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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin
format of the Serie
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Since early in this century, water in polymers has been of interest to 
scientists concerned with living matter and natural polymers. However, the 
significance and role of water in synthetic polymers and commercial resins 
have become recognized only recently, with significant initiation of research 
in this area and in allied fields. 

The symposium was timely, with objectives (a) to bring together scientists 
from different parts of the field to exchange and discuss information, (b) to 
teach those reseachers who are presently active on the boundary of the field, 
and (c) to bring before the entire group some of the latest thinking in 
connection with the structur

Several divisional cochairme  arrange  paper
symposium. I should like to thank them: John A. Rupley and Irwin D. 
Kuntz, Jr. of Division of Biological Chemistry; Daniel F. Caulfield of 
Cellulose, Paper and Textile Division; Curt Thies of Division of Colloid and 
Surface Chemistry; Cornells A. J. Hoeve of Division of Organic Coatings 
and Plastics Chemistry; and P. Anne Hiltner of Division of Polymer 
Chemistry. 

My special thanks go to Martin Karplus and John Rupley for 
consultation and advice and to Frank Stillinger for obligingly and capably 
filling the void when an ill Henry S. Frank had to cancel his opening paper 
for the symposium. 

I thank the Petroleum Research Fund of the ACS for financial assistance 
granted to this symposium. 

The expected professional expertise of the participants in quality of 
research and presentations was appreciated gratefully. The same extends to 
the preparation of manuscripts for this monograph. The symposium 
attendees found the papers and program to be highly informative. I hope 
that the reader, too, will find the monograph instructive, informative, and 
useful for perspective to methodology, results, and active researchers. 

The chapters in the monograph are grouped into eight sections to suggest 
to the reader certain close relationships among the chapters within each 
section. However, there are other relationships across sections, some of 
which are brought out in the Introduction. 
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INTRODUCTION 

STANLEY P. ROWLAND 
Southern Regional Research Center, P.O. Box 19687, New Orleans, LA 70179 
IRWIN D. KUNTZ, JR. 
Department of Pharmaceutical Chemistry, University of California, 
San Francisco, CA 94143 

For many reasons there is considerable concern for the 
nature of interactions between water and polymers. However, the 
two major reasons are: the water-polymer interaction is essen
tial to biological processes, and the water-polymer interaction 
is often beneficial or detrimental to performance of commercial 
polymers. These primar
chapters of this monograph
search for an understanding of the way(s), the driving force(s), 
and the consequence(s) of the interactions of water with dissolved, 
swollen or rigid polymeric surfaces. 

The initial section of the monograph deals with The 
Structure of Water as evidenced by its character in the super
cooled state [1] (numbers in brackets refer to chapters listed in 
the Table of Contents), as affected by a dipeptide [2], and as 
affected by a variety of solutes and polymers [3]. One chapter 
is regrettably missing; Henry S. Frank, a pioneer of stature in 
studies of the structure of water, became ill before the sympo
sium and was unable to attend or to complete his manuscript. 

The second section, Perspective: Macro- and Microinter
actions of Water and Polymers, consists of three chapters. It 
covers a brief historical introduction leading to an insight into 
selected aspects of current thought on interactions of water with 
model solutes and proteins [4], consideration of water-polymer 
and ice-polymer interfacial regions [5], and examination of 
stages in the process of protein hydration assessed by a variety 
of types of measurements [6], 

The chapters in sections 1 and 2 provide perspective per
tinent to chapters in subsequent sections. 

Section 3. Proteins: The Mobile Water Phase 4 Chapters 
Section 4. Proteins: Ordered Water 4 Chapters 
Section 5. Polysaccharide Interactions with 3 Chapters 

Water 
Section 6. Permeation, Transport, and 7 Chapters 

Ion Selectivity 

0-8412-0559-0/ 80/47-127-001 $05.00/0 
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2 WATER IN POLYMERS 

Section 7. Synthetic Polymers: Water 
Interactions 

Section 8. Synthetic Polymers: Water 
and Polymer Performance 

5 Chapters 

5 Chapters 

An Overview of Results 

The Structure of Water. Pertinent to the bound, non-
freezing, or interface water in polymers, a subject of subse
quent sections, are the studies of Angell et al. (see réf. in 
[1]). He shows that pure water at normal pressures cannot be 
supercooled below -40°C and that virtually all physical proper
ties of water point to a "lambda anomaly" at -45°C [1], 

The fact that surfaces disrupt the natural order of a bulk 
phase serves as basis for Stillinger's attention to supercool
ing of water in small droplet
mechanical approach to
hydrogen-bonded in ordered and disordered polygonal structures, 
respectively, results in a qualitative estimate of the depres
sion of temperature of maximum density. His approach also ex
plains the behavior of supercooled water in terms of structural 
fluctuations in the bonded bicyclic octameric water network that 
represents ice Ih. 

By molecular dynamics simulation of a dilute aqueous solu
tion of an alanine dipeptide, Karplus [2] estimates the influence 
of the solute on the dynamic properties of water to be limited to 
the first solvation layer. The different structures of water in 
the vicinity of polar and nonpolar groups were resolved to bulk
like hydrogen bonding involving a reduced number of neighbors in 
the former case and the absence of hydrogen bonding together with 
decreased water mobility in the latter case. 

Overtone infrared spectroscopy described by Luck [3] is an 
effective means for determining quantitatively the concentrations 
of water in nonbonded and hydrogen bonded OH groups. Interesting 
results have been obtained for a variety of situations, including 
salt solutions, water-organic solvent mixtures, interface effects, 
organic molecule hydration, and diffusion in polymeric substrates. 
From such studies, Luck classifies water structure as (a) first 
shell water hydrate, (b) second shell, disturbed liquid-like 
water, and (c) liquid-like water. For salt transport in membranes, 
for diffusion of dyes in fibers, and for life in plant and animal 
cells, water of types b and c are essential. 

Protein-Water Interactions. There appears a general agree
ment that all thermodynamic measurements, such as heat capacity 
results of Rupley et al. [6] and Hoeve [7] or the NMR data on 
frozen materials of Bryant [8], indicate that 0.3-0.4 g H^O/g 
protein form an unfrozen boundary layer at subzero temperature. 
The water is primarily associated with polar groups. It seems 
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INTRODUCTION Rowland and Kuntz 3 

appropriate to call this layer "bound" water because its proper
ties are demonstrably different from either supercooled water or 
ice at the same temperature. Is this layer a useful concept in 
dilute solution? The thermodynamic measurements do not provide a 
direct answer because one cannot use a nearby phase boundary to 
make the sharp distinctions possible below the freezing point. 
One source of information, hydrodynamic measurements, has recently 
been reviewed by Squire and Himmel QJ. Their analysis suggests 
large amounts of water associated with globular proteins, but 
even their restricted data set shows large variations between the 
amount of hydration calculated from sedimentation or diffusion 
results. Because the cube of the friction factor enters into the 
calculation, highly accurate data are required to resolve this 
matter. The issue of hydrophobic hydration is obscure. Karplus' 
calculation [2] and much early work do suggest that water near 
hydrophobic surfaces shoul
the thermodynamic experiment  temperatur
tural studies (see below) give little direct indication of how 
many such water molecules are present and whether their properties 
are different from either "bulk" or "bound" water molecules. 

Several papers deal with the spatial arrangements of water 
molecules near proteins. The neutron-scattering experiments of 
Schoenborn [12] set a high standard for careful crystallographic 
analysis. Refined x-ray studies are also in progress. Ordered 
water molecules are found hydrogen-bonded to polar sites or to 
each other in very short chains. Some dozens of such water mole
cules are observed at high occupancy. The number of water mole
cules placed by these methods is becoming smaller as the struc
tures become more refined. Hermans [11] suggested that part of 
the difficulty is the high salt concentration in many crystals. 
We expect this question to be answered as resolution improves and 
neutron scattering comes into wider use. 

On the theoretical side, work discussed by Karplus [2] and 
by Hermans [11] and previous studies of Hagler and Moult (2j and 
Stillinger and Rahman (3) make it clear that a similar structural 
ordering is found with standard potential functions. Although no 
simulation of a protein solution with internal degrees of freedom 
for the protein and a large number of water molecules has been 
conducted, we may expect that similar structural sites will be 
maintained in solution. 

Two issues deserve comment. First, there is as yet no 
evidence for clatherate water structures surrounding globular 
proteins. Second, there is no sharp "boundary" on structural 
features. The diffraction experiments encourage us to think of 
a spectrum of structural sites characterized by an order parameter 
ranging from highly ordered to completely random distribution over 
two or three layers of water molecules. 

In Water in Polymers; Rowland, S.; 
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4 WATER IN POLYMERS 

It has been difficult to unravel the microscopic energies 
of interaction between water molecules and a protein surface by 
direct experiment. Thermodynamic methods on two component sys
tems never permit a rigorous molecular dissection of this kind. 
Infrared and Raman spectroscopy, as described by Luck [3], have 
some promise. 

The theoretical attack represented by Stilunger [1], 
Karplus [2], and Hermans [11] has become increasingly productive. 
In brief, water-water energies are relatively large for nonbonded 
interactions and water-protein interactions are roughly comparable 
in strength, making water-protein surfaces of the "soft-soft" 
kind in Adamson's nomenclature [5]. A clear hierarch is emerging, 
with interaction strengths decreasing in the progression: 
ion-ion > water-ion > water-polar = polar-polar = water-water > 
water-hydrophobic. Th  majo  issue  (a) ho d  th
current potential function
how should one treat entropy terms that are surely important, if 
not crucial, to our final understanding of these systems. 

Several chapters deal with the dynamics of water molecules 
near protein surfaces. Recent dielectric experiments by Grigera 
and Berendsen (4) and Hoeve [7] suggest that low (1 MHz) and 
intermediate (100 MHz) dielectric dispersions result largely 
from protein-water interface effects, from protein rotation, and 
from sidechain reorientation. NMR experiments, represented here 
by Koenig [9] and Bryant [8], offer clear evidence that water 
molecule motion reflects both rigid rotation of the protein in 
solution and some other motion in the nanosecond region (-30°C to 
+30°C). Lillford's theory [10] of water-proton relaxation con
siders compartmentalization and relates complex relaxation to 
heterogeneous mass distribution down to ^10μ dimensions. The 
hydrodynamics of coupling the macromolecular motions to the water 
relaxation processes are currently obscure but are under study. 
Hundreds, if not thousands, of water molecules per protein are 
implicated in the nanosecond motion. The details of the NMR 
theory are incomplete but pose a serious interpretive issue when 
taken with the neutron scattering results which report a much 
smaller number of water molecules strongly affected by protein 
surface. Of course, there is no fundamental reason that the dyna
mics (governed by activation barriers) and the static structure 
(controlled by the width and depth of the potential wells) must 
exactly correspond. Extension of molecular dynamics calculations 
to and beyond the nanosecond region may provide insight into 
these questions. 

Polysaccharide-Water Interactions. These polymers exhibit 
a range of hydrophilicity comparable to that of proteins and in
teract with water in many ways similar to those already noted for 
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INTRODUCTION Rowland and Kuntz 5 

proteins. The subject is covered here by a diversity of 
substrates, representing different compositions, solubilities, 
and crystallinities. 

Bound water, primarily observed as a nonfreezing component, 
is reported in two chapters; but by comparison to the value 
0.04-0.10 g H20/g cotton cellulose (5), the unfrozen boundary 
layer found by Deodhar and Luner [16] for wood pulp is 0.4-0.6 g 
H^O/g and that measured by Ikada et al. [17] for mucopolysaccha
rides is 0.4-0.7 g/g. The former authors associate nonfreezing 
water in wood pulps with pore size of the cellulose pulp, 
estimating 40 A as the largest pore that can carry 100% non-
freezing water. Actual pore measurements coupled with various 
measurements of water-polymer interactions, such as those covered 
by Rupley et al. [6] would be revealing and are in order on wood 
pulps and cotton celluloses  Th  effect f salt  i  structurin
and destructuring wate
Luck [3]) seems complicated by the necessity for the salt to 
penetrate small pores to be effective. 

The salt-free crystalline polysaccharides reviewed by Bluhm 
et al. [15] are stabilized in characteristic crystalline unit 
cells by specific amounts of water. Two kinds of locations have 
been proposed for the water molecules; one is unique, i .e. , the 
water lies clustered in an existing interstitial cavity between 
double helices of B-starch. The other has water bound at speci
fic sites within each unit cell. Additional water in this second 
type expands one or more unit cell dimension. This almost con
tinuous expansion of the unit cell with increasing content of 
water may represent a more ordered aspect of the same inter
action that occurs between water and accessible, disordered 
surfaces of celluloses crystallites (and other imperfectly 
crystalline polysaccharides). 

At an opposite extreme from crystalline water-containing 
polysaccharides are the mucopolysaccharides described by Ikada 
et al. [17]. In addition to the nonfreezing water that character
izes these polymers in the solid state, one to three thermal 
transitions measured on solutions suggest complex interactions 
with water. 

Permeation, Transport, and Ion Selectivity. Under this 
heading, we bring together those compositions that have in common 
a pore-like structure and that have been studied in this regard in 
these chapters. 

Tirrell et al. [21] measured nonfreezing water to the extent 
of 0.36-0.74 g r^O/g copolyoxamide membrane, noted that these 
values are a direct function of surface area, and suggested that 
bound water exists in bulk polymer and over greater distances 
than a few molecular diameters on the polymer surfaces. The 
model developed by Bel fort and Sinai [19] for porous glass pre
dicts that bulk water can form in pores above 27-38 A (see 
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6 WATER IN POLYMERS 

Deodhar et al. [16]), and, therefore, desalting cannot be expected 
for pores larger than this range. Permeation measured by Kim 
et al. [20] for hydrophilic solutes in aqueous media through 
poly(hydroxyethyl methacrylate) (p-HEMA) is consistent with trans
port by bulk-like water. Permeation is reduced for crosslinked 
p-HEMA or HEMA copolymers as a result of non-bulk-like water. 
Southern and Thomas [22] showed that hydrophilic impurities in 
rubber provide loci for water molecules and account for diffusion 
of aqueous solutions through this hydrophobic substrate. 

Breuer et al. [18] developed a mechanism for the swelling of 
hair from consideration of the contribution that swelling makes 
to the overall free energy changes accompanying the water absorp
tion. The dominant thermodynamic driving force for water absorp
tion is site binding, i .e. , interaction with discrete polar side 
chains and peptide bonds
capillary condensation an
water with polymer chains. The mechanism is similar to that 
described for cellulosic fibers (5). Breuer's mechanism with 
minor modifications might be applied to other highly hydrophilic 
polymers in this section. From studies of the selectivity of 
porous synthetic ion exchange resins, Marinsky et al. [23] con
cluded that differences in excess free energy from ion-solvent 
interactions contribute most importantly to differences in 
affinity of ion pairs for the resin and, therefore, to ion 
selectivity. 

In studies of a completely different type of porous struc
ture, Lipshitz and Etheredge [24] showed that articular cartilage 
is anisotropic in flow of interstitial fluid and that its proper
ties are a function of the impedence to flow during and following 
compression. 

Water Interactions with Bulk Polymers and Resins. 
Starkweather [25] describes the water first absorbed in nylon 66 
as most tightly bound and as nonfreezing. Bretz et al. [32] 
refer to tightly bound water at the level of 0.02-0.03 g/g nylon 
66, but it may approach 0.08 g/g [25]. The water that is absorbed 
at low levels and that is uniformly distributed in such relatively 
hydrophobic polymers seems to fall in this category. This behav
ior appears to be one of the ways in which water is absorbed near 
polar groups in amorphous regions of partially crystalline 
polymers or throughout amorphous polymers. 

The spatial arrangement of absorbed water at low partial 
pressure is proposed to be in hydrogen bonds between two amide 
units in nylon 66 by Starkweather [25], at hydrogen bonding sites 
(ester or carboxyl groups) in amorphous acrylic polymers by 
Brown [26], at polar groups in epoxy resins by Moy and Karasz 
[30], and in the ionic cluster phases of perfluorosulfonic acid 
polymers by Pineri et al. [28,29]. Above a characteristic level 
of water for each polymer, the water appears in a second form, 
generally termed "clusters"; the terminology is used rather 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



INTRODUCTION Rowland and Kuntz 1 

broadly [26]. Clusters may consist of an average of three water 
molecules bonded at polar sites [25] or a separate phase of water 
in a less polar polymer [27]. 

In both nylon 66, studied by Starkweather [25], and high-
performance epoxy resin, described by Moy and Karasz [30], the 
water is believed to hydrogen bond between polar sites in the 
polymers, acting as crosslinks at low temperatures but plasti-
cizing at elevated temperatures because of the greater thermal 
mobility of water compared to segments of the polymer chain. 

Water-induced plasticization of polymers by disruption of 
intermolecular hydrogen bonding between polymer chains that are 
generally considered to be hydrophobic is rather common. Moy 
and Karasz [30] show that the lowering of Tg for an epoxy-diamine 
resin is proportional to the amount of water in the system. 
Johnson et al. [27] report that polysulfone and polyvinyl acetate) 
show enhanced low-temperatur
the unclustered water. Clustere  polyviny ) 
has no effect on T g , although TQ shifts with increasing amount 
of unclustered water. Fuzek [3τ] found that water absorbed by 
synthetic fibers and silk at room temperature and 65% RH substan
tially lowers TVs, the effect being reflected in several dif
ferent fiber properties. Wet soaking has an additional effect. 
The action of water in poly(methyl methacrylate) is interpreted by 
Moore and Flick [33] as one of general plasticizing character. 
These effects are not limited to synthetic polymers and resins 
(note silk, above); Scandola and Pezzin [13] note the lowering of 
Tg of elastin by water and describe other aspects of the inter
action that are closely related to the plasticization of poly
vinyl chloride) and polycarbonate. 

The effect of water in polymers and resins is not simple and 
is not necessarily predictable on the basis of the foregoing 
comments. Some complexity is indicated by the necessity for a 
two-parameter sorption isotherm to correlate water sorption [26] 
and by the antiplasticizing effect of low levels of water at low 
temperature [25]. The epoxy composites of Π linger and Schneider 
[34] show large changes following water sorption, suggesting 
changes in structure of the substrate resulting from the sorption. 
A more subtle situation appears in the studies of Bretz et al. 
[32]; as water is imbibed by nylon 66, fatigue crack propagation 
decreases to about one-fifth and then increases about three fold. 
The level of water corresponding to maximum fracture energy is 
1 H2O/4 amide units, approximately half the value at which sub
stantial clustering begins [25]. Comments in the foregoing 
sections also suggest some of the complexities that might be 
anticipated in more detailed studies. 

A Final Word 

In a symposium of this kind, which is oriented toward a 
phenomenon and whose ideal objective is a broad understanding of 
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8 WATER IN POLYMERS 

the nature and limitations of the phenomenon, it seems that more 
questions have been raised than answered. However, despite the 
diversity of polymeric substrates under examination and the wide 
spectrum of experimental and theoretical approaches, there do 
appear to be strong threads of commonality in general results and 
conclusions among many, i f not a l l , of the chapters. We heartily 
recommend the reading of each and all of the following chapters 
with the thought that there is much to be learned from each and 
that one reader may, with additional research, put the phenomenon 
into perspective and quantitative array. 
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1 
Thermal Properties of Water in Restrictive 
Geometries 

F. H. S T I L L I N G E R 

Bell Laboratories, Murray Hil l , NJ 07974 

Melting and freezing transitions are examples of cooperative phenomena. 
They are dramatic changes o
of the discontinuities that the
city, viscosity, self-diffusion rate, etc.). These sharp changes come into existence only 
because of the presence of an enormous number of interacting molecular degrees of 
freedom. Normally melting and freezing are observed for matter in bulk, comprising 
roughly Avogadro's number (6.022xl023) of molecules, and for all intents and pur
poses this can be reckoned as infinitely large. 

However there are exceptional circumstances wherein melting and freezing 
are observed for much smaller aggregates of molecules. In the case of water it is possi
ble to induce melting and freezing in sufficiently small systems that the phase transi
tions ought to exhibit modifications due to finite size effects. This might be expected 
to occur for fine droplets in aerosols, for some emulsions of water in oils, and for very 
small water clusters that can be made to form in polymeric solids (1,2). The phase 
transition modifications arise not only from the reduced number of molecular degrees 
of freedom per se, but also from the fact that a substantial portion of the material will 
be present in a boundary, or interfacial, region. One expects modifications in both 
equilibrium (transition "rounding") and kinetic (supercooling) behavior. 

Droplets or clusters in the size range from microns downward are those 
expected to show measurable deviations from bulk equilibrium behavior. For the sake 
of quantitative orientation, Table I shows representative numbers of molecules con
tained in spherical droplets of water in this size range band it also shows the fraction of 
those molecules within a typical molecular distance (5A) of the surface. 

The objective of this paper is to provide a theoretical framework for under
standing the melting, freezing, and supercooling behavior of water in small dusters and 
droplets. Although attention will be focussed on spherical geometry, the basic ideas 
involved can be generalized to other shapes. 

HYDROGEN BOND PATTERNS IN WATER 
Both ice and liquid water consist of space-filling networks of hydrogen 

bonds. That of the former is regular and static; that of the latter is irregular and 
mobile. The hydrogen bonds in ice are arranged so that each molecule participates in 
exactly four bonds, and the bonds are spatially disposed so as to form polygons with 
only even numbers of sides (hexagons, octagons decagons, ...) (3). The random net
work in the liquid evidently contains polygons of both even and odd numbers of sides 

0-8412-0559-0/ 80/47-127-011 $05.00/ 0 
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12 WATER IN POLYMERS 

a 

TABLE I. Contents of spherical water droplets/ 

Cluster Diameter 3.00 1.00 0.30 
(microns) 

Number of Water 4 . 7 3 x l 0 n 1 .75xl0 1 0 4 . 7 3 x l 0 8 

Molecules in Cluster 

Number of Molecules 4 . 7 2 x l 0 8 5 .25xl0 7 4 . 71x l0 6 

Within 5 Â of Surface 

Fraction of Molecules 0.0010 0.0030 0.0100 
ο 

Within 5A o

Cluster Diameter 0.10 0.03 0.01 
(microns) 

Number of Water 1.75xl0 7 4 .73x l0 5 1.75xl0 4 

Molecules in Cluster 

Number of Molecules 5 .20x l0 5 4 .57x l0 4 4 . 7 4 x l 0 3 

Within 5A of Surface 

Fraction of Molecules 0.0297 0.0966 0.2710 
Within 5 Â of Surface 

The droplets are at 0 *C, and are presumed to possess the macroscopic liquid density 
up to the geometric surface. 

intermixed (4); a variety of defect structures is present as well, including broken bonds 
and bifurcated hydrogen bonds. Thus the invariant fourfold coordination in ice is 
replaced upon melting by indefinite coordination that varies from one to five, and aver
ages about 2.5 near the melting point (4). Needless to say, the hydrogen bonds that 
are present in liquid water are much more strained on the average than those in ice. 

The famous density maximum in liquid water at 4*C represents a balance 
point between two opposing tendencies. On the one hand there is the continuation of 
the process initiated at the melting point, namely conversion of bulky hydrogen bond 
structures to more compact forms (the negative volume of melting signifies this 
change). On the other hand there is present the natural thermal expansion of all 
liquids, which tends to accelerate in magnitude with increasing temperature. It is plau
sible to suppose that the first of these is associated with gradual disappearance in the 
liquid of unstrained polygonal and polyhedral bonding patterns, as they are replaced by 
highly strained and bond-broken arrangements that permit more efficient packing of 
molecules. 

In Water in Polymers; Rowland, S.; 
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1. STILLINGER Water in Restrictive Geometries 13 

The volumetric properties of small water droplets or clusters can be measur
ably influenced by the significant fraction of material in the surface region (see Table 
I). The structural character of the hydrogen bond network in the bulk phase is certain 
to be modified in the interfacial region if the droplet has either a free surface or is in 
contact with hydrophobic material. Obviously more broken bonds (Le), unsatisfied 
bond positions) must be present. But additionally the organization of those bonds 
which are present, for example into polygons, will differ statistically from the situation 
deep beneath the surface. It is generally believed, on the basis of experimental obser
vations, that the surface of ice roughly in the range - 1 0 ' C to 0 V is covered by a 
mobile "liquid-like" layer (3), which ought then to contain odd-sided polygons and 
bifurcated hydrogen bonds. In a crude sense, surfaces act to disrupt the natural order 
present in the bulk phase. 

This last point leads to an interesting prediction concerning the volumetric 
behavior of liquid water droplets or clusters. Since their surface regions ought to be 
more disordered at any give  temperatur  tha  thei  interiors  th  temperatur f 
minimum volume (maximum
nitude of this effect presumably  depen
region outside the droplet or cluster, and is difficult to estimate with precision. How
ever a crude estimate is possible by supposing the outer 5A behaves as a "normal" 
nonaqueous liquid with thermal expansion 10~ 3 /°C, and the remainder as bulk water. 
Table II shows the resulting predictions for the temperatures of maximum mean den
sity for the droplet sizes considered in Table I. The depressions are substantial for the 
smaller sizes. 

TABLE II. Temperature of maximum mean density 
for spherical droplets of water. 

Diameter, Microns τ V, 

oo 3.98 

3.00 3.92 

1.00 3.80 

0.30 3.36 

0.10 2.13 

0.03 -2.06 

0.01 -12.88 

STATISTICAL MECHANICAL THEORY 
It is mandatory to consider the underlying statistical mechanical formalism 

in order to systematize the preceding ideas. For this purpose we will examine the parti
tion function for an N-molecule water cluster. The isothermal-isobaric ensemble is 
appropriate (5) since constant normal stress (denoted below by "pressure" p) seems 
relevant to most cases of interest. The partition function for this ensemble, ΔΝ(β,ρ), 
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14 WATER IN POLYMERS 

depends upon the inverse temperature parameter β=(/ϊΒΤ)~~ι and the external pressure 
p. We will presume that the droplet is constrained to spherical shape, though with vari
able radius. The connection to thermodynamics is established by the fact that 

1 η Δ Λ = - / 3 α C l ) 

where G is the Gibbs free energy. 
A n expression for Δ Λ· in terms of molecular quantities is the following: 

ΔΛ·(0,ρ) = Δ # » <βχρ(-βθ)>\ (2) 

here ΔΛ 0 ) is a normalizing factor that has no further importance in subsequent analysis, 
and Θ is the sum of the potential energy Φ for the water molecules and the pressure-
volume product ρ V, 

Θ = Φ + /?Κ (3) 

The Boltzmann factor averag  i  Eq  (2) i  priori  all Ν molecul
orientations and positions withi
able upper limit. 

The evaluation of Δ Λ in Eq. (2) would be a formidable task even if Φ were 
known in all detail (unfortunately it is not). The reason is that the required average 
entails a multiple integral of order 6 N , since there are three translational and three rota
tional degrees of freedom per molecule. Table I shows that Ν is still huge even for 
very small clusters. 

In spite of this difficulty we can understand the behavior of ΔΝ to some 
extent by classifying molecular configurations according to a small number of indepen
dent parameters. We choose two such parameters, the quantity Θ already introduced 
and a structural order parameter Ψ. The latter is intended as a measure of the ice-like 
order present. Conceivably we could take Ψ to equal the number of hydrogen-bond 
hexagons present, however this would not distinguish ice Ih from the cubic 
modification Ic that is presumably unstable under conditions of interest here (6). 
Alternatively and more appropriately Ψ could represent the number of bonded bicyclic 
octamers (see Figure 1), that are present in ice Ih but not in ice Ic. For the remainder 
of this analysis we will use this second choice. By accounting for all the distinct (and 
overlapping) ways that octamers can be traced out on the perfect ice lattice, we find that 
the maximum value of Ψ is N/2, to within terms of order i V 2 / 3 . 

Once the decision has been made to classify configurations according to their 
Θ and Ψ values, we can write the average in Eq. (2) in a formally simple manner: 

<εχρ(-βθ)> = K~l ff exp{w(<è,y)-fi®)d<èdV, 

Κ = ff exp[w(®,V)]d<èdV. (4) 
In this expression exp(w) stands for the configuration space weight to be assigned to 
the given Θ , Ψ pair. A' is a temperature-independent normalization factor. 

The discontinuous liquid-solid transition automatically emerges from the 
first of Eqs. (4) in the large-Ν limit. This can be demonstrated by using "peak integra
tion" to evaluate that first integral. This approximation, which becomes increasingly 
accurate as Ν increases, exploits the fact that dominant contributions to that integral 
arise from regions at which the quantity 

Γ = Η > ( Θ , Ψ ) - 0 Θ (5) 

is at a maximum in the two-dimensional Θ , Ψ space. By making a local Gaussian 
approximation for each such maximum we conclude that 
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1. STILLINGER Water in Restrictive Geometries 15 

< β χ ρ ( - 0 θ ) > = 2Κ~ιΣ (YjiiYjii)'112 exp(Yj). (6) 
j 

Here j indexes the maxima, and Yj stands for the value of Fat maximum j. The quan
tities Yjw and Yj22 are the second partial derivatives of Fat j along the two principal 
directions of curvature there. 

On physical grounds we expect only two relevant maxima to contribute sub
stantially to Eq. (6), at least when the temperature is around 0 *C and pressure around 1 
bar. These two correspond respectively to hexagonal ice and to liquid water. In this 
temperature range one should keep in mind that θ is dominated strongly by the poten
tial energy part Θ; ρ Κ is far smaller in magnitude. For the "ice" maximum Θ is low 
(many well-formed hydrogen bonds) while Ψ is high (many characteristic ice-like struc
tures). By contrast the "liquid" maximum will display higher Θ (fewer and more 
strained hydrogen bonds) and lower Ψ (most bonding patterns not ice-like). 

The suddenness o
that the Yj are of order N. It
(6) will dominate the other almost totally, except in a narrow switch-over temperature 
range around the transition point. This switch-over range is expected to be proportional 
in asymptotic width to N~\ and represents the extent of smearing of the transition due 
to finite system size. Latent heat is absorbed or discharged over this finite temperature 
interval if in fact nucleation can occur. 

It will be profitable to examine a schematic diagram of the level curves of F, 
for β chosen to make the two maxima equal in magnitude (in the inf in i te -Ν limit this 
will be precisely the thermodynamic transition point). Such a diagram appears in Fig
ure 2. This Figure shows that between the two equal-altitude maxima there will be a 
saddle point along a ridge line. When Ν is reasonably large this ridge line will 
correspond to side-by-side coexistence of liquid-like and ice-like regions within the dro
plet, the relative proportions of which determine position along the ridge line. Since an 
interface must exist between the regions the ridge line will lie below the maxima by an 
amount of order i V 2 / 3 . 

A t the temperature for which Figure 2 is shown the two maxima are the 
positions of the Y} that are to be inserted in Eq. (6). These may generically be 
designated by YL and Yc, for "liquid" and "crystal", respectively. They are the positions 
of simultaneous contact for a horizontal plane resting atop the Υ(Θ,Ψ) surface. 

As temperature varies, YL and Yc will shift from the locations of the max
ima shown in Figure 2. The shifts can be identified with points of rolling contact for 
the initially horizontal plane as it is tipped so as to remain parallel to the Ψ axis. This 
rolling constraint arises from the fact that β multiplies only Θ in F in the first integral 
of Eq. (4). The Θ-direction slope of the rolling plane is just Δ/3, the change in β from 
its initial value at the horizontal orientation. 

Under the supposition that Υ(Θ,Ψ) is continuous and at least twice 
differentiable in its two variables, the loci of rolling contact (one through each max
imum in Figure 2) will be at least piecewise continuous curves. These curves trace out 
the dominant Θ , Ψ "structure" for the liquid and solid phases, and they are indicated in 
Figure 2 as full curves in the respective ranges of thermodynamic stability. 

The relative positions of the two maxima on the Y surface will change with 
N , even after accounting for the fact that Ψ and Θ are extensive quantities in the 
large-N limit. The presence of the structure-disrupting surface has a greater influence 
on an ice phase than on a liquid phase. As Ν declines, Ψ / Ν decreases and Θ/Ν 
increases for both maxima, but the changes are larger for ice than for liquid. Further-
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16 WATER IN POLYMERS 

Figure 1. Bicyclic octamer structure, a 
pattern of hydrogen bonding that appears 
exclusively ice Ih. Several isomers
possible, depending on the disposition
hydrogens along the given linear hydrogen 

bonds. 

) 

Figure 2. Level curves for Y at the melting temperature (maxima at equal alti
tudes). Curves C and L are loci of rolling contact for a plane parallel to the Ψ axis. 
The dotted portion of the L curve corresponds to supercooled liquid, and it ends at a 

point with vertical tangent. 
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1. STILLINGER Water in Restrictive Geometries 17 

more these shifts, if viewed at constant β, will be associated with a change of relative 
altitude of those maxima. This latter effect causes the previously mentioned broaden
ing of the reversible thermodynamic transition with decreasing Ν to be accompanied by 
a shift to lower temperature. 

SUPERCOOLING 
Nucleating the crystal phase from liquid cooled just below the thermo

dynamic freezing point can kinetically be especially difficult in small clusters. This 
stems partly from the fact that impurity "seeds" are less likely to be present in any given 
cluster, and partly from the proportionality of homogeneous nucleation rates to the 
volume of the system. Consequently supercooling becomes the rule rather than the 
exception, and this fact has been useful in laboratory studies of supercooled water (7). 
It should be stressed that a range of Ν values evidently exists which on the one hand is 
small enough to prevent nucleation, while on the other hand it is large enough so that 
the intensive properties observed for the supercooled water are essentially independent 
of system size. 

Considering this situatio  Figur g 
loci through the respective maxima to map out metastable phase extensions. In princi
ple this is just as possible for Yc as for YL though melting of a crystal usually is 
immediately initiated at its already amorphous surface. [A water inclusion in the inte
rior of an A g i crystal, or some other epitaxial structure-promoter, might provide an 
exception.] The metastable extension for the liquid is indicated in Figure 2 as a dashed 
curve. 

The differential geometry of our constrained rolling contact demands that 
the contact loci cross the level curves only at points where the latter have tangents 
parallel to the Ψ axis. It is important to recognize that this requirement can lead to 
sudden disappearance of a locus. In mathematical terms the locus can suffer a "catas
trophe", with an endpoint that itself has a vertical tangent. Such a catastrophic endpoint 
hence would manifest a diverging rate of change with temperature of the concentration 
of ice-like structural elements measured by Ψ. 

The possible existence of an endpoint for the supercooled liquid locus is par
ticularly interesting in view of the experiments of Angell and coworkers (7,8,9,10). 
They find that pure water at ordinary pressures (even very finely dispersed) cannot 
apparently be supercooled below about - 4 0 <€, and that virtually all physical properties 
manifest an impending "lambda anomaly" at T5 = -45 V. The most striking features of 
this anomaly are the apparent divergences to infinity of isothermal compressibility, 
constant-pressure heat capacity, thermal expansion, and viscosity. We now seem to 
have in hand a qualitative basis for explaining these observations. 

The supercooled liquid catastrophe, if it exists, would necessarily be associ
ated with diverging fluctuations in the structural order parameter Ψ. This stems from 
the fact that the F surface develops a vanishing curvature in the Ψ direction as this 
endpoint is approached. Because the bicyclic octamer elements are bulky, fluctuations 
in their concentration amount to density fluctuations. Diverging density fluctuations 
then imply diverging isothermal compressibility. Furthermore the infinite slope of the 
metastable liquid locus at its endpoint implies the divergence of thermal expansion. 
Potential energy fluctuations remain essentially normal, so constant-volume heat capa
city remains small. But the volumetric divergence creates an unbounded constant-
pressure heat capacity. 

Thus far we have seen that differential geometry of the Κ(Θ,Ψ) surface can 
produce a metastable liquid catastrophe, not that it must. Demonstration of the latter 
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18 WATER IN POLYMERS 

will have to invoke the special character of the interactions in water, specifically the 
strong directionality of hydrogen bonding which produces tetrahedral coordination. 

The key observation seems to be that the structure-measuring octamer units 
ought to experience a mean attraction for one another in the liquid medium. They are 
in fact geometrically suited to link up through directed hydrogen bonds, and indeed it is 
so that the extended lattice of ice Ih can be entirely broken into bicyclic octamer units 
(11). In addition an isolated octamer unit embedded in a locale of strained and broken 
bonds would be in great jeopardy, for those neighboring defects would exert torques 
and forces that would distort it severely and often past the point where it would con
tinue to qualify for inclusion in Ψ. The net result is a statistical tendency of the surviv
ing octameric units to aggregate, and the lower the temperature the greater the degree 
of aggregation. 

This thermally-sensitive sorting out process will not segregate bicyclic octa
mers alone but will also include a few other types of well-bonded (and bulky!) species. 
Figure 3 shows two which qualify h fused t  octame  without mutual distortion
The first includes pentagons
Because bonding arrangement p
strongly bonded aggregates are not automatically ice Ih fragments. 

The aggregation or clumping of bulky and well-bonded structures is clearly 
going to be a cooperative process, and as such it will produce long-range coarsening of 
the texture of the fluid medium. This process is entirely analogous to that which 
creates long-range fluctuations at the critical point of a condensing gas. In the present 
case it will produce divergent Ψ fluctuations as already discussed above. On structural 
grounds it appears most natural for the aggregates to grow in a dendritic, rather than 
globular, fashion. 

Just as in that analogous case of conventional critical fluctuations it is useful 
to introduce a correlation length ξ for the scale of inhomogeneity (12). In the present 
context ξ gives an average linear dimension for regions of anomalously high (or low) 
concentration of the structural units defining Ψ. As temperature declines for the super
cooled liquid ξ increases, becoming infinite at Ts. Since these structural fluctuations are 
also density fluctuations it should be possible in principle to detect them and to measure 
their size ξ by light scattering or small-angle X-ray scattering experiments on strongly 
supercooled water. In practice these experiments would probably be very difficult. 

The presence of strongly bonded regions, presumably composed of low-
mobility molecules, obviously will inhibit hydrodynamic flow just as polymer dissolved 
in low-molecular-weight solvent does. Furthermore this effect will amplify as tempera
ture declines. Thus it is not surprising that viscosity should experimentally diverge at 

It is in the nature of random mixing statistics for the various strongly-
bonded units in a low-density fluctuation region that several bicyclic octamers would 
occasionally link up to form a larger fragment of ice Ih. Such events become more and 
more likely in a given amount of supercooled liquid as temperature declines toward Ts. 
These multiple octamer structures are the most likely precursors of a nucleation event. 
Thus the supercooled liquid contains literally the seeds of its own destruction. This 
observation rationalizes the inability experimentally to supercool pure water below 
about —40 *€ without spontaneous freezing. The only way to avoid this fate seems to 
be to use much smaller clusters and high cooling rates; perhaps condensing clusters 
within thin film polymeric media might be a suitable preparative technique which would 
permit the required subsequent rapid cooling. 

The droplet size range for convenient observations of supercooling 
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Figure 3. Bonding of bicycic octamer 
units (heavy lines) to unstrained structures 
that do not occur in ice Ih. Oxygen atoms 
occur at vertices, and hydrogen bonds be
tween water molecules are illustrated only 
schematically by lines. In the lower part 
of the diagram the octamer is fused to a 

structure occurring in ice Ic. 
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20 WATER IN POLYMERS 

anomalies was mentioned earlier. Unfortunately this range shrinks as the temperature 
of measurement declines toward Ts. Firstly, the rapid increase in homogeneous nuclea
tion rate as temperature decreases places ever more stringent upper limits on droplet 
size. Secondly, the correlation length ξ must remain small compared to droplet diame
ter to maintain size-independence of intensive properties; but this causes the minimum 
permissible size to increase as Ts is approached from above. The situation seems inex
orably to draw a veil of unobservability about the lambda anomaly at T s, while still per
mitting the careful experimentalist to infer its properties by extrapolation. 

CONCLUSIONS 
It is appropriate to end this theoretical discourse with a statement about the 

future role of computer simulation studies, which have much to offer this field. Pure 
water has been the object of intense study by this approach and a lot has been learned 
(4,13). More recently molecular dynamics computer simulation has turned to the 
modelling of alkanes and polymers (14,15)  It seems natural and inevitable to combine 
the two specialties to illuminat
alkane or polymeric hosts. 

Thus far the Ν values feasible in digital computer simulation has fallen 
below those shown in Table I. The largest number that has been used to date is 1728 
(13). However rapid advances in computer technology, including especially parallel 
processing capabilities, are likely to increase this number by at least an order of magni
tude. That increase would cause overlap with the smallest cluster size considered in 
Table I. 

Specific polyhedral structures such as those in Figures 1 and 3 cannot be 
detected in the liquid phase by any known experimental method. However a digital 
computer can be instructed to identify these patterns in the course of a simulation 
study. The mean concentration of bicyclic octamer units could thus be determined at 
any given temperature, along with their tendency to aggregate in regions whose mean 
size ξ could also be determined. 

Studies of this sort could provide vital quantitative underpinning for the 
qualitative ideas presented here. The resulting expansion of knowledge ought to go far 
toward completing our understanding of melting and freezing in water, of its super
cooled state, and of its behavior in small clusters. 

A B S T R A C T 
When water is finely dispersed as an aerosol, an emulsion, or as small clus

ters in polymeric host media, its thermal behavior can deviate significantly from that 
exhibited by bulk water. The reasons for these deviations are examined, and a 
statistical-mechanical approach for their study is proposed. A rough estimate is 
obtained for the depression of the temperature of maximum mean density for small 
spherical droplets. A n explanation is advanced (in terms of specific structural fluctua
tions) for the singular behavior of strongly supercooled water that has been observed in 
emulsions near -40 °C by Angell and collaborators. 
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Department of Chemistry, University of Texas, Austin, TX 78712 

Water has an essential role in living systems and is ul t i
mately involved in the
mers such as proteins. However,
focus primarily not on what the water does for the biopolymer but 
rather on the effects that the biopolymer has on the water that 
interacts with it . Of interest are alterations in the structural, 
energetic, and dynamic properties of the water molecules. Studies 
of the rotational mobility of water molecules at protein surfaces 
have been interpreted by dividing the solvent molecules into three 
groups (1). The most rapidly reorienting group has a characteris
tic rotational reorientation time (Tr) of not more than about 
10-11s. The next most rapid group exhibits a rotational reorien
tation time of about 10-9s and has been tentatively identified as 
the water molecules that are strongly associated with ionic resi
dues. The third group exhibits a Tr of about 10 - 6s; these solvent 
molecules are considered to be essentially irrotationally bound 
to the macromolecules; an example might be the four waters in the 
interior of the bovine pancreatic inhibitor. The population ex
hibiting the fastest times is expected to include molecules which 
form hydrogen bonds to the peptide backbone and those which are 
influenced by the presence of nonpolar groups. It is this group 
which forms the major part of the solvation shell and, therefore, 
is likely to play the dominant role in the solvent effect on pro
tein properties. Because of the difficulties involved in studies 
of protein solutions per se, it is of particular interest to 
investigate systems of small molecules that incorporate functional 
groups present in proteins. 

In this contribution we describe the results of a molecular 
dynamics simulation of such a molecule, the alanine dipeptide in 
aqueous solution. In such a simulation, one treats a sample of 
molecules with fixed volume and an energy and density correspond
ing to the system of interest. Given the internal and interaction 
potentials for the molecules in the box, and certain initial con
ditions for the coordinates and momenta of each particle, one 
solves the classical equations of motion for al l of the particles 
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to obtain the phase space t r a j e c t o r y of the e n t i r e system over a 
period of time. An i n i t i a l i n t e g r a t i o n period during which 
c e r t a i n properties (e.g., i n d i v i d u a l p a r t i c l e v e l o c i t i e s ) are ad
justed i s used to obtain a system that i s e q u i l i b r a t e d . A f t e r 
the e q u i l i b r a t i o n period, i n t e g r a t i o n i s continued for a length 
of time s u f f i c i e n t to y i e l d time averages that approximate equi
l i b r i u m averages. In a d d i t i o n , the time evolution of the p a r t i 
c l e t r a j e c t o r i e s can be used to determine time-dependent proper
t i e s . 

We examine s t r u c t u r a l and dynamic aspects of both the dipep-
t i d e solute and the aqueous solvent. For the dipeptide, primary 
emphasis i s placed on the i n t e r n a l motions. The s i z e and dynami
c a l character of f l u c t u a t i o n s r e l a t i v e to the average structure 
are investigated i n vacuum and i n the presence of solvent. The 
dipeptide v i b r a t i o n a l degree f freedo  hav  frequencie  varyin
from approximately 50 (dihedra
(bond s t r e t c h i n g ) , corresponding
range of 7 χ ΙΟ"-^ to 1 χ 10~-^s. For such a range i n character
i s t i c times, a s i g n i f i c a n t v a r i a t i o n i n solvent e f f e c t s (e.g., 
damping of f l u c t u a t i o n s ) i s expected. 

The s t r u c t u r a l and dynamic properties of the aqueous solvent 
i n the region immediately surrounding the dipeptide solute are of 
s p e c i a l i n t e r e s t . The p r i n c i p a l questions which we address are: 
F i r s t , how i s the dynamic behavior of the solvent a l t e r e d by the 
proximity of the solute? Second, what i s the range of influence 
of the solute; that i s , are the e f f e c t i v e solvent-solute i n t e r 
actions of s u f f i c i e n t l y short range that i t i s reasonable to r e 
gard the water molecules i n contact with the polar (peptide) 
groups as q u a l i t a t i v e l y d i f f e r e n t from those i n contact with the 
nonpolar (methyl) substituents? F i n a l l y , we investigate the 
s t r u c t u r a l o r i g i n s of observed differences between the dynamic 
properties of the bulk solvent and that i n contact with the s o l 
ute. 

Model 

The d e t a i l s of the model used to simulate the dipeptide s o l u 
t i o n have been presented previously (2); a b r i e f review of the 
i n t e r a c t i o n s present i n the system and the methods used to carry 
out the simulation i s given here. The alanine "dipeptide" solute 
(CH3CfONHCHCH3CfONHCH3), shown i n Figure 1, i s a neutral molecule 
terminated by methyl groups, rather than by the carboxylic acid 
and amino groups of an amino a c i d . This i s an appropriate choice 
to obtain a system that models an amino acid as part of a poly
peptide chain. The structure shown i n Figure 1 i s the equatorial 
C7 conformation (CjBC^) that i s the g l o b a l minimum i n the dipep
t i d e p o t e n t i a l surface i n vacuum and i s believed to be the favored 
conformation i n both aqueous and nonaqueous s o l u t i o n s . 

The i n t e r n a l degrees of freedom of the dipeptide are governed 
by a molecular mechanics force f i e l d (2) that includes terms 
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2. KARPLUS AND ROSSKY Solvation 25 

Figure 1. Alanine dipeptide in the equa
torial C7 conformation, (φ,φ) ~ (—60°, 
60°). The structure is (left to right) CH5-
CONHCHCHsCONHCHs; the dashed 
line represents the internal hydrogen bond. 
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corresponding to harmonic bonds, anharmonic bond angles, dihedral 
angle t o r s i o n s , and nonbonded Lennard-Jones and e l e c t r o s t a t i c 
i n t e r a c t i o n s . No dipeptide degrees of freedom are constrained i n 
the simulation. The water molecules are modeled by a modifica
t i o n of the ST2 model of S t i l l i n g e r and Rahman (_3) · The model 
consists of four point charges placed w i t h i n a sin g l e Lennard-
Jones sphere centered at the oxygen atom; two p o s i t i v e charges 
are located at the hydrogen atom p o s i t i o n s , and two negative 
charges are located at positions representing the lone-pair or-
b i t a l s . The only modification made i n the ST2 model i s to allow 
i n t e r n a l f l e x i b i l i t y i n the water molecules. The intermolecular 
i n t e r a c t i o n s among the waters are given by pair-wise p o t e n t i a l s . 
For the two molecules and Ŵ , we have 

w l w 2 
Jptr - CAT 

" \ r w V ° l ° 2 / 

*+ q . 1 q. 2 
t Σ ^ — L ^ ( r ) (1) 
. . , r . . 1 2 
1,3=1 13 

where σ and ε are the parameters characterizing the Lennard-w w w 
Jones i n t e r a c t i o n , q. i s the i t h charge i n water molecule W, 
TQ Q i s the intermolecular oxygen-oxygen distance, S(r) i s a 

1 2 switching function (3). The int e r a c t i o n s between each 
water molecule and the dipeptide are given by a sum of Lennard-
Jones and e l e c t r o s t a t i c terms of the form 

- , , - .12 / - v 6\ 4 w -ι 

atoms, λ 

wnere 5^ = ( a w + 0χ)/2 and r g ^ i s the water oxygen-dipeptide atom 
distance. For the chosen values (2) of dipeptide-atom Lennard-
Jones parameters, and ε·^, and charges, q-̂ , the water molecules 
associated with the solute peptide groups have reasonable ener
gies and geometries. In p a r t i c u l a r , the optimal association ener
gies (kcal/mol) f or the four types of hydrogen bonds i n the sys
tem i n order of increasing strength (the water HOH bond angle i s 
fi x e d at the tetrahedral angle) are NH ... H 20 (-6.0) < H 20 ... 
H 20 (-6.8) < C = 0 ... H 20 (-7.4) < N-H ... 0 = C (-8.1). The 
values of the association energies are adjusted to the water-
water i n t e r a c t i o n energy given by the ST2 model so that the hy
drogen bond strengths are a l l s i m i l a r , i n accord with a v a i l a b l e 
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c a l c u l a t i o n s and data. 
The simulation i s ca r r i e d out on a sample consisting of one 

dipeptide and 195 water molecules i n a cubic box with an edge 
length of 18.2194 X; the density of 1.004 g/cnr* i s i n accord with 
experiment. The dipeptide solute i s surrounded by approximately 
two molecular layers of water at a l l points. A f t e r the e q u i l i 
b r a t i o n , the simulation analyzed i n the current work corresponds 
to 4000 time steps of 3.67 χ 10-l^s, or 1.5 ps on a molecular 
time scale. The mean solvent k i n e t i c temperature i s 303°K and 
that of the dipeptide i s 298°K. 

Solute Properties 

During the simulation, the solute remains i n the v i c i n i t y of 
the C f q minimum. This
the i s the most stabl
a very small p r o b a b i l i t y of observing a large conformational 
change i n such a short time. 

To determine the e f f e c t of the water on the dipeptide i n so
l u t i o n , we did a corresponding simulation of the dipeptide dynam
i c s i n the absence of solvent. Neither the average structure nor 
the magnitude of the l o c a l f l u c t u a t i o n s of the dipeptide i s 
strongly affected by the solvent environment. The r e s u l t s are 
summarized i n Table I , where we give r e s u l t s f o r t y p i c a l bonds, 
bond angles, and dihedral angles (see Figure 1). With the excep
t i o n of the f l u c t u a t i o n s i n the dihedral angles ψ and χ the ob
served differences are w i t h i n the s t a t i s t i c a l error of the calcu
l a t i o n . 

C o r r e l a t i o n Functions. We next consider dynamic c o r r e l a 
tions of the solute f l u c t u a t i o n s . The time c o r r e l a t i o n function 
for solute s t r u c t u r a l f l u c t u a t i o n s i s defined as 

where A i s a p a r t i c u l a r s t r u c t u r a l parameter (e.g., bond length, 
dihedral angle), M ( t ) = A(t) - <A>, <ΔΑ2> = <(A - <A>)2>, and 
the brackets indicate an average over the simulation; i n the nu
merator of eq 3, the average includes a l l values, τ, i n the simu
l a t i o n . 

The unperturbed harmonic v i b r a t i o n of an i s o l a t e d bond of 
length b would lead to a c o r r e l a t i o n function, C , ( t ) , which o s c i l 
l a t e s without decay for a l l times. However, s h i f t s i n eit h e r the 
frequency or phase of the o s c i l l a t i o n r e s u l t s i n an eventual de
cay of C^(t) to zero a f t e r a time when the phase of Ab(t) i s , on 
the average, completely random with respect to that of Ab(0). 
Even i n an i s o l a t e d molecule, such a decay can occur due to cou
p l i n g of the motion of various degrees of freedom with d i f f e r e n t 
frequencies, although over long times the c o r r e l a t i o n function 
cannot remain zero since there i s no d i s s i p a t i o n . The change i n 

cA(t) = <AA(T)AA(t + τ)>τ _<A(0)AA(t)> <ΔΑ2> " <ΔΑ2> 
(3) 
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Table I 

Average Solute Structure 

<A> <ΔΑ 2> Χ 

A a vacuum so l u t i o n vacuum so l u t i o n 

C l T°L 1.235 
Bonds*5 

1.237 0.023 0.028 

N L - H L 0.994 0.997 0.018 0.012 

1.54

V CR 1.461 1.459 0.034 0.032 

CL-CL-°L 
Bond Angles^ 

122.31 121.89 3.30 3.23 

W C R 114.73 114.46 4.25 3.93 

W C B 107.71 108.15 3.51 3.85 

CR - * R \ 
120.97 120.68 3.97 4.29 

Φ 

Dihedral A n g l e s b , C 

-67.21 -63.96 9.67 7.83 

Ψ 63.45 59.33 11.53 22.57 
ω 

1 
-179.25 -179.67 8.74 9.67 

ω 
2 

-179.68 178.08 14.72 12.39 
Χ -59.10 -62.88 9.96 32.25 

a A l l s t r u c t u r a l parameters, A, are defined i n Figure 1; <A> = 
mean value, <ΔΑ2> = <(A-<A>)2> / 2 . bBonds i n Xngstroms, bond 
angles and dihedral angles i n degrees. cThe vacuum minimum occurs 
at φ = 66.2°, ψ = -65.3°, ω = 179.2°, ω = 179.9° 

1 2 
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the c o r r e l a t i o n function i n s o l u t i o n i s determined by the e f f e c 
tiveness of solvent-solute c o l l i s i o n s i n d i s s i p a t i n g the solute's 
dynamical information. In water, these " c o l l i s i o n s " can involve 
the repulsive forces c h a r a c t e r i s t i c of hard sphere-like systems 
and the strong hydrogen bonding forces; weak a t t r a c t i v e van der 
Waals in t e r a c t i o n s are expected to have only a small e f f e c t . 
C o l l i s i o n s with solvent are more l i k e l y to a f f e c t the solute mo
t i o n i f the l a t t e r i s associated with a small c h a r a c t e r i s t i c 
force constant or i f the mass of the solute s t r u c t u r a l component 
involved i s small; a l s o , damping i s generally more e f f e c t i v e for 
motions involv i n g s t r u c t u r a l components of increased s p a t i a l 
dimensions. In the current study, a comparison of d i f f e r e n t d i 
peptide s t r u c t u r a l motions shows the expected q u a l i t a t i v e d i f f e r 
ences i n behavior. 

We i l l u s t r a t e the r e s u l t
functions f o r (see Figur
a t y p i c a l bond angle ( L~ a )  Figure 3, and the dihedral 
angle χ i n Figure 4. In each f i g u r e , we show the r e s u l t obtained 
i n s o l u t i o n at the top and that obtained i n vacuum at the bottom. 
The s p e c t r a l density as a function of frequency ω corresponding 
to C A ( t ) i s 

£ (ω) = Jo°°dt cos(u>t)C A(t) (4) 

The l i m i t e d knowledge of c ^ ( t ) forces us to truncate the time i n 
t e g r a l at t , rather than at i n f i n i t e time; the calculated 

max 
s p e c t r a l density function i s shown i n an inset i n each case (the 
amplitudes are i n a r b i t r a r y u n i t s ) . Negative values of (̂ (ω) 
r e s u l t from the f i n i t e upper l i m i t on the i n t e g r a t i o n . 

On the picosecond time scale considered, no s i g n i f i c a n t 
damping- i s seen i n the oscillatoryçorrelation functions describ
ing the high-frequency (ω £ 300 cm" ) bond-length stretching and 
bond-angle bending modes. I t i s c l e a r that f o r these high-
frequency motions, the behavior of the time c o r r e l a t i o n functions 
i s very s i m i l a r i n s o l u t i o n as compared to vacuum, and that i n 
both environments there i s no evidence f o r a s i g n i f i c a n t zero-
frequency component i n the s p e c t r a l density. The l a t t e r i s ex
pected i f the c o r r e l a t i o n function contains a decaying component. 

Clear evidence of solvent damping i s found f o r the t o r s i o n a l 
angle χ (Fig. 4) f o r which the vacuum motion can be seen to i n 
volve p r i n c i p a l l y a s i n g l e frequency. During the current simula
t i o n , the motion involves only l i b r a t i o n and not o v e r a l l r e o r i e n 
t a t i o n of the methyl group. By comparison with the r e s u l t i n the 
absence of solvent, i t can be seen that the solvent i s e f f e c t i v e 
i n damping the o s c i l l a t o r y motion of the methyl group. The be
havior i s manifest by the appearance of a low-frequency component 
i n the s p e c t r a l density, C^(o)). The short-time behavior of the 
s o l u t i o n c o r r e l a t i o n function (t <, 0.1 ps) i s roughly consistent 
with underdamped motion calculated from a Langevin equation, 
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Figure 2. Time correlation function and spectral density for fluctuations in the 
bond length, Ca—C& (Figure 1 ). Top: in solution; bottom: under vacuum. 

Figure 3. Time correlation function and spectral density for fluctuations in the 
bond angle, NL—Ca—CR' (Figure 1 ); Top: in solution; bottom: under vacuum. 
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Σ ^ + Ι ω 0 2 Χ + f i ^ F R ( t > ( 5 ) 

where I i s the moment of i n e r t i a of the methyl group (3 amu 8 2), 
U)q i s the harmonic vacuum frequency (35 ps -" 1; see F i g . 4 ) , f i s a 
f r i c t i o n a l c o e f f i c i e n t , and F R ( t ) i s a white noise random force. 
The time c o r r e l a t i o n function calculated for motion governed by 
the Langevin equation i s shown as a dotted l i n e at the top i n 
Figure 4. I t i s i n reasonable agreement for short times with the 
c o r r e l a t i o n function C (t) found i n s o l u t i o n when the characteris
t i c time, 2I/f, i s chosen to be 0.05 ps; the corresponding spec
t r a l density i s shown dotted i n the in s e t . I t i s evident that 
for times greater than about 0.15 ps the c o r r e l a t i o n functions are 
not i n agreement. Thi
density; the Langevin equatio

cf(o)) (ω~25 ps" 1) and not two. We note that the i n i t i a l decay 
of Cy(t) corresponds to an apparent solvent drag which i s much 
smaller than hydrodynamic estimates that assume s t i c k boundary 
conditions. For example, tr e a t i n g the methyl group as a sphere of 
radius a = 2.5 8 (the van der Waals radius) to obtain the f r i c 
t i o n a l c o e f f i c i e n t , f, f = 8 ï ï n a 3 (η i s the shear v i s c o s i t y , 0.01 P) 
we f i n d 2I/f equal to 0.0003 ps, i . e . , about 150 times smaller 
than that observed. In t h i s sense, the observed drag i s nearer to 
the hydrodynamic s l i p boundary condition l i m i t ; the exact s l i p 
l i m i t f or a sphere corresponds to f = 0 and an i n f i n i t e r e l a x a t i o n 
time. The r e l a t i v e l y long r e l a x a t i o n time i s consistent with the 
r e s u l t s of experimental studies of the r o t a t i o n a l motion of small 
nonassociated molecules ( 4 ) . 

Structure and Dynamics of the Solvent 

The s t r u c t u r a l and dynamic properties of the water i n the 
immediate v i c i n i t y of the dipeptide, the so-called s o l v a t i o n 
" s h e l l " , can best be characterized by d i v i d i n g the water mole
cules included i n the simulation into the groups according to 
whether they are near solute polar groups ( p o l a r ) , near nonpolar 
groups (nonpolar), or outside of the f i r s t s o l v a t i o n layer (bulk). 
This d i v i s i o n i s shown schematically i n Figure 5. The c e n t r a l 
blank area immediately surrounding the solute corresponds to the 
region from which the centers ( i . e . , the oxygen atoms) of the 
solvent molecules are excluded by the solute. The outer square 
corresponds to the w a l l of the box which encloses the centers of 
a l l 195 water molecules. In d i v i d u a l water molecules are c l a s s i 
f i e d into groups according to the average distance between t h e i r 
oxygen atom and each of the amide Η and carbonyl 0 atoms of the 
two peptide l i n k s and three methyl carbon atoms; the average i s 
taken over the time of the stimulation. Each of the 195 water 
molecules i s assigned to one of the three solvent classes; polar 
i f the mean distance to any of the four polar atoms i s le s s than 
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Figure 4. Time correlation function and 
spectral density for fluctuations in the 
dihedral angle, χ (Figure 1). Top: in solu
tion; bottom: under vacuum. The func
tions shown dotted at the top are obtained 

from a Langevin equation fsee text). 

Figure 5. Schematic of the solvation re
gions defined in the text; "polar," dotted; 
"nonpolar," cross-hatched; "bulk," within 
outer square and outside shaded regions. 
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4 8, nonpolar i f the mean distance i s greater than 4 X to a polar 
atom but l e s s than 5 S to a methyl carbon, and "bulk" i f neither 
preceding c r i t e r i o n i s met. The d i v i s i o n i n t o solvent groups 
r e s u l t s i n the assignment of 14 molecules as "polar", 20 as 
"nonpolar", and the remaining 161 molecules as "bulk". Although 
only a f r a c t i o n of the molecules i n the polar group p a r t i c i p a t e s 
i n strong bonds with the dipeptide, t h e i r proximity to the polar 
atoms leads to a s i g n i f i c a n t i n t e r a c t i o n energy with the peptide 
groups. 

One quantity of i n t e r e s t that i s obtained from the simulation 
i s the p a i r r a d i a l d i s t r i b u t i o n function, g ( r ) . In Figure 6, we 
show the water molecule oxygen-oxygen p a i r d i s t r i b u t i o n function, 
g Q g(r), obtained from the current simulation including a l l solvent 
p a i r s . The r e s u l t s i s the same as that obtained from simulations 
of bulk water ( 3 ) , w i t h i
t i o n . We note that th
peaks and troughs, a r e s u l t of the hydrogen-bonded structure. The 
f i r s t peak occurs at 2 .85 8 corresponding to the energy minimum of 
the 0 — H . . . 0 hydrogen bond. The average d i s t r i b u t i o n of water 
oxygen atoms around the methyl group carbon atoms, gQQ(r), i s 
shown i n Figure 7 ; the r e s u l t i s the average over the three solute 
methyl groups. In contrast to Figure 6, the f i r s t peak i s broad. 
The center of the peak occurs at about 3 .7 8, comparable to the 
average water molecule, methyl group van der Waals contact d i s 
tance of about 3 . 8 8. Since water molecules can make contact with 
the methyl groups only w i t h i n a r e s t r i c t e d s o l i d angle around the 
carbon atom (due to the presence of the remainder of the solute 
attached to the methyl group), the height of the f i r s t peak i n 
gQc(r) i s reduced r e l a t i v e to the value that would be obtained i f 
the group were completely exposed to solvent (e.g., as i n a 
methane molecule i n s o l u t i o n ) . The breadth and r a d i a l p o s i t i o n of 
the f i r s t peak are comparable to that found i n studies on argon
l i k e systems Ç5); that i s , the f i r s t peak occurs at nearly the van 
der Waals contact distance and i s r e l a t i v e l y broader than that i n 
gQ0(r) for water, p a r t i c u l a r l y on the larger r side of the peak. 
In argon, as for 8Q c(^)> the structure i s determined by the rep u l 
sive core of the Lennard-Jones spheres, rather than by the strong 
a t t r a c t i v e hydrogen bond forces characterizing pure water. 

The t r a n s l a t i o n a l and r o t a t i o n a l m o b i l i t y of the solvent 
molecules can be characterized by time c o r r e l a t i o n functions. The 
time c o r r e l a t i o n functions f o r r o t a t i o n a l motion are 

C,(t) = l i m i β τ Ρ ( M ( T ) . y ( t + τ ) ) 

- < Ρ Α ( μ ( 0 ) · y (t))> = <P (cos 0(t))> (6) 
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(where Pj^(x) i s the Legendre polynomial of order £) measure the 
average r e o r i e n t a t i o n rate of the molecular dipole d i r e c t i o n , 
given at time t by the unit vector, y ( t ) . As i n Equation 3, the 
averages i n Equation 6 are evaluated using a l l p a i r s of configura
tions separated by a time t during the simulation of f i n i t e 
length, t f . In p a r t i c u l a r , we have 

C 1 ( t ) = <cos 0> 

and 
C 2 ( t ) = <(3 cos 20 - D/2> 

These c o r r e l a t i o n functions decay to zero as the molecular o r i e n
t a t i o n becomes randomize
C2(t) t y p i c a l l y decays mor
r e s u l t s f o r C^(t) (Equation 7) are shown i n Figure 8 for the d i f 
ferent groups of water molecules. The i n i t i a l rapid decay of the 
c o r r e l a t i o n function during the f i r s t 0.05 ps corresponds to over
a l l molecular o s c i l l a t i o n ( l i b r a t i o n ) with a loss of phase memory, 
but without s i g n i f i c a n t net r e o r i e n t a t i o n . In t h i s short time 
period, the three groups appear to behave s i m i l a r l y . However, for 
longer times, there are differences i n the decay rates of C ^ ( t ) . 
The molecules i n the polar class reorient at a rate s i m i l a r to 
that exhibited by the bulk c l a s s , while those i n the nonpolar 
class reorient more slowly. We can obtain an e a s i l y comparable 
measure of the decay rates for each solvent class from the comput
ed functions by carrying out a least-squares f i t to a s i n g l e ex
ponential; for t h i s f i t , we consider the period from 0.25 to 
0.6 ps. The narrow s o l i d l i n e drawn through each curve i n Figure 
8 corresponds to such an exponential f i t . The r e l a x a t i o n times 
obtained i n t h i s way, denoted τ^, are shown i n Table I I , which 
also includes values for τ 2 and for the t r a n s l a t i o n a l d i f f u s i o n 
constant D of the various groups of water molecules. From Table 
I I , i t i s clear that, both f o r t r a n s l a t i o n a l and r o t a t i o n a l mo
t i o n , the water molecules i n the neighborhood of the methyl groups 
(nonpolar) are le s s free (small D, larger and T o ) than the 
water molecules associated with O=0 or Ν—Η groups (polar) or the 
"bulk" water. Experimental estimates for r e o r i e n t a t i o n rates, 
p r i m a r i l y from NMR, suggest a factor of 2 to 3 for water molecules 
i n the neighborhood of nonpolar solutes (6). 

To determine the o r i g i n of the differences among the groups 
of water molecules, we examine c e r t a i n time-averaged s t r u c t u r a l 
and energetic properties. We consider f i r s t some average proper
t i e s related to the bonding energetics. Of i n t e r e s t are the 
strengths of the hydrogen bonds involving the d i f f e r e n t solvent 
species, the t o t a l i n t e r a c t i o n energies i n the presence and ab
sence of the solute, and the number of hydrogen bonds formed by 
each molecule. Figure 9 shows the calculated d i s t r i b u t i o n s of 
water-water p a i r i n t e r a c t i o n energies. In the f i g u r e , the 

(7) 

(8) 
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Figure 6. Water oxygen-oxygen pair 
correlation function computed, including 

all water molecular pairs 

Figure 7. Water oxygen-methyl group 
carbon pair distribution, averaged over 

the three solute methyl groups 

Figure 8. Rotational reorientation of 
water molecular dipole direction for\ — I 
(Equation 7); (a) "bulk"; (b) "nonpolar"; 

(c) "polar," as defined in text. 
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r e l a t i v e o r i g i n s of the curves labeled (b) and (c) are s h i f t e d 
upward by 0.008 and 0.004, re s p e c t i v e l y ; the p a r t i c u l a r values 
given on the ordinate r e f e r to the curve labeled (a). Each curve 
gives the p r o b a b i l i t y P(e) of observing a p a i r of molecules with 
i n t e r a c t i o n energy, e, when a l l p a i r s w i t h i n the p o t e n t i a l range 
(8 8) of each other are included; the curves are i n d i v i d u a l l y 
normalized such that t h e i r i n t e g r a l i s un i t y . The three separate 
d i s t r i b u t i o n s correspond to (a) a l l d i s t i n c t molecular p a i r s i n 
the system; (b) a l l p a i r s which include at l e a s t one molecule i n 
the nonpolar c l a s s ; and (c) a l l p a i r s which include at l e a s t one 
molecule i n the polar c l a s s . The peak at c = 0 includes the r e l a 
t i v e l y large number of molecular p a i r s which are w e l l separated 
i n space and therefore have very small average i n t e r a c t i o n ener
gies; the number of such p a i r s i s f i n i t e owing to the f i n i t e po
t e n t i a l range. The genera
appearance of a l o c a l maximu
that expected from studies of pure water (3). 

To define hydrogen-bonded water p a i r s , we use an energy c r i 
t e r i o n (-3 kcal/mol) i n accord with the shape of the d i s t r i b u t i o n 
i n Figure 9; t h i s value corresponds approximately to the p o s i t i o n 
of the l o c a l minimum that separates the c e n t r a l peak from the 
bonding region. However, the precise value i s not e s s e n t i a l to 
the i n t e r p r e t a t i o n of the r e s u l t s of the simulation. 

The strength of intermolecular bonding for each type of 
solvent i s r e f l e c t e d by c h a r a c t e r i s t i c s of the peak occurring 
near € = -5 kcal/mol i n the curves of Figure 9. I t i s clear that 
there are only small d i f f e r e n c e s , i f any, i n the p o s i t i o n of the 
peak; that of the polar group i s at a s l i g h t l y more p o s i t i v e ener
gy, and that of the nonpolar group at a s l i g h t l y more negative 
energy than that of the t o t a l system. An a l t e r n a t i v e comparison 
i s obtained from the calculated mean p a i r energy, €, for bonded 
pai r s ( e _< -3 kcal/mol). The r e l a t i v e values of c , which are 
given i n Table I I I , are i n accord with the po s i t i o n s of the peaks 
i n the f i g u r e . The s h i f t i s much smaller than kfiT (~0.6 k c a l / 
mol), i n d i c a t i n g that changes i n hydrogen bond energies, per se, 
cannot account f o r the observed differences i n dynamic behavior. 

I t i s important, however, to note that very small changes i n 
the mean bond energy can have s i g n i f i c a n t thermodynamic e f f e c t s . 
The bonding region f o r the nonpolar group (curve (b)) includes 
contributions from 40 d i s t i n c t molecular p a i r s i n a t y p i c a l con
f i g u r a t i o n . Consequently, a s h i f t of only -0.05 kcal/mol i n the 
mean bond energy (Table I I I ) contribute an enthalpy change of -2 
kcal/mol. This r e s u l t suggests that enthalpies of s o l u t i o n are 
s e n s i t i v e to small changes i n the average bond energies. The to
t a l energy of s o l u t i o n from the gas phase obtained from the calcu
l a t i o n i s -6.72 kcal/mol. This can be thought of as r e s u l t i n g 
from a c a n c e l l a t i o n between the change i n "nonpolar" water-water 
bonding (-3.4 kcal/mol), "polar" water-water bonding (+19.32 k c a l / 
mol), and water-solute i n t e r a c t i o n (-22.64 kcal/mol). Of the 
l a t t e r c o n t r i b u t i o n , -15.82 kcal/mol a r i s e s from the "polar" water 
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Table I I 

Ch a r a c t e r i s t i c s of Tra n s l a t i o n a l and Rotational M o b i l i t y 

a —5 2 H 90 class D, 10 cm /s τ , ps τ , ps 

t o t a l 3.24 3.4 1.4 

bulk 

polar 2.8 3.7 1.8 

nonpolar 0.68 8.6 3.1 

As defined i n the text. 

Figure 9. Normalized distributions of 
pair interaction energies among water 
molecules; a hydrogen bond is defined by 
e < —3 kcal/mol, indicated by the ver
tical mark on the abscissa: (a) all pairs in 
the system; (b) one of the pair in the 
"nonpolar" class; (c) one of the pair in 
the "polar" class. Each curve is integrally 

normalized to unity. «(kcal/mole) 
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Table I I I 

Water-water Hydrogen Bond Energies' 

b 

class 
mean bond energy, € 

t o t a l 

nonpolar -5.35 

polar -5.21 

Calculated from r e s u l t s shown i n Figure 23; a hydrogen bond i s 
defined as e< -3 kcal/mol. bAs defined i n the text. 

.5-

.4-

.2-

.1 -

(α') (b) (C) «HB=-3 

o r 5 6 T tu 
W 7 ' 

0 I 2 3 ' 5 6 7 

Figure 10. Fraction of water molecules participating in nHB hydrogen bonds, ac
cording to the bond definition, cHB. Distribution are: (α') bulk"; (bf) "nonpolar"; 
(d) "polar". Dashed lines include only water-water bonds; solid lines include also 

water-dipeptide bonds. 
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molecules, -3.60 kcal/mol from the "nonpolar" molecules, and 
3.22 kcal/mol from the "bulk". Hence, although the long-range 
inte r a c t i o n s are i n d i v i d u a l l y small (-0.02 kcal/mol for each 
"bulk" molecule), they are not i n s i g n i f i c a n t i n the t o t a l . 

We now examine the number of hydrogen bonds formed by a typ
i c a l water molecule i n each of the three groups. Histograms pre
senting the average f r a c t i o n , fixing), of water molecules which 
p a r t i c i p a t e i n n^ hydrogen bonds are shown i n Figure 10; the 
energy c r i t e r i o n i s « = -3 kcal/mol. I t i s clear that the d i s 
t r i b u t i o n s are very s i m i l a r . Thus, a t y p i c a l water molecule par
t i c i p a t e s i n roughly the same number of hydrogen bonds i n any of 
the three environments. For the polar group, we see that the 
bonds to the dipeptide contribute s i g n i f i c a n t l y ; they tend to 
s h i f t the peak i n the d i s t r i b u t i o n to higher values of n^ and 
make the r e s u l t more s i m i l a
bonds are excluded. Th
for bulk, 3.35 for nonpolar, and 3.28 f o r polar water. 

From the d i s t r i b u t i o n functions, the number of molecules i n 
the f i r s t water s h e l l around each water molecule i s found to be 
5.75 (bulk), 4.95 ( p o l a r ) , and 4.70 (nonpolar); that i s , the wa
ter molecules i n the bulk have roughly one more nearest-neighbor 
water molecule than those i n the f i r s t s o l v a t i o n s h e l l of the d i 
peptide. Since the average number of hydrogen bonds formed by 
molecules i n the nonpolar group i s e s s e n t i a l l y equal to that i n 
the bulk, there must be bonding among a s i g n i f i c a n t higher f r a c 
t i o n of nearest-neighbor p a i r s i n the former than i n the l a t t e r . 
For the solvent molecules near a polar group the average number of 
neighbors capable of hydrogen bonding i s not reduced, since a hy
drogen bond to the solute can take the place of that to a water 
molecule. 

The formation of the same number of hydrogen bonds by the 
water molecules at the surface of a nonpolar solute as by those i n 
bulk water e n t a i l s s i g n i f i c a n t r e s t r i c t i o n s on the o r i e n t a t i o n of 
the former. From the schematic representation shown i n Figure 11, 
we see that the maximum number of favorable water-water i n t e r a c 
tions can occur i f none of the hydrogen atoms or lone-pair o r b i t -
a l s of the solvent molecule i s directed toward the nonpolar group. 
If θ i s the angle between an 0-H bond d i r e c t i o n (or 0-lone p a i r 
d i r e c t i o n ) and the axis defined by the methyl carbon and solvent 
oxygen, the i d e a l o r i e n t a t i o n corresponds to θ = 0. This molecu
l a r o r i e n t a t i o n i s t y p i c a l of c r y s t a l l i n e c l a t h r a t e hydrate com
pounds. In the simplest p i c t u r e , optimum solvent hydrogen bonding 
can be achieved as long as one of the four bonding d i r e c t i o n s i n 
the water molecule points away from the nonpolar surface. Conse
quently, we consider the four charges i n the model water molecules 
as equivalent and compute a d i s t r i b u t i o n f o r t h e i r o r i e n t a t i o n s . 
To examine the calculated d i s t r i b u t i o n of o r i e n t a t i o n s , the angle 
θ i s redefined as the angle formed by any one of the four charges 
of the solvent molecule, the solvent-center of mass, and the meth
y l carbon atom. The lower curve i n Figure 12 shows the calculated 
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Figure 11. Schematic of water molecule 
orientation near a nonpolar (—CH3) 

group. 

Figure 12. Distribution of orientations 
of water molecules near methyl groups 
(lower curve); θ as shown in Figure 11. 
All four solvent charges are included in 

the distribution, as described in the text. 

Ql , 1 . 1 . 1 . 1 
-1.0 -.5 Ο .5 1.0 

COS0 
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distribution of charge directions, averaged over the "nonpolar" 
solvent neighbors of the three methyl groups. The expected ori-
entational bias of charges away from the nonpolar group is seen; 
that is, the distribution peaks around 6=0 (cosO = 1) and has 
its minimum at θ = 180° (cosO = -1). The probability of orienta
tions with one charge directed away from the methyl group (i.e., 
at θ = 0) is approximately three times that found with one toward 
it (i.e., at θ = 180°). There is a broad secondary peak in the 
region -0.1 >cos6> -0.8. This corresponds to the maximum at 
0=0 and is expected from the three other charges at cosO = -1/3 
for four tetrahedrally arranged charges; there is a corresponding 
minimum in the neighborhood of cosO =1/3. It is evident from 
the width of these maxima and minima that there is a significant 
dispersion in the orientations found in solution; contributions 
from nonoptimal orientation  (e.g.  that involvin  th  tw  OH 
bonds bridging the methy

In summary, the present study of the kinetic and structural 
properties of the aqueous solvent surrounding an alanine dipep-
tide has provided a consistent, qualitative picture of solvation. 
The significant influence of the solute on the dynamic properties 
of the water molecules is limited to a first solvation layer. 
Further, the influence of individual functional groups is local
ized. The solvent "structure" which is induced in the vicinity 
of nonpolar groups, and the concomitant configurational confine
ment of water molecules, is a result of the maintenance of bulk
like intermolecular hydrogen bonding within the constraint of a 
reduced number of neighbors capable of participating in the bonds. 
The nonpolar groups are incapable of forming hydrogen bonds and 
it is this property which distinguishes them from the polar 
groups. The decreased mobility of the solvent near nonpolar 
groups arises primarily from configurational (entropie) barriers 
rather than energetic barriers. Although certain geometrical as
pects of the system are "clathrate-like", the term is misleading 
in its implications with respect to the number and strength of 
intermolecular bonds. The bulk-like dynamics observed for solvent 
near the solute polar groups is consistent with the interpretation 
that the polar groups interact with neighboring water molecules in 
approximately the same way as do other water molecules. 

Additional details pertinent to this report are discussed 
elsewhere (J) . 

Abstract 

The characteristics of water in the neighborhood of mixed
-functional solutes containing both polar and nonpolar groups will 
be reviewed and illustrated by the detailed results obtained from 
a molecular dynamics simulation of a dilute aqueous solution of 
an alanine dipeptide. Both the solvent effect on the dipeptide 
and that of the dipeptide on the solvent will be described. 
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T h e Structure of A q u e o u s Systems a n d the 

Influence o f Electrolytes 

WERNER A. P. LUCK 
Institut Physikalische Chemie, Universität Marburg, D-3550 Marburg, Federal Republic of 
Germany 

One of the most important questions in applied chemistry is the 
structure of water in solution
Progress in modern experimenta
tion of spectra, opens opportunities for useful information and 
models. 

1. Structure of Pure Water. 

1a. The Observation Method. Properties of nonpolar liquids 
can be described surprisingly well by a hole model (1). In the 
case of water the partition of molecular orientation raises a 
further complication. The angle dependent Η-bond interaction 
(2,3) determines about 2/3 of the intermolecular energy of 11.6 
kcal/mol in ice. Among al l others, water molecules stand out be
cause of their high OH group content of 110 mole/l at room Τ and 
an equal content of lone pair electrons, θ. Therefore the dis
cussion of the Η-bond content, as a dominant factor, leads to a 
good approximation of the structure of water (4-12). Because of 
the dominating role of the fundamental I.R. spectroscopy many 
overlooked that the overtone spectroscopy is a very useful tool 
to determine the content of Η-bonds quantitatively(13,14). Solu
tions of molecules with OH or NH groups show, contrary to al l 
others, an anomalous strong concentration dependence of the OH or 
NH overtone bands (13,14). The sharp band νF, which appears at 
low concentrations, is replaced at higher concentrations by a 
broad frequency-shifted band vb. The VF-band has been established 
as vibration of non-H-bonded, so called "free", OH groups c F . 
The second band vb, with a larger half width Δν1/2 but similar 
area /edv of the extinction coefficients ε has been associated 
with Η-bonded species (J_3,jU.). Its frequency shift Δν is pro
portional to the Η-bond energy ΔΗ̂  (Badger-Bauer rule). Some cr i -
tics of the overtone method ignored the fact, that Η-bonds change 

0-8412-0559-0/ 80 / 47-127-043S07.25 / 0 
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- i n contrast to overtones - the area Jedv of fundamentals by a 
factor of 20 or more and therefore the fundamental v i b r a t i o n s make 
the view "opaque" f o r determination of the "free" OH. 

The determination of the concentration CL of Η-bonds with 
Ώ 

I.R. overtone bands i s complicated: i . e . , overlapping with other 
bands and simultaneous one-quantum-absorption by 2 Η-bonded mole
cules (15). Therefore, the more exact method i s : to determine 
C F=0 FC Q ( C q : concentration by weight; 0^: f r a c t i o n of " f r e e " OH), 
the content of "f r e e " OH by the sharp v„ band of undisturbed mole-

Γ 

cules and to calculate CL = (1-0.J C . 
Β F ο 

With t h i s precise technique the spectra of OH containing so
l u t i o n s could be analyzed q u a n t i t a t i v e l y as chemical equilibrium: 

0H_ + —free fre

Equilibrium constants determined by t h i s technique are among the 
most accurate ones i n ph y s i c a l chemistry (2). 

With increasing temperature Τ i n the spectra of pure alcohols 
appears more and more the same band of "free" OH (5.). For pure 
alcohols the e x t i n c t i o n c o e f f i c i e n t , ε , of the "free" OH i s 

max 
smaller and the corresponding Δν^^ l a r S e r than i n s o l u t i o n s , 
so as to make the area /εάν the same. The abbreviation " f r e e " 
does not mean "g a s - l i k e " but j u s t not Η-bonded; i t includes other 
int e r a c t i o n s l i k e the dispersion type. This appearance of "free" 
OH i n alcohols can be measured q u a n t i t a t i v e l y by the ε of 

max 
overtone maxima or byjëdv. In water too t h i s band of " f r e e " OH 
can be observed (with highest accuracy with HOD) (Figure 1 and 
2) (U - J 2 ) . 

The water overtone bands show an i s o s b e s t i c point below 
150°C (6 ,T , 8 ,_16_,JX), for example i n the f i r s t overtone of HOD 

— 1 —1 the region 7100 cm <v„ <6800 cm belongs to free or weakly bonded 
-1 -1 OH and 6800 cm < <6200 cm to Η-bonds-bands. This i s an 

i n d i c a t i o n of changing equilibrium between two d i f f e r e n t types 
of molecules with d i f f e r e n t absorption properties, and leads to 
an approximate model of water (k). I t describes water as a chemi
c a l e q uilibrium between OH and θ (see equation 1 ) . 

The T-dependence of the equilibrium constant Κ of equation 1 

demonstrates for Τ <200°C the Η-bond energy of water: ΔΗ-j = 
η 

- 3 . 7 kcal/mol ( 8 , 1 5 ) i n water and about - k kcal/mol i n alcohols. 
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50 100 150 200 250 300 350 400 
T[°C 

Figure 1. Fundamental parameter of hydrogen-bonded liquids: the spectroscop-
ically determined content of nonhydrogen-bonded OH groups in (A) liquid water, 

(φ) methanol, and (J^) ethanol (liquid-vapor equilibrium) (A). 

Q ο X 

7200 7000 6800 6600 6400 6200 
cm'1 

Figure 2. Bottom: first overtone of liquid HOD at: (1) 90°C, (2) 70°C, (3) 50°C, 
(4) 30°C, and (5) 10°C. Top: difference spectra (90°-10°C, etc.) (15). The isos-

bestic point confirms a model of two different OH groups. 
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1b. The Two-State Model. The computer simulation of water 
at room Τ too "leads to an unambigious d i v i s i o n of p a i r s i n t o hy
drogen bonded and non-hydrogen bonded" states (18) with an o s c i l 
l a t i o n (J9.,20) of the f i r s t type of OH around the Η-bond angle 
β = ο and a "non-hydrogen bonded" state;"these e n t i t i e s p e r s i s t 
fa r longer than Ĥ O molecules v i b r a t i o n a l periods" (21 ). - The 
conclusion (22) : "the computer simulation would exclude a two 
state model", i s only relevant for models with d i f f e r e n t mole
cules but not with two d i f f e r e n t kinds of OH groups, l i k e our mo
del assumes. 

This approximate two state model of water with bonded OH 
(which may have an angular p a r t i t i o n around β = o) and " f r e e " OH 
i s basis for c a l c u l a t i o n s of heat enthalpies, heat of vaporization, 
s p e c i f i c heat, surface energy, density and T-dependences under 
saturation condition t
e a r l i e r models t h i s mode  adjuste
one example equation 2 gives the s p e c i f i c heat C0 of Ĥ O at the 
l i q u i d saturation curve instead c^ ^ , the s p e c i f i c heat at i d e a l 
gas state : * 

Equation 2 established the good agreement between the simple mo
del of equation 1 with experiments (h,23). 

The model of two d i f f e r e n t OH groups i s a s i m p l i f i e d one. A 
discussion whether water i s a continuum or a system of two species 
i s misdirected. A model has to f i t experimental data and to pre
d i c t unknown properties of nature i n the simplest way. This i s 
f u l f i l l e d with our water model. The continuum theory may be cor
rect as object i n view of future research but has been i n e f f i 
cient to date for describing properties of water q u a n t i t a t i v e l y . 

2. Structure of Aqueous E l e c t r o l y t e Solutions. 

Solution structure i s a complex f i e l d . We can only consider se
lected points. The s e l e c t i o n w i l l be based on new ideas based on 
the water spectra of aqueous systems and t h e i r consequences. 

2a. Understanding of the Hofmeister Ion Series. On the basis 
of the Hofmeister or l y o t r o p i c ion series c o l l o i d chemists have 
known that aqueous e l e c t r o l y t e s cannot be explained completely by 
the simple discussion of ion charges. The author has interpreted 
t h i s ion series as one i n which the water structure undergoes 
change (8-12, 2^-27). Added s a l t s change i n f i r s t approximation 
the water overtone spectra as a T-change. Therefore we have un
dertaken quantitative measurements of the so c a l l e d structure 

C σ 
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temperature Τ (2â) as the temperature T, which pure water would s or 
have, possessing the same e x t i n c t i o n c o e f f i c i e n t ε i n the region 
of free or weak Η-bonded OH. 

The structure temperature Τ of e l e c t r o l y t e s with 1 M anion 
concentration and s o l u t i o n temperature Τ = 20 C gave the series : 
(determined at 1,156 nm (2k) ) Ba(C10^) 2 > NaClO^ > NaC103> 
KSCN = KN0 3 > Nal > KBr> KC1 > NaCl > BaCl 2> MgCl 2> Na 2S0^ Ζ 

20°C > (NH 4) 2S0 4 > Na 2C0 3 > MgSO^. 
Results of such studies are as follows: 

1. This spectroscopic series i s very s i m i l a r to the Hofmeister 
s e r i e s . 
2. I t i s necessary to study s a l t concentrations higher than 0.2 
molar to recognize s p e c t r a
3. There are two s a l t groups
c a l l e d structure breakers and b) s a l t s with Τ < Τ (solution) 

Sur 
c a l l e d structure makers. The boundary between "makers" and 
"breakers" depends i n part on the s o l u t i o n Τ (2k), 
h. The p o s i t i o n i n t h i s series i s determined mainly by the anions; 
cations play a secondary order r o l e . 
Commentary : 
1. The Hofmeister ion series gives the order: i n which changes 
occur i n water structure. The positions i n t h i s series denote 
s p e c i f i c e f f e c t s , one parameter being the ion s i z e 

Ci)-
2. Dil u t e concentrations induce only small s t r u c t u r a l change of 
the 110 mole OH/l and of the about 100 mole H-bonds/l at room T. 
In the medium concentration region of 0.2 m < C < 2-3m, the range 
of 1 or more solute molecules per " c l u s t e r " (average extension 
of Η-bonded molecules), a change of water structure becomes im
portant . 
3a. Figure 3 gives one example of the p a r a l l e l i s m between ^ S ^ Y 

and s a l t e f f e c t s f o r solutions or c o l l o i d s . There i s p l o t t e d the 
t u r b i d i t y point T^ of aqueous solutions of i-CgH^ "(θ) ~ 
-(0CH CH ) OH (abbreviation PI0P - 9 ) i n presence of s a l t s (C . = 

1 mol/l) against T ^ · Tne usefullness of the h e u r i s t i c nomen
clature T

s t r i s demonstrated i n figure k. In t h i s p l o t of the 
t r a n s i t i o n temperature °f ribonuclease the spectroscopic 
^ s t Y -values of KSCN and (NH^SO^ solutions are shown by arrows 
at the same s a l t concentration and measured t r a n s i t i o n T. Figure 
h demonstrates that Τ _,_ under these conditions i s near the t r a n -s t r 
s i t i o n Τ without s a l t s . This may mean that the averaged H-bond 
system of water i n presence of s a l t s i s at T

t r a n s s i m i l a r to that 
i n water at Τ = 6 l°C, or that the Η-bond structure of water at 
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Figure 3. Relationship between the tur
bidity temperature, TK, and the spectro-
scopically determined structure tempera
ture, T8tr (at 65°C). Indicated is the ion 
influence of the water structure ([anion] 

= M). 
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Figure 4. Ionic dependence of transition T, TM, of ribonuclease (29): (—) 
Structure T, determined spectroscopically at the same conditions as related TM 

values. Indicated is the cause of the change in TM by the ion influence of the water 
structure. 
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Τ = 61 C i s s i m i l a r to that at Ί\ i n presence of d i f f e r e n t trans * 
10ns. 
3b . Τ of PIOP-9 without s a l t s i s 6U°C. Τ > Τ (solution) means 

a. s t r 
a higher content of "fr e e " OH, or of weakly Η-bonded OH, and 
causes s a l t - i n e f f e c t s ; the opposite holds f o r s a l t s with Τ ^ < 
Τ ( s o l u t i o n ) . S a l t - i n or salt-out e f f e c t s with other solutes 
(£,22,26) demonstrate that the boundary between s a l t - i n or s a l t -
out e f f e c t depends also on the organic solute. There seems to be 
a r i v a l r y between Η-bonds of water-water, water-ions and water-
organic solute, which depends on bond strength to the organic 
solute and whether i t i s a Η-bond acceptor or donor. 
k. The contributions of anions to p o s i t i o n i n the Τ -series 
seems to be p r i m a r i l y an e f f e c t of our method; OH vi b r a t i o n s are 
more s e n s i t i v e to the d i r e c
i n t e r a c t i o n . But a d d i t i o n a
portant r o l e of anions i s v a l i d f or other properties too. 
1. Example: The t u r b i d i t y point T^ of PI0P-9 i s more s e n s i t i v e to 
added anions than to cations (10 ,2U,26,30) . The following anions 
induce a T^ region influenced by cations: 

S l i g h t cation influence on T^ 
anion C10^ SCN I N0 3 C l CN 

τ κ (°C) 80-75 78-7^ 78-69 6 8 - 6 0 6 9 - 6 3 5^-50 

anion soh- CrO u 

τ κ (°c) 35-22 35-32 

The t u r b i d i t y point i s nearly i n s e n s i t i v e on the PI0P -9 concentra
t i o n i n d i c a t i n g that the Η-bonds of OH to the ether oxygen play 
the dominant r o l e i n the s o l u b i l i t y process of PI0P - 9 . The 
greater influence of anions on T„ of PI0P -9 than cations make ion 

Κ 
adsorption improbable but the influence of ions on the OH groups 
determines the mechanism of change of T__. Otherwise, one should 

Κ 
expect that the cations play the dominant r o l e i n t e r a c t i n g with 
the lone p a i r electrons of the ether groups. 
2 . Example: The p a r t i a l molar volume of water depends more 
strongly on the type of added anion than cation. V 1 i s equal f o r 
added NaCl or MgCl 2, i f we plot V as function of the CI concen
t r a t i o n (9.). In mixtures of structure breaking and making ions 
of medium concentrations both e f f e c t s are additive (£). This may 
be a common property of e l e c t r o l y t e mixtures. 
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2b. Salt-Out Effe c t s and Spectral-Changes E f f e c t s . H-bonds 
i n l i q u i d water are cooperative by v i r t u e of angle dependence; 
the p r o b a b i l i t y to induce a second o r i e n t a t i o n defect i s l a r g e r 
near the f i r s t defect with unfavourable angles. As a consequence 
of o r i e n t a t i o n defects, the "free" OH may not be d i s t r i b u t e d s t a 
t i s t i c a l l y . Defects may be more or le s s accumulated. This i s 
s i m i l a r to the i d e a l i z e d c l u s t e r model, i n which the Η-bond de
fects could be considered as f i s s u r e planes between ordered areas 

— 11 
of very short l i f e times 10 s e c ) . By knowledge of the con
tent of "f r e e " OH we may estimate i n an i d e a l i z e d approximation 
N, i . e . the number of water molecules Η-bonded together (8-12). 
At room Τ the average i s 300. From Τ we could estimate the 
change i n (N-N^) as a r e s u l t of added ions as function of the so
l u t i o n Τ (8-10). The extensio
(for structure makers)
The most common s a l t NaCl has only a small e f f e c t on 0^ or Tg^^; 
on the base of t h i s observation we predicted that salt-out e f f e c t s 
of NaCl should be smaller i n comparison with strong structure 
makers and i t s T-dependence should be small. Our measurements of 
the p a r t i t i o n c o e f f i c i e n t of p-cresol between cyclohexane and wa
t e r solutions confirmed t h i s (£). The salt-out e f f e c t by Na^SO^ 
decreases with Τ but our method has been i n s e n s i t i v e to such a 
change for NaCl. Assuming i n a rough model that the reduced p-
c r e s o l content i n the s a l t s o l u t i o n i s caused by the ion-hydration 
s h e l l s , which would not solvate organic solutes, we could estimate 
the s i z e of t h i s hypothetical hydration number H.N. This H.N. of 
Na^SO^ estimated by p a r t i t i o n e f f e c t s i s close to the spectrosco-
p i c a l l y estimated change of the extension of the Η-bonded water 
systems (8). 

2c. "Structure temperature" as Nomenclature. Doubts about 
the term structure temperature are caused by careless generalisa
t i o n of i t . The author proposed to determine Τ r ~ which has 
been offered q u a l i t a t i v e l y by Bernai and Fowler (28) - quantita
t i v e l y i n the s p e c t r a l region of free or weak bonded OH only for 
the purpose of analysing and p r e d i c t i n g s a l t e f f e c t s on other so
l u t e s . Other solutes w i l l mainly act with weak Η-bonded water 
groups; therefore t h i s nomenclature seems to be reasonable. But 
t h i s nomenclature as "terminus technicus" i s an abbreviation 
based on complex r e l a t i o n s and has a d i f f e r e n t meaning than the 
simple words. P h i l i p and J o l i c e u r (31) found a l i n e a r r e l a t i o n 
between Τ . and the heat of t r a n s f e r ΔΗ° of the ions from H o0 to s t r 2 
D̂ O. ΔΗ depends upon i n t e r a c t i o n energy of ion-water. This r e 
l a t i o n s h i p implies that Τ i s a measure of the average H-bond 

sxr 
strength. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. LUCK Structure of Aqueous Systems 51 

2d. Gel-Formation. The usefulness of ̂ S ^ T may be demonstra
ted with other systems, too. The dye-pseudoisocyanine forms 
aqueous gels i n concentrations of dye/H^O = 1/1000 (32). The 
melting point of t h i s g e l i n D̂ O i s about 3 .8 higher than i n Ĥ Q, 
a difference s i m i l a r to that of the meltine points of D20/ 
Ĥ O. This could be described h e u r i s t i c l y : D̂ O has an H-bond 
strength at Τ l i k e H 20 at T - 3 . 8 0 ; thus i t s "T s t r" i s T - 3 . 8 ? . This 
r e l a t i o n can be applied (10) too f o r the melting temperature of 
RNA-ase (E.Coli) (^3,3^); or some b a c t e r i a are deactivated i n 
D̂ O at high Τ i n a manner s i m i l a r to that i n Ĥ O some degress 
cooler (10 , 3 5 )· The anomalou
small contents of solute
described as f i x a t i o n of the f l i c k e r i n g mechanism of the H-bond 
system of water, which i s assumed i n time i n t e r v a l s of the r e l a x 
a t i o n time of water of about 10 1 1 sec. Solutes with H-bond 
acceptors weaker than water may be solved i n water i n i t i a l l y near 
the free or weakly bonded OH ( 3 7), which may s t a r t the f l i c k e r i n g 
meachanism i n pure water. I f they have i n t e r a c t i o n s with solutes 
the f l i c k e r i n g mechanism may be reduced. This picture may lead 
t o the concept of organic hydrates which have a longer l i f e time 
than the water Η-bonds (see section 3e.). 

2e. Second Approximation of Salt E f f e c t s on Water. We could 
show that Τ of e l e c t r o l y t e solutions determined i n the f r e -s"cr 
quency region of Η-bonds gives d e t a i l e d changes of the ion series 
and of ̂ s t Y ( 3 8 ) · Choppin and Buijs (39) demonstrated that there 
i s a p a r a l l e l i s m between the increase of the e x t i n c t i o n c o e f f i 
cients i n the region " f r e e " OH and a decrease i n the absorption 
region of Η-bonded groups. J o l i c e u r and a l . (16) confirmed with 
difference spectra our r e s u l t s of the Τ ̂ r s e r i e s . In addition 
they found d e t a i l e d differences i n the change of water spectra by 
ions i n the region of H-bond bands. Figure 5 shows J o l i c e u r s 1 

difference spectra. We have added l i n e s f o r spectra i n t e r p r e t a 
t i o n based on our spectra a n a l y s i s . The double l i n e at 960 nm 
gives the region of free OH absorption, the l i n e about 1030 nm i s 
the p o s i t i o n of i c e l i k e l i n e a r Η-bonds, and the middle l i n e about 
990 nm gives the p o s i t i o n of a t h i r d middle band. This middle 
band i s necessary f o r the computer analysis of the water spectra 
( 7 ). We assume t h i s as the centre of an angle p a r t i t i o n of a 
t h i r d type of int e r a c t i o n s of OH groups by medium strong H-bonds. 
In t h i s p o s i t i o n two OH groups may l i e a n t i p a r a l l e l i n form of a 
c y c l i c dimeric r i n g with β # 110° (3.). The H-bond in t e r a c t i o n s of 
t h i s angle unfavoured i n t e r a c t i o n may be only kO % per OH bond, 
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Figure 5. Difference spectra for pure H20/ion solutions (16). Vertical lines indi
cate maximum frequencies of (left to right): "free" OH; angle-unfavored hydrogen 
bonds; and linear (ice-like) hydrogen bonds. Different ions influence the three types 

of OH differently. 
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which means because two OH are engaged about 80 % of the energy 
of one l i n e a r H-bond. By smaller 0 . . . 0 distances the dispersion 
energy i n t h i s configuration seems to be larger (about 1 kcal/mol 
higher than i n the l i n e a r p o s i t i o n ) . Thus, t h i s configuration 
may play an intermediate metastable r o l e i n water. Figure 5 a 
shows the structure breaking e f f e c t s of some large anions. Figure 

5 b , a loss of free OH and of the a n t i p a r a l l e l p o s itions H-ô...H 
and an increase of strong Η-bonds by structure maker ions and 
Figure 5 c demonstrates the structure maker e f f e c t f o r some ca
t i o n s i n the free OH region and an increase of i n t e n s i t y i n the 
region of medium H-bond i n t e r a c t i o n and p a r t i a l l y i n the region 
of strong Η-bonds (note: by the Badger-Bauer-rule Δν i s propor
t i o n a l t o the i n t e r a c t i o n s energy)

2 f . Most Anions Wea
ef f e c t could be understood e a s i l y by an o r i e n t a t i o n of water d i -
poles i n the Coulomb f i e l d s of ions. U n t i l r e c e n t l y the cause of 
the structure breaker e f f e c t of a large group of ions was not d i s 
cussed with exception of the i n d i c a t i o n of greater ion radius. 
In c r y s t a l l i n e hydrates distances and orientations of Ĥ O are i n 
optimum p o s i t i o n f o r Η-bonds or int e r a c t i o n s with ions (ho). The 
author has stressed that the à) of Ĥ O or D̂ O i n hydrates i s main
l y smaller than Δ ν of ic e (j_2 ,M_). I f we could apply the Badger-
Bauer-rule to water-ion i n t e r a c t i o n s too, t h i s would generate the 
question "can the i n t e r a c t i o n s OH...anions be smaller than the 
i n t e r a c t i o n of OH...OH?" The consequence of t h i s assertion seems 
reasonable; the f a i r l y high hydration energies of ions are given 
per mole of ion p a i r s and would need a number of water molecules. 
In that case the hydration energy of ions per mol OH may be much 
smaller. From t h i s point of view i t i s easy t o understand why 
salts, have a f i n i t e s o l u b i l i t y i n s p i t e of large hydration energy. 
A f a i r l y well-soluble s a l t l i k e NaCl needs a minimum of 9 mole
cules of water or 18 OH groups to be solvated. Therefore, the 
i n t e r a c t i o n energy per mole OH may be by about 18 times smaller 
than the so-called hydration energies which are given i n tables 
(or about 36 times smaller i f calculated per md sum of OH plus 
lone p a i r electrons ). One difference between the water-water 
i n t e r a c t i o n and water-anion i n t e r a c t i o n i s the saturation e f f e c t 
"by one H-bond and the p o s s i b i l i t y of higher coordination numbers 
of anions. There are some in d i c a t i o n s that the cation^water i n 
t e r a c t i o n may be s u b s t a n t i a l l y l arger than the anion-^water i n t e r 
a c t i o n , which can be observed mainly with the v i b r a t i o n spectra. 
In addition the anion-cation i n t e r a c t i o n should have an appreci
able e f f e c t on the so-called hydration energy, according to the 
assumptions of the Debye-Huckel theory. 

But we could deduce from the small Δν f o r ions that i n agree
ment with the observed "structure breaker e f f e c t " , there are some 
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anions which have weaker i n t e r a c t i o n energies per OH group com
pared with the l i n e a r H-bond energy i n water. As a consequence 
we would need more than 1 Ĥ O molecule i n the ion hydration sphere 
and there may be some f l i c k e r i n g aggregates c o n s i s t i n g of anion... 
...(H^O)...cation. 

The s i m p l i f i e d e quilibrium of pure water given i n equation 
( l ) may now be enlarged to a coupled equilibrium: 

K K J [ K + ] 1/y Γ - Ή / χ ( 5 ) 

( κ Α ) 1 / χ
 ( Κ κ ) 1 ^ [ Ο Η Χ Α ~ ] | Θ / ] L L J 

Every water...ion i n t e r a c t i o n (equations 3 and k) can be d e s c r i 
bed with i t s own coupled equilibrium of d i f f e r e n t hydrations 
steps as shown i n equation 6 : 

OH^ + OH ,A~ r^" OH A~ (6) free x-1 χ 

The i n t e r a c t i o n s of equations 3,*+ and 6 may be smaller or bigger 
than i n 1. The structure of e l e c t r o l y t e solutions depends there
fore i n Hofmeister ion series on the s p e c i f i c ion-water i n t e r 
a c t i o n , on the coordination numbers and on the concentration i f 
the hydration spheres are large enough to disturb each other. 

Exceptions to the rul e Δν(electrolytes) <Δν (ice) are: 
1.) solutions of CsF (55.) , which have high s o l u b i l i t y i n water. 
Both factors could be r e l a t e d to high i n t e r a c t i o n s of water and 
CsF; 2 . ) S o l i d A l ( C l ) ^ ' ÔH^O, which shows hydrolysis based on 
strong i n t e r a c t i o n s ; 3 . ) Solutions of strong acids and bases, i n 
which both groups induce broad bands with high i n t e n s i t i e s at 
the long wave length side of the i c e fundamental or overtone bands 
(26 9 k2). For H-bond bands of solutions or l i q u i d s Δν^^ i s P r o ~ 
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p o r t i o n a l to Δν (^1 ). These broad bands of strong bases and 
acids may ind i c a t e parts of the s o l u t i o n with stronger H-bond i n 
teractions as Η^Ο.,.Η^Ο ( M ) . This would agree with the high so
l u b i l i t y of aci d or base ions. The spectra of aqueous solutions 
of strong acids and bases reproduce the abnormal properties of 
such solutions compared with s a l t - i o n s . 

2 g . Hydration Numbers. In sp e c i a l cases spectra provide i n 
formation on hydration numbers. NaClO^ or NaBF^ induce strong 
intensive water bands i n the v-region i n d i c a t i n g very weak H-
bonds. By d e t a i n e d analysis of the coupling between the two OH 
stret c h i n g frequencies, the symmetric v^ and the asymétrie v^ 
(Î3,^M and comparison with HOD spectra, i t i s possible t o i s o 
l a t e the spectra of two
...DOD ( 1 : 1 ) , 2 . ) A symmetric CIO^ ...DOD ... CIO^ ( 2 : 1 ) . - By 
an analysis of the area of the d i f f e r e n t bands we can estimate the 
content of d i f f e r e n t Η-bonded D̂ O (upper part of Figure 6 ) . In 
the lower part of Figure 6 the concentration of D̂ O i s calculated 
per CIO^ , the hydration number HN. At low concentration i n the 
1:1 complexes HN i s nearly h9 decreasing with C (ClO^). The 2:1 

complexes, which correspond to the c r y s t a l l i n e monohydrate of 
NaClO^, have HN about 1 such as i n the c r y s t a l l i n e s t ate. The 
decreasing HN of the 1:1 type i s r e l a t e d to a decrease of the wa
t e r content per volume unit with increase of s a l t concentration. 
Both e f f e c t s may depend to a type of coupling between oriented 
hydration spheres of cations and anions. The quotient of con
tents of 1:1 to 2:1 complexes depends on C (CIO^), the content of 
2:1 increasing with C. This leads to the assumption of a 2:1 com
plex CIO^...DOD...ClO^ and the exclusion of a symmetric complex 
i n v o l v i n g one CIO^ symmetrically positioned between two OD groups 
of one Ώ^Ο. 

Therefore we could assume that the OD axis i s not f a r from 
the 0. . .C10^ axis s i m i l a r t o predictions from computer simula
t i o n s ( Î 5 ) for anion...HOH. 

The e f f e c t of co r r e l a t i o n s between hydration spheres of 
anions and cations at higher concentrations has to be assumed at 
other solutions too. 1 mole/l s a l t s reduce the D̂ O content of 
55 mole/1 at 25°C to the values: KF : 5 3 ; L i C l : 5 1 . 5 ; CsCl:VT . 7 ; 
and Bu^NBr :26.3 . With t h i s reduction of water concentration by 
ions, the H-bond e q u i l i b r i a of equations 1-5 are also changed. 
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This reduction may be r e l a t e d to the volume of the i o n s , but the 
structure maker Na^SO^ does not change the volume concentration 
of water considerably. E l e c t r o s t r i c t i o n e f f e c t s of the ion f i e l d s 
may compensate p a r t i a l l y the Na^SO^ ion-volume i n the s o l u t i o n . 

The various e q u i l i b r i a of equations 1-5 generate a l o t of 
parameters depending on the p o s i t i o n i n the ion s e r i e s . The d i f 
ference spectra (difference from pure water) of Figure 7 ( 5 5 ) , 
give some i n d i c a t i o n s . The ions (exception F~)induce excess i n 
t e n s i t y i n the region of weak H-bonds (19^0 nm) and reduce the 
i n t e n s i t y i n the regions of strong H-bonds (2050 nm) and of the 
"free OH" (1900 nm)-

The reduction of "free OH" by most ions would mean that 
weak i n t e r a c t i n g ions f i l l free OH of pure water; the strong i n 
t e r a c t i o n F ions may b
water, too. 

The r e l a t i o n between d i f f e r e n t hydration spheres can be ob
served by the concentration dependence of salting-out e f f e c t s of 
organic solutes (9,10,12 ,26). There may be, i n a d d i t i o n , r i v a l r y 
between the hydration of ions and of the organic solutes. Figure 
8 shows that the t u r b i d i t y point of PI0P-9 increases u n t i l KI 
concentration reach about 2 mol/l and then decreases above 2 m. 
As d i f f e r e n t from the case of pure water, T„ depends fo r high 
concentration of structure breaking ions on the concentration of 
the organic s o l u t e , too. The Τ maximum with Nal i s near k m; 
with L i l > 3 m, the Li-maximum i s not e a s i l y observable because 
T R > 100°C ( 2 6 ) . 

Because of the many parameters i t i s not easy to c a l c u l a t e 
properties of aqueous solutions with the simple model of section 
1. For instance, the known negative p a r t i a l molar s p e c i f i c heats 
of ions (k6,Uî) may be r e l a t e d to a reduction of the intermolecul-
l a r part of the s p e c i f i c heat of water, the part (dOF/dT) ΔΗ^ i n 
equation 2. This part gives the energy of the change of H-bonds 
per degree. dO^/dT i s given by the slope of 0 P = f (T) (see 

Γ Γ 

Figure 1). With additions of KF, LdCI or CsCl (.15 water: 1 i o n -
p a i r ) the slope of 0 p i s decreased by 20 % by CsCl and 30 % by 
LiCI or KF. Bu^NBr, which has a large p o s i t i v e p a r t i a l molar 
s p e c i f i c heat, increases d0p/dT by 30 %. Quantitative c a l c u l a 
t i o n s require knowledge of i n t e r a c t i o n energies ΔΗ^ i n presence of 
ions. 

3. Mixtures: Water/Organic L i q u i d s / E l e c t r o l y t e s 

3a. S o l u b i l i t y and Acceptor Strength of tne Organic Molecules 
Weak acceptors f o r H-bonds w i l l i n t e r a c t mainly with the " f r e e " 
OH i n water. This could be demonstrated with solutions of NHQ/Ho0 
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Figure 6. Top: concentration of total DgO, liquid-like DgO in 1:1 or 2:1 complexes 
with ClOf as a function of NaClOk concentration at 20°C. Bottom: hydration 

numbers of ClOf in 1:1 and 2:1 complexes and the mean values of both at 20°C. 

Δ t Q.U3m Κ J (122.6) 
Λ0- /^*s^0,763m kCI (71.1) 

20· / ' * '\^-0.664ηη Κ Br ( 81.7 ) 20· 
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0 

-20-

1850 1950 2050 2150 2250 nm 

Figure 7. Difference spectra for pure water/saturated electrolyte solutions at 23°C. 
KI, KCI, and KBr reduce the content of free OH (1890 nm) and the content of 
strongly hydrogen-bonded OH (about 2050 nm) and increase the content of weakly 

bonded OH (1940 nm). KF has the opposite effect (55). 
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spectroscopically (37). Acceptor strength s i m i l a r t o that of wa
te r or stronger could disturb the H-bond system of pure water. 
The p o s i t i o n of hydrophilic molecules i n the series of H-bond 
acceptors can be determined spectroscopically by the Badger-Bauer 
r u l e from Δν of the water bands (_12 ,*±3.,]i*0. We obtained the 
s e r i e s : a c e t o n i t r i l e < dioxane<< dimethylsulfoxide < pyridine < 
triethylamine.A comparison with i c e spectra gives acceptor strength 
of Ĥ O between pyridine and triethylamine (j_2 ) . 

Molecules without H-bond acceptors are solvated by dispersion 
forces. The s o l u b i l i t y of small molecules increases with i t s c r i 
t i c a l T, which i s a measure of dispersion forces (j_). S t a r t i n g 
with molecules of the size of XCH^ (X:F, CI, Br) the s o l u b i l i t y 
i n water decreases with the molarvolume or the s i z e of the mole
cules (10,U8). Large molecule
There are some discussion
ture around hydrophobic molecules (9-12 ,^8)» This pentagondodeca
hedral arrangements of Ĥ O form bigger holes than i c e , a l l OH or 
lone p a i r electrons being at the surface of the pentagondodecane-
d r a l , or point to outside, none to the i n t e r i o r . This arrange
ment needs no "fre e " OH. -The same process, a structure with a 
minimum of "free" OH i s the cause of the so c a l l e d "hydrophobic 
bond", a nomenclature that i s misleading. Only the tendency of 
the water H-bonds to be closed constrains the hydrophobic groups 
to come together i n presence of water. 

A mixture of organic solutes i n water can change the hydro
phobic properties of solutes. For example the t u r b i d i t y point 
of PI0P -9 can be increased or decreased by adding organic mole
cules. A r i s e of T__ was observed f o r 0 .5 mol/l a d d i t i v e s : 
C^HQ(0H) 2 > H 2HC0N(CH 3) 2 > N^COOC^ > i - C ^ O H > NHC^OH > 
C Η OH > tetrahydrofurane; a reduction of T„ was observed f o r 
glucose < H2C=CH-CsN < i-C^H^OH < paraldehyde. 

The f i r s t group of organic molecules may screen hydrophobic 
groups, the second one may screen hydrophilic groups. J o l i c e u r 
et a l . (16) have observed a change i n the water structure by 
d i f f e r e n t organic solutes and describe i t by Τ too. In'agree-

s t r 
ment with the PI0P-9 method they found two groups of organic so
lute s : 1. Τ . > Τ (solution) 2 . Τ . < Τ ( s o l u t i o n ) , 

s t r s t r 
3 b . M i c e l l e Formation and E l e c t r o l y t e s . Molecules with more 

or l e s s separated hydrophobic and hydrophilic groups form 
" c l u s t e r s " of t h e i r hydrophobic groups i n the shape of micelle 
n u c l e i . Above the c r i t i c a l concentration (CMC) a l l added mono
mers have to form micelles as a r e s u l t of the eq u i l i b r i u m , η 
monomers = m i c e l l l e . CMC depends on the HHB-value, the balance 
between h y d r o p h i l i c i t y and hydrophobicity. HHB i s s e n s i t i v e to 
added s a l t s p a r a l l e l t o the Hofmeister ion s e r i e s . For instance, 
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the equilibrium constants Κ . of micelle formation of i - C Q i L -
mi ο 17 

- ((5) - (0CH 2CH 2)^ Q-0H (PIOP-UO) determined by a U.V. method 
(27 ,^9) are reduced by 0 . 5 mol/l s a l t s i n the s e r i e s : L i C l < 
NaCl < B a C l 2 < N a H C 0 3 < (NH^) S0^< Na^SO^) (O.U m) < Na 2 C 0 3 

( 0 . 3 m) (at 20°C). The maximum change of Κ . i s by a fac t o r of 
0 . 0 1 . m l 

Molecules which are weakly soluble i n water, can be solvated 
i n the hydrophobic micelle nucleus. This i s an important t e c h n i 
c a l process for instance for detergents. As l e v e l l i n g agent i n 
t e x t i l e chemistry micelles act as buffers for dyestuffs, the dyes 
are s o l u b i l i z e d i n the micelle nucleus and t h i s e q uilibrium holds 
the " f r e e " dye concentration i n the water phase more or l e s s con
stant during the dyeing process (U£,5£)

E l e c t r o l y t e s i n th
out e f f e c t of dye to th
the l e v e l l i n g agent increasing the micelle concentration (27.). 
The s a l t out e f f e c t on dyes favoures the wash-fastness of tex
t i l e s : the p a r t i t i o n c o e f f i c i e n t of the dye between f i b r e and 
washing bath i s increased by structure making s a l t s ( 5 2 ) . 

3 c Interface E f f e c t s and E l e c t r o l y t e s . The surface tension 
of water i s increased by ions i n the series (26) : 

S0^ > CI > Br > N 0 3 > I > SCN 

L i + > Na + > K + 

This e f f e c t i s caused by two f a c t o r s : 1.) the change of the water 
structure by change of the H-bond system as a r e a l e f f e c t on sur
face energy (j_) and 2 . ) the change of the number of water mole-
cules per cm of surface (j_,j+,53.) by ions. Consequently a change 
of the surface area-pressure diagrams of monolayers of C^gH^-
-(0CH 2CH 2) 30H (C18-03) by ion additions to the water subphase has 
been observed (5}0. The change of the water structure by ions i n 
the series of Hofmeister a l t e r the i n t e r a c t i o n energy between 
the water subphase and the ethylenoxide groups of (C18-03) and 
the required force to get the same monolayer area varies s i m i l a r l y 
t o a T-change (3}±). 

3d. Ion S o l u b i l i t y i n Mixtures: Water Organic Solvents. 
S o l u b i l i t y of s a l t s i n hydrophilic solvents i s smaller than i n 
water; only some perchlorates or L i s a l t s have comparable s o l u 
b i l i t i e s (Figure 9 gives the r e c i p r o c a l ion s o l u b i l i t y expressed 
i n mole solvent (alcohol or acetone) per mole s a l t on a l o g scale 
(55) · Data c o l l e c t e d by Barthel (56_) demonstrate that at 25 C the 
p a r t i a l molar volume of ions i n methanol at i n f i n i t e d i l u t i o n i s 
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Figure 8. Rivalry of ion and ether hydrates of PIOP-9 at high ion contents. Above 
2m KI, the tubidity point, TK, depends on the PIOP concentration (ng/L), and 

above 4m, the structure-breaking effect of Κ disappears. 

Figure 9. Reciprocal solubility of chlor
ides in water and alcohols on a logarithmic 
scale, demonstrating the important role of 
the network water structure on ion solu

bilities (55) 
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about 25 +U(cm ) smaller than i n Ĥ O and about h + 3 (cm ) bigger 
i n formamide without i n d i c a t i n g systematic v a r i a t i o n s from the 
given average values. In ternary mixtures: water/acetone or 
etha n o l / s a l t s , the r e c i p r o c a l s a l t s o l u b i l i t y expressed i n Ĥ O 
present per ion p a i r (Figure 10 ) i s nearly constant u n t i l solvent 
concentration reaches about 250 ΗΓ 0 per solvent molecule (the 
si z e of the water "c l u s t e r s " ) (55/ » Above t h i s solvent concen
t r a t i o n the s o l u b i l i t y of s a l t decreases sharply. In mixtures of 
water/acetone/K^CrO^ two phases appear above 0.03 mole acetone 
per mol water; the second phase has 0.2*+ acetone per water and 
the s a l t content i s reduced by a factor of 5 . 5 · These types of 
experiments indicates that ions need a group of water molecules 
to be dissolved. With higher concentrations of solvent molecules 
the content of such group
s a l t s o l u b i l i t y decreases

The r e l a t i o n s h i p drawn i n Figure 10 has some s i m i l a r i t i e s to 
properties of aqueous s a l t solutions : 1) the behaviour changes 
above concentrations higher than 1 solute per about 300 H^O, 2) 
the s o l u b i l i t y of ions requires a group of Ĥ O molecules, and 3) 
there i s a r i v a l r y between ion and solvent hydration (see 2 pha
ses acetone/H^O). 

3e. Organic Hydration. The foregoing r e l a t i o n s h i p and others 
suggest the existence of hydrates of organic molecules. For i n 
stance above the t u r b i d i t y point T^ of PI0P-9 or s i m i l a r compounds 
the organic phase has a f a i r l y high water content (26 ), depending 
on the difference (T-T^), s t a r t i n g with about 20 H o0 per ether 
group and decreasing t i l l 2 Ĥ O. Additions of ions to the water 
phase decreases t h i s water content to a l i m i t i n g value of 2 Ĥ O 
per ether oxygen, also. This mixture of PI0P-9 with 2 Ĥ O per 
ether group has a sharp v i s c o s i t y maximum, a maximum of the v e l o 
c i t y of sound, and a s p e c i a l x-ray structure (10). This s t r u c 
ture has been described as meander structure of the ethylenoxide 
groups or as a h e l i x . Models of t h i s hydrate show that there are 
water positions possible with a l l H-bond angles β = o. H-bonds 
bridges of 2 Ĥ O from one ether oxygen to the next to nearest 
neighbors may be amplified by cooperative mechanism of the 2 Ĥ O. 
In t h i s case the dihydrate may be of sp e c i a l s t a b i l i t y . Warner 
(57) has discussed possible r e l a t i o n s between hydration of b i o -
polymers and i c e - l i k e distances of the H-bond acceptor groups of 
these polymers (5 j[) . 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



WATER IN POLYMERS 

0.1 10 100 500 
mol H 2 0 / mol (aceton or C 2 H 5 0H) 

Figure 10. Reciprocal salt solubilities in the ternary systems: water/acetone or 
ethanol/salts at 23° C as a function of the solvent mixture ratio: (Ç), φ) NaCl, 
(\3> M) KCI, (Δ, A) K2CrOj,; open symbols represent acetone systems, closed 

symbols represent ethanol systems. 

100 200, 
m g X / m l H20 (initial cone ) 

Figure 11. Ratio of gelatin and chondrotine sulfate (CS) in the coacervates depends 
on additives (Χ): Ο NaCl; (X) NaHPO,,; (O) sodium cyclopentanecarboxylate. 
The coacervate was prepared by mixing 5 mL gelatin (1%) and 3 mL CS (1%) at 

40°C and cooling to 20°C (55). 
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3f. Coacervates. In a two phase system, water/organic s o l 
vent, the phase enriched with the solvent i s c a l l e d coacervate 
(Bungenberg de Jong, 58.). The organic phase above the t u r b i d i t y 
point of PIOP-9 behaves l i k e a coacervate. I t s composition can 
be changed strongly by ion additives (26,10,55,59). 

The following table demonstrates i n the second l i n e the i n 
fluence of d i f f e r e n t ions on the water content of the organic 
phase (mole H^O/ether group) and i n the t h i r d l i n e the influence 
on the PIOP-9 content of the water phase (g PIOP-9/l) at 80°C. 

s a l t NaSCN NaClO^ Nal Without s a l t NaN03 

Ĥ O content 
PIOP-9 " 

s a l t 

18 
27 

NaCl 

1̂ .3 
2.2 

2 

11.5 h.Q 

0.8h 

2 

k. k 

Ĥ O content 
PIOP-9 " 

s a l t 

k 

0.5 

KCI 

k 

0.39 

MgCl 2 

3.9 
0.2 

NH^Cl 

6 

3. 
OJ 

A1C1 3 

3 
49 

Na LF 

3 .7 

0 .67 

Na 2 

3.3 
0.82 

co3 

Ĥ O content 
PIOP-9 " 

s a l t 

3.2 

NaHC03 

3 

CuSO h 

3 
0.U6 

MgSO^ 

2.8 
0.U9 

ZnSO^ 

2 .6 

0.3^ 

Na 2S 

2.2 

Ĥ O content 
PIOP-9 11 

2.2 
0.38 

2 1.8 1.7 1.6 

0.13 

A second experiment of t h i s type (59) establishes the strong 
influence of s a l t s on coacervates and demonstrates the importance 
of t h i s observation f o r b i o l o g i c a l systems. Figure 11 shows the 
composition of a coacervate i n the system water/gelatine/chondrο
ι ine s u l f a t e /X. Different additions of X change the r a t i o gelatine 
/chondrotinesulfate depending on the concentration and type of 
additive (59). The two main components are important components 
of c a r t i l a g e . Cartilage and collagen behave s i m i l a r l y to coacer
vates (59), which can depend on the type and concentration of ions 
i n the aqueous phase. These could encourage researchers of en
vironmental protection i n s t i t u t i o n s t o prove influences of ions 
on the human body. Compare the difference by a fact o r 10^ of ions 
on gelation of sols ( 6 θ ), or the s h i f t of the melting point of 
gelatine (Δ Τ t i l l 35°) by d i f f e r e n t ions (6_1_), and further examp
les (10). 

Already Ostwald (62) distinguished primary hydration spheres 
around organic solutes and a second d i f f u s e hydrate sphere. 
Bungenberg de Jong assumed coacervate formation as combination of 
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the primary hydration spheres and separation from the d i f f u s e one. 
This process i s s i m i l a r to ion p a i r hydrate formation ( 6 3 , 6 ί , 6 5 ) , 
where the primary hydration sphere i s connected (Figure 1 2 ) . From 
our model experiments with PIOP-9 we would assume as preliminary 
step of coacervation the connection of the second hydration s h e l l s 
(Figure 12) . 

The coacervate formation of PIOP-9 at higher Τ (at low Τ only 
one phase exists)belongs to a group of processes, which i s favoured 
at high Τ (polymerisation of tabacco mosaic protein or hemoglobin 
of anaemia s i c k l e c e l l s , d i v i s i o n of f e r t i l i z e d eggs, p r e c i p i t a t i o n 
of poly-L-proline above 25°C etc.) ( K) ,66 ). Lauffer (66) c a l l s 
these e f f e c t s "entropy driven processes" and assumes that the en
tropy increase of water is_ i t s cause. The increase i n hydrophobic 
i n t e r a c t i o n also favours these changes. 

k. Aqueous Systems. 

We give three d i f f e r e n t examples for water properties i n complica
ted systems of the s o l i d type. 

Ua. Polyamide Fibres. The water content of polyamide f i b r e s 
i s important f o r dye d i f f u s i o n processes ( 6 j , 6 8 , 6 9 ). Acid dyes 
have a very low d i f f u s i o n i n polyamides at ambient humidity and 
room temperature; the d i f f u s i o n can be accelerated by increasing 
the r e l a t i v e humidity. For instance the d i f f u s i o n rate of a P e r l i -
ton dye at 60°C contacted with l i q u i d water i s s i m i l a r to that i n 
a i r at 150°C at low humidity ( 6 8 ) . 

The water d i f f u s i o n c o e f f i c i e n t D i n polyamide i t s e l f i n c r e a 
ses with water concentration. D of Ĥ O (80°C) i n 6-polyamide i s 
reduced at 25 % r e l a t i v e humidity to 18 % of i t s value at 100 % 
r e l a t i v e humidity ( 6 8 ) . This may be important f o r insects i n a r i d 
areas. Drying at the surface may reduce the water d i f f u s i o n from 
i n s i d e . 

Salts change the water contents of polymers and therewith the 
d i f f u s i o n processes. In 6-polyamide at T0°C we found an increase 
of water uptake to 132 % with 1 m NaClO^ i n the water phase and a 
decrease t o 82 % with 1 m Na 2 S0^ ( 1 0 ) . 

An important and often neglected factor i s the pretreatment 
of polymers. For instance, the p a r t i t i o n c o e f f i c i e n t of strong 
acids between 6-polyamide/water i s about 200 at = U-5. To r e -

n 
duce the acid content of a 6-polyamide f i b r e e q u i l i b r a t e d with HC1 of ρ = k to 50 %9 i t i s necessary to trea t i t about 200 times η 
i n e q u i l i b r i u m with pure water at volume r a t i o s 1:1 ( 5 2 ) . 
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kb. Water i n B i o l o g i c Systems. In recent years there have 
been discussions on the important r o l e of d i f f e r e n t types of wa
te r molecules i n b i o l o g i c a l c e l l s , d i f f e r e n t i a t e d as "bonded" and 
"unbonded" ( 1 0 , 7 0 - 7 6 ). To prove t h i s assumption we applied our 
I.R. overtone method to water i n c a r t i l a g e or collagen (55.»77)· 

In these probes there i s a frequency s h i f t of the water bands 
at low humidities (Figure 1 3 ) . In the region to about 50 % r e l a 
t i v e humidity the f i r s t hydration s h e l l of the biopolymers i s 
formed. In t h i s region of the formation of the f i r s t hydration 
s h e l l the polymer I.R. band changes with water additions, i n d i c a 
t i n g small change of the polymer properties. A f t e r f i l l i n g the 
f i r s t hydration s h e l l the water uptake increases r a p i d l y ; the wa
t e r frequency changes i n the d i r e c t i o n of weaker H-bonds, but the 
polymer band i s now constant (Figure 1 3 ) . Such experiments con
ducted with glucose, amylose  amylopectin  glycogen and dextrine
e s t a b l i s h two d i f f e r e n t
( r e l a t i v e humidities <
i n the l i q u i d s t a t e , 2) secondary hydration (50 % < r e l a t i v e humi
d i t i e s < 98 %) with l i t t l e disturbed l i q u i d - l i k e water structure 
and 3) at high water contents, l i q u i d - l i k e water. These three 
types were confirmed with difference spectra i n the three humidity 
regions (55.). The differences are very s i m i l a r i n each state but 
quite d i f f e r e n t from to another humidity region. 

The water amount of the t h i r d type can be influenced by ions. 
The water uptake of f r e s h l y prepared bovine nasal c a r t i l a g e i s 
d i f f e r e n t i f contacted with l i q u i d water or solutions (115 % pure 
water, 106 % at 0 . 0 8 NaCl). 

The existence of d i f f e r e n t types of water, c a l l e d bonded and 
non bonded, has been established by the spectroscopic method. The 
f i r s t hydration water was found to be a l i t t l e more strongly bonded 
than i n the l i q u i d state. Instead of "bonded water" we c a l l i t 
hydrate water. The excess water i s l i q u i d - l i k e with small d i s t u r 
bance . 

On the basis of the spectra i t would be better to c a l l the se
cond type l i q u i d - l i k e water rather than unbonded, because i t i s 
characterized by normal Η-bonding and the bond-differences to l i 
quid water are only small. The b i o l o g i c a l consequences of the two 
types of water are unexpectedly large compared with the small spec
t r a l d ifferences. Seed does not grow at low humidity: food s t a b i l i 
t y can be r e a l i z e d by small reduction of the water a c t i v i t y with 
sugar, s a l t e t c . ; microorganism do not grow on food as a r e s u l t of 
small reductions of the r e l a t i v e humidity. These changes seems to 
depend upon l i q u i d - l i k e water. The differences between the two or 
three d i f f e r e n t water states could be interpreted too with the 
structure temperature. In the middle part of Figure 13 i s given 
on the r i g h t scale the wavelength of the water maxima i n tendon or 
gelatine at d i f f e r e n t r e l a t i v e humidities and on the l e f t scale the 
structure temperature Τ ̂  » which pure water should have i n d i c a t i n g 
the same wavelength maxima. Τ may give a more reasonable scale 
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A : Pr imary Hydrat ion B.Secondary Hydrat ion 

A 

Ion-Solut ion Ion Pair Hydrate 

Ion-So lvent Interact ion 

Solut ion Coacervate 

Mod i f i ed Coacerva te Model 

Figure 12. Similarity between the model of ion-pair hydration and hydrates in a 
coacervate 

Figure 13. Hydration of tendon or gela
tin. Top: change of a polymer IR band 
during formation of the first hydration 
shell. Middle: during the formation of the 
first hydration shell, the water IR over
tone band indicates slightly stronger hy
drogen bonds, similar to liquid-like water 
CTstr: —45° to —50°C). Bottom: desorp-
tion isotherm (55). Symbols: (Φ, O) ten

don, (^, 0, 0) gelatin. 
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to understand that small changes of the p o s i t i o n of the water I.R. 
maxima are accompanied with b i g b i o l o g i c e f f e c t s . 

There are a l o t of s a l t e f f e c t s on b i o l o g i c a l samples, which 
can be ordered by the Hofmeister ion series (J_0). A l l these e f f e c t s 
i n d i c a t e changes of the water structure and i t s importance for 
l i v i n g c e l l s . 

he. Mechanism of Desalination Membranes. The decrease of the 
water content of PIOP-9 coacervates with Τ seems to o f f e r a method 
for desalination as fol l o w s : 1) add PIOP-9 to sea-water, 2) warm 
up to the t u r b i d i t y p o i n t , 3) separate the aqueous phase, k) heat 
the organic phase, and 5) separate the water phase that has 
appeared. This experiment was ca r r i e d out but i n the new water 
phase the ion concentration was s i m i l a r to the o r i g i n a l . In t h i s 
coacervate these may b
dration phase and a mor
l i q u i d - l i k e and solvates ions. This leads to the postulate that 
d e s a l t i n g materials should have hydration water but no l i q u i d - l i k e 
water phase. Uptake of water that i s l i q u i d - l i k e could d i s 
solve ions should be suppressed by s t e r i c hindrance ( 7 8 , 7 9 ) . Such 
experiments done with copolymers of ethylene/propyleneoxide d e r i 
vatives (reduced Ĥ O a f f i n i t y ) gave an ion reduction i n step 5 

( 7 8 , 7 9 , 8 0 ) . 
Spectra of water i n desalination membranes ( c e l l u l o s e acetate, 

polyimide, porous glass) show i n contrast to b i o l o g i c a l Studies a 
smaller Δν and indicate a weaker Η-bonded system i n these mem
branes compared with l i q u i d water ( 7 8 , 7 9 ) . 

The spectroscopic overtone r e s u l t s i n d i c a t e a water structure 
i n membranes d i f f e r e n t from l i q u i d water. The observed weaker H-
bond system would favour a quicker -flux. The water uptake i n mem
branes gives an estimate of the s i z e of "pores" between the poly
mer or glass chains, calcu l a t e d i n units of Ĥ O s i z e : 1) c e l l u l o s e 
acetate, about h9 2) examined glass membranes 8 , and 3) t e c h n i c a l 
glass f i b r e s about 5 . This could mean that i n these layers there 
are not s u f f i c i e n t water f o r the ion s o l u b i l i t y mechanism. Experi
ments by Pusch (8j_) established t h i s concept; ion r e j e c t i o n de
creases i n the s e r i e s : Na_S0, > CaCl^ > NaF > NaCl. NaoS0» needs 

2 4 2 2 k 
more water molecules to be dissolved i n the membrane pores than 
NaCl. Disturbance of the water structure by the formation of hy
drates with membrane material further reduce the e f f i c i e n c y of the 
membrane water to solvate ions. 

On the basis of the membrane research we prefer the following 
nomenclature of water types i n aqueous systems : 1) f i r s t s h e l l of 
water hydrate, 2) second s h e l l of disturbed l i q u i d - l i k e water and, 
3) l i q u i d - l i k e water. The s a l t transport i n membranes, the d i f 
fusion of dyes i n f i b r e s or the biochemistry i n l i v i n g c e l l s need 
the existence of water of types 2 or 3 . 
Other methods to study d i f f e r e n t water types see references( 1 0 , 7 3 , 7*0. 
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L i s t of Symbols 

θ 
CL 

dOF/dT 

"Β 
0 I ÎF 

ΔΗ Η 

vb 
Δν 

1/2 Δν 
ε 
π 
Τ 
Τ 

str' 

Γ =Τ trans Μ 

ν,id 
R 

lone p a i r electrons 
concentration of non Η-bonded OH groups 
f r a c t i o n of non Η-bonded OH groups 
slope of 0 F i n F i g . 1 
concentration by weight 
concentration of Η-bonded OH groups 
non-bonded or " f r e e " OH 
Η-bonded OH 
H-bond energ
frequency of
frequency of the band maximum of Η-bonded OH groups 
frequency s h i f t between: "free OH" and "Η-bonded OH" 
h a l f width of bands 
e x t i n c t i o n c o e f f i c i e n t at band maximum 
Temperature 
c r i t i c a l temperature 
structure temperature of a s o l u t i o n , Τ of pure water with 
s i m i l a r content of non Η-bonded OH 
lowest temperature of two phase formation 
: t r a n s i t i o n -T of ribonuclease 
s p e c i f i c heat i n l i q u i d state at saturation l i n e 
s p e c i f i c heat at constant volume of i d e a l gas state 
Gasconstant 
p a r t i a l molar volume of water i n e l e c t r o l y t e solutions 
H-bond angle, β=0 i f angle between axis OH and lone p a i r 
electrons i s zero 

Κ 
HN 
OH A 

y 
PIOP-9 
cs 
d.w. 
I.R. 

cation 
hydration number 
hydrated anion with ΗΝ = χ 
hydrated cation with HN = y 
p-iso-octylphenol with 9 ethylenoxide groups 
chondroitinesulfat 
dry weight 
I n f r a Red 
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Water a n d Prote ins: S o m e H i s t o r y and C u r r e n t 

Perspectives 

JOHN T. EDSALL 
Biological Laboratories, Harvard University, Cambridge, MA 02138 

Water is alone among the traditional four elements 
- earth, air, fire, an
but a pure chemical compound
repeatedly as a life-giver in the creation myths of Greece, 
Egypt, Babylon, the Near East, and Persia" (1). Thales of 
Miletos, who lived about 600B.C., was credited by Aristotle and 
others with the view that life-as-soul (psyche) was immanent 
in water, and that water was essential for life-as-action 
(zoe).(1) Whatever the real views of the historical Thales may 
have been, the recognition of the deep significance of water for 
life is very old indeed. 

More than 2000 years after Thales, Whewell (2) pointed 
out the unusual thermal properties of water, and the geological 
and biological significance of the fact that water is denser 
than ice, and becomes st i l l denser as the temperature rises from 
0 to 4°C. For Whewell's natural theology, these facts and 
others were manifestations of Divine Wisdom in the construction 
of the universe. Some 80 years after Whewell, L .J . Henderson (3) 
pointed out the unique position of water among all known liquids 
in possessing maximal, or nearly maximal, values for a wide 
range of thermal, electrical, and other properties, which 
rendered it a uniquely suitable medium for the properties of 
life as we know it . Henderson abjured any invocation of theo
logical arguments like those advanced by Whewell, but did state 
that the remarkable properties of water, carbon dioxide, and 
other compounds of carbon, hydrogen, and oxygen, appeared to 
imply the existence of a "teleological order" in the properties 
of matter, favorable to the appearance of life in evolving worlds. 

Twenty years after Henderson, Bernai and Fowler (4) 
published what probably st i l l remains the most important single 
paper on water that has yet appeared. By 1933 the structure of 
ordinary hexagonal ice was known from x-ray diffraction, the 
shape and dimensions of the water molecule were known from 
spectroscopic studies, and its general electronic configuration 
was largely understood. Bernai and Fowler showed how water, 
at temperatures not too far above the freezing point, could be 

0-8412-0559-0/ 80/ 47-127-075505.00/ 0 
© 1980 American Chemical Society 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



76 WATER IN POLYMERS 

regarded as consisting of a sort of broken-down ice structure 
for short-range interactions. They could explain in qualitative, 
and often in semiquantitative terms, how the properties of 
the molecule determined that remarkable array of physical 
properties that had so impressed Henderson (whom they did not 
mention). The approximately tetrahedral arrangement of the 
charge distribution in the triangular molecule, with two 
positive centers of charge (hydrogen bond donors) and two 
negative centers (hydrogen bond acceptors) went far to explain 
the high dielectric constant of water, its high surface 
tension, its high heat of vaporization high melting point, and 
many other properties. These brief remarks of course can give 
no adequate indication of the range of new interpretations 
offered in this remarkable paper. Of course some of the 
suggested proposals of Bernai d Fowle d
soon rejected; but the
has been fundamental for later research. 

In the last 20 years the study of water has undergone an 
explosive development, involving the publication of thousands 
of papers and several books, most notably the comprehensive 
treatise in six volumes, edited by Felix Franks {5). Dr. H. 
A. McKenzie of Canberra and I have embarked on a review of the 
present state of our knowledge of water, especially in its 
relation to proteins. The first part of this study has been 
published (6); we are st i l l at work on the second and final 
part. We are not reporting on original research of our own, 
and I have indeed retired from the laboratory several years 
ago; but we hope to provide some perspective on aspects of 
aqueous protein systems that have long preoccupied us. Here 
I will briefly discuss only two points: (1) an aspect of hydro
phobic interactions that has only recently become apparent, and 
is st i l l not widely noted, and (2) a few aspects of the 
location and mobility of water molecules in protein crystals, 
and (by inference) in solutions. 

Effects of Pressure on Partial Volumes of Hydrophobic Solutes, 
at High Dilution 

Ever since Walter Kauzmann's searching analysis of hydro
phobic interactions (7), 20 years ago, the subject has been 
a major concern of protein chemists and others. Such inter
actions have been invoked to explain an immense range of 
phenomena. The interpretations were not always convincing, but 
the remarkable behavior of dilute solutions of hydrophobic 
compounds in water is compel!ingly clear. Here I aim only to 
note one aspect of these phenomena, which I think deserves 
more attention that it has received. I will consider only 
the properties of such systems at infinite dilution of solute. 
The already well-known features of these water-solute inter
actions are several. When a hydrophobic compound, or a compound 
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containing hydrophobic groups, is transferred to water from 
a hydrophobic solvent, there is: (1) a large increase in chemical 
potential of the solute,^\^i, (hence low solubility in water). 
In a homologous series each additional CHo group increases &u 
by about 3.3 HQ mol"1 (0.8 Kcal mol"1); (2) an enthalpy 
change, varying rapidly with temperature; the transfer process 
is exothermic at low, endothermic at higher temperatures; 
(3) it follows from (2) that there is a large increase in heat 
capacity. In a homologous series, the increment, per CHp 
group, of partial molar heat capacity in water, is near 90 J K"' 
moT' (22 cal K*' mol"'); for pure organic liquids it is 
about one third as great; (4) there is a large negative 
contribution to the entropy of mixing, as compared with that 
for a hypothetical ideal solution; (5) there is generally a 
shrinkage of volume, i.e
solute is less, by 5-2
than in a nonpolar organic solvent. These relations hold for 
the noble gases dissolved in water, as well as for hydrocarbons 
and compounds containing hydrocarbon residues. (6^Ζν8>£)· 

In the light of work from several laboratories, one may 
add to this list a striking temperature dependence of the 
partial molal compressibilities of hydrophobic compounds in 
water. The partial molal isothermal compressibility of the 
solute (component 2 , in a two component system) is defined as 
the limiting pressure coefficient of the partial molal volume, 
with negative sign: 

κ5 γ = — (jih) ( C ? - * 0 , ρ ^ 1 bar) (1) 

U p / t 
Here V2 is the partial molal volume of the solute. It is 
difficult to get accurate measurements of the isothermal 
compressibility at low pressures, and most recent measurements 
have been done under adiabatic (isentropic) conditions by 
measuring ultrasonic velocities in the medium, giving the 
isentropic coefficient: 

K? ς = — ίΆΐΐ\ ( C o - * 0 , ρ - > 1 bar) (2) 
U p / s 2 

Larionov (10) was the first, or one of the first, to measure 
values of KS s for certain alcohols in water; Alexander and 
Hill (]]_) snowed that, for 1-propanol, there was almost no 
difference between the isothermal and isentropic coefficients, 
over the temperature range from 0 to 40°C, and litt le difference 
between them at higher temperatures up to 90°C, The striking 
fact was that (in units of 1 0 " 4 crrr mol"1 bar"1) the value of 
K2 T was -30 at o°c , -2 at 20° , + 15 at 40°. It became steadily 
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more positive, up to +56 at 90°. Several further investigations 
have confirmed and greatly extended these observations. Some 
recent data for K$ s on primary alcohols, from two different 
laboratories - one'Tn Norway, one in Japan (12, 13) are shown 
in Table I. 

TABLE I 

Partial Molar Isentropic Compressibilities (K;> s) of Primary 
Alcohols in Water from 5 to 45°C at infinite dilution 

K * s χ 104 (cm3 mol"1 bar"1) 

Alcohol 5°(13 25°(13) 25°(12) 35°(12) 45°(13) 
Methanol 7.3 12.
Ethanol -0.8 10.
Propanol -10.8 6.3 5.8 11.6 16.9 
Butanol -19.0 4.6 4.5 12.2 19.0 
Pentanol -27.1 2.6 2.3 12.4 21.3 
Hexanol (h5 13.3 

ÙK19$/&CH2 -8.6 -2.5 -1.8 +0.6 +1.3 

Data from Holland and Vikingstad (12) and Nakajima, Komatsu 
and Nakagawa (13)· For data on other homologous series, see 
Harada et al (14), and Cabani, Conti and Matteoli (1J5). 

These data, which are typical of other homologous series 
studied, show at least two points. (1) In all cases the value 
of K£ $ becomes steadily more positive with rising temperature. 
(2) At low temperature the increment in this quantity per CH2 
group is negative (average -8.6 χ 10 ) at 5dC but becomes 
positive around 25-30°, and increasingly positive above that. 
Where the two laboratories made measurements under corresponding 
conditions, as with propanol, butanol and pentanol at 25°C, 
the agreement is good. 

The work of Holland {12, 1_6) has shown a striking difference 
between the values in water and in an organic solvent, 
propylene carbonate, and some of the data from his investi
gations at 25°C are shown in Table II. The numerical values 
of K ŝ l n propylene carbonate are in all cases far larger and 
more positive than in water. The increment per CH2 group 
(in units of 10 cm3 moT' bar"') is 10.4 in propylene 
carbonate, and -1.8 in water. Presumably the data in pro
pylene carbonate are fairly typical for "normal" systems that 
do not show the special effects found in aqueous solutions. 
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TABLE II 

Apparent Molal Isentropic Compressibilities (K? s ) of Primary 
Alcohols in Propylene Carbonate (PC) and Watef at 25°C 

K° s χ 104 (cm3 moT1 bar*1) 
Alcohol In'pc In Water PC-Water 
Propanol 50.5 5.8 44.7 
Butanol 60.6 4.5 56.1 
Pentanol 71.1 2.3 68.8 
Hexanol 81.8 0.5 81.3 

K° s / CH2 10.4 -1.8 12.2 
Data in propylene carbonat
Data in water from Holland and Vikingstad ( 12  ) 

We must remember the minus sign in equations (1) and (2). 
A negative value of K§ means that the partial molal volume of 
the solute increases with increasing pressure. It has long 
been known that simple electrolytes behave this way - see for 
instance Harned and Owen (17, p. 710) or Friedman and Krishnan 
(18, pp 74-75). Of course no total system can respond to an 
increase of pressure by a reversible expansion; but the partial 
volume of a component can do so. For sodium chloride at 25°C 
and infinite dilution, the value of Ko (either isothermal or 
isentropic) is near -50 χ 10"4 cm3 mol-l bar*1. The value for 
sodium sulfate is -154 χ 10'4. These values are numerically 
larger than, but of the same order of magnitude as, the negative 
value for (say) pentanol at 5°. 

In ttie case of ionic solutes, these negative values clearly 
reflect the presence of a hydration shell around the ion, which 
is strongly resistant to compression; indeed the data suggest 
that increase of pressure expands the hydration shell, probably 
by increasing the number of water molecules that are encom
passed within its domain. This description is, of course, 
quite lacking in precision; it is merely qualitative and 
suggestive. We may expect, in view of the great intensity of 
the electric field at the surface of an ion, that the values of 
K$ for an electrolyte would change l itt le with temperature; 
a moderate increase of thermal energy of the surrounding water 
molecules would count for l ittle in the presence of such 
an intense field. Strangely, however, I have found in the 
literature no measurements of partial or apparent compressibil
ities of electrolytes in water, except at 25°; I have con
sulted several experts in the field, none of whom could give a 
reference to such data. More experimental information is 
urgently needed; the inference drawn above, that K$ for electro
lytes changes l itt le with temperature, must remain tentative 
until we have more evidence. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



80 WATER IN POLYMERS 

On this assumption the partial molar compressibility of 
substances with hydrophobic groups provides an interesting 
contrast. Near 0°C there appears to be a hydration region close 
to the non-polar surface, surely quite different in organization 
from the hydration shell of an ion, but with a greater degree 
of order than the bulk water further out in the solution. This 
concept of course is not new; the data on entropy of solution 
have obviously pointed to the same sort of conclusion. This 
local order, such as it is, can be readily disrupted by rise of 
temperature, so that the K$ value becomes more positive as the 
temperature rises. However even at higher temperatures much 
of the order st i l l remains, as shown by the fact that the K£ 
values for such solutes in aqueous solution (see Table II) 
are st i l l much lower than in non-aqueous solvents. The fact 
that, for 1-propanol in water  Kp continues to rise steadily 
over the whole range fro
some of the order in th , y neighboring hydro
phobic groups, st i l l persists. More experiments, with a wider 
range of solutes, and over a considerable temperature range, 
are of course needed to test these inferences from the present 
available data. The temperature sensitivity of the K$ data 
of course recalls the high values of the partial molal heat 
capacities of non-polar substances in water, reflecting the 
temperature sensitivity of the enthalpies of solution. 

Such compressibility studies as those reported in (10,11,12, 
13, 14) provide us with one additional approach to exploring 
the properties of hydrophobic systems in water, in addition to 
the five mentioned above. Although there is st i l l no adequate 
theory of hydrophobic interactions, there are promising 
beginnings (9). Recent molecular dynamics calculations by 
Rossky and Karplus {]9) on a dipeptide in water, and by Geiger, 
Rahman and Stillinger (20) have made impressive advances in 
portraying changes in the distribution, orientation, and 
hydrogen bonding in the immediate neighborhood of hydrocarbon 
residues, with some reminiscence of a fluctuating structure 
reminiscent of the order in clathrates (see also 2HU 22). 
Geiger eit aX remark that "the dynamical data show that trans-
lational and rotational motions of solvation-sheeth water 
molecules are preceptibly slower (by at least 20 percent) 
than those in pure bulk water" (20, p. 263:abstract). Such 
changes are not dramatic, but they may be crucially important. 

Location of Water in Protein Crystals by X-ray or Neutron 
Diffraction 

These diffraction methods furnish the only way yet available 
to see the preferred locations of water molecules in relation 
to the surface and interior of a protein. They are also full 
of pitfalls and the data are subject to misinterpretation, 
even when the work is carefully done. Finney (23) has recently 
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given a comprehensive and illuminating review of the whole 
field, emphasizing the factors affecting the stability or 
instability of native protein structure, and the role of water 
in stabilization of the structure. Here I offer a few comments. 

Protein crystals commonly contain 40-50 per cent water by 
weight, sometimes more, and there is much evidence to indicate 
that the conformation of the protein in the crystal is in 
general extremely close to that in solution. Hence the crystal 
studies provide relevant evidence regarding water-protein 
interactions in dilute solutions. The diffraction patterns 
obtained require exposures of many hours; hence the structures 
calculated from them represent averaged positions for the atoms 
and molecules in the structure. Water molecules, in bulk 
water, at room temperature, have rotational relaxation times of 
the order of 10 s (10ps)  Th  linea  diffusio  coefficient 
of water is near 2 χ 10"
linear displacement of a water molecule in lOps would be of 
the order of 4-5 A. 

The NMR work of Seymour Koenig, presented at this symposium, 
would indicate that some water molecules in the neighborhood of 
a protein surface, may be retarded in their rotary motion by a 
factor of the order of 100 as compared with bulk water, with 
relaxation times in the nanosecond range. Native protein 
molecules also are far from static; they are continually under
going rapid small internal motions and fluctuations; the evidence 
for this, from many different lines of experimental work, has 
recently been admirably summarized by Gurd and Rothgeb (24). 
Given this evidence, it is remarkable that diffraction measure
ments on protein crystals can specify the locations of sub
stantial numbers of water molecules in the neighborhood of the 
protein surface. To obtain reliable evidence requires not only 
data of high resolution but also systematic refinement of the 
data for the native protein (25) after an approximate structure 
has been obtained with the aid of crystals containing isomor-
phous replacements with heavy atoms. The work that most 
closely meets these rigorous requirements is that from L.H. 
Jensen's laboratory on the small protein rubredoxin from 
Clostridium pasteurianum (Wattenpaugh et a]_ 26, 27). The 
resolution achieved is 1.2 8, and the structure is extensively 
refined. The protein contains 54 amino acid residues, and 
contains one iron atom, linked to the sulfhydryls of the four 
cysteine residues at positions 6,9,39, and 42. The water 
molecules are recognized as small, more or less spherical, 
regions of electron density, not forming a part of the continuity 
of the peptide chain. The observed electron density of the water 
sites, which specifies the occupancy of the site, varies 
greatly from one site to another. Watenpaugh et al_ reported 
127 water sites, with occupancies ranging from near unity to 
0.3; sites of lower occupancy were deleted from the model. In 
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retrospect, the authors concluded, it would have been better 
to set the lower limit of occupancy at 0.5; this would have 
reduced the number of reported water molecules to about 90. 

Several of the water molecules of high occupancy are 
involved in as many as five hydrogen bonds, to 0 and Ν atoms 
of the protein and to other water molecules; this reflects the 
fact that the structure is a dynamic one, and that the bonding 
shifts from instant to instant. The occupancy figures represent 
an average over time; they indicate the fraction of the time 
that the site is occupied, but give no indication as to the 
rapidity of exchange of water molecules in and out of the site. 

Of the residues in the main protein chain, 12 of the peptide 
NH groups are hydrogen-bonded to water, whereas 23 of the 
peptide C=0 groups are so bonded. (This tendency for more 
C=0 than N-H groups to b  bonded t  wate  ha  bee  found als  i
other proteins). Nearl
hydrogen-bonded to othe  protein
molecules serve to provide hydrogen bonds to peptide groups 
that would otherwise lack such bonds. This represents a large 
part of their role in stabilization of the protein structure -
a point emphasized by Finney (23). 

The distribution of water molecules around the protein 
surface in rubredoxin shows two distinct maxima, a major one 
at 2 .5-3 .0° , and a minor one at 4-4.5 A. At further distances 
the water merges into the continuum of bulk water. The well 
defined water molecules are generally distributed over the 
surface of the protein, except that the regions of the molecule 
where hydrophobic side chains are concentrated are almost 
devoid of identifiable water (see Stereo Figures 6,7,8, and 11 
of reference 27). This does not,of course, mean that water 
molecules are lacking in this region, but their high mobility 
prevents them from being identified in definite sites. Even 
around the charged and polar groups, where the x-ray work 
identifies water in definite sites, the mobility,as judged 
from NMR relaxation studies, is st i l l high, with relaxation 
times of the order of nanoseconds. In the past, many of us 
have tended to think of water of hydration around a protein 
as being far less mobile than this, but these intuitive judg
ments were apparently illusory. 

Some proteins, of course, contain internal water, and such 
water molecules undoubtedly have far longer residence times 
than those outside the protein surface. The smallest such 
molecule is the pancreatic trypsin inhibitor, with only 58 
residues in a tightly compact structure with four internal 
water molecules (28). These form essentially an integral 
part of the protein, bridging, through hydrogen bonds, regions 
that would otherwise have unsatisfied bonds. The serine 
proteases - chymotrypsin (29), trypsin (30), and elastase (31), 
all have substantial numbers of internal water molecules - 24 
to 25 for trypsin and elastase - and they occur, to a large 
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extent, in corresponding positions in these closely related 
structures. In hemoglobin (32) there are internal water 
molecules in the interfaces between the subunits - some 15 in the 

pi interface, 4 in thedL ̂ interface - which furnish 
hydrogen bonds that obviously serve to stabilize the binding 
between the subunits. 

The neutron diffraction studies on myoglobin by Benno 
Schoenborn, reported elsewhere in this symposium, sound an im
portant note of warning. Whereas in 1971 he had reported 
106 water molecules per myoglobin molecule by neutron dif
fraction (33) and Takano in refined x-ray diffraction studies 
had found about 80 (34), Schoenborn in very careful work has 
now reduced his estimate to 42. It is known that false peaks 
of density can often be produced in calculations from x-ray 
or neutron diffraction  Ho  alleged wate  molecule  i
other structures may ther
scrutiny in future? This is a disturbing question that can 
only be answered by further research. 

Abstract 

This paper presents a very brief history of some past 
thought and research concerning water, a discussion of the 
unusual features of the partial molal compressibilities of 
hydrophobic substances in water, and a brief discussion of 
the evidence from x-ray and neutron diffraction for the locations 
of water molecules in protein crystals. 
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T h e W a t e r - P o l y m e r Interface 

ARTHUR W. ADAMSON 
Department of Chemistry, University of Southern California, Los Angeles, CA 90007 

We present here some aspects of the surface chemistry and 
some explanatory models fo  water-polyme d related interfaces
The term "polymer" wil
material, of sufficiently high molecular weight and (or) suffi
ciently cross-linked that a stiff (as opposed to fluid) phase is 
involved. The material is insoluble in water, so that the term 
"water-polymer" interface refers to what is macroscopically an 
ordinary phase boundary. Typical polymers in the present context 
will be polytetrafluorethylene (PTFE), and polyethylene (PE). 
Solutions of macromolecules are thus not considered, nor is the 
related topic of so-called hydrophobic bonding, although some of 
what is discussed here is relèvent to that subject. 

The phenomenological surface chemistry of the water-polymer 
interface owes its modern development to the studies of Zisman 
and co-workers, (1) beginning in the 1950's. The useful and wide
ly used critical surface tension quantity, Yc, allowed practicing 
surface chemists to estimate contact angle on a polymer surface, 
given the liquid surface tension. The empirical observation was 
that cos Θ, where θ is the solid-liquid-vapor contact angle, is 
linear in YL, the surface tension of the non-wetting liquid; the 
intercept at cos θ = 1 being defined as Y c . Each type of polymer 
can be characterized by a Y C value; further, Y C is an approximate
ly constitutive quantity in the sense of being additive in func
tional group contributions. 

Although Zisman has appeared never to attribute a specific 
fundamental meaning to his Y C , others have considered yc to be 
the surface tension that the solid would have were its cohesive 
forces the same as those acting across the solid-liquid interface. 
Thus for a hydrocarbon solid, which has been supposed to interact 
only through dispersion forces both cohesively and across the 
solid-liquid interface, Y C should be the actual surface tension of 
the solid-̂ vapor interface. This is essentially what is observed; 
Y C for PE is approximately that measured for a high molecular 
weight liquid hydrocarbon. On the other hand, if water is con

sidered to interact with a hydrocarbon only through dispersion 

0-8412-0559-0/ 80/ 47-127-087S05.75 / 0 
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forces (again, a common supposition) , i t s γ 0 r e l a t i ve to such 
interact ions should be much lower than the actual surface tension 
of water. Figure 1 shows a Zisman plot for various l i qu ids on 
ice (2); the l i n e drawn indicates a Y c value around 28 erg cm" 2 

at -S^C, or much less that the about 110 erg cm" 2 estimated for 
the ice-vapor inter face . (3) This Y c can, however, be thought of 
as the contr ibution of d ispers ion forces to the surface tension of 
i c e , or , a l t e rnat ive ly and very qua l i t a t i ve ly as the surface ten 
sion of a hypothetical s o l i d having the structure of ice but 
whose cohesive forces were dispersion only i n nature. 

Qual i tat ive ideas such as the above were made manageable by 
Good and co-workers, (4) with a key assumption, namely that for 
substances 1 and 2, 1-2 interact ions could be interpolated from 
1-1 and 2-2 interact ions by a geometric mean law. On then equat
ing energy and free energy of in te ract ion , that i s , on neglecting 
the entropy of bringin
changes, the equation 

was obtained. Here, φ i s a term which ar ises from the di f ferent 
molar volumes of the two substances; empirical φ values were 
usual ly within 10% to 20% of uni ty . The model i s i l l u s t r a t e d i n 
Figure 2. Fowkes (5) introduced the important qua l i f i c a t i on that 
for the cross, 1-2, term, only that contr ibut ion to y χ and Y2 
corresponding to the nature of the 1-2 interact ion should be used. 
The square root term becomes, for the general case, / Y i 1 Υ2"· 
Thus for a water (W)-Hydrocarbon (H) inter faces , across which only 
dispers ion interact ions were though to be important, one would 
write Y w » = Y^d, where Yyd i s the dispers ion component of the 
water surface tension. However, since hydrocarbons interact by 
dispers ion forces only, ΥΗ ' = γ^. For the reasons of t r a c t a b i l i -
ty , the molar volume correct ion term, φ, was equated to un i ty . 
Thus 

Although the operational o r ig ins are d i f f e rent , the explana
tory concepts are s imi lar enough that Y c and γ<* have often been 
equated i f the inter face i s one across which only dispers ion 
forces were thought to be important. A var ie ty of extensions and 
amendments to the above general approach have followed. Equation 
2 has, for example, been extended to include "po lar " i n t e r f a c i a l 
interact ions by adding a ^Ύι ρ Ύ2Ρ term. (6, 7) Thus for a 
water-polymer (P) interface« i f the polymer contains oxygen, the 
added term would be /γ^Ρ Υρ^· These are semi-empirical exten
sions; the geometric mean ru le should not generally be v a l i d for 
d ipo le -po la r i za t ion or d ipo le -d ipo le interact ions . 

Both Equations 1 and 2 can be applied to the Young equation 
for contact angle, 

(1) 

^w-H - + ΎΗ - 2 ^ w d V (2) 
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Y L cos θ = γ δ ν - Y S L = Y S - Y s l - ïï° (3) 

to eliminate the g^ term. The resu l t ing re lat ionship i s 

cos θ - -1 + 2 / Y w - * i (4) 

The Y S introduced by Equation 2 and the Ygv ° f Equation 3 are r e 
lated by γ g - Ygy + π° , where ττ° i s the f i lm pressure of adsorbed 
vapor that i s i n equi l ibr ium with the bulk l i q u i d phase, i n th i s 
case water. The usual assumption has been that ir° can be neglect
ed. The j u s t i f y ing claim i s that s o l i d - l i q u i d interact ions are 
weak enough i n a contact angle system that adsorption of vapor 
should not be important, espec ia l ly on that majority of the sur 
face that determines th

An experimental complication i s the fol lowing. Contact 
angle systems often show hysteresis i n that the advancing angle 
i s greater than the receding angle; th i s i s t yp i c a l l y true for 
l i qu id s on polymer surfaces. The convention has been to use 
advancing angles i n obtaining Y C values and i n appl icat ions of 
Equation 4. The qua l i ta t ive j u s t i f i c a t i o n has been that the 
advancing angle i s control led by the less polar portions of the 
surface, i f i t i s heterogeneous, while the receding angle i s 
highly conditioned by polar s i t e s . These l as t are often advent i 
t ious and hence not representative of the majority surface. 

To summarize, the widely accepted convention i s to treat the 
s o l i d - l i q u i d interface as geometrically f l a t , with interact ions 
that obey the geometric mean law. The energy and free energies 
of interact ion are taken to be proport ional ; s t ructura l perturba
tions i n the i n t e r f a c i a l regions are neglected, as i n the f i lm 
pressure of adsorbed vapor. If hysteresis i s present, the ad 
vancing contact angle i s taken to be the theoret ica l ly relèvent 
one. While departures from these assumptions have been consider
ed, i t usual ly i s as a counterpoint, with no serious challenge 
to the main picture being intended. 

In the present paper, evidence i s presented which indicates 
that a l l of the above assumptions are ser iously i n error for the 
water-polymer inter face . The error i s su f f i c ient that a new 
model ist ic framework, rather than amendments to the ex is t ing one, 
i s needed. 

Nature of Water-Hydrocarbon Interactions - Surface Restructuring 

At the molecular l e v e l , a polymer surface consists of units 
such as -CH2-, -CH0-, -CO- , - C F 2 - , aromatic r ings , e tc . Although 
c ros s - l i nk ing may make the polymer macroscopically quite r i g i d , 
at the molecular l e v e l , chain segments should have some mobi l i ty 
since they interact with geometrically adjacent segments by r e l a 
t i v e l y weak forces of the van der Waals type. At the molecular 
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l e v e l , a polymer surface should thus be much l i k e that of a 
molecular s o l i d . Polyethylene surface should resemble that of a 
c r y s t a l l i n e long chain alkane, for example. 

With th i s point i n mind, i t seems reasonable that the adsorp
t ion of small molecules on molecular so l ids should give informa
t ion relèvent to the interact ion potent ia l between such molecules 
and a polymer surface. An important question i s whether the 
interact ion can be attr ibuted to dispers ion forces only, or 
whether other types of van der waals interact ions are important. 
We believe th i s l a s t to be the case. In a series of studies on 
the adsorption at 77 Κ of N 2 , CO, and Ar on powdered molecular 
so l ids such as i c e , benzene, CO2, CH3OH, I 2 , NH3, e t c . , the 
experimental heats of adsorption ( in the small mult i layer region 
of the adsorption isotherms) did not order as would be expected 
were they determined by a disper ison potent ia l function. (8) The 
resu l t s ra i se serious question
t ion that disper ison forces are dominant i n physical adsorption, 
or at l eas t , as to whether the conventional parameterization i s 
r e l i a b l e . The usual equations are based on approximations that 
include the condit ion that distance i s large compared to a molec
ular diameter (see 9̂  , p. 309), a condit ion ce r ta in ly not met i n 
monolayer adsorption. 

A specia l ser ies of studies was made with ice as the s o l i d . 
Low temperature ice behaves as a non-polar adsorbent, belying i t s 
high surface tension, but as expected i f hydrogen bonding i s not 
important i n interact ions with the adsorbates used. At tempera
tures nearer the melting point , the behavior of ice as an adsor
bent changes r a d i c a l l y , however. Ethane, propane, and C0 2 adsorb 
inde f in i t e l y on ice powder at temperatures around -80°C. (10) 
The explanation i s that d i sso lv ing with reorganization of the ice 
structure to form the ethane, propane, clatherates occurred. 

In the case of n-hexane, the molecule i s too big to be 
accommodated i n the ice -c la therate cage, and, of course, no 
clatherate formation was observed. At temperatures below -35°C, 
the adsorption i s "normal"; the heat adsorption i s e ssent ia l l y 
independent of surface coverage and close to the value for the 
heat of condensation of hexane to the l i q u i d state . (11) Above 
-35°C, however, the f i r s t portions adsorbed give a r e l a t i v e l y 
high heat of adsorption, which decreases with increasing surface 
coverage to the bulk condensation value. From t h i s , as wel l as 
the correspondingly contrasting behavior of the adsorption entro
pies above and below -35°C, we concluded that n-hexane forms sur 
face c l a the ra te - l i ke structures . The molecule may s i t i n created 
surface pockets, somewhat as i l l u s t r a t e d i n Figure 3. Very s i m i 
l a r behavior was observed by Ottewi l l and co-workers (12) i n the 
case of various organic vapors, including alkanes, adsorbing on 
l i q u i d water surface. 

Thus both for ice above -35°C (whose surface region may be 
l i q u i d - l i k e at th i s temperature), and for l i q u i d water, the water 
substance-hydrocarbon interface i s highly restructured. The 
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Figure 3. (a) Structure of a gas hydrate or clatherate; (b) possible surface structure 
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importance of dispersion interact ions , which are non-d i rect iona l , 
i s least suspect; polar interact ions such as between water and 
ethane bond dipoles , or of the d i po l e - po l a r i z ab i l i t y type need to 
be examined more c lose ly . Further, the conventional assumption 
of the geometric mean approximation can hardly be appl icable at 
the water-hydrocarbon inter face, and one should not neglect 
s t ructura l entropy contributions to the i n t e r f a c i a l free energy. 

The importance of surface restructur ing was inferred as wel l 
from the contact angle behavior of various l i qu ids on i c e . As 
noted ea r l i e r i n connection with Figure 1, one data group could be 
interpreted as giving a Zisman yc value for ice of about 28 erg 
cm""2. Other l i qu i d s , however, wet ice even though their surface 
tension i s wel l above t h i s , an example being CH3NO2 whose surface 
tension i s 40 erg cm*"2. The explanation advanced was that i n such 
cases, surface restructur ing i s important. In analogy to the 
concept of hard and sof
designation of hard and soft i n t e r f a c i a l systems was suggested. 
A hard or A type system i s one that i s not restructured i n the 
presence of an adsorbed f i lm or on contact with the bulk l i q u i d . 
For i t , equations such as Equations 1 and 2 should apply approxi 
mately. A soft or Β type system shows s ign i f i cant surface r e 
s t ructur ing . Add i t i v i t y and geometric mean ru les are l i k e l y 
i n v a l i d ; the entropy of interface formation w i l l be important. 
Schematic i l l u s t r a t i o n s of the two cases are shown i n Figure 4. 

Adsorption and Contact Angle Behavior on F la t Polymer Surfaces: 
Potent ia l - D i s to r t ion Model 

Adsorption and contact angle (or, i n general wetting) are i n 
p r i c i p l e related by the surface thermodynamics of a two component 
system. In pa r t i cu la r , a complete statement of the interact ion 
energy and entropy between a so l id and a f l u i d (vapor or l i qu id ) 
phase should contain or imply both the adsorption isotherm and the 
contact angle (or, i f wetting occurs, the spreading coe f f i c i ent , 
S L/S " ÏSV ~ "YL - YSL>-

Such detai led descr ipt ion of interact ion potentia ls i s beyond 
present c apab i l i t i e s , i n the case of systems of common importance, 
and a semi-empirical formulation that we have used i s 

RTln(P°/P) = e 0 e ~ a x - 3e"a x + g/x 3 (5) 

where χ i s the thickness of the adsorbed (or of the l iqu id ) f i l m , 
and P° i s the saturation pressure, that i s , the vapor pressure of 
the bulk l i q u i d substance. The model i s that of the Polanyi 
potent ia l treatment. The a t t rac t ive potent ia l i s exponential for 
small distances, a form supported by various experimental i n d i c a 
t ions , (14) but with an inverse cube term taking over at large χ 
values, corresponding to the dispersion (non retarded) interact ion 
between a molecule and an i n f i n i t e slab. Structural perturbation 
i s allowed for by the middle term, the coe f f i c ient of which w i l l 
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i n general be temperature dependent, thus providing an entropy 
contr ibut ion. It i s expedient (although not necessary) to neglect 
the inverse cube term i n the case of adsorption, 

Rtln(P°/p) - e 0 e _ a x - Be-** (6) 

and the equation leads to adsorption isotherms of the form shown 
i n Figure 5. For cer ta in choices of the parameters, the isotherm 
cuts the P° l i n e , going through a maximum and minimum around th i s 
l i n e . The net area enclosed i s , by the Gibbs adsorption equation, 
just the spreading coe f f i c i ent , SL/S, which for a non-wetting 
system, also gives the contact angle: 

SL/S = Y L (cos θ - 1) (7) 

Use of Equation 6
Because of t h i s , the usual adsorption resu l ts obtained for pow
dered so l ids are not usable since i n the important region near P ° , 
i n t e rpa r t i c l e condensation dominates. (15) Accurate correct ion to 
obtain the true absorption isotherm i s v i r t u a l l y impossible. The 
d i f f i c u l t y may be resolved i f the adsorption i s measured on a f l a t 
surface, the adsorbed f i lm thickness being obtained e l l i p somet r i -
c a l l y . (16) This approach has the further advantage that contact 
angle measurements can now be made on the i dent i ca l surface for 
which the adsorption isotherm i s determined. This i s essent ia l ly 
not possible i n the case of a powdered adsorbent; i t has generally 
been necessary to assume that the surface properties of a bulk 
sample of the adsorbent are the same as those of the powdered 
form—a dangerous assumption. 

We have reported on e l l ipsometr ic studies for water and 
various organic vapors on a var ie ty of surfaces. (17) The resu l ts 
for water on op t i c a l l y smooth surfaces of PTFE and PE are of 
specia l interest here. The isotherms are shown i n Figure 6. Note 
that the e l l ipsometr ic f i lm thicknesses correspond to a layer of 
two to f i ve molecules th ick as P° i s approached. The f i lm pres 
sures given i n Table 1 are calculated from the experimental i s o 
therm, which covers only the region from P/P° =0.8 upwards; they 
are thus minimum values since any low pressure adsorption which 
might be present due to polar impurit ies , would add to give yet 
larger values. Two interest ing points emerge. The f i r s t i s , that 
contrary to usual assumption, non-negl ig ib le f i lm pressures may be 
present i n a high contact angle system. Thus i n Equation 3 the 
l e f t hand term i s 2.5 and -10 erg cm2 for PE and PTFE, respect ive 
l y , as compared to the ττ° values of 14 and 9 erg cm" 2 . Any e s t i 
mate of (Y S - y s i ) y such as for use i n obtaining the γρ and Yy 
parameters i n Equation 2 w i l l thus be ser iously i n error i f ττ° i s 
neglected. The second point i s that even though PTFE and PE are 
low energy surfaces, water does adsorb and does lower the i n t e r -
f a c i a l free energy considerably. Thus, i f we estimate the surface 
tension, Yg, of polyethylene to be about 30 erg c m - 2 , the surface 
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Figure 5. Potential-distortion model: solid line, attractive potential only; dashed 
lines, with distortion term. Shaded area gives the spreading pressure. 

p/p* 
Journal of Colloid and Interface Science 

Figure 6. Adsorption of water on PE and PTFE. (a) PE: (Q) 21.5°C; (A, V j 
16.5°C (two runs); (®) 9.7°C; (φ) — 9°C; (Q) —24°C; shaded symbols denote 

desorption points (32). (b) PTFE, 19.8°C (Π). 
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of the f i l m covered surface, Ygy drops to 21 erg cm due to water 
adsorption; the f i g u r e would be even lower were the f u l l rather 
than the minimum π° value used. This i s not what would be expect
ed were the adsorption forces dispersion only, and we have an 
i n d i c a t i o n of a type Β surface, with polar i n t e r a c t i o n s and sur
face r e s t r u c t u r i n g . 

Table I gives the f i t t i n g parameters for Equation 6, the 
values being chosen with the constraint that they also give the 
experimentally observed contact angle. The i n t e r a c t i o n and d i s 
t o r t i o n energies, ε 0 and 3, correspond to only a few hundred c a l 
mole""1 for the process (bulk water) -* (adsorbed f i l m ) , and i t i s 
important to r e a l i z e that r e l a t i v e l y minor energy e f f e c t s are 
determinative of the adsorption and contact angle behavior. The 
energy r e l a x a t i o n distance, 1/â, i s much larger for water adsorbed 
on PTFE than on PE, whil  th  d i s t o r t i o  r e l a x a t i o  distance  1/8
i s smaller. The pict u r
than on PE, but more d i s t o r t e
water. 

Data for copper coated with a s t e a r i c a c id monolayer are i n 
cluded i n the Table, i n i l l u s t r a t i o n of another type of hydrocar
bon surface—one now r i c h i n CH3 groups. As might be expected, 
the adsorption and contact angle behavior resembles more that for 
PE than for PTFE. 

As another approach, the adsorption data f i t a c h a r a c t e r i s t i c 
isotherm, χ/χι = f(P°/P°'), where P°' and x f are f i t t i n g parame
te r s . In e f f e c t , two adsorption systems are i n corresponding 
states i f they are at the same P 0 ,/P. Not only do the data of 
Table I form segments of a common c h a r a c t e r i s t i c isotherm, but so 
also do the r e s u l t s for a number of other systems, as indicated i n 
Figure 7. The s o l i d l i n e i n the f i g u r e i s given by 

l n ( P 0 , / P ) = x 7 x (8) 

P° f has the aspect of being an e f f e c t i v e vapor pressure, i t i s 
always higher than P°, and a physical i n t e r p r e t a t i o n i s that P°' 
i s the hypothetical vapor pressure of a bulk l i q u i d adsorbate 
whose structure i s the same as that of the adsorbed f i l m . On t h i s 
b a s i s , RT ln(P°f/P°) i s the l o c a l excess free energy of water i n 
the adsorbed f i l m r e s u l t i n g from s t r u c t u r a l perturbations r e l a t i v e 
to bulk water. The x f parameter functions as a c h a r a c t e r i s t i c 
r e l a x a t i o n distance. 

S t r u c t u r a l perturbations are to be distinguished from what 
are e s s e n t i a l l y phase changes. The perturbations represent r e l a 
t i v e l y minor deviations from bulk l i q u i d , and adsorption isotherms 
are usually nearly i n v a r i a n t i f χ i s plotted against P/P°. That 
i s , the heat of adsorption from the vapor phase i s very close to 
that of condensation. By contrast, and as an example, i n the case 
of water on PE, while t h i s near invariance i n isotherm shape holds 
around 20°C, the isotherms at -9°C and -24°C are very f l a t , with 
an x Q of only about 1. 5Â. I t would appear that the adsorbed f i l m 
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i s now more i c e - l i k e than l i q u i d water - l ike . 
Table I includes the resu l ts of e l l ipsometr ic adsorption 

studies of water on a s imi lar (and s imi l a r l y prepared) PE to that 
of Ref. 14. (18) In addi t ion , the adsorption was determined for 
a surface p a r t i a l l y oxidized by treatment with an acid dichromate 
so lut ion . As might be expected, the effect of the introduction of 
polar s i t e s reduces Θ, increases ττ°, and increases both ε 0 and B. 
The re laxat ion distance for ε 0 i s increased, while that for the 
d i s to r t i on term i s decreased. Systematic studies of th i s type 
should lead to a much better understanding of the nature of 
adsorbed f i lms near P ° . 

Table I. Adsorption and Contact Angle Behavior of Water on 
Polymer Surfaces 

PTFE a PE a P E b PE C SA d 

Χ* 16 6 4.5 26 8 

θ 98 88 91 63 80 

ο 
π 9 14 8 53 50 

ε /RT ο 0.20 0.64 0.33 0.52 2.1 

22 2.2 2.0 13 2.1 

e/ R T 
0.11 0.04 0.038 0.11 0.035 

53 135 147 53 .32 

p o . / p o 1.020 1.12 1.26 
ο 
χ ' 0.37 0.71 1.79 

(a) 20°C, see Reference 17. (b) Reference 18. (c) P a r t i a l l y 
oxidized PE, Reference 18. (d) Stearic acid coated copper. 

Surface Topology 

The above treatments, as well as those general ly proposed for 
adsorption by non-porous adsorbents, e x p l i c i t l y or i m p l i c i t l y 
assume the adsorbent surface to be f l a t and smooth. Surface 
curvature i s neglected as a potent ia l contributor to the adsorp
t ion behavior. This type of assumption seemed espec ia l ly v a l i d i n 
the case of the PTFE and PE surfaces of Table I. The s l i p s were 
prepared by flow smoothing between o p t i c a l l y f l a t glass p lates 
under pressure and at 177°C i n the case of the PE and 340°C i n the 
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case of PTFE. Enough flow occurred for the thickness of the s l i p 
to be reduced by about ha l f , and the resu l t ing surfaces were 
mirror smooth to the eye. They acted as good r e f l e c t ing surfaces 
i n the e l l ipsometr ic measurements; the adsorbed f i lm thicknesses 
reported are calculated on the basis of f l a t surfaces. 

That appearances can be deceptive i s i l l u s t r a t e d by the scan
ning e lectron microscope (SEM) photograph shown i n Figure 8. 
Ripples and dimples abound. Polymers studied i n the l i t e r a tu r e 
have not usual ly been subjected to a flow smoothing treatment, 
and thei r surfaces were l i k e l y even rougher than that shown i n 
Figure 8. 

An important p o s s i b i l i t y to consider i s that , near P ° , Ke lv in 
condensation occurs i n r i pp l e and dimple features, so that the 
surface actua l ly consists of multitudinous patches or " l akes " of 
l i q u i d adsorbate. The model, for a s ingle dimple, i s shown i n 
Figure 9. The dimple i
p r o f i l e shown, and at a given P/P°, l i q u i d adsorbate i s present to 
a depth such that the curvature of the meniscus i s defined by 
RT ln(P°/P) = 2yV/R, where V i s the molar volume of the l i q u i d and 
R i s the radius of curvature; the meniscus meets the dimple wall 
at the macroscopic contact angle. We f ind that isotherm shapes 
cannot be reproduced by any s ingle dimple p r o f i l e , but could be i f 
a d i s t r i bu t i on of shapes were used. At th i s point , however, the 
number of f i t t i n g parameters i s large, and i t i s d i f f i c u l t to 
estimate the actual importance of the contr ibut ion from dimple 
condensation. 

An intermediate s i tua t ion seems l i k e l y . Most of the adsorp
t ion i s not curvature inf luenced, but enough lakes may be present 
to produce the contact angle hysteresis that i s common for polymer 
systems. That i s , advancing angle i s mainly determined by o r d i 
nary f i lm covered surface, while receding angle i s smaller because 
of the presence of lakes. 

Ice-Polymer Adhesion 

The adhesion of i ce to polymer surfaces i s a topic of some 
p r ac t i c a l importance as wel l as of theoret ica l in te res t , and a 
number of studies have been made. (19, 20, 21) There i s evidence 
that the surface of i ce near i t s melting point has a l i q u i d - l i k e 
layer . (22, 23, 24) Our resu l t s on hexane adsorption on ice sug
gests that a t r ans i t i on from a r i g i d to a re -st ructurab le surface 
occurs at -35°C. It might be supposed, therefore, that i c e - p o l y 
mer adhesion near 0°C i s that of a l i q u i d - l i k e layer . However, 
the structure of the adsorbed f i lm of water on PE at -9°C to -24°C 
appears to have undergone a phase change r e l a t i v e to the state 
20°C, as mentioned ea r l i e r above. This now suggests that an 
adsorbed water f i lm on a polymer surface below 0°C i s more so l i d 
than l i q u i d - l i k e . It i s thus not at a l l ce r ta in what the boundary 
layer region i s i n fact l i k e at the polymer-ice inter face . 

Shear adhesion studies i n th is Laboratory have been made on 
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Figure 7. Characteristic isotherm plot (17). Data are for indicated vapor/solid 
system at 20°C: 1, HtO/PTFE; 2, HgO/PE;3, H20/stearic-acid-coated copper; 4, 
HgO/pyrolytic carbon-silicon alloy; 5, C6HsBr/PTFE; 6, CH3NOg/PTFE; 7, H20/ 
pyrolytic carbon; 8, C6H6/PTFE; 9, n-C5HnOH/PTFE; 10, n-ChH9OH/PTFE; 11, 
n-CsH7OH/PTFE; 12, CsH5OH/PTFE; 13, CCIJPTFE; 14, n-C8H18/PTFE; 15, 

n-C6Hn/PTFE. 

Figure 8. SEM photograph of flow-
smoothed PTFE (X5000). The appear

ance of flow-smoothed PE was similar. 
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single c r y s t a l i c e , formed as a cyl inder on a PTFE of PE surface. 
The force applied p a r a l l e l to the interface necessary to break the 
adhesion was then determined at -15°C. (25) The resu l ts for 
several d i f ferent surface preparations are summarized i n Table II . 
They are s imi lar to those reported i n the l i t e r a tu r e . For un
treated PE, our value i s 65 lb i n - 2 as compared to l i t e r a tu r e 
values of 37 lb i n " 2 at -12°C (26) and 117 lb i n " 2 at -6°C and 
107 lb i n " 2 at -20°C. (27) We f ind 35 lb i n " 2 with untreated 
PTFE, as compared to reports of 45 lb i n " 2 at -12°C, (26) 18 lb 
i n " 2 at -6°C and 1 lb i n " 2 at -20°C, (27) and 21.5 lb i n " 2 . (28) 

Table I I . Shear Adhesion of Ice to PE and PTFE a 

Nature of Surface PE PTFE 

l

untreated 65 88 36 112 

machine smoothed** 43 93 18 109 

sanded c 14 98 

flow-smoothed^ 27 95 very small 98 

(a) At about -10°C. (b) By m i l l i n g . (c) Smoothed by 
sanding with 3M No. 600 emory paper. (d) Prepared i n the 
same way as for the vapor adsorption studies. 

Examination of the fa i l ed j o in t s showed that i n the case of 
PE, the f a i lu re l i n e lay part ly i n the boundary region and par t ly 
in the bulk i ce phase, as shown i n Figure 10. With PTFE, the 
f a i l u r e l i n e was usual ly i n the boundary region. 

J e l l en ik (19) has considered the case of tens i l e adhesion, 
for which the tens i l e stress due to a l i q u i d - l i k e layer between 
the two adhering phases separated by distance <i, i s just ΔΡ = 
2y/d. This p icture i s that of a Laplace tension resu l t ing from a 
meniscus of radius of curvature d/2. A l te rnat ive ly , for a force 
applied p a r a l l e l to the interface the viscous resistance should be 

σ = ην/d (9) 

where σ i s the shear s t ress , η, the ef fect ive v i s cos i t y i n the 
boundary region, and ν the r e l a t i v e ve loc i ty of the two phases. 

Measurements were made of the creep at the ice -PE inter face . 
(25) At a shear stress close to the breaking point , or 7 kg force 
per cm 2 , the creep rate was about 10"1* cm min" 1 at ^ -10°C. If 
the boundary region i s taken to be of about the thickness of the 
vapor adsorbed f i lm , X Q - 10A, Equation 9 y ie lds an e f fect ive 
boundary region v i s co s i t y of 6xl0 3 poise. This value, while 
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bel ievable , has no independent confirmation. 
From a thermodynamic point of view, the energy to separte two 

phases to give the separate equil ibrium surface-vapor interfaces 
i s just 

W S X S 2 V = Y S i V + YS 2V - (10) 

In the present case, S\ i s polymer and S2, i c e . If the i n t e r f a 
c i a l properties of ice are taken to be the same as those of l i qu i d 
water, Equation 10 can be written 

WSLV = Y L ( 1 + c o s 9 > 

where θ i s the contact angle that a l i q u i d of the same surface 
properties as ice would make against the polymer surface, presuma
bly a value around 90°
the i ce surface tension. To obtain the adhesive force, i t i s 
necessary to estimate the distance over which the revers ib le work 
develops, on separation of the two phases. It seems reasonable 
again to take th i s distance to be about that of the f i lm thickness 
of adsorbed water, X Q . On th i s bas is , the theoret ica l estimate of 
the adhesion of a ice-polymer interface becomes about 10^ dyne 
cm""2 or about 1.4x1ο1* l b i n " 2 (1000 kg c m - 2 ) . A smilar estimate 
resu l t s from use of the Laplace pressure i f à_ i s s im i l a r l y taken 
to be about the thickness of the vapor adsorbed f i lm , XQ. 

The above estimates are about two hundred times the observed 
breaking stress . This i s a f a i r l y common type of f ind ing , and the 
usual conclusion i s that, for various reasons, such as l o ca l 
stress concentrations, the p rac t i ca l adhesion i s far smaller than 
the i dea l . A more spec i f i c p icture i s that shown i n Figure 11. 
Remembering the SEM photographs, i f the actual ice-polymer bounda
ry i s wavy in contour, the l o c a l force, :f, to break the interface 
i s reduced by the slope of the interface r e l a t i ve to the general 
plane. If th i s slope i s about 0.005 breaking forces of the order 
found would be predicted. 

It i s qua l i t a t i ve l y consistent with the above p icture that 
the breaking stress increased with increasing surface roughness 
(Table II ) . That i s , increased roughness should increase the 
t yp i c a l slope of the microscope contour and the work of i n t e r f a -
c i a l separation now develops over a smaller displacement p a r a l l e l 
to the general i n t e r f a c i a l plane. This i s i l l u s t r a t e d i n Figure 
l i b . On th i s interpretat ion , our measurements although nominally 
of shear adhesion are actua l ly of the work of separating the 
phases as modified by the leverage factor on _f. Also consistent 
with th i s p icture i s that X Q for water on PTFE i s about three 
times that for PE. The force to break a water-PTFE (and presuma
bly then also an ice-PTFE) interface would therefore be expected 
to be correspondingly smaller than that for the water-PE (or i c e -
PE) inter face . 
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Summary and Conclusions 

This paper has emphasized two aspects. The f i r s t i s that of 
developing reservations with respect to ce r ta in conventional 
assumptions. Thus, we bel ieve the assumption that the water-
hydrocarbon interact ion i s through dispers ion forces only to be 
ser ious ly i n error . The studies of adsorption of hydrocarbons on 
ice and on l i q u i d water strongly suggest that polar interact ions 
of the bond dipole-bond dipole or the bond d i p o l e - p o l a r i z a b i l i t y 
types play an important r o l e . The adsorption data for water on 
PTFE and on PE cannot be accommodated by a dispers ion only formu
l a t i o n of adsorption potent i a l ; i n fact , an exponentially re laxing 
a t t rac t i ve term i s indicated. Such a function could, of course, 
be no more than an empirical representation of how the integrated 
dispers ion a t t r ac t i on behaves for distances of the order of a 
molecular diameter. Th
r e t i c a l l y predicted one for propagated po la r i zat ions , (9) and i t s 
usefulness i n representing the adsorption potent ia l i s at least 
suggestive that po la r i za t ion rather than dispers ion i s the domi
nant source of a t t r ac t i on . 

A second common assumption challenged here i s that s t ructura l 
perturbations i n an i n t e r f a c i a l region can be neglected (as a 
f igure such as Figure 2 i l l u s t r a t e s ) . The adsorption of hydrocar
bons on ice and on l i q u i d water are d i f f i c u l t indeed to explain 
unless s t ructura l perturbation occurs. While Figure 3 i s not 
presented as i n any way accurate i n d e t a i l , i t serves to under
score the point that s t ructura l changes i n the i n t e r f a c i a l region 
of the ice-hexane system are major. This conclusion i s supported 
by the need for the type A and Β c l a s s i f i c a t i o n of contact angle 
systems; the i l l u s t r a t i o n s of Figure 4 again indicate that serious 
s t ructura l ef fects are envisaged. F i n a l l y , of course, f i n i t e 
contact angles cannot exist unless the adsorbed f i lm i n e q u i l i b r i 
um with P° i s i n some way di f ferent from the bulk l i q u i d adsor
bate . This dif ference appears i n the d i s t o r t i on term of Equation 
5 or , a l t e rna t i ve l y , i n the P ° f parameter of Equation 8. Regard
less of ana l y t i c a l form, the qua l i ta t ive effect cannot be denied. 
That i s , were there no s t ructura l perturbation, the thickness of 
an adsorbed f i lm should increase without l im i t at Ρ approaches P° 
because of the a t t r ac t i ve potent i a l , so that bulk l i q u i d could 
never rest on a surface with a f i n i t e contact angle. 

The second aspect of th i s paper i s one of presenting a s t ruc 
tu ra l p icture of the polymer-water inter face , based on the 
po ten t i a l - d i s t o r t i on adsorption model. Adjacent polymer chains 
interact by non-bonded, that i s , van der Waals forces, so that, 
l o c a l l y , the surface should show resemblances to that of a 
molecular s o l i d . A type Β s i tuat ion i s postulated, with l o c a l 
restructur ing to from pockets into which water molecules have 
inserted themselves, as depicted i n Figure 12. As the water 
a c t i v i t y (vapor pressure, i f vapor phase i s present) increases, a 
layer several molecules th ick bui lds up. The layer i s s u f f i c i e n t -
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Figure 13. Depiction of the interfacial film-bulk liquid transition 
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l y d i f ferent i n structure from that of bulk water that the l a t t e r 
can co -ex ist with the equi l ibr ium f i lm at P ° ; f i n i t e contact an 
gles are possible , as observed. 

Contact angle hysteresis may have an a l ternat ive or at least 
supplementary cause to that of surface lakes. Hysteresis has 
been observed for l i qu id s against an agar aquagel~-a gel 
whose composition was perhaps 99% water (see 9). While the gel 
was r e l a t i v e l y r i g i d macroscopically, i t was essent ia l ly l i q u i d 
i n the microscopic pockets of the gel mesh. The question at th i s 
point i s why should l i q u i d - l i q u i d inter faces , that i s lenses, 
show no angle hysteres is , yet the l o c a l l y l i q u i d - l i q u i d system of 
aqueous gel-organic l i q u i d show hysteresis? A suggested explana
t ion (9) i s that lack of long range mobi l i ty , as i n the case of 
the gel surface, prevents the f r i c t i o n l e s s advance of a contact 
angle front so that periodic barr iers must be overcome. There 
are s i m i l a r i t i e s betwee
inter face , namely long rang
the molecular l e v e l . In effect contact angle hysteresis i s now 
assigned as a topological and rheolog ica l phenomenon rather than 
one of surface heterogeneity. 

An early formulation of contact angle or meniscus f r i c t i o n 
adds or subtracts a f r i c t i o n a l term to the dr iv ing force for con
tact angle, Y L cos Θ, for advancing and receding f ronts , respec
t i v e l y . (29) On th i s bas is , the correct contact angle i s given 
by 

cos θ - i (cos 9 a d V e 4- cos 9 r e c # ) (12) 

Use of such average θ values would s i gn i f i c an t l y change the r e 
su l ts of many l i t e r a tu r e qua l i f i ca t ions of models such as that of 
Equation 4. 

Not so far answered experimentally i s the nature of the t r an 
s i t i o n between the i n t e r f a c i a l f i lm region and bulk water. That 
i s , i f bulk water i s res t ing on a polymer surface, there w i l l be 
a th in region of s t ruc tura l l y perturbed water substance and a 
t r ans i t i on from th i s region to bulk water structure. The s i t u a 
t ion i s i l l u s t r a t e d schematically i n Figure 13. It seems reason
able to assume that the thickness of th i s t r ans i t i on region i s 
about that of the adsorbed f i lm at P ° , or about x^. The sugges
t ion at th i s point i s that adhesion between polymer and bulk 
water i s to a f i r s t approximation given by the interact ion between 
the f i lm layer and bulk water. This i s very close to the weak 
boundary layer concept of Bikerman. (30) The idea l work of 
adhesion for the ice-polymer interface i s then related to the 
free energy of the f i lm l aye r - i c e inter face , which i s probably 
considerably smaller than that of the ice-vapor or l iquid-vapor 
inter face . A value of 10 erg cm" 2 would, for example, reduce the 
discrepancy between theoret ica l and observed adhesion by about 
ten- fo ld over that estimated ea r l i e r above. In terms of Figure 
11, the required slope of surface r ipp les would now be about 0.05. 
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The potential-distortion model and its related emphasis on 
structural perturbation in the interfacial region suggest certain 
lines of further study. Much more information is needed about 
adsorption near P° and on a variety of types of polymers having a 
variety of surface preparations. The emphasis would be on the 
effects of changing molecular geometry and polarity of functional 
groups. Temperature dependence studies both on adsorption and on 
contact angle are needed to obtain entropy contributions. (The 
potential-distortion model predicts a critical temperature of zero 
contact angle—a prediction for which there is insufficient exist
ing data for proper testing. (31)) The behavior of molecularly 
smooth surfaces needs more attention; spectacularly different 
adsorption, contact angle, and adhesion properties may be found. 

Abstract 

Various aspects o  water-polyme  ice-polyme
face are discussed, with emphasis on polyethlene (ΡΕ), and poly-
tetrafluoroethylene (PTFE). A rather different picture than the 
usual one is presented. Bond dipole type interactions are impor
tant. There is major surface restructuring of the polymer, and 
the adsorbed water film is significantly perturbed structurally 
from that of the bulk liquid. Wetting and adhesion behavior are 
strongly determined by the degree of these structural changes, and 
by the thickness and nature of the transition between the inter
facial region and bulk liquid. In general, the nature of the 
polymer-water interface must be understood in terms of structure 
rather than in terms of non-specific disperison interactions. 
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T h e r m o d y n a m i c a n d Re la ted Studies of W a t e r 

Interacting wi th Prote ins 

JOHN A. RUPLEY, P.-H. YANG, and GORDON TOLLIN 
Department of Biochemistry, University of Arizona, Tucson, AZ 85721 

It is recognized that important protein processes are con
trolled by the environment
reaction, for example,
change from water to a dioxane-water solvent alters the rate of 
carboxylate ion attack on substituted phenyl esters by four to 
six orders of magnitude. In spite of agreement on the importance 
of solvent, there is a lack of understanding of the basis of sol
vent control. Our interest in this problem came through attempt
ing to relate the structure of active sites determined by x-ray 
diffraction analysis to the thermodynamics of binding of sub
strates and substrate analogs. These efforts were not success
ful. The difficulty of understanding the thermodynamics of pro
tein reactions is exemplified through comparing protein folding 
with binding of a substrate analog (Table I). These reactions 
differ more than ten-fold in area of contact but by less than a 
factor of two in free energy and enthalpy. Although the way in 
which solvent participates may not be the origin of the unusual 
chemistry, it appears to be the least well understood aspect of 
protein reactions. 

Investigations on protein-water interactions can be catego
rized according to whether protein solutions or protein films and 
powders were studied. Solid samples allow variation of water 
activity over a wide range. Because of this advantage, experi
ments on such samples are the focus of this paper. It is possible 
that the protein conformation may change with drying from the 
solution to the hydrated solid. Evidence given below indicates 
that the conformation in the dry state is not significantly dif
ferent from that in dilute aqueous solution. 

The literature and experiments discussed below describe the 
process of protein hydration, which is addition of water to dry 
protein to obtain the solution state. An understanding of this 
process is expected to increase understanding of water-protein 
interactions in solution. The protein hydration process, which 
can be described unambiguously by experiment, should be distin
guished from the water of hydration concept, which is viewed 

0-8412-0559-0/80/47-127-111 $05.50/0 
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d i f f e r e n t l y according to the i n t e r e s t s of the inv e s t i g a t o r s and 
the experimental approach. 

Thermodynamics of Protein-Water Interactions 

Free Energy. The free energy of hydration i s determined by 
sorption isotherms (2). These measurements show that the hydra
t i o n process i s stepwise. The isotherm f o r a protein t y p i c a l l y 
has a "knee" at 0.05 _h (g of water/g of p r o t e i n ) , or 0.1 χ ( r e l a 
t i v e water vapor pressure) which represents binding of strongly 
i n t e r a c t i n g water to charged groups (3). Between 0.05 h and 0.3 h_ 
(0.1 and 0.9 x) there i s a plateau i n the isotherm. Above 0.9 x, 
which i s close to the l i m i t of sorption measurements, the amount 
of water bound increases sharply with increased pressure. Some 
models used i n i n t e r p r e t i n  sorptio  dat  associat  th  platea
region with m u l t i l a y e r
even 0.4 g of water/g o  protei y enoug
surface. The plateau region corresponds (see below) to binding 
of water at polar s i t e s , such as carbonyl groups, and the r i s e at 
high r e l a t i v e pressure represents the s t a r t of the l a s t stage i n 
completion of monolayer coverage. 

Enthalpy. The enthalpy of hydration has been determined 
from the temperature dependence of the sorption isotherm. The 
magnitude of the heat of sorption i s about 80 kJ/mol of water at 
low coverage (the "knee11 region at 0.05 _h) and decreases to the 
heat of vaporization of water (44 kJ/mol) by 0.2 h. Because 
hysteresis i s observed generally i n sorption isotherm measure
ments, van ft Hoff heats of sorption, calculated assuming thermo
dynamic equilibrium, may be in c o r r e c t . A c a l o r i m e t r i c study f o r 
collagen(4) confirms the van ft Hoff values. A Monte Carlo simu
l a t i o n of the lysozyme-water system (5) assigns a portion of the 
water at the protein surface an energy of i n t e r a c t i o n of 80 kJ/mol 
or greater. Water at the protein surface d i f f e r s more i n enthalpy 
than i n free energy from bulk water (Table I I ) ; the magnitudes of 
both the heat and entropy of sorption decrease strongly with i n 
creased coverage of the surface, i . e . with decreased strength of 
in t e r a c t i o n . 

The dependence of the heat of sorption on the extent of cover
age has been observed to be i r r e g u l a r , with an extremum i n the 
knee region of the isotherm (6, _7)· A c a l o r i m e t r i c study (8) has 
demonstrated a s i m i l a r i r r e g u l a r i t y i n the hydration of poly
saccharides. The extremum i n the heat of sorption f o r lysozyme 
(6) corresponds with one i n the heat capacity (see below) that 
r e f l e c t s proton r e d i s t r i b u t i o n . 

Volume. Volume has been measured as a function of the extent 
of hydration for ovalbumin (9) and for $-lactoglobulin i n the 
c r y s t a l (10). The l i n e a r dependence of the volume on system comp
o s i t i o n shows that the p a r t i a l s p e c i f i c volume of the solvent i n 
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the s o l i d sample i s i d e n t i c a l to that of bulk solvent at hydra
t i o n l e v e l s above 0.2 h. 

Heat Capacity. Measurements of the heat capacity of protein 
systems are p a r t i c u l a r l y i n t e r e s t i n g for several reasons: 1) they 
r e f l e c t s o l v a t i o n of nonpolar elements i n addition to other parts 
of the protein surface and thus can be viewed as the most com
plete thermodynamic probe for water-protein i n t e r a c t i o n s . 2) Heat 
capacity can be measured conveniently for both s o l u t i o n and s o l i d 
samples; thus the two categories of protein hydration studies, 
those on solutions and those on s o l i d samples, can be correlated. 
3) There i s a su b s t a n t i a l l i t e r a t u r e on the heat capacities of 
small molecules and on a d d i t i v i t y r e l a t i o n s h i p s , which appear to 
be more accurate f o r heat capacity than for other thermodynamic 
functions. 

Heat capacity measurement
d i f f e r e n t i a l scanning calorimeters
as a function of temperature, and less frequently, by drop c a l o r -
imetry, which gives the heat capacity at a fi x e d mean temperature. 
Scanning c a l o r i m e t r i c measurements of l i g h t l y hydrated protein 
samples over the temperature range centered on 0 °C show that a 
t r a n s i t i o n heat and change i n heat capacity associated with 
melting of water i s observed only above a threshold l e v e l of 
hydration. For example, measurements for collagen (11) show that 
there i s no t r a n s i t i o n for samples of 0.35 t i ; thus at least t h i s 
amount of water i n t e r a c t s so strongly with the protein that i t 
cannot freeze. Estimates of the water of hydration, here defined 
as the amount of nonfreezing water, can be made by analysis of 
data for samples of s u f f i c i e n t l y high water content to show a 
melting t r a n s i t i o n . 

Scanning c a l o r i m e t r i c measurements of the denaturation pro
cess as a function of extent of hydration have been reported for 
several proteins ( 3 - l a c t o g l o b u l i n : (12); lysozyme: (13)). The 
melting temperature r i s e s and other parameters of the denatura
t i o n t r a n s i t i o n change as the hydration l e v e l i s decreased below 
0.75 h. The changes are large below 0.3 _h. 

Heat capacities determined for a f i x e d mean temperature over 
the f u l l range of system composition, dry protein to d i l u t e s o l u 
t i o n , have been reported f o r ovalbumin (9) and lysozyme (14). 
Suurkuusk (15) has measured heat capacities of several proteins 
at extremes of the composition range. The fixed-temperature heat 
capacities obtained using a drop calorimeter are p a r t i c u l a r l y 
accurate. Measurements of t h i s kind made at 25 °C, a temperature 
between the freezing point and the onset of thermal denaturation, 
define changes i n the thermal properties of the system that were 
not detected i n scanning c a l o r i m e t r i c measurements. Also, i n t e r 
pretation of the r e s u l t s i s not complicated by the changes i n 
sta t e , associated with fusion of the solvent or denaturation of 
the p r o t e i n , that are part of the scanning measurements. 

Figure 1 shows the heat capacity of the lysozyme-water 
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Table I I . Thermodynamic Parameters for Water Interacting 
with Lysozyme a 

Hydration Range A G 1 Δ Η ι 
(g of water/g of protein) ( J mol*"1) ( J mol" 1) (JITV 1) 

I 0.38 - ( <» ) ( 0 ) ( ο ) 4.18 
I I 0.27 - 0.38 (0.325) - - 3.35 

I I I 0.07 - 0.27 (0.17) - 770 - 2100 5.8 
IV 0 0.07 (0.035) -6330 -70430 2.3 

~KG^ and ΔΪΓ̂  estimate  Hnojewyj  Reyerso  (6); 

cp^ from Yang and Rupley (14); the hydration range i s given 
for cp^; the hydration (given i n parentheses) i s for AG^ and 

Biochemistry 

Figure 1. Specific heat of the lysozyme-water system from 0 to 1.0 weight fraction 
protein Least-squares analysis of the linear portion of the heat capacity func
tion from 0 to 0.73 weight fraction water gives cp*° = 1.483 ± 0.009 J K^g1. The 

value of cpt° = 1.26± 0.01 JK'g1. 
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system as a function of composition. The p r inc ipa l conclusions 
are the fol lowing: 1) the l inear response of the heat capacity 
to change i n composition from 0 to 0.73 weight f ract ion protein 
means that 0.38 g of water/g of protein (300 water molecules/ 
protein molecule) i s su f f i c ient to complete the hydration process 
as detected by changes i n thermal propert ies . Addit ion of water 
above th i s hydration l eve l only increases the amount of bulk 
water i n the system. 

2) The heat capacity of lysozyme i n d i lu te so lut ion i s 
greater than the heat capacity of the dry prote in . The l a t t e r 
can be ca lcu lated , assuming a d d i t i v i t y , from heat capacit ies for 
oligomers of glycine and for the several amino acids i n the 
c ry s t a l l i n e state , as suggested by Hutchens et a l . (16). The 
heat capacity of the protein i n so lut ion can be calculated s i m i 
l a r l y from the d i lu te so lut ion heat capacit ies of oligomers of 
glycine and the amino ac ids
c rys ta l structure studie
chain elements are exposed to solvent i n the native protein (17). 
Results of a ca lcu la t ion of th is sort for the dry protein and the 
d i lu te so lut ion state are given i n Table III . Agreement with ex
periment i s good. Also given i n Table III are the results of a 
ca lcu la t ion based on a di f ferent set of addit ive parameters, for 
atoms or groups, given by Benson and Buss (18) for the so l i d 
state and by Guthrie (19) for the so lut ion . Again agreement with 
experiment i s good. The point to be made i s that the heat capa
c i t y of the protein i n the so l i d and solut ion states i s consistent 
with the heat capacit ies of small molecules. Spec i f i c a l l y , there 
i s no evidence for there being a specia l contr ibution to the heat 
capacity from v ib ra t iona l modes that may be pecul iar to the macro-
molecule. A contr ibution of th i s kind has been suggested by 
Sturtevant (20). 

3) The heat capacity var ies nonl inear ly with composition 
below 0.38 h. The data of Figure 1 for the water-poor region i s 
replotted in Figure 2, with coordinate transformations to apparent 
spec i f i c heat capacity of the prote in , <f>cp2, versus the hydration 
l eve l expressed i n units g of water/g of prote in . The function 
φορ2 i s a measure of the excess spec i f i c heat, normalized to unit 
quantity of protein (14). The data of Figure 2 show that the 
hydration process i s stepwise. Four regions, designated I-IV 
(Figure 2) , can be dist inguished i n the spec i f i c heat p r o f i l e . 
Region I, comprising hydration levels above 0.38 h, represents 
addit ion of bulk water to the system. Thus within Region I <f>cp2 

(the normalized nonideal i ty of the system) i s constant and equal 
to the d i lu te so lut ion value. The r i s e and f a l l of <j>cp2 within 
Region IV and at the juncture of Regions III and II can be under
stood as r e f l ec t ing heats of react ion. With regard to the reac
t ion heat i n Region IV, infrared measurements (21; see below) 
have shown that interact ion with water at the lowest l eve l of 
hydration resu l ts i n proton transfer from carboxylic acid to 
basic protein groups. The reaction heat at 0.27 _h i s understood 
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Table I I I . Calculations of Cp°, Cp°, and ACp f o r Solvation 
a 

of Lysozyme 

Calc u l a t i o n Method 
Side Chain Group ^ 

Contribution Contribution Experimental 

Cp° ( s o l i d ) 17533 17314 17961 

ACp (sol u t i o n - s o l i d ) 2572 3208 3146 

Cp° (solution) 2010

a -1 -1 
Units JK mol ; see text f or de s c r i p t i o n of c a l c u l a t i o n s . 

^ Yang and Rupley (14). 
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Biochemistry 

Figure 2. Apparent specific heat capacity of lysozyme from 0 to 0.45 g of water 
per gram of protein (14) 

Curve is calculated with four regions of linear response to ligand composition (breaks at 
0.07, 0.27, and 0.38 h) and two transitions (or reactions) centered at 0.05 and 0.26 g of 
water per gram of protein. Heat capacity measurements were made with lyophilized 
powders of lysozyme, appropriately hydrated, except for the four measurements indicated 
by the square symbols, for which the sample was a film formed by slowly drying a con

centrated solution of lysozyme. 
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to represent condensation of water over the regions of the sur
face that i n t e r a c t most weakly, presumably the nonpolar elements. 
A condensation process of t h i s kind i s predicted (22) for hetero
geneous surfaces binding an adsorbate such as water that can 
i n t e r a c t with other adsorbate molecules. Infrared measurements 
(21: see below) associate Region I I I (Figure 2) with binding of 
water to carbonyl oxygen and presumably other polar s i t e s and 
show that t h i s process i s e s s e n t i a l l y complete at the 0.27 ti 
t r a n s i t i o n . These observations support the following two con
clusions: the 0.27 h t r a n s i t i o n and the hydration events of 
Region I I r e f l e c t p r i n c i p a l l y changes in v o l v i n g nonpolar por
tions of the surface; the surface of the protein i s completely 
covered at 0.38 h.. 

4) Table I I gives values of cp^ i n each of the several 
hydration regions describe
i s smaller than the hea
to the value f o r i c e . cp  f o r Region I I I i s greater than the 
heat capacity for water. The heat capacity of l i q u i d water i s 
about twice that of i c e or water vapor and r e f l e c t s a "configur-
a t i o n a l " contribution from the enthalpy change associated with 
the temperature-dependent rearrangement of hydrogen bonding be
tween water molecules. The low value of cp^ i n Region IV thus 
suggests that the water bound i s dispersed about the surface, and 
the high value i n Region I I I suggests that the water concentra
t i o n i s s u f f i c i e n t f o r formation of mobile networks of varying 
extent and hydrogen-bonding character, analogous to those i n 
l i q u i d water; a t r a n s i t i o n of t h i s kind, from dispersed to c l u s 
tered adsorbate, i s predicted by H i l l (22) to occur at low adsor
bate concentration. 

Conclusions from Thermodynamics 

One can define the water of hydration as a l l water that i s 
measurably affected by the protein or that a f f e c t s the protein. 
Measurement of the system heat capacity as a function of compo
s i t i o n gives a p a r t i c u l a r l y c r e d i b l e estimate of the water of 
hydration. Heat capacity changes are found f o r sol v a t i o n of a l l 
elements of the protein surface, i n p a r t i c u l a r nonpolar groups. 
As noted already, the hydration l e v e l above which the protein heat 
capacity i s constant defines completion of the hydration process. 
The value estimated for lysozyme i s 0.38 g of water/g of p r o t e i n , 
equivalent to 300 molecules of water/molecule of lysozyme. With 
regard to other thermodynamic measurements, the sorption isotherm 
i s not able to define completion of the hydration process, and 
there can be d i f f i c u l t y i n i n t e r p r e t i n g scanning c a l o r i m e t r i c ex
periments i n terms of completion of hydration, because d i f f e r e n t 
states of the system are being compared (frozen and s o l u t i o n , or 
native and denatured) and during a scanning c a l o r i m e t r i c measure
ment the system i s not at equilibrium, allowing reaction rates to 
influence the response. 
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Three hundred molecules of water i s a small amount f o r cover-
oo 

ing the surface of lysozyme, which i s about 6000 A i n extent 
(23, 17). The average area of one side of a cube equivalent i n 
volume to a molecule of l i q u i d water i s 10 A"*. Richards (10) has 
noted the discrepancy between the approximately 600 molecules of 
water predicted on t h i s basis and the 300 or fewer molecules 
determined by experimental probes of hydration. There are, how
ever, water arrangements with a 20 A^ area per water molecule, 
for example, the planes of water molecules perpendicular to the 
c-axis of i c e I. The point to be made i s that the hydration 
estimated from the heat capacity data indicates that the water 
about the protein must be l o c a l l y ordered through i n t e r a c t i o n 
with protein atoms, i n order to obtain an area/water molecule 
greater than i n bulk water  In t h i s regard  the average area per 
polar or charged atom o
20 ϊϊ. Furthermore, m u l t i l a y e
heat capacity measurements; thus the protein with a monolayer 
s h e l l of water must mesh w e l l with the bulk solvent. 

Because the various thermodynamic parameters are measures of 
the same molecular events, they should show p a r a l l e l changes with 
hydration. Steps i n the hydration process are defined by the 
sorption isotherm and the heat capacity-composition p r o f i l e , and 
the two measurements are i n agreement. The knee i n the sorption 
isotherm corresponds to Region IV (Figure 2), the plateau region 
of the isotherm corresponds to Region I I I , and the sharp r i s e i n 
coverage at high pressure corresponds to the t r a n s i t i o n observed 
i n the heat capacity at the juncture of Regions I I and I I I . 
S i m i l a r l y , changes i n the volume and enthalpy of the adsorbed 
water correspond: the bulk water value i s reached w i t h i n Region 
I I I . 

Because the hydration process i s stepwise, i t i s reasonable 
to describe properties of the bound water i n each region. This i s 
done i n the concluding section below. 
Comparison of Thermodynamic With Other Measurements of Hydration 

The following paragraphs compare thermodynamic studies of 
hydration with other s t a t i c measurements: i n f r a r e d , NMR, and x-
ray d i f f r a c t i o n . Dynamic measurements are considered i n the next 
section. 

C a r e r i et a l (21) have c a r r i e d out a c a r e f u l i n f r a r e d spec
troscopic examination of the hydration of lysozyme. Figure 3 
compares the spectroscopic r e s u l t s with heat capacity measure
ments. The p r i n c i p a l conclusions are the following: 1) the 
f i r s t two steps i n the hydration process, Regions IV and I I I , are 
seen i n the i n f r a r e d measurements. The d i s c o n t i n u i t y at 0.07 h 
observed i n the dependence on hydration of the carboxylate, 
amide, and water bands (Figure 3), corresponds to the juncture of 
Regions IV and I I I . 2) The increase i n carboxylate i n t e n s i t y 
w i t h i n Region IV means that proton r e d i s t r i b u t i o n follows 
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gH 2 0/g PROTEIN 

Figure 3. Properties of the lysozyme-water system as a function of water content 
The correspondence between the vertical bar in the figure and the units of measure

ment is given separately for each curve. 
(a) Absorbance at the carboxylate band maximum (1580 cm'1), measured at 38°C; units, 
0.35 Â. (b) Change in the amide Γ band, measured at 38°C as the difference between the 
negative (1690 cm'1) and positive (1645 cm'1) extremes about isobestic point of the 
differential spectrum; units, 0.17 Â. There is a small contribution from carboxylate ion
ization in the lower range of hydration, (c) Frequency of the highest intensity maximum 
of the OD stretching band of adsorbed D20, measured at 38°C. Total shift is from 2550 
to 2580 cm'1, (d) Apparent specific heat capacity of lysozyme, measured for 25°C; units, 
0.2 J K~1g~1. (e) Enzymatic activity, measured at 25°C; units, 5. X 10~6 sec'1. After 

Ref. 32. 
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adsorption of water, and as noted above t h i s process serves to 
explain the reaction heat seen at 0.04 h. 3) Changes i n the 
carbonyl and other i n f r a r e d bands are e s s e n t i a l l y complete at 
0.2 h. The si g n i f i c a n c e of t h i s observation was discussed i n the 
preceding section. 4) Changes i n the i n f r a r e d bands above 0.07 li 
are continuous, which suggests that there are no major conforma
t i o n changes associated with hydration above 0.07 l i . A lso, the 
eff e c t of hydration upon the amide band can be understood as 
in t e r a c t i o n of carbonyl oxygens with water without changes i n 
peptide hydrogen bonding. 

Kuntz and coworkers (2) have determined, using NMR spectro
scopy, the amount of nonfreezing water associated with various 
macromolecules. H i l t o n et a l (24), i n a s i m i l a r study on l y s o 
zyme, found the amount of nonfreezing water to be 0.35 g of 
water/g of pro t e i n , close to the hydration estimated from heat 
capacity measurements.
the amount of nonfreezin
c a l o r i m e t r i c measurements (2). Kuntz (2) has concluded from NMR 
re s u l t s obtained with model compounds that the nonfreezing water 
i s predominantly associated with charged groups. 

X-ray d i f f r a c t i o n analysis has located water i n c r y s t a l s of 
various proteins (25). The analysis of rubredoxin (26) has given 
a p a r t i c u l a r l y c l e a r p i c t u r e , i n which 127 water molecules were 
i d e n t i f i e d . Because d i f f r a c t i o n analysis gives a time-average 
p i c t u r e , the occupancies of the water s i t e s range from f u l l to 
0.3, and some s i t e s are mutually exclusive. There are several 
extensive networks comprising hydrogen-bonded water and protein 
atoms. Most of the water i n the model i s within hydrogen-bonding 
distance of protein atoms. However, h of the water i s at 4 A or 
greater distance, with a peak i n the d i s t r i b u t i o n function at 4 -
4.5 A, the second nearest neighbor distance i n water or i c e . 
Water at 4 X or greater distance i s not i n contact with protein 
atoms and represents m u l t i l a y e r water. We believe that m u l t i 
layer water i s not detected i n thermodynamic measurements. Ap
parently water can be l o c a l i z e d through hydrogen-bonding to other 
water at the protein surface and yet display thermodynamic prop
e r t i e s i n d i s t i n g u i s h a b l e from the bulk solvent (see concluding 
section below). 

Dynamic Measurements 

A d e s c r i p t i o n of the motions of water and other molecules at 
the protein surface i s needed for an understanding of enzyme 
c a t a l y s i s and other protein properties. 

Hydrodynamics. Estimates of protein hydration water based 
on f r i c t i o n a l properties are generally greater than estimates 
from thermodynamics (2). Squire and Himmel (27) found that the hy
dration of 21 proteins has a mean value 0.53 g of water/g of pro
t e i n . 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



122 WATER IN POLYMERS 

Relaxation Measurements. NMR measurements have been used to 
examine water-protein interactions i n so l u t i o n and i n hydrated 
powders (2). H i l t o n et a l (24) have shown that the motional 
properties of water i n p a r t i a l l y hydrated powders of lysozyme are 
best characterized as those of a viscous l i q u i d . D i e l e c t r i c 
r e l a x a t i o n spectra of water i n lysozyme powders (28) d i s t i n g u i s h 
two classes of water, one with a r e l a x a t i o n time near 10 s, the 
other, found at l e v e l s of hydration greater than 0.3 h.» with 
r e l a x a t i o n time about 2 χ 10" s, close to the r e l a x a t i o n time 
of bulk water. The break i n the d i e l e c t r i c properties i s at the 
point of completion of the hydration of the amide groups, seen i n 
in f r a r e d measurements, and of the t r a n s i t i o n leading to comple
t i o n of the monolayer, seen i n the heat capacity measurements. 

Electron Spin Resonance  ESR spectra (Figure 4) were 
measured for p a r t i a l l y
n i t r o x i d e spin probe, TEMPONE
hydration l e v e l of a parameter which characterizes the r e l a t i v e 
amplitudes of various spectral l i n e s . 

Estimates of the TEMPONE c o r r e l a t i o n time were made using 
spectrum simulations based on the following model: the bound 
TEMPONE i s assumed to be d i s t r i b u t e d between two types of s i t e s ; 
TEMPONE bound at one of these i s unaffected by hydration and has 
nearly r i g i d motional properties; the motion of TEMPONE at the 
second class of s i t e s , designated v a r i a b l e , i s affected by hydra
t i o n above 0.2 - 0.25 h, and the f r a c t i o n of the TEMPONE bound to 
these s i t e s increases from 0.2 at 0.07 h to 0.5 at 0.3 h and 
higher hydration. In the absence of water, the c o r r e l a t i o n time 
for the TEMPONE at 25 °C i s 6 χ 10~ s. At hydration l e v e l s be
low 0.2 h TEMPONE bound at v a r i a b l e s i t e s has a c o r r e l a t i o n time 
of 3 χ 10~9 s. Between hydration l e v e l s 0.2 and 0.4 h, the 
co r r e l a t i o n time decreases by an order of magnitude; there i s an 
ad d i t i o n a l smaller decrease i n going to higher l e v e l s of hydra
t i o n (Figure 6). The motional and sp e c t r a l properties of TEMPONE 
at the highest l e v e l s of hydration studied were not i d e n t i c a l 
with the properties found i n d i l u t e s o l u t i o n . The c o r r e l a t i o n 
time for the TEMPONE motion i s 1 to 2 orders of magnitude greater 
than that f o r water at a corresponding l e v e l of hydration; i t i s 
much less than the c h a r a c t e r i s t i c times for enzyme processes. 

The ESR properties show changes with hydration i n agreement 
with the heat capacity and i n f r a - r e d measurements: there are 
breaks at 0.05 to 0.1 h (Figure 5) and 0.2 - 0.3 h (Figure 6). 
The major change i n motional properties i s associated with com
p l e t i o n of amide hydration and the s t a r t of the condensation of 
water over the weakly i n t e r a c t i n g portions of the surface. How
ever, the motional properties continue to change at hydration 
l e v e l s above that f o r completion of the monolayer seen i n the 
thermodynamic measurements. 

gnzyme Properties. Enzymatic a c t i v i t y was measured fo r 
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Figure 5. Ratio of heights of hyperftne lines (IJli) from 0.02 to 0.36 h for 
Tempone noncovalently bound to lysozyme (mole fraction 0.018) 
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p a r t i a l l y hydrated samples of lysozyme. Under conditions of low 
a c t i v i t y (high pH and 0 °C), a s o l u t i o n of lysozyme was mixed 
with a s o l u t i o n containing an equimolar amount of substrate, the 
hexasaccharide of N-acetylglucosamine; the mixture was l y o p h i l i z e d 
to give a stable powder of the enzyme-substrate complex, which 
could be hydrated as appropriate by i s o p i e s t i c e q u i l i b r a t i o n or 
addition of water. The pH l e v e l was adjusted before l y o p h i l i z a -
t i o n . I t was necessary to vary pH i n order to obtain reaction 
times convenient f o r study of the lower l e v e l s of hydration. The 
rate of enzymatic reaction was low (half-time of several days) 
and less than the rate of hydration, which was complete w i t h i n 
one day. The rate of enzymatic reaction was determined by pro
duct analysis using charcoal columns. 

Figure 7 shows the a c t i v i t y as a function of l e v e l of hydra
t i o n f o r pH 8, 9, and 10
increase i n pH, observe
behavior i n d i l u t e s o l u t i o n and presumably r e f l e c t s the i o n i z a
t i o n of the active s i t e residue Glu-35. 

Enzymatic a c t i v i t y develops i n two steps, as shown i n Figure 
8. The beginning of the f i r s t step, at about 0.18 weight f r a c t i o n 
water, equivalent to 0.22 t i , corresponds to the l a s t stage i n the 
hydration process seen by the heat capacity, i . e . the completion 
of the monolayer by condensation of water over the weakest i n t e r 
acting surface groups. The enzymatic a c t i v i t y at the end of the 
f i r s t step i s about 10% of the d i l u t e s o l u t i o n value. The devel
opment of a c t i v i t y i n the f i r s t step shows a 15th-order depen
dence on water a c t i v i t y . Thus the rate of reaction i s not con
t r o l l e d by water being a reactant i n the hydrolysis process, i n 
which case the order would be unity. The a c t i v i t y r i s e s to the 
d i l u t e s o l u t i o n value with increase i n hydration above 0.5 h. 

I t has been shown that the structure of the enzyme-substrate 
complex undergoes rearrangement i n the rate-determining step of 
the lysozyme reaction (29). This rearrangement may require the 
m o b i l i t y associated with completion of the water monolayer. I t 
i s also possible that a network of water molecules p a r t i c i p a t e s 
i n the c a t a l y t i c process. We favor the former a l t e r n a t i v e . Re
gardless of the explanation, i t i s important that not much water 
i s needed fo r enzymatic a c t i v i t y and that only the strongly 
i n t e r a c t i n g s i t e s must be f i l l e d before a c t i v i t y i s observable. 

Comments. Dynamic properties show changes at hydration 
l e v e l s above 0.4 t i , the point of completion of the changes i n 
s t a t i c properties. Because the l a t e r r e f l e c t a monolayer of 
water about the p r o t e i n , the a d d i t i o n a l water seen i n the dynamic 
measurements i s "multi-layer 1 1 water. Furthermore, hydration af
fects the several rate properties d i f f e r e n t l y . The more complex 
hydration dependence of dynamic compared with s t a t i c properties 
i s to be expected. S t a t i c properties, at l e a s t the thermodynamic, 
have a single molecular basis. In contrast, the various t r a n s i 
t i o n states governing the rate processes are necessarily d i f f e r e n t . 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



6. RUPLEY ET AL. Water Interacting with Proteins 125 

H E 

Σ> 9 

τ 1 1 1 1 1 1 1 1 τ~ 

_l I I I L 

0.6 

0.5 

0.4 

0.3 b 
< 
cr 

H0.2 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 Z2 
GRAM H 90/ GRAM PROTEIN 

Figure 6. Values of τ for the variable Tempone environment as a function of 
hydration level. Error bar shows the range of values that gives acceptable simulated 
spectra. Fraction of Tempone in the variable environment is 0.5 ±0.2 at high 

hydration. 
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Figure 7. Enzymatic activity of lysozyme as a function of water content, at pH 8, 
9, and 10. Open symbols: measurements on powders hydrated by isopestic equilibra

tion. Closed symbols: solvent added to powder. 
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In f a c t , i t i s remarkable that the agreement between the dynamic 
and s t a t i c measurements i s so close i n defining the sequence of 
events i n the hydration process: as noted above, NMR, d i e l e c t r i c 
r e l a x a t i o n , ESR, and enzymatic measurements each define one or 
more of the steps i n the hydration process seen i n s t a t i c mea
surements. 

Absence of Conformation Changes with Hydration 

Most of the studies described above were on p a r t i a l l y hy
drated protein powders or f i l m s . I t i s necessary to r e l a t e the 
conformation of the protein i n t h i s state to that i n s o l u t i o n . 
There i s a s u b s t a n t i a l body of evidence supporting the conclusion 
that the conformation of the protein does not change measurably 
between about 0.2 h and the d i l u t e s o l u t i o n : 1) enzymatic a c t i v 
i t y i s observable at 0.
continuously with hydratio
surface group hydration without change i n protein conformation. 
3) The temperature of the thermal denaturation t r a n s i t i o n i n 
creases with decreasing hydration below 0.7 h. 4) The p a r t i a l 
s p e c i f i c volumes of several proteins are the same i n d i l u t e s o l u 
t i o n and i n the s o l i d at hydration l e v e l s above 0.2 h. 5) The 
c i r c u l a r dichroism spectrum of lysozyme i n a f i l m i s c l o s e l y sim
i l a r to that i n s o l u t i o n C3Q). 

In order to compare the conformation i n powders at very low 
hydration (0.02 h) with that at higher l e v e l s , above 0.2 h, ESR 
measurements were made on samples of lysozyme covalently l a b e l l e d 
with succinimidyl-2,2,5,5-tetramethyl-3-pyrrolin-l-oxyl-3-car-
boxylate. The material contained two spin labels per protein 
molecule, s u f f i c i e n t for spin-spin i n t e r a c t i o n to be observed. 
Spectra were measured at -160 °C as a function of hydration. At 
t h i s temperature, molecular motion makes no contribution to the 
spectrum, and an analysis of spectrum shape can be used to e s t i 
mate the distance between spin centers (31). The l i n e shapes 
were invariant to change i n hydration (Table IV). The mean d i s 
tance between spin centers i s 26-28 Â . Thus to a r e s o l u t i o n of 
1 A there i s no change i n conformation with hydration. This con
c l u s i o n holds s t r i c t l y only f o r those portions of the protein that 
have reacted with the l a b e l , and i t i s possible that there are 
changes greater than 1 Â i n other portions of the molecule. How
ever, we believe that t h i s p o s s i b i l i t y i s u n l i k e l y , because of the 
wide d i s t r i b u t i o n of amino groups about the lysozyme surface and 
because of the cooperative nature of changes i n conformation. I t 
i s also possible but, we b e l i e v e , unreasonable that conformations 
d i f f e r e n t at various hydration l e v e l s at 25 °C w i l l be brought at 
-160 °C to the same conformation. Thus the invariance of the ESR 
l i n e shapes between low and high hydration l e v e l s i s strong sup
port f o r the invariance of the conformation. 

To summarize, various measurements indi c a t e that the confor
mation of the protein i n the powder or f i l m state i s the same as 
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Figure 8. Logarithmic plot of the data of Figure 7, with arbitrary ordinate trans
lations to bring curves for different pH into coincidence: (Α) ρ H 8; (Ο) pH 9; 

(D)PH10 

Table IV. Average Distance Between Spin Centers at -160 °C a 

^ Average Distance 
Hydration 1 Between Spin Centers 

(g of water/g of protein) d (&) 

0.02 0.54 26 
0.21 0.54 26 
0.22 0.53 28 
0.30 0.53 28 
0.41 0.53 28 

a d^ i s the peak-to-peak height for the two outer extrema of 
the f i r s t d e r i v a t i v e l i n e s ; d_ i s the peak-to-peak height for 
the c e n t r a l f i e l d l i n e ; the average distance between spin 
centers corresponding to the r a t i o d^/d was obtained from 
the curve given by Likhtenshtein (31). 
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i n d i l u t e s o l u t i o n . The ESR and enzymatic properties are sensi
t i v e to small changes i n conformation (about 1 X). Apparently, 
removal of the solvent from about a pr o t e i n , l i k e incorporation 
of a protein molecule i n t o a c r y s t a l , does not a f f e c t the back
bone conformation, although the arrangement of surface side chain 
groups i s expected to be altered s l i g h t l y . 

In view of the importance of solvent for protein f o l d i n g , 
the absence of an e f f e c t of dehydration on conformation i s sur
p r i s i n g . I t i s possible that the s t a b i l i t y of the native confor
mation at reduced water content has a k i n e t i c b a s i s , owing to 
conformation changes being i n h i b i t e d . 

Picture of the Hydration Process 

The correspondence  noted abov  betwee  variou  measurement
of the hydration proces
of dry protein f i t the g p i c t u r e y
d e s c r i p t i o n by C a r e r i , Gratton, Yang and Rupley (32) and which i s 
i l l u s t r a t e d i n Figure 9. A) The dry protein molecule has a con
formation s i m i l a r to that of the protein i n s o l u t i o n , and i n 
films or powders i t makes few contacts with neighboring molecules. 
B) The f i r s t water added i n t e r a c t s predominantly with i o n i z a b l e 
groups and restores the normal pK order among groups perturbed 
strongly through dehydration. This strongly bound water (Region 
IV) i s dispersed about the protein surface. I t constitutes 25% 
of the water of hydration, which i s equal to the percentage of 
the surface contributed by ioni z a b l e groups (17). C) At a con
centration of near 0.1 g water/g pr o t e i n , c l u s t e r s develop, pre
sumably centered on polar and charged protein surface atoms. 
This change i s evidenced by d i s c o n t i n u i t i e s i n the i n f r a r e d prop
e r t i e s , i n the heat capacity and the sorption isotherm, and i n 
ESR spectra. The high heat capacity found f o r the bound water 
between 0.1 and 0.25 h (Region I I I ) indicates that the hydrogen 
bonding arrangements are v a r i a b l e , as they are i n bulk water. 
Time-domain measurements (NMR, d i e l e c t r i c r e l a x a t i o n , and ESR) 
show that t h i s water i s r e s t r i c t e d i n motion r e l a t i v e to bulk 
water. Presumably t h i s type of structure for the water s h e l l 
(mobile, v a r i a b l e arrangements centered on polar and charged 
surface s i t e s ) obtains also i n the f u l l y hydrated molecule. 
D) Between 0.2 and 0.3 l i , hydration of the hydrogen-bonding s i t e s 
i s complete. E) Condensation of water over the weakest i n t e r 
acting portions of the surface, the nonpolar regions, leads to 
monolayer coverage at 0.4 tu There must be s p e c i a l l o c a l arrange
ments of water at the protein surface, i n order to obtain high 
coverage per water molecule adsorbed. The condensation i s a 
major event i n the hydration process; i t i s seen i n the heat ca
pac i t y , a s t a t i c measurement, and i s the point at which dynamic 
properties ( d i e l e c t r i c r e l a x a t i o n ; spin probe c o r r e l a t i o n time; 
enzymatic a c t i v i t y ) show large changes. The m o b i l i t y of the 
protein-water system increases dramatically with completion of 
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Figure 9. Representation of the events of the hydration process. Letters correspond 
to discussion in the text. 
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the monolayer. F) The arrangement of the water within the rnono^ 
layer is such that the protein at this hydration level meshes 
well with bulk water. In this regard, there are no changes in 
thermal properties with increase in hydration above 0.4 h. The 
heat capacity is a sensitive probe of hydrogen bonding, and thus 
would have detected changes produced by or upon the water shell. 
Consequently, the special local arrangements of water suggested 
in (E) above would have to be among those characteristic of l iq
uid water. Thus it is not surprising that some multilayer water 
should be located by x-ray diffraction analysis and yet have the 
thermal properties of bulk water. G) Dynamic properties change 
as the hydration is increased above 0.4 h. It is significant, 
however, that these changes in motional properties appear to be 
small compared to those occuring during the condensation pro
cess at 0.25-0.4 h. 

Abstract 

The interaction of water with proteins can be studied ef
fectively using solid samples, because it is possible to control 
water activity. Sorption isotherms have been reported for a wide 
variety of proteins and related molecules, defining the free 
energy and enthalpy as a function of hydration level. Heat 
capacity measurements, which can be carried out over the full 
range of system composition, serve to correlate the studies on 
partially hydrated solid samples with studies on the dilute solu
tion state. The thermodynamic results distinguish stages in the 
hydration of dry protein and suggest a simple picture of the pro
cess. This picture accomodates results of other static measure
ments, such as infrared spectroscopic, and kinetic measurements, 
such as ESR and enzymatic activity. Enzymatic activity is ob
served before completion of monolayer coverage, and the develop
ment of it appears to be associated with a condensation event. 
Kinetic properties of the solid continue to change above a hy
dration level (ca. 0.4 g water/g protein) sufficient to establish 
the thermal properties characteristic of the dilute solution. 
The structure of the solid protein as a function of hydration 
level is discussed. 
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T h e Structure of W a t e r in P o l y m e r s 

C. A. J. HOEVE 
Department of Chemistry, Texas A&M University, College Station, TX 77843 

Water absorbed in polymers is important for mechanical
electrical and other physica
by far the most importan
proteins that this water is commonly referred to as bound water. 
These concepts must, however, be critically examined in order 
that the molecular properties can be understood. Such questions 
as what the order is in these water clusters and how far they 
extend, need to be answered. 

At first glance little reason seems to exist for water to 
be strongly bound to most of these polymers. The energy of 
interaction between water molecules in bulk is quite large. The 
absolute value of the hydrogen bond between water molecules is 
on the order of 5 Kcal/mol. If water molecules prefer binding 
to other groups the binding energy must considerably surpass 
this value. The energy differences of a hydrogen bond of water 
with itself and that with the hydroxyl and amide groups in the 
materials considered in this article are small, however. These 
small energy differences are not conducive to binding. 

Some time ago (1_,2_) investigators pointed out that methane 
and other non-polar molecules are dissolved in water with 
negative enthalpy changes, contrary to the expected positive 
sign i f hydrogen bonds between water molecules would be broken 
to accommodate the non-polar molecules. The explanation is that 
water molecules form cage-like structures to allow entrance of 
the guest molecule. The building blocks of these cages are 
water molecules that are mutually hydrogen bonded to a higher 
degree than in bulk water. Sometimes these structures are re
ferred to as icelike, although it has become clear that they 
should not be considered to be static. As the temperature is 
raised these structures are gradually converted into less ordered 
bulk water. This gradual dissipation of structures is associated 
with a high heat capacity (3). The following consideration shows 
that only a small fraction of hydrogen bonds need to be broken 
in order to considerably increase the heat capacity. Comparing 
at 0°C the heat capacity of water to that of ice, we observe a 
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twofold increase. Let us consider that no hydrogen bonds are 
broken with temperature in ice, and that the surplus 9 cal deg~l 
mol"1 in heat capacity of liquid water over that of ice results 
from hydrogen bond breakage. If, furthermore, we adopt the 
value of 5 Kcal/mol for the energy of one H-bond and assume that 
at 0°C each water molecule forms two H-bonds, we estimate that 
only 0.1% of hydrogen bonds per degree need to be broken to ac
count for the surplus heat capacity. This estimate is in ex
cellent agreement with the value obtained by Luck (4_) from the 
temperature dependence of the infrared absorption band intensi
ties. It follows from these considerations that the heat ca
pacity is a sensitive indicator for any structural changes oc
curring with temperature. 

Although in this article we use the term hydrogen bond 
breakage, it should be
hydrogen bonds are not
energy increase on hydrogen bond bending is relatively small, 
as believed (6), this description is to be preferred. For sim
plicity we shall use the former terminology. Of course, the 
large structural contributions to the heat capacity are expected 
on the basis of either mechanism. 

If small amounts of water are absorbed in bulk polymers the 
cage-like water structures present in dilute solutions cannot be 
fully developed, since the required cavities of several tens of 
Angstrom units do not exist in bulk polymers. The water 
structures must then deviate considerably from those found in 
dilute solution. We can expect, however, that the water mole
cules will tend to form vestiges of the cage-like structures, as 
far as space permits. The requirement for each water molecule 
to form four hydrogen bonds is especially difficult to satisfy 
if the polymer is glassy, or semicrystalline. In this case the 
polymer chains do not undergo appreciable conformational changes; 
compared to bulk water relatively few polar groups are present 
and these are generally situated inappropriately to satisfy the 
hydrogen bond requirements of water molecules. If the water 
molecules are sufficiently mobile, however, they can, at least, 
compensate for these deficiencies by additional hydrogen bond 
formation with each other. It follows from the foregoing con
siderations that water absorbed in rigid polymers should have a 
strong tendency to form mobile clusters. Only at extremely low 
concentrations are water molecules expected to be absorbed 
separately, without hydrogen bonding to each other. 

NMR Methods. One of the best ways to investigate the mo
bility of water molecules in a fixed matrix is by NMR methods. 
In the following discussion the collagen matrix is emphasized, 
although we do not consider the state of water in collagen to be 
unique. Collagen fibers provide an excellent matrix for study
ing the water structure. Similar results have been obtained for 
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other hydrated matrices such as rayon (7) and layer silicates 
(8). Moreover, collagen shares with otïïer polymers the dis
tinction that water absorbed in them is usually considered to 
occur in different states, bound and unbound. 

Collagen molecules consist of triple-stranded helices, 
which for our purpose can be regarded as rigid rods of approxi
mately 15 A in diameter and 3000 Â in length. According to 
x-ray diagrams the rods are packed parallel with the fiber axis 
in an ordered lattice (19), the details of which are not im
portant here. Furthermore, the lattice expands commensurate 
with the water content without destroying the crystalline regu
larity. The interstices between the rods are available for 
water absorption. Since the rod diameters are so small, the 
diameters of the channel like interstices cannot be more than 
several Angstrom. Furthermore
x-ray spots (9), the water-fille
uniform size throughout the sample for water contents less than 
lg of water per g of collagen. Thus collagen fibers provide us 
with narrow, straight, channels of known orientation. Broad-
line NMR measurements of water in these channels show two ab
sorption lines instead of one for bulk water (10-17). The 
splitting of these lines depends on the orientation of the fiber 
axis with respect to the field. This is direct evidence that 
the water molecules are not isotropically rotating. They are, 
however, rotating surprisingly rapidly considering the narrow
ness of the channels between the rigid collagen rods. Most 
investigators (13,14,15,16,17) interpret the results in terms 
of two kinds of water, a"Traction of water molecules specifi
cally bound to collagen, and another fraction of essentially 
free water molecules that rotate isotropically and have thermo
dynamic properties close to those of bulk water. In order to 
explain the NMR spectrum the further assumption is made that 
these two kinds of water molecules are rapidly interchanging, 
on the order of 10? times per sec, so as to yield an NMR 
spectrum averaged over both fractions. Disagreement exists, 
however, regarding the amount and the orientation of the bound 
fraction. Irrespective of how this fraction is bound, however, 
it is difficult to see how isotropically rotating water mole
cules can exist with properties of those in bulk water. The 
narrow collagen channels prevent a full development of tetra-
hedral clusters, so characteristic of bulk water. In that case 
neither the thermodynamics nor the rate of rotation of water 
molecules and the isotropic character can be expected to be 
similar to that in bulk water. It is more likely that water 
molecules form the maximum number of hydrogen bonds with col
lagen and with each other, that all water molecules diffuse in 
a liquid-like fashion, but that none rotate isotropically. 
Whether to call this water bound or not, is a matter of se
mantics. In regard to its relatively large mobility and its 
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heat capacity its properties appear to be closer to bulk water 
than to those in ice or in crystalline hydrates. 

Sometimes (18) the water molecules that fail to freeze on 
lowering the temperature are denoted as bound. This notion is 
open to criticism, however. It is true that collagen shares 
with other polymers the property that a considerable fraction 
of water remains unfrozen on lowering the temperature. On the 
basis of the number of grams of water per g of polymer the 
values are 0.5, 0.3 and 0.3 for collagen, elastin, and methyl-
cellulose, respectively. For different reasons the polymer 
chains are essentially immobile. For collagen the crystalline, 
rodlike, molecules are apparently in close contact with each 
other and in elastin and methylcellulose the amorphous polymers 
are in the glassy state. At temperatures below 0°C ice is the 
stable phase in bulk. I
stices, however, space
three-dimensional ice crystals. Other options available to 
the water molecules are to remain in the interstices in liquid 
form, or to form ice outside the polymer as a separate phase. 
The latter option involves breakage of hydrogen bonds between 
water molecules and polymer groups. The fixed positions of the 
latter groups prevent formation of hydrogen bonds between the 
polymer groups which provides compensation in the case of 
polymer solutions. Since the energy of hydrogen-bond rupture 
is so high, a lower (free) energy is obtained i f liquid-like 
water remains in the interstices. If at higher water contents 
sufficient polymer mobility exists, water diffuses out of the 
interstices, and forms ice as a separate phase; while the 
polymer shrinks and forms hydrogen bonds with itself dehydration 
occurs without a net loss of hydrogen bonds. Dehl's results 
(19) on collagen with high water contents show indeed that upon 
ice formation the wideline NMR spectrum of the unfrozen fraction 
of water becomes identical to that of samples with 0.5 g of 
water per α of collagen, the maximum unfreezable amount. Re
cently (20), x-ray diagrams have confirmed that ice is formed 
in large~three-dimensional crystals that cannot be accommodated 
in the narrow channels. We see from this general pattern that 
the amount of unfreezable water is dependent on the mobility 
of the polymer and the size of its interstitial spaces, rather 
than on the strength of the bonds that can be formed with water. 
If so, bound water is an unfortunate term i f it is used to de
note unfreezable water. 

Dielectric Measurements. The dielectric properties of ice 
can be understood on the basis of Pauling's model (21) in which 
a central water molecule is tetrahedrally surroundecTby four 
others with which hydrogen bonds are formed. Depending on how 
its two protons are directed towards the four neighbors, the 
central molecule can occupy six positions. On applying an 
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electric field the neighboring dipoles do not reorient inde
pendently. In order to preserve all hydrogen bonds molecular 
rotations must be cooperative. This cooperative effect in
creases the dielectric constant approximately by the factor 
g (22). For ice g is close to 3 (23). For bulk water this 
factor cannot deviate much from this value, since, locally, 
the water and ice structures are similar. Indeed at 0°C the 
values of the dielectric constant of ice and liquid water are 
approximately equal. As we have seen, however, for lack of 
space tetrahedral structures cannot form i f small amounts of 
water are absorbed in polymers. In that case the g-factor must 
considerably deviate from that in water and ice. If linear 
water clusters occur, as seems likely, especially in collagen, 
larqe g-factors and thus large dielectric constants are expected 
(24). Even when the wate  molecule  bound  thei  die
lectric behavior must greatl
water and ice phases. Potentially, valuable information is 
available about these water structures by studying their die
lectric properties as functions of temperature, frequency and 
concentration. 

Unfortunately, the dielectric behavior of absorbed water 
is complicated by another effect. Besides the dipolar re
orientation, just discussed, ionic effects are often present. 
Under the influence of an electric field positive and negative 
charges diffuse to the oppositely charged condenser plates, 
giving rise to space charges. These space charges also con
tribute to the measured values of ε 1 and ε". Their contri
butions are known as the Maxwell-Wagner effects (25). In 
principle these effects can be suppressed by performing measure
ments at high frequency, low temperature, or by using deionized 
samples. As a result of these complications a quantitative 
interpretation of the results has not yet been given. Whatever 
the exact molecular interpretation, however, both dipolar re
orientation and Maxwell-Wagner effects are dependent on the mo
bility of the water molecules. It is interesting to study this 
mobility at lower temperatures, where the water molecules be
come sluggish and the possibility of vitrification exists. 

Although the nature of the molecular processes associated 
with the glass transition is st i l l incompletely understood (26), 
it has been proposed that at lower temperature the free volume 
decreases. Consequently, the molecules do not diffuse indi
vidually, but their molecular motions become cooperative. Ap
parently, clusters of molecules become the kinetic units. The 
broad relaxation spectrum usually observed must then reflect 
the range of cluster sizes. Often, the activation energy 
reaches large values as the glass point is approached, indica
tive of a high degree of coopérât!vity of the motions. Con
versely, i f a wide spectrum of relaxation times is found with a 
strongly increasing activation energy as the temperature is 
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lowered a glass transition is indicated. 
For water in collagen, even at low percentages (7 per cent 

by weight), a wide distribution of relaxation times for the 
time-dependent dielectric properties ε' and ε" was found and, 
furthermore, the activation energv was found to increase 
rapidly at lower temperatures (24). The data fitted the 
Williams, Landel and Ferry equations (26), widely used for the 
mechanical properties of polymers to describe molecular motions 
as the glass point is approached. On this basis a glass point 
of 174°K (24) was deduced for water in collagen. This value 
must be considered as somewhat tentative, in view of the extra
polation to lower temperatures and the assumed analogy between 
mechanical and dielectric properties; the mechanical and die
lectric relaxation mechanisms do not always follow the same 
pattern. More importan
concept that water absorbe
lagen forms a glass. This conclusion is a natural one if water 
is considered to be one mobile liquid-like phase. Necessarily, 
when freezing of water does not occur, a glass transition must 
then result at lower temperatures. Since bulk water displays 
a glass transition at 135°K (27) and water in collagen is less 
mobile, a glass point near 174*K appears reasonable. In con
trast, a glass transition is incompatible with the concept of 
specifically bound water molecules. Surely, i f at room temper
ature water molecules are individually bound at specific ad
sorption sites, they must be even more strongly bound at low 
temperatures. In that case, however, their mobility and thus 
their contribution to the dielectric properties should be small. 
If bound individually, they certainly cannot perform mutually 
cooperative motions, indicated by the glass transition of water 
in collagen samples; amazingly, this glass transition in water 
is observed in collagen samples containing only 7 per cent of 
water (24). 

Recently, Grigera et al . (28) performed dielectric measure
ments by the cavity perturbation technique in the region of 
8-23 GHz near room temperature. From their finding that the 
dielectric loss in the dehydrated collagen samples was found to 
be less than that in the water-containing samples, they concluded 
that hydration water with a relaxation time close to that of 
bulk water (approximately 10-10 s e c ) must be present. This 
water would correspond to the fraction of unbound water. They 
did not estimate the amount of this fraction, however. It is 
difficult to comprehend how a considerable number of water 
molecules in the narrow collagen channels, even when unbound, 
can be as mobile as those in bulk. 

That collagen is not unique in inducing water to remain un
frozen at low temperatures is evident from results obtained for 
elastin. Elastin is an amorphous (29,30,31_) protein occurring 
in ligaments and arteries, where it contains approximately 0.5 g 
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of water per g of elastin. Approximately 0.3 g of water per g 
of elastin is unfreezable. At these low water contents elastin 
is in the glassy state (30). Dielectric measurements (32) on 
hydrated elastin, similar to those performed on collagen, in
dicated a relatively high mobility of the water molecules, 
decreasing rapidly at lower temperatures. An analysis like 
that for collagen indicated again a glass point at low temper
atures (130°K). 

Recent dielectric measurements (33) on hydrated methyl-
cellulose at lower temperatures, down to 90°K, are noteworthy. 
Like elastin, methyl cellulose is an amorphous glassy polymer 
at low water contents (less than 30 per cent on a weight basis). 
At temperatures below 150°K the values of ε 1 and ε" for the 
hydrated (8 per cent of water) and dehydrated polymer are in
distinguishable. Abov
increase for the hydrate
extremely broad maximum is observed for ε" near 200°K. From 
the frequency dependence of these curves, the activation energy 
can be estimated. Values obtained in the ranges of 230 and 
180°K are approximately 10 and 100 Kcal/mol, respectively. The 
extremely high values obtained for the activation energy at the 
low temperature is evidence for a glass transition of water in 
this range. 

We conclude that our dielectric results obtained for water 
absorbed in the rigid polymers collagen, elastin, and methyl-
cellulose indicate that at room temperature the water mole
cules are rather mobile, that their mobility decreases at 
lower temperatures, until not separately, but collectively, 
they become immobilized in a glassy state in the range from 
130 to 170°K. 

Heat Capacity Measurements. As discussed in the intro-
duction, the heat capacity of water is higher than that of ice, 
since hydrogen bond breakage occurs with temperature in water. 
This property can be used to investigate the mobility of water 
molecules. If water molecules are immobile, their heat capacity 
contribution might be expected to be close to that of ice. In
deed, by comparing the heat capacity of crystalline hydrates 
with that of corresponding dehydrated crystals, the heat ca
pacity contribution of water was found to be within 10% of that 
of ice over a temperature range from 90 to 300°K (34). Al
though the nature of the bonding of water molecules in the 
different lattices is quite different, the combined contri
butions of the three librations and three translations of the 
water molecules are approximately equal. The value of the heat 
capacity of water as a function of water content in polymers is, 
therefore, a valuable indication of the amount of bound water. 
If at low water contents water would be specifically bound, like 
in the crystalline hydrates, its contribution to the heat ca-
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pacity should be low, equal to that of ice. If at high water 
contents mainly bulk water would exist, the water contribution 
should be representative of bulk water, a value approximately 
twice that of ice. In the intermediate region the heat capacity 
might be expected to rise to a maximum i f on increasing the 
temperature bound water with a low energy is converted to free 
water with a higher energy. Near room temperature the heat 
capacity was determined for hydrated samples of collagen 
(34,35), elastin (30), poly[2-(2-hydroxyethoxy)ethyl meth-
acryTâte] (36) and methyl cellulose (37). The values of the heat 
capacity Cp of 1 g of polymer and y g of water as a function of 
y are schematically shown in Figure 1. In all cases the ex
perimental data are represented by straight lines. The slopes 
£f these lines are indicative of the partial molar heat capacity, 
Cp. The values obtaine
in the range of that o
shows unambiguously that water absorbed in these samples should 
be considered to be a single liquid-like phase in the thermo
dynamic sense. The values for the partial molar heat capacity 
at room temperature are much closer to that of bulk water than 
that of ice; this suggests that also the properties of absorbed 
water are close to that of bulk water. Given the experimental 
errors, at most, a few per cent of bound water can be present 
at room temperature. The similarity of the results obtained 
for quite different polymers suggests that the often proposed 
concept that absorbed water can be subdivided into bound and 
free water needs reexamination. 

Equally interesting are the results at lower temperatures. 
For less than 50 per cent of water absorbed in collagen the 
partial molar heat capacity was found (38) to be independent of 
water content at any temperature in the range from 180 to 300°Κ. 
This value gradually decreased until near 180°K (the instru
mental lowest limit) it converged to the value of ice. It 
follows from the foregoing considerations that the configu-
rational contributions of water to the heat capacity have then 
disappeared. It is noted that this observation is in excellent 
agreement with the deductions from the dielectric properties 
that water absorbed in collagen is liquid-like with a decreasing 
mobility as the temperature is lowered until a glass results at 
173°K. 
_ Recently, we have measured the partial molar heat capacity 
Cp of hydrated samples of methyl cellulose and elastin at temper
atures ranging from 110°K to 330°Κ (37). For both, just as for 
collagen, at any temperature, the partial molar heat capacity of 
water appears to be independent of water content. Its values is 
equal to that of ice from 110°K to 150°K, where it starts to in
crease over that of ice and then increases virtually linearly 
with temperature to values close to that of liquid water at 
room temperature. Schematically, the results are given in 
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y 
Figure 1. Heat capacity, C p , of 1 gram of polymer and y grams of water at fixed 

temperature 

T/°K 

Figure 2. Partial molar heat capacity, C p , of water as function of temperature 
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Figure 2. Thus, the heat capacity results for collagen, 
elastin, and methylcellulose confirm the dielectric results 
that a glass point of absorbed water occurs near 150°K. 

Conclusions. For a number of different immobile polymer 
matrices the results of dielectric and heat capacity measure
ments show that at room temperature water is absorbed as a 
mobile phase. The heat capacity data over a range of water 
contents and temperatures fail to indicate the different states 
of water that have often been proposed. On the contrary, the 
independence of the partial molar heat capacity for water as a 
function of water content, at any temperature, is direct evi
dence that in the thermodynamic sense a single phase of water 
is present. This single phase is supposed to consist of re
latively large cluster
cules (24). The diffusio
operative, and thus slower, than in bulk water. Furthermore, 
depending on the range of cluster sizes, a wide distribution 
of relaxation times exists. At lower temperatures the rate 
decreases and the degree of coopérativity increases until near 
150°K all motion ceases and the clusters vitrify. We note that 
the cooperativity of motions is in sharp contrast with the in
dividual motions to be expected of specifically bound molecules. 
It is true that specifically bound molecules could perform co
ordinated motions, i f the polymer chains to which they are 
attached become mobile. This mechanism is, however, unlikely 
in view of the same glass transition regions indicated for 
water absorbed in different polymer matrices. 

The model proposed does not imply that at a given moment 
the environment of all water molecules is identical. Indeed, 
some water molecules may, in addition to being hydrogen bonded 
to each other, also form hydrogen bonds with the polymer, 
whereas others may be exclusively hydrogen bonded to each other. 
At any instant long, essentially linear, chains of H-bonded 
water molecules exist. Diffusion of such a cluster occurs i f 
some water molecules break H-bonds with the polymer and, simul
taneously, others in the same cluster form H-bonds with the 
polymer, without breakage of H-bonds between water molecules. 
In this manner the water molecules move cooperatively instead 
of individually. The cluster, instead of an individual water 
molecule, becomes the kinetic unit. As the entire cluster dif
fuses through the fixed matrix these different water molecules 
experience different environments. 

In view of the similarity of the results obtained for a 
variety of polymers, no need exists to assume that water mole
cules are specifically bound in collagen. In this connection 
it is interesting that the locations of the water molecules 
could not be obtained from x-ray patterns (39), in qualitative 
agreement with our proposal of liquid-like water clusters. It 
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should also be noted that the splitting of the NMR lines for 
absorbed water molecules is a direct measure only of the 
average rotational anisotropy. No requirement exists to in
troduce two phases. Our proposal of a single anisotropic 
phase is, of course, equally consistent with the NMR results. 
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8 
Water-Protein Interactions 
Nuclear Magnetic Resonance Results on Hydrated Lysozyme 

R O B E R T G. B R Y A N T and W I L L I A M M . S H I R L E Y 

Department of Chemistry, University of Minnesota, Minneapolis, MN 55455 

Interest in water at protein surfaces and other surfaces 
arises from a desire t
dynamic factors as wel
magnetic resonance (NMR) spectroscopy provides both structural 
and dynamic information. This presentation will focus on 
dynamical aspects of the water-protein interaction. In parti
cular, the phenomenon of cross relaxation between the water and 
protein proton systems will be discussed and new evidence will 
be reported. Failure to recognize the importance of cross 
relaxation effects leads to incorrect conclusions about the 
dynamics of water at protein surfaces. 

Background 

The underlying strategy for extracting dynamical information 
from NMR relaxation data is based on the equations for either 
longitudinal (T1-1) or transverse (T2-1) relaxation rates. If 
relaxation is dominated by the magnetic dipole-dipole interaction 
between like-spin nuclei, then 

where γ is the nuclear magnetogyric ratio, I the nuclear spin, 
and J(ω) the spectral density at the resonance frequency, ω. 
Spectral densities are obtained from the Fourier transform of 
the autocorrelation function describing reorientation of the 
internuclear vector, r. The autocorrelation function is usually 
assumed to decay exponentially with a correlation time t c . With 
the additional assumption of isotropic rotational motion, the 
relaxation equations become (]j 
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1 _ 2 4 > 2 
T 7 " 5 Y * 6 { 

1 + 2 2 
ω Tc 1 + Δ 2 2 4ω τ ε 

(3) 

1 _1 4 Λ Ι ( Ι + Ί ) Γ , , 5 τ ε . 2 T C 1 M 

Τ 7 - 5 γ * ^ 6 { 3 T C + , . 2 2 + . . , 2 2 } ' ( 4 ) 

C C 
In general, care must be taken to recognize both intra- and 

intermolecular contributions to relaxation; however, intermole
cular relaxation is often neglected in discussions of liquids at 
surfaces. With this assumption there is direct access to 
characterization of liquid dynamics at a surface (2v3>£). A 
study of the relaxation rate at different temperatures or 
frequencies provides a
at the surface of a protei
the water molecule is known. The temperature dependence for 
longitudinal and transverse relaxation times predicted by 
equations 3 and 4 is shown schematically as the solid lines in 
Figure 1. At the position of the minimum in the longitudinal 
relaxation time, ωχ- is about 0.616 and T-|/T2 is about 1.6. 
Since ω is known, the correlation time is determined at the 
minimum in T]. 

The difficulty applying this simple approach in practice has 
been that the experimental results for a variety of systems do 
not fit the theory {2939^96). Though there are differences in 
detail, the basic features of the observations are summarized in 
Figure 1 as the dashed lines. The problems are clear: the T-j 
values usually obtained are much too long relative to the T2 
values and the Ti minimum is much broader than is expected. 

One way to eliminate this apparent discrepancy is to assume 
that there is a distribution of correlation times experienced by 
the liquid molecules in the vicinity of the surface (Z.»8»D-
With increasing width of the distribution of correlation times, 
the Ti calculated from an equation of the form 3 and Tg calcu
lated from an equation of the form 4 does approach a fit to the 
data. One difficulty is that the distribution is often so broad 
that a rigid lattice correction must be made for very slow moving 
solvent molecules (8 ) . Extrapolation of protein results to 
solution situations appears to require a slow moving fraction of 
water at the surface, but irrotationally bound, slow moving water 
molecules in protein solutions are inconsistent with solution 
phase NMR results (!£,]]_). While it appears to be of great 
value for some systems, this theoretical apparatus neglects an 
important feature of the water proton relaxation. Namely, that 
the longitudinal relaxation is generally not described by a 
single time constant. 
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Nonexponential NMR relaxation was reported several years ago 
for water protons in protein crystals (1_2). This report has been 
largely ignored apparently because of a less than adequate 
explanation that leaned heavily on a chemical exchange model. 
There are two rather different hypotheses that may account for 
such behavior. Nonexponential relaxation may result i f there is 
a slow exchange of the observed species between two populations, 
water populations in this case, each characterized by substan
tially different NMR relaxation rates (13j. Such a model is 
pulse width independent and also largely independent of the 
nucleus observed in the exchanging molecule. Comparison of the 
relaxation curves shown in Figure 2 indicate that the apparent 
shape is significantly pulse width dependent. Deuterium relax
ation data also fail to show the rather striking nonexponential 
character indicated here ( ϋ )  For these reasons a chemical 
exchange model must be
situation and hence th
lifetimes implied by such a model is eliminated (12,15,16). 

Nonexponential NMR relaxation may also be caused by cross 
relaxation involving the exchange of spin magnetization between 
different spin systems through mutual proton spin-flips. Cross 
relaxation between the water phase and the protein phase has been 
studied in hydrated proteins (17,18) and protein solutions (19). 
The exchange of magnetization between the rotating methyl protons 
and the other protons of a macromolecule also involves a cross 
relaxation. Nonexponential behavior of proton relaxation has 
been demonstrated for proteins dissolved in D2O (20,2]J. However, 
there is a distinct difference between this cross relaxation 
involving only protein protons and the cross relaxation described 
by Edzes and Samulski for hydrated collagen (17). In the former 
case the sample is treated as a single system of coupled spins 
that behave according to a generalization of Solomon's treatment 
of a spin pair (22). In the hydrated protein case, however, the 
cross relaxation model assumes two separate thermodynamic systems, 
the water phase and the protein phase, each able to achieve a 
well defined temperature in a time short compared with the 
relaxation times measured. 

The time dependence of the magnetization for the proton 
systems in a hydrated protein may be described heuristically by 
two coupled equations containing three relaxation rates: R]w, 
the longitudinal relaxation rate for the water in the absence of 
the protein proton interaction; R] p , the longitudinal relaxation 
rate for protein protons in the absence of a relaxation path 
provided by water protons; and Rt, a rate of magnetization 
transfer between the two spin systems. The equations then become 

d M w / d t = - ( R l w + R t ) M w + R t M p 

dMp/dt = - (R l p + R t/F)Mp + RtMw/F 

(5) 

(6) 
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Figure 1. Schematic of the temperature 
dependence of the longitudinal and trans-
verse relaxation times for water protons. 
Solid lines are predicted by Equations 3 
and 4, while the dashed lines indicate the 

dependences often observed. I/T 

Figure 2. Water proton relaxation in hydrated lysozyme powder (0.17 g HH0/g 
lysozyme) at 57.5 MHz at 253 K. Amplitudes were measured after the second pulse 
of a 180°-r-90° sequence with the 180° pulse width either (φ) 8.6 μ*βο or (Ο) 55 

yjsec. 
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where Mw and Mp are the water and protein normalized, reduced 
magnetizations, 

Μ^τ) = {SH - S(x)}/nS(«) (7) 

where S is the free induction decay amplitude after the second 
pulse of a 180°-τ-90° experiment (n = 2) or a 90°-t-90° experi
ment (n = 1). F is the ratio of protein protons to water protons. 
The solution of these equations is a sum of exponentials cor
responding to the fast, R-jf, and slow, R] s , components seen in 
Figure 2 (17,18). It is critical to note that while the 
appearance of the relaxation curve is significantly pulse width 
dependent, the limiting slopes for the fast and slow components 
are not. Due to the pulse width dependence and the rapid decay 
of the fast component, th  doubl  exponential natur f th
curve is very easy to mis
that treat only the slo  component y attemp
to interpret the slow component as a simple relaxation time such 
as that described by equation 3 neglects a significant feature 
of the relaxation. 

The complete solutions of the coupled equations are given by 
Edzes and Samulski (Rj- becomes kw and R /̂F becomes km in their 
notation) (]_7). The water and protein proton relaxation curves 
are completely described by R^p, R-jw, R t , F, Μ^(0), and Mp(0). 
By observing both water and protein curves at different pulse 
lengths all the parameters may be obtained. However, R]n is 
generally expected to be too small to be obtained accurately 
from the relaxation curves so that the simpler procedure of 
finding R-|w, R t , Mw(0), and Mp(0) from a single water relaxation 
curve using estimates of R]p and F seems to be reasonable. 

The aim of the present investigation is to study water 
dynamics in hydrated proteins while testing the cross relaxation 
model. According to equation 5, the temperature dependence of 
the observed water relaxation components could arise from changes 
in any of the three fundamental rate constants R]w, R]p> and R .̂ 
Thus, extraction of R-]w from the observed R l f and R] s in order 
to find its temperature dependence is necessary before a 
detailed interpretation in terms of water motion is attempted. 

Experimental 

Three times crystallized, dialyzed, and lyophilized hen egg 
white lysozyme powder from Sigma was used after a subsequent 
dialysis and lyophilization. Hydration of the dry powder was 
accomplished through the vapor phase by exposing the sample to a 
constant relative humidity for 5 days. In preparing the 
lysozyme-D20 sample, the lysozyme was twice dissolved in D20 and 
held at 40 deg C for 24 h both times before lyophilization. 
The D2O was treated with Chelex-100 before use; both were 
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obtained from Bio-Rad Laboratories. As in the hydration, D2O 
was deposited on the dry protein through the vapor phase. The 
water and deuterium oxide contents were determined by Karl 
Fischer titrations. 

The NMR measurements were made at 57.5 MHz on a pulsed NMR 
spectrometer that included a 12-inch Varian electromagnet and a 
Nicolet NMR-80 data system interfaced with a Biomation 805 wave 
form recorder. Unattenuated 90° pulse widths were 4 to 5 
microsec using a 10 watt ENI power amplifier. At best, recovery 
time for the home built receiver was 10 microsec. Nitrogen gas 
boiled from a liquid nitrogen dewar was used to cool the sample. 
The temperature was measured to within 2 deg with a diode 
thermometer. 

Spin-lattice relaxation times for the protein protons were 
measured using the 90°-τ-90° puls  Fre  inductio
decay amplitude was measure
second pulse by averaging  repetitions
double exponential relaxation behavior from the water protons, 
the first pulse of a 180°-τ-90° sequence was attenuated so that 
the 180° pulse width was about 55 microsec while the second 
pulse remained near 4 microsec. Experimental considerations led 
us to believe the errors for the protein Ti values and the slow 
component of the water T] curve are about 5% although linear 
least squares fits indicate better precision. 

A nonlinear least squares fit of the water relaxation data 
was used to find the four parameters R]w, R ,̂ Mw(0), and Mp(0) 
taking R-|p from the lysozyme^O data and setting F = 3.5. The 
standard deviations from R Î and R£' are indicated in Figure 3 
when they exceed 5%. According to these calculations, 
immediately following the 55 microsec pulse, the water magnet
ization, Mw(0), was about 0.9 while the Mp(0) was near 0.5. The 
only exception is the 207 Κ measurement which shows Mw(0) = 0.51 
and Mp(0) = 0.24. Standard deviations for the Mw(0) and Mp(0) 
were about 1% except at 207 Κ where it was 5%. 

Results and Discussion 

The temperature dependence of the longitudinal relaxation of 
protein protons in a sample containing 0.07 g D2O/ g lysozyme is 
shown in Figure 3. Despite the presence of a small deuterium 
dipole-dipole contribution and a possibly changed protein in 
response to the substitution of deuterium oxide for water, these 
values are thought to be good estimates of R-|p for the hydrated 
lysozyme. Previously published data for dry lysozyme shows a 
similar curve reaching a minimum near 180 Κ (23). Also shown in 
this figure is the temperature dependence of the proton T] for 
the protein in hydrated lysozyme (0.17 g HoO/g lysozyme). The 
presence of water on the protein is shown to cause a substantial 
increase in the relaxation rate. Thus, in the hydrated protein, 
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Figure 3. Temperature dependence of various proton relaxation times in lysozyme 
powder samples at 57.5 MHz. (U) indicates T 2 for the lysozyme-D20 sample; other 
symbols refer to the lysozyme-HxO powder: (φ) protein R J g ~V (O) water R J 8

_ I ; 
(A) water I W ; (φ) water Rf1. 
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the bulk of the protein relaxation occurs through the water phase 
and not through the rapidly rotating methyl groups that dominate 
relaxation in a dry protein system (23). No attempt was made to 
find the double exponential ..protein proton relaxation curve and 
only the slow component, Rî | , was measured. 

Other data points in Figure 3 represent proton relaxation 
times of water on the hydrated lysozyme as calculated from 
relaxation curves with obvious double exponential character. 
Since the values of obtained from the water proton data agree 
with those obtained from the protein data, the present experi
ments strongly support the dominance of cross relaxation. As 
anticipated, R^ appears to be on the order of or slightly longer 
than T 2 and thus indicates efficient spin transfer between water 
and protein protons. 1 

Although the slow component  R^  i  combinatio f
fundamental relaxation
equation 3, a detailed interpretation of R ŵ is st i l l not a 
straightforward problem. The values of R^ shown in Figure 
3 suggest that the curve lies at the minimum or on the low 
temperature side of the minimum for the temperature range studied. 
The water content for this sample is approximately half the 
value usually associated with the "nonfreezing water" on lysozyme 
(24,25). Therefore, the motions in this system are expected to 
be slower than in a more water rich system. The increase in 
resonance frequency and the lower water content approximately 
account for the shift in the minimum from that previously 
reported for hydrated lysozyme (18). If the R]^ minimum lies 
near 273 Κ as seems possible, equation 3 suggests that the 
correlation time at the protein surface in this relatively dry 
sample is on the order of nsec at this temperature. 

While recognizing the uncertainty about the presence and 
position of the Rf̂  minimum, the value of T-j estimated from 
equation 3 for intramolecular water proton relaxation indicates 
that Rïjj, is somewhat larger than predicted. Discrepancies could 
arise from several factors: 1) A distribution of correlation 
times may sti l l have to be considered. 2) The temperature 
dependence of the water signal amplitude is difficult to monitor 
when transverse relaxation rates become large at low temperatures 
because the water signal is increasingly difficult to resolve 
from the solid protein proton signal. Freezing out of water at 
low temperature would distort the shape of the T-j plot by raising 
Ti of the apparent minimum and shifting it to higher temperatures. 
3) Equation 3 neglects effects of anisotropic motion on both 
longitudinal and transverse relaxation rates (2). Recent 
experiments using deuterium NMR on samples similar to those 
studied here show significant nuclear electric quadrupole 
splittings that imply an anisotropic component in the water 
molecule motion (26). Such motional anisotropy will depress T 2 

and elevate T]. 
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Conclusion 

The present study has provided a critical test of the 
importance of cross relaxation involving both water and protein 
protons in hydrated protein systems. In addition it has 
successfully demonstrated that the temperature dependence of 
both the water and protein relaxation is dominated by motions in 
the water phase and not by motions in the solid phase such as 
methyl group rotations. While a detailed analysis has not yet 
been attempted, it appears that a picture of water in the inter-
facial regions around a protein that is consistent with the NMR 
relaxation data is one characterized by fast if slightly 
anisotropic motion. Structural models for water-protein inter
actions must be consistent with this very fluid character of 
water in this interfacial region; however  it is also important 
to recognize that the tim
experiments is st i l l long  compare
correlation times or diffusion times usually associated with 
water in the pure liquid state. 
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T h e D y n a m i c s of W a t e r - P r o t e i n Interactions 

Results from Measurements of Nuclear Magnetic Relaxation 
Dispersion 

SEYMOUR H. KOENIG 
IBM Thomas J. Watson Research Center, Yorktown Heights, NY 10598 

There can be little question that the concept of "protein hydration" is a 
meaningful and even usefu
it too precisely. Water in
forming an identifiable layer on the surface of the protein molecules. Thus, 
water vapor condenses onto dried protein powders with the first layer bound 
quite strongly. The quantitative data on adsorption isotherms shows this 
clearly: a monolayer forms with a binding enthalpy of about -15 kcal/mole; 
subsequent layers bind progressively more weakly (cf. (1_) for a more extensive 
discussion and a comprehensive bibliography). Analogously, protein molecules 
in ice are surrounded by a monolayer or so of water that remains liquid (with 
restricted rotational mobility) at temperatures well below freezing (2). This 
indicates that the interaction of the water molecules with the protein is large, 
indeed large enough to overcome the entropy of ordering that determines the 
heat of fusion. 

Thus protein immersed in gaseous and in solid water interacts strongly 
with roughly a monolayer of water molecules; loosely speaking, the protein is 
hydrated under these conditions. Moreover, the structure of the water of 

hydration is different from that of either the gaseous or the solid water phase. 
It is roughly of liquid density, and more or less in the liquid state as judged 
from (or perhaps, defined by) the motional freedom of the water molecules 

II II 
(cf. 1). The question then arises as to what protein hydration might mean 
for proteins in solution: Is there a layer of water surrounding solute protein 
that is liquid-like , but associated with the protein in an identifiable fashion? 
And if so, what dynamics describe it; how rapidly does the hydration water 
exchange with solvent; and are the properties of the solvent altered by the 
phenomenon of hydration in a measurable way? 

Again, so long as one speaks qualitatively, it is well established that 
solute protein is hydrated in water solution (cf. j_). Results from measure
ments of the hydrodynamic properties of protein solutions and the hydrody-
namic properties of proteins molecules in solution, from the early work on 
viscosity, flow birefringence, and dielectric relaxation (cf. 1_) to the more 
modern work on translational and rotational diffusion measured by inelastic 

0-8412-0559-0/ 80/47-127-157505.00/ 0 
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laser-light scattering (3) , a l l indicate that the inertial properties of protein 
molecules in solution are those of protein molecules with an attached layer 
or two of water. Moreover , measurements of buoyant density show that the 
density of this water of hydration is essentially that of l iquid water (cf. 

Similarly, with improvements in the techniques of X- ray crystallogra
phy, including the improvements in the mathematical and computational 
procedures for refining the data subject to known geometric constraints im
posed by our knowledge of chemical bonding (4), water molecules are begin
ning to show up in the analysis of the data for protein crystals. In lysozyme, 
for example, essentially a monolayer, corresponding to some 150 water mole
cules, has been identified (5). It must be realized that protein crystals are 
about one-half water or mother liquor , and that for the present considera
tions may be regarded as concentrated protein solutions

f Thus the hydrodynami
hydrated in solution. However, X-rays travel with the speed of light and 

take but 1 0 - 1 7 s or so to traverse the few unit cells needed to produce a 
coherent X- ray diagram. Thus these data can in principle give little informa
tion regarding the (much slower) dynamics of the waters of hydration. They 
only show that the hydration layer is ordered with respect to the protein 
structure; the lifetime of a water molecule in this ordered layer is not some
thing that can be determined straightforwardly (if at all) from X - r a y data. 
However, the lifetime of a water molecule in the hydration layer, or at least an 
indication of its order of magnitude, - is it a second, a microsecond, a nanose
cond, or less? - is what we are after as a way of arriving at a first order 
description of the dynamics of water-protein interactions. 

A naive interpretation of the hydrodynamic data might suggest that, 
since the hydration layers contribute to the inertia of the protein molecule (in 
solution), the lifetime of a water molecule in these layers must be long com
pared to some time characteristic of the motion of the protein molecules. Fo r 
example, since the orientational relaxation times of large protein molecules, as 
measured, say, from the frequency dependence of the dielectric constant or 
computed from Stokes' L a w , can be as long as 1 0 ~ 5 s, then the lifetime might 
be expected to be significantly longer. However, this view is incorrect. T o 
explain the hydrodynamic data, it is sufficient that a water molecule be in a 
well-defined position when hydrating the protein. If this condition is satisfied 
(and to satisfy it a water molecule must abruptly change both its linear and 
angular momentum as it enters or leaves the solvent), then the water lifetime 
can be short compared to any time that characterizes the motion of the protein 
and still contribute to the inertia of the protein molecules. That this require
ment is met is indicated by the X- ray data, which show that many of the water 
molecules in the hydration layer are in well-defined positions. 

F r o m the above discussion then, it is clear that X- ray diffraction data 
together wi th the large body of hydrodynamic results indicate that protein 
molecules in water solution are surrounded by a monolayer or so of water 
molecules of hydration located in well-defined positions on the surface of the 
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protein molecules. Indeed, the X- r ay data show these waters (really, the 
oxygen atoms of the water molecules) to be positioned to form one or two 
hydrogen bonds with the surface residues (5) . However, the point we empha
size here is that these data give little information on the dynamics of the 
interaction. 

It is our view that the lifetime of a water molecule in a hydration layer 
is of order 1 0 ~ 9 s, a time about 100-fold longer than the time required for a 
solvent water molecule to break and reform the few hydrogen bonds that 
restrain its motion in the pure solvent, but nonetheless short enough to be 
considered characteristic of l iquid motions. The explication of this view, and 
other aspects of the dynamics of both water-protein and protein-water-protein 
interactions in protein solutions, is the subject of this paper. In what follows 
we present data and deductions resulting from a powerful experimental techni
que that, though no longe
than our own. We measur
spin-lattice relaxation rate of solvent water nuclei in protein solutions, a 
technique to which we have given the acronym N M R D (for nuclear magnetic 
relaxation dispersion). N M R D experiments have shown that the rapid rota
tional Brownian motion of solvent water molecules has superposed on it, by an 
interaction mechanism not yet understood, a very small component that mimics 
the much slower rotational motion of the protein molecules (6, 7) . Moreover , 
the N M R D experiments measure the averaged properties of al l solvent mole
cules so that the lifetime of a water molecule in the hydration layer enters as a 
natural parameter in many models that explain the data. In addition, since 
N M R D data indicate the orientational Brownian motion of the protein mole
cules rather directly and rapidly, it becomes possible to study the microscopic 
viscosity of the solvent in the neighborhood of a protein molecule under a 
variety of conditions of buffer, p H , etc., not always amenable to other me
thods. 

A Summary of N M R D Phenomena in Diamagnetic Systems 

lH N M R D . The figures in this section present the phenomenology of 
N M R D for solutions of diamagnetic proteins, without consideration of the 
underlying mechanisms that give rise to the phenomena. 

Figure 1 shows N M R D data for solvent protons in a solution of alkaline 
If II . 

phosphatase, a typical globular protein. Relaxation rate is shown as a 
function of magnetic field, the latter expressed in units of the proton Larmor 
frequency. A discussion of the instrumentation and the methodology used to 
obtain the data can be found elsewhere (6, 7) . 

There are two separate contributions to the solvent relaxation rate that 
are introduced by the presence of solute protein, both of which add to the 
field-independent relaxation rate of protons in pure solvent: the larger N M R D 
contribution, labelled A , disperses at low fields with an inflection generally 
between 0.1 and 10 M H z ; the smaller contribution, labelled D , is known to 
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Figure 1. Dispersion of l/TJt the magnetic relaxation rate of solvent water pro
tons, for a 65 mg/mL solution of alcohol-dehydrogenase from yeast, 160,000 

Daltons, at 5.9°C. 
Solid circles are the data points; dashed line through the points is from a least-squares 
comparison of the Cole-Cole expression (Equation 1), with the data. Two of the param
eters of the fit are indicated: A, the amplitude of the major dispensive contribution; and 
D, the residual high field contribution. 1/T1W is the proton relaxation rate in protein-free 
solvent. The solid line that intersects the dashed line is a Lorentzian curve (Equation 2), 
obtained using the same values for A, D, 1/T1W and vc as for solid line. After Réf. 1. 
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disperse at fields in the range 100 to 300 M H z , beyond the range of our 
present automated instrumentation (7, 8) . 

The dashed line through the data points is a fit to the data, by analogy 
with procedures used for dielectric relaxation dispersion, using the Cole-Cole 
expression (9): 

\/Ίχ = ( 1 / T 1 W ) + D + A R e [ l + iv/vQf/2] (1) 

Π / τ * • ^ • A ( l + ( , / y / / 2 c o s ( ^ / 4 ) ) 

1 + 2(ν/ν0)β/2 cos (πβ/4) + {ν/ν/ 

Here 1 / T 1 W is the relaxation rate of the water nuclei in the protein-free 
buffer, ν the Larmor precession frequency of the nuclei at field H  and D  A
j ^ , and β are parameters tha

Re stands for the real par
For β = 2, Equation 1 reduces to a constant plus a Lorentzian disper

sive term: 

1 / T 1 = ( 1 / T 1 W ) + D + A / ( l + {v/vf) . (2) 

The dispersive part of the Cole-Cole expression, l ike the Lorentzian, drops to 
half its maximum value of A at ν = vQ> the precession frequency at which the 
curve inflects. However, for β < 2, the Cole-Cole expression has a slower 
variation with ν than the Lorentzian. A simple two-site model of water 
exchange between bulk solvent and protein (now believed to be inadequate 
(10)) predicts a Lorentzian contribution to the relaxation, whereas the experi
mental data are known to vary more slowly with ν ( Π , 1_2). The Cole-Cole 
expression should be regarded as a heuristic equation that, while it represents 
the relaxation dispersion data very wel l , has no a priori validity. We use it 
here as a way of cataloging the N M R D data and characterizing them in terms 
of four parameters. 

N M R D data for solutions of several proteins of differing molecular 
weights are shown in Figure 2. There are several points to note: with increas
ing molecular weight, the limiting low field value of 1 /T j increases, and vQ 

decreases; for fixed molecular weight, comparing the immunoglobulin and 
alcohol dehydrogenase data, the more anisotropic protein behaves as though it 
were the heavier, and it has a somewhat broader dispersion profile. The solid 
lines through the data points are least-squares fit of Equation 1 to the respec
tive data. 

The numerical magnitude of vQ (Figure 1), its variation with protein 
molecular weight and anisotropy (Figure 2) , its dependence on temperature 
(7), and the qualitative aspects of its dependence on concentration (6, 1_3), al l 
suggest that vc is related to the rotational relaxation rate of the protein mole
cules. This empirical view is further substantiated in Figure 3 where 
experimentally-derived values of vQ for proteins with a range of molecular 
weight spanning three decades are compared with computations of the rota-
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MAGNETIC FIELD (kOe) 

PROTON LARMOR FREQUENCY (MHz) 

Figure 2. Dispersion of 1/Tt for 50 mg/mL solutions of proteins with a range of 
molecular weights, at 25°C. 

Abbreviations are: HC, hemocyanin from Helix pomatia: IG, nonspecific human y-im
munoglobulin; AD, alcohol dehydrogenase from yeast; Hb, human adult carbonmonoxy-
hemoglobin; CA, human erythrocyte carbonic anhydrase B; and LY, hen egg-white 
lysozyme. The numbers next to the abbreviations give the molecular weights in units of 
thousands of Daltons. The relaxation rate of the protein-free solvent is indicated by the 

horizontal dashed line. After Ref. 7. 
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tional relaxation time T r using Stokes' L a w for spherical particles, and assum
ing a 3.5 A hydration layer (i.e., one monolayer) as part of the macromolec-
ules. The relationship used is 

vc * / 3 / ( 2 T T T R ) ; T R = 4 V i j 0 / k T (3) 

where V is the volume of a protein molecule. There are no adjustable param
eters in this computation; the only subtleties are that TT Î̂S taken as the viscosi
ty of neat water, and (a technical point) the factor ν 3 (an excellent approxi
mation to the exact value (6)) enters because magnetic relaxation involves the 
relaxation of a second order Legendre polynomial (a d-like term) whereas T R 

describes the orientational relaxation of a direction-vector (a p-like term). 
There can be little question that, based solely on the phenomenology of 

N M R D data for solvent proton
contribution with a dispersio
of the solute macromolecules. Further, as can be seen in Figure 3, two highly 
anisotropic proteins (indicated by open squares) behave as though they are 

heavier than their molecular weights suggest; and t - R N A , with a surface 
completely different from that of proteins, behaves as do the proteins. Moreo
ver the proteins in Figure 3 have quite different isoelectric points; this together 
with the t - R N A result shown, as well as other data for a given protein over a 
wide range of p H values (6), indicates that the phenomena of N M R D depends 
little on the nature of the surface and the surface charge of the solute macro-
molecules (other than the influence the charge has on the Brownian motion of 
the protein molecules at high concentrations). Rather, it would appear to be 
due to a hydrodynamic interaction of the solute molecules with solvent, judg
ing from the nonspecific nature of the proton N M R D data. 

2 M a n d , 7 0 N M R D . F r o m the most general considerations of the 
mechanisms of magnetic relaxation (14), one can conclude that the observed 
solvent proton relaxation must arise (in the main) either from magnetic dipolar 
interactions of a given proton with its neighbor on the same water molecule, or 
with protons of the (hydrated) solute protein (or both). In the first case, 
every water molecule (on average) would have to sense the rotational motion 
of the protein molecules, either via a (long range) hydrodynamic interaction or 
by spending a fraction of its time attached in some fashion to solute protein, 
and reorienting with it. If the interaction were strictly intramolecular, so that 
the N M R D data were due totally to an influence on the time-averaged kinetic 
history of the solvent molecules, then two things should be true: the N M R D 
spectra of 2 H in deuterated solvent (which is readily measured) and 1 7 0 
(which is very difficulty to measure) should, when normalized to the relaxation 
rate of the neat solvent, mimic the proton N M R D data; and the magnitude of 
A and D , Equat ion 1, should decrease for protons as they are diluted by 
deuterons, whereas there should be no dependence of the 2 H or 1 7 0 N M R D 
on nuclear concentration (other than signal-to-noise ratio). This is because 
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Figure 3. Variation with molecular 
weight of the inflection frequency vc (Equa
tion 1) of the relaxation dispersion of sol
vent protons for solutions of macromole-

culesat 25°C. 

Abbreviations are: LY, hen egg-white lyso
zyme CON A, demetallized concanavalin A; 
TP, demetallized porcine trypsin; tRNA, 
nonspecific yeast transfer ribonucleic acid; 
CA, human erythrocyte carbonic anhydrase 
B; Hb, human adult carbonmonoxyhemo-
globin; AP, E . coli alkaline phosphatase; TF, 
demetallized human transferrin; 1G, human 
nonspecific y-immunoglobulin; AD, alcohol 
dehydrogenase from yeast; CP, human ceru-
loplasmin; HC 1/20, 1110(h), 1110(C), 1/2, 
1/1, various states of association of Helix 
pomatia hemocyanin. Dashed line was cal
culated using Equation 3 with n
parameters, using the viscosity of
to compute vc. The proteins were
spherical, and a 3.5-Â hydration layer was 
included in computing the hydrodynamic 

radii. After Réf. 1. 
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Figure 4. Protein contribution to the nuclear magnetic relaxation rates, Ti1 of 
solvent (O) 1H and (J^) *H in aqueous solutions of hemocyanin (containing 11.5 
and 30.6 mg protein per mL, respectively) at 25°C, as a function of the Larmor 

frequency of the respective nuclei. 
Data are normalized both with respect to the deoxygenated neat solvent rate and to the 
protein concentration. The 1H rates were measured to a 100% solvent and the *H 
rates in a mixture of 80% *HgO/20% Ήβ. Both mixtures contained 0.7M phosphate 
buffer at pH 7.0. Hemocyanin is known to associate into compact polymers of 9 Χ 106 

Dations in 100% HtO solvent in the pH range 5-7 at ionic strength of 0.1. After Ref. 7. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



9. K O E N i G Nuclear Magnetic Relaxation Dispersion 165 

both 2 H and 1 7 0 relax by quadrupolar interactions with the gradient of the 
electric fields at these nuclei, rather than by interactions with other nuclei. O n 
the other hand, any contribution to the N M R D of (solvent) protons that 
depended on their interactions with solute protein protons would not contribute 
measurably to 2 H or 1 7 0 relaxation; the magnetic moments of these nuclei are 
too small for magnetic interactions with protons to be significant compared to 
the much larger intramolecular quadruple interactions responsible for their 
relaxation. 

Proton and deuteron N M R D spectra for solutions of hemocyanin (7) 
are compared in Figure 4, from which it can be judged, in terms of the forego
ing, that only about half the proton relaxation is intramolecular; there is a 
comparable contribution that must be due to solvent-solute proton interactions. 
(Unpublished results for solutions of demetallized concanavalin A (54,000 
Daltons) show similar behavior.
solvent-solute proton interaction
Equation 1, for protons as they are diluted with deuterons (15) ; a particularly 
striking example is shown in Figure 5 where it is seen that (loosely speaking) 
as one interaction is progressively removed, the relaxation rate decreases 
slightly, and then increases substantially. Clearly the solvent protons must be 
interacting with solute protons. Reference to the original work (1_5) w i l l show 
that, by contrast, both vQ for protons and the deuteron N M R D spectra remain 
unchanged in these experiments in partially deuterated solvents. In addition, it 
is shown there that the minima in A can be explained in terms of additivity of 
intermolecular and intramolecular rate processes, but not in terms of additivity 
of their separate contributions to A ; the measured relaxivity is related to these 
interactions via a pair of coupled differential equations whose eigenvalues are 
the relaxation rates. 

The major phenomenological aspects of N M R D of solvent nuclei in 
protein solutions have been presented above, from which we infer that from 
measurements of solvent nuclei it is possible to obtain information about the 
Brownian motion of solute protein. Though little has been concluded about the 
nature of the underlying interactions, it is clear that the time-averaged kinetic 
history of a typical solvent molecule must have a component that reflects the 
motion of the protein: either the solvent molecule spends some time on the 
protein (an exchange, short range model) or, via a (long range) hydrodynamic 
interaction, moves in a correlated fashion. In addition, it is found that there is 
an interaction between solvent and solute protons whose contribution to A is 
comparable in magnitude to the kinetic effects. This interaction can arise 
either by solvent exchange or by magnetic interactions as solvent diffuses near 
the protein surface. 

Other Phenomena. Figure 6 shows proton N M R D data for two sus
pensions of red blood cells (erythrocytes), one from a normal adult, the other 
from a person with sickle-cell disease. The density of cells is sufficiently low 
so that the N M R D data arise from the protons of the water in which the cells 
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PROTON FRACTION IN SOLVENT 

Figure 5. A, the magnitude of the dispersive term of Equation 1, for E . coli alka
line phosphatase at two concentrations: (φ) 0.6mM; (O) 0.3mM, as a function of 
solvent proton fraction. Solid lines through the data points result from a least-
squares comparison of the data with the model for cross-relaxation given in Ref. 15. 

MAGNETIC FIELD (Oe) 
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Figure 6. Proton relaxation dispersion data for representative suspensions of 
washed and oxygenated A A and SS erythrocytes at 35°C. 

Cells are from fractions prepared by ultracentrifugation to restrict the range of mean 
corpuscular hemoglobin content (MCHC): (O) SS cells, MCHC = 5.8mM, pH 6.95; (·) 
AA cells, MCHC = 5.9mM, pH 7.07. The inflection frequency vc of each dispersion 

curve is indicated by arrows along the horizontal axis. After Ref. 13. 
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are suspended; the external and not the intracellular water. Clearly, these two 
classes of water molecules must be in reasonably rapid exchange such that, to 
first order at least, the cell membrane may be regarded as a somewhat porous 
sac that contains the protein but allows rapid exchange of solvent. A natural 
question that arises is whether the hydrodynamics of the protein is influenced 
by containment in the cel l , or whether a porous sac model is adequate to 
account for the N M R D spectra of suspensions of erythrocytes (12). 

Figure 7 shows the variation of T r (related to vc in Equation 3) with 
hemoglobin concentration for a series of solutions of normal adult hemoglobin, 
and for three suspensions of normal erythrocytes with differing concentrations 
of hemoglobin (obtained by centrifugation), al l liganded with either oxygen or 
carbon monoxide. It is seen that, for the present purposes, the erythrocytes 
may be regarded simply as containers of highly concentrated hemoglobin 
solutions. Figure 8 compare
sickle-hemoglobin solutions
7. It is seen that T r for sickle hemoglobin solutions is systematically greater 
than for normal hemoglobin: inorganic phosphate, and organic phosphate in 
lesser amounts, produce additional increases in T r . Confinement in cells 
increases T r still more. It had long been thought that the hydrodynamic 
properties of oxygenated sickle-hemoglobin (as well as most other properties) 
are identical to those of normal liganded hemoglobin. In particular, the 
(macroscopic) viscosity of oxygenated solutions of normal and sickle hemoglo
bin are identical at all concentrations (1_6), including conditions under which 
the T r values ( microscopic viscosity), Figures 7, 8 differ. 

Some Qualitative but Rigorous Deductions 

We first consider the A contribution, Equation 1, and an explanation in 
terms of a two-site model: i.e., a model in which a water molecule exchanges 
between solution and sites (or class of sites) on or near a protein molecule 
such that at least one direction fixed in the water molecule is constrained to 
move rigidly with the protein molecule. In the simplest case, a water molecule 
attaches rigidly to the protein, moves with it for a while, and then leaves. In a 
somewhat more complex case, the attachment may be less rigid so that the 
water molecule is free to rotate about an axis fixed with respect to the protein. 
Addi t ional ly , a situation in which water molecules partially orient in the 
electric fields near the protein surface because of their electric dipole moments 
would also be a two-site model. Characteristic of a two site-model is that a 
time τ Μ , or a distribution of such times, can be defined that measures the 
mean lifetime of a water molecule in the protein-associated state. Moreover , 
such a time is in principle a measurable quantity, and its value must satisfy two 
criteria: it must be at least comparable to if not longer than T r , otherwise the 
nuclei of the bound water molecules could not sense the rotational motion of 
the protein molecules; and it must be comparable to or shorter than the 
nuclear relaxation time of a bound water molecule, else it could not communi-
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Figure 7. Variation with hemoglobin 
concentration of the rotational relaxation 
m time for solutions of (φ) liganded Hb 
A and (O) suspensions of oxygenated A A 
erythrocytes at 35°C, derived

tion 3 

Points with spokes are for oxy Hb A; the 
others are for carbonmonoxy Hb A. Data are 
for samples with differing values of pH and 
buffer composition, as indicated in Ref. 13. 
Solid line is from a least-squares comparison 
of the data with Equation 5, the model 
theory for microscopic viscosity developed 
in the text: TR/Tr0 = (1 - (31 /R - 31)3)-1. 

~ 0.7i 
4. 

0.5 

I 0.4 

Ο 

LU ^ - , 
cë 0.2 < ζ g 

π 1 1 1 1 Γ 

[—STOKES 

I 2 3 4 5 6 7 
HEMOGLOBIN CONCENTRATION (mM) 

Figure 8. Variation with hemoglobin 
concentration of the rotational relaxation 
time TR for solutions of (φ) oxy Hb S and 
(O) suspensions of oxygenated SS eryth
rocytes at 35°C, derived using Equation 3 
Solid line represents analogous data for 
hemoglobin A from Figure 7. The points 
represent samples with differing values of pH 
and buffer composition, as indicated in Ref. 
13. Dashed line indicates data points for 
solutions containing either zero or 0.1 M 
phospate, and no 2,3-diphosphoglycerate 
(DPG); points representing solutions with 
greater phosphate content are indicated (P 

means potassium phosphate). 
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cate to the solvent what it sensed of the rotational motion. The lower bound 
for τ Μ can be increased by using larger proteins and lower temperatures, 
whereas the upper bound can be decreased by looking first at ! H , then 2 H , and 
finally 1 7 0 relaxation rates since the latter is 1 0 3 faster than that of protons. 
These experiments have been performed (10). It was readily shown that there 
is no substantial distribution of τ Μ values, since 1 7 0 and 2 H relaxation rates 
kept pace with each other. Final ly , by moving the two bounds on τ Μ until 
they overlapped, τ Μ was bracketed out of existence and the conclusion of 
the inapplicability of the concept of τ Μ in the N M R D of protein solutions was 
reached (1_0). Moreover nothing in the temperature dependence of N M R D 
data to date suggests an activation energy that can be associated with τ Μ (6, 

Ζ>· 
There is an additiona

based more on esthetics tha
when the first N M R D data were published (6) . This relates to the number of 
water molecules bound in the protein-associated sites; i.e., the fraction F of 
the water molecules in the bound sites at any one time or, equivalently, the 
fraction of time any one molecule spends in these sites. F r o m the most gener
al theoretical view of the A term (1_4), its value should equal 1 / T 1 W multi
plied by the ratio F T R A r w (where T r w ̂  5 x l 0 ~ 1 2 s is the T r of a free 
solvent molecule). 

t ! It 

For a 1 0 % (by weight) solution of a typical globular protein of, 
say, 50,000 Daltons (2 m M ) , one hydration layer corresponds to about 700 
water molecules (or 2 5 % additional mass), corresponding to F = 2 % . F r o m 
Figure 1 and Equation 3, T r =* 1 0 ~ 7 s, so that F T R / T r w = 400. This rough 
theory applied to protons, for which 1 / T 1 W = 0.3 s _ 1 , gives A = 120 s _ 1 i f 

1 " I t It 

al l the hydration waters contribute, or a relaxivity R (where R is Α τ 
protein molarity) of 60 (s m M ) . This is to be contrasted with an experimen
tal value (cf. Figure 2) of about 0.5 (s m M ) which is about two orders of 
magnitude less than the estimate based on a two-site model with irrotationally 
bound waters of hydration. A l lowing for rotation, which could reduce the 
discrepancy by a factor of about five (6), the immediate inference is that only 
a few percent of the water molecules in the first hydration shell (about 7 
molecules in the present case) contribute to the observed N M R D phenomena, 
assuming the validity of a two-site model. These molecules must al l have 
roughly the same value of τ Μ , and their number must be insensitive to p H . 
The remaining water molecules must exchange either much more slowly, and 
thereby not contribute to the N M R D at a l l , or exchange much more quickly so 
that they do not sense the rotational motion of the protein molecules. 

Our view, based on our inability to find a τ Μ value for these special 
water molecules, and on the unrealistic requirement that such special sites 
must be both few in number and universal in occurrence, independent of the 
nature of the surface and surface charge of the macromolecule, is that these 
specialized sites do not exist. Rather one must search for another mechanism 
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to explain the A term of the N M R D phenomena in solutions of diamagnetic 
proteins. 

Mode l s and Mechanisms 

The A Term. The mechanism underlying A is somewhat elusive. We 
have argued in some detail that any type of two site model is ruled out by the 
experimental results (1_0), and we still feel these arguments valid, suggestions 
to the contrary notwithstanding 0 7 ) . Rather, it would appear that a hydrody-
namic effect, simple to articulate but difficult (for us) to estimate, is responsi-
ble for A . We wi l l cal l it the slosh effect . Consider the rotational Brownian 
motion of a single protein molecule. In a time of the order of T r , the rota
tional correlation time, a fixed directrix in the molecule wi l l have altered its 
direction by about one radian
had an average angular velocit
momentum equal to this value multiplied by its moment of inertia. These are 
fluctuations of a vector quantity that, of course, must average to zero over the 
long term. They arise from interactions of the protein molecules with the 
water molecules because the system is at a non-zero temperature. These 
interactions all conserve angular momentum, and thus all the water (regarded 
as a continuum fluid) surrounding the protein molecule roughly midway to the 
neighboring protein molecules must have an equal and opposite fluctuation in 
its angular momentum. That is, as the orientation of the protein molecules 
fluctuates, the surrounding solvent must slosh about in an anticorrelated 
fashion to conserve the total angular momentum of the system. By virtue of 
solvent-solvent interactions, some of this sloshing motion w i l l be converted 
from angular momentum of the continuum fluid to angular momentum of the 
individual solvent molecules (by the principle of equipartit ion). Thus the 
solvent molecules (all of them, as argued below) wi l l have a small component 
of their thermal motion that follows the Brownian motion of the protein 
molecules. 

It is this effect that we have suggested (7) is responsible for the ob
served N M R D spectra. It corresponds to an extremely small perturbation of 
the thermal motion of the solvent water molecules, and is therefore difficult to 
derive by the usual theoretical methods. However , it is in the nature of 
N M R D experiments that the effect of slower motions gets magnified (6) ; in 
the present case, the intrinsically small perturbation of the dynamics of the 
solvent molecules is increased by the ratio T R / T R W ^ 1 0 4 . (The area under 
the N M R D spectrum, proportional to A P c , corresponds to the proportion of 
the thermal energy in that particular mode of motion; therefore, the less vc, 
the greater A for the same intrinsic effect, as is implicit in Figure 2.) 

A remark is in order concerning the distance that the disturbance due 
to the fluctuating motion of a protein wi l l propagate in solution. If a spherical 
protein molecule immersed in an infinite solvent is rotated at a steady rate, 
ultimately all the solvent w i l l rotate with a velocity that falls off very slowly, 
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essentially as the reciprocal of the distance d from the protein. If, however, 
the molecule is oscillated at a frequency vc, the range of the disturbance will 
be screened or shielded by the factor exp ( —d/λ) because of viscosity, very 
much akin to the Debye screening of charges in solutions of electrolytes (18). 
The screening length λ = (ττν^/η) , where ρ is the solvent density, is 
4000 Â for vc = 10 7 s " 1 . For our typical protein solution, the protein radius 
r = 25 A and the mean interprotein distance is 100 A, much less than λ and d 
<< λ. This is the argument for regarding all the solvent half-way to the 
neighboring protein molecules as being influenced by the motion of a single 
protein; the screening due to this kinematic viscosity is not important except 
for extremely dilute solutions. 

It should be emphasized that, though we believe that we know the 
source of the A term, the causative mechanism has not been established 
unequivocally. Certainly, n
fore, the problem must be regarded as open. Nonetheless, the experimental 
procedures and the data themselves are extremely useful in investigations of 
water-protein and protein-protein interactions. 

The D Term. We favor the view (6) that the water molecules in the 
hydration layer exchange very quickly, and are responsible for the D term. 
The magnitude of D is of order 10% of A, and the associated vr is 200-300 

II It c 

MHz compared to 2-3 MHz for the typical protein being considered (7). A 
very rough initial estimate for D would be that it is about equal to A if one 
assumes that the entire hydration layer contributes to the NMRD, but with a 
correlation time about two orders of magnitude or more shorter than that 
found for the A term. Thus the D term, the one for which we have the least 
information, is in our view attributable to all the water molecules in the 
hydration shell of the protein in solution with correlation times, using vQ ^ 250 
MHz, of about 10~ 9 s, or about two orders of magnitude slower than for 
solvent molecules ( sticky water). These must be water molecules near 
surface polar groups, since their correlation times have been computed to be 
very long (19) compared to those for water molecules near uncharged resi
dues, which are within factors of two of that of pure solvent (20). This 
consideration would reduce the estimate for D to a value close to that ob
served. 

In a self-consistent way, we can argue that the slowing down of the 
water molecules in the hydration layer is due to the steric hindrance of the 
dynamics of the diffusion of solvent due to the presence of the charges on the 
protein surface itself. We can estimate the distance L that such a water 
molecule diffuses in a correlation time, using a diffusion constant 100 times 
slower than that of water: L * v 7 4 D T c = (4x5χ 1 0 " 1 6 ) 1 / 2 * 5Â. This 
distance corresponds to between one and two layers of water. Thus the 
correlation time is about the time a water molecule takes to diffuse out of 
range of the surface that is hindering its motion. 
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This view, that there are one or two layers of solvent water near the 
protein surface that behave very much like bulk water, but with a correlation 
time for many of its molecules greater by about 100 fold, is consistent with the 
results of measurements of dielectric dispersion of protein solution (2JU 22) . 
These data also show a continuing dispersion, in this case of the high frequen
cy dielectric constant, in the region of several hundred M H z , indicating a 
slowing of the orientational relaxation time of a fraction of the solvent water. 
We associate this water with water molecules in the first (and perhaps second) 
hydration shells near polar groups, much the same water that appears in the 
X- ray data. The dynamics of this water is altered by the steric and hydrogen-
bonding requirements imposed by the protein surface, those requirements that 
may be inferred from the X- ray results. The correlation time is essentially the 
exchange time, ~ 1 0 ~ 9 s, and arises from the dynamics of diffusion of solvent 
near the surface. In particular
of water from these layer
1 0 ~ 5 — 1 0 ~ 8 s, it would show in the A term, but it does not. It is hard to 
think of a type of bonding of water to the surface of a typical protein that 
would hold the water molecules to the surface for still longer times, and at the 
same time allow them to reorient freely. Moreover , it should be recalled that 
the orientational relaxation time of the interface water in frozen protein 
solutions is not much slower than this (~ 1 0 ~ 8 s) at — 3 5 ° ( 2 ) . Thus there is 
little margin for the existence of water molecules exchanging in times much 

Q 
slower than 10 s. 

Cross Relaxat ion. Considerations of the data of Figure 5 have indicat
ed that as solvent protons in protein solutions are progressively diluted with 
deuterons, the proton relaxation rate becomes determined more and more by 
the relaxation rate of the protein protons as transmitted through the mecha
nism that couples these two classes of protons at the proton-solvent interface. 
Though we have no clear view of the details of the coupling mechanism as yet, 
it can occur through exchange of magnetization without exchange of protons 
from a hydration shell. The relaxation of the protein protons can in principle 
be influenced by the presence of paramagnetic ions in the protein that, for 
example as in cyanomethemoglobin, may not influence directly the relaxation 
of solvent protons. Thus, though the question remains to be investigated, it 
does appear that N M R D of solvent protons can yield information about 
nuclear magnetic relaxation processes within protein molecules that contain 
buried paramagnetic ions, information that may be difficult to obtain by other 
techniques. 

Another interesting implication of the cross-relaxation results is relevant 
to the question of compartmentalization of water within tissue. Because 
relaxation rates in the presence of cross-relaxation must be derived by solution 
of coupled differential equations, the observed relaxation rates are not simply 
the sum of the intramolecular and cross relaxation contributions to the relaxa
tion. For a typical situation, the solvent relaxation may be influenced substan-
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tially by cross-relaxation, even though its time-dependence remains dominated 
by one eigenvalue, and so appears exponential. However, the relaxation of the 
protein protons (when observable), w i l l almost invariably show two exponential 
contributions. El iminat ion of the cross term wi l l eliminate one of these, alter 
the other and also alter the solvent proton relaxation rate; this of course can 
be accomplished by replacing most of the H 2 0 solvent by D 2 0 . The change in 
the relaxation behavior, from double to single exponential, could be readily 
misconstrued as the replacement of one of two classes of protons by deuterons. 
In tissue, the situation is more complex, but it is our belief (cf. 15) that much 
of the proton relaxation data in deuterated tissue samples should be reexa
mined in light of the recent cross-relaxation results; many published conclu
sions may be of limited validity. 

Microscop ic and Macroscopi

The data in Figures 7 and 8 were among the first (1_2) to show a 
difference between the behavior of liganded normal adult and sickle hemoglo
bin; only a difference in the solubility limit had been demonstrated previously 
(23) . A s noted earlier, even the macroscopic viscosities as a function of 
hemoglobin concentration were found to be the same (16). In contrast, the 
N M R D results indicate that the miscrocopic viscosities are different, and 
indeed suggest that the sickle hemoglobin tetramers are aggregating into larger 
units of 2-4 tetramers. This inference has since been confirmed by electron 
spin resonance experiments on spin-labelled carbonmonoxy-sickle-hemoglobin 
(24) . The question arises as to the fundamental differences between macro
scopic and microscopic viscosity that make the former insensitive to aggrega
tion and the latter depend on it. 

We propose a single quantitative hydrodynamic model theory of micro
scopic viscosity that fits the data very well (the solid line, Figure 7) yet con
tains only two parameters. Once again, consider a spherical protein of radius r 
in solvent, this time enclosed by an outer concentric sphere of radius R as a 
boundary. It is known from classical hydrodynamics (1_8) that as R is reduced 
from oo, the drag on the protein, i f it is rotated, increases as though the viscosi
ty η of the solvent increased from the free solvent value η0 as 

We now consider a protein solution, and regard the neighboring protein 
molecules around it as approximating a spherical cage of radius (D- r ) , where 
D is the average separation of the centers of the protein molecules. Reasoning 
from Equations 3,4 and the data of Figure 7, we assert that 

(η/η0) = l / ( l - ( r / R ) 3 ) . (4) 

r c . T 0 / ( l - ( r / D - r ) 3 ) (5) 

should afford a reasonable description of the concentration dependence of the 
microscopic viscosity of nonaggregating spherical proteins. The solid line in 
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Figure 7 results from a least squares comparison of Equation 5 and the data. 
The values found for the two parameters are r = 31 A and τ 0 = 64 ns. The 
actual radius of a hydrated (one monolayer) hemoglobin molecule (assumed 
spherical) is 30 Â. The value calculated for rQ using Stokes' L a w is 37 ns. 

It must be conceded that the concentration dependence given by this 
simple theory is very good, particularly at the higher concentrations. The 
excellent agreement of the numerical value of the derived and actual values of 
r indicate that the essence of the protein-protein interactions is contained in 
the theory; the protein-protein interaction is dominated by hydrodynamic 
effects, rather than electrostatic interactions, for example. The latter can fall 
off more slowly with distance and may be responsible for the deviations of the 
model fit at low concentrations of protein. Variations in vc with protein 
charge (i.e., pH) for fixed concentration have been observed by N M R D (12) ; 
the effective interactions ar
that the fluctuations in interprotei
are greatest; protein molecules can approach more closely than when they are 
charged. Our simple model clearly does not include these second order 
effects. 

Macroscopic viscosity, in contrast to microscopic viscosity, should not 
depend on the size of the protein molecules, but only on the volume fraction 
φ. This is well known in the limit of low concentration of protein where the 
Einstein relation for spherical particles (25) holds 

(η-η0)/η0 = 2.5φ . (6) 

But more generally, for all concentrations of spherical proteins, (17 —y0)/y0 

must only be a function of φ ; the argument is straightforward, and can be said 
to rely on dimensional analysis or scaling theory. Classical hydrodynamics is a 
theory of continuum fluids in the strict mathematical sense; there is no intrin
sic dimension that can be assigned to the f lu id ; there is no atomic scale. 
Therefore, the radius of a protein molecule, which must enter the theory of 
macroscopic viscosity in a comparative way, must be compared with the only 
other dimension in the problem: D , the intermolecular separation. But for 
fixed φ , the ratio ( r / D ) is independent of protein size. It doesn't matter 
whether a given amount of protein in a classical fluid is divided into many 
small molecules or a few large ones; the macroscopic viscosity w i l l , indeed 
must, remain the same (so long as the protein molecules retain the same 
shape). 

Thus, the aggregates of sickle hemoglobin tetramers must be reasonably 
spherical, on the basis of the measurements of macroscopic viscosity (16); and 
not too large, but nonetheless present, on the basis of the N M R D results. 

Conclusions 

The foregoing has been a presentation of a selected group of phenome
na observable by N M R D experiments on solutions of diamagnetic proteins. 
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The point to emphasize is that the data reflect the influence that the presence 
of solute protein and suspended cells has on the averaged dynamic history of 
the solvent molecules. We infer from the data a view of hydration, solvent-
protein interactions, and protein-protein interactions that is hydrodynamic on a 
scale comparable to the size of a protein molecule, and kinetic on atomic 
dimensions. Hydration, to the extent that it represents a specialized water 
layer at the protein surface, refers to water molecules that assume a geometry 
consistent with the hydrogen bonding possibilities to surface residues, but 
which exchange rapidly with the bulk solvent; any slowing of the motion of the 
solvent molecules is due to steric problems encountered when diffusing near 
the protein surface, particularly near polar groups. The time scales are of 
order 1 0 9 s which, though 100-fold slower than the time that characterizes 
the motions of solvent molecules in solution  is nonetheless fast compared to 
the corresponding relaxatio
find no evidence of specialize g  exchang  longe
10~9 s. 

Presently, the empirics is ahead of the theory; the model mechanisms 
that we propose we have only been able to quantitate in one instance, that of 
the dependence of protein reorientational relaxation time on protein concentra
tion. Nonetheless, we have been able to clarify the distinction between macro
scopic and microscopic viscosity; to measure protein-protein interactions within 
cells; and to demonstrate magnetization transfer from protein protons to 
solvent protons: all of this is consistent with the dynamics of water-protein 
interactions that we infer and have discussed. 

Abstract 

The presence of solute protein imposes on the rapid rotational Browni
an motion of solvent water a small but readily measurable component that has 
the characteristics of the slower Brownian motion of the protein molecules. 
This phenomenon, known for somewhat over a decade, was first observed as 
an increase in the magnetic relaxation rate of solvent protons and has since 
been investigated in depth by studying the magnetic field-dependence of the 
relaxation of solvent protons and dueterons. The data are unexpectedly rich, 
and though the nature of the underlying solute-solvent interaction remains 
obscure, the results provide information on water-protein and protein-protein 
interactions in both solutions and cell suspensions. In addition to clarifying the 
concept of bound water, as is discussed, measurements extended to protein 
solutions in mixed H 2 O/D 2 O solvent indicate unexpected cross-relaxation 
interactions between solute and solvent protons. These last results imply that 
the interpretation of an increasing body of relaxation measurements of tissue 
samples needs to be reexamined and perhaps reinterpreted. 
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D i s t r i b u t i o n of Water in Heterogeneous Food a n d 

M o d e l Systems 

P. J. LILLFORD, A. H. CLARK, and D. V. JONES 
Unilever Central Resources, Colworth House, Sharnbrook, Bedford, England 

In recent years, numerous examples of complex spin-spin 
relaxation have been reporte
studies on striated muscle
et a l . (2) proposed three fractions of water in frog muscle. 
Based on a graphical deconvolution of spin-spin experiments, T2 
values of 230 m.sec (15%), 40 m.sec (65%) and 10 m.sec (20%) were 
obtained. Derbyshire and Duff report biphasic spin-spin decays 
in porcine muscle with relative fractions dependent on the degree 
of rigor (3). Derbyshire and Woodhouse found complex relaxation 
in fish, porcine, frog and human muscle was confirmed by Hazelwood 
et a l . (4) and Pintar et a l . (5). 

The explanation of these NMR phenomena are complicated by 
the existence of two theories for the behaviour of water in 
tissue. These are represented by the membrane theory (6) in which 
intracellular water is assumed to have the properties of ordinary 
liquid water, but that its solutes may be different from the 
extracellular solution due to the semi-permeable nature of the 
intact cell membrane. A later theory due to Ling (7) suggested 
that intracellular water may be extensively structured due to the 
high concentration of fixed charges on macromolecules. 

The latter theory has been challenged by the measurement of 
diffusion of intracellular water; i.e. NMR methods have shown that 
the small difference in measured diffusion coefficients between 
intra and extracellular water can be accounted for by obstruction 
effects (8). Most authors now agree that the majority of intra
cellular water is "free" and account for the reduction in the 
tissue T̂  values by assuming that fast exchange occurs between a 
small "bound" fraction, and the larger "free" fraction. In the 
absence of structured water and slow exchange, the complex 
transverse relaxation is more difficult to explain. There is no 
doubt that the complex behaviour is within the water protons 
because of the size of resolvably different relaxation 
processes (2) . 

Several authors have discussed the origin of the multi-
exponential transverse decay. Pearson et al (9.) suggested that 
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the onset of multiexponential decay during r i g o r was induced by 
modification of exchange rates, or by the existence of two 
p h y s i c a l l y separated water phases. The l a t t e r argument was 
preferred. Belton et a l (2) interpreted t h e i r three phases i n 
terms of protein bound, i n t r a c e l l u l a r and e x t r a c e l l u l a r water, 
whereas Hazlewood et a l , i d e n t i f y i n g a s i m i l a r three f r a c t i o n s , 
argued that the i n t r a c e l l u l a r water was not exchange averaged (k). 

Diegel and P i n t a r suggested that a separate d i s t r i b u t i o n of 
c o r r e l a t i o n times associated with exchange d i f f u s i o n contributed 
to the T^ rel a x a t i o n ( 5 ). Their analysis showed that t h i s could 
not be a complete explanation of the observed multiphasic 
behaviour and that some compartmentalisation within the t i s s u e 
was necessary to explain the e f f e c t s . They also argued that since 
exchange wi t h i n any one compartment was l i k e l y to be f a s t , the 
assignment of a resolvabl  phas  t  th  "bound" wate  f r a c t i o
was not necessarily v a l i d
exchange averaged boun

Some d i f f i c u l t i e s i n i n t e r p r e t a t i o n have been encountered 
due to the existence of complex decay i n transverse re l a x a t i o n 
but simple decay i n l o n g i t u d i n a l r e l a x a t i o n . More recent 
experiments have shown that l o n g i t u d i n a l r e l a x a t i o n processes are 
also complex when accurate measurements are made ( 1 0 ) · 

A l l of the authors imply that separation of water phases 
probably occurs at the c e l l u l a r l e v e l . The semi-permeable nature 
of the c e l l membrane towards ions and solutes which are capable 
of relaxing water protons provides compartments i n which 
rela x a t i o n rates can be s i g n i f i c a n t l y d i f f e r e n t , even when water 
transport across the membrane i s very rapid. Indeed t h i s property 
of whole t i s s u e has been used i n the development of an NMR method 
of determining water transport across erythrocyte membranes ( 1 1 ) . 

Complex rel a x a t i o n i s not however confined to b i o l o g i c a l 
t i s s u e . Following a freeze-thaw cy c l e , non-exponential decay i s 
observed f o r the water protons i n an agarose gel (12); and i s 
also r e a d i l y observed i n meat models made from completely 
synthetic man-made structures (13)· In view of the absence of 
membranes or any semi-permeable b a r r i e r s i n these wholly 
fabricated materials, the general relevance of compartmental
i s a t i o n to the observation of complex r e l a x a t i o n needs to be 
re-examined. 

Experimental Procedures and Results 
A* Methods. Τ measurements were made by the C a r r - P u r c e l l -

Meiboom-Gill method T l 4 ). ^ spacings were: agarose 200 jisec; 
soya f i b r e s 300 jisec; raw and cooked/drained muscle 40 jisec; and 
cooked muscle 100 jisec. 100 scans were accumulated i n each case. 

T̂  measurements were made using a l 8 0 - TT - 9 0 ° sequence. 
For each value of , 20 magnetisation values were accumulated. 

A l l samples were thermostatted at 1 4 ° . Data were analysed 
by multi-exponential f i t t i n g using a weighted le a s t squares 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. L I L L F O R D ET A L . Water in Heterogenous Systems 179 

a n a l y s i s , or by deconvolution analysis ( 1 5 ) « 

B. Ma t e r i a l s . Agarose was from Marine C o l l o i d s , Inc. 
(REX5468), and used without further p u r i f i c a t i o n . A sample of gel 
was prepared by pressure cooking a 4 . 8 wt% dispersion of agarose 
i n d i s t i l l e d water f o r 10 min. Approximately 0 . 3 mi of the 
so l u t i o n was placed i n a 8 mm O.D. NMR tube and ge l l e d by cooling. 
A f t e r r e l a x a t i o n measurements on the gel had been performed, the 
sample was frozen r a p i d l y i n l i q u i d nitrogen, thawed and re-
measured. 

Soya protein f i b r e s were supplied by Courtault Ltd. Their 
analysed composition i s given i n Table I. A small block of f i b r e s 
( 0 . 5 g) was cut from the f i b r e tow and placed i n an NMR tube, 
with the f i b r e s oriented p a r a l l e l to the tube w a l l . 

Table I. A n a l y t i c a l Compositio

Water O i l Protein Ash NaCl pH 
% % (Ν χ 6 . 2 5 ) % % 

2 % 
6 7 . 5 8 . 5 1 9 . 2 2 . 2 2 .1 5 - 4 

Muscle Tissue. A sample of muscle tissue was taken from the 
L-dorsi of a Lin c o l n s h i r e Red Heifer post r i g o r . Approximately 
0 . 5 g of tiss u e was placed i n an NMR tube with the f i b r e s oriented 
p a r a l l e l to the tube w a l l , and the transverse proton r e l a x a t i o n 
measured immediately. The sample was then immersed i n a water 
bath at 85 C f o r 5 min., cooled and remeasured. F i n a l l y , the 
excess l i q u o r was drained from the sample, and the rel a x a t i o n 
remeasured. 

^" Results. Agarose:- In Figure 1, the e f f e c t of one 
freeze/thaw cycle on the spin-spin r e l a x a t i o n of agarose gel i s 
shown. For the i n i t i a l homogenous g e l , the r e l a x a t i o n can be 
s a t i s f a c t o r i l y described by a sin g l e exponential process 
characterised by a Τ value of 46 m.sec. A f t e r freeze/thaw, the 
decay was complex and required a number of discrete exponentials 
f o r i t s adequate d e s c r i p t i o n . The decay was f i t t e d to 3 and 4 
processes with the r e s u l t s given i n Table I I . 

Soya protein f i b r e s : - Non-exponential rel a x a t i o n was 
detected i n both Τ and measurements (Figure 2 ) . The decay 
was f i t t e d to 3 and 4 processes with the r e s u l t s given i n 
Table I I I . 
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Figure 2. Water proton relaxation in soya fiber bundle. A: transverse relaxation; 
B: longitudinal relaxation. Curve Β shows the experimental points in comparison 

with the theoretical curve calculated from the data in Table III. 
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Table I I . Multiexponential Analysis of Agarose Gels 

Gel State No. of Processes Amplitude % Τ (m.sec.) 

Fresh 1 100 46 

Frozen/Thawed 3 6 3 . 3 37 
22.5 157 
14.2 1140 

Frozen/Thawed 4 1 1 . 5 
60.6 47 
16.0 240 
11.9 1290 

Table I I I . Multiexponentia

No. of Amplitude % T^m.sec.) Protein Conc.% (m.sec.)* 
Processes 

51 20 
31 91 
17 39 

38 16 50 100 
30 51 15 222 
24 209 3 500 

6 675 1 700 

* T̂  data obtained from rel a x a t i o n experiments on homogeneous 
gels of the appropriate concentration. 

Muscle Tissue. Complex r e l a x a t i o n was detected i n both the 
raw and cooked muscles. The transverse r e l a x a t i o n was f i t t e d to 
both 3 and 4 processes (Table IV). 

Discussion 

A. Theories of Fast and Slow Exchange. In 1957, Zimmerman 
and B r i t t e n published a t h e o r e t i c a l treatment of the re l a x a t i o n 
of water protons absorbed on s i l i c a gel ( l 6 ). In t h i s system, 
both u n i - and multiphasic r e l a x a t i o n decays were observed. The 
authors were able to account f o r the change i n the number of 
observed phases by taking i n t o account the re l a x a t i o n times of 
the water protons i n bound (absorbed) or free (non-absorbed) 
stat e s , and the l i f e t i m e s of water molecules i n each st a t e . Two 
asymptotic expressions were derived, which have frequently been 
used i n subsequent studies of water r e l a x a t i o n . 

The f i r s t r e f e r s to f a s t exchange, i . e . when the r e c i p r o c a l 
l i f e t i m e , or exchange rate of water i n any phase i s very large 
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Table IV. Multiexponential Analysis of L. Dorsi (Heifer) Muscle 

Muscle State No. of Processes Amplitude % Τ (m.sec.) 

Raw 3
90 46 .7 
6 . 4 151 

Cooked 3 48 .4 22.6 
14 . 4 102 
37 -3 1100 

Cooked/Drained 3 4.6 1.2 
7 4 . 3 22.8 
21 .1 71 

Raw 4 2 . 6 0 . 2 3 
2 . 7 2 . 5 

8 8 . 9 4 7 . 2 
5 . 8 1 6 0 . 0 

Cooked 4 32 4 . 5 
4 9 . 3 25 -7 
1 1 . 0 1 2 9 . 0 
3 6 . 8 1120 

Cooked/Drained 4 5 - 4 0 . 3 
1 1 . 8 1 0 . 3 
7 4 . 4 2 8 . 6 

8 . 3 119 .7 
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compared to i t s relaxation time i n that phase. The observed 
rela x a t i o n i s then uniphasic with re l a x a t i o n rate given by the 
weighted average of a l l the phases (Equation l ) . 

η 

i = 1 

The second refers to slow exchange, when exchange rates are small 
compared with re l a x a t i o n rates. In t h i s case, the r e l a x a t i o n i s 
multiphasic and the time dependence of the magnetisation becomes 
the weighted average of e f f e c t s taking place separately i n each 
phase (Equation 2 ) . 

M (t) 
P. e ' i ι (2) 

In hydrated b i o l o g i c a l systems, protons are present i n both 
the aqueous solvent and i n the dissolved or suspended substrates 
(protein, f a t s , sugars, e t c . ) . C l e a r l y , the C-H protons of the 
substrates represent a separate phase and since exchange i s 
extremely slow between CH protons and water, Equation 2 obtains 
and multiphasic relaxation i s to be expected. Fortunately, the 
spin-spin r e l a x a t i o n times of substrate CH protons ( ^ 1 0 usee) 
tend to be very short compared to water (^ 50 m.sec) so that 
discrimination i s easy. However, i n many tissue systems, the 
water proton re l a x a t i o n i t s e l f e x h i b i t s multiphasic behaviour. 

Before attempts are made to explain the o r i g i n of the e f f e c t s 
reported here, other examples of complex r e l a x a t i o n must be 
considered, to determine whether a generalised approach to water 
proton rel a x a t i o n i n heterogeneous systems can be developed. 

B. Experiments with Model Systems. 

Agarose. In previous work (VJ) i t has been shown 
that the observed r e l a x a t i o n i n homogeneous gels i s described by 
the f a s t exchange approximation. 

1/T = Ρ /Τ + Ρ./Τ ο κ (3) av \r 2w b' 2b 

Where P^ + Pfe represent the f r a c t i o n s of free and bound water 
re s p e c t i v e l y , and Τ ^ i s the spin-spin r e l a x a t i o n time of the 
bound phase. 

At the temperature at which t h i s sample was measured, the 
rate equation i s more accurately described by Equation 4. 
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av 2w f 
1 = 1 

where the b phase represent motionally modified water molecules 
having a d i s t r i b u t i o n of Τ values, and the c phase represents a 
second, very motionally r e s t r i c t e d set of protons probably the 
hydroxy1 protons of the agarose molecule. These have an 
intermediate exchange rate characterised by % , the exchange 
l i f e t i m e . Even when exchange between the c phase and other 
components i s slow, a multiphasic decay i s not normally observed, 
since the i n t r i n s i c r e l a x a t i o n time of the hydroxyl proton i s i n 
the usee range, comparable with that of the CH protons of the 
agarose skeleton ( 17). The observation of complex r e l a x a t i o n 
a f t e r freeze-thaw damag  (Figur  IB) t therefor  a r i s  fro
the presence of non-exchangeabl
modification of exchang  agaros  hydroxyl
property of the water protons within the s t r u c t u r a l l y modified 
agarose network. 

2. Spun protein f i b r e s . The observed spin-spin 
r e l a x a t i o n decay f o r the f i b r e sample i s shown i n Figure 2A. 
Marked non-exponential behaviour i s apparent (Table I I I ) . In 
experiments elsewhere on homogenous soya gels ( 1 8 ), simple 
exponential decays were observed. Relaxation of the non-
exchangeable protein protons i s not normally detected, being an 
order of magnitude f a s t e r , with r e l a x a t i o n times 25 psec. Again 
the source of the non-exponential behaviour i n f i b r e s must be 
associated with the lo c a t i o n of water protons wi t h i n the f i b r e 
matrix. 

3 · Cooked meat. Spin-spin r e l a x a t i o n i n raw and 
cooked meat also exhibited multi-exponential behaviour (Table IV)· 
The degree of deviation from a sin g l e r e l a x a t i o n was more marked 
i n the cooked sample than that reported i n pre- or post- r i g o r 
muscle (:2,_3,_4,5.) · 

^· Summary. Gross deviation from s i n g l e exponential 
re l a x a t i o n was encountered i n the Τ experiments described here, 
yet only the raw muscle samples contain i n t a c t membrane systems. 
Neither i s there any reason to believe that the agarose or 
protein gel systems contain b a r r i e r s that are semi-permeable to 
eit h e r water or small solutes. The observed complex decays 
cannot therefore o r i g i n a t e i n compartmentalisation. The 
phenomenon was observed with carbohydrate and protein substrates ; 
i n man-made or natural structures ; and with water contents from 
95% to 70%. The only feature common to a l l the samples i s that 
t h e i r s t r u c t u r a l arrangement involves a s i g n i f i c a n t heterogeneity 
i n d i s t r i b u t i o n of mass. No e x i s t i n g theory i s adequate to 
explain the general nature of t h i s complex re l a x a t i o n behaviour 
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and some new explanation must be sought. 

C. D i f f u s i o n Distance Limited Exchange. 

In deriving the expression f o r f a s t exchange, Zimmerman and 
B r i t t o n ( l 6 ) assumed that every water molecule had the same 
p r o b a b i l i t y of exchange between free and bound s i t e s so that a 
si n g l e valued average or T^ value i s measured. Such a proba
b i l i t y of exchange can only be averaged i f every water molecule 
experienced the same environment. In samples with gross hetero
geneity i n d i s t r i b u t i o n of the bound s i t e s , which i s maintained 
over the timescale of an NMR experiment, t h i s cannot be f u l f i l l e d , 
and the observed magnetisation decay must then be described by the 
sum of a l l the r e l a x a t i o n decays f o r each environment, which i n 
the l i m i t corresponds t h wate  molecul  (Equatio  5 )

etc. 
Mit) = a e x p ^ t i P y T ^ P ^ ) J+ b exp £-t(Ρ ' / Τ , + Ρ / / ^ > J + 

et 
η 

= J " Ν. exp / ~ - t ( P ./Τ + P. ./T. .) 7 (5 ) . ^ , ι wr w b r b i —' i = l 

Equation 5 i s i n exactly the same form as the slow exchange 
equation of Zimmerman and B r i t t o n so that complex r e l a x a t i o n decay 
i s to be expected. The difference i s that each phase has a weight 
averaged f a s t exchange r e l a x a t i o n time determined by the 
p r o b a b i l i t y ( P ^ ) of the water molecule exchanging with a bound 
s i t e with r e l a x a t i o n time T^.. In the general case, where each 
water molecule has a p r o b a b i l i t y of exchange with a number of 
d i f f e r e n t types of bound s i t e s , the terms should be expanded to 
include t h i s d i s t r i b u t i o n , and the magnetisation decay i s 
described by Equation 6 . 

η η 

M(t) = N. exp At(P ./T + 57 P K. ./T. . .) 7 ( 6 ) .—' ι wr w —* b i j ' b i j —' 

The s i g n i f i c a n c e of Equation 6 i n terms of the structures or 
s t r u c t u r a l changes giving r i s e to changes i n the complex 
magnetisation decay can now be examined. 

D. Conditions f o r the Observation of Complex Relaxation 

To extract the s i g n i f i c a n c e of Equation 6 i n these terms, i t 
i s easiest to consider i t s value i n a l i m i t e d form which may 
frequently be encountered, 

i . e . P. .. = Ρ, ., Ρ . = Ρ , Τ .. = Τ <, Τ which implies that b i j b i wi w b i j b 2w 
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water i n the bound s i t e s had equivalent r e l a x a t i o n times, much 
shorter than that of free water. The p r o b a b i l i t y of a water 
molecule exchanging with any bound s i t e i s then determined by the 
concentration of bound s i t e s w i t hin the " d i f f u s i o n distance" of 
each water molecule. 

In other words, unless the concentration of bound s i t e s i s 
the same within the volume of space sampled by any one water 
molecule i n i t s own i n t r i n s i c r e l a x a t i o n time, then, on average, 
non-exponential decay must be observed. 

In i t s s i m p l i f i e d form, Equation 6 becomes: 

I f the decay curv
the r e l a x a t i o n rates 

and since T^ i s assumed to be constant f o r the system, the 

l/T^ = k (p r o b a b i l i t y of c o l l i s i o n ) = Κ (substrate density), 
a l t e r n a t i v e l y T̂  eC (density) cC pore s i z e . 

The amplitude of the i t h process (N.) represents the f r a c t i o n 
of water molecules i n a domain of equivalent solute density or 
equivalent pore s i z e . A pl o t of versus l/T. i s then an 
approximation to a spa c i a l density d i s t r i b u t i o n function f o r the 
heterogeneous sample. 

I t i s important to recognise that t h i s theory does not 
require that any complex decay should be necessarily described by 
a few discrete r e l a x a t i o n processes. A d i s t r i b u t i o n of times i s 
possible and may we l l be more appropriate. 

E. The Spacial Resolution of the D i s t r i b u t i o n Function 

I t i s c l e a r from the above, that more than one value of the 
rela x a t i o n time w i l l be obtained only i f the concentration of the 
protein or polysaccharide solute varies within dimensions of the 
order of the " d i f f u s i o n distances" f o r the water molecule. Since 
the water molecule would relax with a time constant 2 seconds 
even i n the absence of any solute, then the d i f f u s i o n distance 
relevant to these measurements^is given by Λ / /6Dt. Since D f o r 
free water i s ̂ 1 0 cm. sec. and t 2 s e c , then the d i f f u s i o n 
distance Λ ' 100 u. Since with c a r e f u l experimentation, a deviation 
of 10% from simple exponential r e l a x a t i o n i s detectable, materials 
which contain pores of c10 μ or larger or heterogeneous density 
over *-»10 j i , distances can give r i s e to multi-component relaxation. 

η 

(7) 

l/T. PL./T ι b i b 
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A s i m i l a r analysis of complex re l a x a t i o n has been indicated 
previously by Packer i n studies of water i n e l a s t i n (19)· 
However, his suggestion that the measured i n t r a f i b r e r e laxation 
time (rather than the i n t r i n s i c r e l a x a t i o n time of free water) 
determines the space sampled by any water molecule appears to be 
unnecessary. 

From the above discussion, i t i s c l e a r that measurement of 
the change of the complex water proton decays can be r e l a t e d 
d i r e c t l y to s t r u c t u r a l changes within samples, provided the 
conditions of Equation 6 are met. Unfortunately, these conditions 
are rather s t r i c t and w i l l r a r e l y be completely f u l f i l l e d . 
Caution must be applied i n i n t e r p r e t i n g the data with respect to 
the following complications. 

( i ) The terms embodie  i  ^r  ../T..  i  Equatio  6 w i l

not be comparable i f d i f f e r e n t substrates are examined. 

( i i ) These terms need not remain comparable within a s i n g l e 
substrate i f a s t r u c t u r a l change involves major changes i n 
the conformation of the macromolecules, or s h i f t s i n pH and 
i o n i c strength, a l l of which change both Pfe and Τ . 
Fortunately, the l a t t e r e f f e c t s can usually be a n t i c i p a t e d 
or allowed f o r by measuring the substrate system i n a 
homogeneous state, when P^/T^ can be measured d i r e c t l y . 

( i i i ) I f small molecules dissolve i n t o the free water, then the 
relevant d i f f u s i o n distance w i l l be decreased by decreasing 
v/55t". Again some correction f o r t h i s e f f e c t can usually be 
applied by removing some of the i n t e r s t i t i a l f l u i d and 
obtaining an independent measurement of i t s r e l a x a t i o n 
time. 

(iv) I t i s assumed that a l l of the r e l a x a t i o n processes with 
apparent time constants of 10 m.sec. to 2 sec. derive 
from water protons. In the case of samples containing 
large amounts of l i q u i d f a t , dissolved oligosaccharides or 
amino acids, t h i s may not be the case, since C-H proton 
rela x a t i o n rates f a l l w ithin t h i s range. Some other 
measurement (e.g. i n t e g r a t i o n of the high r e s o l u t i o n 
spectrum) may be necessary to correct f o r t h i s p o t e n t i a l l y 
major source of e r r o r . 

F. Comparison of Theory with Results 

Bearing i n mind the constraints referred to above, i t i s now 
possible to check the v a l i d i t y of the theory with respect to the 
model systems investigated here. 

Agarose. The action of freezing and thawing an 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. L I L L F O R D ET A L . Water in Heterogenous Systems 189 

agarose gel causes a complex rela x a t i o n decay to be observed i n 
the transverse r e l a x a t i o n . According to the theory developed 
above, we assign t h i s change i n the re l a x a t i o n behaviour to the 
production of heterogeneous agarose d i s t r i b u t i o n i n the freeze 
damaged sample. The di s c r e t e , resolved r e l a x a t i o n times can 
therefore be interpreted i n terms of domains wit h i n the gel having 
t h e i r f r a c t i o n characterised by the f r a c t i o n a l amplitudes of the 
rela x a t i o n processes, and t h e i r agarose concentration charac
t e r i s e d by the separable rel a x a t i o n times. 

By assuming a l i n e a r dependence of l/T^ vs agarose concen
t r a t i o n (Figure 3 )* the apparent mass of agarose i n the freeze 
damaged sample can be calcul a t e d . The r e s u l t s are expressed i n 
Table V. 

Table V. Mass Balanc

Fresh Frozen/Thawed Frozen/Thawed 

No. of processes 1 3 4 

T^ (m.sec.) 46 37 157 1000 18 47 240 1290 

Appa ren t con cn.( % ) 4 . 8 6 1.3 0 . 1 1 2 . 5 4 . 8 0 . 8 0 . 1 

Amplitude (%) 100 6 3 - 3 2 2 . 5 1 4 . 2 1.11 60 16 11 .9 

Agarose wt. 4 . 8 3 . 7 8 0 . 2 9 3 0.014 1.38 2 . 8 8 0 . 1 2 0.14 
Total agarose wt. 
at g/100 g sample 

4 . 8 

I t can be seen from Table V that the apparent mass of agarose 
present i n the freeze damaged sample increased with the number of 
exponentials used i n describing i t s r e l a x a t i o n . Since agarose 
mass was conserved i n the freezing experiment, the higher order 
f i t t i n g appears to be more appropriate, which i s supported by the 
improved agreement between calculated and observed NMR data when 
4 processes are used. Increasing the number of processes beyond 4 
i s not warranted with respect to the agreement between calculated 
and observed r e l a x a t i o n , but i t i s quite possible that 4 processes 
represent only an approximation to the true d i s t r i b u t i o n of 
rela x a t i o n processes i n the freeze damaged sample. 

2 . P r o t e i n f i b r e s . The transverse r e l a x a t i o n of the 
protein f i b r e samples were f i t t e d to both 3 and 4 exponential 
processes (Table I I I ) . Again, the agreement between experimental 
and calculated data was better f o r the 4 process f i t . 

The theory developed above f o r the description of complex 
rel a x a t i o n suggests that both transverse and lo n g i t u d i n a l 
r e l a x a t i o n should be affected by the r e s t r i c t i o n s of d i f f u s i o n a l 
averaging. Secondly, provided the terms embodied i n , P, . ./T.. . 

b i j b i j 
j = l 
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4 6 8 10 12 14 

AGAROSE C O N C E N T R A T I O N (wt. %) 

Figure 3. Agarose concentration dependence of water proton transverse relaxa-
tion: ( ) frozen/thawed gel (4-process fit). 
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are known fo r the substrate, the form of the l o n g i t u d i n a l 
relaxation should be calcu l a b l e from the transverse r e l a x a t i o n 
and vice versa. In experiments performed elsewhere ( l 8 ) , the 
transverse and lo n g i t u d i n a l decays of homogeneous soya protein 
gels have been measured as a function of protein concentration, 
pH, i o n i c strength, etc. Using t h i s transverse r e l a x a t i o n data, 
the apparent concentration of the domains have been calculated 
(Table I I I ) . From t h i s information, and the concentration 
dependence of the l o n g i t u d i n a l r e l a x a t i o n times of the gels, the 
expected l o n g i t u d i n a l decay f o r the f i b r e sample was calculated, 
and compared with experiments (Figure 2 )· Considering the 
approximations made i n the mathematical transformations, the 
agreement between simulated and observed decays i s very good; 
suggesting that Equation 6 describes the dominant mechanism of 
complex decay. 

3 · Muscle t i s s u e . 

a. Raw, post r i g o r muscle: Analysis by both 3 and 
4 process f i t t i n g indicates that the r e l a x a t i o n i s dominated 
(*/ 90%) by a relax a t i o n with T^ - 47 m.sec (Table IV). Also, 
approximately 6% of the decay i s characterised by a process with 
Τ^Λ/150 m.sec. The difference i n the parameters derived from the 
two f i t t i n g regimes l i e s i n t h e i r a n a l y s i s of the rapid i n i t i a l 
decay, which i n a 3 process treatment i s described by a si n g l e 
exponential with T^ = 1.7 m.sec, but i n a 4 process treatment i s 
described by two discrete r e l a x a t i o n s . 

Examination of the difference between experiment and f i t t e d 
parameters indicated that the 4 process f i t was a better represen
t a t i o n of the data. 

By analogy with previously reported r e s u l t s (.2,4) the 6% 
water relaxing with Τ f^l^O m.sec can be assigned to an extra
c e l l u l a r component, tne remaining 94% being i n t r a c e l l u l a r . 
Previous workers have suggested that the observation of discrete 
relaxations f o r i n t r a and e x t r a c e l l u l a r space i s a r e s u l t of the 
presence of the c e l l membrane which ei t h e r r e s t r i c t s the rate of 
exchange of e x t r a c e l l u l a r water with i n t r a c e l l u l a r bound s i t e s , 
or provide compartments i n which the concentration of fas t 
relaxing s i t e s i s d i f f e r e n t . In the l i g h t of the r e s u l t s on model 
systems reported above, the extent to which vi a b l e membranes 
cause multiphasic r e l a x a t i o n must be reconsidered, since the 
presence of e x t r a c e l l u l a r spaces of 50 y dimension may i t s e l f 
cause a s i g n i f i c a n t degree of complex r e l a x a t i o n , whether or not 
membranes are present or i n t a c t . 

The i n t r a c e l l u l a r water i s represented by two or three 
re l a x a t i o n processes. There i s no reason to suppose that the 
fas t e r components represent "bound" water, f i r s t l y because t h e i r 
magnitude i s too small to be equated with the 0 . 5 to 1 g/g protein 
of water normally associated with protein hydration, and secondly, 
because exchange between free and bound water i n protein systems 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



192 WATER IN POLYMERS 

L 
A

m
o

u
n

t 
o

f 
W

a
te

r 

\ ii / \ 
/ \ / 

-3 \ / \-2 / - i \ y 
• V I y -

o l °9,o Γ2 

Figure 4. Distribution of water proton relaxation times: (—) 3-process fit; (—) 
4-process fit. 
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Figure 5. Distribution of water proton relaxation times: (—) 3-process fit; (—) 
4-process fit. 

Figure 6. Distribution of water proton relaxation times : (—) 3-process fit; (—) 
4-process fit. 
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has previously been shown to be f a s t . 

b. Cooked, post r i g o r muscle: The action of heat 
produced a dramatic s h i f t i n the rel a x a t i o n time spectrum 
(Table IV). F i r s t l y , A/30% of the decay exhibited a of λ / I sec. 
This component was e a s i l y i d e n t i f i e d , being v i s i b l y separate from 
the t i s s u e mass, and removable by decanting. The water remaining 
within the bulk of the ti s s u e s t i l l exhibited complex re l a x a t i o n 
which was dominated by a process with T^ = 25 m.sec. This 
decrease i n relaxation time on cooking r e s u l t s from both the 
increase i n concentration of prot e i n , due to the t i s s u e shrinkage, 
and the thermal denaturation of m y o f i b r i l l a r and connective ti s s u e 
proteins. The rel a x a t i o n i s , however, s t i l l s i g n i f i c a n t l y complex, 
despite the fact that c e l l u l a d i n t r  c e l l u l a  membrane  hav
been destroyed. This observatio
scopic studies of cooke , y  presenc
of spacings from 10 to 250 μ) suggests that d i f f u s i o n a l distance 
r e s t r i c t i o n s to exchange, embodied i n Equation 6 , account for the 
complex rela x a t i o n i n these cooked meat samples. 

G. Deconvolution of Complex Relaxation 

I t has been recognised above that the description of the 
r e l a x a t i o n i n terms of a d i s t r i b u t i o n of rel a x a t i o n times may be 
more appropriate than r e s o l u t i o n into a few discrete r e l a x a t i o n 
times. A relax a t i o n time d i s t r i b u t i o n function can be derived 
d i r e c t l y from the decay curve, and mathematical treatments of the 
problem have been outlined previously, though with reference to 
stress r e l a x a t i o n or creep retardation rather than any e l e c t r o 
magnetic decay process ( 2 0 ). For comparison with the r e s u l t s 
outlined above, the data for the raw and cooked muscle samples 
were deconvoluted following the method of Roessler ( 2 0 ) . In 
Figure 4 , 5 and 6 , the r e s u l t s are shown, together with the 
r e s u l t s of multiexponential a n a l y s i s . The s i g n i f i c a n c e of the 
3 and 4 process f i t t i n g r e s u l t s are more e a s i l y assessed when 
compared with the d i s t r i b u t i o n a n a l y s i s . C l e a r l y , the d i s t r i 
bution i s a better representation of the information content of 
the relaxation experiments. 

Summary 

In t h i s paper, i t has been demonstrated experimentally that 
complex water proton rel a x a t i o n can occur i n a wide v a r i e t y of 
biopolymer systems. The detection of complex re l a x a t i o n cannot 
therefore be used as a c r i t e r i o n f o r the existence of separate 
domains into which water or small solutes are compartmentalised 
by permeable or semi-permeable membranes. A theory has been 
developed which, to a f i r s t approximation, can explain the 
experimental observations and requires only that a heterogeneous 
d i s t r i b u t i o n of the substrate be maintained over the timescale of 
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water proton relaxation (i.e. 2 seconds). The theory also 
predicts that the water relaxatio η is sensitive to heterogeneous 
mass distribution down to the dimensions of *̂ 10 ji; and that the 
resolution of complex relaxation into a few discrete processes 
represents a special case of what should better be considered a 
continuous distribution of microheterogeneities· 

This treatment represents a new approach towards the kind of 
information that can be obtained from water proton relaxation. 
In the past, the technique has been used to study water of 
hydration, i.e. the small amount of water influenced in its motion 
by close association with the substrate. Normally, relaxation in 
such systems is, or can be arranged to be, described by a single 
relaxation time. 

This study of systems in which this is not the case has led 
to the conclusion tha
serves as a means by whic  'recognises
presence of a surface. The significance of the relaxation times 
becomes their ability to describe the distribution of distances 
from water molecules to surfaces, or the local substrate density 
in a microenvironment. 
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Present knowledge
teins is based almost exclusivel
crystals by x-ray diffraction. Protein crystals contain anywhere 
from 20 to 80% solvent (1) (dilute buffer, often containing a high 
molarity of salt or organic precipitant). While some solvent 
molecules can be discerned as discrete maxima of the electron 
density distribution calculated from the x-ray results, the major
ity of the solvent molecules cannot be located in this manner; 
most of the solvent appears to be very mobile and to have a fluc
tuating structure perhaps similar to that of liquid water. Many 
additional distinct locations near which a solvent molecule is 
present during much of the time have been identified in the course 
of crystallographic refinement of several small proteins (2,3,4,5,
6), but in all cases the description of solvent structure in the 
crystal is incomplete probably because only a statistical descrip
tion is inherently appropriate. 

One hopes eventually not only to be able to describe the 
structure of water near the surface of a protein, but also to 
understand this structure in terms of energies of protein-water 
and water-water interactions. The energy of a given configuration 
of protein and solvent molecules can be estimated in a straight
-forward manner. However, to obtain a representative sample of the 
statistical ensemble of possible configurations of water and 
protein requires calculation by Monte Carlo (7,8,9) or molecular 
dynamics methods (10,11,12,1^). Because of the magnitude of the 
computation required to calculate an adequate sample by either one 
of these methods, we have developed a simpler, approximate calcu
lation whose results provide insight into the ordering forces 
exerted by the protein in solvent space. Results obtained with 
this method are discussed first; discussion of calculation and 
properties of a statistical sample of protein-water configurations 
is presented in the second half of this paper. 
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Energy map of solvent space near protein molecules. 

We have made the following approximate c a l c u l a t i o n to e s t i 
mate protein-water interactions by a less cumbersome procedure: i t 
i s assumed that the protein molecule has a unique f i x e d structure 
determined by x-ray crystallography and interactions are c a l c u l a t 
ed between the protein and a single water molecule i n the absence 
of other solvent molecules. Using t h i s simple system, one may 
consider a l l positions and orientations of the single water mole
cule r e l a t i v e to the protein i n a step-wise manner. We present 
here the r e s u l t of t h i s c a l c u l a t i o n for the c r y s t a l of bovine 
pancreatic t r y p s i n i n h i b i t o r (BPTI). The calculated energy, 
mapped i n three dimensions, i s a highly informative d e s c r i p t i o n of 
the c r y s t a l ' s solvent space

Calculations were
c r y s t a l , which has a volum  12,00  pro
t e i n molecule (MW=6700) ; one estimates that one t h i r d of the 
c r y s t a l volume i s f i l l e d with solvent. 

A l l p rotein atoms except hydrogens bonded to carbon were 
e x p l i c i t l y represented. Positions of polar hydrogens were calcu
lated on the basis of coordinates of the heavier atoms (5) and 
standard geometric constraints (14). The non-bonded energy for 
the i n t e r a c t i o n of the water molecule and the protein was calcu
lated as a sum of e l e c t r o s t a t i c and 6-12 Lennard-Jones a t t r a c t i v e 
and repulsive contributions for the three atoms of the water 
molecule and a l l atoms of the protein w i t h i n 6 Â of the water 
oxygen's center. Empirical parameters were used for the 6-12 
pot e n t i a l s (15,16,Γ7), p a r t i a l atomic charges were values obtained 
with molecular o r b i t a l c a l c u l a t i o n s (18); for hydrogen-bonded 
interactions modified 6-12 parameters were used (18). 

The water molecule's oxygen atom was successively centered at 
a l l points of a simple rectangular g r i d with a mesh of approxi
mately 1 Â 3 . At each l o c a t i o n a set of 276 d i f f e r e n t orientations 
of the molecule was considered, obtained by rigid-body rotations 
i n steps of approximately 30°; the energy was subsequently mini
mized by smaller rotations with as s t a r t i n g point the coarse 
o r i e n t a t i o n that had the lowest energy. The f i n a l minimum energy 
for each g r i d point was retained as the parameter c h a r a c t e r i s t i c 
of protein-water i n t e r a c t i o n . The e n t i r e c a l c u l a t i o n required 
about 1 hour of c.p.u. time on an IBM 370 model 165. (The minimi
zation step does not greatly a l t e r the energy and could be omitted 
for a considerable reduction of computation time.) 

The calculated energy i s most informative when represented as 
a contour map i n three dimensions together with the l o c a t i o n of 
crystallographically-determined water molecules. The positions of 
47 water molecules i d e n t i f i e d i n the c r y s t a l of BPTI (5) have been 
marked i n the map shown i n Figure 1. 

The f i r s t set of contours must be drawn at zero energy (dot
ted contour i n Figure 1). I f a lower energy i s chosen for the 
f i r s t contour, then any parts of the volume that are not w i t h i n 
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Figure 1. Energy map of solvent space near protein molecules 
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the 6 Â cutoff distance from at l e a s t one atom of the p r o t e i n are 
erroneously considered to be inaccessible to solvent. However, 
not a l l volume w i t h i n the zero-energy contour i s accessible to 
solvent. Non-bonded int e r a c t i o n s of each water molecule i n the 
c r y s t a l must be quite favorable i f the water molecule i s to prefer 
the c r y s t a l environment to that of the aqueous s o l u t i o n i n e q u i l i 
brium with the c r y s t a l . Therefore, a l o c a t i o n for which the 
protein-water i n t e r a c t i v e energy i s near zero can be occupied by a 
water molecule only i f several favorable water-water in t e r a c t i o n s 
are possible for a water molecule at t h i s l o c a t i o n . 

Isolated low-energy volumes large enough to accommodate a 
single water molecule are not expected a c t u a l l y to contain a water 
molecule, unless the protein-water energy i s low, probably below 
-15 kcal/mole. There ar l h low-energ  pocket  i  th
BPTI c r y s t a l . The energ
greater than -15 kcal/mole,  pocket , ,
expected to contain water molecules. The energy of one pocket i s 
c i r c a -30 kcal/mole. (Figure l b , below center). A water molecule 
placed i n t h i s pocket can form four hydrogen bonds with polar 
groups of a single BPTI molecule that e n t i r e l y envelops t h i s 
l o c a t i o n and the x-ray cr y s t a l l o g r a p h i c studies accurately place a 
water molecule i n the pocket (5). The absence of cr y s t a l l o g r a p h i c 
water molecules i n the pockets with higher energy may not be 
e n t i r e l y conclusive, since only one t h i r d of the c r y s t a l ' s solvent 
has been located as a r e s u l t of the x-ray work. However, the 
small size of each of these pockets would strongly constrain the 
l o c a t i o n of a water molecule contained i n i t and the electron den
s i t y map would consequently show a sharp maximum, r e a d i l y recog
nizable i n a c a r e f u l c r y s t a l l o g r a p h i c analysis. I t i s , therefore, 
u n l i k e l y that any of these higher-energy pockets contains a water 
molecule. 

The remainder of the volume enclosed by the zero-energy 
contour i s a single highly interconnected network of channels and 
spaces. Within t h i s volume, the contour at -5 kcal/mole encloses 
a s i n g l e , less highly interconnected, network of channels. In two 
places the contours define a tube-shaped channel closed at one 
end; i n both the energy goes we l l below -15 kcal/mole. (Figure 
l b , lower r i g h t and s l i g h t l y r i g h t of center.) The shorter of the 
two channels contains one cr y s t a l l o g r a p h i c water molecule very 
near a l o c a l minimum of the energy. The longer channel contains a 
hydrogen-bonded chain of three cr y s t a l l o g r a p h i c water molecules. 
As the one water molecule i n the i s o l a t e d low-energy volume, these 
three molecules are surrounded by a single BPTI molecule (5). 

The next-most constraining part of the volume i s a low-energy 
channel with a cross section that i s narrow i n one d i r e c t i o n and 
somewhat wider i n the other. This channel i s f i l l e d with f i v e 
c r y s t a l l o g r a p h i c water molecules, so arranged that they can form 
f i v e hydrogen bonds with each other. (Figure lb and c, r i g h t of 
center.) 
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Besides these narrow spaces, the volume within the zero-ener
gy contour surface contains wider spaces of various s i z e connected 
by short and not very narrow c o n s t r i c t i o n s . There are four such 
large spaces i n the asymmetric u n i t . The largest of these i s 
d i r e c t l y connected to two symmetry-related copies of i t s e l f and to 
one or two copies of each of the three smaller spaces. (Top h a l f 
of Figures l a and b). The crys t a l l o g r a p h i c work places 4, 6, 9 
and 17 water molecules, re s p e c t i v e l y , i n these spaces. 

This accounts for a l l 47 water molecules located by x-ray 
crystallography. The c r y s t a l contains an estimated 140 water 
molecules per asymmetric u n i t ; thus the locations of 90 ad d i t i o n a l 
water molecules are uncertain. The map of Figure 1 suggests where 
these water molecules are to be found: more than h a l f of them i n 
the large cavity and th
Only very few of the missin
of the narrow channels where no water molecule has been located 
c r y s t a l l o g r a p h i c a l l y . 

Overall features of map and c r y s t a l l o g r a p h i c a l l y determined 
water structure may be summarized as follows. The d i s t r i b u t i o n of 
lowest energies of protein-water i n t e r a c t i o n , w i t h i n approximately 
1 Â of the crys t a l l o g r a p h i c water l o c a t i o n s , i s centered between 
-15 and -10 kcal/mole. At 4 locations the energy i s below -20 
kcal/mole, at 3 between -5 and 0 and at a single l o c a t i o n the 
energy i s greater than 0 kcal/mole. The lo c a t i o n of 17 of the 47 
molecules can be c l e a r l y i d e n t i f i e d with a l o c a l minimum of the 
energy. A further 13 molecules are connected, d i r e c t l y or i n d i 
r e c t l y , to at le a s t one of these 17 molecules, (presumably) v i a 
hydrogen bonds. I t appears, therefore, that in t e r a c t i o n s with 
protein molecules and a f i r s t set of ordered water molecules 
combine to create an ad d i t i o n a l set of low-energy locations for 
water molecules. 

We have been struck by the observation that of 10 separate 
energy minima below -20 kcal/mole, only 4 are associated with a 
cryst a l l o g r a p h i c water molecule. S i m i l a r l y , many minima between 
-15 and -20 kcal/mole do not have a c r y s t a l water nearby. Most of 
these minima occur near the ends of charged and other hydrophilic 
amino acid side chains, that are expected to be s p e c i f i c a l l y 
hydrated. Intense thermal motion and/or disorder of long hydro
p h i l i c side chains i s evident from the r e s u l t s of cry s t a l l o g r a p h i c 
refinement (5) : terminal atoms of long side chains ei t h e r have 
high thermal parameters or else have not even been located by 
crystal l o g r a p h i c methods, but instead have been assigned positions 
consistent with those of other atoms and standard stereochemistry. 
Water molecules bound to these side chains w i l l generally be 
subject to even more intense thermal motion, and thus w i l l not 
correspond to e a s i l y i d e n t i f i a b l e maxima of electron density. 

This analysis of water structure i n the c r y s t a l of a pr o t e i n , 
based on consideration of crystallographically-determined water 
locations and of a map of the energy of i n t e r a c t i o n of a single 
water molecule with the p r o t e i n , demonstrates what we believe to 
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be the general usefulness of such a map. Our experience suggests 
that these maps are useful because they s i m p l i f y the i n t e r a c t i o n s 
between water and surrounding protein i n two important ways: (1) 
the complex of i n t e r a c t i o n s with many atoms of the protein i s 
reduced to a single s c a l a r , whose value defines the space occupied 
by solvent and i s s i g n i f i c a n t only w i t h i n t h i s space, and, (2) the 
r e s u l t i s a three-dimensional scalar function that can be mapped 
and v i s u a l i z e d using f a m i l i a r graphic techniques. Contour sur
faces drawn at negative energies d e l i m i t volumes that may contain 
protein-bound water molecules. A contour surface drawn at a 
p o s i t i v e energy outlines shape and volume of the protein molecule; 
such a surface i s s i m i l a r (but not i d e n t i c a l ) to molecular sur
faces defined according to purely geometric c r i t e r i a (19,20,21). 

Monte Carlo Simulation

1. P r i n c i p l e of Simulation. The preceding d e s c r i p t i o n of pro
tein-solvent i n t e r a c t i o n s by means of energy map of solvent space 
near protein molecules can be considered only as a f i r s t , rough, 
approximation to the complete problem. While shape and p r i n c i p a l 
features of solvent space near the protein surface are c l e a r l y 
outlined i n these maps, i t i s easy to see that i n c l u s i o n i n the 
c a l c u l a t i o n of the strong and highly directed i n t e r a c t i o n s between 
water molecules w i l l r e s u l t i n a d i f f e r e n t characterization of 
solvent space, e s p e c i a l l y as concerns hydration s h e l l s beyond the 
f i r s t . Because of the apparently disordered state of much of the 
solvent, a s t a t i s t i c a l d e s c r i p t i o n i s required, i . e . , a large 
number of d i f f e r e n t configurations of the system of protein and 
solvent must be considered, each of which contributes to the 
average properties of the system i n proportion to a Boltzmann 
factor. 

For such large systems, the number of possible configurations 
i s so large that these must be sampled. Two conceptually d i f 
ferent but computationally related methods for sampling configura
t i o n space i n proportion to actual population at a given tempera
ture have been successfully applied i n recent years to a v a r i e t y 
of systems; these are the molecular dynamics and the Monte Carlo 
methods. The system to be simulated i s i n i t i a l i z e d i n some s u i t 
ably chosen configuration. For molecular dynamics, the force 
experienced by each p a r t i c l e according to the given force f i e l d i s 
calculated and the equations of motion are integrated numerically. 
A molecular dynamics simulation follows the evolution of the 
system i n r e a l time; the time i n t e r v a l between succeeding configu
rations must be small enough to follow the most rapid f l u c t u a 
t i o n s , with frequencies of the order of 1 0 1 5 . As a consequence, 
the t o t a l r e a l time that can be covered i n a molecular dynamics 
simulation i s at best of the order of 100 psec. 

In order to obtain the Monte Carlo sample successive configu
rations of the system are generated by small random changes; the 
p r o b a b i l i t y of accepting a new configuration into the sample i s 
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equal to the Boltzmann f a c t o r , exp(-AE/RT), i f the t o t a l energy, 
E, increases, and 1 i f i t decreases; i f the new configuration i s 
not accepted, the old one i s repeated i n the sample and i s consid
ered again as s t a r t i n g point for a new random displacement (22). 

With both methods, a large number of configurations i s gene
rated i n order to bring the system near equilibrium, before actual 
generation of the sample i s begun. Equilibrium properties can be 
obtained as simple averages over the sample, since the Boltzmann 
factor has been i m p l i c i t l y included i n the p r o b a b i l i t y of selec
t i n g each new configuration. 

2. Problems of Sampling Configuration Space. I f molecular dy
namics and small-displacement Monte Carlo methods are to be used 
to generate, i n a reasonabl
representative of configuratio
be met. The f i r s t i s that low-energy configurations, i . e . , con
fig u r a t i o n s that should be heavily represented i n the sample, must 
be adjacent i n configuration space, Γ; the second i s that the 
s t a r t i n g configuration must be i n or near the portion of Γ that i s 
to be sampled. This can be r e a l i z e d e a s i l y i f the important 
region of Γ corresponds to a single energy minimum. 

On the other hand, i f Γ contains several d i f f e r e n t minima of 
the energy separated by high-energy (or low-entropy) b a r r i e r s , 
then the sample may wel l include only configurations from one of 
these regions, selected by choice of the i n i t i a l configuration. 
In that case i t i s imperative to ensure that subsequent simulation 
w i l l take place i n the most populated low-energy area of Γ. 

This aspect of i n i t i a l i z a t i o n does not seem to be a problem 
for a l i q u i d such as water (11). However, r e d i s t r i b u t i o n of 
solvent between several poorly communicating s o l v e n t - f i l l e d c a v i 
t i e s i n the BPTI c r y s t a l i s highly improbable during ordinary 
small-step simulation. The 'equilibrium' d i s t r i b u t i o n of solvent 
molecules among these c a v i t i e s depends only on the chosen s t a r t i n g 
configuration, unless a mechanism i s provided f o r transfer of 
solvent molecules among c a v i t i e s . 

In a molecular dynamics simulation jumps among d i f f e r e n t 
parts of configuration space are excluded, since each configura
t i o n i s the mechanical consequence of the preceding one. In 
p r i n c i p l e , a Monte Carlo c a l c u l a t i o n i s not thus l i m i t e d . In 
pr a c t i c e , the t r a j e c t o r y i n configuration space followed i n a 
Monte Carlo simulation usually consists of a series of c l o s e l y 
spaced points; t h i s i s so because large changes of configuration 
generally lead to unacceptably large increases of energy. Special 
methods are required that enhance the frequency of generating 
steps to other low-energy parts of configuration space. 

We describe i n t h i s paper preliminary r e s u l t s of a Monte 
Carlo simulation of protein-solvent i n t e r a c t i o n s i n the BPTI 
c r y s t a l during which water molecules are ra p i d l y r e d i s t r i b u t e d 
troughout the avai l a b l e space between protein molecules. The 
l i k e l i h o o d that large displacement of a water molecule i s accept-
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able e n e r g e t i c a l l y i s enhanced by not attempting these large 
displacements to positions selected e n t i r e l y at random. Instead, 
large jumps are attempted only to positions that are e n e r g e t i c a l l y 
r e l a t i v e l y favorable. A l i s t of such positions i s maintained i n 
the form of the coordinates of a set of dummy water molecules that 
occupy changing, e n e r g e t i c a l l y favorable positions i n the system, 
but that do not, i n turn, influence system configuration. The 
dummies' positions are adjusted both by small and by large d i s 
placements; positions of re a l waters are adjusted by small d i s 
placements and by occasional exchange of positions of a r e a l and 
a dummy water. 

Undoubtedly, the realism of any simulation of a p r o t e i n - s o l 
vent system w i l l be further enhanced i f a l l parts of the system 
experience thermal motion
strongly with polar sid
long polar side chains may be subject to considerable thermal 
disorder, f l e x i b i l i t y of side chains, i n p a r t i c u l a r , i s a major 
aspect of protein-solvent i n t e r a c t i o n . Thermal motion of side 
chains could be provided for rather simply by rigid-body i n t e r n a l 
r o t a t i o n of side chains about side-chain single bonds as part of 
the Monte Carlo process. 

3. A p p l i c a t i o n to the BPTI C r y s t a l . The system to be simulated 
consisted of the protein atoms of one BPTI molecule (5) and 140 
water molecules. The required number of water molecules could be 
calculated both from the volume of the c r y s t a l for which prote i n -
water energy i s zero or negative (solvent space) (9) and from uni t 
c e l l volume and density of protein and water. Protein-water 
i n t e r a c t i o n s were calculated as i n the f i r s t part of t h i s a r t i c l e , 
p rotein-protein i n t e r a c t i o n s as described elsewhere (23). Inter
actions between water molecules were calculated using the ST2 
model, introduced by Rahman and S t i l l i n g e r i n a molecular dynamics 
simulation of l i q u i d water (11) . 

I n i t i a l water positions were determined as follows: using 
the energy map (Figure 1) as a reference, a set of 140 water 
molecules was randomly inserted into the solvent space of the 
asymmetric u n i t ; the molecules were treated at t h i s stage as 
non-overlapping r i g i d spheres of 1.0 Â radius and water hydrogens 
were assigned random i n i t i a l p ositions consistent with f i x e d water 
geometry. Another 1000 dummy water molecules were randomly i n 
serted into solvent space i n a s i m i l a r manner, except that these 
could overlap with each other. 

The configuration could change as a r e s u l t of two types of 
small displacement, i . e . , i n t e r n a l r o t a t i o n of side chains about 
single bonds and changes of l o c a t i o n and o r i e n t a t i o n of r e a l 
waters. (Translations were l i m i t e d to 0.2 Â along each coordinate 
a x i s , rotations to 18° about bonds or about each coordinate axis.) 
Acceptance of a change depended on the usual stochastic t e s t on 
the Boltzmann fac t o r . In cal c u l a t i o n s of non-bonded energy a 
considerable part of the computation i s devoted to 'bookkeeping' 
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operations, required to determine which pair s of non-bonded atoms 
contribute s i g n i f i c a n t l y to the energy. For t h i s reason, unsuc
cessf u l motions were immediately reattempted (up to 19 times) with 
other randomly selected t r a n s l a t i o n and r o t a t i o n , with reference 
to a parameter table created during the f i r s t attempt. In what 
follows, a step represents s e l e c t i o n of a d i f f e r e n t element to be 
moved, regardless of the number of attempts required to obtain an 
acceptable move (or to abandon the move). The number of attempts 
was c i r c a 4 times the number of steps. A portion of the c a l c u l a 
t i o n was devoted to maintenance of the 1000 dummy waters i n ener
g e t i c a l l y favorable positions r e l a t i v e to prot e i n and r e a l waters, 
by a p p l i c a t i o n , both of small displacements, and of displacements 
to anywhere w i t h i n the asymmetric u n i t . (Adjustment of dummy 
positions did not a l t e
number of steps of the

System configuration could also change as the r e s u l t of a 
large displacement, or jump, of a r e a l water. Such a jump could 
be performed only to the p o s i t i o n of a dummy water. Acceptance of 
such a jump again depended on a stochastic t e s t on the Boltzmann 
factor. I f the jump was successful, then the r e a l water's p r i o r 
coordinates were saved as the new coordinates of the dummy water. 
As i n i t i a l e q u i l i b r a t i o n of the system progressed, i t was found 
that acceptance of a reasonable f r a c t i o n of a l l attempted ex
changes required p r i o r thermal e q u i l i b r a t i o n of the p o s i t i o n of 
each selected dummy water with respect to prot e i n and r e a l waters. 
Execution of a s u f f i c i e n t number of attempted exchanges of p o s i 
tions of dummy and r e a l waters caused a considerable increase of 
computer time. However, use of positions of dummy waters instead 
of positions selected randomly w i t h i n the asymmetric uni t caused 
an increase of the p r o b a b i l i t y of exchange and a decrease of the 
length of the thermal e q u i l i b r a t i o n step of dummy waters selected 
for exchange, and l i m i t e d the increase of computer time. 

-̂ Results. In Figure 2 are shown changes of the average energy 
per water molecule and of average water-protein and water-water 
energies during the simulation. The energy decreased during the 
f i r s t 30,000 steps; the f i r s t 30,000 configurations were conse
quently discarded. The subsequent set of 50,000 configurations 
was used as a s t a t i s t i c a l sample. The percentage of successful 
jumps of water molecules decreased during the f i r s t part of the 
simulation and reached about 2% at equilibrium. The 80,000 steps 
required about 10 hours of c.p.u. time on an IBM 370/165. 

The d i s t r i b u t i o n of energies of water molecules i s shown i n 
Figure 3; (presumably trapped) high-energy waters that occured i n 
an e a r l i e r Monte Carlo simulation (7) and molecular dynamics study 
(24), have apparently been eliminated as a r e s u l t of interchange 
of dummy and r e a l water molecules. The d i s t r i b u t i o n of water-pro
t e i n energies suggests that there may be a separation into classes 
of waters with 0, 1, 2, 3 and 4 protein-water hydrogen bonds, 
respectively, each hydrogen bond contributing c i r c a -6 kcal/mole 
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to the energy. However, a l l trace of t h i s separation i s absent 
from the d i s t r i b u t i o n of the t o t a l energy which i s much narrower 
than that of e i t h e r of i t s two parts. 

Results of simulation of side-chain motion are shown i n 
Figure 4, as average r.m.s. displacement of atoms as a function of 
distance (expressed as number of bonds) from the f i r s t s ingle bond 
i n the side chain used as pivot a x i s . Average r.m.s. displace
ments of these atoms calculated from crys t a l l o g r a p h i c thermal 
parameters (5) are only somewhat higher than r.m.s. displacements 
during Monte Carlo simulation. Use of a s t a t i c p r otein backbone 
during the simulation presumably causes at l e a s t part of t h i s 
difference. We f i n d no r e a d i l y apparent c o r r e l a t i o n between 
crys t a l l o g r a p h i c thermal parameters and r.m.s. displacements of 
i n d i v i d u a l atoms. 

An average solven
lated sample, with assumption of a density d i s t r i b u t i o n 
exp(-x 2/0.25) for the water molecule, χ being distance from mole
cular center i n Â. A contour map of the calculated density i s 
shown i n Figure 5; minor differences aside, the layout of t h i s 
Figure i s the same as that of the p o t e n t i a l map of Figure 1. 

The density map i s characterized by a large number of pro
nounced maxima. The map contains 158 maxima, 18 more than the 
number of water molecules. At c i r c a 120 maxima r e l a t i v e density 
i s greater than 30%. This value of the c e n t r a l density corre
sponds to displacement from an equilibrium p o s i t i o n according to a 
Gaussian p r o b a b i l i t y with r.m.s. displacement of 0.5 Â (and a 
c r y s t a l l o g r a p h i c thermal parameter, B, of 19). D i s t r i b u t i o n of 
maxima according to height i s shown i n Figure 6. One may consider 
peak height to be determined by two factors: f r a c t i o n of the 
configurations i n which a molecule i s present i n the volume of the 
peak (occupancy) and p r o b a b i l i t y of displacement of the molecule 
from a c e n t r a l low-energy p o s i t i o n . Neglecting occurence of peaks 
with occupancies below 1, and assuming a Gaussian p r o b a b i l i t y for 
displacement from the center, we could calculate r.m.s. displace
ment, and hence cryst a l l o g r a p h i c B-value, for any given peak 
height; these are shown as a d d i t i o n a l scales at top of Figure 6. 

A single volume containing r e l a t i v e l y disordered water can be 
found i n the large solvent cavity (top h a l f of parts a and b of 
Figures 1 and 5). Everywhere e l s e , i . e . , along the surface of the 
large c a v i t y and i n smaller c a v i t i e s and channels, one finds 
r e g u l a r l y spaced maxima that correspond to a highly ordered s o l 
vent structure. 

Positions of 47 c r y s t a l l o g r a p h i c a l l y - l o c a t e d waters have been 
drawn i n Figure 5 as c i r c l e s of 1 Â radius. Of these molecules, 
20 are w i t h i n 1 Â of a pronounced maximum of the density; a f u r 
ther 17 l i e between two c l o s e l y spaced pronounced maxima; only 4 
are not w i t h i n 1 Â of a volume with simulated density greater than 
the average for l i q u i d water. 

Thermal parameters, B, of the 47 c r y s t a l l o g r a p h i c waters of 
BPTI range from 7 to 60; a l l but 7 values are between 12 and 44 
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Figure 2. Changes of the average energy per water molecule, average water-
protein energy, and average water-water energy during simulation 

1 2 3 4 5 
distance from first 

pivot (bonds) 

Figure 4. Results of simulation of side-
chain motion; average displacement of 
atoms as a function of distance from the 

first single bond in the side chain 
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Figure 5. Contour map of calculated average solvent density for a simulated sample 
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2 4 6 8 
density at maximum 

Figure 6. Distribution of maxima (see Figure 5) according to peak height 
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(5). As a r e s u l t of use of a stationary protein backbone, sharp
ness of maxima of the simulated density i s exaggerated; therefore, 
the ranges of thermal motion of cry s t a l l o g r a p h i c and simulated 
waters are i n reasonable agreement. The single water molecule 
e n t i r e l y surrounded by protein has both lowest thermal parameter 
and narrowest d i s t r i b u t i o n of simulated density. 

According to the cry s t a l l o g r a p h i c r e s u l t s , ordered water i n 
the BPTI c r y s t a l consists of a small set of molecules hydrogen-
bonded to pr o t e i n ; according to the re s u l t s of Monte Carlo simula
t i o n , more than twice as many water molecules are ordered as a 
r e s u l t of water-water and protein-water i n t e r a c t i o n s . The d i f f e r 
ence between experimental and simulated solvent structure may be 
due i n part to the presence of inorganic ions i n the c r y s t a l s 
studied by x-ray crystallography  th  concentratio f s a l t insid
the c r y s t a l i s unknown
many as 5 phosphate an  potassiu  presenc
ions i n varying positions w i l l decrease apparent solvent order, to 
an extent that we cannot presently assess. We discern i n addition 
possible reasons why these descriptions disagree, related to prob
lems of technique both of crystallography and of simulation. 

The t o t a l number of crys t a l l o g r a p h i c waters of BPTI i s small 
compared with the number of 127 water molecules i n the refined 
c r y s t a l structure of rubredoxin, a protein of s i m i l a r s i z e (6). 
Water molecules i n the rubredoxin c r y s t a l are hydrogen-bonded to 
groups on the protein and to one another. Crystallographic s o l 
vent structure i n rubredoxin i s q u a l i t a t i v e l y s i m i l a r to simulated 
solvent structure i n the BPTI c r y s t a l ; however, the range of 
crys t a l l o g r a p h i c thermal parameters of water molecules i n rubre
doxin (from 15 to 60) corresponds to a less ordered structure than 
that of the simulated solvent i n BPTI. (For simple p r a c t i c a l 
reasons, simulation of the rubredoxin c r y s t a l has not yet been 
fe a s i b l e . ) Since i n i t i a l c r y s t a l l o g r a p h i c placement of water 
molecules and hence the t o t a l number of water molecules placed and 
refin e d , i s based on a, to some extent subjective, i n t e r p r e t a t i o n 
of electron density maps, i t i s perhaps understandable why two 
such d i f f e r e n t r e s u l t s have been obtained i n d i f f e r e n t laborato
r i e s : refinement of rubredoxin with many ordered water molecules 
can be considered to have been a t e s t of the hypothesis that much 
ordered water e x i s t s i n the c r y s t a l of a pr o t e i n , whereas t h i s 
hypothesis presumably has not influenced refinement of BPTI. 
Positions and heights of maxima of a simulated water d i s t r i b u t i o n 
provide a unique a l t e r n a t i v e s t a r t i n g point for i n i t i a l i z a t i o n of 
crys t a l l o g r a p h i c refinement of solvent structure i n the BPTI 
c r y s t a l . We believe that r e s u l t s of such a refinement w i l l pro
vide a c r i t i c a l t e s t of v a l i d i t y of re s u l t s of the Monte Carlo 
simulation. 

Various needed improvements of the simulation w i l l tend to 
cause the r e s u l t i n g average structure to be more disordered, and 
thereby w i l l enhance agreement with c r y s t a l l o g r a p h i c r e s u l t s : 
extension of the duration of the simulation and p a r a l l e l simula-

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



11. HERMANS AND VACATELLO Modeling Water-Protein Interactions 213 

tions (with different initialization of the random-number genera
tor) will be required to address possible statistical insufficien
cies; conformational freedom of the entire protein must, of course, 
be a feature of a definitive calculation. 
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Abstract 

We have used the refined crystal structure of a small protein 
(trypsin inhibitor) as a system on which to test methods of analy
sis of solvent structure near protein surfaces in terms of 6-12 
and electrostatic potentials. 
(1) The energy of interaction between a unique conformation of 
the protein and a single water molecule was found to be a valuable 
description of solvent space, when presented as a contour map in 
three dimensions. The zero-energy contour surface separates 
protein and solvent space and may be considered to effectively 
define protein surface. Solvent space within the zero-energy 
contour consists of a single network of channels and spaces of 
various sizes and shapes plus one isolated low-energy volume that 
contains one water molecule. All but one of the 47 crystallograph
ically-located water molecules are within the zero-energy contour, 
and many are in volumes of quite low energy. 
(2) A Monte Carlo simulation was performed in order to sample the 
equilibrium ensemble of protein-solvent configurations. Transla
tion/rotation of solvent and internal rotation of side-chains pro
vided motion. Provision was made for small motions, to obtain 
rapid local equilibration, and for large motions, to obtain proper 
distribution of solvent. Simulated solvent structure is found to 
be highly ordered: All water molecules in a first, and part of 
those in a second layer at the protein surface maintain a unique 
hydrogen-bonded network, that may be considered 'anchored' to the 
protein at low-energy positions of solvent space. The network 
contains twice as many ordered water molecules as have been locat
ed by x-ray crystallography. Possible reasons for the difference 
include high molarity of salt in the crystals, incomplete freedom 
of motion in the simulated crystal, insufficient size of the 
simulated statistical sample, and incomplete crystallographic 
refinement of solvent structure. 
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T h e D e t e r m i n a t i o n of S truc tura l Water b y N e u t r o n 

Pro te in C r y s t a l l o g r a p h y 

An Analysis of the Carbon Monoxide Myoglobin Water Structure 

BENNO P. SCHOENBORN and JONATHAN C. HANSON 
Biology Department, Brookhaven National Laboratory, Upton, NY 11973 

Neutron crystallograph
studying the water structur  proteins, particularly
where H2O is replaced by D 2 O. The scattering factor of hydrogen 
(Table I), although negative, is large enough for clear depiction 
of H atoms in high resolution Fourier maps, but hydrogen is often 
replaced by deuterons in order to reduce the large incoherent 
scattering from hydrogen atoms. 

Table I 

Scattering Length (10~12 cm) 

Ε lement Neutrons X Rays 

Η -0.374 0.28 
D .667 0.28 
C .665 1.7 
Ν .940 2.0 
0 .580 2.3 

This isotopic exchange not only brings about a large 
reduction in background but also distinguishes exchangeable from 
non-exchangeable hydrogens. The scattering factor of deuterium 
is nearly twice as large as that of hydrogen, and increases the 
visibility of water molecules in Fourier maps, so that in a 
neutron map a water molecule appears about three times as strong 
as in the equivalent electron density map. Furthermore, the 
absence of any radiation damage by neutrons eliminates scaling 
errors, since only one crystal is used to collect a complete data 
set. The use of only one crystal ensures that the derived 
structure is not an average of many different structures that 
might exist in different crystals. 

The analysis of water structure can be further enhanced by 
mixing H2O and D2O which like isomorphous heavy atom replacement, 

0-8412-0559-0/ 80/47-127-215505.00/ 0 
© 1980 American Chemical Society 
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Figure 1. Neutron density map 
Top: section of neutron differences density 
map (F0 — Fc, ac); the calculated structure 
factors (Fc, ac) do not include any water 
molecules. The peak at the bottom right de
picts a molecular feature not included in the 
structure factor calculation. The shape of 
that peak suggests a D20 molecule. Middle: 
the same section of the neutron density map 
(F0) with phases (ac) for all atoms depicted 
including the D20 molecule. Bottom: the 
same section of the neutron density map (F0) 
with phases (ac) for all atoms depicted. In 
this case, the phases were calculated for H20 
not D20. The Fourier feature obviously 
does not agree with the difference map; the 
correct solution is shown in the middle of the 
figure with a D20 molecule D bonded to 
Νδι of histidine (5EF) and D bonded to Ο of 

isoleucine (18E). 

HIS 5EF H-BONDS TO ASP I7H AND D90 

NEUTRON DIFFERENCE DENSITY MAP 
TO LOCATE D20 (0.25F/A3) 

OBSERVED NEUTRON DENSITY MAP 
D20 INCLUDED IN PHASES (0.5F/A3) 

CALCULATED NEUTRON DENSITY MAP 
H20 INCLUDED IN PHASES(0.5F/A3) 
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produces a controlled change i n scattering density. The degree 
of isomorphism depends, however, on the st r u c t u r a l equivalence 
between H2O and D2O. The resultant peak heights of water 
molecules can therefore be changed in a controlled way and can be 
used to di s t i n g u i s h water peaks from other constituents. 
Furthermore, the c h a r a c t e r i s t i c peak shapes of H2O and D2O 
molecules (Figure 1) permit the eluc i d a t i o n of th e i r o r i e n t a t i o n 
and therefore of t h e i r hydrogen bonding arrangements. 

Results from an early unrefined met myoglobin neutron 
analysis (2) based on the χ ray structure by Watson and Kendrew 
(3̂ ) showed a t o t a l of 106 water peaks. In that analysis, only 
peaks that had a peak height equivalent to one-half D2O molecule 
were considered. More recently, Takano (4_), i n a refined high 
res o l u t i o n x-ray analysi
molecules, and in the
only 40 water molecules were found. These water molecules were 
i d e n t i f i e d i n a difference map where the features depicting the 
protein had been subtracted. The protein structure i t s e l f had 
been refined by successive real-space refinement (5_,6_»J7) °f e l ê n t 

d i f f e r e n t maps comprising more than t h i r t y refinement cycles 
(7_,8_). The difference map was then searched for features 
equivalent to peak heights of at least one-half water molecule. 
Note, that, i n such difference maps, calculated without the 
phases of the water molecules, a water molecule w i l l appear at 
h a l f height (9^). A ca r e f u l study of these "unphased" difference 
maps i s very informative because they contain l i t t l e b ias; 
whereas phased maps tend to reproduce features even i f there i s 
no contribution to the structure factor magnitude, i . e . , i f water 
molecules are introduced into the set of phases, they w i l l 
produce Fourier features even i f they are not present. The 
orientations of the DoO molecules were examined with the aid of 
computer graphics (10) » The two deuterons and the oxygen atom 
were placed to best f i t the neutron difference density while 
assuming i d e a l D2O geometry and to accommodate D bond donors and 
acceptors on the protein's surface. The occupancy of the 
observed water molecules was determined by the real-space program 
from the difference map. The neutron density of a f u l l y occupied 
D2O i n such an unphased difference map would be 0.96· 10""^ cm, 
and the calculated error of these difference maps i s only 
·1·10~12 cm. The actual peak height i s , however, reduced by 
thermal parameters and by the fact that only about 80% of the 
water of c r y s t a l l i z a t i o n i s D2O, as shown by NMR analysis (11) of 
the Mb-CO c r y s t a l s (pH 5.6 in 80% ammonium sulphate). 

Inspection and analysis of the Mb-CO difference map resulted 
i n a finding of 40 water molecules per asymmetric unit (one 
myoglobin molecule). No peak with a weight of less than 0.4 
water molecule was included in th i s number. Several features i n 
the remaining difference map might represent water molecules, but 
at a low l e v e l of occupancy (<0.4). Refinement of the water 
locations and weight was performed by two cycles of real-space 
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Table II. Water Molecules Found 

RESIDUE NUMBER 
AND TYPE <* N CO 

1 Val NAI H D 0 

2 Leu NA2 H D 0 

3 Ser AI H D 0 

4 Glu A2 H D— o—l 

5 Gly A3 H D 0 

6 Glu A4 H D 0 

7 Try A5 H D 0 

θ Gin A6 H D 
9 Leu A7 H D 0 

10 Val A8 H D 0 

II Leu A9 H D 0 

12 His AIO H D 0 

13 Val All H D 0 

14 Try A12 H D 0 

15 Ala AI3 H D 0—[ 

16 Lys AI4 H D o—l 
17 Val AI5 H D 0 

18 Glu AI6 H D 0 

19 Ala ABI H D 0 

20 Asp Bl H D 0 

21 Val B2 H D 0 

22 Ala B3 H D 0 

23 Gly B4 H D 0 

24 His B5 H D 0 

25 Gly B6 H D 0 

26 Gin B7 H D 0 

27 Asp B8 H D 0 

28 He B9 H D 0 

29 Leu BIO H D 0 

30 He Bll H D 0 

31 Arg BI2 H D 0 

32 Leu BI3 H D 0 

33 Phe BI4 H D 0—i 
34 Lys BI5 H D o i 
35 Ser BI6 H D 0 

36 His CI H D 0 

37 Pro C2 H o— i 
38 Glu C3 H D o--[ 
39 Thr C4 H D 0 

40 Leu C5 H D 0 

POLAR GROUP 

- H 17' 

!2. H2l' 

cfz^-m 

>-<*! 
H9 

<— -m 

-E2' 

DjO—DjO—o£p--

51 BI5' 

-BI4' 

-C2' 

AI3 
»ζ— 

0,0-
M. 

RESIDUE 
NUMBER 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

30 
31 
32 
33 
34 
35 
36 
37 

38 
39 
40 
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Table II. Continued 

RESIDUE NUMBER 
AND TYPE Cc Ν 

41 Glu C6 Η D 

42 Lys C7 Η D 

43 Phe CDI Η D 

44 Asp CD2 Η D 
45 Arg CD3 Η D 

46 Phe CD4 Η D 

47 Lys CD5 Η D 

48 His CD6 Η D 

49 Leu CD7 Η D 

50 Lys CD8 Η D 

51 Thr Dl Η D 

52 Glu D2 Η D 

53 Ala D3 Η D 

54 Glu D4 Η D 

55 Met D5 Η D 

56 Lys D6 Η D 

57 Ala D7 Η D 

58 Ser El Η D 
59 Glu E2 Η D 

60 Asp E3 Η D 

61 Leu E4 Η D 

62 Lys E5 Η D 
63 Lys E6 Η D 

64 His E7 Η D 
65 Gly E8 Η D 

66 Val E9 Η D 
67 Thr EIO Η D 

68 Val Ell Η D 
69 Leu Ε12 Η D 
70 Thr El 3 Η D 
71 Ala EI4 Η D 
72 Leu EI5 Η D 
73 Gly EI6 Η D 
74 Ala EI7 Η D 
75 He EI8 Η D 
76 Leu EI9 Η D 
77 Lys E20 Η D 
78 Lys EFI Η D 
79 Lys EF2 Η D 
80 Gly EF3 Η D 

CO 

o 

o 

o 

-D20 

POLAR GROUP 

c s ^ o 2 " i ^ " D 2 0 

— ^ Ν ζ 

c — 

I 
^ L C C ^N;« 

t 

S ^ o ' 
— 0 €

2 

Οχ 
C ——^2 

y ° .sf 

€2 

AI4' 
ι 

I 
I 

--+-
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Table II. Continued 

RESIDUE NUMBER 
AND TYPE Ca N CO 

81 His EF4 H D 0 

82 His EF5 H D 0 

83 Glu EF6 H D 0 

84 Ala EF7 H D 0 

85 Glu EF8 H D 0 

86 Leu FI H D 0 

87 Lys F2 H D 0 

88 Pro F3 H 
89 Leu F4 H D 

90 Ala F5 - D 0 

91 Gin F6 H D 0 

92 Ser F7 H D 0 

93 His F8 H D 0 

94 Ala F9 H D 0 

95 Thr FGI H D o—|D20| 
96 Lys FG2 H D 0 

97 His FG3 H D 0 

98 Lys FG4 H D 0 

99 Ile FG5 H D 0 

100 Pro Gl H 0 

ΙΟΙ Ile G2 H D 0 β 
102 Lys G3 H D ο*^Ρ2θ| 
103 Tyr G4 H D o ΐ> 
104 Leu G5 H D 0 

105 Glu G6 H D 0 

106 Phe G7 H D 0 

107 Ile G8 H D 0 

108 Ser G9 H D 0 

109 Glu GIO H D 0 

110 Ala Gll H D 0 

III Ile GI2 H D 0 

112 Ile GI3 - D 0 

113 His GI4 H D 0 

114 Val GI5 H D 0 

115 Leu GI6 H D 0 

116 His GI7 H D 0 

117 Ser GI8 H D 0 

118 Arg GI9 H D 0 

119 His GHI H D 0 

120 Pro GH2 H 0 

POLAR GROUP 

8 Qlo 

> 2o 

Νζ-

φ 
H24 

Fe 

Ν ζ 

On 

"S 

NS, 

RESIDUE 
NUMBER 

81 
82 
83 
84 
85 
86 
87 

90 
91 

92 
93 
94 
95 
96 
97 
98 

99 

100 
ΙΟΙ 

102 
103 
104 
105 
106 
107 
108 
109 
110 
11 I 
I 12 
113 
114 
115 
116 
117 
118 
119 
120 
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Table II. Continued 

RESIDUE NUMBER 
AND TYPE Ca N CO 

121 Gly GH3 H - 0 
122 Asn GH4 H D 0 
123 Phe GH5 H D 0 
124 Gly GH6 H D 0 
125 Ala HI H D 0 
126 Asp H2 H D 0 

127 Ala H3 H D 0 

128 Gin H4 H D 0 
129 Gly H5 H D 0 

130 Ala H6 H D 0 
131 Met H7 H D 0 
132 Asn H8 H D 0 

133 Lys H9 H D 0 

134 Ala HIO H D 0 

135 Leu HII H D 0 

136 Glu HI2 H D 0 
137 Leu HI3 H D 0 

138 Phe HI4 H D 0 
139 Arg HI5 H D 0 

140 Lys HI6 H D 0 

141 Asp HI7 H D 0 
142 He HI8 H D 0 

143 Ala HI9 H D 0 
144 Ala H20 H D 0 
145 Lys H2I H D 0 
146 Tyr H22 H D 0 
147 Lys H23 H D 0 
148 Glu H24 H D 0 
149 Leu HCI H D 0 
150 Gly HC2 H D 0 
151 Tyr HC3 H D 0 
152 Gin HC4 H D 0 
153 Gly HC5 H D 0 

HEME 0 

POLAR GROUP 

C6' 

ι 

Ν ζ -

°82 

AJ>' 
• 
I 
I 
I 
ι 

__l 

A2' 

M 
* l 

c s^o 
'«2 

0 D20 

RESIDUE 
NUMBER 

121 
122 
123 
124 
125 

128 
129 
130 
131 

A4 
132 

1 
_J 

133 
134 

135 
136 
137 

138 
139 

140 

141 
142 

143 
144 

145 
146 

F2 
147 

J 
148 
149 
150 
151 
152 
153 
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refinement reducing the rms s h i f t to 0.13 A. Figure 1 i s a 
t y p i c a l section of the difference map, showing a water molecule 
l y i n g between several protein atoms, and Figure 2 i s another 
section showing a small water clu s t e r that bridges two protein 
molecules. The water molecules found are l i s t e d i n Table I I , 
which i s s i m i l a r to the summary of the o r i g i n a l analysis (2) and 
can be d i r e c t l y compared. 

Refinement of the protein structure reduced the number of 
water molecules from the 108 o r i g i n a l l y found to less than 50, 
with only 18 at f u l l occupancy. Of the 40 waters found, only 25 
are present i n Takano's structure. 

The effect of s a l t and pH on the role of bound water (12) i s 
s t i l l unclear and might explain some of the large differences 
that have been observed i  protei  crystallograph  p a r t i c u l a r l
i n hemoglobin and myoglobin
unassigned peaks might , , 
or to Fourier termination e r r o r s . Data to higher resolution 
(1.5 A) have been obtained with recently developed faster data 
c o l l e c t i o n methods u t i l i z i n g a two-dimensional p o s i t i o n - s e n s i t i v e 
counter, and are being analyzed. Such a higher resolution map 
w i l l permit the analysis of f r a c t i o n a l bound water to an 
occupancy of less than 0.2. Data c o l l e c t i o n i n d i f f e r e n t H2O/D2O 
mixtures w i l l further increase the r e l i a b i l i t y of the chemical 
i d e n t i t y of those Fourier peaks. 

Apart from i d e n t i f y i n g i n d i v i d u a l bound water molecules on 
the surface of the protein, neutron maps can be used to determine 
the average solvent density i n the regions between protein 
molecules. This i s done by averaging the featureless background 
density over small volumes and expressing i t i n terms of 
scattering length/A 3. The calculated volumetric scattering 
density i s 6.3·10"14 cm/A3 for D20 and -.6·10" 1 4 cm/A 3for 
H2O. The present analysis shows a density f l u c t u a t i o n of 15%, 
the D2O density ranging from 85% to 70%. With a solvent 
composition of 80% D2O and 20% H2O, t h i s would give a density 
from 1.06 to 0.88. In t h i s case, the Fourier scale was 
calculated so that the average observed densities of the 
d i f f e r e n t atoms i n the protein corresponded to the expected 
values (Table I ) . In order to obtain a more r e l i a b l e absolute 
scale, data must, however, be c o l l e c t e d i n H2O and i n D2O. In 
addition to proper s c a l i n g , i t i s also necessary to subtract the 
proper contribution of the protein structure. In order to do 
t h i s accurately, precise atomic l o c a t i o n , weight, and temperature 
factors are needed. The r e a l space refinement procedure can 
carry out t h i s subtraction w e l l , but even with the present 
refined 1.8-A map, groups that are disordered and have high 
temperature factors are d i f f i c u l t to subtract properly. 
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Dens i ty o f E l a s t i n - W a t e r System 

MARIASTELLA SCANDOLA and GIOVANNI PEZZIN 
Centro di Studio per la Fisica delle Macromolecole del C.N.R., Via Selmi 2, 
40126 Bologna, Italy 

A variety of differen
used to investigate th
calorimetric (1,2,3), dielectric (4) and dynamic-mechanical 
measurements (5,6), equilibrium sorption data (7,8,9), infrared 
spectroscopy (10) and Nuclear Magnetic Resonance (11,12). 

Little information is however available in the literature 
on the specific volume of hydrated fibrous proteins. To the best 
of the authors' knowledge, the only set of data published to 
date refers to hydrated keratin, was published by King (13), and 
later discussed by Rosenbaum (14). 

Volumetric data can be essential in the thermodynamic 
treatment of the "polymer-solvent" interaction process. The lack 
of them for many important fibrous proteins is due to the 
difficulty of measuring the density, at controlled temperature 
and hydration degree, for these systems. As far as elastin is 
concerned, it has been reported that when completely hydrated 
this protein has a negative and very large coefficient of 
thermal expansion (15), a result which has been interpreted as 
evidence of a hydrophobic character of the protein (16). 

Elastin, which is substantially amorphous but fibrous at 
all levels of investigation (starting from the largest filaments 
which are about 6 μια in diameter and down to about 10 nm 
(17,18)), is a fragile, glassy substance when dry and has a 
glass-to-rubber transition temperature at about 200°C (19); 
upon hydration or solvation with appropriate solvents, it 
becomes a rubbery system with the glass transition below room 
temperature (20). 

Calorimetric data have shown that only half of the total 
water sorbed by elastin (about 0.6 g water / g dry protein) 
is really "bound", the remaining water being freezable (_1). The 
volumetric data reported in the literature (15,16) refer 
therefore to an essentially heterophase system, so that the 
negative and very large coefficient of thermal expansion of the 
fully hydrated protein does not appear to be suitable for the 
interpretation of the thermoelastic data and calculation of the 
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226 WATER IN POLYMERS 

protein-water i n t e r a c t i o n parameter. 
I t i s the purpose of the present work to c o l l e c t r e l i a b l e 

volumetric data on the system elastin-water and to compare them 
with the scarce l i t e r a t u r e data on s i m i l a r natural polymer 
systems or on synthetic polymeric systems. The measurements have 
been purposely l i m i t e d to the region of low water contents where 
the system can be considered homogeneous. 

Experimental 

Samples of native ox ligamentum nuchae e l a s t i n and of 
collagen-free e l a s t i n were obtained as reported previously (19). 

In order to carry out the density measurements i n a wide 
range of temperatures, a suitable glass pycnometer was used: the 
pycnometer c a p i l l a r y i
chamber containing th
provided with an upper (expansion) and a lower (contraction) 
spherical c a v i t y . A low molecular weight s i l i c o n o i l (Dow 
Corning 200/20) was used as the f i l l i n g l i q u i d . 

Dry samples (about 3 g of e l a s t i n s t r i p s less than 1 mm 
thick) were stored under vacuum over 1*2 5̂ ^ o r s e v e r a ^ days, 
c a r e f u l l y weighed on an automatic balance, placed i n the 
pycnometer, covered with s i l i c o n o i l and degassed by means of a 
ro t a t i v e pump u n t i l no gas release by the sample was observed. 
The pycnometer was then closed, immersed i n a bath maintained at 
the measurement temperature and, when the thermal equilibrium 
was reached, the l i q u i d l e v e l i n the l a t e r a l c a p i l l a r y was 
adjusted with a small syringe. 

Weighing of the pycnometer, a f t e r c a r e f u l drying, was 
carr i e d out at room temperature and the density of the protein 
sample ρ was calculated from the equation: 

V -Ρ (1) 

where: V i s the volume of the pycnometer 
m^is the weight of the sample 
m̂  i s the t o t a l weight of the pycnometer containing 

sample and f i l l i n g l i q u i d 
m i s the weight of the empty pycnometer 

i s the density of the s i l i c o n o i l 
The density of samples of p u r i f i e d e l a s t i n containing 

appropriate amounts of water was determined with the same 
procedure. The hydration l e v e l s chosen are those corresponding 
to water weight f r a c t i o n s of 0.05, 0.14, 0.18 and 0.29. Due to 
the d i f f i c u l t i e s i n reproducing the same water weight f r a c t i o n , 
only one measurement of density was car r i e d out at each water 
content. However, the experimental scatter i s small, as seen 
from the l i n e a r i t y of the data plotted i n Figures 1 and 2. 
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Figure 1. Temperature dependencies of the density and specific volume of dry 
elastin: (O) native; (φ) purified. 

Figure 2. Density and specific volume of dry and hydrated purified elastin samples 
as a function of temperature at water weight fractions of: (—) 0; (A) 0.05; (O) 

0.14; (φ) 0.18; (A) 0.29 
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Results and Discussion 

The temperature dependence of the density of dry samples of 
native and p u r i f i e d e l a s t i n i s shown in Figure 1. In the 
temperature range explored, the native protein shows a higher 
density than the pu r i f i e d one, typical values being 1.245 g/ml 
and 1.232 g/ml, respectively, at 25°C. In a f i r s t approximation, 
this difference i n density can be accounted for by the different 
composition of the native and p u r i f i e d protein. If native 
e l a s t i n i s considered a two phase composite material 
(approximately 80% e l a s t i n and 20% collagen), disregarding other 
minor components whose density data are not available, the 
density of the composite can be calculated from the equation: 

- =
Q e e 

Ε C 

Assuming w = 0.80, wc= 0.20 and taking ρ = 1.232 g/ml and 
Qç= 1.32 g/ml (21), a calculated density of tne composite 
ρ= 1.247 g/ml i s obtained, which compares s a t i s f a c t o r i l y with 
the experimental density of native e l a s t i n . 

The volumetric expansion c o e f f i c i e n t s , calculated from the 
equation: 

a = - < L i M = < U L _ (3) 
d Τ V d Τ 

(where V i s the s p e c i f i c volume) have been obtained by leas£ _^ 
square analjpis_(j>f the density data and found to be 1.9*10 °C 
and 1.1*10 °C for the native and p u r i f i e d protein 
respectively. These values are similar to those typical of 
glassy amorphous or-semicrystalline polymers (polystyrene: , 
a=_J.7-2.1*10 °C ; poly(methyl methacrylate): a= 2.2-2.7*10~" 
°C (22)). Unfortunately, no comparisons are possible with 
other proteins owing to the lack of expansion coef f i c i e n t data 
for dry proteins i n the l i t e r a t u r e . 

Figure 2 shows the density of p u r i f i e d e l a s t i n as a function 
of temperature and water content. The corresponding expansion 
coefficient values are reported i n Table I. At temperatures 
lower than 30°C and with the exception of the most hydrated 
sample, density changes only s l i g h t l y with water content; at 
higher temperatures, on the contrary, density depends strongly 
on the hydration l e v e l . 

The density-temperature curve for the sample with weight 
fraction ŵ = 0.14 shows an abrupt change of slope at a 
temperature of about 38°C; the volume expansion co e f f i c i e n t 
increases from 2.5*10 °C to 5.4*10 °C at this 
temperature. The l a t t e r value, l i k e those for samples with 
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higher water content (see Table I) i s t y p i c a l of amorphous 
polymers above t h e i r glass t j a n s i | i o n temperature Τ 
(polystyrene: ψ= 5.1-6.0*10 °C ; poly(methyl metSacrylate): 
a= 5.6-5.8«K>* °C (22)). 

Table I - Expansion c o e f f i c i e n t and volume contraction of 
hydrated p u r i f i e d e l a s t i n 

w i 
4 

αχ KLT 
(°c x) 30 °C 

( Δ ν /V )»io2 

m ° 
45 °C 60 °C 

0 1.1 

0.05 

0.14 

0.18 

2.1 
2.5 (T<T ) 
5.4 (T>Tg) g 
5.4 

- 3.15 

- 4.01 

- 2.83 

- 3.47 

- 2.28 

- 2.96 

0.29 5.9 - 2.49 - 1.91 - 1.37 

A glass t r a n s i t i o n temperature of about 40°C for the hydrated 
e l a s t i n sample (w^= 0.14) f i t s f a i r l y w e l l into the glass 
t r a n s i t i o n temperature-water content curve c a l o r i m e t r i c a l l y 
determined by Kakivaya and Hoeve (23) for hydrated e l a s t i n . 

I t i s known that Simha and Boyer (24) , t r e a t i n g the glass 
t r a n s i t i o n of polymers as an iso- f r e e volume sta t e , have derived 
the equation: 

( α - α ) . χ = K_ (4) 
L G g 1 

where and are the volume expansion c o e f f i c i e n t s above and 
below Τ and K- i s a constant that for a v a r i e t y of polymers 
assumes^the value of about 0.11. The a p p l i c a t i o n of t h i s 
equation to the elastin-water system ( i . e . to the sample with 
w = 0.14, Τ = 38°C and the α values of Table I) gives Κ χ= 0.09. 
This result^seems reasonable, since i t has been suggested (24) 
that i n a polymer-solvent system the solvent contributes free 
volume below Τ so that α becomes larger than for the 
unp l a s t i c i z e d polymer and, consequently, K- assumes values lower 
than 0.11. Furthermore, experimental r e s u l t s on PVC p l a s t i c i z e d 
with d i o c t y l phthalate by Heydemann and Guicking (25) show that 
Δα at Τ i s lower for a 10% p l a s t i c i z e d sample than for pure 
PVC; t h i l f a c t , and the simultaneous decrease of Τ , w i l l r e s u l t 
i n a lowering of for solvated polymers. ^ 

I t has to be pointed out that, i n the temperature range 
explored i n the present work, the volume expansion c o e f f i c i e n t 
of hydrated e l a s t i n i s p o s i t i v e and constant on both sides 
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of Τ . The only l i t e r a t u r e data of volume expansion c o e f f i c i e n t 
for l l a s t i n r e f e r to the protein i n swelling equilibrium with 
water (15,16); the reported c o e f f i c i e n t s are strongly negative 
and increase with increasing temperature in-the range 20-60 
Typical quoted values are-<x= - 1.4*10 °C~ at 20°C,a= - 4*10 
°C at 40°C and a= 0 °C at 62°C (16). The strongly temperature 
dependent volume changes of highly hydrated e l a s t i n ( i n swelling 
equilibrium conditions) have been interpreted by Gosline (16) 
i n terms of changes i n hydrophobic i n t e r a c t i o n s . In the 
r e l a t i v e l y low hydration range explored i n the present study, no 
evidence of such a mechanism has been found; i n t h i s respect, 
hydrated e l a s t i n behaves i n the same way as many synthetic 
polymer-solvent systems. 

As f a r as the important problem of the polymer-solvent 
volume changes on mixin
that at each temperatur
remains p r a c t i c a l l y constant i n the hydration range from the dry 
protein to the water content corresponding to the onset of the 
glass t r a n s i t i o n . This implies that the glassy system " e l a s t i n 
plus water" has a higher density than that expected from volume 
a d d i t i v i t y c a l c u l a t i o n s . This i s c l e a r l y v i s u a l i z e d i n Figure 3 
where the experimental s p e c i f i c volumes (obtained from Figure 2 
by suitable i n t e r p o l a t i o n s at three selected temperatures) 
are compared with the " i d e a l additive volumes" of the system, 
represented by the l i n e s connecting the pure l i q u i d water and 
dry glassy e l a s t i n volumes. 

I t i s w e l l known that volume changes on mixing are l i k e l y 
to occur i n polymer-solvent systems, and both t h e o r e t i c a l and 
experimental studies have been devoted to t h i s subject (26,27,28). 
When the volumes of the components are not s t r i c t l y a d d i t i v e , 
both t h e o r e t i c a l and phenomenological approaches include an 
excess volume term i n the thermodynamic equations f o r the system. 
These treatments, however, concern polymeric solutions i n 
equilibrium, i . e . the mixture i s l i q u i d or rubbery, not glassy. 
For solutions i n the glassy state, no t h e o r e t i c a l descriptions 
of the excess volume of mixing seems to be a v a i l a b l e up to date. 

According to Rehage (29), when the polymeric mixture i s 
glassy, other volume changes that he c a l l s " f r eeze-in volume" 
superimpose themselves on the volume changes of mixing caused by 
molecular i n t e r a c t i o n s . No p r a c t i c a l way of c a l c u l a t i n g an 
approximate value of the "f r e e z e - i n volume" i s a v a i l a b l e for our 
system, since volumetric data for glassy water at room 
temperature are needed ( i n p r i n c i p l e , they could be obtained by 
suitable extrapolation from low temperature volumetric data on 
glassy water). 

One of the parameters most commonly used to quantify volume 
changes on mixing i s the f r a c t i o n a l volume change Δ ν /VQ (where 
V o i s the " i d e a l " volume of the mixture assuming a d d i t i v i t y and 
Δ ν i s the difference between the experimental volume of the 
mixture and the "ideal"volume V r t). Values of the f r a c t i o n a l 
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Figure 4. Fractional volume change as a function of water content for elastin at 
three temperatures: Ο 30°C; (φ) 45°C; (O) 60°C; (φ) data calculated from 
Ref. 31 on the system polycarbonate-dihutyl phthalate are included for comparison 
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volume change Δ ν /V calculated at three selected temperatures 
are reported i n Table I. The volume contractions are r e l a t i v e l y 
large and sometimes exceed the volume contractions reported for 
t y p i c a l water-alcohol systems (30), which are known to be the 
largest found i n binary equimolecular organic mixtures. 

The f r a c t i o n a l volume changes of Table I are shown i n 
Figure 4 together with some values f o r polycarbonate 
p l a s t i c i z e d with d i b u t y l phthalate, calculated from the data 
of Wyzgoski and Yeh (31). The volume contraction for the 
elastin-water system i s remarkable even at low l e v e l s of 
hydration f o r the three temperatures considered. I t increases 
with increasing water content, reaching a peak value at a water 
weight f r a c t i o n of about 0.2. The maximum expected and observed 
volume changes on mixing for equilibrium polymeric solutions 
occur near the compositio
peak at w = 0.2 f o r ou
as r e l a t e d to the l i m i t e d s o l u b i l i t y of water i n the protein (1) 
and/or to the occurrence of the glass t r a n s i t i o n . 

The data f o r the system polycarbonate-dibutyl phthalate, 
which are included i n Figure 4 for the sake of comparison, show 
a behavior s i m i l a r to that described for the elastin-water 
system. The datum fo r the most highly p l a s t i c i z e d sample (DBP 
content: 20%), which at the measurement temperature (25°C) i s 
probably very near the onset of the glass t r a n s i t i o n , seems 
to indicate a less e f f e c t i v e volume contraction than at lower 
p l a s t i c i z e r content. 

The only other set of data a v a i l a b l e i n the l i t e r a t u r e on 
density as a function of water content f o r a fibrous protein 
appears i n the work of A. T. King (13) on hydrated wool at 25°C. 
The hydration range i s s i m i l a r to that of the present work, and 
the o v e r a l l r e s u l t s are analogous: at low l e v e l s of hydration 
the density of wool was found to remain approximately constant; 
at higher water contents the density decreased approaching the 
values calculated on the basis of volume a d d i t i v i t y . The maximum 
f r a c t i o n a l volume change Δ ν /V from King's data i s about 5%, 
i . e . larger than ours. m 

According to Rosenbaum (14), the experimentally determined 
dry wool density could a c t u a l l y be the density of a polymeric 
material containing "small s t a t i c voids" o r i g i n a l l y occupied by 
the water molecules i n the native state of the hydrated p r o t e i n ; 
for wool, Rosenbaum's " s p e c i f i c volume without voids" i s 7% 
smaller than the experimental s p e c i f i c volume. 

In our view, i t i s quite d i f f i c u l t to accept a s i m i l a r 
i n t e r p r e t a t i o n f o r the system elastin-water (and probably even 
for the system wool-water) since the f i l l i n g up of "small s t a t i c 
voids" by water would r e s u l t i n a heterogeneous system, i . e . a 
composite with l i q u i d water droplets dispersed i n the r i g i d 
glassy protein. The glass t r a n s i t i o n of any such heterogeneous 
polymer system would be constant and i d e n t i c a l to that of the 
dry p r o t e i n , whereas the glass t r a n s i t i o n of e l a s t i n i s strongly 
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depressed by interaction with water, the decrease being marked 
especially at low levels of hydration (at w = 0.06, Τ is 
already 100°C lower than that of the dry protein (23)?. This 
result is possible only if the two components interact at the 
molecular level. 

In conclusion, the most interesting results of the present 
work are: first, that the volumetric temperature coefficients 
of elastin at low and moderate levels of hydration are positive 
and small (rather than negative and large, as reported for the 
fully hydrated but heterophase protein) and, second, that the 
interaction with water is accompanied, as reported previously 
for wool, by large volume changes, which appear to be indicative 
of strong interactions at the molecular level. 
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Compar i son of Weight and Energy Changes in the 

Absorpt ion of Water by Collagen and Keratin 

M. ESCOUBES 
Université Claude Bernard, 69621 Villeurbanne, France 
M. PINERI 
Centre d'Études Nucléaires de Grenoble, 38041 Grenoble Cédex, France 

The collagen and keratin constitute the two most important 
protective fibrous protein
connection with these polymer
object of a number of studies for more than a century but remains 
controversial. We have shown, in preceeding article concerning colla
gen (1), that the analysis of data for weight absorption and kine
tics of absorption of water as studied by torsion pendulum experi
ment of hydrated collagen permit an improvement on literature data 
and suggests a hydration scheme involving five stages. 

This article concerns collagen fibers from rat tail tendon. 
The object is to confirm, improve or modify the proposed model by 
studying different collagen samples and secondly fibrous proteins 
such as the α keratin of human hair which exhibits similar 
hydration properties. 

1. Review of results on collagen fiber from rat tail tendon 
This type of collagen has the advantage of illustrating the 

most recent structural data. It is necessary to review briefly 
this data to describe the proposed hydration model, and to aid in 
characterizing other samples of fibrous protein discussed later. 

The moleculecof collagen has the formoof a rigid rod (2) with 
a length of 2900 A and a diameter of 12.5 A with a molecular weight 
of 300s000. This rod consists of three helical polypeptide chains 
with three parallel axes separated by 4.5 Â (triple helix or 
tropocollagen). 

Each sequence of three residues (taken as a weight reference) 
possesses one glycine residue (-NH- CIL? - CO - ) and on average one 
proline or hydroxyproline (-N-CH-C0-) and has a molecular 
weight of about 270 gm. The three chain complex is stabi
lized essentially by hydrogen bonding between the CO and NH units. 
Models have been proposed C3,4) involving one and two hydrogen 
bonds for each group of three residues. In each model the stabi
lization is completed by two bridged water molecules. The destruc-
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tion of hydrogen bonds by heating represents the majority of the 
enthalpy involved i n the h e l i x - c o i l or collagen-gelatin t r a n s i 
tions . 

- Collagen molecules spontaneously form aggregates i n the form 
of m i c r o f i b r i l s . Electron microscopy data (5) suggest an assembly 
of f i v e molecules i n which each two adjacent molecules are shifted 
by a quarter of fheir length (allignment "quarter stagger") on a 
distance of 670 A. The succession of the two molecules assures an 
interval of 350 Â. This gives a free volume of the order of 10 % 
and a periodicity of 670 A i n the dehydrated state. 

- F i n a l l y the juxtaposition of m i c r o f i b r i l s i n a tetragonal 
arrangement limited to the sublattices and largely associated with 
the amorphous region results i n a fiber diameter between 1000 and 
5000 A. 

Molecular cohesio
phous regions i s due t
bonds (of the type ester, imide, peptide) between l a t e r a l groups 
of certain residues as partie acid, glutamic acid, lysine) and se
condly from very strong linkages located only at the non h e l i c a l 
end areas of the molecule (telopeptidique areas) which cause the 
eventual condensation of the two aldehyde derivatives of the 
lysine and hydroxylysine forms. These two types of linkages can 
also be present between chains of the same molecule. The l a t t e r 
i s also largely responsible for the i n s o l u b i l i t y i n acid media of 
old collagen. 

Fibers of r a t - t a i l tendon contain few linkages i n the termi
nal telopeptidique areas. We have shown (J_) that these fibers re
tain 1 % of water under a vacuum of 10~4 torr at 20°C and that the 
hydration i n the vapor phase at 20°C shows 3 r e l a t i v e l y sharp steps 
in terms of the energetic and mechanical data, before the appea
rance of free water near 90 % relative humidity. 

- The f i r s t step between 0 and 10 % with a energy of 17 kcal/ 
mole (corresponding to the formation of double hydrogen bond 
without breaking other préexistant bonds) i s attributed to i n t r a 
molecular water and corresponds quantitatively to two water mole
cules per reference unit. 

- The second step between 10 and 25 % with an energy of 13 kcal/ 
mole may correspond to bridging of water between the collagen mole
cules occurring with a diminution of the cohesive energy of the 
m i c r o f i b r i l . 

- The third step between 25 and 50 % with an energy of 10 kcal/ 
mole does not correspond to the presence of free water according 
to most of the data in the l i t e r a t u r e . 

The l a t t e r occurs near 50 %. This step i s associated with a 
decrease in the coefficient of diffusion. We have attributed this 
i n part to the formation of water clusters within the periodically 
arranged free volume zones i n the m i c o f i b r i l . 
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Thus the hydration of r a t - t a i l tendon collagen fibers appears 

to be connected with different structural levels of the protein. 
It i s interesting to confirm this pattern by studying other f i 
brous proteins. 
2. Sample characterization 

2.1 - Collagen samples 
- Turkey leg tendon at 22 months. 

This tissue i l l u s t r a t e s the c a l c i f i c a t i o n of collagen produced 
with time. The mineral-protein interaction has been largely studied 
by small angle X-ray studies (10), electron microscopy (11) and 
neutron d i f f r a c t i o n (12). I t seems to be established that calcium 
phosphate (mostly apatite crystals) i s distributed along the length 
of fiber with same periodicity of 670 À which characterizes the 
sh i f t of two adjacent collage
information concerning th
to speculate that the mineral i s developed not only at the level of 
the fiber but also i n the holes of the m i c r o f i b r i l as much as 
the size of the crystals calculated from d i f f r a c t i o n spots agree 
with the size of the holes. The highly c a l c i f i e d apatite i n the 
tissues i s found between the f i b r i l s without any periodicity and 
is not observed by d i f f r a c t i o n . 

- Films of reconstituted collagen at 20°C and 50°C 
The remarkable properties of collagen have led to many diver

se application : solutions, gels, films, tubes, sponges. In p a r t i 
cular the f i l m i s used i n application as diverses as the fabrica
tion of sausage skins and the treatment of burns or blood d i a l y s i s 
and a r t i f i c i a l kidneys. I t i s thus especially interesting to under
stand the behaviour with reference to the water present i n recons
tituted collagen. The samples analysed here have been prepared by 
the method developed by the Centre Technique de Cuir'at Lyon 
(France) from tannery products (Brevet Français n° 1596790 of Nov. 
27.1968) : the protective skin of veal i s ground, washed with a 
phosphate pad and exchanged with water to obtain at f i r s t f i b e r 
i n a 0.1M solution of acetic acid, reprecipitated by addition of 
NaCl, dialysed with exchanged water and l y o p h i l i c agents. The 
lyophylic acid soluble product i s dissolved i n a 0.1 II acetic acid 
solution at a concentration of 3 %, contrifuged, deaerated and 
f i n a l l y films are formed by evaporation at different temperatures i n 
special frames. 

The biochemical and biophysical studies and mechanical pro
perties of the f i l m have been compared with those of the lyophylic 
acid soluble products (11, 12) : 
. a p a r t i a l i n s o l u b i l i t y , or an increase i n in t r a and intermolecu-

l a i r e bonds i s present i n the end regions of the fiber ; 
. a more irregular placement of molecules i s present i n the inte

r i o r of the network of fiber which can be interpreted by a d i 
sappearance of the "quarter stagger" allignment ; 
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. an increase i n the denaturation temperature ( f o r the c o l l a g e n 
g e l a t i n transformation) which i m p l i e s an increase i n bonds s t a 
b i l i z i n g the t r i p l e h e l i x ; 

. the e l a s t i c p r o p e r t i e s a t t r i b u t e d to the t r i p l e h e l i x are main
ta i n e d f o r f i l m p r e p a r a t i o n temperatures l e s s than 46°C c o n f i r 
ming the r e t e n t i o n of t r i p l e h e l i x s t r u c t u r e below t h i s tempera
t u r e . 

I t should be added that the two f i l m s analysed are e s p e c i a l l y 
c r o s s - l i n k e d and do not c o n t a i n the "quarter stagger" s h i f t and 
that the f i l m formed at 50*£ no longer r e t a i n the t r i p l e h e l i x 
s t r u c t u r e . 

2.2 - K e r a t i n samples 
- α-keratin from h a i r 
Human h a i r occurs i n

c o n t a i n i n g the k e r a t i n w i t h i
of s c a l e s which contains 10 % of i t s mass. 

Chemically, k e r a t i n i s formed from polypeptide chains formed 
from 20 d i f f e r e n t amino a c i d s . The r e l a t i v e p r o p o r t i o n of which 
vary f o r d i f f e r e n t k e r a t i n s . Some possess an a c i d s i d e group (12 % 
of which are glutamic acid) others a amine f u n c t i o n (30 % of which 
are l y s i n e ) , others a hydroxyl (10 % of which are s e r i n e ) . But the 
k e r a t i n i s above a l l c h a r a c t e r i z e d by an important q u a n t i t y of 
s u l f u r due to the presence of c y s t i n e u n i t s which form a d i s u l f i d e 
b r i dge between two chains g r e a t l y c o n t r i b u t i n g to the s t a b i l i t y of 
the p r o t e i n s . In c o n c l u s i o n , the chains are connected by a number 
of d i v e r s e i n t e r a c t i o n s i n c l u d i n g hydrogen bonds, s a l t bonds and 
covalent bonds. 

K e r a t i n has a c r y s t a l l i n i t y of about 30 %. Since 1950,X-ray 
d i f f r a c t i o n and e l e c t r o n microscopy have l e d to a model i n which 
the s t r u c t u r a l elements are (13,14) : the α-helix w i t h a diameter 
of 10 Â , the elementary f i b r i l c o n t a i n i n g two to three hélicoïdal 
chains of 20 Â diameter, the m i c r o f i b r i l or a s s o c i a t i o n of ten 
elementary f i b r i l s through the amorphous regions (of 80 A diame
t e r ) and f i n a l l y the f i b r i l s or s t r u c t u r e s of s e v e r a l m i c r o f i b r i l s 
w i t h i n an amorphous m a t r i x . 

The s t r u c t u r e of the amorphous reg i o n i n unknown but i t i s 
known to be r i c h i n s u l f u r w i t h a number of d i s u l f i d e b ridges and 
absorb more water than the m i c r o f i b r i l s . 

The a b s o r p t i o n of water by k e r a t i n has been s t u d i e d by N.M.R., 
I.R., d i e l e c t r i c and c a l o r i m e t r i c methods (15-20). K e r a t i n e x h i b i t s 
a s i n g l e l i n e spectrum by N.M.R. w i t h l i n e - w i d t h depending on o r i e n 
t a t i o n . T his i s i n c o n t r a s t to c o l l a g e n which shows a three l i n e 
spectrum. Lynch and Haly (15) have s t u d i e d the i n f l u e n c e of o r i e n t a 
t i o n on the s p i n - s p i n r e l a x a t i o n time of absorbed water i n k e r a t i n 
from rhinoceros horn. A p r i v i l e d g e d r o t a t i o n of the water i s ob
served around an a x i s approximately p a r a l l e l to the f i b e r d i r e c t i o n . 
From I.R. r e s u l t s Bendit proposes a weak a s s o c i a t i o n of water w i t h 
carbonyl groups i n the c r y s t a l l i n e phase. I.R. experiment on deute-

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



14. ESCOUBES AND PiNERi Collagen and Keratin 239 
rated keratin also shows evidence for hydrogen-deuterium exchange 
processes (17). Leveque (18) has interpreted a maximum observed i n 
depolarisation experiments as being associated with a reorientation 
of bound water molecules. Water molecules absorbed by keratin from 
wood have been c l a s s i f i e d as free or bound (21,22). A further sub
div i s i o n of the bound water molecules has been proposed (23). 
Feughelman (24) has proposed a model implying different types of 
water molecules with one to four degrees of association. The 
relat i v e percentage of these different types changes with the 
level of water absorption. 

No clear experimental proof has yet been given for the exis
tence of these several types of water molecules. 

- Keratin of reduced hair and dyed hair 
Natural hair can b

bonds present. 
By treatment with thioglycolic acid i n ammonia, 33 % of the 

cystine (HOOC - CH - CHo - S - S - CHo - CH - COOH) i s transfor-
NH2 NH2 

med to the form (HOOC - CH - CH2 - SH) and 22 % to the form lan-
NH2 

thionine (HOOC - CH - CH2 - S - CH2 - CH - COOH). There i s a de-
NH2 NH2 

crease i n the number of disulf i d e linkages making the hair fiber 
temporarily p l a s t i c or i n e l a s t i c a l l y deformable. This reduction i s 
used i n hairdressing to create a permanent set i n which the redu
ced hair i s wound on a hair curler and fixed while the fiber re
constitute i t s i n i t i a l chemical texture. 

- The dying of hair i s accomplished by the action of H 20 2, 
the persulfate of sodium or ammonia which oxidize the cys
tine. An analysis of this treatment reveals the presence of seve
r a l intermediate oxidation products and the f i n a l transformation 
of 32 % of the cystine to cysteic acid (HOOC - CH - CH - SO3H). 

NH2 
The decrease i n crosslinking i s comparable to that of reduced hair. 

We have i n this study t r i e d to analyse the effect of these 
chemical modifications on the hydration properties of hair. 

3. Experimental results 
3.1 - Comparison of different collagen samples 

The absorption isotherms for water at 20°C are shown i n f i g u -
re 1. We note : 
1) that the c a l c i f i e d collagen absorbs less water than that of 

r a t - t a i l tendon. The change i s pa r t i c u l a r l y important i n the 
range of 20-80 % relative humidity ; 

2) that the reconstituted collagen f i l m exhibits the same hydra-
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Figure 1. Water sorption isotherms of different collagen forms: (Q) rat tail tendon 
collagen; (O) reconstituted collagen (I); (A) reconstituted collagen (2); (φ) calci

fied turkey leg tendon 
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tion as the r a t - t a i l tendon at low humidities but absorbs less 
water than the r a t - t a i l tendon above humidities of 50 % ; 

3) that the reconstituted collagen f i l m at 50°C absorbs less water 
over the entire humidity range. The isotherm i s similar to that 
of the mineralized collagen near P/P0 of 0.5. 

The energy absorption data are shown i n figure 2. The d i f f e 
rent steps of absorption observed for r a t - t a i l tendon are not seen 
for the other samples. Especially unusual i s that for the c a l c i f i e d 
collagen the energy of absorption i s clearly less than 10 kcal/mole 
as soon as the weight of absorbed water exceeds 10 %. For the two 
films of reconstituted collagen the energy of absorption goes 
through a weak maximum near a weight of 10 % (P/P Q

 % 0.4 - 0.5) 
and then decreases regularly. 

3.2 - Comparison of differen
The absorption isotherm

sigmoidal form as did those for collagen which are c l a s s i f i e d as 
type I I with a hysteresis over the entire humidity range as shown 
in figure 3. A difference exists in the kinetics of absorption 
when observed by successive increments. Longer times are required 
to attain equilibrium for the keratin i n the f i r s t increment than 
for those above P/PQ = 0.6 (figure 4). 

A s h i f t of the absorption isotherm # i s observed toward higher water levels for reduced or dyed hair (figure 5 ). 

The absorption energy p r o f i l e for natural hair or dyed hair 
shows i n a l l cases a s l i g h t l y increasing slope (below P/P0 = 0.6) 
with the molar heat below that for the liquefaction of water, f o l 
lowed by a part clearly decreasing up to r e l a t i v e l y low values 
(figure 6). 

4. Discussion 
The above consideration lead essentially to a comparison with 

the model proposed for collagen fiber from r a t - t a i l tendon. In 
effect, i f i t i s possible to relate the hydration properties to 
structural or textural chemical differences i n the samples, one can 
hope to explain the collagen-water interaction on a molecular basis. 

Collagen 
For c a l c i f i e d collagen the hypothesis can be made that the 

decrease i n hydration as compared to that for the r a t - t a i l tendon 
corresponds to the f i l l i n g of holes in the m i c r o f i b r i l by apatite 
crystals. This would be evident i n the third step defined above. 
But a s h i f t i s observed at the low levels. The size of the s h i f t 
i s much more important than would be expected on the basis of the 
volume of the holes in question since i t extends to rel a t i v e humi
di t i e s near 50 %. I t i s also accompanied by a radical change i n 
the energy absorption p r o f i l e and an overall decrease i n the d i f 
fusion s i t e . 
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Figure 2. Energy of hydration vs. the amount of water absorbed for different 
collagen forms 
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Figure 3. Human hair keratin: (-{-) water sorption isotherm and (A) water 
desorption isotherm 
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Figure 4. Kinetics of hydration for different specimens. 
a is the ratio of the amount of water absorbed after time t vs. that absorbed at equili
brium. Symbols are defined as follows. Rat tail tendon collagen: (9) 0 < P/P0 < 0.33; 
(X) 0.43 < P/Po<0.58; (O) 0.66 < PIP0 < 0.81. Calcified turkey leg tendon: (9) 
0 < P/P0 < 0.22; (X) 0.33 < P/P0 < 0.48; (O) 0.65 < P/P0 < 0.85. Reconstituted col
lagen (1): (9) 0 < PIP0 < 0.20; (X) 0.37 < P/P0 < 0.59; (O) 0.78 < P/P0 < 0.95. Re
constituted collegan (2): (9) 0 < P/P0 < 0.17; (O) 0.26 < P/P0 < 0.48; (X) 0.62 < P/P0 

< 0.82. Normal human hair keratin: (9) 0 < P/P0 < 0.21; (O) 0.2 < P/P0 < 0.33; (X) 
0.62 < P/P0 < 0.87. Dyed human hair keratin: (9) 0 < P/P0 < 0.15; (X) 0.4 < PIP0 < 

0.6; (O) 0.75 < P/P0 < 0.9. 
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Figure 5. Water sorption isotherms for different keratin forms: (+) normal human 
hair keratin; (O) reduced human hair keratin; (A) dyed human hair keratin 
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Figure 6. Molar heat of water sorption for different keratin forms: (-\-) normal 
human hair keratin; (O) reduced human hair keratin; (A) dyed human hair keratin 
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A l l of these changes can be explained i f one supposes that 
the localized apatite crystals cause a strong crosslinking with 
an increase i n the cohesive energy between molecule and a de
crease i n the chain mobility. 

The energy and kinetic characteristics of swelling are chan
ged except for step I corresponding to the absorption of intermo
lecular water. 

For reconstituted collagen the hydration behaviour i s also 
explained r e l a t i v e l y well i n terms of the model i f the structural 
modifications described above (paragraph II) are taken into ac
count. For the f i l m prepared at 20°C we note : 
, the increase i n intramolecular bonding which increases the sta

b i l i t y of the t r i p l e h e l i x (increase i n the denaturation tempe
rature) implies a large decrease i n the i n i t i a l molar energy of 
hydration. The f i r s t intramolecula
red to overcome an increase
molecules do less and less to change the structure. This explains 
the progressive increase i n the balance of energy in the course 
of the f i r s t absorption step. 

. the disappearing of the "quarter stagger" structure and the i n 
crease i n the number of the intermolecular crosslinking i n the 
telopeptidic zones can explain the changes which are observed 
with this 20°C reconstituted collagen : decrease i n the amount 
of absorbed water, decrease i n the values of the energy and f i 
n ally decrease of the diffusion coefficients which correspond 
to the a c c e s s i b i l i t y of the si t e s . 

The f i l m prepared at 50°C d i f f e r s i n that i t no longer con
tains the t r i p l e h e l i x structure. If the h e l i x - c o i l (or collagen 
gelatin) transformation i s complete, the absorption should no lon
ger be related to the different structural levels but instead con
t r o l l e d by the tortuosity of the diffusion paths. The rate of 
water absorption i s considerably slower with a decrease in the 
weight absorbed at low humidities. But the energy p r o f i l e remains 
similar to the sample prepared at 20°C. We believe that the disap
pearance of the t r i p l e h e l i x structure i s incomplete and that the 
water tends i n i t i a l l y to be absorbed by the structures s t i l l 
present. 

Keratin fibers from natural hair have structures comparable 
to collagen i n the cr y s t a l l i n e region. But the structure i s res
t r i c t e d i n addition by hydrogen bonds, polar and charged interac
tions of the main chains and side groups and above a l l by covalent 
bridges. The a c c e s s i b i l i t y of the internal structure i s reduced 
with respect to that for acid soluble collagen fibers. Nevertheless 
water can s t i l l penetrate i n the fiber at low humidities because 
of i t s small size and polarity. In doing so, i t fixes to the most 
easily available polar groups, shields the associated e l e c t r i c 
f i e l d s , and reduces the cohesive forces. This eases chain move
ments through an induced p l a s t i c i z a t i o n . 

In Water in Polymers; Rowland, S.; 
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The weight and energy absorption data are compatible with 
these ideas. In effect : 
. The energy absorption p r o f i l e increases s l i g h t l y i n the f i r s t 

region which implies, as seen above for the case of reconstitu
ted collagen, a p l a s t i c i z a t i o n of the medium by the f i r s t 
molecules absorbed. 

. The absorption isotherm does not follow the BET expression i n 
the i n i t i a l part (20) : 

This equation i s based on the assumption that the absorbed 
species (N i n units o
centration M (in units
and then subsequently i n the form of multilayers. The BET trans
formation i s convex with respect to the axis P/P0 for keratin but 
linear for the case of r a t - t a i l collagen (figure 7). 

This means that the concentration of absorption sites changes 
progressively i n keratin. New absorption sites are created by the 
absorption of water. These are produced by the separation of mole
cular surfaces i n i t i a l l y i n contact. 
. The diffusion coefficient increases i n the course of successive 

absorption increments. This shows again that the a c c e s s i b i l i t y 
of sites i s increased by p l a s t i c i z a t i o n . 

. The e l a s t i c modulus decreases regularly with the weight of water 
absorbed at temperatures above 250 K. 

It must also be concluded that water i s already absorbed at 
the polar sites even at low p a r t i a l pressures. The energy of plas
t i c i z a t i o n does not f u l l y account for the water-polymer interac
tion. The large values of 13-14 kcal/mole suggest that water forms 
hydrogen bonds between chains and that the association i s r e l a t i v e 
l y strong. We note i n this regard that keratin retains 2-5 % by 
weight of water under a vacuum of 10"^ torr at ambiant temperature. 

For re l a t i v e humidities above 0.6, the mechanism of absorp
tion changes suddenly. In particular the molar energy of absorp
tion decreases and becomes less than 10 kcal/mole. This may imply 
the presence of pa r t i c u l a r l y weak interactions with the protein 
but another interpretation i s also possible. Throughout the course 
of this step there i s a replacement of the strong bonds previously 
formed i n favor of interactions between water molecules for exam
ple. This conclusion i s supported by the results from NMR, IR, and 
depolarisation current experiments (17,18,24) which seem to show 
that the relative proportions of different types of water polymer 
associations varies with the degree of absorption. 

Reduced and dyed hair are characterized by the scission of 
disulfi d e links between chains. This scission involves i n the two 
cases about 30 % of the cystine present. Therefore there i s a 

_1_ 
MC 

C - 1 _P_ 
MC P 0 

+ N(l -P/P 0) 
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Figure 7. BET representations for (O) 
collagen samples and (X) keratin samples 
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decrease in the cohesive energy between chains and eventually the 
formation of new absorption sites. 

In fact the absorption results are not greatly different : 
there is a slight increase in the amount of water absorbed ( + 10% 
on average) and a simple shift of the energy profile (toward hig
her values in the case of reduced hair and toward lower values in 
the case of dyed hair). In total the chemical modifications invol
ving the cystine do not lead to profound changes in the mechanism 
of water absorption at a molecular level for keratin. 

Conclusion 
These comparative studies show that only the hydration of 

acid-soluble collagen fibers exhibits well defined energetic 
steps which can be attributed respectively to intramolecular water, 
water in microfibrils an
swelling of the fiber. 

The intramolecular and intermolecular bonds which arise in 
calcified collagen and reconstituted collagen are the origin of 
the difference in the weight and kinetics of water absorption. The 
water acts as a plasticizer and brings into play other possible 
interactions as a result of the diffusion process. 

The keratin fiber differs from that of collagen in particular 
due to the importance and variety of polar, salt and covalent 
interactions between the main chains and side groups. The water 
is expected to moderate the interactions in question by concentra
ting around the polar sites. There should subsequently be in the 
course of the swelling process or redistribution of the water 
molecules. 

We have shown that the disulfide links between cystine groups 
of the chains are only one of several bonds involved in hair. The 
scission of these links by reduction or oxidation does not modify 
profoundly the hydration behaviour. 

In conclusion, the large differences between natural collagen 
and keratin must be emphasized both in terms of the isotherm ab
sorption and the nature of fixation sites of the water. We have 
shown that the influence of chemical modifications gives results 
which can be explained in terms of the model we have proposed. 
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N e w Insights into the C r y s t a l Structure H y d r a t i o n 

o f Polysaccharides 

T. BLUHM, Y. DESLANDES, R. H. MARCHESSAULT, and P. R. SUNDARARAJAN 
Xerox Research Centre of Canada, Mississauga, Ontario L5L 1J9, Canada 

With the exceptio f cellulos d c h i t i n  plant 
polysaccharides are
occurs in the crystal l ine regions s wel s e 
amorphous areas. When water of hydration is found in the 
c r y s t a l l i t e s , i t may or may not affect the conformation 
of the polysaccharide backbone and in most cases, i t 
affects the uni t -ce l l dimensions, while in a few cases, 
the water appears to have no effect on uni t -ce l l 
dimensions. The structures of six hydrated neutral 
polysaccharides wi l l be examined with regards to the 
state of water of hydration in the structure. It wi l l be 
seen that water may occur as columns or as sheets in 
these structures. The structures that wi l l be discussed 
are (1->4)-ß-D-xylan, nigeran, amylose, galactomannan, 
(1->3)-ß-D-glucan and (1->3)-ß-D-xylan. The chemical 
structures of these polysaccharides are shown in 
Figure 1. 

The evidence to be used is based on x-ray 
diffract ion analysis and not on swelling or moisture 
regain studies. This allows rather specific 
conclusions about the nature of the polysaccharide-
water interaction but eliminates macromolecu1ar 
aspects related to the osmotic phenomenon of polymer-
water interaction, as in hydrogels. In 
polysaccharides, both aspects are important, for 
example: in seed germination, crystal l ine hydration is 
a f i r s t step in the process, while gelatinization of 
starch involves a hydrogel phenomenon with hydrate 
crys ta l l i t es as pseudo-crosslinks. ( 1_) 

In 1ignocellulosics, the extreme aff in i ty of dry 
wood for water is notorious. The Egyptians took 
advantage of the phenomenon to sp l i t large rocks by 
wedging one end of a beam in a cleft and placing the other 
end in contact with water. In a thermodynamic sense, 
this takes advantage of the swelling pressure [2) which 
is certainly related to the hydration of the 

0-8412-0559-0/ 80/47-127-253505.00/ 0 
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h e m i c e l l u l o s e s . In f a c t , t he same a f f i n i t y c o u l d be 
i n v o l v e d i n t h e f a m i l i a r p r o b l e m o f w a t e r t r a n s p o r t i n 
t r e e s , whereby w a t e r c o l u m n s o f hund reds o f f e e t a r e 
s t a b l e . 

X y l a n [ P o l y ( 1 ^ 4 ) - g - D - X V L P ] 

P r o b a b l y the s econd most abundan t p o l y s a c c h a r i d e 
i n t h e w o r l d , x y l a n (3) i s f ound i n a s s o c i a t i o n w i t h 
c e l l u l o s e i n hardwoods and s o f t w o o d s as w e l l as i n 
g r a s s e s . I t i s s e l d o m f o u n d as a h o m o g l y c a n , bu t r a t h e r 
w i t h a s u b s t i t u t e d backbone 4 - 0 - m e t h y l - D - g l u c u r o n i c 
a c i d and a r a b i n o - f u r a n o s e b e i n g t he common g l y c o s i d i c 
s u b s t i t u e n t s . O - A c e t y l g r o u p s f r e q u e n t l y o c c u r a l o n g 
t h e c h a i n as n a t u r a
found w i t h o n l y a r a b i n o s
m a t e r i a l s a r e r e f e r r e d t o as a r a b i n o - x y l a n s . They a r e 
i m p o r t a n t components o f c e r e a l g r a i n s and p l a n t corms 
f rom w h i c h t h e y can be e x t r a c t e d t o be used as gums. 

X y l a n s have a l w a y s been c l a s s i f i e d w i t h t h e 
h e m i c e l l u l o s e s , t he n o n - c e l l u l o s i c p o l y s a c c h a r i d e s o f 
woody m a t e r i a l s . In t h e p a p e r - m a k i n g p r o c e s s , t h e y a r e 
a s s i g n e d a h y d r a t i o n r o l e , i . e . , w i t h o u t t h e m , s t r o n g 
i n t e r f i b e r bonds do not fo rm u n l e s s e x t e n s i v e 
m e c h a n i c a l s t o c k r e f i n i n g i s u s e d . A c c o r d i n g l y , t h e y 
a re c l a s s i f i e d as h y d r o c o l l o i d s o r gums and a r e t h o u g h t 
t o a c t as a g l u e e n c o u r a g i n g t he s t i c k i n g t o g e t h e r o f 
f i b e r s i n p a p e r . 

A l t h o u g h i t was no t r e a l i z e d a t f i r s t , t h e 
h y d r a t i n g p r o p e r t i e s o f x y l a n e x t e n d t o i t s c r y s t a l l i n e 
s t a t e . The u n i t - c e l l i s h e x a g o n a l (4) w i t h : 

a = b = 9 . 1 6 Â and c ( f i b e r r e p e a t ) = 14.9% 

The base p l a n u n i t - c e l l p r o j e c t i o n ( F i g u r e 2) shows t h e 
p o s i t i o n s o f t h e w a t e r m o l e c u l e s i n t he u n i t - c e l l as 
deduced f rom an a n a l y s i s o f t he e q u a t o r i a l x - r a y 
d i f f r a c t e d i n t e n s i t i e s f o r a f i b e r d i a g r a m r e c o r d e d a t 
abou t 50% r e l a t i v e h u m i d i t y . The w a t e r m o l e c u l e s 
c l u s t e r i n d i s t i n c t a r e a s and fo rm a h e l i c a l c o l u m n 
whose symmetry ma tches t h a t o f t h e x y l a n c h a i n s . In 
f a c t , t h e w a t e r o f h y d r a t i o n may d i c t a t e t h e symmetry o f 
t he x y l a n c h a i n s . The e n e r g e t i c a l l y ( t h e o r e t i c a l ) most 
s t a b l e c o n f o r m a t i o n o f t h e x y l a n c h a i n i n v o l v e s t w o 
f o l d s y m m e t r y , whereas i n t he h y d r a t e d c r y s t a l l i n e 
e n v i r o n m e n t , as deduced f rom x - r a y d i f f r a c t i o n , t h e 
x y l a n c h a i n s p o s s e s s t h r e e - f o l d s y m m e t r y . The w a t e r 
m o l e c u l e s s t a b i l i z e t he t h r e e - f o l d s t r u c t u r e by t he 
f o r m a t i o n o f h y d r o g e n b o n d s . T h i s s t r u c t u r e i s an 
example o f c o l u m n a r h y d r a t i o n w h i c h a l l o w s a s y m m e t r i c 
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Figure 2. Top: projection in the ab plane of (1 -» 4)-β-Ό-χγΙαη unit cell. Bottom: 
projection in the 110 plane of (1 -> 4)-β-Ό-χγΙαη unit cell 

In Water in Polymers; Rowland, S.; 
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expansion of the uni t -ce l l as the humidity and 
corresponding degree of hydration increase. At 58% 
relative humidity, the uni t -ce l l contains one water 
molecule per xylose unit while at 90% relative humidity 
there are two water molecules per xylose unit. At very 
low relative humidities, the crystal 1 ini ty is poor. 
Table I shows the uni t -ce l l dimensions of the various 
polymorphs. 

Table I 

Unit-Cell Parameters of 
(1+4) -g-Q-Xy 1 an Polymorphs 

"Dry

a = b (A) 8.8 

c {%) 14.85 

γ (deg.) 120 120 120 

The influence of the arabinose substituent on 
hydration is i l lustrated by the uni t -ce l l recorded for 
the gummy polysaccharide from corm sacs of Watsonia 
pyramidata where there seems to be two arabino-furanose 
units per backbone xylose unit . In this case, the 
hexagonal base plane expands to ( : 

0 0 

a = b = 14.OA c(fiber repeat) = 14.9A 

Since this sample loses crystal 1 ini ty on drying, i t is 
clear that water is involved in maintenance of the 
organized structure. 

Nigeran [Poly ( 1+4) - a -D-GLCP-( 1+3) -a-D-GLCP] 

One of the polysaccharides most easily extracted 
from fungal ce l l walls is nigeran. It is soluble in warm 
water (^60°C) and was shown to be an alternating co-
polysaccharide composed of (l+3)-a and (l+4)- a linked 
D-glucose units. (6,7) The polymer is highly 
crystal l ine in the ceTl wall and was f i r s t isolated (6) 
in 1914. Its role in ce l l walls or mycelia is not clear 
at this time and by suitably adjusting the growth 
medium, one can obtain mycelia with as much as 40% by 
weight of nigeran.(8) Other polysaccharide 
constituents of the fungal ce l l wall are typica l ly : 
c h i t l n , (l+3)-a-D-glucan, and (1+3)-ρ-D-g1ucan, a l l of 
which are water^insoluble. 

9.16 9.64 

14.85 14.95 
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The detection of crystal l ine nigeran in fungal ce l l 
walls can be accomplished readily by x-ray d i f fract ion . 
Even for low percentages of nigeran (3-6%), the 
crystal 1inity is high and the reflections are easily 
recognized and accurately measured.(9J By working with 
purified material, i t was shown that two dist inct 
polymorphs can be identif ied; the "dry" and "hydrate" 
forms whose orthorhombic uni t -ce l l dimensions are given 
i η Table 11. 

Table II 

Unit-Cell Dimension of 
"Dry"

"Dry" 

a (A) 17.76 
b (A) 6.0 
c(fiber repeat) (A) 14.62 

The major dimensional changes in the uni t -ce l l are 
in the b and £ d i m e n s i o n s . Since the latter is related to 
the cTiain conformation, its interpretation is 
important. Recent studies (10,1_1) have shown that there 
is no change in the 2χ heTTx symmetry on going from 
"hydrate" to "dry" form. The conclusion is that a sl ight 
extension of the hel i χ takes place while the contract ion 
in the t) dimension indicates a major structural 
transformation. Since only one dimension of the base 
plane is changing, one is tempted to describe the water 
of hydration in nigeran as sheet-l ike, with the sheets 
running paral le l to the â  axis. 

Figure 3 shows electron micrographs of nigeran 
single crystals . These are lamellae grown from dilute 
solutions and do not necessarily bear any relationship 
to the crystal l ine morphology found in the fungal ce l l 
wall . Nevertheless, they have been invaluable in 
deriving the crystal l ine parameters of nigeran and are 
vis ible proof of the high chemical regularity of this 
material. Furthermore, the systems of paral le l marks 
which are clearly vis ible in the "dry" form are 
macroscopic evidence of the stresses that occur in one 
direction of the uni t -ce l l base plane as dehydration 
takes place on the grid of the electron microscope. When 
the water is removed by solvent exchange to methanol, 
the smoother uncracked surface is seen. 

Hydrate 

17.6 
7.35 

13.4 
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Figure 3. Top: nigeran single crystals grown from ether. Bottom: nigeran single 
crystals after solvent exchange with methanol. 

In Water in Polymers; Rowland, S.; 
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A simple but descriptive picture of this hydrate 
structure (12) is as a sandwich with water of hydration 
in between Tâyers of polysaccharides (Figure 4). This 
is clearly over-simplif ied, but in view of the observed 
morphological changes in the single crystal lamellae, 
i t helps to understand the large scale dimensional 
changes which occur due to the additive effect of the 
small changes in J3 in each of the uni t -ce l l s which make 
up a crys ta l . The water of hydration also has an effect 
on the chain conformation, causing a contraction, even 
though the symmetry of the chain does not change. 

Amylose [Poly ( 1+4)-α-13-GLCP] 

Amylose is th
(1-* 4 ) -α -D-glucose
branched ^homopolysaccharide amylopectin (Figure 1) 
[(1-> 4)-α -D-glucan with (1-* 6)-a -D-glucose branch 
points] forms the commonly occurring polysaccharide, 
starch. Starch occurs as crystal l ine granules in nature 
which give rise to three types of x-ray diffract ion 
diagrams indicating the existance of three polymorphic 
structures; A, Β and C. Since x-ray diffractograms 
obtained from pure amylose exhibit characterist ic 
reflections identical to those obtained from A, Β and C 
starch granules, i t is considered that the 
crystal 1 i nity in starch is due to the amylose portion or 
to the linear branches of amylopectin. 

Native Α - s t a r c h occurs predominantly in cereal 
grains, B-starch is found in certain tuberous plants, C-
starch is a rare form found in some plants and may 
actually be a combination of A- and B-starches. Partial 
conversion of B-starch to Α - s t a r c h can be accomplished 
by adjusting temperature and humidity conditions, but 
complete conversion has never been achieved. When 
starch is dissolved in hot water, i t spontaneously 
undergoes gelation and subsequent crys ta l l i zat ion in 
the well-known process of r é t r o g r a d â t ion. (Γ3) The 
polymorphic form of retrograded starch is B-starch, 
irrespective of the form of starch i n i t i a l l y dissolved. 

Recent crystal structure proposals for A- and 
B-amylose (14,15) consist of parallei-stranded, 
r i g h t - h a n d e d T o û ¥ l e helices (Figure 5) packed in an 
ant i -paral le i fashion. Each strand is comprised of 
six α-Q-glucose units in the stable 4c x conformation. 
The uni t -ce l l of A-amylose is orthorhombic with: 

a = 11.90A, b = 17.70A and c(fiber repeat) = 10.52À 

In Water in Polymers; Rowland, S.; 
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Figure 4. Schematic of nigeran unit cell, showing approximate location of water 
of hydration 

Figure 5. Double helical conformation 
of amylose 

In Water in Polymers; Rowland, S.; 
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The fiber repeat of 10.52A for the double helix 
indicates that each single chain has a repeat of 21.04A. 
The uni t -ce l l of B-amylose is hexagonal with: 

ο 0 

a = b = 18.50A and c(fiber repeat) = 10.40A 
0 

In this case the single chain repeat is 20.8A, 
pract ica l ly identical with the chain in A-amylose. The 
double hel ical conformation of A- and B-amylose are 
nearly ident ica l , however, the two polymorphs differ 
s ignif icantly in degree and type of hydration. The 
water content of crysta l l ine B-amylose varies from 5% to 
27% depending on the relative humidity of the 
surroundings whi le A-amylos  contain  nearl  constant 
6% water at various
nor B-amylose, do th  chang
degree of hydration, however, the intensities of 
diffracted x-rays change with various degrees of 
hydration in B-amylose. 

Upon inspection of the crystal structures of A- and 
B-amylose, shown schematically in Figure 6, one sees 
that the amylose double helices pack in hexagonal arrays 
in both structures; the major difference in the 
structures being that in B-amylose the centre of the 
hexagonal array is occupied by water of hydration, 
whereas in A-amylose this latt ice site is f i l l e d with 
another amylose double hel ix. The water in B-amylose is 
lab i l e , moving in and out of the structure with great 
ease. This water may in fact be transported in tuberous 
plants. In A-amylose, the water of hydration is more 
sheet-like and more t ightly bound to the surrounding 
amylose double helices. Hence, the A-amylose structure 
is not as sensitive to the surrounding humidity as is the 
B-amylose structure. 

Conversion of B- to A-amylose on the molecular 
level occurs with the loss of significant amounts of 
water followed by a movement of amylose chains into the 
latt ice site vacated by the columnar water of hydration. 
Starch polymorphism in plants may be a result of the 
environment in which synthesis occurs. Synthesis and 
subsequent crysta l l izat ion may occur as follows: 
amylose single strands are synthesized f i r s t , the 
strands then intertwine about each other forming the 
amylose double helix. Crystal l izat ion then occurs in 
either the A or Β polymorphic form depending on the 
amount of water in the environment. This mechanism 
probably implies low degree of c r y s t a l l i n i t y in the 
f inal material, which is generally the case. 

In Water in Polymers; Rowland, S.; 
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Figure 6. Schematic of A- and B-amylose unit cell in the ab plane; amylose double 
helices are shown as circles. 

In Water in Polymers; Rowland, S.; 
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Galactomannan 

Ivory nut man nan, poly ( 1+4) -$-D-mannose, is a we 11-
known reserve polysaccharide which is water insoluble 
(16) and highly crys ta l l ine . It occurs also in date 
seeds where i t was shown to disappear upon germination, 
a characteristic of seed endosperms. The native unit-
c e l l , mannan I, is orthorhombic (Γ7) with: 

a = 7.21A, b = 8.82A and c(fiber repeat) = 10.3A 

Intermolecular hydrogen bonds hold the adjacent chains 
t ight ly together, indeed, the density of native mannan 
generally surpasse  that f nativ  cel lulose  Becaus
of this high cohesion
unhydrated. Substitutio g  polysaccharid
backbone increases water so lubi l i ty since bulky groups 
disrupt the f i t and regular hydrogen bonding scheme 
between adjacent molecules, thereby increasing the 
access ibi l i ty of hydroxyls to water molecules. 

Galactomannans are a family of seed endosperm 
polysaccharides (16) with a mannan backbone 
and appended (1+6)- α -D-galactose substituents which 
render them water soluble (see Figure 1). A wide variety 
of galactomannans with different mannose/galactose 
(M/G) ratios have been studied. Typical of these 
commercially available gums are: Guar, Locust and Tara 
galactomannans where the ratios M/G are 1.9, 3.2 and 
3.7, respectively. Crysta l l ine , oriented films of 
these materials can be obtained by evaporation of an 
aqueous solution of these polysaccharides.(18,19) 

Table III 

ο Orthorhombic Unit-Cell Parameters 
(in A) from Fiber Diagrams of Galactomannans 

Sample a b c 
at 0% RH 

Guar 13.5 8.7 10.4 
Locust 11.6 8.7 10.4 
Tara — 

at 58% RH 
Guar 24.0 8.9 10.4 
Locust* 24.0 8.9 10.4 
Tara 24.2 9.0 10.4 

at 78% RH 
Guar 33.2 9.0 10.4 
Locust 30.6 9.0 10.4 
Tara 28.3 9.1 10.4 

In Water in Polymers; Rowland, S.; 
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X-ray fiber diagrams recorded at different 
relative humidities showed three important features 
(Table III): 

ο New diffraction spots develop above 20% relative 
humidity necessitating adoubling of the uni t -ce l l 
(a. dimension). It seems that water induces a 
variation of the uni t -ce l l by modifying the 
relative orientation of the chains. 

ο The cJ-spacings of the most intense equatorial 
reflection (related to the a_ dimension only) 
increase as relative humidity increases; the b and 
c dimensions do not change with relat ive humicTity; 
Tn fact, those
mannan I, wher

ο F ina l ly , the a dimension of these three samples 
generally increases with the degree of galactose 
substitution with b_ and £ remaining constant. 

These three observations lead to the conclusion that a 
good crystal l ine model consists of a sheet-like 
arrangement of chains paral le l to the uni t -ce l l b> axis 
as f i r s t proposed by Palmer and Ballantyne.(19) 

By increasing the galactose content or by 
increasing the relative humidity, a "repulsive force" 
between the chains in the à direction is fe l t and the 
uni t -ce l l expands accordingly. The packing forces in 
the b̂  direction are the same no matter what the level of 
galactose substitution and this force seems responsible 
for the sheet-like hydration mechanism. 

Since crystal l ine mannan I is not hydrated, i t 
seems clear that the role of the (l->6)-a-D-galactose 
substituent is to encourage hydration and p l a s t i c i t y . 
In wood cel ls where the galactog1ucomannan (glucose 
present in the backbone) is a matrix substance, 
piast ic izat ion is probably the desired property. In 
seeds where galactomannan is a constitutent of an 
endosperm, controlled hydration to fac i l i t a t e attack by 
some enzyme is probably the important feature. The 
f a c i l i t y of hydration can control the specific time of 
germination of seeds especially in a desert 
envi ronment. 

As is expected with this type of hydrated 
structure, the best x-ray patterns (best ordered 
sample) are obtained when the relat ive humidity is in 
the middle range (40% to 80%). At 98% relat ive humidity, 
the amount of water begins to solubi l ize the chains, 
thus destroying the crystal 1inity. At 0% relat ive 
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humidity, the lack of water limits the mobility of the 
polysaccharide elements and the chains have d i f f i cu l ty 
finding the regular arrangement of the crystal l ine 
state. 

(l+3)-3-P-Glucan and Xylan 

Another polysaccharide which displays interesting 
hydration phenomena is (l+3)-3-D-glucan, often called 
paramylon (20), curdlan (2JJ or laminaran (16). The 
molecular crystal l ine arrangement oT" this 
polysaccharide consists of a t r ip le helix formed by 
three intertwining 6χ he! ices . (22!,23) Two polymorphs 
(22) are observed when x-ray ïïTagrams of well
crysta l l ized fibers
humidities. If the
"dry" polymorph is obtained. The "hydrated" polymorph 
is found at 75% relative humidity and contains two water 
molecules per glucose residue. The transformation 
between the two forms is reversible, the c r i t i c a l 
relat ive humidity being around 20% depending on sample 
history. 

The uni t -ce l l of both polymorphs is hexagonal with 
the parameters shown in Table IV. The str iking 
variation i n £ c a n be easily explained in terms of a loss 
of symmetry i η the crystal line structure when going from 
the "dry" form to the "hydrate" form. Since no physical 
modification of the fibers is observed, i t is unlikely 
that the increase in fiber repeat is caused by an actual 
physical stretching of the chain. The tr ip le hel ical 
structure is composed of three equivalent strands 
related by a three-fold symmetry operation. The repeat 
of such a structure is 1/3 of the repeat of a single chain 
(Figure 7). However, i f the strands are not ident ica l , 
the three-fold symmetry is lost and the fiber repeat of 
the whole structure is that of the single strand, i . e . , 
that found in the "hydrate". 

Table IV 

Unit-Cell Parameters of the Polymorphs 
of (l+3)-3-D-Glucan and (l+3)-3-D-Xylan 

(l+3)-g-D-Glucan (1+3) -β-D-Xy1 an 

Dry Hydrated Dry Hydrated 
0 

a = b 

c (A) 
(A) 14.6 15.6 13.7 15.4 

5.8 18.6 5.88 6.12 

Helix Pitch (A) 17.34 18.6 17.64 18.36 

In Water in Polymers; Rowland, S.; 
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All of the uni t -ce l l dimensions increase when 
converting from the "dry" form to the "hydrate". The a b 
plane expands equally in both directions and i t is 
believed that thewater of hydration is disposed between 
the t r ip l e helices in a columnar fashion (Figure 8). 
Interhelix hydrogen bonds are probably broken and/or 
replaced by new bonds involving water molecules. This 
mechanism could lead to the loss of three-fold symmetry. 
The three strands are no longer equivalent, possibly due 
to different hydroxymethy1 group rotameric positions. 

(l+3)-3-D-xylan behaves s imilarly to the glucan 
even though its C(5) carbon lacks the CH20H group. 
Nevertheless, the crystal structures of these two 
polysaccharides are  s imi lar  consistin f t r ip l
h e l i c e s . ( 2 £ ) The xyla
parameters given in Table IV. The effect of hydration is 
about the same as in the corresponding glucan structure. 
However, in the case of the xylan, the three-fold 
symmetry is not lost in the hydrated form. The 
correlation of this phenomenon with the absence of the 
hydroxymethy1 group seems obvious. The presentation of 
three-fold symmetry is an indication that no water 
molecules can be accommodated in the middle of the 
t r ip le helix. It is impossible to introduce three 
coplanar water molecules and retain the three-fold 
symmetry in a cavity of approximately 3A diameter. 

In conclusion, i t is very l ike ly that the hydration 
of both (l+3)-3-0-glucan and ( 1+3)-3-D-xy 1 an is in the 
form of columns between the t r ip l e helices which bring 
about an increase in the uni t -ce l l dimensions of the 
hydrate. 

Pi scussion 

The observations discussed above were deliberately 
restricted to neutral glycans in order to avoid 
hydrating phenomena related to polyelectrolyte 
behaviour. The latter effect is found in the 
mucopolysaccharides {25) and sulfated algal 
polysaccharides. (2j>_) The glycans of this review are 
from the ce l l walls of f 1 owering plants, algaeor fungi. 
Their roles are clearly s tructural , matricial or 
reserve (Table V). Present understanding of the short-
range non-bonded interaction allows one to predict 
general features of single chain conformation, but 
details such as multiple helix formation or hydration 
and its effect on comformation are s t i l l beyond 
theoretical prediction. 

In general, hydration of polysaccharides is an 
element of structural adaptation. Structures that 
hydrate wil l show stress relaxation under tension and 
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Figure 8. ab projection of (1 -» 3)-fi-O-glucan anhydrous unit cell 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



T
ab

le
 V

 

R
ol

e 
in

 
N

at
u

re
, 

H
yd

ra
te

 
F

or
m

, 
U

n
it

-C
el

l 
T

yp
e 

an
d 

C
on

fo
rm

at
io

n
al

 
Sy

m
m

et
ry

 
of

 
V

ar
io

u
s 

P
o

ly
sa

cc
h

a
ri

d
es

 

C
on

fo
rm

at
io

n
al

 
P

ol
ys

ac
ch

ar
id

e 
R

ol
e 

H
yd

ra
ti

on
 

U
n

it
-C

el
 1

 
Sy

m
m

et
ry

 

(l
->

3
)-

3
-D

-G
lu

ca
n 

S
tr

u
ct

u
ra

l,
 

C
ol

um
na

r 
H

ex
ag

on
al

 
6

χ
 

R
es

er
ve

 

(l
+

3
)-

3
-D

-X
yl

an
 

S
tr

u
ct

u
ra

l,
 

C
ol

um
na

r 
H

ex
ag

on
al

 
6

1 

R
es

er
ve

 

(l
-*

4)
-3

-D
-G

al
ac

to
m

an
n

an
 

M
at

ri
x 

S
h

ee
t-

L
ik

e 
O

rt
ho

rh
om

bi
c 

2i
 

(l
-*

4)
-3

-D
-X

yl
an

 
M

at
ri

x 
C

ol
um

na
r 

H
ex

ag
on

al
 

3
i 

N
ig

er
an

 
? 

S
h

ee
t-

L
ik

e 
O

rt
ho

rh
om

bi
c 

2i
 

A
m

yl
os

e 
R

es
er

ve
 

C
ol

um
na

r,
 

H
ex

ag
on

al
, 

6
1 

S
h

ee
t-

L
ik

e 
O

rt
ho

rh
om

b 
ic

 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



270 WATER IN POLYMERS 

the rate wil l be a function of relative water content. 
Of the two categories discussed, columnar hydration is 
more reversible and less morphologically damaging. It 
is the only kind expected in a structural material. 
Sheet-like hydration causes uneven expansion or 
contraction of the material and thereby destroys the 
structural cohesion. The effect can be gauged by the 
appearance of the vacuum dried single crystals of 
nigeran shown in Figure 2a. The system of paral le l 
cracks created by the drying stresses are irreversible 
and are of a size to allow enzymes to access the inner 
surfaces of a ce l l wal l . Thus, mere drying of a fungal 
wall containing nigeran increases its suscept ibi l i ty to 
enzyme attack. ( 27) 

The strain effect
better i l lustrated tha  precaution
taken to dry and season wood before its use. This 
problem relates to water removal from capi l lar ies but 
certainly the dehydration of the hemicelluloses which 
are in a paracrystalline order at the surface of the 
microf ibri l s (2j8) must play a role . Xylan (4) in 
hardwoods and galactoglucomannans (1_8) in softwoods 
have the characteristics of columnar and sheet 
hydration, respectively. 

Seed germination is a phenomenon which requires 
moisture, hence hydration of the polysaccharide in the 
endosperm. Galactomannans seem tai lored to adapt to the 
environmental requirements of plants located in 
tropical areas where moisture is seasonal. By 
comparison, starch hydration is probably more gradual 
and reversible, a situation more in keeping with a 
temperate climate. 

From a thermodynamic point of view, one might 
expect that polysaccharide crys ta l l i t e s would display 
dist inct hydrates and not show continuous variation in 
water content as a function of relative humidity. So 
far , the continuous variation in uni t -ce l l parameters 
as a function of relative humidity seems to be the rule . 
However, the variation of cel l parameters with relative 
humidity seems to follow the shape of the moisture 
sorption curve, (IS) In al l probabi l i ty , the fine 
structure factor introduces localized strain effects 
which prevents detection of a unique hydrate at a given 
relat ive humidity. 
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Various terms hav
ciated with cellulose fibers. Bound water, imbibed water, water 
of constitution, adsorbed water, fiber saturation point are some 
of the terms that have been used to describe the water in pulps 
and papers. The origin of each term can be traced to either the
oretical considerations or to the experimental method of measure
ment. Bound water has been the most popular term used to describe 
the associated water. Bulk water or free water is that portion of 
water not associated (or not bound) with the fibers. Two measure
ment techniques may not yield identical values of bound water. 
The non-existence of a sharp boundary between bound water and free 
water is one reason for such discrepancies. In addition, two me
thods may be measuring different physical phenomena. 
Measurement of Bound Water 

NMR (Nuclear Magnetic Resonance) (_1,_2,J3,4). This technique 
detects the mobility of protons in various energy states. The 
hydrogen atoms in bound water are at different energy levels than 
the hydrogen atoms in free water. These energy levels are mea
sured and recorded in the form of NMR spectra. The bound water 
can be calculated from the NMR spectrum. NMR measurements may be 
done at any temperature. While NMR may be the most basic method 
for the measurement of bound water, it requires expensive equip
ment, trained personnel, and considerable preparation for each 
experiment. These requirements are not frequently available to 
the researcher in the paper industry. 

DSC (Differential Scanning Calorimeter (4,_5,6) . When a wet 
pulp sample is cooled well below 0°C, the free water freezes but 
the bound water remains in the non-frozen state. When the frozen 
sample is heated in a calorimeter, the heat required to melt the 
frozen water can be measured. Non-frozen water, which is defined 
as the bound water, is the difference between the total water and 
the frozen water. The freezing of free water and non-freezing of 
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bound water are thermodynamic phenomena, so the measurement i s ab
solute, but as the bound water i s calculated by d i f f e r e n c e , the 
measurement i s i n d i r e c t . The bound water i s measured only at the 
freezing point. The experimental procedure i s simpler than NMR. 

Solute Exclusion Method 07,8). The bound water i s defined as 
that water i n a swollen f i b e r structure which does not act as a 
solvent for a c r i t i c a l s i z e solute molecule. E s s e n t i a l l y i t mea
sures the volume of a l l the pores smaller than the c r i t i c a l pore 
s i z e . The c r i t i c a l s i z e f o r the pores or the solute molecules i s 
a r b i t r a r i l y set. As the thermodynamics of bound water does not 
enter, t h i s method i s not absolute. The solute exclusion method 
i s a r e l a t i v e l y simple technique, which does not require expensive 
equipment but does requir  experimental p r e c i s i o n

Thermogravimetric  Drying  (9,10)
f i b e r sample i s dried under c o n t r o l l e d conditions to obtain the 
drying rate curve. The moisture content at the boundary of con
stant-rate drying period and f a l l i n g rate drying period i s defined 
as bound water. The drying rates are highly dependent upon the 
d i f f u s i o n rates and the geometry of the sample. These measure
ments may be made at any temperature. The bound water data on 
papermaking f i b e r s can be used i n estimating the rate of drying i n 
the production of paper. The drying rate method i s not a high 
powered a n a l y t i c a l technique, but i t does provide d i r e c t measure
ment of bound water as i t influences drying of paper. 

WRV (Water Retention Value). The water retained when f i b e r s 
are subjected to external force i s known as the Water Retention 
Value. Water retained by surface tension forces i n addition to 
adsorbed water may be involved i n t h i s determination. The methods 
used i n determining t h i s value are centrifuging (water retained 
under standard centrifuging) (11,12), hydrostatic tension (water 
retained under standard tension) (13), and suction (water retained 
under suction or vacuum) (14). A l l these methods can be employed 
at any temperature and the experimental techniques are quite sim
ple. 

Experimental 

DSC Measurement. The non-freezing water of wet pulp and pa
per samples was determined by D i f f e r e n t i a l Scanning Calorimetry. 
A wet sample was hermetically sealed i n a sample pan. The empty 
sample pan and the sealed pan were weighed. The sealed pan was 
quickly frozen i n s i d e the DSC chamber to -40°C and several min
utes were allowed f o r the system to come to equilibrium. The sam
ple holder assembly was then heated at a rate of 5°C/min. A scan
ning speed of 5°C/min was found to give the optimum values of peak 
height and peak spread. This minimized the errors i n experimental 
measurements. A f t e r the DSC measurement, the pan was punctured 
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and heated i n a vacuum oven at 1Q5°C to obtain the dry weight. 
A s t r i p chart recorder connected to the Perkin-Elmer DSC ~ IB 

recorded the melting behavior. A s t r a i g h t base l i n e was obtained 
when no phys i c a l change took place i n the sample. As soon as the 
frozen water started melting, i t absorbed heat and lowered the 
temperature. The instrument supplied heat to the sample so that 
the sample temperature was maintained equal to the reference tem
perature. The amount of heat supplied to equalize the tempera
tures was recorded on the s t r i p chart recorder. The t o t a l area 
under the DSC curve given by the recorder i s proportional to the 
t o t a l heat supplied to equalize the temperatures, i . e . , the heat 
required to melt the frozen sample. An integrator performed the 
int e g r a t i o n at the same time the curve was being traced. The i n 
tegrator was c a l i b r a t e
from the integrator reading
sample was calculated knowing the c a l i b r a t i o n f a c t o r . 

Each wet pulp or paper specimen was centrifuged at 3000 rpm 
for 30 minutes. The c e n t r i f u g a l force was equivalent to 900g fs. 
The c e n t r i f u g a l method of water retention value (WRV) under con
d i t i o n s of 900g and 30 minutes has been suggested by Scallan and 
Carles (12). Thus the water content of the pulps was reduced to 
the l e v e l of WRV before determining the non-freezing water. For 
each specimen, minimum of 5 runs were made and the average of f i v e 
samples i s reported as non-freezing water. (The complete set of 
re s u l t s including the s t a t i s t i c a l analysis i s a v a i l a b l e from the 
authors). 

Pulp Preparation and C h a r a c t e r i s t i c s . Several papermaking 
variables were selected f o r studying the e f f e c t s on the non-freez
ing water. These were beating, drying, pressing, removal of 
f i n e s , and addition of s a l t s . A hardwood bleached pulp was used 
for the once-dried pulp while f o r the never-dried pulp, a 50% 
y i e l d spruce bleached k r a f t was used. The pulps were beaten i n a 
Valley beater according to TAPPI standard T-200 and handsheets 
made. The non-freezing water values were determined f o r both the 
pulp and the rewetted handsheets. The density, breaking length, 
and e l a s t i c modulus of the handsheets were also measured by stan
dard TAPPI procedures. 

The e f f e c t of fi n e s was studied f o r unbleached, never-dried 
spruce s u l f i t e pulp ( y i e l d 57.6%). The fi n e s were removed using a 
200-mesh screen. The non-freezing water was measured f o r the pulp 
and the rewetted handsheets. To prepare a sheet from f i n e s , the 
fin e s suspension was poured i n t o a f l a t dish and the water allowed 
to evaporate under ambient conditions. The sheet did not d i s i n t e 
grate on rewetting. 

To study the e f f e c t of applied pressure on non-freezing wa
t e r , handsheets were made i n a TAPPI standard sheet mold and man
u a l l y pressed at various pressures up to 1000 p s i . The handsheets 
were pressed between a b l o t t e r and a s t e e l p l a t e . When pressed at 
high pressures, the wet handsheets adhered strongly to the b l o t t e r 
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and to the s t e e l plate. To prevent the adhesion and for easy sep
ara t i o n of the sheet a f t e r pressing, a f i l t e r paper was placed be
tween the sheet and the s t e e l p l a t e . For the sake of uniformity, 
t h i s procedure was followed f o r a l l pressures, even though i t was 
not necessary at low pressures. One group of handsheets was r e 
placed i n the water immediately a f t e r pressing so the f i b e r s i n 
t h i s group were never allowed to dry. The remaining handsheets 
were dried i n the humidity room under standard conditions. The 
bound water was determined f o r these sheets a f t e r they were soaked 
i n water overnight. The density, breaking length, and e l a s t i c 
modulus of the dried sheets were determined by TAPPI standard 
methods. Non-freezing water measurements were made on s u l f i t e , 
k r a f t and mechanical pulps at several l e v e l s of pressure. The 
s u l f i t e pulp was pulped from spruce to a 57.6% y i e l d  I t was un
bleached, unbeaten and neve
pulp was 635 ml CSF. Th
the same spruce as the s u l f i t e pulp. I t was unbleached, unbeaten 
and never dried. The freeness of the dispersed pulp was 675 ml 
CSF. The groundwood was i n the dry lap form and when dispersed, 
i t had a freeness value of 465 ml CSF. 

Ef f e c t of Salts on Non-freezing Water. The non-freezing wa
ter of pulps i n the presence of s a l t s was also determined. The 
s a l t s added to the pulp were KNO3, CsCl, K l , MgSO^ L i C l , L12SO4, 
and A^iSO^)^. The f i r s t three are considered structure breakers 
while the l a s t four are structure makers. The pulp used was a 
57.6% y i e l d spruce s u l f i t e pulp. I t was unbleached, unbeaten and 
never dried. The pulp was dispersed i n 1 M s a l t s o l u t i o n . To 
study the e f f e c t of concentration, 0.5 M and 0.1 M s a l t solutions 
were also used f o r dispersion i n the case of KNO3 and L12SO4. The 
pH of the dispersion before and a f t e r s a l t addition was measured. 
The pH was not adjusted. The dispersion was s t i r r e d gently f o r a 
few hours by a magnetic s t i r r e r bar. The dispersion was c e n t r i -
fuged at 3000 rpm f o r 30 minutes (900g fs) as had done f o r other 
pulp samples before the non-freezing water determination. No a t 
tempt was made to wash the s a l t s from the pulps. 

C a p i l l a r y Condensation - Freezing Point Depression 

As a consequence of surface tension, there i s a balancing 
pressure difference across any curved i n t e r f a c e . Thus, the vapor 
pressure over a concave l i q u i d surface w i l l be smaller than that 
over a corresponding f l a t surface. This vapor pressure difference 
can be calculated from the Kelvin's equation: 

2«Vm cos6 
RT In P r/P Q = 

Where P r i s the vapor pressure i n the c a p i l l a r y of radius r , P Q i s 
the vapor pressure of free water; G, V m and S are surface tension, 
molar volume and contact angle of the water, r e s p e c t i v e l y . 
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I f i t i s assumed that an absorbed layer of water e x i s t s be
fore c a p i l l a r y condensation takes place and that t h i s layer con
s i s t s of ordered or oriented water molecules, then the contact 
angle i n Kelvin's equation should be very close to zero. With 
zero contact angle, vapor pressures i n the c a p i l l a r i e s are calcu 
l a t e d from Kelvin's equation f o r c a p i l l a r i e s from 10 Â to 200 Â, 
Table I. The vapor pressure of water below 0 C (15) i s compared 
with the vapor pressures i n the c a p i l l a r i e s to obtain the freezing 
points. Figure 1 shows the r e l a t i o n between the freezing point 
depression and the c a p i l l a r y radius. 

Table I: C a p i l l a r y r a d i i , vapor pressures and freezing point 
of water from Kelvin's equation. 

C a p i l l a r y 
Radius, A 

Pressure, 
mm of Hg 

Freezing 
Point, °C 

σο 4.579 0 

1000 4 .526 - 0 . 1 5 

200 4 .322 - 0 . 8 

150 4 .258 - 1 . 0 

100 4 .08 - 1 . 6 

75 3.925 - 2 . 1 1 

50 3.634 - 3 . 1 5 

40 3 .41 - 4 . 0 

30 3.07 - 5 . 4 

20 2 .368 - 8 . 8 

10 1.443 - 1 5 . 0 

The DSC curves of the non-freezing water f o r a l l pulp and 
paper samples gave a minimum melting point of -4°C. A freezing 
point depression of 4°C corresponds to a 40 A radius c a p i l l a r y . 
Since freezing or melting was not observed below -4°C, i t may be 
concluded that the water i n c a p i l l a r i e s smaller than 40 Â did not 
freeze. A c r i t i c a l pore s i z e can be defined as the largest pore 
that can carry 100% non-freezing water. This value i s chosen as 
40 A. The choice i s subjective to some extent. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



278 WATER IN POLYMERS 

CAPILLARY RADIUS, A 

Figure 1. Freezing point of water in capillaries (from Kelvin's equation) 

ε 

700 600 500 400 300 200 100 

FREENESS, csf 

Figure 2. Effect of beating on once-dried Kraft pulp: f | j pulp; (φ) rewetted 
handsheets 
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Results and Discussion 

E f f e c t of Beating on Non-freezing Water. I t i s w e l l known 
that beating pulp r e s u l t s i n an increased water retention value. 
I t was therefore of i n t e r e s t to study the e f f e c t of beating on the 
non-freezing water on several types of pulps. Figure 2 shows the 
changes i n the non-freezing water and WRV of a dried hardwood 
k r a f t (commercial) pulp and handsheets made from t h i s pulp which 
was dried and rewetted. Both the non-freezing water and water r e 
tention value f o r the pulp increased on beating. Two zones were 
observed, one from 700 to 600 CSF and one from 300 CSF to lower 
freeness values. However, both non-freezing water and WRV f o r the 
rewetted samples remained constant. 

Figure 3 shows th
dried k r a f t (Spruce) pulp
not a l t e r s i g n i f i c a n t l y the bound water values f o r the pulp or the 
rewetted handsheet. However, the WRV for the pulp increased with 
the i n i t i a l beating and was higher than the hardwood k r a f t pulp 
(Figure 2). I t i s i n t e r e s t i n g to note that the non-freezing water 
of the rewetted papers of the two pulps was constant and s i m i l a r , 
and also that the beaten, once-dried hardwood pulp had a higher 
non-freezing water value than the beaten never-dried softwood 
pulp. The higher non-freezing water values of the f i n e s i n the 
hardwood pulp may be responsible f o r these r e s u l t s . In f a c t , as 
shown i n Table I I , the non-freezing water of fine s may be four 
times the value of f i b e r s . Thus, pulp f i n e s may contribute s i g n i 
f i c a n t l y to the non-freezing water values, but once dried i n t o 
sheets, they become part of the f i b e r and do not contribute to the 
non-freezing water on rewetting. 

Table I I : Non-freezing water f o r f i n e s , f i n e s - f r e e pulp and hand-
sheets, the never-dried s u l f i t e pulp beaten i n v a l l e y beater. 

Sample 

Non-freezing water, g/g W.R.V., g/g 

Sample av. st.dev. av. st.dev. 

whole pulp 0.568 0.03 2.92 0.55 

f i n e s - f r e e pulp 0.538 0.13 2.17 0.30 

Handsheets from 
whole pulp 0.443 0.03 1.26 0.11 

f i n e s - f r e e pulp 0.465 0.12 1.26 0.17 

fi n e s 1.85 - 13.4 -
once dried f i n e s 0.611 0.07 2.68 0.4 
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Figure 3. Effect of beating on never-dried Kraft pulp: (Jl) pulp; (φ) rewetted 
handsheets 

Figure 4. Effect of pressing on sulfite sheet: (φ) sheets pressed and rewetted; (φ) 
pressed, dried, and rewetted 
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E f f e c t of Pressing on Non-freezing Water. Figures 4 , 5 , and 
6 show that the non-freezing water i n i t i a l l y increases on pressed 
rewetted sheets and on pressed, dried, and rewetted handsheets f o r 
s u l f i t e , k r a f t , and groundwood pulps. However, at higher pres
sures, the non-freezing water values decrease. This e f f e c t v a r i e s 
with the type of pulp. 

At t h i s point, the following p i c t u r e can be developed to 
q u a l i t a t i v e l y account f o r these r e s u l t s . The non-freezing water 
i n both pulps and paper sheets i s the r e s u l t of the strong water-
c e l l u l o s e surface i n t e r a c t i o n . The extent of t h i s i n t e r a c t i o n de
pends on the surface c h a r a c t e r i s t i c s of the f i b e r . Thus, hemi
c e l l u l o s e s i n f i b e r s and f i n e s would be expected to give higher 
non-freezing water values. Coupled with these chemical e f f e c t s i s 
the p h y s i c a l presence o  i
w a l l i s composed of a porou
sheet, pores may also e x i s t between the f i b e r elements as w e l l . 
The presence of these small pores can also r e s u l t i n non-freezing 
water. Hence, the non-freezing water i n pulp and paper appears as 
the r e s u l t of both the p h y s i c a l presence of pores and strong wa
ter-surface i n t e r a c t i o n s . 

The increase i n the non-freezing water values i n Figure 1 
could o r i g i n a t e from the creation of small pores during the beat
ing of the dried pulp as w e l l as from the f i n e s . L i t t l e e f f e c t on 
the non-freezing water value i s observed a f t e r the paper i s dried 
and rewetted. This i s the r e s u l t of pore c l o s i n g during drying. 
In contrast, no new small pores are created on beating a never-
dried softwood pulp and thus the non-freezing water shows no 
change. 

The increase i n non-freezing water on pressing (Figs. 4 , 5 , 
and 6 ) may be a t t r i b u t e d to the consolidation of the pore s t r u c 
ture. F i r s t , at the lower pressures, the l a r g e r pores ( > 4 0 1) 
where -water i s Q f r o z e n are consolidated to pores below the c r i t i c a l 
pore s i z e ( 4 0 A). This leads to an increase i n non-freezing wa
ter . However, on further increase i n plate pressure, the non-
freezing water decreases. This decrease may be the d i r e c t r e s u l t 
of pore c l o s i n g as a r e s u l t of drying between the b l o t t e r . In
deed, a f t e r pressing at 1 0 0 0 p s i , the moisture content f o r the 
k r a f t pulp decreased from 2 . 9 7 g/g to 0 . 8 4 g/g of dry pulp. I t i s 
therefore very conceivable that some of the smaller pores were 
closed during moisture removal. Indeed, C a u l f i e l d and Weatherwax 
( 1 6 ) have shown that 20% of water i s held i n pores 1 2 Â or l e s s . 
I t seems l i k e l y that these pores are closed on pressing and/or 
drying. Support f o r t h i s mechanism i s based on the fac t that the 
dried and rewetted sheets show a s i m i l a r pattern with pressing as 
the non-dried sheets. 

The maxima i n the pressing curves i n Figures 4 , 5 , and 6 i s 
thus believed to be the r e s u l t of two e f f e c t s , the creation of 
small pores< 4 0 1 and the c l o s i n g of the < 1 2 A pores on pressing. 
The difference i n the maxima between the figures i s furthermore a 
function of the type of pulp and i t s state of dispersion. 
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Figure 6. Effect of pressing on ground wood pulp: (J^) sheets pressed and rewetted; 
(φ) pressed, dried, and rewetted 
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Non-freezing Water i n the Presence of S a l t s . The non-freez
ing water values f o r the unbleached s u l f i t e pulp containing 1 
molar s a l t solutions i s shown i n Figure 7. The v i s c o s i t i e s of 
these aqueous s a l t solutions at 20°C and the pH of the pulp d i s 
persions are shown i n Table I I I . The structure breakers (KNO3, 
CsCl and KI decreased the non-freezing water while the structure 
makers (MgSO^, L i C l , and A ^ i S O ^ ) ^ increased the non-freezing wa
t e r . In terms of the c a p i l l a r y model developed f o r the non-freez
ing water i n pulp, the structure makers increased the c r i t i c a l 
pore s i z e while a decrease i n c a p i l l a r y s i z e occurred with the ad
d i t i o n of structure makers. These changes can occur by the ad
sorption of cations and anions at the f i b e r surface. 

Table I I I : Properties f s a l t solution  A ^ i S O ^ ) ^ s o l u t i o  i
0.15M. A l l other solution

Salt 

V i s c o s i t y 
of 1M soin, 

cp 

M 1M soin. 

βΧ water 

Surface 
tension 

of 1M s o i n , 
dynes/cm 

pH of 
s a l t 

suspension 

KN0 3 0.872 0.976 73.78 6.3 

CsCl 0.872 0.975 6.3 

KI 0.837 0.936 73.6 7.4 

Water 0.894 1.000 72.75 7.0 

MgS04 1.725 1.93 74.85 6.25 

L i C l 1.021 1.142 74.68 6.0 

L i 2 S 0 4 1.484 1.66 75.4 8.5 

A 1 2 ( S 0 4 ) 3 1.207 1.35 79.73 2.6 

A l l the non-freezing water values i n Figure 7 were determined 
i n 1 M s a l t s o l u t i o n s . I t was therefore of i n t e r e s t to explore 
the e f f e c t of s a l t concentration. Figure 8 shows the e f f e c t of 
s a l t concentration f o r one structure breaker (KNO^) and one s t r u c 
ture maker (Li^SO^). The r e s u l t s show that Li2S0^ i s strongly 
concentration dependent while KNO^ i s concentration independent. 
These r e s u l t s cast some doubt that the r e s u l t s i n Figure 7 are due 
s o l e l y to the cation of the s a l t s o l u t i o n . Further work i s needed 
for c l a r i f y i n g these r e s u l t s . 
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Abstract 

A critical pore size is defined as the largest pore that can 
carry 100% non-freezing water. Pores of size larger than critical 
pore size will have freezing and non-freezing water. The critical 
pore size for pulp fibers is estimated as 40 Å. Since more than 
98% of the surface area may be in pores smaller than 40 Å, most of 
the non-freezing or the bound water will be in pores smaller than 
critical pore size. 

Drying of fibers results in irreversible closing of very 
small pores. It appears that pores smaller than 12 Å will close 
irreversibly, which do not open up on reslushing but only if the 
pulp is beaten. Pressing of pulp sheets alters pore size distri
bution. Large pores ar  reduced i  siz  which increase  numbe f 
pores smaller than critica
on pressing, thereby decreasing the number of pores. These two 
opposing effects give rise to a maximum in the bound water-pres
sure curve. 

The structure breaker salts decrease the bound water whereas 
the structure maker salts increase the bound water. To explain 
the observed bound water trend, it is hypothesized that structure 
breakers decrease the critical pore size and structure makers in
crease this value. The viscosities of aqueous salt solutions are 
used as criteria to separate structure breaker from structure mak
er salts. 
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Water in M u c o p o l y s a c c h a r i d e s 

Y. IKADA, M. SUZUKI, and H. IWATA 
Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan 

Many investigation
structure of water in aqueou
water-adsorbed or water-swollen polymeric substances. Although 
there is some controversy among researchers regarding the actual 
structure, it is generally accepted that water molecules in the 
vicinity of the polymer segments behave somewhat differently from 
the normal "bulk" water because of their interaction with the 
polymer (1,2,3,4). This anomalous water is often called "bound", 
"non-freezing", "hydrated", "ordered", and so on. Moreover, some 
workers have pointed out that there may be present another type 
of water which is neither identical to the bulk nor to the bound 
water (5,6,7). The amount of these anomalous waters is apparently 
dependent on the experimental methods employed. Most of the 
works on the structure of water have been carried out using 
gravimetric, calorimetric, infrared, dielectric, NMR, or ultrasonic 
velocity measurements. 

Recently we have studied the water structure in water-swollen 
gel membranes prepared from water-soluble, non-ionizable polymers 
by means of differential scanning calorimetry (DSC). This work 
has revealed that al l of the gels studied have the non-freezing 
water and, in addition, that some of them give a endothermic peak 
at lower temperatures than 0°C as the water content of the gels 
increases beyond the content of the non-freezing water (8). 

This work is a continuation of the preceding study on the 
synthetic polymer-water system and is concerned with the organiza
tion of water in aqueous solutions of mucopolysaccharides. 
Extensive studies have been conducted on the hydration of proteins 
and polypeptides (9), but very few exist on the hydration of 
mucopolysaccharides (10-15), though their biological activity is 
always exerted in aqueous environments. For instance, chondroitin 
homologs are typical mucopolysaccharides distributing in connective 
tissues in a highly hydrated state. Hyaluronic acid, consisting 
of a repeating disaccharide unit from D-glucuronic acid and 2-
acetamide-2-deoxy-D-glucose, is found to exist in biological 
fluids such as vitreous humour, umbilical cord and synovial fluid. 
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Heparin, a natural mannalian mucopolysaccharide, has attracted the 
att e n t i o n of b i o l o g i s t s because of i t s s p e c i f i c i n t e r a c t i o n with 
various p h y s i o l o g i c a l e n t i t i e s including antithrombin TU, p l a t e l e t s , 
and l i p o p r o t e i n l i p a s e (16). 

In order to shed more l i g h t on the i n t e r a c t i o n of water with 
these mucopolysaccharides, we employ the DSC method to follow the 
melting behavior of aqueous solutions of the polysaccharides c o o l 
ed to -50°C. The polymers chosen here are chondroitin s u l f a t e A 
(Chn S-A), chondroitin s u l f a t e C (Chn S-C), chondroitin (Chn), 
heparin (Hpn), and hyaluronic acid (HyA). Their chemical structures 
are shown i n Figure 1. The DSC curves allow us to determine the 
amount of the non-freezing water i n highly concentrated s o l u t i o n s , 
since any endothermic peak i s not observed for such solutions 
over a wide temperatur  (17 ,18)  Thi  w i l l als
describe the presence o
DSC curves f o r solution y  polyme
To the best of our knowledge observation of such multiple peaks 
has not yet been reported anywhere. 

Experimental 

M a t e r i a l s . Na s a l t s of the mucopolysaccharides were purchas
ed from Seikagaku Kogyo Co., Tokyo, Japan and used as received. 
Ca s a l t s of these polymers were prepared by addition of a saturat
ed s o l u t i o n of CaCl2 to the aqueous solutions of t h e i r Na s a l t s , 
followed by d i a l y s i s with deionized water. I n t r i n s i c v i s c o s i t i e s 
of the Na s a l t s i n buffered aqueous solutions (19) are noted i n 
Table I , together with the degree of conversion of Na to Ca for 
the Ca s a l t s , determined by atomic adsorption spectroscopy. A 
p a r t i a l l y s u l f a t e d p o l y ( v i n y l alcohol) (PVA-S) was synthesized 
by e s t e r i f i c a t i o n of PVA with s u l f u r i c acid to a 20.7 mol % con
version and then neutralized with NaHC03. 

TABLE I . 
CHARACTERISTICS OF MUCOPOLYSACCHARIDES 

I n t r i n s i c - v Degree of Conversion 
Mucopolysaccharide v i s c o s i t y of Na to Ca f o r the 

(dl/g) Ca s a l t (mol. %) 

Chn S-A 0.450 98 
Chn S-C 1.09 98 
Hpn 0.177 96 
Chn 0.243 98 
HyA — 

1) 25°C, i n 0.15M sodium phosphate buffer +0.2M NaCl, pH 7.0. 

DSC Measurements. The Perkin-Elmer Model DSC-1B d i f f e r e n t i a l 
scanning calorimeter was used to determine the heats of fusion of 

In Water in Polymers; Rowland, S.; 
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Figure 1. Structures of repeating units of mucopolysaccharides 

In Water in Polymers; Rowland, S.; 
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water associated with these mucopolysaccharides. 1-5 mg of the 
aqueous solutions with d i f f e r e n t polymer concentrations were 
placed i n aluminium pans to be used f o r v o l a t i l e samples and 
hermetically sealed. The sealed capsules were put on the sample 
holder, on which the Dewar f l a s k supplied by the Perkin-Elmer 
Corporation was placed; then dry N2 cas was purged f o r 5 mins at 
room temperature to remove the moisture i n the holder. A f t e r that, 
the Dewar f l a s k was f i l l e d with l i q u i d N2 and the samples were 
cooled to -50°C at a rate of 10°C/min. The samples were allowed 
to remain i n the cavity at -50°C for 15 mins, a f t e r which scanning 
was conducted by heating them, from -50°C to 30°C at a rate of 
10°C/min. The t o t a l water content i n each capsule was determined 
subsequent to the c a l o r i m e t r i c procedure by puncturing the capsule 
and drying the sample overnight at 110°C  The water content of 
each polymer s o l u t i o n w i l
the dried polymer. 

The temperature scale f o r the DSC curves was c a l i b r a t e d using 
the melting point of bulk i c e and the peak areas above the base
l i n e were measured with a planimeter. 

Results 

In general, thermal changes such as endothermic and exothermic 
t r a n s i t i o n s can be followed e i t h e r by r a i s i n g or lowering the 
sample temperature. Andrade and h i s coworkers obtained DSC 
thermograms of synthetic hydrogels by cooling the samples (20). 
In preliminary experiments we always observed an exothermic 
t r a n s i t i o n to occur at a temperature much lower than the expected 
freezing point, when aqueous solutions of mucopolysaccharides 
were cooled. As i t was d i f f i c u l t to avoid the supercooling even 
at a cooling rate of 1.25°C/min, we ca r r i e d out the DSC measure
ments throughout t h i s study by r a i s i n g the temperature of the 
samples kept at -50°C fo r 15 mins. The heating rate was maintain
ed at 10°C/min, because a decrease of the heating rate to 5°C/min 
produced a s i m i l a r thermogram. Repeated freezing and thawing 
cycles did not a l t e r the shapes and positions of the DSC peaks. 

A. Dependence of DSC Thermograms on the Water Content. As 
t y p i c a l examples of DSC thermograms f o r the aqueous solutions of 
the mucopolysaccharides, we w i l l c i t e representative r e s u l t s f o r 
two, Chn S-A and Hpn. 

Chn S-A: Figure 2 shows the DSC curves f o r aqueous solutions 
of Na s a l t of Chn S-A with d i f f e r e n t water contents. The samples 
contain i n every case 3.10 mg of water. I t i s cl e a r that the 
s o l u t i o n with a water content of 0.22 ex h i b i t s no endothermic 
t r a n s i t i o n . This provides a strong evidence that the water present 
i n such highly concentrated solutions i s not freezable even when 
cooled to -50°C. This kind of water i s c a l l e d "non-freezing" or 
"bound". As can be seen from Figure 2, peaks appear i n the DSC 
thermograms as the water content becomes higher. For instance, 

In Water in Polymers; Rowland, S.; 
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Figure 2. DSC thermograms for the Ν a salt of Chn S-A 
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Figure 3. Integrated heats of fusion (AH) vs. sample water content for the Ν a salt 
of Chn S-A: (O) WfI; (Q) Wfn; (Δ) Wfm; (φ) total 
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the DSC curve f o r the s o l u t i o n with a water content of 2.04 has 
c l e a r l y three endothermic peaks. A s i m i l a r appearance of multiple 
endothermic peaks was also observed f o r non-ionic hydrogels, but 
the number of peaks did not exceed two (8). 

Three peaks i n the thermograms suggest that three d i f f e r e n t 
states e x i s t f o r the freezing water i n the Chn S-A s o l u t i o n s . We 
w i l l designate these waters Wf j , Wfjj , and Wfτχχ corresponding to 
the peaks appearing at the highest, intermediate, and lowest tem
peratures, r e s p e c t i v e l y . Although the peak of Wf τχχ i s very weak, 
i t i s beyond the experimental e r r o r . To estimate the c a l o r i f i c 
values of these waters, the endothermic thermograms were resolved 
i n t o three areas. The melting temperature, T m, of each peak was 
defined as the point at which the steepest tangent of the l e f t 
side of the endothermic curve i n t e r s e c t s the baseline

Figure 3 shows th
freezing water, togethe , agains
sample water content. I t i s seen that the heats of fusion f o r 
WfH and Wfjj£ reach a plateau a f t e r the i n i t i a l increase, while the 
heat of fusion for Wfx increases almost l i n e a r l y with increasing 
water content. The i n i t i a l slope of t h i s l i n e a r curve gives 
75.5 cal/g H2O as the incremental heat of fusion, AHf, f o r Wfi, 
which i s somewhat smaller than that f o r the bulk water (79.7 cal/g). 
The content of non-freezing water, designated hereafter W nf, can 
be r e a d i l y obtained from the point of i n t e r s e c t i o n of the t o t a l 
heat of fusion extrapolated to zero. The observed Wnf content i s 
0.64. 

Figure 4 shows T m,s f o r Wf j , Wfjj , and Wfjj; as a function of 
the water content. As can be seen, the v a r i a t i o n of T m with the 
water content i s approximately s i m i l a r to that of the heat of 
fusion. T m of Wfi monotonously increases as the water content 
becomes higher, whereas T m s f o r Wf £ and Wfjjx tend to approach a 
l i m i t i n g value. 

The shapes of the DSC peaks of Ca s a l t of Chn S-A were sub
s t a n t i a l l y s i m i l a r to those of the Na s a l t (see Figures 11 and 12). 
Also, no marked differences were observed f o r the dependencies of 
heats of fusion and T m s on the water content between the Na and 
Ca s a l t . As w i l l be described l a t e r , some other mucopolysaccharid
es give d i f f e r e n t thermograms f o r the Na and Ca s a l t s . 

Hpn: The DSC thermograms of the solutions of Na s a l t of Hpn 
with d i f f e r e n t water contents are given i n Figure 5 as a function 
of temperature. Obviously, the curves e x h i b i t no endothermic peak 
when the water content i s as low as 0.48, s i m i l a r to those of Chn 
S-A, whereas one or more peaks appear as the water content increas
es. In contrast to Chn S-A, the peak corresponding to Wf-g- i s not 
c l e a r . Absence of peaks at lower water contents was the r e s u l t 
common to a l l the mucopolysaccharides. The p l o t of heats of 
fusion against the water content i s given i n Figure 6. Also i n 
t h i s case, the r e l a t i o n between the sum of the integrated heats of 
fusion and the water content gives a l i n e a r p l o t , from which the 
content of Wnf i s found to be 0.48 and AHf for Wfj to be 75.6 cal/g. 

In Water in Polymers; Rowland, S.; 
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300, 
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Figure 6. Integrated heats of fusion (AH) vs. sample water content for the Na salt 
of Hpn: (O) WfI; (Π Wm; (A) Wfm; (φ) total 

Figure 7. Melting temperature vs. sample water content for the Na salt of Hpn: 
(0)WfI;(U)WfII;(A)Wim 
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T m of Wfj, as shown i n Figure 7, i s below 0°C, but varies with 
the increase of tfater content, probably approaching 0°C, while f o r 
Wfjj and Wf τχχ both the T m values and the heats of fusion remain 
almost constant a f t e r c e r t a i n values. This i s also the trend 
c h a r a c t e r i s t i c to a l l the mucopolysaccharides. 

The r e s u l t s f o r the Ca s a l t are given i n Figures 8, 9, and 10. 
In t h i s case, we observe no d i s t i n c t m u l t i p l e peaks even at higher 
water contents. The Wnf content i s 0.54 and AHf i s 77.0 c a l / g . 

B. Comparison of DSC Thermograms fo r Mucopolysaccharide 
Solutions. Sets of thermograms for the Na and Ca s a l t s of a l l 
the mucopolysaccharides are shown i n Figures 11 and 12, respective
l y . A l l of the samples have water contents of approximately two. 
The r e s u l t for PVA-S i  als  show  i  Figur  11  Analysi f 
thermograms i n Figures 1
thermic peaks depends no y  mucopolysaccharid
es but also on the type of gegen-ion. The most s t r i k i n g example 
of the l a t t e r i s Hpn, which has three peaks i n the thermograms 
for the Na s a l t , but one peak forltheCa s a l t . The Na s a l t of Chn 
also gives three endothermic peaks, while the Ca s a l t has two. 
On the other hand, both of the Na and Ca s a l t s of Chn S-C seem to 
have two peaks i n t h e i r DSC thermograms, i n contrast to Chn S-A 
with three peaks for both the Na and Ca s a l t s . The PVA-S gives the 
thermogram with one peak, s i m i l a r to the Ca s a l t of Hpn. 

Discussion. 

As exemplified i n Figures 2,5, and 8, scanning aqueous 
solutions with low water contents shows neither endothermic nor 
exothermic t r a n s i t i o n s . This strongly indicates that the water i s 
not to be frozen nor melted at le a s t i n the temperature range 
-50°C to +30°C. This non-freezing behavior i s explicable i n terms 
of strong binding of the water molecules to the h y d r o p h i l i c s i t e s 
of the polymer chains. As i l l u s t r a t e d i n Figures 3, 6, and 9, 
th i s capacity of polymer chains to bind water can be e a s i l y 
determined from the p l o t of the t o t a l heat of fusion against the 
water content. The Wnf contents of the mucopolysaccharides are 
given i n Table H . 

The DSC measurements provide useful information on the weak 
i n t e r a c t i o n of water with the substrate. I t i s because peaks 
appear i n the DSC endotherms of the polymer solutions containing 
some amounts of water i n a d d i t i o n to the strongly bound water 
( wnf)> as shown i n Figures 11 and 12. The a d d i t i o n a l water 
involves Wfi, Wfn , or Wfjji. With the increase of the water con
tent the heat of fusion of Wfi monotonously increases and T m of 
WfI approaches the melting point of bulk i c e . These f a c t s , together 
with AHf for Wfi being very close to that of bulk i c e , suggest 
that Wfi i s nearly i d e n t i c a l to bulk water. There i s no reason to 
suspect that the nature of Wf τχ and Wf τχχ i s intermediate between 
that of Wnf and Wfi. I n t e r e s t i n g l y , the integrated heats of 

In Water in Polymers; Rowland, S.; 
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Figure 8. DSC thermograms for the Ca salt of Hpn 
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Figure 9. Integrated heat of fusion (AH) vs. sample water content for the Ca salt 
of Hpn 

Figure 10. Melting temperature of WfI vs. sample water content for the Ca salt 
of Hpn 
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Figure 11. DSC thermograms for the Na salts of mucopolysaccharides having 
approximately the same water content 
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Figure 12. DSC thermograms for the Ca salts of mucopolysaccharides having 
approximately the same water content 
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fusion f o r Wfjj and Wfjj£ as w e l l as t h e i r T m,s are i n a i l cases 
p r a c t i c a l l y independent of the water content except i n the very 
low range, implying that a saturation w i l l take place f o r both 
¥fjj and Wfjjj, s i m i l a r to W nf. 

The saturated contents of Wfjj and Wfjrx are given i n Table H, 
which also includes t h e i r leveled-off T m,s and ΔΗχ fo r Wfj. The 
contents of Wf J J and Wf JJJ- were evaluated under the assumption that 
the ΔΗχ values f o r Wfjj and Wfjjx are both equal to ΔΗχ for Wfj. 
I f the sample does not contain Wfjjj, the amount of Wf]i would be 
d i r e c t l y estimated i n the s i m i l a r fashion as that of Wnf. As 
can be seen from Table H , the content of W nf, as w e l l as AHf of 
Wfj, does not d i f f e r l a r g e l y from polymer to polymer, ranging 
between 0.4 and 0.7. These values are i n agreement with those 
reported for mucopolysaccharide
convenient to express th
basis instead of the weight base i n order to discuss the content 
of the anomalous waters i n terms of the chemical structure of 
polymers. Table HI summarizes moles of the anomalous waters per 
repeating u n i t . For the sake of comparison, the contents f or 
Hpn are also based on an averaged disaccharide u n i t , though i t s 
repeating u n i t i s reported to be a heptasaccharide (21). 

TABLE TH. 
MOLES OF ANOMALOUS WATERS PER MOLE OF DISACCHARIDE UNIT 

Mucopolysaccharide Ŵ f
 W f τχχ w

n f + W f χχ + τχχ 

Chn S-A, Na 17.9 8.4 2.8 29.1 
It 9 Ca 12.4 12.1 2.7 27.2 

Chn S-C, Na 19.9 15.9 0 35.8 
II 9 Ca 14.4 16.2 0 30.6 

Hpn , Na 16.4 15.4 5.5 37.3 
II 9 Ca 18.2 0 0 18.2 

Chn , Na 13.2 6.3 2.2 21.7 
II 9 NaD 13.1 4.4 2.2 19.7 
II 9 Ca 14.7 9.1 0 23.8 

HyA , Na 11.5 13.3 0 24.8 

1) i n D 00 
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I t i s obvious from Table HI that the number of molecules of 
non-freezing water (W nf) i s mostly larger than that of Wf;rr , while 
l i t t l e or very small amounts of Wfχτχ are associated with the 
disaccharide u n i t . The anomalities of water i n solutions are 
supposed to r e s u l t from the i n t e r a c t i o n s of water molecules with 
i o n i z a b l e and polar groups of the substrate. As Figure 1 demonst
rates, the mucopolysaccharide molecules possess a v a r i e t y of 
io n i z a b l e and polar groups. For instance, Hpn has i o n i c groups 
such as carboxyl, 0-sulfate and N-sulfate and polar groups such 
as hydroxyl and hemiacetal. Instead of N-sulfate, Chn S-A and 
Chn S-C contain N-acetate. On the other hand, carboxyl i s the 
only i o n i z a b l e group i n the molecules of Chn and HyA. When the 
Wnf content or the sum of the contents of the three anomalous 
waters i s taken as a measure representing the extent of the i n t e r
a c t i o n of water with th
that Chn and HyA, devoi
anomalous waters compared with the other three mucopolysaccharides 
having the s u l f a t e groups. Importance of the i o n i z a b l e groups i n 
the hydration i s also supported by the fa c t that the Na s a l t s 
mostly lead to higher hydration than the Ca s a l t s . I t i s note
worthy that T m,s for Wfjj and Wf^ are higher f o r the Ca s a l t than 
f o r the Na s a l t (see Table IE ). 

Comparison between two polymers having the same chemical 
moiety may be h e l p f u l f o r a better understanding of the hydration 
of mucopolysaccharides. Chn S-A i s d i f f e r e n t from Chn S-C only 
i n the p o s i t i o n of 0-sulfate, which i s li n k e d to C4 i n Chn S-A 
and C5 i n Chn S-C. On the other hand, HyA i s a epimer of Chn 
with regard to the hydroxyl group l i n k e d to C4 i n the glucosamine 
u n i t . In s p i t e of such a s l i g h t difference i n the chemical 
st r u c t u r e , each of the two polymers has s i g n i f i c a n t l y d i f f e r e n t 
DSC thermograms. This i s a good example to show that interference 
of the i o n i z a b l e and polar groups a f f e c t s hydration (22). 

The r e s u l t s f o r Hpn provide Important information about the 
influence of io n i z a b l e groups on hydration. As i s obvious from 
Figures 5 and 8 , conversion of the Na to the Ca s a l t of Hpn 
decreases the three peaks i n the DSC thermograms to one broad 
peak, accompanied by reduction i n hydration. This may be explained 
i n terms of difference i n degree of d i s s o c i a t i o n between the Na 
and Ca s a l t s (23). I t i s i n t e r e s t i n g to point out that, except 
f o r the Ca s a l t of Hpn, only PVA-S was devoid of both Wfj[ and 
WfH. 

F i n a l l y , we attempt to propose a hydration model of the muco
polysaccharides, at l e a s t i n the deeply cooled s o l u t i o n s . The 
model i s shown i n Figure 13. The data i n Table III c l e a r l y i n d i c a t e 
that, s i m i l a r to non-ionizable h y d r o p h i l i c polymers ( 8 ) , the muco
polysaccharides chains are associated with a rather small number 
of water molecules, so that i t may not be adequate to use the 
word " s h e l l " to show t h e i r sequence of asso c i a t i o n . Not only the 
i o n i c but also hydroxyl groups strongly bind a few (approximately 
two) molecules of water (W nf) per hy d r o p h i l i c group and are further 
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surrounded by smaller numbers of water molecules(Wf]j ) charactariz-
ed by weaker interactions. It is at present not clear where the 
Wfjj]; molecules exist. Knowledge of the organization of the water 
molecules could be obtained from AHf/Tm i f the exact values of 
ΔΗ̂  for Wnf, Wfjj , and Wfχχχ become available. 

Abstract 

DSC thermograms are reported for aqueous solutions of the Na 
and Ca salts of five kinds of mucopolysaccharides. Among all the 
thermograms, those for the aqueous solutions of low water content 
do not show endothermic or exothermic peaks over a temperature 
range -50°C to 30°C, while one, two, or three peaks appear as the 
water content graduall  increases  Th  numbe f peak  depend
the type of mucopolysaccharide
The content of the non-freezing ,  depen
dence of the heat of fusion on the sample water content, ranges 
between 0.4 and 0.7 for the mucopolysaccharides studied. A 
hydration model is proposed, taking into account the existence 
of both the non-freezing water and more weakly associated waters. 
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18 
Volume Changes During Water Binding to 
Hair Fibers 

M. BREUER, EDMUND M. BURAS, JR., and A. FOOKSON 

Gillette Research Institute, 1413 Research Boulevard, Rockville, MD 20850 

Unraveling th
binding by keratins (e .g . , wool, hair , na i l s , etc.) 
has interested chemists for half a century (1). 
Essent ia l ly , two types of models have been suggested 
for explaining water absorption isotherms of kera
t ins: one that postulates the binding of water mol
ecules on well-defined discrete sites (e .g . , polar 
side chains, peptide bonds) (2), and the other that 
maintains that swelling of the polypeptide network 
is the primary mechanism responsible for the absorp
tion of water (3). 

The va l id i ty of neither of these models has 
been established beyond doubt, owing mainly to the 
lack of re l iable data on the magnitudes of the 
changes in the thermodynamic quantities that accom
pany the binding of water molecules to keratin 
f ibers . In part icular , none of the treatments have 
given adequate considerations to the swelling of the 
keratin structure and to the contribution that this 
process makes to the overal l free energy changes 
accompanying the water absorption. No doubt, this 
omission has been due to the lack of precise data on 
the volume changes occuring in hair fibers during 
the binding of water molecules. 

Recently, we have developed an optical method 
capable of measuring hair fiber diameters as a func
tion of ambient humidities with high reproducibi l i ty 
(4). Therefore, we feel that we are now in a pos i 
t ion to carry out a rigorous thermodynamic analysis 
of the water-keratin interaction process, and to 
examine critically the various water binding theo
r ies by comparing the experimentally determined 
thermodynamic changes at constant volume with those 
predicted by the various theories. 
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The Method f o r Measuring Fiber Diameters at Ambient 
Humidities 

The arrangement of apparatus i s shown schemati
c a l l y i n Figure 1. A helium-neon l a s e r (Spectra-
Physics, Inc., Mountain View, C a l i f o r n i a , Model 145-
01) emitting 2mW at 632.8 nm continuously, was 
mounted on an o p t i c a l bench so as to impinge upon 
h a i r specimens and cast d i f f r a c t i o n patterns upon a 
screen approximately one meter from the specimens. 

The h a i r s , mounted h o r i z o n t a l l y in an enclosure 
made of a c r y l i c sheet with two "windows" of 0.15 mm 
t h i c k glass c o v e r s l i p s f o r transmission of the beam, 
i s t r a n s l a t a b l e i n tw  d i r e c t i o n  perpendicula  t
the beam, and r o t a t a b l
ture not used i n t h i  study)
through the enclosure at about 120 ml/min by a 
p e r i s t a l t i c pump (Masterflex Cole-Palmer Instrument 
Co., Chicago, I l l i n o i s ) . The r e l a t i v e humidity (RH) 
of the c i r c u l a t e d a i r i s c o n t r o l l e d by passage 
through D r i e r i t e (W.A. Hammond D r i e r i t e Co., Xenia, 
Ohio) f o r complete dryness, or through one of the 
saturated s a l t s o l u t i o n s in e q u i l i b r i u m with excess 
s o l i d to give the required humidity. Hair-atmos
phere e q u i l i b r i a were v e r i f i e d i n 24 to 36 hours, 
being indicated by no f u r t h e r change i n diameter 
over an a d d i t i o n a l 5 to 6 hours, using Student's " t " 
t e s t and r e q u i r i n g a p - n u l l of 0.05 or l e s s . A l l 
apparatus and materials are maintained i n a room 
c l o s e l y regulated at 21 ± 1°C. Successive measure
ments were made on each type of hair at increasing 
humidities. 

The pattern, oriented v e r t i c a l l y on the target 
plane, was sharp and b r i g h t so that at l e a s t 10 
orders of d i f f r a c t i o n could be seen with minimal 
darkening of the room. The s i z e of the pattern was 
such that v i s u a l examination permitted 4 to 6 orders 
of minima to be pricked into index-card stock held 
against the target plane and conveniently measured 
with 10 cm d i a l c a l i p e r s readable to 0.001 cm. 

Hair diameters were c a l c u l a t e d using the 
equation: 
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0 Ό 

ο 
optical diffraction: H, hair fiber; L, laser; 
B, laser beam; T, plane target with diffrac

tion pattern; C, central beam 

20 40 60 80 
Relative humidity, % 

Figure 2. Increase of hair diameter as a 
function of relative humidity: (φ) intact 
hair; (A) bleached hair; Ο descaled hair 
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d = (η λ / 4D2 + 1 2)/1 (1) 

where d i s the h a i r diameter, η i s the d i f f r a c t i o n 
order, λ i s the laser l i g h t wavelength, D i s the 
distance h a i r to target, and 1 i s the distance 
between the η-order d i f f r a c t i o n minima on e i t h e r 
side of the c e n t r a l beam. 

Experimental Determination of Hair Fiber Diameter 
Changes at Various Humidities 

F i r s t , we checked the r e p r o d u c i b i l i t y of the 
method under constant experimental conditions; i . e . , 
ca r r y i n g out the measuremen
of the f i b e r at constan
The r e p r o d u c i b i l i t y of the method in t h i s mode of 
operation proved extremely good, i . e . , the measure
ments f e l l within ±0,1% standard error (4J. 

When we proceeded, however, to measure the 
changes of the h a i r diameter as a function of r e l a 
t i v e humidity, i t became obvious that our f i r s t 
hope, i . e . , to measure the change of the f i b e r diam
ete r at the same point along the f i b e r a x i s , was 
u n r e a l i s t i c . A l t e r a t i o n of humidity a f f e c t e d the 
length of f i b e r , making the measurements of the 
diameter at the same point along the f i b e r axis at 
d i f f e r e n t humidities a v i r t u a l i m p o s s i b i l i t y . The 
problem was compounded by the f a c t that h a i r f i b e r s 
neither had uniform diameters along the f i b e r axes, 
nor did they possess c i r c u l a r cross s e c t i o n s . Since 
changes of humidity caused both a x i a l elongations 
and r a d i a l twists of the f i b e r s , our attempts to 
determine the changes i n the f i b e r diameters at the 
same points were f r u s t r a t e d . Our methods essen
t i a l l y gauge the diameter of the f i b e r perpendicular 
to the d i r e c t i o n of the l i g h t beam. Consequently, 
instead of attempting to determine changes of the 
f i b e r diameter at given points, we decided to mea
sure f i b e r s at various, randomly chosen points along 
t h e i r lengths. 

Figure 2 shows the r e s u l t s obtained with d i f 
f erent h a i r types in terms of t h e i r mean increases 
in diameters as a function of the r e l a t i v e humidity 
(RH). It can be seen that a l l three h a i r types 
increased i n diameter by about 8-9% as the r e l a t i v e 
humidity was increased from 0 to 93%. These data 
may be compared to those of Meredith who reported a 
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diameter increase of 16% f o r wet wool (JS). The 
curves, which are sigmoid i n shape, resemble those 
of the moisture regain (_1 ) · Using the a v a i l a b l e 
data from the l i t e r a t u r e on the a x i a l elongation (_5) 
and our own data on the r a d i a l swelling of h a i r as a 
function of water uptake, we ca l c u l a t e d V Sp the spe
c i f i c volume of the h a i r f i b e r s as a function of 
t h e i r water contents. (We assumed that the r a d i a l 
swellings of the hai r f i b e r s are i s o t r o p i c ) . 
The values of V Sp f o r the various type of h a i r 
f i b e r s could be expressed by polynomials 

v s p = V 0 + Bn + Cn2 (2) 

where η i s the wate
units and the value
various h a i r types are given i n Table T. 

TABLE I 

C o e f f i c i e n t s of Equation (2) 

v 0 
Β C 

Intact Hair 0.757 10.00 -85.68 

Descaled Hair 0.758 3.84 932.4 

Bleached Hair 0.757 5.17 156.0 

D i f f e r e n t i a t i o n of Equation 2 y i e l d s V w, the p a r t i a l 
molal volume of water i n h a i r as a function of n, 
the water content of h a i r . 

V w = Β + 2Cn (3) 

The values of V w f o r the various h a i r types are 
p l o t t e d i n Figure 3. A number of i n t e r e s t i n g points 
emerge from these daita: F i r s t , i n a l l cases the 
absolute values of V w are lower than the molal 
volume of l i q u i d water ( i . e . , 18 cm^ mole~l); _ 
second, the l i m i t i n g values ( i . e . , when η + 0) of V w 

f o r bleached and descaled h a i r are smaller than that 
of v i r g i n h a i r ; and t h i r d , whereas the V w f o r i n t a c t 
and descaled i n t a c t h a i r s are only s l i g h t l y ^ 
dependent on n, i n the case of bleached h a i r V w 

increases f a s t with n. 
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Figure 3. Vw, partial molal volume of water in hair as a function of n, the water 
content of hair 
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A p l a u s i b l e explanation for these r e s u l t s i s that 
i n s i d e the k e r a t i n structure water i s molecularly 
dispersed and forms monomolecular layers around the 
various p r o t e i n s t r u c t u r a l u n i t s , i . e . , the micro-or 
p r o t o f i b r i l s of the k e r a t i n . The low values obtained 
f o r V w can be explained by assuming that when water 
molecules penetrate the h a i r s t r u c t u r e , they f i l l , at 
l e a s t i n part, p r e - e x i s t i n g voids. The r e s u l t s a l s o 
suggest that the cortex of the h a i r structure i s more 
porous than the c u t i c l e , since removal of the c u t i c l e 
J_i.e., descaling of the hair) reduces the value of 
V w. Bleaching seems to have an even l a r g e r e f f e c t -
- i n a d d i t i o n to reducing the value of V w, i t a l s o 
a f f e c t s strongly i t  rat f chang  with increasin
water uptake, probabl
of the pore s i z e s i  por
d i s t r i b u t i o n ^ i n i n t a c t h a i r appears to be f a i r l y uni
form, i . e . , V w i s only weakly dependent on n, 
bleached h a i r appears to have a wider pore d i s t r i b u 
t i o n with pore s i z e s r a p i d l y surpassing the magni
tudes of those of i n t a c t h a i r as n, the water uptake, 
reaches higher values. 

Free Energy Changes Accompanying The Binding of 
Water to Hair 

When h a i r absorbs water, two processes occur 
simultaneously: a, water molecules i n t e r a c t with the 
polypeptide backbones or t h e i r side chains, and b, 
the h a i r f i b e r s expand due to the incorporation of 
water molecules into t h e i r s t r u c t u r e s . Thus, the 
t o t a l free energy change can be expressed as: 

AG T = AG B + AG E (4) 

where AGs and AG E are the free energies of binding 
and of expansion of the h a i r s t r u c t u r e , respec
t i v e l y . 

Since s t a t i s t i c a l mechanical models fo r water 
binding are generally derived f o r constant volume 
con d i t i o n , a comparison of experimental data with the 
c a l c u l a t e d models i s only possible provided the value 
of A G E can be c a l c u l a t e d or estimated. So f a r , t h i s 
has not been the case f o r the water-keratin i n t e r 
a c t i o n . 
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To obtain A G e we undertook the following steps: 
The value of A G » P was obtained by integrating the 
water adsorption isotherm from η = 0 to η = η, thus 

AG«r = RT / In dn 
ο 

(5) 

where ρ and p G are the vapor pressures of the 
absorbed water at a given value of η and of l i q u i d 
water, r e s p e c t i v e l y . To obtain A G e we made use of 
the thermodynamic r e l a t i o n s h i p : 

N Τ,

where 3 denotes the isothermic volume compress
i b i l i t y and V denotes the volume of the f i b e r . 
Assuming that at a selected p/p 0 the c o m p r e s s i b i l i t y 
i s independent of the f i b e r compression, i . e . , 

= constant 

Equation 6 can be integrated to give 

A G E = G ( n = m ) - G ( n - Q ) 

(7) 

(8) 

A G E = / 1/3 dV = 1/3 (V - Vo) (9) 

where V Q and V n denote the s p e c i f i c volumes of the 
dry hair f i b e r and of a f i b e r containing η moles 
per gram of water, r e s p e c t i v e l y . Thus, provided the 
water absorption isotherm and the c o m p r e s s i b i l i t y of 
k e r a t i n are known, the value of AGg can be computed 
from Equation 4. 

Computation of A G Q From Experimental Data 

To obtain A G g , we f i r s t computed the value of 
AGrp from Watt and D'Arcy's data (_1) by means of 
grap h i c a l i n t e g r a t i o n of Equation 5. The r e s u l t s 
are p l o t t e d in Figure 4. 
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To compute A G ^ we cal c u l a t e d the value of 3 
from the values of εχ, the a x i a l , and e2r the 
r a d i a l , compression moduli obtained by Bendit and 
K e l l y (j>) , by means of the approximation: 

= εχ + 2ε2 (10) 

The respective values of the bulk modulus ( i . e . 
1 / 3 ) as a function of η are given i n Figure 5. The 
value of A G b could then be computed by means of 
Equation 4. The r e s u l t s are given i n Figure 4. 

Comparison of Measure  A G R
Calculated From Variou

As mentioned before, e s s e n t i a l l y two molecular 
models have been put forward f o r explaining the 
water binding processes i n h a i r : a, water molecules 
bind to d i s c r e t e , independent s i t e s attached to the 
polypeptide chains or b, water i s absorbed by a 
swelling process of the polymeric network as 
described by Flory's polymer theories (_8 ). 

For the s i t e binding model the free energy 
change i s given by Steinhardt ( 2 ) : 

A G B = nRT < In Κ + In 
f a n/m 

l l - n/m, 
(ID 

whereas f o r the polymer-swelling process 

where 

A G B = RT(n In ν + n'ln ν' + Xnv') (12) 

η = water bound to h a i r , mole g ~ l 

m = water binding s i t e s h a i r , mole g ~ l 

a = p/p 0 = water a c t i v i t y 

Κ = binding constant of water to a binding 
s i t e 

ν = volume f r a c t i o n of water in h a i r 

v'= 1 - v, volume f r a c t i o n of peptide residues 
in h a ir 
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Figure 5. Bulk modulus as a function of relative humidity 
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Figure 6. Comparison of experimental A G B / n , integral free energy changes per 
mole of water absorbed in hair, with theoretical values: (φ) from Equation 12; 

(Ώ) 1rorn Equation 11;(0) experimental 
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X = Flory-Huggins i n t e r a c t i o n parameter 

n'= peptide residues in h a i r , mole g " l 

To compare the experimental r e s u l t s with the 
t h e o r e t i c a l models, we postulated i n equation (11) 
that at a = 1 and a l l the a v a i l a b l e binding s i t e s 
are occupied, i . e . m = 2.00 χ 10~*2 mole g""*, and 
that the t h e o r e t i c a l and experimental A G b values are 
equal when n/m = 0.5, i . e . , when a = 0.75. In t h i s 
way the c a l c u l a t e d and the experimentally measured 
A G B V S η curves i n t e r s e c t at t h i s point. 

In c a l c u l a t i n g A G b by equation (12), we assumed 
that n 1 = 8.92 χ 10~ 2 mole g" 1 and X= 1.00 (3). 

The i n t e g r a l fre
the basis of equation
the experimental values, per mole of bound water, 
are given i n Figure 6. 

Discussion and Conclusions 

The r e s u l t s of t h i s i n v e s t i g a t i o n suggest that 
neglecting the free energy changes occuring conse
quent to the expansion of h a i r f i b e r during water 
absorption introduces a considerable error i n the 
assessment of the t o t a l free energy change of water 
binding. Rosenbaum's conclusions (3), that the 
F l o r y ' s polymer swelling theory accounts better f o r 
the water binding data than does a model based on 
the assumption that water binds to d i s c r e t e s i t e s , 
does not seem to be borne out when the thermodynamic 
work-required f o r expanding the h a i r f i b e r i s a l s o 
taken in account. The very low values of the par
t i a l molal volume of water i n h a i r , which we found, 
a l s o suggest that the mechanism i s e s s e n t i a l l y d i f 
f e r e n t from the one that was postulated by F l o r y f or 
the swelling of polymeric gels ( ) · 

Wheras the apparent agreement obtained between 
the experimentally measured i n t e g r a l free energy 
changes and those c a l c u l a t e d on the basis of 
Equation 11 i s most i n t e r e s t i n g , i t should not be 
taken as a proof for the v a l i d i t y of the S i t e 
Binding Model. The need for t h i s cautionary s t a t e 
ment becomes evident a f t e r a c l o s e r examination of 
the data presented i n Figure 4. The curve A G B V S . η 
has a minimum suggesting that the d i f f e r e n t i a l bind
ing free energy, i . e . (9AG B/3n) becomes p o s i t i v e at 
values η > 0.008 mole g"-^; Equation 11 cannot pre
d i c t t h i s type of behavior. We f e e l that the mecha
nism which explains 
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the volume change data most s a t i s f a c t o r i l y i s the 
fol l o w i n g : dry ha i r i s a f a i r l y r i g i d semi-
c r y s t a l l i n e porous s o l i d . Water penetrates into the 
pores between various f i b r i l s of the h a i r s tructure 
and p r i e s them apart, thus bringing about a gradual 
increase of the ha i r volume. The thermodynamic 
d r i v i n g force f o r the water absorption i s a combin
a t i o n of three processes: i n t e r a c t i o n with d i s c r e t e 
p o l a r side chains ( a c i d i c and basic groups) and pep
t i d e bonds, c a p i l l a r y condensation, and entropie 
gains owing to the mixing of water with the polypep
t i d e chains, with the s i t e binding being the domi
nant process. 

I t i s i n t e r e s t i n  tha  descalin f h a i  bring
about an increase i
suggests that the c u t i c l e i s probably less porous 
than the cortex and that the value of the p a r t i a l 
molal volume of water i n the c u t i c l e i s near to the 
molal volume of l i q u i d water. 

F i n a l l y i t seems that chemical treatment of hair 
( i . e . , bleaching) changes the pore s i z e d i s t r i b u t i o n 
of h a i r , bringing about a wider d i s t r i b u t i o n of pore 
s i z e s . 
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Relaxation Studies of Adsorbed Water on 
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GEORGES BELFORT 1 

Rensselaer Polytechnic Institute, Troy, NY 12181 

NAOMI SINAI 
University of Utah, Salt Lake City, UT 84112 

Recent studies using Infrared Spectrocopy IR to characterize 
the state of water in desalination membranes have concluded that 
the water sorbed in these membranes has a low degree of associ
ation and that bonds between water and the membrane are consid
erably weaker than those in liquid water (1,2). These conclus
ions have been made for widely differing membrane materials 
such as cellulose acetate (1,2),polyimide, and porous glass 
(1) and appear to contradict the conclusions obtained from pNMR 
(3-8), differential scanning calorimetry (9-11) and transport 
(12,13) studies. These latter studies suggest that water mole
cules in the vicinity of the membrane are motionally restricted 
with respect to free bulk water. Several investigators have 
thus proposed multi-state models to characterize the occluded 
water in the porous media (3-8,10-13). The terms "phase" and 
"exchanging fractions" are sometimes used. To minimize 
confusion, since a thermodynamic phase is not what is being 
considered, "environmental state" should and will be used here. 
An explanation of the mechanism of solute selectivity and water 
transport in desalination membranes clearly depends on a resol
ution of the above apparent contradiction. A qualitative model 
of the state of water inside desalination membranes considering 
both the IR and pNMR results (including those presented here) 
will be proposed. 

This study is a d i rec t continuation of our previous work in 
which pNMR was used to measure the proton relaxation times of 
water adsorbed on four powdered porous glasses ranging in pore 
s ize from 29 to 189 Å as a function of coverage at room temp
erature ( 8 ) . 

Interpretation of pNMR data for adsorbed systems is 
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d i f f i c u l t a t b e s t . Thus, i ndependent v a r i a b l e s such as t empera 
t u r e ( 6 ) , degree o f l o a d i n g ( o r coverage) o f the adsorbed s p e c i e s 
( 1 4 , 1 5 ) , o p e r a t i n g f r equency (16,17) and i s o t o p i c s u b s t i t u t i o n 
(16) a re u s u a l l y used t o a s s i s t and c l a r i f y the i n t e r p r e t a t i o n o f 
the r e s e a r c h e r . A c c o r d i n g t o Res ing (18) " v a r i a t i o n o f the temp
e r a t u r e ove r as b road a range as p o s s i b l e f o r a g i ven sys tem 
o f f e r s the g r e a t e s t p r o b a b i l i t y o f s u c c e s s f u l i n t e r p r e t a t i o n o f 
NMR r e l a x a t i o n d a t a . " For t h i s r e a s o n , the r e s e a r c h r e p o r t e d here 
was conducted as a comp l imenta ry s tudy t o t h a t r e p o r t e d e a r l i e r 
( 8 ) . 

Here we r e p o r t r e s u l t s o f the pNMR r e l a x a t i o n t imes o f w a t e r 
adsorbed on the s m a l l e s t (29 Â) and the l a r g e s t (189 Â) pore s i z e 
porous g l a s s d e s a l i n a t i o n membranes s t u d i e d e a r l i e r (8) as a 
f u n c t i o n o f t h r e e coverages f o r the tempera tu re range -80 t o +90°C
A l though the approach an
t o t h a t used by Be l f o r
coverages on t h r e e d i f f e r e n t pore s i z e porous g l a s s d e s a l i n a t i o n 
membranes, the f o l l o w i n g d i f f e r e n c e s s hou l d be emphas i zed . 

( i ) The V y c o r - t y p e (96% s i l i c a ) porous g l a s s used here was 
p repa red by the same p rocedure as the c a p i l l a r y porous 
g l a s s d e s a l i n a t i o n membranes used by Schnabel ( 1 9 ) . 
Care was taken t o p reven t t he i n t r o d u c t i o n o f p a r a 
magnet ic c e n t e r s i n t o the g l a s s m e l t d u r i n g p r o d u c t i o n 
( S c h n a b e l , p r i v a t e commun i ca t i on ) . Wi th the two l a r g e 
pore s i z e porous g l a s s e s ( de s i g na ted CPG-10-125 and 
CPG-10-240) used by B e l f o r t e t a l ( 6 ) , t h i s was no t 
the ca se and the r e l a x a t i o n model c o u l d not be f i t t e d 
t o the d a t a . 

( i i ) Coverages a t 100% RH and 50% RH were a r b i t r a r i l y chosen 
f o r t he e a r l i e r s tudy ( 6 ) , w h i l e d e t a i l e d a d s o r p t i o n 
i s o the rms and a s s o c i a t e d BET r e s u l t s r e p o r t e d e a r l i e r 
(8) a r e used here t o r a t i o n a l l y choose the d e s i r e d 
c o v e r a ge s . 

( i i i ) Porous g l a s s f rom the same p r o d u c t i o n ba tch was 
d i v i d e d i n t o two l o t s by the m a n u f a c t u r e r . One l o t 
was used i n t h i s s t udy w h i l e t he o t h e r l o t was used by 
Luck (Marburg , West Germany) f o r the IR i n v e s t i g a t i o n s 
( 1 ) . A proposed model would t h e r e f o r e have t o be 
c o n s i s t e n t w i t h the r e s u l t s f rom both s t u d i e s , 

( i v ) The computer f i t t i n g p rocedure was improved ove r t h a t 
p r e v i o u s l y used ( 6 j r e s u l t i n g i n s i g n i f i c a n t t ime 
s a v i n g s . 

Methods 

Samples and Water S o r p t i o n D e t a i l s o f the p r e p a r a t i o n and 
c l e a n i n g p rocedure s o f t he porous g l a s s o b t a i n e d f rom J e n a e r -
G laswerk S c h o t t , M a i n z , Germany, have a l r e a d y been d e s c r i b e d ( 8 ) . 

In Water in Polymers; Rowland, S.; 
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Con s t an t t empera tu re a d s o r p t i o n i s o the rms and BET r e s u l t s f o r the 
two porous g l a s s e s used here a re rep roduced i n Tab l e I f rom Re f . 8. 

N u c l e a r Magnet i c Resonance-Apparatus and P rocedure The 
n u c l e a r magnet i c r e l a x a t i o n t imes J\ and T 2 and the m o b i l e 
f r a c t i o n fm were measured w i t h a S p i n - l o c k p u l s e - s p e c t r o m e t e r 
(model CPS -2 , P o r t C r e d i t , O n t a r i o , Canada) a t 33 Mhz. Tempera
t u r e was c o n t r o l l e d w i t h a B rucke r Temperature C o n t r o l l e r 
( B r u c k e r , Germany). The magnet was 15 i n che s i n d i amete r 
( V a r i a n V3800, P a l o A l t o , CA, USA). The l o g i c f o r the c o n t r o l 
o f t he p u l s e s pec t r ome te r was f u l l y automated and the da ta was 
a c cumu l a t ed , s t o r e d and averaged by a C o n t r o l Data M i n i - Compu te r . 
Hard c o p i e s ( p a p e r - t a p e s ) f o r each run was s u p p l i e d a u t o m a t i c a l l y 
t o g e t h e r w i t h x - t p l o t

The t r a n s v e r s e r e l a x a t i o
echo " method (2 p u l s e s : 9 0 - t - 1 8 0 ° ) . The " e c h o  s i g n a l s ( t ) , 
a p p e a r i n g a t t = 2 t , s a t i s f i e d the e q u a t i o n : 

The l o n g i t u d i n a l r e l a x a t i o n t imes Ti o f t he p ro ton s were 
measured by s a t u r a t i n g the l i n e w i t h a "comb" o f 180° p u l s e s , 
f o l l o w e d by a sequence o f 2 pu l s e s 9 0 - t - 1 8 0 ° . The i n t e n s i t y 
Μ, ( t ) o f the " e c h o " a p p e a r i n g a f t e r the 180° p u l s e i s a f u n c t i o n 
o f the t ime t between the "comb" and the sequence ( 9 0 - t - 1 8 0 ° - t -
echo where t i s c o n s t a n t ) , and s a t i s f i e d t he e q u a t i o n : 

where M 0 = M z (°°) and M7 (0) = 0. T 2 and Ti a r e o b t a i n e d 
a c c o r d i n g t o Equa t i on s (1) and (2) f rom a computer n o n - l i n e a r 
l e a s t - s q u a r e s - f i t program. 

The m o b i l e f r a c t i o n f m [ = ( I m , y T ) / ( I m , 2 g 8 ' 2 9 8 ) ] w a s o b t a i n e d 
f o r each sample as f o l l o w s . The i n t e r c e p t s i n amp l i t ude s on t he 
v e r t i c a l a x i s ( a t u n i t g a i n ) , I m ,y and Im,298 w e r e measured by 
e x t e n d i n g the f r e e i n d u c t i o n decay c u r v e êack t o the z e r o t ime 
a t T°K and 298°K, r e s p e c t i v e l y . 

E xpe r imen ta l R e s u l t s 

Magne t i c R e l a x a t i o n Measurements The l o n g i t u d i n a l T x and 
t r a n s v e r s e T 2 r e l a x a t i o n da t a f o r the two porous g l a s s e s (samples 
2 and 5) d e s c r i b e d i n T a b l e I a t 88 and 100% a r e p r e s e n t e d i n 
F i g u r e 1 as a f u n c t i o n o f r e c i p r o c a l t e m p e r a t u r e . The 88% RH 
was chosen so as t o compare t he e f f e c t o f removing the l o n g 
component f rom the porous f o r g l a s s sample 5. The amounts o f 
wa te r adsorbed i n g H 2 0/g g l a s s a t 100 and 88% RH f o r samples 2 
and 5 were 0.184 and 0 .182 , and 0.33 and 0 . 05 , r e s p e c t i v e l y . 
Based on t h e i r r e s p e c t i v e monolayer volumes as de te rm ined by 
the BET a n a l y s i s o f wa te r s o r p t i o n (see column 6 i n T a b l e I ) , t he 

S(t) = s ( 0 ) exp ( - t / T 2 ) (1) 

M Q - M z ( t ) = M exp (-t/Ti) (2) 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



TA
BL

E 
I 

ME
MB
RA
NE

 C
HA

RA
CT

ER
IS

TI
CS
 D

ET
ER
MI
NE
D 

BY
 
AD
SO
RP
TI
ON
 I

SO
TH
ER
MS

3"
 
(8

) 

Av
er

ag
e 

po
re

 
Av

er
ag

e 
po

re
 

di
am

et
er

^,
 d

 
vo

lu
me

 
at

 
Su

rf
ac

e 
ar

ea
, 

Po
ro

si
ty

^,
 
ε 

Mo
no

la
ye

r 
Wa

te
r 

Vo
lu

me
, 

V m 

3 
-1
 

cm
 
g 

Sa
mp

le
 

No
. 

Â 

10
0%

 
RH
,V
 

3 
-1
 

cm
 
g 

S
BE

T 
2 

-1
 

m 
g 

-

Mo
no

la
ye

r 
Wa

te
r 

Vo
lu

me
, 

V m 

3 
-1
 

cm
 
g 

2 
74

(2
9)

 
0.

18
6(

0.
14

9)
 

10
0(

21
0)

 
0.
20
7 

0.
02
4 

5 
19

7(
18

9)
 

0.
33

0(
0.

33
1)

 
67

(7
0)

 
0.
31
6 

0.
01
6 

a
Al

l 
va

lu
es
 s
ho
wn

 i
n 
br

ac
ke

ts
 w
er

e 
ob

ta
in

ed
 f

ro
m 

th
e 

po
ro

us
 
gl

as
s 

su
pp

li
er

, 
Dr

. 
Ro

la
nd

 
Sc

hn
ab

el
, 

Je
na

er
 

Gl
as

we
rk

 
Sc

ho
tt

, 
Ma

in
z,
 
Ge

rm
an

y,
 w

ho
 
us

ed
 
ni

tr
og

en
 
ad

so
rp

ti
on

 
is

ot
he

rm
s 

to
 o

bt
ai

n 
d 

fr
om

 
th

e 
BE
T 

me
th

od
. 

b
d 

= 
(4

V/
S 

) 
χ 

10
4
, 

A 
fo

r 
th

e Q
cy

li
nd

ri
ca

l 
mo

de
l.

 
Si

nc
e 

S 
= 

V 
/t

 χ
 1

04
, 

wh
er

e 
t 

= 
st

at
is

ti
ca

l 
la

ye
r 

th
ic

kn
es

s 
fo

r 
ad

so
rb

ed
 w

at
er

 β
 
2.
39
 
A.

 
Th

e 
BE
T 

me
th

od
 
is

 b
es

t 
su

it
ed
 
to

 a
ds

or
be

d 
in

er
t 

ga
se

s 
su

ch
 a

s 
N 2
 

< 
si

nc
e 

pr
ob

le
ms

 
ar

is
e 

as
 
to

 a
 s

ui
ta

bl
e 

ch
oi

ce
 o

f 
t 

fo
r 

th
e 

hy
dr

og
en

-b
on

di
ng

 
H 2
0.

 
In

 t
hi

s 
st

ud
y 

a 
va

lu
e 

of
 

> 
t 

= 
2.
39
 
A 

wa
s 

de
ri

ve
d 

fr
om

 
th

e 
su

rf
ac

e 
ar

ea
 o

f 
a 

wa
te

r 
mo

le
cu

le
 a

ds
or

be
d 

on
 
air

 —
1 

'"•
 * 

1 
-Λ 

" 
° 

H 

wa
s 

us
ed

 
c 

on
 
am

or
ph

ou
s 

si
li

ca
, 

wh
er

e 
12

.5
 
A 

As
su

mi
ng

 
ρ 

= 
1 

g/
ce

. 
g 

d 
κ 

ε 
= 

vo
id

 
fr

ac
ti

on
al
 
vo

lu
me

 =
 1

/[
1 

+ 
ρ 

/V
p 

],
 ρ

 
=1

.4
 

g/
cc

, 
ρ 

= 
1.
0 

g/
cc

. 
2 

w 
g 

g 
w 

w 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



B E L F O R T A N D SINAI Relaxation Studies 327 

Figure 1. Proton relaxation times vs. 10S/T of adsorbed water in porous glass 
samples 2 and 5 at (a) P/P0 = 0.88 and (b) P/P0 = 1.00; (—) indicates the experi

mental trends. 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



328 W A T E R IN P O L Y M E R S 

r e l a x a t i o n da ta was a l s o measured a t a coverage o f two l a y e r s 
f o r each g l a s s sample. T h i s co r re sponded t o a r e l a t i v e hum id i t y 
o f 62 and 40% f o r t he samples 5 and 2 r e s p e c t i v e l y . The two 
l a y e r coverage r e s u l t s a re p r e s en ted i n F i g u r e 2 as a f u n c t i o n 
o f r e c i p r o c a l t e m p e r a t u r e . R e s u l t s f o r the two sample g l a s s e s 
have been e x t r a c t e d f rom F i g u r e s 1 and 2 and a r e summarized 
i n T a b l e I I . 

A t y p i c a l example o f the p r ima r y r e l a x a t i o n da ta was g i ven 
i n F i g u r e 2 o f Re fe rence 8 where one component e x p o n e n t i a l 
p l o t s f o r T! and T 2 were observed a t room tempera tu re a t 
coverages above 30% RH. 

The l o n g i t u d i n a l and t r a n s v e r s e r e l a x a t i o n t imes f o r both 
samples 2 and 5 show i n F i g u r e s 1 and 2 i n v e r s e tempera tu re p r o 
f i l e s t y p i c a l o f adsorbed system  f o  a l l t h  coverage t 
the 100% RH f o r sample 5
d r a s t i c s p r e a d i n g out o , y
e f f e c t o r maximum as T 2 i n c r e a s e s w i t h tempera tu re ( 2 0 , 21 ) . 
L o g a r i t h m i c Gaus s i an t empe ra tu re - i ndependen t (B = c o n s t a n t ) d i s 
t r i b u t i o n s have been used t o model the se systems and i s d i s c u s s e d 
be low. Because o f the s i m i l a r i t y o f t he se p r o f i l e s , the mot i ona l 
c h a r a c t e r i s t i c s o f the adsorbed w a t e r i s p r obab l y s i m i l a r f o r the 
d i f f e r e n t c o n d i t i o n s l i s t e d i n F i g u r e s 1 and 2. The data i n 
T a b l e I I s uppo r t t h i s v iew s i n c e ( e xcep t f o r sample 5 a t 100% RH) 
( i ) T i^ - jp v a r i e s between 20 and 30 msec f o r a l l the cases l i s t e d 
( i i ) t he tempera tu re a t which T m j n o c c u r s , Θ ^ π i s a l s o i n a ve ry 
narrow range and v a r i e s o n l y f rom 210 t o 230°K. 

For sample 5 a t 100% RH, the T r minimum i s deep and the T 2 

drops p r e c i p i t o u s l y between about -8 and -20°C i n d i c a t i n g f r e e z i n g 
( 2 3 ) . T h i s i m p l i e s l i q u i d - l i k e b e h a v i o r o f a dom ina t i n g wate r 
f r a c t i o n w i t h a l i q u i d - l i k e s i n g l e c o r r e l a t i o n t ime as p r e d i c t e d 
by the t h e o r y o f B loembergen, P u r e e ! ! , and Pound (BPP) ( 2 2 ) . 

Because o f the symmetry o f the Tt ve r sus 10 3 /T°K cu r ve s 
even a t low tempera tu re s where paramagnet ic i m p u r i t i e s c o u l d 
dominate the r e l a x a t i o n p roces s c a u s i n g the r i g h t arm o f the Ίι 
p r o f i l e t o drop (see F i g u r e l e and I f i n Re fe rence 6 ) , i n t r a 
m o l e c u l a r p r o t o n - p r o t o n i n t e r a c t i o n i s assumed t o dominate . 

The BPP t h e o r y p r e d i c t s a T i / T 2 a t ©min o f 1.6 and i s 
a p p l i c a b l e f o r one env i r onmenta l s t a t e w i t h a s i n g l e c o r r e l a t i o n 
t i m e . From Tab l e I I , the T i / T 2 r a t i o a t Omin f o r sample 2 i s l ow 
e s t a t 100% RH, when the most b u l k - l i k e wa te r i s p r obab l y p r e s e n t . 
I t i n c r e a s e s a t i n t e r m e d i a t e coverage when more than one s t a t e 
o f wa te r i s p r e s e n t and dec reases a ga i n a t low coverage when 
ano the r s t a t e domina te s . Ano the r i n t e r e s t i n g r e s u l t i s t h a t t he 
T i / T 2 r a t i o a t Qm^n f o r both samples 2 and 5 a t 2 - l a y e r coverage 
i s i n d e n t i c a l . In f a c t both the T i and T 2 c u r ve s shown i n F i g u r e 
2 a r e supe r imposab le i m p l y i n g adsorbed wa te r w i t h the same 
mot i ona l c h a r a c t e r i s t i c s . Thus, a t low c o v e r a g e s , the average 
pore s i z e d i ame te r has l i t t l e e f f e c t on the mot i ona l b e h a v i o r 
o f the wa te r i n the porous g l a s s s t u d i e d h e r e . 

The l a r g e v a l u e s f o r T ! / T 2 a t 0 m i n t o g e t h e r w i t h the 

In Water in Polymers; Rowland, S.; 
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Figure 2. NMR relaxation times for water adsorbed on porous glass: (a) sample 2 
at P/P0 = 0.4; (b) sample 5 at P/P0 = 0.62; (· · ·) experiment; (—) theory; curves 
a and b; least-squares fit to the Resing model (21); curve c obtained by using the 
parameters derived from the least-squares fit to adjust the T2 behavior at high 
temperatures to produce a shoulder effect caused by the presence of high energy 

sites (21) 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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s ha l l owne s s o f the Jx minimum and the f a l l - o f f o f t he m o b i l e 
f r a c t i o n a t l ower tempera tu re s ( d i s c u s s e d l a t e r ) , can a l l be 
accounted f o r by assuming a broad d i s t r i b u t i o n o f c o r r e l a t i o n 
( i n m o l e c u l a r jump) t imes ( 2 4 ) . 

In terms o f the s i m p l e model o f adsorbed wate r ( 8 ) , 
env i r onmen ta l s t a t e Β ( b u l k - l i k e wa te r ) i s f i r s t removed f rom 
the pore d u r i n g d e h y d r a t i o n l e a v i n g beh ind the two bound s t a t e s 
A i and A 2 ( o r the combined s t a t e A ) . The combined s t a t e A i s 
assumed t o occupy two l a y e r s o f wa te r and i s i ndependent o f 
porous g l a s s pore d i a m e t e r . See T a b l e II i n Re fe rence ( 8 ) . 

I n i t i a l A m p l i t u d e ( o f Free I n d u c t i o n Decay) Measurements 

In t he above model th  mob i l  s l o  deca  f r a c t i o n  f
i s s t a t e B, and the l e s
bound s t a t e A. The i n t e r c e p y
the y - a x i s i s p r o p o r t i o n a l t o the paramagnet i c s u s c e p t i b i l i t y 
o f the spec imen , and hence the number o f p ro ton s i n the specimen 
i s p r o p o r t i o n a l t o i n v e r s e t e m p e r a t u r e . S i n c e the l e s s m o b i l e 
f r a c t i o n has decayed b e f o r e the i n s t r umen t has r e c o v e r e d f rom 
i t s 90° p u l s e ( i n < 20 μ sec ) the magnitude o f the i n t e r c e p t 
I m a t z e r o t ime f o r the f r e e i n d u c t i o n decay r e f l e c t s the number 
o f p r o t on s i n the m o b i l e f r a c t i o n o n l y . Thus , as the t e m p e r a t u r e , 
Τ i s v a r i e d , the p r oduc t I m T, i s p r o p o r t i o n a l o n l y t o the m o b i l e 
wate r m o l e c u l e s . 

The p l o t o f f m = I m T / ( I m 2 9 8 ° K ) ve r su s r e c i p r o c a l t empera tu re 
f o r 100% RH and f o r 2 - l a y e r coverage f o r porous g l a s s samples 
numbers 2 and 5 a re shown i n F i g u r e s 3 and 4 . For sample number 
2 (mean pore d i a m e t e r 29 Â) a t 100% RH f m i s c o n s t a n t a t t emper 
a t u r e s above about - 16°C. Below t h i s t empera tu re the m o b i l e 
wa te r f r a c t i o n s t e a d i l y d i m i n i s h e s w i t h o u t a sudden drop expec ted 
f rom a f r e e z i n g phenomena. T h i s s low t r a n s i t i o n f rom a m o b i l e 
t o l e s s m o b i l e f r a c t i o n i s e i t h e r due t o s u p e r - c o o l i n g and s l ow 
f r e e z i n g o r the appa ren t phase t r a n s i t i o n e f f e c t ( 2^5 ) . Fo r 
sample 5 a t 100% RH on t h e o t h e r hand f m drops p r e c i p i t o u s l y 
around 0°C. Together w i t h t he r e s u l t s p r e sen ted i n F i g u r e 1 and 
T a b l e I I , t h i s drop i n f m appears t o be due t o f r e e z i n g o f the 
s l ow decay f r a c t i o n o r s t a t e B. 

Both cu rves appear t o be s i m i l a r f o r both porous g l a s s 
samples a t 2 - l a y e r coverage as shown i n F i g u r e 4 . T h i s , once 
a g a i n , c o n f i r m s t h a t the adsorbed wa te r on both g l a s s samples i s 
m o t i o n a l l y s i m i l a r a t 2 - l a y e r cove rage . 

I n t e r p r e t a t i o n o f R e s u l t s 

The N u c l e a r Magnet i c Resonance Model In t h i s s e c t i o n a 
n u c l e a r magnet i c re sonance m u l t i s t a t e model i s f i t t e d t o the 
e x p e r i m e n t a l r e l a x a t i o n da ta shown i n F i g u r e s 1 and 2. A f i t i s 
not a t tempted f o r sample 5 a t 100% RH because o f the anomolous 
Τ i , T 2 v e r s u s 10 3 /T°K p r o f i l e s produced by f r e e z i n g (see F i g u r e 1 ) . 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. Plot of mobile fraction tm (= r (293/- 298 Κ } VS' W ° / T °f a d s o r b e d 

water at P/P0 = 1.00 for porous glass: (a) sample 2; and (b) sample 5 

60 21 Ί Ο -35 -56 -73 -88 -101 

Figure 4. Plot of the mobile fraction (fm) 
vs. reciprocal temperature of adsorbed 
water on: (a) sample 2 at P/Pn = 0.40 
and (b) sample 5 at P/P0 = 0.62; (-··) 

experiment; (—) theory 
30 34 38 42 46 50 54 58 

I 0 3 / T ° K 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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For d e t a i l s o f the l o g -no rma l d i s t r i b u t i o n model and the 
a p p r o p r i a t e a c t i v a t i o n l a w , the r eade r i s r e f e r r e d t o Re fe rences 
6 and 21_. In these r e f e r e n c e s d e t a i l s a re p r o v i d e d as t o the 
method o f c a l c u l a t i o n . Three computer programs were used 
s e q u e n t i a l l y t o f i t the model t o the e x p e r i m e n t a l d a t a i n F i g u r e s 
1 and 2. The t o t a l number o f parameters i n the model a r e f i v e : 
t h r e e ( τ 0 , Η, To) t o f i t t he a c t i v a t i o n law f o r τ * , one t o 
c h a r a c t e r i z e the d i s t r i b u t i o n w i d t h B, and σ ο 2 t he second moment. 

The f i r s t program ( o b t a i n e d from Dr. Leo J . L ynch , D i v i s i o n 
o f T e x t i l e P h y s i c s Wool Research L a b s . , 338 B l a x l a n d R d . , Rydel 
Sydney, NSW A u s t r a l i a . ) uses the model t o p r e d i c t σ 0

2 and Β a t 
Om-jp as e s t i m a t e s f o r the second program. The second program 
( o b t a i n e d f rom Dr. Henry A. R e s i n g , Dept. o f C h e m i s t r y , Code 
6173, Naval Research L a b s .  Wash ing ton  DC 20390) uses numer i ca l 
i n t e g r a t i o n t e c h n i q u e s
l e a s t squares f i t [ see
(a) and ( b ) ] . These parameters a r e summarized i n T a b l e I I I . The 
t h i r d program ( a l s o o b t a i n e d f rom Dr. Henry A. Res ing ) uses the 
parameters d e r i v e d from the l e a s t squares f i t t o a d j u s t T 2 

b e h a v i o r a t h i gh tempera tu re s as t o produce a s h o u l d e r e f f e c t 
(see F i g u r e 2 s o l i d l i n e f o r T 2 c u r ve ( c ) ) . 

The f o l l o w i n g comments r e g a r d i n g the parameters can be 
made: 

( i ) The c r i t e r i a f o r an a c c e p t a b l e f i t was based f i r s t on 
the v a l u e o b t a i n e d f o r the second moment σ 0

2 and then on the 
rea sonab lenes s o f the o t h e r pa r amete r s . A l s o see f o o t n o t e d i n 
Tab l e I I I . Three o f the f i v e cases produced a c c e p t a b l e f i t s 
w i t h o u t f i x i n g σ 0

2 a t i t s p h y s i c a l minimum o f 1.57 χ 1 0 1 0 r a d 2 

s ec~2 . The p r o t o n - p r o t o n d i s t a n c e r p p c a l c u l a t e d f rom σ 0

2 (see 
f o o t n o t e c i n T a b l e I I I ) f o r samples 5 and 2 a t 2 - l a y e r coverages 
( p / p 0 = 0.62 and 0.40 r e s p e c t i v e l y ) a r e ve ry c l o s e t o r p p = 1.54 Â 
f o r a f r e e wa te r m o l e c u l e , i m p l y i n g an open r a t h e r than dense 
p a c k i n g . On add i n g water a denser p a c k i n g ( r p p = 1.47 Â) i s 
observed f o r sample 2 a t 88% RH, w h i l e r e l a t i v e l y l a r g e r p p a r e 
c a l c u l a t e d f o r sample 5 a t 88% RH and sample 2 a t 100%. 

The second moment v a l u e s σ 0

2 f o r sample 5 a t 62% RH and 
sample 2 a t 40% RH a r e c l o s e t o the va l ue s o b t a i n e d f o r wate r 
adsorbed on b a c t e r i a l c e l l w a l l s (26J and z e o l i t e 13-X. ( 2 7 ) . 

( i i ) A t l o w e s t coverage (2 l a y e r s ) the a c t i v a t i o n e n t h a l p y 
Η i s l e s s f o r sample 5 than f o r sample 2. For sample 2 a t 
88% RH where r p p = 1.47 Â was the s m a l l e s t , the Η-va lue was the 
h i g h e s t (=1836 c a l m o l e " 1 ) . 

( i i i ) For sample 2 , a l l the preexponents τ 0 l i e w i t h i n the 
range 1 0 ~ ' 2 > τ 0 > 1 0 " ' 5 s e c i n acco rdance w i t h t he a c t i v a t e d 
s t a t e t h e o r y . The τ 0 v a l ue s f o r sample 5 appear t o be ou t o f t h i s 
range maybe due t o the p resence o f r e s i d u a l f r e e w a t e r . 

( i v ) The B -va lues a r e about the same f o r the t w o - l a y e r 
coverage and i n c r e a s e as e xpec ted t o the h i g h e s t sp read a t the 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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h i g h e s t % RH. 
Fo r the cases where the model f i t s the da t a b e s t , i . e . 

w i t h o u t f o r c i n g σ 2 t o i t s minimum v a l u e o f 1.570 χ 1 0 1 0 r a d 2 s e c " 2 , 
and p r o v i d i n g T C « 129 t he p r o t o n - p r o t o n d i s t a n c e s , rpp a t 
2 l a y e r coverages gave v a l ue s (1.52 and 1.55A) e s s e n t i a l l y equa l 
t o t h a t o f f r e e wa te r mo l e cu l e s ( 1 . 5 4 Â ) . For porous g l a s s sample 
2, i n c r e a s i n g the coverage t o 99% o f complete f i l l i n g a t 88% RH, 
w i t h o u t i n t r o d u c i n g s i g n i f i c a n t bu l k w a t e r , the r p p v a l ue drops 
s i g n i f i c a n t l y t o l . 4 7 Â ve ry near t h a t o f i c e and the a c t i v a t i o n 
e n t h a l p y H a l s o i n c r e a s e s t o a h igh a t 1836 c a l m o l e " 1 

R e l a x a t i o n A n a l y s i s 

Assuming t h a t p ro ton i n t e r a c t i o n w i t h both paramagnet i c i m
p u r i t i e s and s u r f a c e hydroxy
e x p e r i m e n t a l r e s u l t s c o u l  p r i n c i p a  e x p l a i n e y
both p o s s i b i l i t i e s ( 28 ) : 

( i ) A d i s t r i b u t i o n o f c o r r e l a t i o n t imes f o r the adsorbed 
w a t e r s . Thus, a t w o - f r a c t i o n f a s t exchange model (TFE) w i t h 
r a p i d exchange between the mo lecu l e s o f wa te r i n r e g i o n B ' (=A 2 +B) 
and r e g i o n Αχ c o u l d be p o s t u l a t e d . T h i s model g i v e s the f o l l o w 
i n g e q u a t i o n f o r s p e c i a l case o f a sample w i t h a v e r y sma l l 
(P/^ « P B i ) but e f f i c i e n t (TT^ » T i g , ) r e g i o n ( ad so rben t w i t h 

a s m a l l f r a c t i o n o f h i gh energy s i t e s ) : 

o r f o r T 2 ^ <<τι\1
 a t h i gh temperatu res where the s l o p e o f l o g T 2 

dec rea se s w i t h i n c r e a s i n g t e m p e r a t u r e , 

PA> 
Δ τ 2 = V τ Α ι 

(4) 

T 2 β , and T 2 ( a c t u a l observed v a l u e ) a re o b t a i n e d f rom F i g u r e s l a 

and l b a t the h i g h e s t t empera tu re (~ 90°C ) . By e x t r a p o l a t i n g the 
l i n e a r low tempera tu re n e g a t i v e s l o p e l o g T 2 vs 10 3 /T°K l i n e back 
ward t o the h i g h e s t t e m p e r a t u r e , an e s t i m a t e o f T 2 β « i s o b t a i n e d . 
The r e s u l t s a r e summarized i n T a b l e IV. 9 

Thus, the mean l i f e - t i m e o f a p r o ton i n the f i r s t bound 
l a y e r A x a d j a c e n t t o the bu l k wa te r B1, dec rea se s when the average 
pore d i a m e t e r i n c r e a s e s a t both 88% RH and 2 l a y e r cove rage . 
T h i s can be under s tood i n l i g h t o f the f a c t t h a t the r e l a t i v e 
amount o f bu l k wa te r ( s t a t e β') i n c r e a s e s w i t h i n c r e a s i n g pore 
d i a m e t e r and thus the o p p o r t u n i t y o f t h i s h i gh energy p r o t on ( i n 
s t a t e A i ) t o i n t e r a c t w i t h s t a t e Β i s i n c r e a s e d . F o r both samples 
o f porous g l a s s , an i n c r e a s e i n % RH dec rea se s τ Α , t h e mean 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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l i f e - t i m e o f the p ro ton s i n t he s h o r t A i r e g i o n a t 90°C. The 
d i f f e r e n c e between τ Λ a t 100 and 88% RH f o r sample 2 i s p r o b a b l y 

Ml 
not s i g n i f i c a n t . The same e x p l a n a t i o n g i v en above a p p l i e s h e r e . 
F i n a l l y , the v a l u e τ * f o r both samples i s s i m i l a r s u p p o r t i n g 
e a r l i e r f i n d i n g s w i t n 1 T 1 / T 2 a t Θ , and f b e h a v i o r a t two l a y e r 
cove rage . 

( i i ) An a n i s o t r o p i c r e o r i e n t a t i o n o f the wa te r mo l e cu l e s i n 
r e g i o n A. The IR r e s u l t s showed a weakening o f the OH-bond a t 
low wa te r coverages s u g g e s t i n g an i n c r e a s e i n r o t a t i o n a l d i f f u s i o n 
(!_). The pNMR r e s u l t s , on the o t h e r hand, sugges t a dec rea se i n 
t r a n s l a t i o n d i f f u s i o n f o r low wate r c o ve r a ge s . A combined p i c t u r e 
may be c o n s t r u c t e d as f o l l o w s : a t low coverages the bu l k wa te r 
h yd ra ted p r o t on complex Η 0 ι Λ i s reduced by the w a l l e f f e c t s t o 
H 5 0 2

+ and H 3 0 + complexe
a re h e l d t i g h t l y t o th
f u s i o n but a l l o w i n g r o t a t i o n about t h e i r a x i s . T h i s c o u l d 
p o s s i b l y e x p l a i n both the pNMR and IR r e s u l t s . A d d i t i o n a l 
v e r i f i c a t i o n s hou l d be sought v i a the deu te r i um NMR s t u d i e s where 
r o t a t i o n a l d i f f u s i o n from i n t r a - r e l a x a t i o n e f f e c t s a re s e p a r a t e d 
f rom i n t e r - r e l a x a t i o n e f f e c t s . 

D i s c u s s i o n 

Proposed Model f o r Adsorbed Water i n D e s a l i n a t i o n Membranes 
These r e s u l t s suggest t h a t some minimum coverage o f wa te r i s n e ce s 
s a r y w i t h a p a r t i c u l a r pore s i z e o f porous g l a s s b e f o r e the f i r s t 
l a y e r s o f adsorbed wa te r can s t r u c t u r e themse lves i n t o a m o t i o n a l -
l y r e s t r i c t e d s t a t e . A t coverages below t h i s c r i t i c a l v a l u e , the 
adsorbed wa te r mo l e cu l e s o r monomers a r e r e l a t i v e l y i s o l a t e d w i t h 
l a r g e r v a l u e s , (Tab le I I I ) , and c h a r a c t e r i z e d by low T i / T 2 

va l ue s \ i . e . , 22 i n T a b l e I I ) . As adsorbed wa te r i s added, T x / T 2 

va l ue s i n c r e a s e ( i . e . , t o 70 and 40 i n T a b l e I f o r samples 5 and 2 , 
r e s p e c t i v e l y ) and the r p p va l ue s s h o r t e n ( t o 1.47A f o r 88% RH on 
sample 2 i n T a b l e I I I ) w i t h an i n c r e a s e i n Η v a l u e ( t o 1836 Ca l 
m o l e " ! f o r 88% RH i n Sample 2 , See Tab l e I I I ) . Above t h i s minimum 
coverage f o r r e s t r i c t e d wa te r t o e s t a b l i s h i t s e l f , l e s s r e s t r i c t e d 
and p r o b a b l y d imers and h i g h e r c l u s t e r s o f wa te r e n t e r the pores 
d u r i n g a d s o r p t i o n . However, l i k e the r e s t r i c t e d w a t e r , a minimum 
amount (volume) o f wa te r must be adsorbed b e f o r e b u l k - l i k e p r o p e r 
t i e s can e s t a b l i s h . Luck (1_) has termed the two types o f wa te r s 
h yd r a t e and t r a n s i t i o n s t age w a t e r . 

Both the l a c k o f f r e e z i n g and the i n a b i l i t y o f i o n s t o e n t e r 
the pores c o n t a i n i n g m o t i o n a l l y r e s t r i c t e d wa te r can be e x p l a i n e d 
by the e x i s t e n c e o f f ragmented c l u s t e r s such as monomors, d imers 
e t c . Thus , t he p re sence o f t he se f ragmented c l u s t e r s p reven t the 
nece s s a r y a g g r e g a t i o n and c o - o p e r a t i v e expan s i on needed f o r an 
i c e - l i k e s t r u c t u r e t o e x i s t , w h i l e a t t he same t ime they a r e l e s s 
a b l e t o h y d r a t e i on s r e s u l t i n g i n low s o l u b i l i t i e s and c o n s e q u e n t l y 
low r e j e c t i o n s i n the d e s a l i n a t i o n sense (]_,2_). T h i s c o u l d be the 
m i c r o s c o p i c m e c h a n i s t i c b a s i s f o r the s o l u t i o n - d i f f u s i o n model so 
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s u c c e s s f u l l y used i n d e s a l i n a t i o n . 
C l e a r l y , t he a b s o l u t e amount and r a t i o o f r e s t r i c t e d wa te r t o 

b u l k - l i k e wate r w i l l depend i n v e r s e l y on the p o r e - s i z e o f the 
porous g l a s s d e s a l i n a t i o n membrane (see column 6, T a b l e I ) . By 
n o r m a l i z i n g the samp le s , an average t h i c k n e s s o f an annu lus o f 
the f i r s t adsorbed l a y e r , t ( i n angstroms can be e s t i m a t e d by 
t = V m χ l O V S B E T w a t e r From T a b l e I t (sample 2) = 0 .024x10*/ 
100 = 2.40 A, and t (sample 5) =0.016x10767=2.39 A , i e r e s u l t s 
i n the same t f o r both porous g l a s s e s . W i thou t t he e s t a b l i s h m e n t 
o f b u l k - l i k e w a t e r , the pNMR r e s u l t s p r e sen ted here and p r e v i o u s l y 
( 6 , 8 ) , show t y p i c a l adsorbed b e h a v i o r w i t h T x and T 2 r e l a x a t i o n 
t imes w e l l below t h a t o f bu l k w a t e r . A p r e c i p i t o u s drop i n T 2 

i s a l s o not obse rved f o r these cases i n d i c a t i n g the absence o f 
f r e e z i n g . C l e a r l y , th
w i t h m o t i o n a l l y r e s t r i c t e
c o m p l i c a t e d s i t u a t i o n and any measurement o f both wa te r s r e p r e s e n t s 
a s u p e r p o s i t i o n o f each c o n t r i b u t i o n . 

For ca se s w i t h h a r d l y any o r no b u l k - l i k e wa te r such as w i t h 
sma l l pores (<50§ d i a m e t e r ) a t f u l l c o v e r a g e , o r l a r g e r pores 
(sample 5 - 189 A) a t l ower coverages (<88% RH), t y p i c a l and 
p r e d i c t a b l e m u l t i - s t a t e adsorbed b e h a v i o r i s p o s s i b l e . See T a b l e 
I I I . As soon as a s i g n i f i c a n t (w i t h r e s p e c t t o the method o f 
measurement) amount o f b u l k - l i k e wa te r i s e s t a b l i s h e d a f r e e z i n g 
phenomenon i s n o t i c e d u s i n g pNMR ( w i t h T 2 f o r sample 5 i n F i g u r e 
l b , and w i t h f m f o r sample 5 i n Fugure 3b) and the a v a i l a b l e m u l t i -
s t a t e models a r e i n a p p l i c a b l e . 

The Fragmented cluster Model proposed above i s a l s o c o n s i s 
t a n t w i t h the IR r e s u l t s o f Luck , e t . a l . f o r porous g l a s s (1), 
and Top rak , e t . a l _ . , f o r c e l l u l o s e a c e t a t e ( 2 j . Indeed, the IR 
r e s u l t s c o n f i r m the o r i g i n a l model o f B e l f o r t e t _ a j _ . , f o r e x p l a i n 
i n g the d e s a l t i n g mechanism o f porous g l a s s d e s a l i n a t i o n membranes 
(31) . Thus , a t low c o v e r a g e s , below the i n i t i a l minimum f o r the 
e s t a b l i s h m e n t o f m o t i o n a l l y r e s t r i c t e d w a t e r , a m i x t u r e o f i s o l a t e d 
monomers ( H 3 0 + ) and sma l l c l u s t e r s ( Η 5 0 ϊ ) a r e adsorbed onto the 
s u r f a c e w i t h r e s t r i c t e d t r a n s l a t i o n a l but i n c r e a s e d r o t a t i o n a l 
d i f f u s i o n . A d d i t i o n a l a d s o r p t i o n i n c r e a s e s hydrogen bond ing and 
dec rea se s r o t a t i o n a l d i f f u s i o n . A f t e r the e s t a b l i s h m e n t o f the 
m o t i o n a l l y r e s t r i c t e d adsorbed l a y e r s , a d d i t i o n a l monomers, d imers 
and o t h e r sma l l c l u s t e r s e n t e r adsorbed i n the p o r e s . These s p e c i e s 
s h o u l d a l s o show a l ower degree o f a s s o c i a t i o n between each o t h e r 
than f u l l y c l u s t e r e d b u l k - l i k e w a t e r . 

The " b a r r i e r - e f f e c t " a l s o reduces t he average t r a n s l a t i o n a l 
s e l f - d i f f u s i o n o f p ro tons and i s most a cu te i n t h i s case w i t h low 
c o v e r a g e s . The p re sence o f h i gh c o n c e n t r a t i o n s o f s o l u t e , the 
p h y s i c a l o b s t r u c t i o n o f the pore s u r f a c e s , and the presence o f 
a lmos t impermeable b a r r i e r s ( such as t he l i q u i d - a i r s u r f a c e ) w i l l 
r e s u l t i n a pure s t e r i c e f f e c t r e d u c i n g the s e l f - d i f f u s i o n 
c o e f f i c i e n t o f wa te r m o l e c u l e s . T h i s i s termed the b a r r i e r e f f e c t 
(32) . B e l f o r t and Segvers ( unpub l i s hed r e s u l t s ) have seen f o r 
adsorbed wa te r i n 24 A d i amete r porous g l a s s , r e d u c t i o n s i n the 
measured (by p u l s e d g r a d i e n t s p i n echo NMR) wa te r s e l f - d i f f u s i o n 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



19. B E L F O R T A N D SINAI Relaxation Studies 339 

c o e f f i c i e n t o f 80%. T h i s o c c u r r e d when the expe r iment d u r a t i o n 
was l eng thened f rom s e v e r a l m i l l i s e c o n d s t o hundreds o f m i l l i 
s econds . Even f o r a measurement i n t e r v a l o f 2 msec, the s e l f -
d i f f u s i o n c o e f f i c i e n t o f wa te r was reduced t o about 0.63 f o r t h a t 
o f bu l k wa te r a t 20°C. T h i s r e d u c t i o n i n D w a t G r has been a t t r i 
buted t o both a b a r r i e r - e f f e c t and the so-caTTef i " o r d e r e d " wa te r 
e f f e c t . The c o n t r i b u t i o n o f each e f f e c t i s v e r y d i f f i c u l t t o 
r e s o l v e , a l t h o u g h a t ve r y s h o r t t i m e s , D

w a t e r appeared t o approach 

i t s b u l k v a l u e i n d i c a t i n g t h a t the f o rmer e f f e c t was p r o b a b l y 
dominant . 

I f t h i s were t r u e , why then a r e the v a l ue s o f the s p i n - l a t i c e 
Τχ and s p i n - s p i n T 2 r e l a x a t i o n t imes f o r p ro ton s i n wa te r g r e a t l y 
reduced f o r adsorbed wate r w i t h r e s p e c t t o t h e i r v a l u e s i n bu l k 
wate r a t the same tempera tu r
adsorbed systems i s though
to tempera tu re s as low as 183°K ( -90°C) ( 1 6 ) . I n c r e a s i n g the 
volume o f adsorbed w a t e r i n a p a r t i c u l a r porous system u s u a l l y 
r e s u l t s i n an i n c r e a s e i n Ίχ and T 2 f o r p r o t o n s . A t 100% RH, 
o r when the pores a r e f u l l , t he l x and T 2 v a l ue s f o r p ro ton s a r e 
s t i l l w e l l below t h a t o f bu l k w a t e r ( see F i g u r e 1 ) . R e s i n g , e t a l . 
(33,34) have e x p l a i n e d t h i s f o r musc le-bound wate r by i n v o l i n g 
the " i n t e r m e d i a t e exchange r a t e " model i n wh ich one m o l e c u l e per 
t hou sand , " i r r o t a t i o n a l l y bound" w i t h v e r y s h o r t t r a n s v e r s e r e l a x 
a t i o n t ime T 2 + 3.5 + 1.5 y s e c , exchanges w i t h the g r e a t m a j o r i t y 
o f the r e s t o f t he w a t e r . Chang and Woessner (35) have s e r i o u s l y 
q u e s t i o n e d the b a s i c a s sumpt ion o f the i r r o t a t i o n a l l y bound wate r 
(IBW) model i n terms o f the t w o - f r a c t i o n f a s t exchange (TFE) mode l , 
and have shown t h a t the n o n - f r e e z i n g bound wa te r i s s u f f i c i e n t t o 
e x p l a i n t he r e d u c t i o n i n T 2 f rom i t s bu l k v a l u e . R e s i n g , e t a l 
(36) have q u e s t i o n e d t h i s c r i t i c i s m s i n c e i t i s based on what they 
c o n s i d e r e d an i n c o r r e c t model ( i . e . the TFE model) f o r wa te r 
a s s o c i a t e d w i t h ( r i g i d ) musc le t i s s u e . 

T h i s c o n t r o v e r s y unde r s co re s the d i f f i c u l t y o f i n t e r p r e t a t i o n 
o f pNMR r e s u l t s f o r adsorbed w a t e r systems and s uppo r t s the need 
f o r s e v e r a l e x p e r i m e n t a l approaches f o r a d d i t i o n a l c l a r i f i c a t i o n . 
For t h i s r e a s o n , i n a d d i t i o n t o comprehens ive pNMR s t u d i e s , i n f r a 
red s p e c t r o s c o p y was a l s o used [by P r o f . D r . W.A.P. Luck (1)] i n a 
combined approach t o b e t t e r under s tand the m o t i o n a l c h a r a c t e r i s t i c s 
o f o c c l u d e d wa te r i n e x a c t l y the same ba tch o f porous g l a s s used 
h e r e . 

I f i n a d d i t i o n t o the m o t i o n a l l y r e s t r i c t e d l a y e r s d e s c r i b e d 
above, the pores a r e t o t a l l y f i l l e d w i t h w a t e r , t he amount o f 
wa te r added i n exces s o f the r e s t r i c t e d two l a y e r s w i l l depend on 
the f r e e e q u i v a l e n t d i a m e t e r , t 3 , shown i n F i g u r e 5. I f d^. i s t he 
d i a m e t e r o f the b u l k wa te r c l u s t e r o r agg regate (nH 2 0) a t room 
t e m p e r a t u r e , then two ranges can be d e f i n e d f o r t he s i z e o f t 3 . 
For 2 t 3 < di* and 2 t 3 £ dk. On l y f o r t he second case can bu l k 
wa te r s t r u c t u r e e s t a b l i s h i t s e l f a l o n g the c e n t e r ! i n § o f the p o r e . 
R e f e r r i n g t o F i g u r e 5, w i t h e s t i m a t e s o f t i * t 2 * 3A and 2 t 3 ~ 
20 -40 o A [ f o r 10-20 H 2 0 ( 3 7 ) ] , t he pore d i ame te r d=2 (ti+t2+U) ~ 
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Figure 5. Fragmented cluster model of adsorbed water showing hydrogen-bonded 
proton clusters in a porous glass pore 
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Unmod i f i ed porous g l a s s d e s a l i n a t i o n membranes t h a t have 
shown moderate t o h i ah s a l t r e j e c t i o n s have had measured pore 
d i amete r s o f 24 ± 2 A , 41 ± 3 A , and 50 ± 5 A w i t h app rox imate 
s a l t r e j e c t i o n s o f 65 , 35 and 48%, r e s p e c t i v e l y ( 6 , 38, 39 ) . 
S c h u l t z and Asugmaa (40) have suggested t h a t t h e r e e x i s t s a 
s a l t - f r e e ~ 22 A t h i c k l i q u i d - c r y s t a l l i n e h y d r a t i o n sheath l i n i n g 
the pores o f both c e l l u l o s e a c e t a t e and porous g l a s s membranes, 
w h i l e Ohya, e t . a l have r e c e n t l y shown t h a t s a l t r e j e c t i o n improves 
s i g n i f i c a n t l y w i t h a dec rea se i n membrane pore r a d i u s below 20-22 
Â (41). 

The p r e s e n t Fragmented cluster Model p r e d i c t s a p r i o r i t he 
s i z e range o f t he pore d i a m e t e r below wh ich bu l k wa te r i s not a b l e 
t o e s t a b l i s h i t s e l f . Above t h i s s i z e r ange , porous g l a s s and 
dense c e l l u l o s e a c e t a t  d e s a l i n a t i o  membrane  hav t show
s i g n i f i c a n t s a l t r e j e c t i o n

C o n c l u s i o n s 

A v a r i a b l e tempera tu re a t c o n s t a n t adsorbed wa te r coverage 
s tudy was conducted f o r two d i f f e r e n t pore s i z e g l a s s d e s a l i n a t i o n 
membranes a t t h r e e d i f f e r e n t r e l a t i v e h u m i d i t i e s . T h i s c o m p l i 
ments the e a r l i e r c o n s t a n t tempera tu re and v a r i a b l e wate r coverage 
s tudy ( 8 ) . The f o l l o w i n g can be s t a t e d : 

{ i j E xpe r imen ta l o b s e r v a t i o n s o f the r e l a x a t i o n r a t e s T^ 1 

and T2 1 w i t h i n v e r s e t empera tu re i n d i c a t e t h a t t h e r e a p p a r e n t l y 
e x i s t a d i s t r i b u t i o n o f c o r r e l a t i o n t imes and hence o f e n v i r o n 
mental s t a t e s f o r the adsorbed w a t e r . A f r e e z i n g phenomenon was 
o n l y observed a t 100% RH f o r the l a r g e r pore s i z e (189 A ) . 
O the rw i se a s l ow t r a n s i t i o n from a m o b i l e t o a non -mob i l e s t a t e 
o c c u r r e d below 0°C. T h i s can be e x p l a i n e d by s u p e r - c o o l i n g and 
s l o w - f r e e z i n g o r an appa ren t phase t r a n s i t i o n e f f e c t . (Depending 
on the v a l i d i t y and a p p l i c a b i l i t y o f the mode l , t h i s d i f f e r e n c e i n 
f r e e z i n g b e h a v i o r c o u l d be used as a q u i c k d i a g n o s t i c t o o l t o 
de te rm ine whether a membrane i s s u i t a b l e f o r d e s a l i n a t i o n o r n o t ) . 
A t low coverages (2 l a y e r s ) , the wate r behaved ve r y s i m i l a r l y on 
both p o r e - s i z e g l a s s e s . For example T i / T 2 , f p r o f i l e s and τ Α 

were a l l s i m i l a r . m M l 

( i i ) Parameters o b t a i n e d by f i t t i n g the l o g -no rma l m u l t i -
s t a t e pNMR r e l a x a t i o n model show a r e d u c t i o n o f the p r o t o n - p r o t o n 
d i s t a n c e and an i n c r e a s e i n a c t i v a t i o n e n t h a l p y i n a b s o r b i n g 
wa te r f rom 2 l a y e r s t o a lmo s t s a t u r a t e d cove rage f o r the sma l l 
p o r e - s i z e g l a s s . 

( i i i ) U s i ng r e l a x a t i o n a n a l y s i s o f the e x p e r i m e n t a l r e s u l t s , 
both a d i s t r i b u t i o n o f c o r r e l a t i o n t imes and a n i s o t r o p i c r e o r i e n 
t a t i o n c o u l d p o s s i b l y e x p l a i n the r e s u l t s . The l a t t e r e f f e c t i s 
s uppo r ted by IR s t u d i e s , w h i l e the fo rmer i s s t r o n g l y i n d i c a t e d 
f rom the pNMR o b s e r v a t i o n s . Both e f f e c t s c o u l d c o n c u r r e n t l y be 
r e s p o n s i b l e f o r the appa ren t c o n t r a d i c t i o n between IR and pNMR 
c o n c l u s i o n s . 

( i v ) U s ing a "Two F r a c t i o n F a c t Exchange" M o d e l , the e s t i m a t e d 
mean l i f e - t i m e o f a p r o t on i n the bound s t a t e Α ι , τ Δ 9 deceases 
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both w i t h an i n c r e a s e i n mean g l a s s pore d i a m e t e r and an i n c r e a s e 
i n p e r c e n t r e l a t i v e h u m i d i t y . Based on the pNMR s t u d i e s p re sen ted 
h e r e , a h y d r a t i o n model The Fragmented cluster Model f o r adsorbed 
wa te r i n porous g l a s s (and p o s s i b l y c e l l u l o s e a c e t a t e ) membranes 
i s p ropo sed . I f p r e d i c t s a p r i o r i , t h a t f o r pore s i z e s above 
about 32 t o 52 A, bu l k wate r s t r u c t u r e can be e s t a b l i s h e d . Ob se r 
v a t i o n s f rom the l i t e r a t u r e i n d i c a t e t h a t above t h i s pore s i z e 
range s i g n i f i c a n t d e s a l t i n g i s not e x p e c t e d . 

Abstract 

The proton magnetic resonance relaxation times of water 
adsorbed on two different pore-size porous glasses (29 and 189 Å) 
has been measured as  function of three coverages for the temp
erature range - 80 to 90°C.
times and anisotropic reorientation  differ
ing conclusions from pNMR and IR spectroscopy. A least squares 
fit of Resing's log-normal multi-state model for magnetic relaxa
tion resulted in parameters that indicated a reduction in proton
-proton distance with an increase in activation enthalpy on 
adsorbing water from about 2 layers to almost saturation. 

Based on these results, a hydration model - The Fragmented 
cluster Model for adsorbed water in porous glass (and possibly 
cellulose acetate) membranes is proposed. It predicts a priori, 
that for glass pore sizes above 32 to 52 Å, bulk water structure 
can be established. Observations from the literature indicate 
that above this pore size range significant desalting is not 
expected. 

Acknowledgment 

We g r a t e f u l l y acknowledge the a s s i s t a n c e o f I s s e r Go ldbe rg 
and O f e r E ide lman i n a d a p t i n g and improv i ng t he computer programs 
f o r f i t t i n g the m u l t i - s t a t e mode l . We thank our s c i e n t i f i c 
p a r t n e r , P r o f e s s o r Dr. W.A.P. Luck , P h i l i p p s U n i v e r s i t a t , Marburg , 
Germany, f o r s t i m u l a t i n g d i s c u s s i o n s and encouragement. A p p r e c i a 
t i o n and thanks a r e a l s o due t o Dr. Roland S c h n a b e l , Jenne r 
GLaswerk S c h o t t , M a i n z , Germany f o r s u p p l y i n g the porous g l a s s , 
t o U r i S c h m i t t f o r h e l p i n g us w i t h the vacuum sys tem. GB would 
a l s o l i k e t o thank P r o f e s s o r Dav id S h a l t i e l f o r managing the 
p r o j e c t d u r i n g h i s absence on S a b b a t i c a l Leave. Th i s r e s e a r c h 
was suppor ted by a g r a n t f rom the N a t i o n a l C o u n c i l f o r Research 
and Development, I s r a e l , and the GKSS Gee s thach t -Te spe rhude , 
Germany. 

Literature Cited 

1. Luck, W.A.P.; Schioberg, D.; Sieman, U., "Infrared Investi
gations of Water Structure in Desalination Membranes" 
presented at the Faraday Society Meeting, "Transport Across 
Synthetic Membranes", Cranfield Institute, UK (March 1, 1979), 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



19. B E L F O R T A N D SINAI Relaxation Studies 343 

and W.A.P. Luck, Topics in Current Chem., 1976, 64, 113. 

2. Toprak, C.; Aga, J.N.; Falk, M.Trans. Faraday Soc. I. 1979, 
803-815. 

3. Belfort, G. Nature Phys. Sci., 1972, 237, p. 60-61. 

4. Frommer, M.A.; Shporer, M.; Messalem, R.M. J. Appl. Polymer 
Sci., 1973, 17, 2263. 

5. Frommer, M.A.; Murday, J.S.; Messalem, R.M. European Polym. 
Journal, 1973, 9, 367. 

6. Belfort, G.; Scherfig,
Sci., 1974, 47, 1,

7. Shporer, M.; Frommer, M.A. J. Macromol. Sci - Phys. BIO, 1974, 
(3), 529-542. 

8. Almagor, E.; Belfort, G. J. Colloid Interface Sci., 1978, 
66, (1), 146. 

9. Kawaguchi, M.; Taniguchi, T.; Tochigi, K.; Takizawa, A. 
J. Appl. Polymer Sci., 1975, 19, 2515. 

10. Frommer, M.A.; Lancet, J. Appl. Polym. Sci., 1972, 116, 1295. 

11. Burghoff, H.G.; Pusch, W. J. Appl. Polym. Sci., 1979, 23, 
473. 

12. Krishnamoorthy, B.; Saraf, D.N. Indian J of Techn., 1972, 
10, 59. 

13. Chang, Y.J.; Chen, C.T.; Tobolsky, A.V. J of Polym. Sci., 
Polym-Physics Ed., 1974, 12, 1. 

14. Zimmerman, J.R.; Brittin, W.E. J. Phys. Chem. 1957, 61, 1328. 

15. Woessner, D.E. J. Chem. Phys, 1963, 39, 2783. 

16. Resing, H.A. J. Phys. Chem., 1976, 80, 2, 186. 

17. Resing, H.A.; Garroway, A.N.; Foster, K.R. Chapt. 42 
in "Magn. Resonance in Colloid & Interface Science," ACS 
Symp. Ser., 1976, 34. 

18. Resing, H.A. In "Advances in Molecular Relaxation Processes", 
1972, 3, 199, Elsevier Publ. Co. 

19. Schnabel, R., "Proceedings of the Fifth Int. Symp. on Fresh 
Water from the Sea", Sardinia, 16-20 May, 1976, 4, 409-413. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



344 W A T E R IN P O L Y M E R S 

20. Woessner, D.E. J. Chem Phys. 1963, 39, 2783. 

21. Resing, H.A., in "Advances in Molecular Relaxation Studies", 
1967, Elsevier Publ. Co., p. 1. 

22. Bloembergen, N.; Purcell, E.M.; Pound, R.Y. Phys. Rev., 1948, 
73, 679. 

23. Antoniou, A.A. J. Phys. Chem., 1964, 68, 2755. 

24. Resing, H.A. J. Chem. Phys., 1965, 43, 669. 

25. Resing, H.A. J. Chem. Phys., 1965, 43, 669. 

26. Resing, H.A.; Neihof,
34, 480. 

27. Kvlividze, V.I.; Kiseler, V.F; Serpinski, V.V. Dold. Akad. 
Nauk SSSR, 1965, 165, 1111. 

28. Pfeifer, H., "Nuclear Magnetic Resonance and Relaxation of 
Molecules Adsorbed in Solids", in NMR, Basic Principles 
and Progress, 1972, 5, 53 (ed. P. Dahl, E. Fleich, and R. 
Kosfeld) Springer Yerlay. 

29. Roberts, N.K. J. Phys. Chem. 1976, 80, 10, 1117. 

30. Eigen, N.; De Maeyer, L. Proc. R. Soc. London, Ser A, 1958, 
247, 505-533. 

31. Belfort, G.; Sinai, N.; Sterling, D., "The State of Water 
in Synthetic Membranes and Aqueous Solutions." Second Annual 
Report, Jan., 1977 - Sept. 1977, project no. 848092, prepared 
for the NCRD, Prime Ministers Office, Jerusalem, Israel and 
GKSS, Baudesministerium fur Forshung und Technologie, West 
Germany, (March 1978). 

32. Neuman, C.H. J. Chem. Phys., 1978, 60, 4508. 

33. Resing, H.A.; Garroway, A.N.; Foster, K.R. Chapt. 42 in 
"Magn. Resonance in Colloid & Interface Science," ACS 
Symp. Ser., 1976, 34. 

34. Foster, K.R.; Resing, H.A.; Garroway, A.N. Science, 1976, 
194, 4262, 324. 

35. Chang, D.C.; Woessner, D.E. Science, 1977, 198, 1180-1181. 

36. Resing, H.A.; Foster, K.R.; Garroway, A.N. Science, 1977, 
198, 1181-1182. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



19. B E L F O R T A N D SINAI Relaxation Studies 

37. Luck, W.A.P. Fortschr. Chem. Forschung, 1964, 4, 693. 

38. Littman, F.E.; Kleist, F.D.; Croopnick, G.A. "Research 
on Porous Glass Desalination Membranes", Office of Saline 
Water Res. Dev. Prog., 1971, Rep. No. 720. 

39. Ballou, E.V.; Wydeven, T.; Leban, M.I. Env. Science Techn., 
1971, 5, 1032. 

40. Schultz, R.; Asunmaa, S. Rec. Progr. Surface Sci., 1970, 
3, 291. 

41. Ohya, H.; Konuema, H.; Negishi, Y. J. Applied Polym. Sci., 
1977, 21, 2515-2527. 

RECEIVED January 4, 1980. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20 
Solute Permeation Through Hydrogel Membranes 
Hydrophilic vs. Hydrophobic Solutes 

S. W. KIM, J. R. CARDINAL, S. WISNIEWSKI, and G. M. ZENTNER 
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P o l y ( 2 - h y d r o x y e t h y
m e t h a c r y l a t e po lymer wh ic
Lim OJ. T h i s po l ymer , and many o t h e r s y n t h e t i c h y d r o g e l s , has 
been e x t e n s i v e l y examined f o r p o t e n t i a l b i o m e d i c a l a p p l i c a t i o n s 
(2J. A l t hough many s t u d i e s have f o cu sed on t he p h y s i c o c h e m i c a l 
n a t u r e o f t he se h y d r o g e l s , many q u e s t i o n s remain unanswered. 
Among the se a r e t he n a t u r e , o r g a n i z a t i o n , and r o l e o f wate r i n 
d e t e r m i n i n g such p r o p e r t i e s as i n t e r f a c i a l and t r a n s p o r t phenom
ena. 

Problems wh ich dea l w i t h t he p re sence o f wa te r and the 
s t r u c t u r e o f wa te r a t the m o l e c u l a r l e v e l a r e o f t e n complex. For 
h y d r o g e l s , i t has been proposed (3) t h a t wa te r can be t r e a t e d i n 
terms o f a t h r e e s t a t e mode l . These i n c l u d e : bound, i n t e r f a c i a l , 
and " b u l k - l i k e " w a t e r . Bound wate r i s s t r o n g l y a s s o c i a t e d w i t h 
the po l ymer , p r o b a b l y as wa te r h y d r a t i n g the h y d r o p h i l i c groups 
o f t he po lymer . I n t e r f a c i a l wa te r i s p r o b a b l y a s s o c i a t e d w i t h 
hydrophob ic i n t e r a c t i o n s between the polymer segments. F i n a l l y , 
" b u l k - l i k e " wa te r i s t h a t w i t h p r o p e r t i e s wh ich a r e s i m i l a r t o 
t h a t o f bu l k wate r i n aqueous s o l u t i o n . S e ve ra l s t u d i e s have been 
des i gned i n an e f f o r t to v e r i f y t h i s mode l . The t o t a l ge l wa te r 
c o n t e n t was e s t i m a t e d s e m i q u a n t i t a t i v e ^ u s i n g NMR (4,_5). S i m i 
l a r approaches were made t o i n v e s t i g a t e t he s t a t e o f " w a t e r i n p-
HEMA g e l s u s i n g t he t e c h n i q u e s o f d i l a t o m e t r y , s p e c i f i c c o n d u c t i 
v i t y and d i f f e r e n t i a l s cann ing c a l o r i m e t r y ( 6 ) . 

R e c e n t l y , we have examined s o l u t e pe rmeat ion through h yd ro -
ge l membranes i n an e f f o r t t o deve l op models wh ich d e s c r i b e i n 
d e t a i l t he t r a n s p o r t phenomena w i t h p a r t i c u l a r emphasis on the 
r o l e o f wa te r i n t h i s p r o c e s s . These s t u d i e s have u t i l i z e d p-
HEMA and i t s copo l ymer s , and both hydrophob ic and h y d r o p h i l i c 
s o l u t e s ( 7 * 8 , 9 ) . I t was de te rm ined t h a t p-HEMA and i t s c o p o l y 
mers a re permeable t o both hydrophob ic and h y d r o p h i l i c s o l u t e s . 
The f a c t o r s wh ich i n f l u e n c e the p e r m e a b i l i t i e s i n c l u d e the na tu r e 
and pe r c e n t o f c r o s s l i n k e r s and the wa te r c o n t e n t o f the hyd ro -
ge l . 

In t h i s m a n u s c r i p t , t he p e r m e a b i l i t i e s o f wate r s o l u b l e non-

Ameriean Chemical 
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e l e c t r o l y t e s and hydrophob ic s o l u t e s i n p-HEMA and c r o s s l i n k e d p-
HEMA a r e examined f rom a m e c h a n i s t i c p o i n t o f v i ew . For h yd ro 
p h i l i c s o l u t e s , i t was found t h a t permeat ion p r o b a b l y o c cu r s v i a 
the " b u l k - l i k e " wa te r r e g i o n s o f the h y d r o g e l s . For hydrophob ic 
s o l u t e s , a n a l y s e s o f pe rmeat ion da ta i n d i c a t e t h a t s o l u t e s d i f 
f u s e p r edom inan t l y v i a a " p o r e " t ype mechanism i n p-HEMA and v i a 
a " p a r t i t i o n " mechanism i n p-HEMA h i g h l y c r o s s l i n k e d w i t h e t h y l 
ene g l y c o l d i m e t h a c r y l a t e (EGDMA). The a n a l y s e s o f pe rmeat ion 
da t a was based on t he a s sumpt ion t h a t the porous f l u x o f a s o l u t e 
i s a s s o c i a t e d w i t h the " b u l k - l i k e " wa te r r e g i o n s o f the h yd roge l s 
and the p a r t i t i o n f l u x w i t h t he polymer m a t r i x , " i n t e r f a c i a l " and 
"bound " wa te r r e g i o n s o f t he h y d r o g e l s . 

M a t e r i a l s and Methods 

M a t e r i a l s . HEMA wa
L a b o r a t o r i e s , New B run sw i ck , N . J . ) c o n t a i n i n g the f o l l o w i n g l e v e l s 
o f i m p u r i t i e s : m e t h a c r y l i c a c i d 0.06%, e t h y l e n e g l y c o l d i m e t h a 
c r y l a t e 0.024%, and d i e t h y l e n e g l y c o l m e t h a c r y l a t e 0.24%. EGDMA 
(Monomer Po lymer L a b o r a t o r i e s , P h i l a d e l p h i a , PA) was p u r i f i e d by 
base e x t r a c t i o n and d i s t i l l a t i o n . The i n i t i a t o r , a z o b i s ( m e t h y l -
i s o b u t y r a t e ) was p repa red by t he method o f Mo r t imer ( 10 ) . P o l y -
HEMA f i l m s and f i l m s c o n t a i n i n g 1 mole % EGDMA were s y n t h e s i z e d i n 
t he p re sence o f t h e i r e q u i l i b r i u m wa te r c o n t e n t s . F i l m s w i t h 5.25 
mole % EGDMA were s y n t h e s i z e d i n 40% (v/v) e t hano l as t he s o l v e n t . 
A l l f i l m s were e q u i l i b r a t e d i n wa te r (changed r e p e a t e d l y ) f o r 
t h r e e t o f o u r weeks p r i o r t o use. 

A l l s o l u t e s were used as r e c e i v e d . A l l s t e r o i d s produced a 
s i n g l e spot f rom TLC. R a d i o l a b e l e d s t e r o i d s had the same Rf 
v a l u e s as the u n l a b e l e d m a t e r i a l s w i t h >95% o f t he d e t e c t a b l e 
a c t i v i t y a s s o c i a t e d w i t h the p r ima r y s p o t . 

Methods. The d i f f u s i o n expe r iment s were per formed a t room 
tempera tu re (23°C) u t i l i z i n g a g l a s s d i f f u s i o n c e l l c o n s i s t i n g o f 
two compartments each w i t h a volume o f 175 m l . Each chamber was 
s t i r r e d a t a c o n s t a n t r a t e t o reduce boundary l a y e r e f f e c t s . So
l u t e c o n c e n t r a t i o n s were mon i t o r ed by 3 H o r *kC t r a c e r s , r e f r a c 
t i v e i n d e x , o r U.V. s p e c t r o s c o p y . P a r t i t i o n c o e f f i c i e n t s , d e f i n e d 
as t h e r a t i o o f t h e c o n c e n t r a t i o n s i n t he membrane and i n t he bu l k 
aqueous phase were de te rm ined by s o l u t i o n d e p l e t i o n t e c h n i q u e . 
The t h i c k n e s s o f wate r s w o l l e n membranes were measured u s i n g a 
l i g h t w a v e m i c romete r (Van Kueren C o . , Watertown, MA). 

Pe rmeat i on c o e f f i c i e n t s f o r h y d r o p h i l i c s o l u t e s were o b t a i n e d 
th rough the use o f t he f o l l o w i n g e q u a t i o n { ] } ) : 

lnO-2 C t / C 0 ) = - 0 / ν α + 1/V 2) AUt Eq. 1 

where Ct = c o n c e n t r a t i o n a t t ime t ; Co = i n i t i a l c o n c e n t r a t i o n ; 
= V 2 = compartment volume (175 m l ) ; A = membrane a rea (14.9 

c m 2 ) ; U = p e r m e a b i l i t y ( cm/sec ) ; and t = t ime ( s e cond s ) . D i f f u s i o n 
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c o e f f i c i e n t s a re g i v e n by Dm = Ud/Ko where d = wet membrane t h i c k 
ness and Ko i s t h e p a r t i t i o n c o e f f i c i e n t . 

Under the c o n d i t i o n s o f the expe r iment s used i n our l a b o r a 
t o r i e s , Eq. 1 i s no t v a l i d f o r hyd rophob ic s o l u t e s due t o h i gh 
p a r t i t i o n i n g o f t he se s p e c i e s i n t o the membrane. In a p r e v i o u s 
p u b l i c a t i o n ( 8 ) , i t was shown t h a t the f o l l o w i n g e q u a t i o n i s v a l i d 
f o r the hydrophob ic s o l u t e s : 

l n (C iV - (2V + Kp/Vm) Ct ) _ 2 UA ( t - t 0 ) Eq. 2 
, n (C iV - (2V + KD/Vm) Co) " " V 

where C i = i n i t i a l c o n c e n t r a t i o n i n compartment I; Co = c o n c e n t r a 
t i o n i n compartment I I a t the on se t o f s t eady s t a t e ( t o ) , C t = 
c o n c e n t r a t i o n i n compartment I I t  t im  t wh ich i  g r e a t e
than t o ; V m = membrane
m l ) . In t he l i m i t t h a p , Eq  Eq

R e s u l t s and D i s c u s s i o n 

1) H y d r o p h i l i c S o l u t e s . The mechanisms o f pe rmeat i on o f 
h y d r o p h i l i c s o l u t e s i n hydroge l f i l m s has been c o n s i d e r e d p r e v i 
o u s l y by Yasuda e t a l . ( 1 2 J . These au t ho r s u t i l i z e d the " f r e e 
volume" model f o r s o l u t e pe rmeat ion i n hydroge l f i l m s i n wh ich i t 
was assumed t h a t : i ) t he e f f e c t i v e f r e e volume f o r s o l u t e d i f f u 
s i o n co r re spond s t o t he f r e e volume o f t he aqueous phase; i i ) t he 
s o l u t e d i f f u s e s th rough " f l u c t u a t i n g p o r e s " by s u c c e s s i v e jumps 
th rough " h o l e s " wh i ch a r e l a r g e r than the s o l u t e ; i i i ) t he s o l u t e 
permeates o n l y th rough aqueous r e g i o n s and s o l u t e - p o l y m e r i n t e r 
a c t i o n s a r e m i n i m a l . Based on t h i s mode l , t he d i f f u s i o n c o e f f i 
c i e n t , Dm, i n t he hyd ra ted membrane i s g i v e n by: 

Do V f IH / t q ' 0 

where Bq 2 i s p r o p o r t i o n a l t o s o l u t e c r o s s s e c t i o n a l a r ea ( n r 2 ) , D 0 

i s t he d i f f u s i o n c o e f f i c i e n t f o r the s o l u t e i n w a t e r , V f i s t he 
f r e e vo lume, and H i s the volume f r a c t i o n o f wa te r i n the hyd ra ted 
membrane. From Eq. 3 i t i s appa ren t t h a t Dm shou ld be dependent 
upon both the c r o s s s e c t i o n a l r a d i u s o f the d i f f u s i n g s o l u t e s and 
the membrane h y d r a t i o n . 

Va lue s o f Dm f o r t he h y d r o p h i l i c s o l u t e s i n p-HEMA and p-HEMA 
c r o s s l i n k e d w i t h 1 mole % EGDMA a re shown i n Tab l e s I and I I . I t 
i s e v i d e n t t h a t t he Dm v a l u e s i n the c r o s s l i n k e d membrane a r e 
s m a l l e r than i n p-HEMA. P l o t s o f t he se v a l u e s a c c o r d i n g t o Eq. 3 
a re shown i n F i g . 1. A s em iemper i ca l e q u a t i o n deve loped by W i l k e 
and Chang (13) was u t i l i z e d t o c a l c u l a t e Do. The mo l a r volume o f 
the s o l u t e was e s t i m a t e d f rom a tomic c o n t r i b u t i o n s a c c o r d i n g t o 
LeBas ( 14 J . The m o l e c u l a r r a d i i , r 0 , g i v e n i n T a b l e I were c a l c u 
l a t e d assuming t h a t t he s o l u t e s were s p h e r i c a l ( 1 5 ) . 
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TABLE I 

T r a n s p o r t Parameter s o f H y d r o p h i l i c S o l u t e s i n p-HEMA 

S o l u t e ( & ) 
D 0 x 1 0 5 

( cm 2 /sec ) K D 
Dm χ Ι Ο " 8 

( cn^/sec ) 
In Pja 

Do 

Na M e t h o t r e x a t e 0.38 5. 57 1.95 - 5 . 27 
Suc ro se 27.7 0.41 0. 23 4.96 - 4 . 41 
L a c t o s e 27.4 0.41 0. 22 3.28 - 4 . 75 
I n o s i t o l 18.1 0.64 0. 20 17.4 - 3 . 61 
G luco se 18.1 0.64 0. 23 26.0 - 3 . 47 
T h i o u r e a 8.8 1.30 1 27 97.0 - 2 59 
R a f f i n o s e 
Urea 

TABLE I I 

T r a n s p o r t Parameter s o f H y d r o p h i l i c S o l u t e s i n 
p-HEMA w i t h 1 Mole % EGDMA 

S o l u t e K D 
Dm χ 1 0 8 

( c n f / s e c ) "ft 
Na M e t h o t r e x a t e 5.84 1.09 -5 .85 
Sucrose 0.25 3.53 -4 .75 
L a c t o s e 0.21 2.45 -5 .12 
I n o s i t o l 0.18 13.1 -3 .89 
G luco se 0.24 15.6 -3.71 
T h i o u r e a 1.14 88 .0 - 2 . 70 
R a f f i n o s e 0.12 1.31 -5 .47 
Urea 0.48 128 -2 .39 

From the p l o t s shown i n F i g . 1, i t i s e v i d e n t t h a t Eq. 3 i s 
v a l i d f o r t he h y d r o p h i l i c s o l u t e s examined i n t he p r e s e n t s t udy . 
The dependence o f Dm on c r o s s s e c t i o n a l r a d i u s i s e v i d e n t f rom the 
l i n e a r i t y o f t he p l o t s . The wate r c o n t e n t s o f p-HEMA and p-HEMA 
c r o s s l i n k e d w i t h 1 mole % EGDMA a re 42% (w) and 37% (w) r e s p e c t 
i v e l y . T h i s e f f e c t o f membrane h y d r a t i o n i s c o n t a i n e d i n the 
s l o p e o f t he p l o t s g i v e n i n F i g . 1. I t i s appa ren t t h a t as the 
membrane h y d r a t i o n i s i n c r e a s e d , Dm i s l e s s s e n s i t i v e t o changes 
i n t he s i z e o f t he permeat ing s o l u t e . 

From the se r e s u l t s , i t may be conc l uded t h a t h y d r o p h i l i c s o 
l u t e s permeate p-HEMA and p-HEMA c r o s s l i n k e d w i t h 1 mole % EGDMA 
p r i m a r i l y v i a t he wa te r f i l l e d channe l s o r " p o r e s " w i t h i n t he 
hydroge l f i l m s . T h i s c o n c l u s i o n does not appear t o be v a l i d , 
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Figure 1. Dependence of diffusion coefficients of hydrophilic solutes on molecular 
size in (—) p-HEMA and (---) p-HEMA crosslinked with 1 mol % EGDMA: (1) 

urea; (2) thiourea; (3) glucose; (4) inositol; (5) sucrose; (6) lactose; (7) raffinose. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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however, f o r p-HEMA c o n t a i n i n g h i g h e r c o n c e n t r a t i o n s o f t he c r o s s -
l i n k e r EGDMA. For example, i n f i l m s c o n t a i n i n g 2.5 mole % EGDMA 
d e v i a t i o n s f rom l i n e a r i t y i n p l o t s o f t he t ype shown i n F i g . 1 
were n o t e d . For f i l m s p repa red f rom 5 mole % EGDMA, no d e t e c t a b l e 
d i f f u s i o n was found a f t e r two weeks f o r t he s o l u t e s r a f f i n o s e and 
i n o s i t o l . 

From the da ta shown i n Tab l e s I and I I , and t h a t g i v e n i n a 
t h e s i s by Sung ( 5 ) , i t i s p o s s i b l e t o f u r t h e r d e f i n e the model f o r 
h y d r o p h i l i c s o l u t e pe rmeat ion i n hydroge l f i l m s v i a an a n a l y s i s o f 
the KD v a l u e s . 

The p a r t i t i o n c o e f f i c i e n t s f o r wa te r i n p-HEMA and p-HEMA 
c r o s s l i n k e d w i t h 1 mole % EGDMA a re 0.52 and 0.51 r e s p e c t i v e l y . 
However, f rom Sung ' s da t a ( 5 ) , i t i s p o s s i b l e t o d e f i n e p a r t i t i o n 
c o e f f i c i e n t s f o r wa te r i n t o the v a r i o u s s u b c l a s s e s o f wa te r i n the 
hydroge l membranes. Fo
wate r 0 .30 , bu l k + i n t e r m e d i a t
a t e + bound wa te r 0 .52. For p-HEMA w i t h 1 mole % EGDMA, the 
v a l u e s a r e : bu l k wa te r 0 . 2 1 , bu l k + i n t e r m e d i a t e wa te r 0 .36 , and 
bu l k + i n t e r m e d i a t e + bound wa te r 0 .50. A compar i son o f t he se 
v a l u e s w i t h t he e x p e r i m e n t a l v a l u e s found i n Tab le s I and I I i n 
d i c a t e s t h a t t he sugars p a r t i t i o n p r i m a r i l y i n t o bu l k wa te r o f 
both membranes and , t h e r e f o r e , t h a t the d i f f u s i o n o f t he se s o l u t e s 
o c c u r s p r i m a r i l y i n t he bu l k wate r o f t he membranes. T h i s r e s u l t 
i s c o n s i s t e n t w i t h the obse rved ve r y low p e r m e a b i l i t y o f i n o s i t o l 
and r a f f i n o s e i n p-HEMA w i t h 5 mole % EGDMA. These membranes have 
l i t t l e o r no bu l k wa te r ( 5 ) . 

T h i o u r e a and Na m e t h o t r e x a t e show l a r g e d e v i a t i o n s f o r Kp 
f rom v a l u e s expec ted based on p a r t i t i o n s o l e l y i n t o t he wa te r 
f r a c t i o n o f the membrane. T h i s phenomena may be due t o s p e c i f i c 
i n t e r a c t i o n s o f the s o l u t e s w i t h the mac romo lecu l a r c h a i n s . The 
i n c r e a s e i n p o l a r i z a b i l i t y i n go ing f rom urea t o t h i o u r e a and the 
p resence o f p o l a r i z a b l e a r o m a t i c groups i n Na m e t h o t r e x a t e i n d i 
c a t e s t h a t t h i s i n t e r a c t i o n may be d i s p e r s i v e i n n a t u r e . From 
the se r e s u l t s , i t may be i n f e r r e d a l s o t h a t some p o r t i o n o f t he 
t o t a l t r a n s p o r t o f t he se s o l u t e s may o c c u r i n r e g i o n s o t h e r than 
the bu l k wate r r e g i o n s o f t he hydroge l membranes. I t i s i n t e r 
e s t i n g t o note t h a t t he t o t a l volume f r a c t i o n o f H 2 0 i n p-HEMA 
and p-HEMA w i t h 1 mole % EGDMA may be a v a i l a b l e f o r the t r a n s p o r t 
o f u r e a . 

2) Hydrophob ic S o l u t e s . The v a l u e s o f D 0 , Kp, Dm and In 
Djp/D0 f o r s e v e r a l hyd rophob ic s o l u t e s i n p-HEMA and p-HEMA c r o s s -
l i n k e d w i t h 5.25 mole % EGDMA a r e g i v e n i n Tab l e s I I I and IV. 

In Water in Polymers; Rowland, S.; 
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TABLE I I I 

T r a n s p o r t Parameter s o f Hydrophob ic S o l u t e s i n p-HEMA 

S o l u t e 
D 0 x 10 6 

( cm 2 /sec ) K D 
Dm x 10 9 

( cm 2 /sec ) 
Dm 

In Do 

T e s t o s t e r o n e 6.04 48 18.8 -5 .78 
No re t h i nd r one 5.83 70 13.5 - 6 .06 
P r oge s te rone 5.59 129 7.04 -6 .68 
17-Hydroxy p r oge s t e r one 5.56 83 10.6 -6 .27 
E s t r a d i o l 6.41 177 5.48 -7 .07 
C o r t i s o l 27 8.86 -6 .44 

TABLE IV 

T r a n s p o r t Parameters o f Hydrophob ic S o l u t e s i n 
p-HEMA C r o s s l i n k e d w i t h 5.25 Mole % EGDMA 

S o l u t e K D 
Dm x 1 0 9 

( cn^/sec ) 
l n Dm 
l n Do" 

T e s t o s t e r o n e 89 2.70 -7.71 
N o r e t h i n d r o n e 131 1.16 -7.91 
P r oge s te rone 232 1.12 -8 .52 
17-Hydroxy 132 1.53 - 8 . 20 

p r oge s t e r one 
-8.57 E s t r a d i o l 235 1.21 -8.57 

C o r t i s o l 20 1.78 -8 .04 

By compar i son o f Dm v a l u e s g i v e n i n Tab le s I I I and IV w i t h 
tho se found i n Tab l e s I and I I , i t may be noted t h a t Dm va l ue s 
f o r hydrophob ic s o l u t e s a r e a p p r o x i m a t e l y two o r d e r s o f magnitude 
l e s s than f o r the h y d r o p h i l i c s o l u t e s . C o n v e r s e l y , Kp v a l u e s a r e 
about two o r d e r s o f magnitude g r e a t e r f o r the hyd rophob i c s o l u t e s 
i n d i c a t i n g t h a t v e r y s t r o n g i n t e r a c t i o n s o c c u r between the se 
hydrophob ic s o l u t e s and t he mac romo lecu l a r segments o f the h y d r o 
ge l membranes. 

In a p r e v i o u s p u b l i c a t i o n (7.) i t was conc l uded t h a t h y d r o 
phob i c s o l u t e s , such as p r o g e s t e r o n e , permeate p-HEMA p r i m a r i l y 
v i a the " p o r e " mechanism. However, f o r p r oge s t e r one i n p-HEMA 
w i t h 5.25 mole % EGDMA, i t was found t h a t t he " p a r t i t i o n " mechan
ism dominates pe rmea t i on . In t h i s mechanism, i t i s presumed t h a t 
t he s o l u t e s permeate by d i s s o l u t i o n and d i f f u s i o n w i t h i n t he 
mac romo lecu l a r segments o f the po lymer backbone. In the " p o r e " 
mechanism v a l u e s a r e expec ted t o be l e s s than one and r e f l e c t 

In Water in Polymers; Rowland, S.; 
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the d i s t r i b u t i o n o f s o l u t e between membrane s o l v e n t and bu l k s o l v 
e n t . In the " p a r t i t i o n " mechanism po lymer segment/so lu te i n t e r 
a c t i o n i s h i gh wh ich l e a d s t o wide range o f Kp v a l u e s wh ich a r e 
much g r e a t e r than one. 

From the d a t a g i v e n i n Tab l e s I I I and IV, i t i s appa ren t t h a t 
Kp v a l u e s f o r both membranes a r e much g r e a t e r than one. These 
h i gh KD v a l u e s f o r p-HEMA appear t o be i n c o n s i s t e n t w i t h the 
" p o r e " mechanism f o r s o l u t e t r a n s p o r t . T h i s c o n t r a d i c t i o n can be 
s o l v e d assuming t h a t KD i s dominated by the h i gh s o l u b i l i t y o f the 
hydrophob ic s o l u t e w i t h i n t he hydrophob ic r e g i o n o f the h y d r o g e l , 
whereas , pe rmeat ion i s c a r r i e d by d i f f u s i o n w i t h i n " f l u c t u a t i n g 
po r e s " as d e s c r i b e d i n h y d r o p h i l i c s o l u t e pe rmea t i on . I t i s , 
t h e r e f o r e , i m p o r t a n t t o s e p a r a t e " p o r e " and " p a r t i t i o n " c o n t r i b u 
t i o n s t o the t o t a l pe rmeat ion i n o r d e r t o de te rm ine the dominant 
mechanisms f o r hyd rophob i

As noted i n p r e v i o u  m a n u s c r i p t ,
proposed t h a t t h r e e t ypes o f wate r e x i s t w i t h i n hydroge l f i l m s , 
namely, bound, i n t e r m e d i a t e , and bu l k w a t e r . From t h i s mode l , i t 
i s proposed t h a t hydroge l membranes p repared w i t h o u t c r o s s l i n k e r 
a r e composed o f two domains d e s i g n a t e d A and Β ( 8 ) . Domain A c o n 
s i s t s o f po lymer segments, bound wate r and i n t e r f a c i a l w a t e r . 
Domain Β i s c o n s i d e r e d t o be bu l k wa te r wh ich forms the " f l u c t u a 
t i n g p o r e s . " P-HEMA w i t h 5 . 2 5 mole % EGDMA, hav ing no " b u l k - l i k e " 
w a t e r , i s assumed t o be composed e n t i r e l y o f A t ype domains. 
T r a n s p o r t i n the A domains o f the hydroge l o c c u r s th rough the 
bound and i n t e r f a c i a l wate r and/or th rough the hydrophob ic p o l y 
m e r i c r e g i o n s . T h e r e f o r e , pe rmeat ion i n t he A domains w i l l o c c u r 
v i a the " p a r t i t i o n " mechanism as p r e v i o u s l y d e s c r i b e d . KD v a l u e s 
f o r t r a n s p o r t i n A domains v a r y w i d e l y depending on the s o l u t e 
s o l u b i l i t i e s . T r a n s p o r t i n the Β domains o c c u r s by d i f f u s i o n o f 
t he s o l u t e i n " b u l k - l i k e " w a t e r . KD v a l u e s a r e i d e a l l y one i n 
t h i s ca se s i n c e t he s o l u t e i s s i m p l y p a r t i t i o n i n g f rom bu l k wa te r 
i n t o hydro 'gel domains o f " b u l k - l i k e " w a t e r . D i f f u s i o n composed 
e x c l u s i v e l y o f A - t y p e domains , as p o s t u l a t e d i n p-HEMA w i t h 5 . 2 5 
mole % EGDMA, o c c u r s o n l y by the p a r t i t i o n mechanism wh ich has no 
" b u l k - l i k e " w a t e r . T h i s model was s u c c e s s f u l l y a p p l i e d t o e s t i 
mate t he c o n t r i b u t i o n o f each domain t o the t o t a l p e r m e a b i l i t i e s 
o f s t e r o i d s i n hydroge l membranes. I t can be shown t h a t p-HEMA 
c o n t a i n s 2 2 . 8 % " b u l k - l i k e " wa te r ( 8 ) . As n o t e d , KD f o r p a r t i t i o n 
i n t o t h i s wa te r must be 1 . 0 . With t h i s i n f o r m a t i o n , the r a t i o o f 
s o l u t e d i f f u s i o n due t o Β domains t o t o t a l s o l u t e p e r m e a b i l i t y , 
DB/PT> wh ich r e p r e s e n t s the f r a c t i o n o f " p o r e - t y p e " pe rmeat ion i n 
p-HEMA membranes, can be de te rmined ( 8 ) . These v a l u e s a r e g i v e n 
i n T a b l e V. I t may be noted t h a t the v a l u e s o f D B / Ρ Τ a r e a l l 
a p p r o x i m a t e l y 0 . 8 0 e x cep t C o r t i s o l wh ich i s 0 . 8 8 . T h i s i n d i c a t e s 
t h a t the " p o r e " c o n t r i b u t i o n t o t r a n s p o r t i n p-HEMA i s s i m i l a r f o r 
a l l hyd rophob ic s t e r o i d s e x cep t the r e l a t i v e l y wa te r s o l u b l e s t e r 
o i d , C o r t i s o l , wh ich permeates by " p o r e s " t o a g r e a t e r e x t e n t . 
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TABLE V 

T r a n s p o r t Parameters o f S t e r o i d s i n 
p-HEMA by M o d e l i s t i c A n a l y s i s 

S o l u t e 

D i f f u s i o n C o e f f i c i e n t (Dg) 
i n " B u l k - l i k e " Water 

( cm 2 /sec ) 

T e s t o s t e r o n e 
No re t h i nd r one 
P roge s te rone 
17-Hydroxy 

7.20 χ 1 0 " 7 

7.29 χ 1 0 " 7 

5.59 χ 1 0 - 7 

-5 .78 
-6 .06 
-6 .68 
-6 .27 

0.80 
0.77 
0.76 
0.82 

0.54 
0.54 
0.56 
0.63 

p roge s te rone 
E s t r a d i o l 
C o r t i s o l 

6.41 χ 1 0 "
5.95 x 1 0 ' 7 

-7 .07 
-6 .44 

0.77 
0.88 

0.75 
1.35 

The r e l a t i v e l y h i gh f r a c t i o n s o f D B / P T f o r a l l s t e r o i d s s ug 
ge s t t h a t pe rmeat ion through p-HEMA membrane i s dominated by t he 
" p o r e " mechanism. The h i gh KD v a l u e s a r e c o n s i s t e n t w i t h t he p r o 
posed mode l . A c c o r d i n g t o the model and da ta o b t a i n e d i n t he 
p-HEMA membrane, p a r t i t i o n i n g o f hydrophob ic s o l u t e s i s governed 
p r edom inan t l y by A t ype domains. S o l u t e w i t h i n t he se domains 
makes a sma l l c o n t r i b u t i o n t o p e r m e a b i l i t y . S o l u t e pe rmeat ion i s 
dominated by t he " p o r e " mechanism. 

The as sumpt ion made i n t he model i s t h a t A domains a r e o f the 
same n a t u r e i n both p-HEMA and c r o s s l i n k e d p-HEMA. I f t h i s i s 
s t r i c t l y t r u e , t he p a r t i t i o n c o e f f i c i e n t s wh ich a r e dominated by 
A t ype domains i n p-HEMA shou ld be r e l a t e d t o p a r t i t i o n c o e f f i 
c i e n t s i n p-HEMA w i t h 5.25 mole % EGDMA a c c o r d i n g t o t he volume 
f r a c t i o n o f A t ype domains p r e s e n t i n p-HEMA. ( T h i s volume f r a c 
t i o n i s 0.772 s i n c e " b u l k - l i k e " wa te r i s 22.8% i n p-HEMA.) These 
v a l u e s a r e g i v e n i n Tab l e V as t he r a t i o K p ( I ) / K p ( I I ) . K D ( H and 
K D C I I ) a r e p a r t i t i o n c o e f f i c i e n t s o f s t e r o i d s i n p-HEMA and p-
HEMA w i t h 5.25 mole % EGDMA r e s p e c t i v e l y . The e s t r a d i o l v a l u e o f 
0.75 i s i n c l o s e agreement w i t h the p r e d i c t e d v a l u e o f 0 .772. 
However, t h i s r a t i o f o r t he o t h e r s t e r o i d s e x cep t C o r t i s o l i s 
a p p r o x i m a t e l y 0.54 t o 0 .63 . Though the q u a n t i t a t i v e agreement i s 
not good, q u a l i t a t i v e agreement w i t h t he p r e d i c t e d v a l u e i s o b 
t a i n e d . T h i s i n d i c a t e s t h a t d i f f e r e n c e s e x i s t between the A 
domains i n p-HEMA and p-HEMA c r o s s l i n k e d w i t h EGDMA. 

I t was d i s c u s s e d p r e v i o u s l y t h a t d i f f u s i o n c o e f f i c i e n t s o f 
h y d r o p h i l i c s o l u t e s i n p-HEMA a c c o r d i n g t o Eq. 3 showed a s t r a i g h t 
l i n e c o r r e l a t i o n p r o v i d e d the f r e e volumes a c c e s s i b l e t o the v a r i 
ous s o l u t e s a r e e q u a l . D i f f u s i o n c o e f f i c i e n t s o f t he se s t e r o i d s 
( f rom Tab l e I I I ) a r e p l o t t e d i n F i g . 2 u s i n g the r 2 v a l u e o f 11.45 
% 2 ( 16 ) . E xpe r imen ta l v a l u e s o f In Dm/Do f o r t he se s t e r o i d s 
d e v i a t e s u b s t a n t i a l l y f rom the l i n e a r l i n e o b t a i n e d f rom h y d r o -
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Figure 2. Dependence of diffusion coefficients on solute molecular size in 
p-HEMA: (—) correlation of steroid diffusion in Β-type domains with water-soluble 

solutes; (—) experimental values of steroid diffusion 
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p h i l i c s o l u t e s . However, i f t he c a l c u l a t e d v a l u e s o f In DB/DO a r e 
f i t w i t h t he l i n e a r c o r r e l a t i o n o b t a i n e d f rom the h y d r o p h i l i c s o 
l u t e s , e x c e l l e n t agreement i s o b t a i n e d ( F i g . 2 ) . These r e s u l t s 
p r o v i d e f u r t h e r s u b s t a n t i a t i o n o f t he model p r e s en ted above, i . e . , 
t h a t hyd rophob ic s o l u t e s permeate p-HEMA membranes p r i m a r i l y v i a 
the " b u l k - l i k e " wa te r r e g i o n s . 

In c o n c l u s i o n , 1} H y d r o p h i l i c s o l u t e s permeate p-HEMA and 
p-HEMA c r o s s l i n k e d w i t h l o w e r mole % EGDMA v i a t he " p o r e " mechan
i sm. The d i f f u s i o n c o e f f i c i e n t s o f t he s o l u t e s depend on t he 
m o l e c u l a r s i z e and may u t i l i z e t he " b u l k - l i k e " wa te r i n t he h y d r o -
g e l s . As t h e wa te r c o n t e n t o f hydroge l i n c r e a s e s , t he s o l u t e p e r 
m e a b i l i t y i n c r e a s e s . 2) Hydrophob ic s o l u t e s permeate p-HEMA and 
p-HEMA c r o s s l i n k e d w i t h EGDMA v i a e i t h e r the " p o r e " o r " p a r t i t i o n " 
mechanisms. D i f f u s i o n c o e f f i c i e n t s a r e l o w e r than tho se o f h y d r o
p h i l i c s o l u t e s ; however
w i t h 5.25 mole % EGDMA
ism f o r hyd rophob i c s o l u t e pe rmeat i on i n t h i s membrane. Hydro 
p h i l i c s o l u t e s f a i l t o permeate t he h i gh c r o s s l i n k e d h y d r o g e l s . 
3) Based on p a r t i t i o n c o e f f i c i e n t d a t a , t he h y d r o p h i l i c s o l u t e s 
examined appear t o permeate p-HEMA and p-HEMA w i t h 1 mole % EGDMA 
v i a " b u l k - l i k e " wa te r r e g i o n s . P a r t i t i o n c o e f f i c i e n t s o f s t e r o i d s 
i n p-HEMA a r e dominated by t h e i r h i gh s o l u b i l i t y o f t he s t e r o i d s 
i n t he hydrophob i c r e g i o n s o f the hyd roge l s o r A domains , whereas , 
pe rmeat i on i s dominated by d i f f u s i o n w i t h i n " f l u c t u a t i n g p o r e s . " 
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Abstract 

The permeabilities of water soluble nonelectrolytes and sev
eral hydrophobic steroids in poly(hydroxyethyl methacrylate) 
hydrogel films were determined. The effects of crosslinking and 
variations in equilibrium water content of the films, on the ob
served permeabilities, were investigated. For hydrophilic solutes 
the permeation and partition coefficients are consistent with 
transport via the "bulk-like" water regions of the hydrogel films. 
These "bulk-like" water regions probably exist within the porous 
regions of the film. Decreases in the "bulk-like" water via co-
polymerization or crosslinking reduce both the partition and per
meation coefficients, indicating exclusion of hydrophilic solutes 
from non "bulk-like" water regions. For hydrophobic solutes, per
meability coefficients are smaller and partition coefficients are 
much larger relative to the hydrophilic solutes. For the hydro
phobic solutes modelistic analysis of the permeation and partition 
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data indicate permeation occurs predominantly by a pore-type 
mechanism in poly(hydroxyethyl methacrylate) and by a partition 
mechanism in highly crosslinked poly(hydroxyethyl methacrylate) 
films. The porous flux was associated with the "bulk-like" water 
regions of the hydrogel films and the partition flux with the 
collective polymer matrix, "interfacial" and "bound" water region 
of the films. 
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Water Binding in Regular Copolyoxamide 
Membranes 
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The development o
has been reported recentl
characteristic structural feature of these materials i s the 
regular alternation of oxamide and normal amide units in the 
chain backbone: 

We have prepared a rather large number of regular copolyoxamides, 
many of which have shown useful membrane (4) or complexation (5) 
properties. The present paper deals with membrane applications 
of the regular copolyoxamides, with particular emphasis on the 
significance of water-polymer interactions. 

Synthesis of Regular Copolyoxamides. The synthetic route 
to the regular copolyoxamides is given in Scheme I (1,2,3). 
The important intermediate Ν,Ν'-bis(ω-aminoalkyl)oxamides are 
obtained through the condensation of the appropriate diamines 
(in large excess) with diethyl oxalate in petroleum ether. The 
product is extracted with THF from a small amount of linear 
oligomer, and crystallizes from the extract in yields of approxi
mately 80%. The polymerization is then carried out using either 
interfacial or solution techniques in which the diamine-oxamide 
is condensed with the acid chloride of choice. The resulting 
polymers are soluble in H2SO4, trifluoroacetic acid, or N,N-
dimethylacetamide(DMAc)/LiCl mixtures. The development of good 
mechanical properties seems to require relatively high molecular 
weights, as judged by the inherent viscosity of the polymer; 
inherent viscosities of 0.8-1 dl/g are desirable and are often 
quite readily obtained. 
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Scheme I 
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Nomenclature of Regular Copolyoxamides. Because the use of 
systematic polymer nomenclature becomes rather cumbersome i n 
describing the regular copolyoxamides, i t is more convenient to 
use names similar to those used for aliphatic nylons. Thus, for 
Structure I, we use the number of carbon atoms i n R, followed by 
2 for -COCO-, followed again by the number of carbon atoms i n R, 
and f i n a l l y by a code for the remaining diacid unit. The diacid 
codes are given i n Table I. The polymer designation uses a 

Table I 
Common Diacid Units in Regular Copolyoxamides 

Structure 

-C-(CH9VC-ζ η 

Code Structure 
0 C 

Code 

lower-case p- as prefix, i n order to distinguish i t from similar 
monomer structures (given the prefix m-). Structure II, the 
most thoroughly studied of the regular copolyoxamides, i s thus 
given the designation p-222I: 

00 0 
^ M c ^ e ^ r a c c r a c ^ c H ^ 

II 

Membrane Properties of p-222I. Copolyoxamide p-222I was 
selected for thorough study on the basis of encouraging results 
of measurements of transport parameters for this and related 
polymers. These results, obtained on u l t r a t h i n films prepared 
from t r i f l u o r o a c e t i c acid solutions, are shown in Table I I . 

Table II 
Transport Parameters of Regular Copolyoxamides 0 6 ) 

p-2221 
p-3231 
p-4241 
P-424P 

D 1 C 1 
Polymer g/cm-sec X 10 

18.6 
5.6 
0.4 
1.7 

8 
D2K 

g/cm-sec Χ 10 
1.04 
0.64 
0.02 
0.09 

8 
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Figure la. Cross section of p-222I film 
cast from DMAc-LiCl, evaporated 20 
min at 80°C, cooled 2 min, and gelled at 

2°C in 1.5% aqueous NaCl

Figure lb. Cross section of p-2221 film 
cast from FF A, evaporated 2 min at room 
temperature, and gelled at 3°C in distilled 

water (2) 
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Figure 2. Water uptake of p-2221 powder (1): (φ) first run; (A) 2nd run; (•.) 
third run 
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The high value of the water flux parameter V\C\, along with 
adequately low NaCl transport, motivated the fabrication of p-2221 
into asymmetric membranes. The preparation of asymmetric mem
branes i s a multistep process involving solution casting, p a r t i a l 
solvent evaporation, and gelation as the most c r i t i c a l operations. 
The resulting asymmetric structure (a thin dense "skin 1 1 supported 
by a porous substructure 50-100 μπι in thickness) combines the 
high flux of a thin membrane with the mechanical properties of 
a much thicker fi l m . 

Asymmetric films of p-2221 have been cast from solutions i n 
either DMAc/LiCl mixtures or t r i f l u o r o a c e t i c acid. These two 
casting solvents produce very different membrane structures, as 
shown i n Figures l a and lb (4). Under a rather wide variety of 
casting conditions, the DMAc/LiCl system affords a very regular 
c a p i l l a r y pore structur
5 Urn. Small-angle l i g h
suggests that this structure exists i n the wet state as well; 
i t i s not an a r t i f a c t of the SEM sample preparation (4). The 
structure shown in Figure lb i s an example of the kinds of 
morphologies obtained for membranes cast from t r i f l u o r o a c e t i c 
acid. This casting solvent allows much greater control of the 
membrane structure; Figures 7a-d i l l u s t r a t e the effect of 
solvent evaporation time. 

Water Sorption by Regular Copolyoxamides. High rates of 
water transport i n polymeric membranes require a high degree of 
hydrophilicity, while the maintenance of good mechanical pro
perties in the swollen state i s favored by a high glass t r a n s i t i o n 
temperature or by the formation of hydrophobic domains. The 
synthetic route to the regular copolyoxamides allows a good deal 
of control over these properties, so i t was of interest to 
determine the dependence of hydrophilicity on polymer chemical 
structure. The equilibrium water uptake at 93% r e l a t i v e humidity 
at room temperature was thus measured for a series of 13 regular 
copolyoxamides, with the results shown i n Table I I I . It should 

Table III 
Equilibrium Water Uptake of Regular Copolyoxamides (J) 

Water Water Water 
Polymer Uptake (%) Polymer Uptake (%) Polymer Uptake (%) 
p-0201 32.1+2.3 
p-2221 14.7 + 0.4 p-222P 17.3 + 0.4 p-2226 13.5 + 0.5 
p-3231 8.5 + 0.0 p-323P 14.7 + 0.3 
p-4241 14.2 + 0.6 p-424P 10.6 + 1.0 p-4246 15.2 + 1.2 
p-6261 7.7+0.4 p-626P 7.9+0.9 p-6266 7.0+0.3 

p-22210 11.8 + 1.4 

be pointed out that these equilibrium water uptake values were 
quite reproducible over several sorption-desorption cycles; 
t y p i c a l data for p-2221 are shown in Figure 2. 
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In the f i r s t two columns of Table III are given the 
equilibrium values for water uptake for the copolyoxamides pre
pared from isophthaloyl chloride and N,Nf -bis (uu-amino a Iky 1)-
oxamides of varying methylene chain length. The amount of 
absorbed water decreases with increasing aliphatic chain length, 
as expected, but not s t r i c t l y monotonically; the percent water 
uptake i s plotted as a function of the number of methylene carbon 
atoms i n the a l k y l group i n Figure 3. 

The uptake by ρ-3231 appears to be anomalously low. This 
suggests differences i n the degrees of c r y s t a l l i n i t y of the 
samples, and the higher c r y s t a l l i n i t y of p-323I (vs. p-2221 and 
p-4241) i s v e r i f i e d by wide-angle x-ray scattering, as shown i n 
Figures 4a-c. I t seems l i k e l y that c r y s t a l l i z a t i o n of p-323I i s 
promoted by forcing successive N-H bonds to point in the same 
direction, but we have
the polymer. Wide-angl
absorption of water i n p-323I occurs only i n non-crystalline 
regions—x-ray scattering patterns are i d e n t i c a l for anhydrous 
polymer and polymer equilibrated at 80% r e l a t i v e humidity (7). 

Columns 2 and 3 of Table III give the equilibrium values 
for water uptake by copolyoxamides incorporating the 2,6-
pyridinedicarbonyl group. Again hydrophilicity decreases with 
increasing methylene content, rather more regularly than i n the 
previous series (Figure 5). C r y s t a l l i n i t y undoubtedly i s of 
importance here as well; p-222P, p-323P and p-424P a l l show at 
least some c r y s t a l l i n i t y by the x-ray technique, and p-323P i s 
again the most highly c r y s t a l l i n e . The differences i n c r y s t a l 
l i n i t y are not as pronounced as i n the isophthaiamide polymer 
series, and equilibrium water uptake depends primarily on the 
chemical structures of the polymers. The pyridine r i n g seems 
to promote both the c r y s t a l l i z a t i o n of the polymer, and also 
water absorption. Water absorption i s higher i n the Ρ series 
than i n the I series, except for the 424 polymers, in which the 
higher c r y s t a l l i n i t y of 424P depresses the equilibrium water 
uptake. 

Columns 5 and 6 give the equilibrium uptake values for 
several wholly aliphatic copolyoxamides. No x-ray data are 
available for these polymers. 

Calorimetric Studies of Water-Polymer Interactions. 
Additional information concerning water-polymer interactions was 
obtained through analysis of wet copolyoxamide samples by 
d i f f e r e n t i a l scanning calorimetry. Calorimetric experiments 
were performed both on polymer powders and on porous polymer 
films, with primary attention given to p-2221. 

Typical results of DSC experiments on wet copolyoxamide 
powders are shown i n Figure 6. The Figure shows thermograms for 
p-2221, but the other copolyoxamides behaved s i m i l a r l y . Samples 
were equilibrated at 93% r e l a t i v e humidity and sealed into 
aluminum pans to prevent loss of water during the experiment. 
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Makromolekulare Chemie 

Figure 4. WAXS powder diagrams of 
copolyoxamides p-A2AI: (a) p-2221; (b) 

p-323I;(c)p-424l (1) 
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Figure 5. Percent water uptake of copolyoxamides p-A2AP as a function of chain 
length of diamine unit A (1) 
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Figure 6. DSC scans of water in p-2221 powder (1) 
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On cooling to -33°C, followed by heating to 123°C at a rate of 
10°C/min, we observed no melting transition for the absorbed 
water (A i n Figure 6). This suggests that none of the absorbed 
water i s able to freeze on cooling to -33°C, probably as a result 
of strong water-polymer interaction. When the sample was then 
held at 123°C for 10 min and recooled to -33°C, a second heating 
scan produced thermogram B. A sharp melting endotherm at 0°C 
was observed. Assuming the normal heat of fusion for water, the 
endotherm represented the melting of an amount of water equal to 
12.6% of the sample weight. Upon successive scanning (to a 
maximum temperature of about 50°C) the endotherm decreased i n 
size (thermograms C-E), and after one hour had nearly disappeared. 
We did not run any longer experiments to determine whether or not 
the endotherm would disappear completely at equilibrium

These results may b
stated above, i t appear
polymer at room temperature and 93% rel a t i v e humidity i s bound to 
the polymer i n such a way that i t cannot freeze on cooling of the 
sample to -33°C. Heating to above 100°C releases this bound 
water, and a melting endotherm i s observed on the subsequent scan. 
Under our conditions, we observed melting of 12.6% of the sample 
weight as free water, as compared to a t o t a l water content of the 
sample of 14.7% (determined gravimetrically). Perhaps faster 
experiments would have allowed observation of melting of this 
t o t a l water content; we did not investigate this p o s s i b i l i t y . In 
subsequent scans, the maximum temperature was limited to 50°C, 
and at these temperatures, rebinding of water occurs at a 
measurable rate. The endotherms in thermograms C-E represent 
free water contents of 6.1%, 1.2% and 0.9%, respectively. I t i s 
expected that at long times, complete rebinding would be observed. 

These results suggest an interesting experiment dealing with 
the kinetics of water binding. The calorimetric sample can be 
prepared under the desired conditions ( p a r t i a l pressure of water 
vapor), sealed, and heated to release any bound water. After 
rapid cooling to the desired "binding 1 1 temperature, the melting 
endotherm can be used to follow the disappearance of free water 
as a function of time. Of course, the usual cautions about events 
occurring during the scan must be observed. This kind of experi
ment can then be combined with a gravimetric determination of the 
kinetics of water uptake to provide a more complete picture of 
the uptake/binding process. 

Water-Polymer Interaction in p-2221 Membranes. A second set 
of calorimetric experiments employed asymmetric membranes of 
p-2221, in an attempt to assess the dependence of water-polymer 
interaction on membrane structure. The membranes used are shown 
in Figures 7a-d; the photographs are scanning electron micrographs 
of membrane cross-sections, and the conditions of membrane prepa
ration are given in the Figure captions. The photographs show a 
decreasing porosity of the films with increasing solvent évapora-
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Figure 7. Cross sections of p-2221 films used for DSC and surface area measure
ments. Evaporation conditions: (a) 1 min, room temperature; (b) 3 min, room 

temperature; (c) 5 min, room temperature; (d) 96 hr, 65°C, 0.2 mm. 

i . I . L _ I • I • » I ι I ι L _ 1 1 1 . L _ 
-10° 0°C 10° -10° 0°C 10° -10° 0°C 10° -10° 0°C 10° 

Figure 8. DSC melting endotherms of water in p-2221 membranes and of pure 
water. Water content: (a) 68% (b) 61% ; (c) 51 % ; (d) pure water. 
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tion time, and this i s reflected i n the water contents of the 
films (determined on films immersed i n water, from which excess 
surface water was removed by bl o t t i n g with f i l t e r paper): 67.7% 
for membrame 1 (Figure 7a), 61.1% for membrane 2 (Figure 7b), 
50.6% for membrane 3 (Figure 7c), and 41.0% i n membrane 4 
(Figure 7d). 

Figures 8a-c show ty p i c a l DSC melting endotherms for water 
i n membranes 1-3. The shapes of the peaks, compared to that for 
pure water i n Figure 8d, are quite complex, and give the appearance 
of two endothermic events near 0°C This may be due to in t e r 
action of water with the polymer f i l m as suggested by e a r l i e r 
workers who have made similar observations in hydrogels (8,j)) and 
i n cellulose acetate membranes (10), or perhaps to a change i n 
thermal conductivity of the sample during melting (11)  In any 
case, the shape of the
history of the sample,
remains unchanged within the precision of the experiment. 

As i n our e a r l i e r calorimetric experiments on p-2221 powders, 
we assumed a normal heat of fusion for water i n calculating the 
amount of water melting near 0°C The difference between this 
amount and the t o t a l water content of the membrane i s given as 
bound water i n column 3 of Table IV. 

Table IV 
Binding of Water i n Copolyoxamide Films 

Film 
Total 

Water Content (%) 

Bound Water 
per g of Dry Polymer 

(in g) 
Surface Area 

(m2/K) 
1 67.7 0.74 14.8 
2 61.1 0.67 13.9 
3 50.6 0.50 8.07 
4 41.0 0.36 < 1.0 

The amount of bound water per gram of dry polymer decreases 
with increasing solvent evaporation time, as does the t o t a l water 
content of the f i l m . A similar observation has again been made 
for cellulose acetate membranes. Frommer and Lancet (12) 
suggested that this was a consequence of densification of the 
polymeric phase of the water-swollen membrane with increasing 
solvent evaporation time. Rapid gelation was thought to produce 
a highly swollen polymeric phase which can accommodate (and bind) 
a large amount of water. More complete solvent evaporation may 
allow the development of a comparatively dense phase, reducing 
the amount of bound water. A similar explanation may suffice for 
p-2221 as well. 

In order to characterize our membrane structures as com
pletely as possible, we determined their t o t a l surface areas by 
nitrogen adsorption. The surface areas measured i n this way are 
shown in the last column of Table IV, and include not only the 
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-10° 0°C 10

Figure 9. DSC melting endotherms of water in membrane of water content 51 % : 
(a) annealed at —30°C for several minutes; (b) quenched and rescanned 
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Figure 10. "Bound water' in p-2221 membranes vs. membrane surface area by 
nitrogen adsorption 
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upper and lower surfaces of the film, but the (accessible) pore 
structure as well. As expected from the electron microscopic 
examination of the films, surface area decreases with increasing 
solvent evaporation time. 

Thus a second possible explanation for the variation i n 
bound water content i s suggested. I f water i s prevented from 
freezing not only by interaction with the bulk polymeric phase, 
but also by surface interactions, a linear dependence of bound 
water on membrane surface area would be expected. The inter
cept of the line would be the amount of water bound by bulk 
polymer, and the amount of "surface-bound" water would be 
obtained from the slope. Figure 10 i s a plot of bound water vs. 
membrane surface area for the four copolyoxamide films used i n 
this work. The data are very limited, but they do f i t the best 
straight line with a correlatio
intercept i s 0.32 g/g, suggestin
0.32 g of water per gram of dry polymer, and the best slope i s 
0.026 g/m2, corresponding to the binding of 2.6 χ 10"8 ve? of 
membrane surface. 

This highly speculative suggestion requires three assumptions: 
(i) that the densities of the polymeric phases of the four films 
examined are essentially equal. Although none of the films show 
any c r y s t a l l i n i t y by x-ray d i f f r a c t i o n , we have no direct 
evidence that the bulk densities are the same; ( i i ) that the 
surface area measured by nitrogen adsorption i s a true measure 
of the surface exposed to water i n the swollen membrane; and 
( i i i ) that there i s no quenching of water i n the membrane, 
wrongly interpreted as bound water. Quenching does not appear 
to be l i k e l y under the conditions of the experiment; the rates 
of cooling i n the DSC are probably much too low (11). 

I f surface binding does account for our observations, the 
thickness of the "bound water layer" at the membrane surface 
can be calculated, assuming that the density of the layer does 
not d i f f e r greatly from 1 g/cnr*. The estimated "layer thickness" 
calculated i n this way i s 200-300A—very large indeed. We do not 
attach quantitative significance to this calculated value, but we 
would l i k e to suggest that water-polymer interaction at the mem
brane surface may extend over distances greater than a few 
molecular diameters, and that this interaction may contribute 
s i g n i f i c a n t l y to the separation process. 

Conclusions 

Water sorption i n a series of regular copolyoxamides was 
investigated by gravimetric determination of equilibrium water 
uptake at 93% r e l a t i v e humidity at 25°C, and by calorimetric 
measurement of freezing water i n hydrated polymer samples. 
Equilibrium water uptake was determined as a function of the 
chemical structures of the polymers, with the following results: 
i ) a l l of the regular copolyoxamides showed high water sorption 
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(7-30% by weight); i i ) sorption/desorption cycles were repeatable 
for powders and for asymmetric membranes, i . e . no ir r e v e r s i b l e 
dehydration was observed; i i i ) equilibrium water uptake increased 
with increasing amide content within a homologous series; 
iv) sorption occurred i n non-crystalline fractions of semi-
c r y s t a l l i n e polymers; and v) time-dependent binding of water was 
observed by DSC. D i f f e r e n t i a l scanning calorimetry was used to 
determine r e l a t i v e amounts of freezing and non-freezing water in 
membranes of copolyoxamide p-2221. The thermal behavior of water 
in these systems was very complex. A possible correlation of 
non-freezing water with membrane surface area was suggested. 
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The amount of water
influenced by hyrophilic
These impurities are much more prevalent in emulsion 
polymerised synthetic rubbers and natural rubber than in 
solution polymerised rubbers. The former group of rubbers may 
absorb several percent of water if left immersed for a long 
enough period (the maximum amount observed in these experiments 
was 14% over a period of 15 months) whereas the latter group 
absorbs very little water (usually less than 1%). The 
vulcanising ingredients and fillers may absorb water (2) so the 
rubbers used in these experiments were cured with dicumyl 
peroxide and contained no other curing ingredients or fillers 
(see Appendix) so that the vulcanisates were transparent. It 
was found that a white bloom appeared on the surface of the 
rubber after immersion in water for several days unless the 
samples were acetone extracted before use and so this 
procedure was used throughout. This bloom should not be 
confused with the progressive whitening which occurs in the 
bulk of the rubber as described below. 

The theory proposed for equilibrium swelling and 
diffusion is based on the assumption that the hydrophilic 
impurities are present in particulate form and are dispersed 
throughout the rubber. The precise nature of this impurity in 
natural rubber is not known so it was decided to make a model 
rubber by adding 0.1% of a hydrophilic impurity (sodium 
chloride) to a solution polymerised synthetic rubber (cis
-polyisoprene) which is chemically the same as natural rubber. 
Using this model rubber it is possible to check the theory 
more precisely since both the nature and concentration of the 
hydrophilic impurity in the model rubber are known. It is 
proposed that the water diffuses through the rubber and forms 
droplets of solution inside the rubber where there are 
particles of the hydrophilic impurity thereby causing a 
non-uniform distribution of water in the rubber. The 
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individual droplets of solution scatter l i g h t and cause a 
transparent rubber compound to become white and opaque as a 
result of immersion i n water. 

Experimental Techniques 

The equilibrium swelling of rubber depends on the vapour 
pressure of the water which i s i n contact with the rubber 
surface. The vapour pressure was varied using solutions of 
sodium chloride i n water and concentration was expressed as 
grams of s a l t i n 100 cm"3 of solution. The rubber samples were 
f l a t sheets measuring 100 χ 50 χ 2 mm and absorption 
measurements were carried out by immersing them i n about 
500 cm3 of solution. Desorption measurements were carried out 
by hanging the samples
p a r a l l e l to a dry airstrea
were desorbed at the same rate. This was achieved by setting 
up the samples and a small centrifugal fan i n a constant 
temperature enclosure (25 ± 0.5°C) containing about 1 kg of 
s i l i c a gel i n gauze containers. 

In both cases the samples were weighed pe r i o d i c a l l y and 
the mass of water absorbed or desorbed, Mt, against the square 
root of the time, t, was plotted. The average di f f u s i o n 
c o e f f i c i e n t , D, was calculated from the slope of this graph 
using the solution to the d i f f u s i o n equation for a 
semi-infinite medium (3) 

Mt = 2 (C^ - C e) D (t/fr)' / a 

where C w i s the overall concentration of water i n the rubber 
at equilibrium and C 0 i s the i n i t i a l concentration of water i n 
the rubber. 

Model Rubber 

A model rubber was made from cis-polyisoprene, a 
synthetic rubber which i s chemically similar to natural 
rubber, to which had been added a small amount of hydrophilic 
impurity. This was 0.17o of sodium chloride i n most of the 
experiments but 170 of an animal protein (bovine albumen) was 
also used for one set of experiments and this gave similar 
results to those obtained when sodium chloride was used, 
demonstrating that the phenomenon i s not a feature of one type 
of impurity only. Since the cis-polyisoprene used was 
solution polymerized i t was r e l a t i v e l y free from hydrophilic 
impurities before mixing. The desired amount of sodium 
chloride was dissolved i n water to form a concentrated 
solution. This solution was added to the rubber on a heated 
m i l l , the water then evaporated producing a fine dispersion of 
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sodium chloride i n the rubber. The absorption curves of the 
model rubber containing 0.1?o sodium chloride (vulcanizate D) 
and that of pure polyisoprene (vulcanizate C) are shown 
together with the curve for natural rubber (vulcanizate B) in 
Figure 1. I t can be seen that the addition of the s a l t 
profoundly affects the absorption rate and that the curve for 
the model rubber closely resembles that of natural rubber. The 
rubbers were a l l transparent before immersion i n water but the 
model rubber and the natural rubber rapidly became cloudy i n 
appearance and were completely opaque after 24 hours immersion. 
The pure polyisoprene sample remained transparent although i t 
showed fa i n t cloudiness after 72 hours immersion. I t seems 
possible therefore that the small amount of water absorbed by 
the polyisoprene was at least i n part due to impurities  The 
behaviour of the model
similar to that of natura

Equilibrium Water Absorption 

Theory. I t i s assumed that the absorption of water by 
rubbers i s due to the presence of water soluble impurities. 
The water forms droplets of solution around the impurities 
inside the rubber thereby enlarging the cavity i n the rubber 
around the impurity and equilibrium i s reached when the 
osmotic pressure of the solution outside the rubber Τζ i s equal 
to the difference between the osmotic pressure of the solution 
i n the droplets Ίΐ[ and the pressure Ρ exerted by the rubber on 
each droplet thus 

1% = Tfi - V (1) 

The droplets are assumed to be of equal size and the 
concentration of the solution i n each droplet i s assumed to be 
the same. C l a s s i c a l l y the osmotic pressure 1Y i s given by 

TT - CRT/M 

where C i s the concentration of the solute i n gm cm" , M i s the 
molecular weight of the solute, R i s the gas content and Τ i s 
the absolute temperature. 

ff „ CoRT and it. _ d fu> RT (2) 
° ~ M0 " C w Mi 

where C Q and Ci are the concentrations of the impurity in the 
external solution and i n the rubber respectively, assuming 
that a l l the water (density gw) present i n the rubber at a 
concentration i s in the droplets, MQ and M̂  are the 
molecular weights of the impurity i n the external solution and 
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Γ0·3 

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 

y time (si) 

Figure 1. Absorption of water by (a) natural rubber, (b) model rubber, and (c) 
polyisoprene 
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i n the rubber respectively, R i s the gas constant and Τ i s the 
absolute temperature. The pressure Ρ exerted by the rubber can 
be calculated from the pressure required to enlarge a spherical 
hole i n an i n f i n i t e block of rubber (4) and i s given by 

P = Ε / 5 - J L - _ L \ (3) 
6 V Α λ* J 

where Ε i s the Young's Modulus of the rubber and λ i s the 
extension r a t i o of the radius of the hole. The extension 
r a t i o λ i s related to the concentrations of impurity and water 
by 

λ3 - 1 = C /Ci (4) 

Substituting equations

CRT = C6«RT - Ε Γ 5 - 4 [ C ! , + , j - ( £ w + I J J (5) 
Mo i, ί 

Equations 2 are s t r i c t l y true only for dilute solutions and 
equation 3 i s subject to the lim i t a t i o n that the strains i n 
the rubber are not too large ( i e A < 3 or Cw/C^<26). 
If the contribution of the rubber pressure i s neglected, 
equation 5 becomes 

C 0 \ ML ) 

= A/Cô (6) 

where A = CfwMc/M^ i s a constant for a particular rubber 
and type of external solution. 

Experimental Results. Equation 5 cannot be used to 
calculate C unless the values of the constants are known. An 
e x p l i c i t r e l a t i o n for C i s given by equation 6 i n which the 
effect of the rubber pressure has been neglected. Equation 6 
has been used to calculate the equilibrium amount of water 
absorbed by natural rubber (vulcanizate B) from a s a l t solution 
containing 107„ sodium chloride. The value of A cannot be 
calculated since the nature and concentration of the impurity 
in rubber i s unknown but i t s value was estimated from the 
observed equilibrium swelling of rubber i n a saturated s a l t 
solution. The value of A was found to be 1.14 χ 10" and the 
calculated value of the concentration of water i n the rubber at 
equilibrium i n the 107o s a l t solution was 0.0140 gm cm"** which 
was i n excellent agreement with the experimental value of 
0.0105 gm cm" . A more stringent test of the theory has been 
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made by calculating the equilibrium concentration of water i n 
the model rubber (vulcanizate D) when immersed i n sodium 
chloride solutions. A l l the constants i n equation 5 for this 
system are known and the experimental and theoretical values of 

are given i n Table I where i t can be seen that agreement i s 
satisfactory. The contribution of the rubber pressure i s about 
107o and i f i t i s neglected the agreement between theory and 
experiment i s worse. 

Table I Equilibrium concentration of water i n model rubber 
immersed i n sodium chloride solutions 

C Q (gm cm"3) C w (theory) 
(gm cm"3) Experimen

0.100 0.00695 0.00801 1.15 
0.200 0.00376 0.00432 1.15 

I t seems l i k e l y that the formation of droplets of 
solution inside the rubber could lead to internal rupture of 
the rubber; this p o s s i b i l i t y has been investigated. A sample 
(vulcanizate B) which had absorbed 12?0 of water was dried and 
the tensile strength measured using dumbells. There was no 
s i g n i f i c a n t difference between these samples and those taken 
from a sheet which had not been immersed i n water. I t seems 
unlikely therefore that the rubber had suffered any internal 
damage as a r e s u l t of water absorption. 

Kinetics of Water Absorption 

Theory. As i n the Equilibrium Swelling Theory i t i s 
assumed that the rubber contains a number of hydrophilic 
impurities and that the water dissolves these impurities 
forming droplets of solution inside the rubber. The water 
diffuses through the rubber i n which i t i s only s l i g h t l y 
soluble and dissolves the hydrophilic impurities which are 
i n i t i a l l y present i n the rubber, thus forming droplets of 
solution. As the d i f f u s i o n proceeds these droplets gradually 
increase i n size and f i n a l l y reach equilibrium when the 
conditions given i n the Equilibrium Swelling Theory are 
s a t i s f i e d . Since the droplets increase i n size as a result of 
transport of water through the rubber phase, i t can be 
anticipated that u n t i l equilibrium i s reached droplets near the 
surface w i l l be generally larger (more dilute solution) than 
those i n the bulk. The overall concentration of water i n the 
sample ( i e , i n the droplets as well as i n true solution) thus 
decreases with distance into the sample during an absorption 
experiment and the overall d i s t r i b u t i o n i s similar therefore 
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to that of a l i q u i d which i s completely soluble i n the rubber 
phase. This model thus gives r i s e to a gradient i n the 
overall concentration of water i n the sample, and i f i t i s 
assumed that at a l l times the concentration of water i n the 
rubber phase i s i n l o c a l equilibrium with the water i n the 
droplets there i s a concentration gradient i n the rubber phase 
also. This i s necessary for d i f f u s i o n i n the rubber phase to 
occur. Since the s o l u b i l i t y of water i n pure rubber i s very 
low i t i s a reasonable approximation to neglect the amount of 
water i n true solution i n comparison with the water i s present 
in the droplets. The concentration of impurity i n the 
solution forming the droplet i s therefore taken as C ± / ( C ^ C w ) 

where and Cw are the concentrations of impurity and water 
in the rubber compound respectively  In the absence of a known 
expression for the concentratio
phase i t has been assume
concentration of impurity i n solution, thus 

s = s ' [ / - * Ct/(Ci + C J ] (7) 

where s' i s s o l u b i l i t y of water i n pure rubber containing no 
impurities and ec i s a constant. The rate of transport of 
water i s D 7 ds/dx where D ' i s the d i f f u s i o n c o e f f i c i e n t of 
water i n pure rubber. As the true s o l u b i l i t y of water in pure 
rubber i s very low, D / may be taken to be constant. 
From equation 7 

D ' ds = D V Q C Ci dC w 

d x <Ci + Cw)*- dx 

= D d Cw (8) 
d χ 

where D = s' * Cj Ό (9) 

The rate of transport of water i s thus expressed by 
equation 8 i n terms of an apparent d i f f u s i o n c o e f f i c i e n t , D, 
and the gradient of the overall concentration of water i n the 
rubber, dC*,/dx . The theory predicts that the d i f f u s i o n of 
water i n rubber containing hydrophilic impurities can be 
expressed i n terms of a concentration dependent d i f f u s i o n 
c o e f f i c i e n t (equation 9). 

Experimental Results. Equation 9 i s i n accord with the 
observation that the d i f f u s i o n c o e f f i c i e n t decreases with 
increasing concentration of water (5 - 8). The equation 
predicts that the d i f f u s i o n c o e f f i c i e n t should be inversely 
proportional to the square of the concentration of water 
neglecting the term C^ which i s small. Experiments on natural 
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rubber and the model rubber (vulcanizates Β and D 
respectively) have been carried out at diff e r e n t concentrations 
of water by immersing the samples i n sodium chloride solutions. 
Absorption measurements were carried out both on samples which 
were i n i t i a l l y dry and on those containing water i n i t i a l l y . 
The l a t t e r was obtained by transferring samples which had 
reached equilibrium i n a particular s a l t solution to a fresh 
but more dilute s a l t solution. The concentration dependence of 
the d i f f u s i o n c o e f f i c i e n t i s shown i n Figures 2 and 3 where i t 
can be seen that the data i s i n agreement with the theory. The 
di f f u s i o n c o e f f i c i e n t s obtained by the above methods were, of 
course, average values over the concentration range existing i n 
each measurement. This range was of the order of 0.27o, 
s u f f i c i e n t l y small for the value of D obtained to be considered 
representative of the valu

If absorption measurement  samples,
i n i t i a l l y contain no water, by immersing them i n s a l t solutions 
of d i f f e r e n t concentrations, the effective absorption d i f f u s i o n 
c o e f f i c i e n t Dâ can be calculated. These measurements are 
followed by desorption experiments i n which the samples are 
dried by blowing a i r across both major surfaces and the 
effective desorption c o e f f i c i e n t i s calculated. The 
d i f f u s i o n c o e f f i c i e n t s obtained from such absorption and 
desorption measurements are shown i n Table I I . I t i s evident 
that the r a t i o of the d i f f u s i o n c o e f f i c i e n t obtained from 
desorption to that from absorption measurements increases as 
the concentration of water i n the rubber, C, increases. The 
d i f f u s i o n c o e f f i c i e n t obtained from a desorption experiment 
can only be expected to be greater than that from an absorption 
experiment i f D decreases with increasing l i q u i d concentration 
(3). 

Table II Average d i f f u s i o n coefficients obtained from 
absorption, Da, and desorption, D^, experiments. 

, Co _3
 cw , D a _! % 2 

(gm cm ) (gm crrf° ) (cm sec χ 10 °) D 
Rubber 

natural 
natural 
natural 
model 

0.100 
0.315 
0.315 
0.100 
0.200 
0.315 

0.01010 
0.00331 
0.00340 
0.00695 
0.00376 
0.00129 

0.78 
7.5 
9.3 
0.74 
1.35 

17.6 

4.0 
7.5 
9.3 
5.4 
9.3 
37 

5.1 
1.0 
1.0 
7.2 
6.9 
2.1 

model 
model 

The magnitude of the apparent d i f f u s i o n c o e f f i c i e n t of 
water i n rubber i s much lower than would be expected from the 
v i s c o s i t y of water assuming that i t behaved i n the same way as 
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Figure 2. Concentration dependence of the diffusion coefficient of water in natural 
rubber using samples (φ) initially dry and (O) initially containing water. Line 

calculated using Equation 9 with s'a = 6.3 X 10~8 and Ci=0>l%-
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Figure 3. Concentration dependence of the diffusion coefficient of water in model 
rubber using samples (φ) initially dry and (O) initially containing water. Line 

calculated using Equation 9 with s'a = 1.8 X 10~8 and d = 0.1%. 
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an organic l i q u i d . Equation 9 shows the r e l a t i o n between the 
apparent d i f f u s i o n c o e f f i c i e n t , D, and the true d i f f u s i o n , D 7, 
which can be expected to be about 10"? cm^sec for a l i q u i d 
having a v i s c o s i t y of 1 cp ( 9 ) . I t can be seen that the 
s o l u b i l i t y of water i n pure rubber, s / , i s part of the 
proportionality constant. The value of s 7 i s not known for 
rubbers but the s o l u b i l i t y of water i n low molecular weight 
paraffins i s very low (10) about (5 χ 10"-*) and i t can be 
anticipated that a value of the same order would be obtained 
for rubbers. The measured value of the s o l u b i l i t y of water in 
cis-polyisoprene i s 1 χ 10 but the cloudiness of the rubber 
suggests that impurities may be present thereby increasing the 
apparent s o l u b i l i t y . I t i s clear therefore that due to the 
term s/ the apparent d i f f u s i o n c o e f f i c i e n t of water i n rubber 
w i l l be considerably lowe
following estimates fo
equation 9; s = \\T° gm cm , oc = 1, CL = ΙΟ"-3 gm cm 2 1 
C w = 10"·*· gm cm"3 ; the value of D i s found to be 10" cm sec 
which compares favourably with the experimental value of 
5 χ 1 0 " 1 1 c m Sec" from measurements on a thin natural rubber 
sample (vulcanizate A, 0.3 mm thick) immersed i n d i s t i l l e d water. 
The factor of 5 i s not regarded as s i g n i f i c a n t i n view of the 
uncertainties i n the values of the constants used. I t i s 
noteworthy that the apparent d i f f u s i o n c o e f f i c i e n t i s four 
orders of magnitude lower than the estimated true d i f f u s i o n 
c o e f f i c i e n t i n pure rubber. 

Conclusion 

The d i f f u s i o n of water i n natural rubber i s complicated 
by the presence of water soluble impurities in the rubber. 
These act as sites for droplets of solution. The impurities 
in natural rubber have not been i d e n t i f i e d but experiments with 
a model rubber have shown that the nature of the impurity, 
providing that i t i s hydrophilic, i s not c r i t i c a l . No evidence 
has been found of internal rupturing of the rubber by the 
formation of water droplets. 

Theories have been advanced which account for the 
equilibrium amount of water absorbed and for the d i f f u s i o n of 
water i n natural rubber. The equilibrium swelling theory i s an 
improved version of that of Briggs et a l . (2) i n that a more 
r e a l i s i t i c calculation of the rubber pressure i s used. The 
di f f u s i o n theory accounts for the experimental observations both 
in predicting the correct order of magnitude of the d i f f u s i o n 
c o e f f i c i e n t of water i n rubber and also i t s concentration 
dependence. 

The decrease of the d i f f u s i o n c o e f f i c i e n t of water i n 
various hydrophobic polymers with increasing water concentration 
has been observed by various workers (5-7) and the phenomenon 
has been attributed to clustering of the water molecules 
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(6-8,11). While this mechanism may be more important with 
very pure materials i t seems that the impurity mechanism 
would also account for the observations unless i t i s certain 
that a l l traces of hydrophilic material have been removed. 
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Appendix: Rubber Compound Formulations 

Compound 
natural rubber, RS£ 
ci s polyisoprene 
sodium chloride 
dicumyl peroxide 
cure time (mins) 

Figures are parts by weight and a l l vulcanizates are heated i n 
the mould for 10 mins at 100 C before the temperature i s 
raised to the value shown i n order to minimise anistropy. 

R E C E I V E D January 4, 1980. 

A Β C D 
100 100 

100 100 
- - - 0.1 
1 3 1.6 1.6 
60 50 50 50 
150 140 150 150 
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Hydration Control of Ion Distribution in 
Polystyrene Sulfonate Gels and Resins 

J A C O B A. M A R I N S K Y , 1 M . M . REDDY, 2 and R. S. B A L D W I N 

Chemistry Department, State University of New York, Buffalo, NY 14214 

Numerous a t tempt s to f o r m u l a t e i on -exchange e q u i l i b r i a have 
been r e p o r t e d (1 -12) and a r a t h e r comp le te d i s c u s s i o n o f the 
spect rum o f t h e o r e t i c a l approaches and models t h a t have been 
employed f o r t h i s purpos
One o f t he most s u c c e s s f u
mode l . In t h i s mode l , Κ P M, the s e l e c t i v i t y c o e f f i c i e n t , i . e . , 

N t x 

t he m o l a l i t y p roduc t r a t i o a t e q u i l i b r i u m f o r the Ζ » - , Z ^ - v a l e n t 
c a t i o n exchange r e a c t i o n , i s exp re s sed by 

K

N E x M = A " " + ? - . - , exp [ - , [ Z N V M - Z M V N ] / R T (1) 

where π i s t he s w e l l i n g p r e s s u r e o f the r e s i n , (1>2_56_)5 and V N 

a r e the p a r t i a l mo la l volumes o f the exchang ing i on s i n the r e s i n 

phase and γ± and γ± a r e the mean mo la l a c t i v i t y c o e f f i c i e n t s o f 
Μ Ν 

s a l t s jvi 7 X 7 and N 7 X 7 . Ba r red symbols denote t he r e s i n 
M H LH 

phase, and γ Ν c o r r e s p o n d i n g t o t he mean mo l a l a c t i v i t y c o 

e f f i c i e n t s o f the exchang ing p a i r s o f i on s i n the g e l . The 

charge o f t he c o i o n o f s a l t s M 7 X 7 and N 7 X 7 i s d e s i g n a t e d 
^X M ^X LH 

by Ζ χ . The v a l i d i t y o f t h i s model has been f u l l y demonst ra ted by 

us i n e a r l i e r s t u d i e s w i t h z e o l i t e s (]J5) t o s uppo r t i t s f u r t h e r 
a p p l i c a t i o n to the e xam ina t i on o f the i on -exchange phenomenon i n 
o r g a n i c r e s i n s . Our e f f o r t s i n t h i s d i r e c t i o n have been c o n 
ce rned w i t h the e v a l u a t i o n o f the π(Δ\Γ) and Ύ Μ / Ύ Μ terms o f Equa
t i o n 1. With t h e i r assessment Κ £ χ Ν i s c a l c u l a b l e f o r compar i son 

w i t h e x p e r i m e n t , γ± and γ± b e i n g M a c c e s s i b l e i n the l i t e r a t u r e 
( 17.). Μ Ν 
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The wate r s o r p t i o n p r o p e r t i e s o f p o l y s t y r e n e s u l f o n a t e (PSS) 
exchangers w i t h d i f f e r e n t degrees o f c r o s s - l i n k i n g have been 
obse rved to c o i n c i d e i n the l ower wate r a c t i v i t y r e g i o n where the 
i rV H Q term i s n e g l i g i b l y sma l l ( 6 ) . There i s c o i n c i d e n c e as w e l l 

between o smot i c c o e f f i c i e n t da ta (1J3) f o r the l i n e a r PSS and 
tho se o b t a i n e d by So ldano f o r the <_ 0.5% c r o s s - l i n k e d PSS g e l ; 
(19) o n l y a t t he h i g h e s t wate r a c t i v i t y where a π\/Η Q te rm i s 

o p e r a t i v e i n the ge l as a consequence o f s o l v e n t r e s t r a i n t i s a 
l owe r amount o f wate r taken up by the g e l . These e x p e r i m e n t a l 
r e s u l t s showed t h a t the c r o s s - l i n k i n g a gen t , d i v i n y l benzene, 
does not a f f e c t t he p h y s i c a l chemica l p r o p e r t i e s o f the PSS and 
p r o v i d e d fundamenta l j u s t i f i c a t i o  f o  t h e i  th
p u t a t i o n o f r e s i n - p h a s

R T m V H 2 0 / 1 0 0 0 = " R T l n a H 2 0 = *\θ ( 2 ) 

where Q i s the m o l e c u l a r we igh t o f wate r and 0 m i s t he o smot i c 

c o e f f i c i e n t o f the p o l y e l e c t r o l y t e ana logue a t m, the c o u n t e r i o n 
m o l a l i t y i n the r e s i n . P a r t i a l mo la l volumes o f the i on s i n the 
r e s i n phase ws re taken as the p a r t i a l mo la l volumes o f the i on s i n 
aqueous s o l u t i o n a t i n f i n i t e d i l u t i o n (16, 20 ) . 

There was j u s t i f i c a t i o n as w e l l f o r u t i l i z a t i o n o f the 
o smot i c c o e f f i c i e n t da ta f o r the l i n e a r p o l y e l e c t r o l y t e ana logue 
i n the G ibbs Duhem e q u a t i o n t o compute r e s i n - p h a s e a c t i v i t y 
c o e f f i c i e n t s f o r the exchang ing i o n s . However, s i n c e t he t r e n d , 
w i t h d i l u t i o n , o f o smot i c c o e f f i c i e n t d a t a f o r f u l l y d i s s o c i a t e d 
p o l y e l e c t r o l y t e s cannot be deduced beyond the l o w e s t measurab le 
c o n c e n t r a t i o n as i t can w i t h s imp le e l e c t r o l y t e s , where the 
Debye-Huckel l i m i t i n g law a p p l i e s , the computa t i on w i t h t h i s 
e q u a t i o n o f mean mo la l a c t i v i t y c o e f f i c i e n t s m e a n i n g f u l l y r e l a t e d 
t o a v a l u e o f u n i t y f o r the p o l y e l e c t r o l y t e a t i n f i n i t e d i l u t i o n 
was i m p o s s i b l e . I t was nece s s a r y to use the e q u a t i o n as shown 
below t o compute mean mo la l a c t i v i t y c o e f f i c i e n t v a l u e s , γ , 
as a f u n c t i o n o f c o u n t e r i o n c o n c e n t r a t i o n , m, r e l a t i v e t o δη 
i n d e t e r m i n a t e mean mo la l a c t i v i t y c o e f f i c i e n t , γ , a t the low 
r e f e r e n c e c o n c e n t r a t i o n m . " r 

r m 
l n W * ± m = 0 m - 0 m + ' ( 0 m - l ) d l n m (3) 

r r m f 

By t h i s approach the i n h e r e n t d e f i c i e n c y o f the e a r l i e r a t t empt s 
t o e v a l u a t e t h i s term by assuming a p a r t i c u l a r o smot i c b e h a v i o r 
i n the d i l u t e c o n c e n t r a t i o n range ( 6 ,7 ,10 -12 ,19 ,21 ) was a v o i d e d . 

Only t r e n d s i n i on -exchange s e l e c t i v i t y were p r e d i c t e d by 
t h i s approach when i t was used to examine the i n t e r p r e t i v e 
q u a l i t y o f the G ibbs Donnan model f o r a n a l y s i s o f the i o n - e x 
change phenomenon i n f l e x i b l e , c r o s s - l i n k e d i on -exchange r e s i n s 
( 22 ,23 ) . To c i r c u m v e n t t he i n t r i n s i c d e f i c i e n c y o f t h i s t e s t o f 
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t he Gibbs Donnan model for the anticipation of ion-exchange 
s e l e c t i v i t y , the exchange o f p a i r s o f i o n s , one p r e s e n t i n macro 
s c o p i c q u a n t i t y and the o t h e r i n t r a c e , between a c r o s s - l i n k e d ge l 
and i t s l i n e a r p o l y e l e c t r o l y t e ana logue was examined ( 2 4 ) . In 
t he se systems t he a c t i v i t y c o e f f i c i e n t s o f t he r e f e r e n c e s t a t e 
c a n c e l . 

In t h i s presumably d e f i n i t i v e t e s t o f the model the v a l u e o f 
Y ± n / Y m f o r t h e m a c r o i o n l n e a c h Phase was o b t a i n e d from i n t e g r a 

t i o n o f Equa t i on 3 to the e x p e r i m e n t a l c o n c e n t r a t i o n o f t he macro 

c o u n t e r i o n component. Computat ion o f t h i s term f o r the t r a c e - i o n 

component employed the h y b r i d f u n c t i o n g i ven by Equa t i on 4 

l n y S / y - I n (y±e])m(y\/(y\ (4) 
r e l h

In Equa t i on 4 , (γ± ) an

a t t r i b u t e d r e s p e c t i v e l y to t r a c e i o n - p o l y i o n i n t e r a c t i o n based on 
t h e e x p e r i m e n t a l c o n c e n t r a t i o n o f the macro c o u n t e r - i o n component 
and t o t r a c e i o n - s o l ven t i n t e r a c t i o n presumed to be dete rmined by 
t he m o l a l i t y the t r a c e ion-component would assume a t the e x p e r i 
menta l water a c t i v i t y (0m) o f the s o l v e n t when p r e s en t as the 
macro component. T h i s e q u a t i o n was j u s t i f i e d i n the f o l l o w i n g way: 

The c h a r a c t e r i s t i c shape o f the cu r ve o b t a i n e d f o r t he l o g 
Y +n/ Y m v e r s u s m P ^ o t t ' i a t 1 S u s e c * t 0 c h a r a c t e r i z e t he se 

p o l y e l £ c t r o l y t e s i s s i m i l a r t o the shape o f the cu r ve t h a t i s 
1/2 

o b t a i n e d from a p l o t o f l o g y+m ve r su s m ' f o r s i m p l e e l e c t r o 

l y t e s . In s imp l e e l e c t r o l y t e s t h i s p r o p e r t y o f l o g y+m i s a t t r i 

buted to the p roduc t o f compet ing i o n - i o n and i o n - s o l v e n t i n t e r 

a c t i o n s (V7 ) . A t low c o n c e n t r a t i o n s , γ J ; 1 i s the dominant f a c t o r 
1 /2 

and In y+m i s i n v e r s e l y p r o p o r t i o n a l t o m ' ; as the m o l a l i t y i s 
r a i s e d becomes i n c r e a s i n g l y i m p o r t a n t and e v e n t u a l l y In y+m 

passes th rough a minimum and then i n c r e a s e s e x p o n e n t i a l l y w i t h 
1 /2 

m . By presuming t he se f a c t o r s t o be s i m i l a r l y o p e r a t i v e i n 
e l 

t he p o l y e l e c t r o l y t e as w e l l , In y+m/y+m i s assumed, a p r i o r i , t o 
be r e p r e s e n t e d by the i n i t i a l s t r a i g h t T i ne p o r t i o n o f the cu r ve 
a t low v a l u e s o f m ( 24 ) . E x t e n s i o n o f t h i s l i n e i s b e l i e v e d t o 

e l 
p r o v i d e the v a l u e o f In γ ' / γ ^ ove r the complete c o n c e n t r a t i o n 

'±m ±m 
range . D i v i s i o n o f y+m/y+m by the e x t r a p o l a t e d v a l u e s o f 
Ύ + ^ / γ + Γ η o ve r t h i s c o n c e n t r a t i o n range y i e l d s the c o r r e s p o n d i n g 

r · 

v a l u e o f ym wh ich i n t u r n can be a n a l y z e d as a f u n c t i o n o f t he 

wa te r a c t i v i t y a s s o c i a t e d w i t h the p o l y e l e c t r o l y t e a t t he se c o n -
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c e n t r a t i o n s . Thus an a p p r o p r i a t e e s t i m a t e o f the Inv^ /v± term 
r '±m ' m 

f o r t he t r a c e i o n i n Equa t i o n 1 was thought t o be p r o v i d e d by t h e 
e l 

p r oduc t o f Y + m/Y + m o b t a i n e d by e x t r a p o l a t i o n o f the l i n e a r 
p o r t i o n o f the l n y+m/y+m v e r s u s In m cu r ve f o r the t r a c e - i o n 

form o f t he p o l y e l e c t r o l y t e t o the s t o i c h i o m e t r i c a l l y e q u i v a l e n t 
c o n c e n t r a t i o n o f the mac ro - i on component i n the d i s t r i b u t i o n 

s tudy and o b t a i n e d a t the wa te r a c t i v i t y o f the e q u i l i b r i u m 

m i x t u r e f rom the y^ ve r su s 0m cu rve a n a l y z e d as d e s c r i b e d above , 

f o r the t r a c e i on system ( 2 4 ) . 
There was s a t i s f a c t o r y agreement between o b s e r v a t i o n and 

p r e d i c t i o n when computa t i o

the s t o i c h i o m e t r y de te rm ine s y+m/y+m and the wate r a c t i v i t y 
h ^ 

d e f i n e s (γ ) ^ . The a c c u r a t e p r e d i c t i o n o f i on -exchange s e l e c 
t i v i t y by t h i s a p p l i c a t i o n o f the Gibbs-Donnan model would appear 
t o p r o v i d e s t r o n g e v i d e n c e f o r i t s v a l i d i t y . 

R e c e n t l y t he se s t u d i e s were extended t o the e x a m i n a t i o n o f 
the exchange o f two c o u n t e r i o n s o ve r t h e i r complete c o m p o s i t i o n 
range ( 2 6 ) . The d i s t r i b u t i o n o f N a + and Z n + + , between p o l y 
s t y r e n e s u l f o n a t e r e s i n c r o s s l i n k e d w i t h d i v i n y l b e n z n e n e ( 1 % , 2 % , 
4 % , 8 % , 1 2 % and 1 6 % by w e i g h t ) and the l i n e a r p o l y s t y r e n e s u l f o n 
a t e ana logue o f the r e s i n a t t h r e e d i f f e r e n t c o n c e n t r a t i o n l e v e l s 
( 0 . 0 2 , 0 . 0 6 and 0 . 1 2 normal ) was measured. The e q u i v a l e n t f r a c 
t i o n o f Zn and Na was v a r i e d f rom 0 t o 1 and 1 t o 0 t o examine 
the d i s t r i b u t i o n p a t t e r n o f t he se exchang ing c o u n t e r i o n s o ve r the 
complete c o m p o s i t i o n range. The p o l y e l e c t r o l y t e ana logue was 
used i n t he se s t u d i e s t o pe rm i t d i r e c t assessment o f s e l e c t i v i t y 
w i t h Equa t i o n 1 , the r e f e r e n c e s t a t e mean mo la l a c t i v i t y c o 
e f f i c i e n t r a t i o o f the sodium and z i n c be i ng expec ted t o c a n c e l 
as b e f o r e . 

Over most o f t he c o m p o s i t i o n range examined t h e r e was good 
agreement between the compute^ and measured s e l e c t i v i t y v a l u e s . 
Only when the f r a c t i o n o f Zn approached u n i t y was t h e r e s i z e 
a b l e d i s c r e p a n c y between the two v a l u e s , the p r e d i c t e d v a l u e 
d e v i a t i n g by as much as a f a c t o r o f f i v e o r s i x . E x p l a n a t i o n o f 
the d i s c r e p a n c y between p r e d i c t i o n and expe r iment i n the Z n - r i c h 
range was sought i n the t h e o r e t i c a l t r e a t m e n t o f Manning ( 2 6 ) . 
These r e s u l t s were r a t i o n a l i z e d ( 2 4 J w i t h the n c o n d e n s a t i o n n o f 
c o u n t e r i o n s concept deve loped by Manning. 

The c o m p l i c a t i o n i n t r o d u c e d by c o u n t e r - i o n " c o n d e n s a t i o n " i n 
the p r e d i c t i o n o f i o n d i s t r i b u t i o n p a t t e r n s i s , however, s i z e -
a b l y d i m i n i s h e d a t the c o n c e n t r a t i o n l e v e l s encounte red w i t h g e l s 
( 2 4 , 2 5 ) , even a t t h e i r l o w e s t degree o f c r o s s l i n k i n g ; f o r example, 
the d i s t r i b u t i o n r a t i o o f i o n s i n the ge l i n c o n t a c t w i t h a 
s i m p l e mixed e l e c t r o l y t e i s r a t h e r a c c u r a t e l y p r e d i c t e d w i t h the 
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h y b r i d a c t i v i t y c o e f f i c i e n t f u n c t i o n once the r e f e r e n c e a c t i v i t y 
c o e f f i c i e n t r a t i o s have been e v a l u a t e d w i t h one s e l e c t i v i t y 
measurement ( 24 ) . 

An a l t e r n a t i v e e x p l a n a t i o n f o r the d i s c r e p a n c y between t he 
p r e d i c t e d and obse rved d i s t r i b u t i o n o f Na and Zn , when the c o n 
c e n t r a t i o n r a t i o o f Zn to Na i s h i gh was suggested by t he i n t e r 
p r e t a t i o n g i v e n by Boyd and Bunz l ( 27 j t o volume changes obse rved 
t o accompany the s e l e c t i v e b i n d i n g o f i on s by p o l y s t y r e n e s u l f o n 
a t e g e l s . They conc luded on the b a s i s o f the volume changes 
o b s e r v e d , t h a t c o m p l e x a t i o n o f m u l t i p l y - c h a r g e d c a t i o n s was 
e x t e n s i v e i n t h i s i o n exchanger . Examina t i on o f the c o m p l e x a t i o n 
o f Z n ( I I ) , C a ( I I ) and C o ( I I ) by the l i n e a r ana logue o f the p o l y 
s t y r e n e s u l f o n a t e g e l s showed, however, t h a t such c o m p l e x a t i o n by 
the p o l y s t y r e n e s u l f o n a t  p o l y i o  i  sma l l i n d e e d  Th
f o r m a t i o n c o n s t a n t o f 0.
f o r the d i s c r e p a n c y betwee  p r e d i c t i o  ( 2 8 )

The v a l i d i t y o f the approach t h a t has been used t o compute 
the a c t i v i t y c o e f f i c i e n t r a t i o o f two exchang ing c o u n t e r i o n s i n 
D V B - c r o s s l i n k e d PSS r e s i n s has , we b e l i e v e , been a d e q u a t e l y 
demons t ra ted . I t i s our nex t o b j e c t i v e t o o b t a i n d i r e c t l y the 
a b s o l u t e v a l u e o f such r a t i o s w i t h o u t r e s o r t (1) t o a s e p a r a t e 
c a l i b r a t i o n s t ep o r (2) t o l i m i t i n g s t u d i e s t o exchange between 
the r e s i n and i t s p o l y e l e c t r o l y t e ana logue . 

In o r d e r t o a c h i e v e t h i s o b j e c t i v e the f o l l o w i n g s i m p l i f i c a 
t i o n o f the model employed has been i n t r o d u c e d : R e c e n t l y we have 
shown t h a t d e v i a t i o n from i d e a l b e h a v i o r o f meta l i on s t h a t i s 
due e x c l u s i v e l y t o i o n - p o l y m e r i n t e r a c t i o n i n t he h i g h l y charged 
r e g i o n s o f the polymer s u r f a c e i s d i r e c t l y p r o p o r t i o n a l t o t he 

charge o f each i o n as shown: ( y ? 1 ) N = ( γ ± 9 1 ) M . The e f f e c t o f 
M m N m 

t h i s sou rce o f n o n i d e a l i t y i n t he i on d i s t r i b i t i o n p a t t e r n i s 
t he r eby c a n c e l l e d ( 29 ) . D i f f e r e n c e s i n the exces s f r e e energy 
o r i g i n a t i n g from i o n - s o l v e n t i n t e r a c t i o n thus become the one 
i m p o r t a n t source o f d i f f e r e n c e i n the a f f i n i t y o f p a i r s o f i o n s 
f o r t he r e s i n ; a b s o l u t e i o n - d i s t r i b u t i o n p a t t e r n s s hou ld be 
d i r e c t l y a c c e s s i b l e w i t h o u t c a l i b r a t i o n o f a p a r t i c u l a r exchange 
system on t h i s b a s i s . T h i s a s p e c t i s f u l l y d i s c u s s e d and t e s t e d 
i n the t e x t t h a t f o l l o w s . 

T h e o r e t i c a l 

I t has been w e l l documented by the r e s e a r c h per formed i n 
t h i s l a b o r a t o r y t h a t use o f t he Gibbs-Donnan model f o r the i n t e r 
p r e t a t i o n o f i on -exchange e q u i l i b r i a p r o v i d e s a most u s e f u l 
avenue f o r the a c c u r a t e a n t i c i p a t i o n o f c o u n t e r i o n d i s t r i b u t i o n 
i n charged p o l y m e r i c sys tems. The a c t i v i t y c o e f f i c i e n t r a t i o o f 
compet ing i on s i n the p o l y m e r i c phase wh ich i s the e s s e n t i a l 
parameter t o be a s se s sed (see Equa t i on 1) f o r s u c c e s s f u l use o f 
t h i s model has , as we have p o i n t e d o u t , so f a r been u n a c c e s s i b l e 
by a s t r a i g h t - f o r w a r d c o m p u t a t i o n . T h i s d e f i c i e n c y o f our 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



392 W A T E R IN P O L Y M E R S 

approach to the a n t i c i p a t i o n o f i on -exchange e q u i l i b r i a i s , we 
b e l i e v e , removed i n the f o l l o w i n g way: 

i . The E f f e c t i v e C o n c e n t r a t i o n o f M o b i l e Coun te r i on s i n Charged 
Po l ymer s . 

The f i r s t fundamental i n s i g h t t o the a n a l y s i s o f n o n - i d e a l i t y 
i n charged p o l y m e r i c systems such as p r o t e i n s was due t o L i n d e r -
s t r0m-Lang ( 30 ) . H i s c o m p l i c a t e d t r e a tmen t was r e s t a t e d much 
l a t e r i n a more c onven i en t form by S ca t cha rd (3j_) t o f a c i l i t a t e 
the s tudy o f i o n - b i n d i n g i n c o m p l i c a t e d p r o t e i n sy s tems. The 
more r i g o r o u s d e r i v a t i o n s o f S c a t cha rd have been e s s e n t i a l l y 
d u p l i c a t e d by Tan fo rd (32) w i t h a s i m p l i f i e d v e r s i o n o f the 
L i nde r s t r 0m-Lang t r e a t m e n t . With t h i s t r e a tmen t the pK o f i o n i z -
a b l e groups o f a p r o t e i n
one a n o t h e r , i s a f u n c t i o

> K = P K o - O 0 3 (kT) ( 5 ) 

where w i s a measure o f the e l e c t r o s t a t i c f r e e energy r e q u i r e d to 
i n c r e a s e the charge o f the p o l y i o n f rom 0 t o Z. From the w e l l -
known Hasse lbach-Henderson e q u a t i o n 

pK = pH - l o g ^ (6) 

where, a, r e p r e s e n t s the degree o f d i s s o c i a t i o n ; thus 

nM Inn 0 6 - n |/ 2 Z w ( 7 ) 
pH - l o g 1 - a - pK Q - ( k T ) 

The p o t e n t i a l d i f f e r e n c e between the s u r f a c e o f a p o l y i o n 
and the r e g i o n i n wh ich the p o t e n t i a l i s measured d u r i n g pH 
measurements i n the cou r se o f n e u t r a l i z a t i o n o f a weak p o l y a c i d 
w i t h s t anda rd base p r o v i d e s an e xpe r imen ta l e v a l u a t i o n o f t h i s 
d e v i a t i o n term (0.8686 Zw) i n such p o l y m e r i c sy s tems. The 
d e v i a t i o n f rom i d e a l i t y o f m o b i l e H + i on s a t the s i t e o f t he 
n e u t r a l i z a t i o n r e a c t i o n i s o b t a i n e d f rom the we l l - known e q u a t i o n 
g i v e n be low: 

p K H A = p K H A • p K H A = " ° - 4 3 4 3 ~~kT = - 0 · 8 8 6 kT ( 8 ) 

app 

In t h i s e q u a t i o n ε i s t he u n i t charge o f the p r o t o n , c o r r e s 

ponds t o the p o t e n t i a l a t the s u r f a c e o f the p o l y i o n , i s t he 

i n t r i n s i c d i s s o c i a t i o n c o n s t a n t o f the a c i d , i s i t s 
appa ren t d i s s o c i a t i o n c o n s t a n t and [ A " ] and [ H A ] a p p a re mo la r 
c o n c e n t r a t i o n s o f the d i s s o c i a t e d and u n d i s s o c i a t e d p o l y a c i d 
exp re s sed on a monomer b a s i s . 

A r n o l d and Overbeek (3^) i n t h e i r p i o n e e r demon s t r a t i on o f 
t h i s p l o t t e d p o t e n t i o m e t e r ! c t i t r a t i o n da ta o b t a i n e d w i t h p o l y -
m e t h a c r y l i c a c i d as pH- l o g α/1-α v e r s u s a. I d e a l l y pH - l o g 
α/1-α = p K H A and any d e v i a t i o n f rom a s t r a i g h t l i n e o f z e r o s l o p e 

pH- log 
A~ 
HA 
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i n such a p l o t i s presumed t o be a q u a n t i t a t i v e measure o f t he 
d e v i a t i o n from i d e a l b e h a v i o r o f the system as the p o l y a c i d i s 

p r o g r e s s i v e l y d i s s o c i a t e d . The o f 1.48 χ 1 0 " 5 t h a t i s d e t e r 
mined f rom e x t r a p o l a t i o n o f the p o t e n t i o m e t r i c da t a t o i n t e r c e p t 
the o r d i n a t e a x i s a t α = 0 i s i n good agreement w i t h the d i s s o c i a 
t i o n c o n s t a n t r e p o r t e d f o r i s o b u t y r i c a c i d , the r e p e a t i n g monomer 
u n i t i n t h i s po lymer. S i n c e t h e r e i s no i o n i z a t i o n o f the polymer 
a t α = 0 t h i s number shou ld co r r e spond t o the n e g a t i v e l o g a r i t h m 
o f the i n t r i n s i c d i s s o c i a t i o n c o n s t a n t o f the r e p e a t i n g a c i d 
group o f PMA, as i t does , i f t he sou rce o f d e v i a t i o n i s e x c l u 
s i v e l y e l e c t r o s t a t i c i n n a t u r e . Thus the change i n the v a l u e o f 
pK (ΔρΚ) w i t h a , i s a t t r i b u t e d t o the change i n the e l e c t r o s t a t i c 
f r e e energy o f t he m o l e c u l
i n t e r a c t i o n s accompanyin

i i . E q u i v a l e n c e i n the D e v i a t i o n f rom I d e a l i t y o f C o u n t e r - I o n s : 

We have shown t h a t the fundamenta l d e v i a t i o n t e r m , 
exp-εΨζ χ/kT, d e r i v e d f rom the s tudy o f H + i on i n weak p o l y a c i d 
s y s tems, a l s o p r o v i d e s an a c c u r a t e b a s i s f o r e s t i m a t e o f the 
d e v i a t i o n from i d e a l i t y o f o t h e r m o b i l e M + z c o u n t e r i o n s p r e s en t 
c o n c u r r e n t l y i n t he se c o m p l i c a t e d sy s tems: The d e v i a t i o n term 
then i s exp-ΖεΨζ x/kT where Ζ i s the charge o f the m e t a l , M + z , 

\ a / + 2 +9 +2 
c o u n t e r - i o n . In a s tudy o f c o m p l e x a t i o n o f Ca , Co and Zn 
by p o l y m e t h a c r y l i c and p o l y a c r y l i c a c i d as a f u n c t i o n o f A made 
i n our l a b o r a t o r y (29) the d i s t r i b u t i o n o f t r a c e - l e v e l c o n c e n 
t r a t i o n s o f t he se r e s p e c t i v e meta l i on s between a c a t i o n - e x c h a n g e 
r e s i n (Na - i on form) and s o l u t i o n (M NaCIO*) i n the absence and 
p resence o f v a r i o u s c o n c e n t r a t i o n s o f the r e s p e c t i v e p o l y a c i d s 
was measured a t d i f f e r e n t degrees o f n e u t r a l i z a t i o n t o demons t ra te 
t h i s . The p a r t i t i o n c o e f f i c i e n t D 0 (absence o f p o l y a c i d ) and D 
(p re sence o f l i g a n d ) bear the f o l l o w i n g r e l a t i o n s h i p t o 3 and A 
f o r M + 2 - p o l y l i g a n d sys tems: 

D - D 
p 2 _ = 3 1 ( θ χ ρ - 2 ε Ψ ( ά ) / ^ ) + 3 2 A ( e x p - 2 £ ¥ ( a ) / k T ) (9) 

A n a l y s i s o f the d i s t r i b u t i o n r e s u l t s , w i t h exp-e¥^ a ^/kT and A 

v a l u e s d i r e c t l y a v a i l a b l e f rom pH measurements ( b i n d i n g o f t r a c e 
meta l i o n does not a f f e c t the s t o i c h i o m e t r y o f the system) made 
c o n c u r r e n t l y w i t h the d i s t r i b u t i o n measurements p r o v i d e d unambig
uous v e r i f i c a t i o n o f the gene ra l a p p l i c a b i l i t y o f t he n o n - i d e a l i t y 
term so o b t a i n e d i n t he se sys tems. The e x p e r i m e n t a l v a l u e o f 
DQ-D/DA were p l o t t e d ve r su s A. The da ta were e x t r a p o l a t e d and 

the i n t e r c e p t o f t he o r d i n a t e d e f i n e d the v a l u e o f β-,. A p l o t 
o f l o g D Q -D/DA3 1 ve r su s pH- log a/1 - a - p K H A t hen y i e l d e d a l i n e 

w i t h a s l o p e o f 2 wh ich i n t e r s e c t e d the o r i g i n . The o r d i n a t e , 
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l o g D Q-D/DAe 1 i s equal t o - 2 ε ψ ^ 2 . 3 Ι < Τ + l o g (1 + β 2 Α / β Ί ) w h i l e 

t he a b s c i s s a pH- log α/1-α - p K H a i s equa l t o εψ^^/2 .3 Ι<Τ : the 

obse rved r e s u l t demonst ra tes t h a t (1) e s s e n t i a l l y o n l y t he MA + 

s p e c i e s e x i s t s i n t he se systems and (2) t h a t t he n o n - i d e a l i t y o f 
t he d i v a l e n t i on s i s d e f i n e d by Ζ ε ψ ^ / k T ) . 

i i i . E v a l u a t i o n o f the Mo l a l A c t i v i t y C o e f f i c i e n t R a t i o o f P a i r s 
o f M o b i l e Counter Ions i n the Charged Polymer Phase. 

As has been p o i n t e d out e a r l i e r the J i n e a r p o r t i o n o f a p l o t 
o f l o g γ±/γ± ve r su s l o g m, d e f i n e d by ( 0 O - 1 ) l o g m/m , i s p r e -

III III XJ I 

sumed t o i d e n t i f y t he e l e c t r o s t a t i  c o n t r i b u t i o  t  th

mo l a l a c t i v i t y c o e f f i c i e n  (γ  /γ  )  complet
m l m ' 

t r a t i o n range. S u b t r a c t i o n o f l o g m/m r f rom l o g ( y ± m / Y ± m ) 
s t a r t i n g a t v a l u e s o f l o g m near z e r o then l e a d t o e v a l u a t i o n o f r 

h h 

^ Y 0m m a s a " f r u n c " t l o n ° f the charged polymer c o n c e n t r a t i o n 

a t the wate r a c t i v i t y o f t he e q u i l i b r a t e d sy s tem. The l o g Ύ Μ / Ύ Ν 

term i n Equa t i on 1 i s composed o f e l e c t r o s t a t i c and h y d r a t i o n 
terms as s_hown be low: , . 

ΎΜ / v + e l χ , ± h x ( y ± ^ ) (y± n ) 
l o g ~ - _ -, ( Ύ ± m }M ( Y 0 m } M r N r Ν (10) 

Y N ( y + e l ) ( y ± h ) ( v + e l ) ( v+ h ) , N ν γ " m jN l Y 0 m j N l Y " m r

; M l Y " m r

; M 
In t he polymer t he e l e c t r o s t a t i c terms c a n c e l : a l s o 

Υ ± - ( Y + ) ^ + 1 ( γ - ) 1 / ν + 1

 ( 1 1 ) 

where ν i s t he degree o f p o l y m e r i z a t i o n . I f ν > 200 

γ = = γ + (12) 

and _ . , h , 

0m r 

A t the r e f e r e n c e c o n c e n t r a t i o n (0.01 f o r d i v a l e n t and 0.02 f o r 
u n i v a l e n t i o n s ) , a , t he a c t i v i t y o f w a t e r , i s v e r y n e a r l y u n i t y 

h h h h 
and y + m has to be u n i t y as w e l l so t h a t Ύ^/\ = and 

Γ l o g 7M/7N = l o g ( v p / ( ^ ) N _ _ (15) 

a t t he e x p e r i m e n t a l wa te r a c t i v i t y ; the v a l u e o f Ύ Μ / Ύ Ν i s thus 

0£ i s the l i m i t i n g v a l u e o f t he o smot i c c o e f f i c i e n t a t m < 0.02 
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d i r e c t l y c a l c u l a b l e i n t he i on -exchange r e s i n a t eve ry e x p e r i 

menta l c o n d i t i o n w i t h t he (y+0 m) v a l u e s so r e s o l v e d f rom such 

a n a l y s i s o f o smo t i c c o e f f i c i e n t d a t a . 
Ma r i n s k y and H o g f e l d t (34) have shown t h a t a t t he h i g h e r 

c o n c e n t r a t i o n s o f p o l y s t y r e n e s u l f o n a t e the p o l y a n i o n i s e s s e n -
h h 

t i a l l y unhydra ted so t h a t γ : γ " . There may be a f i n i t e but 
h 

sma l l c o n t r i b u t i o n t o γ f rom the p o l y a n i o n , however, a t t he 
l ower c o n c e n t r a t i o n s and t h e p r e d i c t i o n o f i o n d i s t r i b u t i o n 
p a t t e r n s i n t he l owe r po lymer c o n c e n t r a t i o n s w i t h l e s s c r o s s -
l i n k e d r e s i n s may be a f f e c t e d by n e g l e c t o f such a c o n t r i b u t i o n . 

i v . E xamina t i on s o f the P r e d i c t i v e Q u a l i t y o f the Method Proposed 
For The A n t i c i p a t i o f th  D i s t r i b u t i o f P a i r f Ion
Between an Ion-Exchang

R e c e n t l y Boyd e t a l (35) conducted an e x t e n s i v e s tudy program 
de s i gned t o p r o v i d e a thermodynamic b a s i s f o r t he p r e d i c t i o n o f 
t he s e l e c t i v i t y p a t t e r n o f Z n ^ + and N a + d u r i n g e q u i l i b r a t i o n i n 
Zn(N0g)2> NaNOg m i x t u r e s (0.1 N) o f p o l y s t r y e n e s u l f o n a t e exchang 
e r c r o s s l i n k e d t o v a r i o u s degrees (0 .5% to 24%) w i t h d i v i n y l -
benzene. The comp le te c o m p o s i t i o n range o f the r e s i n (Xzn 
f rom z e r o t o 1) was cove red i n t he se s t u d i e s . In o r d e r t o f a c i l 
i t a t e the p r e d i c t i o n o f i on -exchange s e l e c t i v i t y i n t h i s d i l u t e 
e l e c t r o l y t e m i x t u r e they measured the wa te r c o n t e n t o f the pure 
i o n forms and the mixed i o n forms o f the r e s i n s as a f u n c t i o n o f 
degree o f c r o s s l i n k i n g . These da ta were used i n t he G ibbs Duhem 
e q u a t i o n f o r t e r n a r y m i x t u r e s th rough a p p l i c a t i o n o f the c r o s s 
d i f f e r e n t i a l i d e n t i t i e s wh ich a p p l y f o r e x a c t d i f f e r e n t i a l s . In 
t h i s way, t hey computed the a c t i v i t y c o e f f i c i e n t r a t i o and the 
p a r t i a l mo la r volume d i f f e r e n c e i n t he r e s i n o f t he exchang ing 
i o n s t o p r e d i c t i on -exchange s e l e c t i v i t y c o e f f i c i e n t s f o r com
p a r i s o n w i t h the e x p e r i m e n t a l c o e f f i c i e n t s . In o r d e r t o employ 
t he se d a t a , however, i t was nece s s a r y t o c a l i b r a t e f i r s t t he 
a c t i v i t y e s t i m a t e s th rough e x p e r i m e n t a l o b s e r v a t i o n s made o v e r 
t he comp le te c o m p o s i t i o n range o f t he exchanger a t one f i x e d 
c r o s s l i n k i n g v a l u e (0 .5% DVB). 

We have compared i n T a b l e I t he s e l e c t i v i t y measurements 
made by Boyd and coworkers o f the NaPSS, Zn(PSS )2 , Zn(N03)2* 
NaNÛ3 system w i t h p r e d i c t i o n s based upon (1) t h e i r r i g o r o u s 
thermodynamic a n a l y s i s o f t he system and (2) our d i r e c t a s s e s s -

U Ο u 

ment o f the r a t i o o f ( γ ^ ) / ( Ύ ^ ) a s d e s c r i b e d i n t he p r e c e e d i n g 

s e c t i o n where l o g N / g = ( l o g ( Υ Ν ά ) 2 ( Υ ± Ζ η ί Ν 0 3 ) 2

) 3 / ( γ Ζ η ) ( γ ± Ν 3 Ν 0 3 ) , 

n e g l e c t i n g the πΔν/2.3 RT term wh ich i s r e l a t i v e l y u n i m p o r t a n t . 
We see a t once f rom T a b l e I t h a t the p r e d i c t i v e q u a l i t y o f 

t he p rocedure t h a t we have deve loped here i s f u l l y as good as 
t h a t p r o v i d e d by t he Boyd (35>) app roach . T h e i r p r e d i c t i o n s a r e 
based upon c a l i b r a t i o n o f t he system th rough measurements o f 
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TABLE I 

A Comparison o f l o g K F Y P r e d i c t i o n s w i t h Expe r imen ta l Measurements 

X Na = 1 

P r e d . 
Boyd (35) T h i s Lab. Exp t . DVB Exp. 

2% 0.096 
4% 0.00 
8% -0 .22 

12% - 0 . 30 
16% -0 .35 

0.153 0.04 
0.057 0.00 

- 0 .18 - 0 .1
-0 .33 -0 .2
-0 .47 -0 .34 

0.10 
0.09 

-0 .42 

P r e d . 
Boyd(35) T h i s Lab. 

0.19 -0.01 
0.19 0.00 

-0 .18 -0 .52 

s e l e c t i v i t y made w i t h t he 0.5% c r o s s l i n k e d r e s i n , whereas ou r 
p r e d i c t i o n s depend o n l y upon r e s o l u t i o n o f γ. f rom the l o g 
Y + m / Y + m ve r su s l o g m cu r ve s d e r i v e d f rom our a n a l y s i s o f o smo t i c 

r 
c o e f f i c i e n t d a t a o b t a i n e d f o r the po lymer ana logues o f t he c r o s s -
l i n k e d r e s i n s . The i n d i c a t i o n i s t h a t t he PSS r e s i n s a re e s s e n 
t i a l l y f u l l y d i s s o c i a t e d i n t h e i r d i v a l e n t forms as we have shown 
( 28 ) . 

In T a b l e I I we have p r e sen ted s e l e c t i v i t y p r e d i c t i o n s as 
w e l l f o r s e v e r a l p a i r s o f i o n s made by t he method we have i n t r o 
duced he re . In t h i s t a b l e we a l s o i n c l u d e the e x p e r i m e n t a l l y 
measured v a l u e s . Upon compar i son o f p r e d i c t i o n w i t h expe r iment 
one obse rve s t h a t when the macro ion component i s u n i v a l e n t ( H + ^ 
and t he t r a c e i o n component i s d i v a l e n t ( S r + 2 , C d + 2 , C o + 2 , C a + 2 , 
and Z n + ^ ) agreement i s q u i t e good a t t he h i g h e r degrees o f c r o s s -
l i n k i n g (> 4% ) . A t the l owe r degrees o f c r o s s l i n k i n g (1% and 

M T 
2%) , the p r e d i c t e d v a l u e o f i s t oo s m a l l . When the o p p o s i t e 

e x p e r i m e n t a l c o n d i t i o n i s t e s t e d , | . e . , t h e macro ion component i s 
d i v a l e n t ( Z n + 2 , C d + 2 , S r + 2 and Ca" 4" 2) and the t r a c e i o n component 
i s u n i v a l e n t ( N a + ) , agreement i s good f o r the Z n + 2 , N a + s y s tem: 

w i t h C d + ^ and C a + ^ the p r e d i c t e d w h i l e a f a c t o r o f two too 

l a r g e , p a r a l l e l s the t r e n d i n s e l e c t i v i t y w i t h c r o s s - l i n k i n g . 

N a T 

The computed v a l u e o f K<;° i s too l a r g e by a f a c t o r o f a lmos t 2 
a t low degrees o f c r o s s l i n k i n g but converges w i t h the e x p e r i 
m e n t a l l y de te rm ined v a l u e a t the h i g h e s t degree o f c r o s s l i n k i n g 
(>8%). In the d i v a l e n t - d i v a l e n t systems the agreement between 
p r e d i c t i o n and exper iment i s q u i t e good f o r a lmos t eve ry p a i r o f 

i o n s examined. Only f o r t he Z n - S r T p a i r i s t h e r e c o n s i d e r a b l e 
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Table II 

S e l e c t i v i t y P r e d i c t i o n s f o r P a i r s o f Ions i n D i l u t e E l e c t r o l y t e 

Trace Ion = S r * 2 

0.168 M HC10 4 (22) 0.1 M Ca (C10 4 ) 2 ( 2 3 ) 0.1M Zn (C10 4 ) 2 ( 2 3 ) 0.1M Cd(C10 4 ) (23) 

% DVB « / ( P r e d ) K[J T(Exp) KJJ(Pred) KJ(EXP) K[J(Pred) K[J T(Exp) K j f ( P r e d ) (Exp) 

1 1.41 3.21 0.90 1.56 0.88 2.83 1.30 2.14 

2 1.81 3.51 0.94 1.78 0.99 3.01 1.49 2.41 
4 3.06 4.30 1.05 1.72 1.34 3.59 1.80 2.91 

8 5.81 6.52 1.13 1.84 2.20 4.85 2.40 3.15 

12 9.49 10.88 1.27 1.87 3.30 7.13 2.88 3.99 

16 16.28 13.13 1.27 1.83 3.59 11.1 3.20 3.35 

+2 

0.168M HC10 4 (22) 

1 1.22 1.82 1.01 0.76 1.04 1.03 0.99 0.60 

2 1.39 1.89 0.99 0.73 0.99 1.14 1.02 0.55 

4 2.02 1.97 0.91 0.62 1.12 1.16 0.90 0.53 

8 2.81 2.19 0.80 0.56 1.21 1.42 0.74 0.44 

12 3.31 2.54 0.72 0.56 1.50 1.80 
16 3.72 2.65 0.71 0.55 1.41 2.24 

Trace Ion = C o + 2 

J.168M HC10 4(22) 0.1MCa(C10 4) 2(23_) 0.1M Zn (C10 4 ) 2 ( 2 3 ) 0.1M S r ( C 1 0 4 ) 2 ( 2 3 ) 

1 1.27 1.44 1.12 0.75 1.00 1.20 0.89 0.57 
2 1.50 1.87 1.04 0.72 0.88 1.08 0.96 0.49 
4 1.84 1.82 0.81 0.63 1.00 1.11 0.75 0.47 
8 2.56 1.78 0.67 0.52 0.98 1.11 0.57 0.20 

+2 
Trace Ion = Ca 

0.168M HC10 4(22) 0.10M S r (C10 4 ) ( 23 ) 0.1M Cd(C10 4 ) (23) 0.1M Cd (C10 4 ) 2 ( 2 3 ) 

1 1.26 2.09 0.93 0.70 1.03 1.18 1.03 0.93 
2 1.60 2.59 1.05 0.65 1.14 1.26 1.04 0.92 
4 2.51 2.97 1.01 0.69 1.22 1.37 1.18 0.89 
8 4.10 3.92 0.89 0.61 1.51 1.49 0.87 0.74 

12 5.48 6.01 0.79 0.58 1.61 1.88 
16 7.42 7.26 0.74 0.60 1.65 1.40 

Trace Ion = Z n + 2 Trace Ion = N a + 

0.168 M HC10 4(22) 0.1 M Ca(C10 4) 2(23_) 0.1M Zn (C10 4 ) 2 ( 2 3 ) 0.1M S r ( C 1 0 4 ) 2 ( 2 3 ) 

1 1.17 1.71 0.96 0.81 0.98 0.49 0.96 0.54 
2 1.35 1.75 0.88 0.71 0.86 0.38 0.93 0.50 
4 1.84 1.68 1.03 0.68 0.91 0.51 0.79 0.61 
8 2.15 1.72 1.29 1.24 1.11 0.50 0.68 0.57 

12 2.35 1.66 2.22 1.81 1.35 0.65 0.71 0.64 
16 2.64 1.50 2.56 2.53 1.51 0.90 0.71 0.71 

Trace Ion = Na* 

0.1M Ca (C10 4 ) 2 ( 2 3 ) 

1 1.01 0.49 
2 0.87 0.48 
4 0.66 0.42 
8 0.81 0.42 

12 0.85 0.48 
16 0.86 0.49 
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d i s c r e p a n c y between p r e d i c t i o n and e x p e r i m e n t . However, t he 
t r e n d i n s e l e c t i v i t y i s p r e d i c t a b l e w i t h a r a t i o o f a p p r o x i 
m a t e l y t h r e e e x i s t i n g between computa t i on and expe r iment o ve r the 
comp le te c r o s s l i n k i n g range (1 t o 16%) . 

We have found i n many i n s t a n c e s t h a t t he s e r i o u s d i s c r e p a n c y 
between p r e d i c t i o n and exper iment f o r t he v a r i o u s systems a t t he 
l ower degrees o f c r o s s l i n k i n g can be removed by e v a l u a t i o n o f 

yJjJT a t the m o l a l i t y o f the macro ion component r a t h e r than a t the 

m o l a l i t y t h a t the m a c r o - i o n form o f the t r a c e e lement co r re sponds 
t o a t the wate r a c t i v i t y o f the e q u i l i b r i u m sy s tem. T h i s o b s e r 
v a t i o n i s summarized i n Tab l e I I I . 

Tab l e I I I 

S e l e c t i v i t y Prediction

System %DVB ( P r e d . ) KJ (Exp) 

Z n T HC10 4 1 2.00 1.71 

C d T , HC10 4 1 2.03 1.82 

C a T , HC10 4 1 1.90 2.09 

N a T Cd ( C 1 0 4 ) 2 1 0.49 0.49 

N a T , C a ( C 1 0 4 ) 2 1 0.48 0.49 

N a T , S r ( C 1 0 4 ) 2 1 0.39 0.54 

N a T , S r ( C 1 0 4 ) 2 2 0.42 0.50 

S r T , C d ( C 1 0 4 ) 2 1 1.52 2.14 

S r T , C d ( C 1 0 4 ) 2 2 1.89 2.41 

S r T , C d ( C 1 0 4 ) 2 4 2.47 2.91 

C d T , S r ( C 1 0 4 ) 2 1 0.67 0.60 

C d T , S r ( C 1 0 4 ) 2 2 0.66 0.55 

C d T , S r ( C 1 0 4 ) 2 4 0.52 0.53 

From t h i s r e s u l t we l e a r n t h a t a t t he l o w e s t c o u n t e r i o n 
c o n c e n t r a t i o n s i n the r e s i n (< 4% DVB) i o n - s o l v e n t i n t e r a c t i o n i n 
the t r a c e - i o n component may be be s t d e s c r i b e d by employ ing t he 

h 
m o l a l i t y o f the mac ro - i o n component t o e s t i m a t e γ Μ Τ . A p p a r e n t l y 
o n l y a f t e r the c o n c e n t r a t i o n o f c o u n t e r i o n s i n c r e a s e s does t he 

model we have employed f o r computa t i on o f γίΐτ become most a p p l i 
c a b l e . n 

A good dea l o f a d d i t i o n a l r e s e a r c h i s r e q u i r e d t o examine 
most c a r e f u l l y the concept s we have i n t r o d u c e d . There can be no 
q u e s t i o n however, t h a t t he p r e d i c t i v e q u a l i t y o f t he new approach 
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we have deve loped f o r t he assessment o f c o u n t e r i o n d i s t r i b u t i o n 
p a t t e r n s i n i on -exchange r e s i n s compares f a v o r a b l y w i t h t he l e s s 
d i r e c t methods employed r a t h e r s u c c e s s f u l l y i n our e a r l i e r work 
and f u r t h e r r e s e a r c h i s m e r i t e d . 

We b e l i e v e t h a t fundamenta l assessment o f t he f a c t o r s impor 
t a n t i n d e f i n i n g c o u n t e r i o n d i s t r i b u t i o n i n charged po lymers 
( c r o s s l i n k e d and l i n e a r ) has been r e s o l v e d w i t h our i n t e r p r e t a 
t i o n o f o smot i c c o e f f i c i e n t d a t a . By ou r a n a l y s i s , i o n - s o l v e n t 
i n t e r a c t i o n s a re b e l i e v e d t o c o n t r i b u t e most i m p o r t a n t l y i n t he 
p o l y s t y r e n e s u l f o n a t e - b a s e d r e s i n s t o t h e i r i on -exchange s e l e c 
t i v i t y p a t t e r n s . The agreement o b t a i n e d between the p r e d i c t i o n 
o f t he se p a t t e r n s and t h e i r ob se rved d i s t r i b u t i o n w i t h o u t need t o 
r e s o r t t o a s i n g l e measurement f o r c a l i b r a t i o n o f the a c t i v i t y 
c o e f f i c i e n t terms i n th  po lyme  p r o v i d e  s t r o n t f o  t h
v a l i d i t y o f the i n t e r p r e t a t i o n

ABSTRACT 

Successful prediction of ion-exchange selectivity has been 
accomplished previously by using ion-exchange resin-phase activity 
coefficients calculated from polyelectrolyte osmotic coefficients 
with the Gibbs-Duhem equation. Because these computed activity 
coefficients needed to be defined relative to an activity co
efficient arbitrarily assigned at a reference concentration 
direct calculation of the absolute value of the ion-exchange 
selectivity coefficient was not possible in these earlier studies 
without evaluation of the reference activity coefficient ratio by 
a separate selectivity measurement. This restrictive aspect is 
circumvented by cancellation of the equivalent electrostatic 
contribution (ion-ion interaction) to the resin phase activity 
coefficients of pairs of ions exchanging between simple elec
trolyte and the resin. Resolution of the contribution of ion
-solvent interaction to the mean activity coefficient of each ion 
in this way has permitted estimate of selectivity coefficients 
directly without the reference activity coefficient ratio cali
bration step. The relative success of this approach supports 
strongly the concept that ion-solvent interaction contributes 
most importantly to the ion-exchange selectivity patterns encount-
ed with the DVB crosslinked polystyrene sulfonate resins. 
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Fluid Exudation and the Load-Deformation 
Properties of Articular Cartilage During 
Compression 

HAROLD LIPSHITZ 

Department of Orthopedic Surgery, Harvard Medical School, Boston, MA 02115 

A r t i c u l a r cartilag
diarth r o d i a l j o i n t s . A
an especially interesting role for water i n polymers. Biolo
g i c a l l y , i t s main physiological function i s to act as a bearing 
material. As such i t i s remarkably wear resistant. Except i n 
pathological conditions i t i s able to withstand the multitude 
of stresses imposed on i t during an individual's l i f e t i m e without 
si g n i f i c a n t wear despite the fact that i t has r e l a t i v e l y l i t t l e 
reparative capability (1). Its a b i l i t y to sustain high loads and 
rapidly achieve stress relaxation are thought to be factors 
rendering i t so wear resistant. These studies were undertaken 
as part of an e f f o r t to understand the mechanisms of i t s load-
deformation and stress relaxation properties. Ultimately i t i s 
hoped to relate these mechanisms to the unique chemical and 
ult r a s t r u c t u r a l makeup of the tissue. 

Cartilage consists, i n addition to c e l l s and inorganic ions, 
of a network of entangled high molecular weight polymers (predo
minantly ionomers), i n various states of aggregation, that i s 
swollen with water (^75-80% water). Its structure, composition 
and properties have been extensively reviewed (2>_3 >̂ 0 . When 
the tissue i s compressed i t s i n t e r s t i t i a l f l u i d i s exuded (5). 
This property, together with the factors stated below, make i t s 
load-deformation behavior extremely complicated. 

As known, the macroscopic load-deformation or str e s s - s t r a i n 
and stress relaxation characteristics of any polymeric material, 
during and following deformation, are a consequence of the mean 
molecular motions of i t s chains (6). These properties are 
additionally affected i n the case of cartilage by the following: 
(1) many of the tissue's macromolecules are associated i n a 
variety of fibrous and other arrays (7); (2) the tissue i s both 
inhomogeneous and anisotropic; i t s composition and mechanical 
properties vary as a function of depth from i t s surface (8,9,10); 
and (3) i t s intermolecular crosslink densities vary with depth 
(9). In addition, i t has been proposed that i t s load-deformation 
relationships and load dissipation rates are governed, i n part, 
by the resistance to f l u i d flow within and out of the tissue 
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during and following deformation (11-15). According to this 
theory, unlike most polymeric materials, the tissue's mechanical 
properties are governed not only by the " s t i f f n e s s " of i t s chains, 
the magnitudes of the activation energies between i t s various 
macromolecular conformations and the internal f r i c t i o n a l r e s i s 
tances to macromolecular segmental motion, characteristic of a l l 
v i s c o e l a s t i c polymeric materials, but also by f l u i d transport 
phenomena within and out of the tissue. At present, however, the 
relationships between f l u i d flow and the overall mechanical 
properties of the tissue are not c l e a r l y elucidated. It was the 
purpose of this study to assess the r e l a t i v e contribution of 
f l u i d exudation on some load-deformation characteristics of the 
tissue during compression. 

This paper w i l l describe: (1) the load to s t r a i n r e l a t i o n 
ships of the tissue durin
against platens of differen
dependency; (3) some aspects of the tissue's load-dissipation 
characteristics; and (4) the time invariant or asymptotic load 
to s t r a i n relationship of cartilage following relaxation. 

Experimental Procedures 

Source and Form of the Cartilage. The measurements were 
made on c i r c u l a r c y l i n d r i c a l plugs of cartilage and underlying 
bone that were cut from the parapatellar region of the medial 
femoral condyles of adult steers (approx. 2 years old). The 
techniques and tools used for their preparation are described 
elsewhere (16). The plugs, (2.5 mm i n diameter), were prepared 
i n a manner such that their surfaces were both f l a t and perpen
dicular to the axes of the c y l i n d r i c a l shafts of underlying bone. 
The small size of the specimens f a c i l i t a t e d the preparation of 
f l a t plugs from the predominantly curved condylar surface. A 
test specimen i s pictured i n Figure 1. 

Apparatus and Procedures. The apparatus used was designed 
and b u i l t for these studies. The instrument consists, i n 
essence, of a piston moving through a hole i n a r i g i d l y mounted 
bar and a porous platen attached to a load c e l l (model U231, BLH, 
Inc., Waltham, MA) that i s securely mounted over the bar (Figures 
2 and 3). The movement of the piston was precisely controlled by 
a micrometer screw that was driven by a variable speed motor. 
The specimens, which were placed i n the hole of the bar, were 
compressed by the piston against the platen. Displacement i n the 
a x i a l d i r e c t i o n was measured by a suitably mounted linear voltage 
displacement transducer (LVDT) whose core was attached to the 
piston (Figure 2). The calibrated output potentials of the LVDT 
and load c e l l were monitored by a fast responding dual channel 
recorder. 

The hole i n the bar, (the diameter of which was only 0.01 mm 
larger than that of the plug), served as a confining chamber to 
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ARTICULAR CARTILAGE 

Figure 1A. Schematic of a cylindrical plug of cartilage and underlying bone show
ing the average dimensions of the test specimen 

Figure IB. Photograph of plug (Xl6) 
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Figure 2A. Schematic of the apparatus used to study the confined compression and 
relaxation of cartilage 

The tissue was confined within a hole of the bar, and its surface was flush with the bar's 
surface. The porous platin (attached to the load cell) was positioned over the hole against 
the surface of the bar. (Since the cartilage is many times more compliant than the under
lying bone, the bone's deformation and relaxation were considered small relative to the 
overall measurements. This was confirmed by control experiments run on cylindrical 

specimens of underlying bone with the cartilage removed.) 

Figure 2B. Schematic of the experimental arrangement used for the unconfined 
compression of the tissue 

The platen was positioned above the surface of the bar. The bony end of the plug was 
within the hole of the bar, and the cartilage was above the bar's surface. A few drops of 
water placed on the surface of the bar next to the tissue, as seen, precluded its dehydration 

during the experiment. 
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r e s t r i c t the l a t e r a l expansion of the tissue during compression 
i n the majority of experiments. In this experimental configur-
ation the s t r a i n f i e l d was presumed to be predominantly uniaxial 
while the tissue was compressed t r i a x i a l l y . The volume change 
corresponding to displacement i n the a x i a l direction was obvi
ously somewhat greater i n this case than when the tissue was 
compressed to the same extent while unconfined and the r e l a t i o n 
ship between displacement and volume change could be determined. 
This was not the case when the tissue was compressed while uncon
fined. 

In studies where the cartilage was not confined, the hole 
i n the bar served to maintain the plug i n an upright position 
while being compressed. In this series, only the bony end of 
the plugs were i n the hole; the cartilage was always above the 
l e v e l of the bar (Figur
surrounded by a small reservoi
tion. The confining chamber ( i . e . , the bar) was separated from 
the platen (load c e l l ) i n the apparatus to assure that f r i c t i o n a l 
forces between the plug and chamber during compression were not 
detectable by the load c e l l . 

The experimental procedure consisted of the following. 
Prior to the start of each experiment, the plugs were equilibrated 
with 0.03M phosphate buffer (pH 7.4) at 4°C for at least 2 hours. 
This time period was found to be s u f f i c i e n t for the cartilage 
specimens to a t t a i n their equilibrium swelling r a t i o s . The 
buffer contained, i n addition to the dissolved s a l t s , 1 χ 10 M 
phenylmethylsulfonylfluoride (PMSF). This compound inhibited 
dégradâtive enzyme reactions from occurring within the tissue 
during the experimental period (17). A l l experiments were carried 
out at room temperature. The t i s s u e 1 s load-deformation and load 
dissipation characteristics were found to be insensitive to 
temperature variations i n this small range (23-27°C) (18). 

The thickness of the f u l l y swollen cartilage ( i . e . the 
distance between i t s surface and c a l c i f i e d layer (Figure 1) were 
measured by viewing the sides of plugs through a dissection 
microscope equipped with a calibrated g r i d . Sometimes a speci
men's thickness on one side differed from that on the other by 
about 3-5%. In those cases, the mean value of the two was taken 
as i t s i n i t i a l thickness. 

The underlying bone of each plug was trimmed (using a 
special apparatus) so that i t s surface was f l a t and between 1 
to 1.5 mm thick. This enabled the plugs to rest squarely on the 
surface of the piston and minimized f r i c t i o n between the plug 
and chamber during compression. After the plugs were placed i n 
the hole of the bar, the bar and load c e l l assembly were firmly 
secured to the apparatus, such that the load on the bar was 
approximately 4.5 kg. (The load c e l l used had a capacity of 
9.1kg). This was achieved by judiciously tightening the screws 
securing the load c e l l to the apparatus (Figure 3). The output 
potentials of the load c e l l , corresponding to these loads, were 
el e c t r o n i c a l l y zeroed before compression was started. However, 
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Figure 3. The apparatus 

A, load cell; B, speed control for the motor drive; C, support bar (a hole in this served as 
the confining chamber); D, support disc used to secure the load cell to the apparatus. (This 
initial load on the load cell—i.e., before compression—was regulated by adjusting the 
tension in these screws.); E, displacement transducer; F, motor-driven micrometer screw; 

G, power supplies for the load cell and the displacement transducer; H, recorder. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



24. L i P S H i T Z Articular Cartilage 409 

as w i l l subsequently be explained, i t was necessary to multiply 
the loads (as measured by the load c e l l ) by a correction factor 
to obtain the true loads on the tissue. 

To ascertain the point where compression of the cartilage 
began, i t was necessary to be able to position the tissue against 
the platen without compressing i t . This was accomplished as 
follows. The gain was increased so that as l i t t l e as 1.5 gms 
was detectable. The piston was then raised t i l l the f i r s t f a i n t 
signal could be seen, whereupon the motor drive was stopped. 
This was taken as the position where the surface of the cartilage 
was just making contact with the platen without being compressed. 
The speed setting for the motor drive was then adjusted to com
press the tissue at a desired s t r a i n rate and the experiment was 
begun. At selected strains the motor drive was stopped and the 
dissipation of the loa
invariant value, characteristi
The tissue was then compressed to a new s t r a i n and the procedure 
repeated. 

Because the cartilage, even when swollen, i s very thin 
(approx. 1-1.5 mm thick), the compliance of the load c e l l had to 
be taken into account i n determining the a x i a l displacement of 
the tissue during compression. This was done by subtracting the 
displacement of the platen-load c e l l at each load (as determined 
from the displacement-load curve of the load c e l l ) from that 
measured by the displacement transducer. Likewise i t was 
necessary to add an appropriate displacement (as calculated) 
during the relaxation phase of the experiment. With the particu
l a r load c e l l used i n our apparatus, these corrections ranged 
from 3 to 5% of the displacement at peak loads, to negligible 
amounts at low loads. 

Of further note, to assure that the tissue remained confined 
during compression i n that experimental configuration, i t was 
necessary that the bar be more compliant than the load c e l l . If 
this condition was not s a t i s f i e d , then compression of the tissue 
against the platen (load c e l l ) would result i n a gap between the 
bar and platen into which the tissue would spread. 

As stated, the loads measured by the load c e l l had to be 
multiplied by a correction factor to determine the true loads on 
the tissue. The reasons are as follows. The securing of the 
load c e l l to the apparatus caused a small deflection of the bar. 
Clearly, at the start of an experiment ( i . e . under the s t a t i c 
conditions prior to compression) the force of the load c e l l on 
the bar (due to i t s weight and the tension i n the screws) was 
necessarily exactly equal to the force of the bar against the 
load c e l l . The output potentials of the load c e l l due to this 
were, as stated, e l e c t r o n i c a l l y zeroed prior to compression. 
When, however, the tissue was compressed against the platen, the 
sensor of the load c e l l was necessarily displaced. The bar, 
being more compliant than the load c e l l , moved with the sensor 
and consequently reduced the i n i t i a l deflection, and hence the 
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force of the bar, on the load c e l l . Since the force (as measured 
by the load c e l l ) was equal to the sum of the forces due to the 
bar and those of the tissue as i t compressed against i t ( a l l 
other forces remaining reasonably constant) the load on the t i s 
sue was consequently equal to that measured by the load c e l l plus 
the difference between the upward force of the bar at the start 
of the experiment and that at any time thereafter. Therefore 
to determine the true load on the tissue at any instant, i t was 
necessary to correct the measured load by adding an incremental 
value. 

The magnitude of the correction at any instant was deter
mined as follows. The force-displacement curve of the bar (as 
secured i n our apparatus i n the region where i t interfaced with 
the platen) was measured  The bar's displacement was measured 
as a function of load wit
curve was, as expected
than the load c e l l , i t s displacement during and following comp
ression was necessarily equal to that of the load c e l l . Hence, 
changes during a run of the bar's displacement could be deter
mined from the load-displacement relationship of the load c e l l . 

The true load on the tissue was computed by using the 
equation: 

[1] L t - L c ( l + & 
where Lt i s the actual load on the tissue, L c i s the load meas
ured by the load c e l l and k and k' are the "spring" constants of 
the bar and load c e l l respectively. With our apparatus, the 
numerical value of the correction factor (1 + -j^r) was found to 
be s l i g h t l y less than 2. 

The derivation of this equation i s rather straightforward. 
As explained above during an experiment Lt = L c + ALg where A L B 
i s the change of force on the load c e l l due to changes i n the 
deflection of the bar. But ALg = kD where k i s the spring 
constant of the bar and D i s i t s displacement, as was determined 
experimentally. Since displacement of the bar was necessarily 
equal to the displacement of the load c e l l , D = y*r. Thus Lt = 
Lc + p r L c and L T = L c ( l + £r) . 

The Porous Platens. Since the i n t e r s t i t i a l f l u i d of 
cartilage i s exuded during compression ( 5 ) , i t s measured mechan
i c a l properties w i l l vary i f any impediments to flow are imposed 
by the experimental apparatus ( i . e . a resistance above that 
inherent to the tissue). Measurement of the tissue's r e a l 
mechanical properties at s i g n i f i c a n t strains, would require that 
i t be compressed against completely free draining platens, ( i . e . 
ones that conceivably have zero or negligible resistance to flow) 
that cause no d i s t o r t i o n to i t s surface during compression. Then 
the confined compression of the tissue would presumably result i n 
predominantly uniaxial flow f i e l d s with l i t t l e l a t e r a l flow of 
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i n t e r s t i t i a l f l u i d . 
Unfortunately, i t was not possible to make such platens even 

though they a l l appeared, on inspection, to be free draining, 
i . e . , water drained freely through them. This c r i t e r i o n was, 
however, i n s u f f i c i e n t to assure that the platens did not impede 
the flow of water from the tissue when compressed against them. 
Even the obtaining of a platen that was as free draining as 
possible, with the constraints that i t be: (1) s u f f i c i e n t l y s t i f f 
to sustain the pressures imposed on i t without deforming, and (2) 
have a f l a t surface, proved very d i f f i c u l t . If the holes were 
made very small, c a p i l l a r y effects precluded i t s being free 
draining. On the other hand, because of the high compliance of 
the cartilage larger holes resulted i n i t s protruding into them 
during compression. This effect necessitated a more complicated 
consideration of the tissue'
(as w i l l be explained below
assessment of the average stress, normal to i t s surface, even 
during confined compression. Other p r a c t i c a l limitations to 
making platens of greater porosity included machining d i f f i c u l 
t i e s (despite the use of the most advanced techniques) and the 
fact that a minimum distance between holes was required. If 
the space was too l i t t l e , the walls cut into the tissue during 
compression. 

Since the obtaining of a platen that approached ideal 
properties was not possible, i t was necessary to assess the 
variance of the measured mechanical properties of the cartilage 
as a function of the porosity and size of holes of the platens. 
The porosity i s defined here as the rat i o of the t o t a l area of 
the holes, Aft, within the contact area, A c, made between the 
tissue and platen ( i . e . porosity Ξ A^/A c). 

Five platens 2.5 mm thick were made from type 302 stainless 
s t e e l . One platen was s o l i d ( i . e . i t had no holes), three had 
ratios of A^/Ac that were respectively 0.20, 0.35, and 0.45 
where a l l holes were of diameter 0.55 mm and one platen had a 
value of Ah/Ac equal to 0.35 but holes of diameter 0.31 mm. 

The Measurement of the Extent of Penetration of the Tissue 
into the Holes of the Platen During Compression. The extent of 
penetration into the holes during and following compression was 
measured using the apparatus that i s pictured schematically i n 
Figure 4. A s t i f f rod polished f l a t at i t s end, 0.25 mm i n 
diameter, was attached to the core of an LVDT displacement 
transducer. The barrel of the displacement transducer was 
secured and positioned precisely over the platen. The core of 
the transducer and attached rod were made p r a c t i c a l l y weightless 
by counterbalancing i t over a " f r i c t i o n l e s s " pulley (Figure 4). 
(The rod and core assembly had an "e f f e c t i v e " weight of a few 
milligrams to assure that i t made contact with the tissue through
out the experiment.) The rod, when inserted into a hole at the 
center of each of the platens, was so positioned that i t hung 
free ( i . e . i t did not touch the walls of the hole). 
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Figure 4A. Schematic of the apparatus used to measure the penetration of the 
tissue into the holes of the platen during and after confined compression. 

Section A: the porous platen is shown secured within a second bar, its surface flush with 
the surface of that bar; the surface of the rod is flush with the surface of the platen and 
the surface of the tissue is flush with the surface of the bar it is contained in. Section B: 
the assembly is clamped to the test bar so that the tissue is in contact with the platen with
out being compressed. Section C: the tissue penetrates the hole of the platen during 

compression, lifting up the rod connected to the core of the displacement transducer. 
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Figure 4B. Schematic of the apparatus used to measure the tissue's penetration 
during unconfined compression. In this case, the porous platen was receded into its 
contained bar, and the tissue was raised above the surface of the bar it was con

tained in. 
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On compression, the extent of penetration was followed by 
measuring the displacement of the rod (as monitored by the c a l i 
brated output potentials of the LVDT) as a function of time and 
the overall compression of the tissue i n the a x i a l direction. By 
overall compression i s meant the average displacement of the 
"plane" of the top of the c a l c i f i e d zone r e l a t i v e to the surface 
of the platen (Figure 1). This was monitored by the displacement 
transducer attached to the piston (Figure 4). 

To preclude the p o s s i b i l i t y that water exuding from the 
tissue during compression might have a r t i f a c t u a l l y caused d i s 
placement of the rod, the following experiments were done. The 
tissue was compressed a given amount and i t s penetration into 
the holes after relaxation, (see results) as measured by the 
rod 1 s displacement, was noted. The rod was then removed from the 
platen and water withi
tube attached to a suctio
hole for a short period of time). The position of the rod after 
being replaced i n the hole (such that i t s t i p rested on the 
surface of the tissue) was found to be i d e n t i c a l with that of 
the rod before the hole was subjected to suction. It was there
fore concluded that water exuding from the tissue during comp
ression did not cause any displacement of the rod. 

There were, however, additional technical d i f f i c u l t i e s i n 
correlating the extent of penetration into the holes with overall 
compression. The distances measured were very small. It was 
therefore necessary that at the beginning of an experiment that 
(1) the surface of the cartilage be positioned exactly flush with 
that of the bar so that the position of i n i t i a l contact (prior 
to compression) could be ascertained, (2) that the porous platen 
be positioned precisely over the tissue and firmly secured to 
the bar (Figure 4), and (3) the end of the rod be exactly flush 
with the surface of the platen. 

These requirements were s a t i s f i e d as follows. Light 
section microscopy (Zeiss, West Germany) was used to assure that 
the surface of the f u l l y hydrated tissue was within a micron or 
less of the surface of the bar, as the tissue was raised by the 
piston. The porous platen was precisely positioned over the 
tissue and firmly attached to the bar by properly securing the 
test platen i n a hole of a second bar (Figure 4) (such that the 
surface was flush with that bar) and clamping the entire 
assembly (with the aid of guides) to the o r i g i n a l bar with C 
clamps. To assure that the rod's end was flush with the platen 
surface, a p l a s t i c ring attached to the rod, precisely 2.5 mm 
from i t s end was used as a stop (Figure 4). At periodic 
intervals, i t was necessary to add a few drops of water to the 
tissue through the other holes of the platens to preclude i t s 
dehydration i n this open system. 

The technique was s l i g h t l y modified to measure the extent 
of penetration during unconfined compression. For these measure
ments the platen was receded into the hole of the bar i t was 
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contained i n . The tissue after being positioned flush with the 
surface of the bar i t was contained i n , was raised by the micro
meter screw the precise distance that the platen was receded into 
the second bar, such that i t s surface just touched the platen 
without being compressed. The rest of the procedure was the same 
as that used for confined compression. 

Determination of the Average Strain of the Tissue i n the ζ 
or A x i a l Direction. To assess the average s t r a i n of the tissue 
during compression i n the ζ or a x i a l direction, i t was necessary 
that the extent of i t s penetration into the holes of the platen 
be taken into account (see results section). Under these condi
tions, the average s t r a i n ε ζ could be described by the equation: 

zo - [(
[2] ε = § 

Ζ Ζ 0 

where ζ 0 i s the tissue's thickness when f u l l y hydrated, pri o r to 
compression (defined as the distance between the "plane" of the 
top of the c a l c i f i e d zone to the surface of the ca r t i l a g e ) , ζ i s 
the distance from the same reference point to the surface of the 
platen, during compression, <ζ'>·(ε) i s the average height or 
distance between the surface of the platen and the surface of the 
tissue penetrating the hole for a st r a i n , ε (averaged over the 
area of the hole), when compressed at a str a i n rate, ε, and α i s 
the f r a c t i o n of the t o t a l contact area between the tissue and 
platen that i s hole ( i . e . Α ^ / Α α ) . 

The average strain during compression i s described here i n 
terms of changes i n r e l a t i v e thickness. For these experimental 
conditions, the thickness of the tissue i s at any time equal to 
an average of the f r a c t i o n under the s o l i d portion of the platen 
and that under a hole. As such the r e l a t i v e changes i n thickness, 
or str a i n , are described by equation [2]. 

It was necessary, however, to be able to evaluate <ζ'>£(ε). 
To do t h i s , we assumed the tissue penetrating the hole to have 
the shape of an inverted c i r c u l a r parabaloid whose base area had 
a radius of 0.275 mm (the actual size of the holes). 

The mean height of such a parabaloid, <ζ'>·(ε), i s equal to: 

2π 
[3] <ζ'>.(ε) 

fO . 2 7 5 
Z"(r)rdr 

Ό 

2π 
0 . 2 7 5 

rdr 

where Z"(r) i s the variance of the height of the parabaloid with 
the radius of the hole, r . 
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For an inverted c i r c u l a r parabaloid, Ζ" = ρ - Br2, where ρ 
i s the distance between the surface of the platen and the peak of 
the parabaloid. ρ was experimentally shown i n this work to be 
equal to 1.15(z c - z) for compression rates of around 0.30 and 
0.17 mm/sec, and ( z c - z) for compression rates of around 0.05 
mm/sec. ( f i g s . 5 and 6). For holes of radius 0.275 mm, β i s 
equal to 13.2p. Thus, Z"(r) = k[p - 13.2pr 2] = k ( z c - z)[1-13.2 
r 2 ] where k = 1.15 for the higher compression rates and 1 for the 
slowest compression rate. Thus: 

k ( z c - z) 
<Zf>.= 

0 . 2 7 5 
(1 - 13.2r 2)rdr 

0 . 2 7 5 
= [ z 0 - z](0.501)k 

rdr 

and 

[4] 

[(1 - a)z + a [ ( z 0 - z)0.501k + z] 

z 0 

For our most porous platen ( i . e . α = 0.45) 

[5] (1 - 0.225k) 

Results 

The Extent of Penetration into the Holes of the Platens. 
The extent to which the tissue penetrated the holes of the pl a t 
ens during confined compression are plotted i n Figures 5 and 6 
as functions of overall compression ( i . e . the displacement of the 
top of the c a l c i f i e d layer (Fig. 1) r e l a t i v e to the surface of 
the platen). As seen, penetration was approximately a li n e a r 
function of overall compression (for the compression rates 
studied). Slight changes i n slope were observed at around 0.15 
to 0.18 mm displacement. Compression at slower rates resulted 
i n less penetration. The extent of penetration was independent 
of the porosity of the platens (Fig. 6) and the tissue's i n i t i a l 
thickness. The penetration was thus a function of the extent of 
compression or displacement but not s t r a i n . 

When compression ceased ( i . e . during relaxation), the tissue 
receded i n the hole u n t i l an asymptotic penetration was attained 
after around 100 seconds (Fig. 7). 

Unconfined compression of the tissue resulted i n the tissue 
penetrating the holes of the platen to a considerably lesser 
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Figure 5. Penetration of cartilage into a platen (Ah/Ar = 0.45) during its con
fined compression (at three compression rates) as a function of overall compression 
(displacement). Compression rates (mm/sec): curve A — 0.30; curve Β = 0.17; 

curve C = 0.05. (Mean values of 8-10 runs ± 1 SD.) 

DISPLACEMENT (mm) 

Figure 6. Penetration of tissue into platens of different porosity during compres
sion. Note that platen porosity did not affect penetration. (Mean values of 9 runs ±. 

1 SD.) 
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Figure 7. Changes in penetration with time after cessation of compression. (Mean 
values of 5 runs.) 

D I S P L A C E M E N T (mm) 

Figure 8. Compression of the penetration of the tissue into the platens during 
confined and unconfined compression. (Mean values of 10 runs ± 1 SD.) 
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extent for the same ax i a l displacement (Fig. 8). 

The Load-Strain Relationships During Confined and Unconfined 
Compression. As stated, since the tissue penetrated the pores of 
the platen during compression, the stress f i e l d at i t s surface 
was extremely complex and presently indeterminate. We could 
therefore only describe i t s load-strain and not i t s s t r e s s - s t r a i n 
characteristics. In Figure 9, t y p i c a l curves of load versus time 
during compression and relaxation are shown. During the compres
sive phase, the load increased at increasing rates u n t i l compres
sion ceased. Thereafter a sharp and rapid dissipation of the 
load was observed. This decreased at decreasing rates with time 
u n t i l time invariant values, characteristic for a given s t r a i n 
(but independent of the s t r a i n rate) were attained  During 
unconfined compression
extents for the same a x i a
the load dissipation rates were considerably slower. Although 
the tissue cannot be modeled as a simple Maxwell body (15) consid
ering the time elapsed for the load to reach 1/e of i t s maximum 
value (as an arbitrary point) as a measure of the average stress 
relaxation rates,following compression of the tissue to a given 
strain, i t was found that this time was generally a factor of 
2 to 3 times greater, after unconfined compression than confined 
compression. 

The load-strain relationships during confined compression 
against platens of porosities ( i . e . A^/Ac) 0.20, 0.35 and 0.45 
are seen i n Figures 11, 12 and 13. As might be expected, compres
sion of the ca r t i l a g e against platens of lower porosity resulted 
i n considerably higher load to s t r a i n ratios (Fig. 14) and cor
respondingly slower load dissipation rates. Furthermore, against 
platens of lower porosity, the load-strain curves were somewhat 
more st r a i n rate dependent, than when the tissue was compressed 
against the most porous platen (A^/Ac = 0.45). Against this 
platen, the load-strain curves had very weak, i f any, s t r a i n rate 
dependence. The load-strain curves of the cartilage against 
platens of the same porosity (0.35) but different hole size were 
id e n t i c a l (Fig. l 4 ) . Thus, i f the holes were s u f f i c i e n t l y large 
to preclude c a p i l l a r y effects, hole size did not appear to be a 
c r i t i c a l parameter. 

A plot of the mean loads at each s t r a i n (obtained from the 
load-strain curves against each of the platens) against the por
o s i t i e s of the platens (Fig. 15) resulted i n a family of linear 
curves that extrapolated to approximately the same point at 
around 65% porosity. Uncertainties, due to experimental scatter, 
preclude very precise extrapolations, but the data indicate that 
the confined compression of the tissue against platens of at 
least 65% porosity would res u l t i n very low loads at each s t r a i n 
(perhaps approaching the time independent load-strain curve) 
(Fig. 16). The time invariant load-strain relationship ( i . e . 
the asymptotic load at each s t r a i n following the relaxation 
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Figure 9. Typical curves of the changes in load during compression and relaxation 
of cartilage (for confined and unconfined compression). Note the considerably lower 

loads attained during unconfined compression. 
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Figure 10. Comparison of the load-strain curves of cartilage during confined and 
unconfined compression. (Mean values of 12 runs ± 1 SD.) 
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STRAIN ( % COMPRESSION ) 

Figure 11. Load—strain curves, at three strain rates, of cartilage when compressed 
against the 20% porosity platen. (Mean values of 8-10 runs ± 1 SD.) 
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STRAIN ( % COMPRESSION) 

Figure 12. Load-strain curves of cartilage, at three strain rates, when compressed 
against the 35% porosity platen. (Mean values of 12-15 runs ± 1 SD.) 
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of the tissue after i t s confined compression) i s seen i n Figure 
16. The curve i s p r a c t i c a l l y linear up to about 30% compression, 
whereupon there i s a rapid upsweep. This relationship was found 
to be independent of the porosity of the platens against which 
the tissue was compressed and the s t r a i n rate i t was compressed 
at. 

Discussion 

These studies point to a rather unique function of water i n 
cartilage. The results c l e a r l y demonstrate that the measured 
mechanical properties were a function of the impedance to flow 
from the tissue during and following compression as evidenced 
by the lower load-strain relationships and the faster relaxation 
rates found when compresse
Further, the data i l l u s t r a t
of obtaining measurements of time dependent bulk mechanical prop
erties of cartilage i n compression (at sig n i f i c a n t strains) that 
are inherent to the tissue and independent of experimental con
figuration. The same can probably be said of permeability meas
urements. 

The loads at each s t r a i n , obtained from the load-strain 
curves against the different platens, when plotted against poros
i t y , a l l extrapolated to approximately the same porosity at low 
loads (Fig. 15). This strongly suggests that the confined com
pression of the tissue against platens of at least 65% porosity, 
to a s t r a i n of 0.15 and possibly more would result i n very low 
loads. This indicates that the experimental load-strain curves 
were primarily a function of the resistance to flow from the 
tissue due to the f i n i t e porosities of the platens and not to 
the v i s c o e l a s t i c properties of the matrix. However, of more 
importance, the results indicate that the tissue i s probably 
very permeable to f l u i d flow normal to i t s surface ( i . e . , i t 
offers l i t t l e resistance to the flow of water i n that direction) 
at the pressure gradients and flow rates generated during compres
sion. I t i s therefore contended that f l u i d contained within a 
region of the tissue opposite that of a hole flowed freel y from 
the tissue on compression. 

This contention i s consistent with 1) the decreasing moduli 
at the strains measured, when the tissue was compressed against 
platens of greater porosity; 2) the extremely weak ( i f any) st r a i n 
rate dependence of the load-strain curves, p a r t i c u l a r l y when com
pressed against the 45% porosity platen (Fig. 13); 3) the 
apparent independence of the load-strain curves on the size of 
the holes (Fig. 14) — they being a function of the porosities of 
the platens only; and 4) the reported weak dependence of the 
permeability co e f f i c i e n t s on st r a i n , for given pressure gradients, 
when the cartilage was interfaced against porous discs (15_) · 

The contention i s , however, inconsistent with the low values 
that have been reported for the permeability c o e f f i c i e n t s of 
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Figure 13. Load-strain curves of cartilage, at three strain rates, when compressed 
against the 45% porosity platen. Note little, if any, strain-rate dependence. (Mean 

values of 10 runs ± 1 SD.) 
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ca r t i l a g e by Mansour and Mow (19) and others (20,Zl). These 
values would indicate the opposite ( i . e . a high resistance to 
flow normal to the tissue's surface). Those studies were, how
ever, carried out with s l i c e s of cartilage interfaced against 
porous platens. Their measured permeabilities may therefore 
r e f l e c t the combined resistance to flow of the tissue i n contact 
with porous platens and not the tissue i t s e l f , and may thus be 
a r t i f a c t u a l . Furthermore, the measurements were obtained under 
steady state conditions of flow that are not necessarily a p p l i 
cable to the non-steady state conditions occurring during the 
compression and relaxation of the tissue. 

The data would also seem to suggest that the tissue i s 
anisotropic with respect to i n t e r s t i t i a l f l u i d flow; that i s , 
i t may be considerably more permeable normal to i t s surface than 
tangential to i t . Thi
siderably slower relaxatio
unconfined compression to approximately the same volume change 
(at the same s t r a i n rates), as compared to when the tissue was 
compressed while confined (Fig. 9 ), and 2) the rather steep 
dependence of the load-strain curves on the porosities of the 
platens. Were the tissue equally permeable i n a l l directions, 
the relaxation rates following unconfined compression would be 
expected to be greater than those following confined compression. 
However, the load- or s t r e s s - s t r a i n curves of any material are 
a function of the extent of relaxation occurring during deforma
tion. It i s therefore possible that greater relaxation occurs 
during unconfined compression which, i n turn resulted i n the 
the lower load-strain relationships and the slower relaxation 
rates. 

F l u i d exudation from the tissue during and following compres
sion occurs as a result of 1) pressure gradients between the 
deeper regions and surface of the tissue, and 2) transitory 
internal pressures within the tissue that are consequent to the 
slow relaxation rates of the matrix r e l a t i v e to the rates of 
compressive s t r a i n . The former arise from the fact that the 
c a l c i f i e d zone i s essentially impermeable to the flow of f l u i d 
while the tissue was compressed against semi-porous platens, 
and, relaxation rates from the deeper regions of the tissue may 
be greater than those at the surface, thereby generating 
pressure gradients (10). 

The tissue has been modeled from a continuum mechanics 
point of view by Mow and students (11,12,13). The model treats 
cartilage as a biphasic material (the "solid"organic matrix was 
assumed, for these purposes, to be one "phase11 and the water the 
other). The " s o l i d " organic matrix was further assumed to behave 
as a single Kelvin-Voigt body whose v i s c o e l a s t i c properties are 
attenuated by the f r i c t i o n a l resistance to f l u i d flow from the 
tissue. Attempts were made to use this model to explain the 
load-strain and load dissipation properties of the tissue for 
the experimental configuration described i n this paper (15). 
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STRAIN (PERCENT COMPRESSION) 

Figure 14. Load-strain curves of the tissue vs. each of the platens. 

Curve A = solid platen (i.e. no holes); curve Β = (Ah/Ac = 0.20: hole diameter 0.55 mm); 
curve C = (Ah/Ac = 0.35: hole diameter 0.55 mm); curve D = (Ah/Ac = 0.35: hole 
diameter 0 31 mm); curve E — (Ah/Ac = 0.45: hole diameter 0.55 mm). The shape of 
curve A was, no doubt, a function of the experimental configuration in that the seepage of 
fluid out of the chamber during the compression of the tissue was not prevented. (Mean 

values of 9-15 runs ± 1 SD.) 
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Figure 15. Loads at each strain plotted as a function of the the porosities of the 
platens. (Each point is the mean value of 9-15 runs.) 

'•Or 

08 

STRAIN ( % COMPRESSION) 

Figure 16. Load-strain relationship of cartilage after confined compression and 
relaxation at each strain 
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Series solutions were obtained for linear p a r t i a l d i f f e r e n t i a l 
equations that shared the same boundary conditions and represented 
extreme values of the non-linear constitutive equation, developed 
by these authors, to describe the time dependent deformation of 
the tissue. The solutions were indeed shown to bound the experi
mental load decay curve (15). However, at the time the work was 
done i t was not appreciated that the experimental load-strain and 
load-decay curves were a function of the attenuation of flow 
from the tissue by the porous platens and hence not sole functions 
of fundamental properties of the tissue. Furthermore, the 
bounded solutions for the compressive phase generated theoretical 
load-strain curves that were convex i n shape, when, i n fact, the 
experimental curves were always concave (Figs. 10-13). To gener
ate concave shaped curves from these equations, i t was necessary 
to assume a strong fun c t i o n a l i t
the permeability of th
work indicates that i f load-strain curves were obtained against 
completely free draining platens ( i . e . , platens of at least 65% 
porosity) where the relationships would be r e f l e c t i v e of the 
tissue only, no such dependency would be obtained. Leaving aside 
questions of the meaningfulness of describing the v i s c o e l a s t i c 
properties of an inhomogeneous, anisotropic organic matrix by a 
single Kelvin-Voigt model, the theory requires that there be 
s i g n i f i c a n t resistance to flow, inherent to the tissue, normal 
to i t s surface. Perhaps this should be reexamined. It i s possi
ble that the unique mechanical properties of the tissue i n i t s 
normal environment can be explained i n terms of an anisotropic 
nature to the resistance to flow. 

That f l u i d continues to flow after compression has ceased 
( i . e . , during relaxation) i s evidenced by i t s electromechanical 
properties (22). When the tissue i s compressed, an e l e c t r i c 
potential difference occurs between the surface and the deepest 
regions. This potential difference was attributed to the flow 
of f l u i d and entrained counterions with respect to the net 
negatively charged s o l i d matrix (22). That i s , the observed 
potential i s essentially a streaming current potential. The 
decay of this potential following compression was found to 
exactly p a r a l l e l the load dissipation curves with time (22). 

The time invariant load-strain curves appear to be an 
inherent property of the tissue. The values were independent 
of the porosity of the platens and the s t r a i n rates that the 
tissue was compressed at. Up to about 30% compression the data 
could be f i t t e d , by linear regression, to a straight l i n e . As 
such, the curve represents the equilibrium load-strain r e l a t i o n 
ship of the swollen matrix. It should be pointed out, however, 
that while the strains calculated for this and the other curves 
are probably close to the actual strains, they nevertheless are 
approximations, due to the assumptions of shape of the penetrat
ing tissue and the possible s l i g h t compression of the tissue by 
the rod. 
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Abstract 

Some load-strain and load dissipation characteristics of 
articular cartilage during and following its confined and uncon
fined compression were studied. Using apparatus that was designed 
and built for these studies, the tissue was compressed against 
platens of different porosity at various strain rates. The tissue 
penetrated the pores of the platen during compression. This had 
to be taken into account in computing the strain. 

During compression, the loads increased at increasing rates 
with strain until compression ceased. Thereafter a sharp and 
rapid dissipation of the load was observed. This decreased at 
decreasing rates with time until time invariant values, charac
teristic for a given strain, but independent of strain rate, 
were attained. During
to lesser extents for the  displacements,
tion was considerably slower. Against our most porous platen, 
the load-strain curves had little, if any, strain rate dependence. 
Plots of the mean loads at each strain against the porosities of 
the platens resulted in a family of linear curves that extrapo
lated to approximately the same porosity at low loads. 

The data is interpreted to indicate that the tissue is very 
permeable to the flow of fluid, normal to its surface, at the 
pressure gradients and flow rates generated during compression. 
It is suggested that the unique mechanical properties of carti
lage in its normal environment may be due to an anisotropic 
nature of the resistance to flow. 
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Water in Nylon 

H O W A R D W. S T A R K W E A T H E R , JR. 

Ε. I. du Pont de Nemours and Co., Central Research and Development Department, 
Wilmington, D E 19898 

The sorption of wate
ties of engineering an
at room temperature, the modulus decreases by about a factor of 
five, the yield stress decreases by more than half, and there are 
major increases in the elongation and energy to break as the water 
content is increased from dryness to saturation (1). Thus, 
reported properties of nylon are frequently those of a mixture of 
nylon and water. It is important to specify the water content or 
the relative humidity with which the polymer is in equilibrium. 

The changes in properties due to absorbed water closely 
parallel those which occur as the temperature is increased. In 
such systems, the time-temperature superposition which is familiar 
in studies of viscoelasticity can be extended to a time-tempera
ture-humidity superposition (2-4). 

Thermodynamic Properties 

A sorption isotherm at 23°C for an extruded film of 66 nylon 
which had been annealed at 250°C (5) is shown in Figure 1. The 
film was 0.010" (0.25 mm) thick and was 57% crystalline. For this 
sample, the isotherm had an upward curvature which became more 
pronounced at higher humidities. For less fully annealed samples, 
sorption isotherms have been reported which have a downward curva
ture at low humidities (6). This indicates that polymer-water 
contacts are strongly preferred. 

The upward curvature of the isotherm i s indicative of cluster
ing of water molecules. According to a formula derived by Zimm 
(7), the number of water molecules i n the neighborhood of a given 
water molecule i n excess of the mean concentration of water i s 
given by 

/ 3 1 η φ X 

Ρ,Τ 

0-8412-0559-0/ 80/47-127-433505.00/ 0 
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where c^, φ^, and a^ are the molar concentration, volume fr a c t i o n , 
and a c t i v i t y of water, and i s the cluster i n t e g r a l . There
fore, the apparent number of water molecules i n a cluster i s 

In φ χ Χ 

c i G i i + 1 - ( 1 - V l — ) ( 2 ) 

M l n a l / P , T 

One must be cautious i n equating this s t a t i s t i c a l quantity 
with physical clusters. For example, the fact that a polymer 
chain i s a cluster of volume elements means that small molecules 
mixed with i t must be clustered i n a complementary way. The 
application of Equation 2 to the Flory-Huggins equation for a θ 
solution leads to an apparent cluster size of (1-φ^)^(8) . This 
effect w i l l be very smal

It i s interestin
clusters in r e l a t i o n to the polymer structure (9). If m i s the 
number of water molecules per amide group i n the amorphous re
gions, the corresponding number of clusters w i l l be 

Figure 2 i s a plot of the number of clusters per amorphous 
amide vs. the number of water molecules per amorphous amide. The 
sloping li n e s correspond to various average numbers of water mole
cules per cluster. The water i s almost unclustered up to a con
centration of one water molecule per two amide groups. Puffr and 
Sebenda (10) considered that this l e v e l which probably corresponds 
to water molecules hydrogen bonded to the oxygen atoms of two 
amide groups represents the f i r s t and most strongly bonded type 
of absorbed water. Their view has been widely supported by late r 
workers. As the concentration of water i s increased, the number 
of clusters remains within a narrow range. Decreases i n the num
ber of clusters may occur when newly absorbed water forms bridges 
between previously uncorrelated clusters. Near saturation, the 
apparent average cluster size i s about three water molecules. 
This i s close to Puffr and Sebenda1s second stage of water absorp
tion which i s three molecules per two amide groups i n the amor
phous regions. The second and third water molecules were said to 
be bonded between the carbonyl of one amide group and the NH of 
another. A similar treatment ( 9 ) of Bull's data on nylon fibers 
(6) also indicated that clustering begins at about one water mole
cule per two amide groups i n the amorphous regions. The apparent 
number of clusters declined as more water was absorbed, and the 
apparent cluster size was about three water molecules near satura
tion. 

The volume of a mixture of nylon and water i s less than the 
sum of the volumes of the components ( 5 ) . The p a r t i a l s p e c i f i c 
volume of the f i r s t water to be absorbed by dry nylon i s about 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



S T A R K W E A T H E R Water in Nylon 

Figure 1. Sorption isotherm for water in 66 nylon at23°C 

τ 1 1 Γ 

WATER MOLECULES per AMORPHOUS AMIDE 

Figure 2. Clustering of water in 66 nylon 
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0.5 g/cc as shown i n Figure 3. This i s attributed to the dis--
placement of amide-amide bonds associated with highly strained 
chain conformations and poor packing. At a water concentration 
near one molecule per two amide groups i n the amorphous regions, 
the p a r t i a l s p e c i f i c volume i s about 0.85 cc/g. Above 90% R.H., 
this quantity rises again and reaches a value of 1.2 cc/g near 
saturation. This indicates that the l a s t water to be absorbed 
when there i s maximum clustering i s packed much less favorably 
than that absorbed e a r l i e r . 

Between 35 and 100% R.H., the sorption isotherm i s closely 
approximated by the Flory-Huggins equation with an interaction 
parameter, χ, of 1.46 ± .02. Since χ i s largely an internal 
energy parameter, the energy term i n the Flory-Huggins equation 
i s approximately RTxCl-c))..)  but thi  doe t includ  th  effect 
of changes i n volume.
constant pressure i s 

( Δ Η 1 ) ρ = ( Δ Ε 1 ) γ + T(d?/dT)vàV1 (3) 

= RTXU-c^) 2 + Τ(α/3 )Δν ι (4) 

where α i s the coe f f i c i e n t of thermal expansion, β i s the com
p r e s s i b i l i t y , and i s the p a r t i a l molar change of volume for 
the t o t a l system of nylon plus water. The subscripts, 1, refer 
to water. It has been found that Equation 4 agrees with experi
mental data quite well (5). The heat of sorption declines from 
several kcal/mole at low humidities to zero at saturation. Thus 
the expansion which occurs above 90% R.H. i s just enough to sat
i s f y the condition that 

Af± = Δ ϊ ^ = AS^ = 0 (5) 
when Ρ = Ρ . 

ο 
Viscoelastic Properties 

There are three major v i s c o e l a s t i c relaxations i n 66 nylon 
(11). The α-relaxation occurs at 65°C i n the dry polymer and 
r e f l e c t s the motion of f a i r l y long chain segments i n the amorphous 
regions. Boyd (12) has estimated that these segments contain 
about 15 amide groups. The β-relaxation at -50°C has been a t t r i 
buted to the motion of l a b i l e amide groups. It may be absent i n 
very dry, annealed samples (1). The γ-relaxation at -120°C i s 
similar to the γ-relaxation i n polyethylene and has been a t t r i 
buted to the motion of short polymethylene segments. Since i t i s 
d i e l e c t r i c a l l y active (13,14) the motions must involve some amide 
groups as well. 

The temperatures of these relaxations are plotted against 
r e l a t i v e humidity i n Figure 4 and percent water i n Figure 5. 
These data were obtained with the Du Pont Dynamic Mechanical 
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Figure 3. Partial specific volume of water absorbed in 66 nylon 
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Figure 4. Temperature of peaks in loss modulus vs. relative humidity 
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Figure 5. Temperature of peaks in loss modulus vs. present water 
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A n a l y z e r on a sample of r o l l - o r i e n t e d n y l o n t a p e . The 
temperature of the α-relaxation d e c l i n e s by about 90°C 
between d r y n e s s and s a t u r a t i o n (1,15,16). The v a r i a 
t i o n appears to be l i n e a r w i t h r e l a t i v e h u m i d i t y , i . e . , 
the a c t i v i t y or c h e m i c a l p o t e n t i a l of the water. The 
r e l a x a t i o n p asses room temperature near 35% R.H., and 
t h i s i s why the water c o n t e n t of n y l o n has such a l a r g e 
e f f e c t on p r o p e r t i e s of e n g i n e e r i n g i m p o r t a n c e . As 
mentioned e a r l i e r , time, t e m p e r a t u r e , and h u m i d i t y can 
be t r e a t e d as complementary v a r i a b l e s . (_2.-A) 

The a c t i v a t i o n energy f o r the α-relaxation d e c r e a 
ses from 46 k c a l / m o l e i n the dry polymer to 18 k c a l / 
mole at 8.7% water w i t h most of the d e c r e a s e coming 
below 0.88% water. (12
c o n s t a n t a s s o c i a t e d
when water i s p r e s e n t , T h i s i n d i c a t e s t h a t water mole
c u l e s a r e bonded to the amide groups and p a r t i c i p a t e i n 
the m o t i o n of c h a i n segments. 

The temperature of the 3 - r e l a x a t i o n d e c r e a s e s l i n 
e a r l y w i t h the c o n c e n t r a t i o n of water, not the r e l a t i v e 
h u m i d i t y . The h e i g h t of a dynamic m e c h a n i c a l l o s s peak 
has a maximum v a l u e at one water per two amide groups 
i n the amorphous r e g i o n s . (.17) The temperature of the 
γ-relaxation d e c r e a s e s s l i g h t l y when the f i r s t water i s 
added and remains almost independent of water c o n t e n t . 
The h e i g h t of the l o s s peak d e c r e a s e s w i t h i n c r e a s i n g 
water, e s p e c i a l l y below a c o n c e n t r a t i o n of one m o l e c u l e 
per two amide groups i n the amorphous r e g i o n s . (13,15, 
11) 

At t e m p e r a t u r e s below the α-relaxation but above 
the γ-relaxation, the modulus i s i n c r e a s e d by the 
p r e s e n c e of water. (A>JJL*18.) T h i s i s p a r t of a f a m i 
l i a r p a t t e r n of a n t i p l a s t i c i z a t i o n . The temper a t u r e 
of a p r i m a r y r e l a x a t i o n i s r e d u c e d , the s t r e n g t h of a 
sec o n d a r y r e l a x a t i o n i s r e d u c e d , and the modulus be
tween them i s i n c r e a s e d . 

C o n c l u s i o n s 

There i s a good d e a l of e v i d e n c e to s u p p o r t the 
s u g g e s t i o n of P u f f r and Sebenda Ç10) t h a t the f i r s t to 
be absorbed and most t i g h t l y bound water i s hydrogen 
bonded to the oxygen atoms of two amide groups i n the 
amorphous r e g i o n s . At t h i s p o i n t c l u s t e r i n g b e g i n s , 
but a l l of the water i s bonded to the amide groups, 
and t h e r e i s no e v i d e n c e f o r f r e e z a b l e l i q u i d w ater. 

At low t e m p e r a t u r e s , water forms m e c h a n i c a l l y 
s t a b l e b r i d g e s between amide groups. T h i s i s r e f l e c t e d 
i n a p a r t i a l s u p p r e s s i o n of the γ-relaxation and an 
i n c r e a s e i n the modulus between the γ- and α-relaxa-
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t i o n s . At h i g h e r t e m p e r a t u r e s , water f a c i l i t a t e s 
m o t i o n i n the amorphous r e g i o n s and s h i f t s the a-
r e l a x a t i o n p r o g r e s s i v e l y to lower t e m p e r a t u r e s . T h i s 
i s accompanied by major i n c r e a s e s i n d u c t i l i t y and 
toughness. 

Literature Cited 

1. Starkweather, H. W., Chapter 9 in "Nylon Plastics" 
Kohan, M. I., Ed.; Wiley: New York, 1973, 

2. Quistwater, J. M. R. and Dunell, Β. Α., J. Polym. 
Sci., 1958, 28, 309. 

3. Quistwater, J. M. R. and Dunell, Β. Α., J. Appl. 
Polym. Sci., 1959,

4. Onogi, S., Sasaguri,
S., J. Polym. Sci., 1962, 58, 1. 

5. Starkweather, H. W., J. Appl. Polym. Sci., 1959, 
2, 129. 

6. Bull, H. B., J. Am. Chem. Soc., 1944, 66, 1499. 
7. Zimm, B. H., J. Chem. Phys., 1953, 21, 934. 
8. Starkweather, H. W., Chapter 3 in "Structure-

Solubility Relationships in Polymers", Harris, 
F. W. and Seymour, R. B., Ed. Academic Press: 
New York, 1977. 

9. Starkweather, H. W., Macr omolecules, 1975, 8, 476. 
10. Puffr, R. and Sebenda, J., J. Polym, Sci., Part C, 

1967, 16, 79. 
11. Schmieder, Κ. and Wolf, K., Kolloid Ζ., 1953, 134, 

149. 
12. Boyd, R. H., J. Chem. Phys, 1959, 30, 1276. 
13. Dahl, W. V. and Muller, F. Η., Z. Elektrochem., 

1961, 65, 652. 
14. Curtis, A. J., J. Res. NBS, 1961, 65A, 185. 
15. Woodward, A. E., Crissman, J. M., and Sauer, J. A. 

J. Polym. Sci., 1960, 44, 23. 
16. Prevorsek, D. C., Butler, R. H., and Reimschussel, 

Η. Κ., J. Polym. Sci., 1971, 9, 867. 
17. Kolarik, J. and Janacek, J., J. Polym. Sci., Part 

C, 1967, 16, 441. 
18. Starkweather, H. W., J. Macromol. Sci. Phys., 1969 

B3(4), 727. 

RECEIVED January 17, 1980. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



Clustering of Water in Polymers 

26 

GEORGE L. BROWN 

Mobil Chemical Co., Edison, NJ 08817 

The perception that
tered has a dual origin.
was based on the development of opacity ("blushing") in films 
or coatings exposed to water. The occurrence of blushing is 
particularly prevalent in coatings or films, such as those pro
duced from emulsion polymers, which contain water soluble im
purities (emulsifiers and initiator residues). This form of 
clustering is not the same as that which can occur in homo
geneous water swollen polymer films. It is, however, important 
to bear in mind because the presence of unrecognized traces of 
water soluble impurities may result in substantial errors in 
the interpretation of sorption measurements. 

In binary solutions - in the case under consideration, 
water sorbed in a polymer - non-random mixing is also described 
as clustering. For this case, the cluster size is rarely, if 
ever, sufficient to produce visual opacity, and the evidence 
for the phenomenon is found in peculiarities of the sorption 
isotherm. 

If the two cases cited - a polymer containing polymer in
soluble, water soluble components, and a homogeneous polymer -
represent two ends of a spectrum, a variety of intermediate 
cases can be imagined which represent varying degrees of hetero
geneity (graft or block copolymers, ionomers, non-random co
polymers). 

Thus i t i s clear that the term "clustering" can be used i n 
a variety of situations, and i s not precisely defined. In the 
present case, i t w i l l be used i n the context of the s t a t i s t i c a l 
thermodynamic treatment of binary solutions developed by Zimm 
(1) and Zimm and Lundberg (2), which provides a calculation of 
a cluster i n t e g r a l , and which can be extended to specify a clus
ter size for each component. In describing the role of the 
"clustering" theory i n relationship to previously developed 
solution theories, such as the widely used Flory-Huggins theory 
(3), Zimm and Lundberg point out that "Our considerations are 
not intended as a replacement for the previous theories, but as 

0-8412-0559-0/ 80/47-127-441 $05.00/0 
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an adjunct thereto, interpreting experimental data i n molecular 
terms." The analysis which w i l l be described i s i n accord with 
the complementarity of the two approaches. Water sorption of 
non-polar polymers (polyolefins, polystyrene) i s very low, and 
i s probably adequately described by application of conventional 
solution thermodynamics, i . e . , The Flory-Huggins theory. For 
mixtures of water and polar polymers, the increase i n water sorp
tion with increasing humidity i s much greater than that which 
would be predicted from this theory. This i s not surprising, 
because the theory i s based on an assumption of random mixing, 
and does not contemplate the s p e c i f i c associations possible be
tween water and polar groups i n the polymer and between water 
molecules which can lead to non-random mixing. A method w i l l be 
described which combines conventional solution theory and clus
ter theory and provide
water by certain pola
polymer w i l l be viewed as a sum of an amount contributed by 
normal, random mixing, plus an increment due to association or 
clustering of the water. 

Mathematically, the sorption data for the amorphous a c r y l i c 
polymers which w i l l be considered here cannot be correlated by 
a single parameter sorption isotherm. In the Flory-Huggins 
theory, the parameter i s the interaction parameter, which for 
the simplest possible case characterizes the enthalpy of mixing 
which results from the intermolecular bonding mismatch between 
polymer and water. A two parameter sorption isotherm provides 
an excellent vehicle for data treatment. The two parameters 
can be i d e n t i f i e d as the interaction parameter and a clustering 
parameter. 

Methods for Evaluation of Experimental Data. A variety of 
solution and sorption isotherms have been developed to account 
for water-polymer mixtures, and this has been extensively sum
marized by Barrie (4). However, few studies have been performed 
where simple, systematic changes i n polymer composition are 
involved. An examination of published experimental data on 
amorphous acrylate polymers indicates that a rather simple, 
consistent isotherm i s applicable, which allows some interest
ing conclusions as to the influence of polar content and glass 
temperature on the cluster size. 

Experimental data on water sorption by polymers i s usually 
presented based on some form of Henry's Law. That i s , a measure 
of the quantity of water sorbed (weight, volume, moles) per unit 
quantity of substrate or substrate plus water i s plotted against 
the a c t i v i t y of water i n the surrounding vapor. Since data for 
water rarely display l i n e a r i t y over any appreciable range of 
sorption, a search was made for a function which would provide 
better l i n e a r i t y - p a r t i c u l a r l y for high humidity sorption mea
surements. From a p r a c t i c a l standpoint, accurate interpolation 
and extrapolation for samples exposed to high humidity i s very 
important i n predicting behavior of coatings and barrier films. 
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For a large number of polymers, a plot of the reciprocal of 
water sorption against the reciprocal of the p a r t i a l pressure of 
water exhibits near-linear behavior. With the expectation that 
the volume fraction of water w i l l be the expression of water 
concentration relevant to basic polymer solution thermodynamics, 
this measure has been used. However, a variety of other expres
sions of concentration can be used (weight or volume per unit 
weight or volume of polymer, weight percent, etc.) and substi
tution of these w i l l a l t e r the slope and intercept, but not the 
l i n e a r i t y of the plot. 

The use and interpretation of the technique are exempli
fi e d i n Figures 1 and 2 for poly(ethyl methacrylate) sorption 
data of Williams, Hopfenberg, and Stannett C5). The upper curve 
i n Figure 1 shows experimental dat  plotted i  th  conventional 
manner. The lower curv
tangent to the experimenta  o r i g i n
i n Figure 2 shows the plot of reciprocal quantities (l/φ vs 
1/P). It shows excellent agreement with the linear equation 

with ki = 167.9, and k 2 = 104.7 with a correlation c o e f f i c i e n t 
greater than 0.999. An interpretation of Equation (1) i s that 
i t represents Henry 1s Law sorption for k 2 = 0, a Langmuir or 
attentuated type of isotherm where k 2 i s negative, and an en
hanced or "clustered" isotherm where k 2 i s positive. The l i m i t 
ing, i n f i n i t e d i l u t i o n isotherm, as Ρ approaches zero, i s given 
by the inverse Henry's Law expression 

Using the value of 168 for k j , this equation i s plotted as the 
upper l i n e i n Figure 2. Graphically, this i s done by drawing 
a l i n e p a r a l l e l to the experimental data passing through the 
o r i g i n . The inverse of this relationship i s the Henry's Law 
isotherm shown in Figure 1. 

The postulate which w i l l be pursued i s that water sorption 
at i n f i n i t e d i l u t i o n of the water i s normal i n behavior, repre
senting the true interaction of water and polymer molecules. 
That i s , i f water sorption occurs on two types of s i t e s , a poly
mer s i t e and a polymer-water s i t e , the influence of the former 
w i l l predominate as Ρ and the amount of sorbed water simulta
neously approach zero. A plot of φ vs Ρ with a slope of kj (the 
inverse of Equation 2), as shown i n Figure 1, i s tangent to the 
experimental isotherm at the o r i g i n . The analysis outlined 
allows a unique s p e c i f i c a t i o n of χ, the interaction parameter, 
through use of the l i m i t i n g (Henry's Law) approximation of the 
Flory-Huggins theory ( 3 ) . That i s 
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Figure 1. Conventional plot of sorption 
of water by polyfethyl methacrylate): top 
curve, experimental data from Ref. 5. 
Bottom curve, calculated Henry's Law 
isotherm based on extension of low rela
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Ρ 2 Φ β ( 1 + X ) 2 
(3) 

and χ = l n kx - 1 

At any r e l a t i v e pressure, the experimental sorption can be 
compared to that predicted for the Henry's Law isotherm to pro
vide a r a t i o , Ν , which w i l l be termed the "enhancement number", 
calculated from Equations (1) and (2) as follows: 

e φ Η kx-k 2P Ζ Ψ 

The enhancement number i s a measure, then, of the extent to 
which the sorption of wate
the process which resul
i s available from the calculation of the cluster size, based on 
the Zimm-Lundberg concepts. 

In his i n i t i a l paper, Zimm CO provides for the calculation 
of a cluster integral from the solution isotherm. Neglecting a 
small term involving compressibility, for component 1 i n a 
binary mixture, a cluster i n t e g r a l , Gu, i s calculated from: 

where νχ i s the molecular volume, φχ the volume frac t i o n and ax 
the a c t i v i t y of component 1. For a random solution, the a c t i v 
i t y i s proportional to the volume fraction, and 

The extent of clustering i n solutions i s indicated by the 
extent to which βχχ/νχ exceeds minus one. 

A more useful index has been provided by Zimm and Lundberg 
(2), i n the quantity φχΟχχ/νχ, which i s "the number of type 1 
molecules i n excess of the mean concentration of type 1 molecules 
i n the neighborhood of a given type 1 molecule." From Equation 
(6), this quantity i s obviously -φ for a random solution. 

For many purposes, a calculation of the average number of 
solvent molecules i n a cluster i s useful. We s h a l l denote this 
as Ν , the cluster number, and Starkweather (6) has suggested 
that this i s provided by the expression: 

Ν = 1 I £ L L + ι (7) 
C νχ 

For a random solution (an " i d e a l " solution i n this context) the 
a c t i v i t y c o e f f i c i e n t , ax/φχ, i s invariant with concentration, 
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and from a combination of Equations (7) and (5), this would give 
for such a solution: 

N c - 1-φ (8) 

However, there should be no clustering for this case, and the 
cluster number should be one. 

We believe that the d i f f i c u l t y arises from the p e c u l i a r i t y 
of the d e f i n i t i o n of the quantity Φι^ιχ/νι, which was provided 
above, which specifies the excess solvent molecules i n the 
neighborhood of (but not including) the central solvent molecule. 
The cluster number should then be specified as 

N c = -Φΐ(ΐ-Φΐ) 0 
3ax 

+ 1 (9b) 

Values of Ν calculated from Equation (9a) or (9b) exceed those 
calculated on the basis of Equation (7) by the quantity φχ. This 
difference i s negligible for the cases which w i l l be treated here, 
but could be appreciable i f the method i s applied to the determi
nation of cluster number for dil u t e aqueous polymer solutions, 
for example. These corrected equations provide a cluster number 
of one for an " i d e a l 1 1 solution. 

Using the p a r t i a l pressure of water, P, as an adequate ap
proximation to the a c t i v i t y , we see from Equation (1), that for 
the isotherm under consideration here, the derivative within the 
brackets i n Equation (9b) i s equal to -k 2. The cluster number 
i s , for this case, given by: 

Ν - 1 + 1&2φ - k2Φ 2 (10) 

and comparing this to the enhancement number from Equation (4): 

Ν = Ν - k ^ 2 (11) c e Δ Ύ 

Evaluation and Interpretation of Data. Sorption data on 
four polymers reported i n the l i t e r a t u r e have been examined. 
Data on poly(ethyl methacrylate) from Williams et a l (5) were 
specified as volume fr a c t i o n of water sorbed as a function of 
p a r t i a l pressure. In an e a r l i e r publication of Stannett and 
Williams (7) the glass temperature of the polymer was given as 
65°C. Sorption and desorption measurements showed a very close 
concordance. Data on poly(methyl methacrylate) by Brauer and 
Sweeney (8) were transformed from gravimetric to volume frac t i o n 
using a density of 1.19. The glass temperature of this polymer 
i s 105°C. The authors report that "thin specimens reach a steady 
state value within a short time." Data for poly(methyl acrylate) 
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and a copolymer of methyl acrylate and a c r y l i c acid, 89/11, are 
from Hughes and Fordyce Ç9). Densities used to convert gravi
metric data to volume fr a c t i o n were 1.22 and 1.24, the l a t t e r 
based on the assumption of volume a d d i t i v i t y using a density of 
1.4 for polyacrylic acid, kindly furnished by D. B. Fordyce. The 
glass temperature of polymethyl acrylate i s 6°C. The sorption 
results were reported to be equilibrium values. Measurements on 
poly(ethyl methacrylate) were made at 25°C, and on the remaining 
three at 30°C. 

Data on the four polymers, calculated from the equations of 
the previous section, are presented i n Table I. In descending 
order, the series represents increasing hydrophilicity, with 
ester groups per unit volume increasing from ethyl methacrylate 
to methyl acrylate, an
fourth polymer. This i
crease i n χ and increas  sorption ,
trend i n the clustering can be discerned. Thus this phenomenon 
appears to be related to the nature of the water molecule and 
quite probably to the hydrogen bonding propensity of the polar 
groups on the polymer, but not to any appreciable extent to the 
concentration of polar groups. 

A number of investigators have suggested that effects of 
i n i t i a l water sorption on polymer mechanical properties ("plasti-
cization") would f a c i l i t a t e further accommodation of water. The 
f i r s t two polymers i n Table I are glassy, and the third rubbery, 
and there i s no evidence of any mechanistic difference i n sorp
tion. Although relaxation effects w i l l be expected to influence 
rate of sorption for these amorphous polymers, influence on 
equilibrium sorption appears negligible. Viewed i n another man
ner, water i s certainly capable of p l a s t i c i z i n g polymers, but 
organic penetrants which sorb i n a normal fashion also do so. It 
i s therefore questionable to assign the unusual nature of water 
sorption to p l a s t i c i z a t i o n . 

The analysis produces a unique value for χ, which should re
late to the fundamental interaction of water and the polymer. An 
alternative view, which has been taken by many authors, i s to 
calculate χ for each experimental point. For poly(ethyl meth
acrylate), for example, Williams et a l (5) show a decreasing χ 
with increasing r e l a t i v e pressure. Their values can be extra
polated to zero pressure, to give χ = 4.1, the value derived 
here. 

Two independent methods have been u t i l i z e d to examine the 
nature of the sorption isotherm. An analysis of the experimental 
isotherm compared to an extrapolation of the i n f i n i t e d i l u t i o n 
behavior allows calculation of an enhancement number for any of 
the polymers at any given p a r t i a l pressure. Calculation of a 
cluster number based on an independent method shows very close 
concordance with the enhancement number, providing strong sup
port for the postulate that associated groups of water molecules 
sorb i n the polymer, and account for the anomolous sorption. 

American Chemical 
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The sorption isotherm u t i l i z e d : 

can i n a sense be derived analogously to the Langmuir isotherm, 
by postulating a forward rate i n which additional sorption s i t e s 
are made available by sorbed water molecules, and a rate of de
sorption proportional to t o t a l water content. 

Alternatively, a Henry's Law sorption can be written for the 
polymer component and the water component, each term multiplied 
by the volume of the component, and the contributions summed to 
give: 

φ = k'Pd-φ)

= k'P + ( k " - k ' ^ 

which i s similar to Equation (1) when rearranged i n the form: 

φ - ^ + ̂ Ρ φ (9) 

At best, the isotherm i s a l i m i t i n g form which could be true 
only for low sorption. When rewritten as 

p - £ f e <10> 

We see that i t becomes Henry's Law for k2 = 0 , and speculate that 
the substitution of the Flory-Huggins isotherm for to give: 

(1-φ)+(1-φ)2χ 

may provide more general a p p l i c a b i l i t y . 
Since the "base" isotherm used here u t i l i z e s the volume 

fra c t i o n of water as the measure of concentration, for conve
nience the enhancement has been based on volume fractions. For 
highly hydrophilic polymers, enhancements i n the range reported 
i n Table I would result i n volume fractions of water greater than 
unity. This problem could be eliminated by treating the water 
sorption i n the base isotherm on a volume fraction basis, as out
l i n e d , but treating the clustering on the basis used for absorp
tion processes, considering the volume added by clustering to a 
unit volume of polymer containing unclustered water. 

Incorporation of the two suggested improvements leads to a 
more complicated process for identifying the interaction parm-
eter, the "base11 isotherm, and the extent of enhancement, but we 
suggest that the simple, coherent picture which emerges for the 
systems reported here j u s t i f i e s extension to develop the more 
general treatment. 
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The qualitative mechanism suggested by the data and its in
terpretation is that at low relative pressures, water is dis
tributed throughout the polymer, but probably preferentially 
where hydrogen bonding is possible. At higher pressures, chains 
of water on the hydrogen bonding sites predominate. The i n i t i a l 
process can be described in terms of conventional solution theo
ries and the enhancement process can be viewed as one of occu
pancy of sites - analogous to that found in adsorption processes. 
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Water Sorption and Its Effect on a Polymer's 
Dielectric Behavior 

G. E. JOHNSON, H. E. BAIR, S. MATSUOKA, E. W. ANDERSON, and J. E. SCOTT 1 

Bell Laboratories, Murray Hill, NJ 07974 

Recently we reported
which has associated to
(clusters) in polyethylene at a level of lOppm and greater (1,2). 
By combining this calorimetric technique with a coulometric 
method, it was possible to differentiate between clustered water 
and the total water sorbed by the polyethylene. It was found 
that clusters are formed when polyethylene is saturated with 
water at an elevated temperature and is rapidly cooled to room 
temperature. During cooling the solubility of water in polymers 
is lowered and some water condenses in the form of microscopic 
water-filled cavities, providing the internal pressure which is 
generated by the excess water exceeds the strength of the polymer. 
Figure 1 shows 2-micron clusters formed in polyethylene quenced 
from the melt in the presence of water. 

In sorption studies of polycarbonate (3) it was learned that 
this polymer absorbs water in two stages. In the initial period 
of absorption at an elevated temperature, but below Tg, all of the 
water was found in an unassociated state when cooled to room 
temperature. In the second stage at later times, most of the 
water gained by the polymer was identified in a separate liquid 
phase (clustered water). In addition after the polymer was 
saturated with water at a temperature above Tg and cooled, its 
solubility was lowered and water condensed in the form of micro
scopic water filled cavities. Below Τg the clusters were formed 
only after the polycarbonate's strength (Mw=26,600) was decreased 
by hydrolysis whereas above Tg clusters were formed without 
degradation. 

The dielectric loss behavior of both polyethylene1s γ-transi
tion and polycarbonate's β-transition was enhanced by the presence 
of unassociated water. The area under the associated loss peak 
was found to increase in direct proportion to the concentration of 
unassociated water. In addition a secondary dielectric loss peak 
associated with frozen clustered water occurred in polycarbonate 
about 40°C below its β-transition. Liquid clustered water at 

1Current address: Prairie View A&M, Prairie View, TX 77445 
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Figure 1. Two-micron water clusters in polyethylene 
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23°C yielded a loss mechanism i n the mHz region i n polyethylene 
and i n the kHz region for polycarbonate that was interpreted as a 
Maxwell-Wagner effect. 

Early investigations of the effect of water on the low-tem
perature relaxations of several aromatic polymers including 
polycarbonate, polyamides, and a polyurethane have shown several 
low-temperature anomalies (_4>JL). * n the case of a water-saturated 
polysulfone polymer which exhibited a doublet i n i t s β-loss pro
cess, Jackson suggested that the secondary peak may be due to 
water-filled c a v i t i e s . In this work we have employed the DSC 
technique for water cluster analysis along with the t o t a l water 
content measurements to elucidate the water sorption behavior of 
polysulfone and poly(vinyl acetate) (PVAc). In addition DSC and 
d i e l e c t r i c methods wer d cooperativel  understand th
behavior of polymers i

Experimental 

Water Analysis. The water gained by a sample was measured 
on a duPont 26-321A moisture analyzer. This instrument uses a 
coulometric technique to measure the t o t a l amount of water i n a 
sample. Samples were heated for 15 minutes above their Tg to 
drive off the water. 

The determination of clustered water was done calorimetri-
c a l l y (1) using a d i f f e r e n t i a l scanning calorimeter (Perkia Elmer 
DSC-2). Samples were placed into a nitrogen-flushed dry box 
before they entered the DSC sample holder. A l l experimental runs 
were made at 20°C/min. A l l reported values of water content i n 
this paper are i n weight percent as determined both calorimetri-
c a l l y and coulometrically. 

When about 20 milligrams of sample were placed i n the DSC-2 
and cooled at 20°/min. from room temperature to -140°C the onset 
of c r y s t a l l i z a t i o n of the clustered water was normally detected 
near -40°C and proceeded at a maximum c r y s t a l l i z a t i o n rate at 
-50°C. We believe that the large undercooling i s due to the micro
scopic size of the clusters and the absence of heterogeneities i n 
the water. When the sample was reheated from -120°C to room 
temperature a f i r s t order transition was detected near 0°C 
as expected. 

D i e l e c t r i c Measurements^ D i e l e c t r i c measurements on poly
sulfone were conducted at 10 , 10 , and 10 Hz. The data were 
obtained by combining a Princeton Applied Research 124 lock-in 
amplifier and a General Radio 1615A capacitance bridge. The 
bridge was connected to a Balsbaugh LD3 research c e l l inside a 
test chamber. After the test chamber was equilibrated at -160°C 
for one hour, measurements were made at ten to twenty degree 
intervals with a f i f t e e n minute waiting period between each 
discrete change i n temperature u n t i l room temperature was reached. 
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Figure 2. DSC cooling curve for TV Ac containing 63% total water (2.1% 
clustered) 
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D i e l e c t r i c measurements on poly(vinyl acetate) were obtained 
u t i l i z i n g a Fourier transform d i e l e c t r i c spectrometer developed 
in our laboratory ( 6 ) . A voltage step pulse was applied to the 
sample and the time dependent integrated current response, Q(t), 
was collected by computer. The frequency dependent d i e l e c t r i c 
properties, ε 1 and ε11 were then obtained from the Fourier trans
form of the integrated current. For this study frequency depen
dent d i e l e c t r i c data i n the 10 to 10 Hz range were obtained 
isothermally. A sample c e l l with low thermal mass and copper 
screening allowed rapid equilibration between temperatures. 
This allowed the frequency dependence at several temperatures to 
be measured while minimal water was los t from the samples. 

Results and Discussion 

Determination of Unassociated and Clustered Water. Com
pression molded samples of polysulfone were immersed i n water 
at 100°C and below u n t i l they came to equilibrium. Above 100°C 
an autoclave was used. As with polycarbonate a mild temperature 
dependence i n equilibrium absorption was noted.^ The amount of 
unassociated water at saturation went from 0.8% at 23°C to 1.2% 
at 132°C. No clustered water was found i n samples exposed below 
T g (190°C). When the polymer was exposed to steam at 208°C for 1 
minute and quenched to 23°C, cluster formation was noted. There 
was, however, only 0.04% water found i n the clustered state. 
Five minute exposure to steam increased the clustered water con
tent to 0.16%. Microscopic analysis of cross sections of diele c 
t r i c specimens showed a non-uniformity of cluster size and d i s 
tribution. This resulted i n two DSC peaks (-34°C and -42°C) i n 
cooling the sample at 20°C/min. and a broadened melting peak 
starting at 0°C on heating at the same rate. 

Compression molded samples of poly(vinyl acetate) also showed 
a mild temperature dependence i n equilibrium absorption. The 
amount of water went from 4% at 23°C to 6% at 70°C. This polymer 
was the only one we tested that formed clustered water while 
stored isothermally at room temperature. This clustering was 
obtained after 17h. as confirmed by DSC and could be seen v i s u a l 
l y as a whitening of the polymer. 

Figure 2 shows the DSC cooling curve of a sample containing 
6.3% t o t a l water, 2.1% of which was clustered. At a cooling rate 
of 20°C/min. the v i t r i f i c a t i o n of the polymer was noted between 
20 and 5°C. The next thermal event observed was the onset of 
freezing of clustered water at -5°C. The c r y s t a l l i z a t i o n process 
proceeded sporadically u n t i l -35°C. At that temperature the 
major portion of the clustered water began to freeze and this 
process was completed by -38°C. The c r y s t a l l i z a t i o n at smaller 
undercooling was believed to be due to freezing of large droplets. 
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Figure 3. DSC curves for PVAc as a function of total percent water content 
(clustered percent in parenthesis) 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



27 . J O H N S O N E T A L . Dielectric Behavior 4 5 7 

Calorimetric Tg Behavior. The comparative Cp curves versus 
temperature of PVAc containing 0.2, 1.8, 4.2 and 4.6 weight per
cent water are plotted i n Figure 3. These Cp curves i n a l l 
cases were run after cooling each sample to -70°C. The lowest 
curve represents a f i l m that has been vacuum dried overnight at 
41°C. The C increased l i n e a r l y with temperature u n t i l the 
glass tr a n s i t i o n which was noted as a discontinuity i n C p bet
ween 35°and 45°C. T g, which i s defined i n this work as the 
midpoint of the tr a n s i t i o n , i s 43°C. The C. curve for a PVAc 
fi l m containing 1.8% water ( a l l unclustered) has the T g shifted 
13°C lower to 30°C. Increasing the l e v e l to 4.2% unclustered 
water lowered Tg to 19°C. In a l l the above cases the tra n s i t i o n 
width of T g was the same, 12°C. 

The upper curve i n Figure 3 represented 4.6% t o t a l water 
with 0.7% of that i n th
clustered water melts nea
the 4.2% unclustered water sample. Thus clustered water has no 
p l a s t i c i z i n g effect on Tg. This was shown dramatically i n the 
curves of Figure 4 which show that when clustered water content 
was increased from 0.7 to 2.1% no s h i f t i n Tg behavior occurred. 

D i e l e c t r i c Behavior; The d i e l e c t r i c loss behavior of poly
sulfone samples was measured below 23°C as a function of unasso
ciated water content. The activation energy of the process was 
calculated to be 11.4 kcal/mole (1.1% H 20) and was i n agreement 
with Allen's prior determination (4). The areas under the loss 
curves of Figure 5 were d i r e c t l y proportional to the amount of 
unassociated water present. This d i e l e c t r i c loss increase of the 
polymer's β-mechanism can be understood i n terms of the motion 
of the water dipoles correlated according to the dynamics of the 
polymer molecules. A calculation of the added dipolar contribu
tion of the water was made and found to be one quarter the value 
that would be obtained i f the water dipoles participated complete-
iy-

An enhanced d i e l e c t r i c loss maximum was observed at -85°C 
when a polysulfone sample which contained 0.76 wt. % unassociated 
water and no detectable l e v e l of clustered water (<0.01 wt. %) 
was run (Fig. 6, curve A). An apparent low temperature broaden
ing of the d i e l e c t r i c loss dispersion was noted for another 
polysulfone specimen with 0.76 wt. % unassociated water and an 
additional 0.04 wt. % clustered water (Fig. 6, curve B). How
ever, when a polysulfone sample which contained the same amount 
of unassociated water as the two prior samples but had 0.16 wt. % 
clustered water was analyzed, i t had a s i g n i f i c a n t l y more intense 
loss peak centered near -105°C (Fig. 6, curve C). We believe 
that this s h i f t i n loss maximum and increase i n loss intensity i s 
caused bv the development of an additional secondary loss peak 
about 20° below the JB-transition (Figure 6). In e a r l i e r work we 
had observed the same phenomenon i n polycarbonate where the new 
loss peak occurred about 40® below i t s β-transition as a separate 
loss peak. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 4. DSC curves for PVAc (clustered percent in parenthesis) 
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Figure 5. Polysulfone beta transition's dielectric loss as a function of unassociated 
water content 
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Figure 6. Effect of clustered water on the polysulfone beta transition's dielectric 
response 
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Polyethylene samples were also exposed to conditions which 
created 0.4% clustered water and d i e l e c t r i c data taken at low 
temperatures on the samples. The same loss maximum noted i n 
polycarbonate and polysulfone near -100°C at 1 kHz was also noted 
i n polyethylene. A special polyethylene sample was molded around 
a PTFE sheet. The PTFE was removed and replaced with d i s t i l l e d 
water. This sample was equivalent to a thin water layer between 
polyethylene sheets. The d i e l e c t r i c behavior of this sample was 
quantitatively equivalent to that of the polyethylene containing 
spherical clusters of water i f the difference i n geometry of the 
water phase i s taken into account. Figure 7 shows the logarithm 
of the frequency of loss maxima due to water clusters versus 
reciprocal temperature for polyethylene, polycarbonate, poly(vinyl 
acetate and polysulfone  The polysulfone data from A l l e n ^ are 
shown for comparison an
ted as a single mechanis
mole. 

The d i e l e c t r i c loss behavior of PVAc was similar 
to that of the other polymers. An increase i n d i e l e c t r i c 
intensity of the polymer's 3 mechanism was d i r e c t l y proportional 
to the amount of unclustered water. In addition when clustered 
water was present two separate low temperature peaks occurred as 
shown i n the frequency dependent data of Figure 8. The higher 
frequency peaks were the result of clustered water. This i s 
confirmed by the s i m i l a r i t y between poly(vinyl acetate) and the 
clustered water peaks of other polymers as plotted i n Figure 7. 

The frequency of ε " maximum versus reciprocal temperature 
was plotted i n Figure 9 for the poly(vinyl acetate) fs β mechanism. 
Samples with 0.2, 2.0 and 4.5% unclustered water are shown. A l l 
samples were held at room temperature and then quenched to~l45°C 
to i n i t i a t e the frequency dependent data c o l l e c t i o n at discrete 
temperatures. The apparent activation energy of the β mechanism 
decreases with increasing unclustered water content providing 
that the samples absorbed water at 23°C. A sample quenched from 
70°C rather than 23°C showed an activation energy close to the 
dry (0.2% water) sample although 4% unclustered water was present. 

With the new c e l l i t was possible to measure d i e l e c t r i c a l l y 
the α transition behavior of poly(vinyl acetate) while retaining 
water within the sample. Figure 10 shows the normalized loss 
for the α t r a n s i t i o n for 0.2, 2.0 and 4.5% unclustered water. 
The shape of the tr a n s i t i o n was independent of water content. 
This was i n agreement with the DSC curves on similar samples 
which also showed no difference i n Tg tr a n s i t i o n breadth as a 
function of unclustered water. 

The plot of frequency of ε " maximum versus reciprocal tem
perature for the α tr a n s i t i o n showed t y p i c a l WLF behavior i n 
Figure 11. A l l these data were f i t to a single WLF equation with 
the f r a c t i o n a l free volume at T g equal to .0225 and the expansion 
coe f f i c i e n t of free volume above T g equal to 5.3 X 10" . 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 7. Dielectric loss maxima due to clustered water in various host polymers 
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Figure 9. PVAc dielectric beta transition loss maxima ν s 1/Ί as a function of 
weight percent water 
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Figure 10. Normalized dielectric loss for PVAc's alpha transition 

In Water in Polymers; Rowland, S.; 
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Figure 11. PVA c alpha dielectric loss maxima vs. 1 /T 
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Figure 12. WLF fit of log dielectric maximum vs. 1/(1 — T0) 
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Figure 13. PVAc dielectric maxima (alpha and beta) vs. 1 /T 
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^ e"max(f) 42+(T-Tg) 

The Τ 1 s of 17, 6 and -4°C for 0.2, 2.0 and 4.5% water i n poly 
(vinyl acetate) were found d i e l e c t r i c a l l y . The s h i f t s of 11°C and 
10°C were similar to the 13°C and 11°C s h i f t s noted by DSC. When 
a l l the d i e l e c t r i c maxima were plotted versus (T-Tg) i n Figure 
12 an excellent f i t to the above WLF equation was noted. The 
additional f r a c t i o n a l free volume obtained when 1% water was 
absorbed was .003. This was i n agreement with e a r l i e r polycar
bonate data. 

Figure 13 shows d i e l e c t r i c loss maxima versus 1/T for both 
the α and 3 transition  i  poly(vinyl acetate) with 0.2% water
Using a WLF extrapolatio
for extrapolating 3, th
plot of the d i e l e c t r i c strength, Δε, of the α t r a n s i t i o n versus 
reciprocal temperature indicated that the α tr a n s i t i o n would 
be inactive at 180°C. The data was consistent with the hypothesis 
that above the merging temperature only the 3 t r a n s i t i o n i s 
active. 

Conclusion 

Water absorbed i n a polymer can exist i n an unassociated 
state or as a separate phase (cluster). In this investigation 
the DSC technique of water cluster analysis was used i n conjunc
tion with coulometric water content measurements to characterize 
the water sorption behavior of polysulfone and poly(vinyl acetate) 
The polysulfone had to be saturated above i t s T g (190°C) and 
quenched to 23°C for cluster formation to occur while cluster 
formation occurred isothermally at 23°C i n the poly(vinyl acetate) 

Both polymers showed an enchancement of their low tempera
ture 3-loss transitions i n proportion to the amount of unclustered 
water present. Frozen clustered water produced an additional low-
temperature d i e l e c t r i c loss maximum i n PVAc and poly
sulfone common to polyethylene and polycarbonate as well. 
D i e l e c t r i c data obtained on a thin f i l m of water between polyethy
lene sheets was i n quantitative agreement with the clustered 
water data. 

The d i e l e c t r i c data on poly(vinyl acetate) 1s α t r a n s i t i o n 
showed a good WLF f i t with a s h i f t i n Ί' occurring with increas
ing unassociated water content but no change i n the shape of the 
loss peak. This was i n agreement with DSC data on the polymer. 
Both DSC and d i e l e c t r i c data showed clustered water had no 
effect on Τ . 

g 

In Water in Polymers; Rowland, S.; 
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Water Absorption in Acid Nafion Membranes 
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Nafion polymers
Company. They are perfluorosulfonic
as separators in electrochemical applications. The backbone of the 
polymer chains consists of perfluoroethylene units whereas the si
de chains are of the form - O - CF2 - CF - O - CF2 - CF2 - SO3M. 
A large amount of work has been published on their 
commercial applications but little work has been done in 
terms of the molecular structure. Ion clustering has been proposed 
by Yeo and Eisenberg (1) from results of small angle X ray scat
tering and dynamic mechanical experiments. This phase separation 
has been confirmed both from experimental (2) and theoretical 
studies (3). Further support for this phase separation has also 
been provided by 23Na NMR studies (4). A model has been proposed 
by T. Gierke (2) to explain the main features of these membranes. 
For the water soaked membrane, clustering of the ionic groups is 
proposed with an average cluster diameter of 40 Å and an average 
distance of 50 Å between cluster centers. The experimental sup
port for this model comes from small angle X-ray scattering ex
periments, electron microscope analysis and water diffusion data 
In order to get more information about the various different pha
ses we have performed different experiments: heat of water ab
sorption measurements, small angle scattering of neutrons and X-
rays, as well as NMR and quasi elastic scattering of neutrons on 
samples containing various amounts of water. We are therefore 
using the water molecules as a probe to obtain information about 
the Nafion structure. A summary of these results is given in this 
paper, which concerns only the interactions of the water molecules 
with the acid form of Nafion. 
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Experimental 
The a c i d sample which has been s t u d i e d here has an e q u i v a l e n t 

weight of 1200 (weight of a c i d polymer per SO3H group) . 
In the water a b s o r p t i o n s tudy , a Setaran thermobalance Β 60 

and a Richard Eyraud isotherm d i f f e r e n t i a l m i c r o c a l o r i m e t e r were 
used . The same experiment permits one to o b t a i n both the s o r p t i o n 
isotherm and the d i f f e r e n t i a l heat a b s o r p t i o n va lues (5) . The a c 
c u r a c i e s were b e t t e r than 0.1 mg and 10"^ c a l / s e c , r e s p e c t i v e l y . 
The r e l a t i v e humidity was obtained by changing the temperature of 
a w a t e r / i c e bath (accuracy 0 .1 °C) which was connected to the sam
p l e . We measured both the amount of absorbed water and the heat of 
a b s o r p t i o n a f t e r a change i n the r e l a t i v e humidity l e v e l . We can 
t h e r e f o r e d e f i n e the average heat of a b s o r p t i o n per water molecu
l e corresponding to the molecules which have been absorbed a f t e r 
t h i s change i n water r e l a t i v e h u m i d i t y . 

The D]1 and D17 machine
i n Grenoble have been used to perform the small angle neutron 
s c a t t e r i n g experiments . The q values (q = ^2L p i n Θ) which are a c 
c e s s i b l e i n these experiments are r e s p e c t i v e l y , 5 χ 10~3 to 
20 χ 1 0 - 3 Â -1 f o r D l l and 1 χ 1 0 " 2 to 20 χ 10~* Â " 1 f o r D17. Such 
experiments t h e r e f o r e permit a demonstration of the ex is tence of 
c l u s t e r s up to a few hundreds of angstroms i n s i z e . 

The NMR experiments were performed at 60 MHz u s i n g the Bruker 
WP 60 pulsed F o u r i e r transform NMR spectrometer . 

The incoherent neutron q u a s i e l a s t i c experiments were p e r f o r 
med w i t h the time of f l i g h t spectrometer IN5 of the I . L . L . . The 
s c a t t e r i n g angle used corresponded to q values ranging from 0.2 
to 1.2 Â " " * . The corresponding energy r e s o l u t i o n was ^ 18 yeV f u l l 
width at h a l f maximum. 

Resul ts 
F i g u r e 1 shows a p l o t of the water l o s s versus temperature 

f o r a sample which has been d r i e d at room temperature f o r 24 hours 
under 10~4 t o r r . NMR experiments on the same s t a r t i n g m a t e r i a l 
g ive evidence of the presence of r e s i d u a l water ; we a l s o observed 
some neutron s c a t t e r i n g at low angles which corresponds to some 
c o n t r a s t because of the presence of water . A f t e r h e a t i n g the sam
p l e at 220°C f o r 30 minutes we observed no f u r t h e r change i n the 
weight l o s s , even a f t e r h e a t i n g to h i g h e r temperatures . T h i s d i f 
ference i n weight between the sample d r i e d at room temperature and 
at 220°C corresponds to a water l o s s because of the r e v e r s i b i l i t y 
of the a b s o r p t i o n / d e s o r p t i o n b e h a v i o u r . We indeed cooled the sam
p l e which has been d r i e d at 220°C down to room temperature, r e h y -
drated i t at 100 % R . H . , then dehydrated i t under vacuum at room 
temperature. Now, i f we heat t h i s sample up to 220°C, we f i n d 
e x c a c t l y the same weight l o s s curve as found p r e v i o u s l y . Such 
behaviour means that we have desorbed water d u r i n g the h e a t i n g 
treatment . In t a b l e I are g iven the amounts of absorbed water 
corresponding to d i f f e r e n t humidity l e v e l s and the corresponding 
numbers of water molecules per S0~H groups . 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 1. Water loss on heating an acid Nafion sample (at 3°C/min) under 10~* 
torr to 220°C (+, after 30 sec at 220°C) 
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TABLE I 

R e l a t i v e humidity % of water Number of water 
molecules per SO3H 

Room T . dry samples 2.5 1.7 
50 % 7.8 5.2 
90 % 13 8.7 

soaked 20 13.3 
b o i l e d 30 20 

F i g u r e 2 shows the corresponding s o r p t i o n i sotherms . The r e 
ference i s the sample which had been vacuum d r i e d at 220°C. The 
a b s o r p t i o n isotherms wer
r e s i s between the f i r s
cannot come back to zero by vacuum d r y i n g , as was p r e v i o u s l y 
p o i n t e d o u t . The subsequent s o r p t i o n and d e s o r p t i o n curves are 
then q u i t e i d e n t i c a l . In f i g u r e 3, we have p l o t t e d the average 
heat of a b s o r p t i o n versus the water c o n t e n t . The empty c i r c l e s 
correspond to the samples d r i e d at room temperature which c o n 
t a i n around 2.3 % of water . By changing the humidity l e v e l we have 
absorbed water up to 4.5 % w i t h an average energy of a b s o r p t i o n of 
around - 12 k c a l / m o l e . We o b t a i n a p l a t e a u up to 7% water , which 
corresponds to about 5 water molecules per SO3H group. For h igher 
amounts of water we then observe a continuous decrease of the 
exothermic v a l u e , down to - 4 k c a l / m o l e . I f we now s t a r t from the 
sample which has been d r i e d at 220°C, we f i n d that the heat of 
a b s o r p t i o n of the f i r s t water molecules i s e x a c t l y the same as we 
have found f o r the samples d r i e d at room temperature. T h i s r e s u l t 
i s important because i t means that the water molecules which have 
not been desorbed at room temperature do not have a l a r g e r b i n d i n g 
energy. We always observe a p l a t e a u , but the decrease i n a b s o r p 
t i o n energy occurs at a lower water c o n t e n t , i n a l l o ther respects 
the shape of the curve i s i d e n t i c a l . 

There i s a r e l a t i v e l y l a r g e c o n t r a s t between the CF2 and H2O 
groups both f o r X - r a y s and f o r neutron s c a t t e r i n g . The X - r a y c o n 
t r a s t i s due to d i f f e r e n c e s i n e l e c t r o n d e n s i t y and the neutron 
c o n t r a s t i s due to d i f f e r e n c e s i n the coherent s c a t t e r i n g l e n g t h . 
Table I I summarizes these d i f f e r e n t v a l u e s . It i s t h e r e f o r e very 
i n t e r e s t i n g to study water c l u s t e r i n g u s i n g these two t e c h n i q u e s . 
P r e l i m i n a r y experiments have been done and are r e p o r t e d i n the 
l i t e r a t u r e (6 ) . F i g u r e 4 shows the neutron s c a t t e r i n g curves 
corresponding to d i f f e r e n t amounts of absorbed water , w h i l e Table 
I g ives the percentages of water and the r e l a t i v e numbers of wa
t e r molecules per SO3H f o r d i f f e r e n t humidity l e v e l s . In f i g u r e 4 
we n o t e o a maximum corresponding to a Bragg spacing of the order 
of 180 A . When the amount of water i n c r e a s e s , we observe a change 
both i n the p o s i t i o n of t h i s maximum and i n the shape o f the 
c u r v e . To get more i n f o r m a t i o n about the phase s e p a r a t i o n pheno
menon suggested by the shape of these curves we soaked some sam-

In Water in Polymers; Rowland, S.; 
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Figure 2. Sorption-desorption curves obtained after drying an acid Nafion sample 
at different temperatures vs. the humidity (P/PJ 
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Figure 4. Small-angle neutron scattering (SANS) curves for different amounts of 
absorbed water 
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TABLE I I 

Chemical u n i t D i f f u s i o n l e n g t h 
b x 1 0 1 2 (cm) 

Number of 
e l e c t r o n s 

H1 - 0.37 1 
D 2 0.67 1 
C 1 2 0.67 6 
0 1 6 0.58 8 
F 19 0.55 9 
CF2 1.68 24 
H 2 0 - 0.168 10 
D2O 1 .95 10 

p i e s w i t h d i f f e r e n t H2O/D2O r a t i o s . In F i g u r e 5 we present the 
d i f f e r e n t s c a t t e r i n g curves which have been o b t a i n e d . I f o n l y two 
phases were p r e s e n t , then each curve would be i d e n t i c a l w i t h every 
other one, except f o r a m u l t i p l i c a t i o n of the i n t e n s i t y by a c o n s 
tant f a c t o r . Since t h i s i s not the c a s e , our r e s u l t s show that we 
have at l e a s t three d i f f e r e n t phases i n our sample. 

F u r t h e r experiments have been performed at l a r g e r angles w i t h 
the D 17 instrument . At these l a r g e r angles (Figure 6) a peak 
appears , i t s p o s i t i o n and amplitude depending on the amount of 
absorbed water . T h i s peak has been s t u d i e d more e x t e n s i v e l y by 
smal l angle X - r a y s c a t t e r i n g (Figure 7 ) . The upswing i n s c a t t e r i n g 
which i s observed f o r 2 θ va lues < 1° corresponds to the increase 
i n s c a t t e r i n g observed w i t h neutrons at q values < 6 . 1 0 " 2 A ~ 1 . For 
l a r g e amounts of water we note the appearance of a peak which may 
correspond to an i n t e r f e r e n c e peak because of a l a r g e volume 
f r a c t i o n of c l u s t e r s . More i n f o r m a t i o n w i l l be obtained about t h i s 
behaviour by working on Nafions n e u t r a l i z e d w i t h Na ; the r e s u l t s 
o f that study w i l l be r e p o r t e d i n the next paper . 

Nuclear magnetic resonance i s a powerful technique which can 
y i e l d i n f o r m a t i o n on dynamic phenomena. Because of the l a c k of 
protons i n the Nafions i t i s e a s i e r to study the water p r o t o n s . 
A s i n g l e l i n e has always been observed f o r water contents between 
2.7 and 20 %. Such behaviour can be expla ined i n two ways : e i t h e r 
we have only one k i n d of water molecule w i t h a w e l l d e f i n e d e n v i 
ronment or we have two or more d i f f e r e n t k inds of water molecules 
w i t h an exchange r a t e l a r g e r than 10~ 3 to 10"^ s e c . In F i g u r e 8 
are p l o t t e d the d i f f e r e n t room temperature chemical s h i f t s and 
l i n e widths corresponding to d i f f e r e n t water c o n t e n t s . We used a 
mixture of 95 % D2O and 5 % H2O as the re ference f o r the chemical 
s h i f t s . In F i g u r e 9 are p l o t t e d the changes i n l i n e width versus 
temperature f o r the d i f f e r e n t samples and i n F i g u r e 10, we r e p o r t 
the v a r i a t i o n s of the s p i n l a t t i c e r e l a x a t i o n time (Tj) versus the 
temperature. From these r e s u l t s we can make the f o l l o w i n g o b s e r v a 
t i o n s . F i r s t of a l l there are two d i f f e r e n t regimes o f water 
a b s o r p t i o n . The f i r s t regime corresponds to the low water contents 
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Figure 5. Small-angle neutron scattering (SANS) curves for an acid Nafion sample 
soaked in water with different HiO/D20 concentrations 
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Figure 6. Small-angle neutron scattering curves at larger q values (D17) for high 
water contents 
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Figure 7. Small-angle X-ray scattering (SAXS) curves for different amounts 
absored water 
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Figure 8. Room temperature chemical shift and line width changes vs. water con
centration. The reference for the chemical shifts measured at 60 MHz is a mixture 

of 95% D2Q and 5% HsO. 
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Figure 9. Temperature dependence of the line width for samples with different 
amounts of water (NMR, 60 MHz) 
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Figure 10. Proton spin lattice relaxation time dependence vs. temperature for 
different water contents (NMR, 60 MHz) 
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up to 4.4 %, and i s c h a r a c t e r i z e d by s i g n i f i c a n t decrease i n both 
the chemical s h i f t and the l i n e w i d t h . 

Only one k i n d of motion i s detected w i t h the samples, c o r r e s 
ponding to t h i s f i r s t regime of a b s o r p t i o n (2.7 and 2.8 %) . A c o n 
t inuous decrease of the l i n e width i s indeed observed when these 
samples are heated from low temperature up to room temperature , 
and a s i n g l e minimum f o r Tj appears around room temperature . 

The second regime of water a b s o r p t i o n extends from 4.4 to 
20 % and no important change occurs e i t h e r f o r the chemical s h i f t 
or the l i n e w i d t h . For a l l the samples corresponding to t h i s 
second regime, we observe a s i m i l a r behaviour of the l i n e width 
versus temperature. When the samples are heated, the l i n e width 
decreases up to 250 Κ and then remains c o n s t a n t . Two minima appear 
i n the Tj curves versus the temperature . Such behaviour suggests 
the presence of a more complex motion than i s found i n the f i r s t 
regime. At low temperature
s i v e motion . The c h a r a c t e r i s t i
ponding to t h i s low temperature Tj minimum can be estimated to be 
^ 1.6 χ 10~"9 s e c . The a c t i v a t i o n energy a s s o c i a t e d w i t h t h i s m i n i 
mum i s 3-4 k c a l / m o l e . When the amount of water d e c r e a s e s , the low 
temperature minimum moves to h igher temperatures . The corresponding 
motion i s t h e r e f o r e more and more d i f f i c u l t . The change i n beha
v i o u r above 250 Κ f o r the l i n e width probably corresponds to the 
onset of another k i n d of mot ion , presumably long range s e l f - d i f 
f u s i o n . The c h a r a c t e r i s t i c time f o r t h i s second motion i s always 
1.6 10"~9 S e c at the temperature corresponding to the h i g h tempe
r a t u r e Tj minimum. 

The incoherent neutron q u a s i - e l a s t i c s c a t t e r i n g technique 
gives i n f o r m a t i o n about the motions o f the hydrogen atoms on a 
s h o r t e r time s c a l e than NMR. In f i g u r e 11 we observe a s i n g l e peak 
at zero energy t r a n s f e r and w i t h a width corresponding to the r e 
s o l u t i o n of the instrument (^ 18yeV i n the present case f o r IN5) . 
T h i s spectrum has been obtained w i t h a n a f i o n sample dehydrated 
at h i g h temperature. The spectrum of a soaked sample i s d i f f e r e n t 
(F igure 12). We note here the presence of a broad l i n e superimpo
sed on the e l a s t i c l i n e of F i g u r e 11. Such a broadening proves 
the e x i s t e n c e of a d i f f u s i v e random motion of the water protons 
w i t h a c h a r a c t e r i s t i c time <10~10 sec. The l i n e width dependence 
versus q i s not p r o p o r t i o n a l to q 2 . Therefore the motion i n v o l v e d 
i n t h i s broadening i s not o n l y a long range s e l f d i f f u s i o n . In 
f a c t the broad l i n e i s not a simple L o r e n t z i a n l i n e but seems to 
be the s u p e r p o s i t i o n of two or more L o r e n t z i a n l i n e s . The broadest 
component has a width of about 100 yeV corresponding to a τ ^ 
10~**sec. T h i s l i n e can be a s s o c i a t e d w i t h the low temperature mo
t i o n detected by NMR s p i n l a t t i c e r e l a x a t i o n measurements. The 
v a l u e f o r t h i s low temperature ÎMR motion e x t r a p o l a t e d to room 
temperature i s τ ^ 2.4 1 0 " 1 1 sec. T h i s va lue i s c o n s i s t e n t w i t h 
the c h a r a c t e r i s t i c time obtained from neutron experiments . The 
h i g h temperature motion detected by NMR would correspond to a 
neutron q u a s i - e l a s t i c l i n e w i d t h of the order of magnitude of the 
i n s t r u m e n t a l r e s o l u t i o n of the IN5 d e v i c e . T h i s second motion 
may there fore e x p l a i n the presence of t h i s complex l i n e . More 
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Figure 11. Incoherent quasi-elastic neutron scattering spectrum obtained with a 
220°C dehydrated acid Nafion sample (q — 0.59 A-1) 
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Figure 12. Incoherent quasi-elastic neutron scattering spectrum obtained from a 
water-soaked acid Nafion sample (q = 0.59 Â1) 
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experiments have a l r e a d y been performed and a more d e t a i l e d a n a l y 
s i s i s i n progress and w i l l be p u b l i s h e d (7) . 

C o n c l u s i o n 
L e t us summarize here the d i f f e r e n t r e s u l t s me have o b t a i n e d . 

F i r s t of a l l , by vacuum d r y i n g a t room temperature f o r 24 hours 
under 10 mmHg we do not desorb a l l the water. T h i s undesorbed 
water has been found to have the same b i n d i n g energy as the other 
water molecules . Such behaviour suggests that these undesorbed 
water molecules are trapped i n the n a f i o n and have to overcome a 
l a r g e energy b a r r i e r i n order to d i f f u s e out of the polymer. The 
water r e t e n s i o n i s thus a k i n e t i c phenomenon. The drop i n the 
exothermic va lue of the water a b s o r p t i o n for l a r g e r amounts of 
water i s probably the r e s u l t of matr ix s w e l l i n g . The w a t e r - i o n 
and the water-water i n t e r a c t i o n s permit the e l a s t i c deformation 
of the polymer i . e . the
the hydrated zone. T h i s correspond
which produces a drecrease i n the t o t a l exothermic e f f e c t . By 
vacuum d r y i n g of the sample a t 220°C we produce a change i n the 
s t r u c t u r e of the polymer and the decrease i n the energy of a b s o r p 
t i o n occurs f o r lower water contents because of a l a r g e r e n d o t h e r 

mic e f f e c t . 

The main r e s u l t from the smal l angle neutron and X - r a y expe
riments i s the demonstration of the presence of more than two 
phases i n t h i s sample. There are three regions of i n t e r e s t : an 
i n c r e a s e of the s c a t t e r i n g curve a t v e r y low q v a l u e s , a peak 
which appears i n a q range corresponding to a few hundreds of 
Angstroms i n terms of Bragg d i s t a n c e , and another peak at l a r g e r 
angle which i s seen both i n X - r a y and neutron experiments. The 
p o s i t i o n and amplitude of these peaks depend on the amount of 
absorbed water. 

Interest ing r e s u l t s have been obtained by a combination of 
NMR and q u a s i - e l a s t i c incoherent neutron s c a t t e r i n g . The presence 
of one s i n g l e l i n e i n an NMR spectrum, f o r a l l the water c o n c e n t r a 
t i o n s , can be i n t e r p r e t e d i n two ways : e i t h e r we have o n l y one 
k i n d of water molecule w i t h a very w e l l d e f i n e d environment or 
we have d i f f e r e n t k i n d s subject to a f a s t chemical exchange 
(τ < ΙΟ" - 3 s e c ) . Two regimes of a b s o r p t i o n have been demonstrated 
and two d i f f e r e n t motions have been c h a r a c t e r i z e d both by NMR 
s p i n l a t t i c e r e l a t i o n time measurements and q u a s i - e l a s t i c i n c o h e 
rent neutron s c a t t e r i n g . From these r e s u l t s and from r e s u l t s 
obtained on the N a f i o n s a l t s (8) a s t r u c t u r a l model w i l l be p r o 
posed (9) . 
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Water Absorption in Neutralized Nafion Membranes 

B. RODMACQ, J. M. COEY1, M. ESCOUBES2, E. ROCHE, R. DUPLESSIX3, 
A. EISENBERG 4, and M. PINERI 

Centre d'Études Nucléaires de Grenoble, 38041 Grenoble Cédex, France 

In the previous paper (1) we have studied the water-polymer 
interactions in acid Nafions +. In this paper we want to report 
some results we have obtained on the interactions between water 
and Nafion neutralized with different cations. The energy of water 
absorption has been measured over the whole range of relative hu
midities using the same technique as described previously (1). 
Mössbauer spectra were obtained in order to get information about 
the change of environment of the iron atomes during hydration. In 
addition, small angle neutron and X-ray scattering experiments ha
ve been performed to define a possible phase segregation. From 
these results, combined with those obtained in the preceeding (1) 
paper we propose a model of clustering in the Nafion membranes. 

The neutralized Nafion samples have been obtained by soaking 
the acid samples in solutions containing iron chloride or sodium 
hydroxide. 

Heat of Absorption Measurements 

This experiment has been described in the previous paper (1). 
Figure 1 shows the water loss versus temperature for a heating 
rate of 3°C/min. The samples (.4mm thick) have f irst been dried 
for 24 hours under vacuum (10-4 torr) at room temperature. The 
weight loss obtained after such a heating procedure must corres
pond to a water loss because the behaviour observed after rehydra
tion is completely reversible. It has to be noted that the amount 
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Figure 2. Room temperature water absorption isotherms for the Na salt 
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of undesorbed water at room temperature i s three times larger for 
the iron s a l t than for the sodium s a l t and the equilibrium va
lue i s obtained after a 30 minutes annealing at 220°C for the 
iron s a l t . Figures 2 and 3 show the sorption-desorption isotherms 
for the Na + and F e + + salts. The behaviour i s very similar. For 
both samples we observe a different absorption curve for the 
sample dried at 220°C. For rel a t i v e humidity values, only a few 
water molecules are absorbed. Then, beyond a r e l a t i v e pressure 
value of 0.25, there i s a drastic increase in the amount of water 
absorbed. The corresponding desorption curves are then exactly the 
same as the sorption and desorption curves of the room temperature 
dried sample. In Figure 4 are plotted the average energy of absorp
tion for the di f f e r e n t water molecules absorbed i n the iron sample. 
The empty c i r c l e s correspond to the values obtained when starting 
with the sample dried a
% of water. The averag
Kcal/mole, i t then decreases after a water content of about 8 %. 
The f i l l e d c i r c l e s correspond to the sample which has been dried 
at 220°C. As was previously observed for the acid sample (J_) the 
energy of the f i r s t absorbed water molecules i s also 13 kcal. The
refore, as before, the water molecules which had not been desorbed 
at room temperature do not have a larger binding energy. For this 
sample the decrease i n energy occurs for lower amounts of water 
(y 5 %) because more energy i s needed to change the structure of 
the polymer. Corresponding curves are plotted i n Figure 5 for the 
Na sa l t s . 
Mossbauer Spectroscopy 

Experimental Methods. The acid form of the membrane with an 
equivalent weight (i . e . the weight of polymer per SO3H group) of 
1200 was neutralized to about 50 % by immersion of a thin f o i l 
(=300 ym) in an aqueous solution of 57-ferric chloride. The samples 
were dried i n vacuum at room temperature and then hydrated at d i f 
ferent humidity levels. For a given humidity l e v e l , the quantity 
of absorbed water i s largely dependent on the state of the polymer 
i.e. whether i t i s an acid or a salt . As the samples we have stu
died are neutralized to 50 %, i t i s not yet possible, from the 
weight increase, to estimate the amount of water molecules fixed 
by the neutralized groups which are the only ones observable 
by MSssbauer spectroscopy. 

Mossbauer spectra have been recorded i n a conventional trans
mission geometry i n the constant acceleration mode. The tempera
ture of the sample could be varied from 4.2 Κ up to room tempera
ture by means of a l i q u i d helium cryostat, the source (57ςο i n Rh) 
being kept at room temperature. The MSssbauer experiments were 
carried out i n the "Laboratoire d fInteractions Hyperfines" at 
the CEN-Grenoble. 
Results. Figure 6 shows Mossbauer spectra of a sample dried i n 
vacuum at room temperature. The main features are the following : 
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Figure 6. Mossbauer spectra of the Fe salt: (-\-) experimental points; (—) theoret
ical fit with two doublets. 
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- f - factor ( i . e . the area of the absorption spectrum) decreases 
rapidly with increasing temperature and reaches zero at about 
300 K. 

- there i s no evidence of a magnetic hyperfine structure at low 
temperature. 

- the mean quadrupolar s p l i t t i n g i s of the order of 3.2 mra/s, 
which i s characteristic of ferrous ion, although the Nafion 
membranes have been neutralized with f e r r i c chloride. The mean 
quadrupolar s p l i t t i n g decreases when the temperature increases. 

- the shape of the peaks i s asymmetric, and this asymmetry increa
ses with increasing temperature. Moreover, the re l a t i v e i n t e n s i 
t i e s of the peaks vary with increasing temperature. 

The changes of the spectrum as a function of temperature 
showed us that i t would t b  possibl  t  f i t th  experimental 
data by only one doublet
DII in the rest of thi  paper  give
hyperfine parameters corresponding to the spectra of figure 6, 
δ i s the chemical s h i f t , Δ i s the quadrupolar s p l i t t i n g , Γ i s 
the line width and f are the r e c o i l free fractions. We have per
formed other Mossbauer experiments on samples with different 
amounts of water. We have f i t t e d the experimental spectra with 
the same components DI and DII. Such a decomposition gives a 
continuous change i n the r e l a t i v e proportion of the iron atoms 
corresponding to the doublets DI and DII. 

TABLE I 

Τ 
κ 

6 I 
mm/ s 

Δ / mm/ s Γ , mm/ s f 
a.u 

f t o t 
a. u 

4.2 
D I 
D II 

1.34 
1.35 

3.46 
3.03 

0.33 
0.47 

0.32 
0.65 

0.97 

70 
D I 
D II 

1.35 
1.35 

3.40 
2.98 

0.33 
0.48 

0.32 
0.40 0.72 

140 
D I 
D II 

1.31 
1.30 

3.25 
2.73 

0.39 
0.53 

0.24 
0.23 0.47 

210 
D I 
D II 

1.26 
1.20 

2.92 
2.15 

0.49 
0.52 

0.18 
0.08 0.26 

270 
D I 
D II 

1.16 
1.11 

2.70 
1.78 

0.67 
0.60 

0.06 
0.03 0.09 
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Discussion. The f i t of the experimental spectra by means of 
two quadrupolar doublets corresponds to the existence of two d i f 
ferent iron sites i n water containing Nafion membranes. The pro
portion of the iron atoms connected with the doublet DI increases 
when the water content increases. In samples dried under vacuum 
at room temperature this proportion i s 30 % and i t increases up to 
90 % for a water soaked sample. I t seems therefore reasonable to 
identify this s i t e with a Fe(H20)++ complex. Indeed, we know both 
from NMR and heat of absorption measurements that there are some 
water molecules l e f t i n the sample dried at room temperature (J_). 
We can also note, that the value of the quadrupolar s p l i t t i n g i s 
not very different from that of frozen solutions of FeCl2 and 
FeS04 as measured by Nozik and Kaplan (2). These authors showed 
that the dissolution of these salts i n water led to the formation 
of Fe(H20)£ + complexes  The other doublet DII would represent a 
less hydrated ferrous iron
species decreasing whe

Conclusions. From these results we can conclude the follow
ing : 
- water i s located close to the iron ions. 
- the water molecules are not randomly distributed around the 

iron ions but form complexes with the cations with well defined 
structures. 

- there are two different kinds of iron atoms with different 
environments, one with a high water content (DI) and the other 
with none or very few water molecules (DII). 

A more detailed analysis of these results w i l l be developped 
in another publication (3). 
Small angle scattering results 

The physical structure of Nafions sa l t s has been explored 
by neutrons (SANS) and X rays (SAXS). The former method i s sensi
tive to fluctuations i n the coherent neutron scattering cross sec
tion while the l a t t e r detects fluctuations i n the electron densi
ty. Such fluctuations arise i n the Nafions from p a r t i a l c r y s t a l 
l i z a t i o n of the samples and from clustering of the ionic groups or 
water molecules i n hydrated samples. 

As discussed in the accompanying paper, three different scat
tering signals arise i n Nafions, each occuring over a different 
range of values of the scattering vector Q. These signals are 
believed to arise from impurities (this i s a tentative assignment), 
structures involving c r y s t a l l i n e perfluoroethylene units, and 
structures involving clustered ionic groups and water molecules. 
These same three scattering signals have been observed i n a l l acid, 
iron s a l t , and sodium salt samples which had not been quenched. 
Thus a basic s i m i l a r i t y exists between the acid and the s a l t form 
in the overall structure, showing that the neutralization does not 
lead to a large scale reorganization as i s observed i n other 
ionomers. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



496 WATER IN POLYMERS 

In the accompanying paper i t has been noted that the scatte
ring a r i s i n g from c r y s t a l l i n e regions complicated the interpre
tation of the scattering a r i s i n g from the ionic structures since 
the two signals overlap i n Q space. To eliminate this d i f f i c u l t y 
the method of quenching from the melt has been used for Na + s a l t s . 
Such a procedure i s not possible for the acid form since the 
material degrades at temperature high enough to melt the crystals. 
The quenching procedure involves maintaining a sample at 330°C for 
one hour i n the melt followed by quenching rapidly to room tempera
ture by passing a cold gas over the film. Wide angle X ray scat
tering studies show the disappearance of the c r y s t a l l i n e maximum 
in quenched samples. The SANS signal a r i s i n g from c r y s t a l l i n e 
superstructures i s also seen to disappear i n a quenched sample as 
shown i n Figure 7, leaving only the scattering component at very 
low q, which i s believe

The study of scatterin
used to analyze the structure arising from clustering of ions and 
water molecules. Figure 8 shows SAXS curves for such samples at 
diff e r e n t degrees of hydration. The curves for the samples dried 
at room temperature and hydrated at 50 % or at 83 % re l a t i v e humi
dity show no scattering maxima, as i s characteristic of scattering 
from widely separated p a r t i c l e s . SAXS curves from soaked and b o i 
led Na + samples show scattering maxima. The maxima are attributed 
to i n t e r p a r t i c l e interference effects which arise at higher p a r t i 
cle concentrations. This maximum has also been observed by SANS. 

The size of the scattering e n t i t i e s can be d i r e c t l y obtained 
for scattering curves without maxima by means of a Guinier plot 
of £nIvs.Q2. Such an analysis may also be made for the curves 
exhibiting maxima but i s only highly approximate due to the impor
tance of the i n t e r p a r t i c l e interference function which i s not t a 
ken into account in the Guinier analysis. Results for the radius 
of gyration obtained from the slope of such plots are l i s t e d i n 
table II. It i s seen Qthat radius of gyration of the particules i s 
constant at about 8 A up to 83 % R.H. but then increases to 15 and 
20 Â for the soaked and boiled samples. An analysis of the SANS 
curve for a boiled sample has been made on the basis of a hard 
sphere model. In this model i n t e r p a r t i c l e interference i s taken 
into account allowing a f i t of the scattering maximum. A radius 
of gyration of 24 A has been found from such a f i t . 

TABLE II 

Humidity level Dry R.T. 50% R.H. 83% R.H. Soaked Boiled 

Rg(A) 8 6 8 15 24 

η χ 10" 1 9 

3 
(number/cm ) 

0.6 1.5 3.1 2.2 1.9 
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Figure 7. Small-angle neutron scattering curve of the quenched and unquenched 
Ν a salt. Measurements done at room temperature. 
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d ( A ) 

100 25 15 

2Θ° 

Figure 8. Small-angle X-ray scattering curve of the quenched Na salt with different 
water contents 
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The number of scattering p a r t i c l e s per unit volume, n, may 
also be calculated at different hydration levels from the equation: 

3 0 (H90) 
η ^ _ (1) 

4 π RJ 

s 
112 

where R = (5/3) Rg and 0 (H2O) denotes the volume fr a c t i o n of 
water wêich i s determined from the weight f r a c t i o n and overall 
density. It i s assumed here that the scattering p a r t i c l e s contain 
only water and that a l l of the water i n the sample i s clustered. 
The l a t t e r assumption has been v e r i f i e d within experimental error 
from an analysis of the total scattering invariant which has been 
calculated from the absolut
for η l i s t e d i n Table Π
contents and then a s l i g h t decrease at large water contents. I t i s 
noted that this decrease i n η implying p a r t i c l e coalescence i s i n 
apparent contradiction to the hard sphere model used above. 

A more detailed analysis of these results w i l l be given in 
another publication (4). 
Conclusion 

In this conclusion we just want to propose a possible model 
for the structure of Nafion consistent with a l l the results we 
have obtained. It should f i r s t be pointed out that there i s no 
large change i n the macrostructure between the acid and s a l t forms 
of the Nafion membranes. Indeed, we observe exactly the same mul
tiphase separation as seen from small angle X-ray and neutron 
scattering experiments. The changes i n these curves with the 
amount of absorbed water are quite similar. We only note a small 
change i n the ionic cluster sizes depending on the nature of the 
ion (H +, Na + or Fe++). The structure of the ionic phase i s not 
changed by quenching the sample from 330°C. Such a procedure 
permits us to get r i d of the c r y s t a l l i n e phase. I t i s therefore 
possible to get information about the structure of these Nafion 
polymers from our experimental results obtained from the acid, as 
well as the quenched an unquenched sa l t forms. 

The kind of model which can be proposed i s summarized i n 
Figure 9. It i s a three-phase model with a c r y s t a l l i n e phase, an 
ionic cluster phase and an intermediate " i o n i c " phase of lower 
ion content. For the sample dried at room temperature we have the 
micro c r y s t a l l i t e s , the diameters of which are a few hundreds of 
angstroms. Such a result i s i n agreement with both electron micros
cope and X ray experiments. Dark f i e l d pictures obtained with these 
materials show the presence of small microcrystallites of the 
size mentionned above. By quenching the Na salt, the peak i n the 
SANS curves corresponding to the microcrystallites disappears. 
An X ray pattern of such a sample shows that there i s no c r y s t a l 
line phase l e f t . The ionic clusters have a diameter of around 
20 A as measured by small angle X ray scattering experiments. Most 
of the water l e f t in this sample i s trapped inside these cluster. 
In this phase, we also have the iron atoms corresponding to the 

In Water in Polymers; Rowland, S.; 
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Figure 9. Model of the Nafion structure 
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doublet DI, the percentage of which i s around 30 % as defined 
from Mossbauer measurements. The las t phase i s an intermediate 
phase which contains the iron atoms corresponding to the doublet 
DII (a possible structure of which may be - SO3- F e + + ~ O3S). For 
the soaked sample we have an increase i n both the average size 
and the volume fr a c t i o n of the ionic clusters. The re l a t i v e num
ber of F e + + ions with a water environment (DI) i s increased up 
to 90 %. 

The model presented above i s i n accord with a l l our experi
mental results. A more detailed analysis, taking into account 
the quantitative aspects of the water motion obtained from the 
quasi-elastic neutron scattering experiments, w i l l be presented 
in the near future (5). 
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The Interactions of Water with Epoxy Resins 

P. ΜΟY and F. E. KARASZ 

Polymer Science and Engineering, University of Massachusetts, Amherst, M A 01003 

The s t r u c t u r a l p r o p e r t i e
m o d i f i e d by the s e r v i c
example b e i n g i n t e r a c t i o n w i t h a tmosphe r i c m o i s t u r e . Water 
i nduced p l a s t i c i z a t i o n i s a common o c c u r r e n c e , y e t depend ing upon 
the c h e m i s t r y and morphology o f the po lymer e n c o u n t e r e d , the 
na t u r e o f the i n t e r a c t i o n p roce s s may t a ke w i d e l y d i f f e r e n t 
r o u t e s . Some degree o f s p e c i f i c i t y must be assumed i n d i s c u s s i o n s 
r e l a t i n g the s t a t e o f so rbed wa te r i n d i f f e r e n t p o l y m e r i c sy s tems. 

The r e s u l t s p r e s en ted i n t h i s paper a re p a r t o f a c o n t i n u i n g 
s tudy d e a l i n g w i t h the w a t e r - i n d u c e d p l a s t i c i z a t i o n o f a h i gh p e r 
formance epoxy r e s i n . The r e s i n , based on a t e t r a f u n c t i o n a l epoxy 
monomer cu red w i t h an a r o m a t i c d i a m i n e , i s a h i g h l y c r o s s - l i n k e d 
sys tem w i t h a h i gh a t t a i n a b l e Tg (>200°C). T h i s sy s tem has u t i l 
i t y as a m a t r i x m a t e r i a l f o r r e i n f o r c e d compos i te s w i d e l y used i n 
ae ro space a p p l i c a t i o n s . A l t hough the g l a s s t r a n s i t i o n tempera tu re 
o f the d r y r e s i n i s f a r above ambient t e m p e r a t u r e s , the m o i s t u r e -
depre s sed Tg o f t h e m a t e r i a l can f a l l w i t h i n the use t empe ra tu re 
o f t he r e s i n . I n s t a b i l i t i e s i n t he mechan i ca l p r o p e r t i e s b rought 
about by the o n s e t o f the g l a s s t r a n s i t i o n i s sometimes s u f f i c i e n t 
t o i n i t i a t e f a i l u r e p r o ce s s e s i n t he se m a t e r i a l s . 

In an e a r l i e r paper (1_), the ambient s o r p t i o n b e h a v i o r o f 
t h i s r e s i n was examined. These s t u d i e s have now been extended t o 
h i g h t e m p e r a t u r e s . More r e l e v a n t i n s i g h t may be ga i ned i n t h i s 
manner s i n c e the se expe r iment s w i l l more c l o s e l y s i m u l a t e the 
a c t u a l c o n d i t i o n s a t wh ich the p l a s t i c i z a t i o n p roce s s o c c u r s . 
Knowledge o f the e q u i l i b r i u m we i gh t ga in o f t he r e s i n a t v a r i o u s 
tempera tu re s a l s o p e r m i t s a q u a n t i t a t i v e e v a l u a t i o n o f t he p l a s t i 
c i z a t i o n p roce s s i n terms o f t h e o r e t i c a l e x p r e s s i o n s . The e f f e c t 
o f so rbed wate r on t he s t a t e o f the hydrogen bonds i n the epoxy 
sys tem and i t s p o s s i b l e c o r r e l a t i o n t o g l a s s t r a n s i t i o n d e p r e s s i o n 
phenomena has a l s o been examined i n t h i s s t u d y . F i n a l l y , i t was 
found i n the cou r se o f t he se s t u d i e s t h a t the ob se rved d i s c o n t i n u 
i t y i n the heat c a p a c i t y o f t h i s network system a t the g l a s s t r a n 
s i t i o n i s a v e r y s t r o n g f u n c t i o n o f the degree o f c r o s s - l i n k i n g . 
In f a c t , a t h i gh e x t e n t s o f c u r e , t he t r a n s i t i o n becomes impe r cep -
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t i b l e by s cann i ng c a l o r i m e t r y . F u r t h e r d i s c u s s i o n w i l l be g i v e n 
t o t h i s f i n d i n g and i t s r e l a t i o n t o the obse rved p l a s t i c i z a t i o n 
phenomenon. 

E xpe r imen ta l 

The p r i n c i p a l r e s i n i n v e s t i g a t e d i n t he se s t u d i e s i s f o rmu
l a t e d f rom a 27 we i gh t p e r c e n t m i x t u r e o f 4 , 4 ' - d i a m i n o d i pheny l 
s u l f o n e (DDS) and 73 w e i g h t p e r c e n t t e t r a g l y c i d y l - 4 , 4 ' - d i a m i n o d i -
phenyl methane (TGDDM). C u r i n g was e f f e c t e d t h e r m a l l y a t 177°C 
f o r 24 hour s . Samples used i n s o r p t i o n measurements were molded 
f i l m s , 10 t o 15 m i l s t h i c k . 

The i s o t h e r m a l s o r p t i o n b e h a v i o r o f t he TGDDM-DDS sys tem a t 
e l e v a t e d tempera tu re s was s t u d i e d u s i n g a q u a r t z s p r i n g m i c r o
ba l ance (2). Samples suspende
t i v i t y 3 mm/mg were s e a l e
bu lb s c o n t a i n i n g w a t e r . Measurements were i n i t i a t e d f o l l o w i n g the 
r e l e a s e o f t he wate r by s u c c e s s i v e f r e e z e - t h a w c y c l e s . The tem
p e r a t u r e o f t he measurement was r e g u l a t e d by a f u r n a c e e n c l o s i n g 
the s p r i n g a s sembly . The p r e s s u r e w i t h i n the sys tem was v a r i e d by 
chang ing the tempera tu re o f a heated bath i n t o wh i ch t h e l owe r 
p o r t i o n o f the s o r p t i o n c e l l was immersed. Changes i n the w e i g h t 
o f the sample were de te rm ined by m o n i t o r i n g the e x t e n s i o n o f the 
s p r i n g assembly w i t h a c a t h e t o m e t e r . 

The dep re s sed g l a s s t r a n s i t i o n tempera tu re s o f the r e s i n a t 
v a r i o u s c o n c e n t r a t i o n s o f s o rbed wa te r were de te rm ined u s i n g s c a n 
n i n g c a l o r i m e t r y . Samples o f the r e s i n were f i r s t c o n d i t i o n e d 
w i t h an exces s o f wa te r i n l a r g e volume s t a i n l e s s s t e e l DSC pans 
a t p r ede te rm ined t empera tu re s then scanned a t 20 deg/min. Heat 
c a p a c i t y measurements were a l s o made w i t h a P e r k i n - E l m e r DSC-2 
s cann i ng c a l o r i m e t e r . 

The i n f r a r e d a n a l y s i s was per fo rmed u s i n g samples cu red be 
tween s i l v e r c h l o r i d e p l a t e s . C o n d i t i o n i n g o f t he r e s i n was 
a c h i e v e d by immers ion i n w a t e r . High tempera tu re scans were made 
u s i n g a tempera tu re r e g u l a t e d sample c e l l . S p e c t r a were o b t a i n e d 
w i t h a P e r k i n - E l m e r 283 s p e c t r o p h o t o m e t e r . 

R e s u l t s and D i s c u s s i o n 

I so the rma l s o r p t i o n p l o t s o f the TGDDM-DDS sys tem a re shown 
i n F i g u r e 1. From the se r e s u l t s two d i s t i n c t reg imes o f s o r p t i o n 
b e h a v i o r may be d i s c e r n e d . Wh i l e the l owe r tempera tu re p l o t s a r e 
s i g m o i d a l cu r ve s o f the t ype I I i s o t he rms i n the BET c l a s s i f i c a 
t i o n (3»), the h i gh tempera tu re i s o the rms approach a l i n e a r depen
dence a t the h i g h e r p a r t i a l p r e s s u r e s . The former i s o f t e n i d e n 
t i f i e d w i t h a m u l t i l a y e r s o r p t i o n p roce s s i n wh ich i n i t i a l s o rbed 
wa te r mo l e cu l e s a re a b l e t o i n t e r a c t w i t h b i n d i n g s i t e s on the 
po lymer w h i l e subsequent mo l e cu l e s a s s o c i a t e w i t h t he p r i m a r y 
l a y e r i n l i q u i d w a t e r - l i k e s t r u c t u r e s . The l a t t e r regime however, 
approaches s i m p l e s o l u t i o n s o r p t i o n . A t e l e v a t e d t e m p e r a t u r e s , 
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Figure 2. Glass temperature depression data: (—) calculated line as predicted by 
Equation i 
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the average thermal energy o f the sys tem exceeds t h a t due to any 
l o c a l i z e d p o l a r i z a t i o n e f f e c t s . The s o r p t i o n p r oce s s may then be 
a s y m p t o t i c a l l y approx imated by a H e n r y ' s Law dependence on t he 
a c t i v i t y o f the p e n e t r a n t . 

The e q u i l i b r i u m we i gh t ga in s a t t he se t empera tu re s a re com
p i l e d i n T a b l e I. 

T a b l e I. 
G l a s s T r a n s i t i o n Temperature Dep re s s i on Data 

C o n d i t i o n i n g 
Temp. (°K) 

E q u i l i b . Wt. Ga in 
o f Water (wt %) 

Τ E xpe r imen ta l 
9 (°K) 

Τ C a l c u l a t e d 
9 (°K) 

348 1.27 438 443 
373 0.8
398 0.7
423 0.68 461 461 
448 0.67 467 462 

From the se v a l u e s , one may c a l c u l a t e and compare t he e f f e c 
t i v e g l a s s t r a n s i t i o n tempera tu re o f t he r e s i n as a f u n c t i o n o f 
d i l u e n t c o n c e n t r a t i o n . Gordon e t a l . have r e c e n t l y d e r i v e d an 
e x p r e s s i o n r e l a t i n g the g l a s s t empe ra tu re o f a p o l y m e r - p l a s t i c i z e r 
m i x t u r e t o the g l a s s t empera tu re s o f the components on the b a s i s 
o f the c o n f i g u r â t ! o n a l e n t r o p y t h e o r y o f g l a s s f o r m a t i o n ( 4 ) . 
T h e i r d e r i v e d e x p r e s s i o n was a l s o o b t a i n e d f rom a c l a s s i c a l t h e r 
modynamic argument by Couchman and Kara sz ( 5 j . The e x p r e s s i o n was 
g i v e n a s : 

φ Τ α 1 + ( Ι - Φ ) Τ Κ 
Τ ( φ ) = _ a î ( i ) 

9 Φ + 0 - Φ ) κ 

i n wh ich φ i s the volume f r a c t i o n o f p l a s t i c i z e r p r e s e n t , T g i ^ 
i s t he g l a s s t r a n s i t i o n tempera tu re o f the d i l u e n t and polyffief 
r e s p e c t i v e l y and Κ i s a parameter i n i t i a l l y a d j u s t a b l e t o y i e l d a 
b e s t f i t o f the d a t a . However, Κ may a l s o be f o r m a l l y i d e n t i f i e d 
w i t h the r a t i o Δ 0 ρ 2 / Δ 0 ρ ι where A C p i , 2 r e p r e s e n t s t he d i s c o n t i n u i t y 
i n heat c a p a c i t y a t T q l 2 r e s p e c t i v e l y . U s i n g v a l ue s o f Τ = 
134°K, T q 2 = 483°K, p 2 (po lymer d e n s i t y ) » 1.26 gm/ml g i and 
Κ = 0 .127, a compar i son o f the c a l c u l a t e d and e x p e r i m e n t a l l y o b 
t a i n e d g l a s s t empera tu re s o f t he m i x t u r e a c c o r d i n g t o e q u a t i o n ( i ) 
i s shown i n F i g u r e 2. I t i s seen t h a t the agreement i s q u i t e good 
a t sma l l volume f r a c t i o n s o f p l a s t i c i z e r . S i n c e e q u a t i o n ( i ) was 
d e r i v e d f o r b i n a r y m i x t u r e s wh ich obey the laws o f r e g u l a r s o l u 
t i o n s , i t may be assumed t h a t under t he se e x p e r i m e n t a l c o n d i t i o n s , 
t he epoxy -wa te r sy s tem may a l s o be t r e a t e d as s uch . The i m p l i c a 
t i o n s o f the c o m p a r a t i v e l y low va l ue o f Κ a re d i s c u s s e d be low. 
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I t has been shown t h a t t he m a j o r i t y o f the p o l a r m o i t i é s i n 
epoxy -d i amine ne two rk s , such as hydroxy ! groups gene ra ted by the 
c r o s s - l i n k i n g r e a c t i o n and r e s i d u a l amino hydrogens , t a ke p a r t i n 
i n t e r - o r i n t r a m o l e c u l a r hydrogen bonds (6.,7). I ndeed, a t ambient 
t e m p e r a t u r e s , t he i n f r a r e d hydroxy ! s t r e t c h f r equency o f epoxy -
d i am ine systems a re c h a r a c t e r i s t i c a l l y s h i f t e d f rom i t s f r e e v a l u e 
o f 3600 cm-1 t o a hydrogen bonded v a l ue o f 3440 c m " 1 ( 8 ) . 
W i l l i a m s and D e l a t y c k i have shown t h a t f o r a homologue o f t he 
epoxy -d i amine systems s t u d i e d , t he i n t e r n a l hydrogen bonds a re 
o n l y d i s r u p t e d when the po lymers a re heated t o above t h e i r g l a s s 
tempera tu re s (7_). C o n v e r s e l y , one may e x p e c t t h a t the s t a t e o f 
the hydrogen bonds w i l l have an e f f e c t on the r e l a x a t i o n a l behav
i o r o f the network . In F i g u r e 3, t he wave number o f the hydroxy ! 
s t r e t c h f r equency o f th  TGDDM-DDS syste  i  p l o t t e d  f u n c t i o
o f t e m p e r a t u r e . I t ca
the band d i s p l a y s a t r a n s i t i o n - l i k  p roce s  app roach i n g
u n a s s o c i a t e d o r f r e e v a l u e . Noteworthy a l s o i s the f a c t t h a t t he 
t r a n s i t i o n p roce s s i s i n i t i a t e d a t c o r r e s p o n d i n g l y l o w e r t empera 
t u r e s f o r the wet r e s i n than the d r y . The i m p l i c a t i o n s o f t h i s 
f i n d i n g may be more f u l l y e x p l o r e d on a m o l e c u l a r b a s i s . As wa te r 
mo l e cu l e s a r e i n t r o d u c e d i n t o t he network , i t i s no t un reasonab le 
t o assume t h a t some degree o f exchange w i l l t a ke p l a c e between t he 
hydrogen bonded groups and the wa te r m o l e c u l e s . S i n c e the se i n t e r 
a c t i o n s a r e l a r g e l y d i p o l a r i n n a t u r e , t he hydrogen bonds formed 
between po lymer segments and tho se between po lymer segments and 
wa te r m o l e c u l e s w i l l be e n e r g e t i c a l l y s i m i l a r . I t i s then e x p e c t 
ed t h a t the degree o f i n t e r c h a n g e w i l l be dependent s o l e l y on the 
a c t i v i t y o f t he w a t e r . However, as the tempera tu re o f the system 
i s r a i s e d , t he r e l a t i v e d i f f e r e n c e i n m o b i l i t y between polymer 
segments and the so rbed wa te r mo lecu l e s become s i g n i f i c a n t . The 
hydrogen bonds c o n t a i n i n g wa te r b r i d g e s w i l l be weaker i n t h i s 
r e g a r d and w i l l be e xpec ted t o d i s s o c i a t e a t l owe r t e m p e r a t u r e s , 
due t o the enhanced therma l m o b i l i t y o f t he w a t e r , than tho se 
formed between p h y s i c a l l y c o n s t r a i n e d po lymer segments. The on se t 
o f segmental f l e x i n g w i l l i n t r o d u c e f l u c t u a t i o n s i n t he f r e e v o l 
ume o f t he sy s tem. Such segmental m o b i l i t y and changes i n f r e e 
volume w i l l a l l have the e f f e c t o f i n i t i a t i n g t he g l a s s t r a n s i t i o n 
i n t he s y s tem. T h i s i s one mechanism by wh ich p l a s t i c i z a t i o n i n 
epoxy r e s i n s may p r o ceed . 

I t was found t h a t the heat c a p a c i t y d i s c o n t i n u i t y a t the 
g l a s s t r a n s i t i o n o f the TGDDM-DDS sys tem i s s t r o n g l y dependent on 
the e x t e n t o f c u r e . A t h i g h degrees o f c r o s s - l i n k i n g , the g l a s s 
t r a n s i t i o n (which c o n c o m i t a n t l y i n c r e a s e s w i t h i n c r e a s e d c r o s s -
l i n k i n g ) becomes u n d e t e c t a b l e by s c a n n i n g c a l o r i m e t r y as A C n 

approaches z e r o . To i n v e s t i g a t e t h i s p o i n t f u r t h e r a s l i g h t l y 
m o d i f i e d r e s i n system was employed. T h i s overcame the problems 
a s s o c i a t e d w i t h c h a r a c t e r i z i n g an i n c o m p l e t e l y c u red sys tem and 
the p o s s i b i l i t i e s o f f u r t h e r r e a c t i o n when the r e s i n i s heated 
above i t s g l a s s t e m p e r a t u r e . By r e a c t i n g TGDDM w i t h a v a r y i n g 
s t o i c h i o m e t r i c m i x t u r e o f a n i l i n e and p -pheny lene d i a m i n e , a 
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Figure 3. Spectroscopic transition of the TGDDM-DDS system 
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s e r i e s o f c o m p l e t e l y c u r ed c o m p o s i t i o n s was o b t a i n e d w i t h v a l u e s 
o f ACn dependent on the average c r o s s - l i n k d e n s i t y o f the r e s i n . 
A C p as a f u n c t i o n o f the r e s i n c o m p o s i t i o n i s thus shown i n F i g u r e 
4 and r e s u l t s a r e a l s o t a b u l a t e d i n Tab l e I I . 

T a b l e I I . 
Heat C a p a c i t y Data and T r a n s i t i o n Temperatures 

f o r D i f f e r e n t Re s i n Compounds 

Equivalence Fraction of An i l ine 
to p-Phenylene Diamine in S t o i 
chiometric Cure of TGDDM Tq (°K) 

Γ , Joules 
LP( qm-deg 

1.0 

y 
389 0.472 

0.9 
0.8 
0.7 438 0.326 
0.6 445 0.284 
0.5 450 0.201 
0.4 483 0.109 

I t i s , o f c o u r s e , commonly under s tood t h a t t he m a n i f e s t a t i o n 
o f the g l a s s t r a n s i t i o n dec rea se s i n i n t e n s i t y as t h e c r o s s - l i n k 
d e n s i t y i n c r e a s e s , but i t s e f f e c t does no t seem to have been p r e 
v i o u s l y s t u d i e d q u a n t i t a t i v e l y . I f the f o r m a l i s m o f W u n d e r l i c h ' s 
r u l e o f c o n s t a n t heat c a p a c i t y i nc rement pe r " b e a d " i s used ( 9 ) , 
the average " b e a d " s i z e must i n c r e a s e w i t h the average c r o s s - T i n k 
d e n s i t y i n t he r e s i n so t h a t a t ve ry h i gh degrees o f c r o s s - l i n k i n g 
the " b e a d " c o n t r i b u t i o n s o f 11.3 j o u l e s pe r mole beads pe r degree 
becomes v a n i s h i n g l y sma l l on a u n i t mass b a s i s . However, the gen 
e r a l i t y o f t h i s s e m i - e m p i r i c a l r e l a t i o n s h i p i s i n p a r t d e r i v e d 
f rom i t s a r b i t r a r i n e s s i n a s s i gnment o f t he " b e a d " u n i t . A more 
r i g o r o u s t r e a tmen t o f the exce s s s p e c i f i c heat a t the q l a s s t r a n 
s i t i o n has r e c e n t l y been g i v e n by D i M a r z i o and Dowel! ( 1 0 ) . By 
i n c o r p o r a t i n g l a t t i c e v i b r a t i o n arguments i n t o the G i b b s - D i M a r z i o 
c o n f i g u r â t ! o n a l e n t r opy t h e o r y o f g l a s s e s , an e x p r e s s i o n was 
d e r i v e d f o r t he s p e c i f i c hea t d i s c o n t i n u i t y . The t o t a l ACp i s 
c o n s i d e r e d t o a r i s e f rom t h r e e c o n t r i b u t i o n s . There i s a c o n f i g 
u r â t ! ona l te rm a r i s i n g from shape changes o f t he mo l e cu l e s a t t he 
g l a s s t r a n s i t i o n , a c o n f i g u r â t ! o n a l term f rom the volume expan s i on 
and a v i b r a t i o n a l c o n t r i b u t i o n f rom t he change o f f o r c e c o n s t a n t s 
w i t h t e m p e r a t u r e . The v a l u e o f Κ i n e q u a t i o n ( i ) found above i s 
thus unde r s t andab l e i n t he se te rms . The p a r t i c u l a r r e s i n used was 
h i g h l y ( though no t c o m p l e t e l y ) c r o s s - l i n k e d and would c o r r e s p o n d 
i n g l y be e xpec ted t o have s m a l l ACp v a l u e s . The s i z e o f the heat 
c a p a c i t y d i s c o n t i n u i t y f o r wa te r i s no t known e x a c t l y , but i t s 
e s t i m a t e d v a l u e o f 35 t o 37 j o u l e s p e r mole degree l i e s i n t he 
" n o r m a l " range o f low m o l e c u l a r we i gh t m a t e r i a l s (Tl_,12). The 
i m p l i c a t i o n s o f K « l a re i m p o r t a n t , f o r f rom e q u a t i o n " T i ) i t i s 
e a s i l y shown t h a t the magnitude o f t he d e p r e s s i o n i n T q by p l a s -
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t i c i z a t i o n i s a p p r o x i m a t e l y p r o p o r t i o n a l t o K " l . Th i s f a c t p r o b 
a b l y account s f o r t he unusual e f f e c t i v e n e s s o f w a t e r as a p l a s t i 
c i z e r f o r h i g h l y c r o s s - l i n k e d epoxy systems o f t e n ob se r ve d . F u r 
t h e r q u a n t i t a t i v e e v a l u a t i o n o f t h i s heat c a p a c i t y da ta i s i n 
p r og re s s and w i l l be r e p o r t e d i n a subsequent pape r . 

C o n c l u s i o n 

In a p r e v i o u s pape r , i t was shown t h a t t h e d i f f u s i o n p roce s s 
f o r wa te r i n t he TGDDM-DDS epoxy -d i am ine system was n o n - F i c k i a n 
a t nea r ambient tempera tu re (χ). F u r t he rmo re , e v i d e n c e f rom 
b r o a d ! i n e NMR r e s u l t s was p r e s e n t e d wh ich showed t h a t wa te r i s 
p r o b a b l y so rbed i n t he sy s tem i n a m u l t i - l a y e r p r o c e s s . I t was 
found t h a t a t low c o n c e n t r a t i o n s  the so rbed wa te r e x h i b i t e d 
g r e a t l y r e s t r i c t e d m o b i l i t
u n d e t e c t a b l e . T h i s wa
i n g o f wa te r mo l e cu l e s by a d j a c e n t p o l a r groups i n the epoxy n e t 
work. R e s u l t s p r e s e n t e d i n t h i s paper may be used t o f u r t h e r 
deve lop ou r u n d e r s t a n d i n g o f the epoxy -wa te r i n t e r a c t i o n p r o c e s s . 
Wh i l e t he s o r p t i o n b e h a v i o r a t low tempera tu re s d e v i a t e f rom 
F i c k i a n d i f f u s i o n , i n d i c a t i o n i s g i v e n t h a t i d e a l b e h a v i o r i s 
approached w i t h i n c r e a s i n g t e m p e r a t u r e . T h i s t r e n d i s o f c ou r se 
c o n s i s t e n t w i t h the e x p e c t a t i o n s t h a t t h e p r o b a b i l i t y o f any s i t e 
i n t e r a c t i o n w i l l be d i m i n i s h e d by i n c r e a s i n g t he average energy o f 
the sy s tem. I n f r a r e d a n a l y s i s has i n d i c a t e d t h a t a f a c t o r i n the 
p l a s t i c i z a t i o n p roce s s may be t he d i s r u p t i o n o f e x i s t i n g hydrogen 
bonds i n the network . Fu r t he rmo re , t he f a c i l i t y w i t h wh ich wa te r 
s u b s t i t u t e d hydrogen bonds a re broken r e l a t i v e t o t ho se between 
po lymer segments i s i m p o r t a n t t o the d i s c u s s i o n o f t he s t a t e o f 
so rbed wa te r i n mac romo lecu l a r s y s tems. I t has been shown t h a t 
s t r o n g p e r t u r b a t i o n s a re o f t e n ob se rved f o r the thermodynamic 
p r o p e r t i e s o f the so rbed wa te r i n p o l y m e r i c systems c o n t a i n i n g 
p o l a r g roups , i . e . , those f rom heat o f f u s i o n measurements ( 13 , 
] ± ) . The n o t i o n o f bound w a t e r i s one t h a t i s commonly i n v o k e d t o 
account f o r t he se f i n d i n g s . However, t h e c a l o r i m e t r i c d a t a o f 
Hoeve and Kak i vaya as w e l l as o t h e r s show t h a t the the rma l s t a b i l 
i t y o f wa te r bound t o a po lymer i s no t l a r g e r than t h a t o f b u l k 
l i q u i d wa te r (15,16.). T h i s r e i n f o r c e s the concep t t h a t d i p o l a r 
i n t e r a c t i o n s a re no t s i g n i f i c a n t l y d i f f e r e n t f o r monomeric o r 
p o l y m e r i c s p e c i e s . I n s t e a d , one must c o n s i d e r the l i m i t i n g s p a 
t i a l f l u c t u a t i o n s t h a t p h y s i c a l l y c o n s t r a i n e d po lymer segments a re 
a b l e t o undergo r e l a t i v e t o tho se between two sma l l m o l e c u l e s . A t 
low t e m p e r a t u r e s , a l l po lymer segments a r e e f f e c t i v e l y f r o z e n and 
i n t e r a c t i n g s m a l l mo l e cu l e s w i l l be e xpec ted to d i s p l a y a h i g h 
degree o f i m m o b i l i t y . As t he tempera tu re o f t he system i s r a i s e d , 
the g r e a t e r therma l m o b i l i t y o f the so rbed wate r m o l e c u l e s w i l l be 
r e f l e c t e d by an e a r l i e r on se t o f the d i s s o c i a t i o n o f wa te r c o n 
t a i n i n g hydrogen bonded segments. These e x p e c t a t i o n s a re i n 
acco rdance w i t h the HWR and i n f r a r e d r e s u l t s . 
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Abstract 

The high temperature sorption behavior of an epoxy-diamine 
system has been investigated. Correlation of the resulting data 
is made with a theoretical expression relating the depressed glass 
transition temperature of the system to the concentration of 
sorbed water. The effect of moisture on the hydrogen bonding in 
the network has also been examined. Discussion is given to the 
mechanisms through which plasticization may occur. It was found 
that the heat capacity discontinuity at the glass transition for 
this resin is a very strong function of the cross-link density. 
At high extents of cure, the ∆Cp per unit mass may become vanish-
ingly small and undetectable by scanning calorimetry. This find
ing largely accounts for the unusually effective plasticization 
of cross-linked epoxies
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Glass Transition Temperature of Wet Fibers 
Its Measurement and Significance 

JOHN F. FUZEK 

Tennessee Eastman Co., Kingsport, T N 37662 

When a polymer i
point (T ), the c r y s t a l l i t e
change i n volume occurs. Since melting involves a discontinuity 
i n a primary thermodynamic variable (volume) , melting can be 
considered a f i r s t - o r d e r transition. At temperatures above i t s 
melting point, the polymer i s a l i q u i d , and the slope of the l i n e 
AB shown i n Figure 1 i s the coeffi c i e n t of thermal expansion for 
the melt. When a molten amorphous polymer cools to a temperature 
below i t s melting point, the polymer behaves as a rubber (BE) 
u n t i l the glass tr a n s i t i o n temperature (T ) i s reached. Below 
this temperature, the polymer behaves as I glass (EF). If a 
polymer c r y s t a l l i z e s , the path BCD i s followed. The c r y s t a l l i 
zation i s not sharp, however, and both s o l i d and l i q u i d phases 
are present between Β and C; so the melting point must be defined 
as a break i n the curve. For a trul y c r y s t a l l i n e s o l i d , the path 
ABGCD i s followed. For p r a c t i c a l polymers, the c r y s t a l l i z a t i o n 
i s usually far from complete, and a tra n s i t i o n region BE fF' i s 
observed as a temperature range similar to that for the amorphous 
polymer (BEF). The evident interpretation of this phenomenon i s 
that a glass tr a n s i t i o n has occurred i n the amorphous portion of 
a semicrystalline polymer (1). 

The glass t r a n s i t i o n i s a second-order tra n s i t i o n caused by 
relaxation of the chain segments i n the amorphous portion of the 
polymer. It i s at that temperature, Τ , that a noncrystalline 
polymer changes from a glassy s o l i d to^a rubbery l i q u i d . In 
terms of structure, Τ i s generally considered to represent the 
beginning of motion i8 the major segments of the backbone mole
cular chain of a polymer. The temperature at which this tran
s i t i o n occurs i s of great p r a c t i c a l importance, since i t 
determines the s p e c i f i c u t i l i t y of a polymer. 

The wide use made of the term glass t r a n s i t i o n temperature 
to characterize polymer glasses implies that there i s a well-
defined temperature that relates to a freezing point and at which 
a substance transforms discontinuously from l i q u i d to rubber to 
glass. Actually, the value found for Τ depends not only on the 
nature of the substance but also on thegmethod of determination, 
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since the measured value i s rate dependent (2). For a t y p i c a l 
dilatometric test, the time involved (hours) i s long enough to 
give a v i r t u a l l y s t a t i c value; that i s , increasing the time scale 
by an order of magnitude has l i t t l e effect on the measured Τ 
value. Other methods, such as calorimetric and dynamic meth§ds, 
are carried out at much faster rates and can give Τ values 
s i g n i f i c a n t l y different from those obtained i n a dilatometric 
test. 

Many factors are known to influence Τ values: pressure, 
c r y s t a l l i n i t y , molecular weight, molecular gbranching, crosslink
ing, copolymerization, the presence of monomer, and the presence 
of a low-molecular-weight l i q u i d or p l a s t i c i z e r (3-11). Almost 
a l l f i b e r s are composed of polymeric materials. However, the 
c r y s t a l l i n i t y and the molecular orientation of the polymeric 
material i n a fi b e r d i f f e
which the fibe r i s made
cantly different from that of a bulk polymer. An increase i n 
c r y s t a l l i n i t y generally increases Τ by 5 to 15°C, and an increase 
i n molecular orientation generally Increases Τ by 3 to 12 eC. 
However, these increase are not d i r e c t l y additive. For example, a 
highly c r y s t a l l i n e and oriented polyester f i b e r made from 
poly(ethylene terephthalate), PET, w i l l have a Τ about 15°C 
higher than that of the amorphous bulk polymer. g 

In contrast to bulk polymers, which generally contain l i t t l e 
or no water, almost a l l fibers absorb some water when conditioned 
at normal atmospheric temperature and humidity. The presence of 
thi s moisture can result i n a substantial lowering of the Τ . 
For example, poly(vinyl alcohol) f i b e r has a bone-dry Τ of g85°C, 
but the Τ of the fibe r at i t s equilibrium moisture r e g l i n of 6% 
i s about §l eC (12). Hence, 6% water reduces the Τ by 64°C. Very 
l i t t l e work has been reported on the Τ of wet f i b l r s (13-18). 

Experimental 

Samples of several fi b e r s were obtained for t h i s investiga
tion. Poly(ethylene terephthalate) and poly(cyclohexylenedi-
methylene terephthalate) (PCHDMT) were commercial Kodel polyester 
f i b e r s ; the PET fibers were filament polyester, whereas the PCHDMT 
fibers were taken from tow before i t was cut into staple. The 
poly(l,4-butylene terephthalate) (PBT) fibers were experimentally 
spun. The nylon 6,6, Oiana nylon, and Otflon a c r y l i c were Du Pont 
commercial f i b e r s . The nylon 6 was A l l i e d Chemical commercial 
f i b e r . The Verel modacrylic and Estron acetate fibers were 
Eastman commerical materials. The Rhovyl v i n y l was Rhodiaceta 
commercial f i b e r . The s i l k was a commercial, degummed yarn. 

For the determination of wet Τ f s , the fibers were allowed 
to soak i n d i s t i l l e d water for 24 h? before testing. Tensile 
testing was carried out on an Instron tester with the fibers 
t o t a l l y immersed i n water at the specified temperature. Testing 
was carried out at 0, 10, 23, 30, 40, 50, 60, 70, 80, 90, 
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and 97°C for the wet determination and for the conditioned 
determination at -40°C i n addition to these temperatures. Samples 
were conditioned for 24 hr at 70°F + 2°F and 65% RH + 2% after the 
samples had been oven dried for 1 hr at 110°C. 

For determination of wet Τ by s p e c i f i c volume, densities 
were determined pycnometrically^with water as the displacing 
l i q u i d . The fibe r s were allowed to remain i n the water for 24 hr 
before weighing. Measurements were made at 10°C intervals from 
20 to 90°C and at 97 eC. For determination of dry T 's, a low-
vi s c o s i t y mineral o i l was used as the displacing li§uid. 

For determination of Τ by d i f f e r e n t i a l scanning calorimetry 
(DSC), samples were weighed 8in the sample container, and the temp
erature was scanned at a rate of 20eC/min. For wet determination, 
the fibers were wet out for 24 hr before testing. 

For thermomechanica
f i b e r s , a load of 0.00
scan rate of 20°C/min was used. An X-Y recorder was used to 
record f i b e r length as a function of temperature. 

For determination of Τ from shrinkage measurements, fibers 
were allowed to shrink at tSe specified temperature, and length 
measurements were made manually. 

Discussion of Results 

Some of the methods that have been used to measure Τ of 
polymers include: g 

1. Dilatometry ( s p e c i f i c volume). 
2. Thermal analysis. 

Specific heat (DTA, DSC) 
Thermal expansion (TMA) 
Thermal conductivity 

3. Dynamic methods. 
Mechanical 

Free o s c i l l a t i o n 
Resonance 
Forced o s c i l l a t i o n 
Wave propagation 

D i e l e c t r i c 
Nuclear magnetic resonance 

4. Stress relaxation and creep. 
5. Tensile behavior. 

E l a s t i c modulus 
Stiffness 
Stress decay 
Resilience 

6. Others. 
Penetration (TMA) 
B r i t t l e point 
Compressibility 
Refractive index 
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Figure 1. Melting and glass transitions in a polymer (1) 
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Figure 2. Effect of temperature on the specific volume of polyesters 
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X-Ray d i f f r a c t i o n 
Small-molecule di f f u s i o n 
3-Radiation absorption 
Viscosity-activation energy 

Many of these methods are not suitable for use with fibers because 
of their physical nature. For example, many of the dynamic 
methods involving loss modulus are not suitable for f i b e r Τ 
measurements because two of the fibe r dimensions are very s S a l l . 
Monofilaments can be tested, but they are not representative of 
the majority of t e x t i l e fibers i n use today. Obviously, measure
ment of penetration, compressibility, small-molecule d i f f u s i o n , 
and activation energy i n v i s c o s i t y methods i s not possible for 
fi b e r s . Of the methods that can be used for f i b e r s  the most 
common involves s p e c i f i
determining the Τ of
These data were oftained pycnometrically with water as the d i s 
placing l i q u i d . The fibers were steeped i n water for 24 hr before 
testing to obtain wet Τ fs for these f i b e r s . To obtain T 's of 
dry fibers by this meth§d, a low-viscosity mineral o i l caS be used 
as the displacing l i q u i d . 

Another common method used for measuring Τ i s thermal 
analysis. The glass tr a n s i t i o n i s associated with changes i n 
sp e c i f i c heat, not with latent heat. Thus the tran s i t i o n occurs 
as a base-line s h i f t rather than as d i s t i n c t endotherms i n DSC or 
d i f f e r e n t i a l thermal analysis (DTA). As shown i n Figure 3, wet 
determinations are more d i f f i c u l t than dry determinations, since 
the wet fibers must be sealed i n DSC capsules to prevent moisture 
vapor from escaping during the determination. Further, the base
l i n e s h i f t i s usually very small, and an accurate measure i s 
d i f f i c u l t to accomplish. 

A thermal method that allows measurement of fiber-length 
change as a function of temperature can be used to determine the 
Τ of a fiber i f the length change i s great enough. This c r i t e r -
i§n i s easily met by undrawn and p a r t i a l l y oriented polyester 
fibers as well as by other fibers that exhibit moderate shrinkage 
at temperatures above their Τ f s . The method used can involve 
simple shrinkage measurements 8(Figure 4) or the more elaborate 
d i f f e r e n t i a l technique, TMA (Figure 5). The Τ i s taken as the 
abrupt length change from the base l i n e . BecaSse of experimental 
d i f f i c u l t i e s , the TMA method i s applicable only to dry or 
conditioned f i b e r s . 

Tensile properties that are related to fi b e r s t i f f n e s s can 
be used to measure the Τ of almost a l l f i b e r s . The e l a s t i c 
modulus, that i s , the sl§pe of the Hookean region of the fib e r 
stress-strain curve, i s a measure of the fib e r s t i f f n e s s and can 
be used for Τ determination since, by d e f i n i t i o n , a glass i s 
s t i f f e r than § rubber (Figure 6). Since the tran s i t i o n from a 
glassy to a rubbery state involves a reduction i n s t i f f n e s s , the 
temperature at which the modulus i s abruptly lowered i s taken as 
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Figure 3. Differential scanning calorimetry curves for undrawn PET fibers 
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Figure 4. Effect of temperature on shrinkage of undrawn PET fibers 
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Figure 5. Thermomechanical analysis (TMA ) of fibers 

Figure 6. Effect of temperature on modulus of elasticity 
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Figure 8. Effect of temperature on stress decay time for wet fibers 
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the Τ . Other t e n s i l e properties, such as break tenacity and 
break gelongation show no i n f l e c t i o n i n property-temperature 
curves. A few f i b e r s , notably the modacrylics and the a c r y l i c s , 
show a rapid increase i n elongation just above their Τ f s . For 
determination of wet Τ by this method, actual tensilentesting 
was carried out with f i b e r t o t a l l y immersed during the test. 

Tensile work recovery can be considered a dynamic-loss modu
lus obtained at very low cycling rates. A f i b e r i s stressed to 
3 g/den. and immediately allowed to recover. The work recovered 
exhibits a marked reduction at the glass t r a n s i t i o n temperature 
(Figure 7). 

Stress relaxation, or stress decay, occurs when a fi b e r i s 
extended i n length to a predetermined stress l e v e l and held at 
that length. We a r b i t r a r i l y stressed fibers to 0.5 g/den., per
mitted the decay to occur
stress to decay to 0.4
erature (Figure 8). For wet nylon 6,6 and wet PET f i b e r s , the 
time for the stress to decay increased rapidly when the T 's had 
been reached. g 

As indicated e a r l i e r , Τ i s not a fixed temperature for a 
partic u l a r substance; i t i s § value that i s influenced by the 
method used for i t s determination. A comparison of the results 
from s i x methods used to measure the Τ of PET fibers i s given i n 
Table I. g 

TABLE I 

Glass Transition Temperature (T ) of Conditioned and Wet 
PET Fibers Determined by Various Methods 

Method T g (Conditioned), *C T g (Wet), °C 

Specific volume 69 60 
DSC 71 63 
Shrinkage 73 59 
Modulus 71 57 
Work recovery 70 50 
Stress-decay — 58 

For conditioned PET, the Τ ranges from 69 to 73°C and, for 
wet PET, from 50 to 63 eC. The wider range obtained with the wet 
fibers probably results from increased experimental d i f f i c u l t y i n 
obtaining some of the data on wet fi b e r s . In a l l cases, however, 
the wet Τ was 10 to 20°C lower than the conditioned Τ for PET 
fib e r s . %f these methods, the use of fi b e r modulus i s g p r e f e r r e d 
because i t i s applicable to a l l f i b e r s , that exhibit d i s t i n c t 
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glass transitions, and this procedure can be carried out more eas i 
l y than the others, thus requiring less time than many of the 
other methods. Conditioned and wet Τ fs were determined from 
modulus data for a number of other fi§ers (Table I I ) . In each 
case, the wet Τ was substantially lower than the dry Τ . 

g 8 
TABLE II 

Glass Transition Temperatures of Various Fibers — 
Wet and Conditioned 

Fiber T g (Conditioned), °C Τ (Wet), *C ΔΤ 
_ J 

PET polyester 
PCHDMT polyester 91 71 20 
PBT polyester 47 38 9 
Nylon 6,6 40 29 11 
Nylon 6 41 28 13 
"Qiana" nylon 150 90 60 
"Orion" a c r y l i c 97 30 67 
"Verel" modacrylic 59 38 21 
Acetate 84 30 54 
"Rhovyl" v i n y l 75 55 20 
S i l k 108 30 78 

The lowering of the Τ by organic l i q u i d s , p l a e t i c i z e r s , 
and monomers has been weUndocumented, but the lowering of the Τ 
of polymers by water i s r e l a t i v e l y obscure. Most polymers are 8 

hydrophobic; hence they do not absorb much water. However, 
enough water i s taken up by most fibers to lower the Τ substan
t i a l l y . PET f i b e r regains about 0.4% moisture from an8atmosphere 
(21*C) and 65% RH. This amount of water lowers the Τ by about 
2 eC. Soaking the fib e r i n water can introduce as muc8 as 7% 
water into the fib e r over a 24-hr period, and this amount of 
water lowers the Τ by about 16*C. Further soaking i n water does 
not increase the wlter uptake. Intermediate levels of water up
take can be obtained by soaking for periods of time up to 24 hr. 
The effect of water i n PET f i b e r on the Τ i s shown i n Figure 9. 
A similar curve for nylon 6, which i s morl hydrophilic than PET, 
was previously published (16). For nylon 6, the wet fib e r (after 
24 hr i n water) contains about 6% water and has a Τ of about 
28·C, whereas the conditioned f i b e r (70°F and 65% RS) with 4% 
water has a Τ of about 41*C. The bone-dry f i b e r has a Τ of over 
100eC. 8 8 

Equations that relate Τ to the presence of p l a s t i c i z e r s , 
organic l i q u i d s , and monomerI i n polymers have been proposed by a 
number of investigators. Among the f i r s t was the equation pro
posed by Fox and Flory i n 1954 (19): 
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W W 
J L - J S U + S - (i) τ τ τ 

g g p g s 

« weight fraction of polymer. 
W * weight fraction of solvent. 
T S « T of polymer. 
gp g 

Τ » Τ of solvent. 
g s g 

This equation f i t s the data well for small amounts of these 
additives. It also f i t s the data for water in most fibers, since 
the amount is usually quite small. A more refined equation was 
proposed by DiMarzio and Gibb  i  1963 (20)

Δ 
Τ M-V ·Τ 

Ρ S Δν 2V s s 
ΔΤ^ » T g (polymer) — T g (plasticized polymer). 

Δγ « Difference in solvent volume fraction, s 
Vp « Polymer molar volume. 

V * Solvent molar volume, s 
Τ « Τ of polymer, g g 
M » Constant - 7.5 perfectly flexible solvent molecule. 

« 6.0 fl e x i b i l i t y * to polymer. 
- 4.8 rigid solvent molecule. 

This equation f i t s fiber moisture-content data over a wider range 
than does Fox's equation. 

The T 's for conditioned and bone-dry fibers and fibers soaked 
in water fgr 24 hr as determined from modulus data are shown ln 
Table III for a number of fibers with normal moisture regains of 
0.4 to 9.4%. 

The more-hydrophilic fibers show the greatest effect of water 
on Τ . Attempts have been made to correlate the reduction in Τ 
causld by water to moisture-related fiber properties such as 8 

moisture regain, advancing contact angle, and water imbibition 
(Table IV). 

Τ reduction due to water content cannot be predicted on the 
basis 8f these properties; but, generally, a fiber with a high 
moisture regain, a low advancing contact angle, and a high water 
imbibition shows a large reduction in Τ . 

g 
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TABLE III 
Glass Transition Temperature — Wet, 

Conditioned, and Dry Fibers 

TJL'' C 

Water i n Moisture 
Fiber Continued Dry Wet Wet Fiber, % Regain, % 

PET polyester 71 73 57 6.8 0.4 
Nylon 6,6 4
"Qiana" nylon 15
S i l k 108 197 30 22.2 9.4 
Acetate 84 118 30 15.3 5.0 

* 
At normal equilibrium regain (70 eF, 65% RH). 

** 
Bone dry — Τ calculated. 

*** g 
Wet out by soaking 24 hr i n water. 

TABLE IV 

Difference Between Wet Τ and Conditioned Τ for Various Fibers 
g g 

g, Moisture Contact Water of 
Fiber Conditioned-Wet, °C Regain, % Angle, 9 Imbibition, % 

PET polyester 14 0.4 41.3 1.2 
ΡCDT polyester 20 0.2 44.6 1.6 
PBT polyester 9 0.3 — 3.0 
Nylon 6,6 11 4.2 43.1 5.7 
Nylon 6 13 4.0 47.7 7.8 
"Qiana" nylon 60 2.5 41.3 2.0 
"Orion" a c r y l i c 67 2.0 43.7 2.6 
"Verel" modacrylic 21 2.1 36.5 7.9 
Acetate 54 5.0 19.0 18.0 
"Rhovyl" v i n y l 20 0.2 — 2.2 
S i l k 78 9.4 22.0 35.8 
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Τ has great significance i n the processing and use of text
i l e fiBers. For a l l fibers except the elastomerics and the 
polyolefins, the Τ i s higher than ambient temperature. That i s , 
the amorphous polyfier of the fibe r must exist i n the glassy state. 
Since fibers are often processed under hot, wet conditions (as 
during dyeing and f i n i s h i n g ) , the wet Τ may be of even greater 
importance than the dry Τ . Of particular importance i n the 
performance of wash-and-wëar fab r i c s , the wet Τ of the fib e r must 
be at least as high as the temperature the fabr i c w i l l reach during 
laundering. If the wash water temperature exceeds the wet Τ of 
the f i b e r , molecular motion w i l l permit changes that w i l l r e l u i t 
i n dimensional i n s t a b i l i t y and cause the fabric to have poor 
wash-and-wear performance. In other words, wrinkling w i l l occur, 
and the fabr i c w i l l require ironing. The wet Τ of a fi b e r that 
exhibits good wash-and-wear
be at least 60 to 70°C
at temperatures up to 65 eC. The wet Τ of PET fib e r i s s l i g h t l y 
below this l e v e l ; consequently, this f i b e r exhibits only marginal 
wash-and-wear performance. The fi b e r i s usually blended with 
cotton and the cotton i s crosslinked to improve dimensional 
s t a b i l i t y . The a b i l i t y of PET fibers to function reasonably well 
i n wash-and-wear garments i s probably due to the r e l a t i v e l y long 
time (compared with laundering time) required for the Τ to be 
lowered to the equilibrium wet Τ value. A high wet Τ ^should 
ensure adequate dimensional s t a b i l i t y during launderin|. Dimen
sional s t a b i l i t y can also be obtained i n a fiber with a low wet 
Τ i f the fibe r can be l i g h t l y crosslinked i n the fabric or, 
pieferably, i n the garment configuration. Durable-press resins 
and permanent-press finishes on c e l l u l o s i c s , p a r t i c u l a r l y cotton, 
function i n this manner because the wet Τ of cotton i s well 
below 0 eC. Untreated cotton demonstrates^very poor wash-and-wear 
performance, but cotton with i t s wet Τ increased by cross-
link i n g i s quite satisfactory. ^ 

Conclusions 

Methods for measuring the glass tr a n s i t i o n temperature that 
are p a r t i c u l a r l y adaptable to f i b e r s , both wet and dry, have been 
proposed. In par t i c u l a r , the use of the e l a s t i c modulus has been 
shown to give r e l i a b l e estimates of the Τ of fi b e r s . The effect 
of the presence of water i n the f i b e r , bo£h at regain l e v e l and 
t o t a l l y wet out, on the fibe r Τ and the significance of the 
wet Τ of fibers on the s t a b i l i t y of fabrics and garments made 
from fhera have been discussed. 

Abstract 

The glass transition temperature (Tg) of an amorphous polymer 
is the temperature at which motion occurs in the major segments 
of the backbone molecular chain of the polymer. However, the 
effect of water on the Τg of a hydrophobic polymer has generally 
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not been recognized. Almost all fibers are only partially crystal
line; hence they exhibit glass transition phenomena. And all 
fibers have an equilibrium moisture content at 70°F and 65% RH. 
This moisture content has been shown to result in a marked lower
ing of the Τg for many fibers. Further reductions in Τg occur 
when the fiber is allowed to wet out in water until equilibrium 
saturation is reached. These lowered Tg 's are of significance 
in the processing and care of textile products. Several methods 
particularly useful for measuring the wet and dry Τg of fibers 
have been explored. 
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32 
Effect of Moisture on Fatigue Crack Propagation 
in Nylon 66 

P. E. BRETZ, R. W. HERTZBERG, J. A. MANSON, and A. RAMIREZ 

Materials Research Center, Lehigh University, Bethlehem, P A 18015 

The fatigue phenomenon
mental and technological
science, the kinetics and energetics of failure under cyclic 
loading reflect an interesting balance between energy input due 
to the applied stress and energy dissipated by dynamic viscoelas
tic processes. In turn, the position of this balance reflects 
not only the loading conditions and environment but also polymer 
structure and morphology. From the technological standpoint, 
fatigue is important because many applications of engineering 
plastics involve repetitive or cyclic loads. While the overall 
fatigue process in a smooth specimen containing no significant 
flaws includes both the initiation of an active flaw and its 
growth, many (if not most) real specimens contain pre-existent 
flaws that can, under appropriate loading conditions, develop 
into catastrophic cracks (1,2) (often at inconvenient or dangerous 
times and places). Thus the proper selection of materials and 
design of parts requires particular attention to the ability of 
a polymer to resist fatigue crack propagation (FCP). 

For these reasons, an extensive program on engineering 
plastics has been conducted in this laboratory to characterize 
the FCP rates as a function of loading conditions, to identify 
the micromechanisms of failure, and to elucidate the role of the 
polymer chemistry and morphology (3-10). Interestingly, as a 
group, crystalline polymers [notably nylon 66, polyacetal, and 
poly(vinylidene fluoride)] have exhibited higher values of frac
ture toughness and lower values of FCP rates than amorphous or 
poorly crystalline polymers. Following detailed studies of the 
behavior of amorphous polymers, it was decided to explore the 
effects of structural and morphological parameters on FCP in 
nylon 66, polyacetal, and poly(vinylidene fluoride). This paper 
updates earlier reports on nylon 66. (For other studies on 
crystalline polymers see references 3, 7-12). 

When relating polymer chemistry to mechanical behavior the 
environment is, unfortunately, often neglected. However, the 
effects of sorbed moisture on the general mechanical behavior of 
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polyamides have long been documented. Such effects have been 
reviewed by McCrum et a l . (13), Papir et a l . (14), and Kohan (15), 
and described i n the trade l i t e r a t u r e (16). Generally Young's 
modulus and y i e l d strength are said to decrease, and impact 
toughness to increase, with increasing water content. Dynamic 
mechanical spectroscopy and other studies provide evidence that 
water exists i n both t i g h t l y bound and r e l a t i v e l y free states 
(13,17), and i t has been shown that some properties exhibit a 
trans i t i o n when the water content exceeds the r a t i o of one water 
molecule per two amide groups (corresponding to t i g h t l y bound 
water). [Use of the term "bound" does not imply the permanent 
binding of a particular molecule to a particular s i t e ; as with 
adhesion, the p o s s i b i l i t y of a dynamic interchange i s assumed.] 

Much less has bee  reported about fatigu  i  polyamides
The conditioning of nylo
said to reduce fatigue y  long-ter g
water was reported to increase FCP rates at a constant stress-
intensity-factor range (3). 

The aim of the present program i s to establish the base-line 
behavior of FCP i n nylon 66 as a function of water content, and 
to deduce the micromechanisms of f a i l u r e . In the f i r s t progress 
report, s i g n i f i c a n t effects of moisture content on both FCP rates 
and fracture surfaces were observed. In this continuation study, 
using a differ e n t series of nylon 66, some previously reported 
effects are confirmed, but some are not. Possible reasons are 
discussed, and future directions outlined. 

Experimental 

Two series of injection-molded plaques of nylon 66 were 
obtained through the courtesy of Dr. E. Flexman, Ε. I. duPont de 
Nemours and Co. The grade concerned, Zytel 101, had a nominal 
number-average molecular weight of 17,000. In the f i r s t study 
(A), the plaques were 8.6 mm thick, and were received i n the dry, 
as-molded condition; these plaques had been sealed i n p l a s t i c 
bags immediately after molding to prevent moisture pick-up and 
were stored i n a desiccator following the opening of the bags. 
In the second study (Β), the plaques were 6.4 mm thick, and were 
received containing approximately 2.2 wt % water. Equilibration 
to various moisture contents was performed according to the 
methods outlined i n Table I. 

Number-average molecular weights (M ) were measured after 
various times of water immersion i n order to check whether or not 
the water eq u i l i b r a t i o n procedures induced a s i g n i f i c a n t degree 
of hydrolysis. Thus values of M n were determined viscometrically 
using solutions i n formic acid and the following equation (18): 

M Κ ,-1/a [η] 1/a (1) n 
where Κ and a = 1.1x10"^ and 0.72, respectively, and [η] i s the 
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Table I. Moisture Conditioning Procedure for Nylon 66 

2C Series %RHa wt % Ho0 Method 

A - l 0 <0.2b As-molded ("dry") 

A-2 23 0.8-0.9b Suspended for 24 hr 
above bo i l i n g saturated 
aqueous sodium bromide 

B-0 44 2.

A-3 50 2.6b Boiled for 100 hr i n a 
saturated aqueous^ 
potassium acetate 

B-l 51 2.7 C Boiled for 100 hr i n 
saturated aqueous 
sodium n i t r i t e 

B-2 52 2.8° Boiled for 100 hr i n 
saturated aqueous 
sodium acetate 

B-3 66 4.0° Boiled for 100 hr i n 
saturated aqueous 
sodium phosphate 

B-4 72 4.5C boiled for 100 hr i n 
saturated aqueous 
potassium bromide 

B-5 80 5.7° Boiled for 100 hr i n 
saturated aqueous 
potassium dichromate 

A-4,B-6 100 8.5b Boiled for 138 hr i n 
water b 

a 
Corresponding to the water contents (at equilibrium) of column 3 

bStandard methods described i n ref. 15 
°Measured gravimetrically 
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i n t r i n s i c v i s c o s i t y . 
In preparation for thermal-history studies, specimens were 

f i r s t dried (19) and melted at 290°C to form 0.6-mm-thick sheets 
(20). The specimens were then subjected to the following treat
ments: 1) Quenching i n mineral o i l held at 0 eC; 2) slow cooling 
i n mineral o i l which was allowed to cool from 290°C to room 
temperature over a period of 4 hours; 3) a i r cooling from 290°C 
to room temperature; and 4) annealing at 235°C for 60 minutes. 
C r y s t a l l i n i t i e s were then estimated by two techniques: d i f f e r e n 
t i a l scanning calorimetry (DSC) and density. A Perkin-Elmer unit 
(model DSC-1) was used for the former, and a density gradient 
column (21) for the l a t t e r . 

Fatigue crack propagation tests were performed on 73-mm χ 
73-mm (2.9 i n . χ 2*9 in.) compact-tension specimens that had been 
machined from the plaque
l i c closed-loop test machin
amplitude, 10-Hz sinusoidal load. Most of the tests were 
performed i n duplicate at room temperature i n laboratory a i r at 
an average ambient RH of 40%. In view of the slow rate of 
moisture equilibration i n a i r at room temperature (15), the 
difference between the ambient RH and that of the nylon being 
tested was presumed to be unimportant within the time period of 
the test (3-5 hr ) . 

Crack growth rate data were analyzed to compare the incre
mental crack growth rate per cycle, da/dN, with the applied stress 
intensity factor range at the crack t i p , ΔΚ. The value of ΔΚ i s 
given by 

ΔΚ = Υ Δ σ ^ [MPaviî] (2) 

where Δσ = applied remote stress range [MPa]; a = crack length 
[m]; Y = geometric correction factor. Test results revealed that 
da/dN depended on ΔΚ with a relationship of the form (22): 

% = A(AK) m (3) 

Crack-length readings were recorded with the aid of a c a l i 
brated traveling o p t i c a l microscope equipped with a 50X eyepiece. 
Examination of the fracture surfaces revealed s i g n i f i c a n t crack 
front curvature for specimens with moisture contents > 2.2 wt %. 
Reference 11 describes a procedure by which such non-linearity i n 
the crack front was treated. 

Fractographic studies were conducted on an ETEC Autoscan 
scanning electron microscope (SEM) at an accelerating potential of 
20 kV. Each fracture surface was coated with vacuum deposited 
layers of gold and carbon p r i o r to examination to prevent speci
men charging and minimize the degradation of the fracture surface 
under the electron beam. 
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Results and Discussion 
4 

Viscometric determination of M n yielded a value of 1.78x10 , 
confirming the nominal value. On b o i l i n g for 100 hr, the value 
of M n was reduced by ^20%. Since such a reduction would increase 
the absolute values of FCP rate by an amount not greater than 
the maximum experimental error, and would not affect the general 
shape of the curve of FCP rate vs water content, a correction for 
degradation was not applied to the fatigue data. 

Values estimated for the percent c r y s t a l l i n i t y varied not 
only with thermal treatment, but also with the measurement 
techniques. As shown i n Table II, the DSC technique gave consis
tently lower values of c r y s t a l l i n i t y than the density-gradient 
column. In general, mor
using the DSC than was
Table I I . C r y s t a l l i n i t y i n Nylon 66 by DSC and Density Methods 

History Cryst. by DSC,a Cryst. by Density, 
% % 

Quenched i n o i l 24 37 .5 

Air cooled 27 38 .3 

Slow cooled i n o i l 30 44 .9 

Annealed at 235°C (50 min.) 35 43 .1 

Assuming a heat of fusion of 46.8 cal/g (196 J/g) (23). 

In the case of slow cooling the water content corresponding to 
complete bridging of amide groups by water molecules (Ξ 1 water 
molecule per 2 amide groups) would range between 4.4 wt % and 
5.6 wt % (for % c r y s t a l l i n i t i e s of 30% and 45%, respectively). 

Fatigue Crack Propagation. Results obtained with Series Β 
specimens confirm the e a r l i e r observations that water content i n 
nylon 66 not only s i g n i f i c a n t l y affects FCP rates but also may 
decrease or increase FCP rates, depending on the percent water 
(3,11). Figures 1-3 show the FCP results for one specimen of 
each of the moisture contents investigated. For those moisture 
contents for which duplicate tests were performed, the maximum 
difference i n growth rate between the two specimens was a factor 
of 2; generally, much better agreement was observed. As noted 
previously (11), the range of response from "best" to "worst" i s 
broad; at AK^MPav^m, the FCP rate for the worst specimen i s about 
25 times that of the best specimen. When FCP rates (at constant 
ΔΚ) are plotted against water content (Figure 4), a pronounced 
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9 10 

Δκ. MPfl νίΤ 

Figure 1. Typical logarithmic plots of FCP rate per cycle (da/dN) vs. the stress 
intensity factor range (AK) for nylon 66 (Series A) containing various levels of 

moisture 
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Figure 2. Crack growth rate vs. stress intensity factor range for nylon 66 (Series B) 
containing various levels of moisture 
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Figure 3. Crack growth rate vs. stress intensity factor range for the remaining 
Series Β nylon 66 specimens 
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minimum i s noted at about 2.5% water. Thus, as water i s imbibed 
by an essentially dry polymer, the FCP rate f i r s t decreases to a 
minimum value and then rapidly increases, reaching a maximum 
value on saturation. This behavior certainly suggests the 
existence of competitive effects (and hence mechanisms), the 
balance depending on the amount of water present. 

While a complete r a t i o n a l i z a t i o n of this interesting 
behavior must await completion of dynamic mechanical characteri
zation, an explanation must surely take into account the hydrogen-
bonding and p l a s t i c i z i n g nature of water i n polyamides (12,13,14, 
15). The sorption of increasing proportions of water has long 
been known to s h i f t both the glass-to-rubber and secondary 
transitions to increasingly lower temperatures (13); for example, 
Tg decreases from 80°C to -15°C for this nylon as the moisture 
content of nylon 66 increase
(15). It i s important
decrease of Tg i s greatest below about 2 wt % of water (14,24,26). 
This decrease i n Tg has been attributed to the breaking of hydro
gen bonds between amide groups and the bridging of amide groups 
by water (13,14). Paradoxically while Tg i s being decreased by 
the sorption of water, water molecules are apparently able to 
pack well into the free volume, as shown by a decrease i n the 
s p e c i f i c volume of the t i g h t l y bound water (26). At the same 
time, the small-strain modulus does not decrease (and may even 
increase s l i g h t l y ) when water i s added to a concentration of up 
to ^2.6% (15,25). 

It i s interesting to consider the water/amide group stoi c h i o -
metry associated with water contents of about 2.6 wt %. Assuming 
a degree of c r y s t a l l i n i t y of 40%, and that the water remains i n 
the amorphous phase, 2.6 wt % water would correspond to one 
water molecule per 3.7 amide groups. [This value i s lower than 
that reported e a r l i e r (11) due to correction of the degree of 
c r y s t a l l i n i t y . ] It i s also interesting that a s l i g h t DSC peak 
begins to occur at vL00°C when the water content reaches ^2.6%; 
this suggests that some water begins to behave i n a r e l a t i v e l y 
"free" manner at about this concentration. 

Returning to the question of FCP rates, i t seems l i k e l y that 
an increased segmental mobility must be associated with the 
presence of small (<2 wt %) proportions of water. If the damping 
i s low enough to minimize gross heating of the specimen (as may 
well be the case for t i g h t l y bound water), the localized deforma
tion at the crack t i p may be expected to result i n blunting of the 
crack (6). With a more blunt crack, the effe c t i v e stress concen
trati o n w i l l be reduced, thus lowering the rate of crack 
propagation. 

At higher concentrations of water, clustering of water 
molecules, rather than bridging, i s believed to take place and 
become dominant. Such clustering causes increases i n damping and 
decreases i n the room temperature modulus, the l a t t e r remaining 
nearly constant for moisture contents - 2.6 wt % (15). While 
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Figure 4. Crack growth rate vs. moisture level at a constant stress intensity factor 
for both series of nylon 66 specimens 
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this dominance would have been expected to be seen at water 
concentrations above about 5 wt % (equivalent to completion of 
tight packing and bridging of water molecules), the weakening 
effect of free water apparently comes into play when only about 
one-half the amide groups are bridged by water molecules. [If 
the water contents and c r y s t a l l i n i t i e s are i n fact correct, i t 
i s possible that the combination of c y c l i c stressing with water 
content may induce the effects t y p i c a l of loosely bound water at 
lower concentrations of water than would be the case for s t a t i c 
loading ( i . e . , 4-5%). At the same time, as mentioned above, an 
endothermic DSC peak began to appear at about 2.6% wt.] 

In any case, the effect of loosely bound water must be to 
weaken the resistance to fatigue crack growth. F i r s t , the lower
ing of the modulus for moistur  content  >2.6 t % wate  w i l l 
increase the extent of
material ahead of the crac  t i p ,
FCP rate at a given applied load range. In other words, the 
s t r a i n per loading cycle, Δε, must then increase, since the test 
i s performed under constant load range Δσ, and Δε = Δσ/Ε. Thus, 
the nylon that contains loosely bound water accumulates more 
damage per loading cycle than would be the case with the drier 
specimens; a higher FCP rate w i l l then be expected at a given 
value of Δσ (and hence ΔΚ). This behavior indicates that the 
effect of a decreasing modulus overwhelms the b e n e f i c i a l effect 
of high loc a l i z e d segmental mobility (a question of the r e l a t i v e 
scale of motions). Second, this weakening effect w i l l be 
accelerated by any hysteretic heating that occurs (see discussion 
below). 

If we accept the conclusion that a minimum i n the FCP rate 
occurs when the water content i s between 2 wt % and 3 wt %, i t 
i s interesting to see i f any other properties exhibit discontinui
ties i n a similar range of water content. Let us consider i n 
turn, fracture toughness, the development of hysteretic heating, 
and the nature of the deformation as revealed by microscopic 
examination of the fracture surface (fractography). 

Fracture Toughness. With t y p i c a l glassy materials subjected 
to an FCP test of the kind performed i n this study, crack growth 
proceeds at an ever-increasing rate as cycling proceeds, u n t i l 
the specimen fractures catastrophically. Also, FCP resistance 
tends to be p o s i t i v e l y correlated with s t a t i c fracture toughness 
(_3). In such cases, i t i s often possible to estimate a c r i t i c a l 
value of ΔΚ for fast fracture from the l a s t value of ΔΚ prior to 
fracture, ΔΚ . While this value does not correspond to a true max 
value of fracture toughness (or energy) i t does give a r e l a t i v e 
ranking of toughness (6). With more ductile materials, catastro
phic fracture may not occur, and d e f i n i t i o n of an ultimate 
f a i l u r e point i n terms of ΔΚ becomes impossible. 

As summarized i n Table I I I , terminal fast fracture was 
obtained only at water contents lower than 4.0 wt %. Thus 
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r e l a t i v e values of Δ Κ ^ χ cannot be obtained at higher water 
contents. However, while the differences i n AK m a x for specimens 
containing <4.0 wt % water are small, there does seem to be a 
tendency to f i r s t increase from ^3MPa^m for "dry" specimens to 
^4-6 MPav̂ m between 2 and 3 wt % water, and then to decrease to 
^3-4 MPavin at concentrations of water between ^3 to 4 wt L In 
other words, the pronounced minimum i n da/dN (Figure 4) seems 
to be associated with a peak i n re l a t i v e toughness as defined 

Onset of Hysteretic Heating. In our preliminary report on 
Series A specimens (11), i t was noted that samples A - l and A-2 
(% water <VL) exhibited no s i g n i f i c a n t temperature r i s e at the 
crack t i p , but that a l l other specimens exhibited increases at 
least 15°C to 20°C. A
the Series Β specimens
creases at the crack t i p occurred only i n the moisture range 
previously observed, the temperature r i s e was only 8-10°C. 

Heating of this kind r e f l e c t s the effects of a combination 
of a high value of damping at a given frequency with the low 
thermal conductivity characteristic of polymers; heat i s generated 
faster than i t can be dissipated to the surroundings. The occur
rence of hysteretic heating implies the occurrence of a corres
ponding i r r e v e r s i b l e deformation process such as large-scale 
chain motion at the crack tip or beyond. Thus i f crack-tip 
heating i s loca l i z e d , permitting localized deformation and crack 
blunting, FCP rates may be decreased; however, i f the heating 
involves more than a small volume element at the crack t i p , the 
consequent softening i s believed to result i n enhanced specimen 
compliance and higher crack growth rates. [The l a t t e r condition 
has been encountered i n the case of impact-modified nylon 66 
(27) and poly(vinyl chloride) (28).] Hence, the effects of 
hysteretic heating on FCP behavior i s dependent on the magnitude 
of the heated volume r e l a t i v e to the overall specimen dimensions 
(see especially Reference 27). 

With this subtle behavior i n mind, we may now address this 
question: do not the present findings disagree with the well-known 
fact (15,16) that the fatigue l i f e of nylon 66 i s monotonically 
decreased by increasing the water content within the range of this 
study? F i r s t , i t must be noted that the fatigue tests quoted 
i n references 15 and JL6 are conducted on smooth, un-notched 
specimens at a frequency of 30 Hz and between fixed-load l i m i t s 
(so-called S-N tests, i n which maximum stress i s plotted against 
the number of cycles to f a i l u r e ) . These conditions are precisely 
those that w i l l enhance hysteretic heating on a large scale: the 
frequency i s high, and the load i s borne by the entire specimen 
rather than confined to the crack t i p region. In fact, even 
"dry" nylon 66 experiences a si g n i f i c a n t temperature elevation 
during S-N tests because of i t s r e l a t i v e l y large loss tangent 
(damping). I f , as expected, the damping increases with water 
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content, the specimens w i l l experience increasingly severe 
strains and damage (see above) as the water content increases. 
In other words, hysteretic heating on a gross scale, and i t s 
a b i l i t y to lower the modulus of the whole specimen undoubtedly 
dominates the fatigue response, and progressively weakens the 
material as the water content increased from near zero. 

In contrast, the specimens of this study were notched (to 
simulate the r e a l i s t i c expectation that adventitious flaws w i l l 
be present i n " r e a l " specimens) and the frequency was lower than 
i n the fatigue tests discussed. Under these circumstances, i t 
i s reasonable to suppose that gross hysteretic heating of large 
volume elements might not be noted at low water contents (that 
are high enough to induce s i g n i f i c a n t heating i n the S-N tests ) . 
As mentioned above, heating of only a small volume element at 
the crack t i p may induc
possible (see discussio
degree of segmental mobility per se at low water contents, as 
the lowering of Tg would imply. 

Experiments at diff e r e n t frequencies and with different wave 
forms are planned to further elucidate the role of hysteretic 
heating (see Ref. 27_ for an example of how changing frequency 
changes the r e l a t i v e importance of crack-tip vs large-volume 
heating). In any case, the contrasting behavior of nylon 66 
i n S-N and notched-specimen tests as a function of water content 
should be taken into account i n decisions on component design and 
materials selection. 

Fractographic Examination. In the preliminary study of 
Series A specimens (11) low- and high-magnification examinations 
(10X and 380X, respectively) of fracture surfaces of nylon 66 
(water contents: MD, 0.8, 2.6, and 8.5 wt %) revealed several 
features whose existence or characteristics depended on water 
content: (1) Stress whitening; (2) Evidence of trans-spherulitic 
f a i l u r e ; (3) Surface markings (fatigue s t r i a t i o n s ) . 

Visual and microscopic examination of the fracture surfaces 
of Series Β specimens has confirmed the e a r l i e r observations, and 
extended them throughout the range of water contents up to 
saturation (8.5 wt % ) . Results are summarized i n Table III and 
discussed i n more d e t a i l below. It w i l l be seen that, i n at 
least some cases, observations vary as a function of water content. 
Not surprisingly, discontinuities i n behavior do not necessarily 
occur at water contents precisely corresponding to the minimum 
i n da/dN; however, there are several clear differences between 
behavior at low and at high water contents. 

Macroscopic Appearance of Fracture Surfaces. The most 
st r i k i n g observations (Table III) of fracture surface topography 
are the occurrences of stress-whitening and extensive p l a s t i c 
deformation at the higher water contents, and the occurrence 
of arrest lines at high values of ΔΚ. 
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Thus, while not observed at water contents ^0.8-0.9 wt %, 
stress-whitening to some degree was observed at water contents 
Ξ2.6 wt %. The expected association of the stress-whitening with 
a s i g n i f i c a n t degree of p l a s t i c deformation i s confirmed by-
observation of the surface topography. For low water contents 
(̂ 0 and 0.8 wt % ) , the surfaces of a l l specimens (Series A and B) 
were f l a t and r e l a t i v e l y featureless (Figure 5a). In contrast, 
for water contents £2.2 wt %, the fracture surfaces exhibited a 
much more rugged appearance, suggestive of extensive drawings 
(Figures 5b and 5c). 

In addition (see Figure 6), the samples containing >2.2 wt % 
water showed large crack arrest lines at high values of ΔΚ 
(ΔΚ > 3.7 MPaviï) . These arrest l i n e s , which were associated with 
the periodic interruptio f th  FCP test t d th  crack-ti
position, imply the occurrenc
confined to the crack-tip, y
blunting.) Some fi n e r lines were observed as well (for discussion 
see the following section). 

As mentioned above, i t was observed that specimens (Series A 
and B) containing Î4.0 wt % water f a i l e d by rapid, unstable 
(catastrophic) crack propagation i n the f i n a l load cycle (see 
Figures 5a and 5b). At higher water contents, however, the 
specimens f a i l e d by stable but very rapid crack propagation 
(da/dN > 1 mm/cycle) at values of ΔΚ > 4MPav̂ m (see Figure 5c). 
The fast-fracture surfaces (Figures 5a and 5b) were characterized 
by a grouping of c r i s p , curved lines that emanated from some 
central point along the boundary of the crack front just prior 
to i n s t a b i l i t y . Interestingly, this fast fracture region 
exhibited no evidence of stress-whitening (though such whitening 
was often seen i n the stable crack growth region); this was so 
regardless of the water l e v e l i n any specimen. The distinguishing 
feature noted on the terminal fracture surfaces i n the specimens 
containing 8.5% water was the existence of widely separated arrest 
lines corresponding to the extent of tearing i n each load cycle 
(Figure 5c). (These arrest l i n e s w i l l be discussed below.) Other 
fracture markings were observed and are described i n the prelim
inary report (11). 

Microscopic Appearance of Fracture Markings. As was the 
case with macroscopic observations, major differences were noted 
i n the microscopic (380X) fracture surface micromorphology of 
specimens equilibrated to diff e r e n t moisture l e v e l s . At this 
higher magnification (cf. Figure 5), the "dry 1 1 specimens revealed 
cr i s p , f a c e t - l i k e markings over the entire fatigue fracture 
surface [see Figure 7a]. The average size of these small facets 
i s approximately 10 ym, close to the spherulite size of 6.5 ym 
(determined by etching i n xylene). Such faceting suggests that 
limited crack t i p p l a s t i c deformation had occurred, an observation 
which i s consistent with the fact that the surfaces observed at low 
magnification were f l a t . A generally similar appearance was noted 
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Figure 5. Appearance of fatigue fracture surfaces of nylon 66 (Series A) as a 
function of moisture content: (a) —0 wt %, (b) 2.6 wt %, (c) 8.5 wt %. Series Β 
specimens behaved in a similar fashion, with evidence for ductility at water contents 
>2.7%. Terminal fracture regions also visible. Arrow shows direction of fatigue 

crack growth. 

Figure 6. Coarse and fine crack arrest 
lines found on the fatigue fracture surface 
of nylon 66 equilibrated to contain 5.7 wt 
% water. Arrow shows direction of fa

tigue crack growth. 
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Figure 7. Fracture surface appearance of nylon 66 associated with different mois-
ture contents: (a) —0 wt % water, (b) 5.7 wt % water, (c) 8.5% water. ΔΚ = 2.6 

MPa\/m. Arrow shows direction of fatigue crack growth. 

American Chemical Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 
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Figure 8. Fatigue striations in nylon 66 
equilibrated to contain 5.7 wt % water. 
Arrow shows direction of fatigue crack 

growth. 

Figure 9. Correlation between macro
scopic growth increments per loading 
cycle and striation spacings as a function 
of ΔΚ in nylon 66 equilibrated to several 

moisture levels ΔΚ, MPa>/m 
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with specimen A-2 (0.8 wt % water). However, at higher moisture 
contents [see for example, Figures 7b and 7c], severely perturbed 
fracture surfaces were observed, consistent with the occurrence 
of extensive p l a s t i c deformation and drawing at the crack t i p . 

The use of a higher magnification also permits a more de
ta i l e d assessment of other surface markings. Recent studies (5, 
29) of the fractography of polymers subjected to FCP tests have 
id e n t i f i e d two types of lin e a r fracture markings oriented p a r a l l e l 
to the advancing crack front: discontinuous growth bands (DGB) 
and c l a s s i c a l fatigue s t r i a t i o n s . The DGB markings, usually found 
at low values of ΔΚ, represent discrete increments of crack growth 
corresponding to the dimension of the p l a s t i c zone associated with 
the crack t i p . In this region, the macroscopic crack advances 
in a discontinuous fashion  with th k remainin  p e r i o d i c a l l
dormant for as many as
found at higher ΔΚ le v e l s
advance i n a single load cycle. 

Regardless of the water content or ΔΚ l e v e l , no DGB1s have 
yet been observed i n any nylon specimens (either Series A or 
Series B). By contrast, the discontinuous growth of fatigue 
cracks has been described i n studies of both c r y s t a l l i n e and 
amorphous polymers [for example, i n polyacetal (29,30), poly
ethylene (_31) , and a variety of poorly c r y s t a l l i n e or amorphous 
polymers (5)]. While the process of DGB formation i n poorly 
c r y s t a l l i n e or amorphous polymers i s f a i r l y well understood (_5, 
12,29,32) the role of well developed c r y s t a l l i n i t y i s not clear. 
Hence the reason why DGB bands are not observed i n nylon 66 i s as 
yet unknown. 

Markings believed to be c l a s s i c a l fatigue s t r i a t i o n s 
(Figure 8) were, however, observed i n specimens having water 
contents i n the range between 2.2 and 5.7 wt %, inclu s i v e . 
Similar markings have been noted by others for several c r y s t a l 
l i n e polymers (31 ,_33,34_,j^, 36.>.37) , and interpreted as fatigue 
s t r i a t i o n s (though without firm evidence). The c r i t i c a l test of 
whether or not such markings are true fatigue s t r i a t i o n s i s to 
determine by measurement whether the spacings of the markings 
agree with the corresponding increments of macroscopic crack 
advance. In fact, examination of our specimens suggests that the 
markings are i n fact true fatigue s t r i a t i o n s , for the spacings 
do correspond to the increments of crack advance (see, for 
example, Figure 9). The findings confirm the data obtained i n 
the preliminary study (11), which constitute the f i r s t unequivocal 
evidence for the formation of true fatigue s t r i a t i o n s i n c r y s t a l 
l i n e polymers. [As previously noted, the measurements of crack 
length received a special averaging technique because of the para
b o l i c nature of the crack front (11)]. 

Summary and Conclusions 

Several major conclusions (tentatively drawn i n the e a r l i e r 
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study) are confirmed (or revised) by this more extensive study 
of the effects of water on fatigue crack propagation i n nylon 66: 

1. Fatigue crack growth rates i n nylon 66 are very sensitive 
to moisture content i n the range from -0.2 wt % ("dry") to 8.5 wt 
% (saturated). A 25-fold va r i a t i o n exists between the fastest and 
slowest rate (at a constant ΔΚ of 3 MPav^n). 

2. In contrast to the case of fatigue i n un-notched speci
mens, the fatigue crack growth rates exhibit a sharp minimum at 
water contents i n the range of 2 wt % to 3 wt % — a range 
corresponding to about 1 water molecule per 4 amide groups. 

3. The existence of the minimum must surely r e f l e c t the 
presence of competing fatigue mechanisms. It i s proposed that 
the decrease of crack growth rates at low water contents r e f l e c t s 
the a b i l i t y of t i g h t l y bound water to increase fracture energy 
or to increase crack bluntin
at the crack t i p . At highe
increase of crack growth rate i s attributed to the rapid decrease 
i n the room temperature modulus of nylon 66, causing a lowering 
of the resistance exerted by the bulk material to the advance of 
the crack and an increase i n crack growth rate. In addition, the 
greater hysteretic heating noted at higher moisture contents may 
contribute to a further decrease i n the modulus. 

4. These observations are supported by the onset of per
ceptible heating at water contents above about 2 wt % water, and 
by the onset of stress-whitening and a s i g n i f i c a n t degree of 
p l a s t i c deformation i n the same concentration range. While plas
t i c deformation i s often associated with high fracture energies, 
i t i s l i k e l y that the increase i n fracture energy i s overwhelmed 
by a decrease i n modulus due to p l a s t i c i z a t i o n by free water and 
to hysteretic heating (see conclusion number 2). There i s also 
some evidence that trans-spherulitic f a i l u r e occurs at low water 
contents and reorganization of the sp h e r u l i t i c structure at high 
water contents. 

5. C l a s s i c a l fatigue s t r i a t i o n s are observed at intermediate 
water contents, confirming e a r l i e r findings. However, no evidence 
was found (at any water content or ΔΚ level) for discontinuous 
growth bands, which are found i n many other polymers. 

6. From a technological viewpoint, i t i s important to 
recognize that the fatigue response of nylon 66 as a function 
of water content i s strongly dependent on the test method — i n 
particular on the presence or absence of notches and, presumably, 
the frequency. 
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33 
The Influence of Water Concentration on the 
Mechanical and Rheo-Optical Properties of 
Poly(methyl methacrylate) 

R. S. MOORE and J. R. FLICK 

Eastman Kodak Co., Rochester, N Y 14650 

Although several studies
H2O on the dynamic mechanical properties of methacrylate polymers 
(1, 2, 3), relatively little is generally known about the influ
ence of H2O content on the rheo-optical and tensile properties of 
such polymers. This study of poly(methyl methacrylate), PMMA, 
was undertaken to obtain further understanding of the effect of 
H2O on these properties and to serve as a model system for exam
ining experimental methods for use in future studies of the 
mechanical and rheo-optical properties of other methacrylate 
polymers. In addition, we hope to gain insight into the poten
tial importance of a variation in H2O content in general studies 
on other polymers, how it influences the manner and degree of 
orientation of the polymer in response to stress, and how it 
influences the correlation between mechanical and optical proper
ties in terms of the stress-optical law. Study of H2O in PMMA is 
also of interest as a model system for studying the effect of a 
diluent at low concentrations. 

Experimental 

Material Characterization and Sample Preparation. Polymer. 
The PMMA was a commercial material, Plexiglas RV 811, made by 
Rohm and Haas Company. This polymer was especially chosen be
cause of its widespread use as an acrylic thermoplastic. It was 
analyzed by gel permeation chromatography. Molecular weights, 
determined from the respective polystyrene-equivalent values with 
appropriate conversion factors, indicate that the polymer has a 
weight-average molecular weight, Μw, of 1.5 x 105 and a weight-
to-number average molecular weight ratio, Mw/Mn of 2.3. Hence, 
the polymer has a reasonably narrow molecular 'weight d i s t r i b u 
tion. 

Specimen Preparation. Specimens for tens i l e and b i r e f r i n g 
ence studies were prepared from sheets molded at about 200°C 
between stainless steel platens to the appropriate thickness. 
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The i n i t i a l p e l l e t s of the polymer were milled to a granular 
powder. The polymer was then dried at 110°C to remove residual 
moisture, a potential source of bubbles during molding. No 
residual birefringence was observed i n the molded sheets as 
judged by viewing them between crossed polarizers. Specimens for 
tensile studies were t y p i c a l l y 3 χ 1 χ 0.03 i n . , and specimens 
for birefringence studies were 3 χ 0.5 χ 0.01 i n . The thinner 
specimens were cut on a Thwing-Albert apparatus; thicker speci
mens were prepared on an e l e c t r i c a l l y driven saw designed for 
cutting glass. Samples were stored at room temperature i n v a r i 
ous environments, as discussed below. 

Specimen Conditioning. Specimens were conditioned i n three 
different environments as follows: samples placed i n a wet 
environment were s t i r r e
room temperature for
placed i n a dry environment were stored i n a desiccator over 
for a l i k e period at room temperature; samples stored i n a reg
ular environment were kept at ambient conditions for a similar 
period such that the usual equilibrium Ĥ O content (see below) 
obtained. 

Figure 1 shows a plot of the percent gain i n weight as a 
function of time for the thin (birefringence) and thick (tensile) 
specimens after immersion i n Ĥ O. The influence of specimen 
thickness on the rate of equili b r a t i o n i s evident, thin specimens 
imbibing Ĥ O somewhat faster than thick ones. (This effect of 
thickness i s rather common and has i t s o r i g i n i n the more rapid 
attainment of a f i n i t e Ĥ O concentration i n the central core i n 
the thin specimens (4).) The equilibrium value i s nearly reached 
after 8-10 days. Results of desorption studies indicate that a 
l i k e period i s required to remove excess Ĥ O during specimen 
storage i n a normal room environment. Since specimens were im
mersed u n t i l just before testing, no Ĥ O loss i s considered to 
occur. 

Figure 1 also indicates the percent weight loss as a func
tion of time for samples under desiccation. The effect of sample 
thickness i s less pronounced. Again, a period of 10 days appears 
to be s u f f i c i e n t to attain nearly complete equilibrium. Other 
studies on previously dried samples indicate that at least 4 h 
must elapse before a s i g n i f i c a n t increase i n Ĥ O content i s ob
served i n desiccated samples exposed to room a i r . Since these 
specimens were desiccated u n t i l just before testing, we consider 
that no moisture was present. Results of Figure 1 can be summar
ized as follows: normal samples contained /0.6% Ĥ O, dried 
samples had /0% HO, and saturated samples had 2.2% H^u. Analy
sis by gas chromatography indicated that a small amount of re
sidual monomer (F 0.6%) was present i n these specimens. The 
analysis also indicated that this monomer was not removed by 
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desiccation. Hence, any weight loss r e f l e c t s loss of Ĥ O and not 
monomer. 

Apparatus 

Tensile Tests. Tensile tests were done on an Instron ten
s i l e tester unjler ambient conditions at s t r a i n rates, ε , ranging 
from 1.0 χ 10 to 5.5 χ 10 sec . Experiments were done i n 
t r i p l i c a t e at each s t r a i n rate. Stress, σ , and s t r a i n , ε , at 
y i e l d (not shown) were determined using tie 0.2% offset method 
(5). Stress, σ^, and s t r a i n , ε^ , at break and the work to break, 
Ŵ , (the area under the stress-strain curve) were also calcu
lated. The l a t t e r was evaluated via a computer program using a 
Simpson's Rule method. 

Birefringence. A
source was constructed for measuring the absolute relati v e bire
fringence | Δ | , the absolute value of the difference between the 
refractive indices p a r a l l e l and perpendicular to the deformation 
axis, | [ n i j ~ % ] | > °f specimens subjected to constant ε deforma
tion i n tension. (The absolute values of Δ would equal (n„ - n^) 
and (nj_ - n^), where n^ i s the value of η at zero stress.) This 
apparatus i s similar to one described previously (6) and i s p i c 
tured schematically i n Figure 2. 

The birefringence i s determined from a comparison of changes 
in transmitted intensity, I, using crossed polarizers, with the 
transmitted intensity using p a r a l l e l polarizers, 1^, through the 
relationship 

I / I Q = sin 2(Ô/2) . (1) 

Here δ i s the retardation, defined as 

δ = 2πάά/λ , (2) 

where d i s the specimen thickness and λ i s the wavelength of the 
incident l i g h t . The appropriate derived functions of Δ were 
calculated by computer. Graphical computer outputs of composite 
graphs of measurements at several ε were also # prepared using 
specially developed programs. Nominal values of ε were corrected 
for effects of specimen load on the drive-motor response for the 
thicker specimens. Values of ε^ were considered # to be small 
enough to not warrant modifying the values of ε from their 
i n i t i a l values for both kinds of measurements. 

The absolute sign of the relati v e birefringence was deter
mined as described previously (6). The PMMA studied has negative 
birefringence at room temperature, i n agreement with results of 
other workers (7). 
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Figure 1. Percent gain or loss in weight for PMMA as a function of time 

F R A M E AND 
S P E C I M E N 

Figure 2. Schematic of the birefringence apparatus 
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Results 

Ultimate Response. A plot of as a function of ε i s given 
i n Figure 3 for specimens conditioned i n the three environments. 
Within the experimental uncertainty, no appreciable dependence on 
ε or on the environment i s apparent at the two highest rates. 
The rather large scatter i n the data r e f l e c t s i n part the sensi
t i v i t y of ultimate properties of PMMA to adventitious flaws, 
especially i n the materials of lower H 90 content. 

Figure 4 i s a plot of Ŵ  as a tunction of ε for materials 
conditioned i n the three environments. No pronounced dependence 
on ε i s observed for the two materials of lower water content, 
although the maximum i n Ŵ  i s probably a real effect. The sample 
with 2.2%eH^0 shows a rather dramatic increase i n Ŵ  with i n 
creasing ε . This i s
11% at the highest rate
material to deform. This suggests that the added Ĥ O acts as a 
p l a s t i c i z e r , increasing the material's d u c t i l i t y . 

The plot i n Figure 5 shows the effect of Ĥ O content on 
and ε^ at constant ε . With increasing Ĥ O content, there i s a 
decrease i n while ε, increases, again suggesting that the Ĥ O 
is functioning as a p l a s t i c i z e r . The range i n measured values 
decreases markedly as Ĥ O content increases. Thus, the effect of 
adventitious flaws diminishes as the system gains mobility. 

Intermediate Response. Figure 6 i s a double logarithmic 
plot of σ/ε vs. time i n seconds at three different s t r a i n rates 
for the samples as a function of H 90 content. β To extend the time 
scale and to correlate results at various ε , we have used the 
reduced-variables procedure shown to be applicable i n describing 
the v i s c o e l a s t i c response of rubbery materials (8) as well as of 
several glassy polymers (6). (To compensate for the effect of 
different ε we plot σ/ε vs. ε / ε ; the l a t t e r i s simply the time, 
t.) Superposition over the entire time scale for 0% Ĥ O (upper 
curve) i s excellent except for times close to the fracture times 
of the materials tested a£ ̂ i e higher s t r a i n rates. For example, 
a deviation occurs at 10 ' sec for the material at ε = 3.3 χ 
10 sec 

Results for samples containing 0.6% H 90, the middle curve i n 
Figure 6, are generally similar to those naving 0% water. How
ever, y i e l d i p g ^ i s more p^roigDunced at 0.6% Ĥ O, deviations occur
ring at 10 * and 10 * sec. More curvature (and hence a 
smaller slope) than i s seen i n the upper curve i s evident at the 
lowest rate at long times. Since the magnitude of σ/ε i s also 
less, the slope of the corresponding linear plot of σ/ε vs. t (at 
the same t) would also be lower. Because ά(σ/ε)/at i s equal to 
E( t ) , the tensile relaxation modulus, the modulus thus decreases 
with increasing H 90 content. 

A similar etfect i s seen i n the lowest curve i n Figure 6 at 
the lowest ε for samples of highest H ?0 content. Generally, 
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Strain rate (<É), m i n " 1 

Figure 3. Plot of stress at break for PMMA vs. strain rate for specimens with the 
H20 content indicated 
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Figure 4. Plot of work to break for PMMA vs. strain rate for specimens with the 
H20 content indicated 
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Figure 6. Double logarithmic plot of stress/strain rate vs. time (sec) for PMMA at 
three strain rates for samples of: (upper curve) —0% H20; (middle curve) 0.6% 
H20; (lower curve) 2.2% H20. Upper curve displaced up by 0.5 log unit; lower 

curve displaced down by 0.5 log unit. 
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however, these effects of Ĥ O content are rather minor i n com
paring changes in curvature. Although s t i l l minor, the extent of 
departure from the general curve does appear to be a function of 
the Ĥ O content, owing to i t s influence^ ogi the extent of y i e l d 
ing, the deviation being greatest at 10 * sec for the sample of 
highest H 20 content, as indicated i n Figure 6 at 2.2% H20. The 
dependence of σ/ε on ε at the shortest times i n this case i s 
somewhat uncertain owing to d i f f i c u l t i e s of measurement. The 
results suggest, however, # that i f the effect i s real, a lower 
reduced stress l e v e l (σ/ε) obtains for a lower ε so that the 
material appears to be s l i g h t l y less r i g i d than at the higher 
rates. This i s consistent with orientation effects determined by 
birefringence, as discussed below. Except for the deviations 
noted above, superposition of a l l the data (not shown) is gener
a l l y good, indicating
minor except at the shortes
just before f a i l u r e . 

Rheo-Optical Properties. Intermediate Response. Plots 
using reduced variables similar to those for mechanical response 
were prepared from birefringence measurements. These are shown 
in Figure 7 as double logarithmic plots of the absolute value of 
birefringence divided by s t r a i n rate vs. time. This type of plot 
was discussed previously for other glassy polymers (6). Rela
t i v e l y l i t t l e influence of ε on the reduced variables response i s 
observed i n the upper curve, superposition being generally excel
lent for the polymer specimens of ~0% Ĥ O content. 

The middle curve shows the corresponding results for the 
samples having 0.6% Ĥ O content. Here considerable dependence on 
ε i s observed at times below 10 sec. # The reduced absolute b i r e 
fringence, |Δ|/ε, becomes larger as ε decreases for constant t. 
Thus, the material acts proportionately as though i t were more 
mobile at the lower s t r a i n rates. 

A strong dependence on ε i s observed for the specimens of 
2.2% Ĥ O content at short times, as indicated i n the lower^c^rve 
of Figure 7. Here a difference of almost a factor of 10 * i s 
found between results at the two extreme s t r a i n rates. Clearly, 
the influence of changes i n ε i s largest i n samples of highest 
Ĥ O content, the relat i v e degree of orientation and mobility, as 
judged by the magnitude of Δ/ε, being greater the lower the rate 
of s t r a i n . This trend i s consistent with the decrease i n σ/ε 
observed with decreasing ε as discussed previously. 

Strain and Stress Optical Coefficients. The relationship 
between Δ and ε i s usually defined i n terms of results obtained 
i n the customary stress relaxation experiment i n which a specimen 
is deformed to a constant s t r a i n , and σ (or i n this case Δ) i s 
measured as a function of time. The s t r a i n o p t i c a l c o e f f i c i e n t , 
K(t), i s defined as 
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Figure 7. Double logarithmic plot of the absolute value of birefringence divided 
by strain rate vs. time for PMMA at the three strain rates indicated for samples of: 
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K(t) = A(t)/e , (3) 

and the tensile stress relaxation modulus i s given by 

E(t) = a(t)/e . (4) 

Just as E(t) = d(q/e)/dt at time (t) at constant s t r a i n rate (6, 
8), so K(t) = d(A/e)/dt at time (t) at constant ε (6, 9, 10). 

The stress optical c o e f f i c i e n t , C, i s defined for the stress 
relaxation experiment as 

so that 

C Ξ A(t)/o(t) (5) 

C(t

Experimentally, C i s generally a constant (9), as predicted by 
theory (6, 9). Previously (6) i t was shown that a more sensitive 
test than Equation 6 of the constancy of C i s to consider 
[A(t)/e]/[o(t)/e] as a function of t, since 

A ( t ) / ^ = J t K ( t ) d t / J t E(t)dt . (7) 
σ(t)/έ 0 0 

These integrals, which involve integration over the corresponding 
relaxation spectra (6, 9), w i l l y i e l d a constant value for C only 
i f the corresponding relaxation spectra are equivalent over the 
whole time in t e r v a l of integration (6). This test of the con
stancy of the value of C i s then to compare logarithmic plots of 
Δ(0/ε and o(t)/e with one arbitrary v e r t i c a l s h i f t , as shown in 
the plots i n Figure 8. Here superposition i s excellent over the 
entire range of values^ for^the upper curve. The value of C so 
obtained i s 5.3 χ 10 cm /dyne. Although d i f f i c u l t to e s t i 
mate, the uncertainty i n C i s probably about 5%. 

Results for samples with 0.6% H 90 are shown in the middle 
curve i n Figure 8. Here generally good superposition i s obtained 
at longer times except for regions i n which mechanical results 
are dominated by yieldi n g . The lower plot i n Figure 8 shows 
results for specimens with 2.2% H^O. Within the limitations just 
cited for the middle curve, superposition i s also very good. The 
value of C obta^ied ^for the plots of Figure 8 i s v i r t u a l l y the 
same, 5.3 χ 10 cm /dyne, suggesting that the stress o p t i c a l 
c o e f f i c i e n t i s independent of time, of Ĥ O content, and of ε at 
s u f f i c i e n t l y long times, t > 10 sec, but Before pronounced y i e l d 
ing. Below# 10 sec the results suggest that C increases with 
decreasing ε, the effect being more pronounced the higher the R̂ O 
content. 
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The magnitude of C i s about half that for polystyrene and 
for^2 a t y p i c a l polystyrene-acrylonitrile copolymer (6), 1.0 χ 
10 cm /dyne. Further interpretation of this difference must 
await measurements of the absolute stress o p t i c a l coefficients 
p a r a l l e l and perpendicular to the deformation axis, [(n{j - η^)/σ 
and (nj_ - η β)/σ], since the sign of C i s positive for these two 
polymers (6;, whereas i t i s negative for PMMA. Our studies of 
the dynamic mechanical response of these materials provide a more 
detailed understanding of the mechanism of enhanced mobility i n 
the specimens of higher Ĥ O content. Studies of fracture surface 
morphology also indicate differences i n ultimate response as a 
function of Ĥ O concentration. 

Indirect Observation of Deformation Bands. Although b i r e 
fringence results show
a smoothly increasing valu
always the case. An interesting and en t i r e l y unexpected behavior 
was observed i n the response of many specimens. In some cases, 
though not i n a l l , this phenomenon occurred only when the laser 
beam traversed the sample at the subsequent fracture point. A 
t y p i c a l example, i n which the relativ e photodiode response (see 
Equation 1) i s plotted as a function of time, i s seen i n Figure 
9. It i s evident that a sinusoidal o s c i l l a t i o n occurs about the 
steadily increasing transient value; the plots previously shown 
were based on a smoothed transient curve for calculations of Δ. 
The period of o s c i l l a t i o n i s nearly independent of time. We have 
also observed constant p e r i o d i c i t y for other methacrylate poly
mers. The period appears to be proportional to the s t r a i n rate, 
as judged from several experiments, so that the calculated spac
ings (see below) are independent of e. The magnitude of the 
fluctuations i s t y p i c a l l y 2-4% of the transient value i n terms of 
Δ. (The amplitude increases with time, but the degree of modu
la t i o n remains nearly constant because of the increase i n Δ or i n 
I.) Thus, fluctuations of this magnitude i n σ, i f they did 
occur, would not be l i k e l y to be observed i n t y p i c a l t e n s i l e 
tests. 

In our birefringence apparatus the upper grip moves, but the 
lower one does not, so that the v e l o c i t y of the center of the 
specimen relati v e to the l i g h t beam position i s about half that 
of the upper grip. Calculations based on time, vel o c i t y , and 
period of o s c i l l a t i o n indicate that i f we are observing a 
periodic-banded structure, i t s width ranges from 8.5 to 18.3 Mm, 
depending on the polymer, i f we assume the structure bands l i e at 
45° to the t e n s i l e a x i s . (This assumption causes a decrease of a 
factor of only -iljl from the width which would obtain for a 
structure at right angles to the deformation axis.) It i s un
l i k e l y that sample slippage i s the o r i g i n of such p e r i o d i c i t y ; 
the regularity of modulation argues against t h i s . Similarly, 
mechanical o s c i l l a t i o n of the drive mechanism would be expected 
to cause o s c i l l a t i o n s i n a l l experiments. Such was not the case. 
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Figure 8. Composite logarithmic plots of stress divided by strain rate and birefrin
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Upper curve displaced up by 0.5 log unit; lower curve displaced down by 1.0 log 

unit. 

Figure 9. Recorder output of relative 
photodiode response as a function of time 
for a birefringence experiment on PMMA 
containing 2.2% H2Ô at a strain rate of 

1.0 χ 10* sec1 
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P e r i o d i c i t i e s i n laser intensity can be ruled out based on mon
it o r i n g of the intensity before the start of the experiment. 

Although our evidence i s indirect, we fe e l the observed 
p e r i o d i c i t y i s due to the formation of incipient deformation 
bands, or Luder's bands, i n the specimen. Such bands have been 
observed i n polystyrene (H,12) i n compression and i n preoriented 
polystyrene specimens i n tension and i n torsion (12). Such bands 
have also been observed i n poly(vinyl chloride) (13). In poly
styrene the angles between the band axis and the axis band of 
deformation were 38° i n compression and 52° i n tension (12). 
(Our results are calculated a r b i t r a r i l y for the intermediate 
value of 45°.) The measured widths i n polystyrene are 1-10 pm 
(1_1,12). Our results are i n reasonable agreement with this band 
size. 

In contrast to observation
serve permanent bands
fringence upon release from stress. Neither do we observe craz
ing before f a i l u r e . However, the specimens do whiten just before 
f a i l u r e when viewed edge-on, and this whitening disappears within 
a few seconds after fracture occurs. We think the o s c i l l a t i o n s 
i n intensity we observe are l i k e l y to be due to incipient shear 
deformation which disappears after specimen f a i l u r e . Unpublished 
results of other workers are reported (see References 11 and 14 
in the present Reference 12) to be consistent with the idea that 
such bands should be d i f f i c u l t to observe i n PMMA and i n poly
carbonate because of their lower draw ratios compared to poly
styrene. Studies of an u n f i l l e d epoxy polymer (14) i n c y c l i c 
tensile deformation indicate that shear bands do not remain after 
removal of stress u n t i l a threshold amplitude of deformation i s 
exceeded. 

Results for polystyrene (12) indicate that the bands start 
to occur at a tensile y i e l d stress defined (12) as the point at 
which stress i s no longer proportional to str a i n . For our spec^ 
imen, the onset of o s c i l l a t i o n occurs at a stress of 3.9 χ 10 
dynes/cm^, and its, tensile y i e l d stress as defined above i s 
4.3 χ 10 dynes/cm , i n excellent agreement. If our interpre
tation i s correct, these results suggest that after t e n s i l e 
y i e l d i n g an additional mode of deformation arises such that 
s p a t i a l l y periodic incipient yielding i n shear occurs at ~45° to 
the deformation axis. After f a i l u r e , this shear yield i n g i s 
recoverable, leading to no residual birefringence i n the spec
imen. 

Summary 

Results of studies of tensile deformation at constant ε i n 
samples of PMMA containing from 0 to 2.2% H 20 indicate that me
chanical response i s r e l a t i v e l y insensitive to ε when considered 
i n terms of reduced variables at intermediate strains. At short 
times or just before f a i l u r e , the specimens with higher H~0 
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content have s l i g h t l y enhanced d u c t i l i t y . Birefringence measure
ments indicate a strong enhancement of orientation at short times 
when response i s considered i n terms of reduced variables. The 
stress optical c o e f f i c i e n t i s , with these exceptions, independent 
of HLO content, ε , and time, |SOC| being about half that for 
polystyrène or for a ty p i c a l poly(styrene a c r y l o n i t r i l e ) copoly
mer (6). The present results provide a starting point for 
studies of the absolute birefringence and the degree of orienta
tion i n deformed polymers. The results also show that the con
centration of H 90 has a minor effect on the longer time response 
of commercial PMHA. 

Results i n many specimens indicate that the gradually i n 
creasing intensity i n birefringence i s accompanied by periodic 
o s c i l l a t i o n . Although the evidence i s indirect, we fe e l that the 
l a t t e r observations ar
ient deformation bands
the onset of tensile yielding. These nonpermanent bands then 
disappear upon sample f a i l u r e . 

Abstract 

As part of a program directed toward understanding brittle-
ness in glassy polymers, this paper reports results of studies of 
birefringence (Δ) and tensile stress measurements (σ) at constant 
strain rates (ε) ranging from 1.0 x 10-4 to 5.5 x 10-3 sec-1 on a 
commercial poly(methyl methacrylate). The polymer of Mw 1.5 x 
105 (Mw/Mn = 2.3) contained between 0 and 2.2% H2O. All meas
urements were made at room temperature. Results of tensile 
measurements indicate that plots of (σ/ε) versus time (t) were 
relatively insensitive to ε and H2O content except at values of 
strain (ε) greater than the yield values. Below 10 sec, the 
dependence of (Δ/ε) on ε became larger the higher the H2O con
tent. The absolute value of the average stress optical coeffi
cient, 5.3 x 10-3 cm2/dyne as determined from these logarithmic 
plots, was independent of H2O concentration, of ε, and of t, for 
t > 10 sec. The influence of H2O concentration on Δ, greatest at 
short times, suggests that it contributes to enhanced mobility of 
the system, functioning in many respects as a plasticizer. At 
longer times a periodic oscillation of |Δ| about its gradually 
increasing transient value was observed. Although the evidence 
is indirect, this periodic variation in Δ is consistent with the 
formation of incipient deformation bands in shear at ~45° to the 
tensile stress axis after the onset of tensile yielding. The 
periodic variation in birefringence disappears after specimen 
failure, suggesting that in this case it is associated with a 
recoverable elastic deformation. 
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Water-Epoxy Interactions in Three Epoxy Resins 
and Their Composites 

JOYCE L. I L L I N G E R and NATHANIEL S. SCHNEIDER 

A r m y Materials and Mechanics Research Center, Watertown, MA 02172 

Glass fiber reinforced epoxy resin composites are finding 
increasing use for critical structural applications in Army 
materiel. Of necessity
environments, both in storage  operation.
ubiquity of water in the environment, concern has arisen about 
the nature of the interaction of water with these systems, and 
the effects of water on the material properties of the composites. 
Of the many epoxy resin systems available, we have studied three 
in some detail. Resin III was part of a long term project on 
determining mechanisms of deterioration during environmental 
exposure. Resins I and II are materials which are under serious 
consideration for use in Army materiel. The results of these 
studies are reported here. 

Experimental 

Resins. The structural formulae for the major components of 
these systems are shown in Figure 1. 

Resin I contains roughly equal amounts of diglycidyl ether of 
bisphenol A (DGEBA) and an epoxy cresol novolac. Sufficient 
dicyandiamide (DICY) as a curing agent is present such that the 
amine/epoxy ratio is 0.85. Monuron is present as an accelerator. 
The supplier's recommend standard cure is two hours at 127°C. 
Previous work (1) has shown that this cycle produces a fully 
cured system, as indicated by the disappearance of the epoxide 
absorbance band in the infrared spectrum. 

Resin II contains tetraglycidyl methylene dianiline (TGMDA) 
as the principal epoxide with small amounts of a cresol novolac 
and DGEBA. DICY as curing agent is present in an amount such that 
the amine epoxy ratio is 0.25. Diuron is the accelerator. The 
supplier's recommended standard cure is the same as for SP250. 
However, in this system approximately 20 percent of the epoxide 
remains unreacted following the cure cycle (1). S e l e c t e d r e s i n 
p l a t e s were s u b j e c t e d to a d d i t i o n a l cu re a t 170°C and 220°C. The 
samples po s t cu red a t 220°C f o r f o r t y m inutes showed no r e s i d u a l 
epox ide absorbance i n the IR spec t rum. 

This chapter not subject to U .S . copyright. 
Published 1980 American Chemical Society 
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Res in I I I i s based upon DGEBA and an epoxy novo l a c i n a 
o n e - t o - t w o we i gh t r a t i o . The c u r i n g agent i s 3 p e r c e n t boron 
t r i f l u o r i d e monoethy lamine complex. The s u p p l i e r ' s recommend cu re 
c y c l e i s 0.75 hour a t 165°C f o l l o w e d by 4 hours po s t c u r e a t 177°C. 
Some samples were cu red f o r 24 hours a t 80°C b e f o r e po s t c u r e , 
w h i l e o t h e r samples were cu red f o r the s t a n d a r d 0.75 hour a t 165°C 
and s u b j e c t e d t o d i f f e r e n t po s t cu re t imes ( 2 ) . There i s s t i l l 
r e s i d u a l epox i de absorbance f o l l o w i n g i n i t i a T 165°C c u r e . T h i s 
absorbance dec rea se s d u r i n g pos t cu re r e a c h i n g z e r o a f t e r 4 hou r s . 

Compos i te s . Pane l s from p repreg s o f Res ins I and I I w i t h S2 
g l a s s f i b e r were f a b r i c a t e d i n a 2 - p l y u n i d i r e c t i o n a l l a y - u p u s i n g 
the f o l l o w i n g cu re c y c l e (3_). A f t e r l a y - u p the panel was bagged 
i n p l a s t i c , e v a c u a t e d , and p l a c e d i  a u t o c l a v e  P r e s s u r
r a i s e d to 20 ± 5 p s i g . Temperatur
which p r e s s u r e was i n c r e a s e  p s i g  tempera tu r
was then r a i s e d a t 3°C per minute t o 127 ± 3°C and h e l d f o r 2 
hour s . F o l l o w i n g t h i s , t empera tu re was reduced t o 60°C, p r e s s u r e 
r e l e a s e d and the panel removed from the a u t o c l a v e . 

Specimens o f d imens ions 165mm X 19mm were c u t f rom the pane l s 
w i t h the f i b e r s a t 10° o f f a x i s . When t e s t e d i n t e n s i o n , t h i s 
c o n f i g u r a t i o n i s s e n s i t i v e t o changes i n i n t e r f a c i a l bonding ( 4 ) . 
F o l l o w i n g c o n d i t i o n i n g ( d e s c r i b e d below) they were t e s t e d i n 
t e n s i o n i n an I n s t r o n . The samples c o n t a i n e d 33 ± 3% r e s i n as 
de te rmined by r e s i n burn o f f . 

C r o s s p l y pane l s o f Res in I I I and Ε g l a s s i n a s i x p l y c o n f i g u 
r a t i o n (0/0/90/90/0/0) were s u p p l i e d by the 3M Company w i t h nominal 
26% r e s i n c o n t e n t . The cu re c y c l e was r e p o r t e d as f o l l o w s . The 
pane l s were bagged, e v a c u a t e d , and p l a c e d i n an a u t o c l a v e . 
P r e s s u re was a p p l i e d f o r c o n s o l i d a t i o n below the ge l p o i n t . The 
tempera tu re was then r a i s e d t o 165°C a t 3° per m i nu te . The temper 
a t u r e was h e l d a t 165°C f o r 45 m i n u t e s , t h e pane l s were c o o l e d t o 
60°C, removed from the a u t o c l a v e and t r a n s f e r r e d t o an oven. They 
were po s t cu red f o r f o u r hours a t 177°C. 

T e n s i l e dumbbel l s were c u t a t 0 and 90 degrees t o the o u t e r 
p l i e s p r oduc i n g samples d e s i g n a t e d 0/90/0 o r 90/0/90. These 
samples were t e s t e d i n an I n s t r o n f o l l o w i n g c o n d i t i o n i n g . 

Water Measurements and C o n d i t i o n i n g . The samples were 
suspended f rom g l a s s T ' s above s a t u r a t e d s a l t s o l u t i o n s o r d i s 
t i l l e d wa te r wh ich produced d i f f e r e n t h u m i d i t i e s a t each tempera 
t u r e ( 3 0 , 4 5 , 6 0 ° C ) . The h u m i d i t y chambers were immersed i n 
c i r c u l a t i n g wa te r baths o r f o r c e d a i r ovens t o m a i n t a i n c o n s t a n t 
t empe ra tu re . Samples were a l s o immersed i n d i s t i l l e d wa te r a t 
each t e m p e r a t u r e . P e r i o d i c we i gh i ng s were made and r e s u l t s 
r e co rded as d e t a i l e d e l s ewhere ( 5^3 ) · De s o rp t i o n o f wa te r f rom 
s e l e c t e d samples was per formed by h o l d i n g the samples ove r 
d e s s i c a n t a t the same tempera tu re as s o r p t i o n had been pe r fo rmed. 
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R e s u l t s and D i s c u s s i o n 

R e s i n s . Samples o f Re s i n I I (25mm χ 25mm χ 1.5mm) were 
mon i to red a t 60°C and 8 0 , 9 5 , 100% RH and under immers ion 
c o n d i t i o n s . E q u l i b r i u m s o r p t i o n i n c r e a s e s w i t h r e l a t i v e h u m i d i t y 
as i s g e n e r a l l y t he case i n po lymer s y s tems , w i t h an i s o t h e r m 
which i s s l i g h t l y concave upward. The 100% RH and immers ion da ta 
were v i r t u a l l y i d e n t i c a l . A t t he se t h i c k n e s s e s , e q u i l i b r a t i o n 
t ime was d i s t u r b i n g l y s l ow . F i g u r e 2A shows the r e s u l t s o f these 
measurements p l o t t e d c o n v e n t i o n a l l y as a f u n c t i o n o f the square 
r o o t o f t i m e . I f t he s o r p t i o n f o l l o w e d a mechanism d e s c r i b e d by 
F i c k ' s e q u a t i o n s , the p e r c e n t uptake would show a l i n e a r p l o t t o 
up t o 60 o r 70 p e r c e n t o f e q u i l i b r i u m u p t a k e , w i t h a z e r o i n t e r 
c e p t . Th i s i s c l e a r l y no t the case w i t h t h i s r e s i n  There i s 
e v i dence o f e a r l y c o n t i n u i n
and t h e r e appears t o b

Ano the r approach t o t he i n t e r p r e t a t i o n o f s o r p t i o n k i n e t i c s 
has been sugges ted by Jacques (5) e t a l f o l l o w i n g A l f r e y (6) 
where one assumes t h a t uptake can be r e p r e s e n t e d by 

M t = k t " 

where M. i s s o r p t i o n a t t ime t , and k i n c l u d e s geomet r i c c o n s t a n t s 
and the d i f f u s i o n c o e f f i c i e n t . P l o t s o f l o t vs l o g t s h o u l d -
r e v e a l changes i n s o r p t i o n mechanisms. A s l o p e o f 1/2 would 
i n d i c a t e F i c k i a n b e h a v i o r , t h a t o f 1 would i n d i c a t e c o n t r o l o f 
s o r p t i o n by a r e l a x a t i o n mechanism. E v e n t u a l l y , t he s l o pe s s hou ld 
dec rea se t o z e r o as e q u i l i b r i u m i s a t t a i n e d . F i g u r e 2B i s a p l o t 
o f the da t a i n t h i s f o rm. The s l o p e a t any p o r t i o n o f t h e s e 
cu r ve s i s l e s s than 1/2 so t h a t the s o r p t i o n mechanism cannot be 
i d e n t i f i e d w i t h i n t he above s t a t e d l i m i t s . These d e v i a t i o n s o c c u r 
w e l l below 30% o f e q u i l i b r i u m up take . 

Th i s system shows a d d i t i o n a l a n o m a l i e s , the t o t a l uptake i s 
h i gh and a l s o some tempera tu re dependence o f e q u i l i b r i u m s o r p t i o n 
o c c u r s , c o n t r a r y t o the b e h a v i o r o f o t h e r systems (6.^7,8) w i t h 
the same epox ide but d i f f e r e n t c u r i n g agen t . 

Samples wh ich had undergone t he s t anda rd c u r e were then 
s u b j e c t e d t o po s t c u r i n g a t two e l e v a t e d tempera tu re s s e l e c t e d 
from DSC t r a c e s o f the c u r i n g b e h a v i o r (]_). The f u l l y cu red 
system (no r e s i d u a l epox i de ) d i d show d i f f e r e n t s o r p t i o n k i n e t i c s 
as shown i n F i g u r e 3A. The e a r l y s l o p e s a r e g r e a t e r than 1/2 
i n d i c a t i n g p o s s i b l e c omb ina t i on F i c k i a n and r e l a x a t i o n b e h a v i o r . 
The approach t o e q u i l i b r i u m s o r p t i o n i s f a s t e r and the f i n a l l e v e l 
i s l owe r than t h a t o f the s t a n d a r d cu re samples . As F i g u r e 3B 
shows, i t i s o n l y by go ing t o the extreme cu re t h a t t h i s b e h a v i o r 
i s s een . I n t e r m e d i a t e cu re a t l ower tempera tu re produced some 
m o d i f i c a t i o n o f e a r l y t ime k i n e t i c s but l i t t l e change i n t he l ong 
t ime approach t o v e r y h i gh e q u i l i b r i u m v a l u e s . 

Re s i n I I I ( F i g u r e 4) cu red a t the 80°C f o r 24 hours shows 
s l ope s a t any p o i n t i n t he cu r ve o f l e s s than 1/2 ( s i m i l a r t o 
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Figure 2. Sorption kinetics for resin II, standard cure at 60°C; A. conventional 
plot; B. log Mt vs. log t: (X) immersion, (+) 95% RH, Ο 80% RH. 
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Figure 3. Sorption kinetics for resin II at 60°C effects of post cure: A. cured at 
220°C for 42 min, no residual epoxide: (X) immerision, (+) 95% RH, Ο 8°% 
RH; B. immersion conditions, different degree of post cure: (X) no post cure, 

(+) 170°C for 20 min, Ο 220°C for 42 min. 
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Figure 4. Sorption kinetics for resin III, immersion at 60°C (effects of post cure): 
(X) 80°C for 24 hr, (+) 165°C for 1 hr, Ο S0°C for 24 hr followed by 

177°C for 4 hr, (\Z\) 165°C for 1 hr followed by 177°C for 4 hr. 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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s t anda rd c u r e Res in I I ) , w h i l e the 165°C one hour cu red m a t e r i a l 
shows i n i t i a l b e h a v i o r wh ich i s a p p a r e n t l y F i c k i a n f o l l o w e d by 
ano the r mechanism. S u b j e c t i n g both t ypes o f samples t o f o u r 
hour po s t cu re a t 177°C removes the d i f f e r e n c e s and y i e l d s a 
m a t e r i a l whose s o r p t i o n k i n e t i c s a re w e l l behaved. 

The s t a n d a r d cu re Re s i n I I and both non pos t cu red Res in I I I 
samples were s u b j e c t e d t o immer s i on/d ry i ng c y c l e s . The r e s u l t s 
a re seen i n F i g u r e 5 , A-D. The f i r s t c y c l e f o r Re s i n I I has 
a l r e a d y been d i s c u s s e d . The second c y c l e shows e x t r e m e l y r a p i d 
s h o r t term s o r p t i o n and then s l ow l e v e l l i n g o f f t o e q u i l i b r i u m . 
The t h i r d c y c l e shows F i c k i a n b e h a v i o r . O b v i o u s l y p r e v i o u s 
m o i s t u r e c y c l i n g causes changes i n the i n t e r a c t i o n s and i n the 
c o n t r o l l i n g s o r p t i o n mechanism i n subsequent c y c l e s . The i n i t i a l 
d e s o r p t i o n ( F i g u r e 5B) doe t  a l l f t h  p r e v i o u s l
sorbed w a t e r , f u r t h e r i n d i c a t i n
m o i s t u r e s o r p t i o n . Th  appear
k i n e t i c s , as does the second d e s o r p t i o n . In t h i s case a l l o f the 
wate r so rbed i n the second c y c l e i s removed. The 80°C 24 hour 
cu red Re s i n I I I ( F i g u r e 5D) shows even g r e a t e r d i f f e r e n c e s i n the 
s o r p t i o n c y c l e s and no i n d i c a t i o n t h a t c y c l i n g e f f e c t s a r e 
l e v e l l i n g o f f . The 165°C one hour cu red Res i n I I I ( F i g u r e 5C) 
m a t e r i a l , however, shows the second and t h i r d c y c l e s t o be 
v i r t u a l l y i d e n t i c a l i n d i c a t i n g t h a t the changes a r e l i m i t e d t o 
the f i r s t s o r p t i o n . 

Compos i te s . S o r p t i o n p l o t s f o r the compos i te systems Re s i n 
I /S -g las s and Re s i n I I / S - g l a s s , a r e shown i n F i g u r e 6A,B. In 
g e n e r a l , t he k i n e t i c s appear t o be F i c k i a n , i . e . , i n most c a s e s , 
i n i t i a l s l o pe s o f t he se p l o t s a r e c l o s e t o 0 . 5 . The t o t a l uptakes 
a re much l ower than t he c o r r e s p o n d i n g pure r e s i n s and i n the range 
expec ted i f a l l s o r p t i o n o c cu r s i n t he r e s i n o f the samples . T h i s 
r u l e s ou t t he p o s s i b i l i t y t h a t any s i g n i f i c a n t amount o f wa te r i s 
a c c u m u l a t i n g a l ong t he f i b e r / r e s i n i n t e r f a c e i n pocke t s o r v o i d s . 
Two o f t he Re s i n I /S -g las s samples show a downturn i n the amount 
o f wa te r uptake s t a r t i n g a t about 2% wate r s u g g e s t i n g t h a t l e a c h i n g 
might be o c c u r r i n g ( t he samples a f t e r d r y i n g were l i g h t e r than 
i n i t i a l l y . ) The downturn appears a t e a r l i e r t imes under immers ion 
than f o r t he 100% RH c o n d i t i o n . The 95% RH cu rve i s j u s t l e v e l l i n g 
o f f w h i l e the 80% RH samples a re s t i l l s o r b i n g ( the expe r imen t was 
t e r m i n a t e d by oven f a i l u r e . ) The Res in I I / S - g l a s s compos i te s show 
p a r a l l e l s o r p t i o n b e h a v i o r ove r the f u l l range o f r e l a t i v e h u m i d i t y 
and a r e f r e e o f t he c o m p l i c a t i o n s e x h i b i t e d by t he Re s i n I /S -g las s 
samples . The Re s i n I I I/E g l a s s compos i te s (not shown) a l s o show 
s t r a i g h t f o r w a r d s o r p t i o n b e h a v i o r s i m i l a r t o t h a t o f Re s i n I I/S, 
a c h i e v i n g l ower t o t a l up take . 

Re s i n I I / S - g l a s s and Re s i n I /S -g las s compos i te s were t e s t e d 
i n t e n s i o n on u n i d i r e c t i o n a l samples a t 10° o f f a x i s . Th i s t e s t 
i s c o n s i d e r e d t o be s e n s i t i v e t o changes i n i n t e r f a c i a l bonding 
and i s u s e f u l as a measure o f m o i s t u r e i nduced d e g r a d a t i o n . The 
da ta s c a t t e r f o r both systems i s q u i t e b road . S t a t i s t i c a l 
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Figure 6. Kinetics for composite sorption. A. resin II/S-glass, (—) immersion, 
(+) 100% RH, Ο 95% RH, (&) 80% RH; B. resin I/S-glass, (—) immersion, 

(+) 100% RH, (O) 95% RH, Ο 80% RH. 
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Figure 7. Strength properties of composites vs. water content. A. 10° off axis test, 
(X) resin I, (+) resin II, B. cross-ply specimens of resin III, (X) 0/90/0 configura

tion, (+) 90/0/90 configuration. 
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a n a l y s i s shows t he v a r i a n c e s t o be so l a r g e t h a t q u a n t i t a t i v e 
p r e d i c t i o n s a r e not p o s s i b l e f rom the se l i m i t e d d a t a . However, 
some t r e n d s a r e appa ren t . Of t he two s e t s o f c o m p o s i t e s , Re s i n 
II/S shows h i g h e r d ry u l t i m a t e t e n s i l e s t r e n g t h (U.T.S) and 
perhaps 20% d e g r a d a t i o n as a f u n c t i o n o f m o i s t u r e c o n t e n t as 
opposed t o Re s i n I/S wh ich shows a s i g n i f i c a n t l y l ower d r y U.T.S. 
and a t e n s i l e s t r e n g t h r e d u c t i o n o f perhaps 15%. However, i t 
shou ld be noted t h a t t he h i g h e s t wa te r uptake o f Res in I i s o n l y 
about 60% o f t h a t f o r t he Re s i n II/S g l a s s c ompo s i t e s . I n i t i a l 
modulus response t o wa te r i s s i m i l a r t o U.T.S. r e spon se . 

The Re s i n I I I/E g l a s s compos i te s ( F i g u r e 7B) showed even 
h i g h e r d r y U.T.S. ( a l t hough t h i s may be due t o c r o s s p l y c o n f i g 
u r a t i o n r a t h e r than h i g h e r r e s i n s t r e n g t h ) and the 0/90/0 
c o n f i g u r a t i o n showed h i g h e r s t r e n g t h than t he 90/0/90  Temperature 
o f m o i s t u r e c o n d i t i o n i n
excep t t h a t t he 60°C c o n d i t i o n e
wa te r than d i d tho se c o n d i t i o n e d a t 45 o r 30°C. A g a i n , t h e r e i s 
a downward t r e n d i n U.T.S. w i t h so rbed m o i s t u r e ( l o g p l o t ) . 

The compar i son o f a l l c o n f i g u r a t i o n s shows t h a t Re s i n I I I/E 
d ry U.T.S. i s h i g h e r and i t s s t r e n g t h drops o f f more r a p i d l y than 
Res in I/S o r Re s i n I I/S. However, the t o t a l s o r p t i o n f o r Res i n 
I I I/E i s l owe r than i n t he o t h e r compos i te s so t h a t t he s t r e n g t h 
remains h i g h e r , even a t i t s h i g h e s t wa te r c o n t e n t , s i g n i f y i n g 
s u p e r i o r r e t e n t i o n o f p r o p e r t i e s under 100% r e l a t i v e h u m i d i t y 
c o n d i t i o n s . 

C o n c l u s i o n s 

The r e s u l t s show t h a t d i f f e r e n t bu l k epoxy r e s i n s may e x h i b i t 
l a r g e d i f f e r e n c e s i n the e q u i l i b r i u m amount o f so rbed m o i s t u r e as 
w e l l as i n the k i n e t i c s o f s o r p t i o n . Marked n o n r e v e r s i b l e e f f e c t s 
a r e obse rved i n a t l e a s t one system wh ich can no t be r e c o n c i l e d 
w i t h p r e s e n t gu ide l i n e s f o r d i s c r i m i n a t i n g between such causes 
as m a t r i x r e l a x a t i o n and o t h e r t ypes o f n o n - F i c k i a n d i f f u s i o n . 
However, t he changes i n s o r p t i o n b e h a v i o r on r epea ted c y c l i n g 
argues s t r o n g l y f o r a change i n the s t r u c t u r e o f t he r e s i n caused 
by the i n i t i a l s o r p t i o n c y c l e . Examina t i on by o p t i c a l m i c r o s copy 
o r s cann ing e l e c t r o n m i c r o s copy s hou l d be h e l p f u l i n i d e n t i f y i n g 
changes i n t he r e s i n i n v o l v i n g , p o s s i b l y , s u r f a c e o r bu l k m i c r o -
c r a c k i n g and v o i d f o r m a t i o n . With Re s i n I I t he f a i l u r e t o remove 
a l l s o rbed w a t e r i n t he f i r s t d e s o r p t i o n c y c l e a l s o argues 
s t r o n g l y f o r changes i n t h e r e s i n c h e m i s t r y . 

C o n s i d e r i n g t he c o m p l e x i t y o f the s o r p t i o n b e h a v i o r o f t he 
bu l k r e s i n , t he a lmos t c l a s s i c a l F i c k i a n b e h a v i o r o f t he compos i te s 
comes as a s u r p r i s e and r e p r e s e n t s a welcome s i m p l i f i c a t i o n . A t 
the p r e s e n t t ime t he o n l y e x p l a n a t i o n t h a t can be made i s by 
ana logy w i t h t he s i z e dependence o f r e l a x a t i o n c o n t r o l l e d d i f f u s i o n 
e f f e c t s r e p o r t e d by Berens (13) f o r d i f f u s i o n o f v i n y l c h l o r i d e i n 
p o l y ( v i n y l c h l o r i d e ) . I t was noted t h a t as the p a r t i c l e s i z e and , 
t h e r e f o r e , t he path l e n g t h d i m i n i s h e d , the c o n t r i b u t i o n o f t he 
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r e l a x a t i o n c o n t r o l l e d b e h a v i o r d i s a p p e a r e d . Perhaps the sma l l 
m a t r i x s e c t i o n s between t he f i b e r s a re ana lagous t o the sma l l 
p a r t i c l e c o n d i t i o n i n the above work. In d rawing such an a n a l o g y , 
the c o n s t r a i n t t o m a t r i x s w e l l i n g i n t r o d u c e d by bonding t o t he 
g l a s s f i b e r s i s a p rob lem. However, s i n c e i n a l l t he cases 
s t u d i e d here d i f f u s i o n o ccu r s t r a n s v e r s e t o the f i b e r l a y e r s , 
these c o n s t r a i n t s might have l i t t l e e f f e c t on the c h a r a c t e r o f t he 
t ime dependent s o r p t i o n . 
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gel, spin-spin relaxation 179-182 
gels, relaxation 180/ 
preparation 179 
relaxation rates 188-189 

Alanine dipeptide 25/ 
aqueous 23-41 

Albumen, bovine 376 
Alcohols in propylene carbonate, 

compressibilities 79* 
Alcohols in water, compressibilities .... 78* 
Amide-amide bonds, displacement .... 436 
Amylopectin 254/ 
Amylose, conformation 261/ 

Amylose, hydration 260-263 
Angular velocity and momentum 170 
Anharmonic bond angles interactions 26 
Anion interaction in hydrogen bonding 49 
Anions, structure breaking effects 52-55 
Anisotropic interstitial fluid flow 425 
Anisotropic reorientation of water 

molecules 337 
Apatite crystals in collagen 246 
Aqueous organic solvents, ion 

solubility 59-61 

Articular cartilage, load-deformation 
properties 403-429 

Association energies for hydrogen 
bonds 26 

Asymmetric films 365 
Asymptotic load 419,423 
Asymptotic penetration 416 
Autocorrelation function 147 
Axial 

compression of tissue 414 
displacement of tissue 409 
elongation of fibers 312-313 
strain of tissue 415-416 

Azobis(methylisobutyrate) 348 

Β 
Badger-Bauer rule 43, 53, 58 
Barrier effect 338 
Bending, high-frequency 29 
Binding energy 472 
Biological systems, water in 65-67 
Biopolymers, hydration 61 

shell 65 
Birefringence 557,565 

apparatus 558/ 
residual 556,567 
and time 563/, 566/ 

Bisphenol, diglycidyl ether of 571 
Boltzmann factor 205 
Boron trifluoride monoethylamine 

complex 573 
Bound water 290, 295, 300*, 331, 

347, 369,371*, 372/, 532 
differential scanning calorimetry 273-285 
specific volume 539 

Boundary conditions 428 
Bragg spacing 472 

585 
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Breaking stress and strain 561/ 
Bridging 539,541 
Brownian motion 159, 165 

rotational 163, 170 
Bulk modulus 318 

and humidity 319/ 
Bulk water 339, 347 

determination 455 

Calorimetry, differential 
scanning 287, 368/, 453,517, 543 

curve(s) 520/ 
for poly (vinyl 

acetate) 254/, 256/, 258/ 
measurement of bound water 273-285 

Calorimetry of water-polymer 
interactions 366-36

Capillary 
condensation 276-278 
pore structure 365 
radius, freezing point depression 

and 277* 
Carbon distribution, oxygen-methyl 

group 35/ 
Carbon monoxide myoglobin water 

structure 215-223 
Cartilage 405/ 

compressed 417/, 418/ 
interstitial fluid 410-411 
load-strain curves 420/, 421/, 422/, 

424/, 426/, 427/ 
water in 65 
water content 403 

Casting solvents 365 
Cation (s) 

exchange resin 393 
interaction in hydrogen bonding .... 49 
structure maker effect 52-55 

Cavity perturbation, dielectric 
measurements 140 

Cell walls, fungal, crystalline 
nigeran in 258 

Charge distribution, tetrahedral 76 
Charge orientation in solvation shells 41 
Chemical modifications effect on 

hydration of hair ....239-241, 246-249 
Chemical shift(s) 476,480/, 494 
Chondroitin 287,290-295 
Clatherate(s) 

formation 91-93 
hydrate compounds, crystalline 39 
surface structure 92/ 

Cluster (s) 
development during hydration 128 
diffusion 139 
formation 236 
fragmented 337 

Clusters (continued) 
mobile water 136 
number 445-447 
water 433-434,441-450, 

451,539-541 
contents of 12*, 13 
partition function 13-17 

Clustered water, determination 455 
Clustering of water 435/ 
Coacervates 63-64 

hydration 62/, 66/ 
water content 67 

Coefficients, extinction 43-44 
Coefficient of thermal expansion 515 
Cohesion, molecular, in microfibril .... 236 
Cohesive energy, helical 246 
Cole-Cole expression 161 

film, reconstituted 237-238 
-gelatin transitions 236 
heat capacity 114 
rat tail, hydration 235-237 
reconstituted, hydration 246 
turkey leg 237 
water in 65,136-138 
-water interaction 241 

Collisions, solvent-solute 29 
Composite (s) 

sorption, kinetics 580/ 
strength properties 581/ 
systems, sorption 579-582 

Compressibilities 
of alcohols in propylene carbonate 79* 
of alcohols in water 78* 
of aqueous hydrophobic compounds 77 

Compression 
load-strain during 419-423 
rates 416 
and relaxation apparatus 406/ 
tissue 406* 

Computer simulation of water 46 
Condensation 

capillary 276-278 
counterion 390-391 
during hydration 128 
Kelvin 101/ 
surface water 116, 118 

Conditions for DSC 274-275 
Conditions for N M R relavation 

studies 152 
Conductivity, thermal 371,543 
Configuration space, sampling 205-206 
Conformation changes with 

hydration 126-128 
Contact angle(s) 

adsorption and 93-98 
estimation 87-90 
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Contact angles (continued) 
hysteresis 107 
of liquids on ice 89/, 93 

Coordination, tetrahedral 18 
Copolyoxamide membranes, water 

binding in 361-374 
Correlation 

coefficient 373, 443 
function(s) 27, 29-30 

oxygen-oxygen 35/ 
for rotational motion 33-34 
and spectral density 30/, 32/ 

time(s) 172,178,328 
for adsorbed waters 335 

Cortisol 354 
Counterion (s) 

activity coefficient of mobile 394-395 
in charged polymers, mobile
condensation 390-39
deviation from ideality 393-394 
distribution 391 

Crack 
arrest lines 544-545,546/ 
growth rate 

and moisture level 540/ 
and stress intensity factor ....537/, 538/ 
and striation spacing 548/ 

stress and strain rate 560/ 
Creep at ice-polyethylene interface .... 102 
Creep, surface separation through 104/ 
Cresol novolac 571 
Cross-linking 

agent 388 
degree of 505,509-511 
intermolecular 246 
and permeation 349-358 
and selectivity 396 

Cross relaxation 149, 172-173 
Crossply panels 573 
Crystallinity in nylon 535* 
Crystallization rate 453 
Crystallographic waters of rubredoxin 212 
Crystallography, neutron protein ..215-223 
Curing agent 571, 573 

D 
Damping, solvent 29-30 
Decay curve, load 425 
Deformation axis 565 
Deformation bands 565-567 
Degrees of freedom, dipeptide 

internal 24-27 
Dehydration, columnar 270 
Dehydration, strain effect 270 
Denaturation, thermal 114 
Density 543 

calculations 226 
maximum in water 12, 13* 
temperature dependence 228-230 

Desalination membranes 67, 337-341 
Desorption coefficient 382 
Desorption isotherm, water 243/ 
Deuterium relaxation 149 
Deuterium, scattering factor 215 
Deuteron N M R D 165 
Diagmagnetic systems, N M R D 159-167 
Diamine condensation 361 
Dicyandiamide 571 
Dielectric 

behavior of absorbed water 139-141 
behavior, water sorption and 451-467 
maxima and temperature 466/ 
measurements 453-455 

by cavity perturbation 140 
properties of ice 138-139 
relaxation dispersion 161 

spectra for aqueous ion solutions .... 52/ 
spectra for saturated electrolyte 

solutions 57/ 
Differential heat absorption 470 
Differential scanning calorimetry 

(DSC) 273, 287, 366, 368/, 
453,-506,517,534 

curve(s) 520/ 
for polyvinyl acetate) 454/, 456f, 458/ 

measurement of bound water ....273-285 
Diffraction pattern 310-312 
Diffusion 

cell 348 
of clusters 139 
coefficient(s) 236, 246, 247, 349, 

355, 376,381, 382*, 385 
and concentration 383/, 384/ 
and molecular size 351/, 356/ 
of water 64, 81 

equilibrium 375 
of intracellular water 177 
limited water exchange 186 
rates, dye 64 
rotational 337 
in rubbers 375-386 
steric hindrance 171 
through rubber 380 
translation 337 
of water through collagen 137-138 

Diglycidyl ether of bisphenol 571 
Dihedral angle torsions, interactions .. 26 
Dipeptide, alanine 25/ 
Dipeptide in water, molecular 

dynamics 23-41 
Dipole(s) 

-dipole interaction 147 
reorientation 139 
water 457 

orientation 53 
Dispersion forces 58, 87-88 

In Water in Polymers; Rowland, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



588 W A T E R IN P O L Y M E R S 

Dispersion of water in keratin 315 
Dissociation constant, acid 392-393 
Dissociation, degree of 392 
Distortion energies 97 
Distribution 

counterion 391 
of energies of water molecules 209/ 
pattern(s), ion 390-391 
prediction of ion 395-399 

Disulfide bridges in hair 238-239 
Diuron 571 
Divinylbenzene 388 
DSC (see Differential scanning 

calorimetry) 
Dye diffusion rates 64 
Dyeing, electrolytes in 59 
Dynamic information from relaxation 

data 147-15

Ε 
Einstein relation for spherical 

particles 174 
Elastic modulus 247,519 
Elastin 

hydrated, heat capacity 142-144 
water in 140-141 
-water system, density 225-333 

Elasticity modulus and temperature .. 521/ 
Electrolyte solutions, aqueous 43-68 
Electron (s) 

density map 215 
lone pair 43 
spin resonance studies of 

hydration 122, 123/, 125/ 
Electrostatic interaction 26 
Electrostatic Lennard-Jones forces .... 200 
Endotherms, melting 371 

DSC 370/, 372/ 
Energy changes in water 

absorption 235-249 
Energy map of solvent near 

protein 200-204 
Enthalpy 

of hydration 113 
of mixing 442 
monolayer binding 157 
of solvation 135 

Entropy 
driven processes 64 
of solution 80 
theory of glass (es) 511 

formation 508 
Enzymatic activity of lysozyme ....125/, 127/ 

hydrated 122-124 
Epoxy 

-diamine networks 509 
interactions, water- 571-583 
resins and water 505-513 

Equilibrium 
absorption 455 

water 377-380 
constants of micelle formation 59 
diffusion 375 
ion-exchange 391-399 
swelling 375,380,407 

and vapor pressure 376 
water 

activity 398 
content 556 
uptake of copolyoxamide 365* 

Erythrocytes, N M R D study 165-167 
Erythrocytes, proton relaxation 

dispersion data 166/ 
Ether hydrates of PIOP-9 60/ 
Ethylene glycol dimethacrylate 348 

volumetric 228 
Extinction coefficients 43-44 

F 
Fast exchange model 335, 339 
Fatigue 

crack propagation in nylon 531-550 
fracture surfaces 546/-547/ 
life of nylon 543-544 
striations 548/, 549 

Fiber(s) 
diameter 

changes 312-315 
collagen 236 
measurement at ambient 

humidities 310-312 
-length change 519 
modulus 523-535 
shrinkage and temperature 520/ 
stiffness 519 
transition temperature 518-529 

Fickian behavior 579 
Flory-Huggins 

equation 434, 436 
interaction parameter 321 
isotherm 449 
theory 441-443 

Fluid exudation of articular 
cartilage 403-429 

Fractographic(s) 544 
nylon 542* 
studies 534 

Fractography of polymers 549 
Fracture 

growth and hysteretic heating ....543-544 
surface micromorphology 545,549 
surface topography 544-545 
times 559 
toughness 541-543 

Fragmented cluster model 338-341 
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Free 
energy 

electrostatic 392 
of hydration 113 
and water absorption 320/ 
and water binding 315-321 

equivalent diameter 339, 340/ 
induction decay 331 
-volume model 349 

Freeze/thaw damage, relaxation 
after 179-184,188-193 

Freeze/thaw, mass balance for 
agarose 189* 

Freezing 
first-order 15 
point depression 276-278 
point of water 278/ 

Friction coefficient 31,10
Food systems, heterogeneous 177-19
Force-displacement curve 410 
Fourier maps 215 
Fusion, heats of 288-291, 294/, 535 

for water 291/, 292 

G 
Galactomannan 254/ 

hydration 264-266 
Gel formation 51 
Gel permeation chromatography 555 
Gelatin, hydration 66/ 
Geometries, restrictive, thermal 

properties of water 11-20 
Germination, seed 253 
Gibb-Donnan model 388-399 
Glass (es) 

entropy theory 511 
formation 508 

point of absorbed water 140, 144 
relaxation studies of adsorbed 

water on porous 323-342 
transition(s) 140 

and melting 518/ 
temperature 225, 229 

of fibers 523*, 525*, 527/ 
specific heat at 511 

(1 -> 3)-/?-D-Glucan 254/ 
conformation 268/ 
hydration 266-267 

Gradient, concentration 381 
Group-group interactions 393 
Guinier plot 496 
Gyration, radius of 496 

H 

Hair diameter and humidity 311/ 
Handsheet pressing 280/ 

and bound water 281 
Harmonic bonds interactions 26 

Harmonic vibration 27 
Hasselbach-Henderson equation 392 
Heat 

of absorption 472, 491/, 492/ 
differential 470 
measurements 487-489 

of adsorption 91 
capacity 508 

in aqueous hydrophobic solutions 77 
calculation for lysozyme 

solvation 117* 
measurements 141-145 
of polymer 143/ 
of protein systems 114-118 
for resins 511* 
and solvation 118 
and temperature 135-136 

of fusion 535 
of sorption 436 

Helix 
-coil transformation 246 
-coil transitions 236 
water 255 

Henry's Law 442, 443,508 
sorption 449 

Hemoglobin 83 
Heparin 280,292-296 
Hexane adsorption on ice 99 
Hofmeister ion series 46-49 
Humidity 

and hair diameter 311/ 
and loss modulus 437/ 
and water content 255-257, 265-266 

Hyaluronic acid 287 
Hydrate water 337 
Hydration 

of coacervates 62/, 66/ 
of C10 4 " complexes 57/ 
of collagen, rat tail 235-237 
conformation changes with 126-128 
control of ion distribution 387-399 
dynamic measurements of 121-124 
energy(ies) of 236, 242/, 474/ 

ions 53 
equilibrium 54 
of gelatin 66/ 
of hair, effect of chemical modifi

cations on 239-241, 246-249 
ionizable groups and 303 
kinetics 244/ 
of keratin 246-249 
levels 499 
model of mucopolysaccharides ..302-304 
model, two-site 167-170 
numbers of electrolytes 55-56 
organic 61-64 
polar groups and 303 
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Hydration (continued) 
of polysaccharides, crystal 

structure 253-270 
process 128—130 
protein 111-130, 157-175 

of fibrous 225 
of reconstituted collagen 246 
shell(s) 204 

of biopolymers 65 
dynamic 82 
ion 50, 54,79 
lifetime of water molecule in ..158-175 

spectroscopic examination of ....119-121 
of tendon 66/ 
water of 118, 157 

Hydrodynamic(s) 
flow 18 
of hydration 12
model of microscopic viscosit

Hydrogel membranes, permeation 
through 347-358 

Hydrogen 
bond(s) 509 

association energies 26 
bending 136 
in desalination membranes 67 
energy (ies) 51, 135 

of water 44 
formation 38/ 

in solvation shells 39 
in ice 11-12 
interhelix 267 
to peptide groups 82 
protein-water 207-208 
strengths 34-36 
in water 11-13 

-bonded proton clusters 340/ 
bonding 217, 338,447, 539 

effect of ion concentration 47 
infrared determination 43-44 
stabilization by 255-257 

scattering factor 215* 
Hydrophilic impurities in rubber 375 
Hydrophilicity and molecular size 366 
Hydrophobic interactions 76-80 
Hydroxide groups, nonhydrogen-

bonded 45/ 
Hydroxyl stretch frequency 509 
Hyperfine parameters 494* 
Hysteresis, contact angle 107 
Hysteretic heating and fracture 

growth 543-544 

I 

Ice-polymer adhesion 99-108 
Impurities in rubber, hydrophilic 375 
Infinite dilution isotherm 443 

Infrared 
assignments for water 43-44,51 
examination of hydration 119-121 

Interaction (s) 
calorimetry of water-polymer ....366-369 
collagen-water 241 
in copolyoxamide membranes, 

water-polymer 369-373 
dipole-dipole 147 
energy (ies) 97 

distributions 37/ 
water-peptide 33 
water-water 26-27,34-36 

group-group 393 
hydrophobic 76-80 
interfacial 89/ 
intramolecular proton-proton 328 

-polymer 391 
-solvent 389,398 

mineral-protein 237 
parameter 436,443-450 

Flory-Huggins 321 
protein-protein 174 
quadrupolar 165 
solvent-solute 24 

proton 165 
spin-spin, in labeled lysozyme 126 
surface 373 
van der Waals 29, 105 
water 

-hydrocarbon 90-93 
- ion 53 
-lysozyme, thermodynamic 

parameters 115* 
-protein 81, 147-155, 

157-175, 199-213 
surface 281 
-water 39,135 

Interface 
creep at ice-polyethylene 102 
effects and electrolytes 59 
solid-liquid 87-90 
water-polymer 87-108 

Interfacial 
bonding 579 
interactions 89/ 
systems, hard and soft 93, 94/ 
water 347 

Interference, interparticle 496 
Intermolecular energy of ice 43 
Internal degrees of freedom, 

dipeptide 24-27 
Interparticle interference 496 
Interstitial fluid 403 

of cartilage 410-411 
flow, anisotropic 425 
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Interstitial water 137-138,188,262 
Inositol 352 
Intracellular water 191-193 
Ion(s) 

clustering 469 
-concentration effect on hydrogen 

bonding 47 
distribution 

hydration control 387-399 
patterns 390-391 
prediction 395-399 

-exchange equilibria 391-399 
-exchange selectivity 388-390, 395 
hydrates of PIOP-9 60/ 
hydration energies of 53 
hydration shell 79 
interaction (s) 

- ion 38
-polymer 39
-solvent 389,398 

series, Hofmeister 46-49 
series, lyotropic 46-49 
solubility in aqueous organic 

solvents 59-61 
solutions, difference spectra for 

pure aqueous 52/ 
Ionic dependence of transition 

temperature 48/ 
Ionizable groups and hydration 303 
Isotherm(s) 

absorption 239-241, 247, 488/, 490/ 
adsorption 95-98 
Flory-Huggins 449 
infinite dilution 443 
Langmuir 443, 449 
plot 100/ 
sorption 113, 118,442, 443, 444/, 

447, 453/, 470, 472,506, 507/ 
-desorption 489 

water 
adsorption 316 
sorption 240/, 243/, 245/ 

Κ 
Kelvin-Voigt body 425 
Kelvin-Voigt model 428 
Keratin 

absorption of water by 235-249 
of dyed hair 239 
hydration 246-249 
of reduced hair 239 
water binding by 309-322 
α-Keratin from hair 238-239 

Kinetics of absorption 380-385 
Kinetics, sorption 575/-578/ 

composite 580/ 
Kraft sheet pressure 282/ 

L 
Lambda anomaly 17, 20 
Langevin equation 29-30 
Langmuir isotherm 443,449 
Laplace pressure 103 
Laplace tension 102 
Larmor precession frequency 161 
Laser, helium-neon 310 
Lattice vibration 511 
Lennard-Jones 

forces, electrostatic 200 
interactions 26 
spheres 33 

Leveling agent 59 
Lifetime of water molecule in 

hydration shell 158-175 

-deformation properties of articular 
cartilage 403-429 

dissipation rates 419 
-strain curves of cartilage 420/, 421/, 

422/, 424/, 426/, 427/ 
-strain during compression 419-423 

Loading, static 541 
Lorentzian line 483 
Loss 

maxima 
frequency 461 
poly (vinyl acetate) 465/ 
and water clusters 462/ 
and weight percent water 463/ 

modulus and humidity 437/ 
modulus and present water 438/ 

Liider's bands 567 
Lysozyme 

enzymatic activity 125/, 127/ 
heat capacity of 116 
hydrated, enzymatic activity 122-124 
hydrated, N M R examination ....147-155 
solvation, heat capacity 

calculations 117* 
specific heat capacity 117/ 
spin-spin interaction in labeled 126 
-water system 

Monte Carlo simulation 113 
properties 120/ 
specific heat 115/ 

Lyotropic ion series 46-49 

M 

Magnetic relaxation rate of 
protons, water 160/, 162/ 

Maxwell-Wagner effect(s) 139,453 
Mechanical properties of poly-

(methyl methacrylate) 555-568 
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Melting 
first-order 15 
and glass transitions 518/ 
temperature and water 

content 293/, 294/, 297/ 
Membrane (s) 

cross-section 364/, 370/ 
desalination 67 
hydration 350 

Methylcellulose, hydrated 141 
heat capacity 144-152 

Micelle formation and electrolytes 58-59 
Microscopy, light section 414 
Mineral-protein interaction 237 
Mobile fraction and temperature 332/ 
Mobility of sorbed water 509 
Modacrylic fibers 516 
Model rubber 37
Model of water, two-state 4
Moisture 

analyzer 453 
conditioning 582/ 

for nylon 533* 
level and crack growth rate 540/ 
modulus for 541 

Molecular 
configurations, classifying 14 
dynamics of dipeptide in water 23-41 
solids, adsorption on 91 
weight determination 532-534 

Monolayer volumes 325 
Monte Carlo simulation 199,204-213 

of lysozyme-water system 113 
Monuron 571 
Mossbauer spectra 493/ 
Mossbauer spectroscopy 489-495 
Mucopolysaccharides 287-304 
Multistate model(s) 323 

nuclear magnetic resonance 331-335 
Muscle (s) 

analysis of heifer 183* 
spin-spin relaxation 177-178 
tissue 

preparation 179 
relaxation rates 191-193 
spin-spin relaxation 182 

Myoglobin water structure, carbon 
monoxide 215-223 

Nigeran 254/ 
crystals 259/ 
hydration 257-260 

Nitroxide spin probe 122 
Nomenclature of copolyoxamides 363 
Nuclear magnetic relaxation disper

sion ( N M R D ) studies 157-175 
Nuclear magnetic resonance 

( N M R ) 273,325,476 
examination 

of fixed water 136-138 
of hydration 121 
of lysozyme, hydrated 147-155 

multistate model 331-335 
studies of adsorbed water 323-342 

Nucleation 15,17-18 
homogeneous 20 

Ο 

Octamer structure of water, 
bicyclic 16/, 19/ 

Optical diffraction, hair diameter 
measurements by 311/ 

Organic 
hydration 61-64 
solvent-aqueous electrolyte 

mixtures 56-64 
solvents, ion solubility in 

aqueous 59-61 
Orientation 

defects 50 
degree of 562 
of dipoles, water 53 
molecular, partition 43 
water molecule 40/, 217 

Orientational relaxation time 158, 172 
Osmotic coefficient 388, 394-396 
Osmotic pressure 377 
Overtone of H O D , first 45/ 
Overtone spectroscopy 43-44 
Oxygen-methyl group carbon 

distribution 35/ 
Oxygen-oxygen correlation function .. 35/ 

Ν 
Neutron 

difference density 217 
map 216/, 218/ 

diffraction determination of water 
in proteins 80-83 

protein crystallography 215-223 
scattering 470, 472,475/, 477/, 

478/, 483, 484/, 495-499 
curve 497/ 

Packing, water molecule 333 
Pancreatic trypsin inhibitor 82-83, 199-213 
Parabaloid mean height 415 
Paramagnetic susceptibility 331 
Partition 

coefficients 348-349, 352, 355, 393 
of strong acids 64 

function for water clusters 13-17 
mechanism 353—354 
of molecular orientation 43 
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Pentagondodecahecral arrangement 
of water 58 

Perfluorosulfonic acid membranes, 
water absorption 469-485 

neutralized 487-501 
Permeability coefficients 423-425 
Permeation through hydrogel 

membranes 347-358 
pH-dependent enzymatic reactions .... 124 
Phase 

extensions, metastable 17 
separation 103 
transition modifications 407 

Phenylmethylsulfonylfluoride 407 
Photodiode response 566/ 
Plastic zone 549 
Plasticization 246-247, 539,559 

energy of 24
in epoxy resins 50
water-induced 505-513 

Polanyi potential treatment 93 
Polar groups and hydration 303 
Polarity and cluster size 442 
Polyamide fibers, aqueous 64 
Poly(l,4-butylene terephthalate) 516 
Polycarbonate ^-transition 451 
Poly (cyclohexylenedimethylene 

terephthalate) 516 
Polyelectrolyte analogue 388,390-391 
Polyethylene 

adsorption on 87-108 
γ-transition 451 
water clusters 452/ 

Poly (ethylene terephthalate) 516 
Poly (2-hydroxyethyl metha

crylate) 347-358 
c/s-Polyisoprene 376 

water solubility in 385 
Polymer (s) 

mobility 138 
plasticized 232 
surface topology 98-99 
-swelling method and free 

energy 318, 321 
Polymerization, degree of 394 
Poly (methyl methacrylate), rheo-

optical properties 555-568 
Polysaccharides, crystal structure 

hydration 253-270 
Polysulfone, dielectric(s) 

behavior 457-467 
loss 459/ 
and water clusters 460/ 

Polysulfone, Fourier transform 462/ 
Polystyrene sulfonate gels and 

resins 387-399 
Polytetrafluoroethylene, adsorption 

on 87-108 
Polytetrafluoroethylene surface 100/ 

Poly (vinyl acetate) 
dielectric loss behavior 461-467 
differential scanning calorimetry 

curve 454/, 456/, 458/ 
loss maxima 465/ 

Pore 
diameter 339,341 
mechanism 353-355 
size, critical 277 
size distribution in hair 315 
structure, capillary 365 
structure, consolidation 281 

Potential difference 392 
Potential-distortion model 96/ 
Prediction of ion distribution 385-399 
Predictions, selectivity 396-398 
Pressure gradients during compression 425 

solvated 170-171 
Proteases, serine 82-83 
Protein (s) 

contribution to nuclear relaxation 
rates 164/ 

crystal, water-protein inter
actions 199-213 

crystals, water protons 149 
fiber relaxation rates 189-191 
fibrous, hydration 225 
folding 128 
history of water and 75-83 
hydration 111-130, 157-175 
mobility, native 81 
-protein interaction 174 
solvated, propagation of 

disturbance 170-171 
specific volumes 126 
stabilization 238 
-water hydrogen bonds 207-208 

Proton(s) 
clusters, hydrogen-bonded 340/ 
interactions, solvent-solute 165 
magnetization, time dependence 149-151 
mean lifetime 335-337 
mobility 273 
N M R D 165 
-proton distances 335 
-proton interaction, intramolecular 328 
redistribution during adsorption .... 119 
relaxation 

curves 151 
dispersion data for erythrocytes 166/ 
rate 172-173 

magnetic 
solvent 163 
in soya fiber, water 181/ 
temperature dependence 150/, 153/ 
times 154 
water 148, 150/, 190/, 192/ 
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Proton(s) (continued) 
solvent, relaxation dispersion 164/ 
transfer during hydration 116 

Pseudoisocyanine, gel formation 51 
Pulp 

beating 278-280 
bound water 283/ 
preparation and characteristics ..275-276 
pressing 282/ 

Pycnometer 226 

Quadrupolar splitting 494, 495 
Quenching 496 

R 

Radial distribution function 3
Radial twists of fibers 312-313 
Raffinose 352 
Real-space refinement 217, 223 
Recoil free fractions 494 
Relaxation 

after freeze/thaw 
damage 179-184, 188-193 

data, dynamic information 147-151 
decay, complex 186-194 
dispersion data for erythrocytes, 

proton 166/ 
dispersion of protons, solvent 164/ 
distance 97-98 
equations 147-148 
modulus, tensile 559 
rate(s) 182-194 

agarose 188-189 
muscle tissue 191-193 
protein contribution to nuclear 

magnetic 164/ 
protein fiber 189-191 
ofproton(s) 172-173 

water, magnetic 160/, 162/ 
solvent 159-161 
stress 419, 425 

spin-spin 
of absorbed water 238-239 
of agarose gel 179 
in muscles 177-178 
of soya fiber 179-182 
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