellulosic polymers were far more reliable than those in the
literature measured by other techniques, although as a result of the
kinetic effects, the precision is tower than found for many non-polar
systems by inverse GC.

-- The heats of mixing at infinite dilution of water on cellulosic
polymers were calculated for the first time. It was suggested that
the most important contribution to the heat of mixing is from the
interaction of water with unsubstituted hydroxyl groups on the
polymers.

- The sorption isotherms of water were measured on the cellulosic
polymers at low water content by inverse GC techniques, and Zimm's
cluster integral theory was used to analyze the sorption isotherms.
Good agreement was found between the calculated saturation points

and the accessibility of the cellulose acetates, as well as

with results in the literature regarding their mechanism of sorption.
- In an appendix to this thesis, the interaction of a range of

organic solvents with HPC was investigated for the first time. No



14

correlation was found between the polymer-solvent interactions at
infinite dilution and the ability of the solvents to form a liquid

crystalline mesophase with HPC.
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Suggestions for Further Work

in light of the results shown in this thesis, several areas can
be seen where further work might be profitable.

Now that the applicability of inverse GC on cellulose derivatives with
water as probe has been shown, the interaction of water with other polymers
at infinite dilution might be measured. Such measurements should cast
light on the general problem of the nature of aqueous solutions. The
measurement of heats of mixing for water and polymers by modern micro-
calorimetric techniqﬁes would supplement the data based on water
activity measurements by GC.

For HPC, the results with organic probes would be put into better
perspective if the‘phase diagrams and critical points with different
solvents were known. The GC methods could also be applied to

.other rod-1ike or mesogenic polymers.

At finite concentration, Zimm clustering calculations on isotherms of
polymers with well-defined inaccessible regions could settle the relation-
ship between the cluster theory and the degree of accessibility. These
.could be compared to cluster sizes estimated from other techniques such
as infrared spectroscopy or differential scanning calorimetry.

Finally, GC techniques can in general be applied to the measurement

.of sorption isotherms of water on both hydrophilic and hydrophobic polymers;
once correction has been made for non-ideal GC effects. This might

include a greater reliance on the "elution on a plateau' technique,
especially for cellulose itself. However, there is as yet no rigorous
theory for chromatography in situations where both kinetic effects and
curved isotherms are encountered. The development of a tractable

approach to this problem would be of great value.



APPENDIX A
THE SORPTION OF NON-AQUEOUS PROBES ONTO

HYDROXYPROPYL CELLULOSE
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ABSTRACT

Infinite dilution thermodynamic data are obtained for the inter-
action of a large number of organic probes with hydroxypropyl cellulose.
No correlation is observed bétween the thermodynamic data and the ten-
dency of this polymer to form a lyotropic liquid crystalline mesophase
in a given solvent. A hitherto unreported glass transition temperature
at about 10°C for hydroxypropyl cellulose is apparent from the gas

chromatographic results.
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A. Introduction

As part of the investigatioﬁ of the solution properties of
hydroxypropyl cellulose (HPC), the sorption of a large number of
organic probes was measured by inverse GC. The initial impetus for
this work was the discovery that HPC forms lyotropic liquid crystalline
mesophases in several organic solvents (1) as well as in water (2).
DiPaola-Baranyi and Guillet (3) recently proposed a method by which
the solubility parameter of a polymer,.éz, could be obtafned from
inverse GC measurements at a single temperature, using the infinite
dilution retention of a series of probes. The applicability of the
method to HPC was examined.

The solubility parameter of a substance, 8, has been defined as kh):
§ = [(aH, - RT)/V]* (A-1)

where AHv is the heat of vaporization and V the molar volume. This
equation was combined with the Flory-Huggins solution theory to yield
the interaction parameter as a function of the difference between the

solubility parameters of solvent and substrate (4):
2
Xig = Vp(8; = 8,)°/RT - 8 (A-2)

where B is the correction for the existence of the non-combinatorial
entropy of mixing. DiPaola-Baranyi and Guillet rearranged the previous

equation to obtain with 8 =0 (3):

RT-V, J=\RT/ " ®T (A-3)
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1
and proposed that a plot of (6?/RT;- XTZ/VI) vs. §, would yield 26,/RT

as slope and -(62)/RT as intercept. Another version (5) takes

advantage of the equation:
ML= v (8, - 8,)7 (A-1)
m 1Y 2

After suitable rearrangement, the previous equation allows 62 to be
determined from a plot of Aﬁ; vS. 6'. A 62 value of 21.9 (J cm_3)% for

HPC was recently derived from solubility measurements (6).
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B. Results and Discussion

1. Infinite Dilution Results

Retention volumes were measured at 50.2°C for twenty five probes
of different types. Peaks were extrapolated to zero height, but no
correction was made for the effect of gas flow rate, which for a good
solvent such as water was small (7). Values of XTZ were calculated from
equation 2-30. With water as probe, there was no need to correct for
the second virial coefficient, B]]. However, the contribution from B]]
for the organic probes was larger. Since the second virial coefficient
changes with temperature, it was especially important to make this
correction when retention was being measured as a function of temperature.
Where available, values of B]] were taken from the literature (8). For
several of the probes, values of B]] were calculated using the Bertholet

equation (9):

g RT. 612
By = e\ "2 (A=5)
c T

where the value of B]] at a temperature T is a function of the critical
temperature TC and the critical pressure PC. There were several probes
for which critical data could not be found. As the probes concerned
were only used at a single temperature and have a very low vapor pressure
at 50°C,'the error can be dismissed.

The vapor pressures of the probes at a temperature T were

calculated from the Antoine equation:

- B -
log]oP = A+ e (A-6)
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where A, B, and C are constants obtained from the literature (10-14).
For several probes, vapor pressures at different temperatures were
fitted to a polynomial function, and desired vapor pressures were
interpolated from these functions. The heats of vaporization of

the pure probes at a given temperature were calculated from the

Clausius-Clapeyron equation (15):

AH S(IOQIOP)
- ___v__2_ Y ¢ (A-7)
2.303RT

The molar volumes of the probes were calculated from published den-
sities and thermal expansion coefficients (10-14).

Table A-1 gives values of XTZ for thé twenty five probes. Also
shown are values of tﬁe probe solubility parameter 6] calculated from
equation A-1 and the quantities 6?/RT and XTE/V] from equation A-3.
Heats of mixing at infinite dilution, Aﬁ:, were calculated from
equation 2-34 using experimental activity coefficients at temperatures
above 40°C for twelve probes. Results are shown in Table A-2. The
errors given are the standard deviations of the least squares data.

The infinite dilution data presented in Tables A-1 and A-2 show
the difficulties in the use of the derivation of DiPaola-Baranyi énd
Guillet (3) in the calculation of the polymer solubility parameter 8-
The negative heats of mixing of HPC with most of the probes automatically
invalidate the use of that derivation for this polymer. Even if the
negative heats were not a problem, examination of the two terms on the
left hand side of equation A-3 shown in Table A-] reveals that the

term Gf/RT is much greater than the ‘term xTE/V]. Therefore any
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Infinite Dilution Thermodynamic Data at 50.2°C for Organic Probes

Probe X1 3 S/RT X,
] cm-B)*

water (a) 1.55 47.06 ~ 0.824 0.073
methanol (a) 0.47 28.96 0.312 0.011
ethanol (a) 0.38 25.56 0.243 0.006
1-propanol (a) 0.26 23.95 0.213  0.004
2-propanol 0.43 24,17 0.217 0.006
1-butanol 0.26 24,17 0.217 0.003
acetone 0.38 19.27 0.138 0.005
n-butyl acetate 0.14 17.22 0.110 0.001
1,4 dioxane (a) 0.06 19.34 0.139 0.001
tetrahydrofuran (a) -0.12 18.62 0.129 -0.002
diethyl ether -0.14 15.05 0.08% ~0.001
cyclohexanol (b) 2.31 20.98 0.164 0.021
cyclohexanone 0.18 20.09 0.150 0.002
cyclohexane (b) 0.96 16. 34 0.099 0.009
toluene (b) 0.17 17.71 0.117 0.002
n-heptane (b) 0.10 14.76 0.081 0.001
n-decane (b) 1.83 18.80 0.143  0.009
acetic acid (a) -2.28 25.62 0.244  -0.038
acetic anhydride (a) ~1.65 20.82 0.161 -0.017
dimethyl sulfoxide (a) -0.19 25.77 0.247 -0.003
N,N-dimethyl formamide (a) -0.01 29.26 0.319 0.0
pyridine (a) -0.42 21.04 0.165 -0.005
dichloromethane (b) -0.38 19.78 0.146 -0.006
chloroform -0.73 17.99 0.120 ~0.009
carbon tetrachloride (b) 0.45 16.84 0.106 0.004

(a) forms liquid crystalline mesophase

(b) non-solvent
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Partial Molar Heats of Mixing of Organic Probes with HPC
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Probe Temperature.Range AF®
m
(kJ mol—')
water : 15 - 85% -5.7 £ 0.6
methanol 4o - 75° -4 4 %)
ethanol - 40 - 75° -1.4 £ 0.7
1-propanol 40 - 75° -1.8 + 0.8
1-butanol 4o - 75o -1.9 £ 0.8
acetone 50 - 60° -3.1 £ 1.3
1,4-dioxane 40 - 85° -0.7 £ 0.6
tetrahydrofuran 40 - 100° 0.2 £ 0.4
chloroform 4o - 70° -4.8 ¢
toluene 4o - 85° 0.2 + 0.6
n-heptane 45 - 85° 2.6 + 0.7

I+
N

n-decane 4o - 70° 5



151

calcuiations based on these experimental values of XTZ would be open
to serious scatter. In fact, insertion of the data in Table A-1 into
equation A-3 yields a 'value' of 52 close to the mean value of all
the §,'s (water omitted).

The data ianables A~1 and A-2 were also examined in order to
determine whether any trend exists with regard to the formation of
liquid crystalline mesophases. No trend is evident. In fact, it
now seems that HPC will form a liquid crystalline mesophase in any
solvent in which the necessary high concentration can be achieved (19).
Further correlations will require knowledge of the phase.diagrams of
the various solvents with HPC. |

The heats of mixing in Table A-2 are of little additional help.
The heats of mi*ing of the alcohols reflect more the changes in their
own structure than any difference between mesogenic and non-mesogenic
behavior. The mesogenic ethers dioxane and THF show smaller (more endo-
thermic) heats of mixing than the non-mesogenic l-butanol and acetone.
Even chloroform, with the second‘most negative heat of mixing, is

probably not a mesogenic solvent (19).

2. The Glass Transition

Figures A-1 and A-2 show the specific retention volumes at
infinite dilution for n-heptane and tetrahydrofuran (THF), respectively
a non-solvent and a fair solvent for HPC. A very clear glass transition
temperature can be seen at about 10°C. In GC measurements, these Z-
shaped curves are characteristic of a glass transition temperature,

resulting from a change in retention mechanism from equilibrium surface
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adsorption below Tg to surface adsorption plus non-equilibrium bulk
sorption in the region immediately above Tg. At a temperature suf-
ficiently far enough above Tg’ a state of equilibrium bulk sorption
plus :surface adsorption is reached. As is normal, the glass transition
was taken to be the first point of deviation from linearity on the low
tempergture side of the curve. The existence of Tg was confirmed by
differential scanning calorimetry.

The fundamental criterion for detection of a glass transition by
inverse GC is that the probe be able to mix with the bulk of the polymer
above Tg, but only adsorb onto the polymer surface below Tg (16). This
behavior can clearly be seen for n-heptane fn figure A-1 and for THF
in figure A-2. No sign of a glass transition temperature was seen with
good solvents such as water, ethanol, and methanol. This is generally
accepted to be the result of the ability of a good solvent to penetrate
even the glassy polymer, acting as a plasticizer to lower Tg. A non-
solvent, toluene, did not show the glass transition temperature. This
probably means that toluene is such a poor solvent that it cannot pene-
trate the polymer bulk, even above Tg. Discrepancies in the value of
Tg from figures A-1 and A-2 may result from similar differences between

n-heptane and THF.

3. Finite Concentration Results

Sorption isotherms at 25°C are shown in figure A-3 for three
solvents (acetone, ethanol, and THF), and for one non-solvent (n-decane).
The isotherm for n-decane was obtained by inverse GC, while the others

were measured on the vacuum microbalance apparatus.
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FIGURE A-3 Sorption isotherms on HPC at 25°C
(A) n-decane, measured by inverse GC; (O ) acetone,
(‘) ethanol, and (Q) THF measured on the vacuum micro-
balance apparatus. The solid line and the dotted line
were calculated assuming rod~like mixing for ethanol and

n-decane, respectively. See text for details.
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The solid line in figure A-3 was calculated for ethanol using
Flory's equation for the solvent activity over an ordered polymer phase
(17), as introduced in Chapter 2 of this thesis (equation 2-40). The
value of the orientation parameter y was taken to be one, indicating
perfect orientation of the polymer, while the rod-1ike model interaction
parameter Xg was obtained by subtracting unity from XTZ for ethanol in
Table A-1, after correction to 259C. The dotted line in figure A-3 was
calculated from the value of XR for n-decane.

It can be seen that the calculated solid line fits the ethanol
sorption data at low ethanol concentrations. As in the case of water
shown in Chapter 4 of this thesis, the system deviates from the ideal
rod-1ike model behavior at a concentration of somewhat less than one
solvent molecule per HPC unit. The fit between the rod-like molecule
theory and the isotherms for the other solvents is poorer. It is
possible that a better fit would result if preferential mixing with the
side-chain had been considered, following Flory and Leonard (18). There
is also a strong possibility that surface adsorption contributes sig-

nificantly to the GC retention of n-decane and the other hydrocarbons.
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THERMODYNAMIC DATA FOR HPC AND WATER



Table B-1

Experimental Activities of Water Over HPC Solutions

Temp.
15.0°

3|
01"
.03*
*
.053
%
085
127
.169
*
.220
.260
.300"
.338
.3787
7t
.4ogT

6057

'S
w

measured by GC (ECP technique)

kX

measured by GC (EP technique)

¢4

.001
.003
.005
.008
.012
.016
.022
.025
.030
.037
.037
.0L49
.057
.078

*
.102
154

*
197

*
.253
.286

*
. 323
.340
472t
.565
6267
677
679"

Temp.
20.0°

.001
.002
.009
.014
.018
.023
.027
.031

".031
.048
.067
.081
.092
.09k

measured on vacuum microbalance

measured over aqueous HZSOA

25700

q - 4

03,002
07 .006
13,009
206 .017
239" 021
313 028
3177 .028
356" .03k
.392"" oo
45577 L ob2
486 053
5277 060
.548™% 063
.606™" 073

.03
.06
.106
.164
.208
218"
.252
.283
.322"
.373
.529
6461
6857
7267

Temp.
30.0°

3

&
2

*

¢

.002
.005
.009
.013
.017
.019
.021
.024
.029
.034
.057
.081

.095

.110

160

.252

407
Tt
482t T

.601

Temp.,
35.0°

3
*

.03

£

.06

*

.106

%

.164

*

.208

o
19

o
ie

.283

*

.322

.i..‘.

t

gt
.sssTT

9
.002
.005
.009
.013
.017
.02]
.024
.029
.031
.037
.039
.058
13
.189

Table B-1 continued next page.../



Table B-1 (cont'd.)

Temp.

.707
.725
794
8167
833
862"
867
891"
.923

.930

.956
.98
.989
996t

Temp.
20.0°

3

+
-}.

+

.’.

Tt
t+
t
H
-t

. 104
.115
148
167
.201
.208
.2h9
.288
.353
.364
435
.560
.577
.702

.96
.987
9967 T

Temp.,
25.0°

.6687

72t
83577
.9267T
.948TT

oft

measured on vacuum microbalance

15.0°

3 "
.699+ .107
.730+ .126
.801+ 179
88" 206
8767 249
9217 L3
.924++ .327
.956"T 100
.972*+ 407
o't g3
985" 569
.992++ .612
t

measured over aqueous stoh

.092
L124
.164
.284
.345
431
.613
914

Table B-1 continued next page.../

.920TT
.9507T
96177
.973
.987

Temp.
30.0°

83771 .
8647
8667
.883"

164

.186
.192
.209
.248
.329
.371
413
.597

161

923t
_g2g*
L9681t
970t
.9867T

Temp.
35.0°

916t |

225

.227
.233
.339
Ry
.485
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Table B-1 (cont'd.)

3 i g o

3 4 3 9 3 % 3 %
01% 001 0% L001 o1 o0
Ok* 003 01F 001 .0k .002 06" .00k
.098" 007 02° 002 06" .00k 107" .007
67° L013 .05 .00k A Lo08 81" 013
210° .017 A% 008 70° 012 225" 016
284" 023 At o3 226 016 2727 .020
352" .030 231 018 343% 027 .303  .023
47077 Lou3 299" .024 4907t o031 52277 o
.600"T 058 .342% 028 51077 .032 6207 056
8011t 128 RE IR 58377 o048 6877 072
.8807T 168 609" 057 63177 o6 78071 .09k
.905™t 197 6597 068 71277 Lo79 847" 127
.40t 238 7207 081

.958TT 272 823" i3 779" Lo9s 85777 132
.9697T 305 8977 183 .7801 098 9021t 156

Table B-1 continued next page.../

measured by GC (ECP technique)

L measured over aqueous “2504



Table B~1 (cont'd.)

Temp.
408

2 ¢,
9797t .338
9907t 407

9961t 472

measured over aqueous H

.925TF
9527t
.9667T
.9697T
.987
.995

Temp.
ASg

%

-
Tt

.209
.257
291
.304
.37k
7#13

2SO

163

207

.223
.224
.278
.292
.316
377



Table B-2

Activities of Water Over HPC Solutions

Interpolated from Smoothed Isotherms

(1) Low Concentration Region: Average deviation in a,

164

0.005, except as noted

* £0.020 tio.015 K% £0.010

N\ 15 20°  25°  30°  35°  u0°  45°  50° 550
0.005| 0.057% 0.054% 0.063% o0.0637 0.061** 0.067 0.068 0.076 0.077
0.010/ 0.110° 0.115% 0.125" o.1247 0.125"" 0.132  0.138 o0.145 0.151
0.015| 0.159" o0.1707 0.183" 0.182 0.183 ©0.192 0.201 0.208 0.213
0.020/ 0.206" 0.219 0.237 0.239 0.237 0.248 0.256 0.268 0.272
0.025| 0.2597 0.271 0.289. 0.290 0.290 0.300 0.308 0.324 0.330
0.030{ 0.300" 0.318 0.331 0.334 0.330 0.350 0.360 0.372 0.37h
0.040| 0.378 0.406 0.408 0.436 0.472 0.445 0.473 0.497 0.516
0.050| 0.454 0.476 0.482 0.486 0.555 0.536 0.563 0.589 0.59]
0.060{ 0.512 0.535 0.538 0.542 0.618 0.608 0.630 0.636 0.6kk
0.070| 0.562 0.578 0.591 0.600 0.648 0.652 0.672 0.682 0.685
0.080| 0.609 0.625 0.632 0.640 0.680 0.688 0.700 0.716 0.727
0.090 0.6L44 0.665 0.665 0.670 0.710 0.717 0.726 0.756 0.770
0.100| 0.682 0.696 0.698 0.702 0.734 0.738 0.756 0.782 0.795

Table B-2 continued next page.../



Table B-2 (cont'd.)

(2) Intermediate Concentration Region: Average deviation in a; = 0.003

165

2
N 15 20°  25°  30°  38°  w®  4s®  50°
0.11| 0.708 0.722 0.728 0.730 0.765 0.760 0.782 0.802
0.12| 0.72k 0.742 0.750 0.756 0.784 0.784 0.804 0.823
0.13| 0.752 0.760 0.774 0.776 0.805 0.808 0.821 .848
0.14| 0.756 0.778 0.792 0.795 0.820 0.828 0.840 0.862
0.15| 0.772 0.797 0.810 0.816 0.83 0.848 0.856 0.879
0.16| 0.789 0.810 0.824 0.83% 0.850 0.865 0.868 0.892
0.17| 0.800 0.820 0.833 0.847 0.864 0.881 0.882 0.903
0.18| 0.813 0.828 0.844 0.858 0.874 0.893 0.896 0.913
0.19] 0.826 0.835 0.854 0.869 0.886 0.904 0.909 0.920
0.20| 0.838 0.842 0.862 0.880 0.894 0.914 0.917 0.929
0.21] 0.84 0.846 0.872 0.888 0.904 0.921 0.926 0.939
0.22 0.853 .853 0.883 0.898 0.915 0.929 0.934 947
0.23| 0.860 0.858 0.892 0.906 0.925 0.935 0.941 .954
0.24 0.868 .865 0.900 0.914 0.930 0.942 0.9L4 .960
0.25f 0.876 0.870 0.906 0.922 0.937 0.948 0.950 0.962
0.26{ 0.884 0.876 0.912 0.927 0.942 0.955 0.956 0.965
0.27| 0.889 0.883 0.913 0.932 0.948 0.958 0.960 0.970
0.28/ 0.896 0.890 0.924 0.936 0.951 0.964 0.963 0.974
0.29( 0.905 0.895 0.929 0.941 0.955 0.968 0.969 0.978
0.30/ 0.910 0.900 0.932 0.943 0.958 0.972 0.969 0.980

Table B-2 continued next page...

55°
0.816
0.836
0.854
0.875
0.893
0.908
0.919
0.926
0.935
0.944
0.950
0.958
0.964
0.967
0.973
0.975
0.978
0.981
0.983
0.986
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Table B-2 (cont'd.)

(3) High Concentration Regfon: Average Deviation in a = 0.001
a
1

¢1T 152 20°  25°  30°  35°  40°  45°  50°  55°

0.31 0.920 0.904 0.936 0.946 0.959 0.974 0.973 0.982 0.988
0.32| 0.922 0.909 ©0.937 0.949 0.962 0.976 0.977 0.984 0.991
0.33{ 0.930 0.914 0.942 0.952 0.966 0.979 0.979 0.986 0.992
0.3A[ 0.935 0.918 0.946 0.954 0.968 0.979 0.981 0.987 0.992
0.35| 0.941 0.922 0.949 0.956 0.970 0.983 0.983 0.989 0.992
0.36{ 0.94 0.927 ©0.951 0.958 0.972 0.985 0.985 0.991 0.992
0.37{ 0.950 0.932 0.952 0.961 0.974 0.985 0.987 0.993 0.992
0.38 0.955 0.938 0.955 0.964 0.977 0.987 0.989 0.995 0.992
0.39| 0.961 0.94% 0.956 0.967 0.979 0.989 0.990 0.995 0.992
0.40] 0.963 0.950 0.957 0.969 0.980 0.990 0.992 0.996 0.992
0.41 0.966 0.954 0.959 0.971 0.980 0.991 0.992 0.996 0.992
0.42| 0.968 0.958 0.961 0.973 0.981 0.992 0.994 0.997 0.992
0.43| 0.969 0.955 0.965 0.975 0.980 0.993 - - -
0.44} 0.971 0.958 0.967 0.976 0.982 0.994 - - -
0.45 0.973 0.960 '0.969 0.978 0.984 0.995 - - -
0.46 0.975 0.963 0.970 0.979 0.984 0.995 - - -
0.47| 0.976 0.966 0.971 0.981 0.985 0.996 - - -
0.48( 0.978 0.969 0.973 0.982 0.986 - - - -
0.49| 0.979 0.972 0.974 0.983 0.986 - - - -

0.50 0.980 0.974 0.975 0.984 0.987 - - - -
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Table B-3

167

Heats of Mixing 6f Water with HPC

Calculated from Data in Table B-2

Tahla R=2 ~ant tnmiiad

15 - 55° 25 - 40° 45 - 55°
1 = _A'Tl 'Aﬁz
k mol ] kd mol”! kd mol”!
0 570 - -
.005 7.6 % 3 - -
.010 7.1 £ 1 - -
.015 5.4 + 0 - -
.020 4.3 £0 - -
.025 b1 £ 0 - -
.030 3.9 & 0. - -
.040 4.8 % - -
.050 5.6 & - -
.060 4.8 2 - -
.070 b5 & - -
.080 3.6 & - -
.090 3.6 # - -
.100 3.1 ¢ - To-
1 2.8 ¢ - -
12 2.8 & - -
.13 2.8 & - -
14 2.8 * - -
15 2.6 ¢ 2.7 -
.16 2.7 ¢ 2.8 -

.........
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Table B-3 (cont'd.)

168

15 - 55° 25 - hoP 45 - 55°
$ -AH -AH, -4H,

kd mol” kd mol”! kd mol”
0.17 2.6 % 3.1 3.6
0.18 2.5 ¢ 3.1 2.9
0.19 2.5 % 3.0 2.4
0.20 2.5 % 3.0 2.5
0.21 - 2.9 2.3
0.22 - 2.7 2.2
0.23 - 2.5 2.1
0.24 - 2.3 2.3
0.25 - 2.3 2.1
0.26 - 2.4 1.7
0.27 - 2.2 1.6
0.28 - 2.2 1.6
0.29 - 2.2 1.3
0.30 - 2.3 1.5
0.31 - 2.1 T3
0.32 - 2.1 1.2
0.33 - 2.0 1.1
0.34 - 1.8 0.97
0.35 - 1.8 0.79

Table B-3 continued next page.../
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Table B-3 (cont'd.)

15 - 55° 254~ 40° L5 - 55°

¢ -AH -AH, -AH,

kJ mol” kd mol” ! kd mol”
0.36 - 2.0 0.62
0.37 - 1.8 0.4k
0.38 - 1.8 0.27
0.39 - | 1.8 0.18
0.40 | - 1.73 0
0.41 - 1.67 0
0.42 - .54 0
0.43 - 1.45 -
0.4k - 1.39 -
0.45 - 1.33 -
0.46 - 1.27 -
0.47 - 1.23 -
0.48 - 0.95 -
0.49 - 0.86 -
0.50 - 0.86 T



APPENDIX C

GLOSSARY OF SYMBOLS
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Most of the symbols used in this thesis are shown here.
|f appropriate, the equation in which the symbol was first introduced
is also shown. A subscript ''1'" refers to the volatile probe, while
the subscript ''2" refers to the stationary phase. A superscript '

indicates infinite dilution of the volatile probe in the stationary phase.

ROMAN SYMBOLS

a gas phase volume per unit column length (equation 2-1)
a activity of the probe solution in the stationary phase
ag surface coverage by the probe, mol g-]

A fractional accessibility of polymer to probe

AL surface area of stationary phase in GC column

Bli gas phase second virial coefficient for component 1

(equation 2-30)

c molar concentration of probe vapor in mobile phase
< molar concentration of solvent in substrate
(equations 7-6 and 7-7)
c fractional crystallinity of polymer
CA GC calibration factor (equation 3-1)
F2 molecular pair distribution function (equations 7-3 and 7-4)
F(y) carrier gas flow rate for a mole fraction y of probe
vapor (equation 2-46)
Gl] cluster integral (equation 7-3)
j correction for gas phase compressibility (equations

2-4 and 2-5)

k Boltzmann constant
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K mass distribution (partition) coefficient (equation 2-49)
Ka’Kb partition coefficients for surface and bulk sorption,

respectively (equation 2-39)

2,L column length

Mi molecular weight of component i

Ni number of molecules of component i

P average probe vapor pressure in the column

Py vapor pressure of probe in solution

p? vapor pressure of pure liquid probe

Po, flo saturated vapor pressure of water at flow meter (ambient)
temperature (equation 2-3)

po,sat saturated vapor pressure of water at gas saturator
temperature (equation 3-2)

P., Po inlet (back) pressu}e and outlet (atmospheric) pressures,
respectively

q ’ amount of probe vapor in the stationary phase (mol g-])

R gas constant

tM retention time of non-interacting marker

te retention time of probe

Tg glass transition temperatufe

Tm melting temperature

T, TC column or experimental temperature

v carrier gas flow rate (mL min-])

VCORR carrier gas flow rate corrected for the presence

of water vapor (equations 2-3 and 3-2)



O
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spécific retention volume (equations 2-6 and 2-8)
volume of»mfxing

retention volume of non-interacting marker (equation 2-1)
net retention volume (equation 2-5)

retention volume of sample, corrected for column dead
volume (equations 2-2 and 2-9)

weight of stationary phase

weight fraction of component i

ratio of molar volumes, Vz/V]

mole fraction of component i

degree of orientation of a collection of rod-like
molecules (1 <y < x) (equation 2-40)

average mole fraction of probe in the mobife phase
mole fraction of probe in the mobile phase at the

GC outlet

mole fraction of probe in the mobile phase

lattice coordination number (equation 2-14)

THERMODYNAMIC PARAMETERS

-

partial molar free energy, enthalpy, and entropy of
mixing of probe in polymer
partial molar free energy, enthalpy, and entropy of mixing

at infinite dilution of probe in stationary phase

(equations 2-32, 2-33, 2-35)



AGm, AHm, ASm

AG

m,comb

G
m,noncomb

AHS

AH

o, O
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free energy, enthalpy, and entropy of
mixing (equations 2-15 and 2~16)
combinatoréal (statistical) contribution to AGm
(equation 2-18)
all other contributions to AG_ (equation 2-18) -
heat of solution of probe in stationary phase
(equations 2-37 and 2-38)
latent heat of vaporization of pure liquid probe

(equations 2-37 and 2-38)
GREEK SYMBOLS

areas defining sorption regions on GC chromatogram
(equations 2-47 and 2-48; figure 2-3)

area defining non-sorption region of GC chromatogram
(equation‘Z-AS, figure 2-3)

specific partition coefficient for equilibration of
probg between the vapor and sta&ionary phases, mL g-]
(equations 2-7,:2-8, and 2-9)

mole fraction based activity coefficient of component i
surface concentration or Gibbs excess (mol cm-z)'
solubility parameter of component i (eqﬁation A-1)
osmotic presﬁure of solution (equation 4-2)

volume fraction of comp§nent i (equations 2-19 and 2-20)
Flory-Huggins interaction parameter for component 1

in stationary phase 2

value of X at a critical (phase separation) point

(equations 2-24 and 2-25)
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enthalpic and entropic contributions to X (equation 2-17)
interaction parameter for a system of rod-like

molecules (equation 2-40)

weight fraction based activity coefficient of component 1|

in stationary phase 2 (equation 2-27)



APPENDIX D

ORIGINAL DATA FOR HEATS OF SOLUTION OF WATER ON

CELLULOSIC POLYMERS

* Activity coefficients as y coordinate in the form of natural
logarithms
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¥IN FROGRESS
COMFILE = 0.51 SEC
INF. DIL. HEAT OF MIXING OF WATER ON CELL. ACETATE (I15=0.89)

SLOFE = ~1974.713000 INTERCEFT = 6.3940
STANDARD DEVIATION OF THE SLOFE = 0.1591E 03
STANDARD DEVIATION OF THE INTERCEFT = 0.436E 00

LINEAR CORRELATION COEFFICIENT = -Q.9913E 00
/T Y-EXFERIMENTAL Y-CALCULATED

0.002874 0.7320 0.7186
0.002792 0.8680 0.8806
0.002821 0.8300 0.8233
0.002850 0.7920 0.7660
0.002873 0.7150 0.7206
0.002904 0.6310 0.6554
0.002939 0.3830 0.5%03
0.002973 0.5030 0.35231
0.003007 0.4800 0.4560

EXEC = 0.05 SEC

XEND

*IN FROGRESS
COMPILE = 0.31 SEC
INF. UIL. HEAT OF MIXING OF WATER ON CELL. ACETATE (IS = 2.48)

SLOFE = ~-1137.782000 INTERCEFT = 4.5825
STANDARD DEVIATION OF THE SLOFE = 0.172E 03
STANDARD DEVIATION OF THE INTERCEFT = 0.498E 00

LINEAR CORRELATION COEFFICIENT = -0.99G8E 00
/7 Y-EXFPERIMENTAL Y-CALCULATED
0.002998 1.1810 1.1714
0.002951 1.2200 1.2249
0.002910 1.2630 1.2715
0.002869 1.3190 1.3182
0.002827 1.3590 1.3659
0.002789 1.4190 1.4092
EXEC = 0.04 SEC

XEND
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SENDIRUN

¥IN FRDGRESS

COMFILE = 0.30 SEC

INF. DIL. HEAT OF MIXING OF WATER ON CELLULOSE TRIACETATE

SLOFE = ~614.811500 INTERCEFT = 4.6715
STANDARD DEVIATION OF THE SLOFE = 0.124E 03
STANDARD DEVIATION OF THE INTERCEFT = 0.360E 00

LINEAR CORRELATION COEFFICIENT = ~-0.6817E 00
/T Y~EXPERIMENTAL Y~CALCULATED

0.002997 2.7100 2.8289
0.002954 2.8630 2.8583
0.002912 2.8800 2.8812
0.00286% 2.8530 2.9076
0.0028B26 2.9120 2.9340
0.002788 2.9570 2.9574
0.002824 2:9400 T 2.9353
0.002861 2.9510 2.912%5
0.002901 2.9190 2.887¢9
0.002941 2.8990 2.8633
0.002983 2.8550 2.8375
0.003008 2.8840 2.8221

EXEC = 0.07 SEC

¥END

FENDRUN

¥IN PROGRESS

COMFILE = 0.51 SEC

INF. DIL. HEAT OF MIXING OF WATER ON METHYL CELLULOSE

SLOFE.= ~2225,081000 INTERCEFT = ?.5564
STANDARD DEVIATION OF THE SLOFE = 0.170E 03
STANDARD DEVIATION OF THE INTERCEFT = 0.491E 00

LINEAR CORRELATION COEFFICIENT = =-0.99257E 00
/7T Y-EXFERIMENTAL Y-CALCULATED

0.002789 3+3690 3.3507
0.002828 3.2480 3.2639
0.002865 3.1880 3.1816
0.002909 3.0600 3.0837
0.002950 2.9960 2.9924
0.003002 2.8880 2.8767

EXEC = 0.04 SEC

XEND
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INF. DIL. HEAT OF MIXING OF WATER ON ETHYL CELLULOSE

SLOFE = -1348.464000 INTERCEFT = 6.6165
STANDARD DEVIATION OF THE SLOPE = 0.146E 03
STANDARD DEVIATION OF THE INTERCEFT = 0.426E 00

LINEAR CORRELATION COEFFICIENT = -0.958%9E 00
/7 Y~EXFERIMENTAL Y-CALCULATED

0.002829 2.8010 2.8017
0.002865 2.6930 2.7532
0.002912 2.6810 2.6898
0.002954 2.6400 2.6332
0.0029%96 2.5560 2.5765
0.002914 2.7220 2.6871
0.002952 2.6400 2.6359
0.002994 2.5730 2.5792
0.002997 25710 2.37502
0.002954 2.6480 2.6332
0.002914 247120 _ 2.6871
0.002874 2.7360 2.7411
0.00282¢9 2.8220 2.8017

EXEC = 0.06 SEC

XEND



